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ABSTRA,CT 

H;..;A'r OR Mi..SS TRAll3.••'ER Ii'/ LIQUID-LIQUID :3?"2AY 

COLJr;Ns ·.-1A:-�E PIEJOt•iL!A ILIJ E;fi',�AIN:•:ENT FL01:!. 

3, PAULES• and ,,;, PERRUT•• 

A model descrlbinc heat or mass transfer in spray columns 

is oresented, A reverse continuous phase flow, called 

11entrairn�ent flo•.-: 11 , induced by the dronlets is considered, 

The wake �odel pro�osed by Letan an� Kehat is discussed 

v1he� no transfer l.'i t:: the di Jpersed phase occurs, it is 

shown to be a specific case of oar model, Its three 

parat,1eters are evaluated fror,1 exl_)erimental rc.:sults obtained 

by several inve�tisatoro. 

• Centre de Cinetioue Physique et Cil.ir1i a_ue du :::,ms, !)enarb:1ent 
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rn·l'ElODUCTION 

The effects o� axi�l �i�in� in llauid-liquid s,ray c6luons 

such as end effects, tc.Jncraturc or concentration ju�ps at the 

inlet of tie continuou� nhase, - are well known for a long time. 

The axial ��s�crsion model is usually used ; it �ives a 

correct interpretation of tc�nerature or concentration profiles 

in bot.1 Dhases. 

iiowever, several au L1or.:; ;1ave shown that dro:is or rigid 

s;J'ires :•1ovin in a continuous phase carry alonz wa'.;es of this 

phase. Yeheskel and Kehat (1) have presented an interestin� 

biblo�ra1hy of these wor�s. 

Ta::in·; into account the role of wal:es in the r,1echanism of 

heat tr�nsfer in suray columns; Letan and Kehat (2) have proposed 

" t·,:o- ara,.1eters model for tne interpretation of the tem:9erature 

pro.files obtoined with diispersed (2) or dense (2,3) packinp;s flows. 

Markowitz and Birglis (4) have also used this model. Transposing 

their model to the case of mass transfer. Kehat and Letan (3) 

have obtained a �ood agreement with results from heat transfer 

experiments. 

Different papers conccrnin� single drops and assemblages 

of drops are reviewed in the present work. The model of Letan and 

Kehat (2,3) is critisized and �encralised and another tnree

par�Jeters �odel is presented w'iich sec�s to be nearer to reality. 

The wake �hencmenon: 

Sin{,le dro-os 

Fhoto:7aphical (3 - 11) and cinei:iato6ra:ohical observations 

(14) hove led to a Lle.scripti.on of the :::'orillation, development and

sl1edJi:1.•·; of wa�:cs.

998 



z 

Hendrix et al. (12) have correlated the \Ja!:e irolumes to 

the two-phase physical properties, for non-oscillatin� drops; 

using the sa1:1e 1:1ethod for evaluating the wake volur.ie V5 Yeheskel

and Kehat (1) have obtained a good agreement with the empirical 

relation: 

( 1 ) H v-


g 
14.21 

(>, � 
- o.42 /-00 D'/\l 

o·J.o

n 

,-oo 

�-LI;)__ 

(Vis tne drop volume); for several liquid-liquid systems, tne 

distance required to shed a volmne equitalent to the wake volume 

is nearly constant with an average of 17.6 cm. 

Asse�blage of drops 

As an intermediate step between sin3le drops and packines 

of drops, vertical and horizontal assemblages of drops have 

been studied by Yeheskel and ;,ehat (15): They observed an 

entrainment flow different from the v1ake <;henomenon, induced by 

t:1e dropLits on the neighbouring continuous phase: the velocity 

of this flow is about o�5 
t�i�d of the drop velocity. 7or vertical

assemblages, the relative wake size Mis decreased by two thirds as 

compared to a single drop wake. On the contrary, for horizontal 

assembla;:ses, 

Mis roughly 50% larger than for a single drop and the enhancement 

of the wake shedding rate is a?proximately 2. 

Heat or mass transfer models 

Ficure 1 "· 

� 

� 

� 

Uc 

,(J)) (1)
, , 

(r.) 
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The calculations proposed 
here concern heat transfer 
the results can be easily 
tr�nsposed to the mass 
transfer case. 

The phase flows can be 
schemati�ed as shown on 
Fi::,ure 1: 

- the disoersed phase flow
(D) 

- a part of the continuous
phase circulating in 
the difection of the droos
or 11entrain,nent flow 11 (E)

- a counter-current cont
inuous flow (C)



Their flowrates are noted respectively U
D

' UE and U�.

The inlet continuous phase flowrate being Uco' it is evident that:

uc = uco + uE 

The wake-model: 
--------,-----

Letan and Kehat (2) have proposed a model considering the 

role of wakes. They have made some assumptions, the most original 

of which concerns the heat transfer mechanism, a continuous phase 

element contact the drop of temperature TD' reaches this temper

ature TD and then enters the wake while another element of same

voluneleaves the wake (of temperature TE). This assumption of

perfect heat transfer between the element and the drop seems very 

restrictive; therefore, a third parameter can be introduced: 

the contact efficacity 

TC - TC 

TD - TC
E 

where TC is th.e te!:iperature of the element entering the wake. 

(Letan and Kehat 's model corresponds to t,1e case E = 1 ). 

The heat balance in the three flows can be written: 

(2) 

(3) 

qE is the total flowrate exchanged per unit oif column

height between the wakes and the continuous phase. 

As Letan and Kehat, we introduce 
V 

the two ryarameters 

ti 
- relative wake volume ],I= r

_

/i: 
-17- ) 

'ui, 

- shedding rate S

shed per volume of drop 

1
�16 ' . . . t' 1 f 1 

V d wnicn is ne vo ume o waKes 

!: · len;.;-t: of column.

/,--I�/
s-= - - -

v
f> 

dt?:



Obviously UE = MUD (5) and we obtain easily qE

Corpirison_with_the_axial_disEcrsion_model: 

The equations of the model v;ith axial dispersion in the 

continuous nhase only are (5 1 7, 16): 

p C + -
L
--

dTD NCr

a:? - -L--

0 (?) 

(8) 

( fcp) C 
with r = ( 

fCp 
)
D

• (TC - TD) = 0

u co_, NC and PC transfer unit and Peclet numbers.
UD 

Elim'lting NC(TC - TD) between (7) and (8) we obtain: 

0 (9) 

Eliminating also T
a

between (2) and (3), then using (4)

we obtain: 

0 ( 10) 
r 

It is obvious that equotions (9) and (10) are equivalent and 

that both models lead to the same result if: 

u co
p C = U::----+---,-,H,=:U,-Dco 

Discussion 

s 

M 
L- · .( 11 ) and NC

'i' ,i

UD SEL-
u
-- ( 12) 
co 

It can be easily seen that for value of E near 1, the temp

erature of wa,ces TE is not between TD and TC although the entrain

ment flow is materially situated between the dispersed and the 

continuous phase. We tiin� the cause of this rather surprising 

result is the assu�ption that the element of fluid enterinc the 

wake co�es from the continuous phase before contacting the drop; 

we are going to present now anot.1er model which seems to describe 

the phenomenai,,;-nore closely. 
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The entrainment-flow model? 
--------------------------

The results obtained by Yeheskel and Kehat (15) that we 

have reported above suggest consideration of the existence of an 

entrainment flchw instead of a wake flow, The heat is transferred 

between the entrainment flow and the continuous phase by exchange 

of fluid eleCTents with a rate qE (per unit length of column);

heat transfer between the drops and the entrainment flow is 

characterized by a heat transfer coefficient h' and the specific 

contact area of the dispersion a, DE

Tb;e heat baL,nce in the three flows can be written: 

UE 

;
TE q (TC

-
T.,) qE (TD - TE) ( 13) � E 

UC

dTC 
(TE - TC) ( 14) - dz qE

(fCt, )D UD 
dTD 

qz (TE - TD) ( 15) CfCP lc � =

where qE = hDE � 
has the di1aensions of a flowrate per unit

length. r p G 

The three parameters of this ,'.'lodel are UE' qE and qE,

Comparison with the axial dispersion model and the wake 
model 
-------------------------------------------------------

After sone manipulatin� o( these eauations, it is possible 

to obtain a3ain the equation (10) 

( 10) 

which leads to Pc 
= 

UC - u� 
t 

UC UE

Besides from ( 14) and

e
TC- T = UC I �E 

dTC
D dz 

1 

r 

qE L �

( 15) \-.:e can ootain: 

1 + 
- .

1 . 
r 

dTD 

I dz 
qt 

0 

from which it is possi'::lle to de�ive a true transfer units number 

�C corres9ondinr, to the case of no axial mi::ing, i,e,

dT 
*° UC = U

Co 
and _£ 

dz 
1002 



1'f tJ -; l � � ��.
equation ('.1-6') become1/ v 

(18) T0 - TD ' �ls; • q;J ::D

which may be compared with (8) giving 

�-ifJ + qi) L
( 19) 

Therefore, our model anpears as a generalization of the 

axial mixing model the parameters NC' PC of which can be obtained

from UE' qE and qE' by equations (16) and (19). 

As can be seen ea3ily from the general e�uations, our 

model is also identical to the \'lake model if no transfer occurs 

with the dispersed phase (E = 0; q� = O). 

Temperature_TE_of_the_entrainment_flow: 

In thcs model, (TE - TC) and ( TE - TDO have always opposite

si;ns (equations (14) and (15) and therefore TE is between le

and TD, which is more satisfactory fro::1 the physical point of 

view than the results obtained with the wake model. 

Interpretation of experimental results: 

The parameters of our model have been calculated from 

experimental profiles obtained in heat transfer (5) and in mass 

transfer (6, ?). \le have introduced Mand S, relative entrain

ment flowrate and relative shedding rate by analogy with the wake 

model; we define also: 

s' 
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Variation of M: 

M has been calculated from the tenperature (or concentra

tion jump) existing at the inlet of the continuous nhase with 

the assumption that in this region the te�perature of the entrain

ment flow TE and of the drons TD are very near (figure 2),

assum ·.tion confir;:1ed by a flat TD profile in this region (5) -/ J_:!r, _ _.. _ :Z. 

T, • .,____ 
\ cJ ?..�n,1 

Figure 2 

' \ 'l \ 1Tco -Tco1 UCO/],j • t _: (20) 
/Teo -TDS UD 

_. ,.,,... , I 

U
c,¢

T
c.... 

+V� l
t>

'l>-:: Ucot tA +0gT 
. I � 

-:.· \-!_e -::: uGo-re,-0 - U<l.l-r C-O

ut:> 'Oo l-f"'C,.,:) ..-,1)s ') 
The variation of M with the dispersed phase holdup are 

reported on ficure 3 (heat transfer (4, 17)) and 4 (mass transfer 

(17)); the results are in good agree�ent with those recently 

obtained by Letan and Kehat (19) using a tracer method, whereas 

the results of an earlier work of these authors (2) are in 

disagreement with them, M bein evaluated in t:e dispersed packing 

part of the column where it is sensibly higher than in the 

dense packing part for high holdups. 

'rhe average curve ( fi,r,ure 3) extrapolates at zero holdup 

to the value M = 2,15 obtained with a sinile kerosene drop rising 

in Kater (1). 

It can be also seen that� is about two times lower for mass 

transfer than for heat transfer; urobably this difference results 

from interfacial modification due to mass transfer. 

Variation of S: 

'rhe values of N
,., 

and PC (axial mixin;; model) have been" G'1}· 
calculated from t�e �refiles (5,7) and Sis evaluated from

0
(11)

and from the value of M: 

UCO + HUD M PC
s = 

UCO L 
(21 ) 
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Known with a relatively low precision, 3 seems to be 

inde,>endent of the holdup and its avera0e value S for a 

given system of liquids c an be correlated fo the :-Iarcoulis 

number (related to the continuous phase) 

\). ,, 

MSC = " 
.. ) .or '--,�� 1 h

e 
and k

c 
beinc; the transfer

coefficient obta�nedcfrom the true transfer unit number NC 
(5, 7) 

s 14 (M )o./3
SC 

(28) 

It can be noticed that the S value for heat transfer between 

kerosene and water was found to be 0,023 to 0,030 cm-1 by 

Letan and Kehat (2), 0 1 05 crn-1 in this work from Loutaty et al's

results (5) and 0,122 cm-1 for a single drop (1). 

Evaluation_ of _!lg

Fro� (17) and the S value it is possible to evaluate: 

q' E 

NC S UD 

u 

LS _IL - NC UCO 

(_.P-� /..l"'I) r �� �.._ � cvG =--5\lD) 
(23) 

whic:i is proportional to hDE (or 1,;E) heat (or mass) transfer 

coefficient between the dispersed phase and the entrainment flow. 

It is interesting to compare hDE (or kDE) with the true overall 

transfer coefficient h (or k) evaluated from Ne·· 

h' The ratios DE 

versus the holdup fl
k_lE and D have been reported on figure 6 

fhe results are dispersed but it can be seen that these 

ratios range fro� 1,4 to 3; these low values show that the assump

tion of perfect heat transfer between the entrainment flow and 

the drops by Letan and Kehat is generally invalid. 
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C01'lCLUSION 

The model for heat and mass trctnsfcr we have presented 

takes into account the existence of an entrainment flow between 

the continuous and the disnersed phase of a spray column. No 

particular assumption has been made concerning this flow; 

especially, its averace velocity can be different from that 

of the dispersed phase. 

The three parameters of this model are: the ratio of entrain

ment flow-rate to dispersed phase flow rate M, and Sand S 1 

characterizing the heat or mass exchanges between the different 

regions. A rough assui1ntion concerning the continuous phase 

inlet region has been made to estimate Mand then Sand S'. A 

more direct method of determining Mand S would be preferable, 

for example experiments with a tracer insoluble in the dispersed 

phase. In this case, our LlOdel applies with S' = O. 

Our model could also be used for other types of coutactors, 

provided that the radial uniformity of concentrations can be assumed. 

In conclusion, we will. stress the fact that th�:;;-;::_��,!\� __ 
can

be reiarded as a physical interpretation of the axial�;:i:':"'' 
" 
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specific interfacial area (cm2/cm3 ) 

heat capacity (cal/g.°C) 

contact efficacity 

heat transfer coefficient (ca1/0 c.cr.12 .s) 

mass transfer coefficients (cm/s) 
length of the column (cm) 

ratio of wake to drop volumes 

Margoulis number 

number of transfer units 

Peclet number 

exc anged flow rate per unit length of column (cm 2/s) 
·, 7

= UCO (r Cp)C/UD ( \Cp)D -
volume of wake elements shed per volum e of drop and unit 

lenc;t'1 of col:.il'm (cm -1)

ter1perature (OC) 

flow rate (cm3/s) UC<IJ ; �J � 
volume (cr:i3) 

holdup of the dispersed phase 

density (s/cm3) 

cross sectional area of the column (cm2) 

SUBSCRIPTS 

C conti�uous phase 

D disperse� phase 

E entrairu!lent flow 
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ELECTRICALLY AUGMENTED LIQUID-LIQUID EXTRACTION IN 
A TWO-COMPONENT SYSTEM II MULTIDROPLET STUDIES 

P.J. Baile/ and J.D. Thornton* 

The behaviour of a population of electrically charged droplets has been 
studied in a d. c. field with particular reference to droplet size and 
velocity. A limited number of mass transfer measurements were also 
carried out. The liquid-liquid system used was furfural/ n-heptane so 
·that the results were directly comparable with those reported previouslP)
for single droplet systems.

Whilst the droplet sizes were somewhat larger than those produced
from an isolatea nozzle, the velocities relative to the continuous phase
were higher indicating the possibility of a redistribution of the space
charge with a consequent enhancement of the average bulk field strength.
Under conditions of low dispersed phase holdup, the average droplet
velocity was found to be a unique function of the droplet size.

The extraction efficiency, as measured by the number of dispersed
phase transfer units, was comparable with that observed in the case
of single droplets and there appears to be an optimum electrode spacing
at which the number of transfer units increases rapidly with applied
voltage. This effect is significant from the point of view of extractor
development and merits further investigation.

f Present Address: Schools of Chemical Engineering, University of 
Bradford, BD7 lDP. U. K. 

*Department of Chemical Engineering, The University, Merz Court,
Newcastle upon Tyne, NEl 7RU. U.K.
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INTRODUCTION 

· In Part I of the this studt1) charged droplets were produced at a single
metallic nozzle forming part of a parallel plate electrode system submerged 
in an immiscible, insulating, liquid continuum. The application of a de 
potential difference across the plates enabled the droplets to be not only 
charged during formation at the nozzle but subsequently upon detachment to 
be accelerated through the continuous phase. It was found that the droplet 
size could be controlled by the applied voltage gradient and furthermore that 
the droplets exhibited a high degree of electrically induced interfacial 
mobility and internal circulation. This turbulence was almost certainly 
the cause of the enhanced dispersed phase mass transfer coefficients which 
were recorded at higher potential gradients. 

SCOPE OF THE PRESENT INVESTIGATION 

The results which have been presented on the behaviour and performance 
of conducting droplets formed in an electric field in liquid-liquid systems 
were all obtained from experiments on droplets forming sequentially from a 
single charging nozzle. No attention has been paid to the way in which the 
presence of an ensemble of droplets might modify the electrical conditions 
between the electrodes. The present work was therefore undertaken with 
the two-fold object of firstly studying the effect of an applied potential 
difference on droplet size and velocity in a multi droplet situation (since a 
comparison of this data with single droplet results for the same system 
might indicate the extent to which the droplet population modified electrical 
environment). Secondly, it was thought desirable to obtain a quantitative 
measure of mass transfer into an ensemble of charged droplets. 

The work was confined to the measurement of droplet size,· holdup and 
mass transfer rates over a range of applied potential differences in a multi 
droplet countercurrent contactor. The experiments were conducted on one 
size of nozzle and for several contactor heights. As beforJl) furfural 
droplets dispersed in n-heptane were selected as the test system and 
unidirectional mass transport into the droplets was studied using the Colburn 
and Welsh technique. Analysis of the exit dispersed phase was accomplished 
by vapour phase chromatography whilst droplet size and ho:dup were 
determined from the cine film which was taken during each run. It was 
considered desirable to operate at low holdups in order to minimise the 
"hindered settling" effects which always accompany finite populations of 
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droplets. 

EXPERIMENTAL 

Equipment 

A modified version of the basic single droplet extraction cell was used 

and a diagram of this is shown in Fig. 1. In this equipment the upper 

electrode comprised a spray head incorporating a detachable nozzle plate 

and guard electrode. Distribution of liquid to the nozzles was achieved 

using a packing of glass beads positioned in the spray head by a disc of fine 

mesh stainless steel gauze, this allowed the production of a monodisperse 

system. The nozzle plate had 19 nozzles, made from stainless steel 

hypodermic tubing, located equidistant from one another on a 0. 75 cm 

triangular pitch. To prevent wetting, the tips of the nozzles were bevelled 

at 45
°. The lower electrode was unchanged in design, but a perforated

brass plate was attached to it parallel to the upper guard electrode. In 

operation the interface was position immediately above this plate so that the 

potential difference was applied directly across the effective gap between 

the nozzles and the bulk interface. 

The dispersed and continuous phases were pumped to the cell by tappings 

from two "pump around" systemsemploying flameproof positive displacement 

pumps. Flowrates were measured using ¼ inch Triflat precision bore 

flow-rators with constant density glass floats. The liquid and electrical 

circuits are detailed in Fig. 2. In order to avoid a short circuit from the 

50 kV HV unit along the dispersed phase input line to earth it was found 

necessary to effect a break in the liquid circuit. This was done by using 

the double syphon arrangement shown in Fig. 3. 

High speed cine pictures were taken at 250 or 400 frames per second 

using a Milliken DBM 5 camera, with sidelighting provided by two 500W 

"Photofloods". 

Procedure 

Steady state operation of the cell under no-voltage conditions was achieved 

as follows: Both pumps were switched on, the continuous phase was metera:l 

at a high rate directly to the cell, the dispersed phase at a low rate to the 

syphonic break. When the gap between the two electrodes was almost filled 

with continuous phase the flowrates of both phases were adjusted to the 

desired values. At this stage some adjustment of the control valve below 
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the double syphon was necessary to maintain a constant liquid level of 
dispersed phase in the glass capacity vessel. The interface level within 
the cell was controlled by a needle valve on the dispersed phase exit line 
to just cover the perforated brass base plate. A potential difference was 
then applied across the gap between the two electrodes. 

To facilitate comparison with the single droplet results already 
available the experiments on the multidroplet cell were conducted with the 
same nozzle diameter, continuous phase throughput and flowrate of dispersed 
phase per nozzle as detailed in Part I. The droplet formation frequency 
and dispersed phase holdup were measured accurately from the slow motion 
film record, whilst mass transfer measurements were made by analysing 
samples of the bulk dispersed phase below the interface once a steady state 
had been reached. 
Results 

Droplet size and holdup measurements were made over contactor heights 
from 4 cm to 12 cm and applied voltages up to 9. 6 kV. The material 
transferred was recorded for each of these experiments and also for a 
number of runs at voltages in excess of 9. 6 kV. 

The size of the droplets which detached from the multiple nozzles was 
consistently uniform although the actual magnitude of the droplets was 
altered by changes in voltage conditions. The droplets tended to oscillate 
between an oblate spheroidal and near spherical shape and so for convenieni 
the droplet size has been expressed as the mean equivalent spherical droplet 
diameter (de). These data are shown plotted against applied voltage for
five different cell heights in Fig. 4. 

In the case of a population of dronlets in countercurrent flow, the 
velocity of each droplet is influenced by its neighbours and it is customary 
to use a mean droplet slip velocity (ut) which is related to the fractional 
holdup of dispersed phase and the phase superficial velocities by means of 
the well known equation: 

u Ji 
s 

C 
+ -

1-x
.•••••••••••••• (1) 

The slip velocities were calculated from equation (1) and are shown plotted 
against the applied voltage in Fig. 5. 
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Results for the transfer of n-heptane into the furfural are presented in 

Fig. 6 in terms of the number of dispersed phase film transfer units overall, 

in other words including the mass transferred during droplet formation, 

free fall, coalescence and across the bulk interface. In this connection it 

should be noted that the charged droplets coalesced almost instantaneously 

with the bulk interface. 

DISCUSSION 

An imperfect liquid dielectric may contain various ionic species and 

often polar molecules and dissolved gases. The effect of an electric field 

is to concentrate these charge carriers at the electrodes. For example, 

if a negative space charge is concentrated near the positive electrode a 

correspondingly higher positive charge accumulates on the electrode itself 

and the field strength in the immediate vicinity of the electrode will become 

very high and will gradually decrease away from the electrode. This 

process occurs at both electrodes and, since the total applied voltage 

difference must remain unchanged, it causes the overall potential profile 

between the electrodes to be non-linear although the field strength in the 

bulk of the liquid remains substantially linear (Fig. 7). Furthermore, the 

difference in mobility of the positive and negative charge carriers results in 

the electric field enhancement at the cathode being greater than at the anode. 

The existence of this non-linear field is demonstrated in Fig. 8b where 

droplet size data from Fig. 4 are plotted against cell height in each case 

with nominal field strength as parameter. If in these experiments the 

voltage profile between the electrodes was linear the actual field would 

equal the nominal field and the droplet sizes would be constant for a given 

field strength. It is apparent that this is not the case and so we may deduce 

that the field is non-linear. The practical implications of this are that at 

the present time it is impossible to predict droplet size, charge and velocity 

from the nominal field strength. The comparison of single charged droplet 

behaviour with that of multidroplets is also hampered for the same reason. 

It is clear from the results that the general trends observed for multi

droplets under electric field conditions are similar to those exhibited by 

single droplets. A closer examination, however, reveals certain 

discrepancies which warrant further attention. The first of these is that 
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up to a cell height of 10 cm the droplet size decreases with increasing 

nozzle voltage at a slower rate and to a lesser degree under multidroplet 

conditions. A possible explanation of this could be that the presence of a 

population of droplets between the electrodes tends to distribute space charge 

more uniformly and thus reduces the magnitude of the field enhancement at 

the electrodes. This hypothesis will be discussed later but certainly such a 

situation would cause a reduction in the electrostatic force on the charged 

droplet at the nozzle and in consequence cause an increase in the size of 

droplet detaching from the nozzle. The second point of note is that if the 

mean droplet size is plotted against column height for several different 

nominal field strengths a family of curves can be drawn with field strength 

as parameter (Fig 8b). Interestingly the minimum in each of these curves 

occurs at a cell height of about 10 cm which is also the height at which the 

mass transfer performance of the cell improved most rapidly with applied 

voltage. The single droplet data can in fact be plotted the same way and 

shown to have minima at a column height of 7 cm (Fig 8a). As yet, however, 

insufficient data are available to attach any significance to this finding. 

Despite the use of the guard electrode which surrounded the nozzles the 

falling droplets still diverged visibly whilst passing through the cell. This 

was due to the charged droplets exerting a repulsive force on each other 

which depended upon the magnitude of the charge and the interdroplet 

distance. Strictly speaking, this force cannot be estimated from the simple 

Coulomb law for point charges, since for particles which are close together 

in relation to their diameter the force depends on the nature of the particle 

as well. Due to charge mobility, the charges on a conducting droplet 

may also migrate over the surface away from those of the same sign on a 

neighbouring droplet. In this way the charges tend to move further apart 

resulting in a lower repulsive force than that indicated by Coulomb's law, 

but nevertheless sufficient to account for the observed divergence of the 

droplet stream and the substantial absence of interdroplet coalescence over 

the low holdup range investigated in this study. The fact that the droplets 

do diverge and, in so doing, fill the column means that the droplets can be 

regarded as being uniformly �istributed over the column cross-section and 

consequently the fractional holdup can be converted with negligible error 

into a mean droplet slip velocity using equation (1). This approximation 
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was valid for all the cell heights except the shortest where little divergence 
of the droplet stream occurred; dispersed phase holdup was also difficult 
to measure in this region. 

It has already been shown that the nominal field strength bears little 
relation to the actual field strength experienced by a droplet during the 
various stages in its history. It might be advantageous therefore, to seek 
a correlation between droplet behaviour and droplet size since the observed 
droplet size reflects the way in which the actual field in the vicinity of the 
nozzle changes as the nominal field strength is increased. This alternative 
approach should make it possible to relate the behaviour of a population of 
droplets to that of a single droplet in a two electrode system. 

If the voltage profile between the electrodes is of the general form 
shown in Fig. 7 then a single droplet forms at the charging nozzle under the 
influence of an average field strength EI' and after detachment falls under
the influence of an average field strength EB" In a multidroplet situation
the space between the two electrodes contains a population of charged droplets 
which modifies the space charge distribution and hence the voltage profile 
between the electrodes. If therefore in both single and multidroplet 
situations, the detached droplet size is the same for a particular liquid/ 
liquid system, nozzle size and flowrate then it could be argued that the 
average effective field strength (EI) is also the same in each case, although
the nominal applied field strengths may differ. On the other hand, the field 
strengths in the bulk continuous phase (EB) will almost certainly differ
because of the dissimilar space charged distributions. These conditions 
are illustrated diagramatically in figure 9. 

In a single droplet situation, the observed droplet size detaching from 
the nozzle would be expected to be a function of the nozzle size, the phase 
flow rate, the magnitude of the droplet charge, the inducing field, the 
acceleration due to gravity and the physical properties of the system, thus: 

de = fl (DN' Ld' Q, EI' g, 0) ...................... (2)

This expression may be simplified by noting that the charge Q is a unique 
function of de for any one system and nozzle size <2). Furthermore if the
concentration of ionic impurities is small it is not unreasonable to suppose 
that the inducing field will depend upon the nominal field and the inter-
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electrode distance so that: 

EI = 
f2 (ENom' L) ............•....... (3) 

On this basis, it will be apparent that: 
de = 

f3 (ENom' L) .....•••.••...•...•• (4) 
for a given system, nozzle size and dis�ersed phase flowrate. This is 
borne out by the family of curves shown in Fig. Ba. 

A similar line of reasoning is applicable to the present work where a 
multi-nozzle assembly was employed. It should be noted however that the 
inducing field will now also depend upon the geometrical arrangement of the 
nozzles so that the analogue of equation (4): 

de = 
f4 (ENom' L) •.•...•.....•.•.•••. (5)

will have the additional restriction that it is only applicable to a particular 
nozzle geometry. Again the form of dependence indicated by equation (5) 
is confirmed by the data shown in Fig. 8b. The somewhat larger droplets 
observed under multidroplet conditions has already been referred to above. 
In addition to the possibility of a reduced space charge effect, a secondary 
factor may be a reduction in the effective inducing field due to the fact each 
nozzle is surrounded by others charged to the same potential. Both these
effects require further study before equations (2)-(5) can be written in a 
more explicit form. 

The velocity of a single charged droplet relative to the continuous phase 
would be expected to depend upon the droplet size, the physical properties 
of the two phases, the droplet charge, the electric field in which the droplet 
is moving and the acceleration due to gravity, i.e. 

Us = 
f5 (de' 9', Q, EB' g) ..................••... (6)

Noting the unique dependence of Q upon de for a given system and nozzle
size, it will be seen that Us should exhibit a functional dependence upon
de and EB.

In multidroplet situations, two additional factors arise which can 
influence the average droplet velocity. One is the hindered settling effect 
associated with a finite population of droplets. The other is the field effect 
due to the spatial distribution of the charged droplets. If it is assumed that 
the former is an analogous effect to that found in uncharged spray systems, 
the hindered settling effect will be well represented (3) by the holdup function
(1 - x). The field effect is more difficult to quantify but would be expected 
to be related to the magnitude and distribution of the charges carried by the 
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droplets. This effect of bulk charge will be additional to space charge 

effects due to ionic impurities. A rigorous analysis of droplet velocities 

would call for a separate evaluation of these field effects. Since this has not 

been attempted, a theoretical analysis of the problem is not yet possible. 

In the present work however, some simplification is possible since all 

the runs were carried out at low values of the dispersed phase holdup (less 

than 5. 6%). Under these conditions, the hindered settling effect will be 

negligible and the way in which the bulk field is modified by the charged 

droplets should not fluctuate over wide limits. With this simplification in 

mind, it would again be expected that U * would approximate to a function of 

d
e 

and the bulk field strength. In practice however, the velocity was 

substantially independent of the bulk field and correlated well with droplet 

size (Figs. lO(a) and (b) for single and multidroplet systems respectively. 

The former data were taken from hitherto unpublished measurements by the 

present authors). This effect is not yet fully understood but may be due to 

partially compensating changes in the gravitational and electrostatic forces 

acting on the droplets. Figure 10 (b) shows the single droplet curve for 

comparison and it will be seen that the multidropl et velocities are higher 

than the single droplet values at corresponding droplet sizes. Since, under 

the present conditions, droplets of the same size carry the same charge it 

would appear that the effective bulk field strength is higher in the multi

droplet situation. 

These findings relate of course to the particular extraction system 

studied. At larger values of the dispersed phase holdup at least two further 

complications will arise. Firstly, the hindered settling term will become 

progressively more important and would be expected to counteract the 

increase in slip velocity caused by the enhanced electric field strength. 

Secondly the risk of an electrical short circuit between the electrodes will 

be increased. It has been shown 
( 4)

, however, that this restriction can be 

minimised by introducing a nitrogen filled gap between the nozzles and the 

bulk continuous phase. 

Although the primary object of the present work was to compare the 

observed droplet sizes and velocities for single and multidroplet systems, 

the number of "overall" dispersed phase transfer units were also determined 



for a range of nominal field strengths and cell heights. In the present 

context, the term "overall" is used to denote the combined mass transfer 

occurring at the nozzle, during free fall and after coalescence of the drop

lets at the bottom of the cell. The data are shown in graphical form in Fig .6. 

By comparison with the previous single droplet measurements(!) it will be 

seen that whilst the data are comparable the values of (NTU)do 
are up to 

50%greater. Furthermore at an inter-electrode gap of 10 cm., the number 

of transfer units increases very rapidly with progressive increases in the 

nominal field strength. From a practical point of view, the latter finding 

is significant and indicates that considerable advantages may accrue from 

operating at a specific inter-electrode gap. A full interpretation of these 

measurements together with a discussion of the applicability of certain mass 

transfer models will be dealt with subsequently in Pa.rt m of the present 

paper. 

CONCLUSIONS 

The behaviour of a population of charged droplets has been studied in a 

d.c. field and has been found to follow the general trends already reported

for single droplet systems. The use 1'f a multinozzle dispersed phase 

distributor gives rise to somewhat larger droplets by comparison with 

those produced at a single nozzle under similar conditions. Furthermore 

it is probable that a redistribution of space charge also occurs in multi

droplet systems in such a way that the average bulk field strength is 

enhanced by comparison with that associated with single charged droplets 

of the same size. The net effect is to enhance the average droplet velocity 

relative to the continuous phase. Under conditions of low dispersed phase 

holdup, the average droplet veloci ty has been shown to be a unique function 

of the droplet size. 

There also appears to be an optimum electrode spacing at which the 

number of dispersed phase transfer units increases very rapidly with 

applied voltage. This effect is important in connection with the develqnnent 

of commercial contactors and merits further attention. 
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NOMENCLATURE 

de Equivalent spherical droplet diameter (single droplets). 

de Mean equivalent spherical droplet diameter (multidroplet systems). 
DN Nozzle diameter. 
E1 Average inducing field strength at the nozzle. 
EB Average bulk field strength between the electrodes. 
ENom Nominal field strength.
fl --f5 Functions.
g Acceleration due to gravity. 
L Inter-electrode distance. 
Ld Volumetric flowrate of the dispersed phase. 

Q Droplet charge. 
U

8 
Velocity of a single charged droplet relative to the continuous phase. 

U" Average velocity of a population of charged droplets relative to the 
s 

continuous phase. 
V d' Ve Dispersed and continuous phase superficial velocities respectively.
x Fractional holdup of the dispersed phase. 

9 Denotes physical properties. 
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Effect of electric field on mass transfer 

across a plane interface 

P.V.R. Iyer* and H. Sawistowski 

Department of Chemical Engineering and Chemical Technology 

Imperial College of Science and Technology 

London, SW7 

Synopsis: It is shown that under. suitable conditions the presence of 

electric charges in the interface may lead to the appearance of Marangoni

type pi1enomena and hence to intensification of the rate of mass transfer. 

The presence �f the phenomena has been confirmed visually by observation 

in a scnlieren field and experimentally by their effect on mass trans fer 

coefficients determined in a horizontal laminar contactor for transfer 

in partially miscible binary systems and of solute between two immiscible 

solvents. Increases in mass transfer rates of 20% to 1000% were observed 

depending on type of system, direction of transfer and polarity of 

interfacial charges. The mecnanism of trans fer was found to be more 

complex than anticipated by movement of charges in the bulk of the non

conducting phase. 

*Present address: Department of Chemical Engineering, 

Indian Institute of Technology, 

New Delhi 
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Introduction 

The rate of mass transfer in liquid-liquid extraction is proportional 

to the mass transfer coefficient, the interfacial area and the driving 

force. At a fixed driving force any attempt to increase the transfer 

rate must, there fore, be directed towards increasing the other two 

factors. In equipment with unsupported interfacial area, the area can 

be increased by the formation of smaller drops and hence producing a 

better surface to volume ratio. In contactors with supported interfacial 

area the same effect is obtained by spreading the film over a large 

support area. Mass transfer coefficients can in turn be increased by the 

application of mechanical energy as, for instance, in pulsed columns or 

stirred vessels. There is also the well known fact of a spontaneous 

increase in mass transfer coefficients due to tl1e presence of the 

Harangoni effect. 

The Marangoni effect is a surface flow resulting from the appearance 

in the interface of an interfacial tension gradient. Since interfacial 

tension y is a function of solute concentration C at the interface, of 

interfacial temperature 8 and of the surface density a of electric 

changes, therefore 

and (ay
00
/oC)(dC/dy) + (3y

00/38)(d8/dy) + 

+ (ay
oo
/aa) (da/dy) 

Hence, a gradient of static interfacial tension y
00

will appear, which 

will be equal to the gradient of the dynamic interfacial tension y if 

(1) 

(2) 

the interface is ;,ewtonian and dynamic effects of compression and dilation 

can be neglected, when there exists in the interface a concentration 



gradient, a temperature gradient and/or a gradient of density of 

electrostatic charges. Under suitable conditions, when local perturbations 

in solute concentration, temperature and/or density of electrostatic 

charges become amplified, the resulting gradients in interfacial tension 

produce a surface-tension induced or Marangoni instability. This 

spontaneous phenomenon leads to significant intensification of mass transfer 

rates. 

Effect of charges on interfacial tension 

Tile variation of static surface tens ion with electrostatic charge can 

be predicted theoretically for certain geometric configurations, e.g. 

for an isolated charged drop· carrying a charge Q it is 
1 

y 00 y 00 
scr2 d/4r.r. 

0 (3) 

where y
00 

is the static surface tension at Q = o, d is the drop diameter, 

r. is the dielectric constant and r.0 is the permittivity of free space.

l 1 f 
. 1 .  · 2  f T1e resu ts o an experimenta estimation of the dependence o 

interfacial tension on applied voltage is shown in Fig. 1. This is the 

so-called electrocapillary curve. A drop of water was formed at the tip 

of a capillary placed centrally in a cubical glass enclosure filled with 

benzene. A wire passing centrally through the capillary formed one 

electrode while the second electrode, which was earthed, was created by a 

thin film of carbon deposited on the glass. The interfacial tension was 

es ti mated from photographs using the method of Andreas, Hauser and Tucker
3
.

It was noted that Marangoni-type disturbances occurred at voltages above 

1500V caused probably by non-uniformity of the field and deviation of 

the drop from spherical shape. 
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Effect of electric field on mass transfer in binary systems 

The application of electric field towards intensification of mass 

d4,5 transfer rates has already been reporte in literature. It relied

on the fact that the maximum drop size decreased on decrease in effective 

inte rfacial tension due to increase in charge density. This produced a 

hi�,er surface to volume ratio and, in addition, for a given drop size 

promoted drop oscillations thus leading to higher mass transfer coefficients. 

The latter was also improved by increase in drop velocities resulting from 

electrical forces of attraction exerted on the drop in the direction of 

its motion. 

The type of phenomena described above were not investigated in the 

present work. It was limited exclusively to the application of electric 

potential across a flat interface. In a system consisting of a 

conducting and a non-conducting phase such applied charges accumulated in 

the interface. Conditions are thus established in which, as a result of 

the electrocapillary effect, any perturbation in o could lead to 

Harangoni instabilities. This proposition was initially tested on four 

. 6 
binary systems cyclohexanol/water, isobutanol/water, aniline/water and 

ethyl acetate/water. In the absence of the field the systems were stable 

or weakly unstable. It was found that application of potential across 

tne interface, that is between the interface and the upper electrode, 

produced interfacial activity of very high intensity, which resulted in up 

to a tenfold increase in mass transfer coefficients (Fig. 2). The mass 

transfer coefficients were determined in a horizontal countercurrent 

contactor fitted with two electrodes placed about 30 mm above and below 

the interface. The lower electrode was charged and the upper electrode 

earthed. The flow of the two phases was laminar throughout. The 

contactor was placed in a schlieren field to facilitate simultaneous 

visual observation. 
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In general the results seemed to support the supposition of 

introduction or intensification of Marangoni instabilities by application 

of electrostatic field. However, certain evidence was produced which did 

not support such a simple explanation. Thus, as expected, interfacial 

turbulence was initiated at the interface (Fig. 3) and stayed there for 

low values of applied potential. But, in the aqueous-organic systems 

employed, it even then seemed to be confined largely to the organic phase. 

Increase in applied potential led predominantly to further expansion of the 

zone of interfacial turbulence into the organic phase (Fig. 4 and 5). 

Consequeatly, additional work was required for further elucidation of the 

phenomena involved. This took the form of studying the effect of polarity 

of the lower electrode and of investigating the phenomena in ternary 

systems, that is for transfer of a solute between two immiscible solvents. 

Effect of polarity of interface 

A qualitative and quantitative investigation was conducted of the 

effect of polarity of the lower electrode. In the qualitative study a 

schlieren cell, 77 mm high, 99 nun long and 49 mm wide, was employed7 for 

visual observation in a schlieren field. The cell was fitted with flat 

copper gauze electrodes, the lower electrode resting on the cell floor and 

the upper suspended horizontally near the top of the cell. The interface 

1Jas usually positioned centrally about 30 mm from each electrode. Charge 

w�s applied to the lower electrode from a constant-voltage photomultiplier 

power supply unit, Brandenburg model 471R, and the upper electrode was 

earthed. An electrostatic voltmeter, in series with a resistor of um,

was connected across the cell to measure the applied voltage. 

was also fitted with an ammeter. 

The circuit 

Twelve binary systems were selected for qualitative studies. Nine 

of these were organic/water sys terns, with the organic phase being amyl 
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acetate, n-butyl acetate, ethyl acetate, methyl acetate, cyclohexanol, 

isobutanol, n-butanol, n-hexanol and amyl alcohol. The remaining three 

systems were hexane/aniline, toluene/formic acid and benzene/formic acid. 

Observations were made for each system at various voltages. Photographs 

of observed phenomena were taken using a box camera and employing R20 

panchromatic film at exposure time of 0.005s. The experiments were 

repeated by presaturating each of the phases in turn and also by changing 

the polarity of the lower electrode. 

All systems which were ·interfacially stable in the absence of a field 

showed interfacial instabilities on application of an electric field of 

0.5 kV (O. 7 kV for cyclohexanol/water). Higher vo 1 tages resulted 

generally in stronger instabilities which progressed to turbulence in 

the non-conducting phase. Similarly, for systems which were already 

unstable in the absence of a field, introduction of charge at the interface 

made the instabilities roore pronounced. In most cases instabilities were 

initiated by the applied voltage at the interface. There were, however, 

systems in which they originated in the bulk, as e.g. in the toluene 

phase of the system toluene/formic acid. The system n-butanol/water 

represented an interesting case in this respect: for negative polarity 

disturbances first appeared in the bulk at 400 V, but for positive polarity 

they originated at the interface at 1000 V. 

No general trend was noticed with respect to polarity. The behaviour 

of some systems was independent of polarity,sol!E showed stronger 

disturbances with positive polarity (isobutanol/water, amyl alcohol/water, 

methyl acetate/water), while others exhibited stronger disturbances with 

negative polarity (n-butyl acetate/water). There existed also a 

directional effect observable with presaturation of one of the phases. 

Tt1us, e.g. transfer of amyl alcohol into water was less affected by the 

field than transfer of water into amyl alcohol. 
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The mass transfer experiments were conducted in a countercurrent 

contactor 149 IIDl1 long, 13,5 IIDl1 wide and 61 mm high. The low width was 

conditioned by the optical demands of a schlieren field. Very low flow 

rates were employed (Reynolds number around 20) to obtain measurable values 

of mass transfer coefficients and their volumetric values were kept 

approximately the same in both phases to ensure central positioning of the 

interface. Figs. 6 to 9 show the results obtained for the systems 

isobutanol/water and ethyl acetate/water for conditions of presaturation 

of either phase. With the isobutanol phase presaturated (Fig. 6), that 

is transfer of isobutanol into water, the mass transfer coefficient was 

affected very little. Disturbances were noticed in the bulk of the 

organic pit'ase at 0,5 kV which did not affect the interface. (The potential 

quoted is the applied field voltage. Its limited range of 0.7 kV is due 

to a flow of current of 2 mA which reduced the voltage produced by the 

power supply unit.) For the transfer of water from the presaturated 

aqueous phase into isobutanol (Fig. 7) there was a pronounced effect of 

positive polarity but weak effect of negative polarity. Visually, 

positive polarity produced interfacial turbulence restricted to interfacial 

regions at 0.3 kV (Fig. 5) which increased in intensity with increase in 

applied potential and gradually extended into the bulk of the organic phase. 

With negative polarity bulk disturbances were noticed at a field voltage 

of 0.5 kV which, beyond 0. 7 kV, extended to the interface. The 

interfacial turbulence was however much less vigorous. 

In the system ethyl acetate/water the mass transfer coefficient 

increases with applied potential in both directions of transfer. However, 

there was no effect of polarity in the transfer of water but a measurahle 

difference for the transfer of the ester. For the latter eddies were 

observed to appear in the bulk of the organic phase at 0.3 kV and move 

across the interface thus continually renewing it. The intensity of 
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this movement increased with applied potential. For the transfer of 

water interfacial turbulence appeared at 0.9 kV for positive polarity and 

weak turbulence in the bulk of the organic phase for 0.6 kV negative 

polarity. Both effects increased with applied voltage. 

Visual observations of the effects of direction of transfer and 

polarity indicate thus that there exist at least two separate phenomena 

affecting the rate of mass transfer: interfacial turbulence and movement 

of charges. 

still ooscure. 

Their relative contribution to the net effect, is however, 

Effect on mass transfer in ternary sys terns 

As in the previous study quantitative work was supported by 

qualitative observation
8 

For the latter a schlieren set up was employed 

using the same cell as previously described. The system toluene/water 

was selected with propionic acid and acetone as solutes. The assessment 

of results is complicated in such systems since in addition to Marangoni 

instability there may also exist a gravitational instability. Thus, e.g. 

the transfer of propionic acid from water into toluene is gravitationally 

stable but Marangoni unstable, as predicted by the Sternling-Scriven 

criterion9
• Conversely, transfer of propionic acid in the reverse

direction is Marangoni-stab le but gravitationally unstable in both phases. 

In both cases the presence of additional effects due to the applied 

electric field is thus to a certain extent obscured. However, mild 

interfacial turbulence was observed at 0.3 kV for transfer into toluene, 

whicn gradually spread into the bulk of the toluene phase with increased 

voltage. The effect was 11Dre pronounced for positive than negative 

polarity. For transfer into water interfacial turbulence was observed at 

1.0 kV and there was little difference bet1,een positive and negative 

polarity. However, the presence of interfacial turbulence seemed to reduce 
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the intensity of gravitational instability in the toluene phase (Fig. 10). 

For the transfer of acetone from toluene into water the system is 

:-!arangoni stab le and gravitationally stab le in l>oth phases. The reverse 

direction of transfer is gravitationally unstable in both phases as well as 

Marangoni unstable. In such a case it is difficult to observe any effects 

due to electric charges but additional interfacial turbulence seemed to 

nave appeared at 1. 0 kV. For the transfer of acetone into water 

interfacial instability was first observed at 0.4 kV which increased in 

intensity with applied voltage. 

and gradually disappeared. 

However, it also became time dependent 

The quantitative work was conducted in a cylindrical countercurrent 

glass contactor 258 mm long and 52 mm in diameter. The contactor was 

fitted with flat stainless steel electrodes held in position by means of 

short tungsten rods fused into the glass. Again the top electrode was 

earthed. The mass transfer results obtained are shown in Figs.11 to 14. 

The intensification of mass transfer was much less pronounced than in the 

case of binary sys terns particularly for the non-polar acetone. For the 

transfer of acetone from toluene into water there also appeared a local 

maximum in the variation of mass transfer coefficient with applied voltage. 

This was connected with the time decay of charge-induced interfacial 

activity previously observed at high applied potentials. No improvement 

in performance was obtained by on-off application of voltage or the use of 

multipoint electrodes
10

•

Conclusions 

The results obtained from the study of polarity and directional effects 

in the application of electric field across an interface under conditions 

of mass transfer indicate that the initial supposition of introduction or 

intensification of Marangoni instabilities is unable alone to explain the 
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observed phenomena. Their concentration in the nonconducting phase 

together with the effect of polarity and direction of mass transfer 

indicates the presence of additional effects such as ionization and movement 

of charges. The increase in mass transfer coefficients is the net result 

of all such effects and their interaction is not yet sufficiently understood 

to produce a criterion for selection of systems in which mass transfer 

could be maximised by the application of electric field. 

Nomenclature 

C molar concentration 

d drop diameter 

KOT overall mass transfer coefficient based on toluene phase 

K0W overall mass transfer coefficient based on aqueous phase 

K1 mass transfer coefficient in the organic phase 

K2 mass transfer coefficient in the aqueous phase 

V applied potential 

y direction in the plane of the interface 

y� static interfacial tension 

c dielectric constant 

c0 permittivity of free spate 

e temperature 

o surface density of electric charges
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0.8 

� 0.6 �==�==�

lO 
0 

>< 0.4 

0.2 

0 0-2 0.4 0.6 0.8 
APPLIED POTENTIAL, V (kV) 

FIG. 6. MASS TRANSFER COEFFICIENT OF ISOBUTANOL 

FOR TRANSFER INTO SOLUTE-FREE WATER FROM A PRESA-

TURATED ISOBUTAllOL PHASE. 0 POSITIVE POLA-

RITY, e NEGATIVE POLARITY) 



3 

/ 
2 0 

U1 

E 

IC) 

0 

X 

:x:: 

0 '-----'----.L_ __ .L_ __ ..L__ _ ____j 

0.4 0.8 1.2 

APPLIED POTENTIAL, 

1.6 2.0 

V (kV) 

FIG. 7. MASS TRANSFER COEFFICIENT 01' \'iATEi< FOR TRANSFER 

INTO SOLUTE-FREE ISOBUTANOL FROM A PRESATURATED AQUEOUS 

PHASE. 0 POSIT IVS ?OLARITY, e NEGATIVE POLAftITY) 

4 

3 

E 0 

0 

LO 
2 0 

X 

0'----L___ L__ __ L_ __ L_ _ __J 

0.5 1.0 1.5 2.0 2-5 

APPLIED POTENTIAL, V (kV) 

FIG. 8. MAS:; TRANs;·rm COEFFICI:;NT OF ilTliYL ACETATE FOR 

TRANSFER INTO SOLUTE-FREE WJ\':'ER FROM A PRE.iATUrtATED ETHYL 

AC3TATE PHASE. 0 POSITIVi:: POLAiUTY, e N3GATIVE 

POLARITY) 

.., 

� 



6 

5 

� 

I{) 
3 

0 

)( 

-,[2 

O'-----_L ___ ..L_ __ __J _ __ ---'-- -----' 

0 0.5 

APPLIED 

1.0 1.5 2.0 

POTENTIAL, V ( kV) 

2,5 

FIG. 9. ;,!ASS Trl.'i.NJFErt C0EFFICli:H1' QlC \,J, TZrt Fon �lU..it..iFI::R 

INTO SOLUTE-FREE ETHY:. AC3TATZ 1-'�1.0..:l A i'rtESATU!i.ATED AQUEOUS 

PHASE. 0 POSITIVE P0:.AnI'�'Y, e ILGATIVE P0LAllITY) 

FIG. 10. SCHLIE.rtEH PHO:'OG.LtAfii FOB. 'J.'liZ TriAdSFER. OF PrtO.PIONIC 

ACID FRO!J TO:.UENE INTO ',j'ATER .A'J: AP?LlEJJ .1.JQ·T3:i'l'IAL OF \a) O V, 

1044 



6 

5 

Ill 

E 4 

0 

X 

OL_ __ _1_ __ _..L __ ___,_ ___ ..__ _ __. 

0 0.5 1.0 1.5 2.0 2-5 

APPLIED POTENTIAL, V (kV) 

FIG. 11. EFFECT OF APPLIED VOLTAGE ON ov:RALL !AASS TRANSFER 

COEFFICIENT FOR THE TRANSFER OF PROPIONIC ACID FROU 1.0 U 

SOLUTION IN ViATER IN'.1:0 INITIALLY SOLUTE-FREE TOLUENE. 

( 0 POSITIVE PCIARITY, e Nc:GATIVE POIAiUTt) 

6 

5 

0 

0 

4 
• 

E 

(D 

0 

X 

32 

0L-_L_. __ L_. __ 1--__ ..___� 
0 0.5 1.0 1.5 2.0 2-5 

APPLIED POTENTIAL, V ( kV) 

FIG. 12. EFFECT OF APPLIED VOLTAGE ON OVERALL i.!ASS TRANSFER 

COEFFICIZNT FOR THE TRANSFER OF ?ROPIONIC ACID FROM 0.66 M 

SOLUTION IN TOWENE IN'fO INITIALLY SOLUTE-FREE ViATER. 

0 POSITIVE ?OIAiUTY, e NEGATIVE POLAiHTY) 



� 
Ul 

E 

(0 

0 

X 

I-
0 

6 

5 

0 

4 

3 

0 L-----'-----'----�--�----

0 0.5 1.0 1.5 2.0 2.5 

APPLIED POTENTIAL, V ('kV) 

FIG. U. EFFZCT OF Ai','11ED VOL'i'.AGZ (,F ?CJITIV'il 20:.0.,<ITY OH 

OV3RALL i1lASS TilAIISFZR COZFFICIWT F01\ THE TRAN3FER OF ACilTONE 

FRUM o. 7 lJ sow:;:1011 IN WATER INTO o.ob M SOLUTION IN TOLJENE. 

2.0 

1.5 

0 

X 1.0 

3: 
0 

0.5 

0 .___ __ ...J..... __ -----1 ___ _,__ __ ---1... __ ___J 

0 0.5 

APPLIED 

1.0 1.5 2.0 2.5 

POTENTIAL, V (kV) 

FIG. 14 . tFFZCT OF .\PPLED VULT,\GZ 0}' .'OSITIVE POLA,,ITY UH 

OV3RALL 1.Ll.S3 THAN�F�R COEFFICI:/1.i' FOR 7i:L Til,,l/SJ,'E,t OF ACETONE 

FRO!,,[ U.45 1,1 SOLUTION IIJ T01U2r� Ii�TO 1;a�:1AL�Y so:.uT-FRr;E 

V,ATEi!. 



SINGLE DROP OSCILIATIONS AND MASS TRANSFER 

P, Nekov�¥ and V, Vacek 

Chem, Eng. Dept., Prague Institute of Chemical Technology and 
Institute of Inorganic Chemistry, Czech Academy of Sciences, �e� 

An investigation of drop shapes and drop velocity was carried out for 
single oscillating drops falling through a stationary liquid continuous phase. 
Mutually saturated two component systems were studied as well as systems with 
a third component transferring from the drops. A novel technique was used to 
determine mass transfer rates. 

Introduction 

In certain cases of steady drop motion through motionless continuous phase, 
drop shape periodically changes. Drop shapes are complex and reveal compli
cated flow fields inside as well as outside the drop. A theoretical analysis 
does not exist at the present time(l, 2) which enables us to decide whether a 
given drop will oscillate, and to predict the frequency and the intensity of 
these oscillations, The frequency is usually correlated by empirical 
relationships(2, 3), which are based on theoretical analyses of infinitesimally 
small oscillations of motionless liquid spheres<4, 5). There is no information 
in the literature on the effect of a third, transferring component on 
frequency and intensity of oscillation. Further, no experimental data are 
available for the time dependence of the drop surface area during the 
oscillation period. The following relation is mostly assumed<G>to hold: 

fl(t) = �o ( I ,. E sin (nt/r) ) -C � T (1) 
The value of the parameter E = (Amax - A0)/A

0 
is based on the maximum area of

the spheroid. Drop volume V and the parameter E (which is defined as ratio of 
maximum horizontal to vertical diameters) are considered to be the same as for 
a spheroid, A

0 
is the area of the sphere, From the general evaluation of 

theoretical treatments(6) of mass transfer between oscillating drops and their 
surroundings we can assume that time variable area should be incorporated into 
these models to improve significantly agreement between empirical and theore
tical data. 

In this paper some experimental results on oscillating drops are presented. 
Two component systems without mass transfer as well as systems with the 
presence of a third component were studied. In addition to conventionally 
measured quantities such as average terminal velocity of the drop, vt, and the 
drop oscillation period T, the time variations were determined of the instan
taneous drop velocity, v, the parameter E and the surface area, A, during one 
oscillation period, The mass transfer coefficient over one oscillation period 
was also measured. In this paper we tried to compare the measured data with 
consequences of the approximation of the drop shape by a spheroid. 

Theoretical part 

The dependence of steady velocity of an oblate or prolate spheroid upon 
the parameter E was given by Luiz(7). Assuming that the velocity of the 
oscillating drop motion at every moment equals the velocity of a spheroid with 
the same volume and E, than 

) ELI 
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E = (tlr) frn}d:t 
' 

'GO 

The spheroid area is given by the expression 

A =- 2-rr (3v /4fl El� [ 1 t r? ( 1-�I %arct�h 

A ; ·211 (3v /J,'fl'f jr:t [ 1 + 1/·(t1--1t't'Z. arc�,n 

We suppose that the oscillating drop as well as its surroundings are ideally 
mixed and concentrations inside and outside the drop are c1 and c2, respec
tively. A film of thickness x = r2 - r1 exists at interfacial drop surface 
in which only molecular diffusion can occur. For a spherical drop with radius 
r2, the diffusion equation

&-

;:: 
D (�� + i· ¼) 

(4-) 
with conditions cc,.,-<,,, t > o>-= a '

The average interfacial f� N is de
J

� 

N = .1. �(t)cft ::: � 1> Rd>) ii dt 
, � rr-� 

We shall consider only he case when c2 = 0; han

kl = - � l-E -r 2 r�-Cil4?�ro/x
t

) ] (60.,) 

(6) 

&Ir,!\ X '1 L
,,
,, 

From the measured values of the function A (t) we can calculate the flux N as 
well as the mass transfer coefficient Kr defined as

K= FJ/41 A 1 "A :: f [re.. 
ACt) d,t cs) 

The interfacial film thickness ca1?be estimated 
was recommended for a similar case by l\larsh<9).

Experimental part 
X ,: �512 /Vee

from Levich(ll) equation, which 

(9) 

The oscillating drop shapes were determined by filming drops moving 
through a glass cylindrical column. The description of the experimental 

apparatus was published earlier (l2) . Liquids used were twice redistilled and 
the apparatus was kept scrupulously clean. The results presented were 
obtained mainly for the system benzene (as continuous phase) - water (as 
dispersed phase) - acetic acid (component transferring from water to benzene) . 
Drop volumes were o.os - 0.10 cm3 • At any chosen point in the column, the 
drop was seized and isolated in a teflon bowl of volume 0.43 cm3 . At the 
bottom of the bowl were affixed electrodes for conductometric determination of 
acetic acid concentration. The root mean square deviation of ten measurements 
was 5%. This method, even when a number of calibrations are needed, makes 
possible quick and precise determination of the transferring component's 
concentration inside the drop at any position in the column. 

1048 



Results 

Measured frequencies of drop oscillations were best fitted by the 
empirical correlation of Edge and Grant< 2 >, see Fig. 1 where measured values 
of one oscillation period times are compared with values calculated(3 , 4, 5), 
The correlation was derived for water continuous phase only< 2). Further it 
was found that this correlation fits the measured dependence of oscillation 
frequency on the volume of the drop we11(12). 

The different drop shapes which occur during one oscillation period are 
shown in Fig. 2. This figure relates to a water drop (volume 0.120 cm3) 
moving through benzene. However, the same type of drop shape changes was 
observed in other low viscosity systems, e.g. water - n hexane, water - n 
heptane, water - cyclohexane, water - toluene, carbon tetrachloride - water 
(first mentioned phase is dispersed). The smaller the drop, the less is the 
amplitude. At a certain critical size, the oscillation becomes indiscernible. 
The amplitude of oscillation is very sensitive to the purity of the chemicals 
used. However, for systems with twice redistilled liquids (originally of the 
analytical purity), the amplitudes were found perfectly reproducible, 

As it can be seen from Fig. 2, the drop shapes are very complex and we 
did not attempt to find their analytical description, Measured time depen
dence of the parameter E, characterizing simply the drop shape, is shown in 
Fig. 2. Here again, the smaller the drop, the less is the difference between 
maximum and minimum E value. In the water - benzene system, amplitude damping 
was not observed over the first six periods. However, according to the theory 
of Miller and Scriven <5>, amplitude damping is small and lies within 
experimental error limits for the system, Measured values of terminal velocity, 
vt, were well described by the empirical correlation given by Thorsen, 
Stordalen and Terjesen <13> , see Fig. 3. This correlation was also based only 
on experiments with water as the continuous phase. 

The comparison of the instantaneous drop velocity measured (full line) 
and calculated (dashed line) according to the relationship(2) is given in 
Fig. 2, The quite similar course of the lines seems to confirm that the 
velocity of the drop is greatly determined by the instantaneous drop shape. 
More detailed results were publisied in our previous paper(l4 ). 

In Fig. 2, the measured time-dependent surface area of the drop, which 
was determined by numerical integration of the drop picture meridional profile, 
is shown (full line). The dashed line represents a surface area of the joined 
spheroid, which was calculated from expression (3). It is evident that the 
approximation of the drop area by a spheroid significantly underestimates the 
real values, The average real va½ue is 1.14 cm2, the average value based on 
spheroid approximation is 1.04 cm. It is noteworthy that values of 
published mass transfer coefficients are based on spheroid approximation of 
drop shapes. 

The addition of a third component may change the physical properties of 
the system. Mass transfer across the interface can also cause changes in drop 
behaviour, The measured effect of acetic acid concentration on the drop 
behaviour is summarised in Table 1. Maximum values of E decrease almost 
linearly with the concentration, whereas minimum values of E as well as 
oscillation frequency remain almost constant. Velocity vt decreases with 
increasing concentration, It is a consequence of the opposing effects of 
decreasing drop size(l3) and increasing intensity of mass transfer across the 
interfacel15>

. The character of drop shapes and their changes remain almost 
unchanged up to an initial concentration 3 mole/1, For higher concentrations 
the shapes become much more rounded. 

Mass transfer coefficients averaged over one oscillation period were 
measured for three concentration levels. All results obtained were the same 
and K = 0,0131 cm/s for real average area; the value based on spheroid 
approximation makes K = 0,0144 cm/s. The coefficient calculated from 
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Table l The effect of the presence of acetic acid on drop. 
behaviouir 

Initial Volume Te:rminal Time Ratio of maximum vertie.s.l 
concentration of velocity of to horizontal diameters 
of acetic drC!llp of drop oscill of oscillating dropa 
acid in motion ation during one ose:illa'lion 
drop period p;eriod 

C V Vt T 
¾tax E -

mole/1. em3 ccm/s s min 

0 0.105 18.5 0.104 1.30 0.45 0.82 

0.266, 0.096 18.6 0.102 1.27 0,44 0.80 

0.397 0.092 18.) 0,098 1.24 0.44 0.79 

0.606 0.086. 17.9 0.094 1.21 0.43 0,78 

1.04 0.010 17.8 0.093 1.17 o.o 0.75 

l.98 0.055 17,4 0.092 0.90 0.44 0.65 

2,98 o.oo 17,2 0.092 0.82 0,43 0.61 

J.82 0.035 16.8 0.091 0.69 0.44 0.55 

4.59 0.030 16.6 0.092 o. 56 0,45 0,50 

All drops were formed at the tip of the nozzle, the wetted dia-

meter was 0,1375 cm, Flow rate of the dispersed phase was cons-

tant 0,0121 cm3/s. 

1050 



Tabl e 2. Mass transfer coefficients in benzene - water - acetic 
acid system 

Mass 

transfer 
coefficient 

K 
cm/a 

0.0131 
0.0128 

O.OlH
0.012.( 

0.012 

0.012 

0.011 

0.016 

0.020 

0.030 

0.032 

0.059 

Origin Note 

this work: measured value 
II 

" 

" 

calculated value 

measured value } 
calculated value 

based on spheroid
approxima ti.on 

Angelo et al(lS) theory 

Brunson and Wellek (6) theory 

alternative theory 
" modified Highbie theory 
" modified Handlos-Baron theory 

Wellek and Skelland (6 ,l 7) empirical correlauion 
" " II 

El1.is (l6 ) semi empirical correlation 
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equations (6a), (7), (8), using experimentally measured values of A(t) is 
K = 0.0128 cm/s; assuming the drop to be a spheroid to determine A(t), the 
same equations give K = 0.0 124 cm/s. Using measured A(t) in the model, and 
in the determination of K from observed mass transfer rates, gives good 
agreement between the 1119del and experiment; using a spheroid approximation of 
A(t) in the model and in the experimental determination of K gives poor 
agreement, The spheroid approximation introduces errors into experimental 
as well as calculated coefficients, so that the agreenent between measured 
and calculated values becomes worse. 

Mass transfer coefficients, calculated according to correlations 
recommended in the literature<6, 17, 18, 19) are given in Table 2, It is 
surprising that the simple model presented here gives, for our case, better 
results than other models. 

It seems likely that similar conclusions could be valid, if we consider 
various approximations of A(t), using an expression of type ( 1). The para
meter characterizing variation of the surface area (parameter in equation 
(1)) should be based on the real function A(t), and not to a spheroid 
approximation of this function. 

Conclusions 

During the oscillation period, the drop shapes are of a much more complex 
character than is supposed by spheroid approxi_mation. Area variation was 
found to be significantly higher than is supposed by using the spheroid 
approximation. This should be noted in the evaluation of experimental as 
theoretical mass tia nsfer data. 
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Symbols 

.A area 

A
0 

area of sphere 
c concentration 
D diffusion coefficient 
E parameter defined in text

F function defined in text

K overall mass transfer coefficient 
n natural number 
N flux 

r radial coordinate 
rl = r2 - :x
r2 radius of spherical drop 
v instantaneous velocity of drop motion 
vt terminal velocity of drop motion 
V v_olume of drop 
x film thickness 
t time 
T time of drop oscillation period 

'Ir ratio of circumference to diameter of circle 
€ parameter of surface area variation 

1 
viscosity of dispersed phase 

� density of dispersed phase 
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EXTRACTION OF THE RARE EARTH ELEMENTS WITH PHOSPHINE

AMINE-, AND SULPHOXIDES 

Abstract 

The extraction of rare earth nitrates by neutraloxygen containing 

extractants increases along the series TBP<noso(HTSO(DAMP<NPO 

TOAO < TAPO at pH 5. 5, and at pH 1. 0 along the series TOAO < TBP 

DOSO < HTSO< NPO <.DAMP< TAPO. 

The difference in the sequence of the extrac tart:s is due to 

changes in the amount of nitric acid extracted. 

The data obtained on metal - and water - distribution and IR 

spectra showed that rare earths are extracted by phosphine-, amine

a.�d sulphoxides (excepting TOAO) as anhydrous trisolvates Ln(N0
3)

3
.3S.

When rare earths are extracted by neutral oxygen-containing 

extractants of the same class the extractant strength and selectivity 

change in parallel. Generally when extractants of different classes 

(e.g. sulphoxides and amine-oxides) are compared, there is no 

correlation between extractant strength and selectivity. 

The features in the shape of the plots of distribution coefficient 

vs. rare earth element atomic number (tetrad effect) for five 

extraction systems are discussed. Conclusions concerning the 

influence of the te trad effect on the separation factors for 

adjacent rare earth elements in systems of different type are 

formulated. 
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INTRODUCTION 

Among neutral phosphorganic compounds, trialkyl-phosphineoxides 

possess the greatest extractant strength with respect to rare earth 

elements
1

• Therefore, it is desirable to study the extraction 

of rare earths with organic oxides in which the O atom is bonded 

to an atom other than phosphorus and in particular to a nitrogen or 

sulphur atom. 

In this paper the extraction behaviour of rare earth elements 

with phosphine-, amine-, and sulphoxides has been investigated. 

The results obtained are compared with results for neutral phosphor

organic compounds. The form of distribution isotherms as a function 

of atomic number are also discussed and conclusions have been drawn 

concerning the influence of the te trad effect on the separation 

factor for adjacent elements in different systems. 

EXPERIMENTAL 

Triisoamylphosphineoxide (TAPO), tri(l-methylheptyl)phos

phineoxide (TMHPO), n-nonylpyridine-N-oxide (NPO) tri-n-octylamine

N-oxide (TOAO), di-n-octylsulphoxide (DOSO),et-n-heptylthiophane 

sulphoxide (HTSO), diisoamylmethylphosphonate (DAMP), diisooctylmethy

lphosphate (DOMP) and tri-n-butylphosphate (TBP) were used as 

extractants. The purity of the compounds was)99%. 

All experiments were carried out at room temperature (22!2
°

C). 

The experimental procedure has been described previously
2 
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RESULTS AND DISCUSSION 

Extractant strength. The extractant strength of investigated 
extractants for a case of the extraction of tracer amounts of thulium 
are given in fig.l. At pH 5.5, the thulium distribution coefficients 
increase along the series TBP 0-: DOSO < HTSO < DAMP C NPO C TOAO C TAPO 
while at pH 1.0 the order is TOAO < TBP < DOSO <HTSO < NPO <DAMP 

TAPO. The difference in the sequence of the extractants in the 
series is due to the extraction of nitric acid. The higher the nitric 
acid extraction equilibrium constant (¾No), the greater effect
of nitric acid. This effect should 3 increase along the series 
TBP < DOSO < HTSO < NPO < T6Ae3-5, As fig. 2 shows the reduction in 
the thulium distribution coefficients as the pH decreases follows 
that order. At high (�5) pH values, the decrease in the extractipn 
is caused by hydrolysis. 

As the pH increases (Jt2), a plateau appears on the isotherms due 
to the fact that the bond between the extractant oxygen and acid breaks. 
For TAPO liberation, a pH 1»3 is required <¾No = 8.5) to rupture this
bond. At this pH value the plateau becomes nar!ower. This explains 
whv A olateau is absent and one does not fully exploit The potentiai 
extractant strength of TOAO. 

The shift of the right hand plateau boundary into the range 
of higher pH values in the case of the NPO extractant (in comparison 
with TBP extractant) is apparently attributable to the amineoxides 
of ability to extract hydrolysed forms. 

As far as extractant stren�th is concerned with respect to rare 
earth elements, dialkylsulphoxides take their place between 
trialkylphosphates and trialkylphosphonates, and cyclic sulphoxide 
and amineoxide, that is, close to trialkylphosphonates. 

txtractant concentration dependence. Fig.3 illustrates the 
dependence of distribution coefficients (D) for tracer amounts of 
neodymium and thulium on the sulphoxide concentration in carbon 
tetrachloride and benzene. The tangent of the slope of the D V 
(sulphoxide) plots was equal to 3 for all extractants, i.e. the 
dependence of D on extractant concentration (follows the same)third 
power law as was found earlier for phosphineoxides6. Hence it would 
appear that rare earth nitrates are extracted as trisolvates. 

Distribution isotherms. The distribution isotherms for rare 
earth nitrates are shown in fig.4. In the case of NPO and TAPO, 
the corresponding isotherms have plateaus brought about by maximum 
loading by rare earth nitrates. The plateau range begins at the 
lowest salt concentrations in the case of TAPO on account of its greater 
extFactant strength. 

On curve� (fig.4) the maximum loading capacity has not been 
attained owing to relatively low DOSO extractant strength. However, 
when a salting-out agent (4M lithium nitrate) was introduced into the 
aqueous phase, a distinct horizontal region appeared on the distribution 
isotherm (curve 3). 
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At maximum loading capacity, the molar ratio of extractant 
to metal was equal to approximately to 3 :1. This fact provides 
support for the conclusion that all of the organic oxides studied 
extract rare earth nitrates as trisolvates. 

Water behaviour. IR spectra of extracts. Extraction 
mechanism. The behaviour of water has been studied in the extraction 
of lanthanum, neodymium and erbium nitrates with D0S0 and TAP0. 
The water content in the organic phase decreases sharply with 
increasing salt concentration •• When the maximum loading capacity of 
0.5M TAP0 in m-xylene is achieved, the water concentration is 
approximately one third of the metal concentration. This proves that 
anhydro�j trisolvates are extracted. The residual water in the 
extracts apparently influences liquid structure formation in highly 
concentrated solutions. 

IR spectral measurements also prove that anhydrous trisolvates 
are formed in the extraction of neodymium nitrate with a 0.5M D0S0 
solution in cc14. The bonded water absorption band intensity in
the 3200- 3600 cm-1 range decreases with increasing salt concentration 
in the extracts and this absorption disappears completely when 
saturation loading is attained. The S=0 group absorption band at 
1050 cm-1 disappears simultaneously and a band appears at 1002 cm-1 
due to bonded S=0 groups. The considerable displacement (48 cm-1) 
of the S=0 band indicates that the metal is directly coordinated to 
the oxygen atom of the extractant. Bands, characteristic of 
coordinated bidentate nitrate-groups (1291 and 1497 cm-1), are observed 
in the spectrum. It therefore seems reasonamle to suppose that the 
coordination number of neodymium in Nd(N03t

3
. 3D0S0 solvate is equal

to 9, as in the case of the La(N0
3
)

3
. 3TBP solvate7. 

Thus, the mechanism for the extraction of rare earth nitrates 
with organic oxides can be written as 

Ln.xH20 +3N0-3 +3S ...._ Ln(N03)
3
. 3S +xH20 aq aq org - org. aq 

As the metal is transferred from the aqueous into the organic 
phase, the water molecules are completely displaced from the metal 
coordination sphere by the extra c tant and nitrate ions. 
This conclusion does not apply to T0A0. Evidently, the mechanism 
of the extraction of rare earths with tri-n-octylamineoxide is 
more complicated and required thorough investigation. 

The relationship between extractant strength and selectivity. 
The distribution coefficients for lanthanum, cerium, praseodymium, 
and neodymium nitrates for extraction with 0.lM solutions of sulphoxides 
and amineoxides in benzene are shown in fig.5. The distribution 
coefficients for all of these solvents increase from La to Nd which 
is typical of extraction with neutral oxygen-containing compounds. 
The selectivity (curve steepness) increases as one passes from D0S0 
to HTS0. For example, the separation factor for neodymium and 
lanthanum,(, •) , is 4. 3 and 6.7 for D0S0 and HTS0 respectively. 

Nd-La 
Sulphoxide solvent selectivity for the elements at the beginning 
of the rare earth series increases as the extractant strength increases. 
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In case of amineoxides, ,Nd-La is higher for NPO than for 
TOAO, but NPO and TOAO cannot be compared because the 
mechanism of the extraction of rare earths with these extractants
is not, apparently, the same. 

It should be pointed out that although the extractant strength 
of NPO is slightly higher than that of HTSO (fig.l), ,Nd-La for NPO
is lower than that for HTSO. 

Fig.6 shows the correlation between the cerium and lanthanum,
and also the neodymium and praseodymium separation factors for 
extraction from nitrate solutions with neutral phosphororganic 
compounds and the Kabachnik constants 45',.which express the 
quantitative influence of substituent groups on the phosphorus 
atom on the reactivity of the compound.a. The data for TBP and
DAMP 

x)The separation factor for a pair of elements is equal to the 
ratio of their disrribution coefficients, •Nd-La=DNd/DLa. are taken
from the previous works9,10, r 

The separation factors for all of the solvents have been obtained 
approximately under the same conditions: the concentration with respect
to the sum of the metals in the aqueous phase was 0.6-0.9M, and the 
concentration of the aluminium nitrate salting-out agent was 6N. 
The magnitudes of the seJaration factor increase along the TBP 
< DAMP < TAPO series and there is an appro�ately linear 

correlation between the values of� and the C.-Kabachnil< constants.

The data obtained suggest that the extractant strength and 
selectivity vary in a similar manner in the triall<ylphosphate C 
triall<ylphosphonate<trialkylphosphineoxide series for the extraction
of rare earth nitrates. 

It is confirmed by comparing the results for sulphoxides, 
amineoxides and neutral phosphorganic compounds that the extractant
strength and selectivity change similarly for the extraction of the
rare earth elements by neutral oxygen-containing extractants of the
same class. However, .extractant strength and selectivity are not 
inter related in case of extractants of different classes, such as 
sulphoxides and amineoxides, for example. 

The peculiarities of the distribution of rare earth elements
in extraction systems. The te trad effect. Plots of the system 
(compound) properties vs. 11-16, show that the rare earth group is 
subdivided into four subgroups (te trads) with 4 elements in each 
one. This phenomenon, called the te trad effectll,12 has been 
theoretically explained on the basis of specific peculiarities 
in the structure of the electron shells for 4f- and Sf-elements 17• 18 

1063 



The phenomenon of the te trad effect was originally established 
in 4 rare earth extraction systems. Experiment�l results for 5 more 
extraction systems which evhibit a well-defined te trad effect are 
cited in this section. 

Fig.7 (table 1) shows that dependence of the rare earth 
distribution coefficients for extraction with neutral phosphororganic 
compounds from chloride and mixed chloride-thiocyanate solutions. 
In the systems investigated the distribution coefficient values are 
slightly along the series from lanthanum to lutecium vary.sllnder 
these conditions four subgroups of elements (four te trads) La-Nd, 
Pm-Gd, Gd-Ho and Er-Lu are distinctly visible on the log D Z

Ln 
plot. 

The junction of the first and the second subgroups ocaurs between 
Nd and Pm and the third and fourth subgroups join between Ho and Er. 
The second and the third subgroups come into contact at Gd. Gd being 
the last element of the second subgroup, is also the first element 
of the third subgroup. 

The four subgroups mentioned above should be designated by the 
first element in the subgroup i.e. as the lanthanum (the first te trad), 
promethium (the second te trad), gadolinium (the third te trad) and 
erbium (the fourth te trad) subgroups. The occurence of the te trad 
effect in the distribution of rare earth elements in two-phase systems 
used for separating the rare earth elements helps us to understand the 
peculiar variations in the separation factor values for adjacent 
elements, e.g. why ,Tb-Gd and ,Ce-La are comparatively high while

J d-P , /I d- u and Ao- are low for the extraction of rare earths 
wit� d1{2-et�ylfiexyl)phosph�ic acidl9. 

Fig. 8 shows the arrangement of the main types of distribution 
coefficient (or equilibrium constants of reactions, e.g. complexation 
reactions) vs. atomic number plots for all the rare earth subgroups. 
The following examples of the above mentioned types of curves. 

Type la (ascending-convex curve) - extraction with di(2-ethylhexyl) 
phosphoric acid19, all the four subgroups. 

Type lb (descending-concave) - extraction with di-n-nonylnaphthalene
sulfonic acid in the presence of ethylenediaminetetraacetic acid20, 
the lanthanum subgroup. 

Type Ila (ascending-concave curve) - complexation with hydroxyethy
lethylenediaminetriacetic acid21, the europium subgroup. 

Type IIb (descending-convex curve) - extraction of nitrates with 
TBP9, the gadolinium and erbium subgroups. 

Type Illa (horizontal-convex curve) - extraction of chlorides 
with DOMP (fig.7), curve 3), the lanthanum and promethium subgroups. 

Type IIIb (horizontal-concave curve) - complexation with 
hydroxyethJlethylenediaminetriacetric acid21, the gadolinium subgroup. 

Fig. 8 shows that the influence of the te trad effect on the 
separation factors of a�jacent elements is as follows: 
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If the rare earth distribution coefficients change with increasing 
atomic number of the elements in the subgroup according to type I, then 
the value of the separation factor will be a maximum for the adjacent 
second and first elements and a minimum for the adjacent third and 
fourth elements. 

If the distribution coefficients change according to type II, 
the opposite behaviour will result: maximum I for the adjacent fourth
and third elements and minimum 1- for the adJacent second and first elements.

When the plots of log D ZL are of type III, a minimum value of
� can be found between the adJ�cent third and second elements in the 
subgroup. Whether the values of� will be equal between the second 
and the first and between the fourth and the third elements in the 
subgroup or one of them will be greater than the other, depends on 
the specific properties of the system. 

These results of the te trad effect are summed up in table 2. 
It is natural that in all the systems the distribution coefficient 
values will be intermediate in the r�ge between promethium and 
neodymium, and between erbium and holmium (the elements where the 
junction of the subgroups takes place). 

The conclusion drawn about the influence of the te trad effect 
on the separation factors for the adjacent elements can be uto!ised 
when choosing systems for the separation of rare earth elements, 

especially adjacent elements which are difficult to separate. 

As the tetrad effect is found not only in the case of the 4f
elements but also for 5f-ones12, 18, analogous arguments can be 
employed in choosing separation systems for actinides. 
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TABLE 1 

Conditions employed for the extraction of rare earths with 50% solution of extractants in m-xylene from 
chlorides and mixed chloride-thiocyanate solutions. Distribution coefficients are given in fig.7. 
The composition of the initial concentrate (w.t.% was: La 8.2, Ce 5.2, Pr 5.4, Nd 6.6, Sm 6.2, Eu 6.3, 
Gd 7.7, Tb 6.8, Dy 7.7, Ho 7.3, Er 8.0, Tl!l 8.0, Yb 8.1, Lu 8.5; in experiment N3: Y 98.6, other rare 
earths 0.1 (each). 

ExtractaAt Startins solution 
NN Concentration z M

LnC13
LiCl 

1 OOMP 1.56 4.0 

2 DOMP 1.02 

3 DOMP 1.45 4.0 

4 TBP 1.02 

5 TMHPO 1.56 4.0 

pH 
Nh

'+
NCS 

3.0 

0.48 2.8 

3.0 

0.48 2.8 

3.0 

Concentration of rare 
equilibrium phases, H 
aqueous 

1.42 

0.874 

1.27 

0.917 

1.20 

earths in 

Ot'l'ganic 

0.1112 

0.146 

0.180 

0.103 

0.362 



table 2 

Limiting values for the separation factors of adjacent rare earth elements in the systems of different types. 

Type of log D Z
Ln 

Separation Sub group 
plot in subgroup 

factor (tetrad) 

Lanthanum (I) 

Promethium (II) 

Maximum 
Gadolinium (III) 

Erbium (IV) 

Lanthanium (I) 

Promethium (II) 

Minimum Gadolinium (III) 

Erbium (IV) 

I 

a) ascending-convex
b) descending-concave:

Ce-La 

Bm-Pm 

Tb-Gd 

Tm-Er 

Nd-Pr 

Gd-Eu 

Ho-Dy 

Lu-Yb 

II 

a) ascending-
conc11Ve 

b) descending-
convex

Nd-Pr 

Gd-Eu 

Ho-Dy 

Lu-Yb 

Ce-La 

Sm-Pm 

Tb-Gd 

Tm-Er 

III 

a)horizontal-
convex

b)horiz ontal-
concave

Ce-La or Nd-Pr 

Sm-Pm or Gd-Eu 

Tb-Gd or Ho-Dy 

Tm-Er or Lu-Yb 

Pr-Ce 

Eu.Sm 

Dy-Tb 

Yb-Tm 
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Fig.1. Distribution coefficients or thulium nitrate 

extraction with 0.1K extractant solutions. 
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Fig.3. Distribution coefficients of thulium and neodymium vs. 

extractant concentration in diluent. 
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Fig. 4. Distribution isotherm of lanthanum and neodymium nit

rates at the extraction 1'ith 0.511 extractant solution.s 

in benzene. 
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Fig.5. Distribution coefficients of rare earths at the ex

traction with 0.1M extractant solutions in benzene. 
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Pig.7. Distribution coefficients of rare earti,s at the ex

traction with neutral phosphororganic compounds from 

chloride and mixed chloride-thiocyanate solutions. 

La Ce /J- ,..vd /h S,,, &C/ Gd H :tJY #o ,fr ;,;.,, Y&' Lv 
afa,,-,,c 11� 

The experimental conditions are given in table 1. The 

numbers of the systems in fig.7 correspond to the 

nullbers of the systems in taHe 1. 

Pig.B. The scheme of main types of curves describing the 

distribution coefficients vs. th.e atomic number of 

the element (for all four rare earth subgroups). 

2) 

Ce 

Sm 

76' 

k 

iii 

IY'd atomic> 
6d /7(.//Tld'n 

,¼, 

,Lu 

1,a - ascending-convex. b - descending-concave)1 

II,a - ascen�g-concave, b - descending-convex; 

111,a - horizontal-convex, b - horizontal-concave. 



DOUJL:C:-DOUBLE EFFECT IN THE FREEENERGY A,ID Ei,'l'I1ALPY CHANGES 

OF 'rHE EXTRACTIO,'f OF HEAVY LANl'Hi\.NIDSS IN THEHDEHP - mw
3 

SYSTEM 

by - Irena .l"idelis, Department of Raiiochemistry, 

Institute of Nuclear nesearch, Warsaw, Poland. 

ABSTRACT - The extraction coefficients and separation factors 

of lanthanides in the HDBP - HN0
3 

system were determined over 

the range 10-50° c. The relative free energy and enthalpy 

changes were estimated. It was found that the monotonic dec

rease in the enthalpy changes determined for the series of 

heavy lanthanides (Gd-Lu) follows the !mown pattern of regul

arities i.e. double-double effect. iegular changes in the 

separation factors ,the double-double effect in the first form 

of presentation)are observed over the whole investigated 

temperature range. 

INTRODUCTION 

The paper forms part of a general program of investigation 

of the trends in the thermodyna�ic functions associated with 

the extraction of lanthanides by organophosphorus liDands. This 

p�ogram is, in its turn one of the directions of study of the 

double-double effect first revealed in 1964 when 2-ethylhexyl

phenyl phosphonic acid, HEH/P was used as the extractant1 • 

The particular order of the seuaration factors, for the investiga

ted systems, which results from a definite variation the standard 

free energy changes, 6G0, with Z was initially used as an index 
1 2 of the effect ' •

The double-double effect infers some stabilization of the 

f3, f4 ahd f10, f11 configurations in addition to the well known 

stabilization of the fO , f7 and f 1
L
f configurations. From a ph

enomenological point of view the double-double effect consists 

of a main division of the whole series of the f0-f14 elements 
0 7 7 14 into two groups f -f and f -f , togetner with a further sub-

division of each of these two groups at the central pairs: 
3 4 10 1 1 f ' and f ' ' re spec ti vely.
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This is illustrated in Fig.1, in which the� free energy of 

complex forr�ation, �. calculated from stability constants 

for many different ligands3 • 4 is plotted as a function of z.

In fig.1 the changes in the mean separation factors are also 

shown. An analogous plot for extraction by HE!VP was used for 

the first presentation of the effect, which was introduced as 

a function of stability constants 1. 

The effect has usually been presented as a definite pattern 

of periodical changes in the free energy or in another property 

related to the free energy. However, it can be demonstrated by 

certain other properties not necessarily directly related to the 
4-7 free energy change; lattice parameters _are an example of 

such a property. 

Determination of the trends in the enthalpy and entropy 

terms associated with the extraction of lanthanides with organo

phosphorus ligands, has formed the subject of our study for a 

few years. Starting with HEHlp, for a complete set of extraction 

coefficients and separation factors for adjacent lanthanides 

and the corresponding thermodynamic functi-:ms have been determined 
2,8-12. for commonly employed organophosphorus extractants, such

as trinutylphosphate (TBP) and di-(2-ethylhexyl)-phosphoric acid 

(HDEHP). The present paper reports data for dibutylphosphate 

(HDBP). 

EXPERIMENTAL 

ExtractiGn experiments were carried out using radioactive 

tracer techniques. The radioisotopes used were obtained by 

irradi�tion of the respective oxides of spectral purity with 

thermal neutrons in the Polish reactor, except for 152• 1 54Eu

and 147 Pm, which were obtained from the Radiocher.1ical Centre,

Amersham. Radiochemical purity of the tracers was verified 

chromatograpnically,as well as byr-spectrometry and by half-life 

measurements, The cJncentration of the lanthanide carrier in 
-4the aqueous phase was below 10 M.
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Equal volumes of the diluted HDBP and an aqueous solution 

of HN03 of ap"Oropriate concentration were sha,cen for 5 min 

in a separatory funnel which was fitted with a water jacket 

and connected to a thermostat. The extraction coefficients 

were measured ;enerally at 10, 17, 25, 35 and 50°c. The 

temperature was kept constant to within +-o.1
° c. The concentra

tion of HDBP in the organic phase was 0.1M, and HDBP supplied by 

Koch-Light and Co., was used without further purification. All 

the other reagents were of standard analytical purity. Other 
. 8 

experimental details have been described previously . 

RESULT;:, AND DISCUSSION 

Extraction coefficients, D, for heavy lanthanides at different 

temperatures are presented in Table 1; these are mean values 

from at least five independent measurements. A decrease in 

magnitude of extraction coefficient with increase of temperature 

is observed for the heavy lanthanides from Tb to Lu. The plots 

of logD against 1/T were found to be strai0ht lines for the 

temperature range investigated. These are presented in Fig,2, 

fhe slopes of the plots were estimated by the least-squares 

analysis. 

The separation factors,�-, defined by the following equation 

( 1 ) 

were calculated from interpolated values of extraction coeff

icients. The influence of temperature on the separation factors 

is presented in .Table 2. When the variation int)' as a function 

of the atomic number is taken into consideration, tl1e pattern 

of the double-double effect is observed, thus, is shown in 

Fig.3, the plots display the known pattern of the effect over 

the whole investigated temperature range; this is also the case 
2 8 for all of the other organophosphorus extractants, HEHtP' ,

TBP91 and HDEHP, 12 studied. lt can, be seen that for all these

extractants, the values of the relative free energy changes 

when plotted against Z conform to the pattern shown in the upper 

plot in Fig.1. 
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A 
o � 2 9 12 Some plots of G vs Z, for Hr.a,oP , TBP and HDEHP are presr 

ented in Fig.4. 

In the case when ttDBP is used the extractant, the results 

show the same pattern of the variation of the A G0 values with r 
z. In respect to the en tiialpy changes, however, the behaviour

of the light and heavy lanthanides is essentially different.

The lanthanides from La to Gd show an endothermic interaction

with the ligands and the logD vs 1/T plots are not always

rectilinear.

The results obtained for heavy lanthanides are similar to 

those reported earlier for nEH¢P, TBP and HDEHP. That is, the 

plots of logD vs 1/T are linear correspond to an exothermic 

interaction of the lanthanide ions with the extractant. The mono

tonic decrease in the enthalpy term observed along the series 

from Tb to Lu, is equal to about 4 kcal/mole. (Fig.5 ). 

The upper half of the double-double pattern is diaplayed both 

by the plots of enthalpy term and by the plot of the free energy 

change; the latter is presented in Fig.6. 

The relative free energy and enthalpy changes have been 

evaluated by means of Equations (2) and (3) respectively, as was 

d . 1 2 one previous y. 

/tJ, G�+1 - AG� = · -RTln � (2) 

(3) 

The statistical significance of tje results is more or less 
8-10 the same as that reported earlier for the other extractants •

fable 3 lists the values of the separation factors for heavy 

lanthanides as determined at 25°
c for acidic organophosphorus 

extractants. The data for HDE;Jp and ttEH¢'P are taken from the 
. 12previous paper 

Acknowledgements The author is indebted to Professors. 

Siekierski for helpful discussion and to Mrs. R.Osinska for her 

ass:istance. 
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TABLE 1 

Values of the extraction coefficients at different 

temperatures 

Gd Tb Dy Ho 

10
°
c 0.0412 0.341 1.041 2.29 

17 0.0414 0.332 0.977 2.15 

25 0.0417 o.3a1 0.903 2.00 

35 0.0426 0.302 0.837 1.80 

50 .0.0430 0.273 0.737 1.55 

Er Tm Yb Lu 

10
°

c 6.58 24.9 82,9 172 

17 6.03 22.1 70.5 141 

25 5.26 19.9 61.3 126 

35 4.74 16.4 52..0 102 

50 4.02 13.2 39.4 77.0 

TABLE 2 

The separation factors at different temperatures 

10
°

c 17
°

-: 25
°

c 35
°

C 50
°

c 

Gd-Tb 8.28 8.02 7.70 7.08 6.35 

Tb-Dy 3.05 2.93 2.81 2.77 2.69 

Dy-Ho 2.19 2.20 2.20 2.15 2.10 

Ho-.,r 2.87 2.80 2.63 2.62 2.59 

Er-Tm 3.80 3.70 3.79 3.46 3.32 

Tm-Yb 3.32 3.19 3.07 3.16 2.97 

Yb-Lu 2.07 2.00 2.06 1.94 1.95 
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TABLE 3 

The comparison of the separation factors of heavy lanthanides 

for acidic organo�hos9horus extractants 

HDBP HDEHP HEHps'P 

Gd-Tb 7.70 5.66 6.96 

·.rb-J.Jy 2.81 2.79 3.22 

Dy-Ho 2.20 2.07 2.19 

Ho-Er 2.63 2.42 2.74 

Er-Tm 3. 79 3.85 4.02 

Tm-Yb 3.07 3.61 3.76 

Yb-Lu 2.06 1.92 1.99 
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ABSTRACT 

Extraction equilibrium data for tracer amounts of all the 
rare earths (lanthanum series) and yttrium have been measured 
at acidities of ENO and �SO

t, 
up to about 15 Nat 25°c. At 

airt = 1.0, the extrJction constants for the light rare earths 
are found to be higher with HN03 rather than �S04 in the
aqueous phase. 

The influence of the aqueous rare earth nitrate- and 
sulfate- complexes on the D-values is discussed. 

The tetrad effect is found to show up distinctly in the 
slope analysis, and, with nitric acid in the aqueous phase, 
anomalies consistent with the presence of the +4 state are 
found for both Ce and Tb. 

The rate of extraction, as measured by the AKUFVE 
technique, is found to be greater with HN03 than with H2S04,
In the latter case, the time for equilibrium attainment 
varies with (H2S04), (EDEHP), and Z of the heavier rare 
earths and of Y. 
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INTRODUCTION 

The main advantages of using di(2-ethylhe:xyl) phosphoric 
acid (IIDEHP) in separating rare earth elements by solvent 
extraction are the high separation factors obtained together 
with high extraction equilibrium constants. From the latter 
it follows that the distribution ratios for the various rare 
earth elements, at least the heaviest, are high even when 
extraction is performed from relatively high concentrations 
of mineral acid in the aqueous solutions. 

Shaw and Bauer ( 1) showed that, in extraction by IIDEIIP, 
the distribution ratio of Ce(III) as a function of the aqueous 
nitric acid concentration passes through a minimum at 5 M. 
However, in their early studies on the extraction by IIDEIIP, 
Peppard et al, (2, 3) found that the distribution ratio of 
rare earth elements is inversely dependent on the third power 
of the acid concentration. Thus the increase in distribution 
ratio for Ce(III) above 5 M acid, as observed by Shaw and 
Bauer, was attributed to a change in extraction mechanism. As 
high acid concentrations in the aqueous phase promote the back 
extraction of rare earth elements, many workers have been 
concerned with the extraction behaviour of a selection of these 
elements from various strong mineral acids. With respect to the 
number of rare earth elements studied, the most comprehensive 
works are those of Mikhailichenko and Pimenova (4) and 
Qureshi et al. (5), The general trend from these works is that 
the effect of a change in extraction mechanism appears most 
prominently in nitric acid media, less in hydrochloric acid 
and is intermediate in perchloric acid. It is further seen 
that the acid concentration for the minimum in the distribution 
ratio increases with increasing Z of the rare earth element. 

From sulfuric acid media the extraction by lIDEIIP of Y, Er, 
Yb at initial metal concentrations 0,014 M seems to be even less 
influenced by change of extraction mechanism than from 
hydrochloric acid media, The work of Michelsen and Smutz (6), 
from which the above conclusion can be drawn, shows that a 
minimum in the distribution ratio is found at rJ 15 N H2S04,
which is about twice the analogous concentration observed for 
the other mineral acids. 

In the present work the extraction behaviour of all the rare 
earth elements and yttrium (RE), present as tracers in nitric as 
well as sulfuric acid media, is studied in some detail. Acid 
solutions of mixtures of rare earth nitrates or sulfates are 
common as feeds for the separation of these elements by solvent 
extraction. The preparation of ultra pure grade elements by 
this technique requires a knowledge of the extraction behaviour 
of the metal ions even at tracer levels. 
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In order to accumulate adequate distribution data on all 
the elements at various acid concentrations, a considerable 
number of measurements has to be performed. In the present 
case this could be satisfactorily accomplished by use of the 
AKOFVE extraction technique (7). This method is found especially 
suitable and reliable for the present extraction systems with 
HDEHP and acidic aqueous phases. 

EXPERIMENTAL 

Apparatus 

Continuous solvent extraction experiments were carried out 
by means of an AKOFVE 100, delivered by Incentive Research and 
Development AB, Stockholm. This apparatus consists of a 
1.4 1 mixing vessel (mixer) and an H-centrifuge (8), the rate 
of rotation of which is adjusted by a high frequency induction 
motor. The mixer is mounted above the centrifuge and these are 
interconnected by vi ton tubing. The liquid volume in the 
centrifuge is 150 ml. The separated phases flow through 
6 mm i.d. viton tubing for on-line measurements in glass flow
cells using radiometric detectors, and back to the mixer 
making a closed cycle. The liquid volume in the tubing is 
75 ml for each phase. 

The centrifuge, stirrer, top and bottom of the mixer and 
tube joints are all made of titanium metal, while the walls of 
the mixer as well as flowme.ters are of glass. 

The detectors used for radiometric determinations consist 
of two 3 in x 3 in well-type NaI(Tl) scintillation crystals. 
Two Philips FW 4280 single channel analyzers, serving for 
energy-selective discrimination of the radiation, and a Philips 
time-programmed high-speed counter arrangement for the 
simultaneous accumulation of counts in two measuring channels, 
with a printout device, facilitate the recording of metal 
distributions between the two phases. 

Reagents 

Technical grade HDEHP was obtained from Farbenfabriken 
BS¥er, AG, Leverkusen. Titration of a sample with NaOH in 
Bo wt 96 ethanol - 20 wt. 96 solvent showed a content of 
(96.6±0.2) wt 96 di-ester. The mono-ester was not detectable 
(less than 0.2 wt 96). 
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Stock solutions of rJ 1 M extractant were prepared by 
dissolving HDEIIP, as obtained, in Shell Sol T. This diluent is 
composed essentially of iso-paraffins boiling around 180-215°c, 
and has a sp. gr. of 0.760 g/cm3. The final concentration of 
extractant was determined by titration as 0.97 M HDEHP in 
extractions from nitric acid solutions, and as 0.92 M HDEHP in 
the similar extractions from sulfuric acid solutions. 

All other reagents used were analytical grade or better. 

Radioactive tracers 

The radionuclides 141ce, 147Pm and 153Gd were supplied by
the Radiochemica,1 Centre, .A,inersham. All othersi viz. 140r.a., 

66 142Pr, 147Nd, 153sm, 152, 154Eu, 160Tb, 165ny, 1b9E:r, 170Tm, 1 Ho,
169Yb, 1771u and 90y, were obtained by neutron activation of 
the respective rare earth oxides. The radiochemical purity of 
the tracer was in all cases checked by Y-spectrometry using 
a Ge(Li)-detector with a 4000 channel analyzer. 

Procedure 

Starting volumes of the organic and aqueous phases were 
each 500 ml. Af'ter attainment of complete phase separation 
(centrifuge speed 7000 rpm) and constant temperature 
(25.0±0.2) 0c, a suitable amount of the radioactive tracer was 
added. Distributed in one phase only, the radioactivity 

5 amounted to .-J 200000 cpm and a metal concentration of S 10- M. 

The acid concentration was changed by incremental addition 
of small volumes of a concentrated acid solution. After each 
addition a series of activity measurements, usually with a 
counting period of 1 min, was made until equilibrium was 
esta·blished. The equilibrium concentration of acid in the 
solutions was determined on small volumes withdrawn from the 
two phases. The possible retention of radioactivity in the 
detector cells during a run was checked by counting 
simultaneously-withdrawn samples of the two phases with an 
off-line NaI(Tl) well-type detector. 

The distribution ratios for the highest nitric acid 
concentrations (> 9 N HN03) were measured by shaking the two
phases in separating funnels. Preconditioning of organic phase 
was performed in most cases. The acid concentration at 
equilibrium was, however, determined by titration. 2 ml volumes 
of each phase were counted for a sufficient time to obtain 
i 196 standard deviation. 

The ratio of the detection efficiencies in the two phases 
for each of the actual rare earth radionuclides was determined 
for each of the counting systems by means of standard radiochemical 
calibration procedures. 
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Treatment of data 

The experimental data for log D vs, log HN01 concentration 

were treated by a linear least square method to fit the polynomial 

n= 4 

log D = E a
n

,(log (HNo3))n 

n=O 
( 1) 

where a (n = 0 - 4) are constants and (HN03) is the measured
nitric Reid concentration . 

On the assumption that the log D-values are subject to 
normally distributed random errors, the relative standard 
deviation in Dis given by 

SD E(log Db -log D
al 

)2 

ln 10• 0 S C C 
n

= 

f 

where f is the number of degrees of freedom. 

The standard deviation is a measure of the experimental 
reliability of the D-values from which the coefficients of 
equation (1) have been calculated. The calculated equation is 
only adopted as a local approximation. All values for the 
relative standard deviation are less than 1 per cent, with 
the exception of 1,3 per cent for Ce, 

The evaluated equation ( 1) may be used for obtaining 
interpolated D-values and various slopes of the log D vs, 
log (HNo3) curves,
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RE3ULTS AND DISCUSSION 

Dependence of the distribution ratio on the HDEHP concentration 

The accepted extraction reaction between aqueous rare earth 
ions and HDEHP in a diluent such as Shell Sol T is expressed as:-

�
+ 

+ 3(HDEHP)2(o)
<

-> 

(RE(H(DEHP)2)
3)c ) Accordingly D, which should correspond to 

� 

- -0 - ,
( +) 

is dependent upon the third power of [(HDEHP
�27. This

dependency is verified by Peppard et al. (9 for Y, La, Pm and 
Tm in 0.2 M HClO when extracted with (HDEHP 2up to 0.15 Min
toluene. In the4present work deviatio� from the third-power 
dependency are o·bserved ev:rn below 10- M (HDEHP)2. On a plot
of log D vs. log [(HDEHP)zj, the slope of the curves for various 
rare earth ions decreases with increasing [(HDEHP)2}, as shown
for Tb in Fig 1. Similar curves are obtained for either of the 
two acids in the<aqueous phase and for different acid strengths 
(0.5 N HN01 and - 4 N �so4). If the slope of 3 is considered
to be the aependency in an ideal system, the deivation may be 
interpreted as an increasing solute-solvent interaction with 
increasing HDEHP concentration. The observation is consistent 
with the measurements of the apparent molecular weight of 
HDEHP in n-hexane by Ferraro et al. (10), as they deduced that 
the state of aggregation of HDEHP appears to be strongly 
concentration-dependent. 

The deviation from a line with slope of 3 for log D vs. log 
[(HDEHP)2l (Fig. 1) may be considered as an effect of differences
between ��tivity and concentration of (HDEHP)2 in the organic 
phase. The activity coefficient, Y, may be calculated as a 

function of [ (HDEHP)2j , and log Y (HDEHP)2 
is approximately linear

with respect to l[(HDEHP)2
) (Fig. 2): 

log Y(HDEHP) = -Ai[ (HDEHP)2
1

.2 

with A= 0.83 in the concentration range 4.7 x 10-3 M to
0.5 M (dimeric form). 
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As will be shown below, the extraction mechanism changes 
when the nitric acid concentration in the aqueous phase 
increases above a certain value. The change is supposed to ·be 
completed at the highest concentration used, 14,45 N, and a 
study of the relationship ·between log D and log ((HDEHP)2) 
for Lu at this acid strength discloses a linear dependency 
with slope= 2.0 (Fig J). The uptake of nitric acid in the 
organic phase will influence the interaction between 
(HDEHP)2 and Shell Sol T. If the activity coefficient of 
(HDEHP) in the organic phase varies little in the presence of 
IINO,, t�e slope of log D vs. log (HDEHP)2 indicates an extracting
speOies of formula Lu(No3)

3
.2(HDEHP)2. 

Distribution ratio as a function of acid concentration 

Compared with HNOJ in the aqueous phase the extraction 
system with H2S04 shows a less complex picture of log D vs. log 
acid normality. The slopes are here approximately -3 for La and 
the lighter lanthanides, ·but for the heavier ones, where 
D-values at higher acid concentrations could be measured, the 
slopes approach -4 (Fig 4). 

With nitric acid in the aqueous phase the trend in the plots of 
log D vs. log acid concentration (Fig 5) can ·be examined ·by use 
of the fitted polynomial Eq. (1). If the slope 

n _ d(log D� - d(log(HNOJ ) is plotted as a function of atomic number,
aq 

several interesting effects are disclosed (Fig 6). For a given 
acid concentration the slope varies considerably with Z, and a 
typical tetrad effect is found. The tetrad grouping seems 
also justified in the region of positive slopes, but in these 
cases anomalously high slopes show up for Ce and T-b. For Ce 
this anomaly is easily explained by the presence of a fraction 
of Ce in +4 state, but the consequence would be a similar 
situation for Tb. Such an effect for Tb in solution has hardly
been o·bserved earlier. 

By means of the polynomial it is possi"ble to determine 
the concentration of aqueous nitric acid for which the 
minimum value of D is obtained. This (HNO-)aq is found to 
vary along the series of elements in a manfler that exhibits 
tetrad grouping. Again anomalies with respect to tetrad effects 
are found for Ce and Tb (Fig 7). 

In these studies on extraction ·behaviour, Y seems to 
behave as a rare earth element ·between Ho and Er, except at 
the higher concentrations of HNOJ where D-values of Y exceed 
those of Ho and Er. 
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Variation of log D with log 8Ji+ or H0

The deviation from a slope of -3 for the plots of log 
DVB, log N H2so�, and of log DVB, log M HN03, for concentrations
below 5 M may arise from the lar� difference between the 
normality of the acids and the H -activity. If an extended pH 
scale based on potentiometric titrations (11) or the Hammett 
acidity function, -H (12), is applied in the plots instead of 
the log normality of0acid, great changes appear in the log D 
curves, For example the log D plot for La with �so1, in the
aqueous phase, exhibiting a linear slope of -3 on the concen
tration basis, results in a curve with slope "' -8 at low 
acidity and about -1.5 at higher values of the acid concentration. 
For heavier metals where higher acid concentrations are used, 
the negative slopes ·become less and less. The large deviation 
from ideality may be due to an increase in dissolved extractant 
in the aqueous phase with increasing acidity, 

Influence of the anions in aqueous phase 

The concentration of the anions in aqueous solutions of 
HNOi and H2So

1, 
as a function of the acid concentration is known

(137 and may �e used to co=ect for the formation of complexes 
of rare earth ions in the aqueous phase. As the concentration 
of sulfate ions is 1/3 or 1/5 of the concentration of nitrate 
ions at a given acid molarity (Fig 8), but the first formation 
constant is 10 to 20 times larger for RE(SO )+ than for
RE(N01

)2+ (14, 15, 16), the degree of compl�x formation by the
rare earth elements in aqueous solution should be higher for 
sulfuric acid, The formation of metal ion complexes in the 
aqueous phase causes a lowering of the D-values compared with 
a similar system in which no metal complexes are formed in 
the aqueous phase, Thus addition of the NH -salts of the 
respective acids to the aqueous phase in ortter to increase the 
anion concentration should have a greater depressive effect on 
the D-value in the sulfate than in the nitrate system, One 
sees, however, a distinct increase in the D-value for the 
sulfate system, but a decrease, as expected, for the nitrate 
system, Fig 9, As the second protolysis step for sulfuric acid 
is of medium strength, addition of sulfate anions will reduce 
the free H+-concentration and the D-value will become higher. 
This illustrates some of the complexity involved in the use of 
sulfuric acid in the aqueous phase, 
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Variation of extraction with atomic number 

The extraction equilibrium constants for various rare 
earth elements may ·be calculated with the use of D-valuee at 
a given Ji+-activity and of the activity of 0,5 M (BDEHP)2 in
Shell Sol T. Thus with neglect of possible influences of 
metal complexing by the anions in the aqueous phase, and of 
the effect of introducing activities instead of concentrations 
of free metal ions and the extracted metal complexes, 
extraction constants, K, may be calculated: 

K 

(a )3 
H+ 

D---.....a;;;.... ___ _ 
(BDEHP)�Y3 

(BDEHP) 2

At a.:r+ = 1,0 (ionic strength I= 1,3 for both acids) the
K-va!uee for Gd are 2,64 and 2,59 with HNO and �SO , 
respectively. In comparison, Peppard et ;l, (17) 4 

measured K = 2.02 for Gd with 0,106 M BDEHP in n-heptane 
diluent in contact with 0.25 M HCl (at 22°c). 

As K is proportional to D, the trend in the K-valuee at 
¾+ = 1.0 is seen from a plot of log D at this H+-activity vs, 
atomic number, Fig 10, For the second octad of lanthanidee, 
and for yttrium, the log D values for HNO and H SO fall on 
the same curve. For the first octad, howJver, tte �luee 
for the extraction with HNO in the aqueous phase are the 
higher ones, and the differJnce increases with decreasing Z. 
As a consequence of the tetrad grouping, a poor separation is 
obtained for Nd and Pm in the HNO system. A possible 
enhancement of Ce extraction is eJen when compared with a 
smooth tetrad grouping. 

In concentrated HN01 (M = 14,45) the increase in log D
with increasing Z is low�r than at�= 1.0, indicating 
poorer separation efficiency in this system. The tetrad 
effect is present with anomalies in the behaviour of Ce 
and Tb, In 7 M HNO (co=esponding to minimum D) separation 
efficiencies are e�n lees, Thie seems to be a consequence of 
the strange variation in (HNO) for D. along the series of 
metals (Fig 7), At a high H2�o4 conc�iration (10 N) log D
increases faster with Z than at¥= 1.0 (Fig 10). 
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Kinetic studies 

The experimental procedure applied so far does not allow 
us to measure rates of extraction with half-lives less than 
one minute. To obtain a reasonable statistical sigzµ.ficance,
the half-life should be� 1,5 min (rate constant k � 0,5 min-1). 
Besides this limitation, the distribution ratio at 
equilibrium should not deviate from unity by more than a 
factor of approximately 50 if a measurement is to be reliable, 

In our experiments, the rate of extraction from nitric 
acid was too fast to be observed. In the sulfuric acid system, 
however, a measurable rate of extraction could be observed 
under certain conditions. 

On the assumption of a first-power dependence on metal 
concentration, the measured time-dependent extraction data 
were used to test the following rate expression: 

where 

RO is the metal ion concentration at time t = o,

Rt is the metal ion concentration at time t, 

R .. is the metal ion concentration at equilibrium, 

k is the overall rate constant. 

All the recorded data, when treated according to 
equation (2), yielded straight lines, A typical set of such 
lines is shown in Fig 11, As a matter of convenience, the 
constant denominator R

0
-R .. is omitted throughout the 

calculation of the rate constants. 

The variation in the rate constant with the sulfuric acid 
normality is shown in Fig 12, The shape of this curve is 
characteristic·for all the heavier rare earths (atomic number 
greater than 64) and for yttrium, For the lighter rare earths, 
the rate of extraction is too fast to be observed. 

The slope in Fig. 12 is about -1,7 in the lower acidity 
region, indicating an inverse 1,7 power dependency on the 
sulfuric acid concentration. The data co=esponding to the 
higher acidity region are difficult to obtain, owing to the 
low distribution ratios, 
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The norma.l.i ty of ¾S01, for the minimum rate constant is 
found to increase with increasing atomic number, Furthermore, 
the minimum value of the rate constant decreases with increasing 
z. 

The rate constant is found to vary with the (EDEHP), Fig 13, 
Furthermore, the (HDEHP) at which the rate constant passes its 
minimum depends on the (¾so

4
).

From the kinetic experiments the conclusion so far is 
that the ra.te expression for a given rare earth is a highly 
complex function. As effective phase contact is obtained 
over a very large interfacial area in the AKUFVE apparatus, 
the rate is considered to be chemically controlled. It is 
strongly dependent on the presence of sulfuric acid, 
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EXTRACTION OF TRIVALENT TRANSPLUTONIUH ELEMENTS AND EUROPIUM 

BY A MIXTURE OF DI-2-ETHYLHEXYLORTHOPHOSPHORIC ACID AND 

PHOSPHORUS PENTOXIDE FROM STRONGLY ACID MEDIA

B.F. Myasoedov,H.K.Chmutova,H.E.Kochetkova,G.A.Pribylova 

V.I.Vernadsky Institute of Geochemistry and Analytical

Chemistry, USSR Academy of Sciences, Moscow

The extraction of trivalent transplutonium elements and europiUJD 

from solutions of inorganid acids by a mixture of di-2-ethylhexylor

thophosphoric acid (D2EHPA) and P2o
5 

in cyclohexane has been

investigated. It is shown that the proposed mixture of reagents 

quantitatively extracts Am and Eu from solutions of acids of 

sufficiently high concentration. Large amounts of aluminium and 

anunonium nitrates, at D2EHPA and P2o
5 

concentrations equal to o.3H

and 6.lH respectively, do not interfere with extraction. The 

extractant exhibits low-selectivity with respect to trivalent 

transplutonium elements (TPE). 

We have used a solution of a di-2-ethylhexylorthophosphoric acid 

(D2EHPA) and phosphorus pentoxide in cyclohexane as ·an extractant 

for trivalent transplutonium elements and europium. 

The mixture of D2EHPA and P2o5 displays an unusually high extraction

capacity with respect to Am and Eu; by dissolving a mixture of low 

concentration in cyclohexane these elements may be quantitatively extracted 

from l-2M HN03 and H2so
4
, 1-SH HC10

4 
and 1-llH HCl. From 2-12M HN03

and 2-7H H2so
4 

more than 90\ of Am and Eu are extracted (fig.l).

Data on the extraction of trivalent Am, Cm, Bk, Cf and Eu from solutions 

of nitric acid by a mixture of these reagents in cyclohexane are 

listed in table 1. It can be seen from table 1 that extractant 

exhibits a low selectivaty for trivalent TPE;-the distribution coefficients 

being very similar. Eu is somewhat better extracted. 
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The dependence of trivalent americium extraction from SM nitric 

acid on the D2EHPA and P
2

0
S 

concentrations has been investigated 

(fig.2). 

In the first case (curve l) the concentrations of both components 

of the reagent were simultaneously changed, but their ratio was kept 

constant and equal to three (dilution of the initial mixture by 

cyclohexane). 

In the second case (curve 2) only the P
2

0
S 

concentration was 

changed and the D2EHPA concentration was maintained constant and equal 

to 0.03M (dilution of the ihttial mixture bv 0.03M of D2EHPA solution in 

cyclohexane). It is of interest to nore that, for the series of 

experiments which were carried out, distribution is lower, for a fixed 

concentration of P
2

0
S

, when the D2EHPA concentration is higher. 

The influence of aluminium and ammonium nitrates on americium 

extraction from lM and SM nitric acid was investigated. 

It can be seen frmm figure 3, that aluminium nitrate does not 

lower americium extraction from lM and SM nitric acid, if the D2EHPA 

concentration equals 0.3M and the P
2
os concentration - O.lM (curves

1 and 2). 

When the concentration of the reagents is decreased a hundred 

times, aluminium nitrate noticeably suppresses americium extraction 

(curves 3 and 4). According to preliminary data, the mixture of 

extractants in cyclohexarie which has been employed also extracts 

appreciable amounts of aluminium. Therefore, when there is a great 

excess of aluminium present, americium extraction is suppressed due to 

the binding of the reagents by aluminium. 

Even large amounts of ammonium nitrate do not change the 

distribution of coefficients of americium, (lOH ( in lH HN0
3

) and 

7M (in SM HN0
3
)), Hence, the nitrate-ion does not exert an appreciable 

influence on the extraction. 
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The extractive properties of the D2EHPA P
2
o

5 
mixture decrease 

with time. The dependence of Am extraction by mixtures containing 

different D2EHPA concentrations in cyclohexane on the time, which 

had elapsed after preparation of the solution has been investigated. 

The distribution coefficient of americium sharply decreases. during 

the two first days, it then falls off less sharply and after 5 days 

the iistribution coefficient remains almost constant (fig.4). 

Fig.l (curve 5) shows the dependence of americium extraction by 

a solution of 0.003M D2EHPA and 0.001M P
2
o

5 
in cyclohexane on nitric 

acid concentration on the sixteenth dat after the solution had been 

prepared. The extraction decreases, but the character of the 

distribution coefficient dependence on nitric acid concentration does 

not change. 

The use of a freshly prepared solution of the reagent mixture 

ensures good reproducibility in the results. 

On the basis of the results which have been presented it may be 

assumed that the high distribution coefficients for the trivalent 

transplutonium elements and europium are the results of the formation 

of a new compound which is formed during the dissolution of phosphorus 

pentoxide in di-2-ethylhexylorthophosphoric acid and which possesses 

a high extraction capacity. 
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TABLE 1 

The dependence of trivalent Am, Cm, Bk, Cf, Eu extraction by -a· 
-4 -4 

solution of 3,10 M D2EHPA and 1,10 H P2o5 in cyclohexane

on HN0
3 

concentration 

Distribution coefficient 
HN0

3 
M Am Cm Bk Cf Eu 

l 27.4 40:s 

3 2.1 1.8 1.8 1.9 4.5 

5 0.7 0.7 0.6 0.6 1.2 

7 0.3 0.3 0.4 0.3 0.6 

9 0.2 0.2 

12 0.3 o.3
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Fig. l. 

Fig.2. 

.. e 

-ti 

0 

-1

1. l. 3 a 

Dependence of Aln(III) and Eu(III) extraction by a solution 

of 0.003M D2EIIPA and O.OOlM P
2
o

5 
in cyclohexane on the acid 

concentration. 

l - AIII 

HN0
3 

l - Eu 

,. - A11, HC10
,. 

2-Am 

HCl 

2-Eu 

3-Am

3-Eu

5 - AIR, HN0
3 

(on the l&th day after preparation of the 

extractant solution). 

-+1 

0 

-1

-s -+ -3 [�
Dependence of Am(III) extraction by D2EHPA and P

2
0

5 
mixtuNB in cyclohexane from SM HN0

3 
on the extractant 

dilution 

l - Dilution by cyclohexane; D2EHPA1P
2
o

5 
s 3:1 

2 - Dilution by 0.03M D2EHPA solution; 

D2EHPA : const : 0,03M, 
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Fig.3. 
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Dependence of Am(III) extraction by D2EHPA and P
2
o
5 

mixture• in cyclohexane from solutions of lH abd 

SH HN0
3 

on al11111iniwn nitrate concentration 

l - lH HN0
3 

Dependence of All(III) ex traction by D2EHPA and P
2
o
5 

aixtures in cyclohexane from SH HN0
3 

on the ti11e for which 

the extractant has been left standing -C,er preparation 

l - 0.3M D2EHPA - O.lM P
2
o
5 

2 - 0.03M D2EHPA - O.OlM P
2
0
5 

3 - 0.003M D2EHPA - 0.001M P
2
o
5 

0 
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INVESTIGATION OF RARE-ELEMENTS EXTRACTION WITH 

DIFFERENT CARBOXYLIC ACIDS 

G.V. Korpusov, N.A. Danilov, Yu.S.Krylov, R.D. Korpusova,

A.I. Drygin, and V.Ya. Shvartsman

Institute of Physical Chemistry of the Academy of 

Sciences of the u.s.s.R., Moscow, u.s.s.R. 

At present carboxylic acids are rather successfully used 

in rare-earth elements separation /1-3/. But the data published 

mainly refer to the technical mixtures of changeable co�position 

/4-9/. However it is necessary to study the extraction of 

individual systems to obtain data on process operating parameters. 

So in this paper a comparative investigation of extraction 

systems has been carried out based on monocarboxylic acids with_ 

different hydrocarbon radicals attached to the carboxylic group. 

Special attention has been paid tol(.-branched carboxylic 

acids. Having the branching near the carboxylic group, they may 

be expected to have a greater selectivity. 

EXPERIMENTAL 

The main physico-chemical properties of carboxylic acids 

under investigation are given in Table 1. For carboxylic acids 

we used the following diluents: n-heptane, dodecane, benzole, 

toluole, 4-hydrogen chloride, n-decanole, n-heptanol and synthin. 

We used standard reagents produced in the UdSR and as a rule 

they were not additionaly purified. 
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Solutions of rare-earth elements salts (chlorirles, nitrates 

and sulphates) were prepared by dissolving oxides of individual 

lanthanides, of not less than 99.9% purity, in corresponding 

mineral acids. 

Equilibrium distribution of lanthanides in the extraction 

system was as a rule reached in 2-3 min (Fig.1). But in case 

of need of stirring was carried out for 1h. The investigation 

of the distribution of individual lanthanides between aqueous 

phase and carboxylic acids was performed by a two-phase titration 

method /13/ in presence of indicator quantities of lanthanide 

radioactive isotopes. 

'rhe accuracy of pH measurements was : O..OOJo. 

In a number of cases to stabilize the extraction system and 

avoid the necessity of precise pH adjustment the extract was 

used as 'prepared in advance' lanthanum s�ap of predetermined 

concentration. Solutions of la nthanide salts of known concentra

tion were used as the aqueous phase. 

In this case lanthanum served as a macrocomponent and the 

distributiion of other lanthanides was determined against this 

background. The content of water in the extracted compounds 

was determined by titration with Fisher's reagent /14/. 

' 

Distribution ofo(, 0(-Dialkyl Carboxylic Acids between 

Water and Different Diluents. 

Data on carboxylic acids distribution as well as on their 

state in the or;anic phase are necessary for a proper understanding 

of the extraction mechanism. Such data is not available for 

- ..,
t 

. 1 . . - ,��dialky carboxylic acids.
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We investigated two samples of o( , o<,1 -dialkylcarboxylic

acids with 8 and 9 carbon atoms in the molecule, Beforehand 

we had determined the solubility of these carbo«ylic acids in 

·water; their ionization constants in water were pK(C )=4,92

+ 8 0 + 
8 

-0,0 and pK (C )=4,94-0,02 (Table 1),
9 

It can be seen that the values of ionization ccru:tants of 

o< ,o< -branched carboxylic acids are close to those for non-

branched carboxylic acids with the same number of carbon atoms 

in the molecule (pK
C 

=4,89 and pKC -4 3
5 ;1

o/) n· · t· 
8 9 - • • 1mer1za ion 

I 
constants of the investigated samples of o(, o< -acids and the 

constants of their distribution between water and n-heptane, 

benzole, toluole, 4-hydrogen chloride and decanole were determined 

by the distribution method (Fig,2). 

The values of distribution constants regularly increase and 

the values of dimerization constants regularly decrease with 

increase in diluent polarity, These regularities are typical 

for all acid extracts. But the absolute values of dimerization 

constants ofo( ,o(.-dialkylcarboxylic acids are much lower than 

those for n-carboxylic acids with the same number of carbon 

atoms in molecule, This could be explained by the presence 

of branchin:I in t.,e -position creating spatial difficulties 

in dimer for�ation, 

TABLE 2 
I 

Distribution and Dimerization Constants of .(, ,o<-Dialkylcarbox-

ylic Acids in Different Diluents 

K• .(�dialkylcarboxylic o(, .(,'-dialkylcarboxylic 
I acid (c8) acid (C9)

diluent permittivity: 
distribup dimeriza- distribution dimeriza-
tion tion constant tion 
constant constant K constant 

KP 
Kdim

p Kdim

n-heptane 1.92 60.0 24.3 380.0 57,0 

4-hydrogen
140.0 14. 9 540.0 13.3 chloride 2.23 

benzole 2,27 150.0 9. 17 890.0 1,72 

toluole 2,Lf3 250.0 6.58 1130.0 1.25 

n-decanole 8.1 780.0 0 2870.0 0 
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Regularities of Individual Lanthanides Distribution in 
Extraction Systems with Carboxylic Acids 

In the general case of lanthanides extraction with acid 

extracts, the (LnR
3

.3HR)n compound formed by the reaction below,

can transfer to the organic phase 

nLnf:q) + (3+y )n/2 (HR )2 (o) ..!i, (LnR
3 

.yHR )n (o) + 3n (H
+) ( aq)

The extraction constant may be represented as 

rr-((L HR) ) (H+)3n
/(L 3+)n ( (HR)2)(3+y)n/2 

= nH
3

.y n (o)" n • -

or in logatithmic form 

( 1 ) 

(2) 

(3) 

Tho decree o:f polymerization of the cor.1pound in the organic 

phase oay be found from the slope of the curve in coordinates 

(lgC1 ) -(lgC1 +3pH), at ((HR)2 )=canstn(o) n(aq)

then the distribution coefficient may be expressed as 

lgD=lgK+n(3+y)/2.lg( (HR)2 J (o )+3pH (4) 

At constant values of the distribution coefficient and concentra

tion of lanthanum in the aqueous phase the change in pH depends 

only on the concentration of (HR)2 in the organic phase

pH=1gD-lgK/n(3+y )/2-lg( (HR)2) (o) (5) 

As t.,e concentration of acid in the organic phase increases, the 

pH shifts to more acid values and the shift increases with the 

degree of polarization of the diluent (Fig.3a,3h). The shift to 

more alkalime values when using polar diluents (n-heptanol 

l= 11.1) in comparison with nonpolar n-heptane ( £ • 1.92) can 

be attributed to the greater strength of the proton bond in the 

carboxylic acid and HR.S alcohol as compared with the bond 

strength in dimerized molecules of carboxylic acids. 
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The presence of 'salting out' agents like LiN0
3 

in extrac-
t 

tion with o(, c(-acids shifts the pH to more acid values (Fig. 3c). 

This is due to the fact that the 'salting out• agent increases 

the activity coefficient of lanthanide ions in the aqueous 

phase. The slope of the curve in Fig.3c decreases with increase 

in lanthanide concentration in the aqueous phase. The presence 

of electronegative chlorine atoms in the CX -position relative 

to the carboxylic group shifts lanthanide extraction to the more 

acid pH values (Fig.3b). 

Raisin; of the temperature shifts lanthanide extraction 

with o( ,o(
1 
-dialkylcarboxylic acids to the more ac.i.d pH area 

(Fie.4). It is due to increase in the ionization constants of the 

extract and decrease of its dimerization constant. At the 

srune temperature extraction from sulphate solutions occurs at 

higher values of pH as compared with extraction from chlorine 

and nitrate solutions. It is connected with the greater complex

ing ability of sulphate ions in aqueous solutions. Similar 

results were obtained earlier in the investigation of the influence 

of temperature on extraction of praseodymium chloride and sulphate 

with technical mixtures of carboxylic acids of the fat series, 

Extractive Compounds of Lanthanides with Carboxylic Acids 

To determine the composition of the extrqcted species we 

chose the last two ele�ents of the lanthanide series, lanthanum 

and lutecium. We used n-capric acid, o(,o( -dialkylcarboxylic 

acid (c
9

) and individual naphthenic acid, c13H24o2, as extrac

tants. 

In all cases (Fig.5) the slope of curves in coordinates 

(lgCLn(o)) - (lgCLn(aq)+3pH) is close to 1. This indicates

the absence of polymerization of extracted compounds in the 

ort;anic phase (CLn(o)3.10-3M). At the same time the slope of

the curve is equal to 3 (Fig.6) in coordinates (lgCLn(aq)+3pH)

(lg(HR)2) i.e. tie compound, LnR3.3HR.xH20, transfers to the

organic phase. 
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Determination of water in extracted compounds of La, Nd, 

Gd, Yb, Lu, and Y showed that in the case of n-capric acid and 

o(, 0(, 1 -dialkylcaroxylic acid (c
9

) the hydration number was not

constant, It ranged from 2 to 1 on changing the lanthanum 

concentration in the organic phase from 0,05 to 0,88 M (Fig,7), 

i,e, the extracted compound may be written as LnR3,3HR,xH20,

where x=2-1, At the sa:ne time water is absent in solid 

c,,rboxylates, 

We calculated "seeming" constants of lanthanide extraction 

witn � ,-:, 1-dialkylcarboxylic acid (c
9

) and naphthenic acids 

by equation (4). Dependence of lanthanide extraction constants 

on their atomic number (Fig,8) is similar to that observed with 

complexes with ecetate ion /16/, 

Increase in concentration of the lanthanide extracted com

pound in the organic phase to certain limits results in their 

precipitation in the form of carboxylates, We determined the 

maximum content of the lanthanides in different carboxylic 

acids in equilibrium with carboxylate precipitates, As the 

number of carbon atoms in the carboxylic acid molecule increases 

(Fig,9) the solubility of lanthanide carboxylates in the organ.ic 

phase drops. i·laximum solubility was observed for Nd and Sm 

and minimum for Gd to Er, 

The rather low solubility of yttrium is worth attention, 

I 
. / JI . tis necess�ry to point out that the capacity of�,� -dialkyl 

carboxylic acids is much higher than tnat for nonbranched car

boxylic acids, For example, the solubility of yttrium soap in 

100% ,(, .( -diall,ylcarboxylic acid (c
9

) is 0,52311 and of n-

capric acid (c8) is 0,0309M, The high maximum concentration of 

lanthanide soaps in,(-acids indicates the possible formation of 

compounds such as, LnR3 and Ln(0H)xR3_x• For example, the

samarium concentraticbn in solution of .t_ ,a( -dialkylcarboxylic 

acid (c
9

) in n-heptane (3,07M) was 1,56M, indicating an extracted

compound having the composition, Sm(0H)R2 (beforehand we had

confirmed the absence of C1 ion in organic phase), 
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The melting points of precipitates of the caprylates of La, Ce, 

Nd, Sm-, Gd, Lu, Y, and the salts of these lanthanides with.(, 

.(.-dialkylcarboxylic acid (c
9

) range from 50 to 8o0c and their

decomposition temperatures from 285 to 375
°c.

By means of chemical analysis of solid carboxylates we found 

that the molar ratio of lanthanum to carboxylate-anion was close 

to 1:3 for carboxylic acids of the fatty series and less than 

stoichiometric in the case of -acids (c
9

) (Table 3 ).

TABLE 3

Molar Ratio Ln3+
:R- in Lanthanides Carboxylates

capric acid o(,o( -acid (C
9

)

Element 
thermogravi- chemical thermogravi- chemical 
metric methoc analysis metric method analysis 

La 1:2.64 1:2.8 

Ce 1:2.98 1:3.0 

Nd 1: 3.18 1:2.96 1 :2. u 1:2.45 

Sm 1:2.93 1:2.75 1:1.05 1 :O. 98 

Gd 1: }.3 1 :3.2 

Lu 1:2.66 1 :2.7 1 :2.61 1 :2.7 

y 1 :3.2 1: 3.2 1 :2. 2 1:2.05 

This was confirmed by the thermogravimetric �ethod. 

Precipitation of the salts of o(_, e( -dialkylcarboxylic
acid (c

9
) differing in their stoichiometric composition, is easy

to explain as the production of precipitates was performed at 

higher values of pH of the equilibrium aqueous phase. At these 

pH values partial hydrolysis of lanthanides ions is possible. 

Spatial difficulties, (branchin6 in the� -position) also makes 

for1,1ation of mixed compounds easier. 
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We did n·ot observe any noticeable content of water· in 

the samples of lanthanide carboxylates dried at 50°c and kept 

om a desiccator. Lanthanide carboxylates are practically 

insoluble in water and many other organic diluents but are 

easily dissolved in mineral acids with for:Jation of the salt 

of the mineral acid and lanthanide and the carboxylic acid. 

The distribution of multicomponent Hixtures of 

Rare-Earth Elements 

To determine selectivity in the extraction of lanthanides 

with car�oxylic acids we determined distribution with multi

component mixtures in the presence of 'salting out' agents with 

varying concentrations of rare-earth element nitrates and 

chlorides in the aqueous phase. To compare data in the lan

thanide series, the majority of the experiments were carried 

out with microquantities of lanthanide isotopes against a back

ground of macroquantities of lanthanum in the aqueous and 

orcanic phases. The organic phase consisted of different car

boxylic acids (Fig.10-11) containing 0.2M lanthanum soap. 

Individual n-carboxylic acids and iso-acids (with branching 

in posltions other than the o( -position) extract lanthanides with 

little selectivity, separation coefficients being somewhat 

hig,1er for solution of carboxylic acids in polar diluents lalcoholli 

Separation coefficients sli�htly increase in the presence of 

•salting out' agents.

Naphthenic acids extract lanthanides more sc ectively 

(Fig.11). At low concentration of lanthanides or 'saltine out' 

agents in the aoueous ?hase, rare-earth ele�ents are not select

ively extracted. Selectivity of carboxylic acids increases 

considerably with branchine; in the o( -position relative to the 

carboxylic group (Fig,10 1 11). 

Both diluent and type of 'salting out' agent influence 

selec ti vi ty to a smaller degree than in the case of o( , 0( l_dialkyl

carboxylic acids. 
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It should be pointed out that the position of yttrium in 

extraction systems with carboxylic acids is rather changeable 

and ranges from La to Er depending on aqueous phase concentration. 

At low concentrations of nitrates in the aqueous phase yttrium 

ran6es from La to Nd, at high concentrations (of both lanthanides 

and 'salting out' agents) its position shifts to Gd-Er. We 

observed this in extraction with n-carboxylic acids, iso-acids, 

napthenic acids, and secondary o( -acids. 

In the case of extraction with tertiary o( , r;,<J -branched 

acids the yttrium position was more stable and ranged from Tb 

to Er not depending on concentration and composition of the 

aqueous phase. 

It is worth while notingthat in the extraction of lanthanides 

witl1 carboxylic acids, of all investigated types, the yttrium 

position is most likely to be between La and Nd. 

Use of Complexing Agents in Systems with Carboxylic Acids 

All the acids studied either show little selectivity or 

their selectivity is limited to a croup of rare-earth elements. 

In this case to make separation more effective we introduced 

complexing agents to aqueous solutions. Earlier /17,7/ we had 

considered the features of usin_, such systems for phospho-organic 

extracts and carboxylic acids of the fatty series. So in the 

paper we gave only some practical results. 

To successfully use complexing agents we should make the 

most of its capacity and, in the absence of complexing agents, of 

moderate values of extraction coefficients (20-50). Separation 

coefficient values decrease with increase in cmncentration of 

lanti1anides in the aqueous phase. In the case of high values 

of distribution coefficients (100-1000) the rate of reaching 

equilibrium decreases. 
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Besides, the pH values for carboxylic acid extraction and 

complex for�ation in the aqueous phase might not coincide. So 

it is necessary that complex formation in the aqueous phase 

should occur at lower pH values than t ose necessary for 

extraction. If this is not the case than complete neutralization 

of extracts may be necessary which might result in: precipitation 

of carboxylates, loss of extract due to high solubility of 

sodium or am.�onium carboxylates, lowering kinetics, and so forth. 

To separate lanthanides of the cerium series the use of 

carboxylic acids of the fat series is preferable as they are less 

selective when compared with naphthenic acids (Fig.10,11). 

For the separation of yttrium lanthanides, naphthenic acids 

should be used, They have greater capacity and less selectivity 

when compared with other reagents. 

We tested some complexing agents: nitriletriacetic (NTA), 

ethylenediamintetraacetic (EDTA) and diethylenetriaminpentaacetic 

(DPTA) acids. We used complexing agents under conditions to make 

the most of their capacity (pH 4), with high lanthanide concentra

tions in the organic phase. In case of NTA the value of the 
-

equilibrium pH of the aqueous phase exceeded 5-5.5 but was not 

equal to 6, as at pH 6 kinetics of the lanthanide exchange reac-

tion complexes decreased sharply. In our experiments both binary 

lanthanide mixtures and normal rare-earth mixtures were used. 

Table 4 and Fig.12 give the values of lanthanide separation 

coefficients when we used carboxylic acids of the fat series 

and naphthenic acids as extracts in the presence of complexing 

agents in the aqueous phase, 
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As may be seen from results �iven in this pape� extracti�n 

systems can be successfully used for lanthanide separations 

as well as for their purification. 

Now we can conclude that monocarboxylic acids having branching 

in the o< -position, are as a rule more selective and have other 

advantages such as: good compatibility with organic diluents, 

high solubility of carboxylates in organic diluents, and so on. 

As pointed out, practically all lanthanides may be isolated 

in pure form when using only carboxylic acids as extracts. If 

cerium lanthanides '1!ay be successfully isolated \'lithe>( -branched 

carboxylic acids, then yttrium lanthanides may be isolated with 

carboxylic acid-complexing agent s/stems, while using, for example 

carboxylic acids of the fat series or iso-acids. 
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fABLE 4 

Distribution Coefficients of Lanthanides in System: Carboxylic 

Acids - Aqueous Solution of Complexing Agent /7/ • 

/NTA/ 
Ln(N0

3
)
3

-g/1 on Ln
2

o
3 .,)5 Ln

1
/Ln

2 
aqueous organic 
phase phase La-Ce Ce-Pr Pr-Nd Ce-Nd Pr-Sm Nd-8m 

0.3 Ln-25 Ln-96 5.8 2.0 2.2 

0.5 Ln-44 Ln-65 4.25 2.68 1. 91 

0.3 (La,Ce)-21 (La,Ce)-96 5.50 

0.5 (La,Ce)-38.5(1a,Ce)-86 5.40 

0.5 (La,Ce)-45 (La,Ce)-100 5.00 

0.5 (La,Ce)-32 (La,Ce)-50 4.60 

0.3 (Ce,Pr)-23 (Ce,Pr)-100 2.50 

0.5 (Ce,Pr)-40 (Ce,Pr)-100 2.85 

0.5 (Ce, Pr )-4.'5 (Ce,Pr)-100 2.30 

0.5 (Ce ,Pr )-32 (Ce,Pr)-50 2.50 

0.3 (Pr,Nd)-24 (Pr,Nd-96 2.15 

0.50 (Pr ,Nd )-41 (Pr,Nd)-95 2.0 

0.5 (Pr,Nd)-45 (Pr, i�d )-100 2.0 

0.5 (Pr ,Nd )-32 (Pr,Nd)-50 2.10 

0.3 (Ce,Nd)-23 (Ce,Nd)-95 

0.5 (Ce ,Nd )-39.:; (Ce, Nd )-8; 

0.5 (Ce,Nd)-47 (Ce,Nd)-98 6.50 

0.5 (Ce ,Nd )-42 (Ce,Nd)-99 4.13 
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Some Properties of Carbo:xylic Acids and their Mixtures• 

carboxylic acid formula boiling density average dieeolutiop pK 
temperature 

g/cm) molecular in water 
t•c weight 

n-ca pric acid CH) (CH2) 4-c00H 208.5 0.929 116.15 9.68 4.94 

n-caprilic acid CH3(cH2)6-cooH 239.7 0.91 0 144.21 o.68 4.94 

n-caprinic acid CH) (CH2)8-C00H 210.0 o.s9530 172.26 0.15 

naphthenic acids 
separated from 

:q· 
o.9soo 210 0.018 5.0 

oil fraction 

naphthenic acide (CH2)n-C00H 
eepe.ra ted from the 1.0220 200 1.21 6.5 
water accompanying 
oil 

individual 
naphthenic acid C13H2402 125-130 

(p•5 mm Hg 
I0.980 210 - 6.6 

-

ol, <k '-carboxylic acid C�-(CH2)2-�H-C00H 124-125• 0.9053• 148.5• 1.21 • 4.92• 
(C8) C�5 

(pa15mm Hg 0 .08 

,,:'.,d 1-acide (C9) 1
H3 

0.476• CH
S"° 

(CH2)3-
7

H-C00H 135-137 p.9001 166. 1• 4.94• 
(pa10mm Hg) � 0, 02 

C�5 

technical mixture f1 
of acids R2-

7
-co0H 

- 1).8744* 215• - 4.9• 

�) 
R1-c1-c2 

R2, R3•C3-Ca 

• T hie table is baaed on th.e known literature data /10-12/ ae well ae on our experimental data. 
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THE EXTRACTION OF AMERICIUM, THORIUM AND EUROPIUM 
WITH CAPRYir-HYDROXAMIC ACID (CHA) 

M F Pu.shlenkov, V G Voden, M E Obukhova 

VG Khlopin Radium Institute, Leningrad 

Abstract 

Capryl-hydroxamic acid (CHA) association in octyl alcohol 
and the rate of its hydrolysis under the influence of nitric 
acid have been investigated. 

The compositions of precipitates formed by europium and 
thorium with CHA in aqueous-alcoholic solutions are defined, 

The influence of CHA concentration, acetate ions and pH 
value on the behaviour of europium and americium with CHA 
solution in octyl alcohol have been studied. 

Americium and europium extraction mechanisms with CHA are 
proposed; the argument for such mechanisms is based on the com
positions of the mixed salts being formed and the distribution 
data. 
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Introduction 

Alkyl- and a.rylhydroxamic acids, RC0NH0H, easily fonn c01y.plef
compounds with polyvalent elements; they are used for veight l1-3) 
and colorimetric determination of these compounds 3-8), 

Colorimetric determi�tioi is often carried out after 
extrac�ion of the complex �5, , 9-11J. The conditions for complex 
formation by some cations with acetyl and benzylhydroxamic acids 
have been i�vestigated and the stability constants have been 
determined �12-22). 

According to their stability constants the cations can be 

arranged in a series: Ca2+ < Fe2+ < rare earths< AlJ+ < Th4+ < 

1f+ < Fe3+ < Pu4+ (20, 22).

It is evident that the complex stability increases with 
increase of the cationic charge. The use of the hydroxamic acids 
is possible only for solutions with rather hig� p�-values ·because 
of weak dissociation of these acids (pK "" 8-10(23)), 

Higher alcohols, chlorofonn and aromatic compounds are 
frequently used as solvents for the hydroxamic acids. 

Because of the high solubilities of acetylhydroxamic and 
benzylhydroxamic acids in aqueous solutions, capryl-hydroxamic 
acid, C9H19

C0NH0H (CHA), which does not have this drawback, is
proposea ah the extractant. 

There are no data in the literature on the association and 
hydrolysis of the higher aliphatic hydroxamic acids. CHA 
association in octyl alcohol has therefore been investigated as 
has its hydrolysis by nitric acid. 

Precipitates fonned between americium, thorium and europium 
and CHA have been analysed to determine the compositions of the 
europium, americium and thorium complexes being fonned; the 
dependence of europium and americium distribution on CHA concen
tration, on acetate ion concentration and on pH of the aqueous 
solution have also been considered. 

Experimental 

Methods 

Experiments on CHA hydrolysis were carried out at room 
tempera�e (20±2°C) by contacting a 0,0.5M solution of CHA in 
n-octyl alcohol with aqueous solutions of nitric acid at
different concentrations. The rate of hydrolysis was determined
from the change of CHA. concentration with time. Depending on the 
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nitric acid concentration in the aqueous solution the time of 
phase contact was varied from some minutes to 300 hours. To 
eliminate the influence of the aqueous phase composition the 
ionic strength was kept constant and equal to 4. Samples were 
periodically t�en from the organic phase and were analysed for 
CHA contentl24J. 

The method of isomolar series was used to obtain data on 
the compositions of europium and thorium compounds with CHA. 
Samples of thorium nitrate and.CHA were dissolved separately in 
the minimum quantities of ethyl alcohol. The solutions 
obtained were mixed together, and a white precipitate was deposited 
immediately. The precipitate was centrifuged and the mother 
solution removed, leaving the precipitate with a small part of the 
mother solution. 

The method of Shreinema.k:ers(25) was used to determine the 
composition of the precipitate. Precipitate and mother solution 
were analysed for the metal ion, for nitrate ion and CHA. The 
metal content of the precipitate was determined by a weight 
method involving calcination of the precipitate at 950°0. 

Nt"tf�te ion concentration was determined by means of
ni tron 2 J. The metal and CHA concentrati9ns in the mother
solution were determined colorimetrically l26). The hydrogen 
ion concentration in the mother solution was determined by 
volume titration. 

The solution obtained 'by dissolution of americium trioxide 
in perchloric acid was used as the aqueous feed solution in 
studies on the distribution of gII1ericium; and the americium 
concentration used was 10-5-10-6 g/1. 

The aqueous europium feed solution consisted of a mixture 
of the stable f1I1d radioactive europium isotopes at a concen
tration of 10-4-10-5M. Constant ionic strength (I=0.1) in the 
aqueous solution was maintained by sodium perchlorate and the 
pH of the aqueous solution was controlled by means of sodium 
acetate and acetic acid with an accuracy of ±0.05 units of pH. 
The extraction was carried out by a CHA solution in octyl alcohol 
which was equilibrated with the aqueous solution (pH:3-9) at 
room temperature (20±2

°0). The extraction reaction goes slowly, 
therefore it took three hours to achieve equilibrium. The phase 
volumes after contact were unchanged because of the low solubili
ties of y1ater in the organic phase and of CHA in water 
(3. 4x10-4M) 

All results are averages from three parallel experiments. 
The experimental data were treated by the method of the least 
squares. 
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Reagents 

CHA was synthesized from capryl chloride and hydroxylamine 
by the method in reference 27, Its purification was carried out 
by means of copper salt precipitation and by threefold 
recrystallization from ethyl alcohol. The purity was 99.5%, 
the remaining 0.5,6 being due to capric acid. CHA analysis was 
carried out by hyt4'ogl'8is followed by hydroxyl�ne and capric 
acid determinationl2 J. Other reagents used were chemically 
pure. 

Results 

Investigation of CHA association in n-octyl alcohol 

CHA distribution between octyl alcohol and O,I,N sodium 
perchlorate was investigated to determine CHA association in 
octyl alcohol. 

The distribution data are shown in Table 1 • 

TABLE 1 

CHA distribution between n-octyl alcohol and 0.1N NaClO
i. 

with 
varying CHA concentration in the organic pha�e 

pff=1+.2 at equilibrium 

(CHA)0x102 CHA distribution coefficient 
M D 

9.15 1165 

7.27 1005 

4,50 760 

3,70 670 

2.23 557 

1.25 420 

1.05 350 

0.55 220 

An approximate re�resentation of CHA association is given 
by the relation lg(CHAJ0 = f(lg(CHA) ), which, when plotted,
gives a straight line of slope equala%o 2. 
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In order to obtain further information about the associated. 
forms of CHA, it is necessary to express the distribution 
coefficient as a function of the CHA concentration in the aqueous 
phase. 

An empirical equation for the dependence of the distribution 
coefficient (between octyl alcohol and 0.1N NaCl04) on aqueous 
CHA concentration has the form: 

where 

D = 82 + 6.84 X 10
6C + 8.58 X 10

10C 2 

aq aq ' 

Caq is the CHA concentration in the aqueous solution.

c
0 

is the CHA concentration in the organic phase. 

In addition, the equation for the material balance in the 
organic phase, 

c
0 

=(HR) + 2(�R2) + 3(H3R3) + ••••••••••

where (HR),(H2R
2) and (H

3

R
3

) are the concentrations of the
monomeric, dimeric and trimeric forms of CHA, sh@ws that the 
dependence of the CHA distribution coefficient on CHA concen
tration in the aqueous solution can be written, 

2 _ 1 2 D = D + 2D .Kd.C + )lYKt. C + •••••••••m m aq m aq 

where Dm = (HR)O/(HR)a.g_ 
is the distribution coefficient for the

monomeric form of CHA between octyl alcohol and 0.1N NaC104; 

Kd = (�R2)/(HR)
2 is the dimerisation constant for CHA in octyl

alcohol; 

2 

Kt= (H
3

R3)/(HR)
3 is the trimerisation constant for CHA in octyl

alcohol. 

Equation 2 is true when CHA association does not occur in 
the aqueous solution. With an equilibrium pH equal to 4,2, the 
degree of CHA dissociation is insignificant and it can be 
neglected. As was determined in our work by the method_�O 
reference 23, the CHA dissociation constant is 2.2 x 10 
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It follows from the equations 1 and 2 that Dm = 82,

Kd = 508 and Kt = 51900. From the values of the dimerisation

and trimerisation constants, we have estimated the concentrations 
and the percentage ratios of the monomeric, dimeric and trimeric 
forms of CHA in octyl alcohol. 

CHA h.ydrol;ysis 

It is lmown that hydroxamic acids are hydrolysed under 
the influence of mineral acids resulting in carboxylic acids 
and hydroxylamine salts(28), 

We determined the rate of CHA hydrolysis in octyl alcohol 
in the presence of nitric acid. Values of reaction half-times 
and rates of hydrolysis are given in Table 2. 

It can be concluded from the linear relationship obtai�ed 
that the hydrolysis reaction is second order of the type II,29); 
the kinetic equation has the form: 

d(HR)/dt = - K(HR) (HN03)

The mean value of K for the concentration range used is
(2.7 ± 0.3) x 10-41/mole sec. 

TAllLE 2 

3 

Reaction half-times and rates for CHA hydrolysis in octyl alcohol

(HN� in the Reaction CHA hydrolysis 
org ·c phase half-time rate, V, 1/sec 

M T (min) 

o.86 97 1.2 X 10 
-

0.27 222 5,2 X 10-5

0.075 570 2.0 X 10-5

0.028 970 1.2 X 10-5 

0.001 32000 3,6 X 10-7 

It is evident, over the range of nitric acid concentrations 
in octyl alcohol studied, that ·below 0,01M CHA hydrolysis occurs 
rather slowly, which permits the use of CHA as an extractant for 
certain elements from aqueous nitrate solutions containing not 
more than 0.1M nitric acid. 
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Compositions of thorium and europium precipitates with CHA 

The results from the determination of compound compositions 
are given in Table 3 • 

When the molar ratio Th:CHA changes over the range 2 to 0.05, 
the precipitated compounds are found to have average compositions 
corresponding to the stoichiometric formulae Th(No3)2.R2

(Cale Th= 31.996; N03 17.c,;6; CHA= 51.2%) and Th(No3)R3
(Cale Th= 27.296; N03 = 7.396; CHA 65.5%).

TABLE 3 

Compositions of thorium precipitates with CHA in ethyl alcohol 

Molar Composition of 
ratio precipitate 
Th:CHA (96) 

Filtrate Com
)

sition
(g/1 

Th NO CHA Th NO CHA 

2.00 36.5 14.3 49.8 23.5 24.2 5.9 
1.00 33.9 17.2 51.2 14.1 15.9 3.9 
0.44 32.8 18.5 50.0 4.9 6.7 7.9 

Average 
composition 34.4 16. 7 50.3 

0.16 26.3 7.6 68.8 0.52 8.o 29.8

0.11 23.6 9.0 62.0 1.6 6.4 50.2 

0.08 26.8 7.3 66.7 1.3 5.8 60.8 

0.05 25.9 6.5 70.4 0.06 3.7 67.0 

Average 
composition 25.7 7.6 68.o

Under similar conditions, except that sodium acetate was 
present, a precipitate was also obtained with europium and CHA. 
The compound had the following composition: Eu= 23.696, 
Ac= 10.5%, CHA= 63.496, which corresponds to the compound 
EuAoR2 (calc Eu= 26.196, Ac= 10.196, CHA= 63.896).
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Two thorium compounds with CHA are formed ( see Table 3) , 
Th(No

3
)2R2 and Th(No

3
)R

3
• Even with a considerable excess of

CHA (Table 3, experiment 7), nitrate ion is not entirely displaced 
f'rom the precipitate formed. An attempt has been made to shift 
the equilibrium for the thorium complex formation reaction with 
CHA so that the CHA content of the precipitate is increased, by 
means of the addition of alkaline alcohol immediately after 
precipitation. A CHA:Th ratio of 1: 1 was chosen. Neutralisation 
of the filtrate was carried out suooessively with determination 
of the hydrogen ion concentration. Final analysis of the 
precipitate gave the following composition(%): 
Th= 30(33,9), N01 = 14,0(17,3), CHA= 54,8(51,2), The
corresponding values for the precipitate formed without 
neutralisation of the filtrate are given in brackets. Hence 
it appears that neutralisation of the filtrate with alkaline 
alcohol shifts the equilibrium insignificantly in the 
direction of lower nitrate content in the Th(N01)2R2 complex,
Similar experiments were carried out with the molar ratio 
CHA:Th = 6:1, Neutralisation of the filtrate did not shift the 
equilibrium to lower nitrate content in the precipitated 
Th(No

3
)R

3 
complex.

From the data of Table 3 the proximal intervals and 
proximal probabilities for the percentage composition of two 
compounds,. Th(N03 )2R2 and Th(No

3 
)R

3
, have been calculated and

are given in Table 4, 

TABLE 4 

Proximal intervals and proximal probabilities for the percentage 
composition of the compounds Th(No

3
)2R2 and Th(N0

3
JR

3

Th (in%) N0
3 

(in%) CHA (in%) 

X ± t:. XI ... X ± t:. X /J. X Cl Cl X± Cl 

Th(No
3
)2R2

31,9 ± 2.4 0.80 17.0 ± 1,6 0.80 51.2 ± 1.6 0,72 

Th(NO )R 

27,2 ± 2,0 0,80 7 .3 ± 1,0 0.80 65,5 ± 2,9 0,85 

X ± t:. X iB the proximal interval 

cz is the proximal probability 



Americium and europium distribution between agueous solution and 
CHA in octyl alcohol 

The aqueous solution of americium perchlorate used contained 
acetate ions to prevent the precipitation of americium and 
europium hydroxides when the pH of the solution was increased. 
To determine the degree of americium complex formation with 
acetate ion in the aqueous solution, the stepped stability 
constants were estimated by the method of extraction. Ex:traction 
was carried out by a 0.0.5M solution of thenoyl trifluoroacetone 
(TrA) in benzene, from the acetate solution. The data obtained 
are given in Table S. 

TABLES 

Americium extraction ·by 0.0SMTrA in benzene from acetate (Ac) 
solutions. Ionic strength= 0.1, pH= o.S 

(Ac) (M) 

0.10000 

0.03160 

0.01000 

0.00316 

0.00300 

Am distribution coefficient 

27 

138 

470 

850 

930 

The values of the complex formatio� constants with one, two
and three acetate ions are K1 = 95 ±?W ; � = (2.2 ± 0.2) x 

103M-2; IC.,= (S.4 ± o.s) x 10�-3• These values are in accordance
with similar constants that were estimated by the ion-exchange 

(31) . 8 -1 ( ) 'L-2 method , i.e. K1 = 9 .S ± 3M ; � = 1.9 ± 2 x 10-'M ;

� = (S.4 ± o.s) x 10�-3•

The dependence of americium distribution on the concentrations 
of: (a) hydrogen ions, (b) CHA and (c) acetate ions was 
investigated in order to determine the solvate composition and to 
evaluate the sto�chiometry of americium extraction with CHA. 

The dependence of the americium distribution coefficient 
(lg D) on hydrogen ion concentration has the form of a straight 
line. The slope of this straight line for (Ac)= 0.1M is 2.06 
and for (Ac)= 0.01M, 2.88. 
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The data showing the dependence of the americium 
distribution coefficient on CHA concentration in octyl alcohol 
are given in Table 6. 

TAllLE 6 

The dependence of americium distribution on CHA concentration 
in octyl alcohol 

CHA concentration CHA monomer Americium distri·bution 
in octyl alcohol concentration coefficient 

(M x 103)
in octyl 

alcohol (M x 103) (Ac) = 0.1M (Ac) = 0.01M 

100 6.36 3.09 850.0 

75 5.62 1.58 251.0 

50 4.80 0.49 122.0 

38 4.06 0.27 72.0 

25 3.37 0.10 15.9 

12 2.32 0.03 

10 2.20 0.03 o.8

5 1.53 0.0044 

The dependence of the logarithm of the americium distribution 
coefficient on the logarithm of the total concentration has the 
form of a straight line of slope equal to 2.2, and the similar 
dependence on the logarithm of the monomer concentration results 
in a straight line of slope 5.3 when (Ac) is 0.1M and 6.8 when 
the acetate ion concentration is 0.01M. 

For the other forms of capryl hydroxamic acid, linear 
relationships are not found. 

To determine the composition of the europium complex with 
CHA, the relationships between the europium distri·bution 
coefficient and hydrogen ion concentration in the aqueous solution 
and CHA concentration in the organic phase have been investigated. 
The experimental data obtained are given in Tables 7 and 8. 
Between the logarithm of the europium distri·bution coefficient 
and the logarithms of the hydrogen ion and CHA concentrations, 
there exist linear relationships with slopes of 2.6 and 4.8 
respectively. 
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TABLE 7 

The dependence of europium distribution on the hydrogen ion 
poncentration ((CHA)= 0,05M) 

pH 

3 ,5 

4.6 

4.8 

5.0 

5,5 

Eu Distri·bution coefficient 

TABLE 8 

0.0145 
14,6 

53 .4 

92.0 

1600.0 

The dependence of europium distribution on the CHA concentration 
in octyl alcohol (pH of the equili"brium aqueous solution is 5,0) 

(CHA) (HRt (H2R2); Eu distribution 
(M) (M x 103 ) (M X 10) coefficient 

0.010 2.2 3 ,00 

0.025 3,37 7. 10 16 

0.03 8 4.06 10.48 47 

0.050 4.80 14.00 92 

0.075 5.62 19.00 2 15 

0.100 6.3 6 2 4.40 543 

*(HR) and (H
2
R2) are the concentrations of the monomeric and

dimeric forms of CHA . 

Discussion 

Analysis of the compositions of compounds formed by CHA 
with thorium and europium nitrates shows that these compounds 
include various anions . Even neutralisation does not result 
in complete nitrate substitution in the thorium compounds. 

Europium, in the presence of sodium acetate, forms a 
compound with the formula EuAcR2• 
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The mode of dependence of americium and europium extraction 
on hydrogen ion concentration suggests that extraction occurs with 
the elimination of two hydrogen atoms when the acetate ion con
centration is 0.1M and 2.88 atoms when (Ac) diminishes to 0.01M, 
with the simultaneous binding of two or more molecules of CHA. 

These results can be represented by the following summary 
equation for the extraction reaction 

Me +3 
+ nAc + pCHA 

where Me= metal ion, 

Ac acetate ion, 

CHA capryl hydroxamic acid 

R = CHA anion and 

4 

n,p,m = whole positive numbers: 0 ,< n � 3, 0 ,< p, 0 � m, p > m. 

When n = 3 extraction does not occur, when n diminishes to 2, 
and O, Am distribution coefficients increase. With increase in 
the total CHA concentration the distribution coefficient 
increases because CHA not only enters into the composition of 
the salt, but also solvates the compound obtained. The number 
of hydrogen ions eliminated should increase when the acetate 
ion concentration diminishes, and this has been observed in the 
course of experiment. 

The calculation of separate reaction constants from the 
summary equation is difficult because of the numerous solutions 
possible. Therefore, from the observed compositions of the 
europium compound (EuAcR

2
) and the americium compounds 

(AmAcR
2 

and AmR) formed, and the dependence of the distribution 
coefficients of3the elements on hydrogen ion concentration, the 
most probable reactions for europium and americium extraction 
are as follows: 

Me+ 3 + Ac - + 2HR � MeAcR2 + 2H+ 

Me+ 3 + 3HR � MeR3 
+ 3H+ 

5 

6 

At least three CHA forms coexist in the organic phase; 
monomeric, dimeric and trimeric (and their relative proportions 
are dependent upon the analytical concentration of CHA), 
therefore the slope of the function lg D = f(lg C ) does not 
co=espond to the solvation number of the complex0being 
extracted. Talting into account that the slopes of the linear 
function lg D = f(lg (HR)) found empirically exceed 2-3 
(numbers of CHA molecules that enter the complexes according to 
reactions 5, 6), it can be supposed that the excess CHA 
molecules arise from solvation of these compounds. On the basis 
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of the CHA association data obtained, it is considered most 
probable that the complexes are solvated by CHA dimer. The 
estimated formation constants for the complexes are given in 
Table 9. 

TABLE 9 

Estimated formation constants for Am and Eu complexes with CHA 

Complex 

AmAcR2.li:2R2
AmAc¾ • 2li:2R2
AmR3.2li:2R2
EuAc¾·li:2R2
EuR •li:2R2

Conclusions 

K 

0.0170 

2.0000 

0.0220 

5.9000 

0.00024 

1. CHA association in n-octyl alcohol has been studied ·by 
investigation of CHA distribution between octyl alcohol and 
0 .1N NaC10

4
•

2. The rate constant for CHA hydrolysis has been estimated from
data on CHA hydrolysis under the influence of nitric acid;
this constant is (2.7 ±. 0.3) x 10-41/mole sec.

3. Reaction mechanisms for americium and europium extraction in
CHA-nitric acid systems have been proposed. Formation
constants for the reactions of americium and europium with
CHA in these systems have been estimated, taking into
account solvation.
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THE SOLVENT EXTRACTION 01!' ANIONS FROM 

CHROMIUM BEARING LIQUORS - BINARY EQUILIBRIA 

by 

M • .l. Hughes and T.M. Leaver 

ABSTRACT 

The equilibria eatablished between Aliquat 336 and various metal 
anions involving chromium, vanadium, and the chloride and hydroxide 
anions are considered. The results are presented for all possible 
binary combinations in the system above for extraction from alkaline 
media. 

Binary equilibria have been mathematically modelled and good 
results are obtained in all systems other than those involving the 
vanad

,
ium containing species. 

The work is of consequence to· the extraction of the above anions 
from chromate liquors, 

School of Chemical ED8ineering, 
Bradford University, 

Bradford. 
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INTRODUCTION 

The present route to chromium chemicals involves the oxidation 
roast of the chromite ore with sodium carbonate to produce a hot fritte 
which, when leached with water, gives a strongly alkaline sodium chro
mate liquor and an insoluble residue. All of the iron and some of the 
aluminium is removed in the precipitate and subsequent acidification 
and lime treatments can remove all the aluminium and vanadium respec
tively. Final ?I adjustment gives valuable acid dichromate liquors 
which are used for electroplating purposes. 

A typical leach liquor may contain the sodium salts of chromate, 
aluminate, vanadate and hydroxide in the ratio 3()0:20:2:40; very little 
sodium carbonate is left unreacted. 

The several stages in the process outlined above give a variety of 
liquors which are amenable to solvent extraction. In addition, certain 
effluents containing chromium may be treated in this way. 

This paper describes an investigation into the binary equilibria 
developed in systems involving alkaline solutions of chromate, vanadate 
and hydroxide and the quaternary amine Aliquat 336 (General Mills Co.). 

EXPERIMENTAL 

All experiments were carried out at 22 ! 2
°
c.

Chemicals. The reagents used for analysis were AR grade. Simu
lated liquors were made up from laboratory grade sodium chromate, vana

date and aluminate. 

The extractant was used for forward extraction in the chloride form, 
as received. Various diluents and modifiers were tested but economic 
consideration finallt dictated that kerosene with 4% w/wdecanol should 
be used �s the carrier solvent. Furthermore the maximum loading of the 
Aliquat in the carrier solvent was limited to 0.5 M because of viscosity 
problems at higher concentrations. The extractant was found to be 
stable to alkali chromate but was slowly oxidised when acid conditions 
prevailed. A tho»ough search of reagents has not yielded an extractant 
stable to acid chromate liquors over long periods. 

Analvsis. Metals were determined by atomic absorption spectroscopy 
(Pye SP90A) or by classical volumetric procedures. Water in the organic 
phase was determined by the Karl Fisher method; thi& last technique could 
not be applied to organic solutions loaded with oxidising metal anions. 

Preliminary equilibria experiments 

Kinetics. Before embarking on equilibrium shake-out tests it was 
necessary to establish that the reaction kinetics were not significantly 
slow so as to affect the results. The extractions of chromium seemed 
to be very fast under both acid and alkali conditions, See TABLE 1. 
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TABLE l

RATE OF EXTRACTION OF Cr(VI) 

Contact time E% 
Seconds pH 1.2 pH 11.6 

l 35.6 37.5 

3 99.8 59.6 

30 99.6 60.4 

120 99.6 60.5 

900 99,7 61,5 

E% = percentage of chromium extracted 
Cr x 100 

0 

Cr aq
Aqueous feed: Chromate, .025 M, aliquat chloride 0.05 M

Similar fast kinetics were found for higher concentrations of 
chromate and vanadate in contact with aliqust 336 chloride solutions 
stronger than 0,05 M,e.g, 0,5 M. It was aecided that all shake-out 
tests would include a three minute agitation time. 

Water µptake. It is to be expected th4t amines, particularly 
quaternary amines, will take up water through either micelle or salt 
formation, In this work, significant volume changes were observed 
during shake-out tests, with the organic phase volume increasing by 
up to 6%. TABLE 2 is typical of many measurements on 0,5 M aliqust 336, 

TABLE 2 

WATER UPTAKE BY THE ORGANIC PHASE I 
EQUILIBRIUM VALUES 

Organic % increase in Organic % increase im 
concentration organic phase concentration organic phase 
Chro-t•, g/1 volume Vanadate, g/1 volume 

a.a:> 6,0 25,50 5.0 

5.16 6.0 22.00 4,75 
3.99 5.0 12.21 5,0 

2,70 5.0 4,23 5.25 
1,50 5.0 

Infrared spectra demonstrate that the water bound in lhe organic 
phase is strongly hydrogen bondfd; (broad band at 33a:> cm- ) Further,
the ratios of the O..H (33a:> cm-) peaks to the C-H (2920 cm-1) peaks for 
various amine molarities contacted with 1M NaCl solutions, show a linear 
relationship with the molarity values, therefore, the aaine is the only 
component in the organic phase which markedly affects the water transfer, 
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Quantitative analysis of water in the organic phase shows that each 
amine takes up about four molecules of water. 

A consequence of the above observations is that equilibrium data 
have been corrected to a water free organic basis. 

The pH dependence of the extraction 

The variation of the extraction with pH for both chromate and vana
date is shown in Figs. 1 and 2. It can be seen that a drop in the 
extractive capacity of the Aliquat 336 occurs at pH7 and it will be seen 
later that this corresponds to a change of chromium (VI) species existi� 
in the aqueous phase. At pH7 the species present is predominantli cr04-. 
Electronic spectra taken on the organic phase identified the cr04 ion 
(peaks at 275 and 375 mµ) suggesting that no change of species occurred 
once the chromate was removed from the aqueous environment. 

The c� in extraction with pH for the vanadate system is more 
complicated and reflects the complex nature of the species of vanadium 
occurring in both the acidic and alkaline media. It was not found 
possible through spectroscopic techniques to identify the exact species 
of vanadium which were extracted into the organic phase. 

Aluminium. The aluminate ion was not found to extract when present 
in the quantities found in leach liquors and therefore this metal was 
not considered in further studies. 

EQUILIBRIUM STUDIES 

The nature of the species existing in solution 

( 1) Chromium

Pourbaix1 has demonstrated the various domains of predominanee of
chromium (VI) ions and several reports exist citinJ the stability constants 
for each species. We have used the following data to predict concen
trations of ions in existence at various pH conditions: 

(cr2o/1
(Hcr0

4 
72

(H+l(cr
2
o/-J

[HCr2o71

98, 

0.85, 

[H1(cr0
4 

21

fHcr04j
-7 

3.2 X 10 , 
(H°1 (HcrO 

4
1

[H2cr0_J

(H1 (Her 
2
o

7
1

(H2cr2o7) 

A computer programme was written to predict concentration changes and 
the results have been plotted in Fig. 3 , 

(11) Vanadium

Rossetti and Rossotti3 have already reported and calculated the
distribution of the vanadium species in the acid pH range. 
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For studies of alkalr-e media other vorkers4 have indicated the
presence of HVo

4
2-, HV2o7 -, H2vo7-, (v

3
o
9

)3- and vo
4

�. Fig. 4 presents
the features of the alkaline side of the equilibria computed from the 
conatants5 ; 

(HV0
4

2J 12 
3.98 X 10 ,

(vo\HH'1 

(H2vo7") 7 = 5.012 X 10 ,
(H°1(HV0

4 
21

[HV20
'l 
3-_)

[Hi (Hvo 2"') 2
4 

[v 
3
0
9

3-] 

[H°13(HVO 213
4 

10 = 3.98 X 10 ,

5 .012 X 1030 • 

The results demonstrate the predominance of the v
3

o9
3- ion in the

region pH 7-9. 

The binary extraction equilibria 

The general equation for the binary interaction is 

p(R4
N) Y + q xP- � q (R4

.,\_,.. + p yq-q o aq 
1�0 aq 

The binary equilibria data are represented by the distribution 
ratio expressions of the type; 

D • K
1 

{ 
(c - p(Rl)pxl 0

J
P / q 

1
q[Yq

7aq

(1) 

(2) 

where K., 1 is an overall constant incorporating the activity factors, and
C is tht total loading of the reagent in the organic phase, Substituting 
for D, and rearranging gives 

((R
4

N) pX)o
= K 1 (xl>-Jag

((c = 1'R4N)l]olP/q
1 

q(Yqja//q 

or (<R4
N)/]o. = /1fxP-, Yq-Jaq 

( 3) 

Equation (4) demonstrates that the binary equilibrium will be repre
sented by a surface in three dimensional space, Fig. 5, in which the 
axes are [(R4N) X]0, (xP-J and (yq-J. The limits of the surface are
fixed by the e��ilibrium eiis.tion such that: 

when 
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[Y47 
and when � • 00, 

(x� aq; 

The term Q represents the maximum organic loading of the metal X• 
it is assumed fhat the maxiDIWI organic loading is independent of (Yq1. 
Hence the surface IIJ/iy only be applied to one organic feed molarity, C, 
a change in this resulting in the introduction of a fourth variable. 
The line dg is the equilibrium line under the condition of a constant 

(Yq-J • Every such line will tend to the i-j saturation plane ( C /p) aq 

{xl>-Jaq q as ---.a becomes large, for example, line fh on the lower (Y 1 plane.
q aq 

{Y 1aq 
One point on the surface will satisfy simultaneously this plane, a con
stant {XP'"J aq 

and a constant HR4N)�]0 plane. This follows froia the
total differential of equation (4); 

Thus for any change in [(R
4
N¥Jo• there must be a change in either

(Y4j or (xP"-J or both, corresponding to a shift to a second point 
on th� equilib;J{k surface. 

In a steady state solvent extraction process, feed of known and 
constant composition will be introduced and since anion exchange only 
is taking place; the concentration of the aqueous phase cation and thus 
its equivalent anion will remain constant throughout the process. The 
equilibrium tie line PQ is therefore of interest to flow sheet design. 
Known as the constant cation or equivalent anion concentration line, it 
describes any aqueous phase composition of a two anion system derived
from a specific feed point R. The components at any point on line PQ 
will always sum as: 

pfxP-J + q(YqJ = (R) aq aq aq 

where [R)aq 
= total anion concentration (moles/litre) in the aqueous 

phase, The projection of the line PQ of the plane [(R4N)pX]o = 0 will
subtend an angle 8 with the (xP-)a axis, the tangent of which repre
sents the stoicheiometry of the ex�ange reaction. Thus when the (xP'1aq and (Yq7aq 

axes are equally divided and represent moles/1 of each anion, 
tan 9 = s. 

p 

It is possible to condense the surface onto a two dimensional diagram

where a family of equilibrium lines, representing slices through the sur
face at constant (yq-]

4
, (YP-)a or [(R4N)pX]

0
, lie between axes representing

the remaining component concentiations. 

Experimental design and procedure 

Since all systems considered in this work contain at least two of
the anions, c1-, cr04=, (vo3)3- (and other vanadium species), and OH-, 
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it was necessary to obtain binary data for every pair. 

The experimental determination of the data required to produce an 
equilibrium surface is complicated by the unique nature of aey particular 
point. It is not possible to fix a desired aqueous phase composition 
unless prior knowledge of the distribut�on is available. Consequently, 
feed concentrations required to obtain equilibrium points over a usetul 
range of aqueous phase concentrations were established by a minimum of 
trial equilibrations. Variations in the equilibrium aqueous phase 
concentration of the extracted anion was achieved by altering the feed 
concentration of that anion (i.e. varying R in Fig. 5) and changes in 
aqueous phase counter-anion concentrations were effected by phase ratio 
adjustment (i.e. moving down line PQ for each value of R). 

For use in graphical design methods and rapid interpolation it was

necessary to express the equilibrium data ·in the more convenient two 
dimensional diagrammatical form (fh, dg, Fig. 5). 

DISCUSSION 

Characteristics of the binary data 

(i) Chromate - chloride equilibrium data

Since chromium was the principal element under investigation, a
substantial amount of data was collected to ensure a full description 
of its extraction by the extractant in its supplied anionic form. Fig. 6 
illustrates the results obtained. The data suggest slightly better 
extraction of the chloride ion from the binary aqueous mixture. The 
equilibrium lines are smooth curves and show no abnormalities. The curves 
have been smoothed out through interpolated data points. 

Fig. 7 presents data obtained for the suggested back extractant 
NH4Cl and illustrates the effect of higher chloride loadings on the 
equilibrium. A high proportion of chromate exists in the aqueous phase 
at chloride concentrations of 0.12 moles/1. At lower chloride concen
trations the equilibrium lines are very similar to those in Fig. 6. In 
practice, due to the formation of a second organic_phase it is necessary 
to add a quantity of NH

3 
solution, and binary Cr04- _ NH

4
c1 data can no 

longer be used as a reliable description of the back extraction process. 

(ii) Vanadate - chloride equilibrium data

The results obtained from this system are shown in Fig. 8. From
�H �asurements of the aqueous phases, it is assumed that the vanadate 
tvo3) ion is in predominance (Fig. 4). There is a marked affinity of
the ei\ractant for this ion demonstrated by the high organic concen
trations even at high ,queous chloride concentration. 

(iii) Chromate - hydroxide equilibrium data

The closeness of the hydroxide ion concentration contours to the
saturation line, (organic chromRte 0.25 molar), Fig. 9, at low aqueous 
chromate ion concentrations reflects the preferential ion association 
of the extractant with the chromate ion. 

(iv) Chloride - hydroxide equilibrium data

The results (Fig. 10) show a similarity to system (iii) above with
the extractant preferentially associating with the chloride ions. 
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( v) Chromate - vanadate equilibrium data·

Data in Fig. 11 suggest a strong affinity of the extractant for
vanadium. Again the aqueous phase pH.indicates that (V03-)3 is the 
predominant species. The data indicate that a mixture of the two metals
in solution may therefore be easily separated, and that if aft organic 
vanadium solution were contaminated with chromate, a scrub using 
relatively dilute solutions of vanadate would be sufficient to purify it.

(vi) Vanadate - hydroxide equilibrium data

It can be seen from Fig. 12 that although at low hydroxide and vana
date ion concentrations the organic phase concentration of vanadium 
increases almost linearly with aqueous vanadate ion concentration in 
favour of vanadium extraction, there is a change in the equilibrium 
characteristics with increasing ion concentrations. This effect is due 
to the increasingly complex nature of the aqueous vanadate solution as 
the hydroxide ion concentration, and thus the pH, increases. The nature
of the extractable vanadium species changes with pH, see Fig. 4. 
Stripping 

Various ammonium sa1ts might be used to strip the loaded organic
phase and thereby produce the valuable chemicals, ammonium vanadate and 
ammonium chromate. The tests on possible stripping reagents, TABLE 3 
show that an ammonium chloride/ammgnia system would be satisfactory, the
data confirm some results reported by the General Mills Co. 

TABLE 3 

STRIPPING TESTS ON CHROMIUM LOADED REAGENTS 

Reagant % Cr reaoved Observation 

NHll, 1,5M 49 
2nd organic phase 

(NH4)2S04' 1.5}1 25 with interfacial crud 
formation 

NHl0
3
, 1.5M 71 

NHll + 1.5M NH
3 79 clean two phase system

(NH4)2so4 + 1.5M NH
3

46 clean two phase system

(NH4)N0
3 + 1.5M NH

3 93 2nd organic phase

Other tests showed that vanadate could also be readily stripped
with the NH4Cl/NH

3 
or (NH

4)2SO/NH3 reagents. 

Models for binary data 

The organic phase concentration is 

C p [ (Rl\ x] + q [(R
4

N)q Y]
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and by substitution into equation (3) we obtain for the counter anion 
distribution, 

(c - q ((Rl)
9 

YJ)
0 

p((R4N\ Y) o 
P/ q

.. Kl 
l[xP"1ag

[Y
q
1 aq

In the case where p = q, the above equation reduces to 

p((R4N) Y] =q 0 

thus 

K l [xP1 + (Yq7 1 aq aq 

; J ,<•,1 c,:·: 1,,, , ll aq aq j 
When :p,tq, the contents of the bracket f j in equation 
appropriate roots of a P/q order equat!on. 

(7) 

(8) 

(9) 

(9) would be the

Such equations have been fitted to the experimental data given in 
Figa, 6-12 and a sUllllllllry of the results is given in TABLE 4. We also 
present typical computer plots from the curve fitting programme CARROT• 
in Fig. 13; in these Figs. (+) represents experimental points and the 
solid line is the isotherm predicted by the best equation. 

We have found our models give good agreement with experimental 
results for those systems not involving the vanadium bearing ions. The 
complex chemistry of the vanadate systems suggests that a more sophisti
cated equation than the types indicated in TABLE 4 will be necessary to 
obtain good results by this approach, 

We have confirmed that for systems involving large amounts of 
chromium, the binary data discussed above explain the extraction of the 
chromium in counter-current solvent e:straction processes, Thus it has 
been possible to ate� off across Fig, 6 in the manner indi�ted by 
Robinson and Paynter for the ion exchange system L1X64N/Cu +, 

Further work with the chromate systems has been concerned with the 
ternary and quaternary equilibria and will be reported elsewhere, 

• Bradford University Coaputer Library.
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TABLE 4 

Rl:traction reaction 

-

2(¾:N)Cl + ere;:;. (Rl)2Cr<\ + 2Cl

(Rl)c1 + vo
3
-

� (R
4
N)vo

3 
+ Cl

-

(R
4
N)2cr0

4 
+ 20H¢2(R

4
N) OH·+ cr0;

Su:mr.ary of equatiom1 to fit binary data 

General extraction eq_uation 

((R N) CrO J = _ _ aa ag c (
- 1 +j 1 + eCK1 (c,o;J /(cq 2 

} 
4 2 4 o 2 er(cr0

=
) /(Cl-] 2 

((R
4
N)vo

3
)

0 

4 aq aq 

• c -
{ 

c[ci-J., l
K:;:1fvo3] + (c1-) aq aq

C 1- 1 +j 1 + 8CJ<III(c,,o;) /(OH-)2 j 
((R N) CrO ) - - - ag ag 

4 2 4 o - 2 8rII(cr0
=
) /{0H-)2 

C Cl-

4 aq aq 

I
Best extraction 

parameter3 

(ci-) aq
0,09 
0,17 
0.27 
0,34 

(c1-]aq

0,34 
0,51 
0,68 
0,85 

(OH-) aq
0,25 
0,5 
1.0 
2,0 

(Cl-) aq
0.034 
0,068 
0.137 
0.205 

r? 

0,539 
0,405 
0.419 
0,396 

KII 

190,0 
33,9 
22,3 
9.8 

KIII

329.0 
412.1 
439,1 
531,8 

KIV

0.046 
0.022 
0.025 
0.029 



::: 
V, 
.... 

Extraction reaction 

p�9 

(Rl)V°3 + OH-� (Rl)OR + vo3-

TABLE 4 CONTINUED 

General m:traction equati;,n 

Best extrn.ction 

pe.rameter 

(vo7 -) K
V 

0.098 0.037 
0.196 0.100 
0,382 0.302 
0,585 0,536 

(Fvo;J KVI 

0.098 0,175 
0,196 0,241 
0.382 0,335 
0.585 0.423 

(orC)
aq 

KVII

0,284 2,090 
0,588 2,38 
L,175 1.855 
1.765 1.950 



-

u, 
00_ 

Extraction reaction 

9.C:pH<J.2.5 
(Rl) 2H70 

4 
-!- 20,C� 2(R/)OH + HVO 

4 
�

:p...'l:�12. 5 

(Rl)3V04 + 30H-� 3(R4"°)0H + vo; 

TABLE 4 CONTINUED 

General extraction equation 

(( ) 
] c r- 1 +/�- + 8CKVIII (HViJ i(oH-] 2 � 

R N HV0 = - - � 4 aq ag 
4 2 4 o 2 v�J.,r 2 

BK - (HVO"' } /f OIC) 
4 aq ag_ 

Best extraction 
parameters 

(OH-) KVIII 
ag_ 

1.175 30.56 
1.765 20.34 
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The Extraction of Cadmium(II) and Zinc(II) from 

Sulphate and Chloride Solutions with Kelex 100 and 

Versatic 911 in Kerosene 

by 

V.I. Lakshmanan and G.J. Lawson

(Wolfson Secondary Metals Research Group, Department of Minerals 

Engineering, The University of Birmingham, U,K.) 

Abstract 

The separation of cadmium and zinc is of commercial importance, 
and the applicability of the commercial extractants Kelex 100 and 
Versatic 911 to this separation has been examined. Ea.ch extractant 
in kerosene will extract the metals readily and reversibly, but Kelex 
affords a much better separation. The separate extractants both 
extract cadmium at pH values near to neutrality, where pH control is 
difficult, and zinc at slightly lower values, but if they are mixed 
the extraction of both metals is shifted to lower, more readily 
controlled pH levels. When chloride is substituted for sulphate 
as the aqueous phase anion the extraction of cadmium takes place at 
more alkaline, and that of zinc at more acid, pH levels and separation 
is thus enhanced, Extraction of cadmium and zinc from chloride 
aqueous media with the mixed extractants thus allows a clear 
separation within a useful range of pH. 
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Introduction 

Interest in the application of solvent extraction in 
extractive metallurgy has increaoed rapidly in recent years 
following the development of selective extractants for cop.per. 
Increased prices for metals and growing objection to the 
atmospheric pollution associated with some smelting operations 
have also made solvent extraction more attractive economically. 
Cadmium and zinc are two metals which merit examination in a 
solvent extraction system because of their prices; they are 
usually associated in orebodies, and their separation by solvent 
extraction forms the subject of this paper. 

Fletch e r  et a l.(1) reported the separation of zinc and
cadmium usiIJg TBPana:-naphthenic acid as extractants, while Rice 
and Smith l�) have made an extensive study of the behaviour of 
these metals with such extractants as TEP, TOPO, Alamine and 
Aliquat 336. In the present investigation the extraction of 
cadmium and zinc from sulphate and chloride media was studied 
using the commercial extractantR Kelex 100 and Versatic 911 in 
kerosene as diluent, either singly or mixed in various proportions. 

Experimental 

Kelex 100 was kindly supplied by the makers, 4s�land Chemical 
Corporation, and was purified as described earlierl3J. Versatic 
911 was kindly supplied by Shell Chemicals Ltd. and was used as 
supplied. Radioactive tracers 115mcd and 65zn were supplied by 
the Radiochemical Centre, Amersham. Kerosene was 'kerosene 
white' supplied by Hopkins and Williams Ltd. All other reagents 
were of analytical quality. 

Standard aqueous solutiomof Cd(II) and Zn(II) were prepared 
by dissolving the co=esponding sulphates or chlorides in waier 
and determining the metal concentrl}ttons by the oxinate and 
pyrophosphate methods respectivelyl4J. Aqueous phases for 
extraction experiments were prepared from appropriate amounts of 
standard metal solution and sodium sulphate or chloride to maintain 
the anion concentration, usually at 1.0M; for experiments in which 
the concentrations of these anions were varied, appropriate amounts 
of sodium sulphate or chloride were taken to give the desired anion 
concentration and the total ionic strength was adjusted to 4.0M by 
addition of sodium nitrate. Organic phases were prepared by 
dissolving approp:r:iate amounts of Kelex 100 and/or Versatic 911 in 
kerosene. 
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The AKUFVE-110 instrument, which was used for th� extraction 
experiments, has been described in detail elsewherel5). It was 
fitted with two flow-through scintillation counters (Nuclear 
Enterprises Ltd), one in each phase recycle loop, which measured 
the metal concentration in each phase by the activity due to 
115mcd or 65zn. The outputs were fed into differential counting 
equipment connected to a printer which printed out values of the 
metal distribution coefficient, D, repeatedly and automatically. 
The pH of the aqueous phase was continuously monitored by a 
combined glass electrode placed in the aqueous phase recycle 
loop and connected to a pH meter which also formed part of a pH
stat control unit (Radiometer Ltd.); this unit controlled the 
aqueous phase pH at any predetermined value by the automatic 
addition of acid or alkali. To determine a log D - pH relationship 
equal volumes (450ml) of selected aqueous and organic phases were 
introduced into the mixing chamber of the AKUFVE-110 and the 
centrifuge was started. When equilibrium had been established, 
usually after about 1 min., several readings of D were taken, to 
ensure statistical accuracy, and the pH of the aqueous phase was 
checked by withdrawing a small sample for measurement with an 
independent Pye model 290 pH meter, the sample being afterwards 
returned to the mixer. The pH-stat was then set to a new pH 
value and the proced�re repeated to obtain a series of readings 
from which a log D - pH graph was constructed. The pH was controlled 
by addition of sodium hydroxide or an appropriate acid; for work 
with 1M chloride or sulphate solutions HCl or H2so4 respectively was
used, while for experiments with 4M ionic medium but various concen
trations of chloride or sulphate nitric acid was employed. At the 
end of a set of measurements the total increase in volume of the 
aqueous phase caused by addition of acid and alkali did not exceed 
ten per cent. During the experiments cold tap water was circulated 
through the heat exchangers fitted to the AKUFVE; the phase 
temperature was thus controlled within 1°c on any one day, but over 
the whole series of experiments the temperature varied between about 
s0 and 12°c due to seasonal change in tap water temperature. 

Results and Discussion 

These investigations form a part of the programme of the 
Wolfson Secondary Metals Research Group in which the separation of 
various combinations of metals occurring in secondary sources, by 
solvent extraction with commercial extractants, is being examined. 
It is anticipated that solutions for treatment would arise from 
dissolution of mixed secondary metals in sulphuric or hydrochloric 
acid, so that in the present work the extraction of cadmium and zinc 
from both sulphate and chloride aqueous media was examined, using the 
extractants Kelex 100, an oxjne derivative, and Versatic 911, a 
carboxylic acid, in kerosene diluent, with the object of determining 
conditions for the most effective seperation of the two metals. 
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A typical extraction equilibrium involving a metal ion 
JIP+ and an extractant HX may be written: 

'Jtf+ + 
mHXO 

from which may be derived: 

MX • (m,-n)HX 
n 

o 

log D = log K + npH + m log [HX] 

+ nH
+ 

where K is the extraction equilibrium constant. Consequently 
the slope of a log D - pH graph for conditions of constant
extractant concentration, i.e. with [HX] )) [Mil+] will be equal 
to n. Similarly the value of pHo.5, the pH at which log D = o,
is given by: 

j_ log K - .!!! log [me]
n n 

m so that from the slope of a gra�h of pH0•5 vs - log HX 'If is 

determined, and hence m. 

For metals which show the same value of slope n in a particular 
extraction system the co=esponding values of pH0_5 give a useful
indication of the ease with which they may be separated, since 
this increases with.increase in the difference between the two 
values. 

In Tables 1 and 2 are shown values of slope and pHo.5 for 
log D - pH relationships for the extraction of cadmium with Kelex -
Versatic organic phases of various compositions from aqueous phases 
maintained at 1M concentration with respect to sulphate and chloride 
respectively. Concentrations of the individual extractants up to 
10% were used\ and the initial metal ion concentrations were varied 
between 5x10-4.M and 10-2M. For a typical log D - pH line about 
10 individual experimental points were recorded, which in all but 
a few cases fitted a linear relationship with a regression coefficient 
of 0.997 or better. 
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The results indicated a second power dependency of extraction 
on pH for both sulphate and chloride systems, co=esponding to 
the extraction of Cd2+. In some experiments considerable variation 
in slope value from 2.0 was found, although most results were 
reasonably close; however no account was taken of possible 
hydrolysis of the cadmium ion, which could affect the slope value 
and probably occurred at higher pH levels. Extraction behaviour 
appeared to be independent of metal ion concentration. The 
value of pH0•5 decreased with increase in the concentration of
either extractant, as was expected; overall, the pHo.5 values in
sulphate media were less than the co=esponding values for chloride 
media by about 0.3 pH units. The extraction of cadiµum with 
carboxylic acids has been reported by other workersl1, 6), and so 
only a few confirmatory experiments were carried out with Versatic 
911 alone; in a typical experiment with 1.0 x 10-3!1 cadmium in 1H 
chloride and 1% Versatic in kerosene a slope of 2.2 and pH0•5 value
of 7.14 were obtained. 

The most striking result was the decrease in pH0•5 caused by

mixing the two extractants; e.g. extraction of 1.0 x 10-� cadmium 
with 2% Kelex in kerosene gave a pH0_5 value of 7.55, while with
1% Kelex + 1% Versatic the value was 6.16. The molecular weight 
of Kelex is about 31G, and that of Versatic dimer about 340; thus, 
although the 1percentage 1 solutions were not strictly comparable 
on a molar basis, the differences in pH0 5 to be expected from
concentration differences were far less t!ian the reduction of 
1.3 - 1.4 pH units found for comparable cases. It therefore
appears that the extractants act together synergistically. 

Using the above results graphs of pH0•5 vs log (extractant
concentration) were constructed, with respect to variation of the 
concentration of Kelex (HX) or Versatic (HA), and corresponding 
valuesof m were calculated. For extraction with Kelex alone a 
value of m - 3 was obtained, corresponding to an extracted complex 
of the type Cd�.HX, while for the mixed extractants values of 
m = 2 and m = 1 were obtained with respect to Kelex and Versatic 
(Table 3), indicating a complex of the form Cd:X,.,H2A2

• Substitution
of chloride for sulphate appeared to have no effect on the values 
of m. It is assumed that neither hydrolysis of metal ions nor 
formi.tion of chloride or other complexes in the aqueous phase was 
significant. 

The effects of varying the concentration of sulphate or 
chloride in a salt medium of overall concentration 4M on the 
extraction of 5x10-4M cadmium with 2% extractant solutions are
shown in Table 4. Extraction with Versatic was virtually 
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unaffected by s_ulphate concentrations up to 0.3M, while with 
Kelex a small change in pHo.5 to higher values was noted; 
increase in chloride concentration however produced a marked 
increase in pH0.5• Under the experimental conditions it was 
not possible to examine sulphate concentrations gr.eater than 
0.3M because they caused phase disengagement problems. 

The extraction of zinc(II) with Kelex and Versatic in 
kerosene has not yet been examined as extensively as that of 
cadmium, and detailed results will be published later, but 
typical values of slope and pHo.5, for various extractant 
concentrations and two concentrations of zinc in 1M sulphate 
or chloride, are shown in Table 5. These results indicate 
that the behaviour of zinc is opposite to that of cadmium in 
two respects; under comparable conditions zinc is extracted 
by Versatic at higher pH0, values than by Kelex, while the
reverse is true for cadmium, and the substitution of 1M chloride 
for 1M sulphate causes a reduction in pH0•5 0f about 0.4 units 
for zinc, whereas pHo.5 for cadmium is increased by about 0.3 
units. The opposite effect8 of chloride media in(the extraction
of cadmium and zinc were reported earlier by Flett. 7} for 
extraction with naphthenic acid, and result in increased sepru.-a.tion 
between the two metals. fyom the present results it may be 
deduced, very approximately, that for extraction with 1% extractant 
of small concentrations of zinc and cadmium in 1M sulphate or 
chloride Versatic with sulphate would give very little separation, 
and Versatic with chloride would give a separation of about 0.7 wiits 
at pH0 ,; the corresponding separations with Kelex would be 1.7 and
2.2. ·Thus Kelex with chloride would offer the best separation, but 
in a pH range, 5.7 - 7.9, difficult to control and likely to cause 
hydrolysis of the metal ions. However, Table 5 shows a similar 
synergistic reduction in pHo.5 for zinc when extracted with Kelex + 
Versatic as was observed for cadmium, and consequently by extracting 
with the mixed extractants from chloride media a useful separation 
may be achieved in a more acid pH range. Table 6 shows the effect 
of increasing chloride concentration, in a salt medium of 4M total 
concentration, on the extraction of zinc by 2% Kelex or 1% Kelex + 
1% Versatic; a small increase in pHo.5 was observed, less than that 
found for cadmium. The synergistic effect in the mixed extractants 
is also evident from these results. 

It appeared that a separation of cadmium and zinc should be 
obtainable in a useful pH range by taking advantage of the 
separations in chloride media and the synergistic effect of the 
mixed extractants. This was demonstrated by extracting an aqueous 

1174 



solution containing 1x10-3M cadmium and 1x10-3 zinc in 1M
chloride with 5% Kelex + 5% VersJtie in kerosene; a clear 
separation resulted (Fig.1), with respective values of pH0•5
of 5.2 and 3.9, co=esponding to a separation coefficient 
of about 450. 

Both cadmium and zinc were readily recovered from the 
organic solution by stripping with an acid aqueous solution 
of :pR 2. When nitric acid was used for stripping and the 
resulting solution treated with silver ions no chloride 
could be detected, indicating that chloro-complexes of the 
metals had not been extracted into the organic phase. 

Conclusions. 

1. Kelex 100 in kerosene is an effective extractant for
cadmium and zinc, affording larger separation factors
than carboxylic acids. Cadmium appears to be extracted
as the species Cd.X2.HX. 

2. Mixtures of Kelex 100 and Versatic 911 show a synergistic
effect, extracting,cadmium and zinc with lower pHo.5 values
than either extractant separately. Cadmium appears to be 
extracted as the species Cd.X2H2A2•

3. Kelex and Kelex-Versatic mixtures extract cadmium at
higher pH values in chloride than in sulphate media; the
reverse is true for zinc, so that extraction from chloride
media is attended by increased separation factors.

4. Separation of cadmium and zinc at more easily controlled
pH values is best achieved by extracting with Kelex-Versatic
mixtures from chloride media.

5. Increase in chloride ion concentration leads to a small
increase in pHo.5, less for zinc than for cadmium.

Acknowledgements. 

Grateful acknowledgement is made to Professor S.G. Ward 
for his interest, to Mr. G. Ha=ison for experimental assistance, 
to Dr. J. Hartlage of Ashland Chemical Corporation for a supply 
of Kelex 100, and to Shell Chemicals Ltd. for a supply of 
Versatic 911. 

1175 



References 

1. Fletcher, A.W., Flett, D.S, Pegler, J.L., Pepworth, D.P.
and Wilson, J.C. "Advances in Extractive Metallurgy",
p.686, The Institution of Mining and Metallurgy, London, 1967.

2. Rice, N.M. and Smith, M.R. Canadian Metallurgical Quarterly,
1973, .:!.£, 341 •

3. Lakshmanan, V.I. and Lawson, G,J.
J. inorg. nucl. Chem., 1973, 22,, 4285,

4, Vogel, A.I. "Textbook of Quantitative Inorganic Analysis", 
pp. 389, 533, Longma.ns, London, 1962. 

5, Reinhardt, Hand Rydberg, J. International Symposium on 
•Solvent Extraction in Metallurgical Processes', p,31,
Technologisch Instituut. K.VIV, Antwerpen, May 1972.

6. Spitzer, E.L.T.M. �., p.16

7, Flett, D.S. Nature, 1963, _gQQ_, 465.

1176 



Initial Kelex Versatic concentration,% 
Cd(II) concn. 0 0.5 1.0 2.0 5.0 10.0 
concn

(Y 

% p s p s p s p s p s p s 

M X 1 

0.5 0.5 8.02 1.4 6.26 1.9 6.22 2.0 6.21 1.7 5.09 1.9 5.52 2.1 
1.0 8.11 1.7 6.26 1.9 6.14 1.9 6.05 1.9 5.04 2.0 5.53 2.1 

0.5 1.0 7.59 1.3 5.90 1.8 5.79 1.8 5.48 1.0 
1.0 7. 71 1.7 5.98 1.8 5.75 1.9 5.67 1.9 5.47 1.9 5.17 1.9 
2.5 5.92 1.9 5.72 2.4 5.69 1.9 5.49 1.8 5.20 1.9 

1.0 2.0 7 .11 2.1 5.66 2.0 5.49 2.0 5.38 2.0 5.23 2.0 5.1 O 2.0 
2.5 7 .15 1.7 5.64 2.0 5.51 1.9 5.32 1.9 5.14 1.8 5. (JC) 1.9
5.0 7.20 1.8 5.65 2.0 5.55 1.8 5.35 1.8 5.15 1.8 5.1 O 1.8 

1. 0 5.0 6.60 2.5 5.22 2.1 4.97 2.0 4.93 1.9 4.01 2.0 4.70 2.0 
2.5 6.60 2.0 5.29 1.7 5.13 2.0 4.98 1.8 4.79 2.0 4.66 2.3 
5.0 6.68 2.1 5.33 1.8 5.17 1.9 5. 01 2.0 4.00 2.0 4.71 1.9 

10.0 6.71 1.7 5.03 1.9 4.02 2.0 4.73 1.8 

1. 0 10.0 6.19 1.8 5.11 1.8 4.92 2.0 4.79 1.9 4.57 2.0 4.41 2.0 
2.5 6.10 2.4 5.11 1.9 4.09 i.9 4.72 2.0 4.53 2.0 4.41 2.0 
5.0 6.08 2.3 5.07 2.0 4.97 1.9 4.71 2.0 4.54 2.0 4.41 2. 1 

10.0 6.16 1.6 4.73 2.0 4.55 1.9 4.41 2.0 

Table 1. Extraction of Cadmium(II) from 1M sulphate solution with Kelex 100 and Versatic 911 
in kerosene; 
pH0_5

(P) and slope (S) values of log D - pH relationships.
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Initial Kelex Versatic concentration,% 
Cd(II) concn. 0 0.5 1.0 2.0 5.0 10.0 
concn

o' 
% p s p s p s p s p s p s 

M x 1 

0.5 
1.0 

0.5 
1.0 
2.5 

1.0 
2.5 
5.0 

1.0 
2.5 
5.0 

10.0 

1. 0
2.5 
5.0 

1 o.o 

0.5 6.55 1.8 6.50 1.9 6.37 1.9 6.14 2.0 6.02 2.0 
6.54 1.8 6.51 1.9 6."37 1.9 6.13 2.0 5.95 2.0 

1.0 7.93 2.0 6.32 1.7 6.17 1.9 6.02 1.9 5.82 2.0 5.69 2.0 
6.32 1.7 6.16 2.0 6.03 1.9 5.80 1.9 5.67 2.1 
6.27 1.8 6.16 1 .a 6.02 1.9 5.79 2.0 5.68 2.1 

2.0 7.55 2.1 5.94 1.9 5.8 1.9 5.50 2.0 5.39 2.0 
7.49 2 .1 5.92 1.8 5.s 1.9 5.67 1.9 5.49 1.9 5.39 1.9 
7.49 2.3 5.93 1.9 5.66 2.0 5.49 1.9 5.40 1 .8 

5.0 6.74 1.8 5.54 1.8 5.4 0 1.9 5.28 2.0 5.13 1.8 4.99 1.9 
6.77 1.7 5.4 0 1.8 5.27 1.9 5.00 1.9 5.00 2.0 
6.77 1 .8 5.55 1.7 5.40 1.9 5.28 1 .8 5.10 1 .8 4.99 2.0 

6.81 1.7 5.28 1 .8 5.08 1 .8 4.99 1.9 

10.0 5. 31 1.9 5.19 1.8 5.07 1.8 4.87 1. 8 4.77 1.9 
6.42 1.7 5.31 1 .8 5.17 1.8 5.07 2.0 4.87 2.0 4.76 1.9 
6.45 2.0 5.32 1 .8 5.17 1.8 5.04 1.9 4.91 1.9 4.77 1.9 
6.41 1.9 5.04 1.8 4.90 2.0 4.74 1.9 

Table 2. Extraction of Cadmium(II) from 1M Chloride solution with Kelex 100 and Versatic 
911 in kerosene; pH0•5 (P) and Slope (s) values of log D - pH relationships.



Initial Unvaried Value of m 
Cd(II) EY.tractant 
concn. concn. 1M 1M 

M % sulphate chloride 

1x1 o-3
Kelex 
1. 0 1.2 1.0 
2.0 0.8 0.8 

1 o.o 1.1 0.9 

2.5x10-3 2.0 0.9 0.8 
5.0 1.0 0.8 

5.0x1 o-3 5.0 1.0 0.9 

1.0x10-3
Vcrsatic 
0.5 2.0 2.1 
1.0 2.0 2.1 
2.0 2.0 2.0 
5.0 1.9 1.9 

10.0 1.6 1.8 

2.5x10-3 5.0 1.9 1.9 
10.0 1.7 1.9 

Table 3. Extraction of Cadmium(II) with Kelex 100 and 
Versatic 911 in kerosene from Sulphate and 
Chloride Media. Values of m derived from 
graphs of pH0_5 vs. log (extractant concentration).
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00 
0 

Extractant 

� Kelex 

'c/o Versatic 

1% Kelex + 
1% Versatic 

'c/o Kelex 

'c/o Versatic 

1% Kelex + 
1% Versatic 

Table 4. 

Anion concentration (M) 
0 0.05 0.1 0.2 0.3 0.5 

p s p s p s p s p s p s 

Sulphate medium: 

5.42 1.8 5.49 1.8 5.54 1.8 5.59 1.8 5.65 1.9 

6.42 1.9 6.39 1.8 6.39 1.9 6.43 1.7 6.46 1.7 

5.23 1.7 5.30 1.9 5.35 1.9 5.41 1.9 5.46 1.9 

Chloride medium: 
5.97 1.8 

6.42 1.9 6.52 1.9 6.56 1.9 6.81 1.8 6.93 1.8 

5.23 1.7 5.36 1.8 5.46 1.8 5.66 1.9 5.00 1.8 

Effects of Sulphate and Chloride Concentration on Extraction of Cadmium(II) with 
Kelex 100 and Versatic 911 in kerosene. Initial Cadmium Concentration 5x1o-4M. 
Total Salt Concentration 4M. P = pH0_5, S = Slope of log D - pH lines. 

4.0 
p s 

6.86 2.0 



Kelex Versatio concentration, 
concentration 0 0.5 1.0 2.0 5.0 

0 

0.5 

1.0 

2.0 

5.0 

p s p s p s p s p 

a 6.78 2.3 6.71 2.4 6.58 2.3 6.36 

a 6.o6 1.3 5.02 
b 5.91 1.9 4,88 
C 6.19 1.7 

a 5,57 1.6 4,65 
b 5,66 2.0 4,59 
C 5,97 2.1 

a 5,09 1.9 4,37 
b 5.25 1. 7 4,32 
C 5,49 2.1 

a 4.51 1.9 4.30 1,9 4,19 2.1 4,09 2.0 3.93 
b 4.83 1.7 4,29 1 ,9 4.15 2.0 4,05 1.7 3,94 
C 5.18 2.0 4,76 2.0 4.62 2.1 4.49 2.0 4.33 

Table 5, Extraction of Zinc (II) with Kelex 100 and Versatic 911 in kerosene; 
pH0,5 (P) and slope (s) values of log D - pH relationships.
a - 2.5x10-3M Zn(II) in 1M chloride medium. 
b - 5x10-4M Zn(II) in 1M chloride medium. 
c - 5x1 o-4M Zn(II) in 1M sulphate medium. 

s 

2.3 

2.0 
1.9 

2�0 
2.0 

1 ,9 
2,0 

2.0 
2.1 
2.0 

10.0 
p s 

3.86 2.0 
3,80 2.2 
4.22 2.1 



00 

..., 

Chloride ion concentration (M) 

Ex:tractant 0,05 0.1 0,5 1,0 4,0 

p 

'c/o Kelex 4.98 

1% Kelex + 
4.57 

1% Versatic 

Table 6. 

s p s p s p s p s 

1.6 4.95 1.7 5.02 1.7 5. 13 1.8 5.29 1.8 

1. 7 4.55 1.8 4.65 2.0 4.86 2.1 

Effect of chloride concentration on extraction of Zinc(II) with 
Kelex 100 and Versatic 911 in kerosene. Initial Zinc Concentration 5x10-�. 
Total Salt concentration 4M, P = pH0_5, S = slope of log D - pH lines. 
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THE TECHNIQUES OF SOLVENT EXTRACTION APPLIED TO THE 

TREA'IME11T OF INDUSTRIAL EFli'LBBNTS 

J.P. CUER - 1:1. STUCKENS - N. TEXIER 

Produits �himiques UGINE KUHLMANN - PARIS - �R�NCE 

SUMMARY 

Liquid-Liquid extraction of various industrial acid effluents 

by means of organic solvents allows recovery of the contained 

chromium (Cr VI). 

In a comparison between amine solvents and TBP, the latter 

has shown much promise in its high extraction capacity under 

strong acid condltions, its stability in an oxydising medium 

and the case of recovery of the extracted chromium. 

�he process which is described permits recovery, under economically 

advantageous conditions, of 99,5% of chromium Cr VI contained 

in industrial effluents of various origins. 
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HURODUCTION 

The object of this article is to show that, in inorEanic 

chemistry, the technique of solvent extraction does not have 

to apply only to the treatment of liquurs resulting from the 

leaching of minerals but may also provide the preferred solution 

to the recovery of products contained in industrial waste liquors. 

As an example we have chosen the recovery of chromium 

(Cr VI) contained in waste liquors originatinc in plants prod

ucing chromic anhydride (Cro
3

) and in shops using this product 

( chrornium plating and metal treatment). 

The profitability of the process depends on numerous factors 

such as simplicity of the equipment, stability of the solvent 

in oxydizing media, negligeable solubility of the solvent in 

aqueous phases containing the ions, and ease of operation of 

the installation. 

STARTitiG :-fATERIALS 

The main starting material containing recoverable chromium 

(Cr VI) is a byproduct of the manufacture of chromic anhydride. 

Chromic anhydride is often produced through the treatment 

of sodium dichromate, anhydrous or the di:1ydrate, with concentra

ted sulfuric acid. The reaction leads to formation of chromic 

anhydride together with a mixtnre of sodium hydrogen sulfate and 

chromic anhydride. It is desirable to recover the latter 

component of this mixture. 

Chromium plating baths, on the other hand, contain chromic 

acid, sulfuric acid and various additives. 

The overall mixture of these byproducts contains, in addition 

to Cr VI, non negligeable �uantities of Cr III, vanadium, iron 

and sulfate, which prevent its reuse. Addition of water dissolves 

the different constituents. The resulting liquor has m.adjusted 

acid concentration of about 4N. Often, it contains in suspension 

materials which settle with difficulty. 
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The desired product is tie most concentrated solution of Cr VI 

obtainable with the least amount of so!- ions and without Cr III 

or heavy metal cations. 

CHOICE OF SOLVENT 

De:,iending on the acidity of a solution, chromium (Cr VI) 

is present in various forms: 

As may be seen from the equilibrium constants of these componnds 
(1)(2) , the chromate ions do not exist below a pH of 4. Further-

2-more, in concentrated and acid solutions, Cr2o
7 

exists in the

form of polymers. 

Anions containing Cr VI may be extracted from the aqueous 

sulfuric acid phase by means of various extractants with a basic 

nature, like secondary or tertiary amines (di-lauryl or tri-n

octyl amine) or tributyl phosphate (TBP). 

In contact with a sulfuric acid medium, the amine functions 

of the extractant form �id or neutral sulfate through reactions 

of the following type: 

+ 2- -2R2NHorg + 2Haq + S04aq� (R2NH2)2 S04org

(R2NH
2 )2so4 + 2H

+ 

+ so4 :;ti 2R2NH2 Hso4 org aq aq org 

'rhe amine salt, in the presence of a chromate solution, transforms 

tne group so4 into cr2o
7 

by substitution <3):

2-
� 

-
Cr2o

7 aq + 2R/IB2Hso40rg� (R2NH2 )2cr2o?org + 2Hso4aq

2-
HCr20

7 aq + R/rn2HS04org .=mi (R2NH2HCr207org + HS04-aq

Thus, there is competition between so!- ions and those containing

Cr VI. 
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Chromium (Cr VI) may be extracted by TBP from strongly acid 

aqueous solutions (2 to 4 N) in which chromium is mainly in 
. 2- -(4). the form of anions cr2

o
7 or HCr2o

7
0 -- + .-) TBPorg + Cr2 7aq + 2Haq...- H2Cr20

7, nTBP org

Tl3Porg + HCr2
o
7:q + H:q� H2cr2

o
7

, nTBPorg

We have studied the followinc; three extractants: TnOA Calamine 

336 of General Mills), DLA (LA 2 of Rohm and Haas) and TBP. 

ESTABLISHING COMPARISONS AMONG THE THREE C:-!Osn; SOLVEN'rS 

The amines rnOA and LA 2 are diluted with xylene (in general 

0.1 M amine). 

TBP is used as such. 

4.1. Stability of the solvents loaded with chromium 

In the process considered, the solvents are in contact with 

a strongly oxidizing medium. 

When technical quality solvents are used, it is necessary 

to distinguish the decomposition of the extracting molecule 

proper and that of the ot1er constituents: diluent, addit

ive or impurity contained in the solvent. 

In the present case, solvent stability is followed by 

determining the quantitv of Cr VI reduced to Cr III and the 

residual concentration of extractant in the si.vent. 

The solvent is loaded with chromium by contacting an acid 

solution containing Cr VI. To avoid photochemical 

acceleration of decomposition indicated by numerous authors, 

the loaded solvent is kept in darkness. At given intervals, 

a sample is removed and a•alyzed. 
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TABLE I 

Stability of Cr VI extracted by an amine solvent Tn0A 

(0.1 M), diluted with xylene, loaded with chromium from 

a solution of H+, 2N; Cr vI, 7.6 g/1 

Time Cr VI Cr Total Cr III Total % of 

hr g/1 g/1 g/1 reduced 

0 7.20 7.20 0 0 

72 6.60 6.92 0.32 9.2 

144 6.32 6.52 0.30 12.2 

TA:aLE 2 

Cr 

Stability of Cr VI extracted by an amine solvent LA 2 (0.1 M), 

diluted with xylene, loaded with chromium from a solution of 

H+, 2N; Cr VI, 3,8 g/1 

Time Cr VI Cr total Cr III Total % of Cr 

hr g/1 g/1 g/1 reduced 

0 5.43 5.44 0 0 

24 5.31 5.34 0,03 2.2 

170 5.10 5.12 0.02 6.1 
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TABLE 3 

Stability of Cr VI extracted by TBP 

Pure TBP loaded with chromium from a solution of H
+ , 4N 

Cr VI, 7.7 g/1 

Time Cr VI Cr total Cr III Total% of Cr 

hr g/1 g/1 g/1 reduced 

0 23.6 23.6 0 0 

6 23.6 23.6 0 0 

24 23.5 23.6 0.1 0.3 

Chromium (Cr III), in addition to that present in the organic 

phase in concentrations shown in tables 1 and II, collects in 

the aqueous droplets separating on the bottom of vessels in 

whicn are kept the solvents. 

In pur experiments we have found no tangible destruction of 

the a�ine function but only a reduction of Cr VI by compounds 

present in the solvents. Analyses have shmwn disappearance of 

a certain number of functions due to impurities contained in 

the solvent. 

Yet, this phenomenon of decomposition is troublesome in the 

industrial application of the process ; for, in continuous 

operations of long durotion, it leads to a stabilisation of 

er:iulsions for:aed in the mixers. 

TBP, even in a very acid medium (4 N instead of 2N), seems to 

be more stable than tne amine solvents. A contact ti:ne of 1000 

hours at no�nal teCTperature with a 4N sulfochromic acid solution 

hos shown a remarkable stability of the solvent. Even more, the 

decomposition products, if there are any, do not seem to 

stabilize water-solvent emulsions. 
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4.2. Distribution coefficient and chromium between the 

aqueous ohase and the various solvents 

The distribution isotherms of Cr VI between the aqueous 

and the organic phases are showh for the following three 

solvents: 

- Tn0A, 0.099 Min xylene, pretreated with a solution

of sodium hydrogen sulfate.

NaHso4 lH
+ 

= 1.58 N) ; concentration of acid in the

aqueous phase, 2.16 N (Fig.1)

- LA 2, 0.1M in xylene, pretreated with a solution of

sodium hydrogen sulfate (H
+ 

= 1.58 N) concentration 

of acid in the aqueous phase, 2 N (Fig.2). 

- Pure TBP, acid concentration in the aqueous phase, 1

to 2 and 4 N (Fig.3).

The distribution coefficients of chromium for a solvent in 

contact with a 0.2 g/1 Cr solution are shown in table 4. 

A co�parison of these indicates that : 

a) It is the amine solvent which extracts Cr VI better from

dilute solutions.

b) The extraction capacity of amine solvents diminishes

when the acidity of the aqueous phase increases from

0.01 to 2N. In the case of TBP, on the contrary, this 

phenomenon is the reverse. Here, the distribution coe

fficient is very high even with 4 N acid solution.

c) the chromium loading capacity at saturation of TBP 

(30 g/1) is much greater than that of the ob1er two

solvents (5.75 and 7.00 g/1) when at equilibrium with

a 2u acid solution.
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TABLE 4 

Comparison of effectiveness of various solvents in the 

extraction of Cr VI 

Solvent Acidity of 
0 

K
A 

for an aqueous Loading 
the aqueous 

phase of 0.2 g capacity phase 
Cr/1 g/1 

TnOA 0.099 M 2.16 25 7.0 

0.193 M 2.16 42 

LA 2 0.1 M 0.01 29 

0.25 29 

2.0 17 5.75 

TBP pure 1 1.5 

2 6.o

4 12.5 

Separation factor of SO� - Cr VI

30.0 

55.0 

• e 

A solvent contacting a solution containing so
4 

and Cr
2

o
7 

ions extracts both of them simultaneously. The ratio 

of Cr/so4 extracted into the solvent depends on the acidity
• 

of the medium and the relative concentrati)ns of so
4 

and 
.. 

cr
2

o
7 

ions. 

Amine solvents 

For LA 2 (0.1 M) in presence of an aqueous sulfuric acid 

(1 M) containin� chromium, the relationship between the 

concentrations of Cr vI and so4 in the solvent is expressed

by an approximately linear equation 

so
4 

m mole = -0.73 Cr m mole + 80 represented in Fig.4. 
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TJP 

In the presence of an aqueous sulfochromic acid solution of 

constant acidity (due to H2�o4) the relationship between the 

concentrations of H2so4 and H2cr2
o7 in the solvent phase has

not been established with precision. Nevertheless, it seems 

that hieh concentrations of chromiu.n in the aqueous phase 

inhibit the extraction of sulfuric acid from 4 N solutions 

(Table 4 bis). 

On the other hand, TBP, in contact with aqueous sulfuric 

acid of various concentrations (between 0.2 and 2 M) containing 

5 g of Cr VI/1, extracts simultaneously sulfuric acid and Cr VI. 

Similarly to the concentration of Cr VI, the concentration of 

sulfuric acid in the organic phase increases in proportion to 

its concentration in the aqueous phase, i.e. in paralled with 

the acidity (Fie.5). 

TABLE 4bis 

Relationship between H2so4 and H2cr2
o4 in TBP contacting a

4 N sulfochromic acid solution. 

Experiment No. 

Cr VI g/1 

so4 g/1 

13.6 

6.8 

2 

15.81 

7.00 

3 

23.35 

3.8 

4 

25.3 

3.0 

4.4. Recovery of chromium extracted by a solvent 

Amine solvents 

The recovery of chromium may be carriedout by contacting 

the solvent wit,, an alkaline solution in order to allow the 

following reaction to take place: 

R NH
2Cr2

o
7 

+ 4NaOH .... R3N + 2Na2cro4 + 3H
2

o 
3 org aq org aq aq 
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The results.of experiments are shown in Table 5. 

TABLE 5

Stripping of Cr VI by caustic from LA 2 diluted with xylene 

(0.1 M). 

The solvent was loaded with 0.330 x 10-3 mole/1 of H2so4 
and various concentrations of chromium (avout 2 x 10-3 moles 

of Cr VI). 

Na0H/Cr VI 
introduced 3.45 1. 98
10-3 moles

1.62 1.27 0.82 

% so4 recovered 100 100 97 95.5 88 

% Cr recovered 100 100 95 81 41 .5 

so4/cr VI 0.12 0.12 0.12 0.14 0.26 

redovered 

According to the results expressed in Table 5, sof- ions are 

stripped in preference to those of Cr VI. 

Total stripping of Cr VI necessitates the use of nearly two 

moles Na0H for each mole of Cr VI which is then recovered 
2-princmpally in the form of Cro4 

TBP 

Stripping of Cr VI is complete when the solvent comes in contact 

with sufficient caustic to form sodium chromate (2 Na0H for 1 Cr VI). 

As with the amines, the aqueous phase after stripping step has 

a pH of nearly 8. 

Meanwhile, the extraction isotherms of Cr VI with TBP seen 

previously (Fig,3) show that Cr VI is not extracted any further 

from weakly acidic solutions. This allows a prediction that 

stripping is possible under these conditions. 
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Experimentally, chromium is stripped from the organic phase 

when the aqueous reaches a pH of 4 and the quantity of sodium 

hydroxide introducedis one half of that which corresponds to 

the chromate (Table 6). Chromium, then, is stripped in the form 

of sodium dichromate. 

TABLE 6 

Stripping by Na0H of Cr VI extracted with TBP. Solvent loaded 

with 18.8 g Cr VI/1 and 0.82 g so4/1

Na0H introduced ) molesCr VI in the solvent) 

Cr VI stripped 
Total Cr VI 

0.90 1.80 

0.89 1.0 1.0 

This possibility is of interest because sodium dichromate 

is an industrial product serving as starting material for the 

manufacture of numerous chromium salts. 

In addition, it should be possible then to strip Cr VI by means 

of a solution of sodium chromate, already in existence in 

plants producing sodium dichromate. 

Experiments have shown that it is possible to strip Cr VI 

extracted with 'rBP without expenditure of caustic. 

Solubility of solvents in the aqueous phase 

This is an important criterion in the choice of a solvent. 

The ecomomic feasibility of a solvent extraction process 

depends on the small losses of solvent during the production 

cycle. 
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Lon;�· chain amines of the LA 2 or Tn0A type are claimed to 

be slightly soluble in water. Measurements carried out on 

hydrogen sulfate solutions (2 M) in contact with LA 2 

show a solubility of 4 mg amine/1. While using amine 

solvents, it is necessary to ta;w into consideration the 

solubility of the diluent in the aqueous phase. 

TBP is quite soluble in water (390 me;/1), but it is less 

so in salt containing solutions. The solubility was found 

to be about 10 mg/1 in a solution of sodium hydrogen sulfate 

(2 M ). 

INDUS'.rRIAL C0,JSIDEHA'l'IONS 

All the above results, as well as a thorough study in 

laboratory equipment permitting continuous runs have permitted 

to develop an original process usinc �BP as the solvent. We 

found the followine reasons persuasive : 

- acceptable stability in the absence of light

high loadini capacity for chromium in highly acid solutions.

- possibility of strippin; chromium by means of a solution of 

sodium chromate.

- relative facility (while taking certain precautions) of

coalescence of emulsions

The treatment process for acid chromium effluents using TBP as a 

solvent does not permit to lower the chromium content of the 

raffinatemarly to 1 ppm, something that is possible with the 

amines, but it affords the capability of economic recovery of 

close to 99. 5% of chromium contained in the wastes. 

The industrial scale up unit constructed in FRANCE by Produits 

Chimiques UGINE KUHLNANN(5) uses TBP and consists of the

following stages : 

- extraction of Cr VI

- stripping of Cr VI

- solvent regeneration
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This process is of an original design and permits the treatment 

of sulfochromic acid solutions of various origins, either 

clarified or containin solids in suspension. 

�he regulation and control systems have been chosen so as to 

allow a large degree of flexibility and ease of operation. 

Acceptable impurities are ad,aissible : Cr III, :re3+
, co

2+
, Ni 2+ .

The solutions of Cr VI produced-is fed to the sodium dichromate 

unit. Its concentration of Cr VI may reach 200 g/1. 'rhe 

quantity of Cr III present does not exceed 200 mg/1. 

Solvent losses are limited by choice of an ap�ropriate continuous 

phase at each sta3e and of suitable equipment for the plant. 

The raffinate, still quite acid, may be used in various produc

tion steps requrin� a large supply of sulfuric acid. 

1. W.G. DAVIS et J.E. PRUE, 'l'rans. FARADAY Soc. 2.1_, 1, 45 (1955)

2 . J.Y. T01iG, E.I,. KING, J.Am. Chem • .Soc. 2.1_, 1145 (1955)

3. C. DEPTULA, J. Inorg. Nucl. Chem. 30, 1309-16 (1968)

4. D.G.TUCK et R.M.WALTiRS, J. of Chem. Soc. p 1111 - 1120 (196 3 )

5. F.P. 72 13318, April 14th 1972, H.·r.c:XIER, J.P.CUER, N.GidRIEL

(Produi ts Chimiques UGI NE KU!lLl-·IANH - FRANCE)
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•. ie� t - Cr VI c):traction with TnOA (0.099 l-.: in xylcn.8) 

f"rO!n acidic aquc:01..:0 phase (2.16 N) 

Fig. 2 - Cr VI extraction with LA 2 ( 0.1 H in xylhne) f'rom 

fl I--- acidic aqueous phaso ( 2 N) 
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r�iG• It - Simultaneous extraction ot Cr VI am! �011 "ilh LA 2 
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Fig. 5 H
2
so
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extraction with TBP ;:rom acidic aqueous phase

charged with 5 g Cr VI/1 
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RECOVERY OF IUCi:EL A,'1D COBALT 

FROH 1-iE'l'ALLURGICAL WASTES 

BY SOLVENT EXTRAll:TION 

by - C. Bozec, J.�. Demarthe and L, Gandon 

SYi-iOPSIS 

A metallurgical waste consisting of metallic chlorides 

chlorides is dissolved in water and treated by liquid-liquid 

extraction witi1 amines in order to separate nickel, cobalt 

and iron, 

Laboratory and s�all scale pilot plant experiments are 

described. The flexibility of this process, as a function of 

oetal contents in the waste, is studied by a graphical method. 

I1iTclODUC'rIOl'l 

The use of liquid-liquid extraction in the treatment of 

,�etal salt solutions has increased over the past ten years and 

we have aoplied this technique to some of our oetallurgical 

processes. 

The present paper describes the recovery of nickel and 

cobalt from the slag obtained after cobalt removal from a crude 

nickel matte by clorination. 

Ori�in_of_the_crude_material,_source_of_nickel_and_cobalt 

Until 1968 Souete Le Nickel at Le Havre produced only one 

crade of pure nickel, the slag from the separation contained 

about 0.5�� Co and Oo12% Ni. 'l'he nickel metal is obtained from 

a matte containing about 78% Ni, o.40% Co, 0,10% Fe and results 

from a heavy smelting operation in the Doniambo smelter (New 

Caledonia). The removal of iron and cobalt by this technique is 

limited by the loss of nickel to the slag, these slags cannot 

be further treated to recover the nickel and cobalt. 
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In 1970 after laboratory and s�all scale pilot plant studies 

SLN built a se�i-industrial plant in which a partially refined 

.matte was purified in a molten state by chlorine injection (1). 

Three main objectives of this operation were: 

- producinG purer nic�el : Co 0.30% - Fe< 0.10%, 

- i��rovinc the total nicl�el recovery, 

- for t,,e first ti,:ie in SL1'1 operations the recovery and valorisation

of cobalt was considered,

The chlorine treatment consi�ts of an injection of gaseous 

chlorlne into the molten �atte under a layer of molten sodium 

chloride. This latter acts as a solvent for the iron, cobalt and 

nic�el chlorides forMed durin: this operation. At the end of 

the chlorine injection period, the sodium chloride slar, contains 

in the one homogeneous phase these three metallic chlorides. 

It can be readily dissolved in water either by direct pouring into 

water, or by leaching of cold incots. 

Table 1 sives analysis of a solution obtained from this 

slag: 

Table 1 - Analysis_of_the_crude_solution 

Ni Co Fe Cu 

21.6 36.4 o. 15

EXPiBiil:C:.iTAL 

Na 

55 

�equirements
_

of_the_liquid-liquid
_

extraction
_

operation

'l'hey are: 

sepan,tinr; the ::1etals Ni/co/Fe 

recoverin,o; a solution of NiC1
2 

+ NaC1

recovcrinG a solution of CoC1
2 
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Thes� last two solutions can be afterwards treated to 

valorise nickel and cobalt in different forms: carbonate, oxide, 

salts or :-1ctal. 

·rne oresent �a,ier considers t:ie theoretical as�,ects of 

t'1e process toc·et'1er 1:it·1 labo:·ator'( and s wll scale pilot plant 

work on liquid-liquid extraction, The flexibility of tne Process 

as a function of variations in the crude feed composition is also 

consi-:iered. 

Selection of the extractants 

'l'he Ni/Co/Fe separation is achieved by amine extractants 

actin, in liquid pjase as ion exchanTers. The considered anions 

are the 11 chloro-complexef3 11 for:'1ed by trans.i_tlon metals as ec;, 

Zn, Fe(III), '.::u(II), Co, i·In, Fe(II), i�i 

wita chloride ions nrovided t:at the chloride ion concentration 

is suff iciently hich (2) en. 

Hany aL:yla:1ines are now availa'Jlc, in indu::trial quantitic,s, 

�le have eJ:amined some of t�1em by dcter��ninc the distribution 

isotherm of tic Metallic irnnurities between the a�11eous pl1ase 

containin1 nic�el chloride and the or�anic phase consistinc of 

the c,xtructant diluted in an orc;anic solvent with a hi�h aromatic 

content, 

The �etallic impurities considered were: 

Zn, Cu, Fe(III), Co 

Criteria used for selection of tne solvent were -

1) the loadinc; capacit� of the solvent, exnressed in zrammes, 

of metallic ion extracted by one liter of so1vent 

containinc 0,30 moles of amine,

2) the selectivities of the solvent which can be exnressed 

by the ratio of the concentration of t:1e impurity to the 

concentration of the liktal in t:1e loaded solvent - a poor 

selectivity gives a significant loss of nickel. 
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3) the ca e of strincin'. t�c metallic ion from the solvent 

;:ih8se.

l�) t�1e rote o� phase disenga�enent during the settling 

neriods; it affects the mechanical entrain�ent of one

7hase lnto the other an·l the di�ensi�nin3 of the equipment. 

Fro� these cor1siderati�ns, we have chosen two extractan·ts, 

ti1e firs� for Ni., :o/Fe se ,)arat1on and the seconl1 for �ii/So 

fhese extroctonts are: 

&·:.J.Si<LJ !�'.8 LJ-2. for iron re ;1ovnl 

A�J��� 381 for cobalt removal 

;_.;>2_ is a :.seco;1dar o':iinc (lauryl) :nade by ::10:I:-; an3 1IAAS 

AD.381 ic a tertiury O'�inc (triisooctyl) '.1ade by ASd:'.,;,_/D ::;_,.,;_,r:;,,LS 

Th•.') ;b:;e�vntj_ons we �-1a·1e <1Gde on th,::se -'-· :!O c.xtrac..:tc.P1ts are 

collected j_n tabl� 2. 
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Table 2 - 0bservations_of_LA.2_and_Ad.381_(behaviour)

Zn 

Fe (III) 

Cu 

Co 

Amberlite LA.2 

0.30M in naphtha 

leading capacity 7 g/1 

complete extraction 

poasible very high sel

ectivity complete 

stripping possible 

very good phase dis

engagement 

loading capacity 10 g/1 

complete extraction nossible 

hic;h selectiv'-ty 

Aclogen 381 

0.30M in naphtha + 
octylol (3%) 

loading capacity 9 3;/1 

complete extraction 

possible poor selectivity 

complete striooina very 

difficult 

slow phase disen�agement 

loadin<_; c:,pacity 10 g/1 

complete extraction 

poc;si':Jle 

complete strip ,in:,; possible very hi:f1 selecti,,i_ty 

very good phase disencacement comolete strip?ing 

difficult 

loadin,a; aauacity 6 r;/1 loadin.·; caoacity 8 g/1 

complete extraction difficult complete extraction possible 

very hish selectivity very high selectivity 

cor.1pletc striopin:,; possible complete strippin,: possible 

very good phase disenga�ement very good phase disengage

ment. 

loadin
p
; capacity 3 g/1 

complete extraction very 

difficult 

very hir;h selectivity 

loading capacity 8 g/1 

complete extraction 

possible 

very hi,;h selectivity 

complete stripping possible complete strinping possible 

very s�od phase disengagement very good phase diaengage

ment 
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Selection of diluent: 

Naphtha 90/160 has been selected as diluent, this has 

Jhe following physical properties 1: 

- specific gravity (20° c) = 0.872 - 0.876

- aromatic content � 99%

- melting point 36 - 4o0 c 

For dilution of Adogen 381 we have used an octylol made 

by 3HELL as a third phase inhibitor. This octylol was used at 

3% (by volume) of the total organic phase. 

Descrintion of the bench scale tests 
------·------------------------------

Two continuous tests have been carried out on the same 

crude nickel solution usin� different concentrations of extrac-

tant in the solvent phase. 

- Products

aqueous feed 

- solvents

test reference 

Iron removal by 

Amberlite LA.2 

- Equipment

see analysis in table 4 

table 3 (see below) 

I II 

0.30M 0.60M 

in naphtha in naphtha 

A set of mixer-settlers made by Establissments PALY (France). 

Each �ixer compartment was equipped with a mechanical agitator 

driven by an electric motor, the speed of which can be modified 

by a thristor system. In the settling compartments it was possible 

to adjust precisely the interface level by a weir. The circulation 

of liquids was achieved by the pumping action of the agitators. 
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- Operating procedure :

The mixer-settlers were arranged as shown in figures 1 

(test 1) and 2 (test II). 

- Analytical results:

'rable 4 shows the chemical analysis of samples taken 

just before the end of the tests. 

Taole 4 - nench_scale_tests_chemical_analysis 

Ni Co Fe Cu Na H
+ 

g/1 g/1 g/1 g/1 g/1 N 

aa_ueous feed 56 21.6 36.4 0.15 55 0.2 

1) 55 0.09 0.004 0.001 55 0.2 

purified 
solution 

II) 55 0.15 0.004 n d 55 0.2 

1 ) 0.20 0.07 32 0.12 0.20 n d 
Fe strip 
liquor 

II) 0.14 0.28 30 n d n d n d 

1 ) 1.25 47.0 0.002 0.050 1.10 n d 
Co strip 
liquor 

II) 1.10 54.8 0.002 n d n d n d

nd = no determined 
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1.8 

1. 7

1.6 

1. 9



DISCUSSION 

During the tests we have noticed imperfections such as 

poor phase separation, this caused aqueous phase entrainment 

in the or�anic nhase which was then carried forward to the 

stripning sta;es. The scrubbin� stage did not give complete 

iron rerrnval. 

In the cobalt removal section the effect was more accent

uated, t.,is is shown by the Ni and da contents in t'1e Co strip 

liquors. 

The nhenomena are ex�lained as follows: 

TEST 1 - the ratio 0/A was too hip;h, t·1is promoted the entrain

ment of aoueous in the organic phase, 

1'E.S'l' 2 - the viscosities of or anic phases were higher because 

of the higher extractant concentrations. 

Cobalt rec.,oval is not complete, there bein.; about 0.1 g/1 

left in the "purified" solution. 

Description_of_the_pilot_flant_test 

(This test was run continuously for 14 duys) 

Products 

- aqueous feed: see analysis in table 5. 

The solution after Fe removal is concentrated by evaporbtion 

in order to increase the chloride content, hence the medium is 

more complexing than that used in the laboratory tests, and one 

may expect an improved extraction of cobalt. 

- solvents : for iron removal Amberlite LA.2 diluted 

in naphtha, o.49M initially 

for cobalt removal 

0.54M finally, 

: Adogen 381 diluted 

in naphtha and octylol (3% with respect to the total volume), 

0.51M initially, 0,58M fiaally.
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Table 5 - Analysis_on_the_Eilot_test 

aqueous feed to 

Fe removal 

aqueous feed to 

Co removal 

Ni 

g/1 

46 

purified solution 60

Co Fe c;u Na 

g/1 g/1 g/1 g/1 

21.0 32.0 0.23 47 

29.7 0.001 n d 66 

0.002<{).001 0.001 61 

H
+ 

N 

0.20 

0.28 

0.24 

Fe strip liquor 
0.020 0.020 23.0 0.08 0.05 n d 

C1 

N 

6,.2 

6.4 

4.9 

1.3 

Co strip liquor 0.040 75 0.001 0.17 0.05 0.13 2.7 

- Eguipmen!_

A set of 24 mixer-settlers made by Denver Equipment. 

- Operating procedure:

The mixer-settlers were arranged as shown in figure 3. 

Some modifications have been made to the scheme used on 

bench scale, in order to decrease the entrainment of Ni and Na 

in the stripping steps. 

Internal recycling of aqueous phases was used at the 

scrubbing stages in order to induce to the ratio 0/A at about 3 

in the mixers. 

Each impeller in mixing compartment could be rotated at a 

selected speed. 

Temperature was maintained at about 25° c for the two phases. 
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- Analytical results:

Analysis in table 5 are for samples taken during the last 

days of the test. 

DL3Ci.JSSION 

Poor settlins was obtained, this led to significant entrain

ment of solvent in the aqueous phase. The relatively hig� concentr

ation of the extractant and the consequent high viscosity ess

entially accounted for this situation. 

The phase volume ratio 0/A in the Co strip section (9.7) 

was too high for satisfactory mechanical operation of the equip

ment, internal recycling of the aqueous phase will be necessary 

to adjust 0/A nearer to unity in the mixing compartments in order 

to increase the Co content in the Co strip liquor. 

The levels of minor elements in the product was determined 

at the end of the test run (table 6). 

Table 6 - Analisis_includin!S_minor_elements_(results_in_�/1) 

Ni 

crude solution 46 

purified 
solution 60 

l'b 

Co Fe Cu Na Mn Zn 

21.0 32.0 0.23 47 0.0054 0.0037 

0.0020 <0.0010 0,0010 61 0.0020 0.0001 

Sb As Mg Ca Al 

crude solution 0.0025 0.0042 0.0020 0.026 0.29 0.021 0.050 

purified 
solution 0.0006 0.0042 0.0022 0.035 o.4o 0.029 0.065 
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- Consumption of organics

The amines entrained by solubilisation in aqueous solution 

have been determined in the following liquors: 

liquor -1 
(C1

-

H1. 3N) - Fe strippinr; 3 mg.1 
-1 (C1

-

H2.7N) - Co stripping liquor 3.5 mg,1 

3.0 -1 (C1
-

H4,9N) - purified solution = mg, 1 

This minimum consumption related to 1 kg purified nickel 

gives: 

330 me; am�nes/kg Ni 

The true organic material balance on the complete test, 

takins into account the mechanical entrainments and some accid

ental leaks, leads to: 

38 g amines/'«g Ni 

We consider that in industrial operation, we shall not 

consume more than: 

1 f; amine/'n:g Ni 

The loss of diluent by evaporation, seen in the enhancement 

of the extractant content in the solvents between the beginming 

and the end of the test, is not ner;ligible viz:

- about 80 litres or about 0.2 liters/kg purified nickel

This hign value is due to operation at relatively high 

temperatyre (25° c) and to the existence of ventilation and slight 

suction above the settlers durinc the test, On an industrial scale 

this loss could be considerably decreased by a cJndenser placed 

in the vessel veltilation circuit. 

For further work on industrial scale, we intend to use the 

scheme of tne fi�ure 4 in which the extractants are used 0.30M 

in SOLVESSO 150 this diluemt havinr; given good phase disengagement 

results in recent laboratory tests. 
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FLEXIBILITY.STUDY 

The solvent extraction process must have a suffi cient 

flexibility to cope with variation in the chlorination residues 

rough nickel matte (Fe-1.5 to 4%) 

(co-1.5 to 2.5%) 

chlorination 

plant chlorides treated by solvent 

extraction after dissolution 

purified nickel matte 

Co < 0.3% 

Fe < 0.1% 

It caill beseen from the above diagram that the fluctuations, 

which are due to the raw material or to the petturbations of the 

chlorination plant, have repercussions on the content of the 

chlorides' slag; their interaction on the cobalt and iron extrac

tions is difficult to estimate. Under these conditions, we will 

first define the limit of interest in the solvent purification, 

then determine the maximum variations that can be absorbed by the 

hydrometallurgical plant. 

Notations: 

- (co]

(Fe]

[NJ

-1 nickel concentration moles 1 after leaching of 

cobalt 

iron 

sodium 

-do-

-do-

-do-
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Limitations: 

1) Iron extraction

a) Minimum chloride level

The distribution coefficient of ferric chloride

between water and LA2 is dependent upon the chloride 

concentration of the aqueous phase. 

The chloride level of the aqueous phase corres

ponding to nickel, cobalt and sodium, which is expressed 

by: 

2 ( (111.;J + (:<i] ) + (N3 must be greater than a 

minimum value 1
1 

(1) 

b) Loadin�_caeacity_of_solvent_:_Lfz =-��2�

LA
2 

(a.3M has a limited ultimate capacity (10 g/1

of solvent) for iron, which is not dependent on the 

chloride level. The iron concentration in the solvent 

has been limited to 8 g/1 for the commercial plant. 

So in considering the phase ratio for iron extraction, 

the iron concentration must be under 0.57. 

(2) 

c) Solubility_limit_of_the_agueous_Ehase

Sodium chloride at high concentration has a depress

ive effect on the solubility of the nickel, cobalt and 

iron chlorides. Under these conditions, the concentra

tion of iron, cobalt and nickel is dependent on the 

sodium concentration 

(mJ 
+ foJ + 

��-'f fa'J) 111' (3) (fig.6) 

M The inequaliity (_Nil 
+ cc;i + c-e]�f ( [N� 

is determined by the s lubility curve at e
0
c.
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The inequalities (1), (2) and (3) represent all the 

limitations that must be observed to assure good 

conditions for iron extraction.¥-* 

2) Cobalt extraction

The raffinate coming from the iron extracticn is 

concentrated to increase the chloride level (k is the 

concentration factor). Under these conditions, the 

feed for cobalt extraction haste followinc comno3ition: 

k (Ni) : nic!rnl r9,oles 1-\ k(Co) : cobalt moles 

1-1; k(Na) : sodium moles 1-1

a) Minimum chloride level

We consider two hypotheses correspondin� to two

different co2mercial products 

Hypothesis 1: production of very pure nic-:el 

H (1) (Co/Ni <20 ppm) 

The chloride concentration correspondin� 

to nickel and sodium (non extractable) 

species) must be over 5N. 

Hypothesis 2: production of nure nic�el 

H (2) ( Co/Ni < 500 ·,1nm) 

The chloride conce�tration must be over 

This limitation is exnressed by the following inequality 

k(2(i,r-J + (N� ) <L2 511 H(1) 

4.511 H(2) 
(4) 

b) Loaded_capacity_in_cobaJ.t_of_TIOA 0.311

The loaded capacity is limited to 6 g 1-1, which

represents 70% of the ultimate theoretical canacity. 

In regard of the phase ratio, the inequality (5) has 

to be satisfied. 

k(Co)<o.52 (5) 

xx good conditions of extraction imnly that :- phase ratio has a 

constant value, 

- iron removal is

sufficient. 
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(6) 

Adantion of the solvent extraction nrocess 

1) Flexibility_of_iron_extraction (nrincinle liwitation:

loaded canocity). The inenualities (1) to (3) define

the li,�i ts of V'e] and ( f1 + [c<J ) as a function

of �a. (fis.5 and G)

It is imnortant to note that the loadin� can�city of the

solvent is the nrincinle li�itation

2) ?lexibility of cobalt extraction 

Hypothesis 1 : very pure nickel (nrinciple limitation 

chloride level).

To produce very pure nic�el by this nrocess, the sodium

concentration [Na] r.mst be under _3M, (fi;�·.7)

Hypothesis 2 : pure nickel principle limitation:

loaded ca"iacity). (fi;-.7 and 8)

In that case, t,1cre is no limi tatlon on the sodium

concentration. 

3) 8onsc11, ucn ces _of_ th c _ . .1uximu:n_ voriation.s _of_ t:--1e _ slar;' s

composition. The ineaualities (1) to (3) are used to 

det�r:1ine a relation �etween ( 0,1:i] + foJ ) /0,1�

and t,e] / ('lj ) (7) (Fi>9 ).

The inequalities (4) to (6) define two relations

between (r-riJ / fie] and(:o] / (Nd} corresnonding tn 

the hynothesis (1) or (2). 

fr� / t'l'!J)si ( [coJ / c,; ) H ( 1 ) 
H(2) 

i = 1 
i = 2 

) (8) ) 

All the inequalities (1) to (6) are verified when the 

relations (7) amd (8) are satisfied. (fig.10 ). 

1215 



( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

By using this dia13:ram, it is possible to determine 

if a given slag can be treated in a co�mercial plant 

usin� this process; in fact, it is sufficient to 

know (FeJ / [NaJ
,
�oJ / �aJ, (l-riJ / (.1'1aJ to define

the representative point of the solution to 0urify 

(noted Mon t�e diu�ram). (fi;.10) 

Mover the strair;ht line 
. (FE) (Co) of equation: tNaJ --zNaJ 

Complete iron extraction 

� over M between 
g1 (Co) (Co) 

-ui-a > g1 tNa1

Very pure 

nickel 

and 
g2 (Co) 

Hra1 

Pure 

nic!rnl 

Munder 
(Co) 

g2 tNaJ

Bad 

cobalt 

production production �xtr�ction 

Complete iron extraction: 

impossible 

Exam:eles (slag's contents in %)

Ni Co Fe Na 

Very pure nickel production 15.9 o.8 9.5 15.6 

and cobalt exemptes from iron 21.2 2.9 8.9 10.3 

M1 24.2 4.4 3.4 6.8 

Pure nickel 13. '.; 3.07 8.9 15.4 

M2 18.8 4.06 8.9 1 o. 7 
23 5.8 8.4 6.9 

Bad cobalt extractionM 11. 8 5.8 8.9 15. 2
3 14. 7 6.9 9.8 11.5

21.2 6.9 8.4 6.9
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co .. c��sro.·I 

Thie ,rocc�s has proved to be very flexible; this is a 

very i�nortant noin· �ith respect to the possible vari3tions in 

the co: .. no:;ition of t:c-ic :,Lr;. '.':'he choice of o-,erating conditions 

�s such aG to �er.�i� t\1e process to cope witl1 these variotions 

e:nd to ,;ive hi;;i1 1'.lurity cobult and n.cck.el as se-riarate products • 

.iic,:el contained in the raffinate can be separated easily from 

soJium for instance by nrecipitation of the carbonate. Cobalt 

can be also obta�ned in a pure form, (except for copper), but 

this latter impurity can be removed easily, if reqaired, by 

cer�entation on cobalt powder or by sulfide precipitation. i-lic::el

an·J cobalt recoveries are very hi;,;h and ::iake t,,is process very 

attractive in comparison with the pyrometallurgical process 

described in the introd�ction of the present paper. 

Extension oft ,is process on industrial scale is forseeen 

for the near future. Pecently we have run some successful nilot 

tests in pulsed columns but, at the moment, the c.,oice of the 

technolosy is not defined. 
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LIS'E OF FIGlJRES 

Fic.1 and 2 Circuits for bencJ scale tests 

Fic.3 Circuit for the pilot tests 

Fic.4 Circuit retained for further developments 

Ni/Co/Fe separation 

Fig.5 

Fi:,;- 6 

Fi.;;. 7 

Fig-.8. 

Limitations related to the iron extraction. 

(limitation related to the calorides solubility 

- nickel, cobalt, iron, sodium and to the necess

ity to maintain a sufficient chloride level for 

the iron extraction.) 

Limitation related to the chloride level required 

for the iron extraction 

Limitation related to the chloride solubility 

and level. 

Hypothesis (nickel of very high purity : 
Co in Ni 20 ppm). 

- Limitation related to the cobalt solvent capacity

- Limitation related to the solubility and chloride

level ( 5M) of the solution before cobalt extrac

tion (niclcel of high purity - Co 500 ppm).

Limitation related to the mJnimum level chloride 

(5M) for cobalt extraction (obtainment of very pure 

nickel). 

Fig.9 and 10 Molar ratio. 
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f:..!.G_!_ 
Test I 

A 

G 
A 

Flr.. 2 

Test JI 

A 
-

r 

[ 
A 

Fe extraction 

1 21 1 

_Q • 4,2 A 

I 

Co cxtracti on 

1 21 3 

_Q • 6,G A 
I 

,1 

4 

.iqucous 
feed 310 ml/h 

d e 1,300 

scrubbing 
t--

1:1=90 

� 

LA-2 11:�0 

Ad, 31;1 

d = 0, 875 

raffin,1te 

Fe strip liquor 
J1U ml/h 
d = 1,070 

Hcl ,!L 
10 

Fe stripping l 
� I j •I 

I 5 ml/h q � 3,8 0 

I 

1.a1/h d= 0,875 

2 160 mlih 

Co stripping 

6J 1 2 Ji 4 5 

� • 14.9 

I 

Co strip Jiq1�1 
( NiC12, N,,�l) 115 ml /h 

r� extraction 
1 21 3 = 2 .2 

I 

Co extraction 

1 2 I 3 

:s 2 .n 
A 

I 

iiqucou:, 
feed 

11 5 ml/h HCl_.!L 
d = 1., ,o 1 U 

550 ml h I 

scrubbing 

�=42 

4--

660 ml 
Fe strip liquor 

Fe stripping 

1 2 I 3 
30 ml/ � - 1.9 

I 

LA 2 1260 ml/h 

Ad, 381 1 500 ml/h 
-

Co strippir::1 

4 1 2 JI 4 

� = 7,3 
I 

raffinate 
Iii Cl , ria.::1 � IICl N 
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:c 3 - cr::,:'JIJ FO:? T:-i!:: PILOT TEST. 

Fe extraction 
first raffinate A 1 2J C 

� ; 2.6 

0 I 

L 

�.zttling sc:r...i.bbing 
::; -

, I 2 

ca::- 1 
Q; 50 2 1/h 
A 

I 

l
I 
L __________ 

2 1/h 

26 1/h I 

4 

Aqueous £eed Fe strip liquor 

-

h 

33 1/h 2 1/h 

scrub:iing settling 

2 1/h-
---

�=45 
1 

-

Co c:.:-.rcction 
1 21 3 I 4 � 

� ; 3.4 
I I 

l 
scconC raffi:.ate 

(1:ic12, ::�:11 

-

1 '-----

46 1/h 

Fe stripping 

48 1/h 1 2 I 
�; 1 .9 

I 

90 1/h LA -

100 1/h . .  ,., 

Co � ::-ippir.g 

1 2 31 4 

g ; 9.7 
I 

I 
water 

Water 

3 4 

0 

5 6 

A 10. 3 1/h 

8.3 1/n 

Co strip li <;:'..1.0:--



F'IG, 4 - Cl11(,1Jl'r R;•:TP.HliW !'(J:1 r'U:1T1rn1! 1J:-:v1-:1.up·11-:N'rS 

tli/co/r·c scpJr,1tion, 

iron extraction scrubbing 

scrubbed 

stripping 

2 

* • 5.3 

stripped 
'li-,-,...,..,.c-,.,,_( 

wat�l' 

Raf t'inat,e Aqueous feed (Ni,Co,Fe,tla) 
LA2 0,30 Min Solvesso 150 

:oncen 
S il9C 

IT 
l l:uf1 lnitte 

to ?lick.el 
recovery 

Strip liquor 
l·'e:rric chloride 

IRON EXTi1.\CTIOII 

l!Cl 
treat:11ent 

strip liquor 
cobalt chloride 

cobalt extraction scrubbing 

4 5 i.----''----L 

Ad, 381 0, 30 M in Solvesso 1 50 

COJAL T E'.(T:i,\CTIO!I 

treatment 
HCl I 
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caustic 
treatment 

stripping 

Q 
A 15 

caustic 
treatment 

4 

bleed 

strip 
�c1111:. i O·; 

(wuter) 

bJceJ 



\ \ \ \ 

Iron and sodium concentrations• lilllit 

related to the £ollowing conditions 
- su££icient chloride level 
- good chloride solubility 

\ 
Allovable iron and sodium contents in the 

chlorides solution be£ore iron extraction. 

3 

limitation related to 
the solvent capacity 

5 



_, Ni)+ g::oJ mole 1 

e mininiwi. 

2 3 5 

"' 

N 



'."I _, 
k. [CoJ mole l

Cobalt concentration before 
extraction of it by TIOA

Limitation related to the chloride solubility and level 

Hypothesis ( 1) (Nickel of very high purity : Co in Ni ( 20 ppm) 

/ 

, 

Limitation related to the cobalt solvent capacity 

2 

Limitation related to the solubility and chloride level ( ;;, 5m) 
of the solution before cobalt extraction 
(Nick.el of high purity: Co 500 ppm) 

(1) 

3 mole l 



Co minimum 

Co maxinum 

2 

Limitation related to the minimum level 
chloride (SM) for cobalt extraction. 
(obtainment of very high pure Ni) 

4 



4 

3 

2 

1228 



/ molar ratio 

[Fe]/[Na) • 0.75 

0.2 0.4 o.6 o.B

molar ratio 

� 
LN•J





I'he So·,_i;..:rntion and �ecovery of ,i'ic.,el an,·.'. Gop-:ier fro;.1 a 

Lnteri te- • .::1. .onia Leach -3olu tion by Liquid Io 1 :Sxc::on.,_·e 

by - R.C. �ericold and �.H. Jensen 

·'.::encral Lills Che ,icals, Incl, iiinerals Industries, 1712 '.:est 

Grant �oad, Tuason, Arizona 85705, U.J.,�. 

Increased interest on an international scale is direct�d 

tovard developinc new lateritic ore bodies by a nuaber 

of winin� co,0anies, Lookin� toward future environ�ental 

and econo;:,ic considerations, new :.iet•,odn are reouired 

for lower cost, non-oollutinJ tec.,niques to �ore e�ficiently 

separate anC recover t�c . .1etals of interest. Solvent 

extrnction techniques ,.w"t t :ese re<:,uire . .1ents witi1 the 

added advanta�e of producini salable electrowon cat�o<les 

at the mine site, 

In 1,73 General Mills Che:nicals, Inc., presented a pa:r:ier 

describing the separation of cociper and nic'.:el from a synthetic 

a1:1,.1oniacal leach liqUO!'• 
1 

.i'he pur,1ose of t:.1is investi :.; ation 

was to _)rove t:10 feasibility of t,1e solvent extraction recovery 

·0roce:rn while vuryi:1,; the nic!:el and co:;r'.)er concentrat.:.ons and 

ratioa and to illu�trate the econo�ics of the 3�ate�. At that 

tis.e no s1)ecific lenc,1 liquor ·.rns under coi1sideration. 

·:1:1e succes.:; of ti1.i.:.; stud:/ attracted u nul.iber of .!li!1in:; 

co:11�10.nies, anU st�.)3CrJ 1<..1ntlJ 1.-.rc \·Jere us�:ed by one co,,1)any to 

evalc:ate ::i .:;ynthetie leac.1 liriuo1· acco�·uii1 t::, tlteir s;:iecifica

tiv.1:-; i:1 vie\·, of a J"cH ..;ule<lonion loterite ore body w:1ich would 

?ro. uce a�JroxiJately 12,500 tons of nic�el and 62 tons of copper 

Jer ycur. 1I'his pa�1er includes t}1c results of that study, 

inclu<lin;; ca>Jital i;1vest.oent 0111,; 011eratin:; cost e,.;tLiate;,. 
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The spent electrolyte from nic'.:el electrowinnin:; to solvent 

extraction was prescribed at 75 c/1 nI and a J"1Jroxirncitely 40 g/1 

H2so4•

Both the leach liquor and sornnt electrolyte were prepared 

synthetically using rea:;ent grade cheeiicals, The raffinate from 

solvent extr•ction was discarded, The nickel pregnant electrolyte 

containing about 100 g/1 Ni at pl! 3 to 3,5, was diluted with 

water back to 75 c/1 1'i and acidified to 40 g/1 H
2so4

• By this

method we were able to provide a fresh spent electrolyte back 

to the solvent extraction circuit without the additional 

contat.1inants con . .1on to the ori5inal rea.;ent ::;rade c:1e.c1icals, 

No attem.,t was ::1ade to actually electrowin nic:�el during 

the test pro :;ra,.1 due to a lac:c of tiie ap·,:,ropriate equipment, 

Typically, our synthetic leach solution contained the 

followin:;: 

i•letal 

Ni 

Cu 

Co 

Mn 

Zn 

Pb 

Cr 

Sn 

Sb 

Mg 

NH4

co3

pH 

Concentration - 9/1

38 - 40 

0.15 to 0.16 

0.015 to 0.019 

0.00013 

0.0005 to 2.95 

0.00153 

Not Assayed 

0.055 

0.0011 

Not Assayed 

,...__,,, 75 

,-.../ 75 

10,0 to 11,6 

It should be noted t,1at our am ;onia and carbonate concentra

tions are greater than o.ricinally prescribed, These greater 

concentrati-ons were used due to thedifficul ty in dissol vin{I' the 

reagent nickelous carbonate at a:;1bient temperature and atmos

pheric pressure. Also, contaminants such as Hn, Pb, Cr, Sn, 

Sb, and Hg were present in the reagent r;rade nickelous carbonate 
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and were not added separately. In addition to the nic:celous 

carbonate, we included reatent grade cobaltous carbonate, 

cupric carbonate, ammonium hydroxide, and amuonium carbonate. 

The original nic!cel spent electrolyte contained: 

Metal Concentration - r.L1 

Ni. 72 to 75 

Cu 0.0010 

Co 0.0015 

Zn 0.0003 

H2so4
,.../ 40 

The above contaminants, Cu, Co, and Zn, were present in the 

rea;_;ent �ra�e nic�el sulfate and were not intentionally added 

se,·.arately. 

Preli1:1inary Test Procedures 

Very little preliminary testin� was done in separatory 

funnel snakeout tests. Nost of the back:;round work necessary 

for this evaluation was derived from a previous similar test 

program reported in our publication, "Recovery of Nickel by 

Liquid Ion Exchan[_;e 11
, by C.R. l·ierigold and R.i3.Sudderth, a 

paper presented at the AI:!E Annual Heetinc in C:hicago during 

February 25 through March 2, 1973. However, so�e initial explor

atory work was included for the evaluation of so1:1e carrier 

solvents. 

Included in these tests were .i,;scaid 200 made by Exxon Dnd 

liapoleum 470 made by Kerr-McGee Corporation. 

The Escaid 200 contains a very low aro�atic concentration 

(about 0. 6��) and exhibited very fast ·9hase <lisenf;ager,1ent. 

However, the lack of aro.natic ( we believe) caused the precipi ta

tion of a :netal-or;_;anic rea;_;ent complex at reae;ent (LIX• 64N) 

concentrations greater than 20 volume ,ercent when the or3anic 

phase was loaded to its maxir.m,1 ca9acity. Escaid 200 plus an 

aromatic diluent (Napoleum 140A) allowed creater LIX 64H concen

trations without precipitation; but the aromatic portion of the 

or�anic �hase slowly dissolved our acrylic mixer-settler units, 
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and its use had to be discontinued. Finding the best physical 

behaviour with Napoleum 470, most of our circuit evaluation was 

done with this carrier. However, some precipitation of organo

metallic complexes was found when the organic phase waa loaded 

to its maximum loading capacity if reagent concentrations in 

excess of 30 to 35 volume percent were used. Consequently, 

Lll 64N concentrations greater than 30 volume percent are not 

recommended in Napoleum 470. Any investigation considering the

use of other diluents should include a study of the solubility 

of the organo-metallic complexes prior to laboratory or pilot 

circuit evaluations. 

'l.'he precipitated "metal-LU 64N11 complex should � be 

confused with degradat:iion products. The precipitate is due to 

super-saturation, and it can be readily redissolved in kerosine 

and reused in the solvent extraction circuit. 

Since a number of different kerosine diluents are available 

on the market today, each exhibiting slightly different primary 

and secondary (entrainment) phase disengagement rates, we did 

not atte.,:pt to define precise phase disengagement rates in 

our test pro;ram. We would prefer to run these tests after the 

custo�er has chosen the diluent he intends to use in his pilot 

or co .. m1ercial ;,lant operation. 

Laboratory Circuit Test Procedures 

Initially, the laboratory circuit was installed according 

to the flow-sheet shown in Figure 1. The circuit consists of 

a number of mixer-settler units, as illustrated in Fibure 2. 

I:;ach :.�ixer contains a volume of 200 ml. Both mixing and inter

sta2;e pur1ping are achieved with the pumping impellors. The 

or:anic-aqueous interface in each settler is maintained externally 

with a class "Jackleg". All mixer-settlers used aqueous recycles 

(where necessary) to provide mixer organic:aqueous input ratios 

of 1:1. For example, when an organic flow rate of 36 ml/min. 

and a feed (leach liquor) flow rate of 5 ml/min. were used, an 

aqueous recycle of 31 ml/:nin. was used to provide t!le mixer input 

flow ratio of 1:1. �he use of this �•cycle permits optimization 

of the che"1ical and physical properties of the system. 
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Once the leach liquor was prepared it was filtered to 

remove all suspended solids. The leach liquor, or teed, was 

then pumped to two extraction stages, and the nickel and copper 

barren raffinate was discarded. In these two extraction stages 

we attempted to load the organic to approximately 80 percent of 

its maximum loading capacity so that a nickel and copper barren 

raffinate could be obtained. Although our raffinate was dis

carded, it would actually be recycled back to leach for renewed 

leaching. 

A second stream of filtered feed was contacted in another 

mixer-settler stage to load the organic phase to its maximum 

loading capacity. The purpose of this stage is two-fold. First, 

the loading of nickel and copper to the reagent's maximum loading 

capacity tends to "crowd off" some of the sine that might tend 

to load in the two preTioua extraction stages where loading 

sites are available for the zinc. Second, the crowding stage 

provided a constant concentration of nickel in the loaded organic 

prior to stripping. More will be discussed on the purpose of 

the crowding stage later in this report. The aqueous from this 

stage, still containing most of its metal values, was discarded 

during our tests. In actual practice, however, this aqueous 

would normally be returned to the feed holding tank. 

The loaded or__;anic phase, now loaded to its maximum loading 

ca9ocity, can contain a suall amount of entrained aqueous (leach 

solution) containing metal values and stron,:; ar.unonia. Previous 

test wor� has also shown that the loaded orianic can contain 

dissolved im
3 

c;as and actually some loaded N1½· Such loading 

is typical with orJanic or petroleum products (kerosine) and is 

not necessarily unique to the rea�ent. Since it is necessary 

not to carry a.uonia to the nickel strip circuit, tirn loaded 

or_;anic fro� the crowdins stou e was contacted in a �ixer-settler 

wash sta,;e. Our previous public at ion (cited above) :;u_;_;ested 

scrubbin_, the or:;anic with a solution containin� 10 .::;/1 Na2so4•

This system was less than desirable since it �otentially allowed 

t:1e e:1train:11ent transfer of sodium to t,1-0 striJ circuit. A 

water wash alone could not be used since the NJ
3 

bearing loaded
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organic provided an aqueous phase after mixing containing 

NH4oH, insufficient in anion content for optimum phase dis

engagement. As an alternative, we prepared an aqueous wash 

solution containing 20 g/1 H2so4 and neutralized this solution

with NH40H to a neutral pH of 7. This dilute (NH4)2so4 solution

then contained sufficient anions to provide good phase separa

tion after mixing while eliminating the risk of transferring 

unwanted cations to the strip circuit. In a separate suri;e 

tank (large beaker), the aqueous from the wash stage was heated 

to a;,,proxi,nately 40 to 45
°c to drive off excess N� gas. In 

a com,aercial system this gas would be recovered for renewed 

leachinG• Of course, the so4 remains in the wash solution

eliminating the need for further anion make-up. 

As an alternative to using dilute (HH4)2so4 as the scrub

solution, CO2 gas bubbled into the wash aqueous surge tank

works very well in scrub'oins the organic of am:.1onia and providing 

good phase separation. In this case tl1e wash solution would 

have to be bled to control the build-up of excess am,nonium 

carbonate. This bleed would be used in leaching, but one should 

first deteroine the bleed required against leach make-up require

ments to avoid a water imbalance problem. 

Our "water wash" sta,:e (usins dilute (NH4)2so4) removed

approximately 96 to 97 percent of the total ammonia from the 

loaded crowded organic. 

It was then necessary to remove the remaining 3 to 4 percent 

Nil3 from the orianic phase. This was achieved in two aeration

stai..\·es, shown in l"i;:;ure 3. This fi_;ure illustrates the aeration 

Gyste.J and the water wash surge tan:c. The wash aqueous from 

tlle wash sta.:;e enters bea:.,er "A" which is placed on a magnetic 

stirrer '.10t plate. The te,,1perature of the aqueous was controlled 

at 40 to 42°c. Acitation was achieved with the magnetic stir 

bar, and aeration was achieved with the air dispersion tubes. 

This a;itation and a�ration provided the control required for 

sJbsequent renewed washing. The first organic aeration surge 

beu:�ers were supported in the aqueous wash beaker. This method 

allowed some heat to the organic phase for improved NH3 scrubbing.
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The or3anic from the wash stage entered beaker 11 B 11
1 where 

aeration occurred, and overflowed into beaker "C". The organic 

in beaker "C" was then syphoned (continuously) into beaker "D" 

which was the second aeration stage. As before, the organic 

overflowed into a larcer beaker, "E". These two staces removed 

the remaining 3 to 4 ?ercent of the a:n.:.onia, and any entrained 

aqueous from the wash sta,;c I providing a clean loaded or;:;anic 

for pumping to the -strip circuit. In a cora,uercial system, 

a bank of flotation cells would be reco,rr1,iended for the pur,?ose 

of aerating t�e orGanic, 

An alternative to air scrubbinG the loaded and washed 

or�anic would be a �ixer-settler stace, woshin� with water at 

an eqailibriu� pH of about 5.5. This pH value would scrub the 

re:,1ainiil5 3 or 4 percen.t ammonia without stript,in_; copper and 

nic::el. It could also he a better ".:;uarantee" towards scru,1oin5 

all of the au.onia fro� the loaded orJanic in a continuous 

operation. Testin� of these various met�ods in a pilot plant 

would be reco�nended to better deter�ine the various efficiencies 

and econo�ics of each system. 

'rhe loaded or ,:anic t·1ec1 !1roceeded to four sta_;es of nic::el 

and conper strip•ins. As previously mentioned, our spent electrol 

yte contained ap:1roxi:nately 75 G/1 Hi and 40 c/1 H
2

so4 and our

objectives was to produce a nic�el prcinant electrolyte containing 

100 5/1 ,h at pl! 3.0 to 3.5. The extre,c1e acid concc:ntrations 

between tile nic'.:el o->ent el0ctrolyte a:1d nic'..el pre;nant electrol

yte required a recovery and control ;::ethod for re,novin:; co_'.J:1er 

values fro� the system. Two co�0ar extraction sta�es were installed 

in t:1e circuit for t.1is purpose (again refer to :!'ibure 1 ). The 

first copper extraction stage was installed to avoid the accum

ulative build-up of copper in the overall system (organic phase 

used in the nickel extraction-stripping circuit). The second 

copper extraction stage removed trace amounts of copper from the 

final nic:rnl pregnant electrolyte. This flowsheet was the initial 

test scheme evaluated in the laboratory solvent extraction circuit. 

Durin,:,; the cour,:;e of this .JT(,luation we found t'1,,t al t:1ou0h 

the practice of includins the separate copper circuit as seen in 

Fi�ure 1 was tec1nically ,:;ound, it was not necessarily the most 

ecJno .. i�col a)�roach. 
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Co�nercially, the copper recovery solvent extraction circuit 

11ould have to be sized according to the flo\·/ rate of the nickel 

electrolyte 3trea:.1 to raain tain the proper or isanic: aqueous flow 

ratios. Al thou._:i1 tl-iis circuit would be smaller than t.1e nic'.�el 

extrac tion-strip,,in:; circuit, it l,ould still be ex:,_)e:isi ve in 

ter ,a of a co?per �ro�uction rate of 345 uounds of co0)er per

day. Go .. :po:i:ative c,;,,ital inve:;tment econo:,!ica will be di·,cu.·;ceJ 

later in this re9ort. 

The al tern&ti ve to tn.c a'oove co,r0er solvent extrac tio,1 

circuit included the preci,itation of conper ce�ent 0•1to ._:aseous 

reduced nic�el shot. One precipit�tion sta1e w�s placed between 

t'1e f0urt,1 and t.1ird nic·-:01 strip Jin_; stu :e, and t:1e other 

nreci�itation sta._:e wos 9laced after t�e first nickel strippin� 

sta;;e -- .:,iich is t::e final ::ire.;nu:i.t electrolyte. (-.ro avoid 

confus:�0,1, the nic::el "'l�ctrolytc �·to·,1 :1�-oceed0 fro n t'ie electro-

1-1innin,_; tanl�house to the fourth strip _Jini; sta0e, on to the tl1ird,

the second, and throush the first before it results as thu final

nic.:el pre _,nant clt::ctrolytc. ·1"l:1e or _;anic :9�1nse f:!..o\.'G cou.nter

currently, enter in,:;; t11e first stri:1:nin,:; sta_;e as th� loaded 

or- ;anic, proceecls to t:1e second, t:1t: t:1ird, thro-.1_;,1 the f·.i-..trth, 

and leaves t'1e foJ.r·t'.1 stri,J,,in,; sta :e 'oe:fore cntcrin,; the second 

extraction ata ..:·e as the s�ri·f:) .Jed or._:anic). :i.,'�1is t.;�:r:5te1:i ,,ior::ed 

very 11e :."_, con trollin� the co )per content in t,1 e o::- anic 1)hase 

of the n?-c:�;.;l solvent extraction sy�'CC!J �C about 0.7 t;/1 Cu. 

:.lso, no CO..)',)er HiJS detected in t:1e nic".:el ,:,rt:;;nant electr,;lyce 

by this . .1et'.1od. 

Co,.:..1ercially, nic'.:el cathode chips could 'oe used for this 

system. In t·1is way there would be no net loss of nickel 

nroduction, since the cop9er replaces the nic�el; ancl it would 

not b.:: nece::,sary to purchase nic'.:el .s:1ot fcom a su·:_l,_ilier. It 

is reco.,uencled, however, t:1at t:1e copper :orecipi tation JJ,ate;_, 

:;houlu 'oe ii1stal':.ed as a "ball ,.1ill" plant. -�,1e cat,wde chips 

�oul0 serve as the balls, and the abrasive action of the rollinc 

llill 1,oJ.lu continuously expose t,1c: surface of t'.1e; nic::el cathode 

:hips for renewed 9recipitation. The copper ce�ent produced frum 

ti1is sy3tem can then be leached in a separate a,J.iDniacal leach 

)peration, at ambient temper�ture and atmospheric pressure, 

3nd the resulting leach solution is then processed in a separate, 

rery small, solvent extraction-electro-winninz system. The 

iconomics for this approach will also be reviewed later in t:tis rC{'&rt -
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Our next process for controllin,:;- copper build-up and 

recovery was t:1e most successful. The nickel shot syste,a -\,las 

re�oved fro� the circuitry, and we tben installed an electro

wiuninJ cell between the fourth und third nickel strippins. 

stages (sec: Fi:;ure 1+). �'he aqueous electrolyte flowinG fror:i 

the fourt,1 nickel stri:) stage contained a'}lJroximately 80 to 

35 g;/1 Ni, 0.30 to 0.50 c/1 Cu, and 25 to 35 g/1 n
2

so4 • ..;.t this 

locatio;1 in the flowsheet 1·1c fin-.1 the :;reatest concentration 

of cop�er in the nickel electrolyte and here we placed tbe 

c:ltoc t1·owinnin:; c'-'11, Our intention was to elcc trowin enough 

copper fro� this aqueous solution to provide the control 

necessary to �aintain a low copper concentration in the re

circu.latinc, or,pnic !)hase. \Te used four co:,:,;:,er starter sheets 

in t.,e elcc tro,·linnin,; cell, fi vc lead anode;;, a?1d ea.1.9loyed a 
2 

current of 1.0 a.,i)S (cu�·rent dc:1sit:7 of about 0.5 a,n9s/ft ). 

Although copper was cl-�ctrowon, the deposit was a looGe, 

dark, s9onJy deposit with th� c�aructeristic aJpearances of 

ce,.1ent co _,per. In t:,is case, the co:,per recirculatin,:; in the 

or.:unic pho:-:;e was re:�uce<l to 0.2 to 0.3 c/1 Cu, an<l no co!)per 

was re:00rtin__: in t:le nickel pre:;nant electrolyte, Co1JuJercially, 

t'.1e COiJ1_ier ce,.ient t:!·..i:; ,roduccd can 'oe :irocessed in a separute 

a:, ,onia leach-solvent extrac tion-elec tr0winninc syster,1 si,,1ilar to 

the case cited a�ove. 

Alter several days of operatin:; the above flowshcet in the 

l:;')oratory circ.1it, t:,e cc.,,cnt cocJ�J<.:r was re,.10ved from t:.,e elcctro

winnin� cell. It was then washed with water and dried. 0nce 

c'.ried t:-i.e ce .. en t co:J'[)er was leaci1ed i:1 3· · g/1 ·,m4 and 30 c/1 co
3 

for ap,n·o::d,,iately one hour. l'he resultin:.; solution contained 

co�per am�ine carbonate and no nickel or zinc, 

The ori;::inal co:,1·0er cenent, however, contained 97 percent 

Cu, 0.17 ncrcent lli; zero percent Zn, and 2.68 percent insoluble 

:Jatcrial (insoluble in !IN0
3

). The insoluble 1:1aterial was ,nost 

li :ely Pb0
2 

which is co o..:only found in our laboratory electro

wiunin: cell ,�ile uslnG non-alloyed lead anodes. In a full

scale plant �reater current de�sities could be e�?loyed to 

re,:-.1ce t,1e size or number of co·1per elcc trowin:1in:; cells needed. 
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Studies are currently underway to better deter�ine the efficiency 

and econo,nics of t,1is recovery a9 ,roach at hi;_;her current 

de1sities. At thctiJe of this writin� efficiencies are found 

to be c:·eatly enhanced by providing high recirculation rat.es 

in the electrowinnin6 cell while heating the electrolyte to 

temperatures normally involved in nickel electrowinning 

processes. 

Additionally, stainless steel blanks could be used as the 

cathodes. DSA or other insoluble anodes could be used rather 

than antimonial le-ad. Tp cost of such anodes should not be 

prohibitive because of the low inventory requirement. 

Circuit Chet1istry 

The laboratory circuit was finally operated accordin3 to 

the flowsheet shown in Fi1:;ure 4. The or�anic phase contained 

23.4 volume percent LIX 64N in the kerosine diluent, Napoleum 

470. '.J.'he extraction or ::;anic; aqueous flow ratio was G. 9: 1 to

provide a nic�el loadini of approxi�ately 70 percent of its

uwxi.,1u1.1 loadin:; capacity. (Co,mnercially, we would reco·t.,ent

loadin _ _- to 80 or ')0 percent 111f maximum). Aqueous recycles were

used in all sta:;es where required to maintain r.1ix.er input

or�anic:aqueous flow ratios of 1:1. A single crowdin� sta5e

was used w:i..th an or.:,anic;aqueous flot1 ratio of 3.6:1. (Ai:;ain,

an aqueous recycle was used for a mixer input ratio of 1:1).

One wash sta�e w�s used with an oriiinating organic:aqueous

ratio of 1:1. So, no recycle was used here. Mixinc t�1e in

all sta,.;-es was apgroxim::, tely 2,? minutes. :for .. 1ally we would

test andreco.,uend two :.iinutes. The lon3er mixin
..., 

time was 

actually used to conserve our leach li�uor (which was quite

expe:-isive). Followin_; the wash sta:_;e the or:;anic was "aerated"

in two sta;es,
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As briefly mentioned earlier in this report, the single 

crowding stage performs a very important function. Once the 

organic phase is loaded with nickel, it is subsequently stripped 

with the aqueous electrolyte. The strip:1ing che:aistry involves 

hydrogen ion exchange such that the nickel "released" from the 

organic phase is replaced with the hydro::;en ion from the 

aqueous phase. Thus, the build-up of nickel into the aqueous 

electrolyte results in a 11losti 11 of acidity from the aqueoui; 

p,1ase by a factor of 1 g/1 Ni replacing 1.67 g/1 equivalent acid. 

Since we are at tec1ptin_; to provide a pregnant electrolyte 

within a pH ran;e of 3.0 to 3.5, and since sli ::;ht variations in 

acidity appreciably chances the solution pH at, above, or below 

this ran�e (see Fi�ure 5), it is important to provide the strip 

circ�it with a loaded orianic of constant nickel concentration. 

Witiout a crowdinL sta�e con3tant loading conditions would have 

to 'oe achieved in the: tv10 extraction stages. At constant flow 

rat�s, tjiR presupposes a constant nickel concentration in the 

leach liquor �t all tiLles. If we further consider no crowding 

sta�e, an� 5li_ht variations of nickel concentration in the 

le�cj liquo�, constancy would have to be provided by purposely 

varyin� flow ratios to acjieve the sa�e zoal. This method of 

control is not reco��ended in com�ercial practice. Thd crowding 

sta_e is, therefore I reco .mended to simplify comr;1ercial pl.ant 

operation. 

Also, briefly mentioned earlier was the recommendation for 

the wash stage and the aeration stages. During the circuit 

operation analyses were run to prove this need: 

Sample 

Leach Liquor 

Crowded Loaded Organic 

Washed Organic 

Organic Followin_; First Aer
ation 

Organic Following Second 

Aeration 

1242 

g/1 N� 

73.44 

1.88 

o.472

0.172 

not detectable 



Commercially, a bank of flotation cells would serve this 

function nicely, The impellors in the flotation cells would 

provide e;ood agitation and aeration for optimum performance. 

This system would prevent the transfer of ammonia to the 

nickel electrolyte, which if allowed to accumulate could sub

sequently allowtthe strip circuit, Aleo, the transfer of ammonia 

would artificialll;')" influence the pH of the nickel pregnant 

electrolyte from the strip circuit. 

The 11cleaned11 loaded organic then proceeds to the nickel 

strip circuit where it flows countercurrent to the aqueous 

nickel electrolyte flow in four strippin0 stages. The equil

ibrium data for this test are shown in Table 1, 

The data show th"'t some nickel is actually stripped from 

the crowded loaded organic in the wash stage. This is of no 

concern since the nickel that is stripped will reach equilibrium 

with the ammonium sulfate in the wash water. To reiterate, 

our wash water was orie;inally 20 g/1 H
2

so
4 

neutralized with 

am .. ;onil.l!ll hydroxide to pH 7, Therefore, the nickel in this 

wash water could reach approximately 10 to 12 g/1 Ni, although 

we never exceeded 2,4 g/1 Ni in the laboratory test, As nickel 

and other impurities accumulate in the wash water by entrain

ment from the crowding staie, a very small bleed can be taken 

from the wash water surce tank and added to the leach liquor 

entering the extraction circuit. The ratio of water bleed to 

the leach liquor flow would be sufficiently low to prevent any 

sicnificant change in the blended leach liquor composition. 

The data in Table 1 also show some loading of cobalt onto 

the or c:;·anic phase. It was found, howeier, that once the cobalt 

concentration reached about 0,0005 to 0,0012 g/1 Co, additional 

cobalt loading was not found with the continued recycling of 

the or�anic phase in contact with new leach liquor. Therefore, 

cobalt is not considered a problem. 

Zinc loading was insignificant in this test. �he data 

show that t,1e synthetic spent electrolyte prepared for the strip 

circuit contained wore zinc than could be traced by extraction, 

Al thoug,, the crowding stage was not required in this case for 

"crowding off" zinc, it was required for the other reasons cited 

above. 

1243 



Wash 

Surge Wash 
Assay Ag,ueous Ag,ueous 

Ni 1.20 1.40 
Cu 0.0011 0.0009 
Co 
Zn 0.0002 
Pb 
NH 7.65 9.33 
H2�04
pH 9.19 9.37 

;::; 
t 

Ni Spent 
Electrolyte StriE 

Assay Ag,ueous Ag,ueous 

Ni 72. 7 79.2 
Cu 0.0024 0.294 
Co N.D. N.D.
Zn 0.0009 0.0008
Pb N.D.
NHJ 0.858
H2:,04 40.4 33.0 
pH 0.48 0.59 

TABLE 1 

Circuit Profile Analyses 

Anal ses - /1 
Leach 

Stage Crowd Stage Lig,uor Extraction ill 
Organic Ag,ueous Organic A9.ueous A9.ueous Organic 

9.14 31.6 9.07 39.0 10.2 6.35 
0.272 0.0046 0.268 0.162 0.0015 0.230 
0.0005 0.0005 0.019 0.0005 

Trace Trace 0.0005 Trace 

11.80 

Analyses - g/1 
Electrowinning 

#4 Cell StriE (13 StriE #2 
Organic Ag,ueous Ag,ueous Organic Ag,ueous Organic 

0.36 76.9 83.9 1.90 96.3 3.53 
0.210 0.036 0.250 0.296 0.015 0.343 
0.0005 N.D.

Trace 0.0008 0.0007 Trace 0.0007 Trace 

33.7 23.3 6.2 
0.56 0.68 1.45 

Note: N.D. - not detectable by atomic absorption analysis. 

Extraction (12 
A9.ueous Organic 

0.0183 2.24 
N.D. 0.210 

0.030 
0.0006 

StriE 01

A9.ueous Organic 

98.6 7.58 
0.0006 0.266 
N.D.

0.0007 Trace 
N.D.

1.08

3.18 



The data also show some transfer of ammonia on the orzanic 

to the aqueous electrolyte--approximately 0.07 g/1 NH
3 

on the 

organic while stripping at an organic:aqueous flow ratio of 3.1:1. 

A third aeration of flotation stage would have eliminated this 

transfer (we recommend''five or six flotation cells in the 

commercial plant). 

We also see some copper (0.6 ppm) reportinz in the nic:cel 

pre;;nant electrolyte. This was found at a nicl.:el pregnant 

electrolyte pH of 3.18. Fi::;ure 6 s;10ws the a1.1ount of copper that 

might be found in the nic;;:el preenant electrolyte at various 

pH's. The data show that at p.:.I values between 2.8 aud 3.2, 

less than one ppm copper is found in the nickel precnant 

electrolyte. At pH values above 3.2, no copper is found. Of 

course, the reason for this is that LIX 64N re-extracts all of 

the copper that might be present in the nic%el preznant electrolyte 

when the pH is at or above 3.2. When the pH is lower than 3.2, 

there is enough acidity to strip a sli:.;ht a,.iOunt of copper from 

the organic phase. 

Durine; the course of the test period we sa:rr:::,led various 

solutions to determine the selectivity of extraction and calcula

ted t'.1e transfer of ,netal contaminants to the electrolyte. 'rhe 

results are shown in Table 2. Exa:ninin.:; Table 2, the 27.9 g/1 

;·a transferred should be added to the 72. 7 g/1 Ni in the spent 

electrolyte resulting in a pregnant electrolyte concentration 

of 100.6 g/1 Ni. 

The calculated co�per concentration of 0.077 g/1 Cu. actually 

does not exist at all since the difference in copper concentra

tions between the crowded loaded organic and the stripped organic 

(the transfer concentration) reports to the electrowinnin5-

precipitati0n cell within the nickel strip circuit and does not

report to the nickel pre�nant electrolyte. 

The zinc concentration in the electrolyte ,nillht be real, 

but according to atomic absorption analysis of the pregnant 

electrolyte the zinc concentration was actually less than 0.01 ppm. 

There was no transfer of Hg, Cr, or Sb that co·c.1ld be det-

ected. The tin was 

be remembered that our 

the greatest i,11purity found, but it should 
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TABLE 2 

Metal Transfer by Extraction 

Calculated 
Crowded Concen .:ration 
Loaded Loaded Stripped to Pregnant 

Metal Feed Raffinate Ori,anic Organic Organic Electrolyte 

Ni 40.8 0.0158 10.3 7.9 l.30 27.9 

Cu 0.183 ..::.0.00003 0.540 0.458 0.463 0.077 

Co 0.0085 0.0378* 0 0 0 0 

Zn 0.00113 0.00108 Trace Trace Trace 0.0007 

Mg 0.0050 0.0051 0 0 0 0 

Cr 0.00023 0.00025 0 0 0 0 

Sb 0.0011 <'..0.00004 <'..0.0001 <:::0.0001 <:::O .0001 N.D.

Sn 0.055 .(0 .0005 0.037 0.027 .C.0.005 0.099 

Mn 0.00013 <:::O. 00003 0.000105 0.000075 0.00001 0.00029 

Pb 0.00153 0.00010 0.00075 0.00063 0.00001 0.00229 

Stripping Organic:Aqueous Ratio - 3.10:l 

*Experimental Error

synthetic leach solution contained 0.055 g/1 Sn while the prescribed leach 

liquor contains less than 0.002 g/1 Sn. In this case, Sn reporting to the 

pregnant electrolyte would still be less than originally prescribed. 

Mn loading was inconsequential. Although the transfer calculation 

showed Pb in the electrolyte, it could not be detected analytically. We 

suspect that most or all of the lead which is stripped as lead sulfate is 

essentially insoluble, precipitating out of solution as it is stripped. It 

was, therefore, not detected by atomic absorption. 

Based on the indicated transfer of metal contaminants to the electrolyte, 

we can compare the solvent extraction-electrolyte composition against the 

prescribed objective (see Table 3)--again realizing that our Sn concentra

tion in our leach liquor was 27.5 times greater than prescribed. 
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Ni 

Cu 

Co 

Zn 

Mg 

Cr 

Sb 

Sn 

i-!n 

Pb 

pH 

Co:,rparative Date: Jet\/ee:1 Actual i!ic'.cel Precnant 

Electrolyte Produced ai<d Jri,,inal Obj ec ti ve 

Blee trolyte Analyses - c;/'I 
"Real" Concentration Objective 

100 100 

Not Detectable <0.002 

Not Detectable Not Given 

<.0.0007 <.0.010 

ifot Detectable Not Given 

Not Detectable Not Given 

Not Detectable 0.005 

<. 0.099 <.0.005 

< 0.00029 <0.020 

Hot Detectable < 0.005 

3.18 3.0 to 3.5 

It can be seen in both Table 3 and t�e profile analyses in 

Table 1 t�at we have met and even bettered our oricinal object

ives. 

We should also note here t.,.,t com:Jon nic;;:el electrolyte 

ad-.;itives such as Hyao
3 

were not used in our tests. Previous 

work l1as shown that II
3

::io
3 

neither helps nor hinders the solvent 

extraction process, so there w-s no point in including this 

material in our tests. 

One major advGnta�e of e�ploying the solvent extraction 

1irocess with t:1e a.:;.;:ionia le:..:ci1 :r_:,rocess is the ability to recycle 

the am,:,onia prec;nant raffinate bac:: to the leachinc process. 

This allows the reuse of the raffinate streai:i and allows the 

accu,.iulative b,1ild-up of zinc an,, cobalt for subsequent recovery. 
0

Speculati:1g that it mi.::;ht be desirable to nccumulate up to 

30 g/1 G:o in the recycling a.ar.1onia solution, we next investi .::;ated 

the effect of the correspondin� increase in zinc concentration 

on the extraction circuit, Since our prescribed leach liquor 

contained 0,021 g/1 Co and 0.0022 e;/1 Zn, an accumulative 

concentration of 30 g/1 Co represents a (theoretical) zinc

concentration of 3,1 g/1 Zn. 
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So, our next laboratory circuit test included the ori�inal 

leac:1 solution � 2.95 g/1 Zn. Cobalt was not addeC to a 

30 g/1 Co concentration because of the difficulty of dissolvinc; 

cobalt carbonate at that concentration at ambient temperature 

and at.aospheric presS'llre and because we :1ave already shown that 

oxidized cobalt does not load. 

Once equilibrium was obtained in the circuit, orGanic and 

a�ueous sa�ples were analyzed. The results are shown on Table 4. 

The data does show that the crowding sta�e does effectively 

reuove so .. 1e of t;1e zinc from tl1e loaded orsanic by a';)proxi::iately 

42 percent. Al t:10uch such c :·owdin0 is not co:n?letely effective 1 

it still �llowed us to 9roduce a nickel precnant electrolyte 

below the initial prescribed ojjectives. 

If for so,,1e reason tl1e zinc in the nic:�el pre
0
;n::m t electrol

yte were to exce�d specifications, it could be treated in a 

single extraction sta:,:e wi t:1 D2E:iPA without extractinc; nic::el. 

A sin'.'.;le strip sta:;e could ;JC used to strirJ t'1e zinc frow the 

D2E:�PA using a weak rr2so4 solution, and the zinc could be sub

sequently elcctrowon. AccordL�G to our laboratory investi�ation, 

however, this system should not be required; and its application 

should be considered provisional. 

During the course of the above test run, we learned from 

our potential customer that it is not desirable to allow the 

accumulation of cobalt to reach 30 g/1 since this hi_;h concentra

tion tends to prohibit releaching of cobalt once the raffinate 

has been recycled bac:: to leach. So, al thou;;h t,ie above test 

was not really necessary, it does provide additional data for 

when and wi1ere it :-ai:;h t apply. 

As a final and rather 11 :mcon �rolled" test, we too:� soi;,e of 

the raffinate from the above test run for further processin;,. 

The raffinate contained 2.92 G/1 Zn and 0.010 g/1 Co at a pH of 

approximately 9.S7. This raffinate was heated for several hours 

with a$itation. I3norin� evaporation of the aqueous, approx

imately 84 percent of the zinc precipated out of solution, 
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Ni 

Gu 

Co 

Zn 

pH 

Ni 

Cu 

Co 

Zn 

TA.JLE 4 

Circuit Analyses While Using Elevated

Zinc Concentration in the Leach Liquor 

Leach 
Liquor 
Aqueous 

38 

0.205 

0.007 

2.95 

11. 41

Loaded 
Orcanic 

0.36 

0.0002 

0.0036 

Raffinate 
Aoueous 

0.01 

0.0001 

0.007 

Stripped 
Or0anic 

0.29 

0.34 

0.0002 

ii.D. • 

Wash 
Solution 
Aqueous 

2.2. 

0.0004 

Spent 
Electrolyte 

Aqueous 

73 
0.003 

0.001 

0.0007 

Crowd 
Sta,;e 
Orcanic 

8.2 

o.43

0.0002

0.0021

Pre0nan t 
Electrolyte 
Aqueous 

96 

H.D.

0.001 

0.008 

pii 4.0 

but none of t!1e cobalt precipitated. Final pH was about 3.3. 

As mentioned above, this was not o closely controlled test; but 

the results indicate that zinc could be selectively separated 

fro,J t:1e cobalt by distillation, evar,oration, etc. ·;:'he vobolt 

co::ld t:,en be recovered by H2S precipitation. ·r:ius, we achieve

the se,aration of nickeL, copper, cobalt, on] zinc fro� our 

oriJ!nal leac� solution. 

Econo,nic Consideration 

Our first objective in this area is an economic co1:1parison 

between the flowsheet of Fi:;ure 1 (us:i.nc solvent extraction 

recovery of copper within the nic'�el striJ circuit) and the 

flo'.ls'.1ee t of Fi cure 4 ( usin;_; t'1e electrowinnin,;-preci:s,i tat ion 

sta�e followed by a separate copper ce�ent leach, solvent 

extraction sy;:;te:.i). ill calculations will be based accordin __ 

to the concentration of metals in the leach liquor and the 

antici.,ated annual production rate of 12,500 tons of nickel per 

year. Given this much, we find the follo1·1ing fixed opera tin.:; 

con,::i tions: 
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Pro:lclc tion Rate 6'),500 lbn, Ni/day 

345 lbs, Cu/day 

Leach Solution Flow Rate = 150 :;pm• 

Aqueous Recycle Flo11 Ilate (\l:tere applica'Jle) 

Organic Flow Rate= 1 1 000 ��m 

Electrolyte Flow Rate= 325 gpm 

Aqueou.s Recycle Flow Rate = 675 gpm 

•Flow rates are rounded off to the nearest 5 gym for calculation

purposes,

In case one we find our only fixed condition is the electro

lyte flow rate of 325 g�m. The or,:;anic phase of the copper 

solvent extraction circ·.1i t ls reco.,uaencled at 2 ,5 volume :::iercent 

LIX 64H. A total of two extraction sti:i_;es are required plus 

two strippins st�ges. �hile extractinc copper at an orsanic: 

aqueous ratio of 1:1, the total flow to the circuit is 650 cnw, 

The capital investment cost for the circuit, ready for 

start-up, is /135,900,00 (U,S,) Consideri,1::.; a 10 ye:.r amortiza

tion period, this cost represents 11:1 cents per pound of 

copper produced, The organic inventory is 11,515 r;allons at a 

cost of �3,207.00. 

The �econd case includes the electrowinnin,:;-�recipitation 

stace followed by a��onia leachin� ancl solvent extraction, The 

leaching system would produce a liquor containin_; 20 ,:;/1 Cu 

usin.:; 30 5/1 1rn
3 

and 30 g/1 co
3

• At a r:iroclaction r.:.te of 31f5 lbs.

of cop1_1er per day, the le.ich solution flow r.ii;e .:c5ulcl be only 

1, L,4 6,,:11, Thirty volu:.1e percent LIX 6Lf!; woull1 ·:ie used at a flow 

rate of 5,7 6p1'1 for a,1 ori ,:;inatin_; extrc1ction or..;anic:aqueous 

flow ratio of 4:1, Usin..; aqueous recycles, the total :1011 to 

t!1e solvent extraction circuit would be 11,/i. :_;T1. T!1e ca)ital 

investwent cost for this circuit would be relatively insignif

icant co:lpared to case one, or a cost of $12,000.00. The co,,t 

for the sinzle electrowinninc cell and rectifier would be about 

$17,250,00 for a total capital invest1,1ent cost of�9,25,.,,00, 

The final sincle electrowinnin·· cell for t:N co.9:ier cathode 

,roduction was not included in the above cost cowpErison since 

this cost would be the, sa .. 1e in bot,1 cases ( p17,250,00), 
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Perhaps a third alternative would be the direct leaching 

of the cement copper with H2so4, thus, avoiding the s;nall

solvent extraction circuit. Of course, this decision depends 

on the production objectives of the user. 

The next objective is the capital investment cost and 

operating costs for the entire recovery system. It ts not our 

objective to include leaching costs of the laterite ore, 

filtration costs of the leach liquor prior to solvent extraction 

and the cost of heating the nickel electrolyte (if required) 

prior to electrowinning since these areas are not within our 

experience. 

The major items which are included under capital iavestment 

costs are: 

1. i'fickel solvent extraction cirouit

2. Nickel circuit organic inventory

3. Heat exchanger (for water wash sy•tem)

4. Organic aeration-flotation circuit

5. Nickel electrowinning circuit

6. Micro-flotation circuit

7. Activated carbon column

8. Copper precipitation-electrowinning cell

9. Copper production electrowinning cell

10. Copper solvent extraction circuit

11. Copper circuit organic inventory

Nickel Solvent Extractimn Circuit: The total circuit contains 

ei�ht mixer-settler stages, i.e. two extraction stages, one 

crowding sta6e, one wash stage, and four stripping stages. Two 

1:1inute mixer retention times are recommended for each stage. 

As mentioned earlier in our report, we did not atte;1pt to measure 

phase disengage1,1en t rates. However, a phase disengagement 

rate of 1.5 gpm/ft should be quite realistic for a four-inch 

dispersion band. So, this figure will be used for calculution 

purpo.ses. 

1251 



Our cost estimates for the nickel solvent extraction 

circuit are based on calculations derived from actual costs 

obtained from several com:nercial solvent extraction circuits 

built within the last give year period. 

The capital investment cost for the complete nickel solvent 

extraction circuit, including pumps, pipin0, instrumentation, 

mixer motors, and impellors, etc., is �1,247,355,00. 

Nickel Circuit Organic Inventory: The total organic inventory, 

containin,; 2-� volume LIX 64N and 72 volume percent kerosine, 

represents a cost of1514,822,oo. This inventory includes a 

25 percent surge capacity. 

Heat Exchanger: The heat exchanger is used in the water wash 

system to heat the wash aqueous from the water wash mixer-settler 

from about 35° c to about 42° c. We are also assuming that heat 

energy for this unit is available from elsewhere in the plant. 

The cost for the heat exchanger is about $2,500,00, and the 

operatin� cost is estimated at about 0.01 cents per pound of 

nickel produced. Once the wash aqueous is heated, aeration is 

achieved in a six cell water treatment flotation circuit. This 

system is self aspirating so that blowers are not required, 

Each of the six cells contains a 748 gallon volume. The capital 

investment cost for this item is �15,000,00, and the only 

operating cost would be power costs for three 7.5 HP motors. 

Organic Aeration-Flotation Circuit: This circuit would be 

identical to the one above for a cost of 1>15,000,00. Data 

obtained from a pilot plant operation would provide additional 

information in regard to cell size, number of cells required in 

terms of retention time required, etc., for scale-up to the 

commercial plant. The operatin� cost in terms of cost per pound 

of nickel produced would be insignificant. 

Nickel Electrovinning Circuit: After contacting a number of 

".A.uthoritiea" in the field with nic�el electrowinning experience, 

we obtained a wide range of costs for the electrowinning plant. 

So, for purposes of cost estimating this section of the plant 

we are using the average cost presented to us, or f75,00 per 

pound of nickel produced per day. At a production rate of 69,500 

pounds of nickel produced per day, our capital investment cost 

is i5,212,500,oo. 
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i·ucro-Flotation Circuit: So,:;e experts in the field h.:ive su::;_,c.sted 

that it is i:.roerative t:1at t;,.:, nickel prc:.:;:1a.1t elcctr,)lJte 

.:!ust be free o:!:' orcanic i�l)Urities :_)rior to el�ctrowii1·1i�1.:; . 

.. \)pore11tly trace quontiti,JD of or.:;a.1ic cui1 Ji;e�d t0 11..1.1,rici.ltc 

t�1e nicl,el starter ohect �nd ?rcvent sood 9latin� cl1a�acteri�tic�;. 

�:it.'.1 a '?l"Oi)erly desi.�;1�d solvent e�::troction circuit, t>1.c- n.Lc·�el 

;_Jr:: .,non t elcc tr.:ilytc \·!O .ild nor ,,lly co·1 �a.i.n -,;iou t !.:.'.) ,.,1,.1 entrained 

·
1h.; u:.:.e of !:.icro-flototion \IO .

1.ld reduce t!i-.: or ·u·.1ic 

co,t f.,r t::is ite�1 is � 32,0GO,OO. 

Activat.::d -'.::arbon C:olu,m: Zollowin� rnic:co-.flototion, t'.1e nic'.,el 

�1:.:·e,.;�1c,nt -.:lee trvlyte would be trcuteU \:it 1 act:i.vnteU c:-rbon to 

re :ove t:,e f.i.nal. 5 '_)�)!Il or:;·an:i.c (alt!10ugh He have been told that 

an or:.;anic content of 2 to 4 ".}pi:1 is 9e1'.!i,:;·:itlc). ·::onsi<lerin:.:; o 

CC.1.'�)011 colu!,ll1 five feet i;1 .;i.;.··�et�r a;1C: 1G feet hi;;'.1 containint; 

J,500 pounds of 12 x 14 �esh activateJ carbon, t½e caJital 

inve:;t..,-,nt cost \/Oci'!.d ·ie about t,10,0· o,oo. '.:.'he cost o.C ti1c 

activated carbon i'.:J 2-;. c0nts _)e1 ... you:u1. ·I1!1c 3,500 ::_Jounds of 

c�rbon �ould collect 5J Gallon� of 'oil' (entrained or;anic). 

�his 55 gallons re�rc3�·1ts 11,oao,000 �allons of el0ctrolyte 

treated, or an operatin; cowt of 0.11 cents �er )Onnd of nic�el 

produced--ussU.'.,1ln:
J
· t�1at t:1 ·:: ::J 1_1e11 t ac ti vatc<l carbon is discorded 

rather than rc�enerated. 

Co.:rner Precioi totion-Slec trowi;rnin Cell: ·,!e have already s;1o;rn 

t:rnt tile co0t of t'.:is cell, includin,_; th<:: rectifier, is about 

f 17,250,000. Opti-.1i:.:ation of t:lis ,:;y.,te ,1 shoc.Ild also be 

in the pilot plant evoluotion. 

�O\)per Prodj1ction Electro1.:innin; :cl l: £his cell woal-.� Jc 

iO.entical to the above at a co·;t of p,7 ,2.)Q ,oo,, In t:1is case 

pretrea�1ent of the co�pcr pre�nant electrolyte ia not rcq�ired. 

Cop-oer Solvent Extraction �irc'.li t: I..lso sl1own above was t:1c co.,t 

for the copper solvent extroction circuit. This cost was 

�12,000.00. 

Copper Circuit Organic Inventory: The organic inventory for the 

copper circuit would be f5,220,00. 
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Leaching of the cement copper would be done in a single 

ta�t containin� a flotation type impeller. This i�pellor would 

provide both the a�itation and the oxidation required. The 

capital investment cost for this item would be about �10,000,00. 

A sm�rnary of tb,.e ca,iital investment costs is shown in 

T�ple 6. It can be seen that we have not included any operating 

costs for the co;:i;:ier recoveryi;dircuit. This system is so s1,1all 

that the operation and �aintenance of this circuit can be 

acLiinistered by the personnel in the nic::eJ. solvent extraction

clectrowinnini plant, One should also notice that no credit 

has been �iven fo� the recoverable cobalt and zinc which would 

,.1a::e the total econo.nic picture even r.1ore attractive. 

·Ti-LiLE 5

Sum.:iar.v of Ca-Jital Investment Costs 

ific:C-:el -�ircui t: 

Ite::1 

3olvent Sxtraction Circuit 

OrJanic Inventory 

LI;{ 64H Inventory 

�erosine I�1ve•1tory= GJ,263 �allons 

!Ieater ::::xc'.1.::n .. er

Aqueou� Aeration

Or.::;anic Aeration

Elec trowinnin0 l•lan t 

; ;icro-llototion .?lun t 

Activ::itcd Car'Jon -.::ollrnn 

Total Capital Invest.1ent :::ost 

Cost 

1,2 1+7,355 

514,822 

2,500 

15,000 

15,000 

5,212,500 

::;2,000 

10,000 

f7 ,049, 177 

Ca:,ital Inve.c:t ... --:1t :::ost vs, :,.,ortizat·ion = 0.02-S2/l'i.l, :11 (10 

year aJortization period). 
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Copper Circuit: 

Item 

Copper Precipitation-Electrowinning Cell 

Copper Production Electrowinning Cell 

Solvent Extraction Circuit 

Organic Inventory 

Copper Cement Leaching 

Total Capital Investment Cost 

Cost 

$17,250 

17,250 

12,000 

5,220 

10,000 

$61,720 

Capital Investment Cost vs. Amortization = $0.049/lb. Cu (10 year amortiza

tion period) . 

TABLE 6 

Summary of Operating Costs 

Nickel Circuit: 

Item 

Labor 

Solvent Extraction. 0.05 

Electrowinning. 0.61 

Power 

Solvent Extraction. 0.16 

Electrowinning . . 1.28 

Misc. Power, Labor, Services, Repair, Etc. 

Administrative Overhead 

Chemicals (make-up) 

LIX 64N 

Kerosine. 

Acid. 

NH3

Activated Carbon. 

0.08* 

�0.01* 

�0.01 

0.25 

0.11 

Total Operating Cost 
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0.66 

1.44 

0.15 

0.90 

0.46 
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•Based on total orisanic loss rate of 40 ppm, alt!1ough much of

this '�oss" is recoverable in the micro;flotation circuit. 

Succes3 for the realization of a new process in reachinc 

co�.1ercial practice de�ends primarily on whether the laboratory 

evaluation achieves the oricinal objectives of the test procra1. 

A second and equally important �eosure of succes3 is the 

econociic picture of the total process poc�a:e. Other measures 

wi-ht include additional considerations such as recyclability 

or percent of reuse of the chcwicals used in the process, 

di·, __ 1osal o.f waste materials (if nece.;sar:;), le8lslative e,wiron

,:Je,1 tal considerations, and so on-- all of w'.1ic.-1 have to be 

co1.1pared D:.,ainc;t exictint;; or other ne1·1 proces,; tec:1niques. If 

these and other ,arar.1eters ore tl1;::; tr,1� ,.,e�sure of �uc::ess, 

then we 121ust conoid.er t:1is ·prou·ra .. 1 a co:.1:r,lete success. 

Our first and �ajor objective (and achievement) was the 

co .. :plete separation of nic::el fro,, t'.ie mother liquor followed 

by the coiaplete separation of copper. Our final liquor 

(raffinate) , now void of nic%el and copper, was still in the 

original form (unaltered by expensive chemical change) allowing 

the separations and recovery of zinc and cobalt. This was all 

achieved by the solvent extraction of nickel by LIX 64N followed 

by simple releacling of cement copper and solvent extraction 

of copper for the production of prime grade cathode copper, 

Solution recycling is possible in all areas. Percent recyclinc, 

or percent bleeding, is a function of releachinc requirenents 

as dictated by the build-up and control of impurities in the 

recyclin0 leach liquor. Of course, electrolyte recyclability 

is greater in this Drocess than any other process used today 

since the solvent extraction circuits provide the cleanest and 

most co�plete separations. This advanta�e results in decreased 

impurity proceG.sinG costs. 

One of the �ajor capital investwent costs ,rior to �lant 

start-up is the organic inventory. Since the organic phase is 

nearly 100.0 percent recyclable {lo;,ses due to entrainment), 

the loss of organic is one of the lowest operating costs. 
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So, it can be seen that the "cleanliness", or hie;h rate of 

solution reuse, eliminates the dischar;e of chemicals to the 

environnent und waterways since the extremely low (potential) 

dischar�e of bleed streaas can be handled by solar evaporation 

or other sinilar inexpinsive artificial techniques, 

Other incentives ::1a'.·�e t:ie total :::i.:ic.:a .:e even more attrac

tive. One is in the area of leachin� laterie� and sulfides 

witli a,a .,onia, So,:ie investi,;,,tor.s have irn:iroved t'.1e recovery 

of .lletals fro,.1 loteri tes by the Nicaro process, increasin:; 

percent recovery from 30 percent to 90 or 95 percent, The U,S, 

Bureau of Mines has done so�e interesting work in this area too. 

Perhaps the newest and most exciting work in this area is the 

development of the Arbiter Process by Anaconda. 

Another breakthrough ia the development of the new so-called 

"DSA" anodes being developed by DeNora, Electrode Corporation, 

Tilab, and Texas Instruments. Soae of these anodes, fairly 

priced, eliminate the additions of impurities (mostly lead) 

in the electrowon product. Some have also shown lower voltage 

requirements, resulting in lower power costs, ma!dng these 

anodes quite competitive to t'.1e usual antimonial lead anodes, 

The addition of cobalt, as 50 to 70 p�m Co, to copper electrolytes 

has once acain allowed the use of lead anodes witi less than 

5 ppm lead reportine; to t:1e finished co:ner cat!10de, 

Al thou;;h some of the techniques and sy-' te,,1s reco.,t.:,ended 

in this report are so�ewhat novel frJm current practices, they 

need not be considered a 11pioneerin., 11 conce Jt. Today there are 

several major producers of metals usin� solvent extractiun

electrowinnin_ as well as ot�er new �lants on the drawing boards. 

As of this writin,:;, the total coi)per produced per year via 

solvent extraction-electrowinninJ is now at least 15,300 tons 

of copper per year. Once the nlants now on the drawing boards 

are under construction or completed, the total annual coprer 

production will exceed 212,000 tons of copper per year, We 

ic.i _;ht also note thc1t all of these :?lants do now use or have 

co .. 1..,itted to use General Mills Che.:;icals' reai.:ents (LIX 64N 

or LIX 65N). 
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Of course, our second objective W<'-S to provide a recovery syste ... at low 

capital investment and operating costs. This too was achieved, resul:ing in 

a capital investment cost (not including :aterite leaching and filtr<'-tio�) 

of 2.S2 cents per pound of nickel produced and 4.9 cents per pound of cop?er 

produced (10 year straight line amortization period). The total ope::.-atir,:.; 

cost was 3.61 cents per pound of nickel produced. No credit was included 

in our cost analyses from the sale of zinc and cobalt since their respective 

produccion costs are beyond our experience. 

The capital investment cost for the nickel electrowinning section o� 

the plant ::iight be debated since we were not successful in obtainir.g two 

like opinions on such costs from the industry. Other capital investment 

costing data, however, is believed to be accurate according to up-to-date 

cos: i:-.for...ation at U.S. prices. Also, power and labor cos ts were mcast.e::-ec 

acco::-ding co U.S. cos:s. So, these can vary in different parts of t:1c wo::-ld. 

Variations in these items, however, would be insignificant when all costs 

are considered as a whole. 
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fusi.Til of a Process for the Puri!'ication of Cobalt 
by means of Di-2-ethylhexyl Phosphoric Acid 

P. Mihalop
Charter Consolidated Ltd., Ashford, Kent, U.K. 

and 

i1'.'rs. C.J • Barton, D.H. Logsdail, H.A.C • McKay and D. Scargill 
Atomic Energy Research Establishment, Harwell, Didcot, Berks. U.K. 

Abstract 

Cb.cmic::.l c:.�ta have been obtained in order to write a nowsheet for 
d-,co1:·�.::.':d.=tion of a Co stream, arising from a copper plant, from 
Zn by means of HDillil'. Carei\tl pH control proves to be an essential 
:'.c::.tu::-e. Co�pu-cer predictions of different possible systems have 
been made, a;:id the favoured system has been successi\tlly tested. 
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1. Introduction

T'ne work described here was undertaken in order to remove zinc impurity
lro� a cobalt strc= consisting of rai'finates from a copper solvent extraction 
;;l..:_:-�t. Af'tcr treatment, the stream is of the following composition: 

Co 40.0 g/1 0.68M 

Zn 0.02 0.31mM 

Cu 0.05 or 0.002 0.79 or o.03mM 

!ili'l 2.50 0.046M. 

!.'ig 15.0 0.621,1 
"' 2+l!e 0.01 0.18mM 

Ca 0.55 (saturated) 0.0101 

�he mediUI:1 is sulphate, the pH can be controlled, and operation at tempera
�=es up to 6o0c is possible. The requirement is for decontamination from
Zn dow;i to a level of 0.0004 g/1 or o.006mM, i.e. by a factor of 50. Removal 
of :.:n nnd Cu is not a requirement, but it is useful to have knowledge of their 
beha.viom- in the system chosen. 

On the basis of L.F. Cook and W.W. Szmokaluk's work (1) , it appeared that
solvent extraction with HDEHP (di-2-ethylhexyl phosphoric acid) might be 
suitable. Escaid 100 was chosen as diluent for the HDEHP, since this is the 
uluent used in the copper plant. 

2. E::nerime!ltcl Techniques

F.DE'ilP from Albright and Wilson Ltd. was purified to >9%, with no
c.ctectable mono-ester, by formation and dec9mposition of the copper salt, as 
dcocri�cd by J.A. Partridge and R.C. Jensen�2J. Escaid 100 was used as 
received from Rutpan Ltd., the U.K. supplier. HDEHP/Escaid 100 mixtures were 
jlr'"parcd by mo.ki� up woighed amounts of extractant to known volumes with 
<lilucnt. 

Aqueouo phases v,ere prepared by mixing together stock solutions of the 
sal·�s and dilutint:; as necessary. Cu was sometimes omitted, as its effect 
11ould be small. Satuxation with CaS04 was achieved by agitating for at 
le::st 2 h with solid CaS04. The final pH Y/as adjusted by addition of Na0H, 
and radioactive tracers were added as required. The tracers used were: 

60co (5.27 y) as CoC12 in dilute HCl.

65zn (245 d) as Zn metal (later dissolved in dilute H2so
4).

64cu (12.e h) as anhydrous euso4•

54ifm (291 d) as !ZnC1
2 

in dilute HCl. 

45ca (165 d) as Cac12 in dilute HCl.

'YH.: qu:1nti ticn of ctl:oridc :idded ,·:ere trivial (generally <10-4M) and would 
�·id't l1av0 n.ffcctc.:d tl��c cxtro.ctio�1:1. 
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Extraction!l v,ere carried out by stirring or shaking the phases toeether 
at roow temperature, under the various conditions indicated below. After 
:;2,mro.tion, the phases were centrifuged, and samples were analysed. pH 
::-.::a::.=c:ncnts were made with the aid of an E.I .L. general purpose dual electrode. 
r.'..Jt::i.ls were detennined either by atomic absorption spectrophotometry or radio
metrically. Organic phases were backwashed with 0.25 - 0.5M H

2
so

4 
for the

fo=er method. Radiometric measurements were made by gamma-counting of liquid 
sar;iples, except in the case of 45ca, when solid samples were beta-counted. 

3. Di:;tribution Coefficients

The distribution coefficients obtained by equilibrating synthetic cobalt
f.Jcd with Hmr:P/E!lcctd 100, are given in Figs.1 and 2. The follovling 
conditions v:ere used throughout: 

Organic/aqueous (0/A) ratio 

Temperature 

Stirring time 

1: 1 

23-24°0

2-3 min

�c,arate tests shol'led that equilibrium was established in < 0.2 min, so it would 
Lw possible to operate with very short contact times between the phases. 

It will be observed from the curves that log Dis approximately a linear 
i'c..,c";ion of pH at the lower pH's, while at the higher pH's the curves tend to 
::..cvcl of�, and in the case of Ca, they pass through a mari.mum at pH 3.2. 
Since all the metals are divalent, one might have expected the slopes of the 
::_::_:-;car parts of the curves to be 2, but in fact those for Co and Mg are close 
to ur.:i ty, most lie between 1 and 2, and only that for Zn with 0.1M HDEHP 
r.;:ipro::dt::ates to 2. Ho\1ever the data are hardly adequate to establish the 
-��--ue limi tinJ slopes, which may in fact be 2 in all cases.

At the higher pH's the organic phase becomes increasingly highly loaded 
Yri fr. the extracted metals, and this is presumably the reason for the extraction 
bei:-;J less than eA'trapolation of the linear portions of the curves would 
i<1c.ic2.tc. With 0.1M HDEHP and a 1:1 0/A-ratio, the millimolarities of the 
metals in the organic phase at various pH's are: 

pH Co Zn Cu Mn Mg Ca Total 

2.5 0.5 0.3 <O. 1 2.3 0.9 2.8 6.8 

3.0 1.4 0.3 <O. 1 4.8 2.2 4. 1 12.8 

3.5 3.5 0.3 <O. 1 7.4 4.0 3.8 19.0 

4.0 9.0 0.3 <O. 1 9.6 4.8 2.5 26.2 

4.5 (16.0) 0.3 <O. 1 11 .3 6.o 1.5 (35.1) 

::-.!1d ,:t least tl"lice these concentrations of DEHP mu::it be combined with the 
::.:·t.-,.::..s, 1·1hich \":ould leave at most 86, 74, 62 and 4� respectively of the 
:::;�::::, f:.::-c�. If Si1ccics of !luch fo:::-mulae as l'.lli (DEHP) or I<1H2 (DE:--il') are
i".:..�.::,,d, the proportion of free IIDE,{P must be still sJ.aller. Indec� from 
-�:�o cxtc:::.t to "'ill.ch the curves level off or turn over as the pH rises, it
:;��=s r.eccssary to postulate such species.
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The dependence of Don the HDEHP concentration cannot be clearly 
csta�li:::hed from the limited data available, although for Cu, Mn, Mg a.�d Ca, 
D appears to be proportional to [HDEHP]2 at the lower pH's. Since HDE'dP 
exi:::·;s mainly as dimer in the organic phase, this indicates formation of 
species of the formula MH2(DEHP)4, as just suggested. Of practical signi.fi
cunce to flowsheet design is the fact that DZn is less sensitive to HDEHP 
concentration than are the D-values of the other metals. Extraction of Zn 
:-clntive to the other metals is thus favoured by lowering the HDEHP concen
tration, and raising the pH. 

The results indicate that it should be possible to obtain a Co/Zn 
separation v,ithout difficulty at a pH of, aey, 2.5. For 0.1M HDEHP, Dzn 
is then 642, which is ample for extraction of the Zn, while Dco is only
7.7 x 10-, so that Co losses are very small. 

nH Cont:-ol during Extraction 

The D-values are sensitive to pH changes, and it is necessary to keep the 
::_:;.-:;·�er within a suitable range during the extraction. Some tests were there
fora =ce of the pH changes that actually occur on adding 0.1M No.OH to the 
:::ynthetic cobalt feed. Fig.3 shows the results in the absence of 1-IDEHP 
::,;in:::e, and Fig.4 the results with an equal volume of an HDEHP phase present. 

F:i.c.3 also inclu�es the titration curve calculated for a dilute strong 
a�i� of the same initial pH as the synthetic cobalt feed. Comparison of the 
t1:;:i curves shows that 2. 75 times as much alkali is required to produce a given 
p:-; chance in the cobalt feed as in the strong acid. This implies that in the 
cob::L..t feed, the stoichiometric concentration of hydrogen ions is 2.75 times 
the concentration of free (pH-controlling) hydrogen ions. Presumably the re
�o.inccr of the hydrogen ions are complexed as HS04-· This is not unreasonable 
in 'T�e1-; of the fact that the stoichiometric sulphate concentration is as high 
:1:: i .36'.J; o. value of 1. 75 for the ratio [HS04-J/LW] is broadly compatible 
wi·:h !mO\-m :::ulphatc complcxation constants, althOU{:Sh an exact calculation i::: 
no·� :ca:::iblc in :::uch concentrated solutions. Furthermore we mey expect the 
r.:,:sio to remain essentially constant ao long as the concentrations of the major 
constituents of the solution do not change appreciably, a condition which is 
met by the flowsheets under development. 

To shift the pH much above the highest value in Fig.3 requires substantial 
further ac-nounts of alkali. This may be ascribed to cobalt hydrolysis. It 
a;,pears, however, that this is not a signi.fico.nt effect below pH 6.1. 

'.rne additional alkali requirements in presence of e.n HDEHP phase, as in
uicated by a comparison of Figs.3 and 4, are due to displacement of hydrogen 
ion:i by !::etals entering the organic phase. For 0.1M HDEHP the amounts dis
,1::.ac-'!d are 1:;ivcn by twice the total metal concentrations in the organic phase 
in the table given earlier. These agree satisfactorily with the observed addit
ional alkali requirements: 
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Alkali requirements, m1'1/litre H
+ 

r 

displaced 
0 • 1 l.! lillEHP No HDEHP by metals 

--:}:-r phase present phase present Difference ml1/litre 

5.0 28 4 24 26 

3.5 46 5 41 33 

4.0 60 6 54 52 

4;5 73 6 67 70 

The conclusions from these results can be summed up in the equations: 
+ 

(H ]stoichiometric 

. _::; :·, fortunate feature th�t the free hydroeen ion concentration changes 
:;_;;::;::; t:w.n t:i.e :::toiC:-1ior.1ctric, since this means that the pH falls less than 
::::..:;ht n::i.ve been expected as the metals enter the organic phase. 

5. Cc'.'.'.nuter 1::odellinF; of the System 

T;,c co:i::;ilications introduced by pH changes would make it difficult to 
::-c:--:·csc,,t the :iystc.n by Deans of f.lcCabe-Thiele diagrams, although a method 
c:::�ld no doubt be devised. Instead the appropriate equations were incorpora
ted in a co!'.lputer programr:ie, which was run on an IBM 360 computer. 

ny way of illustration, consider three counter-current extraction stages, 
t:,c aqucou::; feed being to stage 1 and the solvent feed to stage 3. Let 
��·..ieous concentrations be denoted by c, and organic phase concentrations by 
:'.;:::, •:here D is the actual distribution coefficient, assumed equal to the 
n;c.,��0d equilibriura distribution coefficient. Let the stages be denoted by 
subscripts, c1, D1 etc. and the feed by subscript 0• 

Then according to t:i.e usual theory: 

,,--·:-,:r\l e = Dr is = extraction factor, and r is the organic/aqueous phase 
v.::,:..:.:.110 ratio. 7rtis gives a deconta.mnation factor 
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In the pilot plant runs referred to below the solvent feed was not 
coCTpletcly barren, because some Zn remained in the solvent from the stripping 
(solvent purification) cycle, and the same situation would arise in a full
scale plant. This is readily dealt with by adding a term to the lert-hand 
side of the mass-balance equation for stage 3. 

Now in the system under+investigation, the D-values and hence the
e-values are functions of [H ) , as given byFigs.1&2. Furthermore, the [H

+
]

values are related to the metal concentrations by the equations given 
at the end of the previous section. These lead to the result that 

2.75[H
+

]free + 2r0,

,·::c.ere L. refers to summation over all the (divalent) metal species concerned, 
nus a constant value throughout the system, i.e. in the feed and in each of 
the stages. -log[H+]f can, of course, be identified with the pH.ree 

Vie have thus s (n + 1 ) relations between the s (n + 1 ) unknown concen
trations, where s is the number of stages and n is the number. of metals 
concerned, so a complete solution is possible. Solving of the s(n + 1) 
equations has been effected by an iterative technique of successive approx
imntion in which tho final reoult was estimated, tho equations were oolvod 
u�inr, this cotimo.to, and tho feed oompooi tion oaloulated wao compared with the 
actual feed; the estimate was then continuously revised until the system 
stabilised. 

In order that a preliminary financial evaluation could be conducted, a 
series of predictions were made, in which the number of stages s, the phase 
volu.�e ratio r, and the pH of the feed were varied. (It would also be 
possible to vacy the concentrations of minor constituents of the feed, such 
as Zn, but not those of major constituents, because this would affect all the 
D-values, as well as the 2. 75 f;:i.ctor included above•) Typical results for a 
-.:,rce-stage, 0.05M HDEHP/Escaid 100 system, with a feed pH of 6.o, were as 
follows: 

Stac;e r = 0.5 

number 

pH Dzn DFZn 

1 3.09 10.6 5. 1 

2 2.85 7.4 21 

3 2.62 4.0 65 

[co] org

0.56mM 

0.37 

0.22 

pH 

2.89 

2.67 

2.45 

r 

DZn 

8.o

4.6

2.45

= 1 

DFZn 

8. 1

39

136

[co) org

o.39m14

0.25

0.17

On the basis of these predictions, a system of three extraction and two 
str�9ping stages, with r = 1, but using·0.03M HDEHP/Escaid 100, was selected 
Io� further study, a.�d some experimental results are reported in the next 
:;0c'don. �he lower HDZfil' concentration was chosen because, as already noted, 

�:. ·;ruction is lc:c:s affected by changes in this parameter thru1 is the 
.:. :,ction of tho other metals concerned. The fall in D can readily be 

cou,�tcructcd by a slight rise in pH (ca. 0.2 unit), and {i}e lower extrnctions 
of the other @ctals then lead to reductions in HDEHP inventocy and in strip 
acid requirement. 
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l,"\;.rther work to optirni:;e the flows!1eet condi tiona will be attempted in 
o.uc cour.:;c, when the pilot-plant rune have been completed. 

6. 'r:'1r,:e-:ita""e Countercurrent Extraction 

In order to check the conclusions reached, two manually operated, three
::;-.:;�<'.C, cou.'1tercurrcnt extraction rurn; at 25°c were carried out simuJ.ating 
flm·;::;hcet co::idi tions. The three stages were filled initially with 0.05M 
(first run) or 0.03�! (second run) HDEHP/Escaid 100 and synthetic cobalt feed
at mi 0/A ratio of 2:1. In stages 1 and 2, the cobalt feed had previously 
bee-::-: shaken once with an equal volume of fresh HDEHP/Escaid 100, in order to
::;t�rt the experiment a little nearer to the final steady state than would 
ot�crwise have been the case; but in stage 3, the cobalt feed was untreated. 
�'i:..·:it, the three stages were stirred for 2 min to bring them to equilibrium. 
iTc,:t, the organic phases were each moved onwards one stage in the 1 --, 3 
,.:ircetion, fresh solvent being added to stage 1, and the aqueous phases were 
.�,wed· in the opposite direction, fresh cabal t feed being added to stage 3. 
A :;ccond equilibration v,as then carried out, and so on. The pH and the Zn 

level of the aq�eous phase from st�e 1 were measured after each operation, 
with foe following results (DF Zn = l Zn] initial/[ Zn] emerging): 

First run Second run 
Equilibration (0.05M HDEHP) (0.03M HDEHP) 

number pH DF
Zn 

pH DFZn 

1 2.42 28 2.72 7 

2 2.28 103 2.44 97 

3 2.28 93 2.43 103 

4 2.28 219 2.49 199 
5 2.28 236 2.49 184 

6 2.28 287 2.50 228 

7 2.30 327 2.50 271 

8 - 2.49 312 

N� the end of each run, further measurements were made with results as follows
(co�np;1tcd figures for first run in brackets): 

First run Second run 
Stage (0.05M HDEHP) (0.03M HDEHP) 
nUI!lber 

pH Dzn Co in solvent pH D
Zn 

Co in solvent 
(ppm) (ppm) 

1 2.;50 1.6 5.2 2.48 1.6 5.2 
(2.29) ( 1. 4) (7 .4) 

2 2. l,J 3.1 9.2 2.10 3.2 9.6 

(2 ,,;9) (2.9) ( 1 o. 9) 

;5 2.n 5.4 6.5? 2.92 5.9 15.7 
7 (2. ?i) (5.2) ( 16. 2) 
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It will be noted that the pH values levelled ott quite quickly in both 
runs, indicating that a steady state had been reached as regards the major 
constituents of the system. The pH's remained high enough to give reasonable 
Zn extraction throughout, with decontamination factors well above the required 
value of 50, and still rising at the end of each run; the computed value for 
tho first run was 237. Loss of Co to the solvent was very low. 

I!'urther tests have been made in a mixer-settler pilot plant, with three 
oxtr:lction and two otripping etaeos. The roaulta at the end of a t:,pical run 
arc shown in ��g. 5. As a matter of operational convenience the stripping

solution was recycled throughout the run, so the Zn built up continuously in 
tho stripping cycle, ·and an inoreasing quan-tity of Zn was fed back to the 
extraction cycle in the organic solvent. Despite this, a decontamination 
:;:'actor of 82 was still being achieved at the end of the run. In actual plant 
operation, a fraction of the strip liquor would be bled off continuously, and 
,his would limit the build-up of Zn. Co losses were <0.1%. The results are 
gcner4lly in accordance with expectation, although a full comparison with 
theory is not possible at the tiae of writing because distribution data for 
0.03M HDEHP are incomplete. 

7. Conclusion

The results show that the Co stream oan be purified from Zn at the level
tested, under conditions similar to those ot the run in Fig.5. 

Engineering data for miXer-settler design and phase entrainment data 
are being obtained in conjunction with the chemical information. Estimates 
of operating coats, baaed on the data so far to hand, are 1n the range .Z2-3 
per tonne of Co-treated. 
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A process for the recovery of nitric acid by solvent 

extraction fro: nickel sul-il-tate solutions containinc thi,5 acid 

is described. The solvent is rBP 50% - dodecane. The process 

includes one extraction, and two stri�ping, producing HN0
3

1.5 N and HN03 3 to 5 N. Bench-scale tests, with mixer settlers, 
pilot tests with 7:,ulsed colu:nns and an asyraeetric rotatin1; disc 

contactor (ARDC-Luwa) have shown that the cost of solvent losses 

is less than 0.02 F/kG of nic::el. 

Iil'i'RODlJCT(llON 

The industrial recovery of acids by solvent extraction 

was proposed as early as 1948. At that time Smith and Pa�e (1) 

were already men tionin: that lone ch aj_n amines could be used to 

extract hydrochloric acid from the hydrolysates of gelatin 

and casein. A process for the recoverv of �ydrofluoric acid, 

giving an anhydrous acid by trilaurylamine was developed in 

Great Britain (2) (3). Israel Mininc Industries (I.M.I.) uses 

a m�xture of alcohols in c
4 

- c5 to extract the phosphoric acid

producedby the hydrochloric attack of phosphate rocks ; other 

industrial processes also use various solvents to extract nhosoho

ric acid for the· nurpose of nurification (4). The extraction of 

HC1 by amyl alcohol is used by I,M.I. in the industrial production 

of potassium nitrate; the KC1 + HN0
3 

�KN0
3 

+ HC1 reversible

reaction is �ade total in direction (1) by extractina the ITC1 

produced with aocohol (5). Finally Crittenden and Hixson (6) 1 

have suigested a orocess for the recovery of hydrochloric acid 

comprisin; the extraction of this acid with iso-amyl alcohol. 

The Societe Le Nickel and the C.Z.A. have jointly developed 

in the lahoratory,and tested in a pilot olant, an extraction process 

for denitrifying a hicheliferous solution rusulting from the 

nitric attac� of a sulphide concentrate. This denitrification 

forr.1s part of a project for processin:,; nic:rnl that co,�prises the 

stages shown in the si,11plified diagram of figure 1. 
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A :'.)reli:ninary examination sh.H•red thot the m1O
3 

extraction 

and stri�oinz operation with tributyl phos�hate seemed to be 

technically and economically feasible, providing th�t: 

- the riiht operational mode was found to recycle all the nitric

acid in the sulphide solubilisation process ;

- sulnhuric acid was added to the nickel solution to displace

the nitrates ;

- an extraction apnaratus that could be sealed up for high

throu3hputs was available.

1./e wou:;ht a scherJc cornpntiblc with the constraints, det

ermined the ontimum operational conditions on a computer, carried 

out experiments in laboratory mixer-settlers (to a scale of 

1:30,000), before testing the sche�c finall7 chosen by an extended 

test in a 1:3,000 scale pilot plant. Lastly, we began the work 

on the study of extracolating the tyne o! liqu�d-liquid extractor 

chosen. 

1. DEFINITIO;? OF A PROCESS ADA?TABLZ Od AN INDUSTRI.� SC:i,LE

The definition pr6cess sousht is the one which, allowin� 

for the various industrial constraints, enables one to obtain 

maximum yield at minimal operational co:its. In point of fact, 

this generally results in findin� a comiromise solution from 

among the various tecinical an:; econo,,1ic considerations. 

Thus, in the case of HN0
3 

extraction and stripping, 

the problem amounts to setting two essential tarc;ets : 

1. first sufficiently denitrifyins the nickeliferous solution;

the maximum permissible concentration of nitrotes in the 

nickel solution intended for electrolysis is around 500 mg/1; 

2. then recovering the stripped nitric acid for re-use attacking

the sulphides.

These objectives lead us to consider the constraints of 

the entire nic:rnl production process ancl, inter alia, those linked 

to the sulphide attack conditions and the constraints inherent 

in the physical and chemical nature of the tributyl phosJhate-nitric 

aqueous phase sy:item. 
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A) Adapting the process of the constraints

1 ) Constraints on the urocess as a whole 
-------------------·-----------------

Figure 2 shows the general diagram for acid attack. The 

nitric acid must be 8 N and it is maintained at this normality 

by the direct additions of acid and the returns fron the recovery 

column of nitrous 6ases (HN03, 1 Lf N). (The solving of the balance

equations shows the need to use highly concentrated nitric acid 

at the intake of tje attack tanks (3 to 5 N) and the advantaJe 

of addin; diluted acid to the colu,nns ). 

2) Constraints at solvent extraction level

For obvious reasons of economy, over 90% of the nitric acid 

must be recycled, but the considerations mentioned above show 

that most of the recycled acid must have a concentration of 3N 

(3 to 5H). Th·erefore it will be necessary to obtain a large 

recovery of acid at this concentration by adjusting the ratio of 

the aqueous phase-organic phase columes, the excess sulphuric acid 

added on extraction, the number of extraction stages, the tempera

ture, etc. 

B) Extraction and stripping scheme

Owin to the above mentioned constraints, a "reflux"

scherne must be used at the extraction stage cor,1prisin6 of the 

recycling of part of the acid at the hydration while at the stripping 

stage, a scheme with intermediate drawing off the diluted acid 

(figure 3) is necessarily employed. 

This is the 6eneral diagram that we are going to define in 

detail in the following lines. 

c) Determining the optimum conditions

1) Isotherms for the division of the nitric acid between the

!ri£�!r1_2hQ§2h�!�-�gg_!h�_gll03• H2S04 agg_Yt§04 fQ�-�a�icus
�ulphuric_acidities_
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It emerges from the above considerations that there are two 

parameters based on whic1 it is possible to adjust the denitrifica

tion process : i.e. the reflux and the amount of a
2

so4 added before

extraction. 

The reason for this is that the nitric acid partition iso

theri;1s determined experimentally at the C.E.A. (fi:;ure 4) show 

that the addition of sulphuric acid assists HNo
3 

extraction, 

civinc nitric recovery at hign concentration, But it can become 
X 

an economic disadvantage which must be reduced to a minimum. 

'rhus, in order to obtain sufficiently concentrated nitric acid 

at the first stripping (3 to 5N) - see section A-1), it is necess

ary to work very close to the solvent saturation point. 

Two variables are available for this: 

- the refl11x of part of the nitric acid stripned on hydration

- the a'dition of sulphuric acid to increase the extraction.

Linear pros-ra;:1 . .1in�� and co1TI"91.1ter calculations which �'1eedno 

describin� here have been uoed for determinin� the optimum cond

itiono of the, extraction a!1d do:.1blo strippin:; scheues, mai�ini; 

due allowance for the vario •s technical and econoGic constraints. 

Only the :nain conclusions .ste.nuin�� fror1 this O?timisation are 

r1entioned here. 

Acid at two different concentrations must be recovered on 

strip?ing : 1.5N and 3 to 5 M acco�din: to the amount of nitrate 

couin� from the attcc�. 

The conce�tration of the necessary excess sulphuric acid 

must not be less than 1.5N. It will be necessary to exceed this 

concentration, i.e. aro:.1nd 2 to 3N. 

In any case the total nw�ber of sta;es required is very high 

(30 to 35), unless it is �ossible to add a hi;h sulphuric acid 

excess on hydration. 

1279 



The complete recovery of the nitrates cominc fror.1 the tanks 

seems possible; yet, as could be foreseen, the creater the amount 

to be recovered, the more difficult it is to achieve optimum 

conditions. If the quantity of nitrates to be recovered is of 

the order of 2M on comin3 from the attack, these nitrates can be 

recycled by addinc a quantity of sulphuric acid of the order of 

1.5 N. Extraction and strippin3 are done at ordinary room 

temperature in ban,rn totallin:; 3c starres. 

On the other hand, if the quantity of nitrate to be recovered 

is around 3M on coming ftmm the attack, it will be necessary 

to add much more sulphuric acid (2.5 N) or accept losing some of 

the nitric acid used in the process. 

The reduction in the hydration flow appears to facilitate 

the recovery of the nitrates, 

At this stace of the study, the conclusions emerging from 

the calculations have stil� to be checked exuerimentally, and the 

predictable solvent losses evaluated. 

D) Exoeri,nen tation of the outimum sc:,emc in a mixer-settler

bank to a scale of 1:30.000.

1) Operatin�_conditions

The experiment was made in AT.1 mixer settlers (capacity 2 -2

1/h). 'l'he solvent used, TBP 50% diluted in dodecane, has a low 

enoug'.1 suecific gravity to ensure good hydraulic working of the 

mixer-settlers and sufficient enoush dilution to limit to the 

minimise any entrainments and losses in the aqueous phase. 

The experiments is kept going continuously for at least 

48 hours for the mass e�uilibria balances to be reached and 200 

hours at the aost to test the process and examine the subsidiary 

phenomena and the reliability of the process. 
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2) Characteristics of the tests carried out

Many apnroach tests were carried out, but �ention will be

aade only of the most important, particulurly the tests annotated 

I and II on fi _;;ure 5, wh::.ch e:ia':Jlcd us to adjust or chec,: t,1e 

te .. ,perature condi ti::rns, the nu,nber of sta,;e:::;, the flow ratio 

or the culnhuric Reid concentrations b·- chan�in� the concentra

tion of nitric ucid to be extracted. 

Tl:e e::tended ex:Jeriment was underta:-:en with flow dia,,;ra:71 I, 

the solvent was recycled without ?assin- throuch a basic processing 

st:i;se. 

3) Results

In c;eneral the results confir,�ed t:1e calculation data. 

During the extende� test we were particularly able to verif : 

a) that the concentration profiles in the sta�es BGree wit, the

results expected; all the stains used are necessary and the

dic:::�;rar.1 iG O"?ti.":lur.1:

b) thr,t t,1e sy:;tc :: is stablen nitrate lea':s in t:,e raffinates

never excecdec1 500 rn:;/1

c) that the sili.ca precipitations in the inter-phases are

avoided b� tbe addition of �F,

d) that solven� losses are low. �hese losses �easured in:

117 1 of raffinates (extraction)

37 1 of concentrated acid and 

60 1 of diluted acid (stri9,inc) 

were respcctively 25, 50 and 50 mc;/1 by solubility and 7 r10/1, 

1 r.11,/1 a:-i.d 1 m7,/1 by en train•:ient, �,hich finally represent losses 

or less than 1 g of tributyl ph�s�:1ate per kilogra� of processed 

nickel. 

Durin:.; test :::I, confirmation 1-,as obtained that there is 

total recovery of the nitric rea3ent when nitrate concentration 

befo�e hydration is around 3N. 
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II - PILOT PLANT TEST 

A) Experimentation of the optimum flow .scheme in

pulsed columns to a scale of 1:3.000

The extraction, and stripper 1 and stripper II columns with 

an interna. diameter of 45 mm and 6, Lf and 6 m long respectively 

are fitted with perforated stainless steel trays 50 mm apart 

and 23% perforations. Pulsation is ensured by com�ressed air 

pre,;sure on a side leg. Strip9in;:; colur.m II is heated to 4o0c 

by five 200 mm lone double jackets, regularly spaced alon� the 

colur::n, with hot water circulation. 

The extraction column functions in continuous organic 

phase (interphase at the botto:r.) and the strinin,; columns in 

continuous aqueous phase (interphase at the top af the column). 

Finally a sin;:;lc sta�o mixer-settler ensures the al�aline 

treatment o� the solve1t (between stripper· II and recyclinB for 

extraction). 

2) Opcratin,:;_ conditions

Short-duration preliminary tests enabled us to determine

the operatin conditions of the columns (pulse amplitude and 

fre<Juonc: givin.·; the theoretical number of stages to make the 

optimwn sche:-:ie defined by calculation and experiment in the mixer

settlers. These conditions are shown in table 1. 
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TA.3LE 1 

�:eeratin ;_conditions _of_ the _pulsed_ columns_ and_ the _:,1ixer-settler

Conditions 

Pulse amplitude 
(cm) 

Pulse frequency 
(mm min) 

Aqueous phase 
flow ( 1/h) 

Solvent flow 
( 1/h) 

0peratin0 temp-
erature ( ° C) 

Pulsed columns 

Extractor StripDer 
I 

2 ,:; ./ 

100 50 

8,9 3 

15, 1 15, 1 

averace 28°c
(heating due ambientto chemical 
reactions) 

3) Results - Solvent losses

strip:ier 
II 

1 

100 

7,55 

15,1 

4o0 c 

Mixer-settler 

(solvent treat
ment) 

7,55 

7,55 

ambient 

The preliminary tests were followed by an extended test

(62 hours) to test t,1e stability of the sche11e, assess the solvent 

losses by physical entrainment and degradation, and to study the 

gradual forr.1ation of th-� interDhase precipitates, or "sludc;e" 

on extraction, The main results were as follows: 

a) Extraction

The average value of the nitrate concentration in the raff

inates was 190 mg/1, under the set lir:1i t of 500 me;/1, The corr

esponding number of theoretical stages ic between 13 and 14, or a 

hei:,;nt equal to a theoretical heiJht ('.IBTS) of 43 to 46 cr.1, 

The stripped nitric acid is 3,13 N, correspondin: to a 

theoretical number of sta1;es of 7, to 8, or an :IETS between 50 and 

56 cm, 
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c) StripEer _ II

The stripped nitric acid has an average concentration of 
-3 1.43 N; the used solvent corning out at less than 10 of HN0

3
• 

This corresponds to over 9 theoretical stages, or an HETS of 

less than 67 cm. 

d) Solvent losses

The TBP lost by solubility and that lost by solubility �lus 

physical entrainment was determined. With the pulsed colu1Jns 

and mixer-settler used, the losses by entrainment were less than 

10 mg/1. The losses by solubillity for the first stripping, the 

second stripping and the extraction were respectively: 220 mg/1, 

270 rng/1 and under 75 mg_11. Durin5 the TBP concentration time 

no increase was found in the sodium carbonate of the solvent 

degradation. The solvent losses vary between 2 ;-'; and 2.5 g 

of TBP per kg of nickel product. 

4) Conclusion

These pulsed column tests provided infor�ation on the chemistry

of the process, particularly on solvent losses. On the other 

hand, in view of the maximum permissible flows in pulsed columns 

10 m3/h), there is no question of envisar,in� this type of

extraction equipment for use on an industrial scale. This is why 

for this reason we also made extraction-strippin� tests in the 

optimum scheme c_ondi tions with a stirred column of the ARD-LUWA 

type with which total flows exceeding 100 m3/h may be achieved.

B) Experimentation of the optimum scheme in a 1:300 scale

ARD-LUWA colwnn

1) DescriEtion_of_the_aE£aratus

The ARD extractor is composed of a vertical cylindrical

column (in flass for the pilot apparatus used). This column is 

separated intm two parts by a vertical partition that defines a 

mixing area and a peripheral phase separation area. Each of these 

area is itself divided into �everal compartments by horizontal 

flanges. 

In the middle of each mixing compartment there is an hor

izontal disc. 
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1. 
I 

All these discs are fixed to a vertical spindle· which 

revolves and stirs the phases, this spindle beins off centre in 

relation to the c�lumn. 

Characteristics of the annaratus used 

The pilot apparatus used is an A�D 150-3000 having the 

followins dimensions: 

- total height o:: the column : 4.7 m - di ameter 150 mm

- height of the stirred area (effective hei0ht): 3m

- upper settler: 1 m - lower settler: 0.7 m

- stirrini discs 75 am dia�eter, apportioned alonG the stirring

spindle at the rate of 25 per metre, Rotation rate between 125

and 1000 rev. •:iin.

height of mixing and settlint; compartments 40 .. Jll

·i'he column has two taps for drawinc; sa::iples.

The ciiagram of the apparatus and its main dimensions are s:1own in

fi6ure 7. 

2) Hei�ht_transfer_units-extraEolation_

The chance in the efficiency of the extractor has been 

determined in terms of the rate of rotation 'w for two specific 

flows of 1 and 1.5 1/h and organic flow ratios of 1.7 and 2.aqueous 

For this number of theoretical stages (NTS) and the heiiht 

equivalent of a theoretical stage (HETS) as well as the mean 

height of transfer unit (HTU) and the number of transfer units 

(NTU) were determined fro.,1 the experimental results. 

The results obtained are shown on tables II, III and IV. 

ihe height of transfer unit, which is already linked to the 

over-all transfer coefficient and the specific exchanze area, may 

be expressed in ter�s of the stirring power per volume unit. 

Hence: 

Cte (2) 
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where HTU (d)

Dr 

De 

hm 

height of transfer unit for the dispersed phase 

(in this case the aqueous phase) 

diameter of stirring discs

= diameter of the column 

height of a mixing coffipartment 

rate of rotation 

numerical constants depending on the hydrodynamic 

operating regime, 

If the HTU in terms of the rate of rotation for the three 

tests is entered on the co-ordinate, a linear relation is in fact 

obtained, as shown in figure 9, Constant C, whic''.l enables the 

change in efficiency 01 the diameter to be calculated, is deter

mined from the slope of these strai�ht lines, 

There is in fact an equation of the followin� type: 

-c

for two appliances wor;;:ing at the same specific flow and same 

dispersion regiLles. 

HTUD beinz the heicht of transfer unit of the D1 1 diameter extractor 

HTUD 
being the height of transfer unit of the D2

2 dia0neter extracUir 

For the system considered, it was found that the height of 

transfer unit varied significantly with the square root of the 

diameter, 

These results would theoretically enable the design of 

columns 1.5 m in diameter to be calculated which would be suitable 

for industrial scale production. Nevertheless several co:nments 

must be made: 

- the experimental column used has only 3 meters of effective

height. But, it has been noticed that the dispersion of one phase

in the other took place over a relatively important height of

between 0,5 and 1 m,

1286 



- the play between the horizontal partitions and the cylinder

of the column, which is in non-graduated crlass, creates prefer

ential 9assa�es detrimental to efficiency. The relative 

importance of this play increases as the diameter of the column 

- t'.1c Extraction and stri:;i Jin;; sche;nes are "'Jinchin611 hence an

error in the nQ�er of transfer units (NTU) can be very si;nificant

if Lie n,:o
3

di:,tribution curves chosen for the calculation stray,

even in a s�al� way, fro� actual operational conditions, for

instance because of the te,nperature chanzes alonr, the column or

due to chenical reactions or for any other reason, 3ecause of 

this 9ossibility of error we were unable, inter alia, to calculate

the NTU's and HTU's for stri,ipin:; conditions, where the 1
1pinchinr;"

between equilibrium curve and the operatinc; line is the uost

sensitive. 

For all these reasons, it is urobable that the results 

obtained arc pessimistic; it would be advisable to check them with 

a lar;:;er a ,paratus by ::1akin:: a ti::;ht seal between the trays and 

the ,,ia :.ls of the column and by im-provinc; the quality of dispersion 

on inta:�e anu by choosinn.; extraction or stri::ipinc;/sc'1eme for the 

tests leadin to crcater accuracy with res�ect to the calculation 

of ti1e i'!TU's. 

3) Solvent losses

These losses are under 75 m�/1 on extraction and 220 mg/1

on each strinnin; (losses by entrainment ?lus solubility). This 

is eciual to 2 g of T.'3P -per kg of treated nic::el. The values found 

are a_1,recialJl�r e::;;ual t:i t·nose obtained wi.th -pulsed colunns. 

A process by dentrification to solvent solutions of nickel 

sulphate containin� nitric acid has been develoned in the laboratory 

and in a Dilot unit. To meet th� �any constraints of the process 

as a i.·:holc, a COf:l�uter O!)ti ... _1ication nro .ra·:,'!e uas neccssory. 

�he resultin s:te.�e, ba�cd on the tuilisation of TSP 50� -

dodecane, pro1uced denitrificJ solutions at under 500 m/1 of 

nitrate. 3urther it co�nrises a do�1ble strip�in� stoce, allowing 

tiH; ni7;ric acid to be recovered at t\•iO co!lcent�ations. 
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In. the laboratory, in mixer-settlers, as in pilot units 

(pulsed columns, ,VD-L1J1:!A extractors) solvent losses ar:1ount to 

less than 0.02 F par k� of treated nickel. 

Allowin for the prescribed flo,.1 rates, it se0�J8d wort'1Hhile 

using A,m-L1J1,JJ.. columns on an industrial scale. ;,. start was 

therefore made on the extrapolation studies o! these equinments 

to a scale of 1:300: determination of the heiiht of transfer 

units ; experimental deter�ination of the constants enablin� the 

results found to be extra�olated. 
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TABLE 2 

Extraction test 1 - Ve + Vd = 1 1/h 

NTS , HETS, NTU and HTU changes 

�in NTS HETS 

rev/min in cm 

160 2,2 136 

224 2,8 107 

288 3,5 86 

352 4,7 64 

416 6,2 48 

480 6,7 45 

TABLE III 

Extraction test 2 - Ve + Vd 1 1/h. 

-2 0
= 1.7 cm 

- X
with the rotation rate w 

NTU 

4,2. 

5,3 
6,7 
9,4 

12,5 

14 

-2cm 0 
- A

HTU 

in cm 

71 

57 
45 

32 

24 

21,5 

2 

NTS, HETS, NTU and HTU changes with rotation rate 

Ain HETS HTU 

rev/min NTS in cm NTU in cm 

250 3,5 86 7, 1 42 

325 4,6 65 10 30 

400 7 43 13,6 22 

475 8 37 15,8 19 

550 8 37 16,7 18 
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TABLE IV 

Extraction test 3 - Ve+ Vd = 1.5 1/h -2 cm 0
- A

= 2 

NETS, HETS, NTU and HTU changes with the rotation rate w 

Ml. in NTS HETS NTU HTU 

rev/min in cm in cm 

175 2,3 130 5 60 

250 3,5 86 6,7 45 

325 5 60 9,5 31,5 
400 6,5 46 12,2 24,5 

475 7,7 39 15,8 19 
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Fi .�. �'roce:;f'l -.:i.;ed for recoverv of '[.IQ) 

TBP so•;. -Oodicane 1,36 t/h 

EXTRACTION STRIPPER I STRIPPER II 

1 & stages B stages ( 25 °C) 8 stages ( 50° C) 

N03 300mg/L 

HN03 3 N (I) 
or HN03 SN (JI) 

0.27 I/ h 

Chorgo (I) or (Ill 

� - Charge: H2 so, 1. 52 N tree 
0.8 l/h 

Schtmo ll -Chorgo, HzS04 2,5 N-2.6N tree 
0.8/h 

HN03 org.(N) 

1.5 
?i 

0.5 

0 

0 0.5 
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Freliminary studies of the continuous phase backmixing character

istic3 of a mechanically agitated liquid-liquid ;(uhni extraction column 

vith variable stator r,lr.te and rotor geometry have been carried out, 

based on the systeo deionized water-odourless kerosene. 1'he results, 

when correlated by the one-dimensional axial diffusion model, show simi

lar charo.cteristics to those found in other forms of mechanically 

agi ta. ted extractor. 'i'he continuous phase backmixing in the two phase 

system is 1.,ell correl,.ted, over the normc:cl range of opera tine conditions, 

by t!:'.e 2r,uivalent ,3i11.:le ph2.se b;..c'.cmixinc r-.,lationship when modified by 

the inclusion of an avcr,c:;e holdup value for the � ispersed pho.3e. 

;. ,1.?..surements of the aver:.[;-e dispersr1d phase holdup i;ere also well corre

lated throUf'h the c:1P.1"acteristic velocity relationship proposed by 

Eisek ( 1). 

1. Introduction

'.!'he deleterious effects of backmixing on the oass transfer perform

ance of liquid-liquid extraction equipment is now generally well mo1-m. 

Considerable advances have been nade in the development of relevant math

ematical raodels ,md appropriate calcuJ.a tion procedures, allo1·1ing for the 

effects of baclanixing. 'l'hese have been well reviewed recently by l-hsek: 

and }lod (2). 'l'wo forms of model are most commonly employed for solvent 

extraction applications. These are the stagewise model, with backmixing, 

and the axial dispersion flow model. Although both models give approxi

mately equal results under the highly dispersive conditions commonly 

encountered in agitated column extractors, the axial dispersion flow 

model is most commonly preferred (3,4,5,6,7). In this model, the various 

contributions causing deviations from plug flow are all assumed to follow 

an eddy diffusion relationship, analogous in form to Ficks Law for 
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molecular diffusion,but in which the dispersion is characterised by a 

constant value of an eddy diffusion coefficient, appropriate to the given 

conditions. Unfortunately there still remains a considerable dearth of 

information concerning the extent of backmixing in many types of con

tactor. i.'he Kuhni liquid-liquid "lxtraction column represents an 

apparatus of considerable industrial import,rnce for which a substantial 

amount of other fundamental operatin.'.l' data have boen obtained (.'3,9,10, 

11,12). A correct scale up of pilot scale laboratory results requires 

full allowance for the effects of backmixing, It was therefore decided 

to study the backmixing characteristics of a 150 mm diameter extractor 

of th<3 scale me-st commonly used for preliminary process studies. 

Unfortunately it '.-1as necessary to restrict the work initially to a con

sideration of the wa tar-kerosene oystem although it is realised that 

potentially important effects of differing system physical properties 

may have been neglected. It is hoped that a systematic study of the 

effect of !Jhysical property che.nges on the bactcmixing in agitated con

tactors will be carried out later under the programme proposed by the 

-:uropean Federation of Chemical .,;ngineering ( 13), 

2, 3xperimental 

The main apparatus consisted of a standard 'U50/13 pilot phnt 

extraction column of Kuhni type construction, 150 mm in diameter and 

containing 18 compartments, each of height 68.5 mm. The agitation in 

the compartments was eff8cted by me"ns of centrally located shrouded 

turbine type impellers of the type illustrated in Fig, 1. 'l'hree sets of 

rotors with varying heights of turbine blade, as shown in ?ig. l,were 

employed. The geometry of the stator plates, bounding each of the 

column compartments, was also varied during the course of the experi

ments in order to give differing free areas for flow. These are 
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illustrated in Fig. 2. A typical arrangement of impeller and adjoining 

stator plates is shown in Fig. 3. 

The liquid system consisted of deionized water nnd Shellsol K 

odourless kerosene. In all experiments, water was the continuous phase 

and kerosene was dispersed. The physical properties for the mutually 

saturated fresh liquid-liquid system at a temperature of 293 ;� are given 

in Table 1. 

The flow system followed a normal count�rcurrent arrangement. 'l'he 

water and kerosene feeds to the column were supplied from separate feed 

tanks via centrifue;al pumps, fitted with flow by-pass control arrange

ments, and rotameters; the dispersed kerosene phase entering at the base 

of the column through an inlet distributor. The exit kerosene was 

allowed to overflow by gravity from the top part of the column and to 

recirculate to kerosene sto2·age. ':'his was fitted with a cooling coil for 

temperature control purposes. \·!a ter leaving the base of the column was 

regulated by a pneumatic valve, actuated by a float control operating 

in the liquid-liquid interface, and allowed to discharge to drain. 

The de. cree of backmixing in the column was measured using the steady 

state tracer injection technique, described many times previously in the 

literature (4,14,15,16). In this case, a steady and continuous stream 

of an aqueous sodium chloride tracer solution was injected into the 

bottom compartment of the column using a metering pump. Under steady 

state conditions, the concentration of tracer at any point in \he 

column above the point of injection is determined by a steady state bal-

ance between the rate of backmixing of the tracer and the re.te at which 

it is swept out of the column by the bulk flo:·1 of aqueous phase. 3imple 

relationships may then be easily derived on the basis of the appropriate 

flow model, from which the relevant backmixing paramete:·s can be determin ed, 
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from measurem·mts of the resul tine steady stc:.te concentration profile 

of backmixed tracer done the length of the colwnn. ?or the axial dis-

persion flow mo de 1, it is easily shmm th� t: -

ln i �J = 
E 

'l'he concentration profile of the bc:ckmixed tracar wns dc,termined by 

al101-1ing the samples of continuous phase to drip continuously from 

nozzles locat�d at vari.ous positions a.lone the length of the column. 

(1) 

Cn tr.e achievement of steady state conditions, usually folloi-rinc: 4-5 

column lllean residence times, the saoples wer·3 coll,,ct0d and the concen

tration of tracer determined by contluctivity measurement. Both the rate 

of tracer injection and the total rate of aampk removal were kept at 

values of lesa than l\.· of the continuous phase feed rate no as not to 

disturb the column operating conditionn unduly. 

,:.verage fr.;.ction1J.l holdu:;, values for the disporsed phase, ree;_uired 

in the correlation of the two phase backmizing results, were obtained by 

measurement of the pressure differential occurin�-; between the extraction 

col= operating under two phase conditions and 1:n equivalent manometric 

balancing leg of 11ilt·,r representine the pressur:o drop across the effective 

length of column under single phase operation c,nd ec-,ual stirring speed. 

;, detailed description of a more highly refined version of this method, 

which was used to investigab axial vari1!tions of holdup in the ::uhni 

column, is givc_n bv ?ischer (12).

3. Results and Discussion 

From equation (1), a logarithmic plot of the dimensionless tracer 

concentration versus distance upstream along the column should zive a

straieht line plot, from the slope of which the eddy clispersion coeffi

cient is easily determined. The excellent experimantal agree110nt so
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obtcined 1-ras ta!cen 2.s sufficient justification for the use of the axial 

flow model. The steady state injection method for th8 dstc,rmin:,.tion of 

buckmixing is convenient 2.nd extremely simple when comp2.red to other 

:nr:thods involving the v.nalysis of unste:o.dy state :itimulus-response 

curv ,s, or the analysis of stet:.dy state solute conc,mtro.tion jJrofiles 

durinc two IJlmse mr,ss transfer. It should be noted, houever, as pointed 

out by .:.ileicher (17) that this tGchnique is capable of measuring only 

those floH mechanisms th1.,t are actually capable of causine physical 

backflow of material, ,md that therefore some mechanisms contributing to 

the overall non-ideal flow behaviour may not be detected by this method. 

For m-schanically 3f:itnted contactors operating at normal working con

ditions, however, backmixing is usually dominant. The ste:ady state 

injection method therefore represents both a convenient and realistic 

measure of the flow ncn-ideali ties in the type of syst"'m ,1resently con

sidered. 

3.1 3ingle Phase Backmixing 

Fig. 4 shows the variation in the eddy dispersion cosfficfont with 

respect to rotor speed. The results in Fie. 4 apply for constant water 

flowrate and are sho�m for the four alternative stntor plate designs and 

the standard impeller desien with blade height equal to 10 mm. In all 

cases, the backmixing coefficient was found to increase linearly with 

increasing rotor speed, with the resulting straight line plots passing 

approximately through the origin. Fig. 5 shows a plot of the eddy dis
�-

persion coefficient versus varying aqueous phase flowrate and constant 

rotor speed, for the four same compartment geometries. In all cases, the 

dispersion coefficient was found to be independent of the flowrate of the 

continuous phase. The behaviour sho�m in Fig. 4 and 5 is in good agree

ment with that found previously for RDC (3,4,5) and Oldshue-Rushton con

tactors (6,7), thus confirming the mechanism of backmixing in mechanically 

agitated contactors to be rotor dominated. In Pig. 6, the results for 
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the four same compartmental ((eomc:tries are correlated on the basis 

pr,3viously found to b:i ::iuitablc for the RD'.: o.nd Oldshue-Ilushton column. 

The results of the least squ.ure:J linear re::ression c.nalynis of the 

data sho1m in },ie. 6 arc listed in Tnble 2. .�s ,.-1ith other forr:is of 

mechanically aeitated contactor, the degr0e of backmixing increases with 

�,n increase in available free area of st:ttor plate. '.i'he relationshi,, 

ho1,:ever, is not lj_near, since th,� b ackmixing shows a progre3sive tend

ency to increase uith increasing ar,1a. Gutoff (14) showed that, for an 

Cldshue-n.ushton column, thG baC:onixine tends to increase progressively 

'.ri th incrcasin,; proximity of th'.J flow opening to tho column wall, owing 

to the strong vertical circulation curr,mts caused. t:-.ere by the deflec

tion of the impellGr discharge. '.i.'he r.e3ults are rather rnorc difficult 

to characterise in the ;:uhni column, owing to the somewhat variable nature 

of the stator r1l2.te hole arrc:ngement, as shown in Fir;. 2. Jince this 

ropreseI1ts an i11portant d,esign ch.,ract,iristic, eivin,:: 2.d,li tional flexi

bility of operation, such thnt d.ifLrent plate arr:,n[;cmcnts can be 

chosen to suit particular ,)rocess conditions, no attempt hc:s been made 

to combi,ie thG r::sults of the four pnrticulur pl.s.te desir:;ns into a single 

to suit particular proc,1s.3 conch tions is the height of the inpaller 

turbine blades. 'i'eble 2 inclues results, obtainod usinc the single 

0 .23G, c,nd three heiehts of tm�bin3 blsdes 

';' = 10, 20, rmd 30 ;nm ro3poctively. .:,s oxyicted, increasin::; the heisht 

of the turbines increrises the clec;ree of buotmixinc-, but to an extent 

which is les ., than that expected from a proportional increase in the rate 

of tu�bine discharge. 

3.2 Tvo Phase Backmixing 

The continuous phase bac�ixine studies, under two phase operating 

conditions, were limited to the two stator 1ili:.te gaometries, :� = 0.236, 

1305 



an.d O. ,11, using the standard turbine ir:rpellars of height, T = 10 nm. 

The eff-"; ,t of increasing rotor speed '.,as found to be similo.r to that 

previously observ,,d in an Oldshue-,:ushton Column ( 7). '1'his is shown in 

=·1ie. 7. .'� t zero or v1:>;ry 1011 rotor spe!:ids, a�):1r(jciable b�ckmixinG in the 

continuous phat1e occurred, which wo.3 i;:ttributa!il; to the 0ntrainr:!:�nt of 

cont��l'lOUS �)hase in the ua!rea of the r:.sin:-: c1roJ_)3 of clir;per3ed :·,iH-1.sc. 

_,,. t higher rotor speeds, tht:: �ffects cf the wake i:1ccL.:1nisr:i llr.1 r.:!cl1.lc0J, 

o.nd the ,-�fi'�!ct of thB rotor then becomes dominant. At hicher rotor 

spee,Js 2. ?"roe.chine floodin.:r oondi tions, the holdup of dispersed rl•ase 

builds up v ,ry rc.pidly causin:; a final reduction in the bac'.-cmixin:::. 

Linder normal op2r,, tin,:; conditions, the def"ree of backmixing was ahrays 

found to be less tlian the corresponding single phase value. ','he separ

ate effacts of increasint:: continuous and. dispersed phase velocities on 

the degree of 1:,:�o·�mixing are more difficult to characterise than that of 

rotor speed. Under norm'll conditions of agitation, both increasing con

tinuous :md dispersed rhase velocities cause some reduction in the extent 

of the backmi.xing. At very high rotor speeds, increasing dispersed 

phase velocity causes a correspondingly rapid decrease in the backmixing. 

It was fou."ld, :1c11ever, that over the normal range of operating conditons, 

the effects of the b•o phase operation could be taken into account by 

the inclusion of an averac:e holdup term in the form of correlrrtion, 

pr:oviously used for the single phase results. The resul ti.ng correlation 

of results for the two phase operatine region are sho,m and listed in 

Fig, 3 and Table 3 respectively. The agreem-.:nt in the coefficients of 

the e�uatiom: for the :Jingle e.nd two phase condi tons for the two respec

tive stator plate openings found by the least squares analysis of the 

results is noteworthy. It should be noted however th&t the avera,ee 

holdup term represents a very approximate and empirical correction factor, 

''ork by Fischer (12) has confirmed the existence of substantial variations 
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in the c:xial holdui;, for the disp,ff30d ,Jhuse in tho I�uhni column, as 

found in P..T,C :and l'ldshue-�ushton contactors. ;,verc.ge values of dis

persed rhase holdup, therefore, have only limited tl:coretical value. 

::; . :::, Correlation of 1-loldu'c 

The r.ver2,� holdup val·ies ,-,ere correJ.ated on the basis of the 

,�haracteristic VG loci ty e�uation proposed by rise'.c ( 1). 

U" U .. 

x· + 1�x U0 (1-X) exp (- (4.19 - �) X) ( 2) 

,-;here U O r,�presents the equivaLnt unhindered free fall V;lloci ty of a

single clrop fallin6 in infinite continuous medium, and tho term f
rn 

represents a measure of the coal2scence cl:aracteristics of the actual 

ci.roplet swarm. Fi;;. J sho1-rn a t·,pical plot of the holdup results,

according to equation (2), obtained by keeping rotor speed constant 

and proeressively var.ring the continuous and dispersed phase flow-

rates. ;;;quivalent values of U
0 

a:id .:! can then be deterlill.ned from the 
J:! 

vertical intercepts and slo:::ies of t11e resp,1ctive plots. ;fo attempt was 

made to correlate these c:uantities in t.:irms of fundamen".al droplet 

behaviour, owing to the re::itriction of the use of only one liquid

liquid system in these experiments. 
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Table 1: Physical Properties for Saturated De-Ionized Water/Shellsol K 
at 293 K 

Table 2: 

Q 

0.124 
0.236 
0.236 
0.236 
0.296 
0.41 

Table 3: 

Q 

0.236 
0.41 

Interfacial Tension 

Density of Kerosene 

Viscosity of Kerosene 

Correlation of Single 

T a 
mm 

10.0 0.056 
10.0 0.062 
20.0 0.079 
30.0 0.048 
10.0 0.054 
10.0 0.005 

E ba +

w 

Phase 

w 

28.8 X 

0.777 X 

1.54 X 

10-3 N/m

10+3 kg/m3 

10-3 
N s/m2 

Backmixing Results 

b CR 

0.0115 0.997 
0.0131 0.997 
0.0146 0.999 
0.0160 0.999 
0.0166 0.994
0.0186 0.997

Correlation of Two-Phase Backmixing Results 

T a b CR 
mm 

10.0 0.031 0.0128 0.976 
10.0 -0.038 0.0192 0.980 

E 
+ b(l - X)a

w 
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Figure 1 : Arrangement of Turbine Impeller 
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LIQUID-LIQUID SPRAY COLUMNS: CORRECTION OF DRIVING FORCE FOR AXIAL MIXING 

P. R. Choudhury1 ; P. T. Ambrose2 ; G. S. McNab3 ; L. W. Fish; and S. D. Cavers

Depa:t'tment of Chemical Engineering, The University of British CoZwnbia, 
Vancouver B, B. C. 

Concentration profiles have been measured for both phases 
in the axial direction for spray liquid-liquid extraction 
columns operating at steady state. Measurements have been 
made for 38-mm I.D. columns of various lengths. Numerical 
integration has been used to obtain the true number of 
transfer units between the nozzle tips and the column 
interface. From these results a factor has been derived 
to correct the logarithmic mean driving force for axial 
m1x1ng. Information has been obtained also with respect 
to abrupt changes in concentration resulting from agitation 
of the drops at the top of the column prior to coalescence. 
Heights of transfer units corrected for this end effect and 
for axial mixing are reported. 

1. INTRODUCTION

The behaviour of spray liquid-liquid extraction columns has been the subject 

of a large number of investigations extending over roughly the last thirty 

years. It has been found possible to produce both dispersed and dense pack

ings of drops in such columns1 • 2 . The observations of the present

investigators have been confined to the dispersed type of packing. 

The qualitative behaviour encountered has been found to depend greatly 

on whether solute is being extracted from the continuous into the dispersed 

phase or vice versa3 , For transfer out of the continuous phase into the 

dispersed phase the drops rising up the column do not coalesce until they 

reach the main interface at the column top (the coZwnn interface). Evert here 

coalescence is slow, and the drops remain in turbulent agitation3 for a time. 

In 38-mm I.D. columns there is little or no evidence of backmixing of the 

dispersed phase as distinct from axial dispersion in general, which would 

result, for example, because of varying rates of drop rise whenever a range 

lp, R. Choudhury now is with Westinghouse Research and Development Center, 
Beulah Rd., Churchillboro, Pittsburg, Pa. 

2P. T. Ambrose now is with Imperial Oil Ltd., loco, B. C. 
3G. S. McNab now is with Dept. of Engineering Science, University of Oxford, 

Oxford, England. 
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of drop sizes is present. On the other hand, when mass transfer takes place 

from the dispersed phase to the continuous, coalescence of the drops takes 

place within a short distance of the formation of the spray at the bottom of 

the column. Large drops are produced, with rapidly changing irregular shapes. 

Many of the drops produced by coalescence are so large as to be unstable and 

break apart. Evidently in these circumstances axial dispersion of the dis

persed phase must be considerable. 

The present paper is restricted to 38-mm I.D. columns in which solute 

was transferred from the continuous to the dispersed phase. Gier and Hougen4 

suggested that the ratio of column diameter to column height would be an 

important parameter influencing the extent of axial mixing. Work with 3 

different column lengths is reported in the present study. However, it appears 

that it is column diameter and not the ratio of length to diameter which is 

important in determining the axial dispersion coefficient in the continuous 

phase5. Following the example of Gayler and Pratt6 for the continuous phase

of a packed liquid-liquid column, and Epstein7, for packed beds, the present

paper proposes factors for correcting the logarithmic mean driving force of 

the plug-flow model for axial dispersion. 

2. EXPERIMENTAL

The system investigated was water/acetic acid/4-methyl-2-pentanone. This 

system was chosen in order to facilitate comparison with earlier work. The 

ketone was technical grade, the acetic acid was reagent grade, and the water 

used was either laboratory distilled or deionized. The ketone phase always 

was dispersed and always was water-saturated. The water phase similarly 

always was saturated with ketone. 

Figure 1 is a typical schematic flow diagram of the Elgin-design columns 

used. These were closely similar to apparatus described previously3 •
8
.

Operation was always at room temperature and at steady state. The fluids 

contacted only glass, graphite, polyethylene, Saran, aluminum, chromium, 
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stainless steel, and asbestos. (Some asbestos gaskets and packing may have 

contained a partially soluble bonding agent.) Feed tanks A and D were used 

to store continuous and dispersed phase respectively. These phases were 

pumped from these tanks to constant head tanks, E and F, each vented at V. 

Continuous phase passed to the column through rotameter G. Dispersed phase 

entered through rotemeter H and spray nozzle S. Drops were formed by passing 

the dispersed phase through stainless steel tubes (6.4 lllll1 in length) press

fitted into the top plate of the nozzle. �hese tubes were chamfered at 45° 

on the outside to a sharp edge (Figure 2). Continuous streams of fluid 

extended for a short distance above the nozzle tips, and drops were formed by 

the break-up of these streams. The distributor plate shown in Figure 5 of 

the earlier work3 was not present in the experiments reported here. Various

nozzle tips were capped off so as to maintain a constant linear velocity of 

the fluid in the tips during runs at different dispersed phase superficial 

velocities. 

In the early runs stable operation was achieved, with the total flow 

divided evenly between the various nozzle tips, when bulk velocities of 

77.7 - 91 . 3 llllll/s were used in the nozzle tips. However, to maintain similar 

stable behaviour in later runs, it was found necessary to increase this 

velocity to 108.8 mm/s, which is above the value of 100 mm/s recommended by 

Hayworth and Treybal9 , but is in accord with the recommendations of Johnson

and Bliss10 (up to 127 mm/s), and of Keith and Hixson
11 

(up to 115 mm/s).

Drop size distributions have been measured5 for the highest nozzle tip

velocity used. These show maxima at drop sizes of about 3.4 mm and 0.6 mm. 

Although there are a large number of the smaller drops present, they con

tribute only a small percentage of the total dispersed phase volume. 

According to the correlation of Null and Johnson
12 

the drop sizes predicted

for the system in use are 4.2 mm and 3.6 mm, corresponding to velocities in 

the nozzle tips of 77 and 109 mm/s respectively. The Hayworth and Treybal9 

correlation predicts corresponding drop sizes of 3.7 and 3 . 1 mm. 
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Sampling tubes were lowered into the column from the top in order to 

remove samples at various elevations above the nozzle tips. These tubes were 

of similar design to those described in detail in an earlier paper3 They

are shown in Figure 2 of the present paper, the funnel probe being used to 

sample the dispersed phase, and the hook probe to sample the continuous 

phase. Controlled suction was used for removing the samples. Care 

was taken to purge the lines connecting the probes to the sample bottles. In 

order not to disturb the steady-state operation of the column, samples 

ordinarily were taken at rates which were only about 3 to 4% of the respective 

total rates of flow of the phases in the column. However in some runs 

higher sampling rates were used. 

Runs were made by bringing the apparatus to steady-state, and taking 

the requisite samples. Holdup was determined by measuring the rate of rise 

of typical drops in the column and applying the equation 

H Li (100%)

The holdup was not measured in all runs. Missing values were obtained by 

fitting a polynomial to H in terms of 1w and 1k for similar velocities of 

dispersed phase in the nozzle tips. 

(1) 

Samples were analysed by titration with standard sodium hydroxide 

solution containing 0.1 kgmole/m3 of the reagent. One-percent phenolphthalein 

was used as the indicator, and ethanol was mixed with each ketone sample 

before titration so that only one phase was present during analysis. Samples 

of the continuous phase contained no noticeable ketone entrainment. However, 

the samples of the dispersed phase were approximately 10% by volume water, 

and mass transfer continued after the samples had been collected. Therefore 

it was necessary to correct the measured concentration of acetic acid in 

each ketone sample to the value which obtained as the drops passed into 

the funnel probe. Equation 2 was used for this purpose. 
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vw (cwf - cwi) + vk ckf

vk 

3 13 14 Table 1 gives the range of variables investigated ' ' . Figure 3 

shows typical measurements13 , and in addition a water phase profile (shown 

dashed) calculated in a way to be described presently on the basis of an 

(2) 

assumption of no axial mixing. The experimental points plotted at the upper 

and lower end of each concentration profile arise from column feed and 

effluent samples taken outside the column proper: at W, K, WO, and KO in 

Figure 1. The intermediate points in each of the solid-line profiles of 

Figure 3 arise from samples taken from within the column. There can be large 

end effects in the concentration profiles of both phases at the end of the 

column where continuous phase enters and drops coalesce; see, for example, 

CE and AB in Figure 3. 

Inspection of the drops of dispersed phase within the column showed that 

no backmixing occurred of the rising drops toward the bottom of the column, 

except for some of the very small drops present. 

3. MODEL AND GENERAL METHODS OF CALCULATION

Cavers and Ewanchyna3 adopted a simplified model to describe operating spray 

columns. The model is summarized and clarified in what follows. It is 

assumed that continuous phase enters the column just above a bed of agitating 

and coalescing drops at the column interface. At entry the continuous phase 

has a concentration labeled C in Figure 3. Due to the agitation of the drops 

during their coalescence into the column interface, and due to the time 

involved in this coalescence, the concentration of the dispersed phase changes 

during this operation (e.g. from B to A in Figure 3). The solute required 

for this last concentration change comes from the continuous phase, with the 

result that the concentration of that phase decreases (e.g. from C to D). As 

the continuous phase emerges from the bed of coalescing drops it is diluted 

by the addition to it of backmixed continuous phase which has been carried 
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toward the top of the column, presumably in the wakes of rising drops. See, 

for example, the fall in concentration DE in Figure 3. Thus there is one end 

effect in the dispersed phase: AB, and two end effects in the continuous 

phase: CD and DE. These last two combine to produce the total end effect 

CE in the continuous phase. 

Evidently this model is a simplified description of what happens in the 

columns of the present work. In these the continuous phase enters near the 

bottom of the Elgin head and then flows upward, and over the top of the glass 

pipe forming the column proper. The continuous phase then flows on down the 

column. The entering continuous phase encounters drops rising to the inter

face, as well as drops at the interface. Also, since the model includes the 

implications of drawing the concentration profiles as they appear in Figure 3, 

the fall in concentration of the continuous phase from C to E occurs infinite

simally below the column interface. However, both the agitation end effect 

CD and the backmixing end effect DE must in reality occur over a finite 

height. In addition, these end effects are not events which happen to the 

continuous phase in series with respect to time; rather they are events which 

happen more or less in parallel, and occur in regions of the column which at 

least overlap. Nevertheless, as will be seen later in this paper, it is of 

necessity the simplified model which is used in most of the calculations. 

Also,the model provides a reasonably adequate description of spray column 

behaviour, particularly if the calculated water-phase profiles now to be 

described are included, and a comparison between the calculated and measured 

concentration of the continuous phase used as a qualitative indication of 

backmixing. 

The calculated continuous-phase profile shown dashed in Figure 3 was 

obtained on the assumption that both the phases pass through the column in 

plug flow, and that the concentrations at the bottom of the column were those 

shown in Figure 3. Equation 3 then gave the calculated water phase profile 

in terms of the measured ketone phase profile. 
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(3) 

In Figure 3 AB and CD are related by Equation 4 below: 

(4) 

Since an overall solute balance must be satisfied with respect to the terminal 

concentrations of the phases, and since subtraction of Equation 4 from such 

an overall balance must result in a particular case of the material balance 

represented by Equation 3, the value of Cw corresponding to point Din Figure 

3 can be calculated from Equation 3 by substituting the value of Ck correspon

ding to point B. 

In order to calculate a factor to correct the logarithmic mean driving 

force for axial mixing it was necessary to have a measure of the rate of mass 

transfer across the interface between drops and continuous phase in an incre

ment of column height. As mentioned earlier, little or no backmixing of the 

dispersed phase took place within the column. Therefore the change in ketone 

phase concentration observed in an element of column height is the result 

solely of mass transfer across the interface between phases. On the other 

hand, the measured water phase concentrations result, not only from transfers 

of this sort, but also from axial mixing. It is important, then, to use the 

measured ketone phase profiles as measures of interfacial transfer for the 

purpose of calculating mass transfer coefficients and heights of transfer 

uni ts. Values of the latter were obtained from Equation 5 below: 

h 
( 5) 

in which the denominator is evaluated most easily by numerical integration of 

the measured profiles. This integration is carried out only to point Bon 

the dispersed phase concentration profile in order to eliminate the agitation 

end effect mentioned previously. Equation 5 involves the assumption that the 
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solutions are dilute (and Lit and �a constant). The HTU of Equation 5 is the 

measured value mentioned by Miyauchi15 • If an assumption of no axial 

dispersion of the dispersed phase is valid this will also be close to 

Miyauchi's true value. 

If plug flow of each of the phases can be ·assumed, as well as constant 

superficial velocity of each phase, constant overall capacity coefficient: 

Kka, and constant value of the partition coefficient (m) describing the ratio 

of solute concentrations in the two phases at equilibrium, Equation 6 results. 

Equation 7 gives the value of HTU0k corresponding to the circumstances

assumed. 
h(Ck - Ck)

lm 

ckB - ckb 

(6) 

(7) 

In Equations 6 and 7 the log mean driving force (Ck - Ck
)

lm 
is calculated on

the basis of the present model from the concentrations at D and Bin Figure 3, 

and from Cwb and Ckb' The HTU0k calculated from Equation 7 then is consistent

with the HTU0k 
obtained by Equation 5 except that the value from Equation 7 

involves the assumptions of plug flow (and of constant Lw and m).

Next, Equation 6 can be rewritten as follows: 

(8) 

in which �a now is the measured mass transfer coefficient corresponding to 

HTUOk' and where the factor Fm has been included to correct for the fact that

backmixing of the continuous phase does take place in the actual column, as 

shown, for example, by the fact that the calculated and the measured concen

tration profiles of the continuous phase do not coincide in Figure 3. Notice 

that it is necessary to have removed the agitation end effect from the total 

end effect in the continuous phase before using Equations 6, 7, and 8, 

basically because agitation and backmixing are such different phenomena. 

The factor Fm corrects for the reduction in driving force due to the
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backmixing. Its value in principle cannot exceed unity. (Fm would include 

the effect of the system not obeying assumptions involved in Equation 7, but 

not in Equation 5. Thus the effects of the slight variations in 1w and in 

the partition coefficient are thrown into Fm.) 

The corrected height of a transfer unit corresponding to the corrected 

log mean driving force will be given by 

h (ck - ck)
lm 

Fm

ckB - ckb 
(9) 

which is of the form of Equation 7. Dividing Equation 9 by Equation 7 pro-

duces the following expression for Fm: 

F 
m 

HTUOk

HTUOk
(10) 

Equation 10 indicates that Fm can be determined by evaluating the right-hand 

sides of each of Equations 5 and 7, the ratio of the results being Fm.

An overall capacity coefficient for agitation at the column interface 

was calculated by 

Rate of mass transfer at the column interface due to agitation 
Average overall driving force at the column interface 

4. DETAILED METHODS OF CALCULATION

(11) 

Many of the experimental runs contained too few measured concentrations for 

reliable direct numerical integration of Equation 5. Therefore, for each 

of the profiles of each run, smooth, hand-drawn curves were constructed from 

the elevation corresponding to the nozzle tips to that of the column inter

face. Cwb and Ckb were weighted most heavily because these were based on 

multiple samples (taken at WO and Kin Figure 1), whereas only one internal 

sample was available to provide the value of each concentration obtained 

between the nozzle tips and the col· 1terface. 

Digitized concentrations were recorded from the dispersed-phase profile 
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and from the continuous-phase profile at equal intervals of 0.02 times the 

column height from tips to interface. The resulting concentration pairs then 

were arranged into five groups of 11, with the final pair of a given group 

appearing as the first pair of the next group. Least squares regression 

analyses produced, for each phase, polynomials relating concentration to 

height for each group. That degree of polynomial which had the minimum 

standard error of estimate was selected as the best. The maximum degree 

permitted was four. 

Points E and Bin Figure 3 were calculated from the respective poly

nomials evaluated at the interface height. Two values of the concentration 

corresponding to point D were calculated, one from each of Equations 3 and 4. 

If both such values were within the range CE (Figure 3), the average of the 

two was taken; if either was outside this range, the other was used. In two 

runs both values of Das calculated lay below E. The value of D nearer to E 

was used in each of these cases. 

To evaluate Ck in the integrand of Equation 5 one needs the equilibrium 

partition of acetic acid between the ketone and water as a function of Cw.

The following polynomial has been derived16 to fulfill this purpose.

o.4487 c + 0.1162 c2 

w w 
0.01861 c3 + 0.001987 c 4 ± 0.032

w w 

(In this paper the± values are standard errors of estimate.) 

(12) 

For evaluating HTU0k 
Equation 5 was rewritten as follows, with the total 

height of the column divided into 10 equal-height sections (j). 

10 dCk 
I: [/ C* - C ]j

j=l k k 

(13 ) 

In applying Equation 13 analytical differentiation of the fitted polynomials 

giving C
k 

was used to provide expressions for dC
k 

in terms of height above 

the nozzle tips as independent variable. Similarly in the denominator of the 

integrand appearing in Equation 13 the fitted polynomials were used to pro-
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vide expressions for Ck and Ck in terms of height. The integration was

carried out over the height range of each section j by using the polynomial 

functions appropriate to the particular section. The numerical integration 

procedure adopted was a "cautious adaptive Romberg extrapolation"17 with

maximum absolute and relative error limits prescribed. 

In order to calculate the overall capacity coefficient �A for mass 

transfer at the column interface due to agitation, the numerator of the 

right-hand side of Equation 11 was evaluated by multiplying the superficial 

velocity of the ketone phase by the end effect corresponding to agitation; 

i.e. the numerator was obtained by evaluating the following

(14) 

The denominator of Equation 11 was evaluated by obtaining the arithmetic 

average overall driving force based on the model described previously. The 

following expression gave this average 

( CkC - ckA) +(Ckl) - ckB)
2 (15) 

Cavers and Ewanchyna3 calculated �A as described above except that in the 

last expression CkD was replaced by CkE on the basis that this would be a

more realistic concentration to represent the situation in the water phase 

just below the interface. This would seem to be true; on the other hand 

Expression 15 is consistent with the model for s�ray column operation des

cri�ed earlier, which assumes that the agitation end effect, and the end 

effect due to hackmixing, occur in series. 

5. RESULTS

Multiple linear regression analysis was carried out on the values of Fm 

obtained from the various experimental runs. Potential independent variables 

included the superficial velocity of the water phase, the superficial velo

city of the ketone phase, the bulk velocity of the ketone phase in the nozzle 
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tips, the dispersed phase holdup, and the column height (nozzle tips to 

interface). Each of these potential independent variables was included in 

the analysis as the variable to the first power and as the variable squared. 

The following is ·the relationship reeo11Dnended for obtaining Fm in spray 

columns of approximately 38-IIDn I.D. 

o.4552 - 0.04290 h + 190.4 Lw - 16.310 I.w-2 ± 0.051 (16) 

The squared multiple correlation coefficient (R2 ) associated with Equation 16 

was 0.845. [With 1/Fm used instead of Fm, R2 changed only a little (as might

have been expected), to 0.854; the slight improvement in R2 is offset by the

inconvenience of using the reciprocal.) 

An attempt was made to obtain a better correlation by regressing the 

natural logarithm of 1-Fm, against the same variables. R2 was 0.639. An 

attempt also was made to relate Fm to the ratio of the superficial velocity of 

the water phase to that of the ketone phase, and this ratio raised to the 

second power; R2 was 0.610. 

In reporting Fm values for the continuous phase of a packed column Gayler 

and Pratt6 showed Fm as a function of the following 

L Hw 
1k (1 - H) (17) 

where the notation of the present paper has been used. The correlation of Fm 

versus this group and its square was attempted; R2 was 0.737. 

Finally an attempt was made to correlate Fm in terms of the two quantities 

defined below 

ckD - ckb 

ckB - ckb 

n 

z 

approach to equilibrium 

fall 
rise 

This approach is based on correction factors for the log mean temperature 

driving force in shell and tube heat exchangers. It was found that Fm is 
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linearly related to Z with an associated R2 of 0.659. As with heat 

18 exchangers Fm decreases as Z increases. Variable n was found to be not

significant at the 0.95 probability level. Indeed Fm appeared to increase

with n whereas it decreases in the case of heat exchangers. 

Figure 4 shows Fm plotted against 1w with column height as parameter.

The lines appearing on Figure 4 were calculated from Equation 16 using 

respectively the average height for the 19 run group and that of the 15 run 

group from Table 1. Inspection of Figure 4 shows that approximately doubling 

the column height decreases Fm by an amount comparable to the standard error

of estimate ( 0. 051) associated with Equation 16. In other words, data. are 

rather badly scattered with respect to height. For example, notice the 

position of the point representing the single run at a column height of 

0.41 m. This point falls more or less in the middle of a group of runs made 

with a column height averaging 1.16 m. Based on the work of Choudhury13 and 

on measurements of axial mixing coefficients5, it had been concluded that 

axial mixing was not affected by column height. The scatter of points in 

Figure 4 leaves the matter still unsettled. Accordingly, the following 

equation is reported to enable the prediction of Fm in spray columns of 38-mm

I.D. independent of the column height.

0. 3754 + 194.2 Lw - 16.360 Lw2 ± 0.056 (20)

The value of R2 is only slightly less than for Equation 16, 0.808 instead of 

0.845. Both Equations 16 and 20 indicate a parabolic relationship between Fm

and Lw' with a decreasing Fm above an Lw value of about 0.006 m/s. However

one would expect Fm to approach unity asymptotically at high Lw values.

As is true for most mass transfer results the values of HTU0k showed

considerable scatter. Probably the main cause is that the phases were near 

equilibrium at one end of the column or the other for perhaps 8 of the exper

imental runs (e.g. Figure 3). In these circumstances considerable chance 

for error arises in evaluating the integral of Equation 13. The scatter, of 
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course, carries over to the Fm results, particularly since a similar problem

arises with Equation 7. The dimensional equation appearing below seemed to 

2 be about the best that could be obtained (R = 0.500) from the present data. 

HTUOk 0.3617 + 0.6745 h - 0.2070 h2 - 2.910 VN - 22.92 Lw ± 0.063 (21) 

The effects of vN and Lw in this equation seem reasonable. Thus in the case

of vN, increasing vN reduces drop size and increases a, the area of dispersed

phase per unit volume of column. Increasing Lw also increases a by causing

the residence time of the drops to increase. Increasing a reduces HTU0k

(Equation 9). 

As might be expected the values of KkA showed considerable scatter as 

well. Regression results are given in the following two equations, the first 

based on point D (Figure 3), and the second on point E 

2(R values were 0.622 and 0.632 respectively.) Notice that, as would be 

(22) 

(23) 

expected, KkA increases with 1k, more drops being available for agitation at 

the interface. �A also increases with Lw, presumably as a result of 

increased mixing as the water phase enters the column. 

It is interesting that a similar agitation end effect is absent in a 

spray column heat exchanger19 •20.

6. APPLICATION TO COLUMN DESIGN

Small-diameter liquid-liquid spray columns can be designed in the following 

way. Suppose for example, that a feed of given concentration and flow rate 

is to be- extracted to a given raffinate concentration by a dispersed phase 

of known entering concentration. The ratio of dispersed to continuous phase 

superficial velocity would be obtained by economic considerations. Then one 

could proceed as follows to determine the column height, assuming an Elgin 
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design of column, and that the dispersed phase enters at a value of vN of

about 0.109 m/s through nozzle tips of inside diameter 2.6 mm. One first 

calculates the composition of the dispersed phase leaving the column (A in 

Figure 3) by an overall material balance. The next step is to obtain point B 

and point D by a trial and error procedure. Thus one estimates the contin1.lOU&

phase concentration at D and applies Equation 4 t·o obtain the corresponding 

point B. Based on the assumed value of D, the arithmetic average driving 

force applicable to mass transfer during agitation of drops at the column 

interface now is calculated according to Expression 15 given earlier. This 

driving force then is used with a value of �A obtained from Equation 22 to 

give the rate of mass transfer taking place due to agitation. This rate 

equals the product of the continuous-phase superficial velocity, the column 

internal cross-sectional area, and the differe�e in concentration between 

points corresponding to C and D. D can be calculated from this equality and 

compared with the value assumed. With D located, Equation 9 is used along 

with Equations 16 and 21 to obtain h by trial and error. It should be 

remembered that considerable caution should be exercised in applying the 

equations of the present work to design columns for other than the present 

system, and for values outside the ranges given in Table 1. 

7. CONCLUSIONS

The separation of agitation and backmixing end effects at the continuous 

phase entrance to liquid-liquid spray extraction columns seems to be a useful 

device for clarifying spray column belBviour, and for providing a basis for 

design. More work needs to be done with different chemical systems and with 

columns of different diameters and heights, in order to provide more-

general correlations describing mass transfer due to agitation at the inter

face, heights of transfer units corrected for axial mixing effects, and 

correction factors for the log mean driving force. 
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Nomenclature 

A 

a 

C 

C* k

F m

H 

h 

L 

m 

s 

u 

V 

APPENDIX 

interfacial area of ketone drops at the column interface, 
plus any free area of the column interface (m2) 

interfacial area per unit volume of the column (m2/m3) 

concentration (kgmole/m3) 

concentration of a ketone phase in equilibrium with a water 
phase of concentration C (kgmole/m3) 

w 

log mean of the overall driving force between the phases at 
the bottom of the column and the phases at points D and B in 
Figure 3 (kgmole/m3) 

factor correcting (Ck - Ck) lm for axial mixing of the
continuous phase (dimensionless) 

holdup, the volume percent of the column occupied by dis
persed phase 

height of the column (nozzle tips to interface) (m) 

overall height of a transfer unit based on (Ck - Ck)
lm 

(m)

overall height of a transfer unit calculated by numerical 
integration of the Cc: - Ck) driving force, and with the 
agitation end effect eliminated (m) 

except when used with A, overall mass transfer coefficient 
based on (c: - Ck) lm ; when used with A the driving force is 
that of Expression 15, or that described in the text 
following that expression (m/s) 

overall .mass transfer coefficient corresponding to HTU0k (m/s) 

superficial velocity of a phase flowing in the column (m/s) 

equilibrium partition coefficient, Ck/Cw

rate of interfacial mass transfer (kgmole/s) 

squared multiple correlation coefficient 

cross-sectional area of the column (m2) 

average velocity of rise of the ketone drops, relative to the 
column wall (m/s) 

volume of a phase of a ketone internal sample (m3) 

bulk velocity of the ketone phase in the nozzle tips (m/s) 

Subscripts and limits of integration 

A,B,C,D,E corresponding to the designated points in Figure 3 
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b 

f 

i 

k 

N 

0 

w 

Superscripts 

* 

bottom of the column 

final value, at time of analysis 

initial value, at time of sampling 

ketone phase 

bulk value, in the nozzle tips 

overall 

water phase 

corresponding to equilibrium 
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TABLE 1. Ranges of variables investigated 

Column inside diameter 38 mm 
Nozzle tip inside diameter 2.5 - 2.6 mm 
Column height (nozzle tips to interface) 

o.41 m 1 run 
1.13 1.20 m (ave. 1.16) 19 runs 
2.23 - 2.26 m (ave. 2.24) 15 runs 

Total 35 runs 

Inlet water phase, acetic acid concentration 0.711 - 0.854 kgmole/m3 

Inlet ketone phase, acetic acid concentration 0.082 - 0.126 kgmole/m3 

Acetic acid material balance, absolute value of l00(in - out)/in 0.065 - 1.74 
Water phase superficial velocity 0.96 - 7.20 mm/s 
Ketone phase superficial velocity 1.55 - 7.55 mm/s 
Average velocity of ketone phase in nozzle tips 77. - 109. mm/s 
Holdup of dispersed phase 0.017 - 0.119 volume fraction 
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CONTRIBUTION OF THE DISPERSED H!ASE TO 

THE LONGITUDINAL NIXING IN A ROTATil<G DISC CONTACTOR 

by 

A. BORRELL - G. MURATET - H. ANGELINO 

LABORATOIRE ASSOCIE C.N.R.S. 

INSTITUT DU GENIE CHIIHQUE 

31078 TOULOUSE CEDEX - FRANCE 

In the first part of this work the hold-up of the dispersed phase 

was detennined under different experimental conditions and from these results the 

mean residence time and the average flow velocities were deduced. 

In ·the second part the technique of tracer pulse injection was 

employed and P�CLET number ?e and mean residence timer; were comwted using 

the dispersed plug, flow model. To solve the equations three methods were

developped : 

- moments of the responses curves,

- least square fit of the response curves in the time domain,

- least square fit of the response curves in the frequency domain.
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I - INTRODUCTION 

Operat�ng conditions of a rotating disc contactor (RDC) have been 

studied using the techniques of response characteristics to a tracer pulse in

jection. 

The hold-up of the dispersed phase was determined under different 

conditions and was used to compute average flow velocities and mean residence 

ti.mes. The remainder of this work concerns the continuous phase. As a first step 

it was shown that the residence time distribution for this phase was well repre

sented by the dispersed plug flow model with a Peclet number, Pe, and a mean 

residence time, Z:: , as parameters. Then the influence of the flow rate of the 

continuous and of the dispersed phase was investigated as well as the effect 

of the rate of rotation of the discs. 

Peclet numbemwere determinated by means of three different methods 

- use of the moments of the responses or break-through curves

- least square fit of thiresponse curves in the time domain;

- least square fit of the response curves in the frequency domajn.

2 - AFPARATUS 

A flow diagrarnm of the pilot plant is shown on fig. 1. 

The one meter extraction section was made of a 50 mm diameter 

glass tube. The column wasequippedwith 40 equispaced stator rings of 35 mm 

inside diameter and 1 IIlID thick, forming a series of compartments agitated indi

vidually by a centrally located disc. These equisized flat rotor d1scs were 30 mm 

in diameter a.�d 1 mm thick. The discs were mounted on a centrally rotating drive 

shaft 8 mm in diameter. The speed of rotation could be adjusted by means of an 

electronic variator coupled with a direct current motor. The speed of rotation 

could be varj ed from 300 to 3000 rµn and the value was determined with an accu

racy of 3 %. 

The heavy and li;,:ht phases were supplied to the column from two 

constant level tanks. 
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3 - EXPERIMENTAL METHODS 

Experimental work was perfonned using distilled water as the heavy 

continuous phase and isopropylic ether as the light dispersed phase with no mass 

transfer occurring, 

In a RDC column the determination of the hold-up of the dispersed 

phase is rauch more complicated than in other equiµnent due to the presence of the 

shaft and the difficulty in separating the extraction zone from the other regions. 

In order, to detennine the hold-up, a calibrated glass.tube was set on top of the 

extraction �olumn (50 mm in diameter, 300 mm long) with a lateral evacuation by 

overflow for the organic light phase. Two electromagnetic valves positionned on 

the organic phase entrance and exit pipes, served to ston the flow of the above 

phase through the extraction column. The hold-up was deduced by the difference 

between the total volume measured after decantation and the volume in the upper 

decantation zone. 

Longitudinal mixing was evaluated using the method of tracer 

injection during steady state operation. The dynamic method viz injection of a 

pulse of an electrolyte into the system and measurement of the time dependence 

of the tracer concentration at a fixed point downstream from the point of injection 

was employed. The tracer employed was 1 .5NHC1 contained in a tank 8 m above the 

e�uiµnent. The injection was done by using an electromagnetic valve (fig. 2) con

r.ected to the tank by a teflon tube 5 mm in diru1eter. The tracer ;;as injected at 

tr·A upper interfo.ce level throue)1 a stainless steel needle 2 mm in diameter. This 

device avoided an upstream d:i ffusion. The time der,endence of the con:l•1ctivi ty was 

subsequently measured 900 m:n do,mstream, The system was thus consi<iered a closed

open system ( 1). In order to avoid the exi.sterce of o. trai 1 d•1e to the di.ffusion 

of the re�"-ining tracer inside t�e injection tube, a second electromagnetic valve 

was uc.eci, This valve opened when the first onP. closed and the remai.ni.ng tr::icer 

was P.liminated th:::-oug.ri that SP.cond valve nnd replaced by co,1tinuous phase. Bot� 

valvP.s "ere controlled by usin:; a relay with ,1 var' ,;ble time const::mt. Opening 

neriodi, were 1tjusted to 1/10 s whi.ch corresrw1ded to the in,igction of 1 cm3 • In

jections performed with the above device were assw�ed to be ide,'il Dirac pulses. 

Ch,me;es in r:onducti vi ty corresponr\inG to the flow of the electro

lyte w>2re detected by me9.ns of.' two cylindrical plR.tine electrodes, 10 mm in 
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diameter and 1 r.im thick. These electrodes were connected to a conductimeter and 

the break through c11rves were registred by an "Histomat S". This apparatus allowed 

a direct sampling of the curves, giving the results on a perforsted ribbon, readily 

available for co:nputer work. 

4 - DETERJ'lINATION OF THE HOLD-UP 

The hold-up of the dispersed phase allowed the calculation of the 

various flow cross nection areas, average velocities and mean residence ti�1es for 

both dispersed and the continuous phases. 

Forty-eight runs were performed and the results are sho,-m in fi

gures 3-4. Two different total flow rates were u,:;ed, with 4 differcmt dispersed 

to continuous phase flow rate ratios and 6 speeds of rotation of the discs. The 

conclusions obtained are as follows : 

- the hold-up remained aLmost constnnt in the range 8-10 % until

a speed of rotation of 1500 rnm (2.4 rn/s) was reached : the hold-up then began to 

increase rapidly; this pheno�enon occured for all flow rate ratios.

- for a given speed of rotation and a given flow rate ratio, hold

up increased with the total flow rate. This might be related to a hi�her drag 

force resulting from the increase of the counter-current flow rate. 

5 - PECLET NUMB8:l. EVALUATIONS 

The dispersed plug flow model was used. This model is characterise:l 

by a piston flow with solute transfer by a diffusional process fro:n zones of 

higher concentrations towards zones of lower concentrati::ms. Assuming that this 

diffusion is the same along the apparatus and rnakini:; a mass bahnce, an equation 

analoeous to Fick's Law of diffusion has been established. Using reduced variables 

this eqw,ti on is written 

- <") c/ }x + 1 /Pe. o 2c/�x2 

Fro:n a theoretical point of view, the work -of DANCK\-IER.T.3 (2), MIYAUCHI and VERJ.lBULC:ll 

a.ild SIEJCHER (4) contributed to the formulation and to the so]ntion of the problem. 
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In reduced coordinates, two parameters characterise this model : r;, the mean 

residence time between the entrance point and the measurment point and Pe, the 

Peclet number for the phase considered. 

5.1 - Use of the moments of the 1
1C11 curve 

Let us suppose that the experimental response curve to a pertur

bation introduced in a system is !mown, the most reliable method of verifying a 

theoretical model would consist in solving the equations describing the model and 

in comparing theoretical and experimental curves. This method is quite often 

tedious. One of the most attractive method is the use of the various moments of 

the distribution of the "C" curve• Tiie interesting property of the moments of a 

distribution is that they completely define the distribution : hence they can be 

used to compare the distribution without comparing the curves themselves. LEVENSPIEL 

and SMITH (5) were the first to point out the relation between the moments and 

the dispersion coefficient, the form of the relation depends on the boundaries 

conditions. VANDERLAAN (6) generalised the calculations using the transform 

curves. 

As a general rule all the moments areneces,:rry to describe any so-rt 

of curve but if a given phenomenon can be describedby a model using "n" parameters 

then "n" moments are independent. Usually only the two first moments are used 

because of the errors due to the lack of accuracy for higher times, and therefore 

the mathematical model shall have only two parameters. 

Let us consider s(t) the response function to a perturbation. The 

first moment about the origin is defined for a continuous distribution as 

()o 00 

fl 1 =1 t s(t)dt/ 1 s(t)dt

The second moment about the mean or variance is defined as 

I 00 

s(t)dt//4 s(t)dt 
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The precise relationship between the first moment and the vari=ce 

of a "C" curve and Peclet number found by LE'T�NSPIEL and SH ITH ( 5) and VAN DER 

LAAN (6) depends on the end conditions. In the case under investigation the rela

tions are 

f 1 = t/C 1 + 1 /Pe

<J 2 = CT"2t/t: 2 
2/Pe + 3/Pe2 

,.,...2 2 I 2 � /r, 1 
= 2Pe + 3 (Pe+ 1) 

As it was already mentioned 

(4) 

(5) 

t6) 

the mean residence time can be deduced 

from hold-ip experi.r:Ients and thereforeusing equations (4) or (5) a Peclet number 

may be evaJ.uated, It is important to note that in the case of equation (6), expe

rimental mean residence time is not necessary. Results are presented in tables 

1-3. ?eclet numbers calculated using only the first moment were quite different from

the others because of the high sensitivity of the method to errors on the residence

time. The figures 5,6,7 illustrate the variations of Peclet numbers calculated from

relation (6) as a function of W, the speed of rotation of the disc with either one

or two phases in the column : Peclet numbers decrease smoothly and W increases.

Comparison of the various results demonstrates the important contribution of the

dispersed phase in the back mixing of the continuous phase.

5,2 - Least sauare fit of the resnonse curves in the time domain and in the 

freouency domain. 

The identification of the two parameters r. and Pe of the model 

was done using an optimization method which is a modification of HOOKE and JE,;VES 

method (7). Usually the research of the optimum requires 30 to 50 calculations of 

the criterion function. 

The transfer function of the model used is the following 

I [ 1/2 1/2 j 1/2 ( )1/2. 
C(n). exp (Pe/2).Pe 1 2 .  exp --fe) (Pe• p) / (Pe) /2 + Pe/4 + p (7) 
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The analytical expression of the pulse response is 

c( 8) 11., l-
2 J r , (Pe/TIG) Lexp -Pe(1-0) /4 �- Pe/2 exp Pe erf c

l 
(Pe/G)2 (1 (8) 

The above expression may be calculated using the method developed 

elsewhere (8) and the result is 
.o-0 

C(G) • ( Pe/,Jei+ exp [-Pe( 1-0)2 /4 ·]- Pe/2(nJ'' / 

je ( 1-

(Pe+U)-2exp(--U) du 

)o/4 e

The calculation of the integral which appear in equation (9) was done using 

SIHFSON's method after having verified that the resulting curve may be assimilated 

to a 3rd degree conical. 

Choice of the criterion 

(9) 

The first reproductibility of the data ¼as verified in the range of conoluc

tivity used, then best fit model was obtained by minimization of a non-weighted 

least square criterion. 

In the time do�ain the criterion is expressed by the integral 

with 

CT reduced theoretical concentration 

C'' "' reduced experi.'Ilen tal concentration 

z squ:1re of the error surface 

The correspcnding criterion in the frequency do�ain is found by means of PARSEVAL 

theorem 

with 

M 

00 

Z = 1/� {(t:,R)2 + (t.r) 2] H0 

6 R = difference between the real parts of the transfer function of 

the model a,,: of the experimental curve 
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/:,. I difference tetween the imaginary parts of the transfer function 

of the model and of the experimental curve. 

W angular frequency 

One advantage of working in the frequency domain is that the analy

tical expression of the transfer function is simpler than that of the pulse response. 

In order to calculate easily FOURIER's transform of experimental curves the F.F.T. 

algorithm was employed (9-10). 

6 - DISCUSSION OF THE RESULTS 

Results are given in tables 4-9 with two typical graphs (fig. 8-9). 

The results concern experiments with one phase as well as with two phases. In both 

cases the value of r and Pe, deduced from time or frequency domain identification, 

are identical. The agreement between experimental and theoretical curves obtained 

by the use of the optimal values is quite good (fig. 8-9). 

Comparison of theoretical and experimental curves shows that Pe 

obtained by optimization are not very different from the initial values correspon

ding to the method of the moment : the above proves the good quality of the recorder 

output and the low noise level. The noteworthy improvement of the criterion depends 

mainly on the existence of errors in the experiments and especially on the erroneous 

values of the residence time of the dispersed phase deduced from hold-up measurements. 

7 - CONCLUSIONS 

Results concerning the hold-up of the dispersed phase s}1owed a 

strong dependence on the speed of rotation of the discs above a certain speed. 

As the speed of rotation was increased the Peclet number for the 

continuous phase decreased. In the presence of a dispersed phase the back mixing 

of the continuous phase becomes more important, this tende ncy being accentuated 

at low speeds of rotation. 
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SYMBOLS -

Reduced concentration 

Experimental reduced concentration 

Theoretical reduced concentration 

Total flow rate 

LAPLACE parameter 

PECLET number 

PECLET number calculated using first moment 

PECLET number calculated using variance 

PECLET number calculated using the ratio between the variance and the 

square of the first moment. 

Continuous phase flow rate 

Dispersed phase flow rate 

Response function to a perturbation 

'fime 

Center of gravity of the response curve 

Speed of rotation of the discs (rpn) 

Reduced distance 

Criterion function square of the error surface. 

Difference between the real parts 

Difference between the imaginary 

Hold-up of the dispersed phase 

Reduced time = th:, 
Mean residence time : volume/flow 

Angular frequency 

First moment 

First moment in time unit 

Variance 

Variance in time unit 
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Theoretical curves agree with experimental results and the assumed 

model describes adequately the flow behaviour and hence more realistic value of 

the hold-up may be deduced from the computed mean residence time. 

Identification of the two parameters -r: and Pe in the frequency

domain is as accurate as in the time domain but approximately 35 times faster. 
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FIGURES LIST 

� - Apparatus 

1. electrical motor

2. constant level tank for the light

3. constant level tank for the heavy

4. light phase storage

5. heavy phase storage
6. pump

7. rotameter

s. overflow for the heavy phase

9. sampling of the two phMes

10. drain-pipe

11. purge-valva

12. pipe to solvant regeneration

13. electromagnetic valve

14. heavy phase sampling

Fig. 2 - Tracer injection system 

1 • electrical motor 

2. tracer storage tank

3. injection electromagnetic valve

4. evacuation electromagnetic valve

5. platine electrodes

A. operational amplifier

c. conducti.meter

H. histomat s

T. relay

.EigJ - Liquid hold-up. Total flow rate 

Fig. 4 - Liquid hold-up. Total flow rate 

� - PECLET numbers (one phase) 

40 1/hr 

45 1/h 

phase 

phase 

Fig. 6 - Continuous phase PECLET numbers. Total flow rate 40 1/h ( twp phases) 
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fi&_1 - Continuous phase PECLET numbers. Total flow rate= 45 1/h (two phases) 

Fig. 8 - Comparison between experimental and theoretical curves Q = 6 1/h 

W 
-1 

= 500 mn 

� - Comparison between experimental and theoretical curves Q = 6 1/h 
C 

1 
W = 1000 mn-
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Table 

Table 3 

Table 4 

Table 5 

Table 6 

Table 7 

Table 8 

Table 9 

TABLE LIST 

- PECLET Nm-lBER FOR EXPERIMENTS WITH ONE PHASE. 

- PECLET number for experiments with two phases

Total flow rate= 40 1/h

- PECLET number for experiments with two phases

Total flow rate=45 1/h

- Optimization in the time domain. Experiments with one phase

- Optimization in the time domain. Experiments with two phases

Total flow rate= 40 1/h

- Optimization in the time domain. Experiments with two phases

Total flow rate= 45 1/h

- Optimization in the frequency domain. Experiments with one phase

- Optimization in the frequency domain. Experiments with two phases

Total flow rate= 40 1/h

- Optimization in the frequency domain. Experiments with two phases

Total flow rate= 45 1/h.
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TABLE 1 

PECI.£T NUMBER FOR EXPERD!ENTS WITH om,; IBASE 

p1 p2 p2-1 p1 p2 p2-1

9. =21th 9, = 6 1/h 
w = 500 19.50 53.64 57.17 32.52 56,02 57.46 

1000 14.82 37.28 40.33 20.73 39.90 41.74 

1500 20.40 29.25 30.11 22.47 30.47 31.17 

2000 19.45 22.86 23.20 30.61 25.64 25.32 

2500 22.13 21 .16 21.07 53.43 23.7 4 22.67 

9, =6.77 1th 9, = 8 1th 
w = 500 9.32 53.27 63.02 24.68 58.51 61.26 

1000 8.08 36.48 43.74 16.38 48.58 52.55 

1500 8.47 29.47 34.55 19.30 36. 72 38.53

2000 9.93 26.95 30.42 26.70 31. 19 31,52

2500 11.59 24.78 27.06 23.43 22.21 22.11

9. = 9 1th Q = 10 1th 

w = 500 1.29 50.67 63.14 38.52 64.70 66.06 

1000 6.60 39.40 49.82 I 5. 76 56.64 61.90 

1500 5.79 31,09 40.27 17.73 46.57 49.85 

2000 7.08 27.54 33.51 17,. 57 38,47 40.86 

2500 7.48 23.70 28. 13 25.18 33. 71 34.38 
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TABLE 2 

PECLET NUMBER FO EXP8RDIENTS WITH TWO ffiASES 

Total flow rate= 40 1/h 

p1 p2 p2-1 p1 p2 p2-1 
------·-----

Q/Qc = 3 Q/Qc = 4 

w = 0 6.40 36.15 45.90 7 .12 32.39 39.75 

500 6.57 31.40 �9.28 7.56 31 .75 38.37 

1000 5.76 30.32 39. 15 9.12 32.12 37.27 

1500 6.�3 30. 1 5 37.85 7.27 29.24 35.48 

2000 5.64 25.83 33.33 7.63 26.43 31 .so

2500 6.61 26.96 33.33 7.38 24.33 29.05 

Q/Qc = 5, 7 Q/Qc = 7

w = 0 9.23 29.75 34.29 13.79 25.53 27.23 

500 9.82 28.86 32.80 12.91 26.02 28.05 

1000 13.17 28.56 30.90 10.66 23.17 25.53 

1500 9.45 25.84 29.36 12.64 22.32 23.85

2000 9.81 23.64 26.48 12.40 18.72 19.72 

2500 10.49 21.21 23.25 10.91 17 .53 18.73 
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Q /Q = 3 
d C 

w = 0 
500 

1000 
1500 

2000 

2500 

Q/Qc = 5,7 

w = 0 

500 
1000 

1500 
2000 

2500 

TABLE 3 

PECLET NU!r.BER FOR EJCPERH!EN1'S WITH T"dO PHASES 

Total flow rate = 45 1/h 

p1 p2 p2-1 pl 

Q/Qc = 4 

6.86 31.74 39.29 6.68 

5.45 30.25 39.87 5.83 

5.03 27,33 36.7, 6,29 

5.70 26.36 33.95 16.34 

5.22 24.42 32. 1 5 5.34 

4.70 20.43 27.50 5.18 

Q/Qc = 7 

6.57 22.74 27.82 5.91 

6.31 21.11 25.94 5.64 

5.89 19.60 24.40 7.98 

6.75 19.05 22.78 6.70 

5.94 17.16 21 .03 6.63 

4.94 15.62 20.11 5.71 

1357 

/. 

p2 p2-1 

24.73 30.31 

24.77 31.54 
22.44 27.75 
28.08 29.52 

17.40 22.07 

16.89 21.58 

16.94 20.76 

15.21 18.69 

17.54 19.95 

15.'i!9 18.79 
16.36 19.34 
14.96 18.?7 



TABLE 4 

OPI'IMIZATION IN THE TIME DOMAIN. EXPERIMBNTS WITH ONE ffiASE 

Initial valnes Final values 

p "I Z 102 
p r Z 102 

Q = 2 1/h 
w = 500 57.17 20.24 3.25 53.95 21.00 0.22 

1000 40.33 20.24 3.09 38.82 21.25 0.15 

1500 30.11 20.24 0.49 29.73 20,62 0.11 

2000 23.20 20.24 0.13 24.07 20.37 0.05 

2500 21.07 20.24 oi11 21.73 20.11 0.09 

g = 6 1£'.h 
w = 500 57.46 16.87 1,22 61 .77 17. 1 9 0.22 

1000 41.74 16.87 1.46 42,52 17.40 0.22 

1500 i,1.17 16.87 0,49 30,20 17.19 0, 19 

2000 25.32 16.87 0.41 28.17 16,76 0.19 

2500 22,67 16.87 0.29 22.53 16.55 0.1 2 

g = 6, 77 1/h 

w = 500 63.02 14,95 19,42 59,08 16.35 0.13 

1000 43.74 14,95 13.00 42,37 16.45 o. 14

1500 34.55 14,95 8,10 33,69 16.35 o. 14

2000 30.42 14,95 4.62 28.14 16,07 0.17

2500 27.06 14,95 2.35 25.37 15,79 o. 14

g = 8 llh 

w = 500 61.26 12,65 1.35 65.09 12.89 0.10 

1000 52,55 12.65 4.06 49,59 13.20 0,27 

1500 38,53 12.65 1 .'1-2 35,64 13,05 0.23 

2000 31.52 12,65 0.32 31, 72 12.81 0.20 

2500 22,11 12.65 1,82 29,57 12,57 0.38 

g = 2 llh 
w = 500 63.14 11 .25 29.77 65.11 12.59 0.06 

1000 49,82 11 .25 25,38 49.20 12.73 0.12 

1500 40.27 11.25 22.86 39,77 12,94 0.12 

2000 33.53 11 .25 11, 19 32,67 12,52 o. 10

2500 28. 13 11.25 6.82 26.37 12,37 o. 12
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9, = 10 1/h 

w = 500 66.06 10.12 0,78 67.30 10.25 0, 17 

1000 61,90 10.12 5.77 58.42 10.63 0.28 

1500 49.85 10.12 3.03 45.49 10.50 0.31 

2000 40.86 10.12 2.07 37.54 10.50 0.21 

2500 34.38 10.12 1 .01 29.87 10.31 0.33 
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TABLE 5 

OPrIMIZATION rn THE TIME DOMAIN. EXPERIMENTS WITH TWO FRASES 

Total flow rate= 40 1/h 

Initial values H'inal values 

p I Z 102 
p r_, Z 102 

Q/Qc = 3 

w = 0 45.90 9.30 22.28 43.89 1 0.52 0.09 

500 39.28 9.30 16.95 39.53 10.46 0,08 

1000 39, 15 9, 29 22.27 37,44 10.68 o. 11

1 500 37,85 9.25 17.49 37.38 10.46 0.13 

2000 33.33 9.10 17.36 30.62 10.47 0.14 

2500 33.33 8.70 13.02 31.87 9.79 0.12 

Q/Qc = 4 

w = 0 39.75 1 1 .57 14.80 38.01 12.94 0.12 

500 38.37 11.56 12.49 36.21 12.86 0.15 

1000 37.27 11.54 8.31 33.78 12.55 0.18 

1500 35.<18 11 ,52 12.09 35.26 12.82 0.11 

2000 31 .50 11.22 8.73 27,96 32.41 0. 1 7 

2500 29.05 10.69 7.86 26.33 11.83 o. 15

�/Qd = 5, 7 

w = 0 34.29 1 5.39 6.64 30.65 16.74 0. 1 9 

500 32.80 15.38 5.35 29.93 16.33 o. 19

1000 30.90 15,32 2.30 29.93 16.09 0.11 

1 500 29,36 15,26 4,85 26.24 16.50 0.18 

2000 26.48 14. 77 3.60 23.50 15.88 0. 1 7 

2500 23.25 13.95 1.95 22.23 14. 73 0.13 

Q/Qd = 7 

w = 0 27.23 18.47 1.47 24.85 19.28 0.14 

500 28.05 18.46 1,97 25.35 19.38 0.16 

1000 25.53 18.34 2.78 23.14 1 9.49 o. 17

1500 23.85 18.26 1 ,46 21.47 1 9.06 0.16 

2000 1 9.72 17.69 0.73 1 8.12 18.35 0.10 

2500 18.73 16.73 1.08 16,97 17.46 0.14 
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TABU.: 6 

OP!'D!IZATION IN Tllio TIEE DQ;,Ld.IN. BXPERII-\8NTS WITH TWO FRASES 

Total flow rate= 45 1/h 

Initial values Final values 

p 1 :-:: 102 
p L Z 102 

Q Q = 3d C 

w = 0 39.29 8.21 14.52 37.33 9.19 0.07 

500 39.87 8.21 37.45 43.61 99.65 0.42 

1000 36.73 8.21 24.65 34.20 9.60 0.31 

1500 33.95 8.19 16.39 32.25 9.37 0.07 

2000 32.15 7.98 18.29 28.53 9.28 0.10 

2500 27.50 7.50 17.11 25.27 8.77 0.40 

Q/Qc = 4

·,,i = 0 30.31 10.25 9.50 29.93 11.40 0.06 

500 31.54 10.23 13.45 29.57 11.64 0.07 

1000 27.75 10.23 8.78 25.50 11.44 0.14 

1500 29.52 10.18 1.10 26.94 10.50 0.11 

2000 22.07 9.92 8.02 22.48 11.16 0.05 

2500 21.58 9.35 8.23 21.31 10,58 0.04 

Q/Qc = 5,7

w = 0 27.82 13.58 8.21 25.21 15.11 0.08 

500 25.94 13.58 7.75 23.35 15.19 0.76 

1000 24.40 13.52 8.01 22.11 15.21 0.07 

1500 22.78 13.44 4.86 20.64 14.78 0.08 

2000 2 1 .03 12.97 5.74 18.93 14.43 0.07 

2500 20.11 11.96 8.19 17.72 13.75 0.08 

Q/Qc = 7 

VI = 0 20.76 16.30 5. 29 20.24 18.03 0.08 

500 18.69 16.30 4.54 16.59 18.13 0.18 

1000 19.95 16.25 2.73 17.08 17.47 0.09 

1500 18.79 16.12 3.30 16.79 17.63 0.07 

2000 19.34 15.56 3.76 16.80 17.02 0.09 

2500 18.27 14.27 4.69 15.99 15.88 0.08 
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TABLE 7 

OPrIMIZATION IN THE FRi,QUi-;NCY DOMAIN. EXt'ERIMi�HTS \'/ITH ONE PHASE 

Initial values Fim,l values 

p L- z (n/4ui) p --C 2:.. UlL,1 w) 10 :-, 

g = 2 lll:, 
w = 500 57 .17 20.24 0.1029 53.95 21.00 6.64 

1000 40.33 20.24 0.0978 38.82 21 .25 4.52 

1500 30.11 20.24 0.0 1 56 29.73 20.62 3.30 

2000 23.20 20.24 0.0403 23.93 20.49 1 .52 

2500 21.07 20.24 0.0033 2 1 . 73 20.11 2.66 

9, = 6 1fg 

w = 500 57.46 16.87 0.0461 61.77 1 7. 1 9 8.24 

1000 41.74 16.87 0.0549 42.26 17.40 7.82 

1500 31. 1 7 16.87 0.0184 30.00 17. 1 9 6.81 

2000 25.32 16.87 0.0154 28.17 16. 76 7.39 

2500 22.67 16.87 0.0111 22.53 16.55 4.7 1 

9, = 6, 77 lll:, 

w = 500 63.02 14.95 0.8007 59.08 16.35 4.75 

1000 43.74 14.95 0. 5569 42.37 16.45 5.22 

1500 34.55 14.95 0.3466 3"5.69 16.35 4.88 

2000 30.42 14.95 0.1981 28.14 16.07 6.67 

2500 27.06 14.95 0.1003 25.20 15. 79 5.10 

Q = 8 lll:, 

-\� :::: 500 61 .26 12,65 0.0678 65.09 12.89 4.79 

1000 52.55 12.65 0.2056 49.59 13.20 12.69 

1500 38.53 12.65 0.0720 35.64 13.05 11.38 

2000 31 .52 12.65 0.0160 31. 72 12.81 9.75 

2500 22.11 12.65 0.09 1 7 29.57 12.57 19.29 
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g = :l ll!:! 
w = 500 63 •. 14 11 .25 1.6952 65. 11 12.59 3,13 

1000 49.82 11.25 1.4449 49.20 12.73 5.72 

1500 40.27 11 .25 1.3012 39.77 12.94 5.65 

2000 33.51 11 .25 0.6373 32.67 12.52 4.90 

2500 28.13 11 .25 0.3886 26.37 12.37 5.91 

9, = 10 ll!:! 

w = 500 66.06 10.12 0.0479 67.30 10.25 9.36 

1000 61 .90 10.12 0.3647 'x.l.42 10.63 16.40 

1500 49.85 10.12 0.1920 45.49 10.50 18.59 

2000 40.86 10.12 0.1303 37.28 10.50 17.99 

2500 34.38 10.12 0.0638 29.65 10.31 20.32 
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TABLE 8 

OPrIMIZATION IN THE FREQUt1,CY DOMAIN. EXPERTI'.r:NTS WITH TWO FHASES 

Total flow rate = 40 1/h 

Initial values Final values 

p 1- z{rJ7.&wJ p 
T 

2(11 k!w J fo3 

Q/Qc = 3 

w = 0 45.90 9.30 1 .5352 43.89 10.52 4.97 

500 39.28 9.30 1 .1672 39.53 10,46 5.00 

1000 39. 1 5 9.29 1.5359 37.44 10.68 6.22 

1500 37.85 9.25 1.2107 37.38 10.46 7.85 

2000 33.33 9.10 1.2219 30.41 10.46 8.65 

2500 33.33 8.70 0.9584 31.87 9.79 7.57 

Q/Qc = 4 

w = 0 39.75 11.57 0.8195 38.01 12.94 5.83 

500 38.37 11.56 0.6919 36.21 12.86 6.89 

1000 37.27 11.54 0.4612 33.78 12.62 8.95 

1500 35.48 11 .52 0.6722 35.26 12.82 5.56 

2000 31.50 11.22 0.4986 27.96 12.41 8.77 

2500 29.05 10.69 0.4710 26.33 11.83 7.75 

Q/Qc = 5,7

w = 0 34.29 15.39 0.2764 30.65 16.74 7.07 

500 32.80 15.38 0.2229 29.93 16.53 7.18 

1000 30.90 15.32 0.0964 29.93 16.09 4.34 

1500 29.36 15.26 0.2038 26.24 16.50 6.89 

2000 26.48 14.77 0.1564 23.50 15.88 6.90 

2500 23.25 13.95 0.0094 22.23 14.73 5.38 

Q/Qc = 7

w = 0 27.23 18.47 0.0509 24.85 19.28 4.63 

500 28.05 18.46 0.0685 25.93 19.38 5.16 

1000 25.53 18.34 0.0972 23.14 19.49 5,42 

1500 23.85 18.26 0.0512 21.47 19.06 5.33 

2000 19.72 17.69 0.0264 18.12 18.35 3. 13

2500 18.73 16.73 0.0413 16.86 17.46 5.23 
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TABIB 9 

OPl'IlHZATION IN THE FEiliQUENCY DOMAIN. EXPERIMENTS WITH TWO PHASES 

Total flow rate= 45 1/h 

Initial values Final values 

p T Z{il!.1w) p T J(T//4.w) IO ) 

Q/Qc = 3 

w = 0 39.29 8.21 1.1327 37.33 9. 1 9 4.98 

500 39.87 8.21 1. 1913 37. 1 3 9.49 20.08 

1000 36.73 8.21 1.8573 33.29 9.60 7,65 

1500 33.95 8.19 1.2870 32.25 9.37 4.91 

2000 32. 15 7.98 1.4ii84 28.53 9.28 6,63 

2500 27.50 7.50 1 .4489 25.27 8.81 16.03 

Q/Qc = 4

w = 0 30.31 10.25 0,5935 29,93 11,40 2.95 
500 31.54 10.23 0.8419 29,37 11.64 3,84 

1000 27.75 10.23 0,5494 25.50 11.44 7.42 

1500 29.52 10.18 0.0695 26,94 10,50 6,88 

2000 22.07 9.92 0.5179 22.48 11. 16 2.86 

2500 21'458 9,35 0.5639 2 1 .31 10.58 2.65 

Q/Qc = 5,7

w = 0 27.82 13.58 0,3872 25.21 15.11 3,45 

500 25.94 1 3.58 0.3657 23.35 15. 19 3.11 

1000 24.40 13,52 0.3798 22.11 15.2 1 2,89 

1500 22.78 13.44 0.2317 20.64 14,78 3.49 

2000 21.03 12.97 0.2834 18.93 14.43 3.03 

2500 20.11 11.96 0.4385 17.72 13. 75 3,4, 

Q/Qc = 7

w = -0 20.76 16.30 0.2080 20.24 18.03 2.61 

500 18,6') 16.30 0.1786 16.47 18.13 6.35 

1000 19.95 16.25 0.1078 17.08 17.47 3. 1 4 

1500 18.79 1 6. 12 0.1313 16. 79 17.63 2.64 

2000 19,34 1 5.56 o. 1550 16.GB 17. 1 2 3,15 

2500 18,27 14.27 0.2106 15.87 15.88 3.23 
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Hydrodynamic Behavior of Packed Liquid-Liquid Extraction 
Columns with Fluids of Different Densities* 

J. S. Watson 
L. E. McNeese

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

Flooding rates and axial dispersion in packed columns are 
examined using new data covering a wide range of physical properties 
especially density difference. A new correlation for flooding rates 
is developed and shown to be significantly more accurate than pre
vious correlations. Axial dispersion data for high density fluids 
are satisfactorily described by an existing correlation. 

Research sponsored by the U. S. Atomic Energy Commission under 
contract with the Union Carbide Corpor�tion. 
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Introduction 

Past studies of countercurrent flow in packed columns have been concerned, 

for the most part, with systems using organic solvents and aqueous solutions, 

since these types of fluids have been used in most solvent extraction applica

tions. In recent years, however, applications requiring high-density fluids 

such as liquid metals and/or molten salts have received increased 
1-3

attention.

Watson and McNeese
1 

and Johnson and coworkers
3 

showed that conventional correla

tions developed from data on organic-aqueous systems were of little help in 

estimating the hydrodynamic behavior of systems consisting of high-density (or

high-density-difference) fluids. Correlations that give similar predictions

in the case of low-density fluids give widely divergent predictions for high

density fluids and thus cannot be extrapolated to conditions far removed from 

those observed in conventional systems. Watson and McNeese reported a corre

lation to predict flooding rates or capacities for columns operating with 

mercury and water. However, this correlation cannot be extrapolated to low

density systems since systematic variations of fluid properites were not 

included in that study. More recent measurements reported by Watson, McNeese, 

4 
Day, and Garrod have provided information on variations in physical properties 

in systems of high density difference, as well as data for high-density halo

carbons (cc14 and CH2Br2). These new results made it possible to develop a

general correlation covering a wide range of physical properties. Such a 

correlation is needed as solvent extraction applications incorporating a wide 

range of conditions become increasingly important. The general correlation, 

even if it does not fit either the conventional low-density data or the high

density data as well as correlations based upon a narrow range of conditions, 
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would permit a higher degree of reliability in extrapolating or interpolating 

to new conditions of interest. 

Flooding Rates 

Literature Review 

Correlations for predicting flooding rates in packed columns have been 

reviewed by Nemunaitis et al.� and more recently by Watson and McNeese. Brecken

feld and Wilke6 measured flooding rates with several low-density fluids and 

0. 635-cm (1/4-in.) Raschig rings and Berl saddles. They developed a correlation 

which can be written as 

/2 /2 2 6 0.98 1.98 
(V l + V l ) = 32 .5 --':"P----=E--�

c,f d,f 0.82 0.32 0.26 a Ile a 

Crawford and Wilke7 used additional data from larger Raschig rings to develop 

two similar equations. For 

(Ve fl/2 + vd f
l/2 ) 2 P

c 
a \Jc 

flooding occurs when 

(V 1/2 + V 1/2
)
2 

c,f d,f 

>50, 

o.8 0.5 0. 2 
p a a 

C 

For values less than 50, flooding occurs when 

(V 1/2 + V 1/2
)

2 

c,f d,f 0.73 0.33 
0
0.27 

Pc aµc 

Ballard and Piret8 proposed the correlation 

a + a o.4 

I 
E ) ( da 

O 
ca) , 

oT5 a 
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and Dell and Pratt9 used data from several fluids and several packing materials 

to develop the correlation 

C 2 (-a-)-l/2 (P c)-l/2 -l/3 
2 3 6p o ' 

g e: 

All of the above expressions represent a straight line on a plot of vd,f
l/2 

(6) 

vs vc,f
l/2, as do most experimental data. Hoffing and Lockhart,lO however, proposed 

a different type of expression: 

�
(�:·�) 

6pl/2

V
e= [ 0.22 0.l 0.08 0.l ( a )0,5

Pd Pc µd µ -o
-

c ca 

l.25

(-a-)0.67]

l.2

V 
where the function�

(�) 
vc,f

yield a straight line on a 

is presented in their paper. This equation does not 

l/2 l/2 plot of vd,f vs vc,f , but for conventional low-

density systems, it is in agreement with other correlations. 

Conventional low-density systems were used in all of the studies mentioned 

above. Watson and McNeese,
l 

who reported flooding rates with mercury and water

and 3/l6- to 3/8-in. Raschig rings could be represented by, 

V l/2 + V l/2 � K, c,f d,f 

where K is proportional to the column void fraction and t.o the packing (Raschig 

ring) diameter. Few data and no correlation existed to link the conventional 

low-density data with the new high-density results. The new results recently 

reported by the authors makes it possible to develop a more general correlation 

encompassing both sets of data. 

Summary of Available Data 

Most of the flo9ding data chosen for use in the present study (see Table l) 

were taken from five sources: Dell and Pratt, Breckenfeld and Wilke, Crawford 
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and Wilke, Ballard and Piret, and Watson, McNeese � al. The first three sources 

contain data from conventional low-density systems plus a small amount of informa

tion on cc14 and water. The last source provides data for high-density systems 

(mercury and water) and a few data for intermediate-density systems (cH
2

Br2 
or cc14

with water). 
11 

Hannaford et al. have reported results for liquid bismuth and a 

molten fluoride salt, while Johnson et al. have ·reported results for Woods metal 

and water. 

The column packing in this study was restricted to Raschig rings. Although 

considerable data are available for other packing materials, especially Berl 

saddles, there is not sufficient information on any other single packing to permit 

an analysis and correlation of the magnitude presented here. It appears likely 

that other materials will show a similar dependence upon fluid properties and 

packing dimensions; hence the results of this study should be useful in extrap

olating data from other packing materials to the systems of interest. Several 

6-10
d l · h" h h k" xt l f authors have reporte corre ations w ic use t e pac ing e erna sur ace

area per unit packing volume rather than packing diameter as a parameter. For

a single type of packing, such as Raschig rings, this parameter is approximately 

proportional to 1/d , where d denotes packing diameter. The only advantage of
p p 

using packing area instead of d
p 

as a correlating parameter is that the resulting 

correlation may possibly describe results from several types of packing, such as 

Raschig rings and Berl saddles. When the interaction between the two phases occurs 

over the surface of the packing (such as gas-liquid systems with packing wet by 

the dispersed liquid phase), there is some theoretical basis for such a parameter; 

for example, the area of contact and drag between the two phases is essentially 

equal to the area of packing surface. On the other hand, liquid-liquid systems 
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usually operate with the packing not wet by the dispersed phase. In these cases, 

the dispersed phase travels up or down the column in the form of droplets, and 

there is no Justification for such a single correlation for all packing shapes. 

The interacting surface area is that of the droplets, not that of the packing. 

In any case, there is little reason to use packing area rather than the more 

easily measured packing diameter as a parameter in correlating data from a single 

packing shape. 

Examination of each set of data listed in Table l indicated that flooding data 

can be approximated reasonably well as a straight line when the square root of 

the superficial flow rate of one phase is plotted against the square root of the 

other flow rate. This behavior has also been reflected in several previous 

correlations (see Equ.ations 1, 3, 4, 5 and 6). The new correlation was developed 

on this basis, The flooding points from each data set were fit to a straight line 

with the form 

V l/2 + k V 1/2
c,f l d,f 

The resulting parameters k1 and k2 for each set of data were evaluated by a 

least-squares regression, and the results are shown in Table 1. Only those sets 

where the uncertainties in k1 or k2 did not exceed 30% of their most probable

value are listed. This criterion eliminated a few sets of scattered data, but, 

(9) 

in general, they were sets containing only one or two data points. The reliability 

of the eliminated data could not be quantitatively confirmed, 

Results 

The parameters of Equation 9, k1 and k2, are functions of fluid and packing 

properties; the aignificant variables were identified and the functional dependences 

were evaluated. 
. 1/2 1/2 

It was convenient to use the intercepts of vc,f -vs-Vd,f
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plots rather than k1 and k2 for the dependent variables of the correlation. These

intercepts are related directly to k18.!}d k
2 

as follows:

and 

vc,o
l/2 

= k2 

V 1/2
d.,o 

Several independent variables were investigated; among these were fluid 

density difference, 6p; packing diameter, dp; packing void fraction,£;

continuous-phase viscosity, µc;

1/2 
and interfacial tension, cr. Both V 112 andc,o 

vd,o were correlated with all of these parameters; however, same of the

parameters did not significantly affect one or both of the dependent variables. 

The correlations were improved by discarding some parameters. The resuJ.ting 

correlations were compared using the F ratio as a figure of merit: 

F 

r(y - Ypredicted)Z
/(ndata - ncoefficient)

The higher the F ratio, the better the correlation. 

The best fits to the data were: 

v 112 = (23.8 ± o.6)6p0 ·269
c,o 

vd 
1/2 

= (28.2 ± 2.1)6po.124 
,o 

± 0.015 d o.494 
p 

± 0.017 d 0.196 ±
p 

0.062 £1.28 ± 0.18

All of the regression coefficients are given above, along with their standard 

error, except in the case of£ in Equation 13. The first regressions gave an 

exponent of 0.35 ± 0.15. Fixing the exponent at 0.5, however, resuJ.ted in a 

higher F ratio, or a better fit. Additional regressions were made with fixed 

exponents of 0.45 and 0 ,55, both of which gave lower values for the F ratio. This 

means that a minimum sum of residual squares occurs vhen the value of this exponent 

is near 0. 50 . Thus , this value was chosen for the correlation. 
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The scatter of data around the correlations is illustrated in Figures l and 

2. These are common log plots of the predicted intercepts vs the experimental or 

measured values. 

for flooding data. 

The scatter in the results is significant but not unreasonable

The F ratios for the V 112 and Vd 
112 correlations were 

c,o ,o 

133 and 32, respectively. These values suggest a high confidence in the validity 

of the correlations (greater than 99%).

Equations 13 and 14 can be combined into the more convenient single form 

of equation 9: 

v
c,f

l/2 + (o.8446P
o.145 dp

o.298 µ
c

-0. 084 £-o.078)v
d,f

1/2 

= 23_86Po.269 d o.494 µ -0.084 £0.5_ p C 

'rhis flooding correlation is based upon more extensive data and a wider range of 

physical properties than has been the case for any previous correlation. Thus 

it should be more reliable in predicting flooding rates for new systems where no 

data exist. Its advantages will be most evident when systems with higher density 

differences are used. Since it is not a dimensionless correlation, however, care 

must be taken to choose correct units. 

Discussion of Results 

Comparison of the New Correlation with Previous Correlations. - In Table 2, 

the fit of this new correlation to the data in Table l is compared with some of 

the previous correlations. The measured and predicted intercepts of flooding 

curves are compared for conventional low-density data (6p < 0.5), for high-density 

data (6p > 0.5), and for all of the data listed in Table 1. For each intercept, 

the fractional "error", ef, in each correlation has been evaluated:
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v1/2 _ y112 
calc meas 

y1/2 
meas 

The fractional error for each correlation listed in Table 2 is defined as: 

The fractional error is vritten to resemble a standard deviation. Since the 

same number of data points vas used for each correlation, n is of no importance 

(16) 

in comparing correlations for any set of data. Hovever, the normalization achieved 

by the denominator n-1 allovs the relative accuracies of the correlations for 

lov-density, high-density, and all data to be compared. 

The nev correlation, Equation 15, is in good agreement vith both lov-density

and high-density-difference data. It is more accurate than any of the other three 

correlations listed in Table 2 for both high- and lov-density data. The frac

tional errors in V 112 and V 112 range from 0.20 to 0.30. The most accurate
C ,o d,O 

of the previous correlations, that of Dell and Pratt, gives significantly larger 

fractional errors. 1/2 At lov values of Vd, e. g. at the v
c,o intercept their 

error is from 0.30 to 0.40. On the other hand, the accuracy of their correlation 

diminshes further at high Vd values. Both of the other correlations tested vere 

considerably less accurate. Their fractional errors range from approximately 

0.88 to 0.90. The nev correlation is clearly better. 

The differences betveen the nev correlation and previous expressions also 

can be illustrated by comparing the dependence of flooding rates on several 

parameters, i.e., the exponents of these parameters. Exponents of t.p are approx

imately unity in Equations 1, 3, and 4, vhile the exponent is near 0.5 for 

Equations 5 and 6. The latter value is in agreement vith the nev results. The 

1379 

N 



exponent for the specific packing area, a, is near -0.5 for Equations 3, 5, and 

6, but near -1 for Equations 1 and 4. The new correlation agrees with the latter 

value. Similar diiferences are observed for the exponents of µ
c 

and£. Since 

the new correlation is based on a wider range of experimental conditions, it 

should be more reliable than previous ones. It is evident from comparisons of 

exponents that differences in correlations could be important if extrapolations 

to conditions far from those encountered in conventional systems are required. 

The differences between the new, proposed correlation and previous correlations 

are significant and justify the use of the new correlation in estimating flooding 

rates with new fluids or in extrapolating data with other packing materials. 

Interpretation of Results. -We have examined the power dependence of 

flooding rates on some parameters shown in Equations 13, 14, and 15 and attempted 

to rationalize the results from qualitative knowledge of countercurrent flow 

patterns in packed columns. At high continuous-phase and low dispersed-phase 

flow rates, the dispersed phase moves up or down the column in the form of 

small droplets. The dependence of flooding rates on density difference and 

void fraction is essentially what one would expect from settling rates of separate 

spheres. In the inertial region, spheres settle with an approximately constant 

drag coefficient; therefore, the settling (slip) velocity is proportional to the 

square root of the density difference. In Equation 15, the dependence (0.538) 

is near the value. Furthermore, in the inertial region, the flooding rate should 

not be a strong function of continuous-phase viscosity, i.e., power dependence on 

viscosity should be considerably less than unity. The dependence as shown in 

Equation 15 is �ignificant but small (0.168), which is not inconsistent with the 

physical model just described. 
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At high dispersed-phase flow rates, the droplets coalesce into larger 

droplets, which fill some of the packing openings. It is more difficult to 

rationalize the dependence of v
d,o 

on the significant parameters with physical 

interpretations. In this range of flow rates, interaction of the dispersed 

phase with the packing is increased. The viscosity of the continuous phase 

should, then, have a decreased effect. This proved to be true in subse�uent 

observations; the correlation was even improved by eliminating µ
c 

as a parameter. 

The flooding rate shows less dependence on packing diameter but a strong depend

ence on void fraction. This latter term for Raschig rings does not vary over 

a wide range; nevertheless, it is statistically significant. 

Axial Dispersion 

Axial dispersion is another hydrodynamic property of packed columns that 

has not been previously studied over a wide range of physical properties. The 

principal study of dispersion in packed columns was made by Vermeulen, Moon, 

Hennico, and Miyauchi,
12 

who reported and correlated dispersion coefficients 

for a variety of packing materials and low-density (difference) fluids. These 

authors pointed out that their data did not cover a sufficiently wide range of 

differences in fluid densities to permit evaluation of the effects of this 

parameter. 

In order to determine the effects of fluid densities, dispersion measure

ments were made in packed columns during the countercurrent flow of mercury and 

water.
13 

A copper nitrate optical tracer was continuously injected near the 

top of the column, and the steady-state concentration profile was measured 

down the colwnn (upstream from the injection point). A small a4ueous stream 
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was removed from the column, circulated through a photo cell for analysis, and 

returned to the column at the same elevation from which it was removed. The 

steady-state concentration down the column was fit to the relation 

where Eis the dispersion coefficient, Z is the distance down the colwnn from 

the tracer inlet, and c
inlet 

is the concentration of tracer in the colwnn at 

the point of injection. 

The experimental results are summarized in Figure 3. The dimensionless 

plot is the type suggested by Vermeulen et al. , and the line through the data 

is a correlation developed form the earlier low-density data. The agreement 

of the new high-density data with the earlier correlation is excellent. The 

scatter of the data is not significantly greater than that observed for the 

earlier data. Thus, axial dispersion with both high- and low-density fluids 

can be described well by an existing correlation. 

Conclusions 

A new correlation has been prop_osed and tested which predicts flooding 

rates for Raschig-ring-packed colwnns with significantly greater accuracy than 

previous corr�lations over a wide range of fluid properties. The· earlier cor

relations were developed from data covering a more narrow range of low-density 

difference systems. Although the new correlation was developed solely from 

data for Raschig rings, it can also be used to extrapolate measurements made 

with other packing materials (e.g. Berl saddles). The dependence of flooding 

rates on para.meters such as density difference, viscosity, packing (nominal) 

diameter, etc. should be similar for many other packing materials. 
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Axial dispersion data are presented for high-density fluids which show 

that an existing correlation is satisfactory. 
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NOTATION 

a 

A,B,C,r,s 

C 

De 
d 

g 

vd 

vc,f 

vd,f 
z 

= 

= 

cm2 of packing surface/cm3 of packing volume 

constants used in particular correlations 

concentration of tracer, mol/cm3 

axial dispersion coefficient, cm2/sec 

diameter of packing 

gravitational acceleration (980 cm/sec2 ) 

superficial velocity of the continuous phase, 

superficial velocity o·f the dispersed phase, 

cm/sec 

cm/sec 

superficial continuous-phase velocity at flooding, cm/sec 

superficial dispersed-phase velocity at flooding, cm/sec 

axial position in the column, cm 

Greek Letters 

a,a 

f:.p 

£ 

µ 

p 

(J 

V 

Subscripts 

c,d 

0 

constants used in particular correlations 

= difference in densities of dispersed and continuous phases, g/cm3 

void fraction of the packed column, dimensionless 

viscosity, poise· 

density, g/cm3 

interfacial tension between the continuous and dispersed phases, 

dynes/cm (subscripts ca and da refer to the interfacial tension 

between the continuous or dispersed phase and air, for example, 

surface tension) 

kinematic viscosity of continuous phase (water) 

sphericity, diemnsionless 

= subscripts denoting continuous and dispersed phases, respectively 

= subscript representing intercept value; flow rate of other phase 

approaching zero 
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?a::i:!::g 
tic.'!·.er 

(c=) Fluids 

o.6 Benz.ene-Water 
1.0 Benz.ene-Water 
LO B'!nz.'!ne-Water 
0.€35 eenz.cr.e-..,.ater 
o.4�3 Ber. z.er.e-Water 
1.21 Methyl! sobutyl Ketom!-Water 
1.27 01 bu·.:,· lcarbi tol-Water 
1.0 Oib:JtJlcarbi tol-Water 
J.O Oitu·.;t lr.:arbi tol-Water 
0.£::5 Dit.u•.y lcarbi tol-Water 
0.600 i -oc:t.!Jie-'oiater 
1.0 1-oc:� Me-',.,ater 
LO Butyl ace t.ate-•ater 
LO Buty !acetate-Glycerol Solution 
J.O Butylo.cetate-Glycerol Solution 
J.0 Butylac:etate-Glycerol Solution 
J.O Ghl-,rer.-Water 
J.O Chlorex-'Jater 
J.O Chlorex-'Jater 
J.O Chlorex-·Jater 
l.G CCl4-',Jat'!r 
1.905 Benz.e:ie-'Jater 
2.5 Benz.'!ne-i,'ater 

-

2.5 011.J.t"/ lcarbi tol-',later 
..., 

l.?05 Meth:,lisobutyl Ketone-Water 
00 1.27 t.-tett,J l i sob:.it.yl Ketone-Water 
_, 0.635 Gasoline-Water 

0.£35 Gasoline-'Jater 
o.C::5 Ga.s"line-'Jater 
o.6J5 Gaz�lin'!-••.'ater 
0.635 Meth/lisobutyl Ketone-Water 
0.635 Tolnene-Glycerol Solution 
1.21 :laptha-'Jater 
1.0:1 llaptha-',/ater 
1.27 Gasol ine-',,later 
3,!:.1 Ga.s?line-'Jater 
2.51. Gasoline-Water 
2.54 CCl4-·.later 
2.54 cc1

4 
-':aycerol Solution 

0.635 Biscuth-Molt en Sa.lt 
o.C;'..i Woc,'1:; lfote.1-Water 
o.l35 Tolue:ie-'Jater 
o.635 Toluer.e--..,ater 
G.'535 Petrole;..u:n Ether-Water 
0.€35 CCl4-',1ater 
1.21 Petr-::le� Ether and CCl4-Wa.ter 
1.21 Petroleuo Ether end CCl4-Water 
1.21 Petroleum Ether end CCli.-Water 
1.27 Petroleu:ri Ether and CClti-Water 
1.21 Petroleuc &tber and CCl4-Water 
l.?1 Petroleum f.ther "11d caii-Water 
0.353 �t.�a��:�er 

0.953 
0.953 Kg-�lycerol Solution 
0.953 Kg-Water 
0.635 Hg-Water 

Table l. 

Void 
Freet ion 

o. 725 
o. 785 
o. 795 
o. 745 
0.674 
0.7 48 
0.618 
o. 797 
o. 787 
0. 745 
0. 725 
0.8 
o. 79 
0.79 
o. 19 

o. 79 
o. 795 
0.795 
o. 795 
0.793 
0.798 
0.755 
o. 111 
o. 753 
o. 753 
o. 725 
0.534 
0,534 
0.534 
0.534 
0.534 
0,531' 
o. 7• 
a. 11. 
o. 707 
o.679 
0.74 
0.128 
o. 722 
a.St. 
0.94 
0,559 
0.559 
0.559 
0.559 
0.603 
o.6oJ 
0.603 
0.603 
0.603 
o.603 
0.595 
0.595 
o.656 
0.656 
o. 757 

Sw:=ary of Av11.1lable Flooding Date 

Viscosity of 
Continuous Densit.y 

Phase Oifrerenc:e 
(c:P) (g/c:1113) 

1.0 0.12 
1.0 0.12 
1.0 0.12 

1.0 0.12 
1.0 0.12 
1.0 0,19'.i 
1.0 0.113 
1.0 0.113 
1.0 0.113 
J.O 0,113 
J.0 0.308 
J.0 0.308 
J.0 0.111 
1.65 0.151 
2.32 0.184 
5-7 0.237 
J.O 0.22 
J.O 0.22 
1.0 0.22 
1.0 0.22 
1.0 o.6 
1.0 0.12 
1.0 0.12 
J.0 0.114 
1.0 0.195 
1.0 0.195 
1.0 0.16 
1.0 0.16 
J.0 0.2 
1.0 0.2 
1.0 0.2 
2.11 0.23 
0.98 0.15 
0.98 0,15 
0.88 0.215 
o.88 0.215 
o.88 0.215 
0.44 0.58 
o.41 o.44 
12.0 6.28 
0,33 8.67 
0.894 0.11'( 
0.694 0.111 
0.894 0.26 
0.894 0.543 
o.894 0.154 
o.894 0.55 
0.894 o.4 
o.891• 0.2 
0.894 0.11 
o.894 0.26 
1.0 J.485 
J.O o.6o 
15.0 12.i. 
1.0 12,5 
1.0 12,5 

1/2 k = V 1 C .o 
(cm/sec) 

9.01 ! . 35 
11.28 ± .26 
11.70 ! .57 
9.32 ! -33 
9.10 ! .10 
11.16, .28 
l).6o ! .45 
11.26 ! .66 
10.15 ! .39 
9.32 , .23 
12.29 -59 
13.93 ! .78 
11.69 ± .16 
11.37 ! -09 
12.86 .!: .09 
13.50 ! .24
14.40 ! .42 
11!.69 ' .21 
11i.oo ± .27 
11i.13 ± .43 
17.36 ! .73 
19.67 ! 1.59 
25.11 ! 1,1!9 
12.55 ! 1.17 
21.65 ! .12 
21.18 :! .73 
8.67 .J6 
8.16 ! .05 
8.78 , .2) 
9,0 ± .28 
10.04 ! .19 
7 ,94 ' -29 

12.91 :! .04 
13,53 1 .ll 
14.24 ! .43 
19.25 ! 1.00 
19.66 , .31 
25.10 :. .66 
23. 79 ± .50 
15.87 ! 2.t.3 
32.8 ! .95 
7 .79 , .14 
7-59 .11 
7 .15 , .21 
10.42 ! .22 

13.07 ! .45 
23.16 ! .34 
20.45 ! .68
14.32 ! .38 
10.32 ! .12 
16. 71 ' .46 
27-5 
19.5 
29 

35 
Jl 

k2 

0.865 , .064 
0.748 , .035 
o. 711 .072 
0.164 ! .058 
o.688 , .017 
0.850 , .028 
0.957 .064 
0.810 ! .101 
0.816 , .058 
0.813 : .048 
o. 763 ! .on 
o.638 , .074 
0.130 ! .021 
0.622 ! .012 
o. 715 .010 
o. 722 ! .026 
0.652 ! .052 
0.836 , .028 
0.780 , .037 
0.80 , .059 
1.00 ! .01, 
1.33 ' .18 
1.59 .14 
o.668 , .166 
1.088 • .011 
1.340 .079 
0,934 .091. 
0.821 .013 
0.805 ,054 
0.87 ' .061 
0.889 .oi.1 
o.842 .067 
o.84S .007 
o.9c3 .011 
o.835 .052 
0.730 .082 
0.830 .027 
1.006 .054 
1.016 .046 
0, 155 ,195 
0.11:» .121 
o.635 .025 
0.601 .011 
0.561 .030 
1.206 .04 
1.16 ! .22 

1.87 ' .04 
1.111 .093 
1,751. .082 
1.486 .18 
1.496 .015 
1.536 
1.50 
1.57 
1.61 
1.13 

Dell anJ f:-a: t 
Dell a:1.J P:-6:.:. 
Dell a..-::! frc.: t 
Dell an.1 P:-c: 
Dell s.::J f':-'I:: 
Dell !1..-:d Fm:: 
Dell nnJ rrs.: t 
Dell,8:".J Pr!!.: t 
Dell n::,t Pn1: � 
Dell ru:.! Fr:1.: t. 
Dell a:1J Fl'ci'.: 
Dell !!Ind F:-n::. 
Dell n.-:J Prs:: 
Dell ,.__.,J P:-s.::. 
Dell t\!',J Fr!".: t 
Dell •rnJ f:-:.:t 
Dell &."\J FrE::. 
Dell !IJ\J fr!",:� 
Dell Rr.d Prs: t 
Dell nr.d F:-a:t. 
Dell an.1 F:-!'.:t 
Dell 11.::d Fri,::. 
Del 1 r1:-:J F:·�.: t 
Dell snJ fr!'.:: 
Dt>ll n:.J f:·-;:t 
Dell !t:d F?"·;:t 
Breck\'nf'elJ s:;d "ilk e 

Brecke:ireld &::d •i1lke 
Breck,·::relJ :.::-! ·,;:.n.e 
Brt>c-i'.t>n!"elJ a.:-.J ·..:i.a.e 
Bre�ih•n !"e l.J. a:,.i -..·i l.ke 
Brec-k<'nfel..i a::J ·,;i:ke 
Breckcnfeld :i.::.1 ·�·i�k e 

Breckt>n fe U n::J ·,;1 ike 
Cra,,::·:rJ a.::J ·,;i�e 
CrA'-'!":?"J a::.! \.'i:r.e 
Crt1.,..!":-rd c . .: ·,;i:fi.e 
Cra-,.,!'.·rJ a::.: -.,·i:fi.e 
Cra,.-f,•rJ &:" .• \ ;.'iii(e 
Hru1nn:·�rd 
Jcihm:.•:, f't ri:. 
Ba1ln.r.! ari.!7het 
Ballad an.! r i :-et 
Balla..:·d an:. ii :-et 
BAlln:·J anJ liret 
Balla.:-J &nJ ?iret 
Balls:-J &."\.! ?�ret. 

Ballard an.! Fi:-et 
B�l11.TJ anJ rirf't 
Bal1111.:-J and Piret 
Be.lla.:-d anJ riret 
This study 
This stu.iy 
This etuJy 
This Hudy 
This study 



Table 2. Fractional Error of the Proposed Flooding Rate 
Correlation and Previous Correlations 

Low t,,p, 

t,,p < ...IL0,5 3 All Data cm 

t,,v 
1/2 

t,,v 
1/2 

� 
1/2 

t,,v 
1/2 

Investigators c,o d,o c,o d,o 

Watson and McNeese, 
( this study) 0.276 0.209 0.293 0.213 

Breck�nfeld and Wilke 0.825 0.829 o.842 0.857 

Crawford and Wilke 0,903 0.904 0.926 0.935 

Dell and Pratt 0,324 0.628 0.309 0,574 
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High t.p, 

t.p > 0.5� 
cm 

t,,v 
1/2 

t,,v 
1/2 

c,o d,o 

0.204 0.203 

0.795 0.746 

o.847 0.811 

0,394 o.844 
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THERMODYNAMIC CHARACTERISTICS OF THE EXTRACTION 
OF ANIONS 

I.M.Ivanov, L.M.Gindin, G.N.Chichagova.

The reactions of interphase extraction exchange of 
a series of organic and inorganic anions have been 
investigated. AG, AH and AS of anion extraction 
equilibria have been determined. 

Institute of Inorganic Chemistry of the Siberian Branch 
of the Acadeniy of Sciences, Novosibirsk, 90, USSR. 

It is well known that anions fall into a stable sequence of increasing 
extractability. We have previously determined the quantitative increasing 
extractability line for single-charged, double-charged and co-ordination 
anions [l-3). A linear relation was found between the logarithms of the 
exchange constants and the differences of the energies of enthalpies of 
hydration of the two partitioned ions (see Table 1). It is noteworthy 
that the 6 Hh values of the ions studied earlier were proportional to
the AG

h 
values. Presumably, there took place complete or partial 

compensation of the entropy term in the exchange of some inorganic anions. 
Obviously, this compensation is not a general feature of all the exchange 
reactions, and the strongest deviations from the lg Kex and AH

h 
correlation

should be the case with organic acid anions. For example, benzoate ion 
is extracted much better than would follow from its hydration heat. 

The present communication is concerned with the results of the studies 
of the thermodynamic characteristics of extractive anion exchange. Generally, 
the following interphase exchange reactions were studied: 

and the extraction equilibrium constant (exchange constant) was defined as 
follows: 

(2) 
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Table 1 
Interphase exchange constants 

KA-/OH- and the anion h;ydration parameters

- .1G h. - ..1H h. lg Kex pKa 
Anion b;ydration h;ydration 

in water, in water, A-/OH- of 
kcal/g-ion kcal/g-ion acid 

OH- 111 122 o.oo

F- 107 116 o.60 -3.5
CH3coo- 101 1.34 -4.8

HCO -3 91 1.50 

HCOO- 99 1.74 -3.8
C,J!-fOO- 101 1.84 -4.9

c3Hf00- 2.35 

HS- 82 2.65 

HSO -4 72 2.66 

c4¾coo- 2.72 -4.9 

01- 79 84 2.80 2.50 

c5H11coo- 3.52 

C6H13Coo- 4.15 

Br- 72 76 4.16 4.0 

c6Hf00- 87 4.20 

c,,a.1fOO- 4.79 -4.9 

NO -3 69 74 4.80 

CaH1fOO- 5.23 

C�19coo- 5.94 

I- 64 67 5.80 6.0 

ClO - 50 54 7.50 9.5 

co2-
3 313 332 2.75 

so�- 249 265 3.35 

Moo�- 231 4.25 

wo2-
4 218 4.23 
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The anion exchange was performed at a constant ionic strength,O,l mole/1 

in the aqueous phase. The concentration of the extractant tetraalkyl

ammonium salt in the organic solvent did not exceed 0, l mole/1, Due to 

the anion exchange character of the reactions, the ionic strength did not 

change during the extraction. For these reasons it was assumed that the 

activity coefficient ratio in the aqueous phase was close to unity, and that 

the Yo value was constant over the range of concentrations in the organic 

phase employed. The apparent extraction equilibrium constants were calculated 

using the Equation 2 from the experimental data on the distribution of 

anions. The thennodynamic characteristics of the anion exchange reactions 

were calculated from the reaction isobars which were found by measuring the 

extraction equilibrium constants at 15, 25, 35, 45°c. 

Table l presents the values of the extraction equilibrium constants 

and of the hydration parameters of some organic and inorganic anions. It 

is seen that the Kex values of inorganic anions monotonously increase with

decreasing energy of enthalpy of their hydration. As for the anions of 

aliphatic acids, the hydration enthalpies are known of only the first three 

members of the series, and it is impossible to look for the correlation 

between the lg Kex and the A, Hh values. However, it is seen, that the

extraction equilibrium constants in this series continuously increase with 

an increasing number of carbon atoms in the anions Only the formate anion 

falls out of this line. The better extractability of formate ion compared 

with acetate is due to the smaller hydration enthalpy of the former (99 

and 101 ccal/g-ion, respectively [4] ). The extraction behaviour of 

formate ion is in accord with the strength of the corresponding acids: 

formic acid is stronger than acetic acid, presumably due to the smaller 

enthalpy of formate ion hydration. There is a strict correlation between 

the extractabilities of inorganic anions and the strenfths of the corresponding 

acids. Comparison of the inorganic anions exchange series [l] with the 

acids strength series [5] shows that the correlation between them is linear. 

This regularity does not seem surprising because there also is a practically 
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linear dependence between the anions' hydration enthalpies and their 

proton affinities; the two effects are determined by the charges, the 

sizes and the structures of the anions [6]. 

In the series studied previously, the exchange constant values 

are in good correlation with the 6H
h 

and A,G
h 

values, i.e., the

contribution of the entropy term is small. Somewhat different behaviour is 

characteristic of organic anions, particularly of the monocarboxylic acid 

anions. For example the benzoate anion. These anions have two moieties 

a nydropnobic one, and a hydrophilic one. The hydrophilicity of the 

carboxyl group -COO- changes insignificantly with increasing length of

the hydrocarbon chain, beginning with acetate ion; (li.B. the strength of 

all the carboxylic acids of the aliphatic series is almost the same, beginning 

with acetic acid). It is known that the solubility of carboxylic acid 

decreases with increasing number of carbon atoms in their molecules, i.e. 

there is a decrease of the energy of ions hydration. Studies of the 

interphase exchange reactions reveals as well that the interphase exchange 

constants increase with increasing size of the hydrophobic moieties i.e., 

with decreasing free energy of hydration (see Table 2). The data on the 

exchange reactions for the nine ions studied are described by the general 

equation 

where K2 is the exchange constant of acetate ion, A is a constant, and nc
is the number of carbon atoms in the hydrocarbon noiety. The hydrophilicity 

of the carboxyl being practically constant, decrease of the free energy of 

anion hydration with increasing number of carbon atoms is presumably due 

to the predominant increase of the entropy term of the hydrophobic moiety 

of the molecule. Studies of the thermodynamic characteristics of the 

exchange reactions revealed that, within the accuracy of the measurements, 

the entha 1 py of carboxyl ate ion exchange (with the exception of formate 

ion) was AHex = 1.18 + 0.12 kcal/g-ion. The constancy of the AH - ex
value suggests either the constancy of the A Hh (hydration) and AHs
(salvation) values for all the aliphatic acid anions, or compensation of 

hydration enthalpies and salvation enthalpies during the exchange. 
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Table 2 

Thermoeynamic characteristics of anion extraction 

Reaction Diluent - �Gex - ,1Hex 
�8ex 8l!G5 

bLlH
8 

eq. 1 kcal/g- kcal/g- entropy kcal/ kcal/ 
-ion -ion units g-ion g-ion

HC00-/Cl- toluene -1.42 -0.60 -2.76 -14.4

CHf00-/Cl- toluene -2.02 -1.18 -2.84 -15.8

c2H5coo-;c1- toluene -1.29 -1.18 -o.87 -15.8

c3H7coo-;c1- toluene -0.72 -1.18 1.52 

c4H9coo-c1- toluene 0.09 -1.18 4.28 

c5H11coo-;c1- toluene 0.70 -1.18 6.29 

C6H1f00-/Cl- toluene 1.88 -1.18 10.24

c015coo-;c1- toluene 2.63 -1.18 12.76

c8H17coo-;c1- toluene 3.28 -1.18 14.95

c9H19coo-;c1- toluene 4.41 -1.18 18.74

Br-/No3 toluene -1.04 -0.30 -2.47 -1.96 -1.7

Br-/Cl- toluene 1.64 0.83 2.71 5.36 7.17 

Br-/Cl- chloro- 1.72 0.92 2.67 5.28 7.08 
benzene 

Br-/Cl- trichloro- 1.68 0.65 3.44 5.32 7.35 
benzene 

Br-/Cl- methylhe:xyl- 1.35 o.45 3.01 5.65 7.55 
ketone 

Br-/Cl- phenetol 1.54 0.61 3.12 5.46 7.39 
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No compensation of the entropy term occurs, there takes place an increase 

of the �Sex value. Generally, assuming that the enthalpies of the ionic

pairs salvation are the same, the enthalpy of the anions l and 2 exchange 

is equal to the difference of the hydration and salvation enthalpies of 

these anions in the two phases, i.e., 

�He)(= (6.�i-.1 - .6.Hr_.1.)-(.6.Hs1-L..\.HsJ = (4) 

o �\-It_- 8AHs
where indexes "h" and "s" refer to hydration an.d salvation, respectively. 

The �H5 value can be calculated from the experimental data. The data

presented in Table 2 suggest that for toluene 6 Hs = 0.9 o.tl.Hh; both

organic and inorganic anions fall into this correlation. The high �Hs
values cannot be explained by the properties of the pure diluent like its 

dielectric constant, dipole moment, etc. Moreover, the 6'AHs value for

the Br-/Cl- pair is approximately constant and independent of the nature 

of the diluent (see Table 3). Of considerable importance in the systems 

discussed is the distribution of water. The content of water in the organic 

phase depends to a large extent on the nature of the anion and of the diluent 

(see Table 3). The hydrate numbers increase with increasing enthalpies of 

anions hydration. At the same time, the hydrate number of given anion 

depends to a strong extent on the nature of the diluent. Generally, the 

greater the solubility of water in the pure diluent, the higher the 

hydrate number of the anion. Presumably, the anion has a combined hydrate

solvate coating in the organic phase, and this explains the high oAHs
values and their constancy in different solvents which is the case in spite 

of the difference of the hydrate numbers. 

The different solubility of water in different solvents may be 

interpreted in terms of the difference in water activity coefficients 

because the activity of water in water-saturated pure solvents is the same. 

tience, the greater the solubility of water in pure diluent, the greater is 

the extent of its association with the solvent. For this reason, the greater 

number of water molecules is necessary to build the hydrate-solvate coating, 

the smaller is its activity coefficient. 

In this type of solvent, water interacts with both the ion and 
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'fable 3

Hydration numbers of anions 1n organic solvents. 

Diluent Trichloro- CC14
Chloro- Tolu- Ph.ene- Metyl-

benzene benzene ene tol he:x:yl-
ketone 

Solubility of 
water 1n pure o.0067 0.009 0.01s 0.019 0.051 0.37 
d11:gent1mole£:11 

Anion hydra-

tion numbers 

Br- 0.65 0.44 1.3 1.3 1.4 2.9 

HSO -4 o.66 1.5 1.0 1.8 1.6 4.3 

Cl- 2.5 1.1 2.4 2.6 2.7 4.9 

c3H7coo- 3.2 3.6 4.4 4.7 4.4 7.8 

c6H1fOO- 3.6 3.9 4.6 4.7 4.2 7.2 

CH3Coo- 4.7 4.6 4.9 5.6 5.3 8.4 

so 2-
4 5.9 6.2 6.0 6.9 6.3 10.2 
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the diluent. 
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A THERMODYNAMIC ACTIVITY MODEL FOR A SINGLE LANTHANIDE NITRATE 

LIQUID-LIQUID EXTRACTION SYSTEM 

William G. O'Brien and Renato G. Bautista 

Ames Laboratory-USAEC and Department of Chemical Engineering 

Iowa State University, Ames, Iowa 50010 

ABSTRACT 

A thermodynamic model for a single component extraction system has been 

developed by making use of the thermodynamic activity of the various species, 

the stability constants of the inorganic complexes formed and by defining the 

solvent extraction equilibrium constants. The liquid-liquid extraction of a 

lanthanide from an acidic lanthanide nitrate solution by di(2-ethylhexyl) 

+ 

organic and the aqueous phase, [H+]
A 

the hydrogen ion activity in the aqueous

phase, [No;lA the nitrate ion activity in the aqueous phase and [(HG)
2
]0 the 

activity of th� di(2-ethylhexyl) phosphoric acid dimer in the organic phase. 

The quantities 1<1 and �2 are the stability constants for the formation of the

following lanthanide-nitrate complexes in the aqueous phase: 

M+3
+ NO;

K
l

MN0+2 

3 

MN0+2 + NO; .. 

K
2

• M(NO ) +l 

3 3 2 
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The quantities )i_ 1, ,i,
2 

and )(3 are the solvent extraction equilibrium constants 

for the various metallic species existing in the aqueous phase: 

M+3 + 3(HG)2,
0

�l 

MN0;
2 

I A
+ 

2(HG)2 0 +

1
1 

(HG) 2 
f M(N03)2

A + 0 

){ 2 

)13 

M(11G2 ) 3 1O + 
3H

+

I
A 

MN03(HG2 ) 2 lo 
+ 2H

+

IA

I M(N03)2 HG2 + H
+ 

I 0 A 
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INTRODUCTION 

The separation of several lanthanides by liquid-liquid extraction from 

concentrated aqueous solution have previously been correlated from the equilibrium 

concentrations of each lanthanide in the organic and aqueous phase. These 

empirical relationships based on their equilibrium data have been foruulated to 

predict the distribution coefficients of the various components (l, 2• 3).

In this paper, a thermodynamic activity model of the extraction of a single 

lanthanide in di(2-ethylhexyl) phosphoric acid is presented. The formation of 

the lanthanide-anion complexes in the aqueous phase and the subsequent extraction 

of these complexes into the organic phase is examined. 111e formation of the 

lanthanide-anion complex is characterized by their complex stability constants. 

THERMODYNAMIC MODEL 

The model for the distribution coefficient of a single lanthanide specie 

has been formulated by defining liquid-liquid equilibrium constants for the 

extraction of each of the single component lanthanide complexes. The lanthanide 

nitrate inorganic complexes existing in aqueous solution have been shown by 

several investigators <4, 5• 6) to form by the following reactions:

M+3 
+ NO;

Kl 
MNO+Z 

3 (1) 

MNO+Z 

3 + No;
K2 M(NO ) +l 3 2 (2) 

The complex stability constants K1 and K
2 

are defined by: 

(3) 

(4) 
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where the hrackcts denote thermodynamic activity. The existance of the neutral 

speci<'s, M(N03)�, in the a�ueous phase is neglected because the complexes are 

outer sphere in nature (6) (layer of water molecules surrounding the lanthanide

ion) and the upper concentration limit of solutions studied is far from the 

solubility limit where the neutral species predominate. 

The extraction of these complexes along with the trivalent lanthanide ion 

by organo-phosphorous acids such as di(2-ethylhexyl ) phosphoric acid (HDEHP) has 

recently been studied by several investigators (7, 3) and the following extraction

mechanisms have been proposed: 

M+3

1A 
+ 3(HG)21

0 

)/ 1 M" (HG2 ) 
3 1

0 
3H

+ 

I (5) + 

A 

MNO;
z

l A 
+ 2 (HG) 2 

)tz MN03 • (HG2) � O
+ 2H

+

I 

(6) 
0 A 

M(N03);
1

1 
A+ 

(HG) 2 
}{3 

M(N03 ) 2•HG21
0 

H+ 
(7) + 

0 A 

M represents the metal lanthanide ion, and (HG)2 
represents the dimeric 

form of di(2-ethylhexyl) phosphoric acid. The presence of the dimeric form of 

HDEHP and the deprotonated HDEHP dimer (HG2) in various hydrocarbon diluents

has been verified by Peppard, Ferraro and Mason (9)

The liquid-liquid extraction equilibrium constants )! 1, � 2 and �3 
are

defined as follows: 

):1 2 

[ + 2 
[MN0

3
(HG2) 2]0 H ]A

[M(N03) 
+

z] i (HG ) 2]� 

[M(N0
3

)2HG2]0[H
+

lA 

[ 
+l M(N03)2 ]A[(HG)2]0 

(8) 

(9) 

(10 ) 
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Any model which attempts to describe liquid-liquid extraction over a wide 

concentration range must take into account the complex formation and the eventual 

extraction of the complex. The distribution coefficient, ¾• is defined for a

single component system by the ratio of the total concentration of metallic species 

in the organic phase to the total concentration of the metallic species in the 

aqueous phase: 

(11) 

The total activity of the metallic species in the organic phase can be 

written: 

Equation 12 can be rewritten by using the definitions for the liquid-liquid 

extraction equilibrium constants given in Equations 8, 9 and 10. 

+ 

+ 

(13) 

Equations 3 and 4 for the lanthanide nitrate complex stability constants are 

substituted in Equation 13 to yield: 

(14) 

Similarly the total activity of the metallic species in the aqueous phase 

can be written: 

,:[ Ml 
A 

(15) 
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i d by again Subst<tuting Equations 3 and 4 for the lanthanide
The following is obta ne � 

nitrate complex stability constants in Equation 15.

L[M] 
A 

= [M
+3

J A 
+ Kl [M

+3
] A

[ No;] A 
+ K2Kl [M

+3
J iNo;] ! (16) 

On the assumption that the concentration ratio of the total metallic species in 

the organic to the aqueous phases is approximately equal to the activity ratio of 

total metallic species in the organic to the aqueous phases, the distribution 

coefficient is given by Equation 17. 

L (M) O
L(M)

A

(17) 

Substituting Equations 14 and 16 into Equation 17 and rearranging, gives: 

+ 

(18) 

The nitrate and hydrogen ion activities of the equilibrium aqueous phase 

can be measured by the nitrate and pH electrodes. The reliability of the 

nitrate electrode for activity measurments can be established by calibration 

against known concentration of aqueous solutions of sodium nitrate. The 

activity of the nitrate ion in these standards can be estimated by using the 

chloride convention as suggested by Bates and Alfenaar (lO).

The activity of the free HDEHP dimer, [ (HG)21
O

, in the organic phase can

be estimated from a knowledge of the free dimer concentration and the dimer 

activity coefficient, (}(HG)2, in the equilibrium organic phase. The concentra

tion of the free dimer in the organic phase can be determined from the initial 

dimer concentration, the total metallic concentration in the organic phase, the 

total nitrate concentration in the organic phase, and from the stochiometry of 

the solvent extraction reactions. If no lanthanide nitrate complex is formed, 

the free HDEHP dimer concentration is equal to its initial concentration minus 

three times the organic metal concentration due to the extraction reaction. 

The presence of the nitrate complex reduces the amount of dimer necessary to 
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complete the lanthanide extraction. Therefore, the following relation must hold: 

m(HG)2
(19) 

h and m* represent the equilibrium and the initial dimer u ere m(HG)2 (HG)2 
concentration respectively.m;:RG is the total metal concentration of the organic

phase and ��G is the total nitrate concentration of the organic phase.

The organic phase metal concentration can be determined by back extracting 

the organic phase with strong nitric acid and titrating the back extract with 

EDTA. The organic phase nitrate concentration can be determined by back extracting 

the organic phase with strong sulfuric acid and analyzing the aqueous back extract 

by the nitrate electrode. 

The activity coefficient of the (HC)
2 

dimer in the organic phase can be 

obtained from solution vapor pressure measurements. Assuming only the (HG)2 dimer 

and the specific diluent comprise the organic phase, we have from regular solution 

theory: 

a". x .P� 
1 1 1 

(20) 

where yi is the mole fraction of the ith species in the vapor phase, PT the total

pressure,�. the activity coefficient of the ith species, xi the mole fraction of
1 

* 

the ith species in the liquid phase and Pi the vapor pressure of the ith species.
* 

Thus by measuring y 
i

, P
T

, x
i and Pi 

the activity coefficient of the ith species

can be determined. The free dimer activity is given by Equation 22. 

[ (HG) 2 1 
(21) 

In order to measure the activity coefficient of the (HG)2 dimer in the 

organic phase, the diluent for the HDEHP solvent must be a pure compound. Where 

the diluent is a mixture of aliphatic hydrocarbons (Amsco Oderless Mineral 

Spirits), as in the extraction of lanthanide nitrates in HDEHP diluted with 

Amsco the (HG)2 dimer activity coefficient cannot be determined experimentally.
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In this particular case, the (HG)2 dimer activity will be assumed equal to 

the free dimer concentration as measured by the nitrate electrode. 

The distribution coefficient¾ at a specific extraction condition can be 

determined by analysis of the metal concentration in the aqueous and organic 

phase. When all of the above information is available, the liquid-liquid 

extraction equilibrium constants )/_ 
1
, )(

2 
and � can then be estimated by linear

regression analysis. 

After the values of the liquid-liquid extraction equilibrium constants are 

established, the distribution coefficients at other experimental conditions can be 

calculated given the information on the hydrogen and nitrate ion activity and the 

total ionic strength of the aqueous phase. 

CONCLUSION 

The model as developed allows for a complete thermodynamic analysis of the 

liquid-liquid extraction of a lanthanide in di(2-ethylhexyl) phosphoric acid. 

It also makes possible the prediction of the distribution coefficients at 

other experimental conditions when the hydrogen and nitrate ion activity and the 

total ionic strength of the aqueous phase are specified. The results of experiments 

to verify this model will be reported in due time. This method of analysis is 

presently being extended to binary and multicomponent systems and will be reported 

in a subsequent paper. 
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( Institute of Che,•1istry an,.i 1'ec\inolo.:;y, �nt:els Street 7, 

::.VA:UV, u.;;.,rn). 

This ,')a·�er preGen t,3 tl:e results o [' investi.,:atin:; the 

thernodyna"ics of extraction of al�ali �etal halides 

Meilal and al�ali earth �etuls �eJal
2 

halides by iso�Jyl 

alcohol. 'I'lle distribution of s:.,lts wns stu·.1ied in a wiJe 

ran�e of concentrations and te�neratuEes. The '1ydration 

andssolvation numbers of salts in an or•Lnic phase have been 

deterLlined. �xtraction equilibriu� constants � and the 

chan.:;e of free enercy I:;. 6° at different te,n:,,eratares i1ove 

been esti.:1ated b r the extrapolation zero concentration. 

•r:ic he,,t of extraction A H at different concentrationsex 
and tne extra?olatcd value at infinite dilution were estimated 

by direct measure�ents in a s,ecially constructed differential 

,,iicrocolorLJeter. 'J:he chan:,es of ent:1ro1Jy A s
0 

have been � ·· · ex 
calculated. '.l'he relations fo'.lnd between tilerr:iodyna:nic charac

teristics of extraction and the structure of ions have bean

discussed. 

Alkali halides and alkali earth halides which are salts 

with noble c;as ionic structure a good 1�odel for investigating 

the influence of size and charge of ions upon the thermodyna:nic 

characteristics of extraction. 

Cr:,stallochemical radii and other parameters of noble gas 

ions of these salts are known and this favours the cooparison 

of thermodynamic and structural characteristics of extraction 

and the generalisation of results for other salts with noble 

gas ions. 
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'rhe physical properties, of the extract ant/, isoamyl 

alcohol/, are also sufficiently :mown ( 1) co,apared with the 

properties ti! other hi1_>;:1er alcohols, Previous investi:::·a tions 

dealt with a very suall number of salts uainly Neilal and 

were car :ied out at one te::,perature (2) or over a ranee of 

5
° 

(3). 

The distribution of ;ielfol betwec:1 \'later anu secondary 

butanol has been investigated (If), However, t:1e extra_10lation 

to infinite dilutioti was carried out without ta�in� into 

account the chan�e of activity coefficients, As far as we 

;�now, investi�ations such as these for ;.;eHal2 over a wide

te;,1perature ranie have not been carried out and therefore we 

have inve3ti,_:ated t,1e distribution of halides Li Cl, NaCl, KCl, 

KI, MgC12, CaC12, Caar2, CaI2, SrC12, SrBr2, SrI2, 3aC12,

Distribution, 

rhe distribution has been studied at 25° c and 50°c and 

in so-,,e cases at 12° and 70°c and over a wide concentration 

ran;:;c; 1raGl and KI were :3 tudied onl:y- at 25 ° C. 

'Jn t.1e base of the eXTJE,rL1ental data :bhe distribc.1tion 

coeffic·i_ents D = y/x and t·'.le extraction en:iilibriu:n co'.lstants, 

K of salts were obtained, '.fhere 
K n n 1Xn n n ( +

1 
! )n

= y Ir°! I 
* :! aw = Dr o- �g 1 

h 
aw 

( 1 ) 

where y and x - t:1e salt co!1centration in or. ·,mic and aqueous 

phases in moles ?er1000 G solvent; - are the avera�e

ionic activity coefficients; - the nu�ber of salt ions, aw -

water activity in aqueous solution of salt, and h - hydration 

number in th0 or;anic uhaae, 

?ro1.1 the ex·,1eriu1ental data, it fol.lows tl1at t!1e di3tribut.i.on 

coefficient of the halides varies with concentration in different 

ways. The <listrioution coefficient of all halides, exce�t 

KC1 and Bac12 increases with the rise of concentration es�ccially

abruptly at lar�:e co:1c.:ntrat..c.ons, DC:c1 ), D(SrC12) and D(l3aC12)

were 3li::'.,''ntl�.r c!"1unged \<Jiti1 tl1e co·t1centration. '11f1e te ,·�erature 

effect on extractibility is also different, In t!te ron_:e of 
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low concentrations in toe orcanic nhase thu distribution 

of all halides, exccnt Cal2 and SrI2 �oes not depend on 

te,.1perat�re. In t,,c 1·an _·c of hi-;Jier co:1ccntrati0ns the 

diu.ribution coefficient of KC1, SrC12 and JaC12 increases 

but in t!1e ca::;e of t11e ot:1er solts decreaser; wir;� t!1c chan,;c 

of te •. ipcrature. 

Jydration and Solvation �mbers 

.!ydration nu:nbers h of salts i·,ellal2 and so"1c :Ie:·fol were 

deter.:1ined ex,:,eri::1en tally by ti1c :.1ethod described in (5). 

It was established that NaCl, IC1 and LiCl are extracted as 

nonhydrated ion pairs, whereas, ,•:;;Cl2 and all the salts CaHal2
were excracted as hydrated species. 

For the determination of solvation numbers, the dilution 

�ethod described in (6) was used. All the investi�ated salts 

MeHal2 were solvated in t�e or�anic nhase; SrC12 and BaC12 
were .solvated by the six c;olecul0s an<l th� ren.Eiinder by three 

and four molecules. The total number of 1,1olecules of alcohol 

and water in hydrosolvates of calcium halides in the or3anic 

phase increases in the sequ,,nce of chloride <.. brOHlide .(,iodide. 

Extraction E�uilibriu� Constant. 

Isoa,nyl alco:-101 dis:,olves water duri.n:: extraction (34.95.; 

mol. water at 25° c in the absence of salt, the dielectric 

constant beinr:; 14.34 (1) ). In such media halide., dissoc i.ate. 

The extraction eguilibriu� canstant, K, may be deter�ined fro� 

the equation ( 1), which after transfor.-:ation and ta::en lo:;ari thms 

eives: 

lJ':t = 1/n l::;K - lg "Xo: 

where Q = D�!: aj,/n. 
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In t,1e range of very low concentrations -9' j"'o:: depends li

nearly upon the root of ionic stren ;th of t'ie solutiun, fl--

Therefore, the de·lendence l� 

becomes linear. The para,neters 

= / (.Jii,:) in t:1is ra,1J;e 

'-JK of thic; strc1i,:;ht-line 

dependence for �ach salt are deter�incd by tje leost-s�c1�res 

r.iethod. The values of .,: are ive·1 in t 1e '.:'a)le (t:,0 value of 

K (LiCl) ta :en fro .. 1 t;,e ·.1or:;. (2) is al::;o _;iven t .ere), 

Cation effect 

It is seen fro� tje table that extraction condtants, 

w!:1ich are very low, are re--: c1r,ed :.Jy so :e orders, \·!'.ten 'HVi sin 

fro1:: c;in,�le chDr:;ed ions i·ie + to uoubly c'11:ir_;ed ions ;-,e2+ . 

However, tile difference in tile distribution coefficient Do at 

( ) 
-3 infinite dilution is not so .�:ir.:ed e.c, D0 :<::::1 = 2,75 x 10 ,

-4 
and D 0 (CaC1

2
) = 4 x 10 , This is ex,lained by the fc;ct thut

in t:1e calc �L,tion of i( the ::lics,;ociution af ,nolecules into

three ions in the case of ileHal2 and into two ions in t.,e case

of .·,eHal is ta',en into account, X (liCl) > ,: (lfaGl );:;::.:: (;CC1 ). 

In reference (2) this fact ,;as ex<Jlained in ter•.1;;;.o;r:1electro-tne 111.�11 y 
static considerations by t:1e lar;_;er size of/hydrated lit,,iu,1 

ion as compared with the non-hydrated uotassiun ion, The 

extraction equilibriu::1 co:1Stants of ti1c corres:iondin:: halides of 

calcium, strontium and barium within tne exoeri�ental errors 

are equal, and one order lower than the extraction equilibrium 

constant of MgC1
2

• The reason of this is because highly nydrated 

magnesium ions become larger than less hydrated Caz+, sr2+,

and Ba2+ ions, the relative sizes of the latter ions being 

decreased by hydration, All this affects the extraction as well 

as otiler physical properties, for exa,:r;,ile the close values of 

the ion r:1obility of Ga, Sr and .la in tiater. .clrns, t,1e ion 

,nobility of the hicilly hydrated ion :-1,;2+ a;,pears to be lower 

than of its analo�ues (?), 
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,\.nion effect 

]or anions C:1-, Jr- anu I- in contrast to hi�'.1ly hydrated 

cations, ti1e hydration connot counteract the difference in 

crystollo;ra9�ic radii, therefore, the increase of the latter 

in C1, dr aod I series results in the increase of the constants, 

�nthalny of �xtraction (heat distribution effect) 

·l.'hat t!le extr£,ction con:,tants of salts, except iodides,

do not <Je,,end on t!le te ,1Jerature \·1it.,in t,1c ex_J0rirnental erors 

\ l'able) inclicates t:1at A a0 :::..o. (The error in 
ex 

deter�ination according to the second law docs not exceed 

! 2 ;ccal. 1:rnle ).

'.i:'11is fact :�a:,be e,: ,lained as followi:;: 

lne heat of extraction �ust be eoual to the difference of heats 

of dilution lor solvation) o ? a salt in isoa Jl alcohol and in 

water. ·rhe data on t:,e heats of solution (or salvation) in 

iso a :1yl alcohol are not av ail able; but t:10 difference in the 

heats of solvation of tie al�aline �etal halides in other alcohols 

i.,n-.: in water is a,·,,:,roxi,r.a tel:1 cons:ant and has a value of --'3-4 

J-:cal/i,1ole (f, ), It is evident tnat durinc; :autual saturation of 

t.,e alco?1ol with wc.ter ar1cl water with alcohol, which ta:-:es place 

durins the extraction, this difference will be much less, 

Jnfortunately, sL1ilar data for 2-1 electrolytes are not available 

in t:1e literature ,JUt a differ,rnt result seeus to be in,c_Jrobable 

here. ·.2110 c'ii"ference of tnc iieats of sol•rntion for iodides 

is to so.,1e e.:tcnt '.1i::;:1er t!1;,n fo,· oti,er halides, na:.1ely - G 1-::cal/

LlOle (G). fherefore, tj� observ�d exotierLlic effect exnressed in 

tlie relati:rn of ,� to te.:iperciture is not stri::in.� for ti1e iodides 

of the all:aline e:orth ·;1etals, 

1413 



To obtain Au and � S vaJ_ues of hi h accuracy for 
ex ex 

heat effects close to zero, direct calori�etric �easure�ents 

o l' the extraction heats were ::iade. ·.:i ti1 ti1is c,1d in view,

the differe:1 tial :3icrocalori,neter for s ... all he .. t e i' f cc ts was

constructed and tested. .'i1e ,;011,;i ti ve dif :·erential t,1er:.10-

battary provides u tireshold of detectability 5 x 10-� cal.

The heat of reaction is co.n·,,e,1satecl by suT_,lyin,, current into

calibruted heaters and the non-co•:1,,e:1.sat::,d nart is re(.:istcred

by a recorder. The heats of uixin3 in t�e water-isoa�yl

alcohol syste:n at 25° C wnici1 are necessary for the ineasure1;1en t

of distribution enthalpy have been deter�ined and the differ

ential heats of dilution of water in isoa.:,,yl alcohol and isoa,1yl

alcohol in water kuve beett calculated.

The developed procedure gave the possibility of detergining 

the heat extraction effects over a wide ra:1.se of salt concentra

tions in aa_ueou:, and orz;anic �iiases at 25
°c. (in the ex9erim

ents heats of the order 0.5 - 0.005 cal. were re;istered). 

The exp,:,rL1ental heat effects were in -ood a:;ree.:ient with t:ie,_;e 

calculac�J ac:o�din·· to tie enuation of the isobar wit:�in 

exo-,ri,.1,mtal error. 'l'he heats of extraction 3t ti1e infinite 

tiiL1tian t;, n° were deter.ainecl fro,.1 e::ucrL,entol '.1ec1t effects. 
ex 

It follows fro;1 our ,.i3tc1 t,iat t:w heats of solution of tlle salts 

:-:e:lal and ;.;eilal2 which ,Hive not ,:ir,:ivio:i.sl.y bc,,rn stild.i.ccl for

isoa,1yl alcohol , saturuted ,·1it'1 vrnter, are closer to t·.1eir 

heats solution in w�ter, e�ceJt for iodides. the closeness 

to zero of t:1� i1eat effects for extraction by is;:ia .. ,yl alcoi1ol 

bss also jeen obGervud fo� tbe uztr�ctio1 of salts by trivbenyl-

of salt extraction by tie hi�hcr alc;:ihols in all cases b�t tjat 

w:1ere µe o�Js_rve s�ecific interaction bet:�ec� t.�2 s�lt �nl �lcohol. 

In our cas;:e suc:1 a 3-;,ecific donor-acce,,tin; interuction ta-:es 

place between t,te iodide i ,n c1,1d alco,101. :,xpcri,!ients on p,;ru

illat:1.etic reasona�ce clearly prove this (10). 
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�he Entrouy of extraction 

As A H
0 

i:·1 rnost cases und�r c,:>:1siU1.:ro.tion is clo:..;c to ex 
zero, t:1e entro-:iy fcictor T A ca:13es t'1e 1ai!1 c:1an:;,n; of the 

free encr,:;y. Thi:; �heno.nenon is o'.'. ,;reut i,.rnortance, uncl as 

vie :1ave :,reviously :;.ndic�ted (11,12 ) As
0 

calclllated on theex 
\:Jo,sis of extract:;.on equili'..Jriu,n constants 1:ex and 4.:I�x are

,;iven in the 'fable. It follo,:s fro:� the table the cha,10e of 

st:.,nc:i.lru distrihlltion e,1trony ( 1:,. s0 ) for all h:,litles is· ex 
n-, _ative. '.rl1e decrease of C!ltro·o:r d-.irin·; the di::;trihution 

bet·,;e0n 1-1,,ter and alco;1ol i:, thei result o:' differences in the 

stra:tural properties of t.,e phases. 'later is a ·.:ore ortlered 

solvent than alcoiol, which is way the effect on the orientation 

o; the Jolecule� of a solvent by the electrostatic ion field 

with attendent antropy decrease is �reater for alcohols than 

for �ater. This c��ses ne�ative values As 0 for the distri()u-
ex 

tion. The extraction entropy of the halides of the alkaline-

eerth metals, is .aore ne:�o';ive t:1an for t,1e ,s:;lt'.3 o.:: t ,c al,:ali 

. .1e i:ols. T:!is .nay be expl uined by the _;re Dter orderin_; effect 

wr1ich is creoted by divalent cations co,npared 1-:ith :,ionovulent 

and the increase of the ion n1�ber of a salt from two to three. 

Values found for the distribution entropy of the halides of 

al,rnli metals s0 which are equal for KC1 and LiC1 at -22 
ex 

cal K-1-mol-1 ore in good agreement with the difference of the 

KC1 salvation entropy in water and in �lcohol which contain the 

same quantity of water (34.9 mol.�) as does our or3a�ic phase, 

!1::> .ely - 2r:.8 cal :C-1 mol-1 (uethanol ) (13) and -21.5 cal

K-1 m01-1 (ethanol) (14). fhus it aopears that the increase of

t.1;.; nu.:1ber of carbon ato,:is of alcohols will not .reatly afc'ect

t,,e c.wn,;es of extraction entropy fo1· ti1:; sa .. 1e o_uantity of 

water in alcohol nhc,se, althou;::;11 t,1e decreuse of entro,:iy ta:ces

place in c1 - c
2

- ••• c
5

• As t.1e hisher alcohols c
6
, c

7 
etc.

Jissolve less water with an increasinJ nu�ber of carbon atoss, 

s0 ,-:ill ciecrea",e i,1 t;,e sa::w way as ia t:,e case of salts of 

crvstal violet (9). 
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For the alcohols which dissolve µractically no water, AS� 

of the distribution eauals the difference of the dissolution 

entropy (or solvation entro�y) in anhydroas alcohols and water. 

Data necessary for tne higher alcohols are not ovailable in 

ti1e literature, but in tcr:.,s of t .e da,;a on AS 0 for the 

salvation of KC1 in ethanol, the difference '.)f dissolution 

entrocy in alcohol and water 6S0 = 37.9 cal �-1 mol-1 or

45.2 cal iC 1 1301
-1

• '�'ol:in:, 6. s0 for ti,e d:cstribution equal
-1 1 

ex 
to cal mol K- with A :r0 

= o! 2 kcal/r.iole, we obtain t:1eex 
-9 v;:ilue -'""'10 for t.1e extraction eauilibriuu c�nstant of

wit:, the, hi_;her alcoi1ols, i.nmiscible with water. That is why 

:ii._;her alco,10ls w!1ich do not dissolve water, should be extre,.1ely 

ineffective aa extr;:ictiint of t\1e salts of KC1 type. 

For ti1c 3alts bci>1 investi.�1.1ted of I - I type the extrac

tion entro11y do�s not de_J0�J upon t!1e nature of t.10 salt and 

e.,uals -22 to -2!1 col •,101 -1 i,-1• -3L,ilarly, f:Jr t:,e salts of

the 2 - I tv,Je (cxce •t iodides), .6.S 0 in ti1e ran ·:e of the 
w • ex · 

cx_0eri,:1ent�l doe�, !lot d.e·:ie 10 •..t:_)Oll t!LC na tur\:! of a s.Jlt and 

e�uals - 43 to - 49 cal i:-1 ..iol -1• ,rro,;1 ti10se data it follows

tuat the salvation entropy of I-I sulta in infinitely dilute 

solutions wnile passin:; from water to the hi;_;her alcohols 

decreases by one and the suoe value irresnective of the nature 

of the salt. If one applies this to separate ions as well, 

one obtains for �ono-di- and trivalent ions respectively A s0 

. -1 -1 
ex

12, - 24, - 36 cal X mol so that for a 3 - 1 electrolyte 

we wo,1ld expect AS0 = -72 and withAn° = O, the extraction 
ex ex r 

e<1c1ilibri11::1 constants will be of the order ,-J10-10, and D
0 

--0
-5 10 renpectively, 

In conclusion we would li�e to state the followins. During 

the extracti.on of noble-:.;as like ions in t'1e absence of a s,,ecific 

interaction 1-,it,1 the solvent, the c'1an'.',·es of tl1e extraction 

entropy in similar salts are constant, as one would expect (16). 

ilut in contrast to what was ecpected in (16),..i.,H
0 

for the extrac

tion is close to zero in all cases (excent iodides) and a l1.1r�e 

chan�e of the extraction equilibriu� c�nstants in si�ilar 

c�Jpounds was not observed. 
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';2.ble. Thermodynamic Ch.::iractcristics oi' =:::::-::trac·c:.icn. 

,.o 
S2.lt K z 

LLl 
298 298 323 ex 

c2.l/moJ.c 

I. 1+5x I0-5 I. 45xIO -
LiCl 

o.nxro-5 o. nxro-5 I65.:::_ 48 
+ .;. 

2. JxIO-o
l':aCl _::0. 3xro-6 385 + IG4 

L,. O XIQ-' 4.oxro
XCl 

o. GxIO-G o. 6 xro-6 870 + I9I 
+ + 

6.xIO-
n 

2x ro-6 -4520 + 723
,·T 

2. 0 xro-II2.oxro-J.�
260 '>: 1'.gC12 r.5xro-II I.5xIO-II

;- + 

7xro-12 7 xro-12
CaCL2 

4xIO-I2 L, x I0-12 997 .,. 249 
.:!: + 

8. Ox IO-II s.oxro-J.1
Cai3r2 II 2.6x.rn-II 795 + 203 

.:::. 2.Gxro- + 

r.oxro L.. I xro-IO
CaI2 o.Gxro-9 -IO -554C ,. JJJ

+ .:::. 2. 5xro

SrC12 
I.O'IO-II I. oxro-II

1750 l;- j5 

O.?xIO-II 0.7xro-II -j· 

+ 

Sr.Br
2 

9.0xIO-II
9.0XIO-II

�TL 

0 
+ 2. Lfxro-II .,. 2.4xIO-II

3::-I2
J. sxro-IO

I.6xIO IO 

6Gco"'·,-c 
I. .:,xro-IO 0. 7 X:!:0-IO

.c + 

6x:rn-I2
6'10-123.::.Cl2 

Jl<IO-V 3xro-I2 1990 7-::.7 
,. .:::. 

V.::i:uc is found accordina to the second l.::i�. 
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CY. 298 
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-1 
... 1:_,l - I 

2I. 5.,. 0.4 

-24.5� 0
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- 39 .,.

- 48

- h8 + 2 

432: �

- Gu �· ) 

- L.J ·i· 3 

- t6

- 6::
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Fror.1 all the salts which were studied the iodides have 

relatively reater heat effect and greater negative entropy, 

�hi3 suuws a specific interaction of iodide ion with the solvent, 

Ac::nowlctl , >emen t 

·.;e are sincerely indebted to I.A. Chanova, laboratory

assista11t for t:1� hel? she has ;iven us in the carryin;; o�t 

of the ex_1eri.nental wor.�. 
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THERMODYNAMICS AND SOLVENT INFLUENCE IN ZINC AND COPPER ACETYLACETONATE 

EXTRACT I ON. 

B.Allard, S.Johnsson and J.Rydberg.

Department of Nuclear Chemistry, Chalmers University of Technology, Fack, 

S-402 20 Goteborg 5, Sweden.

From distribution measurements partition coefficients have been 

determined for copper and zinc acetylacetone complexes. From the tempera

ture dependency of the partition coefficient the entropy and enthalpy 

changes have been calculated. The influence of the ionic strength of the 

aqueous phase and of the nature of the diluent have been studied. The 

results are discussed in terms of the regular solution theory. Indications 

of hydration in the aqueous phase and salvation in the organic phase 

giving changes in the coordination numbers have been found from thermo

dynamic data. 

Introduction 

In several investigations efforts have· been made to determine and describe 

fundamental factors governing the partition of an extractable species between 

two immiscible phases. The regular solution theory has been used to inter-

pret the effect of the diluent on the extraction. In some cases, correlations 

between partition coefficients and formation constants for complexes of 

different metals have been established and systematic size dependencies have 
2-7

been observed. However, very 1 ittle is known about the enthalpy and entropy

changes in distribution equilibria and about the correlation between such

thermodynamic data and diluent properties, structure, etc. The purpose of

this study was to investigate if systematic determinations of 6H and 6S can 

give any qualitative explanation to the particular interactions which govern

the partition coefficients of the complexes. The systems selected were

zinc(l 1)- and copper(I I) acetylacetonate in sodium perchlorate - organic

solvent. These complexes have been chosen because of their 1 imited distri

bution coefficient in the systems of interest, ease of preparation and

chemical stability. Unlike several other bivalent metal acetylacetone

complexes, monomeric cumplexes form preferentially. Moreover formation 

constants and distribution data are to some extent wel 1 known.
6

•9 The theory
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of regular solutions has been successfully used for other similar systems. 4-7

Experimenta I 

Chemicals 

Sodium perchlorate and acetylacetone were prepared and purified according 

to conventional methods. lO For the distribution me.asurements 65zn and 64cu

were used. The radiochemical purity was checked by gammaspectrometry. Al I 

other chemicals were of p.a. quality and used without further purification. 

Distribution measurements 

11 12The distribution experiments were carried out in an AKUFVE-apparatus, ' 

To the organic phase acetylacetone (HAA) was added corresponding to a total 

initial concentration of 0.485 M. The aqueous phase was 1.00 M [Na,HCI04],

except in the exper1ments with variation of the ionic strength of the aqueous 

phase. Equal phase volumes were used. The metal· was added to the aqueous 

phase as radio tracer. To avoid adsorption losses in the apparatus some 
-4carrier was added. The total initial metal concentration was between 5· 10 

and 5· 10-5 M. The initial pH was low (pH.,. 2) in order to prevent hydrolysis.

During each experiment pH was increased by addition of [Na0H,CI04] of suitable

concentration unti I the pH-independent plateau region (pH� 7.5) was reached.9 

For each system distribution coefficients were determined at different 

constant temperatures between I o0c and 4o0c. The te"l)erature, pH and meta I 

concentration were continuously determined according to the AKUFVE-technique.11

At each selected temperature ten measurements were made and the mean value was 

calculated. In this way, the distribution equilibrium could be confirmed. For 

comparison, measurements were made by conventional batch technique giving 

results equal to the results from the AKUFVE-experiment.s within estimated 

error I imi ts. 

Results and discussions 

The chelate extraction process 

The distribution process (with corresponding equilibrium constants) can 

be expressed by 

2+ -M (aq) + n(AA) (aq) M(AA)�2-n)+(aq);� 

...-

M (AA)2(aq) __. M(AA)2(org); "2

M(AA)2(org) + rHAA (org) __. M (AA) 2 (HAA) r;
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M(AA)
2
(org) + sS(org) �

(2-n) + 
M(AA) 

n
(aq) + tH

2
0 (aq) 

M(AA)2· sS(org); "
s. 

(2-n) + 
M(AA) 

n
. tH

2
0 (aq); 

(4) 

(5) 

where S is the diluent. The formation of polymer complexes and hydrolysis 

have been neglected, and all solvates with water and diluent are assumed to 

be found in the aqueous and organic phases respectively. Since no adduct 

formation with HAA takes place9 the following expression for the distribution

coefficient D
11 

is valid; all charged species assumed to be in the aqueous 

phase. For species in the organic phase the index org is used; for the 

aqueous phase no index is given. Brackets are used to indicate concentrations. 

2 s n t 
>.

2
e

2
[AA] (l+l:oc [SJ )/(l+l:6 [AA] (l+i:oct[H

2
0J ))

s org n 

s +t +n <N 

where N is the coordination number. 

(6) 

(7) 

In the pH-independent region mainly uncharged species exist, i.e. n 2. 

Thus the measured value wi 11 correspond to >.
2
, if solvates according to 

reaction (4) and (5) are neglected. 

Variation of diluents 

The partition coefficient >.2 has been determined for both polar and non

polar diluents, all with a molar volume around 100-150 cm 3/mole. In Fig. r

the temperature dependency of log >.2 is shown for some of the systems, and

in Table l thermodynamic constants are given. The thermodynamic quantities 

6H and 6S were calculated by the usual procedure from log >.2 vs 1/T using a

linear least squares method. 

According to the theory of regular solutions, 
1

•
4 

and taking differences 

between the molar volumes pf solute and solvent into account, the partition 

coefficient for a component A at equilibrium between an organic and an 

aqueous phase can be expressed as 

RT· l n "A
VA(6 +6 -26A)(6 -6 ) + RT·V

A(l/V -1/V )aq org aq org org aq (8) 

where "A is given in terms of molar concentration, V is the molar volume and 

6 is the solubility parameter. In equation (8) the expression for the 

activity of A val id for the regular organic phase has been mechanically 

applied also to the aqueous phase. An efll)irical value of 6aq = 17.5 for the

aqueous phase calculated from equation (8), has been determined for similar 

systems. As long as this efll)irical value is used and a constant aqueous 
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phase is assumed the partition coefficient of component A is represented 

approximately by equation (8). 4•5

Equation (8) can be rewritten as 

6. erg

(VA/RT· In 10) (6 +6' -26A)aq erg 

6 + RT/(6 -6 ) (1/V -1/V )erg aq erg erg aq 

(9) 

( l 0) 

Fig. 2 shows log >.2/ (6 -6 ) as a function of 6. A linear relationshipaq org org 
is obtained for similar systems and from the slope of the line the molar 

volume in inert solvents VZn(AA)2 
= 148 cm 3/mole and VCu(AA)2 

= 185 cm 3/mole 

are obtained. The cyclohexane values have not been included, the relative 

errors being larger for these measurements than for the others. 

6 has been calculated from the equation given below1
erg 

6 ( (llHV-RT)/V) l/2
( I 1) 

where llHV is the heat of evaporation at 25°c obtained from the 1 iterature. 
14

For the partition coefficient kd of the chelating agent HAA the fol lowing

eq ua t i on i s v a l i d : 5 

log >.2 = (VM(AA) /VHAA) · 109 kd + const.
2 

( 12) 

Fig. 3 shows log ;,,2 as a function of log kd. From the slope nf the straight

line the values VZn(AA)2 
= 156 cm 3/mole and VCu(AA) = 175 cm3/mole are 

obtained using the value VHAA = 10 3 cm3/mole. 4 The risults are in good agree

ment with the values calculated from equation (9). From density measurements6 

the value 172 cm3/mole has been calculated for Cu(AA)2. The molar volume for

Zn(AA)2 is apparently smaller than for Cu(AA)2 indicating a tetrahedral

distortion of the structure in comparison wit"h the square planar coordination 

of Cu(AA)2.

The equations (8)-(12) are only strictly valid for systems that obey the 

requirements of the regular solution theory. In these systems interactions 

are mainly of dispersion type. No chemical interaction between solute and 

solvent molecules and no change in states of association and orientation by 

mixing should occur. As stated before the equations might even be applied to 

systems containing an aqueous phase if an empirically found value for 6aq is

used. The validity of the regular solution theory with this semi-empirical 

adjustment for correlation of partition data seems to be satisfactorily 
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proved for systems with an inert non�polar organic phase as can be seen from 

. h . . . . 4-6 A • Fig. 2 and 3 and has been shown 1n ot er 1nvest1gat1ons. ny maJor 

deviations from parameters predicted by the theory might as a consequence be 

looked upon as indications of chemical interactions where the solute is in

volved and would give rise to larger changes in 6H and/or 6S for the 

extraction process. 

From Fig. 2 and 3 it seems evident that the oxygen containing solvents 

and chloroform deviate from the regular solution behaviour indicating a 

certain solvent interaction. 

From equation (9) the solubi Ii ty parameters for M(AA) 2 have been 
3 lated using the molar volumes VCu(AA)2 

= 1 75 cm /mole and VZn(AA)2 
=

cm3/mole, and the values are given in Table 2. The calculated values 

higher than those calculated from the empirical equation 15 

6HAA (n/n ·) 1/ 2

calcu-

156 

are 

( 13) 

where n i::, 0.95 n for n = 2 and with the value 6HAA = 10.6, which has been 

obtained empirically for acetylacetone in an aqueous system. 4 From equation

(13) the value 6M(AA) = JO. 7 could be expected. A solvated molecule M(AA)n·
2 15 mB would have the value given by 

( 14) 

According to equation (14) the value JJ.8 wi 11 be obtained for a water adduct 

M(AA)2-H20, which is in remarkable agreement with the values found for 

6Zn(AA)2 
in non-polar solvents. For a solvent adduct the value wi 11 be lower, 

e.g. 6M(AA)z
·CHCI = 10.8. The mean of the measured values as given by 

Table 2 of 6M(AA)! for the inert solvents is 11.9 for Zn(AA)2 and 11.3 for 

Cu(AA)2. For the di luents dibutylether, hexone and chloroform the mean value 

is 11.6 for Zn(AA)2 and 11.2 for Cu(AA)2. These values may indicate that for 

systems with an inert organic phase the complexes are more or less hydrated in 

the aqueous phase, at least for Zn(AA)2, while for systems with an organic 

phase containing donor di luents the complexes might also be solvated to some 

extent in the organic phase. 

Variation of ionic strength 

Partition coefficients have been determined at various ionic strengths in 

the system Zn(AA)2-benzene-NaCI04. The values of log A2, 6H and 6S are given

i n Tab I e 3 and I og A 2 vs 1 /T i n F i g . 4 . Fo r 1 og "2 as a fun ct i on of [ Na C 1 0 4 J 

a linear relationship is obtained in the concentration range investigated as 
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shown in Fig. S. No obvious significant trend in the variation of the 6H and 

6S-values with [NaC104J can be observed. Errors in one parameter wi I 1 natu

rally influence the other parameter due to the interdependence in the method 

of determination. It can, however, be proved that ,the error for 6H/T6S would 

be considerably smaller. A plot of 6H/T6S as a function of In A2 as given by

6H/T6S - 1 -R/6S• In A2

gives a straight I ine indicating that 6S is essentially constant in the 

investigated concentration range. 

( 15) 

Studies are reported, where the influence of the concentration of certain 

organic donor solvents on the formation of solvated complexes according to 

reaction (4) has been studied.7 In a similar way, t�e formation of a hydrated

species, e.g. in systems with inert organic diluents, might be detected if 

the concentration of "free" water, that is uncoordinated water available for 

coordination to any other species in the aqueous phase, could be estimated. 

If the number of water molecules coordinated to every Na
+ 

ion in the aqueous 

phase is regarded as constant the concentration of "free" water is propor

tional to the Nac104-concentration. From the function -log A2 = f(log [H20J)

a value for t in ·reaction (5) might then be determined. The limiting slope 

for [NaCJ04J = 0 should be 2 for a square planar M(AA)2 species, where the

coordination number would increase from 4 to 6. At least for zinc the pre

fered coordination number seems to be 5 rather than 4, and 6-coordination is 

also well established. 16 If a limiting slope of 2 is assumed the required

concentration of "free" water would correspond -to a number of hydration for 

NaC104 of 14-16, and a limiting slope of l wi 11 give a hydration number of

25-28. As comparison can be mentioned that if Na
+ 

and H20 are considered as 

hard spheres the first coordination sphere around Na
+ 

wi I I be occupied with 

4 H20-molecules and the second with 10, assuming most favourable geometric

close packing. A continuous decrease of the number of water molecules from 2 

or l to O attached to the M(AA)2-complex in the aqueous phase should, how

ever, give significant changes for at least 6H, which is not contradictory 

to our data, as can be seen in Table.3. 

Thermodynamic parameters and coordination 

From equation (8) the terms corresponding to changes of the partial molar 

enthalpy and partial molar entropy can be calculated assuming regular 

solution behaviour with the empirical modifications mentioned before. These 
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calculated values are given in Table 4 as wel I as the excess values obtained 

as the difference between measured and calculated values. 

For a distribution process it is reasonable to devide 6H and 6S into 

different parts. 

J. Solvation. The existence of hydrated species in the aqueous phase would 

\Jive a po�itivc- cont, ibution to 6H corre�ponding to the energy requirecJ for

breaking the bonds between the complex and the hydrate water; 6S would have 

a positive value as wel I; solvated species in the organic phase would give 

a negative contribution to 6H and 6S.

2. Hole formation. The hole formation in the organic phase and filling up of

the volume in the aqueous phase corresponding to the volume of the complex 

molecule wi 11 effect at le.ast i\H. The influence would probably be much less 

than changes caused by solvation .

3. Breaking ofhydrophobic bonds. Destruction of the ordered water molecule 

layer around the complex in the aqueous phase would give a positive contri

bution to 6S, while any formation of a similar layer of diluent molecules 

in the organic phase would give a negative contribution, but of much 

smaller magnitude than for the water phase. Assuming regular solution 

behaviour, measured and calculated parameters would coincide. For .a two 

phase system, where one of the phases is aqueous, one might consequently

expect an excess 6S-term in the measured values caused by breaking this 

"hydrophobic bond". 

In systems where hydration occurs in the aqueous phase an excess 6H-term 

would be expected, while in systems where solvation occurs only in the 

organic phase the result would be a negative excess 6H-term of the enthalpy. 

Copper has a preferretl coordination number of four, both in solid compounds and 

in solutions. Very strongly basic ligands may form 5-coordinated species, 

b h . I d . I 
16 

ut t ese compounds eas, y ecompose 1n so vent systems. 

For zinc, however, the coordination number five seems to be dominant, at 

least in solid compounds, even if 4- and 6-coordination also are wel I 

es tab I ished. 
16 

Several 5-coordinated base adduct complexes that are stable, 

e.g. in benzene solutions, have been prepared. It is therefore reasonable to 

assume, that the copper complex in the acetylacetone system investigated 

preferably would be unsolvated and 4-coordinated, while the zinc complexes 

might be solvated leading to a coordination number of five or maybe even six, 

if coordination is not hindered for steric or other reasons. In the 

aqueous phase one might expect a hydration with one or maybe two water mole-
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cules while for donor solvents solvation in the organic phase might be ex

pected. 

The values for the excess 6H and 6S as given in Table 4 could very well 

be explained if such coordination changes are assumed. For Cu(AA)2 4-

coordination seems to be maintained in both phases for al I systems but 

chloroform, where a solvation in the organic phase might take place. 6H exc.
is almost zero while T6S is constant possibly indicating the breaking of 

hydrophobicbonds in the aqueous phase. For Zn(AA)2 a hydration might take

place in the aqueous phase for all the investigated systems and besides a 

solvation seems probable in the organic phase for the solvents hexone, 

chloroform and benzoenitri le. The energy involved in solvation in the organic 

phases seems to be around 10-20 kJ/mole. 

It is interesting to note that the energy required for breaking a water 

hydrogen bond is 6�"" 10 kJ/mole and T6S.., 11 kJ/mole. 

Cone l us ions 

It is evident that calculations of thermodynamic parameters based on the 

regular solution theory with some semi-empirical modifications might give 

interesting information concerning the behaviour of complex species in 

different chemical systems as we! l as give indications of coordination changes 

when compared with measured data. The di luents in distribution equi I ibria 

seem to play two roles: 

1. The diluent may be coordinated to the complex forming solvates depending

on its donor abi Ii ty. 

2·. The diluent will act as a medium for the distribution of the complex, with 

properties mainly depending on the cohesive forces between the complex and 

the diluent molecules. 

It is also evident. that the amount of ener<Jy involved in these intc•r

actions is comparatively small. Very accurate data must be obtained for 

these changes to be prop�rly explained. Complementary spectroscopic experi

ments might give valuable information concerning the specific kinds of inter

actions involved. 
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CORRELATION OF EXCESS ENTHALPIES OF MIXING 

IN TRIBUTYLPHOSPHATE - N-ALKANE SYSTEM 

L. Tsimering and A.S. Kertes

Institute of Chemistry, The Hebrew University 

Jerusalem, Israel 

Abstract 

Excess enthalpies of mixing of tributylphosphate with 

n-alkanes have been evaluated from experimental data in

TBP-hexane and TBP-dodecane systems at 303.15 K by using 

a model involving the lattice theory of mixtures and 

group and molecular interchange enthalpies of interacting 

surfaces. 
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We have reported recently (l) direct calorimetric data 

on the heat of mixing of tri-n-butylphosphate with n-hexane, 

n-dodecane and benzene at 303.15 K, and compared these new

sets of excess enthalpies with those in the literature <2-4l.

In continuation of the project, we now report a quantitative

interpretation of our experimental data in terms of a simple

statistical thermodynamic model previously used for alkyl

amine-hydrocarbon systems (5), which is based on a combination

of the group interaction model and the zeroth approximation

form of the lattice theory of mixtures for molecules of

different sizes at a completely random arrangement.

The model (5) requires that each molecule,�, consists

of �i segments, each occupying one site on a lattice of 

coordination number z. The number of contact points for 

each type of molecule i is thus given by 

S, 
-1. 

�
i 

(�-2) + 2 (1) 

Each segment on the surface of the molecule has a character

istic capability of interaction which is proportional to 

a group cross section �u and sv of u and v type surfaces 

of molecule i. The combined molecular cross sections are 

thus given as 

s. 
-1. (2) 

representing the sum of the appropriate group cross sections 
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of the molecule. The corresponding molecular coverages 

are defined by the ratio 

u 
m. 
-1

s. 
-1 (3) 

For the binary systems of tributylphosphate and the normal 

alkane diluents under consideration we have the simplest 

possible combination that the surface of the tributylphosphate 

molecule (component 1) is composed of aliphatic (CH
3 

and CH
2

) 

and phosphatic (P0
4

) elements, and that 

of the normal aliphatic hydrocarbons (component 2), of 

aliphatic elements only. Thus, in terms of the theory, the 

two interacting surfaces are the aliphatic (u) and the 

phosphatic (v), assuming that the methyl and methylene 

surfaces are of the same kind. 

The experimentally determined excess enthalpy of mixing 

per mole of mixture is defined as: 

(4) 

where x is the mole fraction of components 1 and 2, s the 

corresponding molecular cross section, and A
12 

the molecular 

interaction parameter defined as: 

(5) 

where k
uv 

is the molar interchange enthalpy per conventional

unit area of the interacting aliphatic (u) and phosphatic (v) 

surfaces. Since the sum of all ·molecular coverages for any 
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given molecule is equal to unity 

O, eq. (5) reduces to 

A kuv 
(Nv

1)
2 

-12 = � 

(6) 

(7) 

The group and molecular cross sections were calculated 

by adopting a lattice coordination number z = 8, thus an 

area of 0.125 for each bond. Accordingly, each methyl and 

methylene group constitutes one section which would have 

a value of unity in the isolated state, but have the values 

of sCH2 = 0.750 and sCH3 = 0.875 when chemically bond. In 

the tributylphosphate molecule, the phosphatic group has 

the value of �
P04 

= 0.625 (three bonds per group). From

these values of group sections, the molecular cross sections 

are calculated by simple addition: that for tributylphosphate 

is �TBP = 10.00, and the corresponding molecular coverage,

a�= sP04 / �BP 
0.0625; that for n-hexane is �6 = 4.75

and for n-dodecane � = 9.25. 
12 

The molar interchange enthalpy, �uv, as derived from the 

experimental data (l) for TBP-hexane and TBP-dodecane systems 

by eqs. (4) and (7) has the value of �
uv = 130,600 ¼ 6400 J

mol-1• The fit of the calculated HE values is shown in

Figure 1 along with the experimentally determined points (l) . 

While the agreement is satisfactory in the TBP-hexane system, 

the deviation from the experimental points at low TBP content 
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in the TBP-dodecane system may be as high as 20%. A better 

agreement may be expected by employing a more sophisticated 

model which will take into account the cross sections and 

interchange parameters of the etheric oxygen and the 

phosphoryl group in TBP separately, rather than the overall 

phosphatic group as in the present model. We are now 

engaged in generating additional heat of mixing data, which 

then will enable calculations based on the more elaborate 

model. 

In the meantime, we have calculated the excess enthalpies 

of mixing of tributylphosphate with several n-alkanes at 

303.15 K using the �
uv 

value derived here. The results, 

estimated to be reliable to ± 5%, are given in Table 1 at 

0.1 mole fraction intervals. 
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Table 1 

Excess enthalpies of mixing of tributylphosphate with n-alkanes 

calculated using eqs. (4) and (7). 

HE -1 303.15 K �TBP "J mol , 

n-Pentane n-Heptane n-Octane n-Nonane

s = 4.00 s = 5.50 s = 6.25 � = 7.00 

0.1 399 424 433 440 

0.2 628 701 729 751 

0.3 739 860 908 949 

0.4 765 874 987 1045 

0.5 729 904 980 1050 

0.6 644 821 900 974 

0.7 522 681 754 824 

0.8 371 493 551 607 

0.9 195 264 310 331 

n-Decane n-Undecane n-Tetradecane n-Hexadecane

� = 7.75 � = 8.50 s = 10.75 s = 12.25 

0.1 446 449 462 468 

0.2 771 788 828 847 

0.3 985 1017 1094 1133 

0.4 1097 1143 1259 1321 

0.5 1113 1172 1321 1404 

0.6 1042 1107 1277 1376 

0.7 890 953 1126 1229 

0.8 662 715 864 956 

0.9 364 396 490 550 
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FORi'1ATION OF TRIALKYLAMMONitJM CHLORIDED IN DRY AND WET BENZlrnE 

F. Grauer• and A.S. Kertes , Institute of

Chemistry, The Hebrew University, Jerusalem, Israel

ABSTRACT 

The formation constants of tri-n-octyl, tri-n

decyl- and tri-n-dedecylammonium chlorides have 

been determined in anhydrous benzene by direct 

calorimetry at 30
°

c. The values obtained,_log 

�2 = 2.19, 2.38 and 2.48 respectively, have been 

corrected for the competitive reaction which 

takes place between benzene and hydrogen chloride, 

log �
3 

= 0.80. These values were compared with 

those in the literature obtained from nartition 

data, with due correction to the extent of hydra

tion of both the amine-base and the ammonium chloride 

in wet benzene. The conclusion has been reached 

that the presenceof water stabilizes the formation 

of the ionpairs. 
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The most characteristic reaction of long�chain alkylamine 

bases is that with strong mineral acids to form salts. In water
immiscible, low polarity and low dielectric canstant organic 

solvents, which are practical as diluents in solvent processes, 

the alkylamrnonium salts form ionpairs. The ionpairs, however, 

are only exceptionally stabilized as such. Depending on the 

nature of the diluent and that of the salt and its concentration, 

ionpairs may dissociate to ions RH+ and x- (R-alkylamine, X

anion), or associate into higher aggregates (RH+ X-)£• In most 

nonionizing solvents, at low solute concentrations, there is 

presumably a certain, but always limited, concentration range 

in which the alkylammonium salt is predominantly in the form 

of the undissociated monomeric ionpair, RH+X-. when these

conditions are met, and only then, the simple equilibrium of 

salt formation 

( 1 ) 

holds true, and the semi-thermodynamic equilibrium constant 

in terms of activities� and molarities () maybe determined 

experimentally. Existing literature data on these formation 

constants for several tri-n-alkylammonium salts in various 

diluents have recently been compiled. and critically evaluated 1•
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All available formation constants according to eq. (1) 

refer to an equilibrium condition in the presence of water, 

implicit by the methods of experimentation employed. When 

a mineral acid is extracted from an aqueous solution by a 

high-molecular weight alkylamine in a diluent, or when an 

organic solution of the corresponding alkylammonium salt 

is equilibrated with water or an aqueous eledtrolyte 

solution, varying amounts of water pass into the organic 

phase. With due corrections for the solubility of water 

in the diluent alone, the quantity of extracted water depends 

on the nature of the amine and its salt, and their concentra-

tion, as well as the nature of the acid, its aqueous concen-

tration, and to a significant extent also on the water activity 

in the solution 2-11 Thoijgh several attempts haveaqueous . 

been made to correlate water extraction with various experimental 
5 7 8 12 parameters ' ' ' , the effect of coextracted water on the

formation constant of alkylammonium salts could not be properly 

assesses since no data for comparison are available on such 

forillation constants in an hydrous systems. 

In spite the facts that the bulk dielectric constant of 

the organic inedium containing the amine and/or the ammonium 

salt is not significantly different in the presence or absence 

of water , and that the dissolved water is not osmotically 

active 1°, it van be assumed that in the highly involved two

phase multicomponent reaction of salt formation the presence is 

bound to produce a measurable effect upon the formation 

constants derived. 

With this aim in mind, we have determined the formation 

constants of three tri-n-alkylammonium chlorides in anhydrous 

benzene, and report here our first results. For the sake of 

a complete analysis, we will review the available information, 

and wish to offer a preliminary explanation of the effect water 

plays in the process of alkylqmmonium salt formation. 
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RESUL'rS 

For the formation of tri-n-alkylammonium chloride using 

tri-n-octyl, tri-n-decyl and tri-n-dodecylamine and gaseous 

hydrogen chloride, all dissolved in anhydrous benzene, the 

equilibrium constants of the reaction 

R + HC1.RHC1 

�2 = [RHC1J [IQ [iic-ij1
(2) 

were determined calorimetrically at 30.000 ! 0.001°c using 

a Tronac Model 1000 A continuous automatic titration calorimeter, 
. 13 14 15 by a technique ' and method described elsewhere. From

the experimentally determined heat effects upon neutralization 

of the base by the acid, the pertinent thermodynamic functions 

were computer calculated 15 by a modification of a procedure

described in the literature 16 for entropy titration data. The

corresponding equil:i.brium constants according to eq. �2), 

obtained from the free energy changes derived previously 15,

ln �2 = G/gT, are compiled below, along with the concentration

range of the reactants in the three sets of experiments at 30°c. 

Concentration range, 102M 
Chloride Amine base Acid log �

2 

Tri-n-octylammonium 1.10 0.53-1.73 2.19!0.01 

tri-n-decylammonium 0.82 0.21-1.34 2.38!0.01 

Tri-n-dodecylammonium 1.00 0.20-1.26 2.48!0.01 

DISCUSSION 

For a meaningful comparison of the present equilibrium 

constants according to eq. (2) in a single phase system of 

(dry) benzene, with those according to eq. (1) in a two-phase 

system of (wet) benzene, a number of additional equilibria 

should be considered. We will thus first review briefly the 

available information on systems perinent to our discussion. 
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Benzene-Hydrogen Chloride. 17Fro� the freezing-point diagram 

of liquid hydrogen chloride and benzene in the teiape ature 

renge between -130
° and o0c evidence was found for the formation

of a 1:1 complex attributed to the weak hydrogen bonds formed 

between the components. Strong confirmation comes from the 

observed shift of the infrared band for H-c1
18 • More recently,

Gerrard 19, and Brown and Melchiore20 have reviewed earlier

literature, and the latter provided additional spectral evidence 

for the formation of the equimolar complex. From Henry's Law

constant for the solubility of hydrogen chloride in benzene, 

the equilibrium constant for the reaction 

B + HC1 � BHC1 
(3) 

� (-B]-1
!:3 = '-BHC1,J 

has been deternined at -45.2, -63. 5 and -78.5 , The enthalpy 

of formation of the complex was found to be H = 1.99 kcal 

mole-1• We have extrapolated these data by the van't Hoff 

equation, and estimate that log !:3 = 0 , 80 at 30
°c.

The low enthalpy value suggests that in complexes 

formed between hydrogen chloride and benzene, there is no complete 

transfer of the proton to the aromatic ring. This is in line 
21 with the findings that hydrogen chloride is virtually union-

ized in benzene. 

Benzene-Tri-n-alkylamine-Water. Roddy and �oleman5 stu(ied 

the distribution of water between pure water (activity of unity) 

and a benzene solution of tri-n-octylamine, when the concentra

tion of the latter varies between 0. 01 and 0. 5M, at 25
°c. The

solubility of water in the organic phase increases owing to the 

presence of the amine-base in benzene. When corrected for the 

amount of water soluble in benzene alone to. 0363 M), the excess 

water varies linearly with the concentration of the base, and 

the equilibrium constant of the reaction. 

H + H
2
o a;#:t R.H

2
0 

4 = UR.n
2

0J [Rr1 [H
2

0J-1
(4) 
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has a value of log�= 0.07 at 25
° c for the trioctylamine.

The linear realationship has been interpreted to mean that 

not more than one water molecule is as3ociated with each 

amine-base monomer, thus no dimer hydrate can be present in 

significant quantities. 

Benzene-�ri-n-alkylammonium chloride-�ater. When anhydrous 

solid trilauryla.:unonium chloride is dissolved in dry benzene, 

and the resulting organic solution equilibrated with pure water, 

the solubility of water, after being corrected for its solubility 

in pure benzene, is directly proportional to 1he salt concentra

tion over a 0.02-0, 5M range. �he water-to-salt molar ratio is 

0.95 .t 25
°c 11 

In a comparable set of experiments but wit:t a benzene 

solution of trioctylammonium chloride5 , the water-to-salt ratio

varies between 0.93 at a salt level of 0.01M to 1.22 at 0.5M 

at 25°�. �he solubility of water (activity of unity) in a 0.1M

TOA. HC1 follows Henry's Law, consistent with the formation of 

a monohydrate. The variation of the ratio has been interpreted 

by assumin; that the extracted water is hold both as a definite 

monbhydrate, and in the form of simple solution. The two kinds 

of attachment for water differs in bond strength: in the first 

case, water is rather strongly bound to the amine salt and is 

not affected by the variation of the salt concentration, while 

in the second case, the rather weakly bound water shows consider

able dependence upon the concentration of the amine salt. 

It should be emphasized that the authors 5 have found no

evidence for an interaction between water and the alkylammonium 

cation, RH+. This is a confirmation of earlier findings11 in

the similar TLA.HC1/benzene system saturated with water, where 

the hydration of the cation alone has been ruled out on the basis 

of infrared spectral data. There is though strong indication 

that the water is indeed bound to the salt, probably in the form 

of a monohydrate. The consensus seems to be 5 •7• 11 • 12 that the

water is mainly associated with the chloride ion. 
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Further supporting evidence for the existence of the 

trialkylammonium monohydrate in benzene (and some other solvents, 
11 though by no ri1eans all ) has been obtained from partition

data under comparable experimental conditions2 •7• 22-24•

Regardless the way in which water is associated with the 

trialkylammonium chloride molecule, it is relevant for the 

present discussion to accept the experimental evidence that 

the salt in benzene is a monohydrate, From the available data 
5• 11 we have thus calculated the equilibrium constant of the

reaction, 

(5) 

�
5 

= (RHC1 .H20J tRHC1Y
1 

(H2or
1

and will use the value of log �
5 

= -0.02 at 25° c for the

alkylammonium salts under consideration. 

rlenzene-Trialkylamine-Hydrochloric acid-Water. Such are, 

of course, the actual solvent extraction systems, which have 

been extensively studied by various authors, and from the 

experimentally determined partition data the equilibrium constants· 

�1, eq, (1), have been calc�lated under a variety of conditions.

The �vailable numerical data have recently been reviewed and 

critically assessed 1 , and we will use the recommended values of 

log �1 = 4.14: 0,05 for trioctylammonium and log �
1 

= 4.18

: 0,06 for trilaurylammonium chloride in benzene at 25° c. 

Our only concern now is to illustrate and discuss the 

effect of dissolved water upon the forGation of tI?ialkyl

ar,1monium chlorides in benzene solutions. 

In dry systems there is a complex formation between hydrogen 

chloride and benzene, Consequently, the process of salt formation 

under anhydrous conditions, between the amine-base and the 

hydrogen chloride should be regarded as a competitive reaction 

between equilibria (2) and (3), meaning that the formation 

constant �2 should be corrected by �
3 

to describe the actual 

salt for�ation reaction 
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RHC1° +B 

(RHCU t]] l BHC1] 1 
00-

1

-1= k2 k3

(6) 

The numerical values at 300C are then log� 3 = 2.99, 3.18

and 3,28 for trioctyl- tridecyl- and tridodecylammonium chloride 

respectively. 

In wet systems, the formation of the salt has been assumed 

to proceed according to the two-phase equiiibrium (1), and 

the formation constant �1 calculated accordingly. In view of

the evidence that both, the alkylamine-base and the alkylamm

onium chloride form monohydrates in benzene when in equilibrium 

with water (activity unity), equilibrium (1) should be corrected 

to this effect. Thus, the actual overall two-phase equilibrium 

occurrinc; when a dilute aqueous solution of hydrochloric acid 

is equilibrated with a benzene solution of a trialkylamine, 

can be expressed as 

R.H20 + H + C1 

k 1 4 5 (7) 

= �1 �5 �-
1 

assuming that the formation constants of the amine base mono

hydrate, �· and that of the am:,1oniumchloride monohydrate, !½•
are not sifnificantly affected 5• 11 by the lencth of the alkyl

chains, the numerical values of log �1 4 5 
are 4.23 ! 0.05 and

4.19 ! 0,08 for trioctyl - and trilauryl-am:ilonium chloride mono

hydrate, respectively. These corrections are not large, and 

are within the experimental errors of the �1 values.

We can now arrive to the conclusion that the stability of 

the trialkylammonium chloride ionpair formed in presence of water 

in benzene is by an order of magnitude higher than in the same 

medium but in absence of water. It is thus tempting to assume 

that water plays a significant role in stabilizing the ion 

pair, perhaps by linkinr:; the ions together and hence promoting 

salt formation. 
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EXnRI.;:;NCES OF HIGHLY ENRICHiD URANIUM 

REPROCES3ING IN THE EUREX PILOr PLANT, 

by S, CAO, H, DWORSCHAK, A. HALL 

AES'rRAC'r 

The results of the reprocessing campaign of irradiated 

MTR fuel elements wit,1 long,-chain tertiary amines as 

extractant in the Eurex pilot plant in Italy are discussed, 

Besides the U recovery and the FP decontamination perfor

mances particular emphasis is given to the U/Pu separation, 

which was achieved in two steps, first by addition of sulfuric 

acid as Pu(IV) coQpexant to the 2nd cycle extraction and 

scrubbing sections and secondly by the treatment of the 

concentrated U final product with an organic diluent soluble 

hydroxamic acid (HX), Np was mainly separated from U by 

the HX process, 

Finally a brief description is given of the results 

obtained with a 5% TBP - l<erosene flowsheet, still for highly 

enriched U recovery fro� MTR elements, at Eurex, 

CNEN-Eurex plant, Saluggia, Italy 

•co�mission of the Suropean Co:umunitiea�,D.G, III/B1
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INTRODUCTION 

The Eurex plant, built in the frame of a joint CNEN

Euratom programme, •) is a multipurpose pilot reprocessing 

plant for irradiated nuclear fuel elements, with the aim 

of performing operations under industrial-like plant 

conditions. 

The plant was started with active operation in October 

1970 1 with the reprocessing of irradiated Material Testing 

Reactor (MTR) fuel elements with a 90% 235u initial en

richment, from Italian and Euratom research reactors, 

In this pa·;:ier the flibwsheet performances of a two years 

operation period are emphasized, during which ar first tertiary 

amines (Alamine 336, TCA) and later TBP have been used as 

U extractants. 

HEAD-END 

The treated fuel elements are made up of a series of 

plates of Al-cladded U-Al alloy within an aluminium channel 

with a rectangular cross-section of 75.8 x 76.1 mm. 

After cutting off the inactive terminals the elements 

'.1ave a length of 645 ! 5 mm and a weight of about 4.5 kg. 

The average U content of the treated elements has been 185 g. 

The burn-up varied from a minimum of 11.6% to a maximum of 

Because of the rather long cooling the residual activity 

was mainly due to ti1e long lived fission pro due ts like 137 Cs

and 90sr, whereas 95zr-95Nb have been virtually absent in a

good deal of the treated elements. 
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Figure 1 gives a schematical representation of the 

head-on section with an overall material balance for a b�tch 

dissolution of 3 fuel elements, 

U and fission products were dissolved together with 

cladding and structural aluminium at 100
°

c by feeding

continuously 7M nitric acid 

•) ElJ�A'i'Oi-1-C,rnl'f Convention Nr. 001-64-11 RCI I 

with variable amounts of mercuric nitrate as catalyst, 

An overall dissolution rate of ,.bout 1 mg/cm
2 

min may be

roushly estimated, 

A fumeless dissolution is performed by the reaxidation

of nitrous oxide with air, which is added to the dissolver 

off gases, also for H
2 

dilution, The recovered nitiic acid 

is refluxed directly into the dissolver. 

��or ei:lch mole of di1,solved Al, an averai:;e of 3,8 moles 

nitric acid was consumed; 21% of this acid was lost to the 

dissolver off gas, 3/4 of these losses were incondidsable 

cases released to the stack, the re�ainins part was recovered 

in she dissolver off gas wash tower, 

'..?he presence of up to 120 g Si/batch led to the fornation 

of colloidal silica in the acid feed liquor, By addition of 

_;elatine and heating of the solution to 8o
0

c the silica was

coagulated, The precipitate was separated by centrifugation, 

Only with feed liquor purified in this way, a satis

factory hydraulical behaviour of the extraction battery could 

be :.;u'->rante<ed, Periodically, atter the washout of tw fissile 

material, the precipitate in the centrifuge was suspended and 

disc:ieirc;ed to the Lli.;i Level Waste storac-e tan;cs, 

When these wash solutions were fed to t�e extraction 

battery, in some occasion difficulties like interface instability 

and flooding were encountered, Peptization of part of the 

precipitate mig:it be the reason, perhans because of �elatine 

degradation, 
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'i.'he first ai,!l of the H'rH-reprocessin:; ca,r,ai:;n at Zurex 

:i;;d bee .1 to de:nonstrate t;1c feasibility of a flowshcet usint; 

tertiary anines as extractant for U recovery, Successively 

t,,e plant was run wit!l a 'l'BP flov1siieet, still for highly 

enriched U purific�tion, 

AJ:,ine flowshc:et 

The project flowsheet1, developed in 1 963, was based on 

two separate extraction cycles; in both cycles the organic 

phase was a 4% A-lamine 336 solution in an aromatic hydro

carbon diluent, preferentialy Solvesso 100. 

The salting out action in the second cycle should have 

been providedby adding aluminium nitrate to thescrub solution. 

The higher selectivity and radiation stability of the 

amine solvent was expected to permit ligher decontamination 

f�ctors and therefore a reduction of the number of extraction 

cycles, resul tin:,, finaly in capital and operatin:� costs savings, 

Difficu ·. ties e:ner6ed in U/Pu separation, for which a 

DF
Pu 

of about 105 h.:,d to be realiz.ed in orcler to meet ti1e

USAEC specification for t'.1e residual transuraniwn alpha 

activity ( � 15 000 dp,n/e;U), 

After an extensive study of tiie be:,aviour of Pu under the 

process conditions2 and its ::inetics in strip 1,in:? a revised 

flowsheet for the Jlant start-up was elaborated (fig, 2 and 3), 

U/Pu separation work was extended fro.,: the 2nd cycle, as 

foreseen initially, to both cycles. 
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In particular the 1st cycle strip conditions were chosen 

to get a Pu-to-organic/U-to-aqueous partition. In the 2nd 

cycle the addition of ANN' was suppres<;ed. l'he lac;c of salting

out action was co::rnensated by a higher ·rCA concentration in 

the solvent. In tests with laboratory scale countercurrent 

equip:nen t, the prefixed DF Pu couldn't be realized. Considering

however t!1at with the kinetics involved in ti1e Pu separation 

the results are strongly de�endinH on the equipment efficiency, 

and th�t the plant mixer-settlers efficiency was clearly 

superior to that of the mixer-settlers used in the laboratory 

tests, this flowsheet was chosen for the hot operation start

u:9. ·rhe first results showed iarnediately that not even in 

the ?lant the U specifications would be achieved. The 1st 

and the 2nd cycle DF Pu :1ave been respectively ,.,,3 and -v20.

A new flowsheet concept was adopted, reserving the 1st cycle 

to fission products decontamination only and optimizinz the 

2nd cycle conditions for U/Pu separation. A post-purification 

extraction process, operated batch-wise with a hig·,1ly selective 

Pu(IV) ancl N:9(II/) complexing a5ent (HX) was introduced for 

the final purification of the concentrated U product from 

these al:9ha emitters. 

A total of 14.5 kg U have been treated with this cocbined 

amine-rlX flowsheet4•

·rhe overall U losses of this campaign have been exception

ally hish, &Jountin6 to 3,8%, �ainly due to the frequent re

cycline durin0 flowsheet adjustments. 

First Extraction Cycle 

�cid conditions in extraction and scrubbin� �ave always 

been the choice for tae a'.4ine flowsheet, Studies with irradiated 

solvent and a hot laboratory countercurrent test run indeed 

Bhown heavy crud formation wit.: acid-deficient aqueous feed 

solutions. 
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The flowsheet conditions, as finally adopted for 

standard plant operation, are given in figure 4. 

In accordance with the tendency of the DF
f3{to increase

with the acidity
1
, the nitric acid concentration was increased

as far as possible, taking into account that first the U 

distribution drops with increasing acid concentration and 

secondly the solvent flow rate had to be kept low. Beside 

general considerations on econo�ics, the latter was necessary 

in order to get acceutable U concentrations for the 2nd 

cycle aqueous feed by the stripuin3, in the absence of an 

intercycle U evaporator. 

Of great utility for the flo1·1sheet optimization has been 

a computer programme for a stage-by-stage calculation of the 

U and nitric acid concentrations, 'rl1e prograr.une was based 

on empirically established functions froL, the experimental 

equilibrium lines5 •

Gradually, all modifications introduces for the flowsheet 

optimization were checked, prior to their realization in the 

battery, by this programme, Sased on the stage-by-stage U 

distribution durints the trial runs a 1 00% stage efficiency 

in extraction was assumed for the calculations. 

Table 1 gives the theoretical U distribution in the 

scrubbing and extraction staCTeS for the finally adopted standard 

flows:1eet. 
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Table 1 

StaGe-by-stase U distribution in the 1st cycle 

extraction and scrubbing batteries. 

stage number 

1 

2 

3 
4 

5 

( 
0 

-!j 
� 

6 JJ 

aqueous 

U g/1 

0.00016 

0.00069 

0.0023 

0.0076 

0.024 

0.076 

phase organic 

U g/1 

(1AW) 0.00036 

0.0015 

0.0050 

0.016 

0.051 

0.16 

7 J 0.24 (1.51 

phase 

------�-----------------0.75 _________________ 1.43 ____ (1AP) ____ _ 

9 2.40 ( 1 BR) 1.44 

10 2. 41 1.44 

11 2.41 1.44 

12 2. 1�1 1.44 

13 2.41 1.43 

14 er., 2,39 1.43 

15 ·J 2.36 1.41 

16 c 2.28 1 .37 

17 vl 2. 17 1.26 

18 1, 51 0.95 (1 BP) 

In these conditions the real plant U losses were, on 

average, 0.5 mg/1 in the 1AW stream, which show indeed, when 

compared with the cilculated values in table 1, a nearly 

theoretical efficiency of the Eurex extraction battery. 

As to fission products' deconta�ination the gradual acidity 

adjustments influenced particularly the DFRu as shown in 

table 2. 
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Table 2 

Plant DFRu in function of the nitric acid concentration

Scrubbing - extraction 

aq. ph. compn. ANN/Hi'/03' �

0.7;1.3 

0.7/2.0 

0.6/3.0 

1.37;1.3 

1.37;1.55 

1.37/1.8 

Over-all 1st cycle 

DFRu 

200 30 

1200 

4000 - 6000 

DF of about 106-107 were found for ,37cs 8nd 144
ce. These

values were too high to allow an evaluation of whether they 

were influenced by the acid concentration modifications or not. 

First Cycle Uraniwn Stripping 

As to the Uranium stripping in the first cycle, during 

the amine campaign, two facts have emerged worthy of being 

discussed more in detail. Already during the operations with 

unirradiated natural uranium, using the 0.5M start-up flow

sheet strip acidity as well as 0.1M and 0.01M concentrations, 

incomplete stripping was observed. After a few recyclings 

of the solvent the U concentration in 1CW seemed to reach 

a steady state value of about 20 mg/1. A stage-by-stage 

analysis showed that the bulk of U had been stripped within 

4-5 stages, whereas in the remaining staces of the battery

12-11 its concentration had been stationary.

With a new solvent charge the saJe phenomenon was observed

at the hot operation start up. 

liypot,1eses like bad sol vent ')Uali ty delivered by the 

manufacturer, U(IV) in the feed or s�nerated in the battery, 

and radiation da�age, at least as pri�ary reason, had to be 

excluded. 
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Finally the investigations were directed toward the 

effects of nitrous gases, which are easily generated in 

concentrated aluminium nitrate/nitric acid solutions like 

those of the 1st cycle feed. This hypothesis was supuorted 

by the fact that the U retention had never been observed 

in the 2nd cycle, where ANN was not present. Table 3 shows 

tile results of stripping tests using fresh solvent and 

5olvent treated with nitrous gases. 

Table 3

Influence o.t' nitrous acid on U distribution coefficients 

in stripping; phase ratio A/0 = 0.1; initial aq. U cone. 1.4 g/1 

strip. soln. HN03' 0.5N HNOlH2so4, 0.8/0.6N

4% TCA fresh HN02 fresh HH02

stage 1 0.059 0.059 0.054 0.045 
II 

2 0.026 0.057 0.032 0.030 
II 

3 0.020 0.23 0.047 0.039 
II 

4 0.023 1.83 

An increasing distribution coefficient can be observed 

wit.1 nitric acid alone, whereas with sulfuric acid present in 

the strip solution no differences between fresh and treated 

solvent are noted. Stripping was therefore performed with a

nitric acid/sulfuric acid mixture. The choice of the HN03/

H2so4 normality ratio of 55/45 % was determined by the slope

of the U distribution coefficients, which shows a minimum in 

the range from about 25 to 60% sulfuric acid6 • As the U 

distribution coefficient at the chosen acid ratio was found 

nearly independent from the total acid concentration, the 

flowsheet value was fixed such to introduce all the sulfuric 

acid required successively for the 2nd cycle feed stream, 

already with this strip solution. 

1461 



As long as diluted nittic acid was used for stripping, 

the impeller speed had to be reduced from 900 to 750 rpm in 

order to avoid an aqueous phase entrainment by incomplete 

settling. The same speed was maintained initially for the 

sulfoni tric strip. In t;1ese conditions still U losses were 

observed, whic'1 this time, however, depended on a low stage 

efficiency. 

Table 4 swn:narizes the results at the 750 and 900 rpm 

impeller speeds. 

Table 4 

Efficiency and U-losses in 1st cycle stripping battery 

(16 effective staces). Du= 0.04; A/0 = 0.18.

Impeller speed, rpm 750 900 

1cw, U mg/1 14 �0.5 

loss in % of t,1roughpu t 
rv 

1.5 �0.05 

theor. sta,;es required 2,9 5.1 

battery eff. % 18 �32 

The difference in sta�e efficiency between extraction and 

strippins were mainly due to the following two facts: 

- the use of low A/0 ratios, which allow good U concentration

in the stripping ste,, due to its low distribution factors

with the arnines,

- the aqueous-in-oil emulsion, which is formed generally in

the �urex mixers, because of their geometry (cylinders of

100 l'.ll!u diameter wi ti1 a liquid height of 380 mm) and the

centrifugal pump-mix impeller typ� used.

Consequently the solute transfer in stripping from an 

excess a:f continuous solvent phase to a small quantity of 

dispersed aqueous phase was slow, leading to a low stage efficiency. 
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Second Extraction Cycle 

Pu extraction, from an aqueous phase containing a reducing 

agent li,e ferrous sulphamate (FeSH), with tertiary amines 

reaches ra,idly an equilibrium correspondinJ to an apparent 

Pu(III) partition coefficient. Fro,n lite:bature data7 and

from our own experience it is however ::nown tiiat ti1e extracted 

Pu behaves in the organic layer in all aspects like Pu(IV).

The stripping of this Pu into an aqueous phase containing 

a reducine agent results the slower, the higher is the corres

ponding Pu(IV) partition coefficient
4

•
8

• At equilibrium the

two distribution coefficients will tend to the same vable, 

with the Pu stripping as the rate controlling step. 

Whether t:1is conditions can be fulfilled in a counter

current process, depends, at given chemical conditions, on the 

stage efficiency, i.e. on the mixing efficiency and residence 

time. 

Steady state conditions had evidently not been realized 

in the Eurex batteries under the start-up flowsheet conditions, 

especially in the scrub section, fox the reason outlined 

already above, i.e. for the for�ation of a poor aqueous-in-oil 

emulsion. 

Therefore tho chemical conditions had to be adjusted to 

the equin.nent performance, in order to make wor};: the U/Pu 

separation, by the reduction of tile Pu(IV) partition coeffic

ient introducing a complexing compound. 

Amon.:; a series of rea,;ents sulphuric acid was choseq. 

since its influence on equipment corrosion (stainlesa steel 

AISI 304L), and on U and FP distribution was ,.:nown the best 

from all considered compounds9 •
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fhe flowsheet conditions are reported in figure 5. 

In t.1e 11 extraction sta�es and the first 7 scrub stages 

the aqueous phase was built of a 85/15 % nitric acid/sulphuric 

acid mixture at a 3.5N total acid concentration. The reducing 

reagent, FeSI1, was introduced exclusively by the 2BS1 scrub 

solution. 

A 4 stages scrub section with nitric acid alone, prior 

to the s0lvent overflow to the stripping battery, prevented 

the strip liquor from being conta,ninated by entrained iron 

and sulphuric acid. 

By the addition of the sulp'.1uric acid the Pu(IV) partition 

c�efficient was reduced, with respect to the nitric acid 

floHsheet (figure 3), from -.J 380 to about 30 and the Pu 

stripping rate in the presence of FeSM was markedly increased 

as can be seen from figure 6. 

'rhis fi�re iilustrates, at the sarae time, that the 

apparent Pu(III) equilibrium is influenced, if at all, only 

marginally by the presence of the complexant. 

In these conditions the DF
Pu 

reached values of 10
4 

and

higher, confirming the primary importance of the Pu(IV) 

partition coefficient on Pu extraction and stripping, also 

in the presence of a reducing reagent. 

Two more things of interest for Pu separation were noted, 

in this amine campaign: 

- the DF
Pu 

were the same, independently from whether the feed

solution1,-was adjusted with FeSM prior to its feeding to the

battery ot not. For operational convenience FeSM was there

upon introduced exclusively with the scrub stream.

- the second point is thwt above a 3.5N acid concentration

FeSM becomes too instable to ·gucirantee a good Pu reduction.
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When an attempt was made to operate the 2nd cycle at a 4N 

total acid concentration in order to reduce U lesses in the 

aqueous waste solution, the U/Pu separation broi,e down. 

The 2nd cycle, too, was indeed operated at its extreme 

limits of U recovery in order to favour the Pu eli,�ination. 

The introduction of sulphuric acid had also slightly reduced 

the U(VI) partition coefficients, as shown in ficure 7. 

·rhe co:nparison of the calculated U losses, being 1. 3 mg/1

for 11 theoretical sta;;es, with the experimental average 

value of 1.5 mg/1 with thesame number of real staces shows 

again the e�eellent efficiency of the �urex mixers in 

extraction. The U strippins in this cycle was done with 

dilute nitric acid. The iwpeller speed had to be kept at 

750 rpm, because at the projected 900 rpm heavy aqueous 

phase entrainment had been observed. A battery efficiency 

of about 28.� was calculated fro:n the uverage 1.5 mg/1 losses 

in tne strip-oed solvent. 

As to t,1e fission products only Ru was still present at 

appreciable levels, the 2nd cycle satisfied the requirsment 

to reduce tne residual activity to the U3AEC speci..:'ication 

levels. 

The fate of Ne-otunium 

1'he Np concentration in t:'le feed solution was of the sau1e 

order of tne Pu concentratio.i, correspondin,;, for its lower 

specific activity, to about 700 000 dpm/gU on avera0e. A DF
Np 

of at least 100 was therefore required to �eet the final U 

product specifications. 

Accordini; to t:1e l:nown behaviour of ,•Ip in nitric acid 

solutions
10

, it should be �resent in t�e di=solver product at 

the 6+ valency state. It has been however shown
11

, that in

tertiary a�ine solutions the tl9 tends to transford fro� its 

hi;:;lier valency states to the 4+ state. Table 5 gives a ifp 

1.Jala.ice baseil on 21 ks U treated. 
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Np balance based on reprocessin� of 21 kg U 

Solution Np, dpm X 109 

In,:,ut: 1 AF 14. 7

LLW ( fro:n 1st 

and 2nd cycle 

Solv. 

Output regen.) 3.2 

2AW 3.9 

cone.final U prod. 2.6 

Input-output = 1AW 5 

For lack of a separate analysis, the Np in the or,;:anic 

waste streams should be equally divided between the two crcles, 

Based on this assumption the DFNp 
in both extraction sections

results in about 1,5-2, ·rhis conformity lets suppose tnc1t 

nevertheless its initial 6+ oxidation �ate and the absence 

of Fe SM the Np had been transfor:rred to i{p ( IV) also in the 1st 

cycle extraction battery, 

As a consequence of this behaviour t.1e 2nd cycle U product 

contained on averu;;e a residual Np activity of 170 000 d,_:im/gU, 

which contrarily to Pu could hardly be brousht tm the required 

values by si�ple recycling, 

r'inal Pro duet i-'urific at ion 

A new extraction proces3 was therefore intro�uced at Eurex 

for a batch-wisu purification of the concentrated U solution, 

based on the canacity of a highly o ·�anic diluent-soluble 

hydroxa;nic acid {!IX) to extract selectively Pu(IV) and Np( IV) 

from a nitric acid solution, Hx had been developed in the 

CUEJ's laboratories at Casaccia 12-14, It is a compound of

the aeneral type: 

R' 

R" ............. C-QO 
__.- ,IH6H 

R",...r 
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In order to guarantee a sufficiently hi3h org�nic 

d.iluent solu'oility a nini:rnrn of 10 carbon atoms is required. 

Jranch.ing increases tnis sulub.ility, but .its main effect 

consists in t�� stabilization of the hydroxylailline sroup 

against hydrolysis in acid medium, probably by steric 

hindrance. 

At pH=O the following ions are extracted by a 0.1M HX 

solution with distribution coefficients-»1000: Pu(IV), Np(IV), 

Zr(IV), mi(V), Fe(III). U becomes sensibly extracted only 

at �pH=4. 

In the evapotator concentrate, with 205 g/1 U and 4.7M 

HN0
3 

concentrations on averace, Pu was present in the 4+ and

!� in the 5+ oxidation state. The reduction of the latter

to the extractable 4+ state could have been obtained by the

HX itself. The overall reaction rate however is very slow

and reouires intensive �ixing over the whole period because

of the low solubilities of Np(V) in the organic layer and

of HX in tne aqueous layer, respectively.

The followin� procedure was therefore adopted: 

The U nitrate solution was adjusted with hydrazine {--'0.01M). 

This rea6ent had the double function of scavenger of nitrous 

acid, which is the only reagent that destroys the hydroxamic 

acid immediately, and of reductant for Np(V). The adjusted 

solution was immediately contacted for 15 minutes with a 

0.1M HX solution in Solvesso 100 at a A/0 ratio of 5. After 

settlins the phases were separated. The aqueous phase was

allowed to digest for about 24 hours for Np reduction and was

then extracted by a second contact with fresh solvent as above. 

The organic layers were stripped for U recovery (D
U(VI r=-o -or�) 

witn 1M_ HN0
3

• The strip solution was joined to the U product.

In this way a final U product solution was obtained with a 

residual alpha transuranium activity of about 10 000 dpm/gU, 

mainly due to Np, probably because its reduction had not been 

comulete. 
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TBP Flowsheet 

The hot M·rR fuel eleu1c,nts reprocessing campaign was 

continued in 1973 with a flowsheet using a 5% TBP solution in 

kerosene as solvent in both extraction cycles. 

Experience with amines had governed the choice of so.ae 

illlportant para.aeters in this new flowsheet, for example: 

- acid conditions in the extraction as well. as in the scrub

section of the first cycle;

limitation of the nitric acid concentration to a maximum

of 3. 5!-1 in the sections where r'eSH was present;

- no direct feed adjustments with FeSH, w:1ich was introduced

exclusively as a se?arate stream to the scrub.

- '1'he lllain point was however ti1at on t,1e basis of the U/Pu

separation experiences wit., the amines, the most best system

for the realization of a hi1;,1 DF
Pu 

was a flowsheet with a 

low extractant concentration also for the 2nd cycle, in order 

to keep the Pu(IV) partition coefficients as low as possible • 

.'he 1st and 2nd cycle flowsheet conditions are shown in 

the fi;ures 8 and 9. 

The results have been extre�ely satisfactory. 

For an initial ex·oerimental period the use of l!'eSM was

limited to tne 2nd c;cle only; the correspondinJ U product 

had a residual Pu activity of ,naxia1um 7300 dpm/gU, indicating 

a DF
Pu 

of about 105 in one cycle. 

Also in the 1st cycle a DF
Pu 

of 103 was obtained, when 

operated later with FeSM. Consequently the residual Pu 

activity in the 2nd cycle U product dropped to the routine 

analysis sensitivity limits. 'rhe sa,ae can be said for Nu. 

Its initial activity of 1.2 x 106 dum/gU was reduced to :bout 

3+10 x 104 dpm/gU in the product stream of the 1st cycle, 

operated with FeSM. In the 2nd cycle the residual Np activity 

was brought to about 1000 dpm/gU. 

As to the fission products decontamination, table 6 gives 

for the 3 most important of tbecr those activity levels of tnis 

ca.upaign, which can be considered the most re;:ire::;entative ones 

in tne main aqueous process streams. 
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·rable 6

Fission products decontamination in the 5% TBP ca,npaign 

137 Cs
144Ce 106Ru

1AF 
/

uCi/gU 500 000 60 000 12 000 

1CU/2AF 
/

uCi/gU 5 o. 1 0.5 

2CU 
/

uCi/gU 0.01 <0.01 0.1 - 0.01 

1st cycle DF 105 6 X 105 11V 2.5 X 10 

overall DF 5 X 107 )6 106 105 

The 2nd cycle DF's have not been indicated. They would 

in any event be much lower than those of the 1st cycle. This 

fact however, does not indicate a lower separation capacity 

of the 2nd cycle, but depends mainly on the rather low final 

activity level, which could be considered in a certain way 

almost a background contal:!lination of reprocessing plant 

equipment, 

The capacity for fission product decontamination in the 

2nd cycle became evident on two occasions due to flooding in 

t:rn 1st cycle, when the activity level in ti:J.e 1 CU stream reached 

1/10 of thot in the 1AF solution. 

�fter th� feeding of this solution to ti:J.e 2nd cycle without 

recycling, the residual activities in tie 2CU stream were, in 

the most unfavourable case, only about a factor 10 higher than 

the values reported in table 6, nevertheless the feed activity 

had been ·nearly 105 times above the norotal level, fi1is demon

strates a quite cood buffer capacity of the 2nci cycle, also 

in view of the treatment of shorter cooled eleraents, 

,fo proble,as at all were found wit, J losses in t:tis 

flo1,sheet. 
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The residual concentrations were <0.5 mg/1 in all 

efflaents. A reduction of the U losses in this flowsheet, 

compared to that with amines, resulted fro,a the sensible 

flow rates reductions of all process streams, except the 

1st cycle aqueous feed of course; they were possible for the 

higher U affinity of the TBP. As a further consequence of 

this fact ti1e theoretical number of stases for the required 

U recovery could be kept below the existing number of real 

stages. Table 7 summarizes some pertinent data of the 

conditions in t;1e extraction. 

•rable 7

Extraction conditions in the 5,; TBP flowsheet 

1st cycle 2nd cycle 

Du 20 - 50 2 

A/0 3.2 0.71 

U loss, mc/1 <.0.1 <1 

theor. stage n. 4.2 6.2 

AP saturn, �b 33 27 

Stripping worked at a 800 rpm impeller speed and at room 

temperature without appreciable entrainments of the aqueous 

phase, probably also because of tae increased residence time 

in the settlers as a conseauence of the general flow rates 

reduction. 

5(/,, /U 

fhe overall losses fro� about 32 kg U, treated with the 

TBP flowsheet, were 1. 5.,;, which however had been due only for 

the minor part to the extraction cycles. The quality of the 

final product obtained from this two-cycle treatment can be 

considered rathe r high. The rjsidual transuraniu� alpha 

activity, due to Pu, 1{p, and Am, has been <.5000 dpm/gU. Of 

course no further purification was necessary. 
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A REVIEM OF THE SUIT.ABILITY OF SOLVENT EXTRACTION FOR THE 

REPROCESSING OF FAST REACTOR F1JEIS 

B F Warner, A Naylor, A Duncan and P D Wilson 

Abstract 

The application of solvent extraction to the reprocessing 

of Fast Breeder Reactor fuel has previously been questioned on 

the grounds of radiation damage to the solvent. However, 

calculations suggest that in pulsed columns or centrifugal 

contactors, residence times and exposure to radiation would 

be low enough to permit satisfactory operation. The validity 

of this prediction has ·been largely confirmed ·by a small-scale 

counter-current trial in which a fuel solution containing over 

5000 curies of fission products per litre was successfully 

processed through a first cycle incorporating the separation 

of plutonium from uranium, 

British Nuclear Fuels Limited, Windscale and Calder Works, 

Seascale, Cumberland, United Kingdom. 
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Introduction 

It is probable that several power stations based on Fast 

Breeder Reactors (FBR's) will be installed in Britain ·by the 

end of the century. The fuel will comprise a core of mixed 

uranium and plutonium oxides, together with axial and radial 

breeder regions of uranium oxide alone to be partly transmuted 

into plutonium. The first plutonium charges will naturally 

have to be derived from thermal reactors, but to maintain 

supplies it will eventually be necessary to re-cycle plutonium 

from spent FBR fuel, and so to reprocess material with a very 

much higher plutonium content and fission product activity than 

any other presently or prospectively treated at Windscale. 

This will still be true even if core material is diluted by 

the simultaneous reprocessing of axial breeder fuel. 

TABLE 1 • Plutonium and fission product content of various fuels 

Cooling time = 180 days 

Fuel 
type 

Magnox 

CAGR* 

FBR+ 

I=adiation Rating Pu 
g/kf!; M.Wd/te MW/te 

4000 

20000 

43000 

2.67 2 

20 "'6 

77 .5 "'100 

Heat Release Fission

W/kf!; 
Products 

1.6 

5 

36 

Ci/g 

0.5 
1.3 

9 

*CAGR = Civil Advanced Gas-cooled Reactor

+Blended core and axial breeder fuel

The method generally used for thermal reactor fuels, 

after dissolution in nitric acid, is solvent ext�action with 

tributyl phosphate (TBP) in a hydrocarbon diluent (1). The 

suitability of this method for FBR fuels has been questioned 

in the past, chiefly because of the expected radiolytic 

damage to the solvent, and alternatives based on volatility 

or on pyrometallurgical principles have been developed at 
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considerable expense. However, at Windscale it was decided to 

examine first the possi.bili ty of ·building upon the experience 

already gained with solvent extraction. In 1968, estimates of 

radiation dose and extrapolations from existing data on 

radiation effects indicated that the use of contactors with a 

short residence time might well limit solvent degradation to 

tolerable levels. Active small-scale trials were undertaken 

in 1969, and in 1972 culminated.in the successful reprocessing 

of a short-cooled oxide fuel pin (i=adiated in the Dounreay 

fast reactor), when the solution fed to the solvent 

extraction process contained over 5000 curies of fi�sion 

products per litre. Although problems remain, this trial 

together with supporting information is considered to have 

confirmed the choice of solvent extraction for the reprocessing 

of FBR fuel. 

Process Requirements 

The extent of pro·blems in reprocessing FBR fuel depends 

largely on the cooling time (the period elapsed since 

discharge from the reactor), the choice of which has to be 

·based on several factors involving reactor discharge schemes,

transport to a central plant, and the effects of short lived

nuclides such as 131 r (see Table 2).

TABLE 2. Effect of cooling time on FBR fuel i=adiated to

43,000 MWd/te at 77,5 MW/te

Cooling time 1311 Heat release 
(days) (Ci/kg) (W/kg) 

30 210 119 

50 37 89 

90 1.2 59 

180 5 X 10-4 36 

360 l X 10-lO 15 
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It is probable that the early stages of the FBR pro

gramme will accommodate cooling times of perhaps 90-180 days, 

although in the more distant future there could be advantages 

in reducing the cooling time, perhaps in conjunction with the 

use of "island" sites comprising reactors with reprocessing and 

fuel fabrication plant, To cover this possibility, the use of 

solvent extraction after cooling periods as short as 50 days 

has been considered, and it was necessary to test such a 

process with fuel cooled for as short a time as was feasible. 

It is envisaged that core and associated axial ·breeder 

material would ·be processed together, The fuel (metal 

oxides in stainless steel tubes) would be cut into short 

pieces, leached with nitric acid and clarified, to give a feed 

solution containing perhaps 270 g uranium, 30 g plutonium 

and several thousand curies of fission products per litre of 

3M nitric acid, Among the major fission products which 

cause problems through being appreciably extracted ·by TBP 

would be ruthenium (0.014M) and zirconium (0.015M), A 

process for treating this solution must fulfill the following 

requirements:-

(a) Plutonium must never be allowed to accumulate, even

under conditions of maloperation, to an extent at which

a criticality incident might occur, For this reason, and

to avoid economic losses, the quantity of plutonium

remaining in undissolved solids must be kept as low as 

possible,

(b) To assist in minimising losses to raffinate, it is 

desirable that plutonium in the feed solution should ·be 

in its most extractable (tetrava:lent) state.

(c) Radiolysis of the solvent must not detract excessively

from its extractive or settling properties,
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(d) Plutonium concentrations must not reach the point of 

forming a second organic phase, which would interfere

with hydraulic operation and complicate criticality

control.

(e) Plutonium and uranium must be separated adequately (this

becomes more difficult at high plutonium concentrations)

and decontaminated so far as to minimise pro.blems in 

stor888 and refabrication,

(f) To prevent unnecessary expansion of the requirements for

waste stor888, the introduction of extraneous salts should

be avoided as far as possible,

(g) Heat released by fission products must be dispersed safely

at all relevant st888B,

(h) The fission products themselves must be contained,

There is o_f course a considerable body of valuable

experience gained in the reprocessing of early fast-reactor 

fuels at Dounreay (2,3), However, the process there is on a 

much smaller scale than would be necessary for a large power 

reactor programme, Because the concentration of waste 

solutions is a less serious consideration, it is possible to 

reduce the effects of solvent degradation by means of a heavily 

iron-loaded scrub solution, which would not be acceptable on a 

large scale. A:ny comparison between Dounreay and Windscale 

processes should therefore take due account of the differences 

in conditions and constraints, 
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Preliminary Assessment 

The first problem to be considered, because the most 

fundamental to the viability of a solvent extraction process, 

was that of solvent degradation. The intense radiation from 

fission products during the first extraction causes TBP to 

decompose successively to dibutyl and monobutyl phosphoric 

acids (llBP and MBP) and orthophoephoric acid, All are 

deleterious, but llBP particularly so. 

(i) With some fission products, notably zirconium, it forms

extractable complexes which reduce the degree of

decontamination attainable(1) , and at high concentrations 

can be precipitated in quantities so great as to 

(ii) 

interfere with operation(4).
During back-extraction it can form inert plutonium 

complexes which are strongly retained in the solvent(1)
. 

The diluent is also degraded, ·but this causes less acute 

problems which will be examined later. However, the two 

cannot be considered in complete isolation, since the 

radiosensitivity of TBP depends markedly on the diluent; thus 

in the very stable n-paraffins, TBP is degraded far more 

readily than in rather lees inert diluente, so that the 

presence of some electron sinks is beneficial. The choice 

of diluent is also influenced by hydraulic properties, In 

preliminary work at Windscale, the use of odourless 

kerosene (OK) has been assumed, although it need not be the 

ultimate choice, 

The effects of radiation were assessed for mixer-settlers, 

pulsed columns and centrifugal contactors. Of course, it was 

essential to use values for the radiolytic yield (G) measured 

under realistic conditions, with an appropriate aqueous phase 

present; and to avoid the COIIIIDOn error of neglecting the con

tribution from the radiolyeie of TBP dissolved in the aqueous 

phase, which is sometimes the principal source of llBP. The 
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method of calculation depended to some extent on the assumed 

solvent composition, since in 20)6 TBP/OK the G value is the 

same as in the aqueous phase, so that the distribution of 

absorbed dose between the phases is immaterial(S), whereas

with 30)6 TBP/OK this is not so. 

In mixer-settlers with appropriately large dimensions, all 

the� and 80'/4 of the Y energy were assumed to be absorbed 

internally. (The a-contribution was found to be relatively 

small) . Doses were calculated separately for mixers, and in 

the settlers for the emulsion band and disengaged solvent and 

aqueous phases, Over 70)6 of the total equivalent dose to the 

solvent (i.e. the dose which, if absorbed solely in the solvent, 

would have produced the same concentration of DBP) was 

estimated to be received in the settlers. 

In pulsed columns, radiation losses would be more 

significant, and the estimate of absorbed dose was derived from 

an average over the range of possible positions and directions 

in which radiation could be emitted. The solvent phase was 

assumed to be continuous to minimise the hold-up of aqueous 

phase and so of fission products. With 30)6 TBP it was 

necessary to allow for the absorption of �-energy largely 

within the 2. 5 mm aqueous droplets. Doses were calculated 

separately for the plated section of the column, in which 

mixing was assumed to be uniform, and the end settler regions 

which with either solvent composition were estimated to con

tribute about half of the total equivalent dose to the solvent. 

In centrifugal contactors, allowance again had to be made 

for radiation losses. The mixer regions were treated as con

taining a homogeneous mixture of the two phases with dose 

distributed in the ratio of the electron densities, In this 

case, with centrifugally-aided phase separation requiring only 

a small volume, settlers contributed only a sixth of the total 

equivalent dose. 
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Once the extent of DBP formation had been calculated, its 

effect on DFzr/
Nb (DFRu is less sensitive) was estimated by

extrapolation of data obtained when the Magnox pilot plant was 

operated with a range of added DBP concentrations(6) . Specimen

results are shown in Table 3. It was assumed in all the 

calculations that on average, fuel would be irradiated to 

43000 MWd/te at a rating of 77,5 Mw:d/te, and cooled for 

50 da;ys. Calculations on pulsed columns were based on the 

use of either 2()1)6 or 3()1)6 TBP/0K, but those on mixer-settlers 

were limited to the lower concentration, assumed in engineering 

assessments: for the sake of comparison, results are therefore 

given for 2()1)6 TBP. Decontamination factors refer to 

extraction plus scrub contactors. 

TABLE 3, Solvent degradation in various types of contactor 

Con tac tor 

Type 

Radiation dose, Wh/1 
J ---------- I DBP organic 

Solvent Aqueous Equiv. iJr (calculated) to 
Solvent 

Mixer-Settler 1.02 3.78 2,84 5.3 X 10-4

15 cm pulsed 
column 

Centrifugal 

0.114 0.267 

0.035 0.060 

0.190 3,6 X 10-5 

0.064 1.2 X 10-5 

DFZr/Nb
(E + S) 

(estimated) 

10 

300 

500 

It should be emphasised that the estimates of 

decontamination factor were derived from data on the reprocessing 

of Magnox fuel, where DBP would form complexes mainly with 

uranium(1). Plutonium at the higher concentrations appropriate
to CFR fuel would ·be likely to form the predominant DBP 

complexes, so that direct comparison is at best an 

approximation. Nevertheless, it is clear from Table 3 that 
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mixer-settlers would be unsuitable, but that pulsed columns 

or centrifugal contactors warrant further investigation. 

Because of their relative simplicity and cheapness, pulsed 

columns were chosen for practical teats, 

Considerations on practical trials 

The practice at Windacale is to develop any large-scale 

process by wa;y of a conceptual flowsheet which enables the size 

of major equipment to be determined, Engineering teats are 

performed at full scale with inactive materials, while the 

process chemistry is verified at full radioactivity, with any 

modifications which may prove necessary, on a miniature plant 

scaled to give co=ect residence times in countercu=ent 

operation; For the purpose of demonstration only, a flowsheet 

of the type shown in Figure 1 was chosen for fuel breakdown 

and the first cycle of reprocessing, including the separation 

of plutonium.from uranium, The feed stream to an FBR 

reprocessing plant could not be adequately simulated by a 

synthetic solution, and for an active trial it would be 

necessary to use i=adiated fuel. Thia is scarce, expensive 

and difficult to handle in large quantities, so that operating 

the miniature plant for a useful length of time would 

necessitate a very small scale, That eventually adopted was 

1: 3500, which allowed active operation for sixteen hours with 

fuel containing 350 g (U + Pu). 

Despite difficulties due to wall effects in some types 

of miniature pulsed column, it was found that glass columns of 

the design shown in Figure 2, with perforated plates spaced 

2,5 cm apart, could be operated satisfactorily over a useful 

range of conditions with either phase continuous, Preliminary 

experiments, in which uranium or plutonium was extracted or 

back-extracted in column sections of various heights, indicated 

the actual heights necessary for the required performance; the 

volume was determined as that of the full-scale equipment 

reduced ·by the scale factor, and so the diameter could be 

calculated. 
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Since the principal intention at this stage was to 

establish that uranium and plutonium could be adequately 

decontaminated from a high concentration of fission products 

by solvent extraction, it was not necessary to optimise the 

rest of the first cycle, but only to demonstrate that it was 

operable, To separate plutonium from uranium, the well-tried 

method of selective back-extraction aided by complex fonnation 

with sulphuric acid was therefore adopted, although because of 

corrosion problems and production of an intractable waste it 

is not certain to be used in the full-scale plant. The 

flowsheet of the first cycle is outlined in Figure 3, In 

Column 1, uranium and plutonium are extracted from the aqueous 

feed into 30')6 TBP/OK, and the loaded solvent is scrubbed 

with fresh acid, It then passes to Column 2 for back

extraction of plutonium by an aqueous stream containing 

dilute sulphuric acid: inevitably some uranium is also 

back-extracted, and is removed from the aqueous product by 

scrubbing with fresh solvent. Eventually the uranium is 

back-extracted with very dilute nitric acid in Column 3, 

To simplify construction and installation, Columns 

and 2 were made cor.posite, with the scrubbing functions 

performed in separate units, Before installation, columns 

were tested with inactive solutions for operating stability 

and efficiency in their intended purpose. Column 1 was 

operated with a continuous solvent phase to minimise the 

aqueous content and so the radiation level; in the other 

columns the aqueous phase was continuous for ease of 

operation. 

Active Trials 

There have been two active trials, each preceded 

immediately by a period of inactive operation with a feed of 

uranyl nitrate in nitric acid to establish a steady state. 

The first, with a mixture of long-cooled oxide fuels (mean 

plutonium content 8,596) which gave a feed solution of 

activity 0,3 Ci/ml, permitted some necessary adjustments to 

be made to the flowsheet; it was encouraging that at least 
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under these favourable conditions, with an equivalent radiation 

dose to the solvent of only 0.008 Wh/1, good decontamination 

factors could be obtained (Table 4). 

TABLE 4. Decontamination factors in the long-cooled fuel test 

Col or cycle DF
Ru DFZr DFzr/Nb 

Col 1 (extraction + 1900 3300 7500 
scrub) (predicted >1000) 

1st cycle (u) 6 X 103 1.4 X 105 
2.3 X 105 

1st cycle (Pu) 5.3 X 104 
3.3 X 103 7.5 X 103 

In the second active trial, the fuel used was of 

co-precipitated uo
2 
(85%) and Pu0

2 
(15%), irradiated 

discontinuously to a total of 4% burn-up at a mean operating 

rating of 143 watts/g. It was cut into lengths of 2.5 cm at 

Dounreay. On arrival at Windscale it was leached with 

nitric acid at temperatures gradually raised from 35 to 108°c. 

The solution was cooled, conditioned with nitrogen oxides to 

convert tri- or hexavalent plutonium to the tetravalent 

state, and undissolved solids in suspension were removed by 

filtration to 2 microns. After addition of washings and 

adjustment of acidity, the feed to the solvent extraction 

process contained 238 g U/1, 40.5 g Pu/1 (98.7% Pu(IV)) and 

was 3.1*1 in nitric acid. Despite the intense radioactivity, 

the proportion of Pu(IV) appeared stable over the two days 

between conditioning and use. The fission product content 

amounted to 5.5 Ci/ml(�) and 2 .8 Ci/ml (Y) after 38 days' 

cooling, when the active trial started. Enough gas was 

generated by radiolysis to provent the use of diaphragm 

pumps, but positive-displacement metering pumps proved 

satisfactory despite the formation of gas bubbles in the feed 

lines. 
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Solvent was prepared from Windscale stocks of TBP and 

Odourless Kerosene. Before use it was passed through a cycle 

of uranium extraction, back extraction and washing with 

aqueous alkali, as this treatment had previously been found 

to eliminate an unidentified impurity which interfered with 

decontamination from ruthenium. Spent solvent from Column 3

was not recycled, since the object was to examine effects of 

short-term radiolysis (chiefly of TBP) rather than those of 

long-term diluent degradation. 

The system was operated with the active feed for sixteen 

hours, co=esponding in Column 1 to 51 aqueous throughputs in 

the extraction section, 14 in the scrub, and 64 throughputs of 

solvent in either. Equilibrium with respect to uranium and 

plutonium was established in nine hours, and with respect to 

zirconium in eleven; it might have ·been reached earlier but 

for disturbances due to a failure in an a.ru:illary system. 

Some crud collected at the bottom interface of Column 1 

extraction section, but did not interfere with operation, 

and during run-down at the end of the trial it was washed 

out with the aqueous raffinate. 

Plant performance during the highly-active trial 

Losses to the first-cycle aqueous raffinate were found to 

be less than 0.08% plutonium or 0.03% uranium. Losses on 

back-extraction were only 0.0025% plutonium and 0.003% 

uranium. Decontamination factors for various contaminants are 

given in Table 5.
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TABLE 5. Decontamination factors in the highly-active trial 

Column or cycle 

Col 1 
(extraction+ scrub) 

Col 2 (u) 

Col 3 (U) 

1st cycle (U) 

Col 2 (Pu) 

1st cycle (Pu) 

700 

1 • 1 

10 

7700 

16.8 

12000 

52 

182 

12.4 

1.2 X 105 

1.0 

52 

80* 

95 

12.3 

9.4 X 104 

1.0 

Bo 

*Niobium appeared to be only very slightly extracted.

2.3 X 104 

2.3 X 104 

4 X 104 

1 

4 X 104 

Decontamination factors on the plutonium stream are very 

much lower than during the trial with long-cooled fuel; 

zirconium and niobium in Column 2 follow the plutonium stream, 

imparting to it an activity less than an order of magnitude below 

that of the highly-active feed to the present main reprocessing 

plant at Windscale. Nevertheless, in the extraction and scrub 

columns the degree of decontamination from these elements taken 

together (80) is in the region predicted (80-100) from the 

calculated equivalent dose to the solvent (0.17 Wh/1, i.e. 

90% of that estimated for the large-scale reprocessing of 

90-day-cooled fuel), and so supports the validity of the

method used for prediction. There is good reason to suppose

that further purification by conventional means would be

adequate, particularly as past experience suggests that a loss

of decontamination efficiency in a first cycle may be at

least partially recovered later in the process.
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Implications for future work 

The r_esul ts of this highly-active trial encourage the belief 

that it will be feasible to reprocess fast reactor fuel by 

solvent extraction: an acceptable degree of decontamination from

fission products has 'been achieved in the first cycle, and 

plutonium has ·been separated satisfactorily from uranium, 

although by a method which may well be superceded. However, 

caution is necessary for several reasons and much work remains 

to be done. 

(1) In the run described, solvent was used once only and not

recycled. Conventional methods of purification would

remove the degradation products of TBP but not 'all those

of the diluent, which would therefore deteriorate

progressively until the formation of degradation products

was balanced ·by the combination of partial purification

and the inevitabl� iosses of solvent. Diluent degradation

products can hinder decontamination by forming complexes

with fission products, or interfere with cperation of the

plant by promoting emulsification. While experience

suggests that these effects should be less serious than

those of DBP, confirmatory ·tests are required. These will

probably take the form of a single-pass run with degraded

solvent in pulsed columns, supplemented by a careful

analysis of the results to be obtained from the DERE

mixer-settler plant during the processing of

PFR fuel. 

(2) Jw.though the fuel used in the highly-active run had been

cooled for only 38 days ·before solvent extraction, most

of the fission product energy (including practically all

of the Y-contri·bution) was lost from the miniature columns

so that the absor·bed dose of radiation co=esponded closely

to the large-scale reprocessing of fuel cooled for 90 fucys.

Processing through pulsed columns therefore seems likely
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to be feasible if the reactor cycles call for a cooling 

period of not less than 90 days, particularly as the 

nowsheet has not yet been optimised. Shorter-cooled 

fuel could perhaps be processed similarly, but success 

would be more pro·bable with the still shorter residence 

times attaina.ble in centrifugal contactors. 

(3) Sulphuric acid, used in the trials described to separate

plutonium from uranium, is co=osive towards metallic

equipment and makes more difficult the ultimate disposal

of wastes. Alternative methods of separation are

therefore being investigated.

(4) It will be necessary to ensure that cruds (of the type

observed in Column 1 during the highly-active trial) are

not allowed to interfere with operation of the plant.

(5) A reliable means must ·be found to remove undissolved

solids on an industrial scale from suspension in the

fuel solution. These solids consist largely of 

segregated fission products with a high specific activity,

and if allowed to enter the solvent-extraction equipment

they would exacer·bate problems due to heat release,

i=adiation of solvent and accumulation of solid material.

Conclusions 

The successful, if brief and small-scale, reprocessing of 

short-cooled FBR fuel has largely vindicated predictions that 

solvent extraction in short-residence contactors would be a 

suitable technology for reprocessing the fuel from FBR power 

stations. Valuable experience has also ·been gained in 

dissolving such fuel and conditioning feed solutions. It 

remains to be established that comparable performance can be 

achieved over a longer period and on the larger scale which 

would eventually be required •. 
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A REVIlll OF :r,mrALLIC FAST REACTOR FUEL REPROCE3SING AT DOUNREA.Y 

SYNOFSIS 

by 

AL Mills and E Lillyman 
Process Plants Division 

Experimental Reactor Establishment 
Dounrea;y 
Caithness 
Scotland 

6, 20, 25 and 3096 tri-n-butyl phosphate in odourless 
kerosene have all ·been used as first cycle solvents in the Purex 
type reprocessing of Dounrea;y Fast Reactor Fuels. The superior 
performance of the 696 TBP system is attributed to the physical 
properties of the solvent and to the formation of a hitherto 
unreported solvate [uo2 (No3\] 

a [HNO� b[TBPJ 
c
.
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INTRODUCTION 

Irradiated fuel from the Dounreay Fast Reactor (DFR) has ·been 
reprocessed at Dounreay in 30 campaigns over the past 12 years. 
U235--Cr was the first reactor charge to be processed; all 
subsequent charges have consisted of U235-Mo with varying 
molybdenum contents. During the period under review the fuel 
burn-up has steadily increased to J.0'}6 (maximum) and cooling 
times prior to reprocessing have been decreased to 85-90 days 
at the commencement of a campaign. 

The original Purex-ty:pe flowsheet utilised 20'}6 (vol) 
tri-n-butyl phosphate (TBP) in odourless kerosene (OK) in three 
cycles of decontamination. The present flowsheet uses one 
cycle of 696 TBP/OK and one oycle of 25% TBP/OK. Before the 
current flowsheet was designed both 30'}6 TBP/OK and 25% TBP/OK 
were used as first cycle solvents. 

The present paper describes the flowsheet changes and 
philosophy which have led to the acceptance of the "dilute" TBP 
flowsheet for metallic fast reactor fuel reprocessing. 

DFR FUEL CHARACTERISTICS 

The original U-Cr DFR fuel was used for reactor physics 
studies (in one irradiation period) only and is therefore not 
discussed further. All "driver" charge fuel subsequent to this 
first charge has been a U235-Mo alloy with the molybdenum content 
varying from 20 atomic% to the present value of 15 atomic%. 
The driver charge is irradiated in single pins clad in nio.bium. 
Fuel improvements have permitted the average ·burn-up to be 
increased to J.0'}6 (heavy atoms) in certain sections of the 
reactor. This is equivalent to 35,000 MWD/te with a fuel 
rating of about 200 watts/gm. 

REPROCE3Sm} PLANT DmCRIPrION 

Fuel is ·brought from the reactor to the reprocessing plant 
at an initial cooling time of 90 days. At the reprocessing 
plant the clad fuel pins are cropped into 1" lengths into a 
stainless steel basket for ·batch dissolution. An average ·batch 
size_ is 10 kgm fuel. The fuel dissolution reagent is 5.5M HN03
with 1.0M ferric nitrate, the fuel being dissolved to give a 
uranium concentration of about 125 gm/1 U in 3M HNO • The 
ferric nitrate moiety of the dissolution agent is iJcluded to 
dissolve the molybdenum as "ferric moly'bdate". 

After the vigorous dissolution the liquor is syphoned into 
the plant feed vessel. The metal hulls from the cladding are 
retained in the basket from which they are discharged after 
washing. 

The solvent extraction plant consists of a series of 
cascades of "nuclearly eversafe" pulsed mixer settlers (Figs 1 and 2). 
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SOLVENT EXTRACTION PROCESS FIOISHEETS 

The original 20}6 TBP/OK solvent extraction flowsheet has 
·been previously described and was used with some minor
modifications until 1968.

30% TBP/OK Flowsheet

During the period up to 1968, one campaign was attempted with 
30}6 TBP/OK as the process solvent in the first decontamination 
cycle. The plant proved quite unstable with this solvent, the 
desired solvent loading could not ·be achieved and the resulting 
first cycle decontamination factors were quite unacceptable. 

In addition to a poor chemical performance the use of 30}6 
TBP gave rise to excess solvent carry over and poor aqueous/ 
solvent phase separation. These "mechanical" effects were 
probably caused in the main by plant design: the lack of 
performance of the 30}6 TBP flowsheet cannot be attributed 
solely to the use of 30}6 TBP. 

Experience with the standard 20}6 TBP/OK flowsheet and the 
30}6 TBP/OK first cycle system led to a re-examination of the 
possible use of solvent concentrations other than 20}6 that 
might give rise to improved plant performance. 

Criteria for Plant Performance 

a. The plant throughput (KBm U/day) must be significantly enhanced,
when the feed is of about 130g/l U with its associated
molybdenum and ferric iron content.

b. The overall plant decontamination factor (DF) must be at
least as high as that obtained with 20}6 TBP/OK, and the
first cycle DF must ·be at least similar to the DF o·btained
in the first cycle of the 20}6 TBP/OK process.

c. The TBP concentration chosen must be satisfactory from a
"mechanical" point of view (phase disengagement, solvent
carry over etc).

Consideration of the "Ideal" Solvent Concentration 

A consideration of the solvent extraction process in a given 
plant shows that a nulliber of factors such as the chemical con
dition of both solvent and diluent, fission product species present, 
temperature etc govern the DF obtained, but the major contribution 
to the DF in axiy process :j.s due to the "solvent loading" obtained. 
That is, the greater the amount of solvent which is combined with 
the solute or solutes it is required to extract, or conversely the 
smaller the amount of "free" solvent in a given system, the 
higher the DF. Clearly it is not possible to achieve 100}6 solvent 
utilisation in an extractor but for the highest DF one requires 
the highest possible solvent utilisation at the feed plate of the 
extraction section. 
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In the DFR process the plutonium level is trivial and can 
be ignored; uranyl nitrate and nitric acid are the only solutes 
to be considered. If it may be assumed that uranyl nitrate 
forms a di-solvate with TBP, then for 20, 25 and 3o,6 TBP systems 
(0.73; 0.91 and 1.1M respectively) the maximum uranium loadings 
are 80, 97 and 112g/l. However, ·based upon plant experience, 
solvent loadings of 50, 75 and 90g/l U for the above systems 
were chosen. After allowance for nitric acid monosolvate 
formation it was shown theoretically that the percentage of 
"free" TBP was least in the 2_51}6 TBP system, with the 20 and 3o,6 
TBP systems having approximately equal amounts of free TBP. 

Pilot plant trials of 20, 25 and 3o,6 TBP systems validated 
the assumptions made for solvent utilisation. With the values 
of uranium loading accepted as optimum for plant control purposes, 
2596 TBP/OK was chosen as the solvent concentration that would 
give an optimum first cycle performance based on the criteria 
listed above. 

2596 TBP/OK Flowsheet 

A major problem arising from the use of 2596 TBP/OK is that 
although one could achieve an enhanced metal throughput in the 
first extraction cycle and have a final solvent product 
loading of 75gm/l U, there were insufficient stages in the 
backwash system to utilise the 0.05M HN01 ·back-extraction process
at a 1:1 ratio. Further, if a nitric acid back-extraction system 
could be used, the subsequent cycles of the plant would be 
unable to cope with the enhanced volume of liquor such a scheme 
would require; thus use of a nitric acid back-extraction would 
require a reduction in the active feed flowrate and hence would 
negate the possible advantages offered by the use of 2596 TBP/OK. 

Substituting sulphuric acid for nitric acid in the strip 
solution enabled a back-extracted product of 75gm/1 U to ·be 
obtained, thus maintaining the high uranium concentrations in the 
plant. Re-extraction from sulphuric acid can be accomplished by 
acidification of the sulphate stream wit� nitric acid to about 
4.0M. 

The final (third) cycle back-extraction was achieved with 
nitric acid in order to provide a final Ul'anyl nitrate product. 

Laboratory tests showed that, provided trace quantities of 
nitric acid were present in the sulphate cycles, corrosion levels 
in the 18.8.1 stainless steel plant were low and acceptable. 
This has been confiDlled during routine inspections of the plant 
itself. 
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The 2596 TBP process gave an enhancement o; metal throughput;
overall DFs (per gram of uranium) of 1.17 x 10 Beta and 
1 • 11 x 1 0 7 Gamma were o·btained with first cycle DFs of 
6.9 x 103 Beta, 2.3 x 103 Gamma, 3 x 103 Ru, 1.4 x 103 Zr/Nb. 
The mechanical performance of the plant was in no wa:y inferior 
to that obtained with 20')6 TBP/0K. 

Fig 3 shows cycles I and II for the 2596-TBP flowsheet. 

6% TBP/0K Flowsheet 

An examination of the process used at Dounreay for the 
reprocessing of Materials Testing Reactor (MTR) fuels in 1969 
showed that 696 TBP/0K could be used in the first cycle of the 
Dffi fuel process provided: 

1. that the hourly metal throughput could at least be
maintained ,

2. that flowsheet modifications could ·be made to enable
the first cycle ·back-extraction and subsequent cycles
to cope with any enhanced mass or volume throughput
that might arise from the use of 696 TBP/OK in the
first cycle.

Full scale plant trials with inactive feeds showed that 
high sol vent-plus-aqueous feed rates could be handled with 
696 TBP/0K as solvent._ The mechanical performance of the 
extractor box was adequate. 

The back-extraction problem of the 696 TBP/OK flowsheet was 
solved by use of sulphuric acid to give a product of 90 g/1 U, 
and 2596 TBP/0K was then UBed in the subsequent extraction cycles. 
The final backwash system used nitric acid in order to provide 
a product suitable for the metal recovery process. 

Owing to a lack of distribution data for 696 TBP/0K systems, 
several pilot plant runs were carried out to give solvent product 
concentrations of 12.5, 15, 17.5, 20 and 22 gm/1 U respectively 
in 696 TBP/OK. Table 1 gives details of these runs and Figs 4-8 
show both the uranium profiles and the calculated solvent 
utilisation figures ·based upon uo2(No

1
)2• 2TBP and mm1• TBP in

the sol vent phase. In each run siilph1lric acid was used as a 
stripping agent to give an aqueous product of 9ogm/1 U. The 
concentration profile data wereused to provide distri'bution 
data relevant to the processes being examined. 
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All five flowsheets were stable and easy to control; in 
each case raffinate values were satisfactory (<0.005 {!}11/l U). 
Each profile shows a sharp drop in the uranium concentration in 
the solvent phase ·beyond the feed plate and into the extract 
section of the ·box. The scrub profiles are even with little 
variation in U concentration along the profile. 

One consequence of the higher profile in the scrub-section 
solvent is that the uranium "distribution coefficient" falls in 
the scrub section - feed plate region because of the 
"squeeze effect" which causes these higher profiles. If taken 
to the limit a breakthrough of uranium to the raffinate would 
occur. 

In all the various flowsheets examined, the total solvent 
utilisation is high and fairly constant along the whole of the 
unit, with slightly more variation in the 12.5 and 15 {!}11/l 
flowsheets than at higher uranium concentrations. This would 
suggest for dilute TBP at high saturation (TBP)u + (TBP)H ""' con
stant, where (TBP)u and (TBP)H are the mole fractions of TBP 
complexed by uranyl nitrate and nitric acid respectively. In 
this system the free TBP is minimised all the way along the 
extraction unit by uptake of either uranyl nitrate or nitric 
acid. This should give minimum recycle of fission products in 
the extraction section, unlike the 20-2.5')6 TBP systems where 
some fission product recycle probably occurs under "squeeze" 
conditions. 

For the feed plate region, in all but the 12.5 {!}11/l product 
flowsheet, the total solvent utilisation is about or in excess 
of 10096 when calculated on a basis of uo2(NO )2.2TBP and 
HNOyTBP. Repeat analyses of selected samplJs confirmed the
original uranium and acid values and it was therefore postulated 
that a new solvated species was present in the solvent phase. 
No third phase was found in any of the samples or in the 
mixer settler. Table 2 gives relevant details of the infra-red 
spectrum of samples of the solvent phase where the apparent 
utilisation is in excess of 1009.6. Other similar spectra were 
obtained but dilutions of these specimens were not examined. It 
should be noted from the table that the absorbance due to NO 
and UO� at 935 cm-1 decreases with dilution ·but that it is not 
halvedoy each dilution. The shoulder appearing in the x4 
dilution at 988 cm-1 is due to the appearance of the P-0-C 
vibration, but it is not known why there is a decrease in 
absorbance at 1030 cm-1 for this sample on dilution. At 
1184 cm-1 the absorbance due to P = 0 ·bonded uranyl nitrate 
decreases, but again not as a simple function of dilution. At 
1350 cm-1 and 1370 cm-1 there is a significant increase in 
absorbance with dilution except for the x4 dilution at 1370 cm-1 
where the absorbance is greater than for the undiluted sample, 
but less than for the x2 dilution. These two bands are assigned 
to assymetric stretching of NO in ENO • There is also a 
decrease in absorbance with diiution ai 1530 cm-1, There is a 
decrease in absorbance at 935, 1184 and 1530 cm-1 with dilution, 
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but the abeorbance is not halved for each dilution, Thie can 
be ascribed to a change in the composition of the complex 
occurring on dilution rather than a straight dilution effect, 
At 1350 and 1370 cm-1 the abeorbance increases markedly with 
dilution, this can be accounted for if nitric acid, bonded in 
some wa:y in the original sample is being released from one 
complex to form ea:y mm1• TBP when excess TBP is available,
�t is postulated therefore that a complex (uo

2
(No3)2)a,(HNo3)b,(TBP)c

is formed at these high solvent utilisations but breaks down to 
the usual di-eolvate and monoeolvate on dilution, but clearly 
more work 111USt be carried out to confirm this statement, 

One of the objectives of a:ny flowsheet designer or 
engineer concerned with high burn-up fuels is to minimise the 
solvent residence time in the highly active side of the plant, 
Various mechanical solutions such as pulsed columns, centrifugal 
contactore and so on are available but 'the present work 
utilises a more simple solution, that is to dilute the solvent 
(the TBP) and to increase the throughput rate, 

By reduction of the TBP concentration to 6% and an increase 
in the TBP/OK throughput (for a 20 gm/1 product) by 3,75, the 
effective residence time of one mole of TBP is reduced by a 
factor of about 20 per pass through the mixer settler unit, 

During the Pilot Plant runs it was noticeable that there 
was a complete absence of mixed phase wedge in the settlers; 
settling appeared to be instantaneous at the mixed phase port, 

The first active run took place in March 1969 when 331 Kgm 
of 74,496. enriched uranium were reprocessed, The average fuel 
burn up was 1,291, and fuel cooling time at the c0Im11encement of 
the run was 95 days. The feed liquor activity was 4470 Ci Beta 
and 3425 Ci Gamma per Kgm U with the feed urani� concentration
125 gm/1

7
u. The overall average DFe of 1,4 x 10 Beta and 

1.3 x 10 Gamma were deemed to be satisfactory. 

In subsequent 696 TBP/OK runs it was found that on a change 
of cycle 1 solvent/aqueous ratios, the third cycle of 
decontamination became effectively redundant and it is now not 
run, the second cycle backwash being changed to nitric acid to 
give the required nitrate product, 

Experiments with the cycle 1 scrub composition showed that, 
if 1M fe=ic nitrate in 3M nitric acid is used as the scrub, the 
ruthenium DF for the first cycle is significantly enhanced: values 
as high as 1,5 x 107 have been obtained, The ruthenium in the
first cycle product is so low that difficulty is often experienced 
in detecting it by gamma spectrometry, 
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The improved hydraulic performance of the plant is ascribed 
to the following changes: 

a. the viscosity of the solvent and mixed phases is greatly
reduced, thus reducing pressure drops in the mixed
phase ports and sol vent passages.

b, the interfacial tensions are increased giving an 
improved separation factor. 

c, the density of the mixed phase is reduced from 1,14 to 
0.94; this allows the strip feed to enter the extractor 
box readily. (A hydraulic problem has always existed 
in D1206 owing to the large difference between the 
aqueous feed and the strip, i.e. 1,45 to 1.1). Con
sequently, aqueous levels in the strip box have 
remained consistently below the mixed phase port and 
the box hydraulics greatly improved. 

d, the density difference between solvent and aqueous 
phases is enhanced owing to the lower solvent density. 

COMPARISON OF PLANT PERFORMANCE FOR DIFFERING SOLVENT TBP CONCEN
TRATIONS 

Table 3 compares decontamination factors for 6, 20, 25 and 
3a}6 TBP systems (value of solvent concentration quoted refers 
to cycle 1 feed), Current 696 flowsheets operate on two cycles 
only. It can be seen that the 696 TBP/OK first cycle system is 
superior to the other flowsheets used. For this reason and 
also due to the ease of operation of this flowsheet the 
"dilute" TBP system is the preferred flowsheet for DFR fuel 
reprocessing. 

CONCLUSIONS 

6, 20, 25 and 3aJ6 TBP/OK have been used as first cycle 
solvent concentrations in the Dounreay Fast Reactor fuel 
reprocessing plant. Over a series of campaigns it has ·been 
found that 6% TBP/OK gave the best performance, This is 
attributed to the physical or mechanical properties of the 
solvent, that is low density, low viscosity, high interfacial 
tension etc. With 6% TBP/OK a ''bonus" was obtained owing to 
the formation of a hitherto unknown sol vate of uranyl nitrate, 
ni trio acid and TBP. The experiences reported above are not 
quoted as the panacea to all reprocessing problems ·but they 
do suggest a new train of thought. 

1506 



TABLE 1 

MIXER SE'.l'rLER RUNS IN PILOT PLANT 

NOTEE 

1. Total volumetric throughput about 2.5 1/hr aqueous+ solvent.

2. In all the runs the U feed flow was fixed and the solvent
loading was achieved by adjustment of the solvent feed flow
rate.

3. The scrub to solvent flow ratio was fixed at 1:30.

4. The feed was prepared by dissolving U-7 atomic 96 Mo in
EN0_/1M Fe(N01)1 to give a feed solution about 110g/l U; 
3M HN03 plus associated iron and molybdenum. 

R 

Run Scrub Solvent Product 

0.5M EN0/1M Fe (N0
3
)

3
12.5 g/1 U 0,06M EN0

3
2 0.5M EN0/1M Fe (N0

3
)

3
15 g/1 U ca 0.03M EN0

3

3 0.5M EN0
3
/1M Fe(No

3
)

3
17.5 g/1 U ca 0.02M EN0

3

4 0.5M ENo
3
/1M Fe(No

3
)

3
20 g/1 U ca 0.02M EN0

3

5 0.5M EN0
3
/1M Fe(No

3
)

3
22.5 g/1 U ca 0.02M EN0

3
The solvent product was back-extracted with 0.25M �so

4 
to 

give a back-extracted product of 90 gm/1 U. 
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, 

Sample Ug/1 Acid(M) % 720 835 
No Utilisation 

(, 

685 23.6 0.03 102.3 0.14 0.04 

685(a) 685 dil X 2<2) 
0.14 0.09 

685(b) 685 dil X 4(2) 0.16 0.085 

TABLE 2 

INFRA RED SPECTRA DATA OF TBP SAMPLE 

910 935 988 1030 

- 0.21 - 0.57

- 0.17 - 0.55

0.06 0.12 
eh 

0.17 0.42 

Wave Number 
1 cm-

1115 1143 1184 

absorbance 
- - 0.31 

0.08 0.01 0.28 

- 0.09 0.21 

1350 

0.85 

1.45 

Assignation of wavelength 0 
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NOTES: 1. Utilisation based on true TBP concentration, nominal value 6% TBP. 

2. 6% TBP/OK used for dilution. 
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CI 6% 
Run + 

Run DF 

TABLE 3 

COMPARISON OF DF's 

CI 6% 
+ 

Daily 
Averaf!:e 

CI Ext/Strip /3 2 . 6 X 104 2.8 X 104 
3.8 X 103 

6.4 X 103 2 .5 X 103 103 only 

CI 

Overall 

NOTES: 

i

Ru 1 . 6 X 104 

Zr/Nb 1 . 3 X 104 

13 2 .1 X 104 

� 1 .0 X 104 

Ru 2. 6 X 104 

Zr/Nb 9.8 X 103 

f 
7* 

3 . 3 X 107* 1.5 X 10 

0 7 X 107* � 5 . 5 X 105G 

Ru )4.4 X 107 ,-5.9 X 1 o7 

Zr/Nb 6 . 3 X 107 9.0 X 107 

+ - Large amount U2 3 7 present. 
x - No U237 present. 

G - No allowance for U2 37 

o - Some U2 37 present 

* - Correction made for U237 

1.3 x 
1. 5 X 107 

6.0 X 102 

8. 4 X 102 

3 .8 X 102 

5.7 X 107 

3.8 X 102 

2 . 6 x 105G 

� 3 . 3 X 106G 

4 .1 X 107 

3.5 X 107 

Best CI 6% CI 25% CI 30% 
20% 

0 X X 

X 

6 . 6 X 103 4.2 X 1 03 6.2 X 103 

1.6 X 103 
6 .0 X 102 8. 6 x Hf 

9.0 X 106 
7 .5 X 102 1.7x 103 

3. 5 X 103 8.8 X 102 6.4 X 102 

1.8 X 103 6.9 X 103 
2 .1 X 102 1 . 3 X 104 

1. 2 X 103 2. 3 X 103 0. 6 X 102 2.5 X 103 

.4.7 x107 
3.0 X 103 5. 3 X 103 

6 . 6 X 103 1.4 X 103 0.9 X 102. 
1.9 X 103 

1.4 X 106 1.2 X 106x 1.5x 105 5. 6 X 105 

"'1. 3 X 107 -v1.1 x107 
2 . 7 X 106 � 7 X 10 6 

3.7 X 107 2.6 X 106 2.7 X 107 

7 . 6 X 107 2.9 X 107 6 
3 .2 X 10 3 .5 X 106 



SOL.VE.Ni CHANNE.l.. 

MIXING CHAMBEP;· / SOL.VENT l=L..OW 

AQUl!OI.IS F"L..OW 

MIXED PHA� PORT. 

AQU�OUS PORT. 

FIG. I. TYPICAL MIXER - SETTLER FLOW PATTERN. 
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FIG. 3. 25 °/o TBP FLOWSHEET CYCLES I & II. 
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THE RECOVERY OF URANIID1 FRO:-i URAN'rHORIA:.JII'E A'.::' 'l'!!i PALA30RA 

MINING COi-lPANY LIMITED 

T.H. TUNLEY• 

V.W. NEL ..

SY1�0PSIS 

Uranthorianite is present in the Palabora Igneous Complex 

and the orebody is exploited as a low-grade copper deposit. 

The Hat.i.onal Institute for Metallurgy, in association with 

the Atomic Energy Board, undertook rese�rch on behalf of the 

Palabora Mining Co�pany into the most suitable methods of 

che.1ical extraction anplicable to the uranothorianite 

concentrate produced in a pilot plant at the �alabora Mining 

Company. 

A full-scale plant produced uranium oxide for the first time 

in Au:;ust, 1')71. 

This poper describes the operation of the plant, which 

produces an extre,1ely pure ;:;rade of uranium from a very 

low-grade deposit. 

National Institute for Hetallurgy, Johannesburg, South Africa. 

•• Palabora MiHing Company Limited, Phalaborwa, South Africa.

1519 



INTRODUCTION 

The separation of uranium and thorium by solvent extraction 

from nitric acid solution with tri-butyl phosphate is a well-

established and well-documented technique. However, the applica-

tion of this process to the recovery of uranium from the ore mined 

at Phalaborwa includes some interesting features, and it is the 

purpose of this paper to describe the process and the plant used. 

The presence of the radioactive mineral uranothorianite in the 

Palabora Igneous Complex in the Eastern Transvaal towveld of the 

Republic of South Africa, was established in 1952 by a geological 

unit of the South African Atomic Energy Board, which was attached 

to the South i.frican Geological Survey. Investigation showed the 

deposits of radioactive minerals to be economically unattractive but 

led to the discovery of a very large low-grade copper orebody and 

the subsequent exploitation of this orebody by Palabora Mining 

Company (P.M.C,). The presence of cpnsiderable quantities of the 

zirconia mineral, baddeleyite, was also established, 

No attempts were made to exploit the radi.oactive-mir.eral 

deposits until 1967, when studies undertaken by P.M.C. into possible 

methods of recovery led to the establishment of a gravity

concentration plant f�r the investigation of the recovery of heavy 

minerals from copper-concentrator tailings. Concurrently with that 

work, the National Institute. for Metallurgy (NIM), in association 
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with the Atomic Energy Board, undertook research on behalf of P.M.C. 

into the most suitable methods of chemical extraction applicable to 

the uranothorianite concentrates produced in the pilot concentrator. 

Towards the end of 1969, following the development of novel and 

successful gravity-concentration and chemical-extraction techniques, 

feasibility studies were completed and the construction of a full

scale plant commenced. This was completed by mid-1971, and produc

tion of uranium oxide began in August of that year. 

DESCRIPTION OF THE PLANT 

Gravity Conce11tration 

The entire output of tailings from the copper concentrator, after 

desliming in hydroseparators, removal of magnetite, and further 

deslimiug in hydrocyclones, is processed through this plant, the 

average daily feed to the plant being some 22 000 tonnes of dry solids. 

Gravity concentrhtion is carried out in Reichert cone concentrhtors 

to give a 40- to SO-fold concentration of the heavy-minerals fraction. 

Magnetite is removed by magnetic drum separators, and the cone 

concentrate is fed to shaking tables, where separation into three 

product streams is achieved: a uranothorianite concentrate, ( which 

constitutes the feed to the chemical-extraction section), a baddeleyi te 

(Zr0
2

) concentrate (which is stockpiled), and table tailings, 
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Leaching of Uranium 

The uranothorianite concentrate, which consists of approximately 

5 per cent u
3
o

8
, 14 per cent Th0

2
, and 65 per cent Zro

2
, is proces

sed through the chemical extraction plant, shown diagranm1atically in 

Figure l.. The extraction of uranium and thorium is achieved by 

leaching with hot nitric �cid. The hot leach pulp is filtered on 

stainless-steel tilting-pan filters, and the leach residue contair.

ing 90 to 95 per cent zro
2 

joins the main stream of ba<ldeleyite 

concentrates from the shaking tables. Fume (oxides of nitrogen) 

from the leaching ope.ration is scrubbed with ammonium hydroxide 

solution to produce an ammonium nit.rate scrubber effluent. 

The unclr1rified pregnant liquor fa settled and then polished 

through a centrifuge before being fed to the solvent extraction 

section. 

Solvent Extraction 

The. pregnant liquor fed to the solvent-extraction section contains 

30 to 40 g of u
3
o

3
, 120 to 140 g of Th0

2
, and 80 to 100 g of free 

nitric acid per litre. This solution is fed to a six-stage counter-

current mixer-settler unit, where the uranium and some :.horium are 

extracted from the liquor with 10 per cent tri-butyl phosphate (TBP), 

From here, the solvent is fed to a four-stage unit, where the traces 

of thorium are scrubbed from the solvent with pure uranyl nitrate 
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solution. The solvent is then stripped with warm water in an eight-· 

stage unit, to produce a solution containing 30 to 50 g of u3o8 per

litre. This·solution is treated in the usual way with ammonia gas 

to produce ammonium diuranate. Some of the strip liquor is used 

as a scrubbing medium since it does not cause excessive stripping 

of urani•1m in the scrubbing stages. 

The solvent is scrubbed with sodium carbonate solution, followed 

by dilute nitric acid, each in a single stage, before being returned 

to the solvent storage tank. 

THEORY 

The uranyl nitrate and thorium nitrate complexes are extracted 

However, 

as shown in Figure 2, the distribution ratio for uranium is higher 

than that for thorium. These results arc reported by Sato. (l)

When the uranium dnd thorium are together as a mixture, the 

distribution ratio of each element is enhanced since the total 

nitrate concentration is higher. In the solution at P.M.C., the 

total nitrate is approximately 4M and hence the distribution ratio 

of uranium �s high. 

The other elements can be separated by saturation of the solvent 

phase, which "i;queezes out." tl,e thorium. 
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LABORATORY AND PILOT-PLANT TESTS 

Laboratory work to prove that the uranium and thorium could be 

separated by solvent extraction was conducted in the NIM laboratories. 

Pilot-plant tests were conducted in mixer-settlers, each mixer having 

a volume of 6 litres and each settler having an area of 450 cm2 • 

The object of the tests was the extraction of only uranium 

nitrate, and a solvent of low TBP strength was chosen (12 per cent) 

since the separation factor decreases as the l�P strength increases. 

Tests had shown that it was possible to extract the uranium and 

thorium together and to separate them by sc�ubbing. However, this 

system was considered to be more complex, and would be suitable only 

if thorium was to be recovered as a product. Since thorium cannot be 

sold under present marketing conditions, the process for the extraction 

of uranium alone was chosen. 

Typical results for the pilot-plant tests are given in Table I. 

These tests showed that it was possible to produce pure uranium 

diuranate having a thorium content of lesR than 200 p.p.m. (on a uranium 

basis). 

The equilibrium c-.urves for uranium are given in Figures 3 and 4. 
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DE£IGN OF THE SOLVENT-EXTRACTION PLANT AT P.M.C. 

The mixer-settlers used in the plant are constructed in 3161 

stainless steel and have the following dimentions (in mm) 

Mixer: 300 by 300 by luOOO 

Settler: 2 400 by 300 by 1 000 

The extraction and scrubbing units are arranged together as a 

ten-stage unit (six extraction and four scrubbing stages). 

The stripping mixer-settler is an eight-stage unit with provision 

for the heating of· each stage. The feed (water) is heated by steam 

heat exchanger. The temperature in the st�ipping stages is maintained 

at between 40 and so
0
c.

OPERATION OF THE PLANT 

The main operating parameters are given in Table 2. 

TABLE 2 OPERATING PARAMETERS 

Aqueous feed 16 1/min. 

Solvent 25 to 30 1/min. 

Scrub feed 2 to 5 1/min. 

Strip feed 20 to 30 1/min. 
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Specific gtavity of solvent in: 

Stripped solvent 

1st extraction stage 

3rd extraction stage 

6th extraction stage 

0,900 

0,927 to 0,934 

0,935 to 0,940 

0,95/i to 0,958 

8teady operation of the plant is promoted by the m,·intenance of 

a constant flowrate of aqueous feed. This is made possible by the 

relatively large size of the feed tank for pregnant liquor (153 000 

litre). No alteration is made to the flowrate of the aqueous phases, 

and, if the level in the tank becomes low, the solvent-extraction plant 

is shut down. 

The flowrate of the solvent is adjusted according to the 

specific gravity of the solvent in the first extraction stage. This 

is a good indication of the eitent of loaiing of the solvent and is 

also sensitive to changes in the concentration of the feed liquor. 

This stage is maintained at a specific gravity between 0,928 and 0,932, 

and the loaded solvent is then constant at approximately 0,957, 

Only a part-time operator is required to run the plant. The 

maintenance of maximum loading as indicated by the specific gravity 

is important, since the thorium is squeezed out of the solvent. 

(The specific gravity of unloaded solvent is 0,900). 
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The raffinate concentration is approxirn;itely 0.3 g/1, giving a 

uranium recovery of 99 per cent. 

The solvent r.irculating in the plant is stable, and the 

concentration of TBP is approximately 10 per cent. The diluent used 

is SHELL�OL R because this hydrocarbon mixture has a very high flash 

point. 

SEPARATION OF THORIUM 

As an illus tr at ion of the separation of t,,orium from uranium, 

a series of samples was taken from the mixer-settlers for analysis. 

(Table 3). Thorium is shown to be extracted along with the uranium 

but is later squeezed out of the solvent as t.he uranium loading 

increases. Further decontamination of thorium from the solvent is 

seen to take place in the scrubbing stage. The use of the uranyl 

nitrate stripping liquor is important in providin-g a means of saturat

ing the organic phase with uranium. 

The very low concentration of thorium in the final liquor 

(0,01 g/1) proves the effectiveness of the extraction and scrubbing 

techniques, The amount of thorium present in the final allllnonium 

diuranate is less than 0.6 per cent (on u
3
o

8 
basis).
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CONCLUSIONS 

Although there were some deficiencies in the equipment which 

became apparent at the start up of the plant, no process problems 

of any sort were encountered. Once the mechanical problems had been 

overcome, the plant operation soon duplicated the pilot-plant results 

and there was no difficulty in obtaining a product of exceptional 

purity, as shown by the typical assay given in TABLE 4. 

The successful operation of this plant has demonstrated that 

it is possible to produce an extremely pure solution of uranyl nitrate 

when the feed liquor contains more than three times as �uch thorium 

as uranium. This is the more remarkable when it is considered that 

no additives are used to complex the thorium as lias been done in 

similar separations elsewhere. 
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TABLE 

RESULTS OF PILOT-PLANT TESTS 

Flow Solvent 

Pregnant liquor 

Stripping solution 

Scrubbing solution 

Specific gravity 

Fresh solvent 

Loaded solvent 

Scrubbed solvent 

Loaded solvent 

Scrubbed solvent 

Raffinate 

Strip liquor 

Loaded solvent 

Scrubbed solvent 

I 1/min 

0.4 to 0.9 1/min 

0.5 to 0.7 1/min 

0.05 1/min 

0.80 

0,85 to 0.86 

0.842 to 0.850 

38 to 4?. g/1 

40 to 50 g/1 

0.005 to 0,03 

60 to 75 g/1 

g/1 

O. 7 to IO g/ 1

0.001 to 0,03 g/1
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TABLE 3 

ANALYSIS OF SAMPLES TAKEN FROM EXTRACTION 

AND SCRUBBING MIXER-SETTLERS 

Stage Duty Aqueous phase Organic phase 
no. u3o� ThO u3 o� Th02

'(z_/ f,;/12 

p,_/ g/1 

Extraction I.I 59.8 0.3 8.9 

2 
II o. 7 75.6 0.4 9,6 

3 II 0.9 87,8 0.3 8.4 

4 II 0.9 82.8 1.3 9,8 

5 II 2.2 82.8 8.2 1.6 

6 II 11. 8 71. 5 28.9 3.4 

7 Scrub 69. I 11.3 34.9 1.0 

8 II 106.0 J. 4 29.8 0,9 

9 II 98.3 0.2 29.9 0 .2 

10 II 83.2 O. I 23.3 0.3 

Pregnant liquor: U308 = 29.7 g/1 Th02 100.2 g/1

Strip liquor U308 = 
36.0 g/1 Th02 = 0.2 g/1 

(and scrub solution) 
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T A B L E 4 

TYPICAL ASSAY OF URANIUM OXIDE PRODUCED AT PMC 

ELEMENT PARTS FOR MILLION 

Al 25 

As <3 

B 0.3 

Bi <1 

Co <1 

Cd 0.3 

Cu 9 

Fe 60 

Mg 40 

Mn <1 

Mo o.s

Ni <1 

Pb 17 

Sb <3 

Sn <3 

Si <300 

V <1 

Zn <10 
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CHEMICAL 

FIGURE 

P.H.C. PLANT AT EXTRACTION 
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FISSIOO PRODUCT BEHAVIOR IN A TWO-SOLVENT EXTRACTION 

SYSTEM FOR ENRICHED URANIUM 

L, C, Lewis 

K, L, Rohde 

ABSTRACT 

At the Idaho Chemical Processing Plant operated by Allic.d Chemical 

Corporation for the USAEC,the first solvent extraction cycle for uranium re

covery uses tributyl phosphate in hydrocarbon diluent; the se.ccm:l and thi.rd 

cycles use methyl isobutyl ketone as the solvent, Data .for decontamination. 

of uranium from fission products will be displayed for aluminum alloy fuels, 

zirconium fuels, zirconium-aluminum alloy fuels blended, and stainless steel 

clad fast_ reactor fuels to indicate the performance of the t-wo--·solvent sys

tem, Decontamination factors will be compared to those for the Purex, 

Redox, and llexone-25 processes, There are no process problems associated 

with the presence of two solvent systems in the same plant. 

Idaho Chemical Processing Plant 

Allied Chemical Corporation 

Idaho Falls, Idaho U.S.A. 
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FISSION PRODUCT BEKAVIOR IN A TWO..,.SOLVENT EXTRACTION 

SYSTEM FOR ENRICHED URANIUM 

INTRODUCTION 

The Idaho Chemical Processing Plant located at the United States 

National Reactor Testing Station near Arco, Idaho is a government owned, 

multipurpose, reprocessing facility for fuels containing highly enriched 

uranium. As such it consists of dissolution, extraction, product packaging 

facilities plus the necessary support areas: fuel storage, liquid waste 

storage, waste calciner, solidified waste storage, analytical, maintenance, 

and technical support facilities, 

Routinely processed fuels at the ICPP include stainless steel clad, zir

conium clad, and aluminum clad reactor fuels, Enrichments before burnup vary 

from 52% to 93% although. limited amounts of lower enriched fuels have been 

processed on a small scale, non-routine basis. In the near future, a facil

ity will be installed to process graphite-based, high temperature, gas 

cooled reactor fuel. 

Historically, the plant was designed as a Redox-type facility with 

th.ree cycles of solvent extraction using methyl isobutyl ketone (MIBK). For 

reasons of economy and safety, a first cycle of larger columns was installed 

during the middle 19so•s for use with tributyl phosphate (TBP) in a hydro

carbon diluent. The MIBK columns were retained for final decontamination 

and cleanup, Utilization of the larger columns and the TBP/hydrocarbon 

solvent (Amsco 125-9OWJ permitted the use of higher acid flowsheets and 

greater throughput, 

Tb.e facility has no current capability for processing plutonium fuels 

because of the lack of packaging and ventilation safeguards necessary for 

this type of processing. A limited capability for the recovery of certain 

fission product isotopes does exist. 
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ICPP PROCESSES 

A schematic diagram of the fuel rtcovery process employed at the ICPP 

is shown in Figure 1. It consists essentially of four phases. The initial 

phase in the process is the fuel preparation process where any excess 

cladding metal which would reduce throughput and increase waste vo.lunes is 

physically removed and discarded to solid waste, Any batching required by 

the process is done at this time. 

The second phase is the extraction feed preparation phase or basically 

the dissolution of the fuel. This phase will be dealt with in somewhat 

greater detail later. 

The third phase of the total process is the extraction of the dissolved 

fuel. It consists of an extraction with TBP/hydrocarbon followed by two ex

tract�ons with MIBK. This phase of the operation will also be dealt with in 

much greater detail. 

The final phase of the process is the product and waste handling phase. 

The uranyl nitrate product from the extraction system is denitrated in a 

fluidized bed denitrator to the trioxide (UO3) for shipment as a solid from 

ICPP. The waste from the process is concentrated and solidified in a flu

idized bed calciner to a predominantly oxide, granular, solid which is stored 

in stainless steel bins. 

DISSOLUTION 

The feed for the extraction system is derived from the dissolution pro

cess. In the currently existing aqueous processes which furnish greater than 

95% of the feed for the extraction systems, the fuel elements are charged to 

one of three primary dissolution processes, lbe entire fuel element is dis

solved except for relatively minor amoi.m.ts of insoluble residues, The three 

primary dissolution processes are the continuous alwninum dissolver which 

uses a mercuric ion catalyzed nitric acid dissolven.t; the zirconium dissolver 

1536 



which uses a hydrofluoric acid dissolvent; and the stainless steel dissolver 

which uses nitric acid in the presence of an electric field. In order to 

achieve practical geometries and throughputs some of these dissolvent streams 

are poisoned with either boric acid or gadolinium nitrate to assure criti

cality safety. 

In processing fluoride containing solutions from the zirconium dis

solvers in stainless steel equipment, it is necessary to complex the 

fluoride--usually with aluminum nitrate. A practical source of alU!llinum 

nitrate for this purpose is from aluminum dissolver product. Thus, if the 

aluminum fuel is available, co-dissolution and extraction (co-processing) of 

aluminum and zirconium based fuels is carried out to minimize the waste 

volume which would otherwise he caused By the addition of cold aluminum 

nitrate. The extraction of this feed stream takes place in the TBP extrac

tion system with only minor changes to th.e flowsheet, The economic savings 

realized by this co-processing are consideraole Because of the very high 

costs of handling nuclear wastes. 

Another source of feed to the extraction system is an infrequent neptu

nium recoyery operation. After partitioning th.e nepttmium from the uranium 

product in the first MIBK extractioa cycle, the raffinate containing the 

neptunium and associated small quantities of plutonium is recycled to the 

TBP extraction system where the neptunium and plutonium, after reoxidation 

to the extractable hexavalent state,are recovered as a product, concentrated, 

and accumulated until a sufficient quantity exists to make a recovery opera

tion economically feasible. At that time the feed is adjusted, a second 

MIBK uranium partition cycle frees the nepttmium product of uranium followed 

by an acid MIBK extraction to remove accumulated 23'.\>a and associated fission

products. 

The dissolution processes result in the fission products going into so� 

lution in most cases. A notable exception is cerium which is insoluble in 
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fluoride systems. Cerous fluoride (CeF3) can be found deposited on the walls

of the vessels and adsorbed onto solid residues. Any other fission products 

which are insoluble or become adsorbed onto solid residues are removed from 

the extraction feed by a centrifuge. 

EXTRACTION SYSTEM 

A typical flowsheet for the first cycle extraction system is shown in 

Figure 2. It consists of four pulsed columns. The extraction from the ad

justed dissolver product takes place into a TBP/h.ydrocarbon solvent, The 

aqueous raffinate from this column containing most of the fission products 

and th.e dissolved cladding goes directly to th.e h.igh. level waste tanks, 

The organic phase containing th.e uranium passes into the scrub column 

where it is scrubbed with acid-deficient alwninum nitrate, The aqueous 

raffinate contains a significant quantity of uranium and is recycled to the 

extraction column feed tank. where it is blended with. incoming dissolver pro

duct. The scrub column removes extracted acid and some of th.e entrained 

fission products, 

After scrubbing, the uranilDll product still in the organic phase goes to 

the stripping column where a gadolinilDll poisoned, dilute nitric acid solution 

strips the uranium from the organic ph.ase, The stripped organic goes to a 

bank of three mixer settlers, the first of which washes the organic with the 

same solution used in the stripping column which is then recycled, The or

ganic ph.ase is then washed with 0.5M sodilDll carbonate and then with dilute 

nitric acid before being recycled to th.e extraction column. Both of these 

latter aqueous solvent cleanup solutions are concentrated and then discarded 

to th.e intermediate level liquid waste tanks for ultimate calcination. 

The uranium product goes to the fourth column where it is washed with a 

hydrocarbon diluent to remove any residual TBP. The hydrocarbon is steam 

distilled and then burned, 
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An approximately hundred-fold concentration of the aqueous product from 

this extraction cycle takes place in a thermosyphon evaporator. This re

sults in a feed for the first MIBK extraction cycle which is about 300 g/1 

uraniun, 2 g/l gadolinium and 0.SM nitric acid. The gadolinium, added at a 

20 ppm level in the stripping reagent, is present as a secondary criticality 

safeguard to prevent a criticality which conceivably could occur in the head 

of the thermosyph.on evaporator. 

The second solvent system consists of two cycles of MIBK extraction. A 

typical flowsheet for this extraction is sh.own in Figure 3. 

Each cycle of MIBK extraction consists of two packed columns, The ex

traction column is an approximately 10 transfer unit column, The feed enters 

above the center of the col= and is scrubbed by an acid deficient aluminum 

nitrate solution which. contains a ferrous sulfamate reductant for partitioning 

the neptunium and plutonium, The organic phase containing the uranium is 

stripped with dilute nitric acid. The aqueous phase is then concentrated in 

a small th.ermosyphon evaporator and fed to the second MIBK extraction cycle. 

The partitioned neptunium and plutonium are collected with the fission 

product containing raffinate for later 1�P extraction to recover the nep

tunium and plutonium it contains, 

The concentrated uranyl nitrate is fed to the final MIBK extraction 

system. The feed is fed above the center of the column,_and an acid de

ficient aluminum nitrate scrub is fed part way up which may contain ferrous 

ion if an optional water scrub is fed near the top of the column. Th.e ura

nium containing organic phase is stripped with a dilute nitric acid solu

tion, concentrated and finally denitrated, 

The water top-scrub is a recently installed anti-entrainment modifica

tion to reduce the amount of inorganic contaminants (notably iron and 

aluminum) and fission products carried through the final extraction by en

trained aqueous phase. 
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lhe scrubbed MIBK solvent is steam stripped in a counter-current con-

tactor. Caustic flows counter-current to the steam MIBK azeotrope and re-

moves any actinides and many fission products by precipitation. Organic 

residues from the TBP extraction cycle have higher boiling points than the 

MIBK - water azeotrope and are thus discarded to waste with the caustic 

stream. 

FISSION PRODUCT DECONTAMINATION 

Fission products are removed from the process solutions a� many places 

in the process, Advantage is tak.en of the different fission product-to

uranium separation factors for certain fission products with the two solvents 

to yield greater overall decontamination than would be possible with three 

cycles of a single solvent, Examples of these are the desirable separation 

factors for ruthenium in a TBP extraction but relatively poorer separation in 

an MIBK extraction and desirable separation factors for zirconium in an MIBK 

extraction with poorer separation factor for a TBP extraction. Advantage is 

also taken of the chemical behavior of cerium in a fluoride system to yield 

a greater decontamination because of the low solubility of CeF3• This yields

a decontamination factor for cerium of about 10 for this part of the process. 

Another indicator of rare earth fission product behavior in the MIBK 

system is the uranium product quality. Gadolinium is deliberately added to 

the first cycle stripping reagent at a level of about 20 mg per liter to in

sure criticality safety· in one of the vessels. It is concentrated by factor 

of about 100 and then in two subsequent extraction steps is reduced to a con

centration below the maximum allowable concentration for soluble neutron 

poisons (approximately 2 mg per kg U). Th.is is equivalent to a decontamina

tion factor of at least 3 x 103 over the. two MIBK extraction cycles, 

Another decontamination process which has a relatively minimal effect on 

radionuclide decontamination but plays a large part in chemical decontamina

tion is the use of the top water scrub in the final MIBK extraction. Th.is 
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scn:b minimizes entrainment of the normal aluminum nit·rate scrub and permits 

the use of a ferrous scruB for greater alpha decontamination in that cycle 

without compromising the chemical purity of the product, The fission pro

duct decontamination factor improvement as the result of this modification 

is relatively small because at that point there are not large concentrations 

of fission products still present in the feed. Th.e.added cycle of trans

uranic reductant is significant in the transuranic alpha content of the 

final product, lbe decontamination factor for the chemical contaminant, 

aluminum,.is 34 as the result of the use of the top water scrub. For trans

uranic alpha this added cycle of reductant yields a decontamination factor 

of about 1. 3 x 103 , 

Two fission product elements are more significant decontamination prob

lems in the two solvent system than any others except for the bred-in trans

uranic elements as can be seen from Table 1. These elements are ruthenium 

�ch is not as readily removed by the MIBK extraction, probably because of 

an extractable complex formed witn. the MIBK, and zirconium which forms ex

tractable complexes witn. TBP and with the degradation products from the TBP. 

Th.us, for ruthenium, good decontamination (decnntamination factor �103) is 

obtained in the TBP cycle with relatively poorer decontamination in the �!IBK 

cycles (total decontamination factor �100 for both cycles), With zirconium 

a decontamination factor of about 30 is obtained for the TBP cycle and about 

105 for both MIBK cycles, With the two systems together the decontamination 

factors are a respectable 105 for ruthenium and 107 for zirconium. 

A comparison of the �.r decontamination factors for the two-solvent 

system with various fuels commonly processed at ICPP is shown in Table 2. 

Gross gamma activity in reprocessing streams is due predominantly to 95 zr-95Nb. 

In a TBP system using the common nitrate feed, zirconium is not normally well 

separated from the uranium product. However, in a fluoride system the decon

tamination factor for zirconium is nearly tn.ree orders of magnitude better 
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TABLE. 1 

THE DECONTAMINATION OF ALUMINUM FUELS 

Log10 Decontamination Factors

� y Ru Zr 

ICl'P TBP cycle 3,2 2.7 3,6 1.3 

ICl'P MIBK two cycles acid 3.3 3.3 2.0 5.6 
deficient scrub 

ICl'P overall decon,tamination 6,5 6,0 5.6 6,9 

TABLE 2 

A COMPARISON OF �.y DECONTAMINATION OF THE COMMONLY 

PROCESSED ICl'P FEEDS 

Feed Stream 

Stainless 
Aluminum Steel Zirconium Co-12rocessing 

LoglO decontamination factors

B y B y � y B y 

ICl'P TBP 3,2 2.7 3.7 3.5 5.0 6.0 3.9 3.8 

ICPP MIBK two 3.3 3,3 1.7 1.7 1.5 1.9 2.2 2,0 
cycles acid 
deficient 
scrub 

I.CPP overall 6,5 6,0 5,4 5,2 6,5 7.9 6,1 5.9 
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than in a pure nitrate system. In the co-processing extraction, which uses 

a b.lended nitrate-fluoride feed, the zirconium decontamination factor i.s 

slightly better than the pure nitrate feeds but much less than the pure 

fluoride feed. The extractable zirconium nitrate complexes are responsible 

for this behavior. In the pure fluoride system the nitrate complexes never 

form during the dissolution step and are tightly co�plexed by the fluoride 

during the aluminum nitrate complexing step. Thus, no extractable nitrate 

complexes can form, In the co-processing system where part of the feed is 

from a nitric acid dissolver, complexing of tfle fission product'zirconium 

w:tth fluoride during the Blending step i� not complete prior to extraction 

as seen from the significantly lower gross gamma decontamination factor. 

Th.is is probably associated with the driving force of the low concentration 

of zirconium that is just not great enough to fully complex, with fluoride, 

the extractable zirconium. Th.us, the fission product zirconium derived from 

the fluoride system is fully complexe.d and .the aluminum system zirconium is 

sligl�tly complexed resulting in slightly better separation factor than for 

the pure nitrate system. 

Decontamination factors are influenced by the quantity of radionuclide 

present. Accordingly, the low burnup of the EBR-II fuel does not indicate 

that the process is performing. very satisfactorily. In reality, the 105 de

contamination factors indicated are more than adequate to meet product purity 

specification. 

Table 3 shows a comparison of transuranic alpha to the gamma decontamina

tion factors, With the exception of the fluoride systems in which only a 

part of the plutonium is extracted in the TBP cycles, decontamination from 

transuranic elements occurs in the first MIBK cycle, This is sufficient to 

meet the normal shipping specification, 'llle. specification is that an ex -ratio 

gross ex -activity of product 
b greater than 750_ transuranic ex-activity e The ex -ratio normally 

starts low and increases as the duration of the nm increases. The ex -ratio 
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of the stainless steel fuel-derived product is greater than the others be

cause of the use of a reductant in this cycle was made possible by the dual 

scrub system which. prevented iron contamination of the final product. Occa

sional use is made of the reductant, hydroxyl amine sulfate in the second 

MIBK. cycle for slightly improved transuranic decontamination. It is not as 

effective as ferrous ion, out does not require use of the dual scrub, It 

does not appreciably contaminate. the final product since it is decomposed in 

the product denitration system. 

TARLE. 3 

A COM!.' ARISON OF ALl'lfA DE.CONTAMINATION: OF 1HE. COMMONLY 

PROCE.SSED ICPP FEE.DS 

Log
10 

decontamination factors

Aluminum 
Stainless 

Steel Zirconium Co-Processing 

ICPP TBP 

ICPP MIBK Fe 
reductant in 
1st MI.BK 
cycle 

ICPP overall 

a-ratio (l) 

(1) a -ratio =

y 

2.7 

3,3 

6.0 

a 

0 

3.2 

3.2 

3.5 

1.7 

5.2 

a y 

0 6,0 

5,2 1,9 

5,2 7,9 

gross a-activity of product 
transuranic a -activity 

a 

2.0 

2,6 

y 

3,8 

2.0 

4,6 5.9 

a 

0.1 

3,7 

3.8 

(2) An additional cycle of reductant was used as the result of the use of
the dual scrub system in the third cycle.
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Table 4 shows the decontamination of specific isotopes obtained in a 

special application of one cycle of the MIBK system. This application was 

th.e acidic scrub-MIBK purification of a nept=ium by-product stream salvaged 

from the normal second MIBK extraction of uranium feed stacks. Ruthenium de

contamination is not as great in an acidic-scrubbed·MIBK extraction as it is 

in th.e normal acid-deficient scruo, 1his is due to extractable ruthenium 

complexes. 

TABLE 4 

DECONTAMINATION FACTORS FOR AN ACID-MIBK EXTRACTION USING A 

NEPTUNIUM BY PRODUCT FEED STREAM 

Fission Product Log10 Decontamination Factor

137Cs , 134Cs 

125Sb 

144Ce 

i06 Ru

4.1 

2.2 

>4,6

1.6 

Table 5 makes a comparison of the decontamination efficiencies for vari

ous conmonly used processes, For the ICl'P with its wide diversity of fuels, 

an overall decontamination factor for all fuels was obtained. This factor 

is 1 x 106 for y and 2 x 10 6 for� activity. 

The Purex process normally uses a reductant, ferrous sulfamate, for the 

partitioning of Pu from the U. The 1Cl'P process has no need for this step, 

The Purex process is a 30% TBP/hydrocarbon diluent process, Nitric acid is 

the salting agent. 
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TABLE 5 

COMPARISON OF DECONTAMINATION EFFICIENCIES FOR 

COMMON REPROCESSING SYSTEMS 

Log
10 

decontamination factor 

Process 

Overall ICPP for all fuels, 
two-solvent sys tern 

Purex 

Redox 

Hexone 25 

2 cycles 

3 cycles 

6.3 

6.1 

6,3 

5.7 

6,4 

y 

6,0 

6,8 

6.5 

5,0 

6.1 

The Redox process is a MIBK process for the separation and purification 

of uranium and plutonium, This process obtains its Ru decontamination by 

volatilization of the Ru04 species during feed preparation, 

The Hexone 25 process is a two column per cycle MIBK extraction for 

essentially Pu-free feed systems, 

CONCLUSION 

Each of the ICPP processes discussed achieves the total decontamination 

factors necessary to meet product purity specifications. The two-solvent 

system used at ICPP takes advantage of the acid tolerance of the TBP system 

to simplify acid control of the dissolution and extraction feed portions of 

the first cycle, Acid control is much easier to achieve in the later cycles 

because it is a function of tlte stripping reagent concentration and the 
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intercycle concentration factor. The use of the two solvents alleviate 

some decontamination problems that would be present with one or the 0Lher 

solvent such as the ruthenium and zirconium problems, The interface between 

the TBP and the MIBK systems is through. th.e first intercycle evaporator. 

Any organic residues (from the diluent, solvent, or degradation products of 

either) which remain with th.e product th.rough the intercycle evaporator are 

soluble in the MIBK and are disposed of in the solvent cleanup system for 

the MIBK, There is no conceivable way for direct back cycling of any 

stream contaminated with MIBK into the TBP system. Evaporators used for 

concentrating salvage streams such as the transuranic containing second 

crcle raffinate are very efficient in removing the residual MIBK in that 

stream, There are no process problems that have been encountered due to 

the use of two distinct solvents in th.e system over the operating history 

of the plant. Th.e problems that have been encountered are those arising in 

the operation of a comple.JC ch.emlcal plant with. hazardous starting material, 

wastes and final product, 
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ABSTRACT 

ADAP1'ATION OF THE PUREX PROCE3S TO 
THE REPROCE3SING OF FAST REACTOR FUELS 

by 

JC BOUDRY++ and P MIQUEL+ 

The enhanced fission product content of highly irradiated 
fuels tends to reduce the selectivity of TBP with respect to the 
extraction of plutonium nitrate and uranyl nitrate. Some new 
improvements are required in such areas as feed clarification, 
the design of liquid-liquid contactors, and process chemistry. 

In a process utilising existing plant, small amounts of 
hydrogen fluoride (HF) were added in the first extraction feed 
to eliminate the very bad effects due to the zirconium. This 
process has been in use since 1968 for the reprocessing of 
metallic fuels in the Marcoule plant. It has been successfully 
adapted for the reprocessing in the AT.1 pilot plant at 
La Hague 0f fast reactor fuels irradiated up to 80 000 MWd/t. 

+CENTRE D 1 ErUDE3 NUCLEAIRE3
Division de Chimie - Fontenay-aux-Roses (France)

++COMMISSARIAT A L1ENERGIE ATCMIQUE 
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I. INTRODUCTION

Studies related to the processing of irradiated fast 
reactor fuels began in France with the construction project 
for the experimental reactor Rapsodie, The fuel originally 
foreseen was a ternary U-Pu'-Mo alloy, but this was 
abandoned in favour of the mixed oxide U02-Puo

2
, clad in

stainless steel, which in its composition (25-30')6 Pu02, 
70-75% uo2) is typical of fast reactor fuel save for
uranium enrichment of from 60')6 to over 90')6. It is this
composition which led to the construction of a plant for 
the separate processing of the core fuel (1). The burn-up 
limit of the fuel was originally fixed at 50000 MWd.t-1, 
·but numerous experimental assemblies were irradiated to
over 80000 MWd.t-1.

The method chosen is derived from the "Purex" process, 
based on the separation of uranyl and plutonium nitrates by 
tributyl phosphate extraction. From the results obtained 
at the Marcoule plant and from many foreign publications, 
it was estimated that three extraction cycles were required 
to give a sufficiently decontaminated product. For reasons 
of simplicity we developed a process avoiding: 

(a) 

(b) 

(c) 

uranium-plutonium separation in the first cycles, 
although in the fast reactor programme this appears to 
be necessary particularly if the core and at least 
the axial blankets are processed simultaneously. 
However, this separation problem is now quite solved, 
notably in France, by the use of uranous nitrate, 
hydroxylamine nitrate or in-line electrolysis, and no 
purpose would have been served by trying it out in 
active operation; 

plutonium valency adjustments, so that it is necessary 
to extract U(VI), Pu(IV) and Pu(VI) jointly; 

concentration between cycles by evaporation requiring 
unacceptable capital expenditure for a small 
capacity plant (1 kg,d-1). 

The process was studied in the Chemistry Division at 
Fontenay-aux-Roses, in the "Cyrano" cell (2) for the tests 
on irradiated fuels. 

The irradiated fuel processing plant (AT.1) is at the 
La Hague Centre. Its first tests were carried out at the 
beginning of 1969 and since then it has processed over 
400 kg of highly irradiated fuel. 
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The possibility of studying in the laboratory the 
problems arising in the reprocessing plant made it possible 
to define a process particularly well suited for fast 
reactor fuels. 

II. DISSOLUTION OF THE FUEL AND CLARIFICATION

II.1 Dissolution rate

The dissolution rates were first measured on 
small non-i=adiated U02-Pu02 ceramic pellets as a 
function of: 

- the Pu02 content
- the nitric and hydrofluoric acid concentrations of

the attacking solution,

The results were somewhat scattered, depending 
on the different batches of pellets used for these 
tests. Nevertheless they showed that industrial 
conditions could be defined so that the dissolution 
of the oxide would be complete in 6 hours, given: 

- a Pu02 concentration below 35% _1 - a nitric acid concentration higher than 8 moles litre •

In these conditions there is no need to add 
hydrofluoric acid, and this proves that although a powder 
mixture is used, the fabrication method produces pellets 
composed of a fairly homogeneous solid solution. 

Tests on i=adiated oxides showed the dissolution 
rates to be considerably increased by i=adiation, one 
of the reasons for which must be fragmentation of the 
i=adiated oxides. During the last tests ca=ied out 
in the Cyrano cell on pins i=adiated to 75000 MWd.t-1, 
it was nevertheless observed that the dissolution of 
the oxide, at first very fast, had to be prolonged for 
over 10 hours in concentrated nitric acid (11 moles 1-1) 
to achieve a sufficiently complete dissolution of the 
fissile matter. 
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II,2 Behaviour of non-gaseous fission products 

Whatever the procedure, dissolution is always 
incomplete, leaving: 

- highly corroded cladding sections devoid of fissile
matter, retained in a stainless steel basket; 

- residues of polymetallic alloys that are essentially
composed of Mo, Ru, Rh, Pd and Tc and small amounts 
of uranium, plutonium and corrosion products. The 
weight of these non-soluble residues increases rapidly
with the burn-up of the oxide as shown in Figure 1. 
Their considerable specific activity and their very 
fine particle size (<0,5µ) give rise to extremely 
difficult problems at the clarification stage which 
has always proved to be necessary to avoid deposits 
and de

f
adation of the solvent in the mixer-settlers

(Fig 1 • 

II,3 Clarification of the dissolver solution 

The clarification of dissolver solutions pre-diluted 
with normal nitric acid was first carried out with a 
conventional static stainless steel filter with 40µ 
pores. But it soon became apparent that this filter was 
inefficient and clogged up too often to be satisfactory, 
It had to be replaced by a filter with a periodical 
clearing system, also called "pulsed filter", the 
operation of which is shown schematically in Figure 2. 
Thie arrangement, comprising a filtering candle with 
3µ pores, placed in a vessel fed by the solution to 
be filtered, was designed to avoid the irreversible 
migration of the particles into the pores. Filtration 
occurs by forward motion of the solution through the 
filter, periodically stopped and replaced by reverse 
flow to release the particles caked on the filter wall 
and encourage their settling. The frequency and duration 
of the clearing operation, as well as the flow rate of 
the clearing solution, are adjusted according to the 
characteristics and behaviour of the suspensions to be 
clarified, 

Thie periodical clearing filter has given good 
results in the AT.1 plant and in the Cyrano cell and 
has enabled the most radioactive solutions and those 
with the highest levels of suspended solids to be 
clarified at a very high and fairly constant rate. 
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The sludges collected in the settling pot are, 
nevertheless, very radioactive and cause swelling and 
reactions very troublesome to the filtering operation. 
They IIIUSt be removed very frequently. Their rinsing 
and drying give rise to problems which are difficult to 
solve. Attempts are now being made to improve this 
"pulsed filter" to make it suitable for use on an 
industrial scale and to compare it with centrifugal 
clarification. 

III. EXTRACTION

III.1 Extraction diae;ram (Figure 3)

III.1.1 Concentration of the tributyl phosphate solvent

A concentration of 30% by volume was 
chosen for the following reasons: 

- this is the composition for which the most
experimental data were available on the 
distribution coefficients of uranium,
plutonium and fission products;

- it is quite close to the 25 to 27% figure
for which the maximum uranium yield is
obtained at maximum loading in pulsed
columns (3);

- since the distribution coefficient of
plutonium (IV) increases with the tributyl
phosphate concentration with an exponent
greater than one, the greater this
concentration, the smaller the ratio of the 
tributyl phosphate flow rate to the
plutonium flow rate needed to achieve a
given yield with a given number of stages.
This should reduce the radiolysis of tributyl
phosphate.

It was established experimentally that 
with the flowsheet selected there was virtually 
no risk of a second organic phase, since the 
plutonium concentrations in this phase were 
sufficiently far below those at which this 
phenomenon occurs. 

The diluent used was that normally 
employed in France, i.e. hydrogenated 
tetra-propylene, commonly called "dodecane", 
since no comparative study has proved the 
superiority of any other diluent, such as 
normal dodecane in particular. 
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III.1.2 Relationships of flow rate to nitric acid
concentrations 

These were first determined for plutonium 
extraction at valency IV. As the tests pro
ceeded, they had to be modified to allow for 
the formation of plutonyl nitrate by dismutation 
during dissolution and back-extraction, mainly 
in a weak acid solution. The solvent flow 
rates were increased, as were the nitric acid 
concentrations at extraction. 

The plutonium extraction yields achieved 
during the AT.1 active tests were 99.99996 in 
the first cycle and 99.98% for each of the next 
two cycles. 

III.2 Behaviour of fission products during extraction

III.2.1 Degree of solvent saturation

The solvent is saturated to 55% of the 
theoretical limit at the end of the first cycle 
scrub.bing, and slightly less for the following 
cycles. The distribution coefficients of the 
fission products at this value are distinctly 
greater than those corresponding to the 
extent of saturation reached during the pro
cessing of irradiated natural or slightly 
enriched uranium. However, this effect is 
offset by the higher dilution of the aqueous 
phases which enables a lower solvent/aqueous 
phase flow rate ratio to be achieved. 

III.2.2 Effect of acidity

To extract the plutonium quantitatively 
without having to adjust the valency, we were 
obliged to increase the nitric acid concen
trations during extraction (4N HN01) and
scrubbing (3N IINO,). The distribution coef
ficient of ruthenium is known to decrease 
when the acidity rises, This is all the more 
favourable since the 106iiu yield during the 
fission of plutonium by fast neutrons is 
around 10 times greater than that achieved 
during the fission of uranium 235 by thermal 
neutrons. 
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The effect on rare earths is lees, and the 
increase in their distribution coefficients can 
be offset by increasing the loaded solvent 
scrubbing rate. 

It is mainly for zirconium that a high 
acidity is detrime;rital. However, at the 
radioactivity levels encountered in the 
reprocessing of fast reactor fuel, it is not 
the extraction of zirconium with tributyl 
phosphate that determines the decontamination 
factor for this element, but its reactions 
with the radiolyeie products of tributyl 
phosphate, namely, di-and monobutyl 
phosphoric acids� 

III.2.3 Complexing of zirconium by hydrofluoric acid

Extractors favourable to decontamination, 
such as pulsed columne, could not be used in 
the AT.1 plant and we had to resort to the 
"hydrofluoric acid method" to avoid 
precipitation of zirconium butylphoephatee in 
the first extractor, as the processing of 
oxides irradiated to more than _50000 MWd.t-1

in mixer-settlers, without eliminating or 
complexing the zirconium, is quite out of the 
question. 

Thie "HF method" was described at the last 
solvent extraction international conference (4) 
and has been applied with success since 1968 at 
the Marcoule factory. 

As will be remembered it consists of adding 
an amount of HF to the feed, so calculated that 
there is no corrosion or complexing detrimental 
to the extraction of fissile matter. 
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( 1) 

The aim in fact is to form as far as 
possible the in�xtractable complexes of. 
zirconium (ZrF2 +, ZrF +) with an amount of 
HF determined by consideration of the degrees 
of formation of the fluoro- complexes (�) in 
the aqueous phase of the extractor stages, 
containing the elements (u, Zr, Pu, Jr+ ••••• M). 
This� function represents the quantity of 
complexing agent (�) neutralised by a cation. 
It is linked to the product of the equilibrium 
constants of the fluoride addition reactions 
and to the concentration of ionised fluorine 
(F-) by the equations: 

i =n i(MF)
I: i.Pi(F-/ 

F i - 0 0 f(Y-) �=...11= 
-

i :n n 
t (MFi) I: Pi(Y-l i = 0 

0 

where i is the number of fluoride ions in the 
complex MFi 

n is the maximum fluoride number per cation and 

Pi the product of equilibrium constants 
(Pi= K

1 
x � x K

3 
x •• Ki) of fluoride addition

reactions of the type: 

+ 
-� (r-1)+ 

F ..-- MFi • 
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It was thus possible to calculate and plot the 
,functions � = f(F-), and the distribution of the 
co=esponding complexes, from the equilibrium 
constants given in the literature, as shown in 
Figure 4. These X., functions depend on each other 
and are linked by �efinition through the formula: 

where Ft represents the total concentration of 
fluoride in the medium. 

Equations (1) and (2) provide the data needed 
to calculate the total fluoride required in the 
extraction for a chosen degree of complexing 
¾• or conversely to calculate the value of� 
and the concentrations of the complexes (¾ C

M
) 

co=esponding to the total HF concentration 
(Ft) and the concentration CM of the ions present.

Choice of the degree of zirconium complexing 

The Zr�+ complexes are extractable and in 
order to reach the required goal it is necessary 
to xonvert as much zirconium as possible into 
ZrF?. 

Unfortunately the depressive effect of the 
complexing agent on the extraction of plutonium 
limits the concentration of fluoride which may 
be added, and in extraction this concentration 
must co=espond to the range 1 • 8 < XZ < 2. 2, as
shown in Figure 4. 

r 

In actual fact, in order to obtain a useful 
concentration of fluoride in an extractor, it is 
necessary to operate so as to obtain Xzr > 1.8 in 
the aqueous phase at the feed stage ana 
Xzr > 2.2 in the more dilute stages.

To obtain these degrees of complexing, it is 
sometimes necessary to add aluminium with the HF 
in the feed, since it has practically no effect at 
the feed stage but on the other hand acts as a 
buffer in the more dilute stages. 

8. 

-----------------------------------------------------

* In the theory, the fluoride is ionised only to a small extent,
and the concentration (F"") is insignificant in equation (2). 
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The HF is added to the feed rather than in 
the scrub solution to avoid its being extracted into 
the solvent and disseminated throughout the process. 
In theory it is sufficiently complexed in the 
extractor and in the fission product concentrator 
which follows to prevent corrosion. But it is, 
nevertheless, necessary to confine it in the 
concentrator and prevent its presence in the 
vapour phase by running a solution of 
aluminium nitrate down the column above the 
evaporator, and by maintaining low acidity (2N) 
through the continuous addition of formaldehyde to 
the boiler, 

All these considerations caused us to add 
for instance 3,5 x 10-2M HF in the feed (to 
extractor 1) resulting from the dissolution of 
fuel irradiated to 80000 M'wd,t-1 (see Figure 3). 

III,3 Decontamination results achieved 

During the active tests the following results 
were achieved in the 1st cycle during the processing 
of fuel irradiated to 35-85000 M'wd,t-1• 

DF (Ru) 
DF (Nb) 

5 X 104 

4,3 X 104 

The zirconium decontamination factor was such 
that this element could not be measured by gamma 
spectrometry (Ge-Li') simultaneously with the 
measurement of ruthenium and niobium, The next two 
cycles worked in more normal conditions. The 
U03 + Pu02 oxide mixture produced contained
2,5 x 10-z�ci of 95Nb and 2,5 x 10-2µCi of 
103Ru + 10°Ru per gram of U + Pu and this is 
distinctly lees than the microcurie per gram 
required, No other gamma emitters were found. 

III,4 Treatment of the solvent 

In the first AT.1 cycle this is simply five 
stages of alkali treatment, and gives fairly good 
results, Not surprisingly an accumulation of 
ruthenium is observed, 

Experiments are now being carried out with 
similar processes to those recoumended by Schulz (5) 
and contactore that allow optimum contact time 
between alkaline phases and the solvent. 
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IV. CONCLUSION

In the light of the many tests effected in the Chemistry 
Department Laboratories at Fontena;y-aux-Roses, and the 
satisfactory results of the active tests in the reprocessing 
plant for Rapsodie-irradiated fuel, it can justifiably ·be 
considered that the aqueous processing route will provide a 
satisfactory method for the processing of uo2 - Puo2 mixed 
oxides irradiated in fast reactors. 

Nevertheless the studies will have to be continued to 
improve the process and extend its possibilities. We consider 
that the efforts should be directed to the search for better 
dissolution cor.di tions; pre-treatments that would enable, for 
instance, some of the troublesome fission products to be 
eliminated before extraction (Zr, Ru, Nb, I, 3H); and to a 
treatment of the solvent which does not involve the 
introduction of foreign elements such as sgdium into the 
process, with the aim of using at every point of the 
process clean reagents that do not give rise to an increased 
amount of radioactive waste. 

The development of chemical processes will probably 
be pursued in the Cyrano cell and in the AT.1 plant, 
whilst new techniques (centrifuges for clarifying feed 
solutions, centrifugal extractors, pulsed columns, crushing
sieving for the separation of powders before dissolution, 
fission gas traps) will be tested in the Marcoule pilot 
plant by processing batches of fuel from the Rapsodie and 
Phenix reactors. 
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Fig 1 

Fig 2 

Fig 3 

Fig 4

FIGURE LIDENre 

Weight of non-soluble residues in terms of the 
specific burn-up of fast reactor oxide fuels 
(Dissolution in 9N nitric acid). 

Flow diagram of a periodic-c'iearance filter. 

Flowsheet for the reprocessing of Rapsodie fuel
(Burn-up 80000 MWd.t- ).

Proportions of fluoride complexes as functions 
of free fluoride. 

1563 



20 

15 

10 

5 

0 

Weight of non-soluble 
residues in g per kg 
of oxides 

4-104 6·104 S,.10 4 10 S 

Burn-Up (MWd.t-
1

) 

FIG. 1. w' EIGHT OF NON· SOLUBLE RESIDUES 

i11 �erms of the specific burn- u.p of fast reac.to..
OKide fu.els (dinolu.tion i11 9 N "itric .a.de{}. 

1564 



... 

QI 
QI ll 

. ... 

M 
QI 

... ... .... 
), .... 

0 .... 
.... 
.... M 
I 0 
M .... 
QI 

> 
0 0 

.... 
... 

-"' :, 
.... 

ll 0 
M ., 

:, 
... .... 
QI 0 

GI 
"" 

Filtering 
candle 

compressed 
air tank 

r 
Pressure release

Compressed air 

Remote controlled valve 
·-·-·-,

I 

Valve 
time 

control 
0 Periodical .... 
.... clearing 

programne M 
..., ll 

.... 

I..: M 
., 

... 
ll .... 

I., 0 
... 
., .... 

I
ll 

0 
u .... 

--g 
.... 
M 
QI Cl "" lll'i.(· led so
t 

output
-..... 

7 
I 

I 

I 

I 

I 
I 

I 

I 

Automatic 
clearing 
control 

controlled valve 

/ Leve 1 probe 
(or other continuous 
system for measuring 
the filtered solution 
flow) 

-- Calibrated orifice 

Clarified solution 

Periodical or continuous 
withdrawal of solids 

FIG. 2. FLOW DIAGRAM OF A PERIOJ>IC-CLEARANCE FILTER, 

1565 



Cutting of 
the pin5 

Oinolut.on 
u+�w.n,,.,·1 

N•• 1,7 N 

U+ll'ua 1449.1-1 

H• • 5.14 N 

FILTRATION 

Second adju•tme,:,t 

Di.charge of cladding 
piecn 

FLOW - RATES USED._ 

• PLANT (AT1)--- v • 0, 625 litre 

• LABORATORY ( CYRANO l - v • 0, 182 litre

ll'ric:1,,,.,,. 

D,HCl•l.11-
1 

D.240 • l.11 ·1 
co, .... , 

u1.l·1

FIG. 3. FLOw'SHEET FOP. THE REPP.OCUS ING Of RAPSOJ>1£ FUEL (.BURN· LU' 80 000 

,.. 

2nd 

3rd 

C 

L 

( 



10-' 

,0-2 

,o-3 

10-• 

,o
-s ( F-J 

FIG. 4. PROPORTIONS OF FLUOIUDE COMPLE US 

AS rnNC TIONS OF fill.EE FlllOlt IP�. 

1567' 





SE33IO;J 15 

Wedncsdav 11t� Septe�ber 

· ,

:1 ..:, d n 

9.00 hrs 

(:0ntactor Performance I) 

.'.r. ,,. Trair.bouze 

Sccretarius: 

:)r. c.J. ;.iur.1ford 

1569 





fl.12 .:-'J1.3I_;: ·1.'2;:;.:_;:�J!!.:::.:, .?C:'. z;�T-�1i.GTI·� � :u1·1JdJ,3 
------------------�--------------------------

Aval1a½lc tcchni�ucs far air-pulsin� of extraction 

colu�ns are reviewed. the aclvantu;es of opc1·atin� at the 

1utural frcqHcnc:; o: the syste,. arc de::;cribed an<l t,1eor

ctical uredj.ctions of frc��:ncy and �ir c0�su�µtio� are 

co�pared wi�h dat� for a 15.3 c� dia�oter perfor�te� Jlatc 

discu�-..3cd. 

• :-1c:·!a0t er Uni verc.i t:1, :!a.�il ton, CanGda 

•• Department of �ner.11y, "din0:1 and Resource.-:; (1:1i!;._;s 1�i:::-rt!1ch) 

Ot ta·.-;a, Canada 

T 1571 



Countercurrent solvent extraction is greatly enhanced by 

external agitation, either in the form of rotary agitation or 

pulsing. The choice between the various forms of agitation has 
1 2 

been discussed by Reman and Hanson among others and the 

present review will be confined to recent developments in air 

pulsing•. This technique is particularly applicable to large 

columns because of the small or even non-existant role of 

mechanical moving parts. With increasing emphasis on high 

throughputs (e.g. in the extraction of non-ferrous metals) air 

pulsing is e•pected to grow in popularity. 

Historical review 

Air pulsing has been practiced on a large scale for over 

70 years in the coal mining industry3 • In the Baum hydraulic

washer, air is supplied intermittently by means of a rotary 

valve to a chamber communicating with a �tream of water carrying 

coal and gangue. The resulting vertical oscillations of the 

suspension help to separate the coal particles from the heavier 

gangue. 

However, pulsed solvent extraction as first proposed in 

1935 by Van Dijck
4 

called for mechanical oscillation of an ass

embly of plates in a column. In later developments, oscillations 

were transmitted directly from a piston or bellows to the cont

inuous phase in the column which contained stationary packing 

or plates5 •

It was not until 1954 that Thornton
6 

pointed out the advant

ages of isolating the pulser from the liquid contents of the 

extraction column by means of an air space. Another advantage 

of air pulsing was the absence of cavitation problems. He pulsed 

two columns, 7.6 cm and 15.3 cm diameter, by means of air-driven 

reciprocating pistons connected to the main column by a 5 cm 

diameter air line. Weech and Knight 7 
successfully pulsed a 26 cm

diameter column 12.4 m in height, using a pair of air injection 

and exhaust valves controlled by rotating cams. 

• The term "air pulsing" as used in this article can be taken

to include special cases where gases other than air must be

used as the pulsing medium.
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Design equations were presented requiring numerical (computer) 

solution. Air pulsing developments with pistons and rotating 

valves in the u.s.s.R. have been reviewed by Karpacheva et.al. 
8

Recently, Uhle9 has reported on an 80 cm diamater, 10 m high

packed extraction column, pulsed by nitrogen via a rotary valve. 

Figures 1a and 1b respectively show typical arrangements 

for air pulsing by means of a piston and a rotary valve. 

The natural frequency of an air-pulsed column 

An air-pulsed column possesses intertia due to the liquid 

column and compressibility due to the enclosed air space connecting 

the liquid phases to the pulser. Consequently it possesses a 

natural frequency. If the column is operated at an arbibary 

frequency other than the natural frequency, it can be difficult 

to obtain a sinusoidal waveform. This is apparent in Fig�re 5 

of the paper by Weech and Knight7 • However a column being pulsed

at its natural frequency will tend to oscillate sinusoid-ally, 

even if the "drive" provided is not sinusoidal. A simple analogy 

is that of a person on a swing, being kept in essentially sinusoidal 

motion by a series of short pushes applied at the end of each 

cycle. The advantage of a sinusoidal waveform is not significant 

from a mass tra�sfer point of view, but it is reproducible for a 

given amplitude and frequency and it imposes a minimum of pressure 

surges on the column walls. 

Another advantage of operating a column at its natural 

frequency is the saving in energy required. At the natural freq

uency, the air space is able to store and release energy in such 

a way as to help accelerate and decelerate the liquid column, so 

that the energy supply need only be sufficient to meet frictional 

losses. The air space performs the role of the "flywheel" 

advocated by Jealous and Johnson10 in their study of energy

requirements in pulsed columns. 
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A case in which the set frequency coincides with the 

natural fre
6

uency of the system appears in Figure 6a of Thornton's 

early paper . The pulsation amplitude attainable in the column 

for a given piston displacement is seen to reach a maximum at 

a frequency of 0.25 Hz. Unfortunately the data in the paper6 

are not sufficient for a precise calculation of the natural 

frequency of the column, but the approximately calculated frequency 

is of the same order of magnitude as that observed. 

Several workers have intentionally designed columns to 

operate at the natural frequency. Baird11 developed a pulsed gas 

absorption column controlled by a solenoid valve which could be 

linked electrically to a liquid level sensing device. The positive 

feedback so obtained caused the oscillations to build up and be 
· t · ( · ) V 

.. 12 d 'b d 1 d k dmain ained figure 1c .  ermiJs escri e a pu se pac e 

extraction column, 30 cm in diameter, in which the liquid movement 

was transmitted through a membrane and a mechanical linkage to 

the controlling air valve. Carstens et.a1.
13 have operated an

oscillatory flow test tunnel at its natural frequency of o.288Hz 

and obtained amplitude up to 40 cm. A "resonating pulse re�ctor11 

14 patented by Spence et.al. was driven by a piston which was 

carefully tuned to the natural frequency (between O.j6 and o.62Hz) 

of the reactor and the accompanying gas spaces. 

An air pulsing technique requiring neither a piston nor a 

mechanical valve has been proposed by Baird 15. This is the so

called "water-blow" pulsation technique (Figure 1d), The pulse 

leg is provided with a small discharge orifice and air is constantly 

supplied to it. With proper sizing of the discharge orifice, 

air and liquid discharge from it alternately, and the liquid level 

surges up and down at the natural frequency. The behaviour of 

this type of column is not easily treated theoretically, but a 

performance correlation is available15 and a numerical simulation 
16 procedure �as been developed • 
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The technique has been applied17 to a simple extraction

process (acetic acid from kerosene to water) in a 7.6 cm di!plleter 

packed column. It is presently being applied to a 13 m high, 5.1 cm 

diameter perforated plate column at the Department of Energy, 

Mines and Resources, Ottawa, Canada. Uranium is being extracted 

from an aqueous continuous to an organic dispersed phase at 

pulse amplitudes and frequencies in the order of 1 cm and 1 Hz 

respectively. A fuller report on this work will be published in 

due course. 

The behav1our of an air pulsed column has been examined 

th t. ll b . k 7, 11 , 12, 14, 16 It b eore ica y y many previous wor ers • can e

considered by referring to the simplified diagram in Figure 2. 

The pressure and volume of the gas space between the pulser 

the the liquid column are taken to have time-averaged values P 

and V which corresponds to a static equilibrium, in other words 

P is the sum of the atmospheric pressure and the hydrostatic 

head of the supported liquid column. 

Now consider the conditions at some instant during the 

pulsation cycle. Let the displacement of the liquid column from 

equi�ibrium be v. The gas space volume at that instant is then 

effectively (V - v
1 

+ v) and the gas pressure can be found from 

the equation of stage of the gas: 

P(V - v + v)r 

1 ( 1 ) 

where the exponent r can vary betweeb 1 (for isothermal gas 

behaviour) and cp"cv (for adiabatic gas behaviour). If the volume

displacements are small compared to V, the above equation be 

written: 

p - p rP (v1 - v)/v (2) 
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This pxcess pressure can be equated to the sum of three terms 

representing the change in head due to the liquid displacement, 

the frictional pressure drop due to the rate of displacement 

and the intertial pressure drop due to the acceleration in the 

rate of displacement. 

� (. H /S + , H /S Is s s c c  c 

+ A H /S )
r P P P 

l 

The liquid column is considered as three different regions, the 

pulse leg, the unpacked portion of the main column and the packed 

portion of the main column, denoted respectively by subscripts 

s, C and P. The liquid density may differin each part of the 

column because of the effect of the dispersed phase holdup. 

The effective cross-sectional area of the packed portion of the 

column is less than the total cross-sectional area12 and tiis is 
18 also the case for perforated plate columns and baffled columns •

The frictional constant R has the units Nm-Ss-2, it being assumed

that energy is dissipated in turbulent flow. R depends not only 

on the height and nature of the packing, but on the configuration 

of the pulse leg (elbows, enlargements, etc). 

For a given column geometry and liquid-liquid system, 

equation (3) can be expressed in the simple form: 

(4) 

This resembles the well known equation for the response of an 

electrical circuit to an applied voltage, except that the damping 

term is not linear in v. Weech and Knight7 derived a similar 

equation except that the right hand term was the air pressure in 

the pulse leg, rather than the column displacement as in equation 
(4)

, The general solution of such an equation neccessitates

the use of a computer7 , but a more explicit solution is possible

for a system operating at the natural frequency.
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Consider a liquid column oscillating sinusoidally with a 

volume displacement amplitude of v•. 

v = v' sinwt (5) 

At the natural frequency, given by 

(6) 

the first and third terms in equation (4) cancel out and it 

becomes: 

(7) 

This gives the interesting result that a squared since wave 

function is necessary to generate sinusoidal liquid oscillations; 

Howe�er it has been found experimentally19 that an essentia�ly

sinusoidal liquid motion can be generated by an air pulser with 

a switched valve which alternately injects and exhausts air to 

and from the pulse leg., equivalent to a saw-toothed waveform 

for v1• The voll!Ille of air Ve admitted to the air space by 

an air pulsing system in one cycle is the difference between the 

maximum and minimum values of v1:

(8) 

The volumetric air flow rate, brought to atmospheric pressure, 

is given by 

This equation resembles that obtained by Vermijs,
12 by a d:iut'ferent

route, for the case where r = 1 (isothermal gas behaviour). 

However, observation11 suggests that adiabatic behaviour, with r =

1,4 for air, is a more realistic approximation. The natural 

frequency is given from equation (6) as 

f �[ 

'1577 



Case Stud:y 

To illustrate the use of equations (9) and (10) 1 some data 

has bee� obtained with a 15.3 cm nominal diameter extraction 

column that has recently been constructed at the University of 

Queensland, Australia. The column is shown schematically in 

Figure 3 and the main parameters are listed in Table 1. The 

continuous phase was water ( at zero throughput in this case) and 

the dispersed phase was kerosene flowing at a superficial velocity 

of 0.3 cm s-1• Air pulsing was carried out by means of a 3-way

solenoid valve (3.2 mm orifice triggered by a photorelay attached 

to the pulse leg. The exhaust air from the solenoid valve normally 

flowed to a vaccum line, but in the present tests it was discharged 

at atmospheric pressure and measured by collection in an inverted 

water-filled graduate cylinder. 

Two operating frequencies were established by using different 

average volumes V, namely 3.1 and 19.9 1. The larger volume was 

obtained by connecting an air-filled bottle to the pulse leg 

without altering any of the other system parameters shown in 

Table 1. The observed frequencies at the tw� values of V were 

respectively 1.37 and 0.655 Hz. The frequencies calculated from 

equation (10) were respectively 1.366 and o.668 Hz. 

Some air consumption data at the two frequencies is shown in 

Figure 4. In applying equation (9) it was necessary to evaluate 
20 the resistance factor R and the data in Perry were used. It was 

assumed that the open area of the perfor.ated plates had an orifice 

coefficients of 0.75, whence their contribution to R was found 
8 -8 -2to be 2.b x 10 Nm s • The pulsing leg contains a long radius 

elbow, a tee junction and a step enlargement to the main column 

diameter, It was estimated20 that these losses amounted to 2.85 

velocity heads, corresponding to a pulse leg contribution of 4.3 
-8 -8 -2 

6 
8 -8 2x 10 Nm s • Thus the total resistance R is .9 x 10 Nm s .
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This value of R was substituted in equation (9) which was

then used to calculate the air consumption as a function of the 

superficial amplitude (v'/S ) in the main column. Figure 4 

shows that the measured air consumption tends to agree with 

equation (9) at the highest amplitudes but is greater at low 

amplitudes. The slope of the logarithmic plot is experimentally 

about 1.6 as against 2.0 predicted from equation (9). It is 

thought that these discrepancies are due to laminar drag effects 

in the pulse lag; such effects would become less important as the 

pulse amplitude is increased. 

Design of large air-pulsed columns 

The largest air-pulsed column reported in the literature9 

has a diameter of 80 cm but there seems to be no reason why the 

technique should not be used in even larger sizes. However 

there are certain design aspects which become increasingly import

ant as the size and therefore costs of a column are increased. 

The major recommendation is that the column should be 

operated at its natural frequency. The advantages are: 

Minimum energy and air consumption for given pulse intensity 

Sinusoidal and therefore reproducible and smooth waveform 

Energy and air requirements easy to predict 

The designer as faced with a choice of methods of operating the 

column at its natural frequency. A self-triggered control system 

such as that shown in Figure 3 wll always ensure operation at the 

natural frequency. However a large air control valve would need 

to be pilot operated and the control system would require an 

automatic shut-off in case of failure of one of the components. 

The same criticism applies to the mechanically linked system 

proposed by Vermijis12• Fane and Alfredson21 have recently

reviewed air pulsing techniques for nuclear fuel reprocessing 

plants, and the possible maintenance problems with self-triggering 

systems11 • 12 were the main reason for their preference for a 

rotary valve drive for the pulser, as described by Weech and Knight? 
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The advantages of operating at the natural frequency can 

be combined with the realiability of a rotary air valve if the 

frequency of rotation is carefully adjusted to coincide with 

the natural frequency of the system. Alternatively, the expense 

of a variable speed motor for the rotary valve can be avoided by 

tuning the air-pulsed column itself to the frequency at which 

the valve is driven. This could be done by connecting to the air 

space a surge vessel, the effective volume of which could be varied 

at will by the addition or removal of a suitable non-volatile 

liquid. 

The simplest air-pulsing system, involving no moving parts 

or valves, is the "water-blow" system (Fig. 1d). Although consid

erable development work is still needed, the development costs 

might be more than offset by the savings in valves and other 

components. 

A comment has been made22 about hydraulic nonuniformity 

in large pulsed columns. There seems to be no specific published 

evidence that nonuniformity of the pulse itself is a problem, 

but in large diameter columns there is a tendency towards channeling 

of the dispersed phase23, which can be remedied by the inclusion

of distributor baffles. 

For obvious reasons of cost and space, the pulse leg is made 

narrower than the main column: pulse leg to column diameter ratios 

have been reported between 0.297 and 0.59 • However if the pulse 

leg is very narrow, the velocities in it can become so large that 

frictional losses in the pulse leg can exceed those in the main 

column (for example, see Case Study). Losses can be reduced by 

the use of long radius bends, diffusers, etc., but the most 

effective parameter is the pulse leg diameter. For a given design, 

the·re will be an optimum diameter determined by a balance between 

higher frictional losses at small diameters and higher piping 

costs and space requirements at large diameter ratios. A possible 

approach might be to abandom the traditional pulse leg concept and 

build the air space as an annulus around the base of the main 

column 17•
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LIST OF SYMBOLS 

c specific heat of gas at constant pressure 

cv specific heat of gas at constant volume 
f frequency 

g acceleration due to gravity 

H liquid column length 

k1 constant in equation (4) 

k
2 

constant in equation (4) 

k3 constant in equation (4) 

P pressure 
f

A
atmospherec pressure 

P time-average air space pressure 

QA 
air flow at atmospheric pressure 

T exponent inequation of state 

R resistance constant, see equation (3) 

S cross-sectional area 

v volume displacement of liquid column free from equilibrium 

v' extreme value of v 

v1 volume displacement due to pulser 

V0 volume of air admitted to system in one cycle 

V time-average volume of air space 

Greek 

liquid density 

angular frequency 

Subscripts 

S denotes pulse leg 

2 �f 

P denotes packing or plates 

C denotes unobstructed portion of main column 
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Table 1: Air Pulsed Column Parameters 

H 1. 14 m s 18.2 = 

s s 

• H = 1.00 m Sc 
= 179.3 

,,. 
H = 1. 50 m Sp 

= 109. 3 

p = 1. 20 X 105 N/m2 
P

A 
= 

v 3.1 1 or 19.9 1 

r = 1·.4 (assumed) 

Number of perforated plates : 56 

Petforation diameter: 14.3 mm 

Percentage open area : 61% 

2
Ps 1000 Kg/m3 cm 

2 

Pc 1000 Kg/m3 cm 

2 t 
980 Kg/m3 cm 

p 

105 N/m2 

• Calculated as "water equi:valent" height with correction for

density of upper kerosene layer.

I/: Taken as the open area of the column 

f A kerosene holdup of 10% is assumed 
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Figure 1 Air pulsing methods (detail of pulse leg only) 
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The Effect of Wetting Characteristics 

upon the Performance of a Rotating 

Disc Contoctor 

C. J. Mumford and A.A.A. AI-Hemiri 

A 4 inch diameter, 6 feet high R.D.C. was used to investigate droplet 
hydrodynamics and moss transfer efficiencies with a range of 5 liquid-liquid systems. 

Hold-up and volumetric capacity were found to vary with operating parameters as 
previously reported. Axial point hold-ups were determined directly 'and correlated by, 

x =t0,00 13N + 0.38(V
d

-l)-l) (h-h
2

) + 0.076 {l- 1/Vd
) 

Mean drop size decreased with column height and the results were correlated by, 

NR
2 

)

-3.33 0.23

(

NR fO 
d

3
/R = 4.7 x 10 17 

( \Jc 
Pc 

( �:) 
�/ 

(X) 

0.225 

�XP.0.4�� 

Correlations of similar form were obtained with discs selected to be 'wetted' by the 
dispersed phase and with 'wetted' cones. The lotter novel design employed polypropylene 
cones to eliminate the dispersed liquid vortex produced by enhanced coalescence when 
solute transfer was out of this phase. Original observations were mode of phase 
inversion in countercurrent contact; this phenomenon was used to characterise limiting 
capacities. 

Moss transfer data were interpreted by comparing observed moss transfer coefficients 
with values calculated assuming the oscillating drop model. Although different 
coalescence-redispersion mechanisms pertained, disc-wetting properties hod no significant 
effect on efficiency. Compared to non-moss transfer operation, axial mixing in both 
phases was greatly reduced when transfer was from the dispersed to the continuous phase, 
because of enhanced coalescence, and greater with transfer in the opposite direction due 
to inhibition. 
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INTRODUCTION 

The terms 'wetting' and 'non-wetting' ore generally used to describe whether or not 

a liquid spreads on a particular solid surface. For a solid adsorbed surface film the 

spreading coefficient is given by, 

where y SV' 
YsL and yLV denote the solid-gos, solid-liquid and liquid-gos inter-

facial tensions respectively. 

In many instances when a liquid is placed upon a surface it will not completely 

wet it, but remain as a drop exhibiting a definite contQct angle between the liquid and 

the solid. The spreading coefficient is defined in terms of the contact angle and the 

surface tension of the liquid (1, 2). 

2 

Thus for a liquid to .spread as a very thin film on a solid surface, i.e. condition for 

a positive spreading coefficient, 8 is finite. YsL and Y LV should be as small as 

possible in order to achieve good spreading. This may be promoted by the addition of a 

surfactant to the liquid (3). Alternatively, the liquid and solid may be chosen such that 

spreading will occur. 

A difference hos been observed betwen the advancing and receding contact angles. 

Generally, however, wetting means that the contact angle is zero, and non-wetting 

represents on angle greater than 90
°

. High surface energy materials, e.g. most metals 

and gloss, ore wetted by liquids with a high surface tension such as water whi 1st low 

surface energy materials, e.g. plastics, ore wetted by liquids with low surface tension 

including most organic liquids. 

Since efficiency of moss transfer in any liquid-liquid extractor is dependent upon 

interfociol area and the turbulence in either or bath of the phases, the degree of wetting 

exhibited by contoctor internals, i.e. walls, stators, packings or rotors may hove a 

significant effect. However studies summarised in Tobie 1. hove yielded conflicting 

results. It is generally accepted nevertheless that best efficiency is obtained when the 
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Type of Dispersec Trans fer Types &wettability Efficiency Ref extractor phase direction of internals 

Perforated Toluene-Diethylamine Water d -,c Metal plates Low 
plate Water d�C Metal Plates Low 
column Water d -.c Polvethvlene olates Hinh 4 

Wat,., rl .-r Polvethvlen,. nlnt,.s H;nh 
Pulsed Ketone-Acetic acid Water d--+ C S. Steel olates Low 
sieve Water Water d -+C Polvethvlene olates Low 

9 plate , Water d�C Polvethvlene olates Hiah ... 

column Water -�c Alternating s .steel 
& polyethylene plat! Moderate 

Packed d�C Dispersed phase Low 10 column wetted oocking 11 --

d�C Continuous phase 
wetted oockina High 12 

Packed Aqueou! Dis. or Cont. phase High column wetted packing 
13 

Non- Dis. or Cont. phase 
aqueous --

wetted packing Low 

Packed MIBK-acetic acid- Either MIBK�wate -•-·•'- �-1.;nn Hiah 
i 

column Either MIBK-.wate ceramic oackina Low water Either MIBK�wate olastic oackinn Low 14 

Either MIBK•wate ceramic packing High 

Pulsed Toluene-Benzoic acid- Toluene d�C Dolvethvlene oockin,b Hiah 
packed Toluene d�C Uni:ilazed ceramic Low 
column water Toluene d .... c Alt�rnating bands 15 

of polyethylene & Moderate 
ceramic packing 

Pulsed Dispersed phase Low plate wetted plates 
16 column Continuous phase High wetted plates 

Pulsed Dispersed phase Low plate wetted plates 
column Continuous phase High 17 wetted plates 

"Dual plates" Moderate 
'---

TABLE 1. Summary of Published Data 
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continuous phase wets the internals. (3, 4, 5, 6). 

Thus in a Rotating Disc Contactor with dispersed phase wetted internals, Davies eta I 

(3) showed that the transfer rate of phenol from dispersed water to a kerosine phase was

less than that achieved using a conventional R.D.C. Under normal conditions a uniform 

dispersion of small droplets is obtainable rather than the films and globules produced by 

coalescence of dispersed phase on the wetted internals. However it has been suggested 

that ali R.D.C. with selected internals, e.g. rotors, wetted by the dispersed phase could 

be more efficient when the dispersed phase film resistance is controlling (5) since at low 

flow rates of the dispersed phase extremely sma 11 droplets may be formed from the tip of 

the wetted disc in a manner similar to that described for disc atomizers (7) and rotating 

cup, (8). 

A reduction in the volumetric capacity of an R.D.C. with wetted discs has been 

reported (5, 18). 

This result is contrary to that which would be expected at low disc spaed,; since the 

increased coalescence promoted by the wetting effect should result in bigger drops having 

higher sett I ing velocities. 

In the Scheibe) and Oldshue-Rushton column sections the wettability of the turbine 

agitator was not important. The use of wetted mesh packing in the Scheibe I column -

produced a pool of the dispersed p�se over the packing and very small drops in the 

agitated compartment at conditions prior to flooding. At lower hold-ups. drop phenomeno 

were similar to those for non-wetted packings (5). 

It has frequently been observed that preferential wetting of the column internals 

by the continuous phase deteriorated with time. This resulted in a change in the mode of 

operation of the equipment, possibly at the expense of extraction efficiency. The effects 

were noted in a laboratory scale Pulsed Plate column by Coggan (15), who observed 

different types of dispersions at different times. 

In a later study using an aqueous continuous phase and organic dispersions in R.D.C., 

Scheibe! column and Oldshue-Rushton column sections, a variation was observed in the 

wetting properties ( in the form of increased coalescence of the dispused phase) on the 

glass and stainless steel column internals. This was attributed to the deposition of dirt or 

impurities on the column internals (5). 
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Any distributor plate should preferentially be wetted by the continuous phose 

to produce a continuous stream of drops of fairly constant size. In a study of the 

formation of droplets from a circular orifice at varying contact angles Haynes et al (19) 

found that as the contact angle was increased, i.e. the dispersed phase wetted the plate, 

the dispersed phase tended to spread along the plate surface and form relatively large 

droplets before breaking away under the action of gravity. Conversely_ liquids with 

small contact angles formed from the orifice without spreading. Thus for organic droplets 

formed from an orifice an increase in size up to 10 fold has been reported for p.t.f.e. 

compared with metal plates (19). 

There is no published data on the effect of wettobility of the column internals on 

the drop size distTibution although it has been generally observed that large globules -

formed by a drip point mechanism from static wetted interna Is (5, 16). 

In practice the tendency for dispersed phase coalescence is influenced by the direction 

of so lute transfer. 

On the basis of the above, the behaviour of an R.D.C. in which the discs were 

wetted by the dispersed pha:;e appeared to be of practical significance. This study set 

out to investigate the magnitude of wetting phenomena and their effect on hydrodynamics 

and mass transfer in a pilot scale R.D.C. In the event enhanced coalescence under 

specific conditions described later resulted in large drops and a liquid vortex beneath 

each disc. Therefore a novel design of rotor in the form of a dispersed phase wetted 

(polypropylene) cone was introduced to displace and disperse the vortex. 

EQUIPMENT & UQUID SYSTEMS 

A flow diagram of the equipment, comprising a 4 inch diameter pilot scale glass 

R.D.C. with 19 comportments each 2 inches high, is shown in Figure 1. The diameter

of the discs was 2 inches and of the stator rings 3 inches in accordance with normal 

designs (21, 22). Five sampling points were provided at 9 inch intervals along the 

column; additional sampling_ points were provided at each of the respective inlets and 

outlets of the two phases. The stator rings were of stainless steel and were precision 

machined to obtain a close fit at the column walls; they were supported by means of 
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3 equispaced pieces of 1/24 inch stainless steel wire. The discs were fobrrcoted from 

either 1/16 inch stainless steel or p.t.f.e. and hod straight edges. 

The heavy phase which was the continuous phase in a 11 coses, was introduced into the 

column at a paint just above the top compartment, and left via a bottom outlet. The 

dispersed phase entered the column via a brass or stainless steel distributor plate 

designed to Treybal's recommendations (6). The rotors were driven by a 1/4 H.P. 

(0-3000 r.p.m.) A.C. motor shaft via a flexible rubber joint. The other end was 

attached via a flexible drive to a permanent tachometer mounted on the control panel 

and the speed was controlled by means of a voltage regulator. 

The liquids could be recirculated to any one or between two, of 4, 50 liter reservoir 

vessels using by-passes on the transfer pumps. 

The systems used are I isted in Table 2. 

Tobie 2 Systems Studied 

System 

1. Toluene - Water 

2. liquid paraffin - water 

3. Toluene-(60% Glycerine) water 

4. (25% Toluene) Liquid paroffirrwoter 

5. (37% Toluene) Liquid paroffirrwoter 

6. To luene-Acetone-Woter 

7. Liquid Poroffin-M. E. K. -Water 
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EXPERIMENTAL PROCEDURES & RESULTS 

The method used to determine average values of hold-up involved operating the 

column under the desired conditions and when steady state was reached rapidly closing 

the inlet and outlet valves, (23, 24). After stopping the agitator and allowing complete 

phase SEpOration the height of the dispersed phase below a previously marked interface, 

and the overall operating height of the column, were measured by reference to a 

fixed graticule. 

To determine the variation of hold-up along the column axis point hold-up measurements 

were made using a sampling tube positioned at a point midway between the rotor and 

upper stator and between S/2 and R/2 from the centre. (25). 

In this work flooding was characterised by the complete rejection af the dispersed 

phase as a dense layer of droplets. Flooding rates were determined by establishing 

steady conditions at a fixed rotor speed and then increasing the flow of the dispersed 

phase slowly, with the continuous flow rate kept constant, until flooding occurred. 

The assessment of flooding points presented greatest difficulty in the wetted disc and cone 

columns. Since dispersed phase was ejected from these rotors as a dense sheet, which in 

tum disintegrated into large drops possessing high relative velocities, little or no drop 

rejection occurred from the mixed section. Therefore in these cases the criterion for 

maximum capacity was taken as the point at which 'phase inversion' first occurred. 

Phase inversion rates were determined in a similar manner to flooding rates, i.e. fixing 

the rotor speed and continuous phase flow then slowly increasing the dispersed phase 

flow rote unti I phase inversion occurred. This was characterised by the continuous phase 

becoming dispersed and vice versa. 

Preliminary observations confirmed that as reported by other workers (5, 24, 26), 

drop size distribution was not directly affected by continuous phase flow rate. Therfore 

observation and photography of droplet phenomena and drop sizes without mass transfer 

were carried out with a stationary continuous phase. For each condition two or three 

photographs were taken after hydrodynamic equi Ii brium was attained. The criterion for 

equilibrium was taken as a steady interface level and its attainment normally required 

about 5 minutes. Drop size measurements were taken from prints with approximately 

2 x magnification. A Carl Zeiss Particle Size Analyser TG.Z. 3(27) and an S.P.R.I. 
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Particle Size Analyser Type II (28) were used to count and measure droplets. Ellipsoids 

were recorded as spheres of equ i va I ent diameter. 

DISCUSSION OF RESULTS 

Hold-up 

In general hold-up increased with increasing dispersed phgse flowrate with all the 

systems and designs used. The results are plotted in Figs. 2, 3, and 4. 

"Wetted' disc, viz. p.t.f.e. and p:,lypropylene cone columns gave lower hold-up 

values than the 'non-wetted' disc columns. This was expected since coalescence was 

enhanced by the 'wetted rotors' and thus larger drops with higher terminal velocities 

were produced . 

The variation of hold-up along the column was in agreement with the earlier findings 

of Rod {29) and Strand et al (30), i.e. hold-up increased to a maximum value at a p:,int 

approximately midway up the column and subsequently decreased. The accuracy of point 

hold-up values was found however to be dependent on the position of the sampling tube, 

wettability of the column internals and homogeneity of the dispersion. Therefore, since 

average hold-up values do not differ greatly from the mean of the "p:>int" hold-up;, it 

would appear that many proctico I difficulties can be avoided by considering average 

rather than point hold-ups. Contrary to this Strand et al and other workers hove stressed 

the importance of 'point' hold-up measurements for better mass transfer predictions (29, 3")). 

However close examination of the data of the two former authors and that obtained in this 

study tends to support the argument proposed here. Excluding the top and bottom points, 

all points in the column had approximately equal hold-up values (20). The low values at 

the two extreme p:,ints were due to end effects, viz. the presence of larger drops with 

higher terminal valocities than for the characteristic size in the rest of the column. 

. . 1598 



Rod (29) suggested a design modification to increase the hold-ups at these points. 

Theoretically hold-up profiles would be expected to follow drop size profiles. The 

data suggest therefore that the charocteristic drop size first decreased to a minimum 

value at a point corresponding to a maximum hold-up value and then increased towards 

the exit. This however was found not to be the case and the drop size decreased 

progressively up the column. 

The point hold-up results were reasonably correlated by Equation 3 a rrived at by means 

of simple extrapolation. 

3. 

Mass transfer runs were performed with the systems toluene-acetone-water and 

liquid paraffin-MEK-water with the solutes dcetone and MEK giving a distribution 

coefficient of 0.75 and 0.5 respectively. 

The column wa; operated with flow rates between 50% and 60% of those causing 

flooding under non-mass transfer conditions, as recommended by Treybal (6). Both 

directions of transfer were investigated. In all but a few cases the initial raffinate 

concentration was approximately 10% by weight and the initial extract concentration 

was between 0-0. 5%. 

After steady conditions were reached, normally after 15 mins., 10 to 20 c.c.s. samples 

were taken from sample ports at the respective phase outlets. The samples were 

analyzed by measuring their refractive indicies using an ABBE A 60 refractometer. 

Separate runs were carried out to determine the operating lines, by analysing samples 

taken from the five sample ports along the column and the inlet and outlet concentrations 

of the respective phases. 
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In mass transfer runs, higher hold-up values were observed when the direction of 

transfer was from the continuous to the dispersed phase, than for the opposite direction of 

transfer. This was attributable to the different rates of coo lescence for the different 

transfer directions, i.e., for d-+ C , increased coalescence caused the mean drop 

diameter to increase and the residence time to be shorter resulting in lower hold-ups. 

For d-C , the reduction, or absence of, coalescence resulted in smaller drops with 

longer residence times, and hence higher values of hold-up. 

Clearly_ therefore. hold-up values obtained under non-mass transfer conditions 

should not be used to predict practical values during mass transfer. However for the 

case d�c, hold-up values are only about 10 - 15% higher than those for non-mass 

transfer runs. Hold-up values obtained for d� c were in most cases about half of those 

obtained for non-mass transfer runs. The above findings were generally the same 

irrespective of the rotors wetting properties_ suggesting that the different break-up 

mechanisms and droplet behaviour resulting from the different directions of mass transfer 

override the effect of rotor wettabi I ity. 

Flooding 

With either p. t. f. e. discs or cone columns it was not possible to characterise 

flooding as normally defined because of enhanced coalescence. In practice however 

increase in dispersed phase flow rate beyond a certain value for a given continuous phase 

flow rate led to the former becoming continuous, i.e. "phase inversion. Therefore for 

columns with wetted rotors the phenomena of "phase ·inversion" was taken to define 

limiting capocities. This was possible with the system toluene-water. With liquid 

p:iraffin-water however the column flooded; the flooding rates were approximately the 

same whether or not the rotors were 'wetted'. This was attributed to the fact that the 

later system was inherently difficult to coalesce. The onset of phase inversion occurred 

in the bottom comportment giving rise to a very large 'slug', possessing a high terminal 

velocity, which travel led up the column and eventually disp,used in higher compartments. 

This phenomeno11 was indicated by the increased intensity of a non-surfactant dye added 

to the dispersed phase. Typical 'flooding' and 'pliase inversion' data for the various 

designs and systems are given in Figs. 5, 6, 7 & 8. A model was developed to provide 

a criteria for the onset of phase inversion and this is described elsewhere (20, 31). 
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Flooding rotes in the presence of moss transfer in the direction d +c were higher 

than, or similar to, those for non-moss transfer runs with the some systems. For transfer 

in the direction :�d however lower flooding rotes were obtained in accordance with 

the observed reduction in mean drop diameter. 

Typical results are reproduced in Fig. 9. 

Mechanisms of Droplet Break-up :md Drop-Size Distribution 

Generally droplet break-up on the "non-wetted" disc occurred by a discrete drop 

undergoing deformations and finally break-up due to velocity gradients at the tip of the 
4 

disc. At low rotor speeds, e.g. Re< 2.15 x 10 , few drops were observed to break-up 

by collision with the edge of the stator. 

With the "wetted" discs on:l cones, drops coalesced on the "wetted" rotor surface 

and redispersion followed by two different mechanisms similar to those described by Hinze 

(32) and Dombrowski et a I. (33).

Th,ese were,

(i) drip point, which occurred at the rotors tip, at disp•.:!rsed phase flow rotes
-1

approximately < 0. 1 cm s 

(ii) from the periphery of the shP.et; this generally occurred at dispersed phase
-1

flow rotes >0. 1 cm s 

Whilst this was true for the "easy coalescing" system, toluene-water, 

( o = 34. 1 dynes/cm and \J d = 0. 6 c. p.) discrete drop break-up at the disc's tip was the

predominant mechanism with the more "difficult coalescing" system, viz. liquid paroffin

water, ( a = 50 dynes/cm and µ
d 

= 170 c.p.) irrespective of the wetting characteristics 

of th-e rotor. However, with p.t.f.e. discs little of the liquid paraffin coalesced on the 

disc particularly at low rotor speeds viz. Re < 2. 5 x 10
4 

so that drip point formation 

occurred. At higher rotor speeds increased hold-up prevented visual observation. 

Other systems used in this section of the work are listed in Table 2. 

Under moss-transfer conditions the mechanisms of drop break-up were practically 

independent of the rotor's wetting properties but strongly dependent upon the direction of 

mass transfer. Break-up was by sheet or drip point formation for the case d, c and by 

di,crete drop break-up at the tip of the disc for d<- c. The different mechanisms of 
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droplet break-up ore illustrated in Fig. 10. Though less obvious with the liquid-paraffin 

M. E. K. - water system, increased coo lescence was detected for the case d _. c by the

reduction of axial mixing. Axial mixing was present in non-mass transfer runs and was 

made worse by transfer in the direction liquid paraffin +-Nater. d32 decreased with 

increasing column height. 

Experimental values of d32 were compared with those obtained using the correlations 

of Misek (34). Although all experimentation was in the transition region, for which 

10
4 

<Re < 6 x 10
4

, all three correlations were considered. None of the correlations 

gave reasonable agreement with experimental d
32 values. In general d

32 
values were 

much greater than values predicted from Equations for the turbulent and transition regions 

respectively and much smaller than those from the laminar region correlation. 

The poor performance of these correlations was not surprising since they take no account 

of the variation of d32 with column height, dispersed phase flow rate and hold-up. 

Therefore a correlation, for d
32, was developed to take account of these factors 

considering d32 as a function of the physical properties of the system, the operating 

conditions and the column geometry. The correlation is given by: 

d32 = 
-

R
-

2 -3.33 0.23 2.0 
4.7 x 10

l17 

(
-N-

\J
R

c
_P_0) ( �:) 

( :: µo) 

0.225 
(X) 

( 
EXP 

Values of d32. for non-mass transfer run� were generally larger than those for 

'the case d+ c and lower than those d _. c. This was expected and con again be 

attributed to the reduction, or absence of, coalescence in the former case and its increase 

in the lotter. 

Correlation of Mass Transfer Data 

Two different operating mechanisms were observed in the column dependent upon 

direction of moss transfer. With transfer dispersed _. con ti nuou, phase, coo lescence was 

promoted giving rise to vortex and sheet formation and hence conditions of rep•�oted 

coalescence and redispersion. For the opposite direction of transfer, 
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i.e. continuous-.dispersed phase, coalescence was greatly reduced and the column 

operated as a discrete drop contactor. The two different operating mechanisms are 

illustrated in Fig.10. The effect of transfer direction on coalescence caused by the change 

in interfacia I gradient, i.e. coalescence is reduced or promoted dependent upon whether 

this gradient is negative or positive (35) was fully discussed elsewhere (20). Vortex and 

sheet formation was only observed in the case of the "easy coalescing" system, toluene· 

acetone-water. In the case of the "difficult-coalescing" system, liquid-paraffin-MEK-water, 

vortex and sheet formation did not occur. However the increase in coalescence for the case 

paraffin,water was detected by the substantial reduction in axial mixing and entrainment 

which occurred under non-moss transfer conditions and with the opposite direction of mass 

transfer. The above findings may be of practical significance since axial mixing con be 

substantially reduc;ed by the appropriate choice of which phase is dispersed and the direction 

of mass transfer. The experimental data were interpreted in terms of an overall mass transfer 

coefficient, Kexp· This was then compared with theoretical values assuming the oscillating 

drop model using diffusitives calculated by the Wilke-Chang (36) correlation. Although this 

has not been tested for high viscosity liquids, e.g. liquid paraffin, it is considered to be the 

most reliable correlation. 

The oscillating drop coefficient varied between 1.1 and 34 times K for the system liquid 
exp 

paraffin-MEK-water irrespective of transfer direction. This wide range may be because the 

"difficult coalescing" drops of high viscosity, persist as small discrete drops which ore more 

likely to circulate or be stagnant than oscillate; with the second system, viz. toluene-acetone

water larger drops were produced. Thus the osci I la ting drop coefficient K , was in this case 
0 

closer to K 
exp 

In the disc columns, the values of K /K were greater in the case toluene-water 
exp' o 

than water toluene. This may be attributable to the surface area estimation by photography 

which may not give accurate representation of the effective transfer area. Dependent upon 

the mechanism of mass transfer the effective interfaciol area may be larger or smaller than 

actually suggested by photographs. Therefore either photography is not a sufficiently accurate 

method of area estimation or the mass transfer mechanisms differed. For example, in one case. 

viz. toluene water, a 'surface renewal' mechanism existed whilst in the other case, a different 

mechanism might. be postulated e.g., a process of �urface ageing'. Thus a higher transfer 

coefficient was observed in the former case. 

Replacement of the discs by cones eliminated the liquid vortex and sheet and resulted in reduct-ion 

in drop size for the case toluene - water. For the cone column d values for toluene� water 
32 
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were in most cases comparable to those for the case water � toluene. Thus the ratios K / 
exp 

K are comparable for both transfer directions. 
0 

It is concluded from the above that, under practical conditions, the rotor 

"wettability" had no significant effect upon mass transfer efficiency. This is confirmed 

by Fig. 11 in which the mass transfer coefficients for wetted and non-wetted rotors are of 

similar magnitude under given conditions. 

However at rotor speeds well below the practical range, viz. < 300 r.p.m., the drops 

coalesced with and then broke off the wetted discs. This phenomenon illustrated in 

Fig. 12 may have been the cause of some misleading expectations (5) at higher speeds where 

the short contact time between the drop and dis'c does not al low coalescence to take place. 
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CONCLUSIONS 

It has been shown that drop size and volumetric capacity measurements made under 

mass transfer conditions may differ greatly from those under non-mass transfer conditions. 

Furthermorf these measurements are dependent upon the direction of interfacial tension 

increase with solute concentrations; in the one case coalescence is increased, thus 

increasing the drop size and capacity but in the other case solute transfer results in reduced 

coalescence and subsequently drop size and c,Jpacity. With mast common systems the 

former case occurs when the transfer direction is from the dispersed to continuous phase and 

the later one occurs for the opposite direction. The main conclusions are: 

1. Non-Mass Transfer Studies

(i) Drop size Correlation - The effect which the main parameters, viz.

interfacial tension, density difference, hold-up and rotor sp·�ed have upon

drop size was confirmed. However the f�llowing factors also affected d32.

a - Dispersed phase viscosity. An increase in µd resulted in lower

rates of break-up (and coalescence) thus increasing the mean drop 

size. 

b - Column height - The mean drop size produced in any compartment 

decreased with increasing number of the comp�rtment from the 

dispersed p'iase inlet. 

c - Disc wettability - d
32 was larger for wetted than for non-wetted

discs, particularly at lower rotor speeds. 

(ii) Axial hold-up Profile - The results obtained in this study confirm the

earlier findings of Rod (79) and Strand et al (74), i.e .• hold-up increased

to a maximum value at about h::ilf way up the column and then decreased

towards the top.

(iii}Limiting Capacity - The ph,?nomenon of phase inversion was found to be a 

better criteria to define limiting capacity than the rather ambiguous 

flooding phenomena. Phase inversion occurred first in the bottom 

compartment and travel led upwards unti I other compartments reached their 

inversion hold-up. Extraction columns can be operated efficiently near 
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the maximum capacity limits so defined without the loss in efficiency 

formerly .believed to occur due to the apparent reduction in surface area 

cCJused by the increase in coo lescence frequency. 

2. Mass Trans fer Study

(i) Effect of Wetting - No significant difference was observed between the 

efficiency of wetted and non-wetted disc columns. The mo::Je of column 

operation was mo inly dependent on the mass transfer direction on::J rotor 

speed. 

(ii) Direction of Moss Transfer - With the systems studied transfer from the 

dispersed to continuous phase enhanced coo lescence and transfer in the 

opposite direction reduced it. The former mechanism improved mass transfer 

and substantially reduced axial mixing. Therefore the proper selection 

of transfer direction should provide improved mass transfer efficiencies in 

practice I extractors. 
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Nomenclature 

d32 Sauter mean drop diameter L 

DD Dispersed phase diffusivity L
2T-1 

h Dimensionless column height 

n Number of compartments 

N RPM T -1 

Pe Pee let number = ud32 

R Disc diameter L 

Re Reynolds number 

Sc Spreading coefficient 

u Drop velocity LT-l 

V V�lumetric flow rate L
3T-1 

X point hold-up 

X Overa II average ho Id-up 

z Tota I number of compartments 

Greek Letters 

p Density ML-J 

Viscosity -1 -1 
ML T 

a. lnterfacial tension MT-2 
1 

MT-2 
y Surface tens ion 
e Contact angle 

Subscripts 

d dispersed phase 
continuous phase 

LV Liquid-vapour 
SL Solid-liquid 
sv so I id-vapour 
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Fig. 12. Illustration of Wetting Effects on Drop Formation at Law Rotor Speed (250 rpm). 

Top Plate: ptfe discs 

Bottom Plate: Polypropylene Cones 
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DROPLE'r SIZE DISTRIBUTION AND INTERFACIAL AREA IN 

AGITATED CCINTACTORS 

D.R. Arnold, C.J. Mumford and G.V. Jeffreys

Department of Chemical Engineering, University of Aston 

in Birmingham, United Kingdom. December 1973. 

ABSTRACT 

The prediction of drop sizes and interfacial ar � in 

rotary aeitated contactors is discussed, together with the 

short comings of usual methods especially with regard to the 

extension of mathematical models for batch systems to continuous 

ones. An empirical design equation has been developed which 

enables the prediction of mean drop sizes at various points in 

the 01dshue-Rushton Contactor to be made from a knowledge of 

column e;eometry, system properties and operating parameters 

where non-mass transfer conditions approximate to the real 

situation. Experimental results are correlated by the equation 

(�) 
for the system toluene-water in a six inch diameter 16 compart

ment pilot scale unit. 

The changes in drop size distribution up the column have been 

recorded for a rane;e of operating conditions, and the distribution 

is shown to be loe;-nor::,al. 

Floodin·;· of the column was investigated for a wide range of 

opcratin0 conditions. It is concluded that phase inversion

nor. ially ta'.:es place be fore floodin6 in the Oldshue-Rush ton Column. 
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IN'l'R0DUCTION 

In liquid-liquid, or gas-liquid, contactors maximisation 

of the area offered by one phase to the other assists in the 

attainment of the greatest possible rate of mass transfer. 

Therefore in the design of liquid-liquid extraction equipment 

attention has generally been focussed on the· creation of a 

large interfacial area, at the expense of throughput and back

mixing. Comprehensive reviews of equipment for liquid extrac

tion have shown that many designs of varying geometric complexity 

have been proposed and used1 • 2 •

In rotary agitated contactors dispersion of one phase as 

droplets within the other (continuous) phase is achiev�d by the 

transmission of kinetic energy from the agitator to the continuous 

phase and thence by various means to the dispersed phase, causing 

droplet distortion and subsequent break-up. 

For rotary agitated contactors operating at an impeller 

Reynolds' Number below 1 0 ,  where the flow regime of the bulk of 

the continuous phase is predominantly laminar, energy mainly is 

transmitted from the continuous phase to the dispersed phase by 

viscous shear. At higher Reynolds' numbers, above the lruainar -

turbulent transition, transmission energy is by inertial forces, 

i.e. the impact of turbulent continuous phase eddies on the

surface of the drop. Hinze3 has illustrated how these different

mechanisms of energy transfer may cause break-up.

The power input to the agitator is thus transferred into 

the kinetic, surface, potential and heat energy of the droplets. 

Designs of rotary agitated contactors may therefore be classified 

in ter,js of the rate of energy input per unit volume of continuous 

phase, measured by the familiar equation 

E = K N3 D5 

e c 
where Eis the energy input per unit volume, N is the agitator 

speed, Dis the agitator diameter, �c the continuous phase density

and K is a constant which depends only on system geometry, for 

ReI > 1 0 •
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Thus the Rotating Disc Contactor is a low energy device with a 

value of K 0.1, whereas the Oldshue-Rushton or Scheibel 

column has a K value = 4.4 and is consequently a high energy 

device. Therefore fundamental differences exist between the 

mechanisms of energy transfer to the dispersed phase in these 

units. 

An attempt has been made5 to derive equations for the

prediction of drop sizes in the R.D.C., using Kolmogorov's theory 

of isotropic turbulence together with a mathematical model of 

flow patterns around a rotating disc derived by Cochran . 

These predictions agreed well with experimental values despite 

deviation of the experimental conditions from the underlying 

assumption of Kolmogorov7 concerning local isotropic turbulence.

The advances in design data and mathematical analysis since 

the publications of Reman8 relating to the R.D.C. 4• 47 have not

been matched for the high energy contactors. Studies of the 

Oldshue-Rushton Column9 have been limited to analyses of hydro

dynamics based on the prediction of drop sizes as an extension 

of studies in stirred tanks 1°, or the interpretation of mass

transfer data in terms of H.T.U.'s or H.E.T.S., with the obvious 

attendant limitations of this approach 11• Interstage or Axial

mixing has also received some attention9 • 12 • 13• 14 • 15, albeit

under non-mass transfer conditions. Therefore a detailed study 

has been made of the performance of this type of extraction 

column, including measurements of drop size distributions, 

volumetric hold up, and associated variables, over a wide range 

of operating conditions. This has covered non-mass transfer 

conditions and transfer in both directions 48 • The work under

non-mass transfer conditions is described in this paper, including 

original observations of phase inversion phenomena in continuous 

flow. 
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The Oldshue Rushton Column 

'fhe energy required to break-up droplets in a mechanically 

agitated rotary extraction column is provided by the agitator. 

Since droplets are suspended in the continuous phase an analysis 

of energy distributions and flow patterns is necessary prior to 

the consideration of actual mechanisms of break-up. 

The Oldshue-Rushton Contactor is neither a compartmental 

or truly continuously differential device, but has some properties 

of both. Compartments are separated by horizontal stator rings and 

the vertical component of velocity of any droplet within each 

stator opening determines whether or not it moves to the next 

compartment. Each compartment may be regarded as a stirred tank 

in its own right. The motion of droplets between compartments 

is therefore de�endent upon droplet size, the physical properties 

of the ohases, the phase flowrates and the agitator s·oeed, for 

a gixed geometry system. The correlation of these variables 

therefore involves an examination of fluid flow patterns within 

each compartment, and between adjacent compartments
48

• 

The sizes of the droplets within each compartment depends 

upon similar variables, and, since the drop size distribution of 

the dispersion passing through the stator o·pening is determined 

by conditions within the previous compartment, it is droplet 

behaviour within the circulating flow of each compartment that 

determineil column operating characteristics. 

Droplet Sizes in Agitated Tanks 

Droplet sizes in fully baffled, stirred tanks have been 

studied extensively. Theoretical analyses of droplet break-up 

have resulted in predictions of minimum, mean, and maximum droplet 

diameters at volumetric hold-up values ranging from zero to 30 

per cent. The dependence of drop diameter on system properties 

in stirred vessels is summarised in Table 1. 
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TABLE 1 

EXPONENTS FOR SINGLE TAHKS 

Authors N D Reference 

Kolmocorov -1.2 -2.0 16 

Obu.khov -1.2 -2.0 17 

+ Vermeulen et.al. -1.2 -0.8 18 

Rea et. al. -1.0 -1.5 19 

+ Kafarov and Babanov -1.1 -0.7 20 

+ Pavlushenko et. al. -1.0 -1.65 21 

+ Rodi:;er et. al. -0.72 -0.75 22 

+ Yamocuchi et. al. -1.5 -2.45 23 

+- Pebalk and ,-iishev -0.912 -1.624 24 

+ Calderhank -1.1 -0.7 25 

Shimr.ar -1.2 -o.8 26 

* Shinnar and Church -1.2 -o.8 27 

+ Brown and Pitt -1.2 -0.8 28 

* Hinze -1.2 -2.0 3 

-:;- Taylor -1.5 -1.0 29 

+ Myle.eck and Resnick -1.2 -o.8 30 

Giles et. al. -1.2 31 

+ Giles et. al. -1.0 31 

+ Luhning and Sawistowski -1.2 32 

+ Sxperimental Data * theoretical
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Si�nificantly the exponent of the impeller speed N varies 

between -1.5 and -0.72, and the exponent of the impeller diameter 

D between -2.45 and -0.70. For experimental studies these 

large differences may be explained by the use of different 

systems which cannot be characterised solely in terms of density, 

viscosity and interfacial tension. It is not clear in some 

cases whether the syo::tems were in thermodynamic equilibrium. 

Finally the exuression of drop size in terms of a limited 

number of variables may be invalid. 

A notable exception in the table is the correlation of 

Rodger et, al,22 which gives d<><N-0•72• The dimensional analysis

of their results contains a group to account for the de�ree of 

contamination of the drops by surfactants expressed as a ratio 

of the settling time of the dispersion to that of the pure liquid, 

However in addition to surfactant concentration, settling time 

must be dependent on drop size, due to the differing uu.oJ�.ncy of 

the drops, and therefore the precise dependence of d on N is 

difficult to determine from the correlation. 

Detailed consideration of theoretical models for droplet 

sizes is beyond the scope of this paper. However, it is of 

interest to examine the relevance of Kolmogorov's Theory of 

isotropic turbulence to droplet analysis in stirred tanks, since 

all the models relate droplet sizes to both impeller speed and 

diameter, and hence to energy input to the system. 

The two basic postulates of the theory concern the relation

ship between the mean square relative velocity �) between 

any two points a distance r apart and the energy per unit mass 

in the fluid, 

Thus 

2 (r) CE f % for L >> r » z ( 1 ) u = r 
1 

2 
Cr) 

2 for L >> z » (2) u c2Er r 

D 

where the sy 0 bols have their usual meanings, 
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The familiar development then leads to the two equations 

and 

K1 (;:)
0.6 

K2 (��:�')

t"½jo.4

1/3 ( +) 1/3 

(3) 

(4) 

For fully turbulent flow the power number is constant and 

E oe N3 • Hence, 

r sd
oC N-1.2

(5) 

and r °" N-1.0
sd (6) 

These relationships were verified experimentally31 for the

nitration of toluene. For this system it was argued that which 

of equations (5) and (6) was applicable was dependent only on 

the value of the volumetric hold-up. No attempt was made to 

estir.late the microscale of turbulence. Levins and Glastonbury33 

investigated mass transfer from solid particles in a stirred tank 

and determined the requirements for local isotropic turbulence. 

From a consideration of equations by which the size of the 

particles in a stirred tank may be compared witi the size of the 

turbulent eddies present, the de9endence of d on N was evaluated 

theoretically for specific cases of liquid-liquid systems at 

steady state, they concluded that equation (1) was of doubtful 

validity. 

Hicroscales of aurbulence in the Oldshue-Rushton column

have been calculated 8 from Kolmogorov's definition

z (7) 

together with 

(8) 

M 
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where M is the mass of continuous phase in the tank. Values of 

the microscale are for a standard fully baffled mixing vessel 

of identical geometry to a single compartment of the 0ldshue-

Rushton column containing water. 

Cutter's 34 ratios of �'/E for the

and for other lower energy regions 

These are given in Table 2. 

impeller region (E'/E = 7.7) 

(E'/E = 0.26) were used to 

obtain the higher and lower limits. The magnitude of the cal

culated microscales is of the same order as the droplet diameters 

commonly encountered in mixer-settlers, the 0ldshue-Rusilton and 

similar high energy contactors, and therefore the use of equations 

(3) or (4) requires caution. Shinnar and Church27 have derived

an expression for mean drop size related to the Weber number and

Brown & Pitt28 
have correlated drop size with hold-up by an

equation of the form 

� 
D 

-o.6
We 

for low hold-up values between 0.05 and 0.3 

(9) 

Bouyatiotis and Thornton found that for both batch and 

continuous operation with four different systems (including 

toluene-water) the measured distribution approximated to a normal 

one. Similar results for different systems have been reported by 

Chen and Middleman
42 

and Brown and Pi.tt
28

• Pelbalk and Mishev
24

,

however, reported that for a variety of liquid-liquid systems, 

including kerosine-water as used by Hrown & Pi.tt
28

, the drop size

distribution in a stirred tank was log-normal. Giles et a131 

reported a log-normal distribution during the nitration of toluene 

in a stirred tank. 

Whether the drop size distribution is norillal or log-normal 

is of practical significance in an extraction column. For a 

fixed volumetric throughput, a comparison of the two types of 

dispersion is illustrated in Table 3. 
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TABLE 2 

Microscales of Turbulence for Water 

N 

(r.p.m.) 

200 

300 

400 

500 

600 

39.6 

134 

317 

620 

1070 

Impeller (mm) Circulation 
region Zone 

0.075 0.176 

0.130 

0.045 0.105 

0.038 0.089 

0.033 0.077 
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Prooerty of dispersion 

Proportion of smaller 
droplets 

mean m.t, coeffs. 

Interfacial area 

Settling rate 

Tendency to flood 

column 

TAi3LE 3 

Nommal 

Lower 

Higher because 
more dro.r:is are 
circulating 

Lower 

Higher 

Higher 

log-normal 

Higher 

Lower - more 
stagnant drops 

Higher 

Lower 

Lower 

From the point of view of predicting hydrodynamic and mass 

tr�nsfer performance the prefered distribution is a mono-dispersion 

with a consequent standard deviation of zero. Although this is 

impracticable in an extractor, a distribution where the mode is 

equal to the mean results in �ore drops being nearer the mean size 

than with a log-normal distribution, Droplet characteristics 

are thus more predictable in a normal distribution. Therefore it 

is desirable to obtain a normal distribution around a certain mean 

dron diameter rather than a log-normal one. 

All models developed to date to predict drop sizes in stirred 

tanks are restricted to batch operations or continuous operations 

with either one or both of the phases flowing in a single tank. 

Fluids enter and leave the tank via many diverse geometric arrange

ments, which affect the hydrodynamics of operation. For example 

the geometry used by Thornton10 resulted in the drop size bein�

indenendent of flowrate, i.e. the mean residence time of the 

dispersed phase was large compared with the flowrate, and thus 

the dynamic equilibri�m between droplet break-up and coalescence 

remained unaffected. Operation was therefore effectively batchwise. 

In rotary agitated columns, entrance and exit mechanisms 

are very imr:iortant. Larger drops have a greater verti�al velocity 

than smaller ones and are less affected by small scale disturb

ances in other directions. Clas�ification therefore occurs between 

compartments rcsultinc in a tendency for the smaller drops to 

reclain in a comr:iartment and larcer ones to pass to the next. 
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The positive skewness in the drop size distribution noted by Giles 

et. al�1 , is therefore less significant in the column, and a 

negative skewness would be expected. Oldshue-Rushton column designs 

based upon a mean drop size throughout the length of the column 

in which the drop size correlations are themselves based on data 

from single stirred tanks are therefore open to criticism. 

The effect of hold-up on mean drop size in the column 

could be expected to follow the general form of Thornton's correla

tion, 

(10) 

This would only be expected to hold for any compartment at constant 

volumetric flowrate. 

Phase Inversion 

Phase inversion in liquid-liquid systems was first recorded 

by Ostwald35 ; the phase ratio at which it occurred was 3:1 and 

became known as "Ostwald's Ratio". Recently the phenomenon 

has received attention from Luhning and Sawistowski32 for a single 

stirred tank operating batchwise, and Quinn and Sigloh36 • The 

existence of an ambivalent range is well known, as is its 

dependence on agitator speed. The effect of mass transfer on 

the ambivalent region has been briefly studiect 32 • 

Phase inversion will occur in a bate� system only when the 

rate of coalescence of drops is greater than the rate of break-up. 

In a continuous system additional factors have to be taken into 

account. In a continuous single stirred tank both phases are in 

flow and as mentioned earlier the geometric arrangement for the 

entrance and exit of each phase will affect the dynamics of 

operation. The volumetric hold-up of dispersed phase reaches a 

steady state value in each compartment when the column is operating 

normally. This is achieved only when the input of each phase is 

equal to the output, and this is particularly important with 

reference to the dispersed uhase. 
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A complex situation exists between consecutive compartments, 

because the drople�exist in a distribution of diameters, not as 

a monodipersion. Thus a polydispersion of droplets is flowing by 

b,. ,yancy through the stator opening against the flow of continuous 

phase. Superimposed on the varying terminal velocities of the 

droplets in the dispersion is the turbulent flow mainly across 

the opening generated by the impellers at the centre of each 

compartment. When hold-up in the 0ldshue-Rushton contactor is 

large, (about o.6 - o.8) phase inversion occurs and has the 

effect of relieving the imminent flooding situation. Phase 

inversion occurs in preference to flooding. 

In any two phase counter current operation therefore there 

is a limit above which norCTal operation is not possible as either 

flowrate is increased incrementally. Under certain operating 

conditions floodin:,; in the usual sense of the word takes place. 

EXPERIMENTAL 

Experimentation was performed in the sixteen-compartment, 

six inch diameter 0ldshue-Rushton column. The glass column has 

stainless steel internals and the stators were machined to an 

exact fit inside the column. Sampling points in each compartment 

consisted of stainless-steel ports sealed by 11teflon11 
11011 rings 

in holes drilled with an ultrasonic drill. The agitator and 

shaft were made of stainless steel, supported by a p.t.f.e. 

bearing at each end of the column, A brass bearing was installed 

in the centre of the column. The agitator shaft was driven by 

a¾ h.p. electric motor controlled by a "Torovolt" variable voltage 

device, and its speed monitored by a directly coupled tachometer. 

Standard four blade disc turbines of identical. dimensions to those 

used by 0ldshue and Rushton were employed; the energy input of 

this geometriG arrangement having been measured 11• Fluid was

transferred from the stainless steel 40 gallon storage tanks to 

the column by stainless steel centrifugal pumps with viton 'A' 

seals, controlled by a variable voltage device. All transfer 

lines were of 0.5 in. i.d. borosilicate glass or 5/8 1
1 dia. p.t.f.e. 

tubing. A variable height overflow leg was incorporated in the 

continuous phase outlet line to control the position of the inter

face, The unit was operated at ambient temperature, (18 ! 2
°
c).
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The system toluene (co�nercial, redistilled grade) - distilled 

water was selected38 • Toluene was the dispersed phase.

A photographic technique for recording the dispersions 

in the compartments was developed. 

An Asahi-Pentax 35 mm still camera with a NQ 1 single 

extension tube was used to record the drop size distribution at 

the wall in several compartments on Kodak Plus X pan film. 

Enlargement of the negative and printing on Kodak grade 4 

11 Bromesko" paper gave sufficient magnification and contrast for 

the drops to be counted on a Carl Zeiss T.G. 3 particle size 

analyser and the distribution obtained. Figures 3 and 4 show 

typical photo5raphs. Due to the high quality of the photographs 

produced, drop sizes as low as 0.12 mm could be recorded accurately. 

A Honeywell 316 digital computer was used to process the measure

ments to produce a comprehensive statistical analysis of the 

distribution. At least 300 drops were used for each distribution 

measurement obtained from three se:,:,arate negatives for each 
41 compartment, giving a statistical accuracy better than 3% •

Hold up of the dispersed phase was measured by sampling of 

several compartments via the Simplifix toggle values. Accuracy 

of this technique was checked by comparison of the overall hold

up when the agitator was stopped and the column isolated. Three 

samples for each compartment were taken and t�ese were generally 

consistent to within! 5%. �th phases were mutually presaturated 

and the interfacial tension was checked by Wilhelmy's method 

prior to each run. The column wasi:recleaned with a 2 per cent 

"Decon 90 11 solution and rinsed with distilled water. 
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RESULTS 

Drop-size 

The nature of the drop size distribution in various parts 

of the column was investigated. 

Figure 5 (a) is a typical ogive for the toluene-water system, 

and as shown in Figure 5 (b) tnis conforms well with a log-normal 

distribution. At all impeller speeds (200 - 600 rpm) and at all 

points in the column the distribution of drop sizes was log

normal. 

The interacting effects of drop size, volumetric hold-up,. 

column height and agitator speed on dispersions of toluene in 

water under non�mass transfer conditions is demonstrated in 

Fic;ures 6-11. 

J:<"igures 6 and 7 show the variation of d
J2 with position in

the column at flowrates of 0.25 and 0.5 kg/sffi- Although the 

mean drop size decreased up the column, a false picture would 

be gained from considering this in isolation, Figures 8 and 9 

show the relationship of hold up to height up the column, and 

figure 10 depicts the typical variation of hold-up with? agitator 

speed. 

The variation of drop size with hold up in figure 11, is in 

t k t. . 10 . agreement wi h the wor of Thornton and Bouya iosis , in as

much as the mean drop size is a linear function of hold-up, for 

fixed agitator speed and column compartment. They found that m 

was a function of physical properties only, 

(10) 

( 11 ) 
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The units of m are those of length, and for the toluene/ 

6 
-4 water system the value of m from equation (10) is 2. 2 x 10 m,

compared with a mean of 2. '+9 x 10-3m for ti'le data figure 11

at 300 rpm. Further experimental data revealed that m is

independent of impeller speed in the 0ldshue Rushton Column as

predicted by equation (10), but that values of d 
32 extrapolated

from t;1e curves of figure 1 1 do not show d0 

32 to be proportional

to (E)1 /3 as would be expected from equation �11 ).

A dimensional analysis was carried out to correlate all 

15 dependent variables which may effect the drop size distribut

ion and the mean drop size. These are listed in Table 4. A 

full dimensional analysis based on all these variables has not 

been completed, since those marked with an asterisk in the 

figure were maintained constant, and a "short" analysis results. 

Thus the drop size may be expressed as a function of height up 

the column, impeller speed, flowrates, physical properties and 

impeller diameter, Height up the column (i,e, compartment) is 

expressed as a fraction of the total height, as opposed to H/D 

as would be normally required in a formal analysis. The flow

rates are expressed as a single quantity Vk' which is a common

expression of characteristic velocity for two phase flow, 

+ V 
C 

1633 

( 12)



TABLE 4 

Variables Considered in the Dimensional 

Analysis 

Quantity 

Drop Size 

Impeller Tip Speed 

Column Height 

Mean Viscosity 

Mean Density 

Drop Characteristic 

velocity 

Interfacial Tension 

Compartment Height 

Column Diameter 

Baffle Width 

Blade height 

Blade width 

Impeller diameter 

Coalescence factor 

Break-up factor 

Buoyancy 

Total number of variables 

Number of fundamentals 

0-i 
H 

DT
B 

bh
b 

D 

C 

R 

c1f>/
(> 

Combined 
p.s a 
geometric 
;factor" 
Fg,dimen
sionless 

= 16 

= 3 

.·• Number of dimensionless groups = 9 
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For a countercurrent system V0 is a negative quantity if Vd
is regarded as positive. Mean densities are expressed byfm• 

( 13) 

which has been shown in this form to be arealistic measure of 

mean density.43

Thus 

c:2) (14) 

for the range of variables considered under normal operation. 

where H is the fractional height up the column 

HT 

VI 'ltND 

VK vd
. 

( 1 - xd) + V 

xd 
(1 - xd

) 
\C 

+ xded

The exponents p, r & s and the constant C were evaluated experim

entally, to yield 

2.44 (15) 
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Phase Inversion 

As the dispersed phase flowrate was increased at very low 

rotor speeds e,g. less than 250 rpm,droplets were rejected from 

the inlet end of the column, and a build-up of dispersed phase 

droplets occurred below the lowest stator ring, At high rotor 

speeds e,g, greater than 700 rpm and at high continuous phase 

flowrates, greater than 4,0 Kg/m 2s , droplets which entered

from the distributor ruptured, due to the high level of turbulence 

in the first compartment and since the terminal velocity of 

the daughter droplets was lower than the downward velocity of 

the continuous phase and they were carried out of the contactor 

as a fine dispersion in the continuous phase, i,e, conventional 

'flooding' occurred, 

In between these two extremes, before flooding was reached, 

phase inversion was observed, No reference was found concerning 

inversion in liquid-liquid extraction columns, although during 

the course of this work Al-Hemiri37 and Jillood38 have observed a 

characteristic but disimilar effect in an R.D.C, 

Compartments of the column have been observed to ihvert

individually so that 'slugs' of coalesced dispersed phase prog

ressed up the column, The compartment in which inversion first 

took place as flowrates were increased was reproducible, and 

may be predicted from experimental results, These results are 

recorded elsewhere • 

Inversion points were determined precisely by allowing the 

column to attain hydrodynamic steady-state conditions at values 

of dispersed and continuous phase flowrates below those for 

inversion at a fixed impeller speed, The dispersed phase flowrate 

was then incrementally increased by between 2 - 5% and time 

allowed for steady-state to be obtained at the each new value.

This usually required 10 - 20 minutes depending on the total 

flowrate. As soon as phase inversion began to occur on a c,rclic 

basis, and a pseudo-steady-state was established with a steady 

frequency of the inversion, the dispersed phase flowrate was 

decreased by intervals of about 1% until the cycling ceased and 

phase inversion was eliminated • 
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At t�is po�nt a slight increase in the,dispersed phase flowrate 

caused the column to invert at one particular compartment, and 

this value was teken to be the characteristic flowrate for 

phase inversion. The particular compartment in which the inversion 

first occurred was recorded. Measurements of the volumetric hold

up of dispersed phase were made via the sampling point in the 

compartment immediately before and after phase inversion. 

Inversion occurs when the input flowrate of either of 

the phases means that steady-state conditions are not able to 

cope with the flow. This situation is represented in figure 12 

where flowrate of dispersed phase (Gd) is plotted against impeller

speed (N) for various values of continuous phase flowrate (G0).

Characteristically these curves all tend towards a common assympt

otic value of impeller speed between 200 and 250 rpm. The corr

esponding impeller Reynolds numbers with regard to continuous 

phase physical properties were between 0.858 x 104 and 1.075 x

104• Since the cownonly accepted Reynolds' Number of transition

from laminar to turbulent flow is 1.0 x 104, it appears that

phase inversion is precluded by operation in the laminar region. 

The change in apparent fluid properties (such as density) 

corresponding to dispersed phase hold-up would result.in lower 

Reynolds' Numbers43• 18 • 44• 45 so that the transition from laminar

to turbulent would occur at a slightly highe r value of Reynolds 

Number. This is in agreement with the experimental results. 

Phase inversion could not be generated below an impeller speed 

of 225 rpm under any flowrate conditions, since at such low values 

of Re there was stratification of droplets in the compartment; 

when phase inversion occurred the coalesced dispersed phase there

fore occupied only the upper half of the compartment. 

Increasing flowrates at low impeller speeds, below 250 rpm, 

resulted in flooding in the generally accepted sense. 

Dispersed phase droplets were rejected from the first compartment 

and flowed out of the column via the continuous phase outlet. 

According to Figure 13 phase inversion should be possible 

at negative values of Gd and G0, especially at high impeller speeds

e.g. 500 rpm. At zero flowrate of continuous phase, phase

inversion could be obtained at impeller speeds of 350 rpm and

greater. Extrapolation of these curves suggests that phase inver-
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-sion could in theory occur during co-current operation.

Measurements of hold-up of dispersed phase immediately 

before and after phase inversion occurred were made in certain 

compartments for certain runs. The values of x
d 

for various 

flowrates, impeller speeds and positions in the column followed 

the general pattern up to the point of the limit of steady

state operation, after which the hold-up began to increase up 

to the phase inversion value. Figure 14 shows a typical phase 

inversion curve for the system toluene/water in the absence of 

mass transfer. As would be expected, the results show no 

variation of hold-up at phase inversion with changing flowrate 

of either phase. �ach point on the fiture is an arithmetic 

mean of the hold-up values obtained for each impeller speed, 

although the maximum deviation from the mean was only 5 per cent, 

the same order of magnitude as the experimental error of each 

reading. 

In figure 14 the upper curve shows the hold-up immediately 

prior to inversion. The column was operated under conditions 

where inversion takes place periodically, and the hold up was 

measured in the compartment in which inversion was initiated. 

The hold-up value necessary for inversion to occur decreases with 

increasin :: rotor speed. This is in concert with the findings 

of Luhning & Sawistowski. The hold up of the residual phases 

after inversion, i.e. when the 'slug' of inverted fluids had 

passed to the next compartment, is shown as the lower curve. 

1638 



CONCLUSIONS 

Drop sizes in the Oldshue Rushton Column were related by 

equation (15) for the system toluene/water under non-mass transfer 

conditions. The dependence of d
32 on We-O•63 in equation (15)

is in very good agreement with all prededing investigations 

in stirred tanks. The effects of column geometry are expressed 

in the other two terms in the equation, although there are more 
. (48) terms in the full analysis • Some modification is necessary

in the presence of mass transfer or varying interfacial tension 

but for dilute systems where major surfactant effects are absent, 

equation (15) serves as a guide to drop sizes for design purposes. 

Interfacial areas may be calculated directly from the familiar 

equation 

( 16) 

for incremental column heights. 

Phase inversion is an important feature of operation of the 

contactor which has to date received insufficient attention. 

Phase inversion can occur in any agitated contactor, and indeed 

operation under inverted conditions may improve mass transfer 

rates due to better mixing of the phases. 

When phase inversion does not take place, equation (15) 

may be used to provide an estimate of drop size and mass transfer 

coefficients calculated
46

•
47• Column performance is then evaluated

bearing in mind the backmixing correlations. 

The effects of mass transfer on the operating characteristics 

of the Oldshue-Rushton Column, and scale-up procedures are 

reported in detail elsewhere
48

• 
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NOMENCLATURE 

a interfacial area 

c1,c2 constants in equations (1) and (2)

D impeller diameter 

E energy 

d drop diameter 

G mass velocity 

g gravitational constant 

H column height 

K
1

,K
2 

constants in equations (3) and (4)

k.1,k2 constants in equations (9)

L Lagrangian macroscale of turbulence 

M mass 

m parameter in equation (10) 

N agitator speed 

n number of drops 

radius of drop r 
-2 u (r) mean square velocity

V Velocity 

We Weber Number 

X volume fraction 

z micro scale of turbulence 

{ 
viscosity 

Kinematic viscosity = £..

\> 
density r-

er interfacial tension 

Subscri:ets 

C continuous phase 

d dispersed phase 

I Impeller 

S.d stable drop 

T total 

0 Zero hold-up 

32 sauter mean 
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FIGURE 1 

The Oldshue- Rushton Column 
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FIGURE 2 
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FIGURE 3 
I 

Dispersion in comportment 14 (neor top} 

Dispersion in comportment 2 (bottom) 

1645 



5.C 

2.0 
! 
"' 1-0 
I � 0-5 

Q.2 

1·0 

I a
.a

i 

� Q. 

Q.5

Q,2 

0.2 Q.4 Q.6 o.a 1,0 1.2 1.4 1,6 1-8 2-0 
. Dro9 cN-ter. d (""') 

flCUII'. 5(1) Y1r11tt• of ct.., size d11tr1butloo wltll ....-i .-
N • 400 r., .•. Sc • gd • 0.5 K,JJ.1 1,st.: tol_/,..tor 

0,1L--,---,----.--, ----.-------,.-----.----.---..J 
0-1 o.s 1-0 10 50 90 

rtGUII: S (b) Log-..,.,..1 drop slH dhtrlbut1°" 1• tllo col
N-� r.p.M. Ge • Gd -0.5 K9/Js systeo,; tolU1M/W1ter 

1646 

99 99.9



0-8

0-6

! 
..,1:().4 

f 1
·

04 

lottoa 

f'JGURE 6 Md 7. War11tf• of••"..., ·,he w1Ut height 

N=l00r.11m

+ ----._. 

-��+ 350 
--·-

400 � 

�

+ 

• 

2 12 14 
Top 

·12

·10

·00

·06

·04

K.,; ·02

·14

·12

·10

·08

·06

·04

• CJ2
lottoa 

,,_ . '"'' ""'"" " .... � 
�// s,-sd ;o.2s 

___..+-+ / •• ,. s +-----

�-
, 

/-· 

0 

• N•250 
,/ 

�o .,,---

/ 

2 4 12 14 Top 



1.6 

1.4 

! 1-2

� 1-0 
e 

i 0-8 
.. 
..... 
:, 

� 0-6 

0-4

-2

.1a 

-14

! .1
i 

.o; 

·02

Ge • Gd • 0.5 Kgl.2 s 
Ge • Gd • 0.!5 �9',,,''·1 

Colllpartllltllt 12 

200 300 400 500 
Agitator Speed N ( rpm) 

600 700 

rfGURE 10 Varhtio11 of vol ll!le fraetiu,. dispersed phase with agi tatOt" speed 

-05

• 

comoartment 
number 2 

-10 ·15 ·20 -25
Volume fraction disperse� phase xd 

FIGURE 11. Mean drop size vs hold-up r,
c 

• G
rl 

1648 

-30 .35 

• O .25 Katm2s • 
a.so " o 

0. 75 • + 
l.�O " e 

N • 300 rpm 



700 

600 
,i 
.;_ 
.: 

500 "' 

l 
4 

200 

1-0 2.() 30 ,.o 50 s.o 
Dhperwd pll1M fl-ltt Gd (Kg/ls) 

FlGlM 12 .Gd vs N It ph1M 1nvtrs1o• Ge • 0.00 Kgt.Zs IC 
0.25 • + 
0.50 " 0 
0.75 " • 

1.00 • • 

60 .\ 

{so 
� 

FIGUAE 11 G.d v� Ge 1t phuo 1ftvors1on 

1649 



• Q 8 
t°""' 

-0 

... 

L. 

0 ., 

-
., 

·-

E "'
> 

c.. 
c.. 

L. ::, 

0 -0 

z 
0• 0 

� 
� .&:: 

I
0 

.,, ·-"' 
L. L. 

.. 

'ii 
C 

Ci ., 

0 o-
... 
• 

I
"' 

.&:: 

CL. 

• 

;· 
�

Cl 

• 0 
i::

t°""' 
. 

0 

(0 
. 

0 

LO 
. 

0 

1650 



MIXING EFFECTS IN A MULTI-STAGE MIXER (X)Llffi 

J. Y. OLDSHUE, MIXING EQUIPMENI' COMPANY, I_NC., ROCHESTER, 
NEW YORK, U.S.A. 

F. HOffiKINSON , LIGH'ININ MIXERS LIMITED, POYNTON , CHESHIRE, ENGLAND.

J. C. PHARAI-DND, LIGHININ MIXERS LIMITED, COMPIEGJE, FRANCE

ABSTRACT 

The use of multi-stage mixer o::>1UITl15, illustrated by the Oldshue

Rushton Colunn, involves a ccnsideration of the effect of mixing 

in each of the stages. Mixing affects the throughput, the mass 

transfer rate and the interstage mixing. Full scale colUJTD1s 

can have various proportions for the sane extraction performance, 

and differ in gearetry from small pilot plant colunns. Batch 

emulsia,. break tirres can be used to qualitatively predict colUJTD1 

throughput. 

On scale up, punping capacity and individual fluid shear rates 

scale up with different relationships. 

Mixing Equiprrent Co., Inc., Rochester, New York 

A unit of General Signal 
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LIGHTNrn LI�UID-LIOUID EXTRACTIOlT COLU:-!N 

Agitated liquid-liquid extraction c0lumns have been in 

use since the early 1950's (5) At that t:Lwe, three types of 

columns were introduced, the rotating disc column, the York

Scheibel Column and the Oldshue-Rushton Column. They contrast 

to the previously available columns which obtained mass transfer 

by flowing streams across a packing, or through perforated plates, 

bubble caps, or spray nozzles. 

Three characteristics of mixer columns are important: 

1. Improved volumetric mass transfer rates by using a controlled

mixing regime.

2. The ability to scale up ac�urately, since the dispersion

in produced by rotating impellers with known characteristics.

Using the flowing energy of liquid streams for dispersion

can cause problems in liquid distribution, changing �all

effects on scale-up, and channelins.

3. One or both phases may contain solids, Agitated columns

are essentially oelf-cleaning, and can be used on a wide

variety of process streams.

The two o:9en-type columns, the RDC and the Oldshue-Rushton

Column, differ from the orieinal York-Scheibel Column. The latter 

had individual mixing and packed settling stages. This meant 

that higher mixer power levels could be used and higher mass 

transfer rates could be obtained in the mixing zone, but then 

there had to be provided a lower power level and lower mass 

transfer rate in the settlin� zone. The net result was about equal 

performance in terms of total stage height from either type. The 

open type column offers construction simplicity, and only one 

interface to consider. A frequent requirement for alloy construc

tion in larce columns further constralns the ty:9e of internal 

co:npl,·xity that is econo,�icaJ.ly justified. 

Another type of syste� ia the �ixer-3ettlcr. A hig, mass 

transfer rate can be ohtained in t�e �ixer, oince there is a 

settlin� tank provided to seyarate the two ?hases. 
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In :;-eneral, c01:1parison.s of all extractor types have to be 

made on cost estirnates, since rarely is ttere the same process 

operat"'.'10 si1:iultcin2o•rnly on tvro different types of eq:iipment. 

Cost esti�atcs can hove c·)nsi<lerable vari3tion. Usually, i1owever, 

the total volume in all the different syste�s is quite similnr, 

and the major cost difference revolves around the coat of land, 

the necessity of multiple column units, because of the nlant size 

involved, and wh�ther the mixer-settlers have to be encloaed in 

a structure. 

When mixer-settlers get very large, and intersta�e pumping 

renuirements are added to mixing requirements, the increased 

fluid shebr stresses associated with developing high lift heads 

nay brine:; the mixer regime farther into an area of high mixer 

horsenower pro�ucins a dis clersion which cannot be adequately 

compensated for by additional settler volume. Fi1ure 1 illustrates 

this situation. The rernaininc;discussion in this cia:ier concerns 

the Olds'.1 ue-Rush ton extractor. 

SCALE-UP PRUCI?LiS 

A large scale extractor will usually be quite different in 

several reiards than tne small pilot plant unit used for study. 

A 6 11 diar.1eter column with a 3" sta.c:;e 1ei•Jht, and a 2-i11 dia':leter 

stace opening similar to that shown in Figure 2, and reported in 

Reference 6, is ofte1 used to obtain pilot plant data. 

By senaratin the several mixing factors involved, it is 

pos,ible te scale up the extraction results to end U? with any 

desired geometry, which can then be costed out and ecomomic 

comriarisons made to carry out overall evaluation. Figures 3 and 4 

sno� some of the �roperties that change on scale up. In the 

riilot :Jlant, the usual :neasurement is the number of theoretical 

sta�es obtained in the equipment. 

the stage efficiency. 

It is then nossible to calculate 
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The most reliable scale up technique is to determine the 

,nass transfer coefficient, �a, which is normally based on the 

disnersed phase. In the pilot plant, the effect of interstage 

mixJn� is evaluated, the effect of the ratio of the slope of 

operotin� line to equilibrium equipment line is evaluated, and 

the KLa determined for the residence time in the small scale

ecuipment. Interstage mixing is a flow induced by the mixer 

d1ich is in addition to the fluid throughput, and tends to reduce 

concentration �radients. Scale upcan then be made to several 

different geometries on full scale. For any chosen geometry, 

the effect of residence time ratio of fluid shear rates, blend 

time, intersta;_�e mixing of the undis9ersed phase, de5ree of mixing 

of the dispersed nhase, and the effect of power level is considere� 

Actually, �any different combinations of geometry are 

possible to accomolish the same de�ree of extraction. For example, 

a ,:'iven capacity can be obtained wJ.th lar6e openings in a small 

dia"�eter column, or smaller openings in a larger diameter column, 

Fi:;ure 5. Also, different sta:;e hei _-;hts can be considered, which 

vary the number of :,1echanical stages required further. In 

general, the stage efficiency will be considerably hic;her on 

full scale tha it is on small scale, as shown in Fisure 6.

Sta�e Efficiency 

Overall extraction stage efficiency is determined by inter

stage mixing, (1,2,3) which is related to the interstage mixing 

stace efficiency, residence time, and �ass transfer rate. It is 

also a function of concentration driving force. Any mixing of 

the disoersed phase tendin� to reduce its concentration gradient 

will decrease column performance. It is normally assumed that 

the undisoersed phase is completely mixed and essentially has no 

concentration gradient. This is less true as column scale up 

is increosed. The larger the opening between the stages the 

lower the stage efficiency, and the greater tne throughout. There 

is also the function of the i6peller size to ta�c size ratio, 

and impeller size to openini size rctio. 
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In addition, allowinc the radial flow impeller to establish 

a dual flow pattern in each stage does establish some desirable 

concentration gradients in the system. 

Fluid Shear Stresses 

The role of shear stress is quite important, and among 

other things, determines what is going to happen on full scale 

to entrainment. Fi?;ure 7 shows that as we scale up, there is 

a tentiency for the �aximum shear rate in the impeller zone to 

increase i·:hile the averate shear rate thro11ghout the impeller 

zone tends to decrease (4), If droplet size is proportional to 

shear stress, then we will have a greater distribution of droplet 

sizes from t�e shear stresses shown in FiGure 7 than we have 

in the small scale unit, We may have the same avera�e mass 

transfer coefficient, but t,ere will be a difference in droplet 

size in the dispersed phase. 

COL ill•ll'I TH:clO JGHPUT 

There is no way at the present time t� calculate the through

put capacity of a full size liquid-liquid extraction column 

without making a s�all scale test. The test purpose is to get 

the capacity through a standard set of geometry conditions so 

that extrapolation can be made to other geometry options. Table 

indicates how capacity chan3es with different stage openincs in 

a small unit for one cher.iical system, Non1ally, the low volume 

phase is dispersed, and the higher viscosity phase is dispersed. 

�hese two requirements may not be possible in every case. One 

important criterion is to determine the performance under through

put turn-down conditions. Figures 8 and 9 show that de�ending 

upon the relative mass transfer characteristics in the system, 

turn-down ratios can either help or hurt the overall column 

performance. It is essential that t•ese turn-down ratios be 

spocified, and a suitable test be made in the pilot plant to 

deter:!1ine their effect on column performance. At a lower through

put, the increased residence time may either be important or 

insignificant. The increased interstage mixing lowers performance. 

ifor . .1ally, t,1e performance of a high KL a system is lowered wi ti1

turn-down, while tae performanceof a low �a system is enhanced. 
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In general the dispersed phase has less entrainment than 

t:1e continuous phase. Therefore, special separators have to be 

placed in the continuous phase withdrawal zone to prevent mixing 

energy "leaking out" of the last mixing stage. 

Many studies have been conducted to try and compare break

time studies with capacity of liquid-liquid extraction columns. 

In a later section, examples of some of ti1ese break-time studies 

will be illustrated nelated to column capacity. 

PILOT PLANTING 

It is very helpful in analyzing column performance to have 

batch extraction tests as well as batch break-time.tests. 

These batch studies should be done with impellers that simulate 

the shear rate that will be obtained in the full scale unit. 

This means the use of non-geometrically sL�ilar impellers as well 

as special runs designed to duplicate certain shear rate para

meters in the system. 

Break-time studies involve measuring the time for coalescence 

to occur after certain RPM and residence time runs in the batch 

system. For these tests, phase ratios are chosen as the feed

ratio, even though the column hold-up may not be that value. 

It is important to make runs with each of the phases dispersed, 

even thouch it is custo�ary in the continuous column to have the 

s�all volume phase dispersed. As long as tne small volume phase 

is not less than 1/3 of the larce volume phase flow rate, it is 

possible for the lower flow rate phase to be the undispersed phase. 

Figure 10 indicates met'iods of predicting whic:1 phase will 

be dispersed in the batch ex�eriments. 

In the pilot column, normally a minimum of four flow rates 

are required. At a speed of about 300 rpm, flow rates are adjusted 

upward until the column just begins to flood. At this point, 

the flow rate is reduced to 80% of this value and extraction tests 

performed. Speed is then increased by a�uroximately 20% and the 

floodinr point determined. The flow rate is then reduced to 80% 

of that value and the extraction test performed. 
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The flow is then cut in half at the sa�e mixer speed and 

the extraction performance measured. In addition, the speed is 

raised to a flood point, and then backed off to about a 7% lower 

value to deterffiine what effect increased power would have during 

the turn-down condition. 

An example of a scale-up calculation is shown, In a 611 

diameter column, a 29% star,-e efficiency was obtained, This is 

now cerrected for intersta;,;e mixing as well as the ratio of 

operating line to equilibri�� line. A �a value of 16.2 was 

obtained• 

This IS,a is now scaled up to a full sized column 10 1 dia

meter with a 6 1 high stage. A 3 HP impeller is determined to be 

compatible with desired capacity relationships, The effect of 

interstage mixing in both the continuous and discontinuous phases 

is determined, and an overall stage efficiency of 85% calculated. 

A suitable design factor is then applied, 

Another example starts with a 4% stage efficiency on the 

6 11 diameter column. This is now corrected for interstage mixing 

as well as the ratio of operating line to equilibrium line. A 

�a value of 4.6 was obtai ned. 

This KLa is now scaled up to a full sized column 10 1 dia

meter wit1 the same 6 1 high stage. A 4 HP impeller is required. 

The overall stage efficiency is now 65�6. Again, a suit able 

design factor can be applied. 

i3ATCH-BREAK-'rIME STUDIES 

Solute concentration can have a large effect on break time. 

Therefore, break-time studies should be run simulatinJ the rich 

end of the column as well as conditions simulatin0 the lean end 

of the column. The approximate vmlumetric phase ratio in the 

feed streams should be used, but in no case greater than 2 to 1. 
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A 61
1 diameter jar with a 2" diameter turbine and a 6 11 total 

liquid level is typical. The impeller should be placed to 

give each phase dispersed in successive tests. Several speeds 

are run and brea'.: t:i.me is measured. Observing break time with 

various mixer and system variables can give a qualatative picture 

of the effect on column throughput. 

Figure 11 shows the relationships between break time and 

mixer impeller speed for the water, acetic.acid, methyl iso

butyl ketone (MIBK) system. One of the pecularities found was 

that under certain conditions there was a decrease in break time 

with an increase in mixer speed. However, even though the break 

time was slower, there was a cloudiness in the dispersed phase 

so that there was considerably more entrainment in that phase. 

Another observation which illustrates the importance of 

temperature in column performance is a curve of break time versus

temperature. Figure 12 shows this relationship and indicates 

that temperatures must be carefully specified for full scale 

design and properly controlled during continuous flow performance 

experiments. 
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TABLE 

EFFECT OF SIZE O? OPElfBG BET1.TEZH COHPARTMEifTS 

Typical Data for Operation liitt,: 

Met�yl Isobutyl Ketone, Water, Acetic Acid 

4 Stages, 4 Inches Stage Height, 152 mm Diameter Column 

Extraction, W K 

Compartment 

OrzeninE, 

0 
54 mm

82 mm

152 mm 

0 

54 mm

82 mm 

152 mm 

--- ·- �--

Maximum 

Stage 

Efficienci 

100 

83 

52 
38 

100 

83 

67 

38 

·------

• Ontimum FloK Rate

Minimum 

H.E.T.S. Flow Rate 
Inches KG SEC SQM 

Constant 
(Flow Rate) 

101 0 • 

122 2.9• 

195 2.9 

265 2.9 

(At Maxd.murn) 
(Sfficiency) 

101 0 • 

122 2.9• 

152 5.4• 

265 6.o•
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System 

Tank 

Ir:1peller 

Break Point 

TABLE 2 

BREAK-TIME DAT.I 

Methyl Isobutyl Ketone-Water 

152 mm Diameter 

Four Baffles 13 mm Wide 

152 mm Liquid Level 

51 n.'ll Dioi0 1etcr, l-!ounted at Interface, 

Stainless Steel, Four Flat Blades 

Level 6 mm Above Interface 

Interface 76 =

Brea]::: 'l"ime Seconds 

R.P •. -:. Tirne of Mixinr; (Seconds) 

10 0 

300 38 47 52 58 

400 59 77 87 99 
500 83 108 116 118 

600 110 134 138 136 

700 137 142 141 138 

800 142 145 146 147 

1000 141 124 123 117 
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60 

104 

120 

136 

140 

146 

126 



System 

TAi3L.S 3 

'.3R3A..":<:-'l'IiiE ·r:r,;:.;?EP.ATiJR.C: D.!,·i'., 

Methyl Isobutyl Ketone�later 

,�1an}:. 305 mr�, Four Jaffles, 25 mm ·.:ide 

305 mm Liquid Level 

Ir�peller 101 mm Diameter, >Taunted at Interface, 

Stainless Steel, ?our ?lat Blades 

.area: ?oint 
Level 13 mm Above Interface 

Interface 101 mm 

·rurbine
Speed 400 R • .;11 

Time of Hixing 
(seconds) 

5 

10 

20 

30 

40 

5 

10 

20 

30 

40 

5 

10 

20 

30 

40 

Break Time 
(aeconds) 

55.5 

58.1 

57 .1 

56.5 

55.2 

53.6 

55.6 

54.8 

54.5 

54.o

50.6 

52.7 

52.8 

52.1 

52.3 

Temperature 

12 

12 

12 

12 

13 

14 

14 

14 

14 

1, 

18 

18 

19 

19 

19 

co 



TABLE 3 (continued) 

'rime of Hixing Brealc 'rime 

(seconds) (seconds) Temperature c
o 

20 1f9,9 20 

30 49,9 20 

40 49,5 21 

� 46,9 21 

10 49.4 21 

5 45.0 23 

10 47.4 23 

20 47,2 23 

30 46.6 24 

40 46.5 24 

5 42.8 26 

10 45.4 26 

20 45.4 27 

30 45.2 27 

40 45.2 27 

5 38.9 30 

10 42,7 30 

20 42.8 30 

30 42.5 30 

40 42.8 31 

5 38.9 32 

10 41.5 32 

20 41. 3 32 

30 41.5 32 

40 41.5 32 
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E JLD- UP A,ID ?L:JODL: � El RJ::CIPilOCATEIG-PLATE EXTRACTO:�S 

M.l-l.'fafez, 1'1.ifor:iecek and J. Prochaz:�a

MAan droo size, hold-up of dlsoersed chase anci floodinc 

have been .ae�surcd.in tw-) !nodels of a rcci�rocatins-1)late 

extractor. The 3yste� used was watcr-trichloroethylene. Three 

difPerent recirnes of flow could be distin[uished and special 

attention hos been ,aid to the :lis;1ersion re 0.:;l:ne in t,1e case 

of hold-up and the correspondin� transition resine in the case 

of floodin ;, res;,ectively. A nei; correlatio!l of the droo size 

hus �ecn pro�osed, based on tic concept of horaozeneous, isotropic 

turbalencc. The close connection betwee!l the hold-up and power 

inou t has bec,n emph;:;sized. ,-Tew t:r.;ies of correlation of hold-uu 

data in the transition and e�ulsion type recions huve been 

nronosed. A co:1pc1r.Lso!l of results for three main types of per

forated plates has shown distinct features of the individual 

tynes ond ti1e sinilic:rity of behaviour of t,1e reci0rocatin•·· and 

pulsed extractors with tha sa�e construct�on of plates. 

CzechosJ.ovak Academy of Sc).ences, Pra:;ue, Czechoslova'.:ia, 

Institute of Che.nical Process Funda:nentals. 
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IN'i'RODUCTION 

The reciorocatin3-plate e�tractors �ere ,at int� indu:try 

onl'.r rece•1t1y3, ·rhey proved to hnve a vor:: .·:oo:i effic; ency 

cor.:bined Hi th unus:.1ally hich t!1rou�-:h"'":utc. ��lea ���eir c a.�-:v 

ada9tibility to widely differin· dcaands lndic�tes t·1ot a voriety 

of a·ulications of tiis extractor can be �xoected. Unt!cr t!1cse clr-
c1u:-:st ::-i�c.s th� ;1ecG of <lo.t�-.1 on :1yd:r-od�rnri.�LC:'"; and .!G.Ds tr�n.sfer 

in t{�!.:; o.;'._Ui1:JD:cnt, �-0 well £H3 its ::1cc;�.:.:1.i.cal behaviour, is evident. 

Previous w�-r:: 1-:-,a co!lcer�ec1 ,c1ainl·; ·::ith lonctitudinal 

· · 4,5 · th · t· t t . · ·t· �· d · �ixi�R in e reciproco in-· e;: rac ors anu w1. n �ne yna .. !'LC 

effects, incl udi:i :; t ·.e ')ewer in ,1u t, in this a-.,·iarat..1s G-S. It 

has been also s:1own t,1at t·,(') hei1aviour of the reciurocatin _;-11late 

extractors is in so�e resnects si�ilar to that of a 9ulsed coluon, 

as lon: as tho �eo�etry of tncir trays i3 identical, rile ;.min 

di�ferences are of �ec. anical nature and here also lies tie 

sunoriority of tic princi�le of mov�n� ·olates to that of ,�1satin1; 

liquid. C0nseque:1tly the dat'-1 on hydrodyna: .. ics irJ. t:1c reci01rocatint; 

colwJn can �c co�,�red vit. those obtajned in �ulsed colu�na under 

si=ilar co:1ditions, 

1,/hen annlvs5n t;1e :1ydrody:ia::ics of the recicrocatinJ and 

�ulsed plate colu�ns thrc� ilydro<ly�a�ica re�i�es can be disting

uiched: the so called i'.lixer-settlcr type (J.13) <li::;persion type (D) 

and emulsion type (E) re�i�es, The first and tje last one have 

been well dcacribed9 •10• In this naner the dis�ersion type re�ime

has heen .:.ntroJuced as it tws be£,n found th.it \JOt'.1 ti1e hol:l-up 

a�� t�:0 floodin� velocity corrclatio�s dis9lav iistinct feat�rcs 

in t�is rc1ion. �uolitat�vcly t!1� di�,ercion �c3ion can be 

�efined either statically or Jyna1ically. �ccordi�g to the first 

definition t'.1e • . .-1ho?.e .·,0,3:1 o: t.11·..: dis,:crsed phase in th� st£.1 :._;·::..• 

conGi�ta of �ro�� bu� the local iold-up c�ows a �or!:cd ;radient 

in o:-::ial directio:1, '.'.'he dyna'.lic dcscrintio:i follo·.;s the .;::-ac!ual 

t::- .. ,:�,-: tier. :"ro1:. t:1e \,;·�) ty,1e to ti,e (E;) ty:cc, with inr.::-easing

nuJ.se vc Locit;y. ;i..t fir.'.Jt t:11: ori·::inall:.r continuous l�yer of the 

Ji�� .. r3cJ ph�se 011 ti� �l�tc c:1a�·;ec to a laJer of densely packad 
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Three main types of the reciprocating plate geometry have 

been reported and each of them has its place among the pulsed 

plate columns. These are: 1 . the plates with perforations of 

unifor� size and so small, that the surface tension practi�ally 

prevents the flow with no pulsation11 
; 2. the plates with very

12-14 larae openings and large free areas 3. the plates with

downcomers for the continuous phase3 • 1 5• As can be expected,

there are principal differences in hydrodynamic characteristics

of the above mentioned types of plates in the sense, that not all

of them exhibit all three hydrodyna1.1ic regimes. Some evidence

for this opinion has been found in the course of this work.

Experimental 

The experiments have been performed in glass reciprocating

plate aolumns of 50 and 85 cm inner diameters, 2 m long in which 

a set of horizontal perforated brass plates mounted on a common 

rod was situated. An electronically controlled variable speed 

DC motor connected with an adjustable eccentric imparted the 

reciprocatin motion to the plates. The ranees of amplitudes 

and frequencies used were a(0-0.8 cm), f(0-4c/s). The liquids 

used were distilled water and trichloroethylene mutually saturated 

�t 25 ° c, the or3anic phane dicJe=sed.

�he total hold-up9 was measured usinrr the method of abrupt

closing the inlets of �oth p�ases and the outlet of the orcanic 

phase a'.ld read/ng ti".e incr.�ase of the interfa:;e level at the 

botto� of the colu�n. In so�e cases, esryecially those in which 

t'.1c total .rEvbe:r 0·� plates was not hiJh enou2;h, local holdups 

in the �idst of the column were determined. This was done by 

readin: the level of the l�yer 0f the disnerscd phase on the plate, 

a� the flo�1s. ��itl1 tjc used sy�tci of li��ida and ranie ,r hole 

<iio�1�t2�� no a�1reciable �en:a�e ��� h��n �·)3crveJ. In t�e �ajor

ity uf ·:1co.3'.1re:.1:.:nt.s a �-;ufLi:ic•1!t :-;vcral:� n"..L:'1ber o..:' _ulatcs was used 
16 to 0:-...su . .re o pract:i..cc.lly u:iifo.:.·1:·. a.r:.i..al :-tol-:.:-:.i) �r'Jfilc "!;:lrou,�b.oat
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In the course of �x,erimentc also the si3c of drops has 

been determined by takinc photo-raphs of the dispersion. The 

Sauter diamc· er d
3

2 has been used as the characteristic mean

value. 

Finally also �easurements of power input were performed 

usin� the �et�ods of the capacitance probe recording of the 

pressure ws,ve at the botto:n of the column and the tension lin1: 

indication of the force wave on the rod, �es·oec ti vely. Both

methods have been described elsewherc 1 •7• 

Mean dro� size 

A suitable fora of correlatina d
32 with the pertaining

variables can be found by simple theoretical considdrations. Let 

us su?pose that the drop splitting is c�used predominantly by 

the ciynamic pressure fo:cces of the tt1rbulent flow in the vicinity 

of the vibrating plate, under noncoalescing conditions. Following 

Hinze 17 the turbulent fluctuations responsible for ,the split ting 

are expected to have a wave length of t�e order of d
32 and to

belong to the ineetia subrange of locally isotroDic homogeneous 

turbulent field. �or the mean square of the fluctuation velocity 

difference then holds 

( 1 ) 

With ti1e ,\i vcn system, in Hhicn u
:Q. 

is small and 

lar;;e, the viscosity -roup rur,4 � Dd
32 is expected to 

and hence tr.a 1,eber number can be nssu,ned constant 
2 

� C U d32 
',le = 

0 
= const. 

Combinin� this expression with (1) one has 

d ,...,, co 10 )3/5£- -215 
32 ) C 
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Tb.evaluate the turbulent energy dissination rleasurements 

of tic mean power cc.msu:n,Jtion were undertaken and a:1 empirical 

correlation o½tained. 

(4) 

It c .. ,n be readily shown that for hit;h values of 2 af for1111:1la (4) 

is in accord with 

N 2 
-------- = const.
(2af) 3 � c Dz 

(5) 

which may be deduced from dimensional analysis. From this follows 

for the energy input per unit mass 

2 af 

e273 
(6) 

If the height of the region where intensive splitting occurs, 

h is assumed to be constant, the final'rex,iression for the drop 

diameter results 

i-6/5
(?) 

Fig.1 shows the results of our measurements. For the e�ul

sion re:;i'.1e they follow for1111:1la (7 ). The correlation d32 vs

gives a straiiht line for the otier regi�es, too, �ut with a slope 

differin:: from -6/5. The re spec ti ve formulae are 

d
32 0.28 Ho.11

;
-0, 3 4 

IL. 9.0 (8) 

d
32 0.29 <L) 3/5 j'-6/5 /1� 9.0

fc 

In Fig.1. there are also drawn the lines representing the data of 

��yauchi and Oya 18 as well as a line representin3 Eq.(9) for the

syste,a l·-L.:.3:C - water used in the cited work ( 6rH:3K-H20 = 

10.3 dyn/cm;�tri-H O = 31.2 dyn/cm). 
2 
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The cencral for,� of the depencence of tne holdul'.l on the 

pulse velocity (Fir.2) corresponds to that of a uulsed plate 

colu�n. The holdup decreases in the (�s) resion and increases 

in the other two regions. As was expected, in the (D) and (E) 

regions the holdup correlates well witn the drop size 

0.074 
X = 

3.5 X 

6.o�/,_� 13.0

p 7 13.0 

The results of this correlation are shown in Fig.3. 

( 10) 

In the (MS) region where the distribution of the dispersed 

phase within the sta�e is rather nonuniforo, the holdup in the 

bulk of the staGe contributes but little to the averase holdup, 

the latter bein� predominantly determined by the dense nacked 

layer on the plate. In other words the residence time of the 

dispersed phase in the layer exceeds that in the rest of the 

stage. Now the fraction of tile cycle, during which the layer 

exists, decreases wlth increasine pulse velocity 2 af and is in

dependent of the ceometry of the plate. These considerations help 

to explain the form of correlation for the (MS) region found 

(Fig.4) 

X = 0.15 (2 af)-1•57 u�·5 2af� 0.75 ( 11 ) 

The region in the figure described by Eq.(11) is followed 

by a section of constant holdup linking it to the true (D) regime. 

X = 0.215 u�·5 ( 12) 

This phenomenon can be qualitatively explained as follows. 

Startin� from a certain value of the pulse velocity the eyer of 

densely packed drops begins to expand, whici1 is caused by the 

increasing velocity of the jets of continuous phase penetrating 

it as well as by the decreasine drop diameter. Under these 

conditions the increasini pumping capacity of the plate is counter

oalanced by the decreasing concentration of the dispersed phase 

within the layer. 
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Simultaneously the relative I�"9ortance of t:1e holdup i!'l t,.e 

bulk of the stase gradually increases. It is clear that tha 

exact balance of these �heno.�cna cxprcs�ed by �q.(12) cannot 

be ex-:iected to hold for \1idel7 clif::e1·in;� co:-iditions, as can be 

seen from Fi6.5• This fi::ure s!1.:>· .. ·:..; a:1ot�·ier oro;�isi.!1 wo.7 of 

correlatin· the hold:.1�1 datta, no.1ely .J";oi.nst the '?Owcr concu:TP

tion - S trai.2;h t li!'les in .se .:D.o · coorcL:i.atec result in t,1is 

case. 

It · · • d ... · 1 ·1D r,v co).u.·.·.ns
19 ,.:1as oeen su ;·.::esve I.Or -c .. 1c . 

. 14 
plate colu,1ns 1·1it,1 la�;_,;e o,ien,n·:,: o.'.' t··.c •il;,-:;es , 

and ·,alsed 

t.,at the 

avera··e fallin-� velocit-,� o.f r�ro·')s enuals t�·1::-1t of ri•;id :::;1hercs 

but only a pronortio!'lality has bee!'! co!'lfir�cd by i!'l�irect �casure

ments. In the ca.c;e of the vibrotin� nlate colw1:1. of the �arr 

tyne (i.e. �ith lar�c one:i.in:.c; of nerforations) Pavasovic et. a1
20 

have found an increase of tl10 a rw:"ent dra,•; cocfficie·1t of 8 

to 25%. In our case of the nlnte3 wit� S�Qll holc3 it exceeded 

the valacs for infinitely diluted ri�id s,heres more tha!'l twice. 

T'.1e hinderi�F; effect of t:1e "llatcs could a ,are:1tl·r be ar. ex:)lana

tion of this fact. 

'.:'he for:·:1 of t,,e fl0ocl·,n;; curve of ti1c vib!'.'atin--; �late colu:·:111 

,,;it"i a s._:all ,.:.Lo ·:et,,r o: per:orations (,'·, ,G) cor:·csnonrlc; to t:1:.it 

of t,1e Hor!-: clo:i.e i!'l co:-rclc ti.n t·,1� flood i.11,'i data on '?ulsed _olate 

columns !1�s b ct .-.Lven b�, .·>.:A.l.li!:;t9r et ui..
10• Two reiions are

distin'.';'..lis'1ed, t),,., re-j_o,1 0f floociin: 'Jy ir.su.fficient pulsntion 

and that of floodin caused by e�cessive intc!'lsity of pulsations. 

Little attention has hecn �ai6 to the t�a�sit'on re�ion, as it is 

called L1 t'1is PEJ0,er. 1'hi:: rc:;ion is -:kf.ir.cci a,s t!:at oa:·t 0 °· tie 

flood in "' c:irve bet1-,een t:1-:, 1cnex il!'l� t'1e point, ·,1'1cre the curve

starts to deviate fro.c tie li!'le described by the ncrtaininG 

e�uation for the floodin. by insufficient r,ul.:;::1tio�. rl1his re"c;ion 

=ay he co .. i�aratively wide un�er �01e co�ditionG. 
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The term 11 flibodin:-; by insuffi�ien,; inte--is.Lt:r of ,ulcs::;ti'.>n 11 

has its origin in thinkinz of a �roce�::; of decreasln t,0 pulse 

velocity at constant throu3�nut. For thericscrlntion of the 

transition region the nroce3s of increasi� t::c vel.ocit·, uf 

dic,ersed �hose at con3tn�t ��lse velocity is more 3uL�� =,1�. 

':/hen st.::rtin:: this ryroce::;s at a noi:1t wit'1in t,1:c (...s) r2··;ion 

(sec ?i_:.6) a layer of fully conlesced d:Ls�crsed p�1a:3e c�:1 .enccs 

to build '.l''.) on t:1c oL,te durin;;· 8 ,:iart of he c:rclc. .,s uD 
increases, ti1is !aver ncrsists for on l�crc��·i.n·; fraction of 

thcit 9ert c� tic cycle, Khe� t�c direction of flow in the 

open·Ln:�e ol t.!C nlate cnuals that of u
D

. �1,e floodin·: noint 

co�resnonds to tl,at valae uDf' at w�ich for entire nart of the 

cycle �cntio�ed t�e nlatc ic; covered by said layer. The eouation 

deGcr�bin·· t�1e flo�din; velocity in th� cose of continuoua feadin� 

'th · ft· ' · as follo1,.·• 1 0 
nn,.\ , .. 12. ·. dr::.w1.n·: o nc :')!�ases i.-:; ... 

UDf 

� 
( 13) 

Il' the :-1roces:s starts in tlte (:!:>) rer:ion, there is no lon�er 

a co�tinuous J_eycr of the dlso�rsed nhase on the �late. Instead 

a more or less densely 9ac�ed layer of drons a�nears. So at the 

mo:,1cnt of flooclin.: .:.n the tr:;:1::;itio:1 rc::;ion a mixture of dispersed 

and con.tinuous ?hases is !1Um:>ed thro 1.1:_;i.;. the plate, t!'le fraction 

of t;1,; di3··wrr;crl ,;:u,se i:1 it Xn bein� determined by the local 

hol·1u:? i,1 the l::i:rer. Increasin,:; ti1c ·,rnlse velocity the layer 

exncmds into ti1c sta ;0. a1cei its holdup decreases. Tnis is the 

cau::;c o� a still ctron�er deviation of t3e floodin: curve from the 

line -:iven by (13). The a,ex ·.rill be arrived at when the ex,,and

in ,.- l;;.:·rer reaches t',e next Dlate. The r:iodel just described can 

o-:: :;:'o�·.:o.'_i_,-;ed by ,�ul.tinl:vin;; the rL;ht-hand ::;i,,e of (13) with a 

function of the nulse velocitv, X (2af). � si�nle linear function - • 
p 

has proved s�tisfactory, which is determined by two 9oints, (2af)NS' 

1 and (2af)E, XE respectively. Fie.? �hows exa�nles of the trans

ition curves calculated in thin way anJ tl1c correspondin3 expcri�

ental points. 
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Jhe equation for the region of flooding by excessive 

intensity of pulsations elven by NcAllister10 is im,licit in 

both uDf and 2af. In this work a simple relation has been found

to hold between theae variables of the form 

A - B los 2af ( 14) 

'l'he data ootained in this work are plotted on semilogarithmic 

coordinates in Fig.8. As the straight lines corresponding to 

different values of , d are parallel, it can be inferred that 

the slope of these lines is a function of the properties of the 

liquid system only. In Fig.9 the data of other authors using 

different systems are shown. 

i,mong the data collected in the figures 8 and 9 are two 

sets belonging to plates of different types. In Fig.9 it is the 

set denoted as Baird 13, which represents the Karr type plates,

in Fig.8 the line labelled 11downcomers" concerning the plates 

with special lar�e openings for continuous phase provided with 

tubular mouths (see Fis.10 ). It can be seen that (14) holds for

these types as well. 

In conclusion a comparison has been made between the flooding 

curves for plates with and without dm-mcomers. The results are 

shown in Fig.11. The total free area of both plates is equal and 

so is the diameter of the small perforations. Apparently the 

throughput of the plate with downcomers is considerably higher, 

especially in the region of low pulse velocities due to the presence 

of the downcomers. The main reason for this is the fact that the 

through)uts in the mixer-settler regime are not limited by the 

pumping capacity of the plate. 

A similar shape of the flooding curves, as that for plates 

with downcomers, has been reported for the Karr plates by Baird13•

Here the mixer settler regime is apparently absent as the plates 

are unable to bear the coalesced layer. 
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Conclusions 

1. The mean drop size in the emulsion type region could be

predicted on the basis of a model using the assumption of homog

eneous isotrmpic turbulence of the continuous phase in the 

vicinity of the plate. 

2. Both the mean drop size and the fractional holdup of

the dispersed phase have been found to be simple functions of the 

energy consumption. 

3. New ways of the correlation of flooding in the transi

tion region and the exceesive pulsation flooding region have been 

proposed. 

4. Similar hydrodynamic behaviour of reciprocating-plate

and pulsed extractors with identical plate construction has been 

found. The plates with downcomers have been found to be 

superior to those having only small perforations. 
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a amplitude, (cm) 

d diameter of plate perforation, (cm) 

d
32 Sauter mean drop diameter, (cm) 

D column diameter, (cm) 

f frequency 1 (s -1 )

h height of region of intensive splittin;, (cm) 

H height of staEe, (cm) 

n overall number of plates 

N me an power consumption, (W) 

, U superficial velocity of flow, (cm s-1)

2 mean square of fluctuation velocity, (cm s-1)
u 

We Weber number 

X fractional holdup of dispersed phase 

Greek letters 
-------------

fractional free area of plate 
( -1 -1) dynamic viscosity, g cm s 

density, (g cm-3)

interfacial tension, (dyn cm-
1)

2 -3 turbulent energy dissipation per unit mass, (cm s )

Subscripts 

C continuous phase 

D dispersed phase 

f flooding 
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Fig. 11 Plates with and without downcomers - comparison 
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DISTRIBUTION C HARACTERISTICS OF IRON(III) AS BENZOIC 

ACID COMPLEX BETWEEN BENZENE AND 1.0M (Na,H)Cl04
AQUEOUS SOLUTION 

Hisahiko EINAGA 

Abstract 

Studies have been made on the distribution characteristics 

of iron(III) as benzoic acid complex between benzene and aque

ous solution of l.OM (Na,H)C104• Iron(III) is distributed

from the aqueous to organic phase as benzoate complex in the 

form of monomeric species according to the following equi-

librium: 

Fe3+ 
+ FeL

3 org +

The values Keq 10 and Kex 10 for the equilibrium Fe3+ + 31-

� FeL were determined to be 10-6-33 and 1010-37,
3 org 

respectively, at 25 °c. Distribution characteristics of the 

extractant .benzoic acid (HL) were also studied and the value 

KexL for the equilibrium 2H+ 
+ 21- � H2L2 org was

determined to be 1011 • 13 under the same condition. 

National Institute for Researches in Inorganic 

Materials, Kurakake, Sakura-mura, Niihari-gun,

Ibaraki-ken, 300-31, Japan.



Carbo:xylic acids are known to extract metal ions from aque

ous to organic phases and many examples have already been re

ported1 • 2). Systematic treatments of the extraction equilibria

and elucidation of the distribution mechanism have however lit

tle been.made until recently3) . It became evident from the 

rec!=lnt investigations that carbo:xylic acids tend to form ex

tractable complex species of the forms of (ML2OH)n and

(ML3(HL)m)n for trivalent metal ions (In(III) 4) , Al(III) 5) ,

and G�( III) 6)
) by extraction with aliphatic monocarbo.:xylic

acids -(HL), which are sparingly soluble in water, such as 

capric acid. For the extraction of iron(III), both FeL3 and

FeL
3

•HL in the form of monomeric state are reported to be

formed and extracted with fatty acids of 7 to 9 in their carbon 

number, but (FeL3)3 in the trimeric form with capric acid2 • 7).

To deduce general conclusions on the extraction characteristics 

of metal ions with carbo:xylic acids, it must be necessary to 

obtain more information for various types of carbo:xylic acids 

and metal ions. The present study was unuertaken to obtain 

such information for aromatic carbo:xylic acids with moderately 

soluble in water and iron(III) and benzoic acid system was 

chosen for the present purpose. It is reported that iron(III) 

can be extracted with sodium benzoate into ethyl acetate, 

methyl, and amyl alcohols1), no systematic study has been 

made on the extraction characteristics of iron(III) with 

benzoic acid from aqueous solution into benzene. 

DISTRIBUTION CHARACTERISTICS OF BENZOIC ACID 

It is necessary first of all to know acid-base and distri

bution characteristics of the extractant benzoic acid to 

elucidate distribution characteristics of the iron(III) 
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complex. 

Acid dissociation constant, k
a

' of benzoic acid (HL) in a 

constant ionic medium of 1. OM (Na,H)C104 was det.ermined

spectrophotome�rically on the fact that electronic absorption 

spectrum of b�nzoic acid in the ultraviolet region is shifted 

hypsochromically by its dissociation. Absorption measurements 

at 285 nm for solutions containing 1.07 x lo-3M of benzoic acid

with varied -log [H+] and calculation b� equation (1) led to

the value of ka = 6.03 x 10-5 (pka = 4.22) as summarized in 

Table 1. 

E E
min 

pka = log _2_8�5 ____ 2_8_5_
max 

E285 E285 

In equation (1) the terms and 

(1) 

are absorbances 

due to undissociated and dissociated forms of benzoic acid, 

respectively. Themodynamic acid dissociation constant of 

benzoic acid has been reported to be ka = 6.339 x 10-5 at

25 °c 8).

It is known that monocarboxylic acids generally form 

dimerized species in nonpolar organic solvents. Dimerization 

constant and partition coefficient of monomeric species of 

benzoic acid was therefore determined by the following treat

ment. In this case it was assumed that monomeric species of 

benzoic acid was distributed from aqueous into organic phases 

followed by dimerization in the organic phase and that the 

dimerization in aqueous phase of benzoic acid could.be made 

negligible as compared with the monomeric and deprotonated 

species because concentration of benzoic acid is considerably 

low. All the assumptions made above may be considered appro

priate in the present study, Under the conditions specified 

above, the distribution ratio of benzoic acid, DL, may be re-
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presented as shown in equation (2). 

2 [H2L2] org + [HL] org
[HL) + [L-] 

(2) 

Rewriting of equation (2) by using P1, the partition constant

of monomeric species, Kdm' the dimerization constant in the

organic phase, and ka with appropriate rearrangement leads to

equation (3). 

( 3) 

Equation (3) indicates that there should stand a linear re

lation between distribution ratio of benzoic acid corrected 

for by hydrogen ion concentration and concentration in the 

aqueous phase of monomeric species with an intercept of P1 and

a slope of 2PL Kdm' from which PL and Kdm can easily be

calculated. Experimental data were shown in Fig. 1, and the

values of 2.31 for PL and 90.5 for Kdm were obtained as sum

marized in Table 1. 

Extraction constant of benzoic acid may be defined as fol

lows: 
K exL,

( 4) 

The constant KexL in equation (4) may further be rewritten by

using the terms of P1, Kdm' and ka as shown in equation (5):

KexL = p 
2

K k -2 (5) L dm a 

The value of KexL was then calculated and log KexL = 11.13 was

obtained as summarized in Table 1. 
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DISTRIBUTION CHARACTERISTICS OF THE IBON(III) AS BENZOIC 

AC ID COMPLEX 

In the acidic aqueous solution with no auxiliary or secondary 

ligands, iron(III) presents in the form of aquoion, Fe(OH2
)6

3+,

hydroxo complex species, such as Fe(OH)2+, Fe(OH)
2

+, etc. 

For aliphatic monocarboxylate complexes of iron(III), it has 

been reported as stated earlier that both monomeric and poly

meric species of the general form (ML3
(HL)m)n, where m and n

are integer, were distributed into nonpolar organic phase. 

In the present study species contributing to the distribu

tion equilibrium were therfore assumed to bs Fe(OH)i
3-i for

iron(III) in the aqueous phase and FeqL
3q(HL)

P 
for the iron(III)

complex in the organic phase. Distribution equilibrium can 

then be represented as follows: 

[Fe L (HL) ] [H+ ] (3-i)q q 3q p org 

[Fe(OH) . 3-i]
q 

[H L] (3q+p)/2 
l. 2 2 org 

( 6) 

Now let us define distribution ratio, DM' and apparent distri

bution ratio of iron(III), DM', which may easily be obtained 

experimentally, as follows: DM = q(FeqL
3q(HL)

P
]�rg /[Fe(OH)i

3-i]

and DM' = q(FeqL
3q(HL)p]org / CFetot' where CFetot is the total

concentration of iron(III) in aqueous phase. Equation (7) can 

be obtained by using the term DM' with further appropriate

rewriting of equation (6). 

log DM' = log qKeq qp - q log O((H) + (3q+p)/2 log [H2L2]
0rg

- (3-i)q log [H+ ] + (q-1) log CPetot
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(7) 

where the ¾i are the hydrolysis constants of iron (III) 

Equation (7) implies that under the constant condition of both 

1u L ] and [H+ ) there should be a linear relation between lf'2 2 org 
log DM' and log CFetot with a slope of q-1, from which poly-

merization number of iron(III) in the complex may be determined. 

There should also be other linear relations between log DM' and

log [H2L2 ]org under the constant condition of both [H+ J and

CFetot with a slope of {3q+p)/2 and again between log D
r:1

' and

-log [H+]under the constant condition of both [H2L2)org and

CFetot with a slope of (3-i)q, from which both p and i may be

determined. 

Extraction constant, Kex qp' of the iron(III) complex, which

can be defined aa follows: 

3 Kex gp_ qFe + + {3q+p)L-
+ pH+ .====�-�-�- FeqL3q(HL)p org

( 8) 

may further be rewritten in terms of Keq qp and KexL as shown

in equation (9). 

log Kex qp = log Keq qp + {3q+p)/2 log KexL (9) 

Distripution experiments were carried out for systems 

containing 0.448 x 10-4-L.790 x 10-4M of iron( II I), 0.0247-

0.247M of benzoic acid, and _:log [H+ ] of 2-3. For the relation 

between log DM' and log CFetot at a specified values of [H2L2Jorg
and -log [H+], it was found that log DM' was independent on log

CFetot under the conditions studied. This fact concludes that

the value of q is equal to unity, hence no polymerization as 

for iron(III )  is observed in the present study. 

Figure 2 shows the results on the relation between log DM' 
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+ q log �(H) and -log [H+]at a specified value of [H2L2]org•

In this case khl 10
11 •0 and �2 = 10

10•7'were used for the

calculationlO) . A linear relation is obtained as shown in Fig. 

2 with a slope of 3, indication that i is equal to O. Relation 

between log DM' and log [H2L2]org at a specified value of [H+ ]

is presented in Fig. 3, from which it can be seen that the 

slope of a linear relation (3q+p)/2 is equal to 1.5. Hence 

p is equal too. 

Summarizing these results leads to the conclusion that Fe3+ 

and not hydroxo species participates to the distribution equi

librium and that the iron(III) complex of the form of FeL3 is

present in the organic phase. Equations (7) and (9) can 

further be simplified as follows: 

log Kex 10 = log Keq 10 
+ 3/2 log KexL ( 9') 

The values of log Keq 10 
and log Kex 10 

were calculated by using

the data from Figs. 2 and 3 and -6.3 and 10.4 were obtained 

as summarized in Table 2. 

In conclusion, iron(III) is extracted from aqueous phase by 

benzoic acid according to the following equilibrium: 

3+ I 
+ Fe + 3 2 H2L2 org � FeL3 org + 3H 

and the extraction constant is log Kex 10 
10.4.

Iron(III) has been extr�cted with capric acid from aqueous 

solution (ionic strength: 0.04) into benzene to form trimeric 

complex species of the form of (FeL3)3 with an equilibrium
0 7) constant of Keq 30 

= -9.9 at 25 C • Results of the present

study on the extraction with benzoic acid reveales on the 

contrary that monomeric species is formed and extracted into 

benzene. These differences might in part be due to the struc-
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tural change of the extractant, but further study should be 

made from structural standpoint. 

Adduction of benzoic acid in its undissociated form to the 

neutral iron(III) complex is in this case not practical and 

coordination of carboxylic groups by way of two oxygen atoms 

per group constituting three four-membered rings is concluded 

structurally because iron(III) has generally a coordination 

number of six.

EXPERIMENTAL 

Iron( III) solution was prepared by dissolving metallic iron 

in nitric acid followed by converting to perchloric acid solu

tion with slightly acidic to avoid hydrolytic precipitation of 

iron(III). Benzoic acid was recrystallized twice from water 
0 8) and dried over anhydrous phosphoric acid. m.p.: 122 C •

Distribution ratio of benzoic acid was determined by using 

electronic absorption characteristics in the ultraviolet region 

(270 nm). Adherence to Beer's law for benzoic acid was ascer

tained. Absorbance of benzene was also corrected. Distri

bution ratio of iron(III) was determined by using a spectro

photometric method with 8-hydroxyquinoline. In this case, 

completion of ligand substitution reaction of the extracted 

iron(III) complex with 8-hydroxyquinoline in benzene was also 

ascertained111 . Hydrogen ion concentration, -log [H+ ], was
. .............. 

determined potentiometrically with glass and saturated calomel 

electrodes and a solution containing 0.990M of sodium per

chlorate and O.OlOOM of perchloric acid was defined to be 

-log [H+]= 2.00.

All the experiments were carried out at a solution temper-

ature of 25 °c. ·', Absorption measurements were carried out with
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a spectrophotometer, model 139, of Hitachi Ltd., Japan, with 

matched quartz cells. A pH meter, model F-5, of Horiba Ltd., 

Japan, was used to obtain potentiometric data. Equilibration 

was carried out with a Universal Shaker, model V-D, of Iwaki 

Ltd., Japan, at a rate of 300 strokes per minute. Shaking of 

more than 10 minutes was sufficient to attain equilibration. 
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Table l. Acid-Base Properties and Distribution Charac

teristics of Benzoic Acid in the System of Benzene-

1.0M (Na,H)C104 Aqueous Solution.

log KexL

4.22 2.3 90.5 11.l

Table 2. Distribution Characteristics of the Iron(III) 

as Benzoic Acid Complex in the System of Benzene-

1.0M (Na,H)C104 Aqueous Solution.

Formula of the 

extracted complex 
log Keq 10

-6.3

log Kex 10

10.4 

cf. The constant Kex 10 is equal to Pc�30, where Pc is

the partition constant and p30 the over-all formation

constant in the aqueous phase of the iron(III) complex 

FeL
3•
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Extraction of some univalent and bivalent metals in the presence 

of macrocyclic polyether 

J.Rais, M.K;yr� and L.KadlecovJ

Institute of Nuclear Research, Czechoslovakia 

Ever increasing amount of information on ma.crocyclic ligands 
and their complexes with alkali metal and alkali earth cations [1-3] 
predetermines the search of their practical applications in some 
branches of chemistry. It seems that the use for ion selective 
electrodes is the main area investigated at present. So, e.g. highly 
selective electrode for Kl- ion based on valinouzy-cin has been proposed 
[4] and is now commercially available. The infornation on this
area of practical use may be gained from review papers [5,6].

Solubilisation properties of the cyclic polyethers vs. the 
alkali metal cations in organic solvents made possible to prepare 
a number of organic solutions of simple salts up to now not obtainable 
which, subsequently, may be used for new reactions. E.g. the 
solution of KMn04 formed in benzene after solubilisation in the 
presence of dicyclohexyl-18-crown-6 may be used as an oxidation 
agent in the organic phase [7]• 

Extraction behaviour in the presence of the metal cations and 
cyclic polyethers has been studied mainly for the characterisation 
of the polyether, most often being measure the distribution ratio 
of picrate anion between water and organic solvent in the presence 
of polyether and an excess of alkali metal hydroxide [s]. The 
quantitative analysis of the extraction equilibria has been given by 
EISENMAN [9,10] and FRENSDORFF (11]. Generally speaking, the 
ext�action in the presence of polyethers may be characterised as 
"ion pair exteaction". This is due to the cationic form of the 
complex, the charge of the cation being unchanged upon complexing. 
Equilibrium may be described by the stability constant of the 
complex in one of the phases, the extraction constant of the 
complexed salt in either dissociated or undissociated form, 
dissociation constant of the ion pair in the organic phase and 
distribution of the polyether itself between water and organic 
solvent. It is usually assumed that ion pairs are not formed in 
the aqueous phase [11]. 

From the point of view of possible practical separation of 
alkali metals or alkaline earths the distribution ratios attainable 
with picrate anion are too low. We have used in our recent work 
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[12] as a counter ion of complexed ·alkali metal ca!ion large
hydrophobic anion of the type dipicrylaminate (DPA) and it has
been found that the salts of the following type:

�F dibenzo-18-crown-6 dipicrylaminate Mc+DPA- strongly prefer 
the organic phases.· In comparison with simple !-r+-DPA- which are 
extracted only into polar organic solvents (the highest selectivity 
being reached in nitrobenzene [ 13]) for complexed Mc+DPA- the solvent 
of choice may be also some slightly polar solvent as �c12,CHc1

3 
etc.

It seemed to us that the study of the influence of organic 
solvent on the selectivity of extraction in the presence of macrocyclic 
polyethers is of primary i.J!lportance for further development. In 
this work the selectivity of extraction of microamounts of Na+ and Cs+ 

ions in the presence of Li+DPA- and into six organic solvents has been 
studied. In other experiments the extraction of Ca2+ ,sr2+ _and Ba.2+ 

·

in the presence of polyhedral borate sandwich anion (B9C2H11)2 Co- (14] 
has �een investigated. In all experiments the macrocyclic polyether 
has been dibenzo-18-crown-6. 

Rirnerimenta,l 

All reagents were of A.R� purity. The solvents used were also 
of this grade and were before use equilibrated several times with 
fresh portions of distilled water. The following radioisotopes 
were. used: 22Na, 137ca,133Ba,85sr and 45ca, the purity of which has 
been checked )'-spectrometrically or by p-absorption and half-life (45ca).

T'ae sample of polyhedral borate sandwich anion in the form of 
caesium salt cs+ (B9c2�1)

2
co- has been obtained from Institute of 

Inorganic Chemistry, Rez by Prague. This salt�� been converted 
into R-form after dissolution in nitrobenzene (10 M) by 12 fold 
equilibration with 4N R2so

4 
by a procedure which will be given in

.full detail elsewhere [15]. The anion has shown similar properties 
as DPA- in view of its extractibility into organic solvents (15]. 

'l'b.e synthesis of dibenzo-18-crown-6 has been performed according 
to the n:ethod. published by Pedersen [7] and purity tests corres:rond.ed 
to those reported in [7,12]. 

�raction experiments were _performed ·with 2ml of each phase 
during 30 minutes at 25: 1°c. Aliquots of both phases were measured 
on standard p and i - equipment. 
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Results and Discussion 

Although, if equilibrated, the main portion of M+DPA
initially present in the aqueous phase passes into dibenzo-18-
crown-6 solution in chloroform almost immediately it is doubtful 
whether a true equilibrium is attained at short time interval 
of about 30 minutes. This has reflected in some spread of 
experimental results not permitting the precise quantitative 
evaluation of respective constants in extraction of alkali 
metal dipicrylaminates. Two factors are operating in our 
opinion: slow kinetics of dissolution of dibenzo-18-crown-6 
in water and aqueous solutions of alkali metal nitrates and
partial hydrolysis of DPA- anion present in chloroform layer
which probably increases with the time of the contact due to the 
formation of HCl. The first factor had been studied to some 
extent with another intention. It had been hoped that from the 
solubility data of dibenzo-18-crown-6 in aqueous solutions of 
varying concentration of say alkali metal chloride an information 
on the composition and stability constants of respective complexes 
in the aqueous phase may be relatively easily obtained. The 
solubility of crown really increased with increasing molarity of 
KCl, but equilibrium values have not been obtained even after two 
weeks of equilibration. Further experiments in this direction 
were not performed. Eventually, the lack of the true equilibrium 
in extraction experiments for the times 1-2 hours was pro�ed by 
the following experiment: a relatively concentrated ( 10- M) solution 
of CsDPA in chloroform solution of crown was prepared and diluted 
to a sample for extraction. Another sample of the same composition 
contained CsDPA initially in the aqueous phase. With the first 
sample always slightly higher distribution ratios of DPA were 
obtained. Regardless of the small kinetic effects discussed we 
have used in all experiments a time experimentally suitable-30 minutes -
of extraction. 

The selectivity of the extraction of microamounts of Na and 
Cs in the presence of LiDPA is given in Figs. 1 and 2. It may be 
seen that the highest distribution ratios Des are obtained with
chlorinated solvents. As shown in Fig.2 for these solvents also 
the selectivity increases with crown concentration. On the other 
hand for nitrobenzene, where in the absence of crown the separation 
factor Dcs/DNa is 1000 [16], the selectivity of the extraction is 
about two orders suppressed in the presence of this cyclic polyether. 
In propylene carbonate the values of Des and DNa are small and 
selectivity ratio is very close to 1. 
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To throw some light on the results obtained, several comments 
should be made at first. Alkali metal dipicryl,minates are totally
insoluble in chlorinated solvents used (Des<. 1 o- for CsDPA and 
chloroform or chlorbenzene) indicating very low ability of the 
molecules of these solvents to coordinate with alkali metal cations. 
In these solvents the latter rr,a;y be present only in complexed form. 
In other solvents with higher basicity and dielectric constant 
alkali metal dipicrylaminates are soluble and in the organic phase 
both complexed and uncomplexed forms may be present. The
dissociation of MC+DPA- compounds may occur to some extent in
slightly polar solvents (the dissociation constant of KC picrate 
in CH2Cl2 as found by FRENSDORFF [11) is¼= 4.4x10-6) and rr,a;y 
be supposed almost total in nitrobenzene (see further text), 
nitromethane and propylene c8;'bonate (all with dielectric constant 
>30). The composition of Na with dibenzo-18-crown-6 is supposed
to be 1:1, whereas in methanol the formation of CsC+ and sandwich
Csc; with comparable formation constants was proved (17]. It may
be reasonably supposed that the constants of stability of the
respective complexes are several orders lower in water than in the
organic media due to the competition of water molecules for ligand.
Similar effect has been experimentally verified for dicyclohe:xyl-
1 8-crown-6 (11] •

Considering that water is the strongest electron pair donor 
solvent in the systems involved in Fig.2 and that the affinity of 
the cation towards the donor molecule increases with decreasing 
radius it may be concluded rather schematically that the water 
content in the organic phase should be one from the controlling 
factors of extraction selectivity (13]. This idea should apply 
both to the uncomplexed cations and cations in 1:1 complexes, as 
solvent contacts are possible probably also in the direction 
perpendicular to the plane of the ring [17]. The results obtained 
in this work are consistent with this criterion, the water content 
decreasing in the sequence propylene carbonate"> nitromethane > 
nitrobenzene>CH2Cl2 > CHCl3 > C6H5Cl and in the same sense increasing 
the selectivity of the extraction. If this effect is operative, 
it may be further expected that with increasing complexing the 
solvation of cation by water molecules will decrease and ultimately 
if both cations will be present in their 1:2 complexes and hence not 
susceptible to further contact with water molecules the selectivity 
will be independent of the water solubility in the organic phase. 
This state has not been apparently reached in our experiments. 

The main factor influencing the selectivity is evidently the 
composition and stability of the respective complexes in both 
phases. There is a lack of data in the literature on stability 
constants of dibenzo-18-crown-6 in solvents used in this work. 
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At fuat eight the reported higher stability constant for Na+ ion 
in methanol than for es+ ion 1 : 1 couq>lexea [ 17] is in contradiction 

:;
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r::::!�, however, 
that there will be probably a couq>ensation of two factors: co!IQ;)le::mtion 
and extraction selectivity. E.g. for nitrobenzene, the ion Cscf will 
be preferred in co111cpariaon with Nae+, similarly as ca+ ion is preferred 
over Na+, but preaUI1Bbly in lesser extent (iaoateric Nact and Cs� 
should be extracted almost equally [16]). Even if Na+ ion in 
nitrobenzene is more strongly complexed than cs

+, the resulting effect 

may be that Dc
s/Dfia > 1 • The discussed effects are probably responsible 

for observed decrease of separation factor of Cs and Na in nitro
benzene upon addition of crown (Fig.2,) 

The increase of Dcs;>Na with crown concentration for 
chlorinated solvents may be connected with the transformation 
of Ca.+1: 1 complex to 1 :2 complex, If it is so, the formation 
of 1:2 couq>lex in nitrobenzene should occur only at higher 
concentrations of crown. To verify this opinion the distribution 
of pure caesium picrate from water into dibenzo-18-crown-6 solution
in chloroform and nitrobenzene has been studied (Fig,3.) In this 
case the overall equilibrium may be simplified, giving for Des 
(v = V ): a o 

csc+/o + /csc2/o + /CsCPi/o + /csc2Pi/o 

/cs� 

�/c/
0 

+ �/c/� + !���L£ + !� Cin/c/� 

where C denotes crown, cin is the initial concentration of CsPi in 
the aqueous phase and following equilibria are involved: 

cs
+ Pi C CsC+ Pi:, K1 + + + a a 0 0 

Cs+ Pi C CaCPi
0
, �+ a a 0 

cs
+ 

pj_- 2C + fi:, � + + CsC20 + 

a a 0 

Cs
+ Pi- '

+ + 2C CsC2Pi
0, � a a 0 

Some terms in equation (1) may be neglected fo� real systems. 
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For chloroform it has been found previously that CsC
2 complex is formed for C .;?, 1 o-2M [ 12] , hence only terms 

with K.., and K� will applj� The experimental set of curves
for cm:13 has been fitted with K2 = 1-2 and K2 = 1-3,105 
(the agreement of the theoretical and experimental curves 
was not perfect for C '7 5 .1 o-2M where theoretical 
curves became more cuHg1f1upwards). The calculated 
dissogiation constant of CsC2Pi in CHCl� / Kd = K2/K�
3,10- - 2.10-5 is of a comparable magni�ure as tnat 
reported for KCPi in CH2c12 (Kd= 4,4.10- [11]). 

In nitrobenzene the dependence log DC vs. log C are
near to the straight line with a slope +O.� (Fig 3). crown 

Considering also the relative independence of Des of Cin• it 
is obvious that dissociated Cac+pi- is extracted (term with K1)
and only at high concentrations of crown this is transformed to 
1:2 complex, From the curve for cin = 1.10-4 M the value of
K1 may be evaluated as K1"' 400. This value is of about four 
orders of magnitude higher than that for uncomplexed cs+Pi- :into 
the same solvent (K = 1.2.10-2 [18)) and shows a large gain :in 
hydrophobicity of cg+ .ion upon complexing. From the values of 
Ki and K0 the formation constant of Csc+ in nitrobenzene may be 
estimated as log Kc c+ = log Ki - log K = 4,5, This is of one
order higher than t�e same constant in iethanol [17], It is not 
quite clear why the 1:2 complexing in nitrobenzene is so suppressed 
in comparison with chloroform, but perhaps the same factors as 
discussed above rmy have an influence, i.e. the stronger competition 
of molecules of solvent and water molecules for second ligand :in 
nitrobenzene than in chloroform. 

In view of some signs of the complexing of bivalent metals 
with crown compounds [7] and determined stability constant of 
dibenzo-18-crown-6 with Ba.2+ ion (log KBa.c2+ - 4.28 in methanol [19]) 
it seems interesting to find out what is the influence of the 
polyether studied in this work on the extraction of alkaline earth 
cations. The results for Ca, Sr and Ba are given in Fig,4, In 
all cases the curves pass through maximum, indicating perhaps some 
competition of more stable Ba.c2+ for less stable HC+ f20J formed at 
higher concentrations of crown. The position and shape of the 
maximum is more evident from Fig,5 where Na+ is the competing 
cation in its turn transformed into much better extractable Nae+ 

(compare Csc+ and cs+ discussed above). In the latter case the 
competition mechanism seems to be proved by the fact that the 
decrease of ¾a values was accompanied by rapid increase of the 
concentration of DPA anion in the organic phase in the same region 
of Ccrown· Curve 2 in Fig,5 gives the distribution of Ba into 
chloroform in otherwise identical conditions. Why in this case the 
curve lies much lower and maximum does not occur is not possible to 
decide on the basis of the experimental results. 
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Conclusion. 

The use of macrocyclic polyethers opens certainly broad 
possibilities in extraction isolation and separation of some 
elements. It may be supposed that selectivity can be varied 
appreciably by the choice of polyether and solvent. The price 
and availability of more complicated ligands may be a limiting 
factor for practic�l use, but for simple compounds as used in 
this work is not of primary importance. 

On the other hand, the extraction selectivity for these 
compounds may be often in direct connection with potentiometric 
selectivity if their solutions in organic solvents are used as 
ion selective electrodes. E.g. the potentiometric selectivity 
Cs/Na for dibenzo-18-crown-6 in nitrobenzene as found by 
RECENITZ and EYAL (21) (N6.5) is almost identical with our 
extraction selectivity (�10). Also in this direction the study 
of the extraction behaviour of cyclic polyethers may be useful. 
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Investigations on the �echanism of Fe(III) extraction 
by n-ca-orylic acid 

P. :.,ub.l, L.iv:. Gindin, A.I. Kholkin, K, Gloe and K.S. Luboshr..:.:cova

Central Institute of Solid State Physics and Material Research, 
Dresden, Academy of Science, GDR, and 

Institute of Inorganic Chemistry, Novosibirsk, Sibirian Branch 
of the Academy of Science, USSR 

Abstract: 

;.. trimer iron(III) Mprylate (:B'e (c7H1f00)3 . H2oJ3 is formed
in the organic phase in the extraction of iron(III) by solutions 
of n-caprylic acid in n-decane. 
Constants for the following extraction eg_uilibrium have been 
determined: 

Under the experimental conditions there do not exist hydrolyzed 
species in the organic phase, 
The influence of various diluents on the extraction behaviour 
of :B'e(III) is discussed. 
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Investigations on the mechanism of Fe(III) extraction 

by n-caprylic acid 

P. Muhl, L.M. Gindin, A.I. Kholkin, K. Gloe and K.S. Luboshnikova

Central Institute of Solid State Physics and Material Research, 
Dresden,Academy of Science, GDR, and 

Institute of Inorganic Chemistry, Novosibirsk, Sibirian Branch 
of the Academy of Science, USSR 

Results published till now on the composition of extr.acted 
iron(III) compounds in systems involving monocarboxylic acids 
are contradictory, though there is a great number of publi
cations 1-5) concerning the mechanism of iron(III) extraction.
This is based on the fact that, in the case of the extraction 
of iron(III) with monocarboxylic acids and compared with the 
extraction of many other metals, there occurs a number of 
additional interactions in the organic and aqueous phase. 

In this paper results of investigations are given concerning 
the extraction equilibria of iron(III) in systems with n-caprylic 
acid and various diluents. The composition of the extracted 
iron(III) complexes in the organic phase was determined 
comprehensively using n-decane .as diluent. 

Extractions were carried out partly in the extraction apparatus 
AKUFVE, partly by usual shaking at 25 .i 0,1°c with a volume ratio 
of 1:1. The organic phases consisted of solutions of n-caprylic 
acid in n-decane and other diluents;· the aqueous phases were 
solutions containing Fec13 and NH4Fe(so4)2 of various concen
trations. Usually the ionic strength was kept constant by addi
tion oi Na2so4• The pH values were adjusted by addition of NaOH
resp. H2so4• IR and electron spectra were taken for the completion
of the thermodynamic analysis of the results. 
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Previous experiments confirmed that, in the case of iron(III) 
extraction by n-caprylic acid .. in n-decane, the eg_uilibrium for 
extraction and reextraction was obtained by 15 min. shaking • 
.After that the distribution coefficient remains constant, also for 
longer mixing times. However, if the mixing time exeeds four 
hours, a small increase of the iron(III) concentration in the 
ag_ueous phase and therefore a decrease of DFe can be observed.
After some time the aqueous phase evolves a hydroxide precipi
tation. Such a behavior of the iron(III) is corresponding to the 
results of ARDEN ?) , who pointed out, that the eg_ilibrium of the 
soluble hydrolyzed Fe(III) species in the ag_ueous solutions is 
obtained relatively g_uickly, whereas the formation of the solid 
iron hydroxide takes place very slowly. 

In figs.1 and 2 the experimentally determined lg DFe values are
plotted against the eg_uilibrium pH values of the ag_ueous phases. 
The values were obtained with variable initial Fe(III) concen
trations and constant extractant concentration and constant ionic 
strength (fig. 1) resp. with variable initial concentrations of 
n-caprylic acid in n-decane and constant initial Fe(III) concen
tration (fig. 2). The figures show the increase of the distribu
tion coefficients wit-h increasing pH values of the ag_ueous phase,
according to the cation exchange mechanism. A further increase
of pH causes precipitations in the organic phases, which could
be identified as basic ferric caprylates by means ofIR
spectroscopy and chemical analysis.
The curves of the plots of lg DFe vs. pH are bent to some extent.
In the range of low DE·e values the slopes of the curves are
essentially larger than the charge of the Fe3+ cations. This 
fact, and further the shift of the curves for the plots of DFe
vs. pH value in the direction of larger pH values with 
decreasing initial Fe(III) concentrations (fig. 1) point to 
polymerisation of the extracted iron compounds B).
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The extraction of iron(III) by n-caprylic acid, taking into account 
solvation, hydration, polymerisation of the extracted compounds, 
and formation of hydrolyzed species,in "the organic phase, may be 
described by the following equation: 

xFe3+ 
+ � (3-m + s)(HR)2(o) + x(q+m) H20 

[Fe(O�I)m R)-m • sHR • qH20Jx(o) + 3 xH
+ 

(1) 

where HR - n-caprylic acid 
x - degree of polymerisation
s - solvation number
m - degree of hydrolysis
q - hydration number.

The subscript (o) denotes the organic phase; the aqueous phase is 
without subscript. 
It could be proved by chemical analysis, that anions of inorganic 
acids are not present in the extracted complex. As iron(III) in 
aqueous solution is exposed very strongly to the complex forma
tion with anions of inorganic acids and to hydrolysis, the overall 
Fe(III) concentration in the aqueous phase is not equal to the 
concentration of free Fe3+-cations. Acconding to BJERRUM resp. 
FRONAEUS the relation between these -two concentrations is defined 
by 

CFe = CFe3+ (1 + � Bn (A) n) = CFe3+ j (2) 

where overall Fe(III) concentration in the aqueous 
phase 

cFe3+ - concentration of free (uncomplexed) Fe3+_cations
in the aqueous phase 

(A) - anion ligand concentration
n - ligand number in the complex

�n - overall stability constant of then-th complex

:? complexity fu.."lction 
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Thereby the complexity function f is available under the given 
conditions by means of the formation constants of the sulphate 
resp. chloro complexes and the hydrolysis constants of the soluble 
hydrolvzed Fe(III) compounds. The needed constants were taken 
from 9). Therefore the equilibrium cons.tant of the exchange 
Fe-His given according to equation (1) as 

where �R(o)

X·C.� C "'1.C.�- .... s)i;t"') 

analytical concentration of the free 
n-caprylic acid in the organic phase

..;. hydrogen ion activity 

(3) 

analytical concentracion of Fe(III) in the 
organic phase; on the assumption that there 
is only one Fe(III) compound in the organic 
phase 

The activity constants of the compounds.as well as the water acti
vity may be regarded as constant under the chosen experimental 
conditions and with the assumption, that all interactions of the 
extracted compound are taken into consideration in equation (1). 

Using equation (3) it is possible to evaluate the solvation number 
and the degree of polymerisation from the experimental results. 
For that the values of the plots given in fig. 1 and 2 are used. 
From equation (3) it follows 

lg DFe = lg K1 + 3x p?. - x lg f + (x-1) lg cFe

+ �(3-m+s)lg c ( ),:. HR o 

With DFe and cHR(o) =
expression 

pF. - 1/ 3 lg f = K2 -

const., equation (4) leads to the 

x-1 -3- lg C1.,e 
:r.: " 
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The slope of the plot of pH vs. lg c]'e according to eg_uation (5)
gives ti.le degree of polymerisation 3.- The linearity indicates a 
constant degree of polymerisation: for variable values of cFe(o).
A further indication of constant degree of polymerisation is the 
constancy of the molar extinction coefficient of the absorption 
band at 348 nm in the electron spectrum of the organic phases 
with Fe(III) concentrations 0.0001-0.003 molar/1 [extractant 1 m 
HR in n-decane; £ 348 = (2.0_±0.1) • 103 ].
The obtained results point out the extracted Fe(III) compound to 
be a trinuclear complex in the investigated concentration range 
and confirm TAN.AKA's results 6) on the extraction of Fe(III)
by n-capric acid in benzene. 
A possible salvation of the iron complex by n-caprylic acid 
molecules can be proved by thermodynamic analysis of the values 
given in fig. 2. Using eg_uation (4) the dependence of the 
eg_uilibrium pH value on extractant concentration with DFe and
cFe = const. yields

- 1 pH - 1/3 lg cp = '6 (3-m+s) lg �R(o) (6)

A value s-m:O was determined from the slope of the plotted 
entities according to eg_uation (6). However, this points out in 
accordance with TANAKA and COWORKERS 6), that the thermodynamic
analysis of the extraction equi.libria only does not provide a 
proof of the existence of hydrolyzed caprylates. 

The degree of hydrolysis of the extracted com
)

ounds was determined
titrimetrically using KARL FISCHER's method.+ Hydroxyl groups 

+) It has been sho1n1 by means of spectrophotometric investiga
tions, that in the absence of. inorganic iron salts there is 
either no reduction of Fe(III) to Fe(II) in the organic phases 
by KARL :B'ISCHER solution or an extremely slow reduction rate, 
possibly caused by the great stability of the trinuclear com
plex. Therefore, iron(III) in organic phases has no influence 
on the determination of water and hydroxyl groups. 
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were found in 1·ew samples only (possibly a partial hydrolysis 
during the drying process++) ), the maximal concentration being 
< 5 % relating to the Fe(III) concentration. 
It can be concluded from these results, that the extraction of 
Fe(III) by solutions 01· n-caprylic acid in n-decane yields the 
neutral salt .lfeR3

• According to the established value !."or the
degree of hydrolysis m=O it can easily be derived now from 
equation (6), that S=O, i.e., the ferric caprylate in the organic 
phase is not solvated by n-caprylic acid. 

In this connection the hydration or the extracted iron compound in 
this system was investigated, too. As the iron compound has not 
any hydroxyl groups, the water concentration in the organic phase 
could easily be determined by KARL i'ISGHER' s method. The hydration 
number was estimated in the usual manner according to the equation 

= + q cli'e(o) , (7) 

cH O being the analytical concentration of water in the organic
2 

phase, and � 0 the solubility 01· water in the initial n-caprylic
acid solution2in n-decane at the corresponding water activity. 

A plot of cH20-c�
20 vs. cFe(o), obtained by extraction of .l:!'e(III)

by 1m caprylic acid in n-decane from 0.163 m Fec1
3 

solution at
constant ionic strength, but at variable pH values, gave a slope 
01· nearly 1; i.e., the hydration number is unity in relation to 
one metal cation (accordingly 3 in the trinuclear complex). The 
constancy of the hydration number at various values for 81! 0
indicates a relatively weak bonding of the H20 molecules ifi the
complex; probably they are not directly bonded with the metal 
atom. 

Thus the composition of the extracted iron compound in the system 
with n-caprylic acid in n-decane may be given by the following 

++)Extracts with relatively high pE va�ues were
0
pretreated to

eliminate the water by Jh �acuu� drying at 70 C. 
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formula: 

Comparing the lg DFe-pH-plots for extraction from 0.163 m �ec13
(fig. 2) resp. from aqueous sulphate solutions (fig. 1) it can 
be deduced, that the introduction of sulphate ions into the 
system yields a significant shift of the curves in the direction 
of larger pH values. Thus the half pH value pH0_5 

is 1.70 in the
extraction of iron(III) by 1 m caprylic acid in n-decane from 
0.163 m Fec13 solution, whereas it increases to 2.28 in the extrac
tion under the same conditions, but with the addition of 0.78 
moles/1 Na2so4 to the aqueous phase. The strong shift of
lg D = f(pH) in the direction of larger pH values in the second 
case is undoubtedly connected with the stronger complex formation 
of the iron in sulphate medium. 
The equilibrium constants KFe-H were evaluated for the two cases
considerating the complex formation in the aqueous phase. Accor
ding to the determined _composition of the extracted compound and 
by use of equation (3) the following values were obtained: 

-

lg KFe-H

- 10.1 .:!: 0.2

- 10.4 .:!: 0.2

Extraction from 

0.163 m Fec13, without Na2so
4

0.163 m Fec13 + 0,78 m Na2so
4

These results confirm, that the shift of the curves for 
lg D = f(pH) in this case is caused only by the complex formation 
in apeous solution. 
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The influence of the diluent was investigated extracting Fe(III) 
by n-caprylic acid in n-decane, benzene, carbon tetrachloride, 
1.2.4.-trichlorobenzene, nitrobenzene + CC14(ratio 5:1), i-amyl
alcohol, diisopropyl ketone, and i-amyl acetate. 

Fe(III) was extracted by 1 m n-caprylic acid solutions in various 
di�uents from aqueous solutions· containing 0.5 m Na2so4 + 0.02 m
Fe(III�In all cases the slopes of the plots of lg DFe vs. pH
were considerably larger - with the exception of i-amyl alcohol -
than 3, indicating polymerisation of the extracted compound in 
those diluents. The half pH values were determined as follows; 

decane 2�52 
benzene 2.51 
CC14 2.58 
nitrobenzene + CC14 2.57 
1,2,4 trichlo:robenzene 2.60 
iso-amyl alcohol 2.73 
iso-amyl acetate 2.97 
diisopropyl ketone 3,02 

The pH0•5 values point out, that the systems involving diluents
with weak electron donor properties are characterized by similar 
pH0•5 values in the range .of 2.5-2.6 . The systems with i-amyl
alcohol, i-amyl acetate, and diisopropyl ketone show larger 
pH0•5 values. Probably this may be attributed to a stronger influen
ce of the extractant-diluent interaction. It should be emphasized, 
that i-amyl alcohol having the strongest electron donor proper
ties of all diluents investigated in this work yields a smaller 
pH0_5 value than i-amyl acetate and diisopropyl ketone.
Probably, this is due to a significant interaction between the 
diluent and the extracted compound (solvation). It is possible, 
that this interaction effects partial or total destruction :. 
of the trinuclear complexes in. the organic phase. This statement 

f 
and, 

is supported by the smaller slope o the lg D -pH-plot; too, by 
the smaller molar extinction coefficient (£ 348 = 1.5 . 103)_in
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the electron spectra of the organic phases, compared with t.he 

corresponding £.. values using the other diluents ( e
348::;2.1,:t0.2·103 :

Distinctions are shown by the IR spectra, too. Only in the system 

involving i-amyl alcohol a large quantity of water is coextracted

with the Fe(III). 

F'or interpretatio!l. of the IR spectra of the organic phases 

containing various diluents, above all IR spectra were taken 

from solutions of neutral Fe(III) c�prylate in n-decane resp. 

of basic Fe(III) caprylate in benzene, turthermore from precipi

tations of the latter compound. Thereby, in the case of the neutral 

caprylate two bands of antisymmetrical stretching vibrations of 

the coo--ion appear at '"' 1610 resp. 1560 cm-1, which are shifted

to 1590 resp. 1535 cm-1 in the case of the basic caprylate samples.

Thus one can easily distinguish the neutral and the basic Fe(III) 

caprylate. 

In the IR spectra of the iron(III) extracts with various diluents 

only the neutral compound FeR
3 

could be detected. Thus it may 

be concluded that, on conditions of having investigated the 

extraction equilibria 9 the neutral Fe(III) caprylate predomina

tes in the organic phase. 

The investigations on the mechanism of Fe(III) extraction in 

systems involving monocarbo:>..-ylic .acids are not only of interest 

with regard to theory, but they have a.lready contributed to the 

creation of an extraction process for the preparation of purest 

iron compounds 10)
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Ml.TUG our Ul'IICS' o, sea MSTAL-aw>RIDBS ON rec:1
3 

UTIIACTI� 

F1W)I( .1Qm0Ua PIIAU Wl'l'li NSTHYL ISOBU'l'YL-JCBTOIIE 

I. Eger 

••tractiOD of iroa ahlorida froa a,q\M0\18 80lllti011 with Nathyl Iaabutyl-Jtataa• 

wu •tll4ied, uia9 -till cbloriclu u aaltia9 011t qau. •art1t1ca 

-ffioi.-'8 of hCJ.
J 

ia tM �H m of brclnablorio add 1a ftried 

...... tratiaa •• __. u nfenaoea. 

TIie aaltia9 011t effeot 9reatly ia-u wbea tile •altiat Ollt ..,_t ia 

byuofilic.The hi9he•t Yal•• wen obtained by uia9 NtC1
2

, cac1
:i 

or AlC1
3 

for aal1:J.A9 out. 

oni-raity of the N�Y 

Jlaaearch 5 Deftloi-nt Authority 

P.0.8. 1025 

her Shen. 

ISRAEL 
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Th• pnaent wodt coacenaa th• aeparation OODditioaa of J'eCJ.
3 

froa a abloride 

mixture of A1Cl3, C&Cl2, M9Cl2, NaCl, XCl etc. in aquao1111 aoluti� 

The nUOA for atudying thia reaction baa been the fact that to obt&ia A1Cl3 

frtia clay• by acid leaching, the p:roblAa of J'eCl.3 Mp&ration froa a •Y•te• 

of chloride• ha• great iaportance. Due to the high ooncentration of the 

iaob1&eyl-ketoae (MilllCe) pha•• 1a aucb incraued, a fact that led WI to a 

of the BCl aaltin9 out aqmt and r.C13 conoentratim:a in the aixtura. 

1 1 + + + + J'eCl -B 0-HCl-Me Cl-Mi,X. Me •Li ,H& ,It ,IIB., l 2 • 

Extraction of J'.Cl3 froa hydroc:hloric acid aolutian• by orvanio aolY-t bu 

been atudied by ,rarioua author• (l-5) chiefly for --1.ytical purpoMa. A 

n\alber of work• treat the extraction -chaaiaa, that i• the forain9 of the 

,..Cl� ooaplex, th• clependence of extractibility on the acid OODcentratioD 

of the ferric-ion, and the nature of the aol,rent l&Md (6,7,8,10,11). 
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Work. baaed on iafra-n4 apeo-trNoopio M&lyaia bu idmdfied tbe hCl' - .I.Ga 

iD � •yataa, pKO'f'ia9 that ree1, wa• fonad ia the •ci-• ph&N Cl). ftia 

c,oaplez 1- 1a eauacsted bJ the ozyaaic IIOlftat to • eq11ilil>ri- •U98 ia a 

wi:r uort uaa.

The capacity of the orvuJ.c OKY9mi&ted 110lffllt to extract hC1
3 

iactre&H• ill 

tbe followiA9 •eq'*loe, 

llther• - aloohol• - or9anic aciu - -ten - ketoa•• - aldehyde• (9). .. 

ll8ed Mi.U.e •• u extractant to obtaia r.c:13 fzoa aqueou aolutioD•, addia9 

ftrioua •tal. chloridH to the aboft -uoaed sy•tea. 

In our work - -d the - �tity of •altin9 out aq•t, D&aely 3 eql&iY

alent Cl- froa the aalt, for ••oh liter of aolution, wt the ratio of 

hydrochloric acid vaa Y&ried betwe• 1 to 6 -1•/liter. 

� 

consaat --ta of ree13 aolut.1.oa (a,, 9 re2o3/1it) -re iatzoduoed in • 

-•IIZ'iA9 flaak ud broWjbt to oonataat wl- ud to deaire4 •altill9 out 

a�t and acid ooaoeatrati••· Then the ooatent of the flau vu contacted 

with KiBJta ill a 1'01- ratio of lsl beblll- organic and &queoll8 ph&.M. 

Prior to thi• operation the •aapl•• -re illtrodlloed ill a tharao•tat to 

•iAt.lin their teatperatun at 2s•c.

s-plea in ferrous ccapl- fora -re teated by apectzophotoaetry at pH 3, 5 

with a - ca dipiridil at l 520 - uaiAg Beckmann apparatus, after reduciDg 

,_3+ 
and Fe

2+ 
with hydrochinoll. 
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Iateg,nuU. of -..iu 

l'lle ftl•• of tM pardtioll ..,.fficieat of tM r.c1
3 

wn -•idend u a 

nfonaoe •Y•'- &r r.c:1
1 

extracrU.oa with Niu. b1a aci-1111 aollltion• with 

iacnuiat ocaoutraU- of IICl. TM rea-.l.Uat 'Al_. an introd\lced ill 

001- 2 of Tabla 1, Ul4 an la aooordaace with the elate• -1--.ated by 

apeoker ad .. '*-a. 

It caa be •een that the partit:ioe ooofficient h -11 up to a conc.nt:rat:ion 

of 2 N/llCl, but ria•• to tbouaanda at 6 ,Vlit BCl --t:rat:ion. 

Tabla 1, ool- 3-10 •bow• the 'ftl- of r.c1
3 ,partition oooffici-ta 

be� NiaJC.e and the aq\leOU8 phaN obt:ainod by addin9 -tal ohloridH u 

aaltJ.a9 011t a.-at of nl•oe 1 to 4 in which the Cl- oonoentntion h 

J eqw.val•ta/1. (Salta with a aolabilit:y lolliar than t:hi• Talue, an auited 

with aateriua). 

Aa ooacluion• of t:beH n•ult:a - are -tionin9 the followin91 

A aarud incnu• in tba partition coefficient vaa obeenod in all -• ia 

tba pn-ce of chloride•. 

Tb• partition oooffici•t incn ... • in ••t -• only ia the pn••ce of 

acid. 

The •y•ta .. with the ••ltJ.ag out •CJ-ta LiCl, McJC1
2 

and c.c1
2 

abow at hifb 

CODC-t:rat:ioA high value• for the partition oooffioi-t alao ia tbe llb•-ce 

of acid. (Table 2 col-• 1,2,J). In all tba other oa ... atlldied, vbeD 

extraction wu t:riod wit.bout adding the acid, the -1• of th• partition 

ooofficient i• ne9li9ible. 
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rraa tho utaa ia ..i-• > te 6 1' - be .. taaat tile ftha• of -. 

•Uoaic aa4 tile 1-i• •tnaftb of tlla Ml� ollt .,_t bu - iafl

upoa the eatraftiltilit;r of tlle ina allledAIII witb IUUe. 

AlCl
J 

a.ad fllel,. flli• faft i&. ... ,,_. tlla 

affinity of tbia ud.oa for w-.r.

111 .... of tllo ,nat 

Val•• of Jt wzy •- m tbat for llfC1
2 

811d cac1
2 

an tJao roault of t:m fan 

that both aa.lta an hiply hyclnfilic. 

Jtuainiat •1- 1 aacl 001_. 7 to 10 for tM CICIIICNatratioa r11D9e• 1-J NDl 

IICl/1 • ou ._ tbat the Talue• of Jt &n inonuia9 -n tb&ll t-, orden of 

-,.iade 4- tD the ,nat Nltiaf 09t effen of the bydzofllic cblori••· 

Than h ao aood to •tnH tile illport.aaco of this offecrt for Npu&tica of 

rec:1
3 

fna other ahloridH ia IICl •l•tica•, naaltill9 froa hydnchloric 

acid doompoaition of aiaerala ud allof•• Tbe 1- chloride -parat!Ga 

fzoa the .. •1-ta oaa bo ooaplotod ia thia ooadition with nlatiftlY low 

hydzochloric acid OODcoat.ration in aquoou 110lut.1oaa. 

Ackllow led; at 

'l'ho author 9rataflllly a�lod90• tho u•htaac:a of Nr•. loaia Ooroo•, for 

carryin9 on the -.-nta of thi• won. 
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Conaent.ra- Without 
tion BCl/ Hlting 

M/1 out &IJIIDt 
-

V, 1M 0.034 

2M 0.45 

3M 3.42 

37.3 

SM 389.0 

6M 3285.0 

TULK 1 

Partitioa -ffioienta of r.c:13 bebreea aqaaou HCl 110latiou

and orgaaio 110l-t NllJCe (wl .. 1,1) by uiag nrie4 

aaltiag oat a911nta 

LiCl N.Cl Eel NH4Cl MIJCl2 C&Cl2 Al.Cl3 'l'bCl4
127.2 175.3 223.3 160.5 142.8 166.5 - 133.35 162 
9/1 9/l 9/l q/1 v/1 9/l 9/l v/1 

4.98 4.45 1.2 1.36 6.75 5.6 5.3 3.2 

71.0 46.5* 8.o• 14.2 146.5 158.8 147 57.3 

426.8 390.0* 62.0* 105.3* 1005.0 1152 795 560 

�-

Tile OODoantration of 
the aaltinq oat a99nt ia 
J9 eqahalut c1-/lit1 
the vorkin9 taperablre 
25oC. The oonoutrati• 
of iron 8.4 9/l re203•



TML111 2 

•arUU- -ffiaieaU of r.c13 betweell aqueou

aol11tioaa and 01:9111110 aol-nt Miaxa <-1- lal) 

by uainq varied aaltiACJ out &lfeJlU (without aald Bel) 

oonc. of the 

Mltin9 -t 
a991t eqm.,r. 
Cl-/1 Li.Cl IIIJCl2 

cac:12

1 0.051 

2 .0.07 

J 0.51 

.. J.00 0.25 o.ao

5 31.90 1.55 1.54 

6 16'.00 U.J0 1.40 

7 '62.50 n.so 67.00 
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IBVESTIGATIOB OP KITRACTIOB ABI> SOD PROOBSSBS OP 

SB:PARATIOli OP ALKALI-BAR1'H ELBIIE!lTS 

B.E.Brezbneva, G.V.Korpusov, B.:P.Prokh.orova, Yu.Z.Prokopchuk, 

V.I.Svetlakov, and s.Ya.'l'rulchanov

Institute ot Physical Chemistry ot the Academy ot Sciences 

ot the U.S.S.R., Kosco•, U.s.s.R. 

At present not enough consideration has been given to extraction 

methods ot alkali-earth elements (ABE) separation, although all ot 

them are etteotive and DBY be success:tully used. 

Among the papers published only the works on radioactive stronoi.

um-90 isolation with D2EHPA /1-4/ are worth while mentioning. Yet, 

most ot data on the regularities of extraction with analytical 

bias /5-8/. 

Ea!ier we published data on ABE extraction with oxine, its 

haloid derivatives, and salicyl aldoxime /9-11/. The latter, having 

good capacity, gives higher values of separation ooefticients of 

oalciua-stronoium, and stronciua-barium as compared With D2BHl'A. 

But this reagent is not produced on a large scale. 

Present paper deals with possibilities ot other extracts use, 

such as TBl', D2BHl'A, and some others, m.inly ditterent carboxylic 

acids. !hey are inexpensive and available in unlimited quantities. 
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UPBRDID!AL 

Table 1 gives the list o! investigated extracts. 

To study regularities o! distribution we used radioactive 

indicators, 
45ca (T-164 days,!); 89sr (!r-50.5 days,/>);
140Be (Ta12.8 days, P , t ) ; 

1 JJ:ea (!r-7 • 5 years, O) •
45ca and 133:Be bad no iapurities and were not additionally purified.
89sr, containing nall amount of 90sr, was purified from the latter

by extraction of 0.5K solution of D2EHPA in kerosene from aqueous 

solutions of o.JK on nitric acid. 140:ea was separated from 1401.a

also by extraction with D2EHPA but in 0.1K solution of HB03•

We used standard reagents 1fh.ich were not additionally purified. 

INVESTIGATIOJI OP EJ:nA.CTIOB SYSi'EIIS 

We aimed to study regularities of All extraction to choose 

optiDlal conditions for AEE separation. So we estimated systUIB 

under investigation from the standpoint of their selectivity, 

technological effectiveness, extract capacity and some other 

parameters. 

I. Extraction of AEE with D2EHPA

D2EHPA solution 1n hydrogen chloride diluent is known to extract

calcium, stroncium, and barium 1n the range of pH values from 1 to J 
(Fig.1), at pH equal to 1.5-2 separation coefficient of calcium

stroncium <}ca/Sr) having maximum value ""20. This !act is used

in technology of radioactive stroncium isolation, stroncium is 

separated from calcium on the stage of reextraction with solution 

of citrate-poiser (pH""'1.8-2) /1/. Citric acid is used only to 
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Table 1 

List of Investigated Extracts 

extract formula molecular I dissolutioni 
weight J.��:P.� .

tributylphos-
phate 

(TBP) 
;c4a9o '-..
I,c4a9o - P • O
I / 
;c4a9o

diisoamyl ether! CH3 '-
of methyl-phos- 1 C 1-l 1')- p = Ophonic acid s 1 

q/ 
(DAKPA) . Cs1-l•1 

triisoamylphos- C5H11 '-phinoxide 
(TIAPO) C5H11 - p - 0

C5H11 / 

di-2-ethylhexyl� CaH170 OH 

ortho-phosphor19 'p/ acid , / � 
(D2EHPA) j CaH170 O 

I 

caprilic : CH3'CH2)6COOH
acid I 

ne.phthenic R
i;:.. 

, 
acide sepe.ra ted ' 
from oil 

} 
R ( CH2) n -co, 

(C10-Cu 

-isobutyl- - g
isopropylacrylici -C•CH-CH2-CH-CI 
acid SH �H ba 
(,),�-acids). , cii''ca 3 

tertiary 
carboxylic 
acids R1 
c15-c19
( -II) i 

3 3 

�5 
-COOH

2 

V " 

I266.0 0.039 
) 

I
I 

I 

l ; 

231.0 I 0.19 

i 

260.3 

: 

322.7 �0.01 

144.22 0.25 

•250 i-0.009 
,a ' 

169 0.0676 

3 

�15 -
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dissooia tion 
constant 

1•10-2

1.4.10-5 

4•10-7

1.86•10-5

1.2•10-5



atabilize pH ftlue. 

Changing of aeparation coefficient value is connected only 

with changing of pH (P1g.2) and does not depend on either pH of 

acetic, tartaric or citric acid changes. 

At orpnization of the process of ABB aeparation, stable 

systems are of the greatest interest as they prov1.de with complete 

use of extract capac1 ty. 

D2EBPA capac1 ty is changeable 1n the range of pH ot AD a:trac

tion (pH•1-3). It also changes at higher values ot pH 1n the 

area ot extraction isotherm plateau (Pig.3). 'fhis tact is due to 

AEE ability to form two types ot extractin coapounda by two 

possible extraction reactionaa 

112+ 
+ (H2',2) # ll(HA.2)2 + 2H+

(1) 

112+ + 2HA � *2 + m+ (2) 

Reaction (1) is occuring at pH 6. 3.5-4 and oorreaponda to � 

ot D2EHPA neutralization. At higher wluea of pH D2BBPJ. aonoaerises 

and we have reaction (2). R•l1Y (Pig.)) at pH ranging trom ).5 to 

5 (monomerizat1on is starting at approxiately pH.4.5) D2BHPA 

capacity becoaes two tiaes as 11Uch. 

In exchange systema under ieothe:m plateau the Yalues of 

separation coefficient• of calciaa-•tronciua and atronc1ua-bar1ua 

are respectivelya p Oa/Sr::::a-10, /J Sr/Ba = 2.0-2.5. !he last

value is -11 and ao sr-t nuaber of atepe 1a required for the 

aeparation, Hilt•• folllld that W'b.en raising the concentration of 

ao�ua nitrate froa 1• to 'Ta, p Sr/Ba 1ncreaH4 b-oa 1.5 to 6

(fable 2, Pig.4). It 1• quite na'tuftl a• •tala1lit7 of nitrate 

c-plexing agent• of AD 1ncr•••• froa Ca tbnugk Sr and to Ba.
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table 2

Separation coefficients of Stronci'IDl-lle.riua at Different 
Concentrations of Sodium Bitrate. Extract - 0.5)1 D21HPA1 
p11.3.3 

[BaRo3J, • 1 2 J 4 5 6 7 

/3 Sr/lie. 1.7 2.1 2.6 J.2 4 5 6 

'lhell ueing acetate poiser the difficulties are possible. One 

should not ignore them as at changing of relative content of 

nitrate-ion and acetate-ion the inversion of values of distribution 

coefficients of stronciwa and barium (1ig.5) might take place. 

We found as well that increase of !BP concentration in extraction 

system promoted selectivity of this extraction system (Table J). 

So, the above data show that using combined system, D2EHPA - TBP -

BaBo3, we may considerably raise the values of {3 Sr/Ba and make

this system suitable tor separation of men�ioned elements. 

2& Extraction of AEB nth Beutral Phosphororganic Extracts 

There is little infoniation on extraction of AD different salts 

with tributylphosphate /12-15/ and practically we have no data at 

all on ABB extraction with other neutral phosphororganic extracts. 

In this paper we considered just tor comparison ill extraction 

with three representatives of neutral phosphororganic extractaa 

tributylphosphate, phosphonate, and phosphinoxide. 

Above extracts form extractive compounds with ABB by well-known 

equation: 
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Table J 

AEE Distribution and Separation Coefficients for Different Organic Phase Compositions; 
Composition of Aqueous Phase: 1, 3, 5M NaNo3; 0.01M Ca; 0.01M Sr; 0.01K Ba; pHa4
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where n is close to 2 for calcium (Pig.6) and somewhat lees than 

2 for stroncium and barium. 

At AEE extraction the general regularity of raising extraction 

ability from TBP to phoephinoxides was kept for considered 

extracts. The extraction order of main representatives of AEE: 

calcium, stroncium, and barium corresponds to the one for above

considered extracts. Magnesium is extracted almost like stroncium. 

Lead(II) is extracted with TBP worse than calcium, and in case 

of TIAPO better than it. Extraction of two last elements was 

checked as they are close in their properties to AEE and they 

are often present in the solutions from which stroncium is 

extracted. 

Effective constants calculated for AEE extraction with neutral 

phosphororganic compounds {TBP, DAMP, TIAPO) are changeable. So 

we do not give their values in the paper. 

Extraction of AEE as well as other elements raises in •salting 

out' agents presence (Fig.7). 

Fig.8-12 show isotherms of distribution of calcium, stroncium, 

barium, lead(II), and magnesium for TBP, DA.MP, and TIAPO. The 

data obtained show that although neutral phosphororganic 

extracts extract nitrates of AEE less effective than trivalent 

elements, they can be still used for practical purposes. Neutral 

phosphororganic extracts may be used for AEE extraction from 
or 

their saturated solutions'viii presence of •salting out' agents,

for example, nitrogen nitrate or others.f3ca/Sr for TBP and

phosphonates is approximately 5, for phosphinoxides fca/Sr is

much lower. 
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31 Extraction of AEE w1 th Carboplic Acids 

We chose four carboxylic acids representing main available 

types of carboxylic acids: 

1. caprilic acid belonging to alipbatic aonocarboxylic acids

of normal series.

2. naphthenic acids produced from oil {C10-C13>
J. J.. -isobutyl- �-iaopropylacrylic acid c10{,,l, ,-acid)-branched

carboxylic acid with double bond 

4. tertiary..l ,-t,-branched carboxylic acids {C15-C19>
fhe properties of above extracts are giTen in Table 1.

Dependences of ABE distribution coefficients on pH of 

equilibriWD aqueous phase were found for all acids {�ig.1J). 

Hg. 13 shows that when passing from carboxylic acids of fat 

aeries to tertiary oJ. ,d. -acids, pH112 of AD shifts to more

alkali area, and extraction order obanges aa well {'!'able 4). 

Table 4 

Values of pH112 of ABE at Extraction with Different TypH
of C&rboxylic Acids 

extract pH1/2 pH1/2 pH1/2
barium stroncium calcium

caprilic acid J.8 4.22 4.37 

naphthenic acids 4.68 4.97 5.26 

,J. , � -acids 5.48 5.64 5.48 

tertiary J. ,ol-branched
6.01 6.09 acids 5.a3
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It at the ext:raction with caprilic and naphthenic acids ABE 

extraction increases through the series Ca <Sr< Be., then at 

extraction with tertiary J.. ,al-acids extraction increases so that 

Sr< Be.< Ca. 

It is seen from Pig.13 that tangent of angle of slope of 

curves in coordinates lgD-pH ranges from 1.7 to 2. Tb.is 

corresponds to the formation of extractive compounds of 2-charged 

cations. Depending on the conditions and types of carboxylic 

acids extractive compounds of AEE with both dimerization 

molecules of extract and monomer ones might be formed. At 

extraction of microquantities of AEE the formation of compounds 

with dimeric molecules is most characteristic for normal 

carboxylio and naphthenic acids. Por branched carboxylic acids, 

which dimerization constants are small in organic diluents, the 

formation of extractive compounds with monomer molecules of 

extract is typical. Similar compounds are formed at high content 

of AEE in organic phase, under the conditions of complete 

neutralization of carboxylic acid. We did not observed noticeable 

polymerization of extractive coapounds in organic phase. 

Composition of AEE extractive compounds found for branched 

rJ., �-acids, KeA
2

•4HA, is close to that of stroncium /16/. 

Above acids have not great selectivity at AEE separation. 

But t�king into account carboxylic acids high cape.city, up to 

1M and even higher, and convinience of different technological 

processes realization with carboxylic acids, we studied 

possibility of these acids use. for separation of stroncium

barium which is the most difficult separating pair. 

We mainly used two extracts: branched ol, p-acids and naphthenic 
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acids which are inexpensive and quite available. 

li'ig.13 shows that at extraction of' indicator quantities of' 

stroncium and barium with 50% solution of' J.- ,J-acide in dodecane 

separation coefficient j Ba/Sr is approximately 1 •. 5.,1.a.

When passing to macroquanti ties the value of' separation 

coe:f':f'icient /3 Ba/Sr gets somewhat lesser and makes up 1.28

<}sr/Ba•0.81). Dilution of carboxylic acids with tributyl

phosphate instead of dodecane was expected to increase selectivi

ty of carboxylic acids like in case of D2EHPA. Really, at changing 

of extraction order separation coefficient of stroncium-barium 

p Sr/Ba increases from 0.81 to 1.47 for 50% solution of carbo

xylic acids in TBP. Pig.14 shows that when increasing TBP 

concentration in organic phase f'rom Oto 70% the value of' 

separation coefficient j Sr/Ba monotonically increases and 

reaches 2. 28 for organic phase 70% TBP + 30% .l , f, -acid. 

Like in case of' D2EHPA, at increase of' sodium nitrate 

concentration in aqueous phase from O to 5K (Pig.15) J Sr/Ba

increases from 1.94 to 7.1. Apparently, concentration of 

sodium nitrate in aqueous phase should not be higher than JK, 

as further increase of' concentration does not result in 

increasing value of' p Sr/Ba' and only leads to decrease of'

solubility of' Sr(B03)2 and Ba(N03)2, and it is not desirable.

Table 5 contains separation coefficients of' stroncium-barium 

f'or the folloWing extraction system: 40%aL, /J-acid + 60% TBP -

Sr(B03)2 + Ba(Bo3)2 +3'BaBo3 + H2o. In this case values of

separation coef':f'icients for stroncium-barium are much higher 

than those f'or D2EHPA. At stroncium and barium extraction with 

naphthenic acids separation coe:f':f'ioient J Sr/Ba is 4 for 
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Table 5

. Values of DSr' D
Ba.

, and} Sr/Ba for Different Compositions
of Organic and Aqueous Phases 

Phase composition Dsr D
Ba. Sr/Ba 

�q ph: O. 7M Sr+0.12M Ba+ 3M NaNOJ 
i 1.95 
i 

0.28 6.86 
org ph: 40% ,.J., f?, -acid + 60% TBP; 

1.J6M Sr

aq ph: 0.5M Sr+ 0.1M Ba + JM NaNO
J

2.5 0.25 10.0 
org.ph: 40% ,J.., (!>-acid + 60% TBP; 

1.25M Sr 

indicator quantities and approximately 1.3 for macroquantities 

of elements. When introducing sodium nitrate in aqueous phase, 

like in case with J.. , � -acids, D
Ba. 

decreases, Dsr is approxima

tely constant, and} Sr/Ba increases (Table 6).

In the investigated system concentration of barium nitrate 

should be not higher than 0.05M because of its slight solubility 

in the system. 

So extraction system basing on naphthenic acids may be used 

only for purification of stroncium from small amounts of barium. 

EXTRACTION .IIBTHODS 

From above experimental data it is clear that neutral phosphates 

having great capacity, do not give high values of di�tribution 

coefficients. They are mainly used for separating calcium from 

stroncium from saturated solutions of AEE nitrates or solutions 
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Table 6 

Values of Dsr' D
Ba

, and Jsr/Ba for Different Compositions

of Aqueous Phase; Organic Phase: 50� solution of Waphthenic

Acids in Dodecane; 0.7K Sr 

Aqueous phase composition D
p,a Dsr Sr/Ba 

1K Sr; barium indicator 0.42 0.73 1.75 
quantities 

1.25K Sr; barium indicator 0.2a 0.59 2.13 
quantities 

1.25.11 Sr; JM NaN03; 0.14 0.59 4.21 
barium indicator quantities 

1.25.11 Sr; 0.1K Ba 0.21 0.1 2.59 

1.25K Sr; 0.0511 Ba 0.28 0.61 2.18 

of AEE nitrates in presence of 'salting out• agents, for example,

sodium nitrate. 

Acid phosphororganic extracts, for example D2EHPA, which

under standard conditions is effective at separation of calcium

stroncium cannot be used for separation of stroncium-barium, 

as the value of separation coefficient Jsr/Ba does not exceed 2.

As it was pointed out, stroncium-barium separation might be 

considerably improved by introducing sodium nitrate in system 

and by dilution of extract with neutral phosphororganic compounds, 

for example TBP. 

Low capacity (0.25M AEE for 1M solution of D2EHPA) of D2EHPA 
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as compared with carboxylic acids and neutre.l phosphororganic 

compounds is its fault. 

We observed as well relatively high values of separation 

coefficients of stroncium-barium flsr/Ba.•10 for some carboxylic

acids, for example, for ,)..-isobutyl, /3-isopropylacrilic acid, 

when we used 'salting out' agents and at dilution of TBP. 

Carboxylic acids, as having lower molecular weight, own greater 

cape.city in comparison with D2EHPA. 

That is why when choosing an extract for separation of great 

quantities of AEE the preference is given to carboxylic acids. 

So we have rather a good choice of extracts and extraction 

systems for AEE separation. 

To perform the separation process different methods may be 

used. Great quantities of calcium nitrate, in case of its 

purification from stroncium, might be extracted by periodic 

momentary process with phosphororganic extracts. And, of 

course, multiple-stage extraction processes should be used for 

deep purification of stroncium from calcium and barium at their 

compared concentrations. 

Semi-counter-current process is little suitable for separation 

of above elements. 

In this case the method of total reflux or �tandard counter

current process is more effective. But in case of counter-current 

process for exchanged systems with fixed capacity of organic 

phase, to separate binary mixtures it is necessary to have at 

least two extraction cascades. For example, at stroncium-barium 

separation we have pure stroncium and the mixture of components 

on the first cascade, and on the second one there is pure barium 

and mixture of components. 
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Total reflux method allows to have two components in pure 

state with good yield. The only fault of it is that the yield 

of pure components depends proportionally on the number of 

extraction stages. 

All extraction systems considered were checked in the processes 

of multiple-stage separation. 

As an example confirming the effectiveness of extraction 

method of AEE separation there are results of experimental 

production of pure stroncium with D2EHPA. 

Separation process was carried out in 32-stage counter

current extractor of mixer-settler type with mechanical drive. 

Mixing and inleakage of phases were performed with spiral mixer. 

All the cells were isolated from each other. Light phase flowed 

over to next cells through top pouring and the heavy one through 

hydroseal. Working volume of every cell was 140 cm3, productivity 

with. respect to the sum of phase currents was 600-1000 cm3• The 

separation process was performed in the system: 0.5M solution of 

D2EHPA in kerosene neutralized by alkali at 50% - aqueous solu

tion of AEE nitrates+ 5M solution of NaNo
3

• For this system

�Ca/sr=30 and �Sr/Ba.=3 •5•

Separation process was carried out by total reflux method. 

AEE concentrate containing 42% Sr, 42% Ba, and 16% Ca served

as initial solution. Total content of AEE made up 17 g/1. To 

stabilize the system and not to fix pH we used as scrubbing 

solution the one containing NaNo3 and Ca(No
3

)2 which quantity

was equivalent to the current of extract. 

To conduct the process the estractor was filled in the 

following way: cells from 1 to 5 were filled with 5N solution 

of NaNo3, 6-16 cells - with initial mixture of AEE extracts,
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17-24 cells - with the solution of Ca(N0
3

)2 of 3.4 g/1 concentra

tion.

Aqueous phase volume in every stage was 86 cm3.

Organic phase volume was 51 cm3 •

Stroncium and barium contents were detennined in raffinate, 

stroncium with radiometric method and barium with volumetric one. 

Stroncium and calcium contents were determined in extract. Aqueous 

phase pH was maintained constant and equal to 4.2. 

After finishing the process practically all barium was 

scrubbed into raffinate and stroncium remained in the system, 

phase interface of calcium-stroncium being clearly visible. 

Fig.16 shows distribution of calcium and stroncium concentrations 

on cascade stages. Stronciwn loss in the process of its purifi

cation was insignificant (Fig.17). 

Pure fraction of stronciwn was selected from 3-17 stages. In 

such a way stroncium of purity >99.95% (barium< 0.05%, 

calcium< 0.01%) was produced. 

Stroncium yield made up 96%. 

Still more effective process of AEE separatj.on may be carried 

out with carboxylic acids, which have much greater capacity at 

�EE separation coefficient value not less than for D2EHPA. 
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Fig.6. Dependence of calcium, 
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distribution coefficients 
on extract concentration 
in coordinates 
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ALKALI METALS EXTRACTION BY THE CYCLIC POLYETHER 
DIBENZO-18-CROWN-6. 

by 
- P,R; Danesi,H.Meider-Gorican,R.Chiarizia,V.Capu:ano and
G.Scibona.
C.N.E�N. Laboratorio di Chimica Industriale,C�S.N.Casaccia

Rome,Italy. 

SYNOPSIS 
The ext-raction of the alkali cations (Li+ ,Na+ ,K"'",Rb+ ,cs+ ) by 
the neutral cyclic polyether dibenzo-18-crown-6 dissolved in 
various nitrobenzene-toluene mix�1res has been studied. 
Thermodynamic data have been so obtained regarding both the 
qlkali cation-cyclic pohyether reaction as well as the ion pair 
formation in the orgfmic phase. The affinity of the cyelic 
polyether for the alkali cations has been found to vary in the 
order r> Rb+> Cs+)Na+) Li+ for all the di.luents compositions. 
Moreover the independence of the selectivity constant, defined 
as the,.equilibrium constant of the reaction: 
cs+ 

+ MSX � CsSX + r,rl" 
( where M is the alkali cation, S the cyclic polyether, X the 
picrate ion andthe bar indicates organic species)on the diluent 
composition,as well as the independence of the ion pair formation 
constant from the type of alkali cation.seem to indicate that 
the complexes formed with the cyclic polyether are isosteric 
i.e. with size,shape and external electronic distribution
independent of the chemical nature of tltte cation.
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INTRODUCTION 
Solvent extraction studies of alkali metal cations by means 

of neutral cyclic polyethers can provide useful j_nformation 
in two fields of recent growine; interest, i.e.: 
a)the design of liquid membrane ion selective electrodes

responding to alkali cations
b)the understanding of the mechanisms by which neutral
carrier molecules make phospholipid bilayer membranes

selectively permeable to cations.
Through solvent extraction experiments it is in fact possible
to ottain thermodynamic data concerning the various biphasic

equilibria which the alkali cations and the neutral polyether
can give rise to.

The extent of' selectfvi ty of a given membrane electrode or of·
a phospholipid bilayer membrc:ne,containing a neutral carrier

molecule such as a neu.tral cycli.c polyether, C;l..'l then be
quantitatively predicted.
Al though some extensive studies have alre3.dy appeared in the
literature( 1-5) concerning the complexing properties of the

synthetized cyclic polyethers only one paper has up till now
appeared{5) dealing quantitatively with the solvent extraction

equilibria pf these compounds.Moreover only the extraction
of Na+ and IC" has been taken into consideration 8Ild no

systematic study on the diluent effect has been reported,

Therefore in order to better characterize the biphasic
equilibria which :truce place when the alkali cations are
solubilized into an organic phase through complexation with
a neutral cyclic polyether and to cl1.rify what is the role of

the diluent dissolving the polyether on the extent of
selectivity of the extract::m.t, we have studied the extr2.ct:Lon
properties of a neutral cyclic polyether i.e, dibenzo-18-cro,m-6
( DEC) dissolved in various nitrobenzene-toluene mixtures,

covering a dielectric constant range 3. !J.-35, with respect to 
the following alkali metal cations: Li+ ,Na+ ,IC" ,Rb+ , cs+ .
By using a similar approach to that previously follo·wed by
Pedersen (2,6) and Prensdorff (5) for the neutral cyclic

polyethers and by Eisenman et al. (7,8) for the macrotetrolide
actin antibiotics, therrnodynamic data have been obtained

concerning the complex formation reactions between DEC and

the alkali cations.
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The method used basically consi1s in studying the distribution 
!"J.. 

of an alkali metal picrate between an aqueous and an organic 
phase ,containing DBC, as function of various concentration 
variables. The presence of a large anion in the aqueous ph�se, 
such as the picrate, is required to make appreciably measurable 
the extraction of the alkali cations. Large anions, having 
low charge density and therefore low free hydration energy, 
are in fact more easily extracted in.to low dielectric constant 
solvents, thus favouring �he solubilization of allrnli cations 
into the organic phase as well. 
EXPERIMENTAL 
Reagents.Dibenzo-18-crown-6 (DBC) was prepared as reported 
in ref.(1,6).Nitrobenzene, toluene,picric acid,Li,Na,K,Rb,Cs 
chlorides and HCl were all Carlo Erba reagent :;rade prnducts. 
Tracers.22Na and 137cs (Amersham U.K.) were used to trace
standard neutral solutions of NaCl and CsCl which total t,--- •• • ·-

concentration had been determined by argentomctric titrations. 
Distribution Equilibria. Equal volumes of organic and aqueous 
phase were shaken for about 30 minutes at the temperature of 
22: 1 c. 'rhe phases were then separated by centrifugation 
and the Na and Cs concentrations determined by measuri:ig t1te 'f 
activity of both phases with a scintillation counting system. 
Rb,K and Li concentrations were deterr:uned by flame photometry 
using a Perkin Elmer spectrophotometer,model 303, at the 
wavelenghts of 670,780 and 760 ""'i"- respecti_vely. For_ Rb and K 
only the aqueous phase concentration.was determined. In the case 
of Li the organic concentration was instead determined. To the 
purpose the organic phases were completely stripped with 10 ml 
of HCl 2M and then the total amount of Li determined by 
flame photometry. 
The total concentration of picrate ions in the aqueous phase 
was determined, by first neutralizing the solutions with 
NaOH 0.05 I"l ( to avoid the presence of picric auid), then shaking 
them with small portions of benzene ( to remove traces of the 
interfering ni trobenzene) and Hnally measuring the optical 
density at 360 -m.f,- by using a Beckman spectrophotometer model DK 
2A. The equilibrium concentration of picrate ions in the aqueous 
phase was calculat-ed ·by using the ionizat.ion conu-tant of picric 

acid reported in ref.(9) K=l.96•10-1• The total concentration
of the ions was kept constant in the experiments at 0.02 M 

1 
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i.e.[I-r+J+[rre+]:.:[Pic-J+[Cl-]=0.02 I-1. Altou,0:h,due to the
extraction of some picric acid into the or{;:.rn.ic phar;e, the 
total concentration of ions was 10.sR than 0.0? H, the :,ctivi ty 
coefficients of the aqueous �pecies have been 2.ssumcd as 

constant in the c 0,lculations reported further on. 
Organic solutions of DBC in the dLluents:100)'. ni troh0mzene-
O% toluene (dielectric const3.nt I:. =35), 50% ni trobem;enc-501toluene 
(£. =15.6),30�foitrohenzene-707;toluGne (£ =10.G) ,5;:'njt:rohenzene-
95%toluene ( £. =3.4) ,which d:i.elect1·.i.c constant lw.d bc,en measured 
by a WTW-DKOG mul tidecarneter at 2 Ee, hn.ve bc8;1 usecl to extract 
the alkali metal c8tions. 'lie have in this ,-my r,ic2.::rurcd in each 
diluent mixture the distribution ratLo,Dccor� ·.··,:i.c mck:.l concen-tm
tiO'nfaqueous metal concentration, as iu.nction ,.,:c tbc following 
variables: 
Min= initial aqueous metal concentrc,tion, 
r,iin+Hin= initial aqueous totaJ. catj_on concentration,
S. = initial orr.;anj_c extract::mt(DDC) co�cen-t:,,1.tion,

in 

X. = initial Rqucous picrate conccntrat.ion, 
in 

[ X-] = equilibrium pi crate concentr,,,.t:Lon.
EQUATIONS m:scnrnIFG Trill SYSTEH. 
'rhe equilibria taicing place in our liiphasi c u;v ,:terr, c.:·-::·t he 
represented by the followine; equatL,rw ( the: ·,:,.f.' j r-1�-; cd:es
organic species):
iir- ·+ s + r-;=; m

+ + r K1 (1) 
( complex formation between the allco.li c;:a.tio;: ·-r

e ar, .1 t:ie 
preferentially organic soluble cycl:i.c polye:t:1'.Jr S,. }; ''), 1 ,.:;.th 
the simultaneous transfer into the ore;snic };lw,�e o:C l:h,: nicrate 
counter ion r ) 
ivis+ + X-F' MSX K2 
(ion pair association in the orgr,nj_c: phase) 
if!"+ X-�H'I- + X- K

3 
(distribution of p:Lcric acid between h,o pl1�.sc�:) 

(�)

(3)

W. + X-� HX K4 (�) 
(association of picric acid in the o:rp;a11ic 11

1 ,,,:.:e). 
Equilibria 1-4 describe therefore the 13j_:nul k:n eou :-; c' i. :.,trlbu. tton 
of both M+ and :ir between the aqueous 8.tld i:J:; or;';;rnj_ c ph2.seu. 
'rhey differ from the previously re:,orted. 0110,3W) by �he presence 
of equilibria 3-4 which only occur :i.n acidi.c s0lutiGWo. In fact 
the need of using an easily extractable cow1 tcr ion ( x-), 
introduces the further domplication of' de81inr; with a weak 

organic acid �,hich can i tnelf extract into the organic phase 
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when the aqueous phase is acLdi c. If the aqueous activity 
coefficients are assumed as co�1stant, the association of 
aqueous picric acid properly taken into account(9) and the 
activity coefficients of orc-;anic species assumed equal to one, 
it follows for the metal aistribution n.tio D: 
D= ((K1 c)/(LXJ.;; K2K1a - K3K4b)) (l+ K2( [XJ.;,K2K1a - K3K4b)) (5)
The variables a,b,c defined as: 
a=[M4[s] [X-] 'b= [IYJ[r] 'C= [sJ [x-J
are easily calculated for each D through the following 
niass balance ·equations: 
[fl] tot=[ Mst] + [ ?1SX] =( DI\n) / (1+ D) 
[rf'] = Hin --:_[TT.Jtot
[s]= sin -lTI]tot 
(x]tot = xin - [x·]
[:Ff"]= Hin+ 1'1in+ [fI]tot-[x.Jtot 
where square brackets indicate concentrations. 

(6) 

It is worth mentioning t_hat any bidimentional graphic repre
sentation o:f D ( for example a logD vs. logMin plot) will be
only a projection on a plain of the mul tidimentio:,a1 variable 
D. Therefore any function D=D(I(

1
,K

2
,K

3
,K

4
,a, b, c,[X�.)will be

very likely to appear as a snR.ke-like curve. 
Due to the complex form of eq.5 the ct 1�,stants K1 ,K2 and the 
product K3K4 of equilibria 1-4 have been evaluated by compu-
ter throueh a minimization program. 'fa the purpose the 
program LETAGROPVRID ( 10), with a specia.Uy ,,rritten subroutine, 
was u£ed.The function U=I.(n. -D "l ) 2 (i number of experimen-

J. exp c, .. c 
tal points ) was so minimized in the tour dir�ensional space 
U,K

1
,K2,K

3
K4 and the constants corresvonding to the minimum

U value assumed as the "best" set of constants describj_ng 
the experimental data. 
RESULTS AHD DISCUSSION 

Fig.1 and 2 show some of the experimental results(11·) obtained in 
the four diluent mixtures under the form of logD vs. logM. plots. 

in 

The black points of fig.1 are reported as an example of a caJ.cu-
lated curve obtained with the constants K1 ,K2,K3K4 found by mini
mizing the error square sum U. Table 1 summarizes t'ie constants 
K1 , K 2,K3K4 (ootained from preliminar.r colculations( 11·)) for all.
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the systems studied. For the dil.uent mixtl.l.re 51.hitro:henzene-

95%toluene only ·the product K1K2 has been determined.In :fa
0
ct 

in this diluent, due to the neglic;ible extraction of picric 

acid and to the very high ··,alue of the ion pair formation 

constant, as compared to K1, eq.4 reduces to: 

D= K1K2 ls] [X-] (7) 

The K1 values reported in table 1 sho\·, that, as expected, the 

extractabili ty of the alki1.li metal ciations decreases as the 

diluent composition is varied from pure nitrobenzcne to QUre 

toluene.lloreover the· K2 values show that the ion pair formation

constants depend only on the diluent nature( the association 

increasing as fong as the dielectric constant is lowered) and 

not on the nature of the alkali cation. ThiG experimental 

evidence,giving also support to the hypothesis that the complexe s 

are isosteric, i.e. with size, shape and external electron distri

bution independent of the chemical nature of the cation, allo;rn 

to obtain a selectivity series, within a given diluent, by the 

comparison of either the K1 or the K1K2 values. ;fo observe then

that,independently of the diluent, the a:CI'ini ty of DBC for 

the various alkali cations varies in the order K'> Rb+;, Cs�na+;> Li+ . 

A similar selectivity series had been foundfor other 18-cro'l'm-6 

complexes in water and methanol by Frensdorff(3) al thou,<rh Na+ 

and cs+ were found to have a ·closer af fin:i ty for the macro

cyclic ring than in our case. A series equal to ours is also 

reported by Eisenman et al. (8) from soJ.,,:mt extraction studies 

( where the diluents used were CH
2

c1
2

, hexane and 64% hexane-

36% CH2c12 mixture ) in the case of mon�.ctin. However since the

subject of selectivity of var:Lous macro cyclic polyethers for 
the alkali cations in a given medium, to;;uther its correl2.tion 

with structural and solvation properties of both the ions and 

the polyether, has been widely discussed. in the literature(1-6), 

it will not be discussed here. Enphasis will be instead put on 

the information it is possible to obb . .in by study.ing the 

influence that the diluent nature has on the selectivity of DB.C 

for the alkali cations. 

By defining as selectivity constant the equilibr:i.um consfant of 
the reaction: 

ISX + ,rt� JSX + r+ 
(8) 

where r+ and .rt· st::md for two c:if ,'crent :clkali c:,:ti.ons, it follows: 

KIJ = K1(J)/K1(I) (9) 
which is easily CPJ.cul,,_ted when the K1 are kno1-m. ru ternatively
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KIJ can be calculated from the rat:Lo K
1 

(J)K2(J/K1 (J)K2(J) when
the K2 are the same for all the fons.
Table 2 reports the selectivity constants obtained in various 
diluents calculated with respect to cs+ . The absence of any 
systematic trend in the data reported in table 2 seems to 
indicate that the influence of the diluent on the selectivity 
of DBC for the alkali cat:Lons is ncgl:Lgib1c. In fact the 
differences between the selectivity ratios in the different 
solvents can be mainly attributed to tho inevitably large 
errors present in the evaluation of K1 and K

1
K2.These errors

are particularly large when deal:Lng with the low dielec·�ric 
constant diluents and low extractable metals whore very small 
D values are measured. 
The independence of the selectivity constant on the nature of 
the diluent therefore shows that,cven in the case of the 
synthetized cycli:: polyether DBC, 1·1e ar8 d8::-:2.ing with isosteric 
complexes.The independence of the select:Lv:i.ty constant on the 
diluent nature,for isosteric complexes,bad been already theore
tically predicted by Ei senrnan et al. in ref, ( 8) . 'rhe same 
experimental result had been obtained for the macrotetrolide 
actin anibiotics(8). However in this case,due to the very nature 
of the complexing molecule,it was easy to imagine the cor.iplexes 
as II a large sphere with the cation sequcntred deep inside 2 .. nd 
with electronic distribution and orientat �on of side chains 
the same regardless of which cation specir,s is at the centre 
of the complex"(8). The samEfr'esul t obtai 10d for DOC is
however somehow surprising considering tlnt the co1!iple:x:es are 
likely to be shaped as planar with the al.',·dy cfa.t:Lons at their 

centre.T1oreover the independence of the soi.ectivity constant 
from the sol ·1ent requires that the hyer,,.t.ion 1-ratcr of the 
cations to be completely removed when the complexation takes 
place -:Jr at least that the same number ot ,-rat-er molecules 
is retained by all cations in the comple,·es with the macro cyclic 
polyether. 
Concerning the consequences that thn resu.J.to of the present 
study have on the desi{:;i.1 of linui.a membrr'nc" electrodes br:tsed 
on macrocyclic co:npound� mmsiti,10 to rrlJ::1Ji cations,we can 
state that the use of h:i :'�b n0l.ar:i t.v water tm,oluble diluents 
is recomended. In fact tho sa:11e selectivity can be achieved with 
a lower electrode impedance. 
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lforeover, if the extrapolation of the obtained results to 

bilayer biological model membranes using a neutral carrier 

for the alkali cations is legi tima.te, it follows that the 

selectivity to the alkali cations should be independent of the 

nature of the phospholipid (ruling the dielectric properties 

of the membrane) which constitutes the membrane stucture. 
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Diluent 
Nitrobenzene 100% 

Nitro benzene 50% 
Toluene 50% 
Nitrobenzene 30% 
Toluene 70% 
Ni trobenzene 5% 
Toluene 95% 

i'able 1 
Equilibrium constants for the extraction rj picric acid(K3K

4
),

the formation of the cyclic polyether- alkali cation 
complexes(K1)
phase(K2).

[ ION 
35 r 

CE+

Na+

Li+

15.6 cs+

Na+

10.6 cs+

Na+

3,4 r 

Rb� 
C§+ 

Na
+ 

Li+

and the ion pair formation in 

K K K 
·3 4 1 

10 2 (4. 2± 2 ) 10 3 6.0:f0.1 
(1.6;t0.J)103 

II (7±2) 10 2 

" ( 1±0. 2) 10 2 

II (3±0, 3) 10-1
2 

...;, (1.2±0. 2)10. 
- ( 5. 2± 1 ) 
... (5.8±1) 

( 1 • 7±0. 3) 10-1

the _organic 

K2
2 (1.1±,0.2)10 

(1±0.5)10 
( 1. 2±_0. 2) 10 2 

? 
( 1±0. 5) 10� 
(1±0,5)10 
(3,3±0.5)10 3 

(3,8±0.4) 103 

(2.2±0,6)104 

(2.9±.0.5)10 4

K1K2 54.6 10 
1 .6 10 5 

8.6 104· 
1 10

4 

3 10 
4 10 5 

2 104 

1.2 10 5 

4,9 103 

4, 1 104 

1. 7 1 o4 

1 .8 103 

1. 6 1 o-2

4.0 



cs+;� 

cs+ /Rb+ 

cs+ /cs+ 

cs+ /Na+ 

Cs+ /Li+ 

Table2 

Equilibrium constants of the reaction cs+ 
+MSx�CsSX +I•f"

KIJ
ni trobenzene 

1.7 10-1

4.4 10-1

1 

7 

2. 3 103 

![IJ 'RIJ 
nitrobenzene 50% nitrobenzene 30% 

toluene 50% toluene 70% 

1 

2.4 10 3 .3 10

KIJ 
ni trobenzene 5%

toluene 95%

4-. 4 10- 2 

1. 1 10-l

1 

1.1 10 

4.5 10
2 



FIGURES CAP'T'IOtTS 

Fig�1.LogD vs.·log l\n plots for� ('v),Rb+ (>(),cs+ (o),
Na+ ( A ) , Li+ ( a ) . 

Fig.2. LogD vs. log M.. plots for cs+ {o) ,Na+ (Ll) l.Il 
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THE EFFEC'r ON STRUC'rURE OF 2-HYDROXYPHENONOXIMES ON THE 

FORMATION OF THEIR COPPER COMPLEXES 

B,N. Laskorin, V,V. Yaksin, V,S.Ul'yanov, A.M. Mirokhin 

The O,Yu,Shmidt Institute of Physics of the Earth 

Acedemy of Sciences of the USSR, Moscow, USSR 

The spatial and electronic structures of the copper 

extraction agents containing 2-hydroxyphenonoxmic group (HL) 
R

(Q. 
R'of the type - C ----- were studied by 

H II 
H-OH

means of IR, UV and PMR spectroscopy using a consecutive isotopic 

substitution of the hydroxylic protons by deuterium. 

The observed specific spectral behaviour of these compounds 

is explained by the formation of an intramolecular hydrogen bond 

and participation of the phenciil hydroxyl proton and the lone 

electron pair of oximic group nitrogen, 

Both in the solid phase and concentrated solutions 2-

hydroxyphenonoximes are associated via the intermolecular hydrogen 

bonds (IHB) with participation of oximic protons, The study 
of thermodynamic parameters of the association gives an estimate 

of IHB energy equal to 4-5 kcal/mol. Some factors manifest 

that the structure of the associated species in the organic 

solvents may be presented by a cyclic dimer (HL)2•

The interaction of copper ions with (HL)2 follows a

cationic illechanism of an exchange to give the coloured extracting 

CuL complexes. The covalent ligant - copper bond in these 

complexes arises through the phenol oxygen, This was established 

by decomposition of CuL2 with deuterosulfuric acid (D2so4).

On the other hand the change in intensities and frequencies 1

C=N of the ligand on complex formation lead to the conclusion of 

an mditional coordination bond between oxime nitrogen and copper, 
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The compounds containing 2-hydroxyphenonoximic rrroup 

of the type R 

�l,--R' 
where R is al�yl or 

�H �-OH 

alkoxyl, R' is the aryl or alkyl are used widely in hydrometallur:;y 

as the extraction asents for coµper extraction, and ourification 
( 1 ,2) Study of the mechanism of copper extraction with t2ese 

compounds is complicated by the absence of data on physical and 

chemical properties and structure of the 2-hydroxy�henonoximic 

group. Little inforrnation is also available on oximes behaviour 

in the organic solvents and their reactivity towards reactions 

with non-ferrous metals. 

For investi0ating the spatial and electronic structures of 

these lie;ands we synthesized the derivatives listed in table 1. 

The compounds were prepared from aL�ylphenols or resorcilates 

and carboxylic acid chlorides by Friedel-Cratfs reaction 

followed by oximation of the generated ketones using a common 

procedure. 

The IR spectra of all investigated compounds were taken 

on a "Perkin-Elmer, 125 11 spectrophotometer in KBr pellets or 

liquid films. A broad intensive band was observed at 3250-3350 

cm-1 the stretching mode of the hydroxyl associated in the

hydrogen bond ( 1 OH 
) • When the compounds were dissolved in

cc14 and 0radually di!ffted this band intensity decreased with 

an appearance of a narrow line at 3608-3615 cm-1 being the. 

stretch of the free hydroxyl group (�OH ).fr 

Only the 1 08 
band was observed in cc14 at a conce1tration 

of 2-hydroxyphenon5�irnes below 0.002 M, 2-hydroxyphe-nonoximes 

beinc non-associated monomers under such conditions. 

1776 



The � OH band observed in the I
R 

spectra of 2-hydro

xyphenonoximes !buld be due t� the stretching mode of phenol

hydroxyl and that of the oximic group or a result of overlap 

of these two bands. To resolve this question we prepared a 

number of the model compounds of 2-hydroxyacetophenohoximes 

consequtively methylating the different hydroxygroups. 

1 4 

When the phenolic and oximic hydroxyls are methylated (compound 

4) no inter or intramolecular association is possible, This

enables assignment of the frequency of stretching vibration of

the individual C=N bond ( V C=N) in the oximes at 1676 cm-1•

A decrease of J C=N in compounds 1,3 with hydroxyl grou�s is

evidence of their oximic nitrogen participation in the formation

of additional bond with hydroxylic protons. This bond character

is clearly pronounced in the comp�rison of IR spectra of compounds

2 and 3 in solid and cc14 solutions (table 2)

TABLE 1 

The spectral properties of 

of 2-hydroxyphenonoximes 

the substituted derivatives 

R
@;- M-oH R' 

Compound IR spectrum UV spectrum 
liquid film in methanol 

�C=N �OH n- 3t•
R R' -1 cm�� A�x log &cm 

4-C�O C6H5 1632 3355 302 3.69

4-C2H50 C6H5 1629 3349 308 3.89

4-c4H
9
0 C6H5 1630 3367 306 4.19
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Cont'd,, 

4-c8H17o CG H
5

1629 3359 300 4,17 

4-c12tt25o C6H
5 1627 3370 305 4,12 

4-iso-c8 l¾f c6tt5 1631 3360 327 4, 15 

4-C2!!
5

o C8H17 1634 3260 303 4,21 

4piso-c8tt17o c8tt17 1-033 3272 302 4, 14

5-CH 
3 C6H

5 1621 3349 317 4.04 

5-tert-c4H
9 C6 H5 1637 3355 318 3.59 

5-iso-c8H17 C6 H5 1618 3348 313 4.63 

5-c12H 
C6 H5 

1620 3347 315 3.88 
25 

5-iso-c8H17 C3 H17
1634 3255 316 3.57 

When the phenol hydroxyl in compound 2 is substituted by 

methyl the character of IR spectrum did not change with respect 

to that of I and in this case the V
OH 

appears in the form of 

a broad intensive band at 3239 cm-1as in the solid compound

shiftin� to 3615 cm-1 
(�OH ) in cc14• This means that the

oximic hydrogen takes part i!rthe intermolecular hydrogen bond. 

This may explain the selfassociation of the oximes in the 

condensed phase and concentrated organic solutions. 
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3 

4 

8 

No. 

R 

TABLE 2 

The spectral properties of (_cM
-,

}� C

� c-� 

Compound 

R' 

H 

H 

Solid 

KBr 

R• �OH as
-1cm 

H 3255 

H 

�., , 
OR" N- oA;

IR spectra UV spectra in cc14
in 0.002 M n�:n:•n -Jt*

(b) 
cc14

Yc=N VoHfr � C=N �nax nm �max nm

cm-1 cm-1 cm-1 (loge) <1ogE)

3608 1624 255 316 

(3.903) (3.959) 

3615 1625 292 
(3.542) 

1646 260 319 
(4.022) (3.648) 

1689 289 
(3.482) 

C6H5 H H 3355 3613 1622 260 318 
'2.404) (3.584) 

9 (CH3)3C-@-oH3230 3631 276 
(3. 258) 

1640 242 
(4.052) 

a - liquid film between the NaC1 windows on UR-10 instrument 

b - in methanol at 1=1 cm on cf -8 spectrometer 

The structure of the associated species may be shown in 

the form of cyclic dimers "A" or linear polymers 112" (figure 1). 
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The seli-association of 2-hydroxyphenonoximes is confirmed 

by measurin;_; the molecular weight of compounds 1-4 by an iso

piestic method on a "Hitachi-115 11 instrument in cc14• At less

than 0.001 M concentration the experimental molecular weights 

of 1 and 2 are close to those calculated, while for compounds 

3 and 4 the molecular weight is constant at any concentrations • 

/n\__C.-1\ 
\� II 

H· .. ···OH---N 

I I 
0 0 

I I 
N----Ho ...... H 
II � R.-c� 

.,.A..__c.-R 
�II 

OM---N 

........... o ........... . I " I 
··········O .......... o 

I I 
N---HO 111-- --�o 

II II 
R-c--<Q) R-c----©)

.. s .. 
Fig, 1. 

�OH as

Temperature dependence of the intensities of�OHfr and

studied on a Unicam SP-700A spectropfiotometer at 30-70°C 

using a thermostatted block for 0.025 M solution in cc14
demonstrated that V OHf incre'ases while 1 OH decreases withr as · 
increasing temperature. At 70°c in cc1

4 
these compounds are

predominantly monomeric. 

Quantitative treatment of the results in terms of <3) 

afforded the thermodynamic parameters of self-association of 

2-hydroxyphenonoximes in cc14 (Table 4).

The study of the oximes self-association in other solvents 

shows that the hydrogen bond energy of formation decreases and 

the portion of monomeric molecules in solution increases with 

increase in solvent polarity. 
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TABLE 3

The spectral properties of deuerated derivatives 

No. 

R 

5 CH
3

6 n 
7 n 

(CH3 )f � .q----CH3
� N-OR' 

Compound IR spectra 

Solid in KBr 0.002M
solution 
in cc14 

R' 'Jon �C=N Von �C=N as fr 
-1 -1 -1 -1cm cm cm cm 

n 2382 1646 2956 1628 

CH3 2a39 1641 2242 1642 

n 2450 1635 2655 

2510 2500 

UV spectra 

in cc14 

n_____.., 1'. 

.itmax Logt 

nm 

320 3.625 
315 3.618 

a - incomplete deuteration 

Applying Pimental - McClelan's criteria (4) to the systems
2 under study J /J fr= canst, where Jas and Jfr are in inten-"'\ as "'\ , 

sities of VOHas and YOH
fr at the maximum absorption one may 

conclude that the cylclicdimer "A" is the most probable associate 

of 2-hydroxyphenonoximes in cc1
4

• 

A prolonged refluxing of 2 with metallic sodium in toluene 

and the treatment of the reaction products with equivalent 

afforded the deuterated compounds (5) 

N-On
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The low reactivity of the oximic group prevents the complete 

hydrogen deiterium exchange. IR spectrum of this solid compound 

displays the stretching bands of the OD bond 

(Table 3) at 2382 cm-1 shifting to 2656 cm-1 
V OD )
"\ as 
YOD

fr) in 0.01 M

solution in cc1
4

• This may serve as evidence of inter/molecular 

hydrogen bond with an oxime proton participation in 2-hydroxy

phenonoximes. 

TABLE 4 

The thermodynamic paraCTeters of self-association of 

2-hydroxyphenonoximes

Compound 

y 

K as �H -� 
kcal/mol ent.u. 

5.0600 �.7872 

4.2800 6.4189 

-�G298° 

kcal/mol

2.1434 

1.6657 

A comparison of spectral data of compound 3 which has a 

substituted oximic proton and conpounds 1 and 2 demonstrated 

their different behaviour. Thus the IR spectrum of compound 3 

reveals no hydroxyl stretching at 3700-3100 cm-1 in the condensed

state or cc1
4 

solution. Reaction with metallic sodium in toluene 

at room temperature gives the respec�ive phenolate. The latter

deuterated compound 

In the IR spectrum of (6) 

"'\ -1 
(table 3) the mode YOD appears at 2239 cm in the condensed 

phase but it practically did not change upon dissolving in cc14
which is specific for the strong inteamolecular hydrogen bond. 
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Taking into account the shift of OG with the isotopic hydrogen 

substitution by deuterium (5) on going from 3 to 6 one may

estimate the wavelength of YOH for 3 at 3024 cm-1• This value

is in the region of the C-H phenyl ring stretching vibration. 

In addition we studied the IR spectrum of a 0.01 M solution of 

6 in cc14 at 1 = 4.012 mm where the comparison channel contained

0,01 M solution of 3 in cc14 at 1 = 4.012 mm.

The absence of absorption at 3700 - 2300 cm-1 shows that

the � OH of phenyl hydroxyl does not apuear in the IR spectra 

of 2-hydroxyphenonoximes. Rasmussen (6) has called tl1is pheno

menon as "chelate conjugation". Earlier it has been observed 

for 2-hydroxyphenones (?, S) as a result of �OH broadening due 

to the intramolecular hydrogen bond fori�ation ("chelate ring")
between the phenol proton and oxime nitrogen 

R = alkyl, alkoxyl 

R'= alkyl, aryl 

R ' '= H, alkyl 

Formation of the "chelate ring" changes the electronic 

structures of the compounds decreasing the energy of the lowest 

antibonding lf- orbital of the molecule (9l. This shows itself 

in the presence of a strong band in the UV spectra of 2-hydroxy

phenones corresponding to the n-.,etransition of the lone 

carbonyl oxygen electron pair (1o). On going from the carbonyl

group to its nitrogen analogues such as azomethynes, imines, 

semicarbazoneaximes etc., one should expect the change in the 

n-+j('t,and intensity with the character of heteroatomic lone 

pair hydridization, In oximes the n-+ n• transition is for

bidden by the local symmetry because of the high p-character of 

the lone nitrogen pair in these compounds. Thus oximes either 

show no n-+3"transitions in the UV spectra or this band intensity 

is rather weak, On the other hand the formation of strong intra

molecular hydrogen bonds through the lone nitrogen pair may 

remove forbiddance by local symmetry and in this case; the n 

transition would appear in the electronic spectra. 
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Thus the W spectra of oximes containing an ortho-hydroxy 

group (table 2) display an intensive band at 300 run whicn undergoes 

hypsochromic shift with increasinrr solvent polarity and thus 

could be assigned to the n-'l(transition. Its presence may be 

ex�lained by participation of the nitrogen lone pair of the 

oxime group in the formation of an intramolecular hydrogen bond 

with the phenyl hydroxyl. 

This assumption is favoured by the abs�nce of shift of 

phenyl proton signal in 2-hy�roxyphenonoximes in the PMR spectra 

on gradually diluting their cc1
4 

solutions and by the fact that

in compounds 2 and 4 with the alkyl radical instead of phenyl 

hydroxyl proton no n..,.:J(\ransition is observed in the UV 

spectra ttable 2) . This band has not been found in the spectra 

of ot.-diketone monooximes R-u C R' 

"-OH 

' 

0 

0(-ketocarboxylic acid oximes R C COOH and 
II 
N-OH

their esters and amides (11) , i.e. while the compounds and 3 

al\iays show the strone; n-.�transition. In such case the 

proton in the"chelate ring" is more labile and may be more 

easily substituted by metals giving the complexes (12) . 

The strength of the generated intramolecular hydrogen 

bond could be estimated from the IR spectra of these compounds 

as the temperature was increased. Above 100° c the IR spectra 

of 3 show the band ':'I -1 
� OHfr at 3609 cm increasing in intensity

with temperature. The pattern of change of this band intensity

with temperature enables estimation of the energy of the chelate

ring (12-15 kcal/mol ).

Thus the structures of 2-hydroxyphenonoximes could be 

presented in the form of a chelate ring with participation of 

the phenolic hydroxyl and oxim:i.c nitrogen which is a dimer in 

condensed phase and concentrated solutions owing to the intramo

lecular hydrogen bonds with participation of oximic hydroxyl 

protons: 
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where •• ,,. designates the intramolecular hydro3en bond, 

means the intermolecular hydrogen bond, 

Study of the structure of the 2-hydroxyphenonoxime complexes 

with copper ions is an important theoretical and practical 

problem, The compositions of the complexes extracted were 

investigated spectrophotometrically for different metal ligand 

ratios, Using the method of molar ratios and isomolar series 

and the tangent of slope of log D versus pH (Dis the distribution 

coefficient of copper) we found that CuL2 complex is extracted

by the organic solvents from sulfuric acid and neutral solutions, 

The absence of water in the coordination sphere of the complex 

was demonstrated directly by Karl ,ischer titration and by 

the absence of the band for free and combined water in the IR 

spectra. Some complexes were isolated in their pure forms and 

their physical, chemical and spectral properties are listed in 

Table 5, 

TABLE 5 

The spectral properties of 2 -hydroxyphenonoximates of 

copper <.;uL2•

No. Initial IR spectrum UV spectrum PMR 
compound solid 0.02 M .A.max loge spectrum 

&iio 

YOH 
-1cm 

'! 1 
� 

30 32 
1.-<:g"'70 -Olft"5 

12 
� 

2942 
i.C,.11 0 4i·Cel\,

N-01' 

. 
... 

13'Q 3028 
0 �-�Ms " 

N-M 

solution 

� C=N � OH Y 6=N 
-1 -1 -1cm cm cm nm ppm 

1624 3047 1627 680 3,04 12.6 

1631 2948 1639 640 2.77 13.1 

1629 3039 16,7 660 2.82 12.9 

1634 2938 1640 650 2.88 13.2 
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Formation of the covalent and dative ligand - metal bonds 

is an important question in determining the structures of 

complexes. Metal may replace both the phenol hydroxyl proton 

giving tne donor bond with oximic nitrogen and the oximic 

proton in the iminoxide form producLng the donor bond with 

phenol ,1y .,roxyl oxygen. 

The oxime-iminoxide tatomery has been stated by some 

authors (13) and employed for explanation of complexing.ability 

of Cit -dioximes ( 14), diimines ( 15 J, OC -ketoximes ( 10) 
,oc -hydro

xyoximes (16) and pyridineketoximes (17 • 18) . In the most cases

the iminoxide form could be detected by physical methods 

because of its low concentration and the preponderance of the 

oximic form. However the polar solvents and alkaline 

solvents should shift an equilibrium towards the more polar 

oxide for,a and its c::,ncentration would increase. Under such 

conditions the compound may react with metal in its ininoxide

form. 

To elucidate the structure of the copper complex and the 

position of themetal -ligand bond we used a decomposition of 

2-hydroxyphenonoximates of copper with acids:

+ + 2HL 

In this reaction the proton addition to the ligand may occur 

at the covalent Cu-L bond whose position may be established by 

means of deuterium 

+ + 2DL 

The reaction was carried out by means of a two hour contact with 

10 ml of a 0.04 solution of copper complex of 5-(1 1 ,1 1 ,3',3'

tetramethylbutyl)-2-hydroxybenzophenonoxime in cc1 4 with 10 ml

of a 20% solution of n
2
so

4 
in n

2
o at o

0 At first it was shown 

that no noticeable deuteroexchange occurs in the ligand molecule 

at the site of phenol. proton thus the deuteration site was 

determined by copper substitution with deuterium. 

1786 



The IR spectrum of the decomposition product of the complex 
-1 with n2so4 in the condensed state shows the band at 2320 cm 

retaining its place and intensity upon dissolving in cc14•

This means that in this reaction the phenol hydroxyl proton 

is substituted and the ligand - copper covalent bond in the 

complex forms through the phenol oxygen. 

This assumption is confirmed by the absence of complexing 

ability in 2-alkoxyphenonoximes (compounds 2 and 4), with the 

phenol hydroxyl proton substituted by an alkyl radical and the 

oximic group remaining unchanged. The substitution of the 

oximic hydroxyl in 2-hydroxyphenonhydrazones 'e)'--
�

-R
� N-MMc.\,0)11111._ practically unaffects the complexing abilities of compounds. 

It is known (19) that the structurally similar salicylimines 

produce copper complexes where the phenyl hydroxyl proton is 

substituted by the metal ( Y M-0 640-500 cm -1) and the

coordination is achieved via the iminogroup nitrogen (� M-N 

580-430 cm-1 ).

In the IR spectra of dimethylglyoxime complexes with

different metals Randle and Parasol (20 ) have observed a consider

able decrease inYoH of the oximic hydroxyl with respect to 

the starting compound. This phenomenon has been explained by 

formation0of the strong intramolecular bond and Nakamoto has 

drawn the frequency - 0---H ••• o distahce plot which could be 

used in determining the structure of the complex. The distances 

shorter than 2.5 A favour an iminoxide structure of the complex 

while those greater than 2.9 A specif7 an oximic form, The IR 

spectra of copper 2-hydroxyphenonoximates show the 1 OH at 

3100-3028 cm-1 which corresponds to the distances 2.9-2,78 A

specific for the oxime form. Thus the mechanism of complex 

formation between 2-hydroxyphenonoximes and cu•2 ions may be

presented as a substitution of the phenol protons with metal 

ions in a dimer of the extracting agent which serves as a

matrix for the complex generating: (figure)2) 
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Fig.2. 

IRL___C-R 
�,, 

H---o ,..._o 
' ,, 

"c� 
,, ' 

0- .. ,, 0---"' 

II� R- C ---{}

In the complex generated, copper has its specific coordina

tion number (22) equal to four which is evident from the UV 

spectra: the complex 5-(1',1',3',3'-tetramethylbutyl )-2-

hydroxybenzophenonoxime - copper absorbs at J\,max = 660 nm 

(log 6 = 2.82).

Complex configuration is either a distorted tetrahedron or 

planar which could be established by means of X-ray analysis. 
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The hydration of organic phase components and its 

influence on extraction equilibrium 

Yu. G. Frolov and v. V. Sergievsky 

The Mendeleev Institute of Chemical Technology, Moscow, USSR 

Abstract 

This report is a short review of the authors' investigation of the i�luence 
of hydration of organic phase components on extraction equilibrium. The acti
vity of various extractants in ternary solutions, diluent-extraction-water, are 
tabulated. The equations connecting change of extractant activity when the 
extractant passes from its dry solution to the wet one are obtained. These 
equations are shown to be useful for quantitative description of water influence 
on extraction equilibrium. Application of the Taft equation to extraction 
systems has been found to ignore the difference in thermodynamic activity and 
standard states of extractants. The "anomalous" regularities of extraction of 
acids and metal salts by amines are explained. These results and conclusions 
are valid for systems including extractants of other classes. 

Scientists' attention has previously been drawn to clearing up the question 
of effect of dissolved water in organic phases in ex��ction equilibr:j.1)ll.l.
This interest is presumably due to Diamond's, Tuck 1 sl1J and Zolotov 1 s�2J
successful explanation of hydration influence on extraction of metal halides by 
neutral oxygen-containing extractants. Quantitative description of hydration 
is usually given according to the law of mass action on the assumption that(3_5)molecules of extractant or extracted complex form stoichiometric compounds. 

This article reviews the investigations of hydration influence on the re
actants' activity in ternary solutions, dilue�t-extractant-water. That most 
of the results 9bta�ned concern amine systems,6) is governed by the interests 
of the authors.,7, 8 ) At the same time, results and conclusions are for general 
systems and can be applied to extraction by reactants of other classes. 

The activity determination is usually based on the Gibbs-Duhem equation. 
The e�uation for ternary homogeneous solution with constant molalities of sol
vent lm1), extractant (m2) and varying water concentration (�) is the following:

By 

!¾ d 1n + � ( 0 1n a,) d m = 0 
d 1n 

a2 + m2 B--i m2 o m3 3 ( 1 ) 

integrating in limits from O to �
... 

m
.3 

� 
Q2 m1 e a. 1 r m3( aa3) olm� (2) 
a* 

= 1'1-- + 

z. m2 a1 tn
2. a3 aml 

0 

where ai and ai* = activity of a component in binary and ternary solution.

If the distribution of water to �xtra9iiµit solutions occurs according to 
Henry's law, equation (2) transfonns into:� J 

(3) 
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where h = degree of hydration of extractant and � = solubility of water in the 
pure diluent. 

Consequently, degree of hydration is a measure of the extractant activity 
change, the medium changing from anhydrous to wet. It should be noted that 
water distribution occurs, according to Henry's law for diluted sotuti�s, in a
great number of e+t�ctants: salts of substituted ammontum

)
bases, 8-11) TBP in

various diluents,l11J neutral organophosphorus compoundsl12 and phenol and 
capric acid in toluene. ( 13) Therefore, equation (3) is presumed to be suitable 
for a great number of systems. 

Equation (2) gives a simple opportunity for experimental determination of 
extractant activity in ternary solutions and for testing the validity .of 
equation (3). It is suggested that� end B, (the first term of equation (2)) 
be calculated according to data of cryoscopic measurements, the second B -
according to the data of water solubility dependence in extractant solutfons 
of constant concentration on its absolute activity 8w, at the selected tempera
ture of experiments. The results given in Table 1 show that the maximum changes 
in the activity of the systems studied by us (in three orders) are observed for 
benzene solutions of tetra-n-octylammonium sulphate. In most cases equation 
(3) conforms to experimental data. Considerable deviations are observed for
systems in which water distribution is derived from Henry's law: tri-n-o.ctyl
amine sulphate (TOA) and asymmetrical tertiary amine salts. It has been
assumed that the reason for such deviations from Henry's law is the incre·ase in
extractant association ill water wet solutions. 

In all cases the contribution of the first term of equation (2) in 
extractant activity change is less than the value B2• Therefore for the 
systems not following Henry's law an approximate equation may be suggested: 

0 

rtli m� 

fn a� : h�nt -= ...L [f m,. { aaa) c:1m
3

-{5
°

(�0) olm;] (4) 
a2 m2. a 3 am3 a� am., 

. 
0 0 

It is clear that on sufficient dilution the value of the integral degree of 
hydration h

:1,nt numerically coincides with the value h. As can be seen, 
equation (4J conforms well with the experimental data (Table 1 ). Consequently 
equations (3) and (4) may be used for the calculation of extractant activity in 
ternary solutions, according to readily determinable experimental values of 
their activity coefficients in binary solutions, and the dependence of water 
solubility in the organic phase on its activity. These equations have been 
made the basis of subsequent consideration of the influence of organic phase 
component hydration on the extraction equilibrium. 

Let us consider the case of extraction with formation of a chemical com
pound according to the reaction: 

with extraction equilibri� constant: 

[A"'B]e1"L 'a'.AnB 
K =..;::.._;..�--- -n

[A]:
"8

. Qe �A

where J. is extractant, B, extracted compound, n, solvate number, Y, act1vity 
coefficients of organic phase components. 
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The principle of linear free energies (for example Taft equation) is 
usually used for determining the influence of reactants' structure on their 
extractive capability: 

ct· • tin� = J £ G + cons 
d.o 

(6) 

where a. and a
0 

are distribution coefficients when extracting component B at 
constant concentration, i is the extractant and extractant taken for the stan
dard one, ..f' the constant of reaction series tr the inductive constant of the 
substituent. The application of equation t6) to heterogeneous systems assumes 
the equality of chemical potentials of extractants of reaction series in given 
standard conditions. In general this condition is not observed because of 
the increase in the hydration of different extractants depending on their 
characteristics. In the case of the same standard state for series of 
extractants (solutions are in gaseous phase), equation (6) can be shown as 
follows: 

_,. 

) 
QA, 

VI. .. , • ... 
en- = (f ·t r,c; + n fn -

�o Q� 

e, �,.n8i. + £.i � 8;. 

FAn 8o 080 
(7) 

The last two terms of equation (7) may be neglected for the distribution 
of microcomponents. The second term of the equation reflects the difference
in extractant activity in their binary solutions, coefficient ,JJ1 includes the 
influence of hydration (difference in standard state of extraction systems 
usually infinitely diluted·solutions, water saturated at aw). Taking into 
consideration equation (3) at the preferable hydration of extractant in the 
organic phase, value./° 1 is equal to:

f'=-n(h�-h
0
) (8) 

Consequently, the more the decrease 'in the dependence of ln ai/a on :f'* 
anu of other similar parameters, the greater the values n and the dif�erence 
.Ah= hi - h

0
• The value ,JJ' is small and the distribution coefficients 

increase with the rise of reaction capability of these compounds at small values 
of hi, which occur, for example, in extraction by neutral organophosphorus com
pounds or by amine salts with monobasic acids. 

The rise of value Ah in some cases results in inversion of a sequence of 
extractive capability as compared with the results expected 9n the basis of 
electronic theory for organic compounds. It has been shownt14J that this 
occurs on extraction of metal salts by basic ammonium salts with different 
degree of substitution from sulphate solutions. The following sequence of 
extractive capability of bases is established for these systems (in contrast 
to the extraction from monobasic acid solutions): primary> secondary> 
tertiary > quarternary alkylammonium. Value h • 7 for the extreme terms of 
this series. As for sulphate systems, the extraction for example of uranyl 
gives n = 3. Because of the difference of hydration in this sequence, a 
decrease of distribution coefficient of about 5.105 times should be observed. 

The difference in extraction of acids by symmetrical and methyl-substituted 
tertiary amines as well as regularity considered above a� usually connected 
with steric effects. Spectroscopic measurement data,t15J however, show 
insignificant difference in the energy of acid-base interaction for these bases 
(methyl-substituted amines are slightly weaker bases). The coefficient in 
equation (8) has the opposite sign where preferable hydration of the compound 
formed occurs in the process of extraction, as takes place when acids are 
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extracted by amines. Methyl substituted tertiary amine salts in weakly polar 
diluents are hydrated more strongly than symmetrical aliphatic amine salts. 
The difference in logarithms of extraction equilibrium constants (A lg Ku x) 
obtained from the standard state difference because of hydration, should''n be 
equal to 0.434(h1 - h2

). The values calculated for the extraction of hydro
chloric and sulphuric acids are in good agreement with the experimental data 
(Table 2 ). The degree of hydration of nitrate salts differs negligibly, 
therefore, tri-n-ociyl¢ne extracts nitric acid with greater constancy than 
methyldioctylamine.t17) So, hydration of extractant and extracted complex 
ini'luence extraction equilibrium in opposite ways. Calculation of hydration 
is necessary in practice in all cases, because of the influence of reactant 
structure on extraction ability. 

Dependences of distribution coefficients of complexes on extractant con
centration are important to the understanding of the chemistry of extraction 
processes. They usually serve to detennine extraction constants and compo
sition of the complex formed. Recently, satisfactory results have been 
reported with equilibrium data, in extraction sys�ems using activity coeffic
ients of organic phase components, obtained in binary solutions in a d{"lu�nt.
Using this approximate method, for instance, Kertes and his co-workers 18) 
calculated extraction equilibrium consiants of monobasic acids by triauryl
amine. In an investigation by Rosen,l19J good agreement has been established 
between activity coefficients of some organic phase components, determined 
using distribution data, and independent physico-chemical measurements in TBP 
and di-2-ethylhexylphosphoric acid systems. According to equation (3) these 
factors should also be expected to exist for other systems where distribution 
of water varies slightly from Henry's law, degree of hydration is small and 
shows no dependence on concentration. 

In the alternative case hydration influences not only the change of 
standard state but also the activity coefficients of components. Data on the 
activity of components in binary systems provide the fundamental basis for the 
description of extraction results. The influence of hydration in its simpli
fied form may be calculated by equation (4). 

In the systems studied by us, hydratjon is very important in extraction 
from sulphate solutio:Q-9 by amines. Even in the early reports on extraction of 
sulphuric acid, (20,21) the "anomalous" be1*viour of these systems was observed. 
Since then, they have attracted the attention of investigators but until 
recently they had not been explained satisfacto:l!'ily. It is sufficieni to

) mention the analysis of this problem carried out by Coleman and Roddy.t9, 22 

It was presumed (23,24) that the slope of the curve in logarithmic coordi
nates showing the dependence of the acid concentration in the organic phase on 
the product [R3NJ

0 
.aHX gives, at any point, the average degree of amine salt 

association. It &Ks been established that, in these coordinates, dependences 
are "anomalous" for extraction of various monobasic acids by trilaurilamine: 
The tangent to the slope increases, reaches infinite value and then becomes 
negative. To a greater degree, this anomalous behaviour is typified in the 
extraction of sulphuric acid by benzene solutions of TOA.(6). According to 
Muller and Diamond, the existence of a vertical asymptote to the curve, corres
ponds to the complete aggregation of salt into macrocolloid or to the formation 
of a new phase, which is not coI).firmed by the data of independent physico
chemical measurements. Incorrect conclusions about very strong salt association 
is due to the fact that the tangent to the slope has no physical sense in the 
degree of salt association ascribed to it. Association of salt is a specific 
value and is equal to the derivative only in the case of linear dependence. 
The form of curves is caused by the dependence of the effective constant of 
extraction on the concentration. The reason for this dependence is the change 
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of activity coefficients of organic phase components, caused not only by their 
association but also by their hydration. 

Substitution of the activity coefficients of TOA sulphate (Fig. 1) deter
mined with the help of equation (2), to the equation of the law of mass action, 
results in an ess�ntially lesser dependence of extraction equilibrium constant 
on concentration. �6) Weak residual dependence of this constant on the concen
tration of TOA sulphate occurs because activity coefficients are determined 
using equation (2) which is for a ternary solution, whereas the organic phase 
in the real extraction system contains four components. 

h- tHydration may be taken into account by using the equation a�= m2e in 

insomuch as the activity coefficients of TOA sulphates in binary solutions are 
close to unity (Fig. 1). The value a� is determined according to the standard 
state (infinitely diluted water-free solution). It is necessary to define the 
degree of hydration of components in the first instance at infinite dilution 
ho0 to pass into the standard state for extraction. The values of the 
extraction constants determined using this approximation (Table 3) are satis
factorily constant. 

It should be noted that determination of the composition of the complex of 
uranyl sulphate and some other metals with sulphate TOA by the bilogarithmic 
method results in the proportion of the amine to the metal to be 1:1. Sub
stitution of concentrations by activities of TOA sulphate, results in the 
proportion 5:6:1, which is close to the results obtained from the loading 
capacity experiments. 

So, this work shows that the influence of hydration on organic phase com
ponents on extraction equilibrium is appreciable. It shows also that it is 
possible to account quantitatively for the effects of hydration using thermo
dynamic activity methods. 
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Table 1 

Influence of hydration on activity of extractants in 0,1 mol/1 

solutions in benzene at ¾=1 

Extractant 

TBP 

di-2-ethyl-he:xyl
phosphoric acid

( C9fLi 9) �;!03 

(C1�25)3NHN03

(C1�25)3NH2S0
4-

(C8H17) 4-
NN03 

(C8H17
)

3
JmCL 

( C 9fLi 9) ;!H 2S0 4

(C8H17)3NH 2S04

(C8fLi7) 3NH 2S0
4-

a

(C8H17) 4- 2S04 

b 
CH3(c8li.i?);!H �o4 

(C8H17)lHClc 

d
(C8H.,7)3NH 2S04 

h 

-0,276 0,350 0,073 0,13

-0,198 0,4-19 0,22 0,21

-0,158 0,355 0,197 0,145

-0,211 0,4-16 0,205 0,20

-0,204- 0,94-9 0,74-5 0,705

-0,210 0,908 0,698 0,70 

-0,229 1,092 0,863 0,88

-0,276 1,817 1,54- 1,61

0,079 3,294- 3,37 

0,269 3,93 4-,19 

-0,359 7,74- 7,38

-0,24 3,50 3,26

6,063 1,24 1,30 

0,687 3,64 4,32 

4-,99 

5,o 

7,56 

3,43 

1,52 

5,14 

a) m2 = 0,364; b) 8w = 0,4 

c) measurements are taken in cyclohexane

d) measurement are taken in p-:xylene
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Table 2 

Extraction of acids by amines 

Amine lg 'X Ah 
6.lg 'X 

exper. calcul. 

HCl 

CH3 (C10H21) ,j!l 4,4 
1 0,4 0,4 

(C8�7)3N 4,0 

H�4

CH3(C8�7),}!l 11,40 
2,65 2,6 

(C8H17)3N 8,75 

Table 3 

Calculation of extraction equilibrium constant of sulphuric 

acid by benzene solutions of TOA at 6 °c 

m.roAS hint t.h Keff K 

0,048 3,02 1,02 13,53 4,89 

0,034 2,75 0,75 7,51 3,54 

0,056 3,09 1,09 16,49 5,54 

0,059 3,11 1,11 8,95 2,96 

0,089 3,31 1, 31 15,62 4,23 

o, 110 3,42 1,42 20,24 4,94 

0,122 3,53 1,53 26,20 5,76 

0,157 3,75 1,75 40,84 7,10 

0,225 4,05 2,05 30,55 3,94 

0,290, 4,28 2,28 44,80 4,62 
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Effect of Inert Salts on the Solvent Extraction 
of Metal Complexes 

Tatsuya Sekine, Masakazu Kokiso, and Yuko Hasegawa 

The extraction of mercury(II) complexes' with chloride or 
bromide ions (X-) into hexane containing tributylphosphate or 
into nitrobenzene was measured as a function of the ligand 
concentration when the aqueous phase was sodium perchlorate 
constant ionic medium at O.SM, lM, 2M, and 4M. The results 
were analyzed graphically and the formation constants for the 
HgX3 and Hgxi- complexes and the partition coefficients for the 
HgX2 complex were determined. From these results, the effect of
sodium perchlorate on the extraction behavirur of mercury(II) 
complexes was considered. It was concluded that both the 
stability constants and the partition coefficient are increased 
by the increase in the salt concentration but the effect is not 
very large. An extraction of NaHgX

3 
species was also found in

the bromide-nitrobenzene systems and the statistical treatment 
for this extraction was considered. 

Department of Chemistry, Science University of Tokyo 
Kagurazaka, Shinjuku-ku, Tokyo, JAPAN 
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The effect of a certain salt on the solvent extraction 
behavicwrof a metal ion is related with both the stoichiometric 
and non-stoichiometric terms. In the present paper, the 
extraction of mercury(!!) from sodium perchlorate constant ionic 
media containing chloride or bromide ions with tributylphosphate 
(TBP) in hexane or with nitrobenzene was measured and the results 
were analyzed from the standpoint of complex formation in the 
aqueous phase and the two phase partition of the complexes thus 
formed, and then the effec:t of this "inert" salt on these 
equilibrium constants was considered. 

Experimental 
All the experiments were carried out at 25 ° C. 203Hg was

employed for the determination of the distribution ratio of 
mercury(!!). The procedures were similar to those described in 
the previous papers of our laboratory!• 2 Stoppered glass tubes 

(volume 20 ml) were used for the contact of the two phases. The 
aqueous phase contained mercury(!!) labelled with the radioactive 
tracer, the ligand ion and sodium perchlorate and its ionic 
concentration was adjusted at a certain value. The organic phase 
was hexane containing 0.03M TBP or nitrobenzene. Five ml portions 
of each solutionwere placed in the tube. The pH of the aqueous 
phase was about 3 and the initial mercury(!!) concentration was 
1x10- 5 M. The two phases were agitated mechanically and after an 
interval enough to establish the distribution equilibrium, they 
were centrifuged. A certain portion of aliquot was pipetted 
from each phase and they-radioactivity was measured. The 
distribution ratio was obtained as the ratio of they-count -rate 
of the two phases. 

Statistical 
The statistical treatment of the data was made as follows. 

D = [Hg(II)]org,total/[Hg(II)]total

= ([HgX2 ]org+[HgXi]org,total+ .. ,)/E[HgX�-n] (1)

Since the stabilities of the higher complexes are very large, 
the species Hg 2+ and HgX

+ are negligible in the ligand concentrat
ion range of this study ([X-] �10- �M). 

The formation equilibria of the aqueous complexes are; 

HgX2 + x-.- Hgx; 
Hgx; + x-.- Hgx:-

K,= [HgX;J/[HgX2][X-] 
2 - - -

K�• [HgX� )/[HgX3][X] 
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The extraction equilibria of the complex species can be 
written as; 

(4) 

Hgx; + Na+ >I* NaHgX 3 (org) 
- + Kex 3 = [NaHgX 3]

0r/ [HgX 3) [Na ] (S) 

When the extracted ion-pair undergoes dissociation, 
NaHgX 3 (org) � Na+ (org) + HgX9 (org) 

+ -

Kdis(org) = [Na ]org[HgX 3]
0rg/!NaHgX 3)

0rg (6) 

By introducing the above equations; 

[HgX,]org,total = [NaHgX3]org 
+ [HgX,]org

= K3Kex3[Na+

] [X-)(1 + Kdis(org)[Na+

]�;g)[HgX 2] (7)

From the electronic neutrality, the following relation can be 
written; 

+ - - -

[Na ]org = [HgX 3)org + [X lorg + [C10�]
0rg (8)

However, when the mercury(!!) concentration is low and the 
extraction of the ligand anion is much lower than that of 
perchlorate ion and moreover, when the ligand concentration is 
much lower than the perchlorate concentration, Eq. (8) may be 
regarded as; 

(9) 

here, K is the square root of the constant for the equilibria 
Na+

+ ClO�� Na+(org)1 + c1o;(org). Then Eq. (7) may be described 
as; 

I - + 

[HgXs]org,total • KsKds[X )[Na ][HgX2]

= KsKds[HgX 2)[X-] 

Kds = [HgX,]org,total/[HgX,] 

(10) 

(11) 

(12)

Finally, by introducing the above equations, Eq. (1) can be 
written as; 

Results and Discussion 
Figure� shows the distribution ratio of mercury(!!) as a 

function of the ligand concentration. These data were analyzed 
by a graphic method based on Eq. (13) in the same manner as was 
previously described� It was concluded from the analysis that 
the HgX 2 species is extracted in all the systems. In addition 
to this, an extraction of the HgXs species as an ion-pair with 
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sodium ion was also concluded in the bromide-nitrobenzene system . 

The equilibrium constants thus obtained are given in Fig. 2 as a 

function of the concentration of the ionic medium . 

The stability constants of mercury(!!) halide complexes in 

0.5M sodium perchlorate solution reported by Sillen 3 and Marcus 4 

can be compared directly with the present results in the same 

ionic medium (for chloride complexes, logK 3 is 0.85 3 and 0.95 4
, 

logK. is 1.00 3 and 1.05 4
, for bromide complexes, logK 3 is 2.41 3 

and 2.27 4
, logK 4is 1.26 3 and 1.75 4

• The present results are 

approximately similar with these values and also with the values 

previously obtained in our laboratory 1
• 

As is described above, the solvent extraction of a metal 

ion, Mm+
, as complexes with an anionic ligand L- can be expressed 

in terms of the formation of metal complexes in the aqueous phase 

and of the two phase partition of the extractable complexes. 

The complex formation is, of course, affected by the ligand 

concentration but it is also affected by the nature and the 

concentration of the coexisting electrolytes or by the total 

ionic concentration in the aqueous solution. Thus a constant 

ionic strength method or a constant ionic medium method is 

employed in order to avoid the difficulty due to the latter 

effect as was reviewed, for example, by Rossetti and Rossotti 5
• 

The two phase distribution equilibrium of a certain uncharg

ed molecular species is affected by the nature and the total 

concentration of the electrolyte in the aqueous phase as was 

described by Long and McDevit 6
• Such back-ground salt effects 

on the solvent extraction of metal ions are usually called

"salting-out" effect, although the effect due to an increase in

the ligand salt concentration is also called by this term in some

cases. This salting-out effect should be regarded as the

over-all effect of the salt on both of the equilibria, the

complex formation and the two phase partition of the extractable

species. However, not very much attempt seems to have been made

to estimate the effect on individual equilibrium although the

salt effect on the stability constants is one of the main

subjects of the studies of metal complexes in aqueous solutions.

In the present study, the inert salt, sodium perchlorate, 

also causes an effect on the extraction of mercury(!!) halides; 

the extraction curves in Fig. 1 are somewhat different when the 

perchlorate concentration is different. This effect can be 

considered more clearly from the equilibrium constants. 

1806 



There is a general tendency that the stability constants of 
the halide complexes, K 3 and K�, increase by the increase in the 
salt concentration as is seen from Fig. 2 but the increase is not 
great. When the stability of the anionic complexes becomes 
higher, the distribution ratio becomes lower, especially in the 
higher ligand concentration range as is seen from Fig. 1. 

The salt effect on the partition coefficient of the HgX 2 

species given by Kd2 in Eq. (4) can be regarded as a salt effect 
on the activity coefficient of this non-electrolyte. This kind 
of salt effect is fairly complicated as was described by Long and 
McDevit 6

, and no theory seems to have been quite successful in 
giving a general explanation for this effect. 

The Kd2 values of the mercury(II) complexes somewhat increase 
by the increase in the perchlorate concentration and thus the 
extraction is enhanced to some extent. However, this increase in 
Kd2 due to the sodium perchlorate is not so large as is found in 
some other molecular substances in Table 2 which was previously 
obtained in our laboratory!• 1

-
9 

The activity of uncharged metal complex in aqueous solutions 
should be affected in a more complicated manner than that of the 
simpler molecules in Table 2c but further accumulation of data 
seems to be necessary before we can give a clear explanation for 
this problem. 

In the c�se of bromide extraction with nitrobenzene, an 
extraction of the ion-pair, Na+HgBr;, should be taken into account 
and thus sodium perchlorate is no longer an "inert" salt. Since 
the contribution of this species to the distribution ratio is not 
large, it seems to be rather difficult to estimate the salt effect 
on this ion-pair extraction. However, in the case of mercury(II) 
iodide extraction into polar solvents the extraction of such 
ion-pairs is important and a remarkable salt effect on the 
extraction of the ion-pairs was observed 1

; it was found that the 
change in the total sodium ion concentration causes a serious 
change in the shape of the extraction curve ,of mercury(II) iodide 
into polar solvents. 
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Table 1. Effect of sodium perchlorate on the stability constants 

of mercury(!!) halide complexes (cf. Eqs. (2) and (3)), 

HgCln HgBrn
NaCl04 ,M logK3 logK4 logK3 logK4 

0. 5 0.65 0.95 2.13 1. 77
1.0 0.66 1.00 2.14 1. 78
2.0 0.72 1.12 2.16 1.80
4.0 0;80 1. 40 2.26 1.90
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Table 2, Effect of sodium perchlorate on the partition 

coefficients (cf. Eqs. (4) and (12)) 

a) Mercury(!!) dihalide complexes (present work)

HgCl2 HgBr2 

NaClO� ,M 0.03M TBP- nitro- 0.03M TBP- nitro-
hexane benzene hexane benzene 

0.5 -1.0 -0.28 0.11 0,62 

1.0 -0.99 -0.24 0.17 0.65 

2.0 -0.93 -0.19 0.20 0,73 

4.0 -0,70 0.00 0.47 1.00 

* These values are Kd 3 in Eq. (12)

b) Metal complexes previously reported

nitro
benzene 

-0.35

-0.35

-0,36

-0. 39

NaClO�,M In(SCN)J·Cu(AAn** Cu(TFAn** Cu(HFA)it* Zn(AA)it* Zn(TFA)it* 

0,1 

1.0 1.00 

2,0 1.34 

3.0 1. 80

4.0 2, 30 

* ref. 9

** ref. 2 

c) Elementary

NaClO� ,M Rn*

0.1 

0,5 1.85 

1.0 1.88 

3,0 2.26 

* ref. 7

** ref.8

*** ref.2

0.70 

0.83 

3.00 

1. 24 

1. 40

1.81 

0,90 

1. 39

1. 76 

-0.65 -1. 84

-0.38 -1.44

0.17 -1.01

org. phase: hexane containing 0.03M TBP 

org. phase: carbon tetrachloride 

The abbreviations are described below. 

molecules and weak acids 

1. 49 1. 94

1. 56 2.05 

1. 83 2.32 

org. phase: 

org. phase: 

org. phase: 

-0.27

-0.27

-0.19

carbon

carbon 

-carbon

AA***

0.51 

0.40 

0.22 

TFA0*

-0,22

-0.19 

0.06 

tetrachloride 

tetrachloride 

tetrachloride 

HFA0*

-1. 92

-1. 74

-1. 40

AA: acetylacetone TFA: trifluoroacetylacetone 

HFA: hexafluoroacetylacetone 
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organic phase: open-circles; hexane containing 0.03M TBP 

closed circles; nitrobenzene 

aqueous phase: Na(x: ClO�). constant ionic media 

The concentration of the ionic mediufu is 0.5, 1.0, 

2.0, and 4.0M from left to right. 

The solid curves are calculated curves by introducing the 

constants in Table 1 and 2a into Eq. (13). 

-2.0 � -� -1.e v,p;J -'10 �� �il 
Fig. 1. Distribution ratio of mercury(!!) as a function of 

ligand concentration 
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SUMMARY 

A miniature equilibrium still is described for phase 

equilibrium studies. Ternary tie line results are presented for 

the systems: 

1 Hexene/Perfluoromethylcyclohexane / N Hexane at 6 and 9°
c

and 

N Heptane /Perfluoromethylcycylohexane / 1 Hexene at 6 and 20°c.

Methods are presented for the calculation of binary parameters 

for the non--random two-liquid (NRTL) equation an,d for the prediction 

of multicomponent tie line data using the NR TL equation. 

It is shown that for the open (Type II) systems ternary tie 

line data can be predicted from binary data alone, For the closed 

(Type I) system, a reasonable accuracy of prediction can be achieved 

from binary data if vapour/liquid equilibrium results are used to evaluate the 
ac=r«cy 

parameters for the miscible non-ideal binary. However, to obtain an �cvrae· 

of prediction comparable with that for the open systems some ternary data 

is required for the evaluation of the binary parameters. 
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INTRODUCTION 

The design of liquid-liquid extraction equipment is dependent 

on the availability of accurate phase equilibria data, The experimental 

determination of such data is often difficult because of analytical 

difficulties, and consequently the design of liquid-liquid extraction 

. units has often to be carried out with limited and sometimes inaccurate 

data. It is therefore highly desirable to have accurate correlating 

and predicting methods requiring only the minimum of data, 

The Wohl type equations {1-9) and more recently the Renon 

and Prausnitz {10-13) NRTL equation have been applied in the prediction 

of ternary solubility and tie line data with reasonable agreement 

being achieved between predicted and experimental results. A paper 

{14) presented at the 1971 International Solvent Extraction Conference 

discussed the selection of binary parameters and illustrated the value 

of the NRTL equation in correlating and extrapolating limited scattered 

results in preliminary studies of perfluorocarbon and hydrocarbon 

systems. Current work has continued to demonstrate the usefulness 

of the NR TL equation f or the correlation of phase equilibrium results 

for partially miscible systems {14-18), 

The assessment of a correlating equation and specifically the 

NR TL type of equation requires the availability not only of binary 

mutual solubility data but also ternary tie line data and binary and 

ternary vapour-liquid equi libria at the same temperature, Rarely is 
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such data available for a specific system and in the past workers have 

been obliged to rely upon a variety of sources of information and/or 

extrapolate existing data with the uncertainties inherent to such 

extrapolations. Furthermore the number of systems for which 

qua t ernary liquid-liquid equilibria results are available is very 

limited. 

Various hydrocarbon-perfluorocarbon mixtures have been 

studied on this comprehensive basis and the accuracy of the NR TL equation 

for correlating and predicting the data has been tested. Some 

experimental and predicted ternary liquid-liquid equilibria results 

are presented in this paper for the systems: 

1 Hexene (1) /Perfluoromethylcyclohexane (2) / N Hexane (3) at 6 and 9° C 

N Heptane (1) /Perfluoromethylcyclohexane (2) / 1 Hexene (3) at 6 and 20°C 

An interesting feature of these mixtures is that over a 

small temperature range there is a change from a type II to a type I 

system. 
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EXPERIMENTAL PROCEDURE 

Because of the limited availability and the cost of the 

pure hydrocarbons and perfluorocarbons, a miniature equilibrium 

still was developed for phase equilibrium studies ( 19). The still 

is suitable for both liquid-liquid tie line determinations and for the 

study of vapour-liquid equilibrium. When a vapour composition 

is required, a device for direct sampling of the vapour is used thus 

avoiding the difficulty of sampling a partially miscible condensate. 

Apparatus 

The general arrangement of the still is shown in Figure 

1. A liquid charge of approximately ZS· ml. is introduced into the

conical chamber, A, which is enclosed in a constant temperature 

jacket B. ,This allows the operating temperature to be controlled 

at any desired value by recirculation of brine, water or oil. The 

vapour is condensed by condenser C and returned to the liquid chamber 

through the capilliary D. The bulk liquid is mixed by an electromagnetic 

stirrer S and can be sampled through the port SL. Direct sampling 

of the vapour is made through the capilliary sampling line SV which is 

connected to a chromatograph through a vapour injector of the type 

used by Packer (20). Temperatures are measured by thermistors 

inserted into the thermistor wells Tw for the liquid and Ty for the

vapour. The additional point T allows control of the heating fluid 

temperature. Temperatures can be measured and controlled to within 

.± O. 05°c. The still can be operated at reduced pressures by connecting 
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the condenser vent to a vacuum line, 

Operation 

A liquid mixture of the required composition was charged 

to the still, the stirrer started and continued for l to 2 hours 

to attain equilibrium. The vapour was sampled directly into a 

gas/liquid chromatograph and liquid samples removed with a 

hypodermic syringe. If the liquid formed two phases at the operating 

temperature, then the bulk liquid was allowed. to stand for up to 24 

hours for the phases to settle out while the temperature was maintained 

at the required value, 

Gas/liquid chromatography was used for all analysis of 

binary and multicomponent mixtures, 

The still has been used for binary and multicomponent 

vapour/liquid equilibria determinations; for binary mutual solubility 

determinations over wide temperature ranges and for ternary and 

quaternary liquid/liquid tie line determinations, 
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EXPERIMENTAL RESULTS 

Solubility curves and tie line data are given in Tables 

1 and 2 for the system 1 Hexene (1) PFMCH (2) and N-Hexane (3) 

at 6 and 9°C respectively, Results for the system N Heptane (1) 

PFMCH (2) and 1-Hexene (3) are given in Tables 3 and 4 for 6 and 20°c 

respectively, 

It is interesting to note that the two systems are open 

(Type II) systems at 6° c but 1-Hexene/PFMCH/N-Hexane at 9oc 

represents a transition from an open to a closed (Type I) system 

as 9
°

C is the critical solution temperature for the binary PFMCH/ 

N-Hexane. At 20°c the system N-Heptane/PFMCH/1-Hexene is a closed 

system. 
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CA LC ULA TION PROCEDURES 

In this work, the NRTL equation (10) has been used to 

correlate and predict liquid phase activity coefficients. In its 

multicomponent form this may be written as: 

N 

ln ¥. = L 't" .. G .. X. 

l Jl Jl J 

N 
Gki xk 

k 

N N
-t° � Gij 

't .. � lj 
j 

lJ-1 Xj

[ 

"1; x,] 
N N 

� Gki xk E'. Gkj 
xk 

k k 

where 1:' .. Jl 

G .. = exp (-o<'. .. "t" .. ) Jl Jl Jl 

Provided that the same standard state is used for both 

• • • ( 1) 

liquid phases, the thermodynamic equilibrium condition may be 

written in terms of component activities: 

• • • (2)

where i = 1.�.N for each component 

and a .. is the activity of component i in liquid phase j. lJ 

Introducing the liquid phase activity coefficient, a simple 

re-arrangement leads to: 

1 
(tn) ln ( X�z)

t\yi2 Xi1 
0 ••• (3) 
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In addition, the stoichiometric requirement in terms of the 

liquid composition for each phase is: 

i 

X = l
ij (j = 1, 2) ••• ( 4) 

The activity coefficients are func1bns of the NR TL 

parameters and the liquid phase composition so that equation (3) 

can be written as a system of N non-linear equations of the form: 

Fi (A
l

• • • ( 5)

where A1 A
L 

represent the NR TL binary parameters for each

binary pair of components, 

x
ij 

represents the liquid mole fraction of component i

in the liquid phase j. 

and i = 1, N 

j = 1, 2 

This system of non linear equations can be used for: 

a) the prediction of multicomponent solubility and tie-line data from

a known set of binary parameters; 

b) the calculation of binary parameters from multicomponent tieline

data when a sufficiP.nt number of tie-lines are available; 
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c) the calculation of binary parameters from solubility data,

a) Prediction of Ternary Data

For the prediction of ternary tie line data from a known 

set of NRTL parameters, the approach used was to obtain x
21 

and x
22

from equation (4) and substitute these values into the equation set 

represented by equation (5), This yields a set of three non linear 

equations of the form: 

where i = 1, 3 

A ) = 0 
L ... (6)

As there are four unknowns (x11, x
12

, x
31

, x
32

) calculations

were made by fixing the composition of,the solute (component 3) in the 

liquid phase 1 ie, a value of x
31

. The choice of which component should

be treated as the solute and which phase should be defined as phase 1 

is arbitrary, The set of equations was solved using a Newton-

Raphson technique, 

When predicting data for comparison with experimental 

values, the experimental value for x
31 was taken as the fixed value

and the remaining compositions calculated, Agreement between 

experimental and predicted phase compositions were expressed in 

terms of a Root Mean Square Deviation (RMSD) defined as: 

RMSD (x11)

2 

1
X )11, e k 

l 

z 

••• (7) 
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where subscript c refers to the calculated value 

subscript e refers to the experimental value 

and M is the total number of data points. 

b) Calculation of Parameters from Ternary Data

When fitting the NR TL equation to a set of empirical 

ternary tie line data, the set of equations represented by equation 

(5) becomes three equations for each tie line. The approach used here

to solve for the NR TL parameters was to minimise the sum of the 

squares of the residuals of the compositions ie. 

M 3 

4 � 
k = 1 i =

(x. -
1, e 

2 
X, ) 

l, C 

The number of tie lines used should be such that 

3M) L 

where L is the number of parameters to be fitted. 

M is the total number of experimental tie lines 

••• (8) 

For a ternary system, if a:11 the binary pairs are treated 

as non ideal there results a maximum of 9 adjustable parameters. 

These can be calculated from a minimum of three tie lines. 

c) Calculation of Parameters frcrn.lvutual Solubility Data

When calculating binary parameters from mutual solubility 

data, the set of equations represented by equation (5) becomes only 

two equations. This means that the third parameter X .. must be chosen 
lJ 
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by some means eg. using the rules of Renon and Prausnitz ( l 0), and 

then the parameters -'C .• and 
lJ -t'° can be calculated.

ji 

d) Other Sources

It is also possible to calculate the binary parameters 

from other types of phase equilibrium data. Soares (19) has reported 

method; using: 

i) Vapour/liquid equilibrium data;

ii) Isobaric boiling point data

iii) Isothermal total pressure data

iv) Infinite dilution activity coefficients.

However the only other type of data used in this work 

on the perfluorohydrocarbons was isothermal vapour/liquid equilibrium 

data. For miscible binaries the NR TL parameters were calculated 

by fitting the equation to available vapour/liquid equilibrium data. 

The technique used was a fit to total pressure·minimising 

the sum of .the squares of the residuals of the total pressure at 

each data point, 
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DISCUSSION OF RESULTS 

Open (Type II) Systems, 

At 6
°C both systems are of the open type having two 

partially miscible binaries. For these systems the ternary 

tie line data were predicted using the NR TL equation with binary 

parameters for the two partially miscible binaries obtained from 

the mutual solubility data at the system temperature. The hydrocarbon/ 

hydrocarbon binaries were treated as ideal mixtures. As discussed earlier, 

when using binary mutual solubility data to generate the NR TL 

parameters, the non-randomness parameter o< .. must be chosen 
lJ 

separately, The rules of Renon and Prausnitz {10) for the choice of 

a value oft::< indicate a value of O. 4 for both partially miscible binary 

systems. For both systems, the tie line data� predicted for values 

of()( varying from O. 375 to O. 425 and)!{ RMSD obtained are presented 

in Tables 5 and 6 together with the corresponding binary NR TL 

parameters, It can be seen that the values of o< ..
lJ

are similar to the best fit values. 

= o. 4

The best fit values were used to generate the predicted 

compositions presented in Tables (1) and (3). The accuracy of 

prediction can be seen by referring to Figures 2 and 3 where a 

comparison is made between the exi:erimental and predicted tie lines, 

Closed Systems (Type I) 

The system 1-Hexene/PFMCH/Ii-Hexane at 9
°

c as stated 

earlier represents a borderline case between closed and open systems 
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as 9° C is the critical solution temperature for the binary PFMCH/ 

n-Hexane. In this case, the NR TL parameters were calculated by 

arbitrarily specifying mutual solubility compositions of the critical 

solution mole fraction.± O. 02. The parameters f or the other partially 

miscible binary, 1-Hexene/PFMCH, were calculated from the mutual 

solubility at the system temperature in the normal way for a range 

of values of the non-randomness parameter o<12• The RMSD values 

for the predicted compositions using values of IX from O. 375 to 

O. 425 are given in Table 7. The rules of Renon and Prausnitz suggest 

a value of 0( of 0, 4 for both binaries and it can be seen that good 

agreement is obtained using these values of IX However, a better 

fit can be achieved by treating :X. as an adjustable parameter. The

best fit values of the parameters were used to generate the predicted 

results presented in Table 2. The accuracy of the predictions can be 

seen by referring to Figure 4. 

The system n Heptane/PFMCH/1-Hexene at 20° c represents 

a closed (Type I) system and the prediction of ternary data from 

binary data alone becomes more difficult as less information is 

available on the non-ideal but miscible binary, PFMCH/1-Hexene. 

To predict the ternary tie line data using only binary 

data, isothermal binary vapour /liquid equilibrium data at 55°C was 

used to obtain parameters for the non ideal miscible binary, PFMCH/ 

1-Hexcne. Using parameters obtained from the mutual solubility 

at the system temperature f or the partially miscible binary 

n - Heptane/PFl'vlCH, the ternary tie line data werepredicted for values 
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of o,( 
12 

varying from O. 2 to O. 47. The best fit was obtained 

with a value of vl
12 

= O. 25 and the resulting RMSD was O. 025. 

This represented a much poorer fit to the experimental data than that 

obtained for the open systems. 

The predicted results presented in Table 4 were 

generated using parameters obtained by fitting the NR TL equation 

to the experimental ternary data. As discussed earlier, if 

sufficient tie line data is available all nine binary parameters may 

be treated as adjustable parameters in a fitting routine. Soares (19) 

has previously studied the relative merits of treating from one to 

nine of the parameters as adjustable parameters and this study 

concluded that, for this system, the best agreement was achieved 

when <X
13 

was fixed and the remaining eight parameters were fitted 

to the experimental data. The accuracy of the predicted data can 

be seen by referring to Figure 5. 

QUAR TERNARY DA TA 

Phase equilibrium data were determined by Soares (19) 

for the system 

n-Heptane (1)/ PFMCH (2)/ 1-Hexene (3)/ n-Hexane (4) at 6
°

C

A comparison was made between this experimental data and predicted 

values generated using parameters obtained from the mutual solubilities 

of the partially miscible binaries at the system temperature but treating 

the miscible binaries as ideal. 

2C 

For a range of values of o( .. for the partially miscible 
lJ 
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binaries, the overall RMSD obtained are presented in Table 8, 

From the values of the overall RMSD obtained it appears 

that a reasonable accuracy of prediction is possible from binary 

data alone, Work is continuing to study the accuracy of prediction 

possible when using parameters obtained from the constituent 

ternary systems, Further work will also consider the prediction 

of closed (Type I) systems for multicomponent mixtures. 
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CONCLUSIONS 

A miniature equilibrium still has been developed and it 

is suitable for both liquid/liquid and vapour/liquid phase equilibrium 

studies. 

It has been shown that, for open (Type Il) systems, it is 

possible to predict multicomponent tie line data from binary data 

alone, using the NR TL equation. 

The prediction of data for closed (Type I) systems is less 

reliable but reasonable accuracy can be achieved when using binary 

parameters evaluated from vapour/liquid equilibrium results for 

the non-ideal miscible binary pair. If some ternary tie - line data is 

used to obtain binary parameters for the closed system, accuracy 

of prediction comparable with that for the open systems can be 

achieved. 
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NOMENCLATURE 

A1 
Generalised binary NRTL parameter 

a.. Activity of component i in liquid phase j 
lJ 

Fi A defined function 

G.. A defined function of the NRTL parameters 
lJ 

gij Energy term in the NH.TL equation 

L Total number of adjustable parameters 

M Number of experimental points 

N Number of components 

R Universal gas constant 

T System temperature 

x.. Mole fraction of component i in liquid phase j (j may be 
lJ 

omitted when dealing with a single liquid phase) 

ix. ij Non-randomness parameter used in NR TL equation 

-t: Adjustable parameter in NR TL equation 
ij 

¥ij Liquid phase activity coefficient of component i in liquid 

phase j (j may be omitted for a single liquid phase) 

Abbreviations 

PFMCH Perfluoromethylcyclohexane 

RMSD Root mean square deviation 

Subscripts 

Property of component i 

C calculated value 

e experimental value 

k property at dr:.ta point k 

1830 



REFERENCES 

1. Wohl, K. , Trans. Am. Inst, Chem. Engrs, 1946, 42, 215

2, Hildebrand, J. H., "Solubility of Non-Electrolytes" 1936, 
2nd Eel, Reinhold, New York, 

3. Carlson, H. C. and Colburn, A, P., Ind, Engng. Chem, 1942,

34, 581. 

4. Treybal, R. E., Ind. Engng, Chem., 1944, 36, 875,

5. Kenny, J.W., Chem.Engng,Sci,, 1957, �. 116,

6. Ellis, S. R. M,, and Garbett, R, D,, Ind. Engng, Chem., 1960,

52, 385, 

7, Treybal, R. E., "Liquid Extraction" 1963, McGraw-Hill, New York. 

8. Brian, P: L. T., Ind. Engng, Chem, Fund,, 1965, _i, 100.

9, I-Iala, E., et al, "Vapour-Liquid Equilibrium" 1967, Pergamon 

Press, London. 

10. Renon, H. and Prausnitz, J.M., Am. Inst, Chem. Engrs. J., 1968,

.!_i, 135. 

11, Renon, H and Prausnitz, J.M., Ind, Engng. Chem, Proc. Des, and 

Develop, , 19 68, J_, 221. 

12. Renon, H. and Prausnitz, J.M., Ind. Engng. Chem. Proc. Des.

and Develop., 1969, !!, 413. 

13. Joy, D.S. and Kyle, B. G., Am, Inst, Chem. Engrs. J., 1969,

..!.?_, 298, 

14. Soares, L. de J. S. et al. Proceedings of International Solvent

Extraction Con£. 1971, Vol. 1, page 9, Soc. Chem, Ind. Lon.don. 

1831 



15. Andiappan, A. and McLean, A. T., Can. J. Chem. Engng., 1972,

50, 384. 

16. Guffey, C. G. and Wehe, A.H. Am. Inst. Chem. Engrs. J., 1972,

�. (5), 913. 

17. Mandhane, J.M. and Heidemann, R.A., Can.J.Chem.Engng., 1973,

2.!_, 381. 

18. M.arina, J.M. and Tassios, D. P., Ind. and Eng. Chem. Process

Des. and Develop., 1973, .!_?_ (3). 

19. Soares, L.de J.S., Ph.D. Thesis, 1972, University of Birmingham.

20. Packer, L. G. , et al, Chem. Engng. Sci., 1973, 28, 597.

21. Othmer, D.F ... and Tobias, P. E. Ind. Engng. Chem., 1942, 34, 690,

22. Hand, D. B., J. Phys. Chem., 1930, 34, 1961.

1832 



ACKNOWLEDGEMENTS 

L. de J. S. Soares would like to thank the

Gulbenkian Foundation for the financial support they 

provided. 

The Authors thank Imperial Smelting Corporation 

Limited for providing the chemicals for this project. 

1833 



-

TABLE I 

Ternary Liquid Equlllbria !or the System 

1-Hexene (1) / Pernuoromethylcyclohexane (2) / N- Hexane (3) at a
0
c

Experimental Results Predicted Results 

Hydrocarbon Phase 

Xll X31 

0.8600 0.0001 
0.8060 0.0480 
0.7500 o. 1000
0.6530 o. J 900
o. 5400 o. 2940
0,4980 0.3320 
o. 4550 o. 3720
0,4000 o. 4225
o. 3320 0,4860
0.2000 o. 6080
o. 1800 0.6260
0.0700 o. 7280

NRTL Parameters: 

'"t;' 21 • 1. 8318 

'Y32 a 2, 1126 

Solvent Phase 

X12 

0.3600 
0.3440 
o. 3260
0.2900 
0.2480 
0,2310 
0,2130 
0.1890 
0.1590 
0.0970 
0.0900 
0,0370 

'\
2 

• 2, 2833 

't'23 • 1. 6982 

X32 

0.0000 
0.0200 
0.0420 
o.on40
o. 1360
0.1560 
0,1780 
0.2060 
0,2420 
0,3170 
o. 3260
o. 3920

a(_ 

12 " o. 425

0.:23 • o. 425 

Hydrocarbon Phase Solvent Phase 

Xll X31 XL2 X32 

0.8599 0.0001 0.3600 0.0000 
o.sou9 0.0480 0.3433 0.0210 
0.7535 o. 1000 o. 3246 0.0444 
o. 6574 o. 1900 0.2908 0.0065 
o. 5459 o. 2940 o. 2491 0.1379 
0.5050 0,3320 0,2332 o. 1575
0,4619 o. 3720 o. 2160 o. 1786
0.4073 o. 4225 0.1936 o. 2060
0.3384 0.4360 0.1642 0.2417 
0,2054 o. 6080 0,1039 0,3148 
0,1856 0,6260 o. 0945 o. 3261
0,0733 o. 7280 0,0388 0.3934 

RMSD Values: 
o. 0.051 0.0033 0.0014 
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TABLE Z 

Ternary Liquid Equilibria for the System 

l• rlexene (1) / Pernuoromethylcyclohcxane (2) / N- Hexane (3) at 9°C 

Experimental Results Predicted Results 

Hydrocarbon Phase Solvent Phase Hydrocarbon Phase Solvent Phase 

Xll X31 X12 

o. 7720 0.0450 0.4026 
0.6120 o. 1841 c. 3180
0.4660 0.3100 o. 2790
0.3790 0.3820 o. 2360
o. 3650 o. 3940 0.2300 
o. 3150 0,4350 o. 2040
0,2990 0,4470 o. 1870
o. 2550 0.4810 o. 1730
0,1990 0,5256 0.1400 
0, 1520 o. 5600 o. 1118
o. 0483 o. 6270 0.0404 
o. 0190 o. 6380 o. 0160

NRTL Parameters:

'"t 21 = 1. 6998 
"rl2 • 2. 1703

tt32 "' 1. 8816 1;'23 • 1, 2458

:X32 

0.0255 
0. 1000
o. 1920 
0.2500 
o. 2580 
o. 2940
0.3040 
o. 3380
o. 3850 
0,4250 
0,5310 
o. 5800

c<. 
12 "' o. 4250

°'is C 0, 4.000 

Xll X31 X12 X32 

0. 7700 o. 0450 0.4026 0. 0253
o. 6111 0.1841 0.3409 o. 1097
0.4637 o. 3100 o. 2771 o. 1961
o. 3776 0.3820 0.2353 o. 2516 
o. 3631 o. 3940 o. 2291 0.2614 
0,3130 o. 4350 0.2036 o. 2963
o. 2982 0,4470 o. 1958 o. 3071
0,2556 0,4810 0,1727 0,3389 
0.1983 o. 5256 0.1399 0,3848 
o. 1522 0.5600 o.1118 0.4250 
0.0484 o. 6270 0.0404 o. 5338
O. 01 S4 o. 6380 o. 0173 o. 5752

RMSD Values: 
o. 0014 0,0035 0.0039 
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TABLE 3 

Ternary Liquid Equilibria !or the Syotem 

·O
N• Heptane (l) / Perfluoromethycyclohcxano (Z) / l • Hexene (3) at 6. C

Experimental Results Predicted Reaults 

Hydrocarbon I-hase Solvent Phase Hydrocarbon Fhase Solvent Phase 

Xll X31 Xl2 X32.

0.9000 0.0002 o. 1960 0.0000
o.e5zo 0.0485 0.1900 0.0100 
o. 7780 o. 12.15 o. 18 00 0. 0280
0.6580 0.2400 o. 1615 o. 0620
o. 4635 0.4265 o. 1244 0. 1300
0.3380 0.4980 o. 1065 o. 1620
0.2550 0.6220 0.0750 0.2.200 
o. 1080 0.7590 0.0335 o. 2.9•15
o. 0002 0.8600 0.0000 0. 3580

NR TL Parameters ·Used: 

21 = 1. 8529 �12 = 2.. 302.0 �
iz=

•O. 4000

<");'32= 2. 2833 �3
= 1. 8318 0(23

=0. 4250

Xll X31 Xl2 X32 

0.8998 0.0002 0.1960 0.0000 
0.8501 0.0485 o. 1889 o. 0115
0.77'18 o. 12.15 o. 1779 0.0297
0.6524 0.2400 o. 1587 0.0622
0.4586 0.4265 o. 1242 o. 1227
0.3839 0.4980 o. 1oc;o 0.1502 
o. 2536 0.6220 0.0793 .0. 2.059 
o. l 083 0.7590 0.0385 o. 2.847

0.0000 0.8600 0.0000 o. 3596

RMSD Values: 
0.0035 o. 0030' o. 0084



TABLE 4 

Ternary Liquid Equilibria !or the System 

N- Heptane (1) / Perfluoromethylcyclohexane (2)/ l - Hexene (3) at 20°c

Experimental Results Predicted Results 

Hydrocarbon Fhase Solvent Phase Hydrocarbon Fhase Solvent Phase 

Xll X31 Xl2 X32 Xl l X31 Xl2 X32 

oo, 

0.7780 0.0420 0.3209 0.0197 o. 3277 0.0187 o. 7790 0.0439--.I 

0.6719 0. 1319 o. 3095 0.0649 0.3097 0.0649 o.6673 o. 1340
0.5902 o. 1965 0.3000 o. 1081 0.3037 o. 108 l 0.5837 0.1969 
o. 5113 0.2508 o. 2960 o. 1529 0.3023 0. 1529 0.5125 o. 2455
0.4522 0.2799 0.3020 o. 1936 0.3031 o. 1936 0.4571 0.2781 
0.4000 0.2830 0.3160 0.2300 0.3058 0.2300 0.4127 0.2985 

NR TL Parameters Used: RMSD Values: 

'V 21 = 1. 9355 'Y12 = 2. 2137 °)z= o. 4255 0.0070 o. 0071 0.0075

�l = o. 1366 �3 = o. 5283 ',)(13=0.3000

�z = 1.8785 �
3 

= 1.3036 �3 =O. 4510
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TABLE 5 

RMSD ( * 10
2

) values between experimental and calculated liquid compositions 

using different values of the non-randomness parameter (O< ) 

System - 1-Hexene ( 1)/ Perfluoromethylcyclohexane (2) / N-Hexane (3) at 6° C

�12 
0(23 

0.375 
0.400 
o. 425

o. 375

0.38 
0. 56
1. 32

NR TL Parameters used 

Binary 
"l;'ji 

1-2 1. 2063
1. 4076
1. 8318

2-3 1.9617 
2. 0043
2. 1126

Binary 1-3 Treated as Ideal 

0.40 

o. 32
0.37
0.92 

"t'ij

2. 1210
2. 1661
2. 2833

1. 13 55
1. 3210
1. 6982

0.425 

0.54 
o. 41
0.35 

o<. .. 
lJ 

0.375 
0.400 
0.425 

0.375 
0.400 
0.425 



-

TABLE 6 

RMSD (*10 2 ) Values between calculated and experimental liquid compositions 

for different values of the non-randomness parameter(.)( ) 

System - N-Heptane {l} / Perfluoromethycyclohexane {2} / 1-Hexene (3) at 6°c

:;;: �"
0.375 0. 40 0.425 

0. 375 o. 65 0.96 1. 89
o. 400 0,38 o. 71 1. 90
0. 425 0.98 0.53 1. 61

NR TL Parameters used 

Binary: 
"rji 't'ij <X..ij 

1-2 1. 6502 2. 1999 0. 375
1. 8529 2.3020 0,400
2. 2698 2. 5123 0.425

2-3 2. 1210 1. 2063 0.375 
2. 1661 1. 4076 0.400 
2. 2833 1. 8318 0.425 

Binary 1-3 Treated as Ideal 



TABLE 7 

RMSD (*10 2 ) values between calculated and experimente.l liquid compositions

for different values of the non-randomness parameter ( 0\. ) 

System -1-Hexene (1) / Perfluorocyclomethylhexane (2) / N - Hexane (3) at 9° C

�
2 0.375 0.40 0.425 

0.375 0.88 0.42 0.42 
0.400 1. 76 0.85 0.30 
0.425 3.46 2.44 o. 71

NR TL Parameters Used 

Binary �-- � o(ijJl (, ij 

1-2 1. 1258 2.0318 0.375 
1. 3165 2. 0699 0.400 
1. 6998 2. 1703 0.425 

2-3 1. 8354 1. 0799 0.375 
1. 8816 l. 2458 0.400 
l. 9816 l. 5904 0.425 

Binary 1-3 Treated as Ideal 



TABLE 8 

Prediction of Quarternary Tie Line Data 

o<.12 �23 0(24 RMSD x 102 

0.400 0.425 o. 425 0. 77

0.375 0.400 0.400 0.87

0.400 0.400 o. 425 o. 74

0.400 0.400 0.400 l. 31
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Abstract 

Solvent Extraction of PErN and RDX from Nitric Acid Solution 

Z. B. Maksimovic and Lj • Miol5inovic 

Chemical Dynamics Laboratory, Boris Kidric Institute, Vinl5a, 
P0B 522 Beograd, Yugoslavia 

Solvent extraction of PETN and RDX from nitric acid solution with 1-nitro 
and 2-nitropropane has been investigated, Investigations were per.formed with 
respect to nitric acid, PETN, RDX and nitroparaffin concentrations at different 
temperatures. The results obtained show that PETN and RDX can be quantitatively 
extracted from nitric acid solution by using extracting agents. 

Introduction 

There are only a few published data(1 -4) dealing with the removal of PETN
and RDX from waste nitric acid with the aim of re-using them for industrial 
purposes. The investigations performed were based on decomposition of explo
sives in HN0 for several hours in autoclaves, at temperatures up to 200°c. 
However, no data are available on the use of a solvent extraction method for 
separation of explosives from waste nitric acid solutions. In our work we have 
used 1-nitro and 2-nitropropane as efficient extracting agents for the separa
tion of PETN and RDX from waste nitric acid solutions. Investigations were 
performed with respect to the reacting components and temperature. 

Experimental 

Materials - The chemicals used were HN03 p.a. Merck, 1-nitro and 2-nitropropane, 
puris, Fluka, double distilled under low pressure and only the middle fraction 
used, Pentaerythritaltetranitrate (PETN) and cyclotrimethylenetrinitrate amine, 
(RDX), puris, were recrystallized several times from acetone solutions and dried 
at 60oC to constant weight. Pure crystals were kept in a dry box to prevent 
moisture access. All other chemicals were p.a., produced by Kemika and BDH. 

Instruments - As well as a micro analytical balance, the instrument used for 
determination of PETN and RDX was a high resolution NMR spectrometer, Varian 
DA-60-IL. hleasurements of proton signals were made with respect to TMS solvent, 
with the accuracy of+ 0.5 Hz, Frequency was controlled with a Varian V-3413 
frequency meter, Sample temperatures were maintained within.!. 1 °c, using the 
Varian temperature controller, model V-4341/V-6040, The temperatures were con
trolled using methanol and ethylene glycol standards, Both PETN and RDX each 
gave one sharp line signal of CH2 groups from acetone, 91.7 Hz and 374,9 Hz,
respectively, to TMS. For determination of heat of PETN solubility in 2-
nitropropane, an Isothermal twin-microcalorimeter from the Institute of Nuclear 
Research, Prague was used, For equilibration of the phases we used a Griffin 
and George vibrator while the solubility of PErN and RDX in nitroparaffins at 
different temperatures was determined with the accuracy of.!. 0,05 1 using an 
ul trathermostat type Colora, 

Procedure - For determination of PETN, RDX and HN� concentrations in the 
(5) organic and aqueous phases we applied the analytical method described earlier ,

The equilibration of equal volume of the two phases of different PETN, RDX, 
HN0 and ni troparaffin concentrations are carried and in glass stoppered test 
tub6 in a thermostated electric shaker at the desired temperature for 10 min. 
This time was sufficient to reach equilibrium at given temperatures, Necessary 
time for settling was 5 min, In order to determine RDX and PETN concentrations 
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in the organic phase the explosives were separated from nitric acid by one step 
stripping with water, and 1 o-41,1 of HN03 remained in the organic phase. Nitro
paraffins were distilled in an appropriate apparatus under a vacuum at up to 
15 mm Hg at 50°c, and the dry residual, white crystals of the explosive, were 
quantitativeli transferred by means of acetone into suitable crucibles, eva
porated at 60 C to constant weight. 

In the other case, standard solutions of PETN and RDX from acetone solu
tions were measured at a known temperature on an NMR spectrometer. Measure
ments were based on the fact that both explosives have symmetrical molecular 
structure, giving only one sharp signal line in the spectrum, originating from 
the CH

2 
group; in this way analytical determination is made easier. After 

extraction and distillation, the explosive samples were measured under the same 
conditions as the standard samples by the usual techniques. The accuracy of 
NMR measurements was_:: 2'fo with respect to PETN and RDX weights in the standard 
solutions. 

Results and Discussion 

In the first series of experiments PETN and RDX solubilities in nitro
paraffin were determined in the temperature range from 20 to 50°c. In Fig. 
it can be seen that this solubility linearly increases with increasing tempera
ture, which means that the process is endothermal. The values obtained for 
PETN vary from 0.15-0.46M and those for RDX from 0.05-0.15M nitroparaffin. 
This proves the solubility of explosives to be equal in both solvents, with an 
accuracy of+ 3%. It can also be seen in the figure that in the given solvents 
the solubility of PETN can be 3-4 times higher than that of RDX depending on 
temperature. 

Microcalorimetrical measurements have shown that the mean value of the heat 
of solubility for the concentration 9.3 x 10-4M of PEl'N at t = 25.000 + 0.003°c 
is H = 5.840 kcal.mole-1. A positive value for heat of solubility also proves 
the reaction to be endothermal. 

In the second series of experiments the extraction of nitric acid and solu
bility of 2-nitropropane were studied relative to the initial acid concentration 
over the temperature range 20-60°c. The results obtained are presented in 
Figs. 2(a,b) and 3(a,b). In Fig. 2a it can be seen that log DJrno3 exponen
tially increases with increasing initial acid concentration in the range of 
6-14M. With increasing temperature, in the range from 20-60oC (Fig. 2b) the 
solubility of HN03 in 2-nitropropane increases linearly. The solubility of
HN0 at 60°C using an initial concentration of 11.2M is 4M. At the HN03 con
cen�ration of 14.4M and 20°c, equal volumes of the phases are completely 
miscible. The results have shown the extraction properties of 1-nitro and 
2-nitropropane to be the same, so only 2-nitropropane was used for further
investigations. Dependence of the solubility of 2-nitropropane on the initial
concentration of 6-11.2M HN0 in the temperature range 20 to 60 °c, is shown in
Fig. 3(a,b). As can be seeJ in the figures, the solubility increases exponen
tially with increasing HN03 concentration (Fig. 3a) and iinearly with increasing 
temperature (Fig. 3b). At equal initial volumes, at 20 C and 14M HN03, maximum
solubility of 2-nitropropane in the aqueous phase is 1.6M. 

In the third series of experiments, the extraction of PEl'N and RDX was 
examined relative to the initial concentration of nitric acid and 2-nitropropane 
at 20°c. Fig. 4 shows log D PETN and RDX dependent on the initial concentra
tion of HN03 in the range 7-12M. The concentration of explosives in the 
corresponding solutions was 0.02M. The results presented in Fig. 4 show the 
distribution coefficients of PETN and RDX to be decreasing linearly with increas
ing initial concentrations of HN03• They also show. 2-ni tropropane extracts PETN 
better than RDX under similar conditions. 
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Fig. 5 shows log distribution coefficients of HN03, PETN and RDX relative
to the initial concentration of 2-nitropropane diluted in n-hexane in the range 
1-5M. Initial concentrations of the explosive and nitric acid were o.02M and 
11.77M, respectively. Investigations have shown the solubility of PETN and
RDX in n-hexane at 20°c are less than 10 mg/1 so that the diluent had no effect
on the extraction of explosive with 2-nitropropane. The results obtained
indicate that distribution coefficients log D PETU, RDX and HN01 linearly
increase with increasing 2-nitropropane concentration in n-hexafie. It can be 
seen �n Fig. 5 that the distribution coefficients are higher by a factor of up 
to 10 in the case of PETN than in the case of RDX. The slopes of the straight 
lines show the competition between the explosive and nitric acid, which depends 
on their initial concentrations in the aqueous phase. 

Fig. 6 shows the results of PETN and RDX extraction dependence on their 
initial concentration in the range of 10-3 to 4 x 10-4M at the constant concen
tration of 11M HN03 and 5M 2-nitropropane at 20°c. The solubility of PETN and
RDX in 11M HN03 varied up to 0.02M. Above this concentration a suspension is 
fonned in the aqueous phase which disappears after equilibration. Our 
measurements of nitric acid concentration in the organic phase show that 
irrespective of solubility, the increase of PETN and RDX concentration in the 
aqueous phase also increases the amount of these explosives in the organic 
phase, whereas the concentration of HN01 simultaneously decreases. It is also
evident in Fig. 6 that log Corg versus log Ctot for the explosives gives a 
straight line which means that the concentration of the explosives increases on 
account of decreasing HN0

3 
in the organic phase. 

On the basis of the results shown it can be concluded that quantitative 
separation of PETN and RDX from nitric acid solution can be perfonned by 
extraction with nitroparaffins. The extraction of PETN is considerably greater 
than that of RDX due to the greater solubility of PETN in nitroparaffins. In 
practice both solvents are strong extractants of the explosives, but 2-nitro
propane is better, having a lower B.P. (12°c less than 1-nitropropane). 
Also the loss of 2-nitropropane to the aqueous phase at a concentration of BM 
HN03 and 20°c is<$, i.e. negligibly small with respect to the amount of 
extracted explosive and HN03• One step stripping with water practically
eliminates HN03 from the organic phase which then contains pure explosive.

Conclusions 

1. A new method for quantitative extraction of explosives from waste nitric
acid by using nitroparaffins as extractants has been presented.

2. Extraction of PETN is double that of RDX which is in agreement with their
solubility in nitroparaffins.

3. Nitric acid extraction is considerable, but this acid can be separated
from the explosive by one step stripping with water.

4. From the results presented it is concluded that explosives can be equally
successfully removed from nitric acid by solvent extraction, i.e. without using
autoclaves at high temperatures.
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PECULIAllITIES OF SOLVENT EXTRACTION BY STRONGLY 

ASSOCIATED REAGENTS 

E V  Komarov, V N Komarov 

V G  Chlopin Radium Institute, Leningrad; The A A Zdanov Leningrad State 

University 

Some specific difficulties arise in the interpretation of the results 

obtained when extractants that are capable of strong association in the 

nonpolar diluents that are used for the solvent extraction of metals and 

inorganic acids. It is shown in this work that the cause of such difficulties 

is the use of too simple models for characterising the organic phase which 

contains both the strongly associated extractant and some complexes of the 

extractant with the metal or acid as well. A variation of the molecular

static model of the solution is given which takes into account the main 

pecularities of the extraction with strongly associated reagents. 

I Introduction 

When comparing the data on the state of the extractant in solution and 

the reaction stoichiometry for extractants capable of association with those 

of, for example phosphate esters, attention should be paid to the differencies 

between these extractants. 

Thus the following descriptions of the extraction with tertiary alkyl

ammonium salts may be found: the complete absence of association of the 

extractant
1

; an average degree of association, r, of the order of 2 - 6 (by
2 

cryoscopic studies of anhydrous solutions of trioctylamine, TOA, ; the 

existence of species with r • 40 - 60, or data on the colloidal character of 
3 4 

the organic phase ' 

The dependence of r on the extractant concentration, S, calculated by 

the theory that the interaction of the various associated species with each 

other and with the medium are very weak (ideal associated solution, IAS) 

usually forms a curve with a maximum
2

•
5
, which contradicts the thermodynamic

prope�ties of the model of the ideal associated solution. 

For some systems the dependence of the distribution coefficient of the 

compound extracted on the concentration of the extractant, ZgD • �(ZgS), is 

an extremely simple linear function in spite of the nonlinear dependence, 

r • �(ZgS). 
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As the difficulties shown are characteristic of systems with a pronounced 

association of components, the reason for such contradictions is naturally to 

be found in the fact that the model of the solution which is the basis of the 

interpretation of the experimental results does not correspond to the complex 

picture of interactions in the system. For the adequate description of the 

extraction systems with their pronounced heterodynamic interaction of 

particles, the model of the liquid to be used is that which takes into account 

the formation of associate or solvate species when the statistic sum of the 

binary mixture is obtained. Such a concept allows the use of experimental 

material obtained by the traditional way using the law of mass action, and 

IR-, UV-, and Raman-spectroscopy as well, to calculate the characteristics of 

the intermolecular interaction6 • 

II Experimental 

Solutions of mono-n-octylphosphoric acid CMOPAJ in various solvents were 

investigated as the typical extraction system. The feed CMOPAJ was obtained 

by reaction of n-octy1 alcohol with phosphorus oxychloride followed by 

hydrolysis of the acid dichloride thus formed. Resultant purification of the 

reagent was carried out according to the published methods7 • 

1) Eu(III) extraction by the MOPA solutions

For the estimation of Eu distribution coefficients, lµC 152• 154Eu

(carrier free) was added to equal volumes of pre-equilibrated aqueous and 

organic phases. The solutions were shaken for 15 minutes at 20 z l�C, and 

r·1en the y-activity of each phase was measured (in the gas counter with an 

aluminium filter 2nnn thick). The results of the investigation of the 

extractant concentration dependence on the europium distribution coefficient 

are shown in Fig 1. For all the solvents investigated this dependeuce is 

linear with a slope of 1, and the absolute value of the distribution 

coefficients is quite similar for solvents with a wide variation in polarity. 

The reasons for such behaviour will be discussed below; here it should be 

noted that other associated extractants (dinonylnaphthalenesulphonic acid 

for example) behave quite similarly8 The data on the association of 

monoalkylphosphoric esters in organic solvents and the data on the role of 

water in the association process (which is of great importance) are quite 

fragmentary and contradictory; therefore isopiestic and cryoscopic studies 

of the system with MOPA were undertaken. 
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2) Isopiestic study of MOPA solutions in CCl, and CHC13
· · 

d 

1

b 
. . . 

h d 
9 

T .b 1 The activity of the solvent was measure y ex�sting met o s ri uty -

phosphate (TBP) was taken as the reference compound, and the data on cc14 an(

CHC13 activity in the reference systems are taken from published work10 

As a result of the measurements undertake" it is shown that the CC14
activity in cc14 - MOPA system at 25°C is described by the function:

in Ycc1 � 0.975 �OPA (1)
4 

for molar fractions CMOPAJ in the range 0.05 - 0.85. 

A similar dependence is obtained for the system CHC13 - MOPA at 25° C in

the molar fraction range 0.05 - 0.50. 

1-n YcHCl 3
" 0.860 �OPA

3) Cryoscopic study of MOPA solutions

(2) 

Cryoscopic measurements were made by the Beckman method. Temperature 

measurements were reproducible to within the range 0.01 -0.005°C. 

In the experiments with MOPA solutions containing water the solution for 

cryoscopy was prepared from the feed lM solution of MOPA in benzene, 

pre-equilibrated with lM aqueous nitric acid,by dilution of the solution 

with the calculated quantity of benzene. The results are given in Table 1. 

Note each figure in the table is the result of three or four measurements. 

SMOPA mole/1 t.t °C r (IAS) 

0.01 0.004 12 

0.03 0.006 26 

0.10 0.007 66 

0.20 0.013 74

0.50 0.035 69 

1.00 0.056 92 

Table 1. Freezing point depression of the benzene solution of MOPA saturated 

with lM aqueous nitric acid. 
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To investigate the influence of water on the M0PA association a measured 

quantity of water was added to lM benzene solutions of M0PA until the 

solution separated into two phases (with the water content 12.8 mole/1). 

the data are given in Table 2. 

SMOPA mole/1 SH 0
mole/1 6t °C P (IAS) 

2 

1.00 <0.01 1.037 5 

1.00 0.1 0.869 6 

1.00 0.3 0.671 8 

0.98 0.85 0.431 14 

0.97 1.90 0.243 23 

0.93 4.10 0.110 42 

0.91 5.91 0.084 53 

0.86 9.25 0.060 69 

0.81 12.8 0.055 75 

Table 2. Dependence of the freezing point depression of M0PA solution on the 

concentration of added water. 

The unexpected high solubility of water in benzene solutions of M0PA is 

to be noted (a similar phenomenon takes place in the other nonpolar solvents 

as well). 

III Discussion 

When the cryoscopic data are considered the great influence of water in 

the organic solution on the M0PA association becomes quite obvious. It 

follows that the data published on the average degree of association, 

r • 5 - 6, which was found by cryoscopy of anhydrous solutions of monoalkyl

phosphates cannot be the basis of discussion of metal extraction mechanism as 

the actual ·extracting solutions are always saturated with water. 

The second important point is the futility of using the ideal associated 

solution theory as the foundation for estimation of the average molecular 

weight from cryoscopic, isopiestic, and data from similar methods, for the 

description of the extraction systems. The actual extractant concentration 

often reaches 0.5 - lM, and deviations from ideal behaviour are obviously 

significant. Non-ideality of the extracting solution is defined not only by 
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the formation of associative complexes but also to a great extent by the 

symmetry and size of the particles6 • The latter is especially important for 

systems containing MOPA as its associates include scores of monomeric links 

the size of such aggregates is ten times larger than the size of the solvent 

particles. The increase of the difference in size between the particles 

results in a negative deviation from the ideal state and the solvent 

activity obtained experimentally is the result of two opposite processes. 

Thus, the degree of association that is estimated by the generally accepted 

methods is only the lower limit of the true value. 

In order to take into account the influence of the size and shape of the 

particle and also the change of th�roperties of the medium during changes 

in the solution composition one should reject the simplified solution models 

in the description of extraction systems. One of the possible answers is to 

use the conclusions from the theory of associative equilibria6 Then the 

statistical sum of the binary system can be written as follows: 

Q 

NA NB f N
r

Er g (NA,NB) iA iB e:z:p( - � (3) 

where: 

NA is the number of molecules of the component A,

N is r the number of particles of the associated component w.

r is the measure of the associated component, 

E is the energy of r-measure formation, 
r 

i the statistical sum according to the inner states of the 

molecule. 

The number of configurations in the mixture according to Guggenheim, g, 

is defined by the equation: (4) 
Q 

F N
r tn �

r 
- in ¥Nr!NBI

where: 

R
A 

is the number of 3unctions quazi-lattice in the solution that are 

occupied by the molecule of the associated component, 

p the number of ways of arranging a molecule according to RA

junctions with one link being fixed, 

a the symmetry factor of the molecule, 

q the average number of the neighbours of molecules for one 

coordinative place. 
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It follows from equations (3) and (4) that the chemical potential of the 

solvent µB is: 

kT{ 
PB 

+ Z.n 
N 

NB 
cf -

NB + RAfrNr
} µ Z.n- + l)ln

N B aB + fq N + Fq N B r r B r r 

where z is the average coordination number for the quazi-lattice of the 

solution. 

(5) 

It is possible to calculate the activity of the solvent or r for any specific 

system if the form of the associated particles is given (linear, cyclic, 

branching chains, etc.) and the dependence of the value of the stepped 

constant Kr on the degree of association r is known.

Thus, if the associates have the form of unclosed chains and if 

• K then we have:r 
h 

z .!.-1 

YB ( x: )2 
Cl + (RA - l)XAJ

2 

!....:...1. h R + I h + 1 - XA
z 2 A z 1 XA 

1 l (6) 

where XA is the analytical concentration of the associated component, and 

h1 and h
2 

are the effective concentrations that are defined from conditions:

I:N 

hl
-

r r 
NB + FqrNr 

ErN 

h2
r r 

NB + fqrNr }
(7) 

In Table 3 the results of calculation of the average degree of 

association r in the system CC14 - MOPA at 25 ° C according to equation (6)

and by the usual methods are compared. This comparison shows that the true 

value of r for the given system is about an order of magnitude higher than 

it is in the literature7• 11• 12 •
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�OPA mole/1 Zn Ycc1 exptl. r (!AS) r (6) Zn Ycc1 4 4

0.083 0.064 4.1 9.1 

0.152 0.13 5.1 12.3 

0.263 0.25 6.1 16.2 

0.417 0.40 4.8 20.5 

0.648 0.63 3.6 25.4 

0.790 0.75 3.0 28.2 

* 
Table 3. Association of M0PA in cc14 by isopiestic measurements 

0.074 

0.14 

0.25 

0.40 

0.62 

0.76 

*Note: when the value of r is estimated from equation (6) z-+- m and

RA• 1 are taken. With these parameters the experimental data are well

described if K � 1000 is taken. 

calc. 

Cryoscopic studies of M0PA solutions in benzene were undertaken in the 

presence of water as the third component. It is difficult to calculate the 

size of the asaociate in the simple variant for the binary system that was 

considered above (equations 4, 5, 6 and 7). Therefore the interpretation of 

cryoscopic data (Table 1 and 2) is given with the ordinary formulae for the 

ideal associated solution, and the value of r (!AS) defines only the lower 

limit of the degree of association. It is evident from Table 1 and 2 that 

the apparent degree of M0PA association is 10 - 15 times higher when the 

system is saturated with water and it increases with the increase in M0PA 

concentration. On the basis of results that were obtained for the anhydrous 

system M0PA - cc14 the conclusion can be drawn that the true values of rMOPA
in benzene in the presence of water are n.r(IAS), where the factor n varies 

from 1 - 3 depending on reagent concentration ( in the investigated range of 

values), 

The totality of reactions of the type: 

pM + A (aq) n(org) 
.... 
+ MA p n(org) (8) 

is discussed to take into account the many types of interaction that occur. 

If the composition of the reagent associate is designated as�, and 

that of the complex extracted as MpAn' then the values of the coefficients

n and r can differ as a result of the change in the bond strength A
1
-A

1 
in 

the associate under the influence of the penetrating particle M. 
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Beginning with the certain value of n • m, which is rather high, the constant 

of joining the link A1.to complex MAn will be eqµal to the constant of 

joining A
1 

to An, and it can be written: 

CMA J 
an

n 
C� JCMAn-lJ

CA J
K -· 

n 
n CAlJ[An-lJ

n-Um a • l.,.im K n n n 

Ymn 

1
Y1, ym(n-1) 

Yn (9) 

yl. y(n-1) 

K r

and the distribution coefficient of M in the system the equation can be 

written: 

D a E [A JW 
y

n nym n-m n r ymn 

where W is the statistical factor:r 

w r 
r/v l 

Cr!v-p) I pl 
1 

a 

(10) 

(11) 

v is the number of monomeric links in the associate that form the 

single centre of reaction, 

o is the symmetry coefficient. 

The case of the microconcentration of particles M being discussed and 

the assumption that the disturbance in the bond strength under the 

influence of the penetrating particle.takes place in the three coordination 

spheres (an/Kr• b) that are nearest to M, then from the equation (10) can

be obtained: 

D 1 3v 
+--- t 

v(bK ) v J•v+l
r 

b2v 
+--

vK .v r 

where Kmv is the constant of the simplest complex MAv formation. 

The analysis of equation (12) indicates the possibility of some variation 

in the influence of Mon the bond strength in the associate MAn.

1) b • 0. Associate is destroyed with the formation of particles MAv. On

the concentration curve D • f(S), where S is the total extractant 

concentration, a region exists where D does not depend on s. 

2) b • 1. The bonds are not distorted. LgD has a linear dependence on 

Zgs when Kr» 1. 

3) b > 1. Bond strengthening. There is a region on the concentration

curve where the slope is greater than v. 
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4) 0 < b < 1. Bond weakening. Concentration curve has an intermediate

character between the cases when b • 0 and b • 1, 

Hence the important conclusions follow concerning the possible use of 

"the method of dilution" for the estimation of solvate numbers in associated 

systems: 

a) Maintaining the slope of the concentration curve equal to v in.some

range of concentration cannot be evidence of the formation of a single 

compound MAv. The slope equal to v can be conditioned by the same character

of particles A1 association in the complex MAn and in, the associate An.

b) The decrease of the slope of the concentration curve up to a value

less than 1 cannot serve as evidence of polynuclear complex M.A. formation,
]. J 

One of the reasons of such formation can be the weakening of the bonds A
1
-A

1
, 

The detailed investigation of the case when b • 1, which takes place 

most frequently in practice, leads to the formation of the criterion: 

s CMJ ( ) « --=- (13) org r 
maintenance of which allows the neglection of formation of the higher 

complexes M2An' M3An, and so on, when the totality of reactions (8) is

discussed. Then it follows from equation (10), that the slope of the 

concentration curve must not depend on the nature of the particles M, on the 

law of the extractant association Kr • V(r), on the nature of the organic

diluent, or on the nature of extractant. If the high degree of reagent 

association is retained the slope of the concentration curve approaches 

unity with the increase of concentration, The conclusion obtained becomes 

untrue when the concentration of the particles being distributed is 

colllllensurable with the value S/r. The previously observed independence of 

distribution coefficient values of metal on the nature of the organic 

diluent is explained, according to the authors, by the extremely high degree 

of MOPA hydration as the metal particles pass from the entire aqueous phase 

into a disperse aqueous phase which consists of the hydrate shell of OPO(OH)2
group of the extractant. 

If the equation (13) is not followed in the course of the extraction of 

weight amounts 

D 

M, then instead of equation (12) it follows: 
2 CMJS2 

a2K ym { 1 - ay CMJ(l- .!_) } r 2 m v 
V 

(14) 

i.e. a non-linear dependence of partition coefficient on the extractant

concentration.
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If the equation (1 3) is not followed as a result of the extractant 

behaving as a monomer in the solvent then the total concentration of 

component Min the organic phase is defined by the formula: 

. . . . . . .  , 
(15) 

where M can be extracted as complexes of the type MAv' MLv-l' ML2Av_2, and so

on, It follows from equation (15) that the slope of the concentration curve 

increases with the increase of the reagent concentration up to a maximum 

value of v. Similarly the joint discussion of the equations: 

S • !
1 

r[A J + E n[MA J, 
r• r n•v n 

'f [MA Jn•v n 

(16) 

allows the determination of the principle condition for using the so-called 

"method of ultimate capacity" to define the stoichiometric coefficient n/p • v 

in equation (8). Actually: 

s 1 + aam

� flam V

where am is the activity of the particles Min aqueous phase, and such

condition will be: 

aam >> 1 

(17) 

(18) 

It emerges also from equation (17) that the estimation of the non

fractional values of v by "the method of ultimate capacity" is not indicative 

of the existence in solution of a single complex with the composition MA.p n 

Thus, the proposed model of the extraction processes with the associated 

reagent leads to equations which combine the components.' activity with the 

composition of the system. In most papers on extraction a comparatively 

narrow range of reagent concentration has been investigated, therefore it is 

rather difficult to determine the degree of agreement of the total character 

of the curve lgD • V(ZgS) and that of the one discussed. Therefore the work 

of ·Awwal and Carswe11
13 on thorium extraction by alkylammonium sulphate 

solutions is o·f special interest. The authors obtained an S-shaped curve with 

a linear dependence lgD • V(ZgS) with low exttactant concentrations and a 

slope of 6; then with the increase of extractant concentration the slope 

decreases to zero, which, according to the authors, is indicative of 

formation of colloidal aggregates. With a further increase of concentration 

the ·slope increases again and reaches the value of approximately unity, and 
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the authors found it difficult to explain this phenomenon. As it is seen 

from Figure 2 such a dependence can be explained simply by a strong 

extractant association with the simultaneous weakening of the bonds in the 

associate under the influence of the particle being extracted. 

IV Conclusions 

On the basis of the investigation undertaken and on literature data 

the conclusion can be drawn that the use of the simplified model descriptions 

is the cause of most contradictions arising in the interpretation of 

experimental data on extraction by an associated reagent. Methods of 

evaluation of the average degree of reagent association or the characteristics 

of extraction equilibria that are based on assumptions of the ideal 

associated solution or of regular solution cannot reflect correctly the 

properties of systems with nondisperse interaction. It is difficult to 

foresee the consequences of many simplifications, therefore there always 

exists contradictions in the estimation of association obtained by different 

methods, Further progress on our theories concerning mechanism of extraction 

processes needs further accumulation of experimental data which must be 

obtained by different methods (cryoscopy, tensimetry, light dispersion, 

fluorescence depolarization, IR-, UV-, Raman spectroscopy, viscometry, 

extraction, etc.) under comparable conditions and with proper interpretation. 

The methods of associative equilibria theory are, in the authors' 

opinion, most useful in the theoretical part of these studies. 
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PREDICTION AND ANALYSIS OF EXTRACTION SYS'flM HI.OPERTil5 WITH 
LINEAR FREE EmlGil5 RELATIONSHIPS (LFER) 

VS Shmidt, EA Mezhov, V N Shesterikov 

(1-12) In rece�t yea.rs the authors and other Soviet 
researchers l13-18) have performed a series of studies, which 
show that characteristics of many extraction systems (defined 
by the extractant, the diluent and the basic anion acting as 
ligand in the system) may be descri·bed semiquantitatively or 
sometimes quantitatively, and predicted, on the basis of linear 
free energy relationships (LFER). This applies to a number of 
systems that differ in the nature of the element or compound 
being extracted. 

The applicability of LFER requires that for each specific 
series of extraction systems in which only one of the variables 
changes (the extractant, the diluent, the ligand or the anion 
exchanging on extraction), relationships of the type 

lg K = lg K0 + aX ( 1) 

must be fulfilled,- where K is the extraction constant in this 
system,� is the extraction constant in the reference system, 
X is the quantity that characterizes quantitatively the effect 
of a varying parameter only and does not depend on the type of 
series, and a is the coefficient, constant for the given series 
of systems. -

For series with different substituents, joined to the same 
·basic functional group in the extractant molecule, the polar
constants a 

�
o, a* (derived from theore·tioal. organic 

chemistry (i9 and expressing quantitatively the induction effects 
of substituents), or constants E characterizing their steric 
effects*), may be used as X. 8 

Parameters BP and BP*, as well as parameters ET <21) derived
from theoretical organic chemistry (20), may be used as X 
quantities for systems in which the diluent changes. 

*) It appears that equations of type (1) with a variables 
be expected to apply only to the system series with E 

g
o

:!a�!;,t�
d those with E

8 
:variable to series with s
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For systems in which the extraction of acids and metallic 
salts may be attri·buted to addition· reactions (extraction of 
acids and metallic salts with amine salts, neutral 
organophosphorus compounds, amides etc), if the only varying 
parameter in a system series is the nature of the ·basic anion
ligand, then the anionic nu9leq:philicity parameter, H (derived 
from theoretical chemistry l 19J) may be used as X quantity. 

For systems in which the extraction of acids may ·be attributed 
to anio_n exchange reactions (with the anion displaced from the 
organic phase remaining unchanged), the free energies of 
hydration (or enthalpies of hydration, approximately propor-
tional to them) of the extracted anions may ·be used as X 
quantities, 

The applicability of relationships such as equation (1) 
simplifies the comparison between different series of extraction 
systems and permits a number of new regularities common to 
extractions (e.g. regularities defining the selectivity of 
extraction) to be revealed by the methods of correlation analysis. 

To substantiate the possibility of predicting and analysing 
extraction systems by the above methods, we have mainly used 
experimental data obtained in studies of the extracti9n �f

)
acids 

and metallic salts by amines, amine salts and amides l 1- 4 , and 
to some extent data obtained for neutral and acid organophosphorus 
extractants. 

In a series of systems in which only one component (present 
at micro-concentrations) is extracted, extraction constants were 
replaced by distribution coefficients in equations of type (1). 

Effect of Ex:tractant Structure 

In 1965 the authors suggested (2) that in some extraction
systems, including amines, relationships of the type 

lg K 

and lg K 

(2) 

(3) 

sho'lild be o·bserved. The applicability of �elationship (2) to 
extraction reactions may be illustrated )J by comparison 
between the constants for extraction of nitric acid by nitrates
of amines according to the reaction (22): 

Amine HNO
)

+ H+ + NO-
) <=

> rAmine HNo
3
lHNo

3 org aq, · aq. L U org,

for the three series of tertiary amines (Fig 1). These have one 
varying substituent whose alteration leads to no significant change 
in steric factors, Fig 2 shows that for all three series of amines 
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investigated, the linear relationships ·between lg �03 
and the

quantity CJ (CJ 0, CJ*) for the varying subs ti tuent, corresponding 
to eq. (2)*, are fully verified. 

The validity of equation (3) was checked by application to 
the constants for the extraction of Pu (IV) and Np (IV) at 
micro-concentrations from nitric acid solutions. For the 
investigation trialkyl amines were chosen with from 10 to 20 
carbon atoms in the chain. For these amines the changes in 
substituent inductive effects are small and the influence of 
amine structure on extraction is determined only by steric 
effects. Since E values for long chains are not known, we 
determined values8satisfying equation (3) by studying one 
extraction series, and then constructed the relationships 
·between lg K and E for different extraction series. The
following values of E were found for different radicals:

B 

c10¾1• 0; c12H25' 0.028; C14
H29' 0.045; c16H33' 0.078;

C 18H37
, 0. 116; c20H

41 , 0. 133. The relationships ·between lg K

and t E are shown in Fig 3 for different systems; the figure 
shows tfiese relationships to correspond with an equation of 
type (3)-. 

These relationships open the wa;y for prediction of amine 
extraction properties ·by use of the parameters a (a0, a* etc) 
and E8 values derived from theoretical organic chemistry.

In recent years some authors (1o, 14-17• 20) have also shown
the possibility of a similar approach to prediction of the 
extraction properties of neutral and acid organophosphorus 
compounds and of amides. 

The construction of graphs of types (2) and (3) reveals 
the influence of factors, related to amine structure, on the 
extraction selectivity. Fig 4 shows the relationships between 
distribution coefficients (lg a) and CJ* for varying substituents. 
This is for the extraction of Zn-65 and Co-60 at micro
concentrations from chloride solutions with a series of tertiary 
amines that differ little in the steric effect of varying 
substituents. It follows from this figure that the extraction 
selectivity rises with an increase of CJ, i.e. with a decrease of 
the positive inductive effect of a substituent; and Fig 3 shows 
(lines 1-2) that for a series of systems with varying steric 

* A M Rozen and Z I Nagni.beda also showed the applicability of
equation (2) to the quantitative comparison of extracting
power betwee� tbe groups of amines, i.e. tertiary, secondary
and primary l 13 J • 

- The probability of o·bserving the relationEJhi:tJB of type (3) for
ethers was also pointed out by Rozen AM �14J.
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effects and a practically constant substituent inductive effect, 
the selectivity rises with an increase of the steric hindrance 
due to substi tuents at a nitrogen atom. These theses are valid 
when the extracted compounds, from whose distribution the 
selectivity is estimated, have equal solvation numbers. If the 
less extractable compound has a lower solvation number, the 
selectivity of extraction is increased with the rise of positive 
inductive effects and with a decrease of steric hindrance ·by 
substituents (Fig 3, lines 2, 3). 

Effect of Diluent 

The applicability of a relationship of the type 

lg K lg K
0 

+ a BP (4) 

was first shown for a large number of series of extraction systems 
in Reference 4, which established the scale of BP quantities, and 
then in more detail (for 35 series of systems) in Reference 1, 

This relationship is applicable to systems in which 
extraction is not associated with a large change in the polarity 
of compounds in an organic phase, e.g. to acid extraction by an 
addition reaction and to metallic salt extraction by formation 
of a complex of the double salt type. Some examples illustrating 
the applicability of equation (4) are shown in Fig 5, 

Construction of relationships of type (4) revealed the 
effect of diluent on selectivity in extraction with some dozens 
of series of extraction systems, as an example. It is 
established that the selectivity of extraction of metallic salts 
(see, for instance, Fig 5), as well as of acids, increases with 
a decrease of BF*. 

Construction of relationships of type (4) also permits 
estimation of the influence of the diluent on the extractive 
power of extractants with different structures. It follows 
froll\.Figs 6 and 7 that a decrease of BP is accompanied by a 
reduction in the differences between the constants for extraction 
of acids and metallic salts by salts of different amines, i.e. 
in extraction by addition reaction, the diluents with low BP 
values have a levelling effect on the extractive power of 
different extractants. The BP scale, although satisfactory in 
describing the influence of many diluents on the extraction of 
metallic salts and acids by addition reaction, is not fully 
applicable to amine extraction of acids by neutralization and 
anion exchange reactions. For reactions of this type, a large 

*" A de.crease in BP corresponds to an increase in the ability of 
the diluent to solvate anions of amine salts, or nucleophilic 
groups of other extractants, 
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amount of data (Fig 8), available in
(
the literature (21), is better

described by means of the BP* scale 1, 5J. This scale appears to 
be most useful in the description of the diluent effect on anion 
extractions if there is a considerable change in the polarity of 
compounds in an organic phase (Fig 9), and is also applicable to 
the effect of_ the diluent on extraction by cation exchange 
reactions (8)+.

Effect of Anion - Ligand 

The validity of linear relationships of the type 

lg K = const + a H (5), 

for the series in which the only variable is the basic anion
ligand of the system, may be illustrated by data on the 
extraction of acids by salts of the same amine through addition 
reactions (Fig 10), and on extraction of some metals b;y the 
formation of complexes of the double salt type (Fig 11), Since 
the extraction constants vary in accordance with the H parameters, 
the scale of nucleophilicity parameters may be used to predict 
the influence of the anion-ligand on extraction. 

Influence of the anion extracted by neutralisation of the amine 
or by ion-exchange with the amine salt 

The validity of linear relationships of the type 

lg K = const + a /J. H or lg K = const + a /J. F (6), 

for series in which the only variable is the nature of the anion 
extracted from the aqueous phase by reactions of the type 
indicated, may be illustrated by the relationships (Fig 12) 
constructed on the basis of experimental data obtained from the

literature. From comparison of the slopes of the lines in Fig 12, 
it follows that tertiary amines are more selective than 
secondary or primary ones in extraction by simple anion exchange, 

Conclusions 

The data presented show that many properties of extraction 
systems may be explained and predicted by means of formulae based 
on linear relationships of free energies, Construction of 
corresponding correlation graphs permits a more descriptive 
representation of some extraction regularities and reveals, for 
instance, factors influencing selectivity. Departures from the 
expected relationships in other systems may be considered to 
indicate some peculiarity of reaction in these systems. 

+ For such systems, not only the scale BP*, but also the scale
of � parameters proportional to it may be used,
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Abotract 

r,:utual Effects of Elements in the ZXtraction 

by Lone-chain Amine Salts 

V, V. Ba£reev, Yu. A. Zolotov, Yu. s. Tseryuta, 
L. I.I, Yudushkina and I. }!, Kutyrcv

V. I. Vernadsky Institute of G-eocllcrnistry arid Analytical
Che:;ristr'J, USSR Academy of Scj.ences, i,:oocow, USSR

C. Fischer and P. l1tlhl

Ccntrr.l Institute of Solid State Physics =d Testine 
of ::aterialo, GDR Academy of Sciences, Dresden, GDR 

'J.'hc influence of different facto1·s on the cxtTI'.ction of microquanti ties of 
In, �l, l'e, Cd, Co, Zn, ·:1, :.:o, Zr, Eb, A1'l and Su (oicroelemcnt) from halogen 
hydride solutions by amine salts as well as quatcrnar'J w.:noniu:1 bases in the 
presence of mucro-quanti ties of TI'c, Ga, Co, Zn, Cd, !.,o, !-lb and Ta (macro
elernent) has been studied. ,1cr:nrkable influence a of r.iacro-quantities of 
ccrt2J.n metals on the extrr:ction of r.licro-quanti tieo of other metals are found. 
In the r.:nj ori ty of cases the distribution coefficients of raicroclcments in the 
presence of extractable macroelements are found to decrease, i ,e. suppression 
of t.'1e microelemcnt extraction is observed. '.::he dielectric constants and con-
ductivi tics of organic solutions of metal species :?11d their deriendence on 
concentr<'.tion have been measured. Sone features connected with the r.mtual 
influence of elements in the extr:;.ction syste1:1s rri th runinco are reported. The 
rncc}::.anism of this phenomenon is discussed. 

Introduction 

It io ];norm thc.t durin13 extr-2.ction of co:::1plex metal halides by o;'.yc;enated 
solvents ti1e mutual influence of extractable comnounds is often ob:Jcrved, 
This is shovm in the decrease in extraction of c�rt2.in elements (extr2.ction 
suppression) or inversely in tl1e increase in extr::cction (co-extraction) of an 
element in t1,e presence of other elenents. Ti1e rJutual influence in these 
syster.1s is undoubtedly caused by interactions in the organic phase, The co
extraction observed in tl,e sol vents of low polarity is explained by the forma
tion of mixed ionic associates. The suppression of extraction, vii1en using 
solvents with a relatively hich dielectric constant and/or vii th substantial 
donor capacity, are to be explained by the dissocii,tioi:i- of extr2.cting com pounds 
in the or,:;anic phase and by the common ion effect.�1-3) 

Comprehensive and detailed investigation of this mutual influence in the 
process of extraction of complex metal species from halide and thiocyanate 
solutions by oxygenated solvents, leads to the conclusion that the mutual 
influence of elements is not a rare phenomenon and that similar effects are to 
be ex::,ected in other extraction syotems, includine the extraction of metal 
acidocomplexes by amines and quarternary ammonium salts, 

The present authors investigated the extraction of many r.licroelements 
(In, 'l.'l, ::.'e, Cd, Co, Zn, ·:1, I.lo, Zr, Hb, Am, Eu) in the presence of large amounts 
of different metals (Fe, Ga, Co, Zn, Cd, No, Rb, Ta) r,ith tri-n-octylamine, 
Aliquat-336 a.'1d other ai:tines. A decrease in the extraction of microelements 
r1i th mncroclcments has been shown to occur. 

Experimental 

'rl1e metals were extracted from solutions of halogen halides, mainly from 
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chloride solutions. 'l'ri-n-octylam.ne ("Schuchard", ·:!est Gennany) ancl Aliquat-
336 ( "General l,lills Company", USA) were use cl aG the sol ve,1ts in different 
organic diluents. The conce:-itrations o.i.' extractunts were 0.1-0.5!.!. The 
phase distribution of microelemcnts was controlled by me&ns of radioactive iso
topes. The concentration of microelements were kept at 10-6_ 1 o-4r.I and concen
tn1tion of rnacroelements, 0.1-0.41,!. 

Factors affecting the simultaneous extraction of micro- and macroelcments 
were studied, including the concentration and nature of halogen halide, the 
nature of the organic solvent, the nature and concentration of macroelemer:ts, 
the amine concentration and others. 

'l'o help in understanding the extraction suppression mechanis1:1, the dielec
tric constants and molar conductivities of the simple and metal-bearinc amine 
salt extracts were measured and plotted against their concentrations. The 
dielectric constant measurements were carried out by means of dielcometer 
DK-Meter GK 68 ( ''F. Kuster", GDR). The data on conductivity of the same 
extracts were obtained on I.CR-MePbrlicke 1521 (GDR), 

Results and Discussion 

A significant in£luence of macroquantities of certain metals on the 
extraction of other metals was found in all systems investigated. In the 
majority of cases, a decrease in microcomponent distribution coefficient in the 
presence of macrocomponents was observed. This phenomenon is called suppres
sion of extraction. Many exampleG are given in the data in Table 1. 

Table 1 

Extraction of microelements from 61'.: HCl by 0.51.I solution of 
tri-n-oct)lau.ine in benzene in the absence of other elerJe:1ts

(D1 and in the presence of macroelements (D2) 

Microelements D1 D2 D1/D2 

In the presence of Fe ( 0.4M) 

In 540 0.004 1.4x105 

Cd 350 0.12 2.Bx103 

Zn 510 0.15 3.4x103 

In the presence of Co (0.2M) 

In 540 101 5.4 

Cd 350 29. 5 12 

Zn 510 19 27 

The distribution coefficients of In, Cd, Zn (microelcments) in the pre
sence of iron(III) are decreasing by 3-4 orders of magnitude. In the presence 
of cobalt this decrease is less having a magnitude of 5-20 times, In the 
extraction of molybdenum and tungsten from dilute solutions of HCl and HBr, the 
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the co-cxtn.:ction of microquanti tics of tungsten with molybdenum was observed 
(?i:;. 1 ). 

The influence of different factors on the degree of extraction suppression 
is discussed. The degree of suppression is determined as the ratio of the 
microelement distribution coefficient in the absence of the macrocomponcnt 
(D1) to the corresponding value in the presence of this macrocomponent (D2).

An example of the influence of acidity on the degree of suppression of 
extraction is illustrated in the data in Fig. 1, where the distribution values 
for tungsten in the absence and presence of macroamounts of molybdenum during 
their simultaneous extraction· with tri-n-octyla:rnine, are plotted against the 
concentration of HCl in the aqueous phase. The increase of the HCl concen
tration (higher than 3r.i) is accompanied by increasing suppression of the 
extraction of microelement tungsten by molybdenum. The same figure illustrates 
the extraction of macroquantities of molybdenum. It is not difficult to see 
that the degree of supression increases with the increase of macroelement 
concentration in the organic phase, i.e. with the enhancement of its extraction. 
'rl1ic phenomenon is typical of all the syctems under investigation. 

The degree of suppression of microelement extraction depends on the nature 
of the macroelements. 'J.'he influence of this factor is given in Fig. 2. The 
extrection of indium in- the presence of iron(III) is suppressed in much greater 
extent than in the presence of Cd, Zn arid Co. A similar effect was obtained 
when gallium was used as the macroelement. The effect of iron, gallium and 
indium on the extn,.ction of microamounts of cadmium and zinc is also higher 
than for instance the effect of cobalt above. Unicharge complex anions of 
macroelements (1-'e, Ga) are found to suppress the microelements extraction to a 
greater extent than the doubly charged anions of macroelements (Cd, Zn, Co). 
Another aspect which affects this extraction suppression effect is observed in 
the differentiation in the influence of macroelements formint; anions of the 
same charge • 

On the other hand, the degree of suppression of the microelements extract
able by amines in the forni of doubly chareed anions is less than that of the' 
unicharged anion microelcment complexes. As shovm in Fig. 3, the degree of 
extraction suppression of zinc in the presence of macroquantities of iron is 
less than that of microelement indium. The srune figure also illustrates the 
influence of the nature of the macroelerncnt on the microclemcnt's extraction. 
Iron is found to suppress the extraction of both microelemcmts to a greater 
extent than cobalt, '.i.'hese effects are much gre2.ter in the case of unicharged 
anion complexes of microelcments r1hcn compared v,ith the doubly charged ones. 

'1'hc effect oz the m:.ture of the organic sol vent on the extrnction of 
micro,.1unnti ties of tun5stcn a:1d zirconium, in the presence of macroquanti ties 
of molybdenum a:1d tuntalur.1 respectively, has been investigated using different 
diluents ('liable 2). • 

·.'he inf).ucnce of =croco1;1poncnts on the extraction of microelements is
specific to all diluents investisated, Correlation of the degree of suppres
sio:-: :?.nd t!1c dielectric cor1st:mts of orgru1ic solvents is observed, namely, 
incre2.se of dicl.cctri.c constant with increase in the degree of extraction 
supprescion. 

'rhc influence o:i: rnacrocleme,1t concentration on the extraction of micro
and macroelements has also been investigated. The distribution coefficients 
of metals are found to decrease more in the case of diluents with a relatively 
hieh dielectric constant (e.g. nitrobenzene) at the lower macrocomponent con-
centrations than in the case of diluents of low polarity (e.g. benzene). 
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Table 2 

The degree of extraction suppression of VI and Zr during 
their extraction vritl1 tri-n-octylo.r,:ine from halogen hydride 

solutions in the presence of I.,o and Ta 

in the Qresence of M12 in the pre-

Diluents E from from sence o!. Ta 
6M HCl 6M HBr from 1M HF 

Cyclohexane 2.30 17 

Toluene 2.38 14 22 926 

Chloroform 4.81 2 17 280 

Chlorobmzene 5.62 30 42 

Ethylene 
946 chloride 10.5 

a.a'-Dichloro-
diethyl ether 21.2 950 

Nitro benzene 34.8 67 56 1031 

'l'he t•:10 observGtior.s (1) corrclc•.tion o:f the degree of the extraction 
suppression 8.ml the solvent dielectric constant a."ld (2) the difference of the 
dependence of the distribution coefficients of metals as a function of their 
concentration in the cases of benzene and nitrobenzene, serve as a basis for 
the aosunption that t'.1e diosociation of the extractable compounds in the 
or.:;nnic phase is one of the principal causes of the suppression of extraction. 
(This is shorm in the extrnction of metal-halides with oxygen-containing sol
vents.) 

','le obtained values of dielectric constant and molar conductivity 0f metal
bearing and metal-free amine salt orga.YJic phases as a function of their concen
tration. In Fig. 4 the data on the dielectric constant and conductivity of 
tri-n-octylamine salts containinc; Fe, Ga, In, Co, Cd and Zn extracted into 
benzene, are plotted against their concentration. Similar data for organic 
extracts of amine simple salts are shorm. 'l'he sharp increase in dielectric 
constant is observed in solutions with metal concentration higher than 0.01M 
(:B'ic;. 4a). The dielectric constant is founq. to increase earlier and sharper 
in the case of ·Fe, Ga, and In than that of Co, Zn and Cd. Presumably, even 
in benzene, the extractable amine salts are dissociated if their concentrations 
are high. The data on the conductivity of the same solutions (?ig. 4b) do not 
·contradict this assumption. Hieh molar conductivities are observed in high
metal concentrations. The data of Fig. 4 show the followi� features: metals
fornirl[; salts of unicharged anion complexes (e,g, Pe, Ga, In) are found to
suppress the extraction of microcomponents in greater degree than metals
formin;:; the salts of doubly charged anions (Zn, Cd, Co). The fo=er are more
dissociated than the latter.
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Figures 

Fig. 1 Extraction of molybdenum (0,2M), and tungsten (5.4 x 10-5M) in the
absence and in the presence of molybdenum, from hydrochlori!.c acid 
solutions by 0,5M tri-n-octylamine in toluene. 

Fig, 2 Extraction of indium (1,4 x 10-5M) by 0,5M tri-n-octylamine in benzene
from hydrochloric acid solutions in the absence of other elements and in 
the presence of macroamounts of Fe (0.4M), Ga (0.4M), Cd (0,2M), Co 
(0,2M) and Zn (0,2M). 

Fig. 3 Indium and zinc extraction by 0,5M tri-n-octylamine in benzene from 
hydrochloric acid solutions in the absence and in the presence of iron 
(0.4M) and cobalt (0.2M). 

Fig. 4 Dielectric.constants (a) and molar conductivity (b) of metal-bearing and 
metal-free tri-n-octylamine (TOA) salts in benzene as a function of their 
concentration. 
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Pii;. 1 .lxtrnction of molybdenum (0.2is!), and tungsten (5.4 x 10-511) 1n the 
absence and 1n the presence of molybdenum, fl'OLl hydrochloric acid 
solutions by 0.51.: tri.-n-octylamine in toluene. 
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Pig. 2 8xtmction of indium ( 1.4 x ,o-5r.1) by 0.51J tr1--n-octylam1ne 1n benzene 
from hydrochloric nci.i solutions in the absence of other elcucots ar.d in 
the presence of cacroamounts of ;>e (0.4:,), Ga (0.4f,i), Cd (o.2IJ), Co 
(0.2::) and :n (0.21:). 
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ROOENT DEVELOPMENTS IN THE STUDY OF HETEROCYCLIC 

AMINE EXTRACTION CHEM:YSTRY. APPLICATION OF THE 

FORMATION OF INTRAMOLECULAR HYDROGEN BONDING 

BETWEEN LIGAND AND COORDINATED ANIONS IN THE SALT 

EXTRACTION 

by V.M.Dziomko, O.V.Ivanov, V.N.Avilina, A.V.Iva

shchenko, T.S.Kazakova 

All-Union Scientific Research Institute of Chemical 

Reagents and Ultra High Purity Chemical Substances, 

Moscow, USSR 

Heterocyclic amines involving NH-group capable of forming 

intramolecular hydrogen bonds with a coordinated anions such 

as 3,4,5-trialk;ylpyrazoles and bicyclic amidines make it 

possible to extract inorganic salts of transition metals. The 

maximum selectivity is observed in the sulfate and nitrate sys

tems. 

Introduction 

STABILIZATION OF coordination compounds owing to the 

formation of intramolecular hydrogen bonds between coordinated 

ligands is of considerable interest for the extraction chemis

try. The study of hydrogen bonds involving a heteroaton bonded 

directly to a metal is of special interest since it is the case 

when the extraction of salts formed by simple inorganic and 

organic anions is possible, particularly those having indus

trial value. Basing on the general principle that to reach high 

selectivity it is necessary to use ligands with an increased 

skeleton rigidity
1 

we have undertaken the investigation of sys-
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tems in which the formation of five- and six-membered metallo

cycles involving an intramolecular hydrogen bond between a 

rigid heterocyclic ligand and an anion bonded to a metal is 

possible. 

In general the systems investigated can be outlined as 

follows. 

1. A heterocyclic,,-,
I I 

I 
' 

y-z,
I .H 
14

+
-x·· 

ligand appears as a hydrogen ,-..,...-, 
I 

' \ 

\ /W-....._ I 

y z 
I+ I 
11

-x:
···H 

donor 

Xis an inorganic anion or one of its atoms, OR, SR, SeR, TeR,

NRR, etc. 

2. An anion is a hydrogen donor ,' .... , .... -,
I I I 

, ,,'f, I 

,-.... 
I 

I 

I 
I 

,y-z, .. 
'+ H 
M:::x

1 

y z 

� f{

Xis O, S, Se, Te, NR, etc. Y, Z are 
-x" 

heteroatoms 

Wis Cor a heteroatom. R, Rare alkyls, aryls, acyls, etc. 

In the present work the investigation was made on hetero

cyclic extractants from the groups of 3,4,5-trialkylpyrazoles 

(I - VI) and bicyclic amidines 

heterocycles (VII - XI). 

R' R
I II 

Rr,N
R C�5 n-C3H7 

N R' CH3 C2H5 
H 

i-
iiN� i-Pr -0 i-Pr-{

N-:J,_i 
i-Pr�N

VII H N�N 
H

VIII 

with hitrogen atoms in different 

III IV V VI 

n-C4H9 n-C5H11 n-C6H13 CH} 
n-C 3

H
7 n-C 4Hg n-C5H11 n-C6H13

Pr Ph I 
h- � 

X R::n-BuO; R=H 

Ph-{ J_ 'J-Pr XI R::H; R!:n-BuO

Nll: :¢:tP
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Experimental 

Reagents 

3,4,5-Trialkylpyrazoles (I - V) were synthesized according 

3,5-Dimetbyl-4-heptylpyrazole (VI) was prepared by the in

teraction of 3-heptyl-2,4-pentanedione3 with hydrazine hydrate 

in ethanol. The yield is 88%, b.p. 169-170°/7 mm Hg. 

All 3,4,5-trialkylpyrazoles were purified by fractional 

vacuum distillation. 

2,3-Dihydro-5,6-diisopropyl-1(7)H-1midazo[1,2-a] imidazile

(VII), 2,3-diisopropyl-1(9)H-imidazo[1,2-a]benzimidazole (VIII),

3,6-diphenyl-2,5-di-n-propyl-1(7)H-1midazo[1,2-a]imidazole (IX) 

were syntheBized by known methods4-6•

1,4-Di-n-butoxy-6H-indolo[2,3-b]quinoxaline(X) and 2,3-di

n-butoxy-6H-indolo[2,3-b]quinoxaline(XI) were prepared by the 

interaction of isatine with 3,6-di-n-buto:xy- and 4,5-di-n-butoxy-

1,2-diaminobenzene respectively. The yield of X is 18%, m.p. 

171.5-172.5° . The yield of XI is 40%, m.p. 242.5-243.5 °. 

Synthesis of Complexes 

Dichlorobis(4-ethyl-3,5-dipropylpyrazole)copper(II) was 

obtained by the interaction of CuCl2·2H20 with pyrazole (the

ratio 1:2) in cyclohexane solution with the azeotropic water 

distillation. After distilling off the total water and cooling 

the solution the crystals separated were filtered off and puri

fied by recrystallization from cyclohexane. They were green, 

m.p.74-75°.

Bis-(4-ethyl-3,5-dipropylpyrazole)dinitratocopper(II) is 

prepared by the above procedure. After recrystallization from 
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benzene light-green crystals were obtained, m.p. 126-127° . 

(1,4-Di-n-buto::icy-6H-irulolo[2,3-b]quinoxaline)nitrato

silver(I) monobydrate. The solution of 0.22g silver nitrate in 

3 ml of water was added under stirring to the solution of 0. 5g X 

in 50ml cac13• The water formed is removed azeotropically in a

Dean and Stark separator. The reaction is continued until no 

more water separates. Orange-red coloured solids were obtained 

after cooling and filtration. The yield was 0.624 (90%).

IR-Spectra 

The IR-spectra were obtained on a UR-20 instrument as 

Nujol mulls, as hexachlorobutadiene suspensions and as well as 

solutions in CC14•

Measurement of the distribution ratios of metals 

The distribution of metals was studied by a tracer technique 

and by complexometric titration. 59Pa (III), 60co (II), 64cu(II}

and 115ll1cd (II) were.used as radioactive indicators. Complexo

metric titration was carried out in the presence of Sulfarsa

zene , Xylenol Orange and Tetra as indicators. 

The extraction was carried out in glass separatory funnels 

by mixing phases on a mechanical shaker during time required for 

establishing chemical equilibrium at a temperature of 2ot1° . 

Reagents were added in the following order: to 5 ml of a metal 

salt solution of the known concentration an equal volume of the 

extractant solution in the organic diluent was added. In the 

case of radiochemical control the aqueous phase contained a 

tracer of the corresponding metal. After mixing and separating 

the layers (15 min) equal parts of aqueous and organic phases 

were taken. Radioactivity measurements were carried out with the 
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aid of an endwindow counter Type MST-17 in conjunction with a 

scintillation counting assembly PP-8 (� activity) and with a 

LAS-type instrument using a scintillation counter with a single 

crystal NaI(Tl) (¼ activity). In the case of a complexometric 

technique the metal concentration in the organic phase was 

determined by titration after back extraction with 1-6N NH40H or

1-2N H�04•

Results and Discussion 

Effect of the structure of extractant molecule 

Typical curves for the extraction with 3,4,5-trialkylpyra

zoles containing alkyls of different length are presented in 

Fig.1. The maximum extractability is shown by the e.xtractant 

(VI) containing a long chain alkyl in 4 position and two short

chain alkyls in the 3 and 5 positions. For the other pyrazoles

the maximum extraction is observed not at the highest resulting 

value of carbon atoms in alkyls but at intermediate magnitudes 

of that value. Thus, the increased length of 3,5-substituents 

offers considerable steric hindrances for complex formation 

resulting in decreasing extraction. The factor of steric hind

rances should be most pronounced in the case of cations with a 

small ionic radius as well as in the case of strained geometry 

of Qoordination. In the cases studied the greatest effect was 

shown by copper(II) having a square-planar coordination. At the 

same time similar in size zinc(II) ion showing tetrahedral 

coordiDB.tion has a less pronounced steric effect. 

As it can be seen from Fig.4a the greatest selectivity for 

copper chloride with respect to zinc chloride is observed for 

extractants I and II having short chain alkyls in the 3- and 5-
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positions. Further increasing chain length of alk;yls in these 

positions reduces the selectivity (extractant II), then the 

selectivity towards zinc chloride (extractant III) appears which 

is found to decrease again following a further increase of 

alkyl-chain length (extractants IV and V). In the latter case 

the tetrahedral coordination seems to get hindered as well. In

the extraction of zinc and cadmium chlorides (Fig.4b) the 

greatest selectivity for zinc having a smaller ionic radius is 

observed in the case of extractant VI, having the shortest 

alkyls in the 3- and 5- positions. 

Effect of the acidity of the medium and anions on 

the distribution of metals 

The most general picture is revealed in the case of extrac

tion from chloride systems (Fig.2). Here it is possible to 

observe curves with two maxima for some metals. Within the range 

of the pH 1-4 the extraction of chlorides with neutral ligands 

takes place accompanied by the formation of intramolecular hydro

gen bounding with chloride ions. The increased acidity gives 

rise to ligand protonation. An increase in the anion concentra

tion is accompanied by the formation of complex anion particles. 

The retardation of one of these processes from another reduces 

the extraction. If these processes are simultaneous (in the 

region of some acid and anion concentrations) then the extract:ion 

is enhanced (the case of zinc and cadmium chlorides). The extrac

tion of copper(II) and iron(III) chlorides represents extreme 

cases when the extraction of a complex chloride and neutral 

salt appears unfavourable respectively. 

The range of 0.5-1.5 M HCl is appropriate for back extrac

tion. 
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E1:fect of the nature of the anion on the extraction of some 

transition metal salts is illustrated in Fig.3 and Table 1. 

Table 1 

E1:fect of anions on the extraction 

1 -2 Extractant: 1M solution of II in chloroform. C
it=5x O M.

R 

Elements pH 1,0 pH 2,0 pH 3,0 

s02-
4 

Cl- N03 s02-
4 

Cl- N03 s�- Cl-
3 

N03 
Cu(II) 85.8 79.5 84.4 86.6 82.9 86.1 85.3 80.1 78.9 

Cd(II) 4.8 66.7 17.6 1.1 68.1 19.2 2.4 63.6 17.5 

Co(II) 0.3 22.1 9.1 2.1 23.6 11.4 1.1 10.0 5.4 

lli(II) 1. 3 18.6 5.0 1.2 18.2 6.1 1.0 10.0 5.0 

Zn(II) 2.2 80.6 20.0 2.7 82.0 22.3 2 .1 80.0 15.0 

Fe(III) 1.8 4.2 5.0 1.5 4.2 4.7 3.4 3.8 

Hg(II) 99.a"Il 98.2 99-�8.6 - 99.8�6.8

Ag(I) 99.a* 96.9 99o6Jl99.6 99.9K99.6

K - For the esxtraction of Hg(II) and Ag(I) from the hydrochlo
-6 ric acid media C

JC
1x10 M. 

For the most metal salts the maximum extraction is observed 

in the case of chloride systems. In the extraction of copper the 

maximum selectivity is found in the sulphate media which are of 

considerable interest for hydrometallurgy. 

It was established by the method of the equilibrium shift 

that in the extraction of copper(II) from the chloride and 

nitrate systems the ratio II:Cu in the complexes ext ra c

ted with the excess of II is 2:1. In the IR-spectra of dichloro-
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bis(4-ethyl-3,5-diprop;ylpyrazole)copper(II) 8.lld bis(4-ethyl-3,5-

dipropylpyrazole)dinitratocopper(II) as compared to the IR-spec-

trum of ligand II in CC14 a strong shift of an NH streching

frequency is revealed: 

and ��3260 cm-\ 

.\ -1 .\ -1 �
NH

=3290 cm ; �
NH

=195 cm for CuL2c12
�

NH
=225 cm-1 for CuL2(N03)2giving

evldence for the presence of intramolecular hydrogen bonding in 

complexes formed by the hydrogen of the ligand NH group and the 

anion. 

The study of the IR-spectra of the organic phase after the 

extraction of copper(II) chloride and nitrate with the solution 

of II in CC14 showed the presence of the absorbtion bands

corresponding to the stretching frequencies of NH involved in 

the hydrogen bonding to anions. The position of these absorbtion 

bands in the spectrum corresponds to the bands for complexes of 

the composition CuL2x2, where X=Cl-; N03. This confirms the fact

that the extraction of the metal salts is accompanied by both 

the metal - nitrogen coordination and by the formation of the 

hydrogen bond between the ligand NH group and the anion. 

Effect of diluent 

In the extraction of copper(II), cadm�um(II) and zinc(II) 

from the sulfate, chloride and nitrate solutions an increase in 

the diluent efficiency is observed in the order octane< carbon 

tetrachloride< benzene< chloroform< kerosene< 1,1,2,2-tetra

chloroethane. In the case of silver(I) and mercury(II) extrac

tion the influence of the nature of a diluent is negligible. 

Separation of metals 

In the extraction of 0.05 M copper sulphate solution at 

pH 1 with 1M solution of II in kerosene in the presence of 
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accompanying sulphates (0.05 M of each) the following intergral 

factors of separation were obtained: SCu/Fe(III)=7.2x102;

Sou;co=2.9x103 ; Scu/Ni3.4x102
; scu/zn=4.4x102

; sCu/cd=6.7x101
•

The back extraction of copper(II) was carried by the 1.0M 

sulphuric acid solution as well as by the aqueous solutions of 

ammonia, ethanolamine or other complexing agents. 

Bicyclic amidine extractants 

Among bicyclic amidines studied the highest extractability 

from chloride and bromide solutions showed VII and VIII. However 

they are inferior to pyrazoles in their extractability. Indolo

quinoxaline(X) shows an increased selectivity with respect to 

the extraction of silver(I) nitrate. The data on the factors of 

separation of silver(I) and copper(II) nitrates each present in 

wide ranges of concentrations are given in Table 2. It was

established by the method of the equilibriWll shift that the 

ratio X:silver(I) in the complex extracted is 1:1 . 

In the IR-spectrum of the complex as compared to the IR

spectrum of the ligand the bands of the coordinated nitrate-ion 

( �1=1040 cm-1, �
2

=822 cm-1 �
3
=1303; 1405 cm-1, �4=754 cm-1)

and the bands near 1750 and 1820 cm-1 appear indicating the

nitrate-ion bidentation7 � Moreover, a large shift of the absorb

tion band of NH stretching vibrations ( �
NH

=3100 cm-1;

��
NH

=325 cm-1) is observed giving evidence for the presence of

the intramolecular hydrogen bonding in a complex formed between 

the hydrogen of the ligand NH troup and an anionic ligand. 

Basing on the IR-measurement of the complex and takinginto 

account the absence of silver nitrate extraction with isomer XI 

it is possible to assume the following structure for the 

complex(XII). 
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Table 2 

Integral factors of separatiml for silver(I) and copper(II) nitrates in the extraction 

froa solution pH:2 (according to Hl'l'0
3

) with 5x10-2M solution of 1,4-di-n-buto:r;y-GH

indolo [ 2.,-b] quinoxaline in chloroform 

at a constant concentration 
-1 of copper(II) 1 x10 M

(.1gNo,]
M 

EAg
Ecu

1.0 31 .79 1.8x1ci'2 

5x10-1 
23.50 1.9x10-3 

1:x:10-1
22.70 2.1:x10-3 

5x10-2 
21.80 2.4x10-3 

1x10-2 17.7x10-1 2.5x10-3 

5x10-3 1a.0x10-1 1.0x10-4 

1x10-3 1.90x102 
2.7x10-5 

5x10-4
2.39x102 1.7x10-5 

1x10-4 
2.49x102 1.5x10-5 

5x1O-5 2.67x1if 1.4x10-5 

1x10-5 2 
1.90x10 -5

1 ,4x10 

8.A.g/Cu

5.78 
5.00x102 

4.56x102 

4.05x102 

3.9Gx102 

9.9Gx1o' 

3.70x104 

5.89x104 

6.65x104 

7.10x104 

7 .13x104 

at a constant concentration 

of silver(I) 1x10-3M 

[cu(N0
3
)

2] 
I( 

EAg
Ecu 8.A.g/Cu

1.0 0,58 5.0x10-3 s.5ox101 5
5x10-1 0.71 2.·7x·10-4 6.74x102 

1x10-1 1.00 3.1x10-4 1.GOx10'

5r10-2 5.89 3.3x10-4 2.49x103 

1x10-2 6.85 1.0x10-5 2.84x10' 

5x10-3 9.09 1.,x10-5 6.90x104 

1x10-3 1.90x102 2.7x10-5 3.70x104 

5x10-4 1.99x102 1.,x10-5 7.G9x104 

1:x:10-4 7.1�102 1.4x10-5 7.1,x104 

5x10-5 1 .99x102 1.,x10-5 7-65x104 

1x10� 1 .43x10 2 
1.3x10-5 7.70x10 4 
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Fig.1. Dependence of the extraction of Cu(II) (a), Zn(II) (b) 

from hydrochloric acid media, Ag(I) (c) from nitric acid 

media with 0.5M pyrazole solutions in chloroform on the 

acidity of the aqueous phase. [M]T=0.05M. o-I, 

A-III, 0-IV, _. -V, e-VI.

><-II, 

Fig.2. Dependence of the extraction of Fe(III), Zn(II), Cd(II), 

Cu(II) from hydrochloric acid media with 0.5M solution 

of II in chloroform on the acidity of the aqueous phase. 

[M]T=0.05M. �-Fe(III), •-zn(II), 0-Cd(II), x-Cu(II). 

Fig.3. Dependence of the Cu(II) extraction from hydrochloric 

acid (x), nitric acid ( /l) and sulfuric acid (A) media 

with 0.5M solution of II in chloroform on the acidity of 

the aqueous phase. [cu(II)] T=0.05M. 

Fig.4. Dependence of logEcu-logEZn' logE.zn-logECd in the

extraction of Cu(II), Zn(II), Cd(II) from hydrochloric 

acid media with 0.5M pyrazole solutions in chloroform on 

the acidity of the aqueous phase. (M]T::0.05.M. o-I, 

x -II, /l-III, a -IV, •-V, e-VI. 
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FIGURE 1 Dependence of metal extraction,
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0.05M, with aqueous acidity using 

O. 5M pyrazole solutions in chloroform, 
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FIGURE 2 Dependence of metal extraction
from HCI media with O. 5M solution of 
II in chloroform on the aqueous acidity.
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FIGURE 3 Dependence of copper extraction, 
[ Cu( 11 )]T 0.05M, on aqueous acidity using 
0. 5M solution of II in chloroform
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FOR SYN'rEE3IS OF EXTRACTANTS WITH THE PREDICTED SELEX:TIVITY 
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Institute of Metallurgy of the Academy of Sciences of the 
USSR, Moscow, USSR 

V M Shalygin 

All-Union Research Institute of Petrochemical Processes, 
Leningrad, USSR 

ABSTRACT 

Application of the La.ngenbeck principle of systematic 
activation is suggested and substantiated for synthesizing 
extractants with the predicted selectivity towards a pair of 
metal ions. According to this principle, a relatively simple 
material with a certain value of the required property is 
modified ·by addition and substitution reactions to give a 
series of its derivatives; from these derivatives those are 
chosen that have the maximum value of the required property. 
These compounds yield ·by addition and substitution a further 
series of second-generation derivatives, from which those 
that have the maximum values of the required property are 
again chosen. The procedure is repeated until a certain 
generation of derivatives yields a compound with the 
predetermined value of the required property. 

The principle was applied to the synthesis of an 
extractant for separating two pairs of metals. The most 
effective compounds were chosen according to the value of 
selectivity (separation factor) observed with a solution of 
given composition. The most active compounds in each of the 
series were the following: hexyl-bis-(1-phenyl-2,3 dimethyl
pyrazolone-5-yl)-methane and a 2-halogeno-alkyl-2,3-diglycol 
cyclic ester of metacarbonic acid. 

The results of applying the systematic activation principle 
are interpreted ·by means of a suggested mathematical technique 
which could be utilized for predicting the identity of useful 
extractants, for planning an experimental synthesis of higher 
generation derivatives according to the La.ngenbeck method, and 
for studying the relation between extraction properties and the 
extractant structure. An actual extraction process is simulated 
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mathematically by means of the general systems theory and the 
introduction of a complex qualitative-quantitative measure of 
efficiency, which is used in the simplest algorithms of the 
mathematical theory of pattern recognition, 



INTRODUCTION 

It is well !mown that at present there is no general theory 
of metal extraction processes, that is, there is no wa:y of 
predicting the extractive properties of a particular compound 
from its

(
c�emical composition and molecular structure (structural 

formula) 1J. Therefore, selecting extractants in hydrometallurgy 
or analytical chemistry necessitates te�ting many substances in
various media and for various metals t 2 J • Any prediction in the
planning of such experiments assumes more or less detailed 
relationships between the structure and the extracting power of 
the compound. It is important also to solve a purely practical 
pro·blem: to synthesize an extractant with a specified value of 
an extraction property (or properties), even with the expenditure 
of a considerable effort in synthesis, and without lmowledge of 
the co=elation ·between the extracting power of a substance and 
its structure. 

This procedure is exemplified by the emergence of biologically 
active compounds as a result of evolution. The natural process of 
evolution is pro·bably simulated well ·by the "principle of 
systematic activation11 CJ), which La.ngenbeck suggested and developed 
for simulating natural biochemical catalysts (enzymes) by means of 
comparatively simple molecules. There is no doubt that the 
La.nge:ribeck principle can ·be applied to synthesis in pursuit of 
any properties which are related to molecular structure. This 
report is concerned with the application of the La.ngenbeck 
principle to the development of extractants for metals; and with 
the relevant methods of predicting the extracting power of 
compounds and of establishing the relation of this to their 
molecular structures. 

THEORETICAL 

The "principle of systematic activation" proper was developed 
by La.ngenbeck in many of his studies l3 J. According to the principle, 
a series of compounds is selected for their accelerating effect on 
a given reaction; active compounds are selected from this series 
and modified structurally ·by chemical means. 

The change is effected ·by introducing new groups and substi
tuting new groups £�r �ia. The most active derivatives are 
chosen from the products obtained and are, in their turn, 
subjected to transformation by addition and substitution of 
groups. In this wa:y enzymic catalytic activity was successfully 
simulated by organic molecules with low molecular weight. 
Decarboxylase w;:i.s the enzyme simulated: its molecular weight in 
the active state is about 106. The first in the series of 
catalysts obtained by applying the principle of systematic 
activation was methylamine with very low activity. The enzyme 
was best simulated by 1-methyl-3-aminooxyindole obtained in the 
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fouxth generation of methylamine derivatives. Its catalytic 
activity in decarboxylation of phenyl-glyoxylic acid was only 
an order of magnitude lower than that of the natuxal enzyme, 
despite a molecular weight of only 163, Table 1 presents the 
general scheme of the method, that is, of a limited application 
of the principle of systematic activation where·by only one 
compound out of a generation of derivatives (namely, the most 
active) is subjected to fuxther transformations. Successful 
synthesis of a compound with high catalytic activity, natuxally, 
suggests applying La.ngenbeck1 s approach to the synthesis of 
compounds with other useful properties, for instance, selective 
complexing and extracting agents. 

TABLE 1 

General scheme of the principle of systematic activation 

Generation Most active Groups added Resulting compounds Number Substance 

0 A A 

AB B1 B2 B AB1 AB2 AB

2 AB C c1 c2 C AB C1AB c2 ••• ABC

3 AB C DK D
1 

D2 DK AB C D1 ... ABC �
4 ABC J\cEe E1 E AB C Dt'1 . . .

The La.ngenbeck principle is ·based, essentially, on a few 
assumptions which are almost self-evident to a chemist though 
hard to prove formally: 

1 °. Any property of a compound is determined by its 
structuxe and composition. 

2°. Among all the possible molecules there are some that 
have a high enough value of a certain property. 

3° . Increasing molecular complexity raises the probability 
of a high value for a sufficient.ly complex property. 

4° , A relationship ·between a complex property and molecular 
structuxe is impossible (or difficult) to formalize. 

Extraction properties or complexing with metals are phenomena 
almost as intricate as catalytic action. Therefore, we ma;y apply 
the method in these fields since it has been proved to be 
applicable to the synthesis of catalysts. 
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The Langenbeck principle essentially simulates the processes 
of genetic mutations and natural selectt·o� and therefore it can
also be described in mathematical te=s 4). We cannot dwell on 
this mathematical similarity here. To apply this method to the 
synthesis of extractants, it is not the statistical and pro
babilistic description of the process of emergence and intensifi
cation of a useful property in the generations of molecules 
obtained by utilizing the principle of systematic activation that 
is important, but the deterministic description of the relationship 
between the extraction property and the structure of the compound 
that is fo=ed in this process of extractant synthesis. Let us 
demons(5

�te that from the standpoint of the general systems
theory 1, the Langenbeck principle, as applied to extractants, is 
to a considerable extent equivalent to the theory of extraction 
processes. Indeed, according to the general systems theory the 
process of extraction as a whole and individual extraction 
processes, too (for instance, the extractive separation of a pair 
of metals by a limited range of extractants) should ·be treated as 
a complex system with a certain intrinsic determinism (structure) 
which could be simulated by a theoretical model. This model 
represents the structure of the system providing its mathematical 
(algorithmic) description. The accuracy of this description 
depends on the complexity of the model, on the amount of 
info=ation put into it and on the efficiency of the mathematical 
algorithms. The mathematical description allows the study of the 
properties of a system according to its structure. The solution 
of this problem begins in the axiomatic description of the 
structure. Assumptions 1 °-4

° represent axioms for the structure 
of our system (extraction process), and for all chemical 
properties in general. 

Let us now introduce structure into our system by defining 
its parameters (in the order of decreasing generality): 

class of phenomena - extraction of metals by organic extractants 

subclass - extractive separation of a pair of metals 

variable factors - extractants (chemical compounds) 

efficiency - several sublevels with qualitative and quantitative 
indicators: 

I - extractive power (physico-chemical property) 
II - technological parameters (costs, availability, liability to 

losses) 
III - sociological parameters (fire and explosion hazards, 

toxicity and other environmental effects). 
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A hierarchy of properties may be constructed for each of 
these sublevels (in decreasing order of generality). 

For sublevel I: 

qualitative indicators (features) - structural formula, i.e.: 

atoms 

atomic groups 

functional groups 

chemical bonds 

a=angement and amount) 

the main indicators 

These indicators form the code of the compound. 

quantitative indicators: 

basic physico-chemical properties (boiling and melting 
points, density, thermodynamic properties) 

complex properties (spectral & phase properties, reactivity, 
etc). 

It is characteristic of parameters at the most concrete 
level that they are easy to determine in a rigorous manner (by 
measurement) ·but difficult to structure and a=ange according 
to the order of their importance in our system (the process of 
extraction). 

In other words, in terms of gnoseology all the information 
on an extractant is contained in its structural formula, but the 
derivation cannot be formulated. 

Let us introduce into our model a mathematical algorithm. 
This is done using the complex qualitative-quantitative 
"efficiency measure" K1 which is expressed as a linear
combination of parameters a. (qualitative and quantitative) 
and their statistical weighis c.: 

1 

a.c.1 1

where the numerical values of the parameters and their weights 
may be obtained by various methods. This form expresses the 
measure for the 1-th level in the detailed description of the 
system. For the (1 + 1)th level the co=esponding measure is 
obtained as the convolution of. Ke expressed by a similar equation:
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Rigorously treated, such problems ("organized simplicity" or 
"random complexity") in actual cases are represented mathematically 
by systems of nonlinear equations of infinite order. Such systems 
are insoluble even if they can ·be written down. Our algorithms 
are ·based on a simplified version. 

Below, we discuss in detail the algorithms for our subsystem 
(a physico-chemical phenomenon, i.e. separation of a pair of 
metals) and relate the generalized measure to the selectivity 
parameter. 

EXPERIMENTAL 

The experiment consisted of synthesizing two sets of 
extractants, genetically related according to the principle of 
systematic activation. 

In each of the sets the selection was carried out on the 
basis of the separation factor for a given pair of metals. The 
separation factor was determined as the ratio of the distri·bution 
coefficients of these metals. The composition of the aqueous
phase was fixed. All the reactants were synthesized from 11�e" 
grade compounds using standard methods of organic synthesis t b J.
The compounds were pur�fted only when necessary using methods 
described in referencet6J. Some syntheses involved petrochemicals. 

Two groups of compounds were o·btained ( the most active ones 
are underlined). Selectivity is measured by the separation 
factor a. 

I. The initial compound was a trialkylamine Rl (a = 3.5).

The first generation of derivatives: R2NH � R - NH-�

¾NCli:2COOR R2NC¾COC� R2NC¾COOC2H
5

RNHC¾COC¾Cl RN(O)C¾C¾Cl H2NCH2C¾CHO

¾NC¾C¾COOH ¾NC¾C¾OH 

Second generation: R(C2H
5
oc¾)NCH(R)OC¾CH3

C¾CHCHfOC2H
5

ru( I 
COCHR R2NCH2CH(R)OCH2CHJ

R2NCH( CN)C¾OCHJ
R2NC¾C¾OCH2Cl
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R2NC¾CH(c3a,)oc¾C¾OH

(C¾Cl)N(R)C¾C¾OCHJ 

R2NCH(NO)C¾OCHJ



Third generation: 

ru/
CH

/
CHCH2Cooc2HS

'-coc� 

Fourth generation: 

RN:
N(CH

,
HCHJ 

CO-CHC�OCOC2HS

m(
N(CH

J
CHCHJ 

CO-CHC�C�COCH
3

The predetermined value of the selectivity (a= 800) was 
o·btained in the fourth generation of derivatives of the initial 
tertiary amine. 

The derivatives of alkyl-bis-(1-aryl-2,3-d.imethylpyrazo
lone-5-yl)-4-methylene proved to ·be fairly selective extractants 
in the process studied. 

II. The initial compound was methyl-ethyl ketone
CH3coc2H5 

(a= 1.3).
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First generation: 

CH
f 

OCH2CH2NH2

CH
f

OC2H
4
No

C¾COC2H
4
c1

CH
f 

OC2H
4 
CHO

Second generation: 

CH
f

OOC
3
H6CN

CH
f

OOCJHGCHO

CH
f

OOC
3

H6CF)
cH

3
o(co)ocl6R

Third generation: 

RC¾O(CO)oc
37

c
37

o(CO)OC¾CH2NHR

C
37o(co)OC¾SR

CH2CocH20COC 
2

H
5

CH
3
Cooc

37
CH

f
OC2H

4
No2

CH
f

OC2H
4
No

CH
f 

OC2H
4 
COOR

CH
f

OC
4

H
9

CH
f 

OOC
3
H6cH

3
CH

f 
OOC

3
H6No2

CH
f 

oocl6COCH
3

CH
f

OOC)HGNH)

C2HfOOC
37

CHf OCHf OCH
J

CH
f

OC2H
4
CN

CH
f

OC2H
4
cH

3
CH

f 
OC2H

4 
OCOCHJ

CH
f

OC2H
4
SH

CH
f

OOC
3

H6c1

CH
3
cooc

3
H60CocH

3
CH

f
OOC

3
H6COOH 

CH
f 

OOC
3

H6NR2

NH2CH2cooc
37

R2NCH20(CO)oc
37

ClCH20(CO)oc
37

CNC¾O(CO)oc
37

c
37

(co)OCH2C¾N02

c
37

o(CO)OC¾CHC1R

c2H
5
o(CO)OC¾C¾N ---

C

l

¾ 

---C¾ 

The predetermined value of selectivity (a = 100) was obtained 
in the third generation of derivatives from the initial ketone. A 
cyclic ester of metacarbonic acid and 1-ethyl-2-chloroalkyl-sub
stituted ethyldiol-1,2 had the separation factor of 90. 

It may be seen from the schemes above that only the simplest 
functional groups were used. Virtually no aromatic or heterocyclic
substituents were used. An essential point is that the addition 
and substitution reactions used included cyclization. 
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DISCUSSION 

According to the general theory discussed above, the 
following additiona:l simplifications are necessary in the 
consideration of the results of applying the systematic 
activation principle to the extractant syntheses. 

Firstly, we shall confine ourselves to considering the 
phenomenon on one level only, namely on the physico-chemical 
level; that is, we sha:11 isolate from the general structure the 
sub-system related to the selectivity ratio of our extractants. 

Secondly, we shall consider only those extractants which 
are genetically related ·by means of the Langenbeck principle. 
This makes it possi.ble to limit the number of functional groups 
and ·bonds contidered. 

Thirdly, we shall assume that the following two equilibria 
play the determining part in the extraction process: 

1. Metal - extractant complexing

A + M <=> AM equilibrium constant K1

2. Distribution of the complex between the phases

AM <===> AM aq sol equili.brium constant �

so that the extraction coefficient is Ko: "" K1 • K2• [A].

Furthermore, we assume that the transfer of a complex from 
the aqueous phase to the organic phase is related to the 
solubility and determined ·by the presence of alkyl radicals. 
Introduction of large alkyl radicals compensates for differences 
in solubility between complexes of different metals, so that 
the selectivity of the extraction process is determined by the 
ratio of the constants K1 for two metals. This has important
practical consequences as we may ignore aliphatic groups, thereby 
reducing the dimensionality of the space of properties and 
simplifying the mathematical description. Then the next step may 
be made: retaining only the structural formula characteristic and 
neglecting the physico-chemical properties. We assume that 
complexing is determined by the structure to a greater extent 
than solubility. Moreover, the available information on the 
extractants used is virtually confined to the structural formulae. 
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After these assumptions, the results will ·be analysed using
the MH-71 algorithm designed for other problems, in particul� 
for analysing the efficiency of extractants in petrochemistryl7). 
As discussed above, the algorithm aims at obtaining a ·bstract in
dicators of efficiency for various levels and their convolutions
on a higher level using similar linear formulae. 

Ta"ble 2 demonstrates application of the algorithm to compare
efficiencies of three extractants with four sets of parameters. 

For our case (extraction of metals) we shall confine 
ourselves to the first group of parameters, which includes the 
separation factor and the structural formula of the extractant.
As we can not ascribe definite statistical weights to the 
structural parameters at the present level of analysis, we 
shall reverse the problem. We assume that the selectivity is 
the measure of efficiency, and then determine the statistical
weights in respect to the known measurements and parameters 
(it is more convenient to express their value�

8
in "binary code).

Thus, we formulate the problem of recognitionl J. We select 
from the set under consideration (set II of methyl-ethyl ketone
derivatives) an arbitrary number (N) of compounds, forming a 
"learning" sequence. The number of parameters is taken to be 
equal to N (or greater than N) to reduce the pro"blem to linear
alge·bra. There are N extractants with the following 
parameters: 

The 

X. (I)
J. 

i 1,2 ••• N aI - selectivity of A
I

.

Xi(N) i 1,2 ••• N a
N 

- selectivity of�-

aggregate {xi (I)} forms 1 N-dimensional vectors. 

Let us introduce the N-dilpe:p-13iona,
so that the scaler product {ciJ \Xi(I)J 
measure" (for our case ai): 

vector {cJ (i = 1,2 ••• N) 
gives the "efficiency 

a 

N 

I: C.X.(I). 
. J. J. 
J. 
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Ideal case 

� -;;l +' � o,._..� 
Q) Q) •rl O QJ

+' +' 
Q) ., +' Q) 

m g, m �im 

�� � lil � ·@ � 
P< .0 tll :< P< 

2 3 4 5 

0.4 f.4g}* 
1 • 1 0.25 100 25 

-0 

00 

1.2 0.05 100 5 
1.3 0.05 100 5 

1.4 0.05 100 5 

2 0.4 �QT 
2.1 0.15 100 15 
2.2 0.15 100 15 
2.3 0.10 100 10 

TABLE 2 

THE COMPARISON OF EFFICIENCI.FS OF THREE EXTRACTANTS 
(dial extraction) 

3-metyl-3--butene- Butanol -1-ol

6 7 8 9 

81.iJ* 0.6�-0.36 
[23.i]* 

0.5���641+_100 = 21.2 5.3 X 100 10.9 
o.64

= 43.8 
Reciprocal, 100 5.0 Reciprocal, 100 5.0 
Reciprocal, 100 5.0 Reciprocal, 100 5.0 

212-180 2.0 212-111 X 100 2.2 
212 • 100 = 38.7 212 

= 44.8 

[13.57* [25.o]* 
30 4.5 50 7.5 

Not produced, 20 3.0 Available, 90 10.5 
0.8 vol per vol 60 6.0 0.55 vol per 7.0 

vol 70 

12. 

4.4-dimethyl-
dioxane-1.3 

10 

o.22-o.z8 1000. 78 X 

= -66.o 
Reciprocal, 100 
Reciprocal, 100 

212-133 X 100
212 

= 37.2

50 
Available, 90 
3.6 vol per 
vol 10 

11 

L-4.r
? 

-16.5 

5.0 
5.0 

1.9 

[19.Q]* 
7.5 

10.5 
1.0 

Cont'd ••••.• 



Ta.ble 2 Cont'd 

2 3 4 5 6 7 8 9 10 11 

3 0.1 [19]* [J,.gj /j ."fr [5.cfr 
3 .1 0.05 100 5 Possible resini- 2.5 Bo 4.0 Possi.ble re- 2.5 

fication 50 sinification 
and decomposi-
tion 50 

3.2 0.05 100 5 70 3.5 70 3.5 While decompos- 2.5 
ing corrosion 
increases 50 

:;; 4 0.1 897* [J,.;J* [J,.5]* /5.57* 
4.1 0.05 100 5 60 3.0 60 3.0 60 3.0 

4.2 0.05 100 5 70 3.5 70 3.5 50 2.5 

The total efficiency 
coefficient 100 43.4 62.1 24.9 

*'rhe values for the group bond coefficients are given in brackets. 



The system of linear equations obtained for ct may b� �olved by 
methods of linear algebra which a.re readily computerized �9 J. The C.
values a.re the statistical weights for the parameters X.. i 

i 

In set II the lea.ming sequence was formed by 20 compounds 
while the remaining 23 compounds formed the control sequence. From 
the values obtained for C., the values of ct were found for the 
control compounds and compared with the actual values. As might ·be 
expected, numerical agreement between computed and o·bserved values 
is very poor. However, if the scale of ct is divided into three 
ranges (poor, medium and good selectivity), classification of the 
control compounds into these ranges is 85% correct. An attempt 
was made to refine the algorithm by introduction of a 
recognition function for ct, that is, f(l) = f(ct1) = ! C. ct.(l),. i i i 
and correlation of properties (X.X.). A 7% improvement was obtained 
for f = lg. Furthermore, the sill.pleat algorithm was used to 
predict extractive powers of compounds related to set II ·but not 
included in it. In this way the cyclic ester of 
1-methyl-ethyldiol-1:2 and metaca.rbonic acid, as well as the cyclic
metaca.rbonic ester of 1-chloromethylethyldiol-1:2, were found to 
belong to the "good" class. When tested, the first compound
exhibited a high selectivity (the exact value, being so high, is
not yet determined). These encouraging results obtained on the
lowest theoretical level raise hopes for improvement and expansion
of the method. This improvement should be in the core of the
pro·blem, as it is lmown that mqre complicated algorithms alone
cannot yield better resultsl10J.

CONCLUSIONS 

An application of the principle of systematic activation to 
o·btain extractants with predetermined selectivity has ·been 
suggested and substantiated.

The principle was applied in practice to obtain extractants 
for selective separation of two pairs of metals. On the ·basis of 
the general systems theory, we proposed a formal model of an 
actual extraction process adequately describing the intrinsic 
determinism (structure) of the process. A simple algorithm for 
investigating the structure of the phenomenon using this model is 
proposed. This algorithm is shown to ·be related to the algorithms 
for pattern recognition problems and to be useful for predicting 
the extraction properties and for studying the relationships 
·between these properties and the structure of an extractant.

The most selective extractants for the separation of pairs of 
metals considered were alkyl-'bis-( 1-alkyl-2. 3-dimethylpyrazol
-one-5)-yl-methylene and a cyclic ester of metaca.rbonic·acid and 
1-alkyl-ethanediol-1.2.
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NEW SULFlfR-CON'rAINING EXTrtAC'rANTS 

Yu.A. Zolotov, I.V. Seryakova, G.A. Vorobyeva 

VI. Vernadsky Institute of Geochemistry and Analytical

Chemistry, USSR Academy of Sciences, Moscow.

The formation of neutral mixed M X  S complexes 
m P 

(Mis the ion of metal with m + charge, Xis the inorganic 

anion, S - t�e neutral sulfur-containing extractant) can 

ensure a highly selective extraction of elements. This 

is connected with the low tendency of S to protonization, 

as a result of which anion complexes [MX 7n- cannotm+nJ 
be extracted (if an inert diluent is used). The extraction 

of a great number of �etals from HC1, HBr, Hi, H2so4,

HN0
3
, HC104 solutions, as well as mixtures of the KI -

H2so4 type, by 0.05 M of solutions of diphenylthiourea

(DPTU) and 0-isopropyl-N-ethylthionocarbonate (IPETC), 

0,0 1 -dinonyl-N-phenylnaphtyl-amidothiophosphate (ATP) and 

metoxyphenyl-N,N 1 -ethoxyphenyldiamidot'1io;,hosphonate (DATP) 

in chloroform has been studied by experiment. The three 

first extractants highly selectively extract silver and 

mercury from nitrate and sulfate solutions. DPTU, IPETC 

and DATP effectively extract copper, gold and thallium 

in the presence of iodides. 
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Introduction 

The selectivity o! extraction by neutral oxygen-containing 

extractants of metal complexes with inorganic ligands is, 

as a rule, not very high. That is caused by the !act that 

oxygen-containing extractants may extract the metal both in 

the form of coordinatively solvated compounds and in the form 

of complex metal acids. Such extractants are relatively 

easily intruded into the inner coordination sphere of most 

metals and easily protonized. 

The selectivity of sulfur-containing neutral extractants 

must be higher. They are usually difficulty protonized; 

therefore their solutions in ineet diluents do not extract 

complex metal acids. On the other hand these extractants 

give coordinatively solvated neutral complexes only with such 

elements which are strongly bound up with sulfur - Ag, Au, Hg, 

Cu(1 ). When the inorganic anion-ligand and its conce·ntration 

are changed as well as the extractant (changing the donor

acceptor properties of sulfur), conditions for a selective 

extraction also of separate chalcophilic elements may be 

selected. Some sulfur-containing compounds which are used 

for other purposes (additives to oils, flotation reagents, 

a,o,) are promising extractants. 

We have studied extraction of a great nllmber of elements 

in the presence of various anions by solutions of N,N'-diphe

nylthiourea lDPTU), 0-isopropyl-N-ethylthionocarbomate (IPETC) 

and two thiophosphoramides in chlorform. 

H
5
c6HN , / NHC6H

5

DPTU 
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The dependences of distribution coefficients on the 

concentration of C1-, Br-, I-, N03, c104 anions and on the

aqueous phase acidity have been obtained, For this purpose 

solutions of corresponding mineral acids and mixed solutions 

containing sulphuric acid and potassium halide were used, 

0,05M solutions of extractants and solutions of metal salts 

labelled by radioactive isotopes with metal concentration 

10-5_ - 10-6 g-ion/1 were utilized.

Diphenylthiourea 

The extraction of Ag, Au(III), Hg(II), Cu(II), T1(III), 

In, Bi, Mo(VI), W(VI), Zn, Cd, Co, Fe(III) has been studied 

using diphenylthiourea, The results (table 1) show that the 

nature and concentration of the anion in the a�ueous phase 

exert great influence upon extraction effedtivity and 

selectivity. From HC1 solutions Ag, Au, Cu and Hg are well 

extracted, Ag and Hg being quantitatively extracted from 

0,01-10M HC1 and Au and Cu completely passing into the organic 

phase only at high HC1 concentrations (at low HC1 concentra

tions in case of gold a poor material balance is observed). 

Au and Cu extraction are almost unaltered, when concentrated 

HC1 is used, while Ag and Hg under these conditions are already 

poorly extracted. Hg, Ag and Au are well extracted from 

solutions of hydrobromic acid and in a sufficiently wide range 

of acid concentration, Cu extraction increases with the 

increase of HBr concentration, From HI solutions co9per, 

gold and thallium are well extracted, at low HI concentrations

bismuth. 

During T1 and Bi extraction the distribution coefficients 

increase in the series HC1<HBr<HI, i,e. with stability 

increase of halide complexes of these metals. Silver and 

mercury, on the contrary are more poorly extracted from iodide 

solutions than from chloride and bromide ones. 
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This is obviously connected wit,1 the formation of stable 

anionic iodide complexes which are inextractable by chioro

form. In this connection of interest is the behaviour of 

T1(III), which is well extracted even from a solution 

containing 10 mol/1 LiI, though the high stability of its 

anionic iodide co�plex is well known. 

From perchlorate solutions Ag, Hg, .di, Cu are extracted. 

Silver and mercury are completely extracted in a wide 

concentration of perchloric acid. The distribution coeffic

ients of busmut� sharply increases with the increase of 

HC104 concentration, whereas copper extraction passes through

the maximum (2 - 6M HC104).

A very high selectivity is attained during extraction 

from solutions of nitirc and sulphuric acids. Quantitatively 

only Ag and Hg are extracted and in a sufficiently wide 

concentration ran�e of acids, especially of sulphuric one 

(up to 5 - 7,5M). The distribution coefficient decreases 

when using nitrate solutions higher than 3M, is obviously 

connected with the oxidation of diphenylthiourea and this may 

be used for Ag and Hg stripping. 

Under all investigated conditions Fe, Co and Zn cannot 

at all be extracted; therefore they may be easily separated

from Ag, Au and a number of other metals. 

0-Isopropyl-N-ethylthionocarbomate

This extractant, representin6 a liquid and being known as 

flotation rea,:;en t under the technical nomination Z-200, is in 

an acid medium present in the thionic form 1. Ag, Hg(II), Cd,

Zn, Au(III), Cu(I,II), T1(III), Ga, In, Bi, Mo(VI), W(VI), 

Se(IV,VI), Te(IV), Fe and Co extraction have been investigated 

in detail (table 2). From bromide and iodide solutions Cu, 

Au, T1 and Se are well extracted. 
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Copper extraction is ettective in a sufficiently wide 

concentration range of iodide-ions, as well as at high 

concentrat:iions of bromide-ions while thallium is better 

extracted from solutions less concentrated in bromide - and 

iodide-ions. The concentration of these anions es,ecially

strongly influences silver and mercury extraction. Thus 

these metals may be extracted from iodide solutions only 

at very low iodide concentrations (up to 0,1 g-ion/1) and 

bromides decrease the extraction already at their concentra

tion of 1-2 g-ion/1. 

Ill the presence of chlorides, as well as from solutions 

of nitric, sulphuric and perchloric acids IPETC very select

ively extracts silver and mercury. Silver is quantitatively 

extracted in a broad concentration range of sulphuric and 

perchlos·ic acids - up to 10M H2so4• When nitrate solutions

are used, extraction is complete only up to 5M HN0
3
, in case 

of a further increase of acid concentration, the distribution 

coefficient of silver decreases, which apparently is connected 

with t�e extractant oxidation, Mercury like silver is well 

extracted from solutions of perchloric and nitiic acids, but 

differs in its behaviour during extraction from solutions 

of sulphuric acid. The distribution coefficients of mercury 

decrease when H2so4 concentration increases und mercury

concentration decreases in the solution. Possibly this is 

connected with the formation of inextractable sulfate complexes. 

From 10M a2so4 silver at its concentration 10-5 - 5.10-3

g-ion/1 quantitatively passes to the organic phase; the

mercury distribution coefficient is under theGe conditions

equal to 0.01. �e have shown the pessibility of a complete

silver and mercury separation at hundredfold excesses of each

of these metals in the solution.
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As it already has been said, in the presence of iodides 

IPETC well extracts Cu, Au and T1. With the purpose of 

finding conditions for a selective isolation of thallium its 

extraction from iodide solutions has been investigated in 

detail; values of distribution coefficients of thallium in 

the presence of Ga, In, Zn, Cd, Pb and Cu have been obtained. 

During extraction from 2,5M H
2
so4 in the presence of 0,01M

KI by 0,05M IPETC solution hundredfold a,aounts of these 

ele,aents do not interfere with the complete extraction of 
-4

10 g-ion/1 thallium. It is of interest that copper in this

case is not extracted because with a concentration increase

of copuer its distribution coefficient sharply decreases. 

·rhus, durin;_; extraction fro,� iodide solutions thallium can

be separated from substantially exceeding it copper &aounts. 

Co:nparin:,; t'ie results for C::2l'U and IPE'r;, much co.1...on 

may be noted between these extractants. lirst of all it is 

the hi.:;.i sele8tivity wita reg:..:rd to silver and :nercury during 

extraction frol1 nitrate and sulfate solutions, as well as the 

considerable extractin; ability with recard to copper, tnallium 

and 6old in the presence of iodides. However, during extrac

tion from halide, in particular from iodide media the 

specifity of extractants is displayed. Copper is extracted in 

a wide concentration ranee of iodides and D2fU and !?£TC 

2
=8,65) while thallium, forming one of the ��st sta0le 

anion-iodide complexes ( 4
=30,29) is at hish iodide-ion con

centrations co,npletely extracted ·only with DJ'l'lJ. �:hen IPE·rc 

is used, thallium is only extractable at not very hish iodide

ion concentrations. When iPETC is used stronger masking 

influence i6dide- and �romide is also observed during silver 

and mercury extraction. This is obviously connected with the 

les.ser stability of the bond :netal-sulfur in the co,.rolexes 

under extraction in consequence of t�e weakenin of tne sulfur 

donor ca�:..:city in I�ETC at the expense of the inductive influ

ence of the oxycen atom. 
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'£hionhosphora,aides 

This is ai)parently a promising class of extractants2 • 

They are nitrogen analogues of neutral ethers of phosphorus 

thio-acids, in particular, thiophosphates which are known as 

highly selective extractants. £he substitution of oxygen 

atoms in trialkylthio�hosphates for nitrorren atoms must lead 

to the for:Jation of compounds with a more active thiophosphoryl 

group, and, hence, wit :1 a higaer coordination capacity in 

comparison with trialkylthiophosphates. We have studied the 

extraction of Ag, Hg, Au, Cu, T1, Bi, Se, 'l'e, as well as 

of Zn, Fe and Co with tae aid of O,O'-dinonyl-U-phenylnaphyl

a1,1ido thiop:iosp,1a te ( AT1° ) and ,ne thoxphenyl-NTH '-ethoxyphenyl

diamido thionhosph ate (D,;:rP), which are reco,:,mended as 

inhibitors of poly�er a�eing. 

H19c90, /6H5
P-N 

H19c90/U 'c10H7
s 

ATP 

DATP proved to be a very effective extractant al,nost 

for all investiz ted metals (table 3), Thus, silver and 

mercury are well extracted from HC1, H2so4 and HN0
3 

solutions.

Jhloride and bromide solutions are optimal for gold extrac

tion, Co·oper is quantitatively extracted in a wide concentra

tion ran;e of vari��s aciJs exce�t hydroidic acid. The 

distrijution coefficients of copper during DATP extr�ction in 

contrast to DPPU and IPBTC extraction s�ar�ly decrease, when 

tne iodide-ion concentration increases. An excess of �aliJe

ions, especially of iodide also interfers with complete 

bismuth extraction. Thallium is on the contrary, effectively 

extracted only in the presence of iodides and with high 

sele;tivity. 

1929 



ATP (table 4) is a more selective extr4ctant. Of all 

studied elements ATP effectively extracts only silver and 

mercury from nitrate and sulfate solutions in a very wide

acidity range (for example, 6,01 - 10M H2so4), gold from

hydrochloric solutions and thallium fr:m bromide and iodide 

ones. ATP strongly differs from other studied extractants 

with regard to copper and bismuth, the extraction maximum 

of whicn falls on solutions with low concentration of 

hydrogen ions, not exceeding 0,01 - 0,1 g-ion/1. The extrac

tion strongly depends on metal concentration. For instance, 
· t · · 

r o-
6

o-3 wnen copper concentra ion increases rom 2.1 to 1.1 g-

ion/1., the distribution coefficient decreases fro,n 50 to 0.1. 

The rate of equilibrium attainment 

'l.'he ti,ne of equilibriu,a reachin;_; during copper extraction 

by studied sulfur-containing coapounds is not very short and 

de�ends on the nature of the anion in the aqueous phase. 

�uring extraction fro,.1 iodide solutions equilibrium is rapidly 

attained in 1-5 min, during extraction in the presence of 

bromiue and ci1loride ions - slower, in 15-30 min, When copper 

w.,s .ixtrc.cted frolil 0,0111 HN0
3 

by ATP solution, coriplete 

extraction was observed only in 2 hours. '.;:'hese data indirectly 

indicate tnat durin;: the extraction process couuer is reduced 

to monovalent one (in iodide solutions it is at once present 

in the form of Cu(I), the di�tribution coe�ficients of which 

are hie;:1er, Copuer reduction by di:.1henylthiourea it has 

been reported in literature3 ,

In the extraction of silver and mercury from sulfate 

m&dia in a number of cases no leas than 20-30 �in are required 

for e�uilibrium reaching, which may be connected with the 

formation of inextractable sulfate complexes. 
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On the nature of extractable coillpounds 

The ratios of metal-inorganic ligand in complexes of 

silver, mercury and thallium with Di'·ru, Ii".i::TC and A'rP have 

been determined with the �id of radioactive isotapes 

(131
r, 

82Br). The obtained uata (table 5) witness about

extraction of the v.orresponding neutral halides being 

coordinatively solvated by molecules of sulfur-containing 

extractants. Thallium is extracted from iodide solutions 

in a trivalent state which apparently is stabilized at the 

expense of a stronG bond with iodide-ions. 
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Table 1 
Extraction of metals by 0,05M DPrU in CHCl

.3 

Aqueous Well extract- Acid concentration, Poorly extract-
phase able (D>10) 14 able (D<0,1)• 

HCl Ag 0,01 - 10 Zn, Cd, In, 
Hg 0,01 - 10 Tl, Bi, w,

Cu 4- 11,6 P'e, Co 
Au 1 - 11,6

HBr Hg 0,01 - 3 Zn, Cd, In, 
Ag 0,01 - 3 Mo, W, P'e, 
Au 0,1 - 5,8 Co 
Cu 1 .;. 5,8 

BI Cu 0,01 - 5,2 Zn, In, Mo, 
Ag 0,01 - 0,1 W, P'e, Co 
Hg 0,01 - 0,1 
Au 0,01 - .3 

Bi 0,01 - 0,5 
Tl 0,1 - 5,2

HC104 Ag 0,1 - 10 Zn, Cd, In, 
Hg 0,1 - 10 Tl, Mo, w,

Cu 2 - 6 Fe, Co 
Bi 2,5 - 10
Au 1 - 5

HN0
.3 

Ag 0,1 - 2,5 Au, Cu, Zn, Cd, 
Hg 0,1 - . 2,5 In, Tl, Bi, Mo, 

w, Fe, Co 
H;f>04 Ag 0,1 - 5 Au, Cu, Zn, Cd, 

Hg 0,1 - 7,5 In, Tl, Bi, Mo,
w, Fe, Co 

Partly extractable (D=0,5 -2)i Mo(5 - 11MHC1), Bi(0,01 - 0,114 

HCl and HBr), Tl(2,5 - 5,8M HBr), Cd(0,01-0,1M HI). 
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.Table 2 

Extraction of metals by 0,05M IPETC in cac13

Aqueous Well extractable Anion concentrati�,, Poorly ex-
phase (D�O) g-ion/1 tractable 

D<o 1 • 

KC1+2, 51 f a2so4 Ag 0,05 - 9 cu,Au,zn,cd,Ga, 
or HCl Hg 0,95· - 6 In,Tl,Bi,Se,Te, 

W,,Fe:,,qp 
I 

KBr_:!:2,514 a2so4 Tl 0,3 - 1 Zn,c<!,Ga,In,Bi, 
or HBr Au 0,3 - 3,3. Te,W,P'e,co· 

Se 0,3 - 3,3
Ag 0,01 - 2
Hg 0,01 - o,.5 
Cu 3 - 6 

KI+2,511 a2so4 Tl 0,01 - 1 Zn�Cd,Ga,Bi,W, 
or HI Au 0,3 - 3 P'e,Co 

Se .... 0,3 - 3,3
Cu 0,1 - 5
Ag �0,1 
Hg �0,1 

HC104 Ag 0,05 - 6 cu, Au,zn,Cd,Bi, 
Hg 0,05 6 Ga,In,Tl,Se,Te, 

Mo,W,Fe,Co 

HN03 Ag 0,1 - 5 Cu,Au, Zn, Cd,Bi, 
Hg 0,1 5 Ga,In,Tl,Mo,Se, 

Te,W,Fe,Co 

a2so4 Ag 1 10 Cu,Au,Zn,Cd,Ga, 
In,Tl,Bi,Mo,w, 
Se,Te,Co,Fe 

• 

Part� extractable (D=0,5-2) .14o(0,3M KBr; 0,3-2,511 KCl; 1-3M KI). 

•• Poor material balance
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Table 3 

Extraction of metals by 0,05M DATP in CHC13

.A.queous Well extractable Anion concentration, 
phase (1>>5) g-ion/l.

KC1+2,5M H2so4 Ag 0,1 - 3

or HCl Hg 0,1 - 3
Cu 0,1 - 5
Te 0,3 - 2,5
Se 0,3 - 2,5
Au 1 - 7
Bi 0,01 - 0,5 

KBr+2,5M H2so4 Ag �0,3 
or HBr Hg �0,3 

Cu 0,1 - 4
Au 0,1 - 7
Te 0,3 - 3,3
Se 0,3 - 3,3
Bi 0,01 - 0,2 

KI+2,5M Hi30
1J, 

Tl 0,3 - 3,3
Cu .:::0,3 
Bi .::: 0,1 

HC104 Ag 0,3 - 3
Hg 0,3 - 3
Cu 0,1 - 7.
Te 0,3 - 3
Se 0,3 - 3
Bi 0,1 - 3

HN03 Ag 0,1 - 5
Hg 0,1 - 5
Bi 0,1 - 2
Cu 0,1 - 5
Se 0,1 - 5
Te 0,1 - 5

H2so4 Cu 0,1 - 7,5
Ag 0,1 - 5
Hg 0,1 - 5
Bi 0,1 - 2,5
Te 0,1 - 5
Se 0,1 - 5
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Aqueous 
phase 

HCl 

HBr 

HI 

HN03

HtJ04

D.A;2 

Table 4 

Extraction of metals by 0,05M ATP in CHc13

Well extractable Anion concentration, 
(D>5) g-ion/1

Bi �0,1

Cu �0,01

Hg 0,1 - 1 

Ag 0,1 - 1 

Au 1 - 9 

Tl 0,01 - 0,1 

Bi �0,01 

Tl 0,01 - 0,1 

Bi �0,01

Se• 0,3 - 3 

Cu �0,01

Ag 0,1 - 5 

Hg 0,1 - 5 

Bi .$0,1 

Cu �0,01 

Hg 0,01 - 10 

Ag 0,01 ·- 10 

Bi �0,1 
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Metal 

Table 5 

Results of analysis of the extracts 

Extraction conditions Ratio of components 

0-iaopropyl-N-ethylthionocarbamate

Tl 2N H2S0
4 

+ 3,a.10-1M KI TlaX = 1:3 

Hg 5N H2so
4 

+ 1.10-3M KBr HgaBr = 112

Ag 

Hg 

Tl 

N,N'-diphenylthiourea 
-3 5N H2so

4 
+ 5.10 M KI

5N H2so4 + 1.10-2M KBr

AgsI = 1 s1 

HgsBr=1s2,05 

O,O'-dinonyl-N-phenylnaphtylamidothiophoaphate 
-2 5N H2so4 + 1.10 M KI TlsI = 1s3,3 

5N H2so4 + 5.10-3M KBr Tls13r: 113,3 
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SOLVENT EXTRACTION OF METAL CHLORIDE COMPLEX BY TRI-n-LAURILAMINE 

OXIDE 

Z.B.Maksimovic, A.Lj.Ruvarac and R.Halasi* 

Chemical Dynamics Laboratory Boris Kidric Institute of 

Nuclear Sciences, Vinca FOB 522 Beograd-Yugoslavia 

�;!llOpsis Solvent extraction of Fe(III), Ga(III), In(III) and 
Au(III) chloride complexes by tri-n-laurilamine oxide 
in n-Hexane and Xylene has been studied. Very high 
distribution in low acid media was observed. Two pos
sible mechanisms of extraction of metal chloride com
plexes are postulated. The thermodynamic equilibrium 
constant of extraction for the system HAuC1

4
-TLAO-n

-Hexane has also been studied. 

Introduction 

Recently has been studied (1
1
2) the solvent extraction 

and synergistic effect of some actinides by TLAO from different 

diluents and acid concentrations. From the analysis of the orga

nic phase two mechanisms of extraction of U(VI) in low and high 

acid media are postulated. Also Brinkman (3) has studied the 

extraction of some metal chloride complexes with Alam O from 

different acid concentration by reverse phase chromatography. 

He reported in the case of Fe(III), Ga(III) and In(III) that 

species present in the organic extracts from different acid 

concentrations are found in the from of Mec1
4 

complexes.

* University Chemical. Department - Novi Sad
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The present work ia a continuation of the study of extrac

tion of aome metal chloride complexes by TLA0 and it alao preaents 

determination of the thermodynamic equilibrium constant of extrac

tion for the HAuc14-TLA0-Hexane system.

����imental 

Materials.- Tri-n-laurilamine oxide was aynthetized by the modi

fied Davia (4) method aa described previQualy (1). The purity 

of TLA0 waa checked by thin layer chromatography (5). All other 

chemicals were analar grade. 

Radioactive isotopes 59Fe 7 Ci/gr, 72Ga 3 Ci/gr, 114rn

0.5 Ci/gr. and 198Au 2 Ci/gr were obtained from Ameraham-England

andBKI, Vinca Radioisotope Department. Purity waa checked by 

RCL-256 ehannel pulse high analyser. 

Instruments - A Nuclear Chicago SD-5-D well type scintillation 

counter was used for '( activity measurements. The Beckman 

Research pH-meter with ailv�r billet combination and glaaa-calomel 

fibre type electrodes assembly· were uaed for �hloride and acid 

concentration and non-aqueous measurements, respectively. Spectro

photometric measurements were ce.:rried. out with a Beckman DK-1 

spectrophotometer 

Methods - The equilibration of equal volumes or weights of the 

two phases of different metal, acid and TLA0 concentrations are 

�rrie! out in glass stoppered iitibes·1n· a thermoatated electric 

shaker at desired temperatures for 10 min. Thia time was auffi

cient to reach equilibrium. Tiae necessary for settling was 5 min. 

Equal aliquot portions from each pair of phaaea were then withdrawn 

for the measurements of the distribution. The concentrations of 
+

Hydrogen (H) and chloride ions were determined potentiometrically 

with corresponding electrodea. Stability of the gold complex in 
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the organic a.ad aqueous phaeee was checked by meaeuring activity 

for a period of 6 h. During thie time the activity of gold in the 

solution remained constant. 

Reeults and discuseion 

A. The Distribution data ot metal chloride complexee

The distribution of Fe(III), Ga(III), In(IIi) and Au(III) 

between different acid concentrations and the organic phaee con

taining 5.10-2M and l.lo-5M TLA0 in Xylene or n-Hexane, reepectivell

are preeented in Figs. land 2. 

The dependence of the distribution ratio D on increasing 

HCl concentration paaeea through a minimum at 0.08M for Iron, 

0.lM for Galium and 0.3M for Indium. Theee reeulte ehow high die

tribution valuea of Fe(III), Ga(III) and In(III) from low acid

media. When the acid concentration iacreasee from 0.1 to 1M HCl

the distribution D also increasas, as in the case of HMec1
4

com

plexes extraction by amine (6,7). Contrary to these results, in

the case of Au(III) (Fig. 2) a maximum exiets at 1.10-)M of HCl and

dietribution decreases with increaeinc HCl concentration. Extrac

tion of the gold by TLA0 has very hich dietribution values and

for thie �eason extraction waa studied from 1.10-6 
- 5,lo-5M of

TLA0 in n-Hexane as a diluent.

The distribution of Fe(III), In(III) and Au(III) between 

l.0M HCl (for Au 0.02M) and orgllllic phaeee containing di:IDtrent

TLA0 concentrations in n-Hexane is shown in Fig. ). The �per

scale of TLA0 is for Au. The log-log dependence of DMe vs. 

CTLAO elope analysis 1.92 suggests that aolvatation number for

all metal complexes is 2. The spectra obeerved in the organic 

phase from 0.15M TLA0 1M HCl and 0.005M Fec1
3 

were in agreement 

with the literature data (6). 
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Theee data indicate that extractable species of HMec1
4 

exist in the organic phase and are in agreement with those obta

ined by other authors (7-10) for extraction of metal halides by 

amines. 

For examination of the extraction mechanism of metal 

halides by TLA0 in n-Hexane from low acid media we used the 

methods similar to those described earlier (2) in the case of 

uranium extraction. 

Our measurements of the chloride concentrations in the 

organic phase, extracted from low acid media of 0.0lM, corres= 

pond to three times the Iron concentrations. Spectrophotometri

cal measurements of the organic phase extracted from neutral or 

low acid media shows the exsistence of Fec1
3 

comp�ex. Absorption 

spectra having a max at 450 nm of the organic phase contains 

0.15M 

shows 

TLA0, 0.05M Fec1
3 

and 0.0lM HCl from different diluents, 

the existence of Fec1
3 

complex. 

The experimental values indicated :bhat the most pro'bable 

species, extracted from low acid media, in the organic phase 

is Fec1
3
.n H20m TLA0, which follows a solvatation mehanism.

For high acid media extraction of the anionic complex occurs rat

her than of the neutral complex. 

B. Thermodynamics of extraction equilibria in the system:

Auc1
4
- - hydrochloric acid-TLA0-hexane

The aqueous phase was prepared as a mixture of HAuc1
4 

and hydrochloric acid solutions in such a ratio that the total 

ionic strenght of the solutions was constant, within each series

of experiments (I= 0.06M). 

Extraction isotherms of gold ions distribution between

the organic and aqueous phase, for various TLA0 concentrations 
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0 0 0 in the organic phase at the temperatures of 10 c, 25 C and 40 C 

are shown in Figs. 4-6. 

From the isothe:nne shown in Figs. 4-6 it is evident that 

the TLAO concentration in the organic phase and temperature showa 

big influence on extraction of gold ions. In the cases of extrac

tion with 0.005M TLAO and O.OlM TLAO at the temperatures above 

25°c, organic reagent to gold ion ratio approaches 1:1 in the 

high loaded organic phase. In the runs with 0.001M TLAO only 

at 48°c. organic reagent to gold ion ratio approaches 1:1 while 

at lower temperatures this ratio decrease to 1;2 at 10°c. 

The temperature effect on studied extraction processes 

is the following: increasing temperature decreases extraction 

of gold ions. 

Taking into account the facts mentioned above, valid for 

0.005M - O.OlM TLAO and for the temperature range 25°-5o0c, 

and the literature data (ll-14) on the extraction of HAuC1
4

species under conditions similar to those used in our experiments
1 

we could describe the extraction process by the next reaction: 

HAuC1
4 

+ TLAO(o) � HAuC1
4 

.TLAO(o)

The thermodtnamic equilibrium constant of reaction 1. is 

K = 
�AuCl 4 _ • _ TLA� ( 0) 

[HAuc1
4] • [TLA� (o)

where brackets denote chemical activity of the species. 

(1) 

( 2) 

Thermodynamic equilibrium constants were calculated 

using the new method developed in our Laboratory (10-13). In the 

logarithmic form Eq. 2. can be written �s: 

1 log----= log K
[HAuc1J 

[TLA<jj (o) 
+log -------------

[!:iAuCl 
4 

• TLA� ( 0) 
( 3) 
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and for calculation of thermodynamic equilibrium constant, K, it 

is necesary to plot Eq. 3 as a function: 

1 log--------
[HAuc1J 

= f (C ) HAuC1
4

• TLOA( 0) 

The function (Eq,4) has an inflexion point where 

(4) 

(5) 

and the equilibrium constant is given by the next equation: 

log K = --------
lHAuc1J 

(6) 

The location of the inflexion point was determined by 

the graphical differentiation analysis of the curve obtained by 

function ( 4). 'rhe determination error of the equilibrium constants 

did not exceed 10%. 

The thermodynamic equilibrium constants and other thermo

dynamic values are presented in Tables. 1 and 2. 

Table 1.- Thermodynamic values for the system described by Eq. (1) 

(organic phase is O.OlM TLAO in hexane)

t(
0 c) 

25 

40 

K 

2,19xl0
4 

3,8lxl0
3 

-ll,.Go 

(kcal/mole) 

5,86 

5,11 

-fiH 0 

(kcal/mole) 

-9,50

-9.50
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-ov
(cal/mole.deg) 

-19,8

-16.4



Table 2.- Thennodynamic values for the system described by 

Eq. (1) (organic phase is 0.005M TLA0) 

-----------------------------------------------

t(
°

C) K -
/J..

G o 

(kcal/mole)

-
t.

Ho 

(kcal/mole) -
Q

So 

(cal/mole.deg) 
--------------------------------------------------

25 

40 

3.09x103 

25.02xl0 

4.71 

3.85 

-9.80

-9.80

-15.9

-12.4
----------------------------------

According to the values presented in Tables 1-2, one 

can see that the studied extraction process (reaction (1)) 

is exothennic. 

Acknowledgements - The authors are indebted to Mrs. D.Nemoda, 

Mrs.D.Dundjerski, Mrs. M.Yorkapic and Mrs. M.Katic for skiI!l!Jd 

technical assistance. 
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FIGURE 2 Effect of hydrochloric acid on the extraction of Au(III) by
TLAO in n-hexane. 
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Paper 154 METALS EXTRACTION BY a AND �-MDNOSUBSTITUTED 

TETRAHYDROFURANS IN CHLDRHYDRIC MEDIUM 

by G.J.Laurence , Mrs T.L.Thai {+) 

J.R.Bourguignon and P.Michel (++) 

The preparations,main properties and conditions of use of a and�

monosubstituted tetrahydrofurans for solvent extraction processes 

are given.Derivatives of tetrahydrofuran are used in their pure 

state,and placed in contact with aqueous chloride solutions with 

an acid normality less than or equal to 6. 

Studies dealing with the extraction of a certain number of metal 

chlorides(Ga,Sn,Fe,Hg,Zn,Cd)show the influence of the structure of 

the organic solvents on their extractive properties. 

Results of extractions of iron(III) and gallium(III) by various 

tetrahydrofuran derivatives are compared to those obtained using 

linear ethers. 
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INTRODUCTION 

While open-chain ether extraction of mineral components has been 

studied,the properties of such extraction with cyclic ethers still 

remain not very well known,Yet,some authors
1

•
2
,using spectral 

measurements,have demonstrated that cyclic ethers,and more parti

-cularly tetrahydrofurans(THF) are efficient donors in the hydro-· 

-gen bond,better than unbranched open-chain ethers,and are therefo-

-re correlatively of much higher basicity.In any event,THF is

known to form complexes with metals in a large range:rare earths 

and transition metal chlorides could be prepared and studied
3

•
4

• 

However,the major difficulty arising from such molecules when 

using them as extractants is their miscibility with water under 

. 5 
any proportions • 

The purpose of the present work is to study monosubstituted alky

-lated derivatives of THF as metal chloride extractants,for columns 

VI,VII,VIIIA,I,II,III,IV and VB of the periodic classification. 

In effect,the presence of an alkyl radical in either a or� posi

-tion with respect to the oxygen atom of the THF molecule does not 

only lower the solubility property of the organic compound in aque

-ous solutions,but also should have a favorable influence on the 

donor capability of the cyclic ether molecule. 
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EXPERIMENTAL 

The following derivatives have been prepared according to previ-

-ously described synthesis methods:a-decyl-THF ,p-butyl and

p-decyl-THF
7

•
8

• 9 •

The synthesis of a-alkyl-THF can be reduced to a Grignard conden-

-sation:

r-2 r2
CH

2 
CH--CH

2
Br 

\/ 0 

RMgBr 

The p-alkyl-THF are obtained through 1,4-diols cyclization: 

Stobbe condensation 

(Pd) 

p,toluenesulphonic acid 
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These are colorless liquids.Their main physical properties were 

measured(Table 1 ).Solubilities were obtained using the Karl Fischer 

method and the infra-red absorption method,and they are perfectly 

satisfactory.Decyl-THF viscosities would perhaps represent a dis

-advantage for their use in pure state in a solvent extraction 

process. 

Alkyl-THF stability in the presence of nitric,hydrochloric and 

sulphuric acids 

The distribution curves of the various acids in aqueous solution 

with �-butyl-THF in its pure state are drawn on Fig.1. 

Acids were determined by conductimetric titration with sodium 

hydroxide.As far as HND3 is concerned,extraction is important even

from low concentrations.In parallel,a deepening intense brown 

coloration of the organic solution and a drop in volume of the 

aqueous phase were noted.For HCl and H2so4 ,extraction becomes

important only for acid molar concentration of about 6;beyond this 

value,the phenomenon of organic solution coloration appears again 

with the increased extraction of acids;with 12 molar solutions, 

only one phase is obtained. 

These observations reveal a degradation of alkyl-THf by breaking 

the C-0-C bond of the ether,according to a mechanism of the 

following type: 

+ 

CH---CH-R 

I 2 

I 
CH2 CH

2 

"-I 
0 

CH--CH-R 
-> I 2 I 
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TABLE 

Main physical properties of prepared alkyl-THF 

a-decyl-THF p-decyl-THF p-butyl-THF

Molar weight 

Boiling point 

Density,g/cm
3

(22
°

c) 

I d  f f t. 
22 

n ex o re rac ion,n
D 

Dipole moment,Debye 

Viscosity,centipoises 

Water solubility,g/1 

Alkyl-THF solubility,g/1 

Surface tension/air,dyne/cm 

Surface tension/pure water, 

dyne/cm 

212 

67
°

C 

( 2 Terrs) 

0.840 

I.435

I.6

4.50 

7.2 

0.08 

30.0 

15.0 

212 

82
°

C 

( 2 Tor rs) 

0.838 

I.437

3.5 

7.70 

26.6 

0.04 

24.6 

9.5 

128 

48
°

[ 

( 13 Terrs) 

0.865 

l.429 

2.0 

1.06 

7.7 

1.20 

26.0 

2.7 

The gas phase chromatography allows to check the presence of the 

degradation products.The stability of alkyl-THF at the contact of 

6 molar hydrochloric and sulphuric solutions is confirmed through 

( 
-1 

IR spectrography 1050-1075 cm ).As a result,these alkyl-THF shall

only be used for extractions from hydrochloric acid solutions with

concentrations between 1 and 6 molar.

Determination methods used are atomic absorption spectrophotometry

(for Hg,Sn,Fe,Cr,Co,Ni,Cu),and volumetry,using EDTA(ethylenediamine

tetracetic acid tetrasodium salt)(for Zn,Cd,Al,Ga,Pb),and using

eerie sulphate(for Ti,Fe).
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Extractions are carried out in separating funnels,at 22
°

C,using 

equal volumes of alkyl-THF in its pure state and a hydrochloric 

acid solution loaded with the element to be extracted,and equili

-brated after a 30 minutes shaking. 

RESULTS AND DISCUSSION 

Metal chlorides extraction by alkyl-THF 

Variations in distribution coefficients,for constant concentra

-tions in aqueous phase equal to D.02M,for various metals(Ga,Sn, 

Fe,Hg,Zn,Cd) as a function of HCl concentration in the aqueous 

solution have been plotted(Fig.2,3,4).It appears that the extrac

-tion of these metals increases with the acidity of the aqueous 

solution,and that this salting out effect is particularly impor

-tant for iron(III) solutions. 

Gallium(III),iron(III) and tin(IV) have high distribution coef

-ficients(between 5 and 40,with HCl 6N);cadmium(II) and zinc(!!) 

are not well extracted(distribution coefficients less than or equal 

to 0.3,with HCl 6N);for mercury(II),medium values are obtained 

(distribution coefficients of about 1 ).Extraction by means of ethyl 

ether gives results which can be compared to those obtained for 

. d 11. b h 1 f . . d d 
. 1D 

iron an ga ium, ut muc ower or tin,mercury,zinc an ca mium 

The advantageous effect of the a and p substitution alkyl groups 

over the cyclic ethers donor power ·is so pointed out. 

Fig.5 represents the variation of the distribution coefficients, 

versus the nature of the extractant,for a concentration of HCl 

equal to 4N. 
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From a-decyl to �-decyl-THF,there occurs a general increase of the 

distribution coefficients,which is particularly important for 

cadmium(II) and zinc(II),Tin(IV) and iron(III) are exceptions to 

this rule.This can easily be explained by the more "open" structure 

of �-decyl-THF,for which the distance between the alkyl radical 

and the oxygen atom of the cycle is more remote than for a-decyl

-THF,The influence of steric factors is even more evident for the 

extraction of gallium(III),tin(IV) and iron(III) by the �-alkyl

-THF:there is a shortening of the radical chain length from decyl 

to butyl,and this definitely increases the value of the distribu

-tion coefficients,while still taking into account the simultaneous 

increase in the molarity of the pure extractant(�-decyl-THF of 

3 ,96M , �-butyl-THF of 6.72M),This phenomenon has also been obser-

. 11 12 
-ved for phosphates and phosphonates,particularly ' 

The decrease in distribution coefficients from a-decyl to �-butyl

-THF as concerni�g mercury(II),zinc(II) and cadmium(II) can be 

interpreted as a more substantial extractive process due to elec

-tronegativity rather than due to steric factors.For �-alkyl-THF, 

it can be thought that the inductive effect of the radical on cyclic 

oxygen atom is lower than for a-alkyl-THF,in accordance with the 

well known notion of organic chemistry
13

.The reduction of distri

-bution coefficients for tin(IV) and iron(III) from a-decyl to 

�-decyl-THF can be explained by means of the same interpretation, 

Extractions of other metals were tested,but these were very 

low(Table 2),It can be noticed in particular that iron(II) and 

aluminium(III) are not extracted,for all practical purposes.For 

analytical separations,these results allow to foresee some interes-

-ting possibilities.Iron(III),cobalt(II) and nickel(II) should
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easily be separated by extraction with alkyl-THF.Gallium(III) is 

separated from aluminium(III) even with low hydrochloric acid 

content.With �-butyl-THF,at 6M HCl,a zinc-cadmium separation can 

be anticipated. 

Most of the extraction isotherms were plotted for the elements that 

are more easily extracted,and for few molar concentrations.Solute 

distribution still follows the same laws as for low concentrations. 

The cases of iron(III) and gallium(III),whose behavior in the 

presence of linear ethers has already been studied,are specialy 

interesting. 

Ti 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Al 

Pb 

TABLE 2 

Extraction of various metal chlorides from 4N 

hydrochloric acid solutions 

Metal Extractant Per cent.extracted 

(III) (0.4M) �-decyl-THF 

(III) (D.SM) �-decyl-THF 

(II) (D.SM) �-decyl-THF trace 

(II) (D.SM) �-butyl-THF 4 

(II) (D.SM) �-butyl-THF 7 

(II) (0.8M) �-decyl-THF trace 

(II) (D.4M) �-decyl-THF 5 

(III) ( 2M) �-decyl-THF 

(II) (0.01M) �-decyl- THF 7 
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Iron chloride extraction in hydrochloric acid medium 

Iron(III) extraction isotherms by means of the different alkyl

-THF have been plotted for solutions containing up to 2 moles/1 

of metallic element(Fig.6,7,B). 

Extraction increases quickly with a higher concentration of hydro-

-chloric acid and with an increase in concentration of the solution

in the element to extract.The distribution isotherms at low acidi-

-ties(2-3N) are sigmoid,while in the higher acid media they quick-

-ly reach a saturation level;in the case of p-butyl-THF,this

corresponds to a ratio of 6:1 of extractant molarity to element 

molarity present in the organic phase.Kato and Ishii
14 

have noted,

for the same ratio,another value of 1 5:2 in the case of ethyl ether 

extraction. 

Such extraction is not accompanied with an important variation of 

organic and aqueous solutions volumes,in opposition to cases invol

-ving linear ethers
15

;for the concentration range under study,no

second organic phase was observed.Extraction of iron(!!!) chloride 

by p-butyl-THF gives figures that are near of those obtained with 

· 
1· th 

16 
isopropy ic e er • 

Gallium chloride extraction in hydrochloric acid medium 

Fig.9 shows gallium(!!!) extraction isotherms with the various 

alkyl-THF,for a 4 N hydrochloric acid content.The extraction of 

gallium(!!!) is very impor
.
tant,e'ven with relatively low HCl concen

-trations,unlike that of iron(III).With ethyl ether,gallium(III) 

extraction reaches a maximum value for about 6M hydrochloric acid 

solutions
10

.The limitation in acidity imposed for alkyl-THF stabi-

1957 



-lity does not allow to observe an identical phenomenon in this

case;however,the maximum performances of ethyl ether and alkyl

-THF are obtained in the same range of acid concentrations,and 

with closely related values.Schug and Katzin17 have explained the

remarkable extraction of gallium chloride even at low acidities 

due to the existence of the GaC13.H2D form,that is readily extrac

-ted:the HCl molecule is not interfering in the coordination and 

configuration transition as much as for the case of most other 

metal chlorides. 

This study reveals that� and �-monosubstituted-THF ere new inte

-resting extractants,giving another opportunity of using ethers 

for that purpose.The light� derivatives of THF,such as �-butyl

-THF,are differentiated from others due to the marked potential 

they offer for separating high valency metals(Sn(IV),Ga(III), 

Fe(III)) from other elements(Hg(II),Zn(II),Cd(II),Co(II),Ni(II), 

Al (III)). 
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THE EXTRACTION AlW PHO'l.'OMETRIC DETERMINATION 

OF L'.Ji.:TALS BY MEANS OF THIODIBEi.1: ZOYLMETHANE 

E. UHLEMANN

Abstract. 

Thiodibenzoylmethane is reported as a new reagent for

the extraction and spectrophotometric determination of traces 

of metals. The chelates of this li�and are well soluble in 

organic solvents, show a remarkable stability and are inten

sively coloured. Specific methods are �iven for copper , 

nickel, cobalt, cadmium, mercury and thallium. 

College of Education "Karl-Liebknecht" 

Potsdam, DDR 

I,:etal chelates of organic lir;ands are very important for 

the separation and determination of metals. In the extraction

photometric analysis chelates are used which combine inten

sive colour with good solubility in suitable solvents. Among 

the ligands exibiting this properties special interest was 

r;iven to the e;roup of E-diketones. They form chelate coo

pounds with a variety of metals. 'l.'he application of B-di

ketones to separation procedur,:s is possible using the pH

dependence of metal extraction and masking interfering metal 

ions in the aqueous phase, but generally the analytical 

selectivity of B-diketones is only small.It was therefore 

tried to obtain simultaneously higher selectivity and 

sensitivity introducing sulphur as donor atom in the mole

cule of E-diketone instead of oxye;en. 

r,'.onothio derivatives of B-diketones were firstly pre

pared through the acid or base catalysed reaction of B

diketones respectively with hydro::;en sulphide. 
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R -C-CH2-C-R2 + H2s
1 II fl 

0 0 

R1-c-CH2-c-R2 + H20
JI II 

S 0 

Another possibility for the synthesis consists in the Claisen
analosous condensation of thioesters with methylketones in 

the presence of alkali amide. In this way thio-B-diketones 
are now available in _larcer quantities. 

R -C-CH + RO-C-R 
1 tt 3 (S)II 2

0 S

-ROH
(S)

R1-C-CH2-c-R2
11 II 

0 S 

The chemical behaviour of monothio-B-diketones is determined 

by tautometric equilibria. The exact state of such an equi

librium depends on temperature and on the nature of substitu

ents in the chelate system. At room temperature the concen

tration of the non-enolized form is normally low, and the 

molar ratio of enol and enthiol form is about 70 to 30, 

In many cases thio-B-diketones are easily oxidise_('! by 

air to give the corresponding disulphides. For this reason 

the stability of aliphatic thio-B-diketones and also of the 

interesting thiothenoyltrifluoroacetone is only limited. 
t1onothiodibenzoylmethane apparently seems to be one of the 

most stable thio-8-diketones. This compound, therefore, was 
pre1·errinGlY studied as a special reagent i'or the purpose 01· 

extraction and photometric determination of traces of 
metals. 

Generally monothio-B-diketones have a ereater tendency 

to form metal chelates with thiophilic weak cations than 

with hard group a) ions. By the action of the C-S-chromo
phore the chelates are intensively coloured, compared with 

compounds of B-diketones. The high molar absorption coeffi

cients in the visible region, the exellent solubility of the 

chelates in organic solvents and the remarkable stability 

of the chelates enable us to use them in extraction photo-
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metric analysis. 

Acid constants and chelate stability constants for a 

series of different monothio-B-diketones were determined 

potentiometrically in dioxane-water mixture and compared 

with data of corresponding B-diketones. Thio-B-diketones 

are more acid than B-diketones, but in spite of greater 

acidity they form more stable chelate s with class b) metals 

than B-diketones. From this fact it was cqncluded that the 

extraction of metals with monothio-B-diketones takes place 

at lower pH values than in the case of B-diketones. This was 

confirmed by the extraction curves determined for such 

metals as copper, nickel, cobalt, cadmium and zinc, but the 

analytical significance of the fact is only limited, be

cause the time needed for adjusting the extraction equili

bria increases with lower pH values. As an example the time 

dependence of copper extraction using thiodibenzoylmethane 

is given. Sufficient extraction rates are observed in neutral 

and basic solutions. 

To extract metals quantitatively by means of thiodi

benzoylmethane only a slight excess of ligands is needed, 

Free ligands, however, interfere with the photometric mea

surements because of its own colour, and therefore must be 

removed by a stripping process using alkali hydroxide. 

Concerning this reaction it is supposed, that the metal 

complexes are stable against alkali, This supposition is 

well fulfilled for the chelates of copper, nickel, cobalt, 

mercury and of the platinum group metals. A relatively high 

stability is also observed.for the cadmium compound, Consi

dering the remarkable thermodynamic and kinetic stability of 

many metal chelates thiodibenzoylmetha:ne is a very suitable 

reagent for the extraction and photometric determination of 

copper, nickel, cobalt, zinc, cadmium, mercury and thallium 

in trace amounts. Some analytical data are given in the 

following table. 
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metal v1orking capacity 'A. E. V (bo-bu)

Cu 

Ni 

Co 

Cd 

Hg 

Tl 

( ;"mol) (nm) (cm2 

per �mol) (Rel.%)

0.05 - 0.5 410 23.7 0.13 - 1.5 

0.1 - 1.0 430 9.5 0.2 - 2.0

o.065- o.65 410 24.8 0.15 - 1.5 

0.02 - 0.2 400 33.8 0.2 - 2.0

0.05 - 0.5 360 20.6 0.7 - 7.0

0.1 - 1.0 415 10.0 0.3 - 3.0

Analytical data for the determination of metals 
using thiodibenzoylmethane as an extractant 

Copper is extracted with thiodibenzoylmethane Feadily 
from acid solution and the rate of extraction decreases with 
increasing pH values. The reverse happens, when reducing 
agents are present. Best results are then obtained above pH 
8, It is supposed that the extraction runs via a redox mecha
nism. The extraction of copper in the presence of a reducing 
material is not influenced by usual masking reagents, hence 
most interfering metal ions can be masked by EDTA. The de
termination of copper by means of this method is highly 
selective and well reproduceable. 

The kinetic stability of the cobalt(III) thiodibenzoyl
methane chelate is used for the selective determination of 
traces of cobalt. Chelates of copper and nickel are extrac
ted under similiar condit�ons, but they· can be destroyed by 
cyanide solution, while the cobalt chelate remains intact 
in the organic phase. In a similiar way nickel is selec
tively extracted after having previously masked the cobalt 
in the aqueous phase as a kinetic stable cobalt(III) 
compound. The simultaneous determination of cobalt and 
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nickel is also possible. Both metal chelates are extracted 

to2;ether, then the nickel compound is redestroyed by cyani

de solution. The aqueous solution now contains a certain 

quantity of the aLmli salt of thiodibenzo;ylmetb.ane, corres

ponding to the a.11ount of nickel. In this way nickel is in

directly determined in the form of thiodibenzo;ylEietlw.nate 

anion, whereas cobclt is detected as ics chelate in the 

or2;0.nic phase. The r:1cthod is also applir.:ible i.n t;he :;:cesen

ce of many foreisn metals. 

The extraction of mercury does not de�Jend on :::i:r anc. is 

possible in the ranc;e from 2 rs; sulphuric acid to 2 L pot

tassium l:ydroxide. The e,,_-tracted speciec contains one 

mercury atom per one li6and molecule and has a merca?tide

like structure, i.e. the oxyc;en atom is only weakly coordi

nated to the mercury. This conclusion was drawn from Ill and 
13c-NMR measurements. The extraction of mercury with thio

dibenzoylmethane from strongly acid solutions is very 

selective, the only interference being caused by copper in 

a more than tenfold excess. 

Thiodibenzoylmethane is also a very suitable ligand 

for the extraction and spectrophotometric determination of 

traces of thallium. The method is rapid and can be made 

highly selective by masking reagents such as cyanide and 

EDTA. Because thallium is extracted in the form of the 

thallium(I) complex, an oxidation to the trivalent state, 

necessary in man;y other methods can be avoided. 

Useful applications of thiodibenzoylmethane also con

cern the metals zinc and cadmium. Both are successfully 

extracted from alkaline solutions. To determine cadmium 

interfering metal ions are masked by an excess of cyanide 

and cadmium is then liberated from its cyanide complex by a 

demasking reaction by means of chloral h;ydrate. Zinc which 

is also extracted under these conditions is stripped by means 

of alkali hydroxide. The method yields good results compared 

with other procedures for the photometric determination of 
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cadmium. Further work on the separation of zinc and cadmium 

is now in proGress. i;. detailed re2ort on this stud;y v1ill be 

given in the paper at the conference. 

In ceneral 1:10 conclude, tl:cJ:t the extraction and deter

nination of traces of metals v1ith thiodibenzo;ylmethane is 

c&rried out very easily and reproduceable and in a minimum 

of til:.le. This mettod, therefore, secI;Js ver;y suitable for 

the use in in�ustrial laboratories. 
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NEW EXTRACTIVE AGENTS FOR AROMATIC HYDROCARBONS 

V.A. Proskuryakov and A.A.Gaile

Lensoviet Institute of Technology, Leningrad, USSR

Effective, extracting agents should combine high selectivity 

with fairly good solvency for the component to be extracted. In 

this work, like an a number of others, the relationship between 

activity coefficients of the hydrocarbons being sepurated 

(e.g., n-hexane and benzene) in the solvent S =}:is used as 

a criterion of selectivity, and the value inverse to the activity 

coefficient of the hydrocarbon being extracted e.g., 

benzene 

agent. 

is a measure of solvency of the extractive 

The activity coefficients of hydr�carbons in solvents have 

been defined by the method of gas-liquid chromatography /2/. 

The difficulties encountered in the selection of effective 

separatin6 agents are due to the fact that highly selective 

solvents, as a rule, exhibit low solvency for the component to 

be separated, and vice versa. No theoretical explanation has 

been offered for this regularity noted by Gerster and co-workers 

/3/, for systems solvent-n-pentane-pentene-1 and confirmed by 

Deal and Derr for systems containing aromatic hydrocarbons /4/. 

�xplanation of this regularity is likely to be provided by 

the equation for the enthalpy part of the activity coefficient. 

where'(� is the enthalpy part of the activity coefficient 

of hydrocarbon in the solvent; 

K is the constant; 

W
11

, w
22

, w
12 

are energies of interaction between two 

hydrocarbon molecules, two solvent molecules, and the 

hydrocarbon molecule and the solvent, respectively. 
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The introduction of strong electron-accepting groups like 

N0
2

, CN or electron-donating substituents (OH, NH2 etc) into

the solvent molecule brings about an increase in the non-unifor

mity of electron density distribution and thus an enhancement of 

the donating-accepting interaction with hydrocarbons possessing 

1f'- electrons. �he value of energy w
12 

increases by 2-3 kcal/

mole on introducing these groups, which accounts for the increase 

in selectivity of solvents, e.g. furfuryl alcohol and furfurpl on 

the introduction of a nitre group/Table 1/. 

TABLE 1 

Activity Coefficients for Hexane, Benzene and Solvent 

�electivity (T = 30
°

c) 

S o 1 v e n t 
� � s·�

·�

Furfuryl alcohol 30.2 3,32 9,10 

5-Nitrofurfuryl alcohol 118 4,76 24,9 

Furfurol 20,0 2,12 9,43 

5-Nitrofurfurol 121 2,99 40,6 

In this case the solvent selectivity and its donating

accepting component are co· related with the Hammett-Taft constants 

for the substituents /51. Simultaneously with the rise in 

energy w
12

, however, there occurs, as a rule, a much greater

increase in energy w22 which can be characterized by the heat of

v&porization of the solvent molecules. The contribution\of the 

above groups to the heat of vaporization is 5-8 kcal/mole, which 

accounts for the increase in activity coefficients of hydrocar

bons when passing,for example, from furfurol to 5-nitrofurfurol. 

The following methods are proposed for lowering the energy 

of interaction between solvent molecules: 

1972 

I 



1. The introduction of functional groups with low contribut

ions to the vaporization heat into the solvent molecule.

2. Skeleton isomerization of solvent molecules known to bring

about a decrease in vaporization heat.

3. The use of solvent mixtures with sufficiently high positive

deviations from Raoult's law as separating agents, e.g.

azeotropic mixtures of solvents with minimum boiling points.

These three methods open up possibilities for the search 

of new highly effective solvents to be used in the seoaration 

of jydrocarbons with various degrees of unsaturation, 

Thus, low contributions to the vaporization heat and at the 

same time rather high values of the Hammett-Taft constants are 

characteristic of the following substituents: F, COOCH
3

,

heteroatoms of O, N. For instance the boiling points and 

vaporization heats of pentafluoronitrobenzene and pentafluoro

benzonitrile are lower than those of the corresponding non

fluorated analogues, Owing to the decrease in energy of inter

action between molecules of fluorine-containing solvents (W22)

and the increase in energy of interaction between the solvent 

and aromatic hydrocarbons (w12), the activity coefficients of

benzene are appreciab�y lowered (Table 2). Thus, in this case 

fluoration of the solvents brinGs about a simultaneous rise both 

in solvency for aromatic hydrocarbons and solvent selectivity. 

A number of other fluorated compounds exhibit rather high 

selectivity and solvency, for example 2-4 dinitrofluorobenzene. 

Fluoration of aliphatic compounds also leads to higher 

effectiveness in the processes of hydrocarbon separation, It is 

seen from Fig.1 that fluorine-containing alcohols of the general 

formulaH(CF2CF2)n CH20H, where n = 1 - 3, are approximately 5

times as selective for the hexane-benzene system as unfluorinated 

alcohols. 
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Cyaneothyl derivatives of fluorinated alcohols (No.6, Table 2) 

are also effective separating agents. 

As seen from Fig.2, in which experimental data for various 

solvents are presented as a plot of selectivity against solvent 

power, heterocyclic compounds are, as a rule, more effective 

solvents than benzene and cyclohexane derivatives. In 

parti�ular, 2-furfuryl- and 2-tetrahydrofurfuryloxypropionitrile 

exhibit both high selectivity and solvency (No.7 and 8, Table 2). 

Compounds containing carboxymethyl groups, e.g. dimethyl 

esters of aliphatic dicarboxylic acids, are also effective 

solvents. The activity coefficients of benzene in esters are 

one order of magnitude lower than in diols, the selectivity of 

these compounds being approximately the same. 

It is well known that the limitation of one of the most 

widely used extractive afent - sulpholane- is its comparatively 

low solvency for hydrocarbons. The isomeric compound - 2-methyl 

tri-methylenesulphone is characterized by lower energy of molecule 

interaction which is evidenced by a lower boiling point (251
°

c 

/7/, the boiling point of sulpholane is 286
°

c /1/). As a result, 

the activity coefficients of benzene in 2-metnyltrimethylenesul

phon are considerably lower than in sulpholane, i.e. 2-methyltri

methylenesulphone has higher solvency, which allows to carry 

out the extraction process at a lower tatio extractive agent

starting material and at decreased temperatures. 

1974 



TABLE 2 
Activiti Coefficients of Hidrdicarbons and Solvent Selectiviti 

s 0 L V E N T T 
0
c

'6b � 
� 

S.2z_

1. Nitro benzene 30 7.70 1. 37 5.62 

2. Pentafluoronitrobenzene 32 6.72 0.676 9.93 

3. Benzonitrile 30 5.90 1.17 5.04 

4. Pentafluorobenzonitrile 30 7.92 0.817 9.70 

5. 2,4-Dinitrofluorobenzene 31.5 27.3 1.27 21. 5

6. Tetrafluoropropoxypro-
pionitrile 31.5 24.6 2.03 12.1 

7. 2 - Tetrahydrofurfuryl- 30 12 .1 1.165 10.4 
oxypropionitrile

8. 2 - Furfuryloxypropio- 30 22.8 1.70 13.4 nitrile

9. rlutanediol - 1 ,4 58 75,0 10,0 7,50 

10.Dimethyl succinate 30 11 , 6 1,32 8,78 

11.Dimethyl malonate 30 18,7 1, 71 10,9 

12.Sulpholane /4/ 60 48,o 2,45 19,6 

13.2 - Methyltrimethylene- 30 33,3 1,90 17,5 sulphone 

It follows from the results of toluene extractimn presented 

in Table 3 that the prJposed solvents, viz. 2-methyltrimethylene

sulphone, tetrafluoropropoxypropionitrile and 2,4-dinitrofluoro

benzene, are highly effective extractive agents allowing to obtain 

concentrated extracts at a high degree of extraction of aromatic 

hydrocarbons. 
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TABLE 3 

Results of Single-Stage Extraction of Toluene f�om the 

Mixture with n-Heptane (toluene content in starting material 

35 weight%, solvent-starting material ratio=2:1 weight) 

S 0 L V E N T Tempesa- Toluene Degree of Coeffi
ture, C content toluene cient of 

in ex- extracti- toluene 
tract, on, distri
weight % weight% bution 

1 2 

2-methyltrimethylene -
sulphone/1/ 20 

97 weight %/1/ + 3 weight 
% H20 20 

Sulpholane 70 

Tetrafluoropropoxypro- 20 
pionitrile 50 

2,4-Dinitrofluoroben- 20 
zene 

2-Tetrahydrofurfuryl
oxypropionitrile/II/

93,9 weight% /II/+ 6,1 
weight % H20

84,3 weight %/II/+ 15,7 
weight% ethylene glycol 

5-Nitrofurfuryl alcohol
( III) 

50 weight %/III/+ 50 
weight% N-methylpyrro
lidone 

47 weight% /III/+ 53 
weight% furfurol 

Diethyleheglycol 

20 

20 

20 

20 

20 

20 

50 

)976 

3 

79.2 

86,9 

79,4 

78,0 
73,5 

83, 1 

54,7 

71, 1 

65,8 

92,5 

69,5 

80,3 

83,6 

4 

54,9 

52,2 

50,0 

58,0 
61,3 

63,0 

77,6 

62,5 

66,o 

26,0 

62,7 

49,0 

23,9 

5 

o,42 

o,4o 

0,36 

o,49 
0,55 

0,58 

0,75 

0,54 

0,57 

o, 15 

0,52 

0,36 

o, 12 



Good results are obtained with the use of mixtures of 5-nitro
furfuryl alcohol with solvents possessing increased solvency 

for hydrocarbons and also mixtures of 2-tetrahydrofurfuryloxy

propionitrile with water and ethylene glycol. 

Dimethyl esters of aliphatic dicarboxylic acids are effec

tive extractive agents for higher aromatic hydrocarbons (see 

Table 4) and can be0used for refining oil and jet fuel instead 

of furfurol and phenol. 

It is seen from Figs 3 and 4 that the relationship between 

logarithms of specific retention volumes of hydrocarbons (V ), 

e.g. n-hexane and benzene, and the composition of the mixed

solvent often does not obey the additivity rule. For mixtures

with positive deviations from Raoult's law, iG particular for

the 1 1 2-propyleneglycolacetophenon.giving an azeotrope with a

minimum boiling point /9/, one observes a positive deviation of

V for hydrocarbons from the additive values. For the solvent

mixture phenol-furfuryl alcohol which is characterized by the

presence of a negative azeotrope the deviation of experimental

values of Vg from those calculated according to the additivity

rule is of negative nature. These results can easily be explained

by the equation for the enthalpy part of activity coefficients 

with allowances for the inverse relationship between the values

'(, and Vg •
.. 

Thus, solvent mixtures with sufficiently high positive 

devrations from ideality, in particular positive azeotropic 

mixtures, exhibit increased solvency for hydrocargons: and can 

be recommended for use in separating hydrocarbons system. 
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T.IBLE 4 

Results of Single-Stage Extraction of Methylnaphthalene 
from a Mixture with n-Tridecane (methylnaphthalene 
content in starting material is 35 weight%; solvent
starting material ratio=1.5 : 1 weight; temp.erature 30

°
<.;) 

SOLVENT 

Dimethyl malonate 

Dimethyl succinate 

Furfurol 

Methylnaphtha
lene content 
in extract, 
weight % 

89,6 

74,8 

77,5 

1978 

Extraction 
degree, 
weight % 

65,4 

71,7 

68,6 

Coefficient 
of methyl
naphthalene 
distribution 

o,86 

1 ,01 

0,83 
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FIGURE 1 Relationship between selectivity 

and solvency of alcohols for benzene_ 
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FIGURE 2 Relationship between selectivity 

and solvency of benzene, x , cyclohexane, ·, 

furan, 0 , and tetrahydrofuran ,0, derivatives 

for benzene. 
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FIGURE 3. Specific retention volumes of 

benzene and n -hexane in the mixture 
1, 2 -propyleneglycol - acetophenone at 30 °C. 
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FIGURE 4 Specific retention volumes of 

benzene and n-hexane in the mixture 
furfuryl alcohol - phenol at 45°C . 




