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ABSTRACT 

SOi-!E MODIFICATIONS O? A PU REX PROCESS FOR THE 

RECOVERY OF NEPTUNIUM 

T. Tsuboya, T. Tanaka, S. Nemeto, and T. Hoshino

A method for discharging Np into the waste streams of 2D 

bank (U purification step) or 2A bank (Pu purification step) 

of the Purex process designed for LWR fuels reprocessing was 

examined in counter-current solvent extraction experiments using 

a laboratory scale mixer-settler. 

The oxidation of Np(V) to Np(V1) by HNO2 and higher scrub

acid concentrations in either the M.A. bank or the 1A bank were 

necessary to discharge more Np into the product streams of each 

bank. 

These additive conditions were decided by the use of a comp

uter code, NEPTUN, for simulating the stage concentration prcilfiles 

of Np. The Np behaviour in the banks was also studied by the 

quantitative analysis of the Oxidation-reduction reactions of 

Np in the banks. 

(Power Reactor and Nuclear Fael Development 

Corporation, Tokai-mura, Ibaragi-ken, Japan) 

1985 



The Purex ·0rocess desi:;ned for L'.JR fnel re,Jroccss Ln;-· 
co 

c,;mnrises 1st is/deconta:·1incition, ?nd co decontc1r:1i:1ation, U/Pu 

senaration, U purification a:ic Pu pur.Lficat.Lon cy�les. Np 

behaviour in these cycles is ouite different from either V or 

Pu behaviour, most of the Np discirnr·0e::; '.nto the H.A. wa te 

stream as ap(V) toc;ethcr with the .i'.P.s It is however possible 

to carry ;{p into the waste streams of the 2D bank (U purification 

cycle) or 2A be�: (B1 purification cycle) by addin: the approp

riate reacents to the nrocess strcans for t!1e osidation/reduction 

of ;�p. In the HA c.nd 1A banks i'-IN02 is added to oxidise llp(V) 

to Np(V1) in the extraction section and in the scrub-section 

the scrub acid concentration is increased to prevent reduction of 

Np(V1) in the or ;anic stream. Hydrazine bein1 added to decompose 

nitrous acid. In the 2A ban'.�, hydrasine is added as the reduc-

t ant for Np to im,:irove the separation of Np from Pu and to dis

charge i-lp into the waste stream. 

The nresent paper dencribes the results of continuous 

counter current solvent eKtraction experiments using laboratory 

scale mixer settler equipment. 

Each condition was chosen not only from the basic data about 

the oxidation-reduction reactions of Np, (1 ), (2), (4) but also by

use of a computer simulation code. NEPTlJN, that was ]Jro3ra:nrned to 

calculate the :::;ta�;e concentration profiles of NJJ using the 

extraction equilibrium data, and the oxidation-reduction kinetics 

data. 

Extraction_ of_ N� 

Extraction data of Np 

The extraction coefficients of Np for the 30 vol.% TBP (tri

n-butyl phosphate) in n-dodecane diluent-aqueous nitrate system 

are i;enerally .c;iven as follows: Np(V):S Np(IV)-<'..Np(VI). Extraction 

coefficient of ,'1p(V),E
5

, is annroximately 0.01� 4) E
4 

for Np(IV) 

and E6 for Np(VI) are civen as follows/3) 
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2,55 x log ( Ho
3

) + log 0,7

( 0,5� ( i�03 ),2.5)

lo6(E6/U'3P)! )= 2,1 9 x lo,:; ( No
3

) + lor; 7,0

(0,21( (NO.,. )1!;3,5) 
:,; 

( 1 ) 

(2) 

, where (TBP\ is free TBP concentration (N) and (No
3

) is appnrent

nitrate concentration(M) in the aqueous nhase, In the system 

where U(VI) is present, the foll6wing relations are given between 

EU and E4 or E6: c3)

(3) 

(4) 

From eq, (3) or eq, (4), it is possible to estimate E4 or E6 for

each stage by usin; EU of each stage when the sta�e concentration

profiles of U(VI) is given, 

Oxidation-reduction_reactions_of_Nf 

The reaction of Np with nitrous acid in aqueous solution (4). 

The rate of reaction and the apparent equilibrium constant at room 

temperature for the oxidation/reduction reaction Np (V) Np (VI) by 

nitrous acid in nitric acid are given as follows: 

-d ( Np (V))/dt = d(Np (VI))/dt = 89(N02)( (Np (V)) - ( Np(V)\)

(mole/min) (5) 

(lto(VI)) (N02) 1 /3 / (Np(V)) (HN0
3
)3 = (1.20 :!: 0,1 4) x 1 0-3 (6)

· e o e o 

, where ( \ is the equilibrium concentration and ( )0 is the

initial concentration, 

The reaction of Np with U (IV) in aqueous solution: (5) 

Np (VI) is reduced to Np (IV) through Np(V) by U(IV) in nitric acid 

solution containin� a reagent such as hydrazine, urea, and so. on. 

The rate of reaction at room temperature is given as follows: 
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-d (Np(VI) )/dt d(Np(V))/dt

anC: 

-d Q;:p(V) )/dt d(c/p(IV))/dt

o.25(Np)-
0

•5cu(IV)) (Np(VI))
0 0 

(:;ole/sec) (7) 

2. 1 ( rTD ) ( U (IV) ) ( ri ;10
3 

) 3 ( ifo ( 'J) )· 
0 0 

• 

(mole/sec) (8) 

·rhe reaction of !lo wit-1 hydrazine ( � )in aqueous solution: J 

Hydrazine is available as a reduction rcaJent for Np(VI). 

The rate of reaction at roorn temperature is 3iven as follows: 

-d(1lp(VI))/dt = d(Np(V))/dt = 7.6(.,r.-I2;rn2\CNp(VI))

(rrnle/:nin) ( 9) 

A co�puter simulation for t�0 Rta�e concentration pr�files 

of N/4)

The �ta3e concentration profiles at the steady state of each 

ba�� condition can be e�tiCTated prior to the exJeriment by the 

use of a cocpu ter code, i'/i,;P'l'JN, IGPTU:', i., also useful to estimate 

an a·propriate �ondition for �J recovery and to perform the 

effective experiments. JEs,TUN is pro·;ram,:ied on the bas±s of the 

batchwise counter-current solvent extraction and can cive the 

sta:;c concentration profiles of Np even if the s:ilvent extraction 

system contains an o:ddation(reduction) reactiion of Np by an 

oxidation(reduction) reac;ent. The calculation scheme is shown in 

Fic;.1. 1'1ecesr,ary inpu': data are feed flowrates and i tsstage 

�umbers, E6 for eac·, sta;;e calculated from eq. (4) .tsing known

EU, the acid concentration and the concentration of the oxidation

(reduction) rea�ent in the aqueous phase for each stage, the 

concentration and the valence composition. of Np in the feed- solution, 

the rate constant and the anparent equilibrium constant of the 

oxidation(reduction) reaction of Np, and the mixer and the settler 

volumes. 'The calculations are carried out of the extraction 

equilibrium and the ozidation-reduction reaction for each stage 

at first(N-loop), and then the calculations are repeated till the 

material balance of Np is satisfied between the feed and the out

lets(M-loop). The results are printed out the concentrations, 

the inventory (X), the quantity of ozidation(.,AX), etc. of Np 

for each stage. 
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Counter_ -_current_ extraction_ ex,:,erimen ts 

Exoerimental orocedures 

'rhe Purex process con,;s,)t is sho1m in Fi:;.2. The process 

conditions for Hf, ban,,, 1A ban'.�, 2D ban:�, Emd 2A bank 1·1ere 

stuiied, because they nlay an i1portant role in a recovery process 

of discnarr;in.:; Nri into the c:astc strca.'.:s of 2D ban:d2DW) or of 

2A ban'.�(2Avl). 

A laboratory scale mixer settler, "Cyrano 200 - 80011 (Sonnal, 

France) was used as the solvent extraction contactor, having a 

6 ml r1i:cer volume and a 17 ml settler volume. 

Feed flowrates were meDsured and recorded automatically. 

As the orsanic solvent was used 30 vol.% of TBP(tri-n-butyl 

phesphate) in n-dodecane diluent, Np was determined by a TTA 

extraction-a count in::; r�ethod for 237 Np and by a countin;; method

for 239Np added as a tracer of Np. Pu was determined by an a

countin:; method, and acid concentrations were given by a potent

iometry. U(VI), U(IV), HN02, and NH2NH2 (aqueous phase only)

;-,ere determined by usin.::; D.:3H(di-benzoyl methane )(C :3.71 x 106 ,

403 ?), o-phenanthrolin (� :9. 40 x 10
4

, 506 m)'-), - naphthyl

amine(f :4.00 x 104 , 5 20 m�), and p-di-methyl benzaldehyde(
4 

e: 6.42 X 10 , 460 mr), respectively. 

R.ESUL'.cS A:H! DISCUSSION: 

HA bank The flowsheet is shown !in Fig.3. The alterations of 

the basic flowsheet are addition of nitrous acid as sodium into 

the 1st sta3e of the extraction section and of hydrazine as a 

nitrate solution into the feed stage,use of higher scrub acid 

concentration instead of 3M. Nitrous acid w�s supplied so as to 

give mptimum conditions for discharging i�p into the product stream 

(HAP) as determined by NEPTUN, Hydrazine was added in order to 

reduce nitrous acid concentration in the scrub section and the feed 

stage as low as possible. Tge observed stage concentration profiles

for Np and nitrous acid are shown in fig. 4. It was calculated 

from the flowsheet conditions and the concentration profiles that 

the Np discharge into HAP was '.18.1% of total charge. 
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'rhe simulated concentration profiles for Np [si ven by NEP'rUN are 

also shown in fig.4. Good asreement is shown for each phase. 

The ratio of the oxidation quantity of Np( X) tOJ the inventory 

of Np(X) in each sta ·;e plotted in fir;.5. also shows good agree

ment between observed and simulated values. Accordingly, it was 

proved that the oxidation reaction which gave a value higher 

than 0.1 for X/X in the extraction section satisfied quantitatively 

the reactian equations already mentioned. In the scrub section, 

X/X was observed to be -0.01. The reduction of Np was consid

erably suppressed as the result of low concentration of nitrous 

acid. 

It was observed that when the scrub acid concentration was 

3M, Np discharge into HAP was decreased to 65% of the total Np 

cgarge. Increase of the reduction of Np in the scrub section was 

observed in t�is operation. 

1A bank - The modified flowsheet is given in fig.6. The altera-

tions of the original flowsheet are similar to those for HA bank. 

'rhe observed stage concentration profiles for Np and nitrous acid 

are shown in fig.?. The Np discharge into 1AP was 40% of total 

charce. When the operation was carried out with the original flow

sheet, over 99% of total Np charge was released to the waste 

stream (1AW), 4X/X in each stage is shown in Fig.8 about observed 

and simulated values. Although there are good agreement between 

both va1ues for the extraction section, the values were only one -

third of those given for HA bank. This low oxidation ratio is 

explained as follows; The ratio of the flowrate of aqueous ph�e 

to organic phase in the extraction section for 1A bank was three 

times higher than t:1.at for HA bank, thus considerable quantities 

of Np(VI) in each stac;e of the extraction section remained in the 

a(J_ueous phase with out being extracted into the or c;anic phase, 

interupting the oxidation reaction of Np(V). In the scrub section 

6 X/X was about -0.05. Since nitrous acid concentration was not 

sufficiently high to reduce Np(VI) to Np(V) visibly, the reduction 

reaction was caused by ot1er causes. 

i'ihen the scrub acud concentration was 3M�X/X decreased to 

below -0.1 and the Np discharge into 1AP decreased to 5% of total 

charge. 
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2D bank: In this bank, U( IV) is fed as 2DS to scrub Pu from U 

stream in the original flowsheet as sho\•lll in fig.9. 'l'he stage 

concentration profiles for Np, NH2 NH2, and U( IV) are \shown in

fig.10. The Np discharge into 2DW was 99,7% of total charge. 

The re�ction half times (T112) of Np reduction in the aqueous

phase calculated from eqs.(?) and (8) using conditions for the 

contactor; 5.8 x 10-5� for Np and 2.5 x 10-4M for U(IV), for

example; were 84 sec for Np(VI) to Np(V) and 6.6 x 16 sec for 

Np(V) to Np(IV). It may be said from these results that Np(VI) 

fed to the bank is easily reduced to unextractable Np(V) and not 

to extractable Np(IV).AX and X observed are showh in Fig.11. 

Since 84.9% of X(4.19 mg/hr) in the feed stage is fed as Np(VI) 

and6X in the feed stage was -3.33 mg/hr, it is clear that the

reducsion reaction was almost completed at the feed stage. 

Thus it is now clear that lt is not necessary to alter the 

original condition of 2D bank to discharge Np into 2DW. 

2A bank: The modified flowsheet is shown in fig.12. Hydrazine 

was fed with the scrub acid in order to reduce Np(VI) to Np(V) 

to discharge more Np into 2AW. The stage concentration profiles 

for Np and hydrazine are shown in fig.13. Np discharge into 2AW 

was over 90% of total charge.(lX/X in each stage is shown in fig. 

14. Figure 14 shows that the reduction of Np(VI) to Np(V) was

extremely proceeded in the scrub section. Use of eq.(9) as the

rate equation in NEPTUN gives a relationship between the Np 

discharge into 2AW and hydrazine concentration in the scrub solut

ion (2AS) as shown in fig.15. It was resulted that observed

and simulated results were agreed and that the valence of Np in

the feed solution affected on Np discharge in case of the addition 

of lesser amount of hydrazine. 

CONCLUSION 

In order to discharge more Np into 2DW or 2AW of the Purex 

process designed for LWR fuels reprocessing, it is necessary to 

modify the process steps. As a•result of continuous solvent 

extraction experiments using a laboratory scale mixer settler it 

is proposed to used the ozidation reaction of Np(V) by I!N02 and

to increase the scrub acid concentration in th8 HS and 1A banks. 
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For tie 2A bank it is also nroposed to feed hydrazine in 

the 2A3 feed to separate Np from Pu by the reduction of Np(VI) 

to Np(V). A computer code, NE2TUN, was developed and used to 

sDnulate the concentration profiles of Np. 
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Electrolytic Methods for Application in the Purex Process 

H. Schmieder, F. Baumgartner, H. Goldacker,
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Kernforschung m.b.H. Karlsruhe, Germany 

Abstract 

Fundamental investigations in the kinetics of the electro

lyses in the system uranium-plutonium-nitric acid-hydrazine 

and corrosion tests with various electrode materials 

led to the development of "in-situ" electrolytic ex

traction equipments without diaphragm. 

The behaviour of Pu, Np, and U in a 16-stage electrolytic 

mixer-settler is discussed which was made of titanium 

(throughput 2 kg/d) and sucessfully operated as 1B 

(Pu/U-separation) and 2B (reductive plutonium reextraction) 

batteries. With an electrolytic pulsed column, similar 

electrolytic mass-transfer could be achieved. 

Experiments with a "fissium" mixture show, that 

deleterious effects caused by fission products, are 

not to be expected. 

The development of an electrolytic cell for the 

oxidation of plutonium between the Purex cycles has 

been started. Extremly high current efficiencies were 

achieved in a cell, which works without diaphragm. 
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I. Introduction

The classical reducing agent for plutonium in the 
Purex process is ferrous sulphamate. The process is 
characterized by obvious drawbacks, viz. the 
introduction of corrosive ions which are foreign 
to the process. The only alternative which has so far 
been realized in technical plants is the use of 
uranium(IV) as a reducing agent. This entails the 
disadvantage that above all in processing fuel rich 
in plutonium considerable enhancements of the process 
volume must be put up with. 

An alternate process more recently developed uses 
hydroxylammonium nitrate as a reducing agent (l) . 
However plutonium complexed by radiolytic products 
in the organic solvent is but unsatisfactorily 
stripped. 

Efforts towards an electrolytic reduction technique are 
quite obvious <2 ,3) • From the start we attempted to
realize a genuine "in-situ" technique allowing the 
most compact shapes of equipment and a more direct 
process management <4 ,5, 6 ). 

A further process step which is not satisfactorily 
solved is the back-oxidation of Pu between extraction 
cycles which at present is performed by use of 
sodium nitrite or gaseous nitric oxides, respectively. 
The use of NaN0

2 
contributes to high solid contents 

in the medium-activity wastes while with nitric oxides
considerable equipment expenditure is required due to 
the large excess of N02 gas which is needed.
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The gas must be passed through spray columns and 
in a subsequent "stripper" the dissolved excess 
must be destroyed by injection of air. 

II. Basic Investigations

The electrolytic reduction of uranium(VI) to uranium(IV) 
proceeds via the cathode reaction uranium(VI) to uranium (V) 
and a subsequent disproportionation of uranium (V) to 
uranium(VI) and uranium(IV). The reaction is irreversible 
which means that uranium(IV) is not oxidized directly 
at the anode but through oxygen formed at the anode. 

Plutonium(IV) is directly reduced at the cathode to 
yield plutonium(III) . Fig. 1 shows the current-potential 
curves with platinum and titanium as the cathodes. The 
plutonium reduction is characterized by a distinct 
limiting current-density plateau which is controlled 
by diffusion. 

The reduction potential of plutonium(IV) is more positive 
than the uranium (VI) reduction, i.e., there is a 
preference for the plutonium reduction. With +0,92 V 
the N03/N02 react.ion is even slightly more positive
than the Pu4+ /Pu3+ reaction. Nevertheless, a reduction 
of nitrate does not take place to a major extent in 
process solutions containing hydrazine. This is explained 
by the reaction mechanism proposed by K.J. Vetter (7) . 
Nitrous acid appears in the reaction chain, which 
reacts with hydrazine to give hydrazoic acid or nitrogen 
and N2o, respectively, resulting in a blockage of the
nitrate reduction. 

The U(VI) /U(IV) reaction with a redox potential of +0.33 V 
isfbllowed by the formation of hydrogen starting, under 
the conditions represented in Fig. 1, at a potential 
more negative than -600 mV relative to the standard 
calomel electrode. 
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In experiments using titanium as the cathode and a 

stationary electrolyte containing 0.1 M/1 uranium 

in addition to nitric acid and N2H5No3
, the gas

production was investigated both qualitatively and 

quantitatively. Under the foregoing conditions gas 

evolution started visibly at nearly 5 mA/cm
2
.

The composition of the gas remained almost constant 

over the current density range of 5 to 33 mA/cm
2
.

The gas composition was 51 vol.-% hydrogen, 48 volT-% 

nitrogen, and less than 1 vol.-% NO. In this range of 

current densities 0.013 to 0.067 1 hydrogen were 

generated per ampere-hour, which is equal to.current 

yields of 3 to 16 %. The nitrogen fraction in the 

cathode gas is tentatively explained by the reaction 

of nitrite with hydrazine. 

The gas which was evolved at the platinum anode also 

showed an almost constant composition over the 

considered range of current densities, with 95 vol.-% 

of nitrogen, 4 vol.-% of oxygen, and 1 vol.-% of NO; 

the oxygen probably even originated from an air 

impurity. The rate of gas production was ca. 0.2 1 per 

ampere hour. The nitrogen in the anode gas is due to 

the direct anodic oxidation of the hydrazine. 

The production of nitrogen as an anode reaction and 

without formation of oxygen, on the_ one side, and the 

irreversible nature of the U(VI)/U(IV) reaction on the 

other side - is of dec�sive importance in the design of 

electrolytic extraction equipment, because it principally 

offers the possibility of renouncing upon a diaphragm. 

2000 



Despite of the lower specific mass conversion at 

titanium compared to that occurring at platinum 

or gold, titanium was chosen as the cathode and 

construction material due to technical reasons. 

In corrosion experiments only a relatively low 

corrosion rate of 0,29 mg/cm 2/d was found. Stainless

steel was eliminated as a cathode material because 

of its high corrosion rate of 24 mg/cm
2/d.

Anode materials which can be taken into consideration 

are platinum or platinum-plated metals, preferrably 

platinized tantalum. 

III. Electrolytic Extraction Equipment

Fig. 2 is a schematic drawing of a laboratory-scale 

electrolytic mixer-settler for throughputs of 2 kg 

fuel per day. The mixer-settler is made of titanium. 

The casing serves as the cathode. An anode cell made 

of insulating material is installed in each settling 

chamber and submerged beneath the bottom level of the 

chamber. The orifice below the bottom level provides 

the electroconductive connection between the electrodes 

and acts, at the same time, as a separator preventing 

the organic phase from penetrating into the anode space 

under any hydrodynamic conditions. This type of design 

produces the effect that the electrolysis taJces place 

mainly in the settling chamber. 

A 16-stage mixer-settler of this type was operated as 

a 1B or 2B battery for 1000 hours in total, varying 

several parameters, such as TBP concentration, plutonium 

and neptunium content, overall current, current distribution, 

nitric acid distribution, dibutyl phosphate content, etc. 

The principal flowsheets used are shown in figure 3. 
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In the upper part of the figure a flow diagram is 

given for uranium-plutonium separation. In all 

experiments the hydrazine concentration in the aqueous 

scrubbing stream was 0.2 M. The flow ratio of the 

organic feed solution (BF) to the organic scrubbing 

solution (BSX) was 5 1n all experiments. That section 

of the mixer-settler which is marked e was equipped 

with anodes and thus was electrolytically efficient. 

In the lower part of figure 3 a flow diagram is presented 

for the electrolytic backwashing of plutonium. In all 

experiments 30 vol.-% of TBP was used and the aqueous 

scrubbing solution (2BX) contained 0.2 M HN0
3 

and 

0.2 M N
2

H
5

No
3

. 

Table 1 lists results of typical experiments on plutonium

uranium separation. Similar to the reduction with uranium(IV) 

nitrate, the acid concentration profile must be regarded as 

a determining factor for the quality of the separation. 

The optimum nitric acid concentratioris are 0.3 to 0.9 M 

for the BX section and 1.2 to 1.8 M for the BS section. 

The uranium(IV) concentrations produced in the first 

chambers of the battery play a decisive part as regards 

the amount of residual plutonium in the organic uranium 

product (1BU), since a large excess of uranium(IV) is 

required to strip the plutonium which is complexed by 

radiolysis products. Concentrations ranging from 2 to 

8 g of uranium(IV) per liter are sufficient for 

effective Pu backwash. The 16 g U(IV)/1 excess produced 

in the settling chamber by applying high currents in 

experiment No. 33 is certainly not necessary, which 

implies that the current yield of only 5 % with respect 

plutonium does not constitute an optimum value. Although 

the separation is better than with conventional mixer

settlers using externally produced uranium(IV), these 

values do not attain the decontamination factors which 

are theoretically possible. This is explained by the 

moderate extraction efficiency of the small-scale mixer

settler used which showed only 50 % stage efficiency. 
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This is clearly evidenced by a comparison between 

experiments 30 and 33. In experiment No. 33 the 

residence time was doubled by decreasing the flow 

rate to 1/2 of that of experiment No. 30, which 

resulted in an increase of the plutonium deconta

mination by a factor of 5, the absolute value being 

2400. A typical concentration profile in the 

electrolytic mixer-settler is shown in figure 4. 

The behaviour of Np in this flowsheet has also been 

studied. About 90 % of the neptunium in the 1B 

electrolytic mixer-settler were reduced to Np
IV 

Approximately 99 % of the Np passed into the aqueous 

Pu product stream under the flowsheet conditions used. 

Table 2 shows results obtained in the electrolytic 

plutonium back-extraction. Here the plutonium losses 

in the organic outlet (2BW) are determined by the 

coooentration of dibutyl phosphate in the extractant, 

which is clearly seen from experiment No. 28. However, 

the presence of small quantities of uranium - about 5 to 

10 % of the plutonium - which are quite us�ally found 

in the plutonium product after plutonium-uranium 

separation , drastically improves the result. In 

experiment No. 18 the plutonium losses drop to 0.0015 %. 

This is explained by the fact that a portion of the 

uranium occurs as uranium(IV) so that plutonium complexed 

by HDBP can be stripped. 

The method offers the particular advantage of achieving 

high plutonium concentrations of about 50 g/1 in the 

Pu product solutions. 
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The influence exerted by fission products on the 

electrolysis was investigated in specific experiments 

with a "fissium" mixture containing, in addition to 

other significant fission products, in particular the 

noble metals ruthenium, silver, and palladium, which 

are of interest in this context. The mere presence of 

hydrazine is sufficient to produce a visible precipitate 

of noble metals. A negative influence on the e�ectrolytic 

production of uranium(IV) could not be detected, although 

silver and palladium had been overdosed by a factor of 

100 in the fissium,and partly precipitated on the 

cathode. 

Problems must be expected when scaling up the electrolytic 

contactors because of the unfavorable geometries and 

hydrodynamic conditions. For this reason, extensive mass 

conversion experiments were performed with electrolytic 

mixer-settler cells made of titanium and with pulsed 

column sections, with daily throughputs of 100 kg. 

Figure 5 shows a schematic drawing of an electrolytic 

pult-' j column. 

The principle of the electrolytic column is similar to 

that of a pulsed column with sieve plates. The aqueous 

phase is used as the continuous phase. The interface 

is situated at the head of the column. The inner column 

diameter is 100 mm. The feeding device for the organic 

phase provided at the bottom of the column is followed 

by a cylindrical central space, inner diameter 25 mm, 

which is used as the anode space. Conically shaped 

catholyte - anolyte separators are provided which bring 

about the electrolytic interconnection between the 

cathode and the anode space by means of bores inclined 

upwards. At the same level one anode each is provided in 
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the anode space. In the outer annular space, i.e. 

the extraction space, the cathodes are installed 

directly over the conical separators. They are 

sieve plates with additional radially .configurated 

sheets. 

The evaluation of the mass conversion experiments 

carried out in the various types of equipment, with 

t.hroughputs of 2 and 100 kg per day, yields nearly 

identical mass transfer coefficients for all types 

of equipment. With average current densities of 

5 mA/cm2 values of about 1 x 10- 2 cm/min are obtained.

The maximum achievable limiting current densitie� 

were calculated to be 9 mA/cm2 for aqueous uranium(VI)

concentrations of 0.2 M. 

With a view to further scaling up the distribution of 

current densities was examined for the electrode geometries 

of interest. A hyperbola like distribution of the current 

is found at the cathode. In a conservative approach an 

extrapolation still yields a current efficiency of 

55 % for overall cathode lengths of 40 cm. For an overall 

cathode length of 4.5 cm corresponding to the mixer-settler 

with a daily throughput of 2 kg a current efficiency of 

82 % is calculated. This is based on an average current 

density of 8 mA/cm 2 and a limiting current density of

5 mA/cm
2

•

IV. Anodic Oxidation of Plutonium

A number of anode potential-current density curves were 

recorded in order to investigate the behaviour of the 

individual components contained in the plutonium products. 

The results are represented in figure 6. Plot 1 in Fig. 6 

shows the behaviour of nitric acid. Current densities 

of 1 mA/cm2 are reached. Only at potentials higher

than +1400 mV. A much more negative potential is found 

for comparable current densities with HN0
3 

solutions 
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containing hydrazine as shown by plots No. 2, 3, and 4. 

Plot 2 is characterized by a clear plateau in the 

potential range between +900 and +1600 mV. Presumably 

this is caused by the oxidation of hydrazine. This 

assumption is confirmed by plot 5. With nearly the 

same hydrazine concentration, but with 0.2 moles/1 

uranium(IV) added, a similar curve is obtained as 

in plot No. 2. This can be expected since uranium(IV) 

is not oxidized directly at the anode. Plot 6 shows 

the curve for an electrolyte containing 0.2 moles/1 

plutonium(III) besides 0.2 moles/1 N2H
5No

3. In

experiments performed in a specially constructed flow 

cell at large platinum anodes plutonium(III) could be 

readily oxidized quantitatively to plutonium(IV). 

According to expectations, there is no formation of 

plutonium(VI) below the potential of oxygen formation. 

Oxidation was possible also in cells without diaphragms, 

so that also in this case technical implementation 

offers the possibility of renouncing upon the diaphragm. 

Anodic current efficiencies up to 150 % were measured. 

This effect is tentatively explained by the destruction 

of hydrazine by nitrite which is formed at the cathode. 

V. Conclusions

1. From the results obtained it can be concluded that

for pulsed electrolytic columns with seven to eight

theoretical stages plutonium losses below 0.1 mg/1

can be achieved.

2. No difficulties of a principal nature are expected for

scaling up to throughputs of several tons per day.
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3. The cost of electricity as a redox agent are

principally much lower to that of chemical agents.

Table 3 shows a comparison of costs for electricity

and chemi�als. A drastic reduction of costs can be

expected from anodic oxidation, namely from more

than 600 DM/ton of fuel when oxidizing with N2o4 to

6 DM/ton in case of anodic oxidation.

The comparison of hydrazine and electricity costs with 

the costs for hydroxylammonium sulphate also yields a 

clear decrease of costs. 

4. The process volume and the equipment expenditure required

are smaller in the electrolytic process. This is partly

due to the. high plutonium product concentrations which

can be attained and partly to the elimination of make-up

facilities.

5. The mass conversion of the electrolytic techniques is

governed by the electric current. ·Therefore, these

processes can be controlled more directly and can be

run more conveniently and safely than those requiring

the dosage of chemicals.

6. In the separation of plutonium any change in the

composition of the uranium isotopes is avoided by

in-situ electrolysis.
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Tab. 3: Cost Comparison of Chemical and Electrolytic Processes 

Plutonium 0,8 W %; Concentrations of Plutonium Products 
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UTILISATION OF HYDROXYLAMINE NITRATE FOR THE 
FINAL CONCENTRATION AND PURIFICATION OF PLUTONIUM 

IN THE IRRADIATED FUEL REPROCESSING FACTORY AT LA HAGUE 

P Patigny++ J Regnier
++ 

P Miquel+ D Taillard++ 

ABSTRACT 

The use of hydroxylamine nitrate has been examined as a 
means of back-extracting plutonium in a third cycle of 
purification and concentration using 30"/4 TBP/dodecane. The 
tests have indicated the parameters which are important in 
governing the back-extraction; acidity, concentration of 
plutonium, presence of hydrazine, and temperature. This 
method has been used for several months on an industrial 
scale, and has permitted concentration factors of 8 to 10 
and the production of very pure plutonium oxide. 

+ Commissariat a l'Energie Atomique, Centre de Recherches de
Fontenay-aux-Roses B.P. No 6 - 92260

++ Commissariat a 1 1 Energie Atomique, Centre de La Hague - 50107 
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I. INTRODUCTION

The conversion of the factory at La Hague(+) to
process oxides from water reactors did not bring about 
any extensive changes in a chemical process (Figure 1) 
designed for the processing of metallic fuels from 
graphite-gas reactors. 

The increased amount of plutonium did nevertheless 
require some modifications to be made in the final 
plutonium purification plant which previously used an 
extraction cycle based on trilaurylami_ne diluted with 
dodecane (see Figure 2) (1). 

In order to increase the capacity of this plant and 
for reasons of simplification it was decided to replace 
the trilaurylamine by tributyl phosphate and to seek a 
process that could be operated in the existing mixer
settlers, and also produce pure and concentrated 
plutonium nitrate without the risks o{ super-critical 
accumulations. 

This process had in fact to be capable of processing 
a nitric acid solution containing from 2 to 6 grams of 
plutonium per litre, at a maximum rate of 40 kg per day, 
and of producing pure and sufficiently concentrated 
plutonium nitrate solution (15 to 40 g/1) to proceed 
with the ultimate concentration of the product by 
evaporation (without acid accumulation), or directly 
with oxalic precipitation of the plutonium. 

This could have been achieved by adopting a process 
of the kind used at Marcoule in pulsed columns (2) (3) 
and comprising extraction of the Pu with tributyl 
phosphate, reductive back-extraction by means of uranous 
nitrate, and extensive recycling of the product of 
extraction to reach a suitable concentration level. 

As the adoption of such a process would involve the 
setting up of new facilities for recycling the uranium
charged solvent and for re-oxidising the recycled plutonium 
with NO, a more simple cycle was chosen with reductive 
back-extraction of plutonium by means of hydroXYlamine nitrate, 

The definition and development of this hydroXYlamine 
process forms the subject of this paper. 

1 • 

(+) The La Hague factory now has an oxide head to process the 
oxide fuels for United Reprocessors. It will thus be 
"bicephalous" and will be able to process metallic fuels 
and highly i=adiated oxides at alternate times, 
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II. CHARACTERISTICS AND MODE OF ACTION OF HYDROXYLAMINE NITRATE

II.1 General Properties

Hydro:x:ylamine salts were first suggested as 
reducing agents for plutonium nitrate in 1955 (4)
(5) but it was not until the papers of Bruns (6)
and Orth (7) were presented at the last Solvent
Extraction Conference (IS:EX:: 71) that their industrial
utilisation could be envisaged.

Hydro:x:ylamine nitrate is stable in a slightly 
acid nitrate solution and behaves as a perfectly 
clean reducing agent for plutonium. It reduces 
Pu(IV) to Pu(III) at low acidity, giving inert by
products such as ¾O, �?O or N , and has the
particular advantage 01-helpi& the re-oxidation of 
plutonium at high acidity, so that all that is 
required is to re-acidify the back-extracted 
plutonium solutions in the presence of nitrate to 
obtain a fairly rapid re-adjustment of the valencies, 

II.2 Suggestions for preparation

During our experiments we noticed that it was 
difficult to obtain very pure hydro:x:ylamine from 
colllJllercial sulphate by the ·known process of ion
exchange of cationic resins (8) and we thought 
up very efficient processes that could be used if 
necessary in the processing factories. 

One of these processes tested in our laboratories 
at Fontenay-aux-Roses consists in effecting the 
so?-� N�"L exchange in an extraction cycle using
dituted D2EliPA (9) and very pure reagents (see 
Figure 3), 

Another even more simple process of effecting 
the anionic exchange by electrodialysis was thought 
out by the Applied Chemistry Department at Cadarache (10), 

II,3 Mode of action 

The reactions between hydro:x:ylamine nitrate and 
plutonium nitrate involve complex kinetic laws, 
discovered by G S  Barney (11), that we were able to 
confirm in part, 

2. 
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Two chemical reactions are likely to occur in 
the presence of an oxidising agent: 

(1) 2 NH20H

(2) 2 NH
2
0H

----> 

---> 

N
2
0 + H

2
0 + 4 H+ 

+ 4e 

N
2 

+ 2¾0 + 2H+ 
+ 2e 

With plutonium IV in nitric acid, stoichiometric 
studies of the reaction show that each mole of 
hydroxylamine reduces 1.3 to 1.6 moles of Pu(IV).

The mechanism is therefore complicated and can 
result from the two following reactions: 

2(NH
3

0H)+ 
+ 4 Pu4+ -> 4 Pu3+ 

+ N
2

0 + ¾0 + 6 H+ 

2(NH
3
0H)+ + 2 Pu4+ -> 2 Pu3+ 

+ N
2 

+ 2¾0 + 4 H+ 

Traces of N0
2 

in the gases formed also show the 
possibility of a reaction with the nitric acid. 

GS Barney's kinetic studies of reduction indicate 
an empirical velocity law, 

Ri 
(Pu

IV
)i (NH

3
0H+)i (K1 + � (NH

3
oH+)i)

(H+)i (1 + K
3 

(N0
3
-)i) 

where Ri represents the initial velocity. 

As reaction proceeds, the net velocity is limited 
by the reverse re

-
oxidation reaction, due to an

unidentified substance (N¾0 or HN0 ) , and the 
reaction velocity may then bi writtefi: 

where Ks= (NH
3

oH+) (K1 + �(NH
3
0H+)) / (H+)

2 
(1 + K

3 
(No

3
-))

and K9 = K10 (H+)
2 

(N0
3
-) / (NH

3
0H+).

3. 
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These equations show particularly that the 
reaction velocity is diminished by an increase of (H+)
or of (NO -), and by the presence of Pu(III). It 
was shown3that the effect of an increase in temperature 
on the constants K

1
, JS,� and K6 acted to increase R.

In the heterogeneous back-extraction system it is 
known that the reactions of Pu(IV) in the solvent are 
fast and that it is the subsequent aqueous-phase reactions 
which will determine the overall rate. Therefore, on 
the face of it, it seems that the reductive back
extraction of the plutonium could ·be encouraged by:

(a) 

(b) 

(c) 

(d) 

(e) 

reducing the acidity; 

promoting the transfer of the Pu(IV) to the
aqueous phase; 

di.mi · hi th Pu
f 
II

)) t· ru.s ng e Pu IV ra 10;

increasing the temperature; 

preventing the unwanted re-oxidation of the 
Pu(III) in both phases by means of a fast-acting
nitrite suppressor. 

In· this counter-current process the Pu(III) is
carried by the aqueous phase to the concentrated 
stages whilst the Pu(IV) moves to the diluted stages.
This is why the desired reductive ·back-extraction can 
be achieved provided that the reduction rate, reduction 
time and number of stages are sufficient. 

III. DEFINITION AND TE3TING OF A PLUTONIUM PORIFICATION CYCLE FOR
THE FACTORY AT LA HAGUE 

On the basis of these data and the constraints on the 
operation of the installations at La Hague, the basic flow 
sheet shown in Figure 4 (rather different from that suggested 
by Bruns (6)) was conceived and tested.

This flow sheet, which can be used directly in the
existing installations of the plutonium purification plant, 
fulfills the wishes:-

(a) to obtain a concentration factor of around 5 to 6 in
relation to the re-acidified feed; 

(b) to extract the plutonium in a diluted medium so as to
avoid any possibility of super-critical accumulations 
in the extractors; 

(c) to back-extract at an acidity favourable to the action
of the reducing agent, but sufficient to prevent the
risk of plutonium hydrolysis (12). 

4. 
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As a result of experiments on the extraction-stripping 
cycle carried out at La Hague and at Fontenay-aux-Roses in 
laboratory mixer-settlers it emerged, inter alia, that: 

- there was no need to inject the hydroxylamine nitrate at
several points of the back-extraction ·bank (point b of
Fig 4);

- recycling of part of the product (reflux flow diagram)
was not required (point a of Fig 4);

- parameters such as the relative quantity of reducing
agent, the presence of hydrazine, the acidity and the
temperature had a considerable effect on the perfonna.nce
of the process and had to be strictly controlled to
ensure stability of the concentration profiles in the
extraction stages.

III.1 Effect of contact time between phases

The reduction time is probably fairly long 
but did not appear to be a liljlit in mixer-settlers. 
Tests made with contact times�xJ between phases of 
one minute and 15 minutes in each stage gave 
absolutely comparable and acceptable results. 

III. 2 Effect of the acidity and the amount of h.ydrox;ylamine

Experiment confirms that diminution of acidity 
favours the transfer of plutonium into the aqueous phase 
and its reduction by hydroxylamine nitrate, which is 
practically inextractable into the solvent. It is not 
enough, however, to lower the acidity to obtain a good 
reduction yield, and we have shown that too much 
reducing agent caused large accumulations of 
plutonium on back-extraction and loss to the stripped 
solvent. The hydroxylamine has a net salting-out 
effect, opposing the transfer of plutonium to the 
aqueous phase. Its decomposition as a result of both 
useful and undesirable reactions must also ·bring 
about a deleterious increase in the concentration of 
nitric acid in the medium. 

5. 

x The effect of the hydroxylamine reaction time is currently under
study at Fontenay-aux-Roses with a view to using this reductant in 
short-residence contactors such as pulsed columns or centrifugal 
extractors. 
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The nitric acid can come from: 

(a) reduction of the plutonium ·by the reaction

2 NH
J
OHNOJ + 4 Pu(No

3
)4 

� N2O + �O + 6 HNOJ

+ 4 Pu(No
3
)

3
which produces 3 moles of HNO

3 
per mole of 

hydroxylamine used; 

(b) destruction of the nitrous acid contained in
the solvent by the reaction

(c) probably further reactions following the
undesired re-oxidation of the plutonium in
the organic phase,

The reduced plutonium can actually be re-oxidised
by air (13) or more probably be extracted into the 
solvent (14) and react with HNO2 in the absence of
a nitrite suppressor as follows: 

Pu(No
3

)
3 

+ HNO
J 

+ HNO2 � Pu(NO
3
)4 +NO+ H2O

2 NO+ HNO
J 
+ H2O or- 3 HNO2

A self-accelerated cycle is then obtained 
(autocatalytic oxidation reactions of Pu and a 
medium that is increasingly acidic), 

Pu III 

T 
Organic phase 

Aqueous phase 
Pu IV ____ >Pu III

�OH 

with extensive destruction of the reducing agent 
accompanied by an increase in acidity and in the 
inefficiency of the process. 
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In filJY case, experiment shows that there is a 
limiting value of the quantity 

f llNOl� NHlOH]

which depends on the apparatus (whether there is 
recycling of the phases or contact of the surface 
with air), and beyond which the process is 
inefficient, The optimum value of fHNo

3
, NH

3
oHl 

LPu producedJ 
achieved with laboratory mixer-settlers is around 
2,5 to J. 

III.J Effect of h.ydrazine and temperature

The tests showed also that hydrazine had a very 
favourable effect on back-extraction efficiency when 
the plutonium feed to be processed contained HN02•

Hydrazine seems to ·be a faster-acting nitrite 
suppressor than hydroxylamine and diminishes the 
above-mentioned re-oxidation reactions of plutonium 
in the aqueous phase, and also in the organic phase 
since the N,H produced in the following reactions is
extractable1 

N2H
4 

+ HN02 --> N
J
H + 2 H20

2 NJH + 2 N02 --> N2 + 3 N20 + H20

Finally, our experiments confirmed that high 
temperature had a very favourable effect on the 
reduction kinetics and ipso facto on the reductive 
back-extraction. 

III,4 Conclusion 

Our experiments, and interpretations of the 
phenomena described, finally enabled us to suggest 
the plutonium concentration and purification flow 
sheets shown in Figures 5 and 6, 
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IV. INDUSTRIAL-SCALE TESTS 

This latter flow sheet (Fig 6) was tested and adjusted 
on an industrial scale in the La Ha.gue factory. After 
several months of tests the laboratory results were confirmed 
and the following results o·btained: 

- the process is stable

- the concentration-factor achieved for the plutonium
varied from 6 to 10 and can be increased still
more.

A remarkably pure end product (Puo2) is obtained
containing 87.6% of plutonium and under ;,00 ppm of metallic 
impurities. 

V. CONCLUSIONS

The tests descri·bed show that a simple extraction
stripping process using hydroxylamine nitrate and tri"butyl 
phosphate can enable plutonium to ·be concentrated and 
purified satisfactorily in the third cycle normally used 
in processing factories for i=adiated fuel. It emerges that 
this reducing agent must not be employed in too large an 
amount in relation to the plutonium, and that the acidity 
on ·back-extraction must not be too high. An increase in 
temperature and the presence of hydrazine are favourable to 
the process. 

The use of hydroxylamine nitrate for the reductive 
back-extraction of plutonium is comparable in terms of 
performance and economy with that of uranous nitrate or 
electrolysis. 4s such it is one of the range of techniques 
which make it possi.ble to envisage a process for irradiated 
fuel using only one solvent (TBP) and clean reagents 
compatible with the nitric acid medium. 
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REFLUX AMINE FLOh'SHEET FOR PLUTONIUM 

RECOVEitY FROM METALLURGICAL SCRAP 

W. W. Schulz 
D. G. Bouse
M. J. Kupfer

Atlantic Richfield Hanford Company 
Richland, Washington, U.S.A. 

ABSTRACT 

With the secondary amine, Arnberlite LA-2®, as extractant, a 

new reflux-type solvent extraction process is being developed for 

possible application in Hanford's Plutonium Reclamation Facility. 

A conceptual amine process flowsheet, considerably simpler than 

the presently used tributyl phosphate flowsheet, has been success

fully demonstrated in mixer-settler tests. Amberlite LA-2, either 

in CC14 or trichlorobenzene solutions, is satisfactorily resistant 

to degradation by HNO3 and/or HNO2 solutions. Unidentified 

ligands,which co�plex Pu(IV) and prevent its stripping with dilute 

HNO3, form upon alpha radiolysis of the amine extractant. At ex

pected maximum irradiation doses (20-40 watt hr/liter), however, 

the concentration of these radiolytic products is small and their 

adverse effect can be largely overcome by periodic washing of the 

recycled solvent with HNO3-HF solutions. 
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INTRODUCTION 

Hanford's Plutonium Reclamation Facility (PRF) is operated by 

the Atlantic Richfield Hanford Company to recover and purify plu

tonium from a wide variety of metallurgical scrap including metal, 

oxide, and alloys. Chemical flowsheets used in the PRF for sol

vent extraction re,;overy of plutonium from HNO3 and HNO3-HF so]u

tions of such scrap have been described elsewhere.1, 2 

Progress towardsdevelopment of new PRF reflux-type flowsheets, 

which employ Arnberlite LA-2 diluted with CC14 [or trichlorobenzene 

(TCB)] in place of the presently used 20% TBP (tributyl phosphate)

CC14 extractant,is described in this paper. Arnberlite LA-2 

(hereafter simply LA-2) is an aliphatic secondary amine commer

cially available from the Rohm and Haas Company. The primary 

advantage anticipated from substitution of LA-2 for TBP is overall 

process simplification by elimination of the mechanical and chemi

cal problems engendered by the dibutylphosphoric acid [HDBP] pro

duced by alpha radiolysis of TBP. Other potential benefits which 

may accrue from such substitution include elimination of the need 

to produce and use hydroxylamine nitrate solutions in stripping 

plutonium and improved separation of plutonium from various con� 

taminants. 

Earlier considerations of the application of secono.cu:y arni.nes 

to plutonium recovery and/or purification have been listed by 

Winchester 3 and by Ferguson et aZ.4, 5 Coleman6 and Schrnidt 7 have

described the general nature of amine extraction systems and 

reaction mechanisms. 

CHEMICAL FLOWSHEETS 

A simplified version of the �eflux-type TBP flowsheet cur

rently used in the PRF is shown in Figure 1. This flowsheet is 

used to process scrap containing only plutonium; a modified 
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flowsheet is used with scrap containing both plutonium and ura-

nium. Packed and air-pulsed sieve-plate columns and other 

equipment used in the PRF have been described previously.1, 2 

In the CA Column a 20% TBP-CC14 solvent is used to extract 

Pu(IV) from the feed stock resulting from chemical and/or electro

lytic dissolution 0f the scrap. Dilu�e HNO3 containing a small 

concentration of hydroxylamine nitrate is used to strip plutonium 

in the CC Column; 70 to 90% of the plutonium in the CCP stream is 

returned to the CA Column. Subsequently, residual plutonium (held 

tightly in the solvent as a Pu-HDBP complex) is removed in the CO 

Column by scrubbing with a small volume of HNO3-HF solution; the

spent scrub stream is routed to the CAF make-up· tank. Following 

water scrubbing of the HNO 3 in the CU Column, the TBP extractant 

is washed each cycle in the CX Column with K2co3 solution to re

move HDBP and then acidified in the OA Column prior to recycle to 

the CA Column. 

Routine solvent washing to remove HDBP is essential with the 

TBP flowsheet to prevent buildup of plutonium in the CCW stream 

to a concentration (>"O. 3 g/liter) where i.t would precipitate. as PuF4

in the CO Column. Such precipitation tremendously complicates 

PRF operation. Aqueous waste streams generated in the solvent 

washing CU-CX-OA system, after evaporation, are routed to under

ground storage; the volume of these wastes amounts to about one

fourth the total volume of waste generated in PRF operation. The 

K2CO3 wash is recycled until it becomes ineffective in removing 

HDB� at which time it is discarded. 

Sa seen from. results discussed later, alpha radiolysis prod

ucts of LA-2 complex plutonium much less strongly than does HDBP 

generated by radiolysis of TBP. EY.tensive solvent washing steps 

to remove degradation products of LA-2 are not required for 
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satisfactory process operation. Thus, the conceptual LA-2 pluto

nium recovery process presently envi11a1ged (Figure 2) is consider

ably simpler than the current TBP process and involves only 

operation of the CA, CC, and CO Columns. The plutonium concentra

tion of the recycled LA-2 solvent is controlled at 0.01 g/liter or 

less by scrubbing Nith lM HN03-0.05M HF in the CO Column. The CO

Column really functions then as the solvent washing column in the 

amine process. 

The PRF-TBP extraction system is operated with a nominal 400-

liter extractant inventory. Current physical losses are such that 

the solvent inventory is replaced 5 to 10 times a year. Similar 

solvent inventory and loss values are expected for an LA-2 system. 

The alpha radiation dose received by the TBP solvent depends, 

of course, on the isotopic content of the plutonium processed. 

For typical feed material, however, with the flowsheet conditions 

of Figure 1 the TBP solvent receives radiation at the rate of 

about 0.5 watt hr/liter per 24-hr period. [The bulk of this ex

posure occurs in a pump tank where the pregnant TBP extractant is 

irradiated in the absence of an aqueous phase.] Thus, over its 

typical 5- to 10-week life each liter of the TBP solvent is irra

diated to a total exposure of 20 to 40 watt hr. The dose rate 

and exposure expected for the LA-2 solvent in the conceptual flow

sheet are calculated 8 to be nearly the same as for the TBP sol

vent. 

Addition of urea to the CAS stream to destroy radiolytically 

generated nitrite is an optional feature of the LA-2 process flow

sheet. Such addition appears unnecessary, however, in view of the 

stability of LA-2 extractants to attack by HN02 (p. 25'). Also, 

trichlorobenzene may be substituted for CCl4 �s the diluent in the 

LA-2 process. Such substitution is beneficial in the TBP process 
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to protect, at least partially, the TBP from alpha radiolysis to 

HDBP. 

The aqueous:organic phase ratio i� the extraction column of 

the conceptual LA-2 process is lower than that employed in the 

current TBP process. This is recognized as a disadvantage for 

PRF application; flowsheet modifications needed to increase this 

phase ratio are under study. 

Finally, the conceptual LA-2 process flowsheet shown in 

Figure 2 is intended for processing scrap containing only pluto

nium. Its application to recovery and decontamination of pluto

nium from scrap also containing uranium or thorium remains to be 

established. 

EXPERIMENTAL 

MATERIALS 

Selected properties of LA-2 are listed in Table 1. Extrac

tants were prepared by diluting as-received LA-2 and TBP (Eastman 

Kodak Company) with either reagent-grade CC14 or practical-grade 

1,2,4-trichlorobenzene (J. T. Baker Company). Tributyl phosphate 

extractants were washed with successive equal volume portions of 

0.3M Na2CO3, lM HNO3, and water prior to use. 

Locally available purified plutonium stock solutions of known 

isotopic content were used in extraction and alpha radiolysis 

studies. Radioisotopes used to follow extraction of various con

taminants were obtained from several commercial sources. 

DISTRIBUTION COEFFICIENT MEASUREMENTS 

Aqueous and organic phases were equilibrated by mechanical 

stirring or shaking for at least 5 minutes ot �2s 0
c. Phases were 

separated by centrifugation. 

Arnberlite LA-2 (or TBP)-diluent solutions wGre contacted with 

equal volume portions of 0.25 to 4.0M HNO3-0.0 or lM
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TABLE l 

SELEC�ED PROPERTIES OF AMBERLITE LA-2a 

Appearance 

Odor 

Formulab 

Property 

Molecular Weight 

Neutral Equivalent 

Acid Binding Capacity, meq/ml 

Density, g/ml 

Viscosity, cP 

Flash Point (Cleveland Open 
Cup) 

Cost, $/pound 0 

bTaken mainly from Reference 10. 
Typical major component. 

0As of November 1, 1973. 

Value 

Clear, amber liquid 

Faint, pleasant amine 

}1 /Rl 
CH3(CH2)11-N-C-R2 

\R3 

R1 + R2 + R3 = 12 to 15 C atoms 
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360-380

2.2-2.3

0.83 

18 

355 ° F 

1.50 



Al(NO3)3-0,042M Pu(NO3)4 solutions. Prior to contact with the 

aqueous plutonium solution, organic phases were contacted twice 

with fresh equal volume portions of appropriate HNO3-Al(NO3) 3 

solutions. Similar procedures were used to measure distribution 

of HNO3 between LA-2-diluent solutions and aqueous media and dis

tribution of various metal ions (e.g., Fe+3,.ca+2, Mg+2, etc.) be

tween 30% LA-2-CC14 and HNO3-Al(NO3) 3-0.0SM metal nitrate solu

tions containing, usually, appropriate radioactive tracers. 

MIXER-SETTLER RUNS 

Tests of the amine extraction process were made in 12- and 

17-stage all-stainless-steel mixer-settlers. These units were

Hanford-designed versions of a type developed earlier by Coplan 

et aZ.11 In testing chemical flowsheets, mixer-settlers were

operated with the particular aqueous and organic solutions re

quired until steady-state conditions were reached. Samples of the 

effluent streams were taken hourly and analyzed to determine when 

steady-state was attained. Plutonium losses were computed from 

analyses of steady-state effluent streams. Organic product solu

tions collected under steady-state conditions in extraction and 

strip column runs, respectively, were used as feed solutions in 

succeeding strip and solvent wash (CO) column runs. Mixer-settler 

runs generally lasted 6 to 8 hr, and organic solution containing 

plutonium stood 16 to 24 hr at 25 ° C before use in a strip or sol

vent wash column run. Synthetic CAF or CAIS solutions were used 

in all extraction column runs; no attempt has yet �-cen made to 

couple extraction and strip column runs to demonst1:ate the reflux 

feature of the amine flowsheet. 

SOLVENT RADIOLYSIS AND REACTIONS 

Radiolysis. Alpha radiolysis of LA.-2 diluent solutions was 

perf@rmed both in the presence and absence of an aqueous phase. 
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In the latter instance 30% LA-2-CC14 (or TCB) solvents containing 

0.041 to 0.079M Pu(NO 3)4 (of known isotopic composition) and 0.4 

to 0,5M HNO3 were obtained from mixer-settler extraction column 

runs or were prepared by batch contact with appropriate aqueous 

phases. These organic solutions, in suitably sealed bottles, were 

allowed to stand at =25° C for 7 to 147 days corresponding to ab

sorbed energies in the range 7.2 to 100 watt hr/liter. Radiation 

doses received by these solvents were calculated on the assumption 

that all of the plutonium decay energy was absorbed within the 

organic phase. In one test a 30% LA-2-CC14 solvent was contacted

(stirred emulsion) 104 days at =25° C with an aqueous phase of the 

initial composition 3M HNO 3-0.6M Al(NO3)3-0.054M Pu(NO3)4• 

Periodically, portions of the irradiated LA-2 extractants were 

removed and contacted three times, at an aqueous-to-organic phase 

ratio of 1.66, with 0.25M HNO3• The concentration of plutonium

remaining in the stripped organic phase was determined. Subse

quently, the stripped organic phase was washed either with con

secutive equal volume amounts of lM NaOH, lM HNO3 and water, or

three times with one-fifth volume portions of lM HNO3-0.0SM HF. 

Plutonium extraction capacity of the irradiated and stripped LA-2 

solvents, both before and after washing, was determined by con

tacting them twice with SM HNO 3 and then once with c:. 5."1 HNO 3 ·-

0.042M Pu(NO3)4 solution. The concentration of LA-2 in some of 

the irradiated extractants was estimated by � gas chromatographic 

procedure. 

Reaction With Nitrite. Amberlite LA-2-CC1 4 solutions were 

contacted (stirred emulsion) four weeks at either 25 or 40 °C 

with equal volumes of aqueous HN03 and HNO3-HNO2 solutions. Spent

aqueous phases were replaced weekly. Periodically, samples of the 

organic phases were removed and stripped twice at 25 ° C with equal 
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volumes of 0.25M HNO3• Subsequently, the capacity of the re

sulting organic phase to extract plutonium from a SM HNO3-0.042M

Pu(NO3)4 solution was determined. Portions of the stripped 

organic phases were also washed with successive equal volume por

tions of lf.f NaOH, lM HNO3, and water and then titrated with HCl to 

estimate total amine concentration. 

Amine-Diluent Interaction. Solutions of LA-2 in both CC14 and 

TCB were allowed to stand up to six months in laboratory fluores

cent light and for 1 to 63 days out-of-doors in alternate periods 

of bright summer sunlight and darkness. The latter s0lutions 

were contained in sealed bottles while the former were exposed to 

air through water-cooled condensers. Progress of air oxidation 

and/or amine-diluent interaction was followed by periodic infra

red and titration analyses. 

ANALYSES 

Conventional alpha counting and energy analysis methods were 

used to measure plutonium concentrations in aqueous and organic 

phases. Concentrationsof 59Fe and other gamna emitters in samples

obtained in certain distribution coefficient measurements were 

determined by gamma energy analysis techniques [Ge(Li) detector]. 

Atomic absorption procedures were used to analyze for Ca, Mg, and 

,�i in these l«tter samples. tJitric acid in both organic anc! aq-..ie

ous phases was titrated, in some cases after addition of K2C2O4 to 

complex aluminium, potentiometrically with st;;;.;:iJardized NaOH. 

A Bendix 2200 gas chromatograph equipped for temperature pro

gramming was used to estimate the LA-2 content of various extrac

tants. Amine samples were chromatographed at 220 to 350 °C 

(15 ° C/min) on 8% Dexil 300 on 100 to 110 mesh Chromasorb 6 using 

He carrier gas and a flame ionization detector whose output was 

fed to a multichannel analyzer. Areas, at half-peak height, under 
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corresponding principal peaks of test and standard samples were 

compared to estimate LA-2 concentrations. 

In some instances samples of the LA-2 extractants were dis

solved in an isopropanol-CHC13-water mixture and titrated with HCl 

in isopropanol to estimate total amine concentrations. 

A Beckman IR-10 instrument was used t0 record the infrared 

spectra of various LA-2 extractants. 

RESULTS AND DISCUSSION 

DISTRIBUTION COEFFICIENTS 

Plutonium. Data for the distribution of Pu (IV) with 20% 

TBP and 30 and 40% LA-2 as solvents are plotted in Figures 3 and 4. 

Additional plutonium distribution data for the 20% TBP-TCB solvent 

have been obtained by Hamilton.12 Both sets of data show that 

TBP-TCB solvents extract Pu(IV) less efficiently than do TBP-CC1
4 

solutions; our results (Figure 4) show, however, that TCB has only 

a slight depressive effect on extraction of Pu(IV) by LA-2. With 

either TCB or CC14 diluent,a 40% LA-2 solvent is equivalent (or 

nearly so) to a 20% TBP solution in its ability to extract Pu(IV) 

from HN0 3 media. Addition of Al(N0 3 ) 3 to the aqueous HN0 3 phase 

significantly enhances extraction of Pu(IV) into LA-2 solvents; on 

this basis and also to facilitate stripping of plutonium with 

dilute acid,a 30% LA-2 solvent was selected for use in the con

ceptual plutonium recovery process. 

Coleman6 
notes that distribution data in most amine extraction 

systems can usually be fitted by an empirical equation of the form 

D = E1 [CR - mC0 ) n where�= distribution coefficient,�= a con

stant dependent on salting strength, CR = the concentration (M) of 

the amine in the solvent, C
0 

= the concentration of plutonium (M) 

in the organic phase, and� and� are constants. Our plutonium 

data, as well as those of German
1 3 investigators with LA-2-CC14
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solvents, are correlated fairly well by the equation 

Dpu = a[M NO3-laq(CR - 2C
0) 2 where [M NO3-laq is the molar concen

tration of nitrate in the aqueous phase and a 1.0 for 20 to 30% 

LA-2 and a 1.6 for 40 to 50% LA-2. A similar correlation of 

distribution data for LA-2-TCB solvents has not yet been attempted. 

Nitric Acid. Plotted in Figure 5 are data for the distribu

tion of HN03 between 30% LA-2 solvents and aqueous HNO3 solutions. 

As observed with plutonium, HNO3 does not extract 

quite as well into LA-2-TCB solvents as it does into LA-2-CC14 

extractants. 

Extraction of Contaminants. Feedstock to the CA Column con

tains, in addition to plutonium, small concentrations of various 

metallic contaminants. Purification from these impurities to the 

extent of producing plutonium containing less than 2000 parts of 

metallic impurities per million parts of plutonium is required. 

Results in Table 2 together with similar data of Japanese scien

tists 14 indicate that the LA-2 extraction process can readily 

provide the required decontamination. 

Our uranium distribution data (Table 2) are in agreement 

with the results of Koch, Schon, and Franz 13 for extraction of 

uranium into z20% LA-2-CC14 solutions. These workers also find, 

as expected, that uranium extraction decreases when the LA-2 ex

tractant is loaded with plutonium. Countercurrent extraction and 

separation behavior of uranium (and also of thorium) under the 

reflux conditions of the conceptual LA-2 extraction process has 

not yet been established. 

FLOWSHEET TESTS 

Representative results of the extensive mixer-settler runs 

made to demonstrate and test performance of the conceptual LA-2 

flowsheet (and modifications thereof) under countercurrent 
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Tl\BLE 2 

EXTRACTICN OF CONTA!-aNANTS BY 30% LA-2-CCl 4 SOLVENT 

Distribution Ratio Range 
Contaminant From 0.25 to 4M HNO3a �rom lM Al(NO3) 3-1 to 4M HNo3a

Al+3 <7.2 X 10-7 
Fe+3 <l. 2 to <1.0 X 10-5 
Am+ 3 <l. 7 to <8.8 X 10-S 
Na+ <4.0 to <4.3 X 10-s <4.2 to <4.4 X 10-s 
Eu+3 <1.5 X 10-4 <0.9 to <3.1 X 10-4 
Ni+2 <3.4 to <3.5 X 10-4 <3.4 to <3.5 X 10-4
Mo+2 <1.5 to <8.9 X 10-4 <0.8 to <1.5 X 10-4 
c; +3 <0.2 to <1.8 X 10-3 <1.6 to <1.7 X 10-3 

ce +3 <1.3 to <1.4 X 10-3 <1.3 to <6.9 X 10-3 
uo2 +2 0.0061 to 0.26 0.70 to 1.0 

aExcept with Am+3 , initial aqueous phase contained 0.0lM contami-
nant. 
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conditions are shown in Tables 3-5. [Stream designations listed 

in Tables 3-5 refer to those shown in Figure 2.] Overall flow

sheet performance was very satisfactory with effects produced by 

flowsheet changes conforming to those expected from distribution 

data. Thus, extraction (CA) column plutonium losses decreased 

markedly with either or both increased aqueous phase salting 

strength and extractant flow. Performance of both the strip (CC) 

and solvent wash (CO) columns in plutonium removal was adequate 

with both 30% LA-2-CC14 and 30% LA-2-TCB solvents but was slightly 

better with the latte� possibly because of decreased HNO3 content 

of the influent organic streams. 

Solids (PuF4) precipitated in two CO Column runs where the 

feed organic stream contained O. 4 to O. 7 g.,,Fu/li ter '-- but were not 

observed at lower feed plutonium concentrations. Adequate removal 

of plutonium is achieved in the CO Column of the LA-2 process 

with a COX stream containing 0.05M HF in place of the 0.25M HF 

currently used in the TBP process. 

Hydraulic performance was generally excellent throughout. In 

some strip column runs with LA-2-CC14 solvent the organic raffi

nate contained a small (1-2 vol%) amount of entrained aqueous 

phase. Such entrainment was not observed with LA-2-TCB solvent, 

and, in any case, sparklingly- clear o::-gar.ic strear.is were obt;::.::.r.�d 

in all CO Column runs even in those where the feed contained 
, 

entrained aqueous phase. 

STABILITY OF LA-2 EXTRACTANT 

Detailed knowledge of the chemical and radiation stabilities_of 

LA-2 and its solutions is obviously required before serious con

sideration can be given to using this extractant in the PRF. An 

excellent review of the stability of amine extractants in various 

nuclear applications has been prepared by Eubanks.15 In addition 

2047 

C 



Phase 
Ratiob 

Aq:Org 

2.0 
2.0 
1. 6
l. 6f
1.6 
1.6 
1.5 

TABLE 3 

LA-2 FLOWSHEET TESTS--TYPICAL MIXER-SETTLER 
EXTRACTION (CA) COLUMN RESULTs a 

CAF Streamc 

1.0 3.0 
1.5 3.0 
1.0 3.0 
1.25 2.5 
1. 25 2.5 
1.5 3.0 
1.0 3.0 

CAXd 
Stream 

Flow 

125 
125 
157 
157 
157 
157 
174g 

CAW Stream 
Pu 

g/liter 

1.7 
0.13 
0.20 
0.070 
0.075 
0.012 
0.035 

Pu Loss to 
CAW Stream e 

% 

14. 
1.0 
1.6 
0.55 
0.62 
0.10 
0.30 

aAll runs: 12 extraction stages, 2 CAIS stages, 3 CAS 
stages. 
CAIS = 3M HN03-40 g/liter Pu; Flow 75. 
CAS = 3M HN03; Flow = 15. 

bTotal aqueous flow/CAX flow. 
aCAF was also 0.4M HF and 1 g/liter Pu; Flow = 150. 
dExcept where indicated CAX was 30% LA-2-CC14• 
eof total Pu in the CAF and CAIS streams. 
fcAS also contained 0.05M urea. 
eCAX was 30% LA-2-TCB. 
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TABLE 4 

LA-2 FLOWSHEET TESTS--TYPICAL MEER-SETTLER 
STRIP (CC) COLUMN RESULTsa 

CCF Streamb 
HN03 Pu 

M g/liter Diluent Flow 

0.40 
0.50 
0.45 
0.49 
0.26 
0.25 

16.0 
16.7 
17.0 
17.3 
14.0 
17.2 

CCl4 
CC14 
CCl4 
CCl4 
TCB 
TCB 

174 
157 
174 
174 
174 
174 

CCX CCW Stream 
Streama Pu HNO3 

Flow g/liter M 

87 
78.5 
87 

104 
87 
87 

0.092 
0.10 
0.18 
0.23 
0.08 
0.15 

0.21 
0.25 
0.22 
0.32 
0.09 
0.13 

a17 mixer-settler stages in all runs. 
b30% LA-2 solvent from preceding CA Column run. 
accx = 0.3M HN03 in all runs. 
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% 

0.57 
0.60 
1.05 
1.32 
0.22 
0.88 



TABLE 5 

LA-2 FLOWSHEET TESTS--TYPICAL MIXER-SETTLER 
SOLVENT WASH (CO) COLUMN RESULTsa 

COF Streamb cox Stream0 cow Stream 
HNO3 Pu HF Pu HNO3 

M 9:/liter Diluent M 9:/liter M 

0.28 0.70 CCl4 0.25 0.050 0.32 
0.27 0.43 CCl4 0.25 0.023 0.24 
0.27 0.27 CCl4 0.05 0.021 0.29 
0.11 0.13 TCB 0.05 0.005 0.14 
0.12 0.35 TCB 0.05 0.009 0.11 

as mixer-settler stages in all runs. 
b30% LA-2 solvent from preceding CC Column run; flow 
125. 

crn all runs COX was also l.0M HNO3 with flow = 25. 
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to discussing radiolysis effects and mechanisms, Eubanks also 

reviews reactions of amines with air, wc1.ter, HN03, HN02· and 

diluents. 

Alpha Radiolysis. Gamma radiolysis (60co) of LA-2 and its 

solutions to doses as high as 5 x 10 7 R produces only minor radia

tion damage according to Ichikawa and Uruno 1 6, Tsujino and 

Ishihara 17, and Ishihara, Tsujino, and Komaki. 1 8 Alpha radiolysis

of LA-2 solutions has apparently not been studied previously. 

Our results (Figure 6 and Table 6) indicate that the principal effect 

of such radiolysis is generation of an unidentified ligand(s) 

which complexes Pu(IV) and prevents its stripping with dilute 

HN03• Irradiation of LA-2 solutions to doses as high as 100 watt 

hr/liter, however, does not appear to destroy large amounts of 

amine or impair plutonium extraction capacity. 

For LA-2 solvents irradiated either in the presence or absence 

of an aqueous phase the amount of "unstrippable" plutonium in

creases linearly, as expected, with absorbed dose (Figure 6). 

A major difference between the two cases is that when irradiated 

in the presence of an aqueous phase, the LA-2 solvent apparently 

retains far less of the radiolysis product ,that·· complexes pluto-

nium and p�events it from strip:g;i.ng. In plant-scale operation, how-

ever, as pointed out previously, almost all the irradiation dose 

accrues when the solvent is not in contact with an aqueous phase. 

The data in Figure 6 also show that the rate of degradation of 

LA-2 is the same in both CC14 and TCB solutions. 

After stripping with dilute HN03, LA-2 solvents irradiated in 

the absence of an aqueous phase retain significantly less pluto

nium than do similarly- irradiated and stripped TBP solvents. Ac

cording to Barney, irradiat2d 20t TBP-CC14 solvent,after exhaus

tive (five equal-volume con ,1cts) stripping w:i.th 0.2M HN03,retains 
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TABLE 6 

ALPHA RADIOLYSIS OF LA-2 

Solvent Days Exposure Amine 
No. Stood watt hr/liter Vol%a 

0 0 30.0 
lg 7 7.16 
2� 15 12.5 
3 'I, 21 14.3 
2 31 25.8 
3 40 27.2 
2 56 46.6 
1 49 50.1 32.6 
3 77 52.4 
3 112 75.0 28.8 
2 111 92.4 
3 147 100. 27.4
4k 7 4.62 28.0 
4 21 13.9 30.0 
4 52 34.3 

aAll solvents were initially 30% LA-2. 
bFrom SM HNO3-10 g/liter Pu. 

SOLVENTS 

Dpub 
Unwashed0 Washedd 

13. o e; 10. of
18.1 19.3 

9.94 9.00 
16.6 18.0 

9.29 10.0 
9.63 14.2 

10.0 10.1 
11.9 14.9 
13.2 17.1 
11.5 12.6 

8.84 9.ooj
12.6 13.5 

13.9 14.4 
16.4 14.2 
21.1 16.5 

2fter stripping with 0.25M HNO3• 
Except where indicated, washed with successive equal-volume 
portions of lM NaOH, lM HNO3, and water. 

ewith 30% LA-2-CCl . 
fwith 30% LA-2-TCB� 
gCC14 diluent; 18.9 g/liter Pu-0.05M HNO3; no aqueous phase. 
�·rcB diluent; 12.1 g/liter Pu-0.40M HNO3; no aqueous phase. 
�CC14 diluent; 9.8 g/liter Pu-0.40M HNO3; no aqueous phase. 
J_washed three times with one-fifth volume of lM HNO3-0.05M HF. 
fCCl 4 diluent; contacted continuously with aqueous HNO3-Al(NO3)3-

Pu(NO3)4 solution. 
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56 mg Pu per liter for each watt hr of absorbed alpha decay 

energy. Conversely, even after only three strips with 1,66 volume 

portions of 0.25M HNO3, an irradiated 30% LA-2-CC14 or TCB-solvent

retains only about 0.34 mg Pu per liter for each watt hr of ab

sorbed energy. 

Plutonium retained by irradiated and st.l'."ipped LA-2 solvents is 

effectively removed by washing them with HNO3 solutions containing 

small concentrations of HF. For example, three washes with one

fifth volume portions of lM HNO3-0.0SM HF solution remove 90 to 

99% of the plutonium retained by LA-2 solvents irradiated to ex

posures as high as 160 watt hr/liter (Table 7). Successive NaOH 

and HNO3 washes also remove plutonium retained by irradiated LA-2 

solvents but less effectively than sequential HNO3-HF washes. 

[The large volume of aqueous waste which would be generated is 

another, serious disadvantage to periodic caustic washing of the 

LA�2 solvent.] Gas chromatographic, infrared, and distribution 

coefficient data all indicate that neither HNO3-HF nor NaOH-HNO3

washes remove the amine and/or diluent degradation products which 

complex and retain plutonium in irradiated LA-2 solvents. 

Reaction With Nitrous Acid. That secondary amines react with 

HNO2 to form nitrosoamines is well known.15 According to distri

bution coefficient and amine concentration data tabulated in 

Table 8, LA_-2 is quite stable to degradation either by HNO3 or 

HNO2• Infrared analyses of the exposed 30% LA-2-CC14 solvents 

also failed to show the presence of any nitroso compounds. 

Resistance of the LA-2 extractant to decomposition by HNO2 is 

particularly significant since feeds to the PRF always contain 

small concentrations of radiolytically generated HNO2• In the 

conceptual chemical flowsheet (Fig. 2) a small concentration of 

urea is added to the CAS stream to react with and destroy nitrite. 
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TABLE 7 

WASHING OF PLUTONIUM FROM IRRADIATED LA-2 EXTRACTANTS 

Irradiated Extractant Pu, 9/liter 
Dose Wash Before After 

Numbera Diluent watt hr/liter �b Wash0 Wash 

1 CCl4 50.1 1 0.024 0.0053 
100. 1 0.0229 0.011 
160. 2 0.094 0.00089 

2 TCB 25.8 1 0.0090 0.0023 
46.6 1 0.0016 0.0098 
46.6 2 0.016 0.000098 
92.4 2 0.036 0.0019 

3 CCl4 75. 1 0.012 0.0086 
119. 2 0.041 0.0082 

4 CCl4 34.3 1 0.0024 0.0011 
73.3 2 0.0080 0.0009 

a irradiated 30% LA-2 solutions identified as solvents 1-4, 
Table 6. 

bType 1 - Equal-volume washes with successive portions of lM

NaOH, lM HN03, and water. 
Type 2 - Three washes with successive one-fifth volume por
tions of lM HN03-0.05M HF. 

0 In all cases irradiated solvent was stripped three times 
with 1.66 volume portions of 0.25M HN03 prior to washing. 

27 

TABLE 8 

EFFECTS OF EXPOSURE OF 30% LA-2-CC14 SOLVENT 
TO HN03-HN02 SOLUTIONS 

Contact 
Time 

Weeks 

0 

1 

2 

4 

Exposure at 25 °ca 
With NaNOz Without NaNOz 

Amine Amine 
Dpuc Vol%d Dpuc Vol%d 

11.8 
12.2 
12.4 

31.8 
28.1 
32.4 

12.2e 
11.5 
11. 8
13. 8

30.0 
31.3 
21.1 

f 

Exposure at 40 °cb 
With NaNOz Without NaNOz 

Amine Amine 
DpuC Vol%d DpuC Vol%d 

12.3 
13.7 
13. 8

30.2 
29.0 

f 

16.2 
13.2 
14. 8

30.7 
29.6 

f 

aAqueous phase: 2.0M HN03-l.5M Al(N03)3-0.1M NaN03-0.4M HF-0.0 
or 0.025M NaN02. 

bAqueous phase: 3.0M HN03-0.0 or 0.025M NaN02. 
�From 5.0M HN03-0.042M Pu(N03)4. 

By titration with HCl. 
8Unexposed 30% LA-2-CC14•
fNot determined. 

2054 



This flowsheet feature will further guard against loss of LA-2 by 

reaction with HNO2• A similar approach has been used to prevent 

slow conversion of trilaurylamine to dilaurylamine in certain 

nuclear fuel reprocessing operations.19 

Amine-Diluent Interactions. That amines readily react with 

halocarbons in the presence of light was first reported by 

Collins. 2 0 One of the reaction products is always an amine hydro

halide21-24, and the amine itself may or may not be altered.

Stevenson and Coppinger22 found that with halomethanes amines form 

1:1 charge transfer complexes. 

When exposed to bright sunlight even for as little as one day 

a·� LA-2-CC14 solution changes in color from the initial pale

yellow to a deep-orange and finally to a reddish-black. Although 

free of solids such as those observed by Collins and others 

the black solutions contain no detectable free amine when titrated 

with alcoholic HCl: gas chromatographic analyses show, however, 

that the total amine concentration of such solutions is comparable 

to that of a freshly prepared 30% LA-2-CC14 solvent. Plutonium 

extraction-strip behavior of 30% LA-2-CC14 extractants exposed to 

bright sunlight for as long as 37 days is also about equal to that 

of freshly prepared extractant. Compared with that of unirradi

ated extractant,new absorption bar.ds occur in the infrared spectra 

of exposed extractants at 1580 and 2170 cm-1, respectively.

Similar color and other changes occur, but at much slower 

rates, when LA-2-CC14 solvents stand in laboratory fluorescent 

light or when LA-2-TCB extractants stand in sunlight. For ex

ample, after standing in sunlight for nine weeks a 30% LA-2-TCB 

solvent was colored only slightly more orange than virgin extrac

tant; about 95% of the amine initially present was still titrata

ble with HCl. In fluorescent light both LA-2-CC14 and LA-2-TCB 
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solvents rctQin their color and base titer for at least three 

months. 

Following Stevenson and Coppinger22, interaction between CC14 

and LA-2 is believed to involve the reaction sequence: 

(1) 

and 

(2) 

where the electron in (1) comes from the amine portion of the com

plex. This sequence appears consistent with all the experimental 

observations including the infrared data; absorption bands due to 

the NH2
+ stretch vibration and the NH2 + deformation occur at 

about 1620-1560 and 2700 cm-1, respectively. The amine hydrohalide 

produced in Reaction (2) is of course not titratable with HCl. 

Also, since the LA-2 has not been destroyed, only transformed, plu

tonium extraction behavior of the exposed LA-2 solvent should be 

comparable to that of unirradiated extractant. 

Implications of LA-2-diluent interaction to performance of the 

proposed amine extraction process appear minimal, particularly 

if TCB is used as the diluent. In plant-scale application the 

LA-2 extractant will not be exposed to fluorescent light let alone 

sunlight. Finally, even if some amine-diluent interaction did 

occur the transformed LA-2 would still be available for extraction 

of plutonium. 

CONCLUSIONS 

Amberiite LA-2 can be satisfactorily substituted for the TBP 

extractant currently used in the Hanford Plutonium Reclamation 

Facility. Such substitution is advantageous to realize process 

simplification and to reduce waste volumes. Stability, both chem

ical and radiolytic, of the LA-2 extractant is expected to be ex

cellent in the PRF application. Further experimentation is 
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desirable to define optimum flowsheet conditions with the LA-2 

extractant and to establish the capability of an LA-2 extraction 

process for purifying plutonium from large amounts of uranium and 

thorium. 
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PERFORMANCE OF EXTRACTION EQUIPMENT 

IN THE WAlS:: .. tI�OT PLANT 

K. L. HUPPERT

W. ISSEL

W. KNOCH

GESELLSCHAFT ZUR WIEDERAUFARBEITUNG VON KERNBRENNSTOFFEN MBH 

LEOPOLDSHAFEN, GERMANY 

Abstract 

Mj_xer-Settlers are used in the German pi lot plant f0r the 

reprocessing of nuclear fuels. Accumulation of soljds presents 

serious problems and requires design changes. The behav;our 

of precipitates in pulse columns and centrifugal contactors 

has been tested. Conclusions are dri,wn with respect to scl!le

up and the processing of high-burnup fuels. 
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The German pilot plant for the reprocessing of spent nuclear 

fuel, the "Wiederaufarbei tungsanlage Karlsruhe" (WAK), was 

put into operation in 1971. The chemical separation processes 

are based on the well-known PUREX-flowsheet. 

Various types of extractors are used in reprocessing plants and 

there is still no general agreement on the best choice. 

Advantages such as simple and reliable operation, hydraulic 

stability, easy start-up, high efficiency and a wide range of 

operational conditions are attributed to mixer-settlers. 

In the WAK,mixer-settlers have been chosen for the liquid-liquid 

extraction steps. 

The performance of the WAK mixer-settlers will be discussed, 

considering scale-up and the potential applicability for ad

vanced nuclear fuels. 

Mixer-Settlers 

A total of 9 multi-stage batteries is used for extraction, 

scrubbing and stripping operations in the system aqueous nitrate 

solutions / 30 Vol% TBP in n-Dodecane. Overall flowrates 

Ya:cy between 10 and 250 1/h with phase ratios (Vol.) from 

10 : l to 1 : 3. Two different sizes of mixer-settler are used to 

coyer criticality considerations for urani� and plutonium 

nitrate solutions respectively. The number of stages per battery 

varies between 5 and 15. The stages are arranged horizontally in 

a box. Mixing and phase flow are performed by turbine-impellers. 

Some design data are summarized in table 1. 

Table 1 

Holdun lliterl total impeller Height Mixing Settling 
(cm)

throughput speed 
chamber chamber (1/h) rpm 

Type A 1 10 15 250 500 

Type B 0.75 1.4 5 50 500 
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A minimum height of the interface level is determined by fixed 

weirs (see fig. 1),except for the first stage (aqueous outlet) 

where the position of the interface is measured by an ultra

sonic gauge and controlled by adjusting the flowrate of the 

outgoing aqueous stream in a pressure pot. 

Performance 

The mixer-settler batteries have been tested in cold runs with 

uranium but in absence of plutonium and fission products. The 

extraction performance was good; the overall efficiency with 

respect to uranium around 85%. Phase separation was excellent 

due to 2 large baffles in the settler chamber which promoted 

coalescence. Impeller speeds above 700 rpm resulted, however, 

in increased entrainment of aqueous phase at the organic outlet. 

The extraction efficiency in the feed entrance stage was rather 

poor. In some cases layers of different concentration could be 

noticed in both phases probably due to the large density differ

ences in this stage. The relation between direction of rotation 

and the angle of the baffles between mixing and settling chambers 

influences the hydraulic behaviour and flow capacity. Flooding 

occurs at much lower throughput when the baffles interfere with 

the flow direction. 

An internal recycling between mixer and settler (of the same 

stage) is possible through holes at the bottom of the separating 

wall and through the baffled port itself. 

During the first hot reprocessing campaign all the extraction 

data (losses, decontamination factors and separation factors) 

were in the expected range. Radiation doses to the solvent were, 

however, low according to the moderate burnup of 11 000 MWd/t 

and the cooling time of the spent fuel. 

The subsequent processing of high burnup fuel ( 15 000 - 20 000 

MWd/t) resulted in an entirely different hydraulic behaviour of 

the first extraction battery, which contains the most radio

active solutions. At intervals of 2 to 5 days, control of the 

interface became difficult, product losses increased and separa

tion factors decreased. Eventually the battery was flooded and 
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the aqueous flow direction reversed. Proper operation could be 

restored by emptying and flushing the battery. The cause for 

the frequent hydraulic failure is very likely the accumulation 

of interface precipitates in the settler chambers. This leads 

finally to the blocking of the aqueous port to the neighbouring 

mixer. 

The nature of the solids has not yet been identified. It is

reported by other authors, that the crud is formed by the reac

tion of chemical and radiolytic degradation products of the 

solvent and diluent with fission products e.g. zirconium. The 

rapid appearance of substantial amounts of solids leads 

to the assumption that the introduction of solid particles by 

the feed,because of insufficient feed clarification,accelerates 

the accumulation. 

Changes of the flowsheet or operational mode did not yield any 

better performance. 

It must be emphasized at this point that all other mixer-settler 

batteries worked satisfactorily. 

There were three possible ways to overcome the difficulties: 

- change to another type of extractor (e.g. pulse columns,
centrifugal contractors)

- chemical treatment (e.g. pre-precipitation, complexing of
fission products)

- improvement of existing equipment.

Our first attempt was to improve the design of the mixer-settler 

with respect to hydraulic failure in the presence of precipi

tates. 

Cold pilot runs were performed to study the formation and 

behaviour of cruds, the mechanism of hydraulic failure and the 

effect of design modifications. 

The main source of crud formation is very likely the hydrolysis 

of the solvent, tributylphosphate (TBP), yielding predominantly 

dibutylphosphoric acid (IIDBP). This acid forms readily compounds 
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with metals some of w�ich are quite insoluble in the aqueous or 

organic phase. 

In our experiments we used soluble ZrO
++

_salts and HDBP to pro

duce precipitates within the mixer-settler and thereby simulate 

the situation in the high-active-battery (HA-battery). Contrary 

to our expectations we did not succeed in producing enough 

precipitate to plug the battery inspite of the addition of in

creasing amounts of Zr and HDBP far beyond the calculated con

centrations. The chemistry of Zr-HDBP complexes is not yet well 
. . . (1-5) 

understood although a number of publications do exist 

Only the introduction of Zro
2

-powder, which was partially ad

hering to the voluminous Zr-HDBP precipitate ,finally led to a 

blocking of the aqueous port between settler and mixer (see 

fig. 1, weir 1). Flowrates and the pumping action of the im

peller were too small to lift the solid particles over the 

aqueous weir (see fig. 1, weir 2). 

Consequently a number of changes have been effected: 

- increase of free area beneath weir 1 by SO%

insertion of a bubble pipe positioned diagonally under weir 1.
The air bubbles keep this area free form solid particles and
apply an airlift-effect on the compartment between weirs 1
and 2.

- elongation of the suction nozzle of the impeller

- increase of the number of extraction stages by 30%

- cutting the area of the baffle in the settler by half

- adding an ultrasonic level gauge into the organic outlet
stage.

Experiments proved these changes to be very beneficial with 

respect to.the transport of solids through the battery avoiding 

accumulation at the critical locations. 

The battery has not yet been tested under plant conditions. We 

expect that the hydraulic failures will not occur any more or at 

least only at large intervals. It is recognised, however, that 

any substantial accumulation of solids decreases the efficiency 

of a mixer-settler. Consequently losses increase and the separa-
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tion factors are lowered. This is an inherent disadvantage of 

mixer-settlers which becomes the more serious the smaller 

the equipment. 

In view of the limited possibilities for the improvement of 

mixer-settler characteristics alternative solutions were 

sought. 

Centrifugal contactors 

Two batteries of single stage centrifugal contactors (Fig. 2) of the 

Savannah River type have been installed in the WAK. 

Although fast contactors are generally proposed for the high 

active part of a reprocessing plant because of their short con

tact time, we decided to test their performance by using the 

batteries for a third uranium cycle. This allows for close 

inspection, easy maintenance and adjustment. 

The original design has been modified and the size reduced 

substantially (6, 7). 

Motor, shaft, rotating bowl and impeller can be removed and 

replaced in one piece without demounting any other parts. 

Some of the characteristics are:

rotor diameter 80 
length 130 mm 

holdup 0.85 liters 

rotor speed 3 000 rpm 

max. throughput 400 1/h (0.5% entrainment, vol. phase 
ratio 0.2 - 2) 

max. throughput 300 1/h (0.5% entrainment, vol. phase
ratio 0.l - 5) 

contact time 10 sec. 

Cold runs have been performed which led to some design correc

tions. 

Solid particles in the process solutions did not accumulate in 

the centrifuge but were removed continuously by the aqueous 
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phase. However, the extractor batteries have not yet been used 

with plant solutions. 

The long term behaviour and reliability remain to be established. 

Difficulties may arise processing plant solutions which contain 

cruds with unfavourable physical properties. 

Multi-stage centrifugal contactors of the ROBATEL-type have 

been examined in a pilot test facility (S) . Cold runs of a HA

battery with uranium showed satisfactory results using the WAK

flowsheet. Introduction of solid particles (Zro
2 ) led to.hydrau

lic failure. The deposits of precipitates could only be removed 

by immediate rinsing without shutdown of the contactor. We know 

that the simulated crud does not represent the real conditions 

in plant operation. Nevertheless, the reliable performance of 

centrifugal contactors obviously depends on a thorough feed 

clarification and the absence of further precipitation between 

filter and first extractor. 

Pulse columns 

In the nuclear chemical technology pulse columns are widely 

used for extraction purposes. Advantages such as high efficiency, 

reliable operation, broad range of operating conditions and the 

extensive experience existing today favour the choice of this 

type of extraction apparatus. 

The replacement of the mixer-settlers in the high active region 

by pulse columns is also being explored by WAK. 

Pilot runs have been performed with a test rig at Eurochemic. 

Applying the WAK-flowsheet to a 8 m HA-Column (4 m extraction 

section; 4 m scrub section; 10 cm diameter; 23% free area;

nozzle plates with 3 mm¢ holes) , very good results with respect 

to uranium extraction were obtained. The main emphasis was laid 

on the performance in the presence of cruds. 

The same test substance (Zr-HDBP) was used to simulate the crud 

formation. ZrO(N0
3) 2 

was added as solute to the feed solution.
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HDBP was dissolved in the solvent. Large amounts of precipitate 

were formed initially and accumulated at the interface in the 

bottom decanter. The decanter was occupied almost completely 

by the voluminous precipitate. 

The layer did not grow, however, into the column itself, but 

diminished slowly. Despite the constant feeding of Zr and HDBP 

the layer shrank to a thickness of about 10 cm and remained 

more or less constant for two days of operation (fig. 3). Delib

erate pushing of the layer into the cartridge section of the 

column results in a rapid disintegration of the solid particles 

into invisible parts and probably also partial dissolution in 

the organic phase. Even in the rather calm zone of the decanter, 

enough turbulence is effected by the pulse and the air bubbles 

from level and density measurement to separate large parti-

cles from the bulk layer. These particles leave the decanter 

with the organic as well as the aqueous phase. Thus, the column 

has a self-cleaning effect with respect to solids. No accumula

tion or plugging ever occurred in the cartridges. This seems to 

be a major advantage over centrifugal contactors and mixer

settlers. 

Discussion 

People who deal with solvent extraction technology for the 

commercial reprocessing of nuclear fuel will have to face 

two problems in the immediate future:: scale-up of equipment 

and increased fuel burnup. 

Problems associated with scale-up are 

- size restrictions because of criticality risks

- impact of reliability on economy

Advanced fuels very likely will have a high initial fissile 

material content (
235

u or Pu), and consequently reach a high

burnup. Although little plant experience with fuel burnup above 

15 000 MWd/t exists, for the extraction processes two problems 

seem to become increasingly important with rising burnup: 
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- accumulation of solids in the extractor, resulting from
undissolved fission products and insoluble compounds formed
after dissolution or during extraction.

- decreasing separation factors due to a growing complexity of
chemical reactions and kinetic effects.

The problems cannot be overcome solely by choosing the most 

adequate type and design of extractor. Auxiliary processes such 

as feed clarification and solvent washing will have to be optimized. 

Chemical pretreatment or flowsheet changes may become necessary. 

From oux pilot tests and pilot plant experience we evaluate 

in table 2,very roughly, the various extractor types with respect 

to scale-up and the processing of advanced fuel. 

Table 2 

Scal&-Up Processing Advanced Fuels 

Scal&-Up Technical Probleas Contact Accu1ulation Sensitivity 

Holo-up Potential Involved Time of Solids towards 
Flowsheet Changes 

Mixer-Settlers + + -H+ + + ++ 

Pulse Coluans ++ ++ -H+ ++ -H+ ++ 

Centrifugal 
-H+ -H+ + -H+ + +(+)

extractors 

(+means favourable in the sense of best operation)

We are aware of the fact that this judgement is not based on 

exact figures and does not take into account other important 

features like reliability, need for maintenance and replacement, 

ease of cleaning and startup operations, and more, 

Nevertheless, we deduce from our present knowledge a preference 

for pulse Oolumns as extractors in large commercial reprocessing 

plants. 

2071 



References 

(1) Hardy, c. J., Nucl. Sci. Eng. Vol. 16, 401 - 7 (1963).

(2) Solovkin, A. s. Krutikow, P. G., and Panteleeva, A. N.
Russ. J. Inorg. Chem. Vol. 14, 1780 - 3 (1969).

(3)"Aqueous Processing of LMFBR Fuels, Progress Report No. 3" 
ORNL-TM-2624, Mai 1969, pp. 23 - 28. 

(4)"LMFBR Fuel Cycle Studies, Progress Report No. 5" 
ORNL-TM-2671, August 1969, pp. 22 - 26. 

(S)"Chemical Technology Division, Annual Progress Report" 
ORNL-4572, October 1970, pp. 62 - 66. 

(6) Roth, B.F., "Zentrifugalextraktoren fUr die Wiederaufarbei
tung von Kernbrennstoffen mit hohem Abbrand und Plutonium
gehalt" KFK-862 (1969)

(7) Knoch, w. and Roth, B., "Fast Contactors in the WAK",
IAEA-115, 1970, pp. 267 - 288.

(8) Personal Communication by H. Goldacker, Institut fUr Heisse
Chemie, Kernforschungszentrum Karlsruhe.

2072 



rm,. 

Tlllt OP TH& KIIIlC CIWCBE I 'HPI J. 

PIG 2. SEx:TIONAL VIllti OP CKH'l'Rll'{(;AL CONTACT@ 



I 
N. 
O· 

bo tfom -decanler 

HA - C olurnn

·
1 

/sol.vent
_ -� i ,-, l e t 
. . 

aq. t'nlet 

/nferfoce

crud 

aq oultet 

(op - decgn(er • 

1C- cplun-,n 

. . 

. . ·: . : .. 
.-.. �, ., ... ., ·� . ·. . . . . . . .  � .... 

,. • • I I .• 

: 

. , 
·.

' . 

. . '· . . . . 

. � .. : ., ... - . 
.. ; . �- .. . . -. . ... -

----·-· 

·.-: ·.,· .·• · .... · -� :.·- :�-;-. ·. ·.,. . .. _., .. - ......... " .. • • ·
-:· .·! • : • • • 

. . . . . �.-· . "' .. ·.:.:., .. ,. ., ... ' ... 

. . . . ,
... 

. . . . . . ,. 
. . ., "' ... , ------·· -·�-. 

----""'\---- - ---------

FIG 3. .lCCUMUL,lTION OF CRUD IN THE DE:.lNTFl!S OF PUL':lE COLUMNS 



Paper 257 

USE OF FORMIC ACID FOR TEE STRIPPING OF PLUTONIUM 

by 

M GERMAif - A BATBELLIERx - P BERARDxx 

ABSTRACT 

A new extraction process is proposed in which the stripping 
of plutonium is effected by a mixture of formic acid and nitric 
acid. When high concentrations of plutonium and/or high 
concentration factors are required, an alternative process 
which combines the complexing action of formic acid and the 
reducing properties of hydroxylamine is used, 

The processes have been tested successfully on the 
laboratory scale in the conditions of the final purification 
of plutonium as well as those of the separation of uranium 
from plutonium. 

The formic solutions of plutonium can then be boiled to 
destroy formic acid and increase plutonium concentration, or 
the plutonium may be precipitated as a solid compound. 

x Centre d1Etudes Nucleaires de Fontenay-aux-Roses 

xx Centre de Marcoule 

Commissariat� 11Energie Atomique 
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INTRODUCTION 

The processing of i=adiated fuels consists mainly of the 
recovery and purification of uranium, plutonium and transuranium 
elements (neptunium, americium, •••• ). 

This separation and purification is usually ca=ied out by 
co-extraction of uranium and plutonium in the second cycle of a 
TBP process [V. or selective plutonium extraction in a tertiary 
amine process[?]. 

In TBP processes the following various means of stripping 
plutonium have ·been used or proposed [3, 7]: 

- using dilute nitric acid

- reduction to PuIII (fe=ous sulphate,uranous nitrate,
hydroxylamine sulphate or nitrate, electrolytic reduction)

- using complexing agents.

- With tertiary amines, stripping of plutonium is more difficult
because of the very high affinity of the solvent for tetravalent
plutonium. The flowsheets that have ·been studied
['2., 8, 9, 10, 11, 1?7 are based on reduction and complexation
{sulphuric, formic and acetic acid) processes.

In both cases, in the last cycle which has to effect the 
purification and concentration of plutonium, the process 
conditions are very rigid because: 

the concentration of plutonium in the strip liquor has 
to ·be high enough not to limit the capacity of the whole 
plant, and 

the reagents must not introduce impurities, since most of 
them remain with the concentrated plutonium. 

The choice of process depends mainly on the solutions and 
the performance required of the last cycle of concentration and 
purification. 

In France, it has been found necessary to seek new processes 
giving high concentration factors and/or highly-loaded strip 
liquor, to be developed in any type of contactor: mixer settler, 
pulsed column or centrifugal extractor. 
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Carboxylic acids and especially formic acid, which are 
lmown to be complexing agents for tetravalent elements {13-1g, 
have been examined with special attention to their effects on 
settling ability, corrosion, chemical stability, process 
parameters, cost ••••••••• 

From all these considerations, formic acid appeared 
suitable to be used for the stripping of plutonium. 

EXPERIMENTAL 

Extraction of formic acid 

Partition of formic acid between the aqueous and the 
organic phases affects the stripping of Pu: 

(1) in determining the maxima) value of the organic/
aqueous flow rate,(0/A)max = ---1..._ (in order to 

DHCOOH
keep most of HCOOH in aqueous phase); 

(2) by its extraction in the organic phase which may
either displace plutonium or form mixed complexes 
with the solvent {1(y resulting in a change of 
plutonium distribution coefficients. 

With 30% TBP-dodecane, the extraction has been shown to ·be 
completely reversible (Fig 1) and the distribution coefficient 
found to decrease when formic acid molarity increases in the 
aqueous· phase. 

If the formation of a TBP - HCOOH complex is assumed, as 
suggested by the general trend of the curve of Fig 1, it is 
found that 

DHCOOH = k (TBP)f (Table 1) 

with (TBP)f = (TBP)i (HCOOH\ 

where (TBP)., (TBP) are initial and free TBP concentrations 
respectively and (ffi100H) , the formic acid concentration in the 
organic phase. This resfilt confirms that the organic complex is 
TBP - HCOOH in this range of concentration. 
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Concerning 20')6 TLA-Solgil 54B (K), measurements have been 
made with trilaurylammonium nitrate; the distri·bution is rever
ei"ble and the reeul ts in Figure 1 show the extraction of formic 
acid to be less significant than in the TBP system. Consequently, 
for the same range of aqueous formic acid concentration, the 
variation of �COOH with (HCOOH)aq will be very limited.

PLUTONIUM DISTRIBUTION 

Partition of tetravalent plutonium is determined by the 
relative affinity of this element for the aqueous and the organic 
phases. Thus, it will vary with the nature of the sol vent used 
and the composition of the aqueous phase, particularly the 
relative concentrations of plutonium, formic acid and nitric acid. 

In 30% TBP-dodecane, distribution coefficients appear to 
increase {Figs 2, 3 and lj/ when 

- the nitric acid concentration increases

- the aqueous plutonium concentration increases if the
HCOOH concentration is high, 

- the formic acid concentration decreases.

These results can ·be explained qualitatively by the formation
of non-extractible formic-plutonium complexes, whose concentration 
must be an increasing function of the HCOOH/Pu and HCOOH/HNO 
ratios, for any plutonium concentration. The increase of 3

extraction coefficients with temperature indicates that the 
overall extraction reaction is endothermic in nature. 

With 20'}6 TLA-Solgil 54B as solvent, the results obtained 
are qualitatively the same as with TBP, as shown in Figs 5 and 6, 
while quantitatively they are somewhat different. Because of the 
high affinity of TLA for tetravalent plutonium nitrate, D

Pu 
will 

be too high to allow stripping, unless the HCOOH/HN91 ratio is 
high. Thie ratio has been calculated for TBP and TIA in the 
conditions of micro and macro concentration of Pu (Table 2). It
appears that in a TLA process the formic acid concentration will 
have to ·be more than twice that in a TBP process, if all other 
conditions remain unchanged. 

3. 

(K) Solgil 54B is an aromatic diluent, containing more than
95% of 1:1-dimethyl ethylbenzene, supplied by the Progil 
Company (Pont de Claix - France) 
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APPLICATIONS 

Let us now consider some examples where stripping of 
plutonium with formic acid serves as an easy and effective method 
in the field of fuel reprocessing. 

Plutonium purification cycle in a TBP process 

The object of this study was the purification of a concentrated 
impure Pu solution (0.15 M) to o·btain a pure highly-loaded strip 
liquor (0.20-0.25 M). 

Such conditions required rather high nitric acid concentra
tions (� 0.4 M) at every stage of the process to prevent 
plutonium hydrolysis and polymerisation [i7-1f[/. 

When nitric acidity, plutonium concentration, concentration 
factor and temperature are fixed, the most important flowsheet 
parameters to be optimised are the composition and the point of 
introduction of the stripping solution, which is again dependent 
on the formic acid and plutonium concentrations allowed in the 
stripped solvent. 

On the schematic flowsheet of the Fig 7, it is observed that 
three strip solutions are introduced into the stripping ·battery 
one at the last stage (R1), another 3 stages before (R2) and the
last (R

1
) in the 6th stage. The stripping streams contain 

varying-amounts of formic acid and nitric acid: 

in stages to 6, HCOOH 2-4 M, permitting plutonium stripping 
("' 9896) 

in stages 6 to 13, HCOOH 6-8 M, permitting plutonium complexed 
by HDBP to be stripped 
(Pu� 10 mg/1, EDBP 100 mg/1) 

in stages 13 to 16, HCOOH is stripped by dilute nitric acid. 

If IlBP formation is very limited, formic 
with R3,and � strip solution can be omitted.
acid concentration in the stripped solvent is 
reduced. 
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Plutonium purification cycle in a TLA process 

The main differences between TLA and TBP flowsheets result 
from: 

(1) the limited loading of 20"/4 TLA-Solgil (< 0,1 M Pu);

(2) the higher distri'bution coefficient of plutonium in a
nitric-formic acid mixture;

(3) the very weak extraction of formic acid by TLA nitrate.

Figure 8 represents a typical flowsheet of plutonium purification 
by 20"/4 TLA-Solgil 54B, 

Selective extraction of plutonium IV is effected in the 
10 stages of the mixer-settler unit, Uranium, in the stable 
hexavalent state, is extracted in negligible quantities, 

Additional scrub stages are required for removing entrained 
and extracted uranium and other impurities, 

Plutonium is then stripped with a formic acid-nitric acid 
mixture; the efficiency of the -stripping is aided by a rather 
low acidity in the unit, and the stripping of plutonium 
o·bserved at equilibrium is very satisfactory as expected [fr[!
(Fig 9),

Plutonium losses in stripped solvent are usually less than 
1 mg/1, while the uranium content of the product is less than 
100 ppm. 

Uranium-plutonium separation in a TBP process 

Formic acid alone is not able to achieve this separation as 
desired i.e, with a high concentration factor, as shown in 
Table 3, However, the use of formic acid could ·be of some 
interest for this separation, if hydroxylamine were added to it, 
so that the complexing action of formic acid and the 
reducing properties of hydroxylamine could ·be used 
advantageously. 
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Moreover, their actions are complementary: the rate of
reduction ·by hydroxylamine which has ·been shown to ·be, 

kS (PuIV) 
r=------- 8w 

l+k/(PunI/ / (Puiv}.7 

I with ks = [NH
3
oH+] (½ + k [NHJ°Ir"]) {H-+j

2 
(1 + k

3 
(No

3 
-) ) 

k
9 

= k10 [H"72 /j:m
3 
7 / (NHJ°H+

) ,

varies nearly as [H:J-4 and ["NHJ°H+j2 and increases when

- PuIV increases

- PuIII decreases.

Therefore the reduction r�te will be very slow in the last
stages of the battery where PuIV concentration is very low, 
whereas in these conditions formic acid will ·be especially 
efficient, for the acidity is low and HCOOH/Pu is high. 

The action of formic acid will increase the reduction
rate in the first stages and help solvent stripping by 
complexing plutonium IV. 

If we consider the reduction of PuIV by a hydroxyla.mmonium 
salt according to the following reaction: 

2[NH30H+ x-.; + 4 [Pu4+(N03)J � 4["Pu3+(N0
3
)/ + 4[H+No37 + 

2[H+x-.; + N
2
o + �o 

we observe that the number of protons liberated by this reaction
is 

- 4 if HX is a weak acid 

- 6 if HX is a strong acid

so we have chosen hydroxylamine formate rather than 
nitrate in our process. The second advantage of this is the
formation of formic acid which also favours stripping. 
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The characteristics of the flowsheet tested in the 
laboratory are: 

u:raniumVI and plutoniumIV are coextracted in a multistage 
extractor with 300/o TBP-dodecane as solvent, and the loaded 
solvent is then scrubbed for removal of impu:rities. In the 
second extractor, plutonium is stripped ·by the combined action 
of hydroxylamine and formic acid, with two stripping solutions. 
In the first stage, formic acid and hydroxylamine are 
introduced, while nitric acid and hydroxylamine enter the 
battery in the last stage. 

This permits the formic acid concentration in the solvent 
to be low (0.05-0.15 M). The concentration of plutonium 
(1-30 g/1) in the strip liquor, which has more than 900/o Pu in 
the trivalent state, is a function of the feed solution. 

This process has been tested for the reprocessing of 
various fuels, with U/Pu varying from 10 to 3. 

For the fuels coming from natural U, gas cooled reactors, 
decontamination factors have been found to be 

1.8 X 10
4 

4.4 X 104 

Pu content in U 0.6 ppm 

U content in Pu 2100 ppm • 

Chemical stability of nitric acid - formic acid mixtu:res 

As formic acid is a reductant (E = -0.2V), nitric acid 
and formic acid may react with each oiher in certain 
conditions of composition, temperature and presence of catalyst, 
to give gases whose composition is variable. Whereas in a 
highly acidic medium (IINO_, >, 1 OM), the main oxide of nitrogen
formed is NO , it is NO wnen IINO "'"3-5 M and N O  when 
IIN03"'" 0.5 rtf[j.gJ according to trte following re&ction:

;;,r 
2IIN03 + 4HCOOH --> N20 + 4 CO2 + 5¾0 •

The mechanism of the reaction is not well known; the 
o·bserved decrease of the reaction rate in the presence of an
"antini trous compound" such as N2H

4
, HSo3� ••••• is not 

completely explained. 

Measu:rements made at 6o0
c have shown that the rate of 

reaction is mainly dependent on the nitric acidity. In the 
normal condition of a process, even if this rate is very low, 
it cannot be neglected, especially if storage is prolonged 
LTable �. Hydrazine has ·been found to be very effective in 
stopping the reaction, in the absence or presence of 
plutonium L'i'able sJ.
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Hydroxylamine nitrate, which is slightly less efficient 
than hydrazine, can however ·be used successfully to prevent the 
reaction. 

When the strip liquor is not to ·be stored for a long time 
no protective chemical reagent is necessary to assure the 
stability of the solution. 

PLUTONIUM STREAM 

The effect of formic acid in the plutonium stream, 
especially towards the end of the process, has ·been investigated. 

The acid has been found not to interfere with the 
precipitation of plutonium oxalate even in 3 M HCOOH. The 
destruction of oxalic acid in the resulting mother liquor 
before recycling to the extraction battery is similarly 
unaffected by the presence of formic acid, which is completely 
destroyed in the conditions of the process. 

When concentrated solutions of plutonium nitrate are 
desirad, the formic acid can be destroyed by boiling with 
nitric acid during the concentration of the solution. 

In the range of 4-5 M nitric acid, the reaction gives 
mainly NO as follows 

3 HCOOH + 2 HNO3 -> 2NO + 3co2 + �o •

It is an autocatalytic reaction, which is rapid in an 
acid medium in the presence of plutonium. 

The recombining of ni trio oxide with water in the 
presence of air permits a considerable reduction in the nitric 
acid consumption. 

In conclusion, we should like to emphasise that the main 
advantage of using these clean reagents, such as formic acid 
and hydroxylamine, is that they are easily removed, without 
giving rise to pro·blems of liquid-waste storage. 

Flowsheets given in this paper are only examples that 
show that this system is applicable in many cases, especially 
when the process requirements forbid the use of classical 
reagents. 
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TABLE 1 

Relation ·between DHCOOH and free TBP*.

TBPi = 1.03 M

free TBP M 0.975 0.87 0.80 o.68 

I\rcooH 0.50 0,49 0.47 0,36 

DHcom/ (TBP)f 1,96 1, 77 1. 71 1.88

0.51 0.37 0.30 

0.26 0.22 0.18 

1,96 1,68 1.67 

(TBP)*f calculated assuming (TBP)f = (TBP)i - (HCOOH)s

TABLE 2 

Determination of R = HC00H/HN03 ratio

TBP TLA 

(Pu)aq o. 1 g/1 R = 3 R = 7 
Dfu 

= 1

(Pti)aq 30 g/1 R = 8 R = 20 
DPu 

= 0,5 
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TABLE 3 

Separation factor a= DU-vI/DPllI�n nitric acid-formic acid mixture

(without reducing agent) 
Us= 80 g/1 

HNo3 
0,5 M HN0

3 
1 M 

HC00H M 0.5 1 2 5 0,5 1 2 5 

D
UVI 

1,06 0,96 0.98 0,99 1.32 1,24 1.27 1.23 

D
Pu.IV 

0,34 0.32 0.31 0.28 0,55 0.44 0.41 0,33 

DU
3 .1 3 3,1 3,5 2,4 2.8 3.1 3,7 D

Pu 

TABLE 4 

Decomposition of a nitric acid (0,5 M) - formic acid (1 M) mixture 

at 6o0c 

time in 0 12 24 40 52 hours 

HC00H M 1 o.88 0.90 0.78 0.73
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TABLE 5 

Decomposition of the strip liquor with time 

Time in 0 0.16 4.5 48 110 
hours 

(HN0
3

+HCOOH ) 4.5 - 4.15 4.25 3.85 
M 

N2
H4 M 2 X 10-

1 
4 X 10-2

- 2 X 10-2 5 X 10-5

- HCOOH : 3.5 M

- HN0
3 

: 0.8 M 

- Pu: 0.21 M

- N2H
4

: 0.2 M 

- 6o
0
c

I 
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Paper No. 56 Isec 74 Lyon 

APPLICATION OF NEWLY DEVELOPED MATERIALS FOR EXTRACTION 

CHROMATOGRAPHY OF INORGANIC SALTS IN COLUMNS 

Reinhard Kroebel, Alfred Meyer,BAYER A.G. 5090 Leverkusen/Germany 

Abstract: 

The well-known analytical technique of extraction chromatography
+) 

of inorganic compounds by means of liquid extractants sorbed on 

a material to form a fixed bed can now be extended to technical 

use. This is due to newly developed resins which avoid bleeding 

of extractant, offer grain sizes and low flow resistance similar 

to usual ion exchangers and have a kinetic behaviour like droplets 

of extractant of the same size. As a non-exclusive example, the 

results of an extraction chromatographic pilot unit for the re

fining of uranylnitrate are presented. The resin contains as ex

tractant pure undiluted tri-n-butylphosphat�(TBP) . 

1. Introduction

Extraction chromatography has hitherto only been used on

laboratory scale, mainly as an analytical tool for selective

or specific fast separations. Literature is extensive, to recall

only a few outstanding investigators such as Cerrai, Eschrich,

Ghersini, Fritz, Sickierski, Stronski, Testa, with many publica

tions on this subject.

Latest compilations in this field have been made by Eschrich (1),

Cerrai and Ghersini (2 ) , MarkL (3) which should be consulted

for possible applications.

+) Extraction chromatography reversed phase partition 

chromatography. 
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Known technology consists in taking a support material for the 

stationary phase • extractant. The extractant is fixed on the 

support by sorption, then filled into columns of a suitable size 

and a mobile aqueous phase is run through this filling. By means 

of extraction, a chromatography of salts, ions or molecules 
dissoived in the mobile phase is executed. Apparatus and technique 

are simple and resemble those for ion exchange. Due to the enor

mous variety of known extractants for specific or selective sepa

ration, the technique of extraction chromatography seemed promising 
as a simple method for solving separation problems. 

Unfortunately enough, however, the admixture of support and extrac

tant did not fulfil technical specifications·such as e.g. low 

flow resistance, low loss of extractant, no interference with 

extraction by lack of sorptive power of the support, cheapness and 

reproducibility, fast extraction kinetics, minor tailing when 

eluted etc. 

® 
The new absorbents (4) calied Levextrel (from Leverkusener-

Extract-filution) meet all specifications listed above and can be 

used technically like conventional ion exchange resins, that is, 

by combining their well-known simple technology with the se

lectivi ty of liquid extractants. Using them as_ chromatographic 
columns, any separation problem can be solved by offering 

sufficient theoretical plates obtainable by simple elongation 

of the column length. The theoretical background for these tech
niques is given by Cerrai and Ghersini (2), and Markl (3). 

Further literature which deals specifical:y with the example 

presented in this paper can be found in numerous Eurochemic 

technical reports from Eschrich et al. (1, 5, 6, 7, 8) 
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2. Experiment

2.1 Materials used:
2.1.1 Absorbent:

The chromatographic absorbent (Levextr� used for 
the pilot installation of three 70 1 columns was a tech
nical resin with the following ma.in characteristics: 

- inert matrix
- extractant
- tap density dry
- grain size
- fabrication lot

- weight percent of TBP
(dry)

- specif�weight of Le-
vextreP 

@ volume of LevextreI 
- volume of stationary

phase (TBP)
- interstitial volume+) 

2.1.2 Column characteristics: 

- number
- volume
- height

- diameter 

- approx. theoretical 
plate-height for uranyl
nitrate 

- material

polystrene-divinylbenzene 
pure technical TBP (Bayer) 
6 3 0 g/1 
0. 3-1. 2 .mm (beads) 
the first technical 3 00 1 
batch of Oct. 71 

60-61

1.03 - 1.035g/cm3 

61-62 % of bed volume

3 70-380 ml/1 bed volume
38-39 % of bed volume

3

70 1 
2000 mm 

210 mm 

20..-30 mm 
PVC transparent 

+) the interstitial volume is equal to the volume of the 
mobile phase or the so-called free column volume. 
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2.1.3 Reagents 

feed uranylnitrate + varying contaminants in 
1-4 M HN03 (40 - 300 g U/1)

- scrub
- strip

technical grade 1-7 H HN03 
demineralized water (hot or cold) 

2.2 Experimental procedure 

2.2.1 Running characteristics 

- velocity of mobile phase
- operating temperature

extraction 
scrub 
strip 

- pressure drop
time for one cycle

- direction of feed
- direction of other flows
- regeneration

2.2.2 Typical Extract�Elution 

1-3 bed volumes/hour

room temp. 
room temp. 
20 - 40°c 
20 - 60 cm w.g. 
7S min. - 180 min. 
upward 
downward 
superfluous, not executed 

The first column is fed upward with acid uranylnitrate 
solution, which may hold 1.2 .-1 uranylnitrate and 1-3 M 
nitric acid for optimum conditions. 

The column is fed until uranium breakthrough occurs at the top 
of the first co�. The feed velocity for the above-des
cribed Levextre�y be as high as three bed volumes (BV) 
per hour +

>, one or two BV/h being preferable. The scrub 
solution of 1-7 M nitric acid ++) flows downward and feeds 
the second column in upward direction with the interstitial 
uranylnitrate solution of the first column. The quantity 

+) under these conditions the feed operation takes only 
8 minutes. 

++)3M nitric acid being preferred. 
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of scrub solution and its acidity is chosen according to 

the required ultimate purity. The interstitial volume of 

scrub acid is displaced into the second coiumn by the first 

o.4 FN strip water. The elution proceeds via hot or cold

demineralized water into receiving vesse:s. 

Hot water of 6o0 c strips the contents of the first column 

with 99,9 1- recovery within 1.5 FN and the exit temperature

rises from room temperature to 370 - 41° c. It is conve

nient to cut the tails after 1.0 - 1.2 FN. They can either 

remain on the column which is then ready for new feed, or 

can be used to displace the interstitial scrub acid from 

the second to a third column. 

The elution = (strip) solution in this case contains about 

equal molarity of uranylnitrat� (0.36 - o.40 M) and free 

nitric acid. 

Higher elution temperatures of 60 - 8o0c can be used and 

in this way o.45 - 0.5 M uranylnitrate can be obtained. 

Contaminants which can be e,iminated by this purification 

step are al' kinds of acids, metal-ions or non ionic im

purities except go�d. Typical solutions are those of ore 

refineries or uranium miJls and uranyl so:utions origina

ting from the nuclear fuel cycle. To give one example, ore 

refining solutions, which require separation of contaminants 

by a DF of 50-100-use scrub vo.lumes of only 0.25 - 0.5 FN 

nitric acid + 0.4 FN demineralized v,ater, with the exception 

of some readily extractable metals such as zirconium or 

thorium. Their DF onJy reaches factors of 10 - 20 with the 

same scrub. 

A quick survey of interfering inorganic saits can be de

rived from data given by Mark, ( 3) and more extensively by 

Tomitaro Ishimori and Eiko Nakamura (9). 
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A flowsheet for an extract-elution is given as Fig. 1. 
Fig. 2 represents a typical elution curve for the technical 
column. The elution reagent ls demineralized water entering 
at the top of the column with 6o0c. The determining tempera
ture however is that at the bottom of the column which 
rises from room temp. to about 37 ° c after 1 Bl/. 

2.3 Distribution behaviour of uranylnitrate between Levextref!> 
and aqueous solutions 

2.3.1 Influence of nitric acid on distribution 

The influence of nitric acid on distribution of uranyl
nitrate between aqueous phases and undiluted TBP was ex
tensively investigat� by Eschrich et al. (5, 6, 7). As 
the type·of Levextre�sed for the experiments described 
in this paper holds undiluted TBP as extracting reagent, 
Eschrich•s data can be taken as basis for predictions. 
For the quoted example of uranium refining by extract
elution, Tab?ft\l and Fig. 3 show the experimental values 
the LevextreHescribed, calculated as uranium per litre 
of TBP for 3 M HN03 and O M HN03 ( H20). This caJ culation 
method was chosen to give more conventional figures for 
experts in ttie field of liquid-liquid extraction insofar 
as no special rules for extraction chromatography or 
extract-elution techniques are yet in existence. 
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Table 1 (values of Fig.3) 

3 M HN03 22°c 0 M HN03 24° C

U _- aq. U org. D o/a u aq. U org. D o/a 

g/1 g/1 g/1 g/1 

0.5 38 76 3 .o 2.1 0.70 

2.0 108 54 6.1 4.1 0.67 

7.0 232 33 14.0 25.2 1.80 

23.5 342 14.6 22. 3 43.3 1. 95

31.7 377 11. 8 38.8 140 3.61

60.5 408 6.8 67.4 225 3.35

85.3 416 4.9 92.3 274 2.97

107. 418 3.9 112.s 318 2.55

162 420 2.6 137 330 2.41

435 g U/1 TBP is the theot>etical limit for the complex 

U02{N03)2.2 TBP, therefore 420 g U/1 means <JG% saturation.

2.3.2 Relationship between grain size and velocity of mobile 

phase during extract-elution. 

Fig.4 shows experimental values of possible elution ve

locities for a given elution curve versus grain size. 

It can be concluded, that technical resins with a mean 

grain size distribution of approx. o,8 mm can be used up 

to 3 BV/h. 

The technical experiments showed indeed that optimum 

concentrations of uranylni trate of 1. 2 M could be handled 

up to 3 BV per hour before a decrease of 20 i in capacity 

is observed during feedi�g. 
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3. Long-term behaviour of technical columns

3.1. Loss of solvent

The tested LevextrerJ with TBP as extractant show a lower 
value of TBP solubility than pure TBP for water as well 
as for nitric acid or uranylnitrate soJutions. The solubili
ty of pure TBP in demineralized water is 0.38 g/1, its so)u-
bility from solutions of 40 � TBP in industrially produced 
dodecane �-27 g/1 (10). The first technical batch of TBP
Levextrel as used for the experiments described above loses 
only 0.2 g/1 of water, whereas batches expressly produced 
for low solubility vary from undetectable ( 0.02 g/1) to 
0.1 g/1, without losing their good extract-elution behaviour. 
The technical columns were checked for TEP-loss after use 
of 225 kg purified uranium per 70 1 column. 
The decrease in capacity amounts to less than 5 %. 
The mean vaJ ue for all soi ut ions was 0. 163 g/1 TBP loss 
(from solubility and degradation together), which accounts 
for 4.9 kg of TBP per metric ton of purified uranium. 

3.2 Build-up of degradation products 

The only degradation product in uranium refining operations 
is dibutyl-phosphoric acid (HDBP). It is easily washed off 
by water or slightly caustic solutions. If no special care 
is taken, its amount reaches an equilibrium value of 100 ..::_ 
20 ppm due to steady leaching by the elution operation. 

3.3 Radiation stability 

Experiments on radiation stability showed no significant 
(�30 �) decrease in extraction capacity up to a radiation 
dose of 1 x 108 rad (Irradiated in a reactor pond by spent 
fuel elements). The dibutylphosphoric acid formed amounted 
to 3 % w/w and could be washed off by water. This radiation 
dose wil:. not even be accumu.lated in reprocessing within the 
usual life-span of Levextrel� 
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4. Discussion of the technical use of Levextre�

® Levextrel should fulfil the hopes of many investigators
that extraction chromatography can become the missing link
between the simple ion exchange technique and the versatility
of liquid-liquid extraction with its expensive technology.
Many other extractants, often in pure or only slightly diiuted
form compared to the liquid-liquid technology, which is sen
sitive to density changes, third phase formation and foaming,
can be made available as Levextrel� Special attention should
be drawn to the possibility of obtaining an indefinite number
of theoretical plates by simple elongation of the bed, the
scrub sequence variety, and the possibility of displace-
ment chromatography as it is executed in the foregoing example,
where contaminants with lower distribution coefficients than
uranium are pushed back into the aqueous phase and can be
scrubbed off.
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THE SELECTIVE EXTRACTION OF HALIDE TRACES 

M. Benmalek, H. Chermette, c. Martlet 1 D. Sandino and J. Tousset

ATSTRACT Quantitative and selective extraction of halides is 

possible with some IV and Vb organoelements, mainly with alkyl 

or aryl-antimony and silicon derivatives. Halide extraction 

using phenyl derivatives of elements IV and Vb is reviewed and 

some stability constants values are given. Many of these 

products may extract fluoride from aqueous solutions at pH 

values from 2 up to 7 with a nearly quantitative ratio. The 

triphenylantimony derivatives more soluble in organic solvents, 

remain the more appropriate extractant, The separation technique 

allows not only the removal of interferences but also a concentra

tion of halides. 

Institute de t'hysique Nucleaire, Universite �laude Bernard Lyon-I 

(Institut national de Physique Nucleaire et de Physique des 

Particules), 43 od du 11 Novembre 191 8 1 69621 ,illeurbanne, France 

The determination of halides is a topical probleo. Indeed, 

these elements play an essential role in pollution, even at very 

low concentrations. This determination often needs a preliminary 

separation in order to avoid various interferences or inconvenient 

complexing. Moreover I the separatidm of these elements (fluoride 

ions being excepted) is difficult, due to their nearly identical 

physicocheuical behaviour. 

In this field, �ost techniques already known tprecipitation 

column exchange, distillation, pyrohydrolysis ••• )1 are not 

suitable for applications in the traces range, due to their lack 

of selectivity. Besides, many cations ·in the solutions may be 

complexed by halides, which lessen the sensitivity of these metjods. 

In defined conditions, solvent extraction seems to be the 

technique best adapted to this kind of problem, because it_ is 

an easy, fast and qu_antitative method. Moreover, a good selestiv

i ty can .be obtained2, provided one chooses a well defined pH 

range for each halide. 
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Unfortunately, there are only a few halide extractants 

operating on the chloride, bromide, iodide and more particularly 

fluoride ions. Besides the latter has the disadvantage of 

complexing a great number of cations (like aluminium, thorium 

or zirconium) which are often found in the studied media. 

At average concentrations, halides can be extracted by basic 

compounds 3 like long chains amines or tributylphosphate.

But in this case the sleectivity is low and many cations are 

co-extracted which forbids the use of such an extractant for 

traces separation. 

In acidic media, fluoride can be separated with the tetra

phenylstibonium ion 
4

•5 or the diphenyldichlorosilane
6

• A

systematic and comparative study of halide extraction possibilit

ies by means of organometallic compounds has been reviewed. 

We present here the main results obtained. We show that 

for fluoride, the best results are achieved with the diphenyl

dichlorosilane7 or the triphenylantimony dihalides
8

• A quantat

ive extraction of chloride in acidic media can be performed only 

by means of the triphenylantimony system9•

EXPERIMENTAL 

All the reagents used are commercial products. The use of 

antimony-124 allows a radiochemical labelling of the organo

antimony species. Fluorine-18 and chlorine-34 radioelements 

follow the physicochemical behaviour af these halides5-10
•

Extractions are performed by agitating the aqueous and organic

phases in polypropylene separatory funnels, mechanically shaken.

Except for silicon derivatives which need sk�ing approximately

30 minutes, the extraction kinetics are fast and equilibrium is

obtained after 10 minutes shaking. Water and all materials used

in this study had the required purity for a traces study.
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EXTRACTION CONDITIONS 

Halide solvent extraction is effected in practice through 

ion pair formation. According to the ionic character of the 

complex created, the solubility in aqueous media will be either 

great or small. For instance the tetra-substituted elements 

VB have good solubility, and the equilibrium can be schematically 

written: 

+ 

with X = F, C , Br, I, OH and M 

x
(aq) 

N, P, As, Sb, Bi. 

A typical case is given by fluoride extraction by means 

of tetra-phenylstibonium5:

For trisubstituted derivatives of elements VB with an oxyda

tion degree of 5, the extraction equilibrium is written as follows: 

X or Y = Halide or hydroxide for fluoride extraction, X = C 

and Y = F or C R represents an alkylic or arylic group. 

To prevent the liberation of the z- halide in aqueous media, 

it is possible to oxidize the R
3

M derivative directly by means 

of hydrogen peroxide. However, this technique could result in 

formation of hydroxide ions which are competitive with halides 

towards extraction, but this can be avoided by the use of an 

acidic medium. 

Some derivatives of group IVb elements (mainly the silicon) 

also enable a halide extraction, but in this case, the hydrolysis 

becomes preponderant. 
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In the case of silicon, the reaction mechanism does not 

consists in an ion exchange, but rather in a nucleophilic 

substitution11 -7•

These equilibra show that the pH values of the solutions 

will be an important parameter. Fro• an analytical separation 

may be obtained. 

Table 1 shows the main results obtained with organometallic 

compounds of elements IV and Vb 1 2•

DISCUSSION OF THE EXTRACTION CURVES 

a) Salts of tetraphenylstibonium

Although, in this case, colloidal effects limit the analy 

tical applications, fluoride can be extracted by means of tetra

phenylstibonium ions in two distinct ranges of pH values, each 

of them corresponding to a particular mechanism. 

At a low pH, the first maximum of the curve of extraction 

ratio as a function of pH can be easily explained as a simple 

effect of competition between the tetraphenylstibonium fluoride 

and the HF and HF2- species (at low pH) or the tetraphenyl

stibonium hydroxide5 . 

The pH value corresponding to the extraction maximum enables 

evaluation of the extraction constant of the tetraphenylstibonium 

hydroxide (K' 10
10). (Figure 1 ). 

The second maximum depends mainly on the other ions of the 

solution, and has been interpreted as a colloidal formation, 

the micelles of which are made of tetraphenylstibonium hydroxide 

or fluoride. 

Then we have a competition between the two following equilibra: 

+ F- � Colloids "F"
� 

Colloids "F" + OH- � Colloids "OH" + F-
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As the stability constant value of tetraphenylstibonium 

fluoride is not very high, we were led to study other extractants. 

b) Other orgpnometallic derivatives R Mt1T 

-
"Jll --

In all the studied cases, the extraction curves can be 

interpreted with a simple mechanism of competition. At low pH 

value, a competition between fluoride extraction and fluoride 

hydrogen formation (HF and HF-2) could explain the decrease of

the extraction rate, but the observed decrease is smaller than 

the theoretical one. 

Sometimes, in acidic media, an instability of the solutions 

(tricychlohexyl or trioctylantimony dichloride) affects the 

reproductibility. Then in a pH range which depends only on the 

extracting agent concentration, a quasi-quantitative extraction 

is observed. Therefore the hydroxide competition occurs at pH 

values all the higher as the extracting agent concentr4tion is 

increased. (Figure 2) 

The pH value corresponding to the decrease of the extraction 

yield, added to a knowledge of the hydrolysis curves of these 

compounds, enables computation of the stability constants and 

extraction constants of these species 13

Halide extraction constants 

formula : 

with X = F, C , Br, I, OH 

X are defined by the following
2 

and L 

L 

R2M if Mis an element of group !Vb (Si, Sn)

R
3

M if Mis an element of group Vb (Sb, Bi)

Table II shows the data obtained for some organoelement•� 

mainly organoantimony compounds which are less sensitive to 

hydrolysis than silicon compounds. One can see also that the 

organoantimony compounds have a similar behaviour towards halide 

extraction. Therefore derivatives will be chosen according to 

the facility for obtaining them, to their stability and to the 

influence of interfacing ions. For this last point, three mecha

nisms are generally involved: 
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The complexing of halide to be extracted. Some metallic 

ions are strongly complexed by halides (A1, Th, Zr, U). Never

theless an effective masking of these ions (for example with 

cyclohexanediaminetetra-acetic acid) can genrarally be made
8-14

• 

The direct action on the extracting agent. Some compounds 

(e.g. sulfide, permanganate, hydrogen peroxide) may inhibit the 

extraction by oxidation, reduction or polymerisation of the 

extracting compounds. 

The competative effect. This is the most important one, 

mainly for chloride extraction. High concentration levels of 

ions like nitrate, phosphate or halides reduce the extraction 

yield of the studied ion. 

Some results are shown on Fig.3. 

In neutral media, triphenylantimony aupears to be the most 

selective compound and also the most convenient for fluoride 

trace separation but diphenylsilane is still one of the best 

extractants for a separation of fluoride, either at heavy 

concentrations, or in very acidic medium. 

A systematic study of such a derivative and its possibilities 

and also of the extraction conditions, enables the prediction 

that traces of fluoride can be quantitatively separated, even 

from a complex medium containing ions like Al or Zr. 

The chloride separation remains a more difficult problem 

because of 

- the small pH range allowing a quantitative extraction,

- the competition of the other halides like bromide and iodide.

(Note that a preliminary extraction with hJdrogen peroxide alone 

can avoid such an interference). 

- in the pH range used, no chelating agents of ions complexed

by chloride (mercury, cadmium, ••• ) are known. 
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RESULTS 

Fluoride concentrations as small as 10-8 N have been

reached this w�y, after concentrating up to 1 0-6N, which is the

usual limit of sensibility of the fluoride specific electrode. 

CONCLUSION 

This method, although one of the best for fluoride determina

tion, still shows a lack of selestivity for chloride determina

tion when other halides are more preponderant in the solution. 

The separation of the different halides could be improved 

by the use of a specific resin of anion exchange17 whiah could

be obtained by fixation of organoantimony group on a skeleton 

of chloromethyl-polystyrene. 

Traces of fluoride have been quantitatively separated from 

a strongly co,nplexing medium, and determined by means of a 
. . 16 specific electrode •

As an example, we give in �able III the schematic procedure 

for the determination of traces of fluorine in an aluminium 

matrix 14.

Solvent extraction increases the sensibility of the potentio

metric deter�ination because it enables the concentration of the 

ion to be determined, and removes the interfering ions. 
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Extracted compound 

R N+ {
octyl 

3 lauryl 

(C6H
5)3 SbX2

( o - CH3-c6H4)3 SbX
2

(p - CH3-c6H4)
3 

SbX
2

(a. C 10H7) 3 SbX2
(f3 c10H7)3 S

bX
2

[ o -(CH3)2 - c
6
H3 ]3 SbX

2
[ m -(CH3)2 c6H3J

3 S
bX

2
(C2H5 - c6H4)3 SbX2
(p -(COOH)-C6H4)3 SbX

2
(NO2 - c6H4)3 

SbX2
[(CH3)3 - c6H2J 3 SbX

2
(C2H3 

- c6H4)3 SbX
2

(o:-CH3-o-c6H4)3 SbX
2

(C8Hl7-C6H4)3 SbX
2

(C6H11) SbX2

(c6H5) 4 
SbX

(C6H5)3 BiX
2

(C6H5)2 SiX
2

(C2H5
)
3SiX

(C6H5)2 GeX2
(C6H5)2 SnX2

Kinetic 

F = fast 

S = slow 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

F 

s 

F 

F 

s 

s 

s 

s 

pH range 

for F 

extraction 

- 7

- 6

1 - 7 

- 6

1 - 5 

2 - 5 

- 7

- 4

1 - 5 

- 4

- 5

- 7

2 -6*, 3_5** 

5 - 7 

5 - 7 

75'1o 3 -4* 
95'1o 5-7 

4 - 7 

0 - 2 

0 - 1 

3 - 4 

* : Extracting agent concentration 10·3 M
10-4 M
10-2 M

** II II II 

for all others 

Table 1 
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pH range 

for Cl-

extraction 

* 
0 - 3 

0 - 3 

0 - 2 

0 - 2 

0 - 2 

0 - 2 

0 - 1 

0 - 05 



Halide Ct. lg f3{OH)2 F Ci, OH
Organometallic lg f3 x2 
(C6H5)3 SbX2 7 : 2. 5: I. 0 19. 5: I. 0 12.5: 0,5
(p - CH3-c6H4)3SbX2

+ I. 5 : 19. 5: 12.5: 0.57 - I. 0 I. 0 
(o - CH3-c6H4)3 SbX2 7 : I I. 5: I. 0 19. 5: I. 0 12.5:0.5
(o - CH3- 0 -C6H4) 3 SbX2

+ 19. 5: + 7 - I I. 5 12. 5 - I. 0
[m-{CH )2-c6H3]3 SbX2 1.0:1.5 19. 5 : 1.5 12. 5 : I. 5 
(et.-C IOH7) 3SbX2 6.1:1.0 0_5:1.0 19. 5: I. 0 12.8: 0.5 
[(CH3)3 c6H2J3 SbX2 13. 0 : 1.5
(C2H3-c6H4)3 SbX2 13 .0 : 1.0 
(p -COOH-C6H4)3 SbX2 13. 5: 1.5
(f3-C IOH7) 3 SbX2 7 .0: 1.5 + 20. 5: + 2. 5 - 1.5 1.5 13. 5 - I. 5 
(NO2-C6H4)3 SbX2 13. 5: 1.5
[o -(CH3)2-c6H3] 3SbX2 1.0:1.5 2.0: 20. 5: + I. 5 1.5 13. 5 - 1.5
(o-C2H5-c6H4)3 SbX2 14.5: 2.0
(C8H17)3 SbX2 12.0 - 13.5
(C6H11)3 SbX2 c.a 12.5
(C6H5)3 BiX2 12.0: 0.5 
(C6H5) SiX2 16.0: 1.5 6.5: 2.0 33 : I 11.0:0.s

(C6H5)2 SnX2 14. 2: I .0

Table 2 - Extraction constants ( lg f3 ) .x2 
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Aqueous 

phase 
+

CDTA 
+ buffer 

Aqueous phase 
( elimination) 

Potentiometric determination 
with fluoride selective 

electrode 

+ 

Table 3 

+ 

Aqueous 
phase F 

� 
3

Sb(OH)
2 

2119 

Organic phase 
�

3
Sb(OH)

2 



75 

50 

25 

Figure 1 
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\ 
\ 

"'- 6  
,, 

........ a-,_ 

6 8 10 

pH 

F- extraction by means of tetraphenylstibonium in CHCl
3 

[ extracting agent) • 10-
3 

M 

(extracting agent) 6 210-
6 

M 

75 

50 

25 

0 

Figure 2 

2 4 6 8 

F- {l0-
5

N)extraction with tripehnylantimony dichloride 

-
4 

(10 M) in cc1
4

. 



Figure 3 

75 • 

25 ..__ ___ �::;r---L-
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5 2x10 2x103 

NO; influence on chloride extraction with triphenylanti

mony diiodide (l0-
3
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4 
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CCMBINED SOLVENT EXTRACTION-LIQUID SCINTIILATION METHODS FOR RADIOASSAY 
OF ALPHA EMITTERS* 

W. J. McDowell and C. F. Coleman 

Chemical Technology Division 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

Abstract 

Alpha emitting nuclides frequently can be separated from one another 

and from interferring ions by solvent extraction procedures. If the last 

step of such a scheme automatically incorporates the nuclide of interest 

in a liquid scintillator (containing an extractant), a simple procedure 

for radioassay of the nuclide results. It is shown that correct choices 

of scintillators and detector systems produce further advantages. 

Quenching is minimized and held constant, so that the pulse height 

obtained from a given alpha energy is reproducible, and the energy 

resolution is improved over that obtainable with conventional liquid 

scintillation methods, so that alpha peak widths are decreased from 

around 1 MeV to 0.2 or 0.3 MeV at half maxim.lm, Compatibility of several 

extractants with scintillator solutions is described, Procedures are 

described for separation and analysis of several nuclides, e.g., plutonium, 

uranium, and trivalent actinides, including a specific application to the 

assay of plutonium in environmental samples. 

*Research sponsored by the U. S. Atomic Energy Commission under GOntract
with the Union Carbide Corporation,
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INTRODUCTION 

That there are certain advantages to be gained by introducing radio

nuclides into liquid scintillators by means of solvent extraction reagents 

was recognized some years ago by Ihle
1 

and by Horrocks.
2

•
3 

Others quickly

recognized the convenience and the control over quenching to be gained by 

4-9
these procedures. However, the idea of designing a solvent extraction

separation procedure in which the last separation step is extraction into

a scintillator containing an extractant, i.e., an extractive scintillator, 

4 10 
has evolved only recently' and is not yet widely used or appreciated. 

In addition to the advantage of simplicity, this procedure achieves nearly 

complete constancy of the scintillating medium, Aqueous solutions and 

all agents for incorporating them into the scintillator (solubilizing, 

dispersing, gelling agents) are avoided, eliminating their large and 

variable quenching effects, and even the addition of increments of organic 

solvent is avoided, In the limit, nothing is added to the standardized 

scintillator except the trace nuclide. Consequently, the pulse height 

and the corresponding peak position due to a given alpha energy can be 

made constant, Further, with the assurance that the scintillator 

composition will remain constant, it is possible to develop and use a 

scintillator solution with very high pulse height response and optimum 

energy resolution, These features along with the use of appropriate 

phototube-detector and electronics equipment allow the collection of 

alpha liquid scintillation spectra containing both number and energy 

information, and having energy resolution of 0,2 to 0.3 MeV full peak 

width at half maximum (FWHM), Figure 1 shows a spectrum of 
232

rh and 
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daughters that illustrates the results presently possible. Although the 

\ 
possibility and usefulness of such spectra were recognized very early by 

1 2 3 
Ihle and Horrocks, ' little use has so far been made of them. This 

is partly because of lack of recognition of their availabtlity, partly 

because of lack of suitable coumercial detector equipment, and partly 

because of insufficient familiarity with appropriate solvent extraction 

separation procedures. The present paper describes such procedures, 

suitable extractive liquid scintillators for the last separation step, 

and suitable detector equipment. 

EXPERIMENTAL 

Apparatus and Instrumentation 

Although coumercial liquid scintillation detectors designed for 

beta counting can be used for alpha counting, the energy resolution is 

poor ( usually� 1 MeV FWHM) and background is relatively high (� 4-5 cpm 

under an alpha peak). Thus, such detectors cannot fully realize the 

advantages obtainable by combining liquid scintillation with solvent 

extraction. A very simple, single phototube detector with a reflector

sample holder of high reflectivity is used in all of our work in which 

spectra are collected. A low-noise preamplifier and a linear amplifier 

feed the signal to a nultichannel analyzer. (The detector construction 

and accompanying electronics are described in Refs. 4, 10, and 11.) 

Background from phototube noise is not a problem, since the alpha pulse 

is much larger than any noise pulse. 
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Reagents 

Extractants incorporated in the scintillator to make extractive 

scintillator solutions need to be purified as much as possible to 

minimize quenching effects, All the extractants used were obtained 

from commercial sources, Di-Ec-decylamine (DDAS) was purified by 

crystallization of the bisulfate from benzene solution. Tri-Ec-octylamine 

(TDA), 1-nonyl-decylamine (lNDA), and tri-Ec-butyl phosphate (TBP) were 

purified by one-stage, high vacuum distillation, The di(2-ethylhexyl) 

phosphoric acid (IIDEHP) contained about 1% neutral impurities as 

received, probably· 2-ethylhexanol and other alcohols. This was 

decreased to < 0.5% (with no detectable amount, < 0.1%, of any dibasic 

acid) by scrubbing a 0.5� solution in toluene with water three to four 

times, conversion to the sodium salt, scrubbing with saturated sodium 

sulfate solution three times, and reconversion to the acid form, 

The naphthalene used in the scintillator solution was resublimed 

in our laboratory, The scintillator used in most of this work was PBBO 

(2-(4 '-biphenylyl)-6-phenylbenzoxazole]; it was chosen from a large 

number of commercially available scintillators as providing the best 

11 pulse height and resolution. It was used in all cases at 4g/1 in a

toluene solution containing 200g/l of naphthalene. In some earlier 

work4, a scintillator consisting of extractant plus 7g of PPO

(2,5-diphenyloxazole) and 0.5g of Me2POPOP [1,4-bis-2-(4methyl-5-phenyl

oxazolyl)benzene] per liter was used; however, energy resolution was not 

as good with these solutions. All the scintillators were obtained from 

commercial sources and were used without further purification, 
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All other chemicals were the usual reagent grade. 

RESULTS AND DISCUSSION 

We first used the combined solvent extraction-liquid scintillation 

alpha counting method in response to a direct analytical need connected 

with studies of aqueous complexes of the trivalent actinides.
4•12• 13 

The further usefulness of the method was obvious, and various applications 

to solve research analytical problems were made in our own and other 

laboratories at ORNL. Separation of the nuclide of interest from 

unwanted material and incorporation into a scintillator was usually easy 

14-16 
with the solvent extraction separations already familiar to us. 

In cases where the only radionuclide present was the alpha emitter under 

study, samples were sometimes counted in a commercial beta liquid 

scintillation detector if extra counting capacity was needed or for 

convenience. When resolution or identification of energies was necessary 

the single-phototube high resolution detector was used, 

lIDEHP has been IOOSt frequently the extractant of choice for an 

extractive scintillator. It extracts a wide variety of metal ions by 

cation exchange (without concomitant extraction of anions or ligands), 

often with good selectivity, and it has very little quenching effect 

(Fig. 2), We have used some pyrophosphoric acids successfully, and 

presumably many other phosphoric and phosphonic acids can be used, We 

have also used several amine salts successfully, e.g., for uranium, 

thorium, and trivalent actinides as sulfates, and presumably many other 

amines will be similarly acceptable. Sulfate as counter ion to the 
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amines causes only mild quenchiillJ (Fig. 2), and chloride somewhat more 

but still tolerable. However, nitrate causes severe quenching. 

TBP caused even less quenching than HDEHP, but its usefulness is 

limited by its usual need for high nitrate salting and the fact that 

it extracts nitrate both with the metal values and directly. T0P0 

(trioctyl phosphine oxide) also extr�cts anions, but it is less 

dependent on salting and might be the extractant of choice in some 

situations. T0P0 forms synergistic extractant mixtures with HDEHP. 

and we have used this mixture in a few applications. T0P0 also forms 

synergistic mixtures with thenoyltrifluoroacetone that might work well 

in some applications. 

Procedures combining solvent extraction and liquid scintillation 

counting can be considered in two categories: (1) for aqueous samples 

that contain few impurities and can be ext racted directly into an 

extractive scintillator, and (2) for aqueous or organic samples that 

require one or more preliminary steps prior to extraction into the 

scintillator. The following examples show two of each type. 

238-239 244 
(1) In studies of the leachability of Pu and Cm from 

(synthetic) waste solutions fixed in concrete, 100 ml samples of 

leachate were extracted with 15 ml of extractive scintillator (161g 

HDEHP, 200g naphthalene, 4g PBB0 per liter in toluene), from which 

10 ml portions were pipetted for counting. Analytical recovery from 

these solutions was shown to be quantitative.
18 

12 13 19 
(2) In studies of the sulfate, thiocyanate, and chloride ' ' 

complexes of the trivalent actinides, analysis of the aqueous phases 

by directly incorporating the highly salted aqueous phase in a dioxane

based scintillator was not feasible. In contrast, extraction from these 
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aqueous phases into an extractive scintillator (2,9g lNDA sulfate, 7g 

PPO, 0,5g Me2POPOP per liter in toluene) allowed quantitative counting

with little quenching,4 A commercial beta liquid scintillation counter

was used in some of these measurements, In these, the extraction was 

carried out in the 20-ml counting vial and the barren aqueous phase was 

not removed; it did not interfere with the determination. In other 

measurements, where the alpha spectra were to be obtained, the aqueous 

sample was extracted with 1,2 ml of the extractive scintillator and 1,0 

ml of that was transferred to a 10 x 75 mm culture tube for counting in 

the high resolution detector. Figure 3 shows a direct comparison between 

the energy resolution obtainable in the high resolution detector and a 

commercial beta liquid scintillation detector, The nuclides 23;h 

(4.00 MeV) and 239Pu(5,15 MeV) were used for this comparison, and the

high-efficiency PBBO scintillator with naphthalene was used in both 

detectors. The energy spectrum from the connnercial liquid scintillation 

detector is even more smeared if the usual dioxane-based scintillator is 

used in it. 

(3) A procedure has been developed for measuring extremely low 

plutonium levels in environmental samples.11 The plutonium is 

extracted by a tertiary amine from nitrate-salted aqueous solution, 

then stripped into a perchloric acid solution, The excess perchloric 

acid is evaporated in the presence of a small amount of lithium 

perchlorate, and finally the plutonium is extracted in the PBBO

naphthalene IIDEHP extractive scintillator for measurement of the alpha 

spectrum. When determination of uranium is also desired, a slight 

• 
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modification of this procedure permits its coextraction and sim.1ltaneous 

counting, with good resolution from the plutonium in the combined alpha 

spectrum. Related procedures have been used for determination of alpha 

emitters in physiological samples and other very low-level samples,
10 

The use of lithium perchlorate to allow removal of the perchloric 

acid in the evaporation without danger of baking trace elements onto the 

.glassware has been found an important step. Recovery of added plutonium 

and/or uranium from waste water samples and synthetic soil samples 

has been found to be quantitative, with an accuracy governed primarily 

by the counting statistics, Reproducibility of the complete sampling 

plus separation and counting for a large waste water sample (7 duplicate 

samples) gave a standard deviation that was 17% of the mean, 

Phosphates and fluorides interfere with recovery of plutonium from 

soil, but not at the levels they are usually found in soil, Figure 4 

shows a 15-hour count of the plutonium separated from a liter of waste 

water, The net count rate due to Pu is 2,5 cpm. The background under 

the peak is 1,0 cpm. The background under such a peak can be reduced 

to about 0,3 cpm if the sample tube is quartz rather than pyrex, Back

grounds can be reduced much further, to about 0,01 cpm, by electronic pulse 

shape discrimination, which rejects beta- and gamma-produced pulses on 

the basis of pulse duration,
21 

(4) One of the most interesting procedures using these techniques

is currently being designed and developed to date ancient pottery by the 

decay of uranium and thorium, i�e., by correlation of the measured

therooluminescence of the pottery with the amount of alpha activity 

• 

2130 



present. Two 1.2 to l.Sg samples of pottery are pulverized (� 200 mesh) 

and dissolved in 1003 + HF, each for the determination of two alpha

emitters. One sample is taken to dryness and dissolved in 0.5� HCl. 

Polonium is extracted from this with a scintillator containing primary 

or secondary amine chloride. The aqueous raffinate from this 

extraction.is coaverted to sulfate by evaporation with sulfuric acid 

and adjusted to 0.2! acid and 2.0!_ total sulfate. A scintillator 

containing a tertiary amine sulfate is used to extract uranium from this 

solution. The second sample is adjusted to BM HCl and extracted with 

0.3� tertiary amine chloride to remove iron, polonium, and uranium. 

The raffinate is fumed with 2-3 ml of concentrated HCl04
, 2-3 ml

concentrated HN03, and O.lg LiCl and evaporated to fused LiCl04, then

dissolved in 5 ml of 0.5.11 HCl. Thorium is extracted with a scintillator 

containing 0.2M lIDEHP. The raffinate from this extraction is evaporated 

to fused LiCl0
4 

again. This is dissolved in water, and radium is 

extracted with a scintillator containing 0.16� lIDEHP--0,04� NaDEHP, 

The solvent extraction-liquid scintillation procedures are expected 

to provi�e a great deal m:>re accuracy than has been obtainable by 

previous methods of counting the crushed pottery and correcting for 

self absorption. 

In summary, the techniques of combined solvent extraction-liquid 

scintillation described above, although still relatively new, show 

great promise in simplifying and improving many alpha counting problems. 
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DI-2-ETHYLHEXYLDITHIOPHOSPHORIC ACID 

APPLICATION TO RARE AND NON-FERROUS METAL ANALYTICAL

CHEMISTRY AND HYDROMETALLURGY; CHEMISTRY OF EXTRACTION

AND EXCHANGE INTERPHASE INTERACTION OF METALS OF THE

COPPER, ZINC, GALLIUM, GERMANIUM, ARSENIC SUB-GROUPS.

I.S. Levin, V.V. Sergeeva, T.F. Rodina, V.A. Tarasova,

Yu.M.Yukhin, V.I. Varentsova, I.A. Vorsina, N.A. Balakireva,

I.A. Bykhovskaya, L.A. Novosel'tseva, L.I.Tischenko,

O.M. Frid, B.I. Kogan and G.A. Marinkina.

Application of D2EHDTPA to analytical chemistry and 

hydrometallurgy. Analytical studies involved elaboration of 

the methods for separation and determination of T1(1), 

Sn(11), Au, As(111); technological studies were concerned 

with the purification methods of In from As and Sb ; wash

sulphuric acid and nickel electrolytes - from arsenic.

Extraction chemistry of a series of metlls and the exchange

interaction have been studied. Extraction constants have been

determined. 

Institute for Mineral Treatment, Derzhavina 18, 

Novosibirsk, USSR. 

It was shown earlier that diethyl- and diphenyldithiophos

phoric acids soluble in water are effective reagents in 
1-3. precipitation of many metals The behaviour of a series 

of metals at extraction with dibutyldithiophosphoric acid was

also studied 4-5• However, the high solubility of the latter

acid in alkalies and a�preciable solubility in neutral or 

acid media , makes it impractical for application in hydromet-

allurgy and limits its possibilities in analytical chemistry. 

We have examined the extraction with alkyldithioph9sphoric 

acids with lon�-chain radicals of elements of the copper, 

zinc, gallium, germanium, arsenic and iron sub-groupa; and the 

possibilities of their separation from the accompanying aetala 

as well as from each other in both analytical and technological 

aspects. 



Nwhexyl, n-octyl, 2-ethylhexyl-, dodecyl-, isododecyldithio

phosphoric acids and the acids synthesized from the fraction of 

the _secondary alcohols c8-c18 have been tested.

Di-2-ethylhexyldithiophosp�oric acid (D2EHDTPA) is of 

much promise in practical purposes, it extraction kinetics 

being favouravle in constrast to isododecyldithiophosphoric 

acid. In addition, unlike the acids synthesized from alcohols 

C3-c12 D2EHDTPA does not form any stable emulsions.

Characteristic constants of D2EHDTPA determined by us7 

are presented in Table 1. It is seen from the table that unlike 

dialkylphosphoric acids d 11EHDTPA does not tend to dimerize and 

the distribution constants do not practically depend on 

diluents (non-polar). 

Table 1. - Characteristic Constants of D2EHDTPA 

Diluent 
¾K.__ i31Q �K2= 

carbon tetra- -1.25!0.06 5.1t-2!0.2 _, 

chloride 

Heptane 5.1t-3.!o.05 

Benzol 5.39!0.02 

D2EHDTPA is practically insoluble in acid and alkali 

solutions. For example, equilibration of 2 N Na0H with an 

equal volume of 0.3 N D2EHDTPA (106.2 g/1) results in a final 

concentrati�n of the latter in water phase equal to 0.048 g/1. 

Specific weight of the purified acid is 0.96, refraction index -

1. 478.

D2EHDTPA is sufficiently stable and without strong oxidizers 
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(HN03� 6 N, H2o2, Tl(III), Br2) its extractive capacity does

not alter with time. D2EHDTPA extracts metals via the cation

excbADge mechanism (Equation 1). 

AJ.most complete absence of anions of mineral acids in organic 

phase and ratio [�]0 (found by means of the saturation method)
[Me]., 

equal to the charge of the extractive cation favour this fact. 

Study of dependences t,_E--l,.[HRJo and ,½E--½,[H1
41 

showed 

that E is directly "n" power dependent on the extractant 

concentration in organic phase and inversely "n" power depen

dent on the hydrogen ion concentration in the aqueous phase 

("n" - the charge of the metal cation). Besides that the ab

sorption spectra of alkyldithiophosphates within UV and IR 

ranges 8-12 favour the cation-exchange character of extraction. 
a.Me"++ ; (n+s)(HR)x-[MeRn:s�RJo. +a.n W

(1) 
as X=1 and thus s e:eO, the extraction constant 

[Me�nlo [HJ;; tM�R,. · t:-
n. 

Kex a [Me]"- (HR]4" 'I.a. · 'ta.n
"'t ± HR 

(2) 

Where a - polymerization degree, '( - corresponding activity 
i.•IC. • . . [ M n+] [Me)L,t 

coefficients. As e 
q:, q, = � + r:.. .,.. [A]L 

i.=f l 
' 

thus it follows from Equation 2 that if 

½E-n.½[HR]
0
= K+ a�

l 
½(MeR.ll] 

- .P ... K .Jin Q 

where K =7 -2t.J,H-¾4> + � 

(3) 

is a constant, then (2) is valid only at a:1, i.e. in the ab-

sence of polymerization in the organic phase. It follows from 

the experimental data that Tl(I), Bi, As(III), Sn(II),etc are 

extracted as monomers while Ag - as trimer. 

Extraction constants of some metals are too high to be cal

culated by the generally accepted investigation method of de

pendences ½E
,...;�[HR]., and ½E -½[HJ

°'}, 
since high E values can
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not be determined accurately enough. We managed to determine 

b;y this method only the extraction constants of Oo, Ni, �l(I) 

and Sn(II). Vecy high values of the extraction constants of me

tals were found by means of exchange reactions following the 

equation m+ u n+ 
n. Me" + m (Me11l0)

0 
= n ( Me iirlm) + m ,.,e, 

n - - - 0 n 
KMti EMeii: 

since Kex� K'" C and on the other hand K� Arn where
Co MtJ o 

A ==n,c:;- , Co - concentration of Mer Rn , C., - concentration 
n� _ n� 

of Mer in the water phase, then n n 
KMei EMei 

K m • '" 

Mer fl (4) 
The calculations are based on the value of nickel K which 

was determined accurately enough. In the case when constants of 

extraction K Me -H of the exchanging metals differ considerably 

it is impossible to determine E�1
(the maximum Emax values

found in the present studies were less than 103-104). It fol

lows from Equation 4 that at Emax=104 and A:10-2 (it is not

practically possible to decrease the value of A) the constants 

ratio of the exchanging metals must satisfy the condition 
m-n 

Analysis of Equation 5 shows 
KMen

1) ½ K�eI � 6

½ KMei � �K 
2) -K - � l+j Me.1Me! -

�) .P_ KMe! 
!<: 5.!.-lJ_K 'i K - 3 3 i Mer

Mel 
-

KMe11 ,.:: K� ·Erna.J(

KMe1 ..._ A Ip.- (5) 

if the metals are of the same 
valency; 

if m=3, n:2; 

if m=2, n=3· 

The Ni-in pair was chosen as an intermediate step when go -

ing from Xiii-H to the metal constants with higher values. The

exchange was performed depending on concentration of Ni with 

constant [In]
CUJ-

concentration; equilibri1llll pH being constant in 

each series of experiments. Well reproducible values of the 
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exchange and extraction constants for Ni-In pair have been ob-

tainee1. 

3NiR2 + 2In3+ = 2InR
3 

+ 3Ni2+ 
(6)

In a similar manner the following reactions have been studied 

ZnR
2 

+ Ni2+ = NiR
2 

+ Zn 
.3+ FeR3 + In = InR

3 
+ Fe

3CdR
2 

+ 2As3+ :2AsR
3 

+ ,3Cd

InR
3 

+ As3+ = AsR
3 

+ In

2AsR
3 

+ ,;eu2+ = .3CuR
2 

+ 2As3+ 

3CuR
2 

+ 2Bi3+ = 2BiR
3 

+ 3Cu2+ 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

The obtained dependences -l,E-½[nCMerl
a.q, 

at [MerRn]0 :const. 
and.. LIE-¾[Me1Rn]0 cit. [nCMe.1Jaq.=con.si. 
support the conclusion that exchanging reactions are described

by Equations (6-1 2). 

It follows from Equation 4 that 
..P� · 4Ke�di +..!!!..-{· [ ]-�i-[nC ] 
'""iEMe;; n n '} MerR.n 

O 
n � -n Mer oq, (13) 

and at constant and high concentration of the. displaced MeI in 

water phase the inclination tangent of the dependence l'J-E -

-�[MerRnt is proportional to : • When the concentration of di- . 

thiophosphate of the displaced metal in organic phase is practi-

cally constant, i.e'• at low concentrat:ions of the displacing 

metal and sufficiently high concentration of Me11ln inclination
. - m 

tangent ½E-½[hCMe1]
w,, 

is inversely proportional to n .

The experimental data obtained are in good agreement with Equa

tions (6-1 2) -inclination tangents are equal to 3/ 2 for pairs 

Ni-In, Cd-As, Cu-Bi, and 1 for In-As, Zn-Ni, Fe-In. Besides 

that metals with higher extraction constant displace the stoi

chiometric quantity of metals with lower Kex• The exchange and

extraction constants are given in Table 2
1 .3. 

Due to great differences between the extraction and exchange 
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constants and speci:fic behaviour o:B some·metaJ.s at extraction 

:from solutions of mineral acids, alkalies and ammonia it was 

possible to develop the various ways of their separation. 

E.g. unlike other metals Tl(I) does not form any stable complex

compounds with amines in water phase. This property was used

for its separation from Ni, Zn, etc at the step of their strip

ping with diethylamines.

Table 2. � The.exchange and extraction constants of 
metals; 

Diluent - octun.e. 

Exchange constants Extraction constants 
-k¾,KMe-H 

Ni2+-In3+ 
1.1.0 t 0 • .3

Zn-Ni 0.75 ! 0.0.3 

As-Pb -0.67 ± o.oc;
In-As 1.7 ± 0.1

Cd-As 2.82 :!: 0.07
Fe-In 1.6 ± o.oa
As-Cu 12.94 

Cu-Bi 3.3 ! 0.06 

Zn 2.25± 0.0.3 
Ni .3 .14 
Tl(I) 2.00.:!: 0.04: 
Fe(III) 8.62 ± 0.08 
In 
Sn(II) 
Cd 
Pb 
As 
cu 

Bi 

10.22 ± 0 • .3 
.5.4.5± 0.1 
7.01 ± o. 7 
8.09 :!: 0.05 

11.93 ! 0.08 
12.3 

20.1 ± 0.06 

1.12 

1.51 
2.0 
2.86 
.3 .4 
2.72 
3�5 
4.04 
3.97 
6.15 
6.33 

Tl(I) can be separated from copper (which possesses high Kex
and is difficultly stripped) via the exchange reaction just 

with it. Thallium is completely displaced by copper which is 

left in organic phase. Method elaborated for determining thal

liWII in products of lead-zinc production14 is based on these 

peculiarities. The universal method of tin separation has the 

following stages. Initially impurities are extracted from the 

solution which contains Sn(IV), then tin is reduced with thio

glycolic acid; acidity is decreased and Sn(II) is extracted. 
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Tin is separated from some other elements, which hinder its 

determination, on the extraction as well as on stripping stages

with hydrochloric acid15. 

The idea of the method proposed of separating the gold is 

the following. Au(III) and Au(I) are extracted completely with 

D2EHDTPA from various media except cyanide (particularly 

from hydrochloric acid medium); Au is stripped with thiourea 

solution. The lacter is destructed with awua regia and gold 

is determined by the generally accepted method16•

'l'he increase of EAs with acid concentration in water phase

as opposed to all other metals; ready stripping with alkali 

and ar.llllonia formed the basis for quantative method of separa

tion and determination of arsenic macro- and micro-cancentra

tions17-18.

Cited peculiarities together with the high extraction 

constant allow to apply D2EHDTPA for high purification of 

solutions for hydrometallurgy, particularly of Ni-Co electrolytes 

and wash sulphuric acid from arsenic 19• It was shown in

laboratory pilot plant scale that nickel is quantitatively 

displaced from nickel di-2-ethylhexldithiophosphate with 

arsenic according to equation 3NiR2 + 2As3+ = 2AsR3 + 3Ni2+.

However the exchange kinetics depends to a considerable extent 

on equilibrium pH of the electrolyte. Sulphate-chloride 

electrolyte with arsenic concentration of 25 mg/1 and pH=1 

was subjected to �urification. Extraction was carried o;:t in 

6-step extractor witn phase ratio A:0=20:1, the rate of water

phase flow being 15 1/h, organic - 0.75 1/h. It takes electrolyte

2 min to leave the mixing chamber.

After setting up the stationary conditions arsenic 

concentration was.t::.0.2 mg/ 1. Table 3 gives the distribution 

of arsenic et the extraction steps. 
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Table 3 - Distribution of As at the extraction steps.

Step (As)ag1 mg/1 (As )o1 mg/1 

1 8.2 480 

2 3 337 

3 0.95 120 

4 o.48 22 

5 0.19 8 

6 0.11 3 

After substituting As for 25-30% of Ni, nickel is stripped 

with 9-10 N HC1, arsenic - with Na0H. Sodium form of the 

extr�cting agent is regenerated by contacting with electrolyte. 

Arsenic is extracted from wash sulphuric acid H2so4�10-

100 g/1 independently of the concentration of the latter. 

Arsenic is concentrated on the extraction and stripping with 

alkali stages. 

The possibility of extraction separating Bi from impurities 

was studied using the solutions formed in the process of hydro

chloric acid leaching, particularly of tin concentrates. 

In spite of the face that Bi in HC1 solutions is strongly 

complexed, extraction constant equal to .'S� where K-
/"-L.'- - . Tc.£], extraction constant from HC104 solutions in1'th 'a'!isence of

C1- is sufficiently high. At moderately high concentrations of 

chloride bismuth displaces iron and other impurities from 

the organic phase. It is concentrated on the stage of 

stripping with hydrochloric acid and is isolated from the 

water phase by means of electrolysis on graphite electrodes. 

Bismuth powder (Bi 99.7%) with 0.04% of Pb, 0.049% of As 

and 0.15% of Sb was obtained from solution of concentration 

in g/1: Bi-1.5; Sn-0.21; Pb-1.24; Fe-15.4; Zn-0.5; As-1.84; 

Cl-213. 
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The flow sheet of indium extraction with D2EH.PA was applied 

at a series of plants. The defect of this flow sheet lies 

in the fact that In is spearated quantitatively from all metals 

but antimony. It was found in practice that antimony content 

in hydrochloric acid strip liquors varies within the wide 

ranges when In concentration is from 20 to 80 g/1 antimony 

concentration in it reaches 0.5-18 g/1 (depending on the new 

material). Extracting agents described in literature (TBP, 

butyl acetate, etc)20 were found impractical for solving this 

problem. Strip liquors are purified from antimony either bj 

a successive cementation on copper and iron, or by precipita-

tion of sulphides. The first variant is tedious and is not 

sufficiently effective, the second one is chabacterized by 

a consi�erable loss of In. The method su�gested for indium 

strip liquor purification from antimony is based on the fact

that E
in 

on extraction with D2EHDTPA from HC1 solutions 

decreases considerably faster with the increase of acid 

concentration in water phase than ESB that is seen fro� the

data in Table 4 (we failed to determine the extraction constant 

of antimony). 

Table 4 - Extraction of In and Sb(III) with D2EHDTPA in 

keroaine depending on the hydrochloric concentra

tion. In=2.85 g/l.; Sb=4 g/1; tDEHDTPA/=0.5n; 

diluent - keroaine. 

[HC1], [In]aq, Ein U,bJ,aq, 
g/1 g/l 

[Hc1], [sb] aq, ESb N g/1
3.5 0.05 56 was not 8000 8.9 0.03 1142 

0.11 25 found 9.5 0.037 107 
4.5 0.97 1.94 " 10 0.125 31 
5.5 1.86 0.53 " 10.5 0.317 11.6 
6.5 2.64 0.08 II 11.0 1.322 2 

7.7 2.76 0.03 II 1332 11.5 2.07 0.93 
11.8 2.1 0.9 
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It is seen from Table 4 that from 5-8N HCl, i.e. 

directly from strip liquors, Sb(III) can be selectively 

extracted with a very high separation coefficients. We have 

purified indium strip liquors of the content (in g/1): 

In=71; Sb=8; As(V)=1.5; HC1=7.$ N. The final concentration 

of Sb and As (if it is preliminary reduced to As (III)) 

in reaffinate was not higher than u.c.5 mg/1. After the 

antiuony stripping with concentrated hydrochloric acid the 

extracting agent is reusable. Up to the day this procedure 

was repeated many times under the laboratory conditions. 

It follows from the discussion above that di-2-ethylhexyl

dithiophosphoric acid is an effect�ve extracting aaent which 

is of great promise in solving a series of probleus for 

hydrometalurgy and analytical chemistry. 
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ION-PAIR CHROMATOGRAPHY OF ORGANIC COMPOUNDS 

S.Eksborg and G,Schill

Dep. of Analytical Pharmaceutical Chemistry 

University of Uppsala, Box 574, S-751 23 Uppsala, Sweden 

Liquid-liquid chromatographic systems based on ion-pair extraction 

have been used for the isolation of qua.ternary ammonium ions, amines, 

carboxylic acids and sulphonic acids. 

The influence of counter ion, support and mobile organic phase 

on the chromatographic process has been investigated. The results 

indicate that extraction rate and diffusion in stationary or stagnant 

liquid -phase has an important influence on the separating efficiency. 

The influence of secondary processes e .• g. ion-pair formation in 

the stationary phase, ion-pair dimerization and dissociation in the 

mobile phase, are discussed on the basis of equilibrium constants, 
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Ion-pair chromatography is based on a liquid-liquid partition 

technique usually called ion-pair extraction.which during the last 

10 years found use in numerous procedures for the isolation and. de

termination of organic compounds1-4• It has be(;n applied to widely

different kinds of ionizable organic compounds such as amines, quater

nary ammonium ions, amino acids, carboxylic aoida, aulphonatQs, oria

nic sulphates and phenols. 

The general principle of the ion-pair extraction can ·be illustrated 

by the formula 

xaq ( 1) 

The extraction of the cation, Q.+ , can be expressed quantitatively by 

the distribution ratio, D
Q.X'

(2) 

where E
Q.X is the extraction equilibrium constant defined by

( 3) 

The magnitude of the ex'traction· equilibrium constant depends 

on t�e nature of the components of the ion-pair and of the properties 

of the organic phase as illustrated in Tables 1, 2 and 3. Extraction 

equilibrium constants of ion-pairs between tetrabutylammonium and 

different anions are gi van in Table 1 an_d between picra te and different 

organic ammonium ions in Table 2. The organic phases are chloroform 

and methylene chloride respectively. 

The addition of one alkyl or aryl carbon usually gives an increase

in log E
QX of 0.5 _ o.6 units. Hydrophilic substituents such as hydroxyl

or carboxyl decrease the extraction col')stant but the size of the

change depends on the properties of the organia phase as illustrated

in Table 3 (cf. ethyltrimethylammonium .a.nd its 2..;hydroxy derivative)•

The extraction equilibrium constant increases with increasing pola

rity of the organic phase (Table 3), and hydrogen bonding solvents 
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have a. particularly high ex:tracting power for ion-pairs with hydrop-hi

lic substituents. 

Further discu:::sions of the principles and appl"ications of ion-

pair ext,-action are given in a rooent review1 which also includes

numeroaa extqction equilibrium constants of compounds with widely 

dif:'erent structures. 

Ion-uair extraction in li<JJ:id chromato£rap11y 

The ion-pair systems have several properties that make them particu

larly useful in separations based on liquid-liquid chromatography. 

They are very versatile and can easily be adapted to different kinds

of samples by a proper choice of kind and concentration of counter ion. 

The extraction can usually be made with a solvent of low or moderate 

solvati�g power which makes the separation system highly selective 

as illustrated in Table 3. 

A hi5h sample cauacity and a selecti�e and sensitive detection 

of the sample components are other advantages· th·at can be achieved 

in liquid chromatographic systems based on ion-pair extraction, 

Exuerimental 

.4:i-�.ra-c.us and material 

.fele£tEr..:.. Chromatronix 200-1 photometer that measures the eluate 

absoroance at 253,7 nm in a 8 µl cell with a path length of 10 mm. 

Eu.!!!P..:.. Chromatronix Metering Pump giving flow rates 

of 2,4 - 120 ml/hour 

.f.o_lu_!!!n�: __ Separations columns with i.d. 2.7 mm and length 300 mm, 

Precolumns with i,d. 9 mm and length 300 mm. 

§.u2p_2rJs..:.. Cellulose , ethanolised (Munktell 410) ,extre.cted with ethanol 

to rem ove traces of pyridine.(mean diameter 30-65µ for 80% of the parti

cles). Celi te, purified by boiling with acid and water. Particles with 

diameter 37-74 µ isolated by sieving. 
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'i'ne colum:is were packed with a rod by use of slurry technique. The 

o:ir.1� fillings were used in precolumn an<l· separation column. The whole 

chroQatogrnphic system including /he detector was carefully thermost1ted 

at ti1e experimental temperature, 25.0° ;: 0.1° C. The samples were injec

ted as ion-pairs in the mobile phase. 

Results and. d.iscus sbn 

Construction of gystems for ion-J?.air chr-omat�:1p::aJ?.h2£ 

The chromatographic isolation of a ·compound depends on its retention. 

usually expressed by the retention volume, VR, and the separating effi

ciency of the system, H (height of a theoretical plate). The fundamen

tal retention equation 

V R a V m ( 1 + k ') (4) 

sho�s that the retention volume is controlled by the capacity factor, 

k', which by straight phase chromatography (mobil.e organic phase) is 

defined as 

k 

V 
s 

... ---

V .Dm 
( 5) 

Vs and Vm are the volumes of stationary and mobile phase while Dis

the distribution ratio. 

When the compound is a."1 ion that migrates as an ion-pair with the 

mobile organic phase, its distribution ratio is defined by eq. (2). 

D and VR is· then controlled by the concentration of the counter

ion in the aqueous stationary phase and by the extraction equilibrium 

constant, EQX' whose magnitude changes with.the nature of the counter

ion, 

The choice of counter ion for an ion-pa_i,r chromatographic isolation 

can often be based on estimations from pu:blished extraction equilibriw:i 

constants (cf, Tables 1-2 and ref.1). Since the chromatographic procedure 

- 2152 



may rQquirc codifications of tha properties of tne·mobile org�nic phase, 

e.g. bJ' addition of hic;h,::r alcohols or other polar components, it is

soneti;;ies necessary to supplement the estimation with a constant deter

mination 2• The final adjustment of D to a suitable magnitude is made

by .::l:an1;ing the concentration of the counter ion in the aqueous phase 

and by ::iinor adjustments of the cot1position of the mobile phase w:1ich 

( 
1,10,il

) will affect E
QX 

cf. Tabla 3 and ref, • 

_§_u_£p.Q_rl_

The specific properties of the ion-pair systems cannot be fully

utilized unless the cooposition of th.a phases is well known, and the 

support is so inert that it only has a i:u.nor or negligible influence 

on the migration rate of the sample. Results obtained with two supports 

with low adsorptive properties , diatomaceous earth (Celite) and a brand 

of cellulose (Munktell 410) are presented in Tables 4 and 5. The Tables. 

give found distribution ratios·, Dfound' calculated from the found

ca.p,;,.ci ty factors and the oeasured phase volUJI:es. 'fhe peak symmetry is 

illustrated by the asymmetry factor, As1 that expresses the area ratio 

between th,:) bad:: and the front pa.rt of th,; peak, Ta))le· 5 also give 

so.:ie calculated distribution ratios, D 
1

, computed from the extracca c 

tion equilibri= constants given in Table 7, 

'l'te '.!:'ables give the following ge:,eral picture of the influence of
the support: 

1. the ;:icak symmetry is better (As is lo·:.er) on cellulose than on

Celi te

2• Dfound is in most cases lower on cellulose than on Celite where it

is equal or lower than D 
1 

( a lower Dis equivalent to a loTTe�ca c ·• 

migration rate). 

'l'hn lowr,r migration ra.to on ccllulo:,o mo.y b,, due to the f1,ct that 

it ha::; a h.i5hor capacity than Celite to bind the components of the

ion-pair by h:,1rogen bonding. The ion-pair bet'.'feen trimethylethyla=o-
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nium and pi:::rate ('rable 5 :iio.10) which both have little tendency to 

hyJrogen bonding, is not retarded by cellulose ( Df d = D 1 ) , whileoun ca c 
most of the ion-pairs containing naphthalen,:,sulphonate and primary or 

seconda-:y a,.1monium ions vii th a s"ttrongcr hydrogen bonding capacity_ 

are significantly affected by the cellulose support. 

The natur,:; of the stat:i.or.ary pha.se h8,s a.lso a ··considerable influence 

on t�e oigration rate of the ion-pair. Pentylammoni;um-naphthalenesul

p:wna.te has a higher Dfound on a· stationary phase of sulphona.te (T.;i.b.

5 :1) t:1an on pentyhmine ('.i'ab. 4:5) in .. spite O"f the fact that the 

co:1cEi1.-l;ration of -�he counter ion is the same. ;;11ailar results are 

obtained with di-isopropylamne (Tab. 5:6 and Tab.4:9) and triethylamine 

(Tab.5:8 and Tab,4:10). It is probable that these deviations depend 

on seco_ndary reactions in the liquid phases , and processes of this 

kind will be discussed below. 

'l:11e peak a::isyrai:ietry-_-is higher on Celi te than on cellulose but 

it is hardly disturbing in 1:1ost c1ses. The tailing tendency may be due

to the porous structure of the support which ce.n give rise to h:.rge 

differ€nces in the thickn<:SS of t'.:e sts.tionar;r or stagnant liCJ_uid phase 

l�yers with large variations in the diffusion time as a consequence.The 

strong tailing that appears with sa.,r::iles of qu�terna.ry ammonium ions 

('l'able 5: lie. 9-10) and oenzilic aci ci ( 'i'able 4: 1/o. 1) inc'i.icatell 

more cpn::;ific effects. 

c,_,i.lulo::;e colu1;.n3 that contain aniorw of. 11(mzilic acid, prwr,y-1 bu-

tyric ar,id or salicylic acid as stationary phase give tailing and abnor

mally retarded peaks with dimethylprotriptyline as sample (cf. Table 4).

A further illustration of the influence of the counter ion and the

t Ob-t,,-i·ncd from studies of the sen_aratin.z efficiency. 'rhesu ,iiior c:o.n - _ 

hei.ght of a theoretical plate, H, can by liquid-liquid chromatography
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2ccor.:lin.� to 
12 _ 13 Giddings and Karier be express�d by:

''(1 , ')-:0 d2
1) -1( • , ) K +K , .q_ S mass transfer in statio:c.a:rJ phase 

C k'(l+�')-z,?kd-l ( t ) k .• - ex rac::ion kinetics 

(6) 

(7) 

* 
C., a 0.033 (b+k') 2 (l+k')-2 b-ly-1,d/n;

1 (mass transfer in stag-(8) u li .. na.nt mobile phase) 
2 -1 CM =t,) d

p 
ll

J.f 
(mass transfer in mobile phase) (9) 

A = 2 d )\p (Eddy diffusion) (10) 

vis the linear flow rate, DS and DM the diffusion coefficients in

mobile and stationary phase, d the diffusion path length in stationary:. 

phase, d the particle diameter of the support, kd the rate constant
p 

for the extraction from the stationary into the mobile phase, b the 

int:.-aparticle fraction of mobile phase, q_,f,w,)\ constants. 

The relative importance of the terms in eq_. (6) can be illustrated 

by the relation betv;een H and mobile phase speed at different k'. 

Results obtained with soma of the systems from Tables 4 and 5 are 

presented in FiGs, 1-3. 

A comparison of the chromatographic behaviour of a=onium ion-pairs 

of picrate and naphthalene-2-sulphonate ca.n be based on Fig�. 1 and 3, 

B�th have been obtained with cellulose as support and it has been shomi14 

that the influence of stagnant mobile phase on that support is insigni

ficant, For compou.-ids with very low k', eq_. (6) then can be simplified to: 

(11) 

'rhe curves are obtained with different cations, but calculations based 

on estimated molecular volumes15 indicate that the differences in 

di :·fusion coefficients arc rather sm11ll (< 20 %) • rt can then be assumed 

th�t CM is the same all the compounds that are presented in the sa�e

Fig, Eq_s, (6) and (11) can then be combined· which gives: 
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( ),:, -1 ( .2 -1 -1) 4H l+k' -k• = qu D8 + 2kd .v 

wi:2;::2 4 J1 � H - n0 • A plot of ,Hi(l+k ) 2k -l ver5us v will give a

cc ·cl:n.igh t line 

( 12) 

?i.;:;. 4 -;:,:;:- :-sc:1 ts plots of this kind based on data from Pigs. 1 and 3. 

�g_. ( 2) seer.is to be valid, approximately any::rray; the lines are straight 

but tlicre is a s:nall intercept which :;iossibly depends on the clifficul ty 

to determne H •:1i th good precis:i:m when th9 peaks -are slightly asy=et:=ic. 

The lines for the pic:cc1te ion-pairs coincide alrnos',; completely. '.!.'his 

indi.:!:ates 
1 . 2 -1 , ti1at 2kd- << q_u D3 for o.11. the ion pa:i.rs i.e. the extrac-

tion rate is so large that it is without influence on R. The slope 

of the line gives 2 -1 qd n
8 

= o.6.

The sulphon�te ion-pairs have considerably larger slo9es anu the 

slope seems to increase with increasing k' (i.e. with decreasing E
QX

of the ion-pair). Both facts indicate that the extraction rate has a 

It is obvious that the counter ion can have a large influence on the 

separating efficiency.of a chromatographic system and the conclusion 

that this is due to the extraction rate constant has been supported by 

recent studies of the kinetics by ion pair extraction16 •

The results obtained with cellulose as support show that H ha.s 

a ..iaximum at k' = 1 and decrease ·with wi·th increasing k'. This .is 

clHrac·�e:r.isti c for systems where c8 and/or C, dom.ina. to. 'l'he curv-eBK 
obtain"d vii th Celi te a.s support (Fi;;. 2) give a q_ui te difi'eren-:: :,1i�-

ture: H increases with k' until a limiting value is obtained, This
* indicates that stagnant mobile phase (c,1, eq. (8))) ha.s a considerable

II 

influance on H, and it will be q_uite dominating at high k' and high mo-

b'l -1 -1 1. e ph.:1se velocity
, 

when c8, Ck and c1,1 v are insignificant. The

H/v c >.1rve h.:1s U.'lder these conditions a slope of about 0.5. A decrease

of the particle diameter will decrease the path length for stagnant
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mobile ph3se diffusion and improve H. 

The sep:'l.ra tion factor , C(, for two compounds , A+ and B+ , in a 

c·::romatogra.phic system cur.taini"Ag X- a.s cou.'1.ter ion in the stationary 

r,q_ucc,us phase is eive,1 br: 

T D -1 � ,, -1 (P·) 
ex .. .!JA. :a = .i,;.,-.x":"'Bx ., 

(cf, eq_. (2)). The eq_uation is vali� under the pre-req_uisite that 

a.11 side-reactions except the main io:-.-pa.ir extra-'.l·tion process (for-

mula (1)) are negligible. 

r�;i1e properties of the organic phase has a great influence on the 

magnitude of the separation fP-ctor, and a will as a rule decrease with 

ir!creasing solvating capa.ci ty of or;;;aru,c phase (c:f. ref• 1 ) • .An. illustra-

tion is given in Table 3: log a for picrate.ion-pairs of·ethy-itrisethyl

a:,:moniur:i and its hydroxy derivative is about 1 vti th weakly hydrogen 

bonding·solvents such as metr.ylene cb.loride and chloroform but decreases 

to 0.05 when pentanol is used as organic phase. 

The separation factor in a chromatographic system can as a rule 

o:-,ly be appro::cim'.l.ted by eq. (13), si;ice different kinds of side-. 

reaction may have influence on distribution ... ratio of the sample compo- · 

nent3. Secondary reactions in the liquid phases and adsorption to 

the support are often the me..in reason to the deviations , but there

are effects that cannot be explained in•·that way • .A:n example is given 
in Tabla 6 which presents results from chroma togra.phy of primary ammo

nium ions on a colur.m with 0.1 M naphthalenesulphonate as stationary 

pha8e on a cellulose support. 

The 'l'able shows that the deviation, bet-;;een Dfound and Deale 

increase with increasing hydrophobic character of the primary amine 

and ,7i th decreasing content of pentanol in the mobile phase. The 

ion-pairs were completely retained on the column when chloroform was 
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-i;.::;e:,d t,:; the no bile p:.ase , ancl e. pen ti:.nol content of > 10;� ,7C.S .re,, ui:r.cd 

to obtc.in distribution ratios of about the calculated magnitude. 

It is not likely that the decrease of the distrib,-.tion ratio is 

clue to adsorption to the hydrophi).ic support ·sinc·e the deviation from 

Deale increases with incre2.sing number of alkyl carbons in the ammo-

11it:m ion i.e. with increasing hydrophobic:i ty of the ion-pai·r. A 

phenor:.enon of this kind may on the other hand also be the result 

of en adsorption of the ion-pair to the interface between stationary 

d b · 1 h ( f f l 7 '18) ·T · an mo l e p ase c • re • • his . can also explain the favourable

effect of pentanol in the mobile phaee, it reduces the interfacial ad

sorption due to a higher cape.city th.an chloroform to solvate the hydro

gen bonding primary ammonium ion of the ion-pair0 ·An effect similar to 

11 in terf,ac.ial adsorption .has been o,bs·.erved by-,Borg by ,extr.ac tion of 

perchlorate ion-pairs. 

The influence of side-re�ctions on a.� ion-pair extraction can 

be included in the c2.lculations without any change cf the gener�l 
X 

principle by the introduction of a conditional constant , E
Q,X, w.hich

by chromatographic experiments is defined by: 

�X 

l!.Q,X ( 14) 

( 
3 • 14 ) 1· nc lude the effect of all side-cf. ref� • The a-coefficierits 

reactions within each of the phases that interfere with the main 

reaction. 

Associatton or dissociation processes that solely comprise the 

ion-pair or its co:nponents ca.n give serious chromatographic distur

bancen , since the effect of such side-reactions will vary with the 

concentration of the migrating sample. Side-reaction of this kind 

must be avoided or suppressed in chromatographic systems, since 

they will give ri se to e.symmetric peaks or other deviations from a
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rit�:.: :::i.nii so::1e of the n3.in ��ide-re;:.ctions occu::-ring in the chro::iatogra-

p!·1ic systems of J.1ables 4 n.nd. 6 .:i:co eiven in Table 7. 

in a decr,::i.se of the distribution r::i.tio. The constanta 

the pi crate :·;ys"Cem Rre of su.ch magr_i tudes that significant 

e1.:·eci;s c8.n be expected. when ti1:i co,:centrations of one or both corn.po-

nents of the ion-pair exceed 
-2 

10 ,
•· . .1.. 

The dimerization of the ion-pairs in the organic phase Hill increase 

.-;, .. and t,1e c.istribution rJ.tio. ·L1e di:lerization constants (ko.-. ) have 
"..:!.,-.. 1.m 

in a low polarity solvent like chloroform·such nagnitudes that signi-

fic2.nt effects .!lay appear when the ion-pair_ concentratio"n in the organic 

;ihase is. > 10-4 :til • Since the conce:ntration of the _saill.?le decreases 

during the migration of the column, a dimerization will give rise to 

to a tailing peak. 

Di,:sociation of the ion-pair in the or1s2..nic phase will also inc:::-ease 

o:,,X and the distribution ratio 
'-< 

The e:::"tect ir.cr0:i,ses ;7i th clec:::-easing 

co�;.cgntrn..tion of t!le icr..-pair and a dissociation !)J:"Ocess \1ill theT.'e

fo:::e in a. chroca.tographiC ·sys tefil give rise �o a- peak vri th a .lead.ing 

f-cont.'J..1�e dissociation constant .(k . ) inc:i:eR.ses with th" :iola:d.tv of thG 
diss � � 

o::.·.:;:mic phase , and it has also been observed t,1at c�u:1.ter:-,ary an:noniu:n 

io�s g-ive higher dissociation constants tha.."1 pri:n�::-:, .. ,-sacondary .. or 

tert.:.c.zy. 1.\--:e co:c .. stan .!�s in Table 7 indicate th.c.t sig::.i"icant cli::.;soci2.tion 

:::ffects c2.n be expected ,:hen the concentration of the ion-pair in the 

injected sample is'.( 10-5 M. 

The dissociatio1: can 6ive very severe· disturbano·e.:1 by ion-pai:i:: chrome>.· 

tography in the low concentration range, but its ·effect can b_e complete

ly su;:>pre:.sad if another ion-pair containing tl:e co=ter ion of the 

stationary phase is present in the mobile phase during the chror.iato-
14 

.'.;ra;ii1ic procedure, • 
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•_;_·,1e choice of counte::: ion .fo::: an ior.-'p:iir chror.-.atographic process 

is of im;iortance not only for the migration rate of the sanple but 

also for the sample cu;iaci ty o'f' i;he sys te:.i and for the detection sen-

sitivity. 

A high· sa:nple capacity, i.e. }_)Ovv·e:r to tf.\,!�e up lar,s-e amounts of 

s:i.r..ples without loss of separating efficiency is- a ·property that is 

of g:::eat importance e.g. by separations in a preparative scale. A stable 

c,1ro;;ia tographic sys tern with a high sample capacity can be achieved if 

the ion-pair system has a high counter-ion buffer capacity,.and· it is 

ob·::ained by using a stationary phase ,1i th a high counter-ion concentr�

tion14. In order to obtain a suitable distribution ratio, the extra�-

tion constant must be lo,r , and it is in practice suitable to use 

a cou..--iter ion that gives E < 10 with tl'ie most hydrophobic componentQ,X 

of the sar:iple, 

Ion-pair c:1r0Batog:r·aphy can also, oe used to achieve a high detec

tion sensitivity e.g. with a lnT detector: any sample , irrespective of 

its UV absorbance 1 will give a high response if a cou..'1.ter ion with high 

molar absorptivity is used as statio11ary phase. Pic:cate which gives 

ion-pairs·with a raola.r absorptivity of 104 (254 nm)1can be used as

counter ion for non-absorbing quaternary alkyla=onium samples. Aroma

tic sulphonates (e.g, naphtha:lene-2-sulphonate with a molar absorptivity 

of 3.103 at 254 n:r.) can be useci. by the separation of both aprotic a."l.d

protolytic cations. 

Anions can usually be separated ,vith quaternary ammonium compouncis 

as counter ions. A suitable. cor:ipound can usually·be obtained by alky

lation of one of the numerous amines m.th widely different hydrophobic 

character and molar absorptivity that are·cocmercially available 

within the pharmaceutical field,
22 
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T�.ble 1 

E:xc.r:,cti.or. eonilibriur:i cor.s brr ts of tetrabutyla=.onium ion-;,�irs 

Orgar.ic phase: chloroform 

Class Anionic compoher,t log E
Q.X

Ref. 

Inor.:;anic anion Cl -0.11 5 

Br ·l.29 5 

I 3.01 5 

Car'coxylic acid phenylacetic acid 0.27 6 

benzoic acid 0.39 6 

salicylic acid 2.42 6 

Phenol phenol -0.03 6 

picric acid 5.91 5 

Sulphoni� acid toluene-4-sulphonic acid 2, 33 2 

na?hthalene-2-sulphonic acid 3.45 2 

anthracene-2-sulphonic acid 5.11 7 

Sul_phate phenylpropyl-1-sulphate 4.20 8 

naphthyl-2-sulphate 4.90 8 
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'i':ctble 2 

Extraction ea,1ilibrium conste.nts of picrate ion-oairs 

0rbanic phase: methyle:10 chloride 

Class CationiS components log EQX Ref. 

Primary arn.ir..e propylar.iine -0. 5·1 5 

hexyla.nine le45 5 

Seco:1dary amine dipropylamine 2.33 5 

dibutylamine 3.54 5 

Tertiary amine tripropylamine t,.92 5 

tributylamine 6.51 5 

Quaternary am- tetrapropylararnonium 4.46

monium ion tetrabutylammonium 6.68 5 

trimethylethylam�oniu� 0.77 9 
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1-�:-:t:-;tc-tio!'l egniliOri.ur:i co�s c-,_nts of picrate ions-uai-rs 

Cations: tetrabutyalaffimonium (TBA; 

ethyltrimcthylammonium (EThlA) 

2-hydroxyethyl trirae thyla;:imoni ura ( R0-E'rMA)
-·--·

0rca:iic phase log E
;J,X

T:aA ETia 

1-Pentanol 1.24 

l,,efoyl isobutyl 0.64 

ketone 

Et,1yl acetate 0.45 

i1le th;:lene chloride 6.68 0.77 

Chloroform 5.91. -0.32

Benzene 3.59 

Carbon tetrachloride 1.94 
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H0-E'I'i'il.A 

1.19 

0.98 

0.69 

-0 .19

-1.45



Sample: 5.10-5 U (2o µ1) Stet.phase loading: 25% of support ueicrbt 

Mobile phase: I - oyclohexane + chloroform + .1-pcntanol (75-i-20+5) 

II - chloroform + 1-Jruntanol (9+1) 
III - chloroform + 1-pentanol (19+1) 

IV - chloroform 

Sp(,ed 2 mrr/scc 

··----------------------------

No 

1 

2 

3 

4 

5 

6 

7 

8 

* 

Sample 

Benzilic acid 

Phenyl bu t·yri c

acid 

Salicylic acid 

Naphthalene:..2-

sulphonic acid 

" 

" 

II 

II 

Stationary phase · Mobile
phase

Celh1lose 
----------

Dfound As 
Celit<2? 

Dfound A3 
-------------------------------

U,N-dimethylprotriptylinc 

0.036 M, pl! 9,0 

II 

-
II 

-

propylaminc 0,10 H, pH 2.4 

pentylarninc -"- -"-

diethyl2.mino -"..:. -
II 

trimethylami.ne - II 
-

II 
-

tctraethylv.i,- _11
.,.. 

.- 11 -

monium bromide 

I 0.23 1.4 0.27 >5

I 0�0·95 1.2 0.095 1.? 

I 0.053 1.1 0.067 1.7 

II 0.033 1.2 O.U78 1.4 

III 0.062 1.4 0.115 1.6 

III 0.033 1.3 0.051 1.3 

III Q,014 2.6 0.019 1.5 

III 0,019 1.3 0.02i, 1.9 

(continued) 



No 

9 

10 

11 

* 
Sample 

Naphhtalene-2-

sulphonic acid 

" 

II 

'l'ablc,_ ___ 1 (continued) 

Stationary pha�0 

di-isopropylamine 0,10 M, pH 2,4

triethylaa:ine 

tetrapropylammo

nium bromide 

" 

II 

,, 

Mobile 

phase 

IV 

IV 

IV 

Cellulose Celitc 
-----------------------

Dfound 

0.01,; 

0.088 

0.116 

4,5 

1.4 

1.4 

0.025 

0, 105 

0.210 

4.2 

2,2 

1.3 

--------------------------------------------------�----------

Injected as ion-pair with the ammonium ion present in the stationary phase 

D = V (V k' )-l foand s • 1)1• found 

As asymmetry factor 
back part of' wb

front part of wb 
peak width at the base) 



°' 
_, 

Sample: 8.10-5 M (2o µ1) Stat, phase loadinc;: 25-;I, of support weight 

Llobile phase: I - chloroform + l-pcnt3nol (19+1) 

* 

No Sample Stationary phase 

1 Pentylamine naphthalene-2-sulphonat 

0.10 M 
I 

plf 2.4

2 He:>..--ylamine II 

3 Di-isopropyL.mine II 

4 Trirnethylamine " 

5 Tetraethylo.mn:o- II 

nium 

6 Di-isopropylamine II 

1 Dibuty'lamine 11 

8 Triethylamin,e II 

9 Tetrapropylar1r..o- " 

nium 

10 Trimethylet_vlam- .picrate 0.06 M 

monium 12H 11.2
* 

Injected as ion-pai:::- with the anion present in 

II - chloroform 

** 

1f.obile D calc
phase 

I o. J 6 

I 0.55 

I 0,29 

I 0.013 

I 0.022 

II 0,044 

II 0,87 

II 0,23 

II 0,87 

I 0.034 

Cellulose Cclite 

Di9.lln0 As--·-- Df'.)J,·r-,l ___ As 

0.09 1.2 0.16 1.3 

0.16 1.2 0 -,c. 
. ,') 1.0 

0.29 1.0 0.35 , l 
.i. -

0.013 1.1 0.016 1.2 

0.025 0,87 0.022 3.2 

0.035 1.1 0.050 1.1 

0.19 1.1 0.43 1.5 

0,16 0.93 0,18 1.2 

0.065 2.2 0,084 >9

0.034 1.0 0.021 7.5 

the stationo.ry phase **calculated from E�X in T�ble 7



Dictribution rntio of nnohthalc�e-2-oulnhonnte ion-pairs 

o.f primA.ry alkylamines

Stationary phase: 0.'1. ;·ic na:;,hthnlcnc-2-oulphonate , pH 2.4 

Support: cellulose 

Sample i'fobile phai.e _log- D 

calc. 

llonylamine chloroform + 0.5

Hoxyla.mina chloro.fori:..- ,.. .0,26 

1-penta.nol

(19:1)

Pentylaiaine " -o.80

Butylamine chloroform- -0.88

1-pentanol

(9:1)

Propylar:!ine -
II 

- -1.57

D · calculated frora E�_., given i:1 Table .. 7ca.le "',.. 
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found 

< -2.3

-o.eo

-1.05

-0,98

-1.53



Talile 7 

Const�nt detsrrninations accordin� to principlcs.eiven in ref. 
2, i9, 2o 

A:1in:1 Cation Org. loB \x log 

r,h:J.t:e kdiss 

.l:'icr::i.tc te trn r.1eti1ylacmoni urn II --0.51 

trim,;ithylethylammon, II 0.05 

tricethylpropylammon. II 0.72 

hydroxycthyltrime- IV o.oo -5.6

thyla::-,i:ionium 

1·iaphthalana- di-iGopropylam�on. I -o.oe
2-sulphonate clibt.:.tylammonium
** 

I l-�-22 

triethylammonium I 0 ... 63

tetrapropylammon. I l,22

pentylamconium II. 0,48

hexylammonium II 1.02

di-isopropylammonium n: 0,74 

trimethylammonium II ..() ,63

tet=aet'..:1ylarr..r:1onium II -:0,39 -4.8

butyla=onium III 0.40 

propyla=onium III -0.,29 

[� +] -x-J LQX] -l 
.t: .. Organic phase: 

..;.1.ss � 6rg·l org' · org 

k .. 
I - chloroform 

log 

kdim 

3.7 

2.6 

2.9 

log 

kf 

1.2 

1.2 

1.2 

-----

[Q2X2]org·[QX]or;
1 

cum 
II - chloroform+ pontanol (19+1)

[Q.X]. [Q
'IJ-1

. [[J-1 
kf 

C 

** 

III ohloroform + pentanol 

IV - �ethylene chloride+ 

pen tanol (49+1) 

(9+1) 

Naphthalene-2-sulphonate can form dimers and tetramers in the aq_ueous 

phase21 • Log E
QX 

is calculated with the assumption that log cx
Q

.aX�0.28 

in 0.10 M naphthalene-2-sulphonate when C . < 10-3.ami.na 
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ION PAIR PARTITION CHROMATOGRAPHY APPLIED TO SEPARATIONS IN THE 

BIOANALYTICAL FIELD, 

K.O. Borg, M Gabrielsson and T-E. Jonsson 

Research Laboratories, AB Hassle, Fack, S-431 20 MOLNDAL, Sweden. 

Abstract 

The separation of drugs and drug metabolites by ion pair partition 

chromatography was studied. The chromatographic conditions were cal

culated from the ion pair extraction constants determined by batch

extraction. The selectivity of the separation system was demonstrated 

by separation of positional isomers of hydroxylated alprenolol, two 

geometrical isomers and a tertiary amine from its corresponding demethy

lated secondary amine. A u.v. detection of the eluate was used with 

such a high amplification that the concentration range of interest in 

analysis of drugs in biological samples could be studied. A stepwise 

gradient-elution technique was briefly demonstrated. 
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In studies on pharmacological chemistry the analytical problem is in many 

cases to determine a low concentration (p.p.b.) of a drug or a drug meta

bolite in a complex biological sample. For many years ion pair extrac

tion has been used in such analysis but with a traditional batch-extrac

tion procedure it is in many applications not possible to obtain a suffi

cient selectivity and sensitivity. Recently Schill and co-workers pre

sented a chromatographic system based on liquid-liquid partition of ion 

pairs (1, 2). In the present paper this technique called ion pair parti

tion chromatography has been applied to separation problems of importance 

in the analysis of drugs and drug metabolites in biological material. 

EXPERIMENTAL 

Apparatus 

The liquid chromatograph was built up from a Pye pulse free constant 

pressure pump, borosilicate glass chromatography columns and a Cecil u.v. 

spectrophotometer (CE 212) with a 8 µl fluid cell. The separation column 

had an i.d. of 2.8 tml and a length of 300 mm and the pre-column an i.d. 

of 10 mm and a length of 100 mm. The columns were silanized before use. 

Injection port and column end fittings were modified Swagelok connections. 

Radioactivity measurements were made by liquid scintillation counting on 

a Packard Tri-carb 3375 instrument. 

Chemicals 

Elhanolyzed cellulose, Munktell 410, used as support was purified from 

pyridine traces by washing with ethanol and methylene chloride. 

Organic solverits were of Fisher Certified A.C.S. quality. 

The drug substances were synthesized at the chemical departments at 

AB Astra 
I

nd AB Hassle and used without further purification. 

Chromatographic technique 

The chromatographic experiments were performed as given by Eksborg and 

Schill (1) but at a temperature of 23 ± 1
° 

C. Photometric measurements 

were based on the u.v. absorption of the amine components. 
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THEORY 

A theoretical discussion on ion pair partition in chromatographic separa

tions was presented by Eksborg and Schill (1). The relation between the 

retention volume of a componefit, VR' and the capacity factor, k , is given

by equation (1), 

VR V X (1 + k)m (1) 

and the capacity factor by equation (2). 

I 
X C )-1 k V x (Vm x E QX x s X (2) 

Vs is the volume of the stationary phase and Vm the interstitial volume.

X The extraction constant of the ion pair, E QX' is defined by

X E QX (3) 

CQX being the total concentration of the cationic component, Q,. org 
extracted with the anion, X, to the organic phase as ion pair, QX. 

+ -

CQ and CX are the total concentrations of Q and X in the aqueous

phase. According to equations (2) and (3) the retention volume of a 

certain cation can be regulated by the concentration of the anion in the 

stationary aqueous phase and the magnitude of the extraction constant 

which depends on the kind of anion component and the composition of the 

organic phase. 

RESULTS AND DISCUSSION 

Separation of tertiary and secondary amine 

Many drugs are in the body transformed to more polar compounds, metabo

lites, prior to excretion. One of the most common routes of metabolism 

is dealkylation of a tertiary aliphatic aminogroup to the corresponding 

secondary amine. In such _cases ft is usually of interest from a pharma

cological point of view to determine both the tertiary and the secondary 
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amine in biological material. A separation of a tertiary amine and its 

corresponding demethylated secondary amine is demonstrated in Fig. 1. 

The extraction constant of the chloride ion pair (l+l) with the tertiary 

amine, H 102/09, is given in Table 1. The retention volume of H 102/09 

is close to the calculated value according to equations 1, 2 and 3. The 

chromatographic migration is based on the partition of the l+l ion pair 

at a pH of the stationary phase where the influence of the 1+2 ion pair 

could be assumed to be negligible (3). The secondary amine was only 

available in small quantities and batch-extraction studies could not be 

made. The difference in magnitude of the conditional extraction constant 

of the chloride ion pairs of the tertiary and secondary amine as calcu

lated from their retention volumes was about 0.3 log units. In other 

studies (4, 5) it has been demonstrated that the difference in extraction 

constants for a tertiary amine and its corresponding dimethylated secon

dary amine depends very much on the organic solvent. As an example the 

extraction constant of imipramine (tertiary amine) is about 100 times 

that of desmethylimipramine when methylene chloride is used as an organic 

solvent while in pentanol the extraction constant of desmethylimipramine 

is about twice that of imipramine. The found difference between the com

pounds in Fig. 1 is about the expected one. It can be concluded that 

ethylene chloride with 20 % of 1-pentanol is not the most selective system 

but it has the advantage of giving a sufficient separation within accep

table time. 

Separation of positional isomers of aromatic hydroxylated alprenolol 

Drug molecules containing a benzene-ring are very often metabolized by 

aromatic hydroxylation. The position of the hydroxy-group is of interest 

and also the quantitative relation between different positional isomers. 

The separation of 4-, 5- and 6-hydroxyalprenolol by partition chromato

graphy as ion pairs with perchlorate as counter ion is demonstrated in 

Fig. 2. The extraction constant of the perchlorate ion pair of 4-hydroxy

alprenolol is given in Table 1. From the retention volumes it can be 

concluded that 6-hydroxyalprenolol is considerably more lipophilic than 

the 4- and 5-substituted compounds. There is a possibility for an intra

molecular hydrogene bonding in 6-hydroxyalprenolol which is the probably 

reason for the difference in hydrophobic nature. The difference between 
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the 4- and 5-isomers is in agreement with observations by Schill (6). 

4-hydroxyalprenolol was found to be the compound present in biological

material as a metabolite of alprenolol and the chromatographic technique 

was also applied to quantitative determinations in biological samples (7). 

Separation of geometrical isomers. 

The cis and trans isomer of a compound have mostly quite different pharma

cological profiles. The tertiary amine, H 102/09 mentioned above,have two 

geometrical isomers which can be separated by ion pair partition chromato

graphy as given in Fig. 3. The chromatographic migration is based on the 

l+l ion pairs with chloride. The separation factor i.e. the ratio between 

the conditional extraction constant of the cis and the trans isomers is 

1.9. The basis for the separation is probably a difference in acid dissoci

ation constant of the pyridyl group which will influence the conditional 

extraction constant. 

Gradient elution 

The high separation factcrs that is obtained by ion pair partition chroma

tography can sometimes give rise to long separation times. A system for 

gradient elution can be of great interest to increase the analytical capa

city. The chromatographic system consists of a pre-column that is con

siderably larger than the separation column which makes a continueous 

gradient of the mobile phase difficult. On Fig. 4 a separation of alpreno

lol and two of its metabolites is made by using two mobile phases with 

different amounts of 1-pentanol. Two pumps and two pre-columns were used 

and just before the separation column a valve system permitted a change 

of mobile phase. The time of separation with a non-gradient system was 

in this case five times longer. 
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Table 1. 

E:_X.!_r�c.!_i�n_c�n�t�n.!_s_o!_ i_o� pairs. 

Amine(Q) pK Counter Organic log E
QX a 

ion(X) solvent 

H lo2/o9 3.3 ' 8.7 Chloride Ethylene dichloride 0.47 

+ 1-pentanol (80+20)

4-hydroxy- 9.7 ' 10.5 Perchlorate Cyclohexane -1.46
alprenolol

+ 1-pentanol (85+15)
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Fig.t. Separation of a tertiary amine and its corresponding demethylated 

secondary amine. _ 
Stationary phase: 1.0 M Cl • pH• 2.2 

Mobile phase: Ethylene-dichloride + 1-pentanol ( 80+20) 

Flow rate: 0.18 ml/min Sample: 1• 38 ng 11• 130 ng 

II R = H 

II 

}-d- 0.001 

min. 30 20 10 

Fig. 2. Separation of positional isomers of hydroxyalprenolol. 
Stationary phase: 0.9 _!! NaCl04 + 0.1 _!! HC104 
Mobile phase: Cyclohexane + 1-pentanol ( 85 + 15) 
Flow rate: 0.39 ml/min Sample: I• 4.3 ug II• 19.4 ug III• 9.0 ug 

min. 

ALPRENOLOL 

I. 4-hydroxyalprenolol 

II. 5-hydroxyalprenolol 

III. 6-hydroxyalprenolol 

III. 

I o.d. 0.005 

50 40 30 

II. 

20 10 



Fig.). Separation of geoaetrical iaomen of a divalent amine,B 102/09. 
Stationary phase: LO M Cl- , pH• 2.2 
Mobile phaae: Ethylene-dichloride + 1-pentanol (85+15) 
Flow rate: 0,33 ml/min Sample: trana • 146 ng cis• )lS ng 

trans 

ciB 

f .. ,., 

min. 30 20 10 

Fig.4. Stepwise gradient elution of alprenolol(I), deaiaopropylalprenolol(II) 
and 4-hydroxyalprenolol. 
Hobile phase: Cyclohe.xane + 1-pentanol. 0-40 min. (93+7), 40-70 ain. (80+20) 
For chemical structures aee Fig,2. 

I o.d. 0.02 

I I 

II 

min. 20 
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SEPJ.RATION OF NIOBIUM AND TAliTALU.1 i3Y SOLVEN'l' iX'l'R.,i.CTION 

'IIII'1�-i TERTIARY Al'iINES FRO!'! SULPHURIC ACID SOLU'i'IUliS 

by S.Aa. Markland 

Chemistry Department, Research Establishment Risi, 

DK-4OOO Roskilde, Denmark. 

A new solvent extraction system for t�e separation 

of niobium and tantalum has been developed based on extraction 

by tertiary amines fro,n sulphuric acid solutions containing 

11ycir:)gen peroxide and only stoichiometric a,nounts of fluoride. 

Separation factors of the order of several hundred have 

been found. l-ietal complexes of the form TaO(il2o2)Fl+- and

HbO(H2o2 )Fl+ appeur _to be the extractable species involved.

Niobium and tantalum are substances wit,, very similar 

properties and consequently they are very difficult to separate 

from each other by chemical weans. 

The two ele�ents exist together in a number of minerals 

of industrial imnortance for the �roduction of niobium and 

tantalum co�pounds as well as metals. The most important of 

these :,1inerals are columbi te, tan tali te, pyroc,!lore, micro

lite and loparite. 

In tne c,1euical -processing of these minerals a solvent 

extraction step is usually applied resulting in a separation 

of niobium and tantalum. In fact only one solvent extraction 

system has been successfully developed into an industrial 

process ( 1), and it is now bein.1 used throughout the world (2).
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In this solvent extraction system tantalum and niobium 

are separated and purified by extraction with methyl-isobutyl

ketone from strong hydrof1uoric-sulphuric acid solutions. 

The resultinG tantalum and niobium products are of hi6h purity, 

but there are a number of drawbacks associated with this system: 

1) serious corrosion problems due to the strone hydro

fluoric-sulphuric acid solutions

2) extensive safety precautions for tne protection of 

operating personnel

3) relatively high solubility of metilyl-isobu tyl-:�etone

in water.

We have developed a new solvent extraction system taat

overcomes these difficulties, i.e. it contains no free hydro

fluoric acid, it needs little safety precautions and the 

or�anic phase has a very low solubility in the aqueous phase • 

.l!:xoeriments 

llydruted oxides of niobium and tantalum were used throu;aout 

this investigation. This feed material were prepared by 

caustic fusion of niobium anc: tantalum pentoxides followed 

by washing with water to remove excess caustic and sodium 

silicate which was present. The precipitates were neutralised 

with sulphuric acid and filtered. The hydrLted oxides were 

used in tae wet condition. 

Feed solutions for solvent extraction were prepared by 

dissolution of hydrated oxi1es in a �ixture of sulp�uric acid 

and hyciro6en peroxide wi1ile slowly i1eatin_; to about ,;o
0

�. 

A s.nall ar,iount o:L' fluoride was added ·oefore '-'xtract �on. 

s'hese solutions \•1ere sta.,le for wee.::c, an<t even ::10:it.,s 

wit .. out an;r ·,:,recipitations of " droliseci nio:)iu.:1 aiuci ta,1talum 

CO!!IOOUl1dS. 
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Concentrations of niobium and tantalum were determined 

by spectrophotometric 1aethods. For niobium the thiocyanate

acetone method was used and tantalum was determined by means 
(3) of a Jilblau A complex • 

Experiments 

A solution of 7,5 vol% Alamine 336 (tricaprylamin, 

General Mills Inc, USA) in Solvesso 100 (a mixture of trialkyl

benzene isomers, �sso Chemicals, Denmark)was used for most 

of our experiments wi�h �hase ratios of 1:1. The extractant 

was equilibrated with sulphuric acid of the deaired acidity 

before metal extraction. 

We first studied tne dependence of sulphuric acid 

concentration on the distribution coefficients of niobium 

and tantalum and toe results are plotted in fi�ure 1. It is 

interestinc to see that for sulnhuric acid concentrations of 

about 0,61-l a separation factor of the order of 500 is to be 

ex:9ected. 

In fi�ure 2 the distrioution coefficients for different 

ny,rocen peroxi1e concentrations are �resented showin� that 

a .1iniw.um 01' peroxide is rec•uired for .:,axi,:1u,11 extraction of 

bot.1 .1ei;al .ions. /or t.w -:ireporation of feed solution a 

:.:ini,nu .. 1 of .,croxide is nt:..:de i correspondin:� to a molar ratio 

of 1 :1 o:" .fo:H/l2 and Ta:H2o2• 1
1his concentration corresponds 

to ) , 11·1 hydro'.;en peroxide i:1 fi ure 2. 

�luoride �as a very bi� influence on tie extraction 

or tne two �etal5 as can be seen fro� fi�ure 3. For high con

centrati�ns of flJoride tnere is a hi3h de3ree of extraction of 

bot., niooiu ... anJ tantalu,,1, but virtually no sec>aration. On 

t:1e ot1:er :1.:mu t.wre i:; :1.;rdly any extraction at all in t:1e 

fLtoride free sy.3te..1. 'i'h.i.s is clue to ti1e �xistance of hetero

polyc:cid co..1oounds or niol)i11:i1 nn,J tan talurn in fluoride free 

c_; '" te_:s ( 4). .L'he eJZ:tr.ic tion of he tero·,Jolyacid-a:;1ine co.npounds

is very lo\v t.iuo t, a very L.J1, sol:1bility of t:10se hi.;i1 molecular 

�,eciea in tn� or ·anic p.iase. 
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Fortunately the heteropolyacids are broken down by the addition 

of fluoride and for low fluoride concentrations tantalum is 

preferentially extracted having a considerably higher affinity 

tow,µ-ds fluoride than niobium. Keeping the fluoride concen

tration at a minimum for maximum extraction of tantalum will 

result in an even higher separation factor than stated above. 

Figure 4 presents the influence of amine concentration 

on metal extraction and as can be seen the tantalum extrac

tion is directly proportional to the amine concentration 

while this is not the case for niobium. 

In figure 5 the equilibrium curves for both tantalum and

niobium are plotted showin� an a�proximately linear relationship. 

Discussion 

Fro� the distribution data presented in fig.3 can be 

calculated that maximum extraction of both tantalum and niobium 

is reached after addition of approximately 4 moles of fluoride 

per rnole of tantalum or per mole of niobium. Further, from 

figure 2 we can see th�t only 1 mole of hydrogen peroxide is 

ne:;ded for maximum extraction of 1 mole of tantalum and niobium, 

'rhese facts points to the wxistance of co,nplex metal species 

in the aqueous phase of the form: •raO(H
2

o
2 

)F4 and NbO(H
2

o2 
)F4,

leaving no room for any sulphate in the complex. Recently, 

species of this kind have in fact been shown to exist in 

sulphuric acid systems (5) 

At higher hydrogen peroxide concentrations species with 

more than one peroxide molecule in the complex are likely to 

be formed. This could lead to lower sblubility in the organic 

phase, as fi,:;ure 2 shows, As can be seen fro,a fi;;ure 1 maximum 

extraction of tne metal complexes are obtained at low sulphuric 

acid concentrations. At high acid concentrations metal extrac

tion drops to nei:ligible amounts due to competition between 

Hso4 and MO(Hz0
2)F4 for the teriary amine, tricaprylamine in

the organic phase, 
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Sum�ing up, the extraction mechanism can probably be 

represented by tne followin� equation: 

ore:;anic aqueous organic aqueous 

where R = Octyl and Me = Nb, 'fa. 

StripI>in6 the loaded orcanic ·,:ihase with a 5% potassium 

hydroxide solution was very effective anJ was used throughout 

this investigation. 

The low extraction of niobium for high amine concentra

tions as presented in fi6ure 4 is probably due to a high 

extraction of Hso4 resulting in hydrolysis of niobium.

Conclusion 

The extraction and separation of niobium and tantalum 

by tertiary amines from sulphuric acid solutions containing 

hp:drogen peroxide and stokio:aetric amounts of fluoride ap·oear 

to be a promising alternative to existin� industrial dethods. 

Tantalum is preferrentially extracted at low fluoride concen

trations resulting in separation factors of the order of 

several hundred. 

The new method is likely to give a high degree of 

purifivation of the extracted metal compounds since very few 

elements are extracted by tertiary amines from sulphuric 

acid solutions. 

A further study is under way in which mineral concentra

tes are used for the preparation of feed solutions of industrial 

relevance. 
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Fig. l, Influence of sulphuric acid concentra'tion on the 

extraction of niobium and tantalum by a 7 ,5 vol\ 

Alamine 336 in Solvesao 100, 
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Fig. 2. Influence of hydrogen peroxide on the extraction of 

niobium and tantalum by a 7,5 vol% Alamine 336 in 

Solvesso 100. 
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Fig. 3. Influence of fluoride concentration on the extraction 

of niobium and tantalum by a 7 ,5 vol\ Alamine 336 in 

Solvesso 100. 

0 

o Niobium

o Tantalum

-3 

10�-�-�-�-�-�-�-�-� 

0.1 0.2 0.3 0.4 

Fluoride concentration M 

2194 



D 

101 

1.0 

Fig. 4. Influence of amine concentration on the extraction of 
niobium and tantalum by a Alamine 336 solution in 
Solvesso 100. 
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Fig. S. Influence of metal concentration on the extraction of 

niobium and tantalum by a 7,5 vol% Alamime 336 in Solvesso 100. 
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·rd3 STA'fE OF l'iIOBilJH WJEN EXTR.-\.C'i'ED FROi·l SOLUTIO,iS

0F SULPHURIC AND 1:IYDROCHLORIC AC-IDS.

Yu.G, Frolov, A.F, Morgunov, N.A, Soldatenkova 

(D.I. Mendeleev Institute of Chemical ·rechnology, Moscow,USSR) 

The state of niobium in or�anic extracts (diisoamyl 

methyl�hosphonate and ·rBP) and in solutions of sulphuric and 

hydrochloric acids in eouilibrium with them is investigated. 

It is ascertained that in solutions in the course of 

time a state of eouilibrium is established between extractable 

monomeric and highly associated nonextractaole forms of 

niobium. It has been found that there exists a quantitative 

dependence of the concentratiJn of the monomeric fur� on the 

composition of an aqueous solution, 

The extr.:ction fro:n solutions of sulphuric acid is shown 

by means of extracting, electrometric and svectroscopic methods 

and wit.1 the help of cnemical analysis to be accounted for 

by the formation of solvated complex acids HLJ;1bO(OH)2soJ and

from solutions of hydrochloric acid - by the formation of 

H [Nb0(0H)C1� and H [ NbOc1J, 

1�e state of niobiu.� in solutions of inorganic acids largely 

determines the behaviour of this element in the extraction 

processes. It is found by the L'lethod of dialyses 1 that niobium

in solutions of sulphuric and hydrochloric acids has a tendency 

to give polymeric for:1s, As a result of this process the 

decrease in the distribution coefficient of niobium with the 
2 increase of its concentration in solutions of sulphur and

hydrochloric3 acids was observed and the deterioration of the 

extractability of niobium from solutions of hydrochloric acid

depending on the ageine of the aqueous nhase was also noted4 , 

In the absence of polymerization, niobium in solutions of 

sulphuric acid existed in different forms5 • 6 : NbO(OH)
3

,
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NbO(OH);, NbO(OH)2so4, NbO(S�); • 'rhe state of niobium in

an or::;anic phase produced by extraction fro.,1 solutions of 

sulohuric acid has not been sufficiently investigated. 

un t·,e :n.sis of the dependence of th0 distribut.ton coeffic

ient on the conc�ntration of sulnhuric acid and on the 

concentration of t�e extracting agent, the conpound 2 

H
5

Nb(so4)
5 

• ·r.ap is supposed to be extracted from 4 - 7M

H so
4 

and at a higher acidity - the compound [TBP HJ 
LNbo2so

4
• 'rBFJ • In another work2 the compound HNbO(so4)2•

TEP is supposed to exist in an or5anic phase. Trioctylamine 

is found to extract NbO(so4)2-. 

'l'he extraction of niobium from solutions of hydrochloric 

acid has bee. investigated in greater details. There are, 

however, contradictory data concerning the composition of 

compounds in an organic phase even while extractin� by such 

a widely used reagent as iBP. Accordin to some authors8 •9 

complex acids Hi-lbOC14, H2HbO(On)c14, H2HbOC\ are extracted, 

other authors 10 believe compounds NbOC1
3

, NbO(OH)C12 to exist

in an o�ganic phase. 

In the present wor� the autdors have ihTestiGated the 

state of niobium in solutions of sulphuric and hydroc�loric 

acids by the method of extraction. The state abd tne coop

osition of compounds forilled in or;anic solutions have also 

been investigated. 

Solutions of noibiurn in sulpnuric acid labelled with isotape 

95m, were prepared by dissolving a definite a,;1ount of lfu2o
5

when he�ted in the micture of hydrofluoric and concentrated 

sul�huric acids followed by the re.,1oval of HF by evaporation. 

'rhe resultinc solution of niobium in concentrated sulp,1uric 

acid was diluted with water and cooled witJ ice uu to the 

formation of the desired concentration of H
2
so4 and after that, 

the time required for preparingLthe solution was recorded. 
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Solutions in hydrochloric acid were prepared by dissolving 

freshly precipitated niobium hydroxide containinr; 95
m, in

concentrated hydrochloric acid then heated on a water bath, 

periodically coolinc and sHturating the solution with Gaseous 

HC1. A -portion of the re:,;ul tin•; solution was i:1ixed with 

dilute hydroc:1loric acid to .:;ive the desired concentratLins 

of HC1 and niobium a�d after that, the ti�e required for 

pre·oarin:; tr1e solution was also recorded. In sof:le ex;ieri:�ents 

solutions of Hbc1
5 

in hydro6hloric acid were used. When the

isotope 95Nb was used carrier-free- th0 concentration of 

niobium in solutions a�ounted to about 10
-9 g-at/1.

Distribution coefficients (o() were determined in ter'1!s of 

'( -activity of or6anic and aqueous phases. In some solutions 

the niobiwn content was found by the cravimetric method. 

Diisoa,nyl methylphosphonate (DiA1'l'P and Tl3P had been preliminary 

purified and the ad�ixtures of alkylphosphoric acids had 

been re,Joved. After t.1at, DiAM' P and T.oP were distilled in 

vacuum. 

·The formation of ,iolynuclear compounds of niobium affects

in a considerable degree its extraction with such neutral 

phosuhoorganic compounds as DiAt1' P and TBP. 

Fig.1 shows the dependencies of the distribution coeffic

ients of niobium on the t.i.me (t) for which the solutions 

containing 6M H2so4 were allowed to stand and different initial

amounts of niobium. 

When the niobium content in solutions is low - from 10-9

to 10-3 g-at/1 the distribution coefficient does not deuend

either on tne time the solutions were allowed to stand or on 

the time of shaking the phases which varied from 5 seconds to 

5 minutes lthe time of separation in the process of centrif

ugation a:::ounted to about 5 seconds). The values ofi,{ in the 

case of extraction coincide with the values found on re

extractin� niobium from the organic phase 6M with the solution 

or ii2so4 (c,(' =40). This is evidence for the monomeric state

of niobiuc1 in these solutions and of prc.ctically an im,Jediate 

establis:11,ient of equilibrium (a few seconds of shaking are 

su:·L°icient). 
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At a higher concentration of niobium the decrease of o(. 

wit.1 the increase of the initial concentration of Nb and of 

the time the solution was allowed to stand is observed, this 

indic .. ,tes the formation of a nonextractable polymeric form 

of niobium. Durin3 the time of extractin:·; (1 CJin), an 

equilibrium distribution of the monomeric form is established, 

but the polymeric form does not undergo any apnreciable 

deGtruction. Thus for a solution, containing 3.10-2 g/at/1 

of Nb and allowed to stand L>r 3 days, the distribution 

coefficient changed fro1:i 0,42 to 0.54 on increasing tr1e time 

of extraction fr�:n 1 to 15 lllinutes. 

In organic solutions the extracted co:,1pound of niobium 

is in a ,,1ono,:Jeric state when tne concentration of ,fo iG 0 
fr�a 10-9 to 0.13 g-at/1. fhc distrijution coefficient on

re-extrac tin5 in 6,-! H2so4 for the above 1,1entioned concen tr a

t ions is constant (C>( = 40) and does not chance when these 

or�anic solutions are allowed to stand for several days. 

It is possiole to calaulate the concentration of the 

monomeric form of niobium in ; .. e initial aqueous solution -

Hb H from tile values of distri,,ution coefficient of the 

,nono,,1eric form of niobium <>(0 and fro.a the distribution 

coefficient in the presence of polyraeric forms -<><.. 

for V0 = V we have 

where 

[Nlil,/ ( [Nb] -

�o total initial concentration of niobiu� in an 

aqueous solution 

Nb0 equilibrium concentration in an organic phase, 

After transfor,11ation we 5-et: 
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If we assume that the niobium in the concentrated sulphuric 

acid to be in a monomeric state, an abrupt decrease of� and 

consequently of Q-ni) 11 occurs both in the process of preparing 

dilute H2so4 solution and during the first minutes of the

time for which the solutions is allowed to stand. After 3 

hours the concentration of the uonomeric form amounts to 

(I.I-I.2). 10-2 g-at/1 with the total content of niobium from
-2 -2 2.10 to 6.10 g-at/1 in 6M H2so4• With the further increase

oft the value of [Nb]M does not depend on the total CJncen

tration of Nb and asymptotically a�proaches 7.710-3 g/at/1

(t=65 days). 

ihe concentration of the mono�eric form of niobium 

established in t'.1e co,cse of t.i.,.te in t,,e solution in t:�e presence 

01 tJe nol�.t�ric form increases with t�e increase of the 

c:incent";.,tion of .. ul·:ihuric acid (table 1 ). 

£able 1 'rhe concentration of the :nono�1eric form of niobiui.1 

in solutions of sulphuric acid. 

(extniction witi1 50;; DiAH'P in c6H6;

extr'-lc tion wi tll 30;; DiA.·i I P - •) 

(Nb)' g-at/1 t,days 

3.0 

4.0 

5.o

10-9 50 
-31.�.10_3 

2,o,10, 
-:; 9,2.10_22.i,10_310- -10_3 50 

3.0.10_3 9.6.10_21.9.10_2 
3,6.10 310-9-10- 65 

0.02 
0.03 
0,04 

�.o 

0.06 
10-9 20 

0.05 
0,07 

9.0 
0.10 

-9
0.13g 10 
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o'-... ( Nb \1, g-at/1

14.0(<>< 0) 
1. 42 
0.22 

0.055 
0.022 
32 (<:I(., ) 
0,90 
0.153 
0,068 
0.038 
40 (O< o ) 
0,59 
0,324 
0.237 
0.146 
14(<><..)• 
1.58 
o.66
o.41
70 (O(o )• 
1.54 

, -4b.2.10_4
5..4.10_4
�.1.10_4
J.3.10 

l r -31, ,o.10_3 
1.31.10, 

-:., 1.25.10_3
1.36. 10 

-3
7.61.10_3
·1. 53.10 37.86.10-

37,35.10-

3.3. 10-2 
-2 3.0.10_23.1.10 
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'rhe increase of acidity of an aqueous solution results 
in the destruction of the polymeric for E, Fi�.2 shows the 
de iendence of L�.1 on t in a solution, contoinin.; 4i·I

H2.s04 and 3,10-2 c;-at/1 of niobium (curve 1), l'he acidifica

tion of the solution after two hours (curve 2) and after 22 

hours (curve 3) to 6,-! :r2s01, (total co'.lcentration of niobium

chan;ln� froQ 2,10-2 g-at/1) results in the increase of tne

concentration of t,1c ,:,onoc:eric for,n, In t;1e couroo of several 

d,Hs L·™. was en<1a.L to 7,4.10-3 u,·,-at/1, which an roaches. ')'h 

the value, found before, It is obvious thnt in solutions of 

�<1lphuric acid an equilibriw9 state ia �radually e.staolished 

between :nonomeric and 9oly,:ieric for .,s. 

�i.nilarly t,1e state of niobiu.n in soluti<lins of hydrochloric 

acid has been investi,;u ted by the extrc1c tion 1e ti1od. .-licro

ai:10un ts of niooiu,n (10-9 c;-at/1) in a v;ide ran.:;e of acidity

( l'.IC1] = 3 - 11,3 1'1) of aqueous solution, are found to be in 

the i,10no,neric state and t,1e equilibriu:n in the process of 

extraction is established durin� several seconds when diheptyl

sulphoxide (DHS0), Di A;..' P and 'r .:l.P are used as l!!xtrac ting a.;en ts. 

In the case of macroa:nounts of niobium a decrease of the 

distribution coefficient with increasing the initial concentra

tion of niobium and the time allowed the initial aqueous 

solutions to stand is observed. The results of the experiments 

on the extraction of niobium with solutions of DHS0 and DiAM'P 

from solutions of hydrochloric acid allowed to stand for 10 

days are given in Table 2. The time of shaking the phases was 

1 minute. During this time the monomeric form of niobium is 

practically completely extracted into the organic phase from 

7-9 M HC1, but the polymeric form does not undergoe any

appreciaole destruction, '£he values of NbM' calculated

according to the formula [1�1 = [�@>< /(1+o<)J at the constant

concentration of HC1 only increase up to a certain value 

with increasin£; ti1e total content of n ·.obiu:n. 

Thus in solutions of sulphuric and hydr0chloric acids 

allowed to stand for a certain tirae the dependence of [;:�
"1 

on t�e total concentration of the metal is absent. 
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Table 2. 

!jrciJ,

7.0 

0.0 

Concentration of the rnono�eric form of niobium 

in solutions of hydroclloric acid. 

t = 10 days 

( extrac t.i.arn with O, 11-1 DiitiJ i:1 benzene; 

extraction 1-1.i.t1 0,04 d DiA-·.'.- in ·:;c:14-•) 

,·lb 3 .10 ,::-at/1 o<. ,lb ,10 , _;-at/1 
1'1 

0.2 1. '/0 1 • .3 
1.0 o. 14 1. 3 
2.0 o.0G5 1.2 
5.0 o.:.i3C• 1.8 

0.2 76 2.0 
0.5 3.8 4 4.0 
4.0 o.osi3 3.6 

10.0 0.043• 4.6 

0.2 �:oo 2.0 
4.0 o. 1')5 6.G

5.0 0.162• 7.0 
10.0 0.100• '). 0 

1.0 500 10 
3.0 2.27 21 
4.0 1.14 21 
5.2 o.�3 23 

·.rhi., doe,, not pc:rc.1it one to calc..1late ·poly,aeriz,_tion 

constants and is a:1 evidence of tje fJr�ution of t�e larie 

a:a,,ociations, the la,·:;e a'.:;::;re0ntes are colloidal Darticles 

�;!1ic� are nonextractable. 

As has already been mentioned the niobium compound extrac

ted with benzene solu t.i.crns of Di.A,;'i' P is ,nononuclear, By :!leans 

of a che.Jica.i. analysis it has been found tiL; t in the organic 
2-

phase, in equilibrium wit:1 3,9!-! H
2

so4, about 1,5 �ale of so
4 

is bound with ig-at of ,lb, lience it is ))O.,,,iblc: to su_:;--;est the 

prese!1ce of two niobiuu cO,lt/Ounc1:�;, c-.:>:1toinin·: in t11cir co:iroo.:;i-
2-tion, one and two so4 croups resJectively. 
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Or�anic extracts, in whicn dichloreothane was used as a diluent, 

are elcctroaonductive, Conductivity increases with the 

increase of Nb0, which indicates the dissociation of the

extracted compound. The increase of the amount of separately 

extracted sulpnuric acid results in the decrease of the 

dissoci�tion of the concentration of the total �ydrogen ion, 

A study of' electromigration of niobium in orr;anic solutions 

usinr; the method descrived in work11 , showed niobium to 

enter into the codnosition of t:1e negatively clurged ions, 

Thus, it is TJrobable, th,.t complex acids ll [NbO(OH)2so4J

and H lJfuo(s�
4
)J are extracted into the oreanic phase from

solutions of sulpnuric acid. The extent of their solvation, 

found from the de·,<'endences of the distribution coefficient of 

rnicroamounts of niobium on the concentration of DiA.·1' P is 

equal to 4, 

In order to investigate the mechanism of niobium extraction 

from solutions of hydrochloric acid the spectrophotometric 

method was used, Absorption spectra of organic solutions 

containing niobium {(Ni,= 10-2 g-at/1) in equilibrium with

solutions of hydrochloric acid of different concentrations 

are given in Fig,3 An absorption band with the maximum of about- ion12 . 
280nm which can be attributed to Nb0C14 is observed in 

the spectra of solutions produced by the extraction with 

undiluted TBP, !'o determine from the aaalytical data the 

ratio C1 :Nb in the compound in the process of extraction with 

TBP is rather difficult because of a large amount of coextracted 

hydrochloric acid, When TBP is saturated with niobiu,1 wit, 

the aid of a solution, containing o.4 g-at/1 of Nb in 11,oi-1 

HC1 t'.ie given ratio is 2,4 and there is a band with t!le .. 1aximurn 

about 265 nm in the spec tr urn, Extracts con tainin,5 0, 111 of TBP 
-2 and 10 g-at/1 of niobium are also characterized by the

absorption band 265 nm due to the yresence of a compound with 

the number of chlorine ions coordinated with niooium less tnan 

four, 
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Both saturation of TBP with niobiu�a and dilution of the 

forder with cc1
4 

results in the decrease of the amount of 

the extracted HC1 in the organic phase. �he compound 

:!HbOC1
4 

exists -;irobably in the organic ·phase in the presence 

of a considerable excessive anoudt of hydrochloric acid. 

�'his is c,mfir . .ied by the fact thc:t dilutin6 the extract 

con tainin;;-; 0. 4 G-at/1 lfo with pure 'EBP 100 times results in

the cippearance of the absor-::ition band 2,:5 nm. 

The pre.3ence of a Giwrp absorption band with the maxi,num 

951 crn-1 
in the infra-red s·9ectra, which Ca.n be attributed

13 14 
to t.ie NbO group, ' is an evidence of its presence in the 

extracted compounds. 

When solutions containin� I� TBP in dichloroethane and 

t·:e extracted niobiu:n from the concentrated HC1 are allowed 

to stand in a CLosed vessel over solid NaOH the ratio C1:Hb 

in the,n reaches a constant value ap -roachinc 3 and there is 

an absorption band at 265 nm in the spectra. ·The conductivity 

in these solutions increases with the increase of the content 

of niobium and the latter �igrates to tne anode in the process 

of elec�rolysis. This gives us the crounds to assuctc the 

compound with the coinposition C1 :Nb=3 to be a co..:iplex acid H 

[roo(oe)c1J. 
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Fig. I 

-1

'f!lf!! extraction of niobilllll from 6M H2so4 with a 

ture of DiAM'P am benzene ( 50») depending on 

tillll!! the sol ut iona were allowed to atand. (Tilll!l 

extracting I lllin,, Vo·Yw)• 

The initial concentration of niobiW1,g-at/l: 

I - IO_g_ Io-3; 2 - I.Io-2; 3 - 2.Io-2; 

4 - 3,I0-2 ; 5 - 4.Io-2; 6 - 6.I0-2 . 

mix-

the 

of 

[N\.]"·io' {,3 ot/L.) 
8 

6 

4 

2 

Fig. 2 

a 

1, 

o�-�.o� _ _,_ __ __.__ __ __.___ _ _J �4' 20 30 40 Soo 

t lh) 

The dependence of the ooncentra tion of the mcnomeric 

fat'lll of niobium on the tilll!t the aolu tions were allowed 

to stand. 

I - [82so4] = 4M, [Nb] =0,03 g-at/1; 

2 ,3 - the aolu tion a fter acidification to (H2so41 =6M. 

lNb] =0.02 g-at/1; "a" and "b" acidification points. 



1 

c5.8 

0 

F1g.J Abaorption apectra o! niobiwa extraota. 

( [Nb] 
0 

• ro-2 g-at/1 )

100'.' TBP; [HCl] , M; I - II.6; 2 - 9.8; 

3 - B.I; 4 - 6.7.

O.I M TEP in cc14, (HCl], 14;

5 - II.J; 6 - 9.0; 7 -7.0.
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THE EFEECT OF THE POLYMERIZATI01� Oi!' ZIRCONIU:-'i AND HAFNIUi>I 
ON THEIR EXTRACTION BY DIFFERE1fi' CLASSES OF O?<SAiHC COMPOUNDS 

BY, G.A. YAGODIN, SLfEFRIBOVA O.A. CHE,�;,u,REV A.M. 

The Mendeleev Institute of Chemicul Technology, Moscow, USSR. 

Both monomer and polynuclear compounds of zirconium and hafnium 

are extracted by certain organic solvents. The nature of the 

extracted species depends on the nature of the extractant and 

the polynuclear compound formed, Under certain conditions, 

stable polynuclear compounds of zirconium and hafnium are formed 

and these are very stable under extremely severe conditions 

(acid high concentration, heating), When polynuclear compounds 

are extracted into the organic phase, the xirconium and hafnium 

separation factor decreases, 

The existence of polynuclear compounds largely determines 

the chemical behaviour of zirconium and hafnium in aqueous and 

organic phases, In fact,many anions may serve as bridges in 

polynuclear associates, however, these bridges are preferentially 

formed by hydroxyl, oxygen and polydentate anions. 

Polymerization of zirconium and hafnium hydrolized funs 

is explained by 1101 11 
- compounds, i.e. complex compounds where 

metal atoms are linked with each other through OH- bricgi_ng groups. 

The anpearance of o1 - bridges is assumed to be due to 

those water molecules that transfer directly into the first coordi

nation sphere of the hydrolized ions, e,z, according to the 

reaction of the tetramer formation -
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Increased temperature or prolonged storage of solutions 

results in changing 11 01 11 groups into briging oxi groups 

followed by water molecules abstraction from each pair of 11 01 11 

groups (an almost irreversible reaction). 

In solutions of sulphates the zirconium and hafnium 

species are complicated by polynuclear compounds formation which 

are iinked through sulphate bridges. These polynuclear compounds 

are formed in solutions of nonhydrolyzed zirconium and hafnium 

at H
2

so4 concentrations hicher than 2M. Dimer formation begins

in solution with concentration� 10-
2 

M.Me
+4

•

Polynuclear compound formation in solution is indicated 

by numerous phenomena observed in solvent extraction, ion 

exchange, electrometric titration, colorimetry, dialysis, etc. 

(Table 1 and 2). 

The extractLon behaviour is dependent on the nature of the 

polynuclear species and the extractant, thus: 

1. A nonextractable polynuclear compound can transform into

an extractable polynuclear compound resulting from equil

ibrium shift when monomer transfers into organic phase,

or 

2. A Polynuclear compound is not extracted and is not trans

formed into monomer compound,

or 

3. A polynuclear compound is extracted.

The existence of polynuclear compounds depends on their

nature influences the separation of hafnium and zirconium during 

extraction. 
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zable l 
conceniraiion of BeginiDg of Pol.3meriuiion and Zirooniua Pol,-riution Pacior in 

llineral Acid Soluiiona 

.A.Cid [e•J ion Zirooniua Concentration PolJller. RHearoh Referenoe g-ioD/1 airengih, concentraiion of begin. polya factor Mihod 
• 

5.5 - 7 6e8 X 10-5 8e0 X 10-1 2.0 - 3.0 ooagul.aUon (1) 
0.002 _, 104 - 10-3

,.o diffusion (2) 
0.1 10-3

- 10-2 2.5 - 1.0 comparaiiTe clial.7•i• ()) 

0.4 10-� - 2.5 x19-1 9.1 criosoopy (4) 
Blf03 0.1 - 1.0 10-1 - 2.5 xio-1 1.1 orioeoopy (4) 

1.0 10-3 - 10-2 5.0 :z: 104 ooaporai1Te dial7sia ()) 

1.0 - 2.0 2.0 10-1 2.0 diffusion (5) 
2.0 le 5 X 10-) comJ)GraiiTe dial7sia (.)) 

N -2.0 lo-3- 10-1 1.0 - 1.0 ooaparaiiTO dialyeia (3) � 
-

o.os 2.0 5 X 10-2 6.9 - 11.6 uliraoentrif'laging (6) 

0.1 10·3-10-2 2.5 - 1.0 clial7sia 0) 

0.1 2.0 5 X lo-2 4.0 - 5.4 ult�acentrif'laging (6) 
0.2 2.0 5 X 10-2 4.2 - 5.5 - II - (6,7) 

HCl 0.2 - 1.9 2.0 5 :z: 10-2 ).O - 4.0 - " - (6,7) 
1.0 2.0 5 X 10-2 ).5 - " - (6) 
1.0 - 2.0 104- 10-3 10·3 10 colorimet17 ()) 

2.0 10-3
- 10-2

- 1.0 - 7.0 d1al.ya1a ()) 

2.0 5 X 10-4 elecir0119ir1c titration (5) 
J.O 5 :z: 10-2

10-2
2.1 - 2.7 ultracentr11'uging (6) 

2.0 10-3 
- 10-1 2 e:z:traction (8) 

92so4 pH•l 10·4 - 10 -2 10·3 paper CQ.rOmatogral)b7 (9)



table 2 

Bafniua P01Jaer1ratioa_Paotor 1D llineral. Acid Solution• 

[a •J ion Baflli• Pol,a ReHaroh Reference Acid g•iOn/1 atrengtil, ooncentH.tion factor lldho4 
• 

o.11 2.0 10-'- 10·1 1.a - a., ocaparaUye cl1al.yais (10)

1.0 2.0 10-3- 10·1 1.)4- 4.-42 - .. - (10)

Blf03 2.0 2.0 10·3- 10·1 1.0 • 4.0 - . - (10)
" 
" 

lo•l_ 2 X lo•l " 2.0 2.0 s.o - 10.0 atraotion (11) 

,., lo•l • 2 X 10-l 2.0 e:draoticm (11) 

o.oa 2.0 5 X 10 •2 5.7 .. 7.1 Ultraoent:rituging (12) 

0.11 2.0 10·3 .. 10·1 1.a - a., c-,.41a17a1a (10) 

HCl 0.2 • 2.0 2.0 5 X 10•2 3.0 Uliraoentrifnging (12) 

1.0 � 7e5 X 10·3• 10-l 3.0 - 4.0 U1traoentr� (1)) 

3.0 5 X 10•2 2.0 - 2.4 Vltraoent:rihging (12) 

5.0 5 X 10•2 1.2 - 1.a Ultraoenuihging (12)



In the case where the polynuclear state is not extracted 

but is in the state of equilibrium with monomer extractable 

forms for�ation of polynuclear species in the aqueous phase 

results in metal-ion distribution constants which decrease as 

their concentration increase (resulting from an activity 

decrease). 

This phenomenon is observed in hafnium and zirconium 

extraction from solutions of nitric acid with HN03 concentration

IM (fig.1 and 2). Polymer monomer equilibrium in these 

solutions is established quickly and exerts ho influence on the 

time of the establishment of the extraction equilibri]llll. 

The decrease of the distribution coefficient of one element 

in the presence of another one indicates hafnium and zirconium 

copolymerization in solution. (Table 3). 

'I'ArlLE 3 

Mutual zirconium and hafnium influence on the extraction of 

these elements. HN0
3 

= 2M; extractant o.8 M DAMP

Zr Hf g/1 Dzr DHf Dzr DHf 
g/1 init. init. without without 

Hf Zr 

10.91 7 .14 0.197 0.008 o.472 0.050 

7.32 14.25 0.222 0.007 0.620 0.041 

3.64 21. 42 0.305 0.006 1.120 0.032 

The decrease of free extractant concentration in t�is 

experiment, due to the extraction of one element, should not 

effect the distribution coefficient of the second element only 

a small quantity of metal transfers into the organic phase

as compared to extractant concentration. 
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Hydrolytic polmerisation will influence zirconium and 

hafnium separation only in the case where one of the ele!llents 

has a gre�ter tendency to polymerization than the other one, 

At the same time estimation of the monomer content of 

solutions of zircohium and hafnium at 1M and 2M HN0
3 

in the

concentration range of 10-
4 

- 10-3 M showed zirconium and

hafnium to be equally polymerised (fig,3),, Monomer content in 

solution was estimated from metal content in organic phase and 

the monomer distribution coefficient was found under the metal 

concentration lower than concentration at the beginning of the 

polymerisation. 

Therefore polymerisation should not affect zirconium and 

hafnium separation when extracted from nitric acid media into 

neutral phosphorganic compounds and hence metal concentration 

change will not considerably affect the separation factor which 

is confirmed by experiments 14, Sulphate polynuclear compounds

of unhydrolized zirconium, when extracted by amine, undergoe 

rapid destruction and exert practically no influence on extrac

tion kinetics, 

Successive extraction by portions of amine solutions with 

little phase contact time results in practically complete metal 

exhaustion from the aqueous phase. ¥or the extraction from a 

solution containing 1-1,5 M ;r4+ in the form of the following 

polynuclear 

t
o
•. 

the Zr: so4

compound, 
so4 so4I I 
Zr - so4 - Zr 
I I 

so4 so
4 

- s
o
�

amine ratio in the metal saturated organic phase 

ought to be 1 : 3, 5 : 3, Actually this ratio is equal to 1 

4 : 4, This indicates the extraction of only monomer anions e.g. 
4-Zr(S04) ,
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Under certain conditions zirconium and hafnium may form 

extremely stable polynuclear compounds that are not in the 

state of equilibrium with mono�er forms 
15• These compounds

are formed in solutions of nitric acid with hi5h Zr and Hf 

concentration, (or ageins under low acidity conditions). 

After such a treatment of solutions it is impossible to 

extract part of the metal into TBP under any conditions. 

Subsequent acidity increase with long keeping does not result 

in noticeable extraction change (Table 4). 

TABLE 4 

Extraction dependence on(HNo
3)and time of solution

keeping 

$N0
3

) (Zr) M '1" 
Amount of metal 

original original month transferred into Extractibility
organic phase 

1.18 0 0,698 59% 

1.17 3 o.644 55% 

2.0 1.17 6 o.644 55% 

o.42 9 0.244 58% 

o.42 12 0.252 58% 

1.18 0 0.701 59% 

1.22 I' o.696 57% 

4.o 1. 22 6 0.732 60% 

0.31 9 0.195 63% 

o. 31 12 0.199 64% 

o.9x) 0 o.48o 53.2% 

0.95 0 0.574 58.5% 

1.05 3 0.630 60% 

1.05 6 0.673 63% 

6.o 0.25 9 0, 170 68% 

0.25 12 0.175 70% 

x) hafnium
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Extraction was carried on with three contact periods with 

100% TBP at V V • = 3 : 1. 
org aq 

The isotherm obtainedin the experiment with extractable 

zirconium exhaustion from the solution containing stable poly

�uclear compounds is shown on fig.4. 

Zirconium compounds whicp are not extracted by TBP are not 

extracted into much stronger neutral phosphorus organic compounds 

(DA.-'.P, TBP0, T0P0). Stable polynuclear compounds have also been 

prepared under similar conditions in solutions of hydrochloric 

acid (Table 5). 

TAaLE 5 

Metal Concentration and Hydrochloric acid Influence on the 

?olynuclear Stable Compounds Formation durine Evaporations 

Element 

Zr 

Hf 

HC1 Me 
initial M initial 
before va- before 

Content 
of non
extractable 

porizing extraction compounds 

0.5 0.242 52.5 

1.2 0.265 32.8 

2.5 0.317 12.0 

3.5 0.214 2.7 

0.65 0.253 39.5 

Note 
Extraction 
Conditions 

Extraction 
from 6M 
HC1 in 100 
TBP n = 3 
V 

org aq 

; 1 

."/ 
/0 

The resulting polynuclear compounds do not react to colo

meretric indic:,tors, nor are they sorbed by cation exchan
__,

e 

lfirr.5). They do not particiuate in isotope exchange reaction. 

2216 



The presence of these compounds in the solution can be 

detected by the precipitate formation with sulfuric acid. 

Infrared spectra of these compounds indicate no zirconyl 

groups but a Zr - 0 - Zr bond. Titration methods, in the 
. 16-17 presence of F-ion , showed no OH - groups.

The polymerization factor of polynuclear stable compounds 

determined by dialysis throuch cello9hane membranes proved to 

be the multiple 4. 

Polynuclear stable compounds exert a salting-out action 

on zirconium monomer extraction (fig.6). At the srune time Zr 

and Hf when extracted have separation factors which are not 

affected by the pre:;ence of polynuclear stable eompounds since 

synthesis of these compounds with tracer181 Hf show zirconium 

and hafnium to have equal tendency to form these conpounds. 

DISCUSSION 

For years xirconium and hafnium have been recognised to be 

extracted by various extracting agents but only in the form of 

monomer compounds, However, later inveatigations showed that 

under specific conditions polynuclear compounds bound hy both 

hydroxyl and sulphate bridces may transfer into organic phase. 

For example, Korovin, Apraksin et a1 18 found that when 

aqueous solution haw little acid and a large amount of lithium 

nitrate and repeated contacts are made with new portions of 

100% TBP with V V = 1 org. aq 
compounds with OH : Zr ratio 

10 polynuclear zirconium, 

1:2 transfer into the organic 

phase. The authors have used o{ -oxychloride ZrOC12
• 8H20 as an

initial compound. Chlorine-ion is extracted in a small extent. 
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Zirconium and hafnium possessing relatively equal tendency 

for hydrolytic polymerization, one should not expect Zr and Hf 

separation to take place in case of polymer compounds extraction. 

Experiments conducted in our laboratory have confirmed this 

assumption. (Table 6). 

TABLE 6 

Distribution of Zr and Hf between 7 M LiN0
3 

solution

and 100% TBP,V V = 1 : 3. Initial substance org aq 
Zr0C12• 8H20 with 1,5% Hf.

NN (Me )aq. (Me )org. Dzr DHf contact 

1 174.1 171. 7 0.99 1.00 0.99 

2 145. 1 177.1 1.22 1.08 1.13 

3 126.9 182.5 1.44 1.14 1. 35

4 102.3 188.3 1.84 1. 61 1.14

5 83,5 208.6 2.47 1.83 1. 35

6 70.3 131.2 1.86 2.52 0,74

7 60.5 78.3 1.29 1.24 1.04 

8 58.7 59.7 1.01 o.86 1.17

The presence of polymer compounds in organic phase may be 

expected in the extraction of Zr and Hf thiocyanate complexes 

into neutral phosphorus - organic compounds since thiocyanate 

complex extraction is performed as a rule from weak acid solutions, 

hydrolyzed compounds transferring into the organic phase, 

This research 19 shows that in case of counter-current

extraction of Zr and Hf thiocyanate complexes the stage by stage 

separation factor sharply falls and thus is likely to be due to 

copolymer extraction. 
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Table 7 

Zr and Hf Extraction in TBP from Tarious solutions. [HScN]org. • J.2M,

vorg. : vaq. - 1 : 1

Substance [11 .. 2] 
Ort5anic phase analzsis

Concentration g-ion/1 R@tio Diir Dzr diesolTed initial 

in HSCW g/1 
Zr. NCS OH L. (OH • 0) NCS:Zr l°(O•OH):Zr OH:Zr O:Zr 

N ZrOC12• 8H20 44.a o.2JJ 0.460 0.457 0.457 1.97 1.96 1.96 2.80 1.84 1.52 

zr0
0

•5 (OH)3 55.0 o.408 o.a20 0.400 o.a12 2.05 2.0 0.9a 0.5 2.57 2.77 0.93 

ZrO(OH)2 44.a o.J1a 0.640 o.o6J 0.622 J.02 1.96 0.-20 o.aa 2.10 2.15 1.28 

Zr0105(0H) 49.0 0.35a 0.100 0.206 0.150 1.96 2.10 0.50 0.76 1.e:r 1.54 1.22 



Table 7 lists extraction results of thiocyanate compounds 

from solutions of different origin. The following substances 

dissolved in HSCN have been used as starting compounds: 

zirconium oxychloride (as a material where zirconium atoms are 

bound by hydroxyl groups); 

� - zro0•5
(0H)

3 
hydroxide (zirconium atoms are bound by

both hydroxil and oxogroups). ¥- hydroxide Zr0(0H)2 and

, - hydroxide Zr0105
(0H) (zirconium atoms are bound mainly by

oxogroups), After extraction the organic solution was analysed 

for Zr, SCH- - and O content16 • 1 7• The hafnium content in the

zirconium compounds was the natural isotopic ratio, The hafnium 

distribution coefficient was determined radiometrically. 

The data listed in table 7 show Zr (Hf) thiocyanate complexes 

to be extracted both with hydroxyl and oxogroups only in the case 

of oxocompounds of these elements being present in the aqueous 

phase. Infrared spectra of extracts indicate Zr= 0 group in 

the organic phase which makes one suppose oxogroups to be present 

in the zirconium extractable complexes to form a bridging bond 

between two metal atoms. 

Zirconium and hafnium separation in case of polynuclear 

compounds extraction should be only slight since along with 

Hf-0-Hf and Zr-0-Zr compounds there will also be Hf-0-Zr compounds 

among the extracted species. 

In fact in the case of oxocompounds extraction, the Hf 

distribution coefficient (Hf is more easily extracted than Zr 

in this system) is observed to be somewhat lower and vice versa 

where the Zr distribution coefficient sharply increases at first 

and falls only when there is a great number of bridge - 0 -

groups, because oxocompounds are extracted with more diffioulty 

than are hydroxocompounds. 
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Presence of unhydrolyzed compounds with sulphate bridges 

in the aqueous phases decreases the separation factor (S) for 

amine extracted because of the greater tendency of zirconium 

t 1 . 14 . . o po ymerize , the zirconium sulphate activity coefficient 

decreases more rapidly than tnat of hafnium sulphate also 

resulting in the S value decrease. Under these conditions the 

proper selection of a compound preferentially extracting monomer 

hafnium will result in better separation. 

However, polymerization is accompanied by S value decrease 
14 when nonhydrolyzed sulphates are extracted by di-2-ethyl-

hexyl phosphoric acid. (HDEHP). This phenomenon may be explained 

by transfer of the dimer molecules into the organic phase without 

their distruction. Under these conditions it is only reasonable 

to suppose taat the extraction constants for dimers of various 

compositions to vhange in the following order: (Hf)2 > Hf

Zr >Czr)
2

• 

Hafnium dimer, (Hf) , formation is unlikely to be due to 

small hafnium concentratfon in the mixture and Hf-Zr dimer trans

fer into organic phase will make separation poorer than that 

observed in monomer conditions. 

Transfer of dimers with sulphate bridges is supported by 

the direct measurement of sulphate-ion distribution. In the 

extraction from sulphate solutions with tracer radioactive isotope 
35

s, organic phase activity depends on the zirconium concentra

tion in the aqueous phase. 

As one can see from table 8
1 

so
4 

- group transfers into
4+ 3 the organic phase when (Zr ) aq equals 5.10- M which coincides 

with the dimer formation boundary. 
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In the infrared spectrum of the extract obtained under 

conditions of zirconium dimerization bands appear at wave

lengths in the range of 580-680 cm-1
These bands may be 

related to valent )
4 

vibrations of so
4 

- group (fig. ?).

In this case, free HDEHP and monomer zirconium extract 

spectra practically coincide. Unfortunately in the region 

of so
4 - group valent the vibrations in the wavelength range

-1
of 1000-1200 cm are masked by HDEHP absorption bands. 

TABLE 8 

Zirconium Extraction from solutions of 

Sulfuric acid with HDEHP in octane 

initial (Zr )M 
solution H

2so
4

5.8 X 10-3

1.19 X 10-1

2.74 X 10-1

5.48 X 10-1

(Zr)org.M 

1.12 X 10-1

1.16 X 10-1

1.96 X 10-1

2.32 X 10-1

0 

8 X 10-3

8.8 X 10-2

1.2 X 10-1

V 
org. 

1 

1 

1 

1 

V 
aq. 

20 

1 

1 

1 

Extraction from solutions containin6 dimerized metal ions 

results in the ratio Zr:HDEHP = 1 : 3 for the organic phase 

saturated with metal. This ratio may be determined by dimer 

complexes transfer into organic phase and this may be expressed 

according to 

[-z
1
i - so

4 
- z.�

-
J 

6 + 

Besides this ratio realization in conditions of simultaneous 

monomer concentration growth makes it possible to suppose 

preferential dimer transfer into the organic phase. This pref

erential dimer transfer is related to their lower capacity 

(compared to monomer) to form anion complexes. Such an explanation 

of the observed regularities is in good agreement with the 

factor of preferential monomer complexes extraction witi amines. 
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This explanation of the dependence of S on (Me)aq•

concentration for amine and HDEHP extraction makes one under-

stand the cause of the sharp fall in the case of HDEHP ex-

traction (fig,8), Indeed, in amine extraction, the initial d:iJners 

which are formed and which do not transfer into the organic 

phase should exert less effect on the S-value than in the case 

of the preferential dimer extraction with acidic phosphate. 

:C.irconium sulphate hydrolysis ceases in 2 M H2so4 solution.

When using solutions containing less than 2M H2so4 there is

possibility of hydrolyzed complexes extraction, 

To solve the question of preferential extraction of hydro

lyzed or unhydrolyzed ions we have studied the ainine: zirconium 

ratio in the or3anic phase dependence on the amine salt concentra

tion. 

A typic&l extraction curve is given in fig.9, Amine concentra 

tion increases result in amine: zirconium ratio discreases 

which may be explained by the assumption about organic ryhase 

saturation with highly charged unhydrolyzed anions when extrac

tant concentration is small, Organic phase saturation with 

unhydrolyzed anions is known to follow metal: amine ratio = 1:4. 

Saturation with hydrolyzed complexes leads to the decrease of 

this compound. Taking these data into account, the curves in 

fig.9 are explained by the assumption of better extraction of 

unhyrolyzed complexes, This also accounts for zirconium concentra 

tion dependence in organic phase on concentration in aqueous 

phase for weakly acidic solutions (fig.10), An increase in the 

total metal concentration results in increased equilibrium 

concentration of unhydrolyzed zirconium which is present here in 

sufficient amount to saturate all the extractant. A total 

concentration decrease does not provide sufficient concentration 

of unhydrolyzed complexes for complete amine saturation, the 

excess amount is then saturated with hydrolyzed anions, and the 

amine : Me ratio being decreased. 
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Bearing in mind one may state the organic phase to be 

saturated at all points of the descending branch of the curve 

in Fig.9, the minimum on the curve corresponds to maximum extrac

tant concentration which is saturated under these conditions. 

lit should be noted that the curve characterized in fig.10 depends 

on the ageing of the solution after dilution or after extrac

tion of the first portion of the metal ion, since preferential 

removal of unhydrolyzed ions from the system requires some 

definite time, for equilibrium establishment in new conditions. 

The increased time of equilibrium establishment is connected 

with slow process of the destruction of hydrolyzed polynuclear 

zirconium complexes. Thus, presence of hydrolyzed polynuclear 

complexes in solution increases the time to reach equilibrium 

So far the question of possible transfer of hydrolized 

anion complexes irito organic phase when amine extracted has 

not been investigated. To study the possibility of hydrolyzed 

polymer anion complexes extraction we have conducted cryoscopic 

measurements; freezing temperature descrease of benzene solutions 

of tri-n-octylamine sulphates saturated with zirconium sulphate 

has been studied in different conditions. True molal concentra

tion of the solution and the Vant-Hoff (NCr) coefficient has

been calculated according to freezing temperature depression of 

the solutions. 

M analytical 
M true 

where M analytical is amine analytical molal concentration 

and M true is molal concentration defined from freezing point 

of the solution. Zirconium concentration determination in the 

organic phase has been carried out by gravimetric method. On 

the basis of these data we have estimated NZr value equal to 

the number of amine moles per 1 mole of zirconium in organic 

phase. 

2224 



Experimental 
run 

A 

B 

C 

D 

Extract Cryoscopy. Extraction Conditions: Solution of amine sulphate 
in Benzene, Vorg. : v84 = l :  l

TOA 
concentration 

volume 
Initial Aqueous Phase Ncr 

4+ l M H2so40.225 M Zr , 4.Jl
2.91

2.81 

0.786 M Zr (S04)2• 4H20 3.58 
in water, 40 aays keeping 3.11 
after dissolving 2.81 

o.Jl5 M Zr (S04>2· 4H20 4.49 
in water, 46 days keeping J.66
hydrolyzed precipitate filtrated J.24 

solution 2.5 M Zr(S04)2• 4H20 11.24 

in water (keeping for more 7.42 

than 40 days) is diluted before 4.07 

extraction with water up to o.11.M 

Nzr 

3.75 
4.25 

4.01 

J .. 62 
J.82
3.99 

3.40 
J.82
3.17

1.81 

1.25 

1.56 

Table 9 

N 

N 



For approximate consideration of dissolved water contrib

ution we have determined benzene freezing point depression 

after contacting with 1M solution of H2 so4• This acid solution

has been chosen as the solution with ap�roximately averaGe 

water activity for all experiments. Naturally, this selection 

introduces some error in determinin-; true solvate concentration. 

The data obtained (considering dissolved water) are listed 

in Table 9. 

The data in table 9 show Ncr and NZr 
to be in good agreement

in the three series A,B,C, i.e. in all cases where zirconium 

solutions may be considered in equilibrium. This fact proves 

the monomer nature of extractable compounds. It should be noted 

that in series A, zirconium sulphate is not hydrolyzed, in series 

B and C there are hydrolyzed complexes (and hydrolyzed polynuclear 

compounds as well, because the concentration at the beginning of 

the polymerization of hydrolyzed sulphate complexes may be taken 

equal to 10-3 
- 10-

4 
M Zr). Quite different results have been

obtained only for series D solutions where non equilibrium 

zirconium sulphate hydrolyzed solutions have been used. In this 

case NZr drops sharply (which agrees with the proposed extraction

of the low charged hydrolyzed complexes, Ncr bein� sharply

increased. Bisulphate solutions in water are attended to by 

hydrolyzed polynuclear compound formation which do not stay 

permanently in the solution due to their unsaturated coordination. 

An example of such compound may be 
4-

It i s  clear that the organic phase saturation wit� anions 

of this type according to anion exchange mechanism should give 

the following values. 

N 
er 

4 
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As one can see from the investigation 
ZO 

these anions 

exist in the solution for a short time and then become larger 

resultin� from elation process and sulphate brid�es formation. 

Larse (equilibrium) polynuclear compounds possibly do not 

transfer into or�anic phase (or their extraction constant is 

srnall ). 

The fact that one equilibrium hyorolyzed 9olymers transfer 

into the organic phase is supported by the sharp increase of 

Fe 3+ 
coextracted under conditions similar to those used in D 

series. When extracted from zirconium equilibrated sulphate 

solutions, Fe3 + does not practically transfer into the organic

phase. 

Infrared spectra of extracts obtained under conditions of 

equilibrated zirconium solutions do not show absorption bands 

usually attributed to Zr-0-Zr chains or 

OH 
/ '•, 

Zr Zr 

' 
'•

OH 
/ 

Thus, one may suppose polynuclear compounds of nonhydralyzed 

zirconium (hafnium) to be rapidly broken during the extraction 

process or to transfer into organic phase without being destroyed 

and this does not exert appreciable influence on the extraction 

kinetics. Their influence on separation is mainly determined by 

the extraction of one element or other in the system in question 

and is clearly manifested in the case of associates transfered 

into the organic phase. 

Hydrolysed polymers of intermediate stability with cl-bridges 

as a rule, also tend to be quickly destroyed in the monomer forms 

extraction in sulphate systems is then somewhat slower. 

Hydrolysed compounds transfered into organic phase also sharply 

decreases the separation factor. 

Polynuclear complexes with oxobridges are not actually broken 

in the extraction process nor are they extracted; they exert no 

noticeable influence on the separation because both Zr and Hf are 

equal components of these polymers. 
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Fig. 9 

Fig. 10 

Zirconium extraction by tri-n-octylamine in benzene 

from solution of Zr basic sulphate. 
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octylamine s.ulphate in b.enzene (30% volume) from 
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)2 o 4 H2o solution in water.
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SYNOPSIS 

SOLVDIT EXTRACTION or ZIRCONIUM AMD HAFNIUM 

WITS SOME TRIFUNCTIOlfAL PHOSPHINE OXIDES 

P. Bronzan and H. Meider-Corican, Inatitute Rudjer

Boskovic, Zagreb, Yugoalavia

The extraction of sirconiua and hafniUll from hydrochloric, 

perchloric and sulphuric acid solutioos with /(C6H5
)2 (O)PCH2/2

P(O)C6H5 (L}), /(C6H5)2(0)PCH2t2P(O)OC2H5 (L�) and

/C6H5)2(0)PCH2/2P(O)OH (L
3
) haa been atudied. The properties of 

the liganda and the foraation of the coaplexes with aircooi\111 and 

hadaiua aa well aa with perchloric acid haft been inveatigated. 

The inBuence of tha electranegativity of the aubatituent, bound 

to the central phoaphorua atoa, on the extraction of zircon ha and 

hadniua haa bean diacuHed. FN>a alcoholic aolutiona of Mtal 

tetrachloride• adduct• with the phoaphine oxide• corresponding to 

the foraula MeC14• Ln (Me • Zr or Hf, Ln ,. ligand) have been isolated

and charac:Jeriaed. 

IMUOOOCTIOlf 

In recent yeara the coordination propertie• of bifunctional 

phosphine oxide• have bean extenaively atudiedl-&. Cootredictory 

ccnclusion1 re1arding their propertie1 and c011plex formatioo with 

differ.nt Ntala ware derived3-7• Studi .. of the reaction of

alkali .. tal and cupric halide• with biaphoaphine oxide• 1hoved 

that tha aubatituent bound to the phoaphorua atoa has an inductiw 

and Maoaeric effect on the arren1e111911t of the electron density 

oo the oxygen fl'OII the PaO iroup, which results in the ligand• having 

different donor properties6 •8 •9 • The extraction and c0111plex

f�ion with transition 111etals has also b-n studied. Moat often, 

the chelate for.ation through two oxygen• has been proposed for 

these ligand• lO. The formation of ionic and nonionic specie• haa

been eatabliahed1 •2•11•

2235 



Trifunctional phosphine oxides and their mono and dialkali metal 

salts have been synthesized recently
12 

However there are reports

on the behaviour of these compounds i� solutions or their complex 

formation. In our investigations we used three different tri

functional phosphine oxides with different substituent groups bound 

to the central phosphorus atom: 

R=C
sH

s 
••••••••• L

l

R=OC
2
H
5 

•••••••• L
2 

R=OH •• , •• , • , •• L
3 

The purpose was to deter111ine the influence of the substituent 

on the extraction behaviour of the phosphine oxides and to determine 

the possible structure of zirconium and hafni1J111 complexes in 

solutions and in the solid state. 

EXPERIMENTAL 

Reagents 

Bis (diphenylphosphinyl)methyl/phenylphosphine oxide (L
1

) 

bis (diphenylphosphinyl)methyl/phosphonic acid (L
3
) and 

bis (diphenylphosphinyl)methyl/phosphinate (L
2
) were prepared

by the method described by Kabachnik at a1
12

• Radioactive
32

P 

labelled phosphine oxides were prepared by the same method using 
32

Pc1
3 

(R.c.c., Amersham). 

Chlorofonn (Merck p.a.) has been used in all extraction 

experiments as solvent without further purrification. HCl, HC10
4 

and H
2
so

4 
(Merck p.a.) were used. Ethanol (Merck p.a.) was dried

before use. 
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Stock solutions, distribution measurements and the separation 

of extracting species were carried out as described before13 • 
95 zr solutions were prepared immediately before using, separating
95zr from 95Nb with D0MPA15.

I.r. spectra were recorded in KBr and in chloroform solutions on

a Perkin-Elmer spectrophotometer Model 257 in the region 6000 cm-1-

4000 cm-1 • Chloroform was used in the reference call.

Molecular weights were determined by osmometric measurements with

a Mehrolab Vapour Pressure 0smometer.

The concettration of the perchloric acid in the organic phase 

was determined by twophase titration." 

RESULTS 

Ligand properties 

The distribution of the phosphine oxides between c•�roform and 

0.lM H+, /Na,H,Cl04/= lM and 4M HC104 aqueous solutions has been studied

with special reference to the influence of the aqueous phase

concentrations. The degree of extraction does not depend on the L
1 

and L
2 

concentration when 0.lH H+,/Na,H,Cl04/=1H solutions are used

but D values of L
3 

increase with increasing concentration of the

ligand. When the extraction was carried out from 4H HC104 solutions,

a small increase of the D value with an increase of ligand concentration 

for all three ligands was observed. 0smometnr• measurements 

showed that the compounds L
1 

and L2 are monolleric in chloroform.

A dimeric form of L3 in chloroform solutions has been established.

HCl and H2so4 do not react with the phosphine oxides. The extraction
-2 data of HC104 into 4. 10 M L1 chloroform solutions are given in 

Table 1. Similar results have been obtained for L
3 

as a ligand.

Because of the third phase formation and precipitation of a 

perchlorate complex of L2, the extraction of HC104 with this ligand

could not be -investigated. The dependence of the ligand extraction 

on hydrogenion concentration has been studied. 
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Tae H+ ion concentration was adjusted with a sodium acetate buffer. 

For L1 no dependence on hydrogen ion concentration has been observed.

The results obtained for L
2 

and L
3 

as ligands are given in Table 2. 

Infrared spectra of the phosphine oxides in the solid state 

and in the chloroform solutions, and the spectra of the chloroform 

solutions 2of the ligands equilibrated with HC104, have been

investigated. Spectra of L
3 

in solid state, chloroform solutions 

of L1 and L
3
, and chloroform solutions of L1 _and L

3 
equilibrated

with HC104 are shown in Fig.l. Spectra of L1 in solid state and 

in chloroform solutions are the same. Absorption bands which 

appear at 1190 cm-l and 1250 cm-l in the spectra of L1 and L2
respectively., corresponding to the P=0 stretching of the central 

P=0 group, are absent in the spectra of the perchlorate complexes 

and L
3 

chlorofor11ssolutions. A new absorption band at about 
-13 is due to the protonation of the oxygen of the central1160 cm 

P=0 group. The absorption band corresponding to the P=0 stretching 
-1 of the terminal P=0 groups remains unchanged a� 1120 cm In the

perchlorate complexes of the ligands the absorption band at 1090 cm-l

corresponding to the perchlorate group vibration is clearly resolved.

Zirconium and hafnium extraction studies. 

The extraction of zirconium and hafnium has been studied from 

perchloric, hydrochloric and sulphuric acid solutions. Metal 

solutions (l0-6M) were used in all experiments, higher concentrated

solutions have a tendency to hydrolyze with the formation of 

polynuclaar species. 

In Fig.2 the dependence of the Zr and Hf extraction from 4M HC104
and 4M HCl a•ueous solutions on the L1 and L

2 
concentration is

represented. Extraction experiments carried out with L
3 

as a ligand 

gave analogous results. High D values between 102 and 103 have 

been observed. 
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The extraction behaviour observed with O.lM H2So4 and

3M H2S04 aqueous solutions, is given in Fig.3. Because of the low

D values obtained for the extraction of Zr and Hf from 3M H2so4
solutions with L1 and L2, only the extraction studies with L3 as ligand

at high acid concentration are given. Depdnding on the ligand 

and the composition of the aqueous phase, the slopes of the curves, 

lgiven in Fig.2 and 3.) vary from one to three, but are mostly 

near to two. The initial ligand concentration in the organic 

phase is always plotted in the graphs. The deviation from the 

linearity present in the curves, obtained upon studying the 

extract�on from perchlorate solutions, is due to the complex 

formation between perchloric acid and the ligands. The dependence 

of the Zr and Hf extraction on the H+ ion concentration has been 

examined from perchlorate and sulphate solutions. No dependence 

of the extraction of Zr and Hf from perchlorate solutions on the 

H+ ion concentration has been observed. Results obtained for the 

Zr and Hf extraction from sulphate solutions are given in Fig.4. 

When identical results have been obtained for Zr and Hf, only the 

results for one of the metals are shown. Fig.S. shows the dependence 

of the Zr and Hf extraction on the HSO: ion concentration. In 
-3 -2 the experiments represented in Fig.4 and S., 5.10 M L1, 1.10 M L2

and 1,10-4 
M L3 chloroform solutions have been used. A decrease

of D with an increase of H+ and HS0-4 ions has been observed. 

Extracting species and chloride adducts. 

Extracting species have been isolated from 4M HC104 and 4M HCl

solutions. The extracting species were characterized by chemical 

analysis and i.r. spectra. In the species isolated from 4M HCl 

solutions, an excess of the free ligand was always present. I.r. 

spectra of the species isolated from 4M HC104 solutions show that in

addition to the ligand metal complexes formed, complexes formed 

between perchloric acid and the phosphine exides are also present. 
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Adducts of Zr and Hf tetrachlorides and ligands obtained from 

alcoholic solutions have also been isolated in form of white crystals. 

On the basis of elemental adalysis and i.r. spectra their 

composition is HeC14 Ln where He-Zr and Hf and Ln=L1, L2 and L3.

Calculated and (experimental) percentage for 

ZrC14 /(C6H5)2(0)PCH2/2P(O)C6H5 : Zr:11.59 (12. 07), P:11. 80

(10.42); Cl:18.02 (18.20); C.48.83 (47.15); H:3. 71 (4.16). Two 

characteristic P=O stretching bands at 1125 cm-l and 1085-l 

are present in the 

vibration present 

in the spectra of 

spectra of all compounds. The P-oc2H5 stretching
-1 in the spectra of L2 at 1030 cm remains unchanged

the corresponding Zr and Hf complexes. Bands 

attritable to the H=O stretching mode or H-0-H vibrational mode 

were not found. Therefore formation of polynuclear species has to 

be excluded. 

DISCUSSION 

Molecular weight measurements in chloroform solutions show that 

L1 and L2 (R=C6H5 and OC2H5) are monomeric while L
3
(R=OH) is dimeric.

One can assume that intermolecular bridges between OH and P=O groups 

are formed. 

Hydrochloric and sulphuric acid do not react with the phosphine 

oxides, but one molecule of perchloric acid is usually bound to one 

molecule of the ligand. Oxygen from the central P=O group becomes 

protonated. Owing to their similarity. zirconium and hafnium 

phosphine oxides,complexes of identical type. The results show that 

zirconium compounds are 110re stable tho the corresponding hadnium 

compounds. The lower stability of hafni11111 complexes is apparently 
4-t connected with the somewhat greater size of the Hf ion. Data

reported in the literature suggest the presence of Me{OH);, Me(OH)�-t 
3-t . 14 and He{OH) hydroxocomplexes in perchloric acid solutions • Based

on the assumption that the solvation number is given by the slope 

of logarithmic plot of distribution ratio versus ligand concentration, 

solvation numbers two or three are more less always acceptable, 

Depdnding on the perchloric acid concentration Me{OH)2{Ln)m and

/Me{Ln)m/(Cl04)4 Me=Zr, Hf; Ln = L1, L2 or L3; m=2 or 3) complex

species are probably extracted into the organic phase. 
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Since the v3 vibration mode of the perchlorate ion is not split

and appears as a single band at 1090 cm-l in the spectra of the 

perchlorate extracting species it can be concluded that the 

ClO� ion is not coordinared to the metal atom. From 4M HCl solutions 

MeC14.2L1, MeC14.L2 and MeC14.2L3 adducts are extracted into 

chloroform. Cnrves obtained during the zirconium and hafnium 

sulphuric acid extraction studies indicate, that in chloroform, 
+ 

-

complexes are formed where one or two H and HS04 ions are released.

At low acid concentration the formation of Me(OH)2(Ln)2 and

Me(S04)(Ln)2 complex compounds can be proposed. The fact that L3
reacts with the metals also at a high acid concentration is because 

of its relatively high dissociation constant (pK=2.64). The 

formation of complexes from 3M H2so4 solutions can be shown from

the equilibrium: 

... 

In all the systems studied, it has been found that independent 

of the composition of the aqueous phase, the fiistribution ratio decreases 

in order DL > SL > DL • With an increase of the
3 1 2 

electronegativity of the substituent bound to the phosphorus atom, 

the stability of the complexes decreases. If the substituent is an 

OH group, the metal salt formation accounts for the higher D values. 

In nonaqueous solutions neither oc2H5 nor OH group are involved in 

the complex formation. The decrease of the P=O stretching frequencies 

to the same wave numbers independent of the different P=O stretching 

frequencies present in the spectra of the ligands, indicates that 

identical types of complexes areformed and that all three oxygens 

from P=O groups are coordinated to the metal. Therefore seven 

coordinated MeC14Ln complex compounds are probably formed.
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Table 1. 

-2Extraction of HClO 4 into 4. 10 M /(C8H5)2(O)PCH2/ 2P(O)C8H5 (Ll) 

HClO 4 aq(in) 

0.50 

0.25 

0.10 

0.08 

chloroform soluttona 

-Uc104

-s1.4 X 10 
-43. 6 X 10 
-56. 5 X 10 
-52. S X 10 

aHClO 4 • activity of HClO 4 in aqueous phase

Table 2. 

HClO� .., org. 

7. 3 X 10-4 

2. 1 X 10-4 

5.6xlo-5 

8. 7 X 10-5 

Extraction of /(C6H5)2(O)PCHl 2P(O)OC2H5 (L2) and /(C6H5)2(O)PCH2/ 2P(O)OH (L3) 

into chloroform 

H+ 

D
L 

D
L aq 3 2 

-3 7.08 X 10 20.4 194.0 

6.46 X 10 -4 15.1 108.4 
-55. 89 X 10 10.8 91.0 
-68. 91 X 10 7. 72 80.2 

8. 51 X 10 -7 2.44 72.0 

2.40 X 10 -9 1.36 63.6 
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UDO 1200 1000 800 cm-1 

Fig. l. t. r. spctra of a) L
3 

in KBr, b) L
3 

chloroform solution, 

c) L
3 

chloroform solution equilibrated with 4M HCIO 
4

, 

d) L
l 

chloroform solution and L
1 

chloroform solution 

equilibrated with 4M HClO 
4 

· 

oD 

Q 

-I 

-2 

-3 

-3 

log [Ligand] 
-2 

Fig 2. Extractant dependence of the extraction of 

0 , II , 0 , O , Zr and e , .6 , a , + Hf from 

O, e, A , .6 4M HCI0
4 and O, a , 0, +

4M HCI aqueous solutions with O , e , D . • L
1 

and A , 6 • O , • L2 
into chloroform. 



2 

Co 

-1 

-2

-3

-4 -3

log [Ligand] 

Fig. 3. Extractant dependence of the extraction of 

-2 

0, D ,  0 ,t:.

0, o ,  e, ti 

Zr and • , e , A , Hf from 

,. 0 lM H
2

SO 
4 

and O , • 3M 

H
2

SO 
4 

aqueous solutions with O , e L
1

, 

L
2 

and D , • , 0, L
3 

into chloroform. 
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Fig. 4. Hydrogen ion dependence of the extraction of D , 0 Zr 

and • , t; Hf with O L1, t; L2 and D , • L3 into 

chloroform from O. lM H+,/Na,H,HSOi=lM aqueous solutions. 
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Fig. 5. HSO � ion dependence of the extraction of D, O Zr and 

a , e , • Hf with O , e L1 (!; L2 and O , • L3 
from /H, HSO 4, CIO 4/=l 5M aqueous solutions 





THE EXTRACTION OF ANIONIC VANADIUM ( IV) - THIOCYANATO 

COMPLEX FRCM AQUEOUS SOLUTIONS BY LONG CHAIN ALKYL 

QUATERNARY AMMONIUM COMPOUND 

Taichi SATO, Shiegeo KOTANI and Osamu Terao 

(Department of Applied Chemistry, Faculty of Engineering, 

Shizuoka University, Hamamatsu, Japan). 

ABSTRACT 

The extraction of the vanadium (IV) - thiocyanato complex 

anionic species from aqueous solutions by long chain quaternary 

ammonium salt in benzene has been investigated under different 

conditions. Both the aqueous and organic phases have been 

examined by spectrophotometry. Infrared and electron spin 

resonance spectral studies have been carried out for the complex 

formed in the organic phase. As a result, it is concluded that 

the extracted species is transformed from (VO(NCs)
5

)3- to (VO

(NCS)4)2-
with increasin� vanadium concentration in the organic

phase. The mechanism of extraction is discussed on the basis 

of the results obtained. 

nnRODUCTION 

The utilization of tricaprylmethyla,mnonium thiocyanate as 

a sel8ctive extraction agent in the spectrophotometric deter-

( ) . . 1 
mination of cobalt II has been studied by Wilson et al . 

The present authors have also iavestitated the distributions 

of thorium (IV)2and uranium (VI)3 between aqueous solution

containing hydrochloric acid in the presence of potassium 

thiocyanate and benzene solution of the quaternary salt. This 

paper extends the work to the extraction of v�nadium ,IV) 
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EXPERIME1fTAL 

Reagents 

Tricaprylmethylammonium chloride (from General Mills as 

Aliquot-336, R3R'NC1), used as the quaternary compound, was

purified as described previously 4. The stock solution of 

vanadyl chloride was obtained by dissolving vanadyl chloride 

(voc12) in a hydrochloric acid solution of the selected concen

tration, The other chemicals were analytical reagent grade. 

EXTRACTION AND AHALYTICAL PROCEDURES 

The procedure for obtainin� distribution coefficient 

(the ratio of the equilibrium concentration of vanadium in 

the organic phase to that in the aqueous phase) was as follows: 

Equal volumes (15 ml) of the quaternary compound in benzene and 

the aqueous vanadyl chloride solution containing hydrochloric 

acid in the presence of potassium thiocyanate were shaken for 10 

min in 50 ml stoppered conical flasks in a water-bath thermo

statted at the required temperature ; after the separation of 

the aqueous and organic phases by centrifugation, vanadium in 

the organic phase was stripped with 1 M hydrochloric acid, and 

then the distribution coefficient was determined. 

Vanadium was determined by back-titration of the �ueous 

solution adding an excess of EDTA with thorium nitrate solution 

using xylenol orange as indicator at pH 35 • The concentrations 

of chloride and thiocyanate in the organic phase were determined 

as follows: the precipitate from the organicsolution with 

silver nitrDte was decomposed by boiling for 1 hr in the presence 

of concentrated nitric acid, and the residue was weighed as 
. . . 6 silver cnloride • accordingly the loss in weight from the initial 

precipitate was equiYalent to the concentration of thiocyanate. 

Spectrophotometry and E S  R 

The absorption spectra were obtained using a Hitachi Model 

EU-2 recording spectrophotometer and a Shimazu Model QV - 50 

spectrophotometer, using matched 1.00 cm fused silica cells. 
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The infrared spectra of the samples prepared by the evaporation 

of diluent in the or3anic phases were determined on a Japan 

Spectroscopic Co. Ltd. Model IR - S, equipped with potassium 

chloride prisms for measurement at 4000-550 cm
-1

, and IR - F,

a grating model for measurement at 700-200 cm-1, as a capillary

film between thallium halide plates.

ESR spectrum was determined on a high-sensitivity ESR 

spectrometer, designed in the Research Institute of Electronics, 

Shizuoka University and made by Shimada Rikakogyo Co. Ltd. 

Measure�ents were made in the solid state by using a super

heterodyne detectictn7 ; the wave-guide units in the spectro

meter are standard X-band components at the response of 1 sec., 

and the amplitude of the modulatinrr field being 3 gauss, at 

room temperature. The calculation of ESR derivative line shape 

of the sample was made using a HIPAC 103 computer. 

RESULTS A.'ID D ISCUSS<D0NS 

Extraction isotherm 

The extraction of vanadium (IV) from its solution (1 g/1 

as V0Cl.2) containing hydrochloric acid in the presence of

potassium thiocyanate by quaternary compound in benzene et 20°c

gave the results illustrated in Fig.�. The distribution 

coefficient for vanadium at first rises with aqueous thiocyanate 

co�centration, and passes through a maximum at initial concentra

tion in 0.15 M and then falls again. For the variation of the 

distribution coefficient, it may be interpreted that the forma

tion of the vanadium (IV)-thiocyanate complex accounts for the 

rise in the curve, while the competition between vanadium and 

thiocyanate for association with the quaternary compound provides 

a check on this rise. From Fig. 1 it is also seen that the 

extraction efficiency of vanadium is lowered as the initial 

aqueous hydrochloric acid concentration increases. In the 

extraction of vanadium (IV) from the solution (1 �/1) containing 

0.3M hydrochloric acid and lithium chloride at various concentra

tions in the presence of 1.0M potassium thiocyanate by 0.02 M 

quaternary compound in benzene at 20°c, the distribution coe

fficient was not �ppreciably influenced by the chloride concentra 

tion. 
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Additionally, the value of log (distribution coefficient) 

decreased linearly with log (initial aqueous hydrochloric acid 

concentration) at a fixed total chloride concentration ((HC1) 

+(LiC1)=1.0 M), analogous to the curve for hydrochloric acid 

alone. It is thus presumed that the species containing chloride 

ion is inextractable,and when the hydrochloric acid in the 

aqueous phase is partly replaced by lithium chloride the 

decrease in the distribution coefficient is checked owing to 

tae removal of the competition for vanadium (IV) - thiocyanate 

complex between hydrochloric acid and quaternary salt. 

If we assume that the extraction of vanadium1 (Dl) from 

aqueous solutions in the presence of thiocyanate is carried out 

by an ionpexchange reaction similar to that for thorium (IV)2), 

viz. 

vo2+ (a) + n NCS- (a) <vo(NCS) ) .¢-n(a) (1) 
n 

NCS- (ta) + R
3

R 1 NC1 (o) R
3

R 1NNCS (o) + C1 (a) (2) 

(VO(NCS)n)Z-n 
(a)+ (n-2) R3

R 1 NNCS (o) 

(R
3

R 1 N)n_
2

(VO(NCS)n)(6) + (n-2)NCS
-

(a) (3) 

in which (a) and (o) represent aqueous and organic phases 

respectively, the following relationship would be .-xpected: 

log Ea = log K + m log (CA - rn C
V)/C

tiCS 
(4)

where �a is the distribution coefficient, K the equilibrium 

constant, CA the total quaternary compound concentration, CV
the vanadium concentration of the organic phase and CNCS the

aqueous thiocyanate concentration and in addition m-n-2.

In the extraction of vanadium (IV) from the solution (1 g/1) 

containing hydrochloric acid in the presence of 1.0 M potas

sium thiocyanate at 2,0°c, log-log plots of Ea vs. (CA
-m CV)/

CNCS reveal that �quation (4) is satisfied for m=3 at initial

(R
3

R'NC1) 0.015 M, and for m=2 at initial (R
3

R 1 NC1) 0.015 M.

It is therefore thought that each vanadium (IV) - thiocyanate 

complex ion is associated with three molecules of quaternary 

compound in the extraction at low vanadium concentration, and 

accordingly n-2 in E�uation (3) is expressed by 3, i.e. 

(VO(NCS)
5

)3- (a)+ 3 R3R 1 NNCS (o) 

(R
3

R1N)
3
(VO(NCs)

5
) (o) + 3 NCS- (a) (5) 
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In the extraction at higher vanadium concentration, since two 

molecules of quaternary compound are associated with each 

vanadium (IV) - thiocyanate complex ion, the equilibrium 

expression is rewritten as follows 

(V0(NCs)
4

)2- (a)+ R
3

R 1NNCS (o) 

(R
3

R 1 N)
2

(V0(NCS)4) (o) + 2 NCS- (a) (6) 

indicating n-4 in Equation (3) equals 2.

This is also supported by the fact that, the mo ar ratios 

of the concentrations of vanadium and thiocyanate in the organic

phase to the concentration of quaternary compound as a function 

of initial aqueous vanadium concentration (at 0.5 M hydrochloric 

acid in the presence of 1.0 M potassium thiocyanate with 0.02 M 

quaternary compound in benzene at 20
°

c), are expected to approach 

the limiting values of 0.5 and 2 respectively. The plot in 

Fig.2, implies that tile vanadium (IV) - thiocyanate complex 

formed in the organic phase contains vanadium thiocyanate: 

quaternary compound in the molar ratio 1: 4 :  2 indicating the 

stoichimetry (R
3

R 1 N)
2

V0(NCS)4
• 

Temperature effect 

The extraction of vanadium lIV) from the solution (1 g/1) 

containing 0.5 or 0.9 M hydrochloric acid, in the presence of 

1.0 M potassium thiocyanate, by 0.03 M quaternary compound in 

benzene, at temperature between 5 and 40
°

c, gave the result 

shown in Fig.3. The observation that distribution coefficient 

decreases with rising temperature is similar to the result for 

the extraction of thorium (IV)
2

• The heat of reaction (change

in enthalpy, kJ/mole) in Equation (5) is estimated to be 14.35 

in 0.5 M HC1 and 9.57 in 0.9 M HC1. 

Electronic1 infrared and ESR spectra 

The absorption spectra oi both the aqueous and organic 

phases from the extraction of vanadyl chloride solutions contain

ing 0.5 M hydrochloric acid in the presence of potassium thi�

cyanate with 0.02 M quaternary compound in benzene at 20
°

c are

illustrated in Figs. 4-5. The spectrum of the aqueous solution

of vanadyl chloride at 1 g/1 in the presence of 0.5 M hydro

chloric acid and 0.5 M potassium thiocyanate exhibits the charac

teristic absorption bands at 610 and 765 m , whose absorptions 

shift to shorter and longer wavelengths respectively, as the
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thiocyanate concentration increases
8

, (Fig.4). This perhaps

corresponds to the transformation from penta- to hexa-coordina

tion of thiocyanate group for vanadium. For the spectrum of 

the organic solution from the extraction of vanadyl chloride 

solution (1 g/1) containing 0.5 M hydrochloric acid in the 

presence of 1.0 M potassium thiocyanate, the absorptions at 

575 and 775 m are accompanied by the charge-transfer band at 

465 m due to the transition (Fig.5) With increase 

the vanadium concentration, these a�sorptions show a progressive 

increaae in intensity and slightly shift to 480, 575 and 750 m 

respectively, and simultaneously the organic phase changes in 

colour from blue to brown. The spectral results probably confirm 

that the extracted species is transformed from (VO-lNCs)5)3-

to (V0(NCs)4J 2- with increasing the vanadium concentration in 

the organic phase, as indicated in Equations (5) and (6). 

When the water content of the brown complex prepared by 

the evaporation of benzene in the brown organic solution was 

examined, it was calculated that the complex contained one 

molecule of water. By drying in vacuo at above 6o0
c, this

complex dehydrates and changes in colour from brown to green. 

However, since the V-0 stretching band 9-12 in the infrared

spectrum of the anhydrous (green) complex is little different 

from that of the hydrous (brown) complex, it is considered that 

the water molecule in the hydrous complex does not coordinate 

directly to vanadyl ion. This is also supported by the electronic 

spectra result. In the spectrum of the hydrous complex, if we 

presume that the species (V0(NCS)5)2-
is in a point group c

4v
symmetry, the absorption bands at 575 and 750 m (17400 and 

13300 cm-1), which appear in addition to the charge-transfer

band at 480 m (20800 cm-1), are assigned to the transitions

2B
2 

2B1 and 2
B

2 

2
E respectively 

13 >. In the contrast, the

spectrum of anhydrous complex shows the transitions from the 
2 2 2 ground state B2 to the states B1 and E2 

at 58 5 and 750 m

(17100 and 13300 cm-
1) respective,ly, although the absorption due

to the charge-transfer shifts toward shorter wavelength. If it 

is assumed that the transformation from pento hexa-coordinated 

structure is caused by the bonding of a water molecule to vanadyl 

ion, the lowering in the e level should be observed as the 
10) shift to a lower frequency in the electronic spectrum •
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As the spectra of the both complexes exhibit no change in the 

absorption band due to the transition 2B2 
2

E, it is postulated 

that the symmetrical configuration of the hydrous complex is 

similar to that of the anhydrous complex. 

The organic extracts from the extraction of vanadium (IV) 

from aqueous solutions at initial vanadyl chloride concentrations 

of 5, 10 and 20 g/1 containing 0.5 M hydrochloric acid in the 

presence of 1.0 M potassium thiocyanate with 0.094 M quaternary 

compound in benzene at 20° c were examined by infra red spectro

scopy. As a representative spectrum, the frequencies and 

probably band assignments for the anhydrous complex, pre9ared 

by drying the vanadium-saturated organic solution, are 0iven in 

Table 1, compared with those for the organic extract from the 

extraction of aqueous potassium thiocyanate solution in the 

absence of vanadium2 • The spectrum of the organic extract without 

vanadium shows the OH stretching and bending bands, and in 

addition the CN stretching band at 2092 cm-1 and the NCS bending

frequency at 468 cm- 1
, implying that the compound R

3
R'NNCS 

H
2

o2 is formed according to the reaction in Equation (2). In

the presence of vanadium, the absorptions due to the assymetric 

and symmetric stretching vibrations of the vanadyl group9-12) 

appear it 1003 and 952 cm-1 respectively, and the intensities of

the OH bands decrease in accordance with the result of the 

Karl Fischer titrations and at the same time the CN stretching 

band appears at 2088 cm-1, the NCS bending band at 479 cm- 1 

and the V-N stretching bands at 380 and 346 cm- 1, implying

that the thiocyanate ion coordinates to vanadium through the 

nitrogen atom14) as weli as the complexes in �he other instances 
2

•3). As similar result is obtained in the spectrum of the hydrous

complex, and also shows that the absorptions are similar to those

of the anhydrous complex, except for the presence of the OH bands.

The ESR spectrum of the anhydrous complex is illustrated 

in Fig.6 compared with the spectrum obtained by the calculation 

assuming as the line shape arising from randomly oriented 

sample in a tetragonal pyramidal symmetry15, 16).

2255 



The experimental spectrum reveals a pattern dye to the hyper

fine structure and consists witn the calculated curve. The 
g 15 26 calculated/values ' are g11=1.951 and g = 1.991, expecting

to be isotropic in the thiocyanate group coordinated to vanadyl 

ion. 

From the results mentioned above, the following structures, 

(1) and(II), are pro�osed for the species extracted at low

and higher vanadium concentrations, respectively :

3-

[1] Q
'. 

S!W\tv1et.-j'
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Table I Infrared spectral data for the vanadium (IV)-
thiocyanato complex 

Frequency, cm- 1 

Probable assignment 
R:sR'NNCS· H20 (R3R'N)2[V0(NCS)..l 
3400 (wb):« 

}oH stretching 
3200 (sh) 
2920 (s ) 29 20 (s) } CH stretching
2820 (ms) 2860 (ms) ( sym. and asym.) 
2092 (s) 2088 (s) CN stretching 
1710 (vw) }oH bending 
1620 (wb) 
1465 (m) 1465 (m) CH:s degenerate bending 

CH2 scissoring 
1375 (w) 1375 (w) CH:s sym. bending 

1003 (m) } M -0 stretching
956 {w) {sym. and asym.) 
78 6 (vw) CS stretching 

720 {w) 7 20 {w) CH2 rocking 
46 8 (w) 479 (w) NCS bending 

380 (s) } V-N stretching 
346 (ms) 

* s •strong, ms = medium strong, m = medium, w = weak,
vw = very weak, b = broad, sh = sh oulder
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HECl!ANISM OF SOLVENT EXTRACTIC:l O? PERRHE,�ATE J!OHS 

BY CY CLOHEXANOIIB 

by - N. Jordanov, + M. Pavlova, + D. Boikova++ 

+ Institute of General and Inorganic Che2istry,

Bulgarian Academy of Sciences, Sofia 13, Bulgaria

++ Hii;h Institute of Chemical Techno],.ogy, .Sofia 56, 

Bulgaria 

ABSTRACT 

The mechanism of solvent extraction of Reo
4

- by cyclo

hexanone is studied for various media - acids, bases and 

salts. In an acid �edium the mechanism involves hydration

solvation and the saltinG-out effect of the acids decreases 

in the series: H
3

Po
4 

> H2so
4 

'> HC1 >- HN0
3

• In a medium

obtained from the correspondin.::; salts and a base, the mechanism 

involves only solvation and the salting-out effect decreases 

in the series: Na2co
3 

� Na2so4 '> NaC1 >NaOli NaNo
3

• The

corresponding solvation and hydration numbers were found. For 

the str·ip1iing of Reo4-, a dilution of the organic phase by

chloroform is recom�ended. 

Ul'rRODUC'j�IOi! 

It is known that ketones can extract perrhenate ions from 

acidic, neutral and alkaline media. A great number of investiga

tions has been devoted to this solvent extraction reaction.1-15

Ryabchikov et a1.5 have studied t:1e wechanism of solvent extrac

tion of Re04- in ketones fro,u neutral and alkaline media,

They have found that the solvates are hydrated in the or6anic 

phase. Gerlit et al.4 have studied the effect of the cationic

and anionic cowpositions of the aqueous phase on the solvent 

extraction of Reo
4

- by ketones. The prevailing opinion is that

the mechanism of solvent extraction of perrhenate ions is still

insufficientl7 studied. 
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In the present paper we are presenting t�e results of a 

detailed study on the solvant extraction of Reo4- by cyclo

hexanone. Among the ketones used so far, cyclohexanone is 

the best extracting reagent being produced in large quantities 

at a low price, The purpose of our investigation is to 

elucidate the solvent extraction mechanism and thus to reveal 

new possibilities for its analytical and technological 

applications. 

EXPERIMENTAL 

Reagents with qualification p.a. from Merck were used with 

the exception of KReo4 ( supplied by Fluka) and cyclohexanone

(Bulgarian product). Cyclohexanone was rectified and the 

collected fraction has a b.p. 155-6°c, The purity of cyclo

hexanone was checked by gas chromatography, 

The distribution coefficients were determined both radio

metrically (
186

Re), by tracing the activity of the two phases,
16 

and photometrically, by the rhodanide method, Sodium was 

determined by atomic absorption using a Pye-Unicam SP 90B 

spectrophotometer. In all experiments the volume of the aqueous 

and organic phases were equal to 5 ml, The contacting lashed 

for five minutes, Preliminary experiments showed that the 

equilibrium between the two phases is attained within five 

minutes, 

RESUL'rs Al'iD DISCUSSION 

Extraction of ReO 
- from various media

The extraction curves for the solvent extraction of Reo4
-

by cyclohexanone from aqueous solutions of H
3

Po4, H2so4, HC1,

HN0
3

, are shown in Figure 1. The extraction c�rves for the

solvent extraction of Re04- from aqueous solutions of NaOH,

NaC1, Na2so4, Na
2

co
3

, and NaNo
3 

are shown in Figure 2. It is

seen from these curves that both the anionic and 9ationic 

components of the aqueous phase play an important role for the 

solvent extraction of Re04-. The various ions interact with

water in a different way and thus differently affect the 

structure and activity of water. 
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In this case both the electric charge and the size of the ions 

are of decisive nature. fhe nitrate ion is more strongly 

ne0atively hydrated tian the chloride ion and this favourably 

affects its extraction; further, due to competition, the 

extraction of perrhenate is then lowered. As seen from 

Figure 1, if the concentration of the acids is increased above 

a certain value the distribution coefficient starts to decrease. 

This could be connected both with the competitive and the 

dehydrating actions of some of the acids. Depending on the 

nature of the salting-out reagent, the mutual solubility of

the phases is altered to a different extent, thus the dielectric 

permeability of the phases and, thereby, the distribution coe

fficients are also changed.17 When comparing the values of D

for an equal anionic and differing cationic compositions, the 

importanee of the cationic composition is easily seen (Fig.3) 

Choice of diluent 

Among the great number of tested "inert" diluents the best 

diluents were found to be benzene and chloroform. For these 

two diluents the distribution coefficients for Re04- using 50%

cyclohexanone as extractant are 0.17 for 2N H2so4 and less than

0.004 for 2N Na2so4 and 2N Na0H. It is seen that perrhenate

ions are practically not extracted from these solutions. This 

permits the stripping extraction of Reo4- in a pure water phase

by diluting the organic phase with some of these diluents. 

Determination of �he salvation and hydration numbers 

The salvation numbers were determined graphically from the 

double logarithmic plot, log D/log (Ch) (where (eh) denotes 

cyclohexanone concentration •. Various concentrations of the 

studied media and various diluents of cyclohexagone were used

in these experiments. A mean salvation number SII010 was found 

for the solvent extraction of Re04- from the following media:

H2so4, Na2so4, Na0H, and Li2so4• However S�6 was found for

the solvent extraction of Reo4- from K2so4•
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It is therefore seen that reJardless of the nature and 

concentration of the saltin5-out reagent, if the cation is 

positively hydrated, the extraction process proceeds via

solvation of the corresponding electroneutral species involving 

on the average 10 molecules of cyclohexanone. The potassium 

t. 1 t 18 . ion, which is considered to be nega ive y hydra ed, is more

weakly solvated. 

The hydration numbers were determined by the Karl Fischer 

method in a modified version which requires the addition of 

small a�ounts of methanol and a large amount of pyridine in 

the course of titration 19• We have determined the water content

of the organic phase after an extraction of 0.02 M Reo
4

- in 

the appropriate media. If the extraction is carried out from 

solutions of K
2

so4, Na2
so4, NaC1, the solvated species are not 

hydrated. If Reo4
-

is extracted from 2 N H
2

so4 using 100%

cyclohexanone, the hydration number is approximately 7. Hence 

the composition of the solvates is: 

Na0H, Na
2

so4 - 10Ch.NaRe04

K
2

so
4 -

6Ch.KReo4

After the solvent extraction of Reo4- from the media

containing Na
2

so4 and Na0H, cyclohexanone was evaporated and

the dry residue was analysed for Na and Re. The concentrations 

which were found correspond to the stoichiometric concentrations 

of these elements in NaReo4• The fact that anhydrous NaReo4
may be dissolved in cyclohexanone supports the proposed solvation 

mechanism for the extraction of Re04- from neutral and alkaline

media. 
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GENERAL CONCLUSIONS 

The results obtained show that Reo4- could be successfully

extracted by cyclohexanone from acidic, neutral and alkaline 

solutions. The salting-out action of the acids decreases in 

the series: H
3

Po4 > H
2

so4 '> HC1 > HNO
3

• From acidic media

the proposed solvent extraction mechanis� involves hydration

solvation. In neutral and alkaline media, obtained by the 

appropriate salts and bases, the salting-out effect, decreases 

in the series: Na
2

co
3 

/ Na
2

so4 '> NaC1 > NaOH > NaNo
3

•

In this case the mechanism involves only solvation. 

On the bases of the investigation carried out so far we 

could predict the behaviour of cyclohexanone by the solvent 

extraction of Reo4- from media of other acids, bases and salts,

as well as the extractive properties of other extractants of 

the same type, which extract perrhenate ions by the same 

mechanism. 

The considerably higher basicity of cyclohexanone, in 

comparison to the corresponding hydrocarbon with a straight 

chain2O, and the greater steric accessibility of the herero

atom, could, in this case. be the cause of the observed high 

distribution coefficients. 

The sharp decrease in the extraction power of cyclohexanone 

on diluting with CHc1
3 

and c6H6 is probably due to the inter

molecular interactions between the extractants and the diluent. 

This last result suggests the method for the stripping of 

perrhenate ions. 
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METAL EXTRACTIO.N BY DI-N-HEPTYLSULPHOXIDE (DHpSO); 

APPLICATION IN A PULSED COLUMN 

LAURENCE, G. • , CHAIE.a, M.T. •• , HABSIEGER, D. • 

MICHEL, P. ••• and TALBOT, J. • 

Having recalled the char�cteristics of molar solutions 

of di-n-heptylsulphoxide (DHpSO) in 112-tri-chloroethane (TCE) 

the authors recapitulate the properties of this solvent for 

metals extraction lU, Th, Mo, Ce, Zr, Hf, Fe, Co, Ni, Mn, Cu, 

Al, •.• )/. 

Two examples of application i_n a pulsed column are given. 

They deal with zirconium-hafnium separation in nitric acid 

medium, and iron purification in hydrochloric acid medium. The 

main characteristics of the column are : height 4m, diameter 

4cm, perforated plates made of 11teflon 11 • 'rhe results show 

perfect behaviour of the solvent in the pulsed column. 

Laboratoire de Genie chimique; ENSCP; 11 rue P-et-M Curie, 

75005 Paris, France. 

•• Ecole Nationale d'Ingenieurs de Tunis; Campus Universitaire,

Tunis, Tunisie.

••• Centre d'Etudes Nucleaires de Fontenay-aux-Roses, n.P. no.6 

92 Fontenay-aux-Roses, France. 
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The works concerning the use of aliphatic sulphoxides 

- general formula R2so - in liquid-liquid extraction dating

back to about ten years. The possibilities of these solvents, 

for a great number of separations have been generally considered. 

Several bibliographical details have recently been published 

on this subject 1 • 2 •

we have already shown that the 1,1,2-trichloroethane (TCE) 

may, be used as a diluent for di-n-heptylsulphoxide3 (DHpSO).

ihis compound can dissolve up to 2 moles/liter of DHpSO. The 

purpose of this article is to summarise the principle extractive 

properties of molar solutions of DHpSO in TCE, and secondly 

to study its behaviour in a continuous pulsed extraction column, 

in order to separate metals. 

1. Physical chemical properties of molar solutions of DHpSO

in the TCE.

The DllpSO is a white crystallised solid, melting at the 

temperature of 70°c. It can be prepared starting by easy synthesis
1,3 

The TCE is a chlorinated solvent, chemically stable wit))· 

a specific gravity equivalent to 1,431. Its boiling point is 

1 13
°

c under 760 torrs. it can dissolve up to 2 moles/liter of

DHpSO. 

The molar solutions of uHpSO in the TCE have the following 

properties: 

specific gravity 

viscosity 

1,280 

1,775 centiposes 

interfacial tension with water: 17.5 dynes/cm. 

The stability of the solutions have been checked following 

prolonged usage. No production of C1 ions starting from the 
. 1 . 4diluent was observed even when very acid so utions were used. 
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2. Extraction of metals in nitric medium

We have already shown that the DHpSO e·xtracts nitiic acid,

with formation of a complex of the type HN0
3
.uHpo0113 • DHpSO

extracts also a great number of metals, principally those of 

very high valency. During the extraction of these metals, 

there is always a competition with the extraction of HNOy It

is therefore to study the influence of HN0
3 

for each metallic

cation. 

2.1. Experimental 

The measurements of the distribution coefficients 

were all made at a temperature of 20
°

c. The metal concentra

tions were determined by the following methods: U (VI) : 

cerimetry of uranium rv3 ; Th : colormetry of the thorin

complex3 ; Ce : colormetry of the EDTA complex5 • All the

other metal concentrations were determined by atomic

absorption spectroscopy (Fe, Co, Ni, Mo, Mn) or by flame

emmission spectroscopy (Zr, Hf, Al). 

2.2. Results 

Fiiure 1 shows the distribution coefficients for the 

following metals : U (VI), Th, Zr, Hf, Ce (III), Mo, and 

Fe (III), for aqueoue concentrations of 1 g/1 metal in 

relation to the aqueous acidity. 

It has been stated that the elements best.extracted 

are uranium, thorium and zirconium. 

The extraction of U (VI) is at its maximum point for 

an aqueoue acidity of about 5N; for the thori�, this 

maximum is at 2N. The zirconium is practically non-extracted 

for acidities less than 4N. With higher acidities, the 

distribution coefficient for zirconium be�om�s greater than 1. 
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The distribution coefficients of iron increases 

regularly with increasing acidity, but remains however at 

low values. 

Among the non extracted metals (distribution coeff

icient¾ 10-2), : Co, Ni, Mn, Cu, Al, alkaline and

alkaline earths. 

2.3. Discussion 

It is immediately noticeable that there is a resemblance 

between these results, and thoseobtained with molar solut

ions of TBP in kerosene. It thus appears that the fields 

of application of DHpSO in solution in TCE should be the 

same as those of TBP. The conditions of separation for 

U-Th have already been discussed3 •

DHpSO, when compared to TBP also has the advantage 

of not being subject to any degradation. It is known that 

the degradation of TBP is catalysed by zirconium ions, making 

its use imp6ssible for xirconium hafnium separation. Thus 

we decided to study the possibilities of DHpSO applied to 

this particular separation. 

3. Zirconium-hafnium separation in a pulsed-column

This separation was cnosen in order to test molar solutions

of DHpSO-TCE in nitric acid medium using a continuous liquid

liquid extraction column. Before reporting these results, it 

is necessary to consider the extraction characteristics of 

zirconium and hafnium. 

3.1. Extraction of zirconium in nitric medium 

The solutions of zirconium used were obtained by 

dissolving, in nitric acid media, hydrated zirconia, Zr02,

xH2o, which itself wes obtained through the attack on the

pure metal by fluorhydric acid, and precipitation in 

neutral medium. 
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Distribution isotherms have been drawn for varying 

aqueous normalities. There are shown in figure 2, while 

the distribution coefficients,¾ Zr' for various a�ueous

coimentrations in metal are shown in figure 3. 

It has been stated that the extraction of Zr begins 

to be detected only for acidities greater than 2N and is 

measurable for acidities greater than 3N. The form of 

the isotherms shows that the extraction is rather important 

for low concentrations of metal. No saturation ap�ears. 

The distribution coefficient increases regularly in prop

ortion with the aqueous acidity, without however reaching 

the values 'O in the mosf favourable case. 

3.2. Extraction of hafnium in nitric medium 

Solutions of hafnium were prepared in a similar 

manner to .hat for zirconium, i.e. attack of the metallic 

Hf by HF, precipitation of the hydroxide and nitric dissolu

tion. The distribution isotherms are shown in figure 4, 

the corresponding distribution coefficients in figure 5. 

These curves show that the extraction of the hafnium 

begins to be detectable only at aqueous acidities greater 

than 4,6N. The distribution coefficient remains very low,. 

whatever the acidity may be. In particular the distribut

ion coefficient is less than 3.10-2 for an aqueous acidity

less than 3,5N. The ratio KD Zr/KD Hf is always superior

to 10. 

The results show that the separation Zr-Hf is possible 

using DHpS0. 
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3.3. Characteristics of the pulsed column 

Since the purpose of our study was chiefly to study 

the behaviour of DHpSO-TCE solutions in a column apparatus 

a complete equipment (with extraction and scruvving sections), 

w�s not prepared but only a simple extraction section. 

The arrangement of the column is shown in figure 6. 

The main characteristics are as follows 

- the plate section, in "Pyrex" glass, was 3.75 meters

long with inside diameter 3.7 cm, 

the pulsations were obtained using a compressed air

electrovalve, system,

- the feed was achieved with a pump, of glass and teflon

construction, with adjustable flow ranging from Oto 30

liters/hour.

The principal feature of this column was its fabrica

tion with perforated plates made of "teflon". The choice 

of this material was dictated by the necessity of employing 

the column in hydrochloric acid medium, which is incompata

ble with the use of stainless steel. The perforated plates 

had a fractional free perforated opening of 40%, and they 

were separated from one another by a distance of 5 cm. 

The use of the original material for the plates, and 

the utilisation of a new solvent necessitated previously 

reported work in order to determine optimal working conditions, 

in particular flooding curves and the variation of efficiency 

of extraction in relation to the pulsing conditions
4 •

6 •

lt was noticed that the highly hydrophobic nature of 

the teflon plates did not allow any working of the column 

in continuous aqueous phase. 
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3,4, Research of optimal conditions of working 

In order to fix the working conditions, it was 

necessary to have two precise sets of data : the limiting 

�hroughout of the column and the optimal efficiency in 

relation to the pulsation frequency, All these parameters 

have been determined for a constant amplitude of pulsation 

equal to 4 cm (this value was chosen after a number of 

experiments). 

3,4,1, Flooding 

The flooding at an amplitude of 3 cm, has 

been determined in the absence of material transfer. 

We have shown in figure 7, the flooding points, in 

relation with the velocity of the two phases, and 

with the product amplitude x frequency, We cen 

see that the flooding conditions are of the same 

value as those observed in a pulsed column with 

plates made of stainless steel with TBP..kerosen, 

3, 4, 2, Efficie ncy 

We have studied the optimal pulsing frequency 

for mass transfer at an amplitude of 4 cm, The 

height equivalent totheoretical stage lHETS) of the 

column was determined for the extraction of HN0
3 

using two flow rate values, 9 and 13 liters/hour, 

The results are shown in figure 8, 

The parts of the curves shown in dotted lines 

correspond to the flooding. It has been stated that 

optimal conditions are to be found at the limit of 

flooding, but one notice that it is better to work at 

low flow rates; the minimal HETS ammounting to 50cm 

for 9 1/h and 60 cycles mn, and 60 cm for 13 1/h 

and 55 cycles/mn, The results obtained in this 

particular example for the micture DHpS0-TCE and a 

teflon plate are comparable to those observed with 

the TBP. 

Figures 7 and 8 enable the choice of conditions 

suitable for the study of the extraction. 
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3.5. Zr-Hf separation in column 

It w�s chosen to purify a zirconium feed containing 

4.7% of hafnium. For the experimental results given in the 

preceding paragraphs, the following conditions were adopted: 

- aqueous acidity; 8.5N

- flow rate of the aqueous phase: 5.5 1/h

flow rate of the organic phase: 5.0 1/h

- amplitude of the pulsationL 4 cm 

- frequency of the pulsation: 40 cycles/mn

The aqueous solution to be extracted was prepared as 

previously described. 

After dissolution and adjustment to the acidity of 

8,5N, the concentrations were 20.15 g/1 Zr and 0.95 g/1 

Hf. �he determination of the concentration of Zr/ Hf 

were made by gravimetry. The ratio Zr/Hf was determined by 

neutronic activation. The solvent to be supplied to the 

column was previously acidified by HNo3, at the concentration

of 1 N. 

The compositions of the phases sere measured at steady 

state giving the results shown in the following Table: 

TABLB 1 

concentration in 

loaded solvent 

extraction 
raffinate 

Zr g/1 

22.2 

traces 
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4. 

3.6. Discussion 

The results of the obtained separation are in conformity 

with that which could be expected from the distribution 

isotherms: almost all the zirconium has been recuperated in 

the solvent, while the ratio Zr/Hf decreases from 4.7% in 

the aqueous feed, to 0.9% in the loaded solvent, corres

ponding to about 4 theoretical stages. 

The most important point concerns the behaviour of the 

solvent in the column. As could be expected accotding to 

the physical-chemical properties, no irregularity in the 

working of the column was ogserved. The dispersion appeared 

to be normal and coalescence in the end stages gave no 

problem. 

The experiment confirms that molar solutions of DHpSO 

in the TCE may perfectly well be used in a pulsed column. 

The chosen example - separation Zr-Hf also confirms the 

possibilities of the solvent for this separation. 

Extraction of metals in hydrochloric acid medium 

Practically all the extracted metals in the form of nitrate 

are extracted in the form of chloride. 

We will be contended with giving the results concerning 

the purification of iron in the pulsed column, to check the 

behaviour of the solvent in the case of an extraction in hydro

chloric acid medium. Before reporting the results of the 

separation, it is necessary to consider the equilibrium results 

concerning the extraction of pure iron, cobalt and nickel. 

4.1. Extraction of Fe
1 

Co and Ni 

NiCl2 is not extracted by DHpSO, but CoC12 is extracted.

The corresponding isotherms are shown on figure 9. The 

extraction of CoC12 becomes appreciable only for aqueous

acidities equal or greater than 4 N. Its distribution 

coefficient however never reaches very high values (always�1l 
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Also FeC1
2 

is practically not extracted. 

The distribution isotherms of FeC12 are shown on

figure 10. 

There we can see that Fec1
3 

is extracted by the DHpS0 with 

excellent distribution coefficients, which increase with increas

ing aqueous acidity. 

These extractions results for the pure metals show 

that a separation is theoretically possible. Astudy of the 

si.mulaaneous extraction of these compounds also confirmed that 

nickel and cobalt salt out the iron7 •

4.2. Purification of iron in pulsed column 

In the column previously described, a solution of 

ferric chloride obtained fro3 a commercial metallic iron, 

dissolved in HC1 and oxidized at the ferric state by 

hydrogen peroxide was extracted. The characteristics of 

the solutions were as follows : - aqueous solution : 73.5 

g/l in iron, acidity 2.35 M, 

flow rate 3 1/h; 

- organic solution: DHpS0 (M)

in TCE, flow rate 7.5 1/h.

- stirring: amplitude 4 cm, 

frequency 50 cycles/mn.

The iron solutions were determined bh neutronic activa

tion, before and after extraction. The results are shown 

in Table 2. 

4.3. Discussion 

As far as the observed decontamination factors are 

concerned, they are quite favourable. If we except some 

metals for which their estimations do not allow us to give 

precise results, (Cr, Zr, Mo, Ag, Au), we can see that the 

purification is good, sometimes even excellent for some 

impurities (Mn, As, Sb, W). 
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Table I,

ir.ipurity concentration, -6in 10 (weig::t) 

before extraction after extraction 

j',,in 220 1 • 5 

Ni B 3 

As 7.6 0.4 

Na 7 2 .Ii 

Cu 2.B 2.16 

Cr N 2 <2 

Co 2 D.2

Sb 1 • 5 0.09 

i·/ 0.5 0.03 

Zn < 0.5 ( 0,5 

Mo 0. 1 ( o. 1 

Ag (. 0. 1 ( 0.1 

Au < 0.01 ( 0.01 

p 600 16 
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Fig. 1 Extraction of metals by DHpSO (1M) in TCE ; distribution 

coefficients of several metals as a fonction of aqueous 

acidity. Concentration of metals in aqueous phase : 1 g/1. 
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Fig. 2 Zirconium extraction by DHpSD (1 M) ; distribution isotherms 

for several aqueous acidities. 
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Fig. 3 

i.o

1.o

0.!5 

Zirconium extraction by DHpSO (1M) ; distribution coef

ficient for several concentrations of metal.in aqueous 

phase. 

Curve 1 , 1 g/1 Zr 2, 10 g/1 Zr 3, 20g/l Zr. 

5 7 • 
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Fig. 4 

Fig. 5 
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Hafnium extraction by DHpS0 ( 1M) ; distribution isothsrms for several aqueous acidities. 
Curve 1, 9,67N ; 2, 8,64N ; 3, 7,67N 4, 5, 75N 1 5, 4,61N. 

L 

Hafnium extraction by DHpS0 ( 1M) ; distribution coefficients 
for several aqueous concentrations of metal. Curve 1, 0.1 g/1 ; 2, 0.2 g/1; 3, 1g/l; 4, 3 g/11 
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Fig. 6 
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Pulsed column air cock; 2 : reducing valve ; 

manometer 4 air container ; 5 electrovalve 3 

6 security pipe 7 1 timer ; B and 9 : counting-

mechanisms for seconds and impulses ; 10 phase 

disengaging section ; 11 plate section 12 : 

empty device ; 1 3 : light phase out ; 14 heavy phase 

out ; 15 : interface measurement ; 16 : teflon electro-

valve 17 : hand-valve ; 1 B : pump ; 19 : light 

phase in ; 20 : heavy phase in. 
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CALCULATION OF MASS TRANSFER COEFFICIENTS IN EXTRACTION 

COLUMNS UNDER NON-IDEAL-FLOW CONDITIONS. 

L. Steiner and S. Hartland

Because of complicated flow pattern the scale-up of extraction 

columns is difficult. In this paper the effect of b ackmixing is 

considered using digital simulation and mass transfer coeffi

cients are calculated from the response to an impulse of soluble 

tracer. The results are tested on computer-simulated data to 

establish the accuracy which is necessary for evaluation of 

actual experiments. 

Department of Industrial and Engineering .Chemistry 

Swiss Federal Institute of Technology, Zurich, Switzerland 

December 1973 
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1. IRtroduction

The theory of liquid-liquid extraction has improved con

siderably in recent years. In particular mass transfer rates

may be predicted now that nonideal flow is better described.

Earlier, heights of transfer units and heights equivalent

to a theoretical stage, based on entry and exit concentrations,

were comonly used. These parameters were introduced when plug

flow was considered a reasonable assumption for flow patterns

inside a counter current column. Later, the nonideality of

this flow was correctly recognised, and the fact that the

mass transfer coefficients are strongly dependent on the

column construction has been explained this way. However, mass

transfer rates are often still quoted together with column

size and a warning against scaling-up.

To improve this situation, a more detailed approach than a 

correlation of the end concentrations against physical pro

perties of the phases, dimensions of the column and flow rates, 

is necessary. The mass transfer coefficients should be cal

culated from actual concentrations inside the column, and 

the nonideality of the flow should not be involved, but ex

pressed by some other means. A true mass transfer coefficient, 

based on a proper description of flows inside a column, will 

not be dependent on column dimensions. Scaling-up should be 

considerably improved as soon as the calculation formulae 

realistically represent ·the processes involved. It will be 

shown in this paper, that even simple backmixing models may 

contribute considerably to this aim. 
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2. Baclonixing models and digital simulation of column

performance

Out of three models, listed by Widmer (1), the stagewise

one with backflows in both phases has been found to be the

most convenient for our purposes. The stagewise model with

out backflows does not express the conditions inside the 

column properly, as it does not allow material to move against the 

main stream along the length of the column, and at present the

differential model is limited to constant flow rates and per

fectly immis�ible solvents,

The stagewise model with backflows, if used for unsteady 

state operation, gives a set of ordinary differential equations 

which may be directly solved on a computer, using a digital 

simulation language, 

CDC computers. 

such as MIMIC, developed for 

In this case there is no restrir.tion, apart from the computer 

capacity, to the number of variables. The number of the stages 

must be selected so that the backflows are always positive, 

which is an disadvantage if the backmixing is very low, as too 

many stages are then needed. 

The model has been introduced by Schleicher (2) and-developed 

by many other authors, such as Miyauchi and Vermeulen (J) or 

Hartland and Mecklenburgh (4), so that only a short descrip

tion will be given here. The translation into MIMIC has been 

made by Dunn and Ingham (5) for perfectly immiscible solvents, 

A typical section of a countercurrent column is shown in Fig. 

1, together with both end-stages, The heavy phase flows from 

the top, and it is contacted with the light phase which rises 

from the bottom, In addition to the main flows, two hypothe

tical flows in the opposite direction are considered, which 

represent the baclonixing, It is assumed here that these flows 
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are proportional to the flow rates of the main stream of the 

same phase in the same crossection of the column. This assump

tion, introduced by Mecklenburgh and Hartland (6), is the most 

restrictive one, as the flow rates and physical properties of 

the phases may change from one stage to another. The stages 

are hypothetical, perfectly mixed sections of the column, the 

concentration inside each being equal to its exit concentration. 

For the purpose of the model it may be assumed that the mixed 

stages fill all the volume of the column with step changes in

concentration between them. The volume of the stages is shared 

by both phases, the volumetric fraction of the light one being 

denoted by € and the interfacial area per unit of the stage 

volume by a. As long as the stages have finite volumes, there 

is some mixing even if the backflows do not exist. It is, there

fore, necessary to have the number of stages sufficiently large, 

so that the minimum backmixing considered for the column in 

question would be greater than that for the stagewise model 

without the backflows. It is possible to write the balances 

quite generally 1 varying any of the parameters involved. 

However, it is desirable to simplify the relations as much as 

possible, as the computer capacity is not infinite, and each 

variable requires a new differential equation for each stage. 

Only the case with perfectly immiscible solvents, assuming 

constant densities and volumetric fractions of the phases 

along the column, will be discussed here. However,the programs 

for partially miscible solvents, as well as for the dispersion 

model, have also been prepared and published elsewhere. (9) 

If the solvents are immiscible, the flows do not change along 

the column, and relative mass fractions are the best means of 

expressing the concentrations of the solute. Following Fig. 1, 

the unsteady-state balances for a typical stage n may be 

written: 
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(l+f)H X l+rn X l - (l+f)H X -fH X +rnA6 = Px(1-e)A6 
dX

d
n
t (2.1) s n+ s n- s n s n 

and 

Introducing the actual velocities of both solvents; 

us= Hs/ [Apx(l-t)] and vs = Ls / (Apye) 

the balances may be rewritten; 

and 

dX n 
dt 

dY n
dt 

u s

V s= 

r 
[ (l+f)(xn+l-Xn) -f (Xn-Xn-1)] + p:(1-e)

r 
[(l+g)(Y 1-Y ) -g(Y -Y 1)] -

n
n- n n n+ Py£

where 

* * 

r = K a (X - X ) =Ka (Y - Y )n x n n y n n 

(2.2) 

(2.J) 

(2.4) 

(2.5) 

The balances for the first and the last stages differ from ,. 

equation (2.J) and (2.4), as no backflows leave the column. The 

corresponding equations , written directly in terms of us and vs
are for the first stage; 

dXl u rl 
dt 

= -f-(l+f) (x2
-x1) + 

(1-e)Px 

(2.6) 

dY1 V rl s
[Yi + gY2 - (l+g) Yl] dt = 

Py£
(2,7) 

2293 



and for the last one; 

� 
dt 

dY
N 

dt 

_s_ 

_s_ 

(2.8) 

(2.9) 

Equations (2.4) to (2.9) were directly converted into a MIMIC 

program, as shown in Fig. 2. Two examples of its use will now be 

described. 

a) Steady state profiles: Fig. Ja shows the concentration, depen

dence on time at different positions in the column for a feed

of constant composition starting at zero time. If the inte

gration is carried out till all the curves are horizontal, all

dX/dt and dY/dt become zero, and the profile is the steady

state one. Plotting all the X and Y's against the length of 

the column gives the concentration profile shown in Fig. Jb.

b) Response to a single rectangular impulse: Constant flows of 

pure solvents are maintained throughout the column, and in a

given time, an impulse of the solute is added to one of the

phases. The concentration profiles in different parts of the

column are shown in Fig. 4. This technique may be used to

measure the mass transfer and the backmixing coefficients .
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J. Determination of mass transfer and backmixing coefficients

by the impulse technique for perfectly immiscible solvents

At the beginning of the measurement, pure solvents are passed

through the column countercurrently with constant flow rates.

When the steady-state has been established, a given amount of 

solute is introduced at the inlet of one of the phases and

the concentration dependence with time is recorded at diffe

rent positions along the column height as shown in Fig. 4.

The area under the curves corresponds to the total amount of

solute that still remains in the original phase, or that has

been transferred to the other one and the mass transfer coeffi

cient may be evaluated from the changes of this area by the

follow�ng procedure.

J.1.1. Stagewise model

If there are n stages between the control planes, where the

concentrations are measured, the total mass transfer is the

sum of the transfers in all the stages involved. Assuming that 

the impulse has been added to the y-phase, the mass transfer 

in a stage j may be written using equation (2.4) as 

T YT T 
* 

K af>( (Y .-Y. )dt=p ev 
y j J J y s S [(1+g)(Yj_1-Yj)-g(Yj-Yj+1)]dt-pyef>S dYj

0 0 To 

(J.1) 

The last integral at the right-hand side of th� equation (J.1) 

is equal to zero if the time interval is so selected that 

Y
i

= 0 both at t = 0 and at t = T. The transfer in all the 

stages may then be added together, and the mass transfer 

coefficient may be expressed ex�licitly: 
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K y 
Pye 

a b 

V 
s 

T T 

(l+g) �
0

(Y
0

-Yn)dt -g �o (Y1-Yn+l) dt 

n (T 
ST D (J Y. dt - m 

j = l o J o 

(J.2) 

To use this formula, the concentrations between all respective 

stages must be known. As this is not possible in practice, they 

must be estimated from the end concentrations. The simplest way 

to do this is to assume a linear variation in ·concentration be

tween the control planes at any time, which,as may be seen from 

Fig. 4, is possible, if the control planes are sufficiently close 

to each other. 

Following the situation given in Fig. 5, the final approximate 

formula for the mass transfer coefficient may be rewritten as 

K = 
y 

2p E: V 
y s

a t:,.z 

- s y dt
o n 

where t:,.z = n b. If the accuracy of the straight-line approximation 

is not sufficient, a parabolic approximation may be tried. In this 

caaethe section must contain an even number of stages, and the 

concentrations in the middle must be known in addition to those 

at the ends. To express the concentrations between the respective 

stages, Taylor!s series may be used starting from the middle of 

the section. Refering again to Fig. 5, the final formula for the 

mass transfer coefficient, assuming the parabolic dependence of 

the concentration on the position in the column, is 
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K = 
y 

6Np e V 
y s 

a Az 

T 

{N+4g) � 
0 

A 

T 

y dt -0 

+ 

T T 

8g� YMdt - (N-4g) � YN 
dt

0 0 

B + C

T 
where A = (N

2
-JN +2)(� yo dt -m � X 

n+l dt)

B =

C =

0 0 

T T 
4{N

2 
-1) (� YMdt -m S � dt)

0 0 

2 
�

T T 
(N +JN +2)( YN dt - m � xl dt)

0 0 

Formulas {J.J) and {J.4) are tested with data delivered by the 

computer in the following sections. 

J.1.2 Cont inuous change of concentration

Equations {J.J) and {J.4) enable data calculated by the computer 

to be evaluated using the model described in Sect ion 2 . To use 

these equations for experimental data obtained from actual columns 

they should be extrapolated for an infinite number of stages 

when the straight -line and parabolic approximations become re

spectively: 

K 
y

K y

2p ev y s
aAz 

dt+j
T

Yn0 

6p ev S

T

Y dt - ( y dt y s o o oj N 

a Az !Y
0

dt+!YNdt+4!YMdt-m(!x1dt+ !�+ldt+4 ! 
0 0 0 0 0 0 
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It may be seen from these equations that the backmixing 

coefficients disappear completely, and the mass transfer 

coefficient may thus be calculated independently, 

3,2 Evaluation_of_the_backmixing_coefficient 

The backmixing coefficients may be calculated from the 

changes of the shape of an originally rectangular concentra

tion impulse if no mass transfer occurs. The simplest way 

to describe this change is to calculate the variance of the 

concentration curve and use the formulae derived by Leven

spiel and Smith (7) for recalculation. The variance is defined 

by; 

2 
at 

�
oo

t2 y 
0 dt �

00

t Y dt 2

(
0

) 
�

00 

Y dt 
0 

(3.7) 

and according to Levenspiel (8) is related to the dispersion 

ccrefficient, for open and half closed systems respectively, 

by 

2 1 2 
Ot -4-

(8 D + 2 D v z) (3.8) 
V 

and 

2 1 2 
-4- (3 D + 2 D v z)

t V 

(3.9)

These formulae have been derived for the dispersion model 

assuming there is no mass transfer and that all the solute 

was introduced into the column· in the same time. As it is 

difficult to realise such an impulse, it is better to record 

the concentration curve at different points along the height 

of the column using an ordinary rectangular impulse and cal

culate the dispersion coefficient from the increase of the 
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variance along the column height. For this purpose the 

formula (3.8) or (3.9) may be differentiated with respect 

to the height z to obtain; 

2 D 
(3.10) 

a z 

This formula shows that the variance should be proportional 

to the height z and that the dispersion coefficient D may 

easily be calculated from the slope, if o� is plotted 

against z. For recalculation of the dispersion coefficients 

D and D to the parameters f or g for use with the stage-
y X 

wise models, Miyauchi and Vermeulen, (3) recommend an em-

pirical formula; 

D 
_L = 
V Z 

N 
(N-1)(2N+l) + 2g 

2 N - 1 

Combining {3.10) with {3.11) we have 

2
dot 

a z 

� 
[ 

N 
2 -,(-N--1-).,.(�2-N_+ _l ... ) + 

V 

from which g may be calculated. 
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4. Recalculation of mass transfer and backmixing coefficients

from simulated concentration profiles.

For practical use with actual data it is necessary to know

how the approximate formu�ae represent the actual situation

and how accurate the concentration measurements must be for

evaluation of the coefficients. These problems were solved

by recalculation of the coefficients from concentration

profiles delivered by the computer. In this case the actual

values are known and all influences may easily be separated.

To evaluate the demands on accuracy, the values of X and Y

were artifically scattered.

4.1 Mass transfer coefficients 

The model described in Section 2 was used to generate the 

concentration profiles as a response to a single rectangular 

impulse at the entrance of the y-phase. The X and Y values 

from all 15 stages used were punched into cards in very 

short time intervals (1.5 sec) and evaluated by special 

Fortran programs. In the same time integrals of both con

centrations at exit of each of the stages were directly 

generated by MIMIC. The results of the recalculations may 

be summarised as follows: 

4.1,1 Recalculation of mass transfer coefficients from 

integrals generated by MIMIC: The direct integration by 

MIMIC gives the most accurate results available, as the 

integration step is variable and may be as short as Jxl0
-9

-6 
if necessary to achieve the prescribed accuracy of 5 x 10 •

In this way, comparison of formulae (J.J) and (J,4) with

the exact formula (J,2) was done with very accurate inte

grated values so that the deviations between the formulae

may only have been caused by the approximation itself. The

mass transfer coefficients were calculated from sections

of 4 stages so that 11 values were obtained from 15 stages.
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The arithmetic mean and standard deviations were also cal

culated, the results of a sample series being given in Table 

1. It may be seen that the values calculated from the exact

formula itself are not perfectly in a�reement with the 

actual value of the coefficient used for the generation of 

profile, which may be explained by accumulation of very 

small errors during the successive integrations. Values 

calculated according to the parabolic approximation, formu

la (3.4) are very close to those calculated from formula 

(3.2), both for the mean value and standard deviation, thus 

proving that this approximation is very accurate. The linear 

approximation formula {3.3) differs slightly from the exact 

values, giving consistently lower results. As may be seen 

from the table, the differences may be as high as 7%, how

ever usually they were smaller than 3%. The differences 

between the parabolic and linear approximation decrease if 

artifically scattered data are used, so that the use of the 

more complicated formula {3.4) is justified only if the 

measured concentration profiles are very accurate {Standard 

deviation of the measurements less than 0.2%). 

4.1.2 Recalculation of the coefficients with numerical 

integration from discrete values of X and Y: The same cal

culation has been performed from the values of X and Y gene

rated in preset time intervals. Simpson's rule was used for 

the integration and the integration step was changed by re

moval of some cards. In this way steps of 1.5, 3 and 6 sec. 

were obtained. It was found that the respective values of 

the coefficients, calculated from all three formulae, were 

much more scattered, while the mean of the total 11 points 

remained nearly the same. As an average from some 30 pro

files it may be claimed that for the standard deviations 

to be not worse than about twice the values given in Table 1. 
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the integration steps must be very short. They are depen

dent of the velocity of the corresponding phase in the 

column and they should not be greater than 0.02 z/v . 
s 

4.1.3 Evaluation from artifically scattered values: The 

previous paragraph shows that even if the values of X and 

Y are exact, the final result may be considerably scattered 

if the numerical integration is not sufficiently accurate. 

The time-intervals for sampling may be close to 1 sec. if 
-1 

/ the flow rate approaches 10 m s, which would make the prac-

tical sampling and analysis very difficult. Fortunately,

the integrals used
(!n the for�ulae may be obtained directl:'

recognising that
t 

j 2 Y dt = Y {t2-t1). The mean value of Y
1 

may be obtained if small amounts of liquid are continuously

removed from the column into a mixed vessel, and analysed 

after a preset time interval. The values obtained this way 

should be as accurate as the analytical method itself. To see 

how accurate the method must be, a calculation with artifi

cally scattered values of the MIMIC integrals was performed. 

The procedure was the same as described here under 4.1.1, 

but the values of the original integrals were multiplied 

by random numbers with Gaussian distribution, the mean value 

being always equal to unity and the standard deviation being 

varied from zero to 5%. The results of a sample series are 

given in Table 2. As in the case of numerical integration 

the means remain very close to the exact ones but the indi

vidual values are much more scattered. To keep the standard 

deviation of the result under 10%, it was necessary to have 

all the original integrals with standard deviations less 

than 0.5%. This is also the accuracy to which the analysis 

should be performed. 
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4.2 Backmixing_coefficients

L 

Working with zero mass transfer, a few profiles were gene

rated to check equation (3.10). The variances were calcula

ted both by integration and by summation of discrete values 

in preset time intervals and the best straight lines were 

found by the method of least squares. The coefficients of 

regression were calculated in the same time and used as 

a criterion for fitting the points to the line. Plotting the 

variances against the column height gave good straight lines 

except for some cases with very high backmixing when the 

last few stages did not agree with the other points. 'Neglec

ting systematically the values from the last three stages, 

the straight lines were practically perfect with coefficients 

of regression better than 0.995. As in the previous calcu

lation, the variances calculated from discrete values gave 

a little worse results with coefficients of regression be

tween 0.97 and 0.99. It was found that the summation may be 

done in intervals equal to about 0.1 z/v and still haves 
variances with acceptable accuracy. The method of calculation 

of the backmixing from a series of measurements along the 

column should not therefore cause difficulties and the result 

should be better than from other methods which use the vari

ation in concentration with time at one point only. At the 

same time it was established by comparison that mass trans

fer changes the shape of the peaks so that simultaneous 

measurement of the mass transfer and backmixing coefficients 

is difficult. However, good results may be obtained if a 

mixture of two solutes, one of them soluble in the other 

phase, is injected and the concentration profiles evaluated 

by two different analytical methods. 
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5. Conclusions

The use of the digital simulation for generating concentra

tion profiles in extraction columns makes it possible to

consider the influence of backmixing in any routine calcu

lation. The mass transfer coefficients necessary for such

a calculation may be measured by the unsteady-state tech

nique in a column of any size without consuming large vo

lumes of solvents. Computer tests show that the only con

dition necessary for such a measurement is a good analyti

cal method giving results accurate to 0.5%.
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List of symbols 

a 

A 

D 

Interfacial area per unit volume 

Crosssectional area of column 

Eddy diffusion coefficient 

f Back.mixing coefficient, heavy phase 

g Back.mixing coefficient, light phase 

iI 

K 

f_, 

Mass flux, heavy phase 

Mass transfer coefficient 

Mass flux, light phase 

[m2/m3]

[m
2

]

[m2/s]

[kg/ s J 

[kg/m2s]

[kg/s] 

m Equilibrium distribution coefficient 

M Middle plane 

n Number of typical stage 

N Total number of stages 

r 

t 

V 

u 

Rate of mass transfer 

Time 

Actual velocity, light phase 

Actual velocity, heavy phase 

[kg/s] 

[s] 

[m/s] 

[m/s] 

X Relative mass fraction, heavy phase [kg solute/kg solvent] 

Y Relative mass fraction, light phase 

z Height [m] 

Z Total height of column [m] 

Greek_symbols 

€ Volumetric fraction of light phase 

b Height of a stage 

Density p 
2 

ot Variance based on real time 
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Indices 

i Colwnn inlet 

j Number of a stage 

M Middle plane 

n Number of typical stage 

N Last stage 

s Solvent 

X Heavy phase 

y Light phase 

* Equilibrium value
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Table 1 

Comparison of approximation formulae using integrals 

generated by MIMIC

mean value standard deviation% 
g K 

act 
K K K

lin 
K K K

lin ex par ex par 

0 1.5 1.5014 1.5014 1.4815 0.051 0.051 0.049 

0.5 1.5 1.5031 1.4981 1.4632 0,082 0,67 1.15 

0 0.5 0.5021 0.5021 o.4922 1.27 1.28 1.44 

0 1.0 1.0056 1.0065 0.9662 2.8 2.97 3.03 

0 2.0 2.0075 2.0083 1.8573 6.18 6.32 6.28 

1 0.5 0.5041 o.4993 o.4878 1.0 2.1 4.09 

1 1.0 1.0130 1.0028 0.9706 2.27 J.06 4.49 

1 2.0 2.0290 2.0093 1.9041 4.83 5.52 5.73 
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Table 2 

Calculation of mass transfer coefficient K
e
x from artifical]y 

scattered values, exact formula onlY, Kact = 1.5,on =
standard deviation of scattering random mumbers, 

oK = standard deviation of result, Kex = 

g on [%] K OK [%] ex

0 0 1.503 0.12 

0.5 1.511 8.07 

1 1.492 13.7 

2 1.499 28.3 

5 1.470 78.1 

0.5 0 1.501 0.08 

0.5 1.482 11.0 

1 1.457 15.6 

2 1.661 37.7 

5 1.473 144.3 

2310 



Hs, X i 

(l+f)H s 
XN

(l+f)H 
s

Jl= 

xn+l

X n 

-+-
I 

fH 
s 

X N-1 

-+-

-+-

X
S 

n 

X n-1 

4-
I 

I 

-.-

I 

_,..I,._ 
I 

rN
gL 

s 

Y
N 

gL 
s

Yn+l

r
N

y n 

f Ls' YN

(l+g)L 
s

YN-1

l+g)L 
y 

s 

n 

yn-1 

Fig.1 Derivation of 
Stagewise Model 

Fig. 1 

2311 

N 

N-1 

n+l 

D 

n-1 

2 



*** MIMIC SOURCE-1..AHGUAGE PROGRAM ••• 

CON(DT,N) 
CON(M,UI,VI,XI,TI) 
CON(RX,RT,E,A) 
PAR(F,G,I) 

ST FSV(T,TRUE,TRUE,FALSE) 
ST JOC I*A/((1.-E)*RX) 
ST KT I*A*M/(E*RT) 

*INLET CONCENTRATION
TI TII 

*SECTION 1
DlXl 
DlTl 
XPl 
TPl 

*SECTION 2
EQX 

*SECTION 14
EQX 

*SECTION 15
D1Xl5 
D1Yl5 
XP15 
TP15 

*INTEGRATION
Xl 
Yl 

x15 
Yl5 

*SUBPROGlilAM
EQX 
XP 
YP 
DlX 
DlY 
EQX 

*RESULTS

UI*(l.+F)*(X2-X1)/N+ll*(XP1-Xl) 
VI*(YI-(1.+G)+Tl+G*Y2)/N-KT*(Yl-YP1) 
Yl/M 
M*Xl 

CSP(X),X2,Xl,YJ,T2,Tl) 
RSP(D1X2,D1T2) 

CSP(X15,X14,X1J,T15,Tl4,T1J) 
RSP(D1Xl4,D1T14) 

UI*(XI-(1.+F)*Xl5+F+X14)/N+D*(XP15-X15) 
VI*(l.+G)*(T14-T15)/N-IY*(T15-TP15) 
Y15/M 
Xl5*M 

INT(DlXl,O,) 
INT(mn,o.) 

. 

INT(D1Xl5,o.) 
INT(D1Y15,0,) 

BSP(XA,XB,X,TA,T,TB) 
Y/M 
M*X 
UI*((l.+F)*(XA-X)-F+(LoXB))/N+IX*(XP-X) 
VI*((l,+G)•(TB-T)-G•(T-TA))/N-IY•(T-TP) 
ESP(DlX,DlT) 

FIN(T, J,) 
0111'(Xl,X2,XJ,X4,X5) 
Otrr(X6,X7,X8,X9,X1O) 
Otrr(Xll,Xl2,X1J,Xl4,X15) 
Otrr(Tl,T2,TJ,T4,T5) 
Otrr(T6,T7,T8,T9,T10) 
our(Tll,Tl2,TlJ,T14,Y15) 
END 

Fig. 2 MIMIC Program for Stagewise 
Model, Steady State Operation, 

Fig. 2 Immiscible Solvents 

2312 



I�·

v.,,J. 

25 

20 

15 

10 

Fig. 3a Results Obtained from 
Program Given in Fig. 2 

1.5 I rnin) 

15 

10 

Si":----
X 

_ _L ___ - - -------- -- -- - -----------------, 

0 0-5 1-0 1.5 z (m) 

Fig. 3b Steady State Concentration 
Profile Obtained from 
Fig. 3a 



Fig. 4 Response of Column to 
Single Impulse of Solute, 
Stagewise Model 

X,Y 

N•& 

z 

Fig. 5 Derivation of 
Approximative Formulae 



HYDROMA'r!C BEHAVIOURAAND MASS TRANSFER OF EXTRACTION 

COLUMNS WITH VARIOUS ROTATING PARTS 

S. Weiss, W. Spathe, R. Wurfel, D. Mohring

ABSTRACT 

Different rotating parts are examined under the same cond

itions in an extractor of 200 mm diameter and an operating 

hei�ht of 1m, with the system water/phenol/butyl acetate (water 

in continuous phase, butyl acetate in dispersed phase). For 

rotary disc extractors, results concerning the mean drop diameter, 

the hold up, and the flow rate at the flooding point for diff

erent dimensions of the rotor discs and stator rings are reported, 

and propositions are presented for modellin� of the drop dia

meter and the velocity at the flooding point. 

A rotary disc extractor with favourable dimensions for mass 

transfer and flow rate is compared with other rotating parts: 

Stator rings and impellors of round bar steel; radial baffle 

plates (at least 9/10 of the cross sectional area of the column 

remains free), and impellers of round bar steel and flat steel, 

respectively. The drop diameter dependence on the stirrer speed 

and HTU-value dependence on the hold up and the mass transfer 

area are shown for the different rotating parts. Taking into 

consideration the mass transfer and flow rate, differences up 

to 50% between the different rotating parts are found. 
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INTRODUC'rION 

In the last decade, extraction columns with rotating parts 

gained an increasing importance in liquid-liquid extraction. 

One of the designs first introduced into industry is the rotary 

disc contactor which even now is very often utilized. 

The hydromatic behaviour and mass transfer ar.e influenced 

decisively by the droplet size distribution, the hold up, and the 

axial mixing. The efficiency of the extractor can be estimated 

by the specific flow rate, e.g. in m3 liquid/m2 cross-sectional 

area/hour, and the quality of the mass transfer, e.g. by the H0R
value. It is the aim of this work to examine the droplet size 

distribution, hold up, mass transfer, and flow rate for different 

rotating parts under comparable conditions • 

.i,XPERIMENTAL 

The experimental investigations were conducted with the 

system water/phenol/butyl acetate in an extraction column with a 

dia,:1eter of 200 mm and a height containin; the rotating parts 

of ca. 1 m. The scheme of the experimental arrangement is shown 

in fig.1. Glass was chosen as material for the walls of the 

extractor column so that t,1e flow could be observed. ,he butyl 

acetate was dispersed. The ratio of the volume of the dispersed 

phase to the volume of the continuos phase was 1:3,5. In all 

experiments with mass transfer� the phenol concentration of the 

water at the inlet was adjusted to ca. 5 kg/m3 • With this small 

portion of phenol, we can count upon constant quantities of 

raffinate and extract within the extractor. �he following values 

were r!1easured in the experiments. 

CONCENTRATION of the water containin3 phenol and that of butyl 

acetate were meusured at the inlet and at the outlet. This was 

done by sampling (places of samplin� see figure 1) and subsequent 

determination of the phenol concentration in the laboratory by 

the universal spectrophotometer VSU of VEB Carl Zeib, Jena. 
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The volume flows of water containin,; phenol and those of butyl 

acetate which entered the extractor, were measured by rotameters. 

�or determination of the hold up, various measuring methods were 

used. �or the most part, the method of separation by switching 

off the extractor was used. This method is very exact. Greater 

hold up values were corrected in order to take into account the 

volume outside the operating space. 

The Droolet size distribution was measured through the wall of 

the extractor by photography with a camera Exacta Varex VX 1000 

with an objective 1,4;75 and a stroboscope with a flash-light time 

of 10-6 sec. ihe advantage of this method was the fact that the

flow in the extractor was not influenced. The curved wall of the 

extractor was equalized by an appropriate arrangement according 

to fig.2. It is supposed that the droplet size distribution near 

the wall of the extractor is the sa�e as that near the rotating 

disc, see also fig.1. The measurements of the droplet size dist

tribution were conducted at 5 different sections throughout the 

hei&ht of the column: at the second, fifth, eighth, eleventh, 

and fourteenth section, counted from below. .m the experimental 

results described here, the drop diameter was determihed in the 

fifth, eigtht, and eleventh section, and from these values, an 

average val�e was calculated. For every measuring point, ca.1500 

drops were evaluated. The difference of the average drop diameter 

in the fifth, eighth, and eleventh section reached 25%. The 

necessary data for the evaluation - phase equilibrium, density, 

viscosity of both phases, and interfacial tension - were measured 

in the laborator,. �or values see Table 1. 

TABLE 1 Data in the experiments 

aqueous phase butyl acetate 
continuous dispersed 

f kg/m3 998 878 

103

"\

, kg/(m s) 1,04 ••• 1,06 0,74 ••• 0,77 

102 �, N/m 1,13 ••• 1,41 
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various rotating parts were examined under the same conditions 

(see fig.3). Uniform for all experiments were the following 

values: Diameter of the extractor . 200 mm; 15 sections, height 

of sections 64 and 60 mm, respectively; ratio of dispersed phase 

to continuous phase 1:3,5. 

'l'he followin;; combinations of column internals were tested: 

1. Rotary disc contactor, see fig. 3a. The different dimentions

of the rotating parts are listed in ,able.2, the height of a 

section measurin& constantly 64 mm. 

TA�LE 2 RDC with different dimensions of stator rings and 

rotor discs 

designation in) measurinG points 
figures 4 to 7) curve 

148 

100 

q 

2 

148 

110 

v 

3 

148 

120 

0 

4 

148 

130 

7 

5 

148 

140 

6 

154 

130 

i-
1 

2. Extractor with stator rings and impellers made of round bar

steel, see fig.3b. 

3. Extractor with radial stationary baffle plates and impeller

raade of round bar steel with four blades, see fig. 3c f3J.

4. �xtractor with radial stationary baffle plates and impeller

made G>:fi flat steel with four blades, see fig. 3d r3J.

The experiments wit,1 different rotating parts were conducted 

according to the following ex�erimental scheme: 

Constant flow r�te at varying stirrer speed and increase up to 

the flooding point. 

�onstant stirrer speed at varyin6 flow rate and increase up to 

the flooding point. 

Better informations about the different rotating parts are 

given by the experirnents at varying stirrer speed. Therefore, 

only ex_oeriments with constant flow rate of 0,280 m3/h water

and 0,060 m3/h butyl acetate corresponding to 0,34o m3 total

flow rate are described in this paper. 
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The flow rate was varied only in the experiments on the flooding 

point in firures 6 and 7, accordin� to the given statements, 

RESJL'rS 

At first, the results of an RDC wit, different geometrical 

dimensions are discussed. 'l'hereupon, the Ri:JC with dimensions 

favourable for hydrodynamics and mass transfer will be compared 

with those of the other rotating parts (fi�ures 3b, c and d) 

RDC with different geometric al <li•nensions 

It is supposed that the efficiency of the RDC with different 

geometrical dimensions is characterized in a sufficiently exact 

way by the droplet size distribution, the hold up, and the flow 

rate. Therefore, the experiments were conducted only with water/ 

butyl acetate without mass transfer. By comparin:, exreriments 

with mass transfer it was observed that the differences in 

experiments with and without mass transfer are swall under the 

conditions chosen here. The other conditions bein · the same, the 

.-10.w r&te at the flooding point, e.g., was influenced by mass 

transfer to less than 5%. 

Of the different definitions of the mean droo diameter, the 

Sauter diameter 

will be used below. The drops are counted according to classes, 

0,1 mm is used as class interval. Fisure 4 shows the Sauter 

dia:aeter in dependence on the stirrer speed for the RDC with 

different geometric dimensions according to Table 2. With 

increasing diameter of the rotor discs and constant diameter of 

the stator more energy is introduced, and therefore the drop 

diameter becomes sillaller at constant stirrer speed. Deviations 

are found only at low stirrer speed below 190 rotations/min 

at a diameter ratio of dst/dr 1,14. Figure 4 confirms the fact

known from other experiments that different drop diameters caused 

by different geometrical dimensions are widely compensated by 

chosing an appropriate stirrer speed. 
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In the plot of the drop diameter dependence on the hold up 

(after sauter), the measuring points for different dimensions 

at the same hold up move closer together since the hold up gives 

a better reflection of the introduced energy necessary for the 

dispersion than does the stirrer speed. At hold up values of 

> 10% for rotor radius of 100 to 130 (dst = 148 mm) corresponding

to dst/dr 1,14 to 1,48 approximately the same Sauter diameter

is obtained at the same hold up values. On the other hand, 

the drop diameter at the same hold up is clearly greater for 

dr = 140 mm corresponding to dr/d = 0,70 and dst/dr = 1,057 

although the introduced energy is comparably greatest at a rotor 

diameter of 140 mm. Obvioasly, the cause of this fact is the 

unfavourable formation of the cross-sectional areas manifesting 

itself also by a decreased flow rate at the flooding point (see 

fig.?) and presumably leadin0 to an increased coalescence. The 

slightly different behaviour of the Sauter diameter for an RDC 

with dst = 154 mm and dr = 130 mm can be ascribed, apart from

the changed stator diamater, to the influence of the mass transfer 

since contrary to all other series of experiments this one was 

conducted with mass transfer, according to Table 2. 

The number of the measurinc; points for hold up> 20% is 

relatively small since the RDC has operating characteristics 

according to which the hold up increases rapidly at higher hold 

up values (in this case) 20%) at a slight increase of the stirrer 

speed, and the flooding point is reached at a slightly higher 

stirrer speed. Further special investigations revealed the faa� 

that the Sauter diameter again increases slightly near the flooding 

point at high hold up values. 

Modelling of the droplet size distribution in the RDC 

As to this point, further experiments were conducted on rotary 

disc extractors with a diameter of 100 mm with different dimen

sions, see (2), as well as additional exper�nents with the 

mixture perchlorethylene/water (6). Investigations and equations 

for calculation of the droplet size distribution in RDC were 

published recently by Kagan (4), Misek (5) and Fischer (1). 
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A check of our own experimental results using the equations of 

these publications only partially yielded satisfactory results 

with deviations smaller than 20%. For different geometrical 

dimensions, the deviations were greater than 50%. 

For the modelling, the distribution function used by Misek (5) 

with the volume distribution density 

exp (- di )
;r-

(2) 

is used. From the distribution parameter , we can obtain the 

approximate Sauter diameter from d32 = 3 • In order to describe

the distribution parameter throughout the whole range of stirrer 

speed, the following equation is chosen (6). 

c(0 (1 + CC) exp (- CC) (3) 

Physical considerations for the partial processes and the regression 

analysis for determination of the constants with our own experi

mental data yield 

If c2 cA/g I'('" >2>
we can put we= O. 

nd r

�o upper limit value of

distribution parameter 
corresponding to the max
imum drop diameter) 

The constants can be taken from Tab. 3. 

2321



Table 3: Constants for equations (3) 

Constant wi thout,"mass transfer with mass transfer measuring
unit 

c1 o.445 o,442 

c2 25,2.10-12 23,86.10-12 

c3 0,5 0,5 

C4 24,5 24,0 

c
5

1,555.10 -6
2,30.10 

-6 

c6 0,5 0,5 

c
7

0,125 o, 15 

In eauation (3) the following range was covered for extractors 

with diameters of 100 and 200 nn: dr/d = 0,5 to 0,7; dst/d =

o,68 to 0,77; hs/d = 0,325 to o,40; "':/= 108 to 565 kg/m\�

(10 to 21) 10-3 N/m;f •
4

= 1000 kg/m3 ; 
'

c = 0,00106 kg/m s; 

'\_.d = (7,4 to 8,8) 10- kg/m s. 

In the values calculated according to equation (3), the deviation 

was in most cases less than 10% as compared to the experimental 

values, At hold up values above 15% the distribution parameter 

is also influenced. This can be taken into account by a coales

cence factor c8x in the following way: 

o( = 0( 0 ( 1 + cc) exp ( c8x - cc ) (4) 

In our experiments, the constant c8 in equation (4) varied 

between 0,1 and 3,1. 

Flow rafe at the flooding point in the RDC 

In the RDC of 200 mm diameter, the flow rate at the flooding 

point was measured wit�out mass transfer at different stirrer 

speed at dst = 148 mm and different dr 120, 130, and 140 mm. 

The results in fig.6 demonstrate clearly that the flow rate at 

the fbooding point increases at constant stirrer speed with 

increasin� differences dst - dr.
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An equation published by Kagan and c�-workers (8) for the calc

ulation of the stirrer speed at the flooding point with Vcf
and Vdf could be used for description of our own experimental

results after adapting to a constant to the experimental results. 

Accordirgto a model of �alzer ( which was developed in the RDC 

with d = 65 and 100 m on the base of the energy balance at the 

drops (assumin� the drops to be of the same size), the following 

correlation is found: 

K = 0,321 (-0,337 (4f ·
\c)-0,117,

f
o.-0,101 

for 
1 c � 0,00735 kg/m s and (>o,010 N/m

y = 0,04195 (n2d /g)-0•36,G 
r 

-o,458 o,68 -0,933dr g n 

Salzer did not change the geometry of the rotating parts. On 

the base of the experimental results shown in Fig.6, G is 

determined by; 

G D ,628 [-
(
-
d

_
2 

___ 
d

_r:-�---+_C_
d
_s_/_

-
_

d
_w_�r

,8 

Hereby the speed at the flooding point can be calculated according 

to equation (5 J wi t,1 a maximum error of 4,5% as compared to the 

measured values. However, a check of the results of other authors 

as to the flow rate at tie flooding point partially yielded 

remarkable deviations. 

Fig.?. shows the flow rate at the flooding point in dependence 

on the energy dissipation per volume unit formed by analogy to 

mixers. Logarithmic division of the coordinates yields a straight 

line whi�h agrees with the results of other authors. 

In further experimental series whicn are not shown here, 

the flow rate up to the flooding point in the RDC at constant 

stirrer speed was determined. The analysis of all investigations 

shows that an RDC with dst/d = 0,72 to 77 and dst/dr = 1,14 to

1,19 yields favourable conditions for mass transfer and flow rate. 

For further comparin� investigations with different rotating parts 

an RDC with the dimensions d = 200 mm, dst = 154 mm, dr = 130 mm, 

h = 64 mm was used. 
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Comparison of extractors with different rotating parts 

Under the same conditions, the following values for different 

rotating parts were measured at a flow rate of 280 1/h continuous 

phase (water with 5 kg phenol/m3 at the inlet) and 80 1/h dis

persed phase: 

Drop size distribution, hold up and the concentration at tlle inlet 

�nd outlet, The following rotating parts were involved into the 

investigations: See table 4, 

TABLE 4 - Experiments with different rotating parts with mass 

transfer in an extractor of 200 mm diameter, 15 sections 

RDC dst=154 mm

dr = 130 mm,

hs= 64 mm,

see fig, 3a 

designations in) measuring 
figures 9 to 12) points 

curve 

..,._ 

Extractor 
according 
to fig,3b 

a 

Extractor 
according 
to fig,3c 

3 

Extractor 
according 
to fig,3d 

V 

4 

/

For characterization of the mass transfer, the height of the 

transfer unit is used, It was determined from the experimental 

results in the following way: 

j-_. j., • . H R= h/N R (6) 

Mo ���.� 
o o 

�

\ 

·nee the equilibrium line and the operating line are straight

� 
1, lines (see also fig.8), the following equations be current for

the number of ransfer units based on raffinate phase: 

N0R = (� - xT) /Axm ;A,xm = CAxK -�xT)/1n (4xi!AxT
) (7)

By means of the measured concentrations xK and xT 
and the apper

taining equilibrium compositions, the value of a transfer unit is 

determined by equations (6) and (7), The results for the different 

rotating parts according to Table 4 are shown in figures 9 to 12, 

The dispersion is influenced essentially by the rotating parts, 

This behaviour can be estimated better by a plot a
32 = f(K)

according to fig,10 than by d
32 = f(n) according to figure 9,
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At hold up values up to 10%, the RDC yields relativ.ely great 

mean drop diameters as compared to the other rotating parts. 

In the RDC under the present conditions, hold up values between 

20 and 45 % are out of the question for continuous operation 

since the flooding point is reached already by relatively small 

changes, and the RDC does not work steadily any longer. At high 

hold up values, the extractor with stator rin6s and impeller 

according to fig. 3b shows the same behaviour. The energy diss

ipation by the impeller is greater than that by a disc, so that 

relatively small Sauter diameters are reached already at a hold 

up from 3% upwards. These characteristics of the extractor 

according to fig. 3b will not be ef advantage for the use in 

industry. 

Extractors with radial baffle plates and impeller� made of 

round bar steel (figure 3 c) or flat steel (fig. 3d) show an 

essentially different behaviour. Already at relatively small 

values of the hold up, a relatively small drop diameter is obtained. 

Values of 20 to 40 % for the hold up are ootained in a higher 

range of stirrer speed so that the operation of the extractor 

remains stable even at �alues of �he hold up between 20 and 40%. 

The different behaviour can be observed very well by observation 

of the hold up in the ranges of 4 to 17% and of 17 to 40% and 

th� appertaining range of stirrer speed, see Table 5. 

Table 5 Range of stirrer speed n (rotacions/min in dependence 

on the hold up extractor extractor 

RDC 
according according 
to fig.3c to fig. 3d 

4n for :1=4 to 40% 183 = 100% 214 100% 537 100% 

dn for X=4 to 17% 136 74,3% 87 40,7% 157 = 29,2% 

4n for X=17 to 40% 47 = 25,7% 127 = 59,3% 380 = 70,8% 
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In rotating parts with radial baffle plates and impellers, the 

droplet size distribution is much more like that of monodi 

sperse distribution than is the case in the RDC. As was stated 

by Fischer (1), the impeller requires much less energy (partially 

only 1/3) for the same dispersion than do the discs in the RDC. 

It is also remarkable that the strongly different characteristics 

d32 = f(n) in figure 9 for both extractors with radial baffle

plates and impellers from round bar steel (curve 3) and impellers 

from flat steel (curve 4) in a plot d32 = f(x) in figure 10 can

be practically represented by one curve. 

In the plot H0R
= f(x) in figure 11, the rotating parts with

impellers instead of discs clearly yield a better H0H- value for

xL,..:10%. For xL.lO%, the H0H values of all rotating parts of the

extractor show an approximate agreement. The measuring points 

for the H0R values in dependence on the mass transfer

existing in the extractor can be approximately....,1'..en1l1t-i;�;;,,�·'l>Y the 
.... a'£i.r<1� t ch_. 

marked curve, see fig.12. This indicateP0��t�a,st�t�eactors with
..;0, "r;y - t.fr2 ·Stir' 

the different parts there are roughl· �tions for the 

axial mixing. 

CONCLUSIONS 

1. Different rotating pe: 1,0'.:tt1h ,..t,.j\� :.�,£ff�

the Sauter diameter; -rife.' tlonavill:9>\r.:. ;'\i

o1...-amteristics for 

nex speed is only 

partially possible. ,11�\;:".(!i,.· thlr'UQ�IP:'

2. On calculatin t J',l�i°<e'.t \ll1�;., �· tt·akin6 into account the 
mass transfer and tl #:fl -Vlllue· ,UI!! 

R
F )/ difference up to 0 q 

50. for the differe

3. Rotating part>·

show a favoura"�

good mass trc

due to their 

at hig:1 hold 

i:;s are found. 

� baffle plates and impellers 

t different phase conditions and 

l great range of load. This :is 

aracteristics tsteady behaviour also 
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NOi'1Ei1CLATURE 

n 

Area of mass transfer 

�xtractor diameter 

drop diameter 

Diameter of rotor disc 

Inside diameter of stator ring 

Wave diameter 

Mean Sauter diameter 

Gravitational acceleration 

Operating height of extractor 

Height of a section in extractor 

Overall height of a transfer unit based on 

raffinate phase 

Stirrer speed 

m 

m 

m 

m 

m 

m 

m/s2 

m 

m 

m 

m 

1/s 

N0R Number of transfer units based on raffinate phase 

v Velocity 

Vtot Total volume flow of continuous and dispersed

V Volume flow 

x Concentration of phenol in raffinate 

X Hold up at iispersed phase 

y Concentration of phenol in extract 

� Distribution parameter 
Ai,\ Range or stirrer speect 

A:X.,,. 
Mean logari thrnic driving force

AP. Difference of density between both 

i Surface tension ?, Viscosity

Density 

S bscripts 

C Continuous phase 

d Dispersed phase 

f Flooding point 

K Extractor, top 

T Extractor, bottom 
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phases 

m/s 

,,hases m3 /s

m3/s

1/min 

kg/m3 

N/m 

kg/m s 

kg/m3 



FIGURES 

Fig.1: Scheme of experimental arrangement 

1 : extractor 

2: gear 

3: motor 

4: rotameter 

5: container water/phenol 

6: container butylacetate 

7: container extract 

8: raffinate 

9: butylacetate/phenol for destillation 

Fig.2: Arrangement for photographical measurement of droplet 

size distribution 

1: camera 

2: optical flat 

3: packing 

4: filling of fluid 

5: wall of extractor 

Fig.3: Examined rotating parts in extractor, in all experiments 

dJ = 200 mm 

a) RDC, h = 64 mm 

b) extractor with stator rings and impellers, h = 64 

c) extractor with radial stationary baffle plates and

impellers of round bar steel

d) extractor with radial stationary baffle plates and

impellers of flat steel

Fig.4: Saut= diameter for drops in dependence on stirrer speed 

for 1,<DC 200 mm diameter without mass transfer (with 

exception of 1) symbols see table 2. 

Fig.5: Sauter diameter in dependence on hold up for RDC of 200mm 

diameter without mass transfer (with exception of 1) 

symbols see table 2. 

Fig.6. Flow rate at flooding point in dependence on stirrer speed 
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for .i:<llC of 200 mm diameter. Symbols see Table 2. 

1·ig.7: Flow rate at floodin:; point in dependence on specific 

energy per volume unit for experimental points according 

to Fig.6. 

Fig.8: Schematic diagram of equilibrium line and operatin_; line 

in xy diagram 

1: equilibrium line 

2: operating line 

Fig.9: Sauter diameter in depdndence on stirrer speed, see also 

Table 4. 

1'ig.10. Sauter diameter in dependence on hold up. See also Tab.4. 

Fig.11. Height of a transfer unit in dependence on hold up. 

See alsib Tab.4. 

Fig.12. Height of a transfer unit in dependence on mass transfer 

area in extractor. See also Tab.4. 
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Legend 
1-extractor; 2-gear, 3-motor, 4-rotameter,
5-water/phenoL6-butylacetate,
7-extroct,8-raffinate,
9-to distillation ---

5 

4 

8 

6 

Fig. 1 Scheme of Experimental 
Arrangement 

Legend 
1-cameru, 2-optical flat, 
3-packing, 4-f illing of fluid,
5-wall of extractor

1 2 

s 

Fig. 2 Arrangement for A"lotographic 
Measurement of Droplet Size 
Distribution 
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a} b} 

d t 

d d 

140 

c} d) 

d d 

120 

Fig. 3 Examined Rotating Parts(d-200mrrl 
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Legend- see Table 2. 
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INTRODUCTION 

Sin�e the 50 1 1, pulled column development ha• been connected 

with, on the one hand, nuclear application• for proce1aing uranium ore• 

and, on the other hand, for proce11ing of irradiated reactor fuell. For 

the latter application, production output• which were needed during the•• 

la1t ten year• have hardly forced to improve exi1ting contactor• which 

were 1ati1factory, 

Large throughout liquid-liquid extraction column• were 

developed out1ide of the nuclear field, mainly in the petroleum field, 

Thu• agitated column• appeared con1i1ting of mechanically moving part•, 

and they attained the indu1trial 1tage a1 we know it, 

Pre1ently, the nuclear indu1try bas new future perspective• 

for accelerating reactor construction program• and correlatively increa1in1 

the output of proceuing plant• for irradiated fuell. These circum1tance1 

have pointed once again to the pulaed column and it• advantage• in thil 

field : operating 1implicity, high reliability, good efficiency, and ,mall 

volume, 

Moreover, the development of hydrometallurgical proceHel 

induce• 1earche1 for high capacity and good efficiency extractor•. Critical 

constraint• in the nuclear field are allo oriented toward increa1ing 1pecific 

fiow1, The1e converging conaideration• led to 1tudy more clo1ely hydraulic• 

of pulsed column•, on the one hand, and the pouibilitiea of extrapolating the 

diameter• of the1e device,, on the other hand. 

. . . /. .. 
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I • PULSED COLUMN HYDRAULICS 

The pulsed column consists of a vertical colwnn partly 

equipped with regularly spaced plates. Two liquid phases, one of which 

is in drop form, are flowing countercurrently through the device. At the 

top or at the bottom of the colwnn the dispersed phase coalesces to an 

interphase. A pulsi ng device at the base of the colwnn causes a periodic 

two-phase up-down motion and maintains the dispersion. 

The aim of this first part of the study was to know the 

characteristics of this dispersion as a function of different variables 

which come into play in the system : type of plates, spacing, perforated sur

face ratio, hole diameter, pulse intensity, and magnitude of flowrates. 

The operating field of the pulsed colwnn is normally 

represented on the Sege and Wocfdfield diagram where the swn of specific 

flows of the two phases = V c + V d is given as a function of the product

of the amplitude "a" multiplied by the frequency "f" of the pulse motion. 

Different types of operation have to be considered according to the different 

diagram areas, but only the emulsion operating area is used in practice and 

this is the area that measurements were limited to. (Fig. 1). 

I - 1 - Experimental method 

It consisted of setting in dynamic equilibriwn (most of the 

time with.Jut mass transfer) approximately thirty 100 mm diameter columns 

presenting different geometric characteristics as well as three 300 mm 

diameter colwnns and a 600 mm diameter column. Once these columns 

were in equilibriwn, the emulsion was sampled at different levels by 

means of valves especially designed for small diameter columns and by 

means of high throughput taps for large diameter columns. For these last, 

radial samples were also taken. In most cases, a mean phase ratio was 

calculated along the colwnn and considered as characteristic of the column, 

the used phases, the flows, and the af product. 
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To analyze theae re1ulta and interpret them, they had to 

b4t connected to a aimple .mathematical acheme drawn from many work• 

in the literature. 

I - 2 • Hydrodynamic model for a pulaed column 

The aim wa• to have a mathematical model which would 

allow to deacl'ibe the variation in phaae volume ratio in the. column 

throu1hout the .emulaion operatia1 area of the column. 

The firat hydrodynamic atudie• on pulaed column• were made 

by D.H. Lo11dail and .T .D, Thornton in 1957, 2 They propoaed correlatin1

apecific nowe to phaae volume ratio by' the following equation : 

(1) Vd Ve 
V" + 8 = V-o (1 - 'f) 

where V-0 is called the "drops' characteristic velocity".

By aHuming this equation valid up to column flooding and 

by aucceHively deriving with respect to Ve and Vd to obtain the maximum• 

Vee and Vde of Ve and Vd, it becomes 

(2) Vde = - 2 V
0 

'f e2 (1 - 'f e)

(3) Vce•V0 (1 -'fe)2 (1 - 2 'fe) 

Vee By utting LR • Vde' equation• (2) and (3) 1tve the valuea 

of retention at flooding, 

(-') ,o - 3 + (1 + SLR) 1/2
,. e • 

-' (LR • 1) 
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Note that this theory leads to the conclusion that the_ phase 

ratio at flooding is only a £unction of flow ratios. It would then vary 

approximately 25 1- for a ratio approximately 3 to 40 1- for a ratio of l�0->--
0.33. '?_ 

The expreuion thua eatablished has the advantage of makins 

the flow ratio disappear and connecting fl_ows at flooding to a single variable 

V
0 

, which depends then only on agitation energy, the physical-chemical 

system, and the column geometry if the calculated value is given to 
e• 

This theory was used with success in correlation studies for flooding curve• 

of pulsed columns 2 & 3• Aiso note that the correlation formulas can be 

used only in a limited sense since the authors themselves of the previous 

mathematical model underline that the equations which they established are 

valid only when there is no coalescence between the �ops and the �ize 

distribution is independent of Ilowr tea up to the flooding point. 

Proposed model 

After examining the experimental results of phase volume ratio 

throughout the emulsion operating domain of sever:11 pulsed columns, it 

seems that the relative drop velocity with respect to the continuous phase 

with flow rate and "axf" constant was a linear phaae ratio function at leaat 

in an interval that is practically the usage area of the column. Moreover, the 

angular coefficient of the straight lines thus defined is fairly constant in 

the considered field. Thus it was logical to adopt equations similar to the 

previous ones for correlating exprerimental phase ratio data, that ill : 

+ 

+ 

Uge 

= __ B_ 
af + C 

A ('f- fe) = Ug 

Note that Ug is the relative drop velocity with respect to the 

continuous phase, a speed that ill usually called alip velocity. 

. . .  / . . .
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An identification computer program was written in Fortran. 

This program permits finding the best values of A, B and C which determine 

the model for each series of experimental results. Table 1 on which calcula

ted and measured retention. results can be read for a special case shows good 

agreement. 

I - 3 - Results for the 100 mm diameter columns 

1) Sl�p veloci!Y variation direction

Table 2 summarizes a part of the obt ained results and

indicates through coefficient A how the slip velocity of drops varies as a 

function of the phase ratio ; when A is positive, the slip velocity diminishes 

with phase ratio ; when A is negative;' the slip velocity increases. 

- a - Influence of the type of plates

Table 2 shows that, in general, when the continuous phase

wetts the plates, that is, in a continuous aqueous phase, with stainless 

steel plates and in a continuous organic phase with plastic plates, A is 

positive and the slip velocity diminishes with phase ratio as asswned in the 

the slip velocity increases with phase r,atio and most of the correlation 

equations are not convenient. 

This result leads one to think that coefficient A reflects in 

some way the tendency for coalescence within the column. In fact, the 

more drops have a tendency to coalesce with the increase in phase ratio, 

the more their mean diameter increases and their relative speed with respect 

to the co ·nuous phase tends to increase with phase ratio. A liquid p�le 

is subjected to a higher dispersion power for an axf product constant when 

flows increase in a column. Drops become then smaller and their relative 

. . .  /. . .
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velocity diminishes. Depending on whether the coalescence incr.eases faster 

or slower with phase ratio, the main phenomenon is dispersion or coalescence, 

and slip velocity increases or decreases. 

In the tests corresponding to the first part of the table (tests 

1 to 10) for columns which will be called type I to simplify the expression, 

the main phenomenon is dispersion ; for columns of type II (tests 11 to 18), 

the main phenomenon is coalescence. 

- b - Effect of other variables. 

- Plate spacing in columns of the first type, plate spacing has no effect 

upon the value of A (tests 1, 2, and 3) while it has a strong effect in the 

second case (tests 11 and 12) where coalescence increases more especially 

as the plate spacing is increasing. 

- Void ratio and hole diameter 

In columns of the first type it must be noted that the void ratio and the 

t,.ole diameter play a role on A only from a certain value (tests 3, 4, 5, 6 

and 7). "A" then increases very much which indicates a large dispersion 

increase. This effect can be explained in so much as the increase in hole 

diameter as well as in the void ratio increases the liquid jet interference 

across the holes, and, as a result, increases the local agitation energy 

between the holes. 

- c - Flow ratios. 

In the column of the first type, when the ratio Vc/Vd is close to or less 

than 1, "A" does not vary very much. On the other hand, it varies very much 

and becomes even negative when the continuous phase flow becomes large 

. . .  / . . .
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compared to the discontinuous phase flow. Note that the absolute velocity of 

the continuous phase is then large ; back mixing is becoming important under 

the•e condition• and the pre•ence of many •mall drop• in the continuou• 

phase can enhance the coalescence of larger drops (tests 8, 9 and 10). 

In columns of the second type, the smaller the discontinuous 

phase flow rate is; the smaller the influence of coalescence becomes (test• 16, 

17 and 18). 

Z) Variation of column throughput as a function of various 

parameters 

- Type of plates 

Among the columns of the first type, although, according to 

what was said before, coalescence is not the main parameter ; the type 

of plates plays a very important part. It was observed throughput variations 

up to 50 '1- between columns of which one was fitt-ed with PTFE plates and 

the other with very hydrophobic plastic plates, everything else being identical. 

Columns of the second type allow generally throughput almost 

twice the one of the first type, all geometric parameters remaining identical. 
-1 -2 Thus flowrates greater than 6.Z l.h cm can be obtained using a system 

consisting of aqueous solution of acetic acid and 30 '1- TBP with mass transfer. 

- Plate spacing and perforations 

With a mean void ratio and mean diameter holes, the throughput 

in the column increases regularly with plate spacing but when hole diameter 

and void ratio exceed a certain value, flowrate variation cannot be maintained 

. . .  / . . .
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it reaches a minimum value. Thia is, no doubt, to be correlated with 

the variation of coefficient A previously mentioned. Likewise, for a constant 

hole diameter, the fiowrate reaches a maximum depending on the free area 

of the plates. 

- Flow ratio

As the correlation equations in the literature predict, the 

fiowrate ill growing in columns of type I with the flow ratio Vc/Vd. For 

columns of type ll, fiowrate variation with the flow ratio ill lower. 

Figure 2 11how11 typical experimental results, 

I - 4 - Large diameter column hydraulics 

Scaling up cohunns in diameter may cause a certain anisotropy 

in the emulsion which could lead progressively to channeling phenomena. It 

seems that for pulsed columns, at least up to a diameter of 600 mm, this 

anisotropy does not appear. Figures 3, 4, and 5 show how the phase volume 

ratio vary radially at different levels in 300 and 600 mm diameter columns. 

For the 300 mm column, there is no significant variation along a radius. It i11 

not the same for the 600 mm column ; but the phase ratio increase at the 

center and the lower part of the column can be undoubtedly attributed to 

the opening of the pulse leg as repreoented on figure 6. This is also confirmed 

by the difference which can be noted between figures 4 and 5, and which is 

only in connection with pulsation energy. It must be stated that, instead of 

being emphasized, this variation is attenuated progressively when going up 

and becomes negligible at a height of 4 m. Thill phenomenon shows that the 

agitation mode in the pulsed column is clearly leading to 11uppre1111 radial 

heterogeneity. 

. . .  / . . .
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Flowrates in large column 

The flooding curves obtained with 100, 300 and 600 mm 

diameter columns, everything else being equal, are practically the •ame. 

Specific flow• are thu• i ndependent of the •h:e at lea•t up to a 600 mm 

diameter and probably above. 

ll - EFFICIENCY VARIATION IN PULSED COLUMNS 

n - 1 - Influence of the type of plates 

The efficiency of pulsed columns ill measured generally by 

the height equivalent to a theoretical stage or the height of a transfer unit 

for a given physical-chemical system. 

It is well known that these heights vary appreciably depending 

on the operating point chosen in the Sege and Woodfield diagram. When 

specific flow rates are constant, they pass generally through a minimum 

when product af increases, and they vary greatly in percentages with the 

specific flow. In a general way, what is looked for in a,n extractor is the 

best compromise between the throughput and the efficiency ; this compromise 

can be expressed from a purely technical point of view by the volumic effi

ciency or residence time per theoretical stage or transfer unit, 

e 
H ETS 
Ve + Yd 

Under these conditions, experiments have shown that for 

columns of type I fitted with stainless steel plates and columns of type n

... /. .. 
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·fitted with PTFE plates having the same geometric features, the residence 

times/per theoretical stage are equal. This result was obtained for the 

stripping of uranium in a nitric solution with a flow ratio close to 1. Time 

0 was about 50 sec. 

II - 2 - Influence of void ratio and plate spacing 

For equal specific flowrate, the void ratio has not a great 

influence on the efficiency which ia more aensitive to plate spacing, Never

theless, equal minimum residence times can be obtained for two columns 

having for this operating condition different specific flowrates residence time 

of 27 sec. per theoretical stage was obtained for a total specific flowrate of 

1. 34 cm sec. -l and a 5 cm spacing, and the same residence time for a total 

specific flow of 1. 8 3 cm sec. -l and a 1 0 cm spacing for columns of type II. 

The system used was acetic acid and 30 1, TBP -dodecane. 

II - 3 - Efficiency of a 300 mm diameter column 

The column used for the experiment is a column of type II 

in which uranium is extracted from a nitric medium by 30 1, TBP. The 

solvent is saturated at 80 1,, and the total specific flowrate is 1 cm sec,· 1. 

The H. T. U. measured is 60 cm which is strictly identical 

to that found with a 100 or even 50 mm diameter column under the same 

operating conditions. 

II - 3.1 - Efficiency variation along the column's axis 

To measure the concentration profile in the column, it was 

proceeded as before by drawing off the emulsion at different levels. To take 

into account the transfer which could have taken place after sampling, a 

simulated profile was calculated by balancing the concentration• of two pba1e1 

with phase ratio a1 shown on table 4, 
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Moreover, a computer program wa• perfected to calculat e 

concentration profile• for uranium and nitric acid uain1 aome aaaumptiona on 

the HTU and it• variation alon1 the column. 

Reaulta 

Table 3 ahowa that by conaidering the column on different 

height• from the introduction, the mean HTU variea conaiderably. In the 

upper part of the column, thia variation ia not easily explained only with 

phaae ratio modification•. That can be aeen on figure 7. Table -i ahow• the 

reault• which are obtained by auuming that the HTU ia a function either of 

the density variation between two phaaea or the denaity gradient along the 

column'• axia. Thi• auwnption aeema to be valid and it can be conaldered 

that axial mixing contributea largely to the efficiency variation. 

II - 3.2 - Efficiency improvement 

Figure 7 •how• how the phaae ratio profile waa modified by 

modulating the plate'• hole diameter. Thi• allowed increaaing column 

throughput of ZS � and increaaing in the aame time the efficiency in the 

lower part of the column. 

II - -i - Axial mixing ih pulsed columns 

Since the work of Miyauchi and Vermeulen -', many worke.ra 

were intereated in the problem of axial mixing in extraction column• and 

particularly in pulaed packed column•. 5•6 Few reaulta were publiahed

concerning pulaed column• with perforated platea. 

. . .  /. . .
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following : 

Let Ei 
Ki 
Ci 
Ui 

The mathematical model propo1ed by Miyauchi la the 

a convection diffu•ion coefficient in pha•e i 
ma•• transfer coefficient 
•olute concentration in pha•e i 
velocity of pha1e i 

The model corre•pond• to the following •y•tem of equation• 

• K1 / C1 • (mCz + q) / • 0 

+ K1 / c
1 

- (mc2 + q) / .. o

where m and q are parameter• of the equilibrium curve con•idered •• 

a atraight line. 

Replacing • by the variable i • •/he, where h_- b the column 
(!_ 

length, it become• : 

� d2 C1 !91 K1hc 
I c1 - (mc2 

+ q) / • 0 he U1 dZ' dZ 
--

U1 

Ez d2 C �2 Kthc 
I q) /. 0 he Uz � dZ 

+ Uz. C1 - (mCz +

The expre••ion 
he Ul 

i• currently called the Peclet nmnber. 

II • 4 .1 • Experimental method 

Thi• number wa• mea•ured uaing the colored tracer method. 

A colored tracer aoluble only in the continuoua phaae b injected into a 

columA in the form of an injection during a time a• ahort a• poHible and 

of nerligible value compared to the flow rate of the considered phaH. Thi• 

... / . .. 
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phase is drawn off continuously at two points of the column and its colora

tion is continuously measured with two identical colorimeters. The response 

curves of the colorimeters are processed with the Laplace transform and a 
7linear regression allows to obtain the convective diffusion coefficient E1 

The dye used was the ferrous orthophenanfroline an.«_ the phases were nitric 
" 

acid and 30 % TBP dodecane. 

II - 4. Z - Results 

Figure 8 shows the results obtained for a 45 mm diameter 

column and a 600 mm diameter column fitted with plates having the same 

hole diameter, the same free area and spaced in the same way. It can be noted 

that convective diffusion coefficients obtained in a 600 mm diameter cohunn• 

show that there is up to this diameter no tendency for axial mixing increase 

in large columns. 

Figure 9 shows that the Peclet number decreases with the 

plates spacing which is in agreement with observations previously made on 

the effici ency decrease, 

III - COMPARATIVE COST EQUIPMENT ESTIMATE FOR AN INDUSTRIAL 

INSTALLATION 

Figures given in tables' 5 and 6 are related to a liquid-

liquid extraction process characterized, on the one hand, by a low transfer 

kinetic and, on the other hand, by a large emulsification tendency. It includes 

an extraction unit including an extraction section - 4 theoretical stages -

a scrubbing section - one stage - and a stripping section consisting of 3 

theoretical stages. To operate this process on an industrial scale, studies 

were made with mixers-settlers and pulsed columns. Experiment has shown 

that the HETS amounts about to l m. Moreover using pulsed column allows to 

. . .  /. . .
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suppress scrub section which is nece11ary with mixer-•ettler• mainly 

because of the products carried away. These condition• 1how for plaa·tic 

devices a clear advantage in favour of pulled columns. 

CONCLUSION 

The few element• which were deYeloped in thi• paper ahow 

that the pulsed column i• an extractor which can be eaaily acaled up to a 

limit which ii atill not defined but probably at leaat 1 m diameter without 

efficiency decreasing. Experiment• are prHently pl&maed on auch colmnna 

at CEA. 

Studies have still to be carried out on the theoretical level, 

particularly to establish malela where the wettabWty of materiala could be 

considered, which would allow to establlah some new and more univeraal 

correlation equations for throughput. Nevertheless, qualitative knowledge 

acquired already allows to direct column optimization studies for which the 

type of materials can have great importance, in particular, in connection 

with flow ratios required by the processes. It can be noticed particularly 

that the behavior of certain columns could be changed considerably by 

modifying the type of plates and their geometry. 

On a practical level, an effort has still to be made concer

ning lat"ge column technology. However, up to a 600 mm diameter, specific 

flowrates can be high - 2 to 6 l h-1 cm -Z and pulsed columns can be sized 

only after technical criteria and not practical ones as, for example, making 

maintenance in the column easier, which an advantage with respect to agita

ted columns. 

On the economic level, the comparison was limited to the 

simple example of equipment coat, Obvioualy many other elements must be 

considered, but the high volumic efficiency of pulaed column• repre1ent1 

undoubtedly an important· aclvanta1e in moat caae•, 
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N 
w 
V, 

V, 

af cm s-1 1,37 1,50 l, 62 1, 75 1,87 2,00 2,25 2,50 1, 50 1, 75 2,00 1.25 1,37 

Ve cm 6 
-1

0,093 0,093 0,093 0,094 0,094 0,094 0,094 0,094 0,118 0,118 0, 141 0, 141 0,141 

Vd cm s-1 0,495 0,495 0,495 0,495 0,495 0,495 0,495 0,495 0,618 0,618 O,llB 0,743 0,743 

"{experimental 
in %

14,3 15,3 15,4 15, 9 17,2 19,l 22,7 31 18,2 22,9 36,2 23,2 25, 7 

I
'f calculated 

13,9 15,l 16,4 17,8 19,2 20,8 24,8 32,8 20,3 24,8 32, 3 20,9 23,6 
in %

TABLE 1 

Comparison between the experimental and calculated v�s of the phase volume ratio for a 100 mm diameter 

column in the emulsion operating region. Aqueous phase is 25. 5 g. 1-l uranium, 2.92 N HN03
Organic phase is 90.3 g. 1-l uranium, 0.15 N HN03



PLATi:S SYSTEM l 
A N ° Test 

¢ holes voidage spacing continuous Vc/Vd 
mas·s aqueous organic 

M'.l terial. cm % cm phase transfer phase phase 

inox 0,3 23 5 Aq 1, 0 s HNO3 lN TBP 30 % 3,97 1 
inox 0,3 23 10 Aq 1, 0 s HNO3 IN TBP 30 % 3,98 2 
inox 0,3 23 20 Aq 1,0 s HNO3 lN TBP 30 % 3,92 3 
inox 0,3 35 20 Aq 1, 0 s HNO3 lN TBP 30 % 3,87 4 
inox 0,3 50 20 Aq 1,0 s HNO3 lN TTIP 30 % 4,48 5 
inox 0,3 35 10 Aq 1,0 s HNO3 lN TBP 30 % 4,00 6 
inox 0,6 35 10 Aq 1, 0 s HNO3 lN TBP 30 % 5,49 7 

plastic 0,35 45 8 Or 0,25 s HNO3 2N TTIP 30 % 2,33 8 
plastic 0,35 45 8 Or 1, 0 s HNO3 2N TBP 30 % 2,45 9 
plil. S ti C 0,35 45 8 or 4,0 s HNO3 2N TBP 30 % 

�55) 
10 

teflon 0,35 23 5 Aq 0,455 A CH3 COOH TDP 30 % -7 1 1 
teflon 0,35 23 10 Aq 0,455 A CH3 COOH TBP 30 % -4, 54 12 
tenon 0,35 23 10 Aq 0,455 s CH3 COOH TTIP 30 % -4,52 13 
inox 0,35 18 5 Or 0,25 s HNO3 2N TBP 30 % -2,5 14 
inox 0,35 18 5 Or 1 s HNO3 2N TBP 30 % -2 15 
inox 0,35 18 5 Or 4 s HNO

:, 
2N TBP 30 % -1,5 16 

teflon 0,35 18 5 Aq 0,33 s HNO3 2N TBP 30 % -3 17 

tefl.on 0,35 18 5 Aq 1, 0 s HNO3 2N T:OP 30 % -2,80 18 

TABLE 2 

Variation of tne A coefficient of the hydrodynamic model for 100 mm. diameter columns. 



...., 
'<,.) 

V, 
_., 

Average HTU between 

a,queous feed and the 

considered level 27,5 cm 45 cm 60 cm 

Distance between 

aqueous feed and 0,50 m l m 1,50 m 
the considered level 

TABLE 3 

Variation of HTU in a 300 mm diameter. column 

48 c.rn 45 cm 60 cm 

Zm Z,5 m 4m 



Height of the 'f CA+ ( 1- Y,) Co '-f CA+ (l-''f) Co 'f CA + (1-y) Co
sample point Experimental value calculated value 2'. calculated value !lt 2 

uranium uranium concentration uranium concentration 

4 m 
3,5 m 98,3 g 1-l 115,4 g 1-l 112, 0 g 1-l

3 m 77, 1 g 1-l 95,2 g 1-l 72,8 g 1-l

2,5 m 66,6 g 1-1 69, 6 g 1-l 35,2 1-l

2m -1 12,7 g 1-l g -19,93 g 1 10,4 g 1 
-11, 5 m 0,219 g 1-1

o, 18 g 1 
l, 0 m 
0,5 n1 

TABLE 4 

Identification of experimental concentration profile in a 300 mm diameter column. Two different models 
are used for the HTU variation along the axis 

z HTU = HTU0 + 

!lt z HTU + 

K 

(tid}2 

K 
t:,.d

t:,.z 

= da{Z) do{Z) 

t:,. d = da{Z) da ( Z + dZ) 



-

Real nun,ber Unit-p:::-ice Total 

of stages KF pric.e 
--- KE 

Extraction 5 55 275 

Scrubbing l 55 55 

Stripping 4 55 220 

Total 550 

TABLE 5 

Extraction equipment cost for a·n extraction and stripping cycle 

plastic mixer settler 

Column Column pulse + annexes 
Total 

height price KF appliance 
KF .. . 

EY.traction 6m 100 50 150 

Scrub Ding 0 

Stripping 6m 100 50 150 

Con,pressor 5 

Total 305 

TABLE 6 

Extraction equipment cost for art extraction and stripping cycle = 

plastic pulsed columns 
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TOTAL SPECIFIC FLOW RATE 
(Ve+ vd l 

FIGURE 1 : SEGE & WOODFIELD DIAGRAM 

1) Flooding region 

0 X f 

Z) Mixer settler operating region 
3) Emulsion operating region 
4) Instable operating region 
S) Flooding region 

(Ve+ Vd ). cm.s-1

1,5 

1 

0,5 

0 

1 

FIGURE Z 

2 3 4 

af. cm.s-1

FLOODING CUR YES ACCORDING TO GEOMETRIC.AL 
PARAMETER 

Ii 5 cm pulse plate spacing, Z3 1, free area 
Z) 10 cm pulse plate spacing, Z3 o/, free area 
3) ZO cm pulse plate spacing, 23 1, free area 
4) ZO cm pulse plate spacing, 50 1,, free area 
5) ZO cm pulse plate spacing, 35 .,. ·free area 
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FIGURE 3 : VARIATION OF PHASE VOLUME RATIO ALONG THE ---
RADIUS OF A 300 mm DIAMETER COLUMN AT 
DIFFERENT. HEIGHTS 

I) 0,5 m ; 2) 1,5 m ;" 3) 2,5 m ; 4) 3,5 m 
1 Total flowrate l• 2 ml h-1, af • Z.SS cm.-

%PHASE VOLUME RATIO 
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300 150 0 150 30( 

mm DISTANCE FROM THE COLUMN AXIS mm 

FIGURE 4 : VARIATION OF PHASE VOLUME RATIO ALONG THE RADIUS 
OF A 600 mm DIAMETER COLUMN AT DIFFERENT HEIGHTS 

I) 0,5 m ; 2) 2,5 m ;· 3) 3 m ; 4) 3,5 m 
Total flOWrate le 9 m3 b·l, af • 1.Z cm .-1 



¾ PHASE VOLUME RATIO 

40 
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20 

10 

300 150 0 150 300 

mm DISTANCE FROM THE COLUMN AXIS mm 

FIGURE 5: VARIATION OF PHASE VOLUME RATIO ALONG THE RADIUS 
OF A 600 mm DIAMETER COLUMN AT 'DIFFERENT HEIGHTS 

I) o.5 m ; Z) Z,5 m ! 3) 3 m ; 4) 3,5 m 
Total flowrate h 9 m 11·1• af • 2.2 cm .-1 

.J 
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fJGURE 6 : 600 mm DIAMETER COLl1ll.' 

PHASE FEED 



% PHASE VOLUME RATIO 
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10 

FIGURE 7 

1 2 3 4 

IEIGHT IN THE COLUMN m 

VARIATION OF PHASE VOLUME RATIO OF A 300 mm DIAMETER 

COLUMN WITH MASS TRANSFER OF URANIUM IN NITRIC 

SOLUTION 

1) af = 1 . 68 cm • -l , every plate ie identical all through the 
column. 

2) af = 2 cm ,-1, every plate ie identical all through the colwnn. 
3) af = 1,8 cm .-1, the plate• at the upper part of the column 

have larger holes. 
4) af • 2,47 cm .-1, the plate• at the upper part of the column 

have laraer hole•. 

Ee. em2.s-1

4 5 6 

2 at+ Ve 

FIGURE 8 : VARIATION OF THE SUPERFICIAL AXIAL MIXING 

COEFFICIENT ACCORDING TO OP� TING PARAMETER 

o •s mm diameter cohunn 

6 600 mm di&.meter column 
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PECLET NUMBER 
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2 

5 10 15 20 cm 

PULSE PLATE SPACING 

FIGURE 9 : VARIATION OF THE PECLET NUMBER ACCORDING TO 

PULSE PLATE SPACING AT CONSTANT PHASE VOLUME 

RATIO AND af PRODUCT 
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Liquid Flow Study in 

the Cross-Section of ARD Extractor 

B. SeidlovA

T. Mihk

The cross components of liquid movement in ARD extractor 

are responsible for the transport of liquids from the mixing 

zone to the separating zone, for the cross mixing and the re

sidence time in both zones. The distribution of the velociti

es over the cross-section influences deeply the longitudinal 

mixing effects and other important characteristics of the 

apparatus. 

The measurement of the velocity distribution has been 

performed using an indicating particle. The diameter of the 

equipment used was 250, 2 290, 2 800 and 4 000 mm. Important 

conclusions have been drawn, enabling to evaluate the criti

cal equipment size, the mixing conditions in the compartment 

and the settling conditions. 

Research Institute 
of Chemical Equipment 

Prague, Czechoslovakia 
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1 

In the past time many papers have been published des

cribing various aspects of operational behaviour of Asymetri

cal Rotating Disc Extractors (ARD), e. g. the motion, the 

breaking-up and the coalescence of droplets, longitudinal 

mixing and mass transfer. An insufficient attention has been 

paid to the rotary motion of the dispersion in the individual 

extractor compartments, although this motion is highly import

ant both for the mass transfer and for the throughput of 

liquids in the extractor. A similar situation arises with 

other types of agitated liquid extractors e. g. the RDC, 

Oldshue-Rushton, Kiihni and other types. 

The importance of the investigation of rotational velo

cities of liquids and their distribution increases especially 

with large diameter extractors, and it may be presumed that 

in large extractors the drop of the rotational speed can be 

the limiting factor for the extractor size. These facts -

along with the necessity to obtain data for design of large 

diameter extractors - have initiated the present work. 

Rotational speeds have been studied on models of the 

mixing compartment of an ARD Extractor in diameters ranging 

from 250 through 4 000 mm, the geometry of which can be seen 

in Fig. 1. The models were closed from the upper side with a 

transparent cover, enabling the respective measurements. 

The speed of the circulating liquid in the model can be 

followed in different ways, the most of which being able 

however recording only some of the mean velocities, but not 

the whole velocity distribution range. As a suitable solution 

therefore the method of an indicating particle was used, 

based on the following presumptions: 
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a) an indicating particle of suitable design has a small

mass, the same specific gravity as the ambient liquid

and a high hydraulic drag factor;

b) such a particle is drifted nearly completely along with

the ambient liquid

c) the influence or the turbulent liquid pulsations, which

are smaller than the particle - is negligibly small in

comparison with the circulation time or the particle;

d) the transitions or a particle from one possible path

onto another, are of a stochastic character and with

a large number or runs, their distribution expresses

also the distribution of volumetric throughputs.

The design of a suitable indicating particle is shown 

in Fig. 2. The particle is made of polyethylene and is 

balanced with a high accuracy by pressing a sealing plastic 

compound into the cavity in its center. The balancing is 

performed in a liquid at the measuring temperature so that 

the particle features a slight ascending velocity in the 

first half of the measurements and a slight descending 

velocity in the second half. The velocities are checked 

at the start and at the stop of each test series. It has 

been found that the balance accurateness of the particle 

exerts a considerable influence on the measuring result 

and that this value should be anxiously followed. 

In the orientation test run� it has been investigated, 

whether the presumption c) had really been met. Particles 

or 5, 10 and 20 mm diameter were tested and it has been 

found that the size of the particles exerted no systemati

cal influence on the circulating time and that the particles 

could be therefore held for equivalent. Valid measurements 
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have been performed with the 5 mm particle in the 250 mm 
diameter model and with the 10 mm particle in all other 
models. 

In the next orientation test series the method of the 
indicating particle has been compared with the measurements 
performed by means of a propeller-type tachometer. Here an 
exact coincidence of results could hardly be expected, but 
the velocity values obtained in both methods did not contro
verse with each other and presented no significant differen
ces. 

The tests have been performed in the following way: 

The indicating particle has been inserted into the 
model in which a mixing disc rotated at a constant speed 
and the circulation times of the particles were measured 
as the time difference between two consequent crossings 
of a suitably selected model radius, whilst records were

made whether the particle passed along the inner path -
through the mixing compartment - or along the outer path -
through the settling compartment. A large number of such 
measurements has been undertaken. 

The main measurement result are the circulation times CZ" 
divided into two groups: 't;n are the circulation times

of particles along the inner 
path 

't'0ut are the circulation times 
of particles along the outer 
path 

Results of a large number of measurement have been

statistically evaluated as the mean circulation time
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and the variance of the circulation time

fc;'(t:r) • t:cr 2 - if''. 
\ rt Jm,out 

The circulation times of the particles depend mainly 

from the peripheral speed of the disc mixer '!Ir n D

It is therefore of advantage, to use these values, for defi

nition of the so-called slip: 

The published theoretical solutions of the liquid flow

caused by a smooth rotating disc in an infinite predict only 

a slight correlation of this slip on the modified Reynolds 

number for mixing 

the exponent .! being in the ra·nge from 0 to 0. 1. When test

ing the results it has been proved that the exponent value 

was 0.085 and that its statistical significance was so low, 

that it could be neglected and the slip considered as in

dependent from the Reynolds number, i. e. also from the vis

cosity, RPM and the specific gravity. This makes possible 

summing-up the results obtained with different rotational 

speeds of individual models and expressing them by the mean 

slip value 

(il = i.ae) 
\ n in,out
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and by the slip variance 

(
tr

a
(«) 

= i:!l _ �a) 
\ in, out 

The measured data have been summed-up in Table 1. The data

show clearly, that the mean slip values for individual mo

dels differ not quite expressive and unsystematically from

each other. If we want to judge on the extent of the influ

ence of individual models on the slip mean value, the joint 

variance of all the results measured and the weighted mean 

variance of individual models may be used. It appears that 

a combination of the inner path slip values in one single 

value is feasible, but on the outer path brings about a 

higher variance which proves a considerable influence of 

the column diameter on this value. The results are accord

ingly correlated with the diameter in the Fig. 3. 

The data thus obtained help us to formulate answers 

to several questions put forward frequently when design

ing agitated extractors: 

1) Does the flow pattern in the column vary with the dia

meter?

For treating this question, we use the assumption d) 

of the measuring method according to which 

.!!i!L = _Li_ 
"out iout 

and as according to Danckwerts the mean residence time in 

the mixer does not depend on its distribution, then also 

"out <rout =---·---
",n ifin 

2370 



It may be assumed, that the formation of dead water 

zone adjacent to the periphery of the mixed compartment the 

effective volume ratio of the outer vout and of the inner 

v1n 
path will decrease. This really occurs as it can. be 

seen from the data in the Table l and from the informative 

courses in Fig. •· In models up to 2 800 mm of diameter a 

plain glass disc has been used. This however, was impossible 

with the model 4 000 mm of diameter, where a braced disc weld

ed up from three sections had to be used. 

The data indicate, that the dead water zone arises when 

using a plain disc, in an extractor of about 2 800 mm in dia

meter and with a braced welded disc in diameter over 3 600 mm. 

This size can be probably considered_as the upper limit in 

the design of extractors of this geometry. 

2) The second question: Is an ideal mixer achievable in one

single compartment of an ARD Extractor ?

According to the results of our measurements the resi

dence time distribution of particles arising during one cycle 

in the compartment can be calculated for any constant RPM.

This distribution is 

,s-' (i) 

and by comparing with a flow model through a cascade of 

ideal mixers the equivalent number of ideal mixers for one 

circulation cycle can be calculated: 
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Here a joint slip variance must be taken into account 

tr'(at);n• nout <r'(lt) -.Z -z "out 
G"'"( er) = n in out 

+- _«_,_,,_•_«_o_u_t _:_n�,-n-'--_ _ 
ii 11 + n;,, / "or.it 1 + n;,,/nout 

and so the joint mean slip value 

ii= ii;,, � ilout "out /nin
1 + nout / n;,, 

The mean residence time of the particle in one compartment 

t • hm
U· 

I 

i • C; d 

is, however, longer than the circulation time, which means 
that several circulation cycles are performed during the mean 
residence time of the particle in the compartment. 
Owing to these circulations the variance of the residence 
time is increased as follows: 

(S
I 

(i) =

The number of circulations� can be calculated from the circu
lation time and from the mean residence time of the particle 
in the compartment and for the condition of the realisation 
of an ideal mixer the following inequality can be written

For typical parameters of the ARD it can be inserted and 
obtained: 

In individual cases it can be concluded whether the in
equality has been met.and whether the compartment has been 
thoroughly mixed. With a dispersed liquid it cannot be pre-
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sumed that the inequality will be fulfilled in the normal 
operational range of the extractor whereas for a continuous 
liquid, on the contrary, the mixing under standard opera
tional conditions veritably approaches an ideal mixer. 

3) The third question: What are the conditions for the 
settling of a dispersion in the settling section? 

For an efficient settling (separation) of a dispersed 
and a continuous liquid in the settling section it is of a 
considerable advantage that the tangential flow in this zone 
approaches the piston flow (10 ideal mixers are effected 
here during one circulation) and that the flow velocity is 
low. For a complete settling of a dispersion, having a 
settling velocity ust' 

a simple condition

� � 
nm ust � 

hm �nRD. 

uout -y:- I L ilotJt 

is valid, into which numerical values of a typical geometry 
can be inserted. 

In large extractors even-small droplets having a small 
settling velocity will settle practically completely. There
by the transport of the dispersed liquid in the vertical 
direction is stimulated and the extractor capacity is consi
derably increased. Large ARD extractors operate practically 
in the conditions of a mixer-settler. 
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In general it may be concluded, that the indicating 

particle method proved to be a suitable aid for the in

vestigation of the flow pattern in agitated extractors. 

The conclusions obtained from the application of this 

method made possible to clear a number of important pro

blems of large diameter extractor design. 
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Symbols 

D disc diameter 

DK compartment diameter 

hm height of the compartment 

m number of circulations 

n number of runs 

n,M equivalent number of ideal mixers

q volume throughput 

T dimensionless time

t residence time in the 

u superficial velocity 

ust settling velocity

V effective 

X hold- up 

It the slip 

('A- viscosity 

volume 

f specific gravity 

c:r circulation time 

Indices 

in inner path 

out outer path 

c continuous liquid 

d dispersed liquid 
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compartment 

cm 

cm 

cm 

1 

1 

1 

cm
3

/s

1 

s 

cm/s 

cm/s 

cm3 

1 

1 

g/cm3 

s 



Table I. 

Results 

D
I 

mm 250 2 290 2 800 4 000 Composed 
Value 

0in 354 510 783 60 1 707 

0out 672 993 559 54 2 278 

iiin 3.97 6.11 4.10 6.88 4.77 

«out 6.85 12.48 10.16 9. 79 10.19

<r'( at) in 2.10 3.39 1.15 6.39 3.23 

�·c �> t OU 
4.35 6.98 2.43 7.23 10.66 

0in10out 0.53 0.51 1.4 1.1 

ii.out/ ii, in 1.72 2.04 2.48 1.43 2.13 

vout/vin 3.25 3.99 1.76 1.29 
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ABSTRACT 

PERFORMANCE OF CENTRIFUGAL EXTRACTORS 

David B. Todd and Gordon R. Davies 
Baker Perkins Inc. 

Saginaw, Michigan, USA 48601 

The design and operation of Podbielniak® type centrifugal liquid-liquid extractors are 
described. Performance data on extraction efficiency, capacity, and residence time distribution are 
presented on a new more compact, more portable , and more versatile pilot extractor, which is 
capable of operation with centrifugal forces up to 10 000 G's. These data are compared with similar 
information on commercial centrifugal extractors, covering the combined throughput range from 
0.1 to 100 m3/hr. 
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INTRODUCTION 

PERFORMANCE OF CENTRIFUGAL EXTRACTORS 

David B. Todd and Gordon R. Davies 
Baker Perkins Inc. 

Saginaw, Michigan 48601 

Centrifugal extractors, although widely used, are probably equally widely poorly 
understood. Some of the mystery about their operation stems from a lack of visibility. It is not 
possible to make a glass or plastic; centrifugal extractor that will operate with the centrifugal 
forces commercially encountered. Nor is it convenient to obtain intermediate samples required 
for study of discrete stage phenomena. Thus, as may be common with many chemical reactors, 
conclusions are drawn about what is happening internally by the observation of output responses 
to input changes. 

The very compactness of cen'rifugal extractors has posed some challenging questions for 
both the manufacturer and the user. Relatively high capacities are achieved in a small geometric 
space. The short residence time (usually less than one minute) makes it possible to study many 
process variables, since steady state is so rapidly approached. In commercial operation, an upset 
in the inlet conditions is reflected so rapidly in the extract and raffinate that corrective actions 
can be initiated equally rapidly without jeopardizing production or producing a sizeable 
inventory of off.spec product. 

Although centrifugal extractors exist in which the axis of rotation is vertical ( 1), this 
discussion is confined to the horizontal axis species, generally known as the Podbielniak® type 
contactor. 

DESIGN AND OPERATION 

The centrifugal extractor is a perforated plate extraction tower (without downcomers) that 
has been wrapped around a shaft, which in turn is rotated to create a centrifugal force field that 
allows a great reduction in the height and time required to achieve a countercurrent contacting 
process result. The typical features of the commercial size continuous countercurrent centrifugal 
extractor are illustrated in Figure 1. All fluids enter and leave the rotor via mechanical seals and 
shaft passageways. Radial conduits connect the shaft passageways to the appropriate collection or 
distribution points within the rotor. 

The extraction process may be described by assuming a typical extraction of a solute from 
an aqueous feed with a less dense organic solvent. The organic solvent is introduced into the rotor 
through distributors located near the periphery. Aqueous feed is introduced similarly through 
distributors located nearer the shaft. The heavier liquid is centrifuged outward, causing a 
displacement of the lighter phase inward. The countercurrent flow of the two phases through the 
compartments effects a series of intimate contacts. Clarification zones are provided inboard of 
the feed inlet and outboard of the solvent inlet. The extract collects at the shaft. The raffinate 
collects at the periphery, and then is led back through conduits to the shaft passageway. 

Mechanical features provided include access ports to the rotor interior (ASCO tubes) which 
can be used for inspection or cleaning. Disassembly is not required for cleaning, although one 
rotor end plate can be removed. The internal contacting trays are now made with such precision 
that an existing centrifugal extractor can be retrayed in the field should the intended service be 
changed. The radial position of the feed ports may be altered, without disassembly, by reworking 
or replacing the appropriate radial con du its. The rotor is driven via a belt connected to a flu id 
coupling variable speed drive. Power requirements are low since the fluids enter and leave at the 
same axial "ground-stage," and only windage and friction must be overcome. 

The comparison with the perforated plate tower is more readily visualized by looking at 
the radial section in Figure 2. The centrifugal force accelerates the separation process, and allows 
greatly reduced plate spacings (in the order of 6 mm), with the resultant compaction of tower 
height and greatly reduced settling times. 
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The positioning of the principal interface between the two phases is accomplished by 
imposing a ,back pressure on the light liquid effluent. That is, the selection of the predominantly 
dispersed and the predominantly continuous phase may be accomplished in a manner similar to 
that used for liquid level control in a tower. Although the "height" may be very small, and the 
specific gravity difference may be slight, the product of these two terms multiplied by the 
G-forces yields a satisfactory pressure differential. The inlet and outlet pressures can be 
interpreted in terms of legs of a manometer, and the position and nature of the principal 
interface within the centrifugal extractor can be deduced from the pressure interrelationships (2). 

A head of coalesced dispersed phase accumulates above or below each tray depending on 
which phase is continuous (i.e. a head of heavy liquid exists inboard of the tray for light liquid 
continuous). The depth of this phase (h), or the depth of continuous phase displaced, and the 
associated centrifugal force, provide the preswre drop for the liquids through the orifices. In the 
most simplistic of terms, this may be represented by: 

2(pH - pL)RW2 h = Pc(Qc Ac) 2 
+ Po(Qo/Ao) 2 

where R is the radius, Wis the angular velocity, p II, p L, PC and pl) are the densities of the heavy, 
light, continuous (light or heavy) phase and dispersed phase respectively, Oc and Oo is the 
volumetric flow rate of each phase. and Ac and Ao, the flow cross-sectional area, may be related 
to the actual open area by orifice coefficients. 

PILOT CENTRIFUGAL EXTRACTORS 

The early pilot centrifugal extractor was the Podbielniak Pup. Most of the extraction 
performance data which have been published (3, 4, 5, 6) have been obtained on these units. The 
construction consisted of a series of milled annular grooves, as compartments, with two milled 
slots between each pair of grooves, as schematically illustrated in Fi�ure 3. The two 430 mm 
diameter end plates were held together with 72 bolts, many of w 1ch passed through the 
extraction zone. The rotor interior was only about 6 mm wide. The machined design, as well as 
the small internal dimensions, precluded the study of geometric variables, such as tray spacing, 
hole size (which may be as large as 12 mm in commercial units), hole shape, and hole patterns. 
The maximum speed was 5000 RPM, and a typical maximum capacity was about 0.5 liters per 
minute. Although only a pilot device, the rotor and base weighed about 95 kg. The heavy weight, 
coupled with the complications of the closing bolts, made this pilot equipment not readily 
serviceable by laboratory personnel. 

Recently, a new pilot centrifugal extractor, the Model A-1 as shown in Figures 4 and 5, has 
t>een developed which is even more compact, and yet has features much more in common with 
the commercial counterparts. The 216 mm outside and 178 mm inside diameter rotor is 
const�ed with a removable end plate, and fourteen removable trays, spaced at 4 mm. This 
offers the adaptability to investigate various tray designs, and to a limited extent, the effect of 
tray spacing. The trays are gasketed in each end plate. This positive seal eliminates possible leaks 
around the trays, and the possible misinterpretation of data where end effects might be 
accounting for a large portion of the capacity. The internal width is 25 mm, and the total internal 
volume is about 0.5 liter. 

Both heavy and light fluids enter and leave via three radial distributors. Typically, the 
heavy liquid enters at a radius of 40 mm, and the lighter liquid at a radius of 88 mm, with ten 
cylindrical contacting trays in between. Two coalescing trays are provided outboard of the 
countercurrent contacting zone for clarification of the heavy phase. Similarly, two coalescing 
trays are provided inboard of the contacting zone for clarification of the light phase. The ratio of 
contacting to clarifying trays may be varied. Rim plugs at each of the radial inlet and exit 
channels, as well as around the tray section may be removed to allow cleaning and inspection. 

The stainless steel rotor and aluminum housing weigh only 46 kg., and are mounted with a 
variable speed drive on a 70 cm by 110 cm aluminum base plate, permitting desk top operation. 
The light weight, coupled with the ease of disassemb! :. including a simple split key at the shaft to 
accomplish end-plate closure, facilitates the retraying of the unit to study alternate designs. 
Depending upon the internal tray design, maximum capacity ranges from 0.5-5 liters per minute. 
The maximum operating speed is 10 000 RPM, at which speed 10 000 G's (multiples of gravity) 
are developed at the rim. With only a fraction-of-a-minute holdup time, steady state is rapidly 
approached, and a multitude of process conditions can be tested in a very short period. 
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PILOT PLANT PERFORMANCE 

Extraction. The pilot plant centrifugal contactor was installed in the test loop as 
schematically illustrated in FiTure 6. Temperature and pressure gauges were installed at each of 
the inlets and outlets. Spring oaded, diaphragm type pressure control regulators were located in 
both the light liquid (methyl isobutyl ketone) and heavy liquid (deionized water) effluent lines. 
The feed system for each phase consisted of a feed pump, back pressure regulator (by-pass valve) 
water cooled heat exchanger, calibrated rotameter, and needle flow control valve. The pump 
by-pass valves served to divert the unused portion of the feed capacity, as well as adjust the 
pressure such that a small pressure drop existed over the rotam�!0r and needle valve flow 
regulating combination. This leads to more stable operations with minimal drift of rotameter 
fioat. Distribution coefficients for acetic acid partitioned between methyl isobutyl ketone 
(MIBK) and water were determined for three concentration levels over the range of 26 to 38°C, 
employing standard titration techniques. The data proved to be linear and quite insensitive to 
temperature over the region of interest. The equilibrium curve is shown in Figure 7. A feed 
solution containing approximately 5% acetic acid in the methyl isobutyl ketone was prepared. 
Typical performance data are shown in Table 1 for three different internal designs. For this 
system, both speed of rotation and location of principal interface are important. Maximum 
efficiency was obtained at the maximum operating speed. Performance was also better when the 
entire countercurrent contact zone was filled with the low flow aqueous phase, in agreement with 
the general rule that the liquid with the greater flow rate should be selected as the dispersed 
phase. The McCabe-Thiele plot for the best run is illustrated in Figure 7. with 5.4 theoretical 
stages. 

The model system of methyl isobutyl ketone-acetic acid-water with extraction from the 
organic to the aqueous phase has been used to illustrate the applicability of general extraction 
rules, for column extractors, to the centrifuga I contactor. Both the choice of the continuous 
phase, and the approach to flooding conditions, each of which relate to the available interfacial 
area for mass transfer, have indicated a marked difference in extraction efficiency. An overall 
extraction efficiency of 60% per compartment has been demonstrated for this system. In actual 
practice, other circumstances may influence the preference for the continuous phase, and 
extraction_ jlfficiency may be sacrificed. An undesirable density gradient caused by solute transfer 
may pre'cWe choice of the low flow liquid as the continuous phase. The tendency toward 
emulsification is usually greater at the feed-extract end than at the solvent-raffinate end. 
Emulsification difficulties are often altered by entering one of the liquids into a large body of the 
other. In general, interfacial emulsions or the formation of a steady-state interfacial "rag" are 
more readily accommodated at the rotor light-liquid-in port where a higher centrifugal force 
exists. In the case of explosive or radioactive materials, minimizing the inventory of one of the 
phases, may be predominant in the selection of the dispersed phase. 

Capacity. The flooding of the centrifugal contactor is similar to columns in that three 
types are possible. Light liquid (or shaft) flooding, observed by entrainment of heavy liquid into 
the light liquid effluent, may occur, even at low capacities, by moving the major interface 
through the light liquid clarifying zone, and out of the equipment. At higher capacities this type 
of flooding may occur, even with the major interface positioned in the contacting zone, when the 
clarifying section residence time and settling forces are insufficient to achieve coalescence and 
disengagement of droplets generated in the contacting zone. Heavy liquid (or rim) flooding, 
observed by entrainment of light liquid into the heavy liquid effluent, may occur in an analogous 
manner at the other extreme of the column or centrifugal contactor. Capacity flooding is 
observed by simultaneous flooding (entrainment) at both ends of the unit. This flooding is 
initiated in the contact zone, and occurs when an excessive head (h) of coalesced dispersed phase 
is required to generate the pressure drop for flow of the liquids through the orifices. The tray 
design in the contacting section should be selected such that flooding occurs in each 
compartment at approximately the same capacity for maximum extraction efficiency, and the 
avoidance of a capacity bottleneck in a portion of the section. The pilot centrifugal contactor 
was operated in the test loop (Figure 6) on the system kerosene (specific gravity approximately 
0.8)-water. Typical flooding envelope capacity curves, for two internal_jesigns, at three speeds 
and two phase ratios are presented in Figures 8 and 9. The ordinate PLLO (= PLLQ-PHLQ) 
represents the range of back pressures on the exiting light phase (LLO) over which the extractor 
may be operated. The 3x set of internals was specifically designed to provide a threefold increase 
in capacity. 
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The approach to capacity flooding, as distinct from shaft or rim flooding, is extremely 
rapid, and definition of the curve at these points is difficult. The maximum abcissa lines represent 
inoperable capacity flooding for the respective conditions, whereas the plotted points rep,resent 
a full range of operable major interface positions from light liquid flooding to heavy I iquid 
flooding. The approximate flood point capacity, for each of the curves, is shown in Table 2. 

The data are in general agreement with Equation 1; namely, that the combined flow is 
pfoportional to the first power of speed. This test also confirmed the attainment of the threefold 
i;apacity increase. The total capacity appears to be higher when the ratio of light-to-heavy phases 
is increased. 

Residence Time Distribution. The distribution of residence times for the flow of water 
alone was determined by injection of a pulse of concentrated NaN03 solution, and measuring the 
cumulative amount collected in the effluent at a function of time. The tracer was charged to a 
small injection loop. A quarter turn of a 4-way valve permitted injection of the tracer without 
any interruption in flow. The amount of NaNO3 in sequential samples was determined by 
measuring the electrical conductivity. The cumulative distributions for five different flow rates 
are shown i11 Fi�ure 10, compared with the theoretical curve for 13 well-mixed stages in series. 
Except for the00 and 600 ml./min. rates, the data points all lie close to the theoretical curve. 
One can conclude from these data that each compartment is well mixed, and that there is 
essentially no backmixing across the trays at high net flows. The amount of backmixing can be 
deduced from the shape of the cumulative distribution curve (7). Where the data coincide with 
the theoretical curve for the same number of compartments, the amount of backmixing is 
negligible. For the 300 ml./min. flow, the amount of backmixing is estimated to be 175 ml./min. 
At 600 ml./min., this had dropped to 150 ml./min. At 1080 ml./min., no further backmixing 
could be detected. 

COMERCIAL SCALE PERFORMANCE 

Users of commercial centrifugal extractors are generally most reluctant to release their 
operating data. The commercial units, once installed, are generally run to meet production needs, 
and are not available at the investigator's whim to demonstrate performance over a wide range of 
variables. The manufacturer of the equipment is limited in his ability to develop the data without 
constructing a complete solvent recovery plant. Despite these limitations, some data have been 
obtained with several of the smaller commercial Model B-10 extractors (capacity about 7 m3/h) 
and with an intermediate size Model D-18 (capacity about 23 m3/h). Dimensions of these units 
are listed in Table 3. 

Pressure Drop. The pressure drop for single phase flow is shown in Figure 11 for a Model 
B-10 extractor. The total pressure drop can be divided into entrance and exit losses, and a loss 
through the contacting zone. The data indicate a significant contribution of rotation above that 
at zero rpm. This additional energy dissipation is one of the factors controlling droplet size. 

For centrifugal extractors, the data can generally be correlated by a power equation for 
zero rpm and an additive term for the effect of rotor speed. The pressure drop at zero rpm ( /J. Po) 
is dependent upon the geometry and flow rate 0: 

/J.Po = ZQa 

The additive term for rotation depends upon both flow rate Q and rotor speed N: 
/J.PN = /J.Po + BQN 

Z and B in the above equations are constants depending upon the system and extractor. The 
curves in Figure 11 are plotted on the basis of the constants noted. 

The effect of countercurrent flow is demonstrated in Figures 12 and 13 for the 
water-kerosene system in the same Model B-10 contactor. The water phase pressure drop is 
determined under conditions wherein the principal interface is held inboard of the heavy phase 
inlet (contact zone filled with water). The kerosene phase pressure drop is similarly determined, 
with the interface held just outboard of the light phase inlet (contact zone filled with kerosene). 
As either flow is increased, the required pressure increases, probably due to both an increased 
holdup of the dispersed phase and the competition of both fluids for the available flow 
passageways within the rotor. 
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Curves similar to Figures 11, 12 and 13 have been generated for the other sizes of 
centrifugal extractors. 

Extraction. The extraction of n-butyl amine from kerosene with water was studied in both 
the Model B-10 and D-18 extractors listed in Table 3. Typical extraction data for the Model B-10 
extractor operating at 3000 rpm with 3.4 m3/h of kerosene and 1.7 m3/h of water are shown in 
Table 4 and Figure 14. 

An attempt was also made to obtain direct contact heat transfer data for this extractor, as 
longer steady state runs could be obtained without as much testing ,.jifficulty. The number of 
heat transfer stages, as shown in Figure 15 parallel the data for mass transfer. For this series, 
there were 10 compartments between the warm kerosene and the cold water feeds. 

Although the Model D-18 extractor had been designed for 23 m3/h, it was tested on the 
same kerosene - n-butyl amine - water system at the maximum rates obtainable with the existing 
pumping and metering system ( == 11 m3/h). The observed five theoretical stages (Figure 16) 
compare favorably with the data from the smaller units. 

Capacity. The flooding envelopes which define the capacity limits for commercial 
centrifugal extractors are very similar in form to those for the pilot extractors. Typical 
kerosene-water flooding envelopes for a Model B-10 extractor are shown in Figure 17. As was 
noted with the Model A-1 in Figures 8 and 9, the maximum combined flow is higher as the ratio 
of light-to-heavy phases is increased. 

As with the pilot units, the ultimate capacity is generally approximately proportioned to 
rotor speed (7). Some exceptions are encountered in the very readily emulsified systems. In 
these, the pressure differential over which the extractor may be operated is expanded as the rotor 
speed is increased, but the capacity flood point is not increased proportionately. Typical flooding 
limits as observed in a Model E-48 centrifugal extractor operating on the extraction of aromatics 
from lubricating oil with phenol are shown in Figure 18. 

Backmixing The residence time distributions were determined for the aqueous phase with 
varying amounts of countercurrent kerosene flow in a Model B-10 extractor. The operating 
conditions were specifically chosen to exaggerate any backmixing effect - namely, a very low 
continuous phase superficial velocity and high countercurrent flows. The cumulative distributions 
are shown in Figure 19 for four flow conditions, and are compared with the curve for 25 
theoretical well mixed stages. The amount of backmixing was deduced from the deviation 
between the data and the theoretical curve. Table 5 shows the calculated amount of backmixing. 
Apparently, increasing the counter flow of kerosene does not induce or entrain increasing 
quantities of water. As the water rate is increased, the relative amount backmixing decreases, but 
the absolute quantity increases. This may reflect the increasing turbulence within the 
compartment. 

CONCLUSIONS 

Although differing in many respects from single gravity tower operation, the performance 
of centrifugal extractors� lot of similarities to conventional extraction towers. Operation 
close to flooding is frequently desireable to maximize mass transfer area. The ability to vary this 
point by varying the centrifugal force is an advantage that centrifugal extractors possess. 
However, the major advantages of centrifugal extractors evolve from either their compactness (I) 
or the use of multi-gravitational separating forces ( 11). 

I. Processes dependent upon compactness: 

a. Extraction of unstable ingredients, such as penicillin from acidified broth.

b. Extraction where an expensive inventory of solvent wou Id otherwise to tied 
up, such as in liquid ion exchange processes.

c. Extraction or separation where expensive alloy materials of construction are
required, such as in various acid treating processes.

d. Extraction where space is at a premium, such as in existing buildings or on oil 
drilling rigs at sea. 
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11. · Processes dependent upon superior separation:

a. Extraction processes which involve easily emulsified systems, such as certain 
pharmaceutical extractions, vegetable oil refining or lube-oil refinig with 
phenol. 

b. Extractions with very little specific gravity difference between the phases, 
such as plasticizer washing. 

c. Extractions where one or both phases are very viscous, such as catalyst 
removal from polymer solutions. 

d. Extractions where completely clarified effluent streams are mandatory. 

The development of a new laboratory centrifugal extractor built along the same lines as the 
commercial units now permits better modeling studies and more assured scaleup. 
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Internal 
Set 

A 

B 

C 

Internal 
Set 

1X 

3X 

TABLE 1 

Performance of Model A-1 Laboratory Extractor 
Extraction of Acetic Acid from MI BK into Water 

Liter/min. Interface No. of 
Rpm MIBK Water R/R Max. Stages 

10 000 0.755 0.551 0.40 5.4 

10 000 0.755 0.551 0.55 4.5 

10 000 0.755 0.551 0.55 4.2 

10 000 0.755 0.551 0.40 5.0 

7 000 0.635 0.525 0.40 3,9 

10 000 0.755 0.551 0.40 3.7 

TABLE 2 

Maximum Capacity (Flooding Point) Kerosene-water 
Model A-1 Extractor 

ow 

0.5 

1.0 

2.0 

0.5 

1.0 

2.0 

Combined Flow, liters/min., 
at Rotor RPM 

6000 7500 9000 

1.14 1.50 1.75 

1.18 1.53 1.80 

1.31 1.58 2.03 

3.50 4.53 5.16 

3.98 4.65 5.48 

4.51 5.03 6.00 

2386 



TABLE 3 

Dimensions of Centrifugal Extractors 

Rotor Rated 
Rotor Width Holdup RPM at Max. Caf,acity

Model ID mm mm Liters 1.0 S.G. G's M /H (a) 
A-1 180 � � io ooo 10 030 0.1 

B-10 580 250 57 3200 3340 7 

D-18 860 450 220 2100 2130 34 

D-36 860 900 440 2100 2130 68 

E-48 1140 1200 980 1600 1630 136 

(a) For typical multi-stage extraction.

R 
Run R max 

105 

107 

109 

118 

119 

120 

122 

124 

Flows 
Kerosene 

OK 

0 

1.14 

2.27 

3.41 

0.40 

0.82 

0.36 

0.36 

0.40 

0.69 

0.97 

0.34 

TABLE 4 

Extraction of n Butyl Amine from Kerosene with Water 
Model 8-10 Extractor, 3000 RPM, 3.4 M3/H Kerosene 

1.7 M3/H Water 

Cone. mm/1 No. of 
Feed Raff. Solv. Extr. Stages 

596 105 0 910 6.6 

38 9.5 6 62 6.7 

39 5.5 3 62 6.3 

52 20 4 74 5.3 

56 25 3.5 71 3.6 

66 26 3.5 94 6.4 

64 18 3 91 4.0 

169 44 2 241 4.0 

TABLE 5 

Effect of Dispersed Kerosene Flow on Backmixing 
in a Model 8-10 Extractor, 3000 RPM 

M3/H 
Net Water 
aw 

2.41 

1.14 

1.14 

1.14 
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NOMENCLATURE 

a exponent in pressure drop equation 

A flow cross sectional area 

B dimensional constant in pressure drop equation 

h height of dispersed phase layer 

N rotor speed 

P pressure 

P pressure - PH LO 

Q volumetric flow rate 

R radius 

time 

W angular velocity 

Z dimensional constant in pressure drop equation 

p density 

8 average residence time of extractor 

subscripts 

C continuous 

D dispersed 

H heavy phase 

HLI heavy phase in 

HLO heavy phase out 

L light phase 

LLI light phase in 

LLO light phase out 

N at speed N 

0 at zero speed 
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MASS TRANSFER WITH CHEMICAL P-EACTION 

IN LIQUID-LIQUID SYSTEMS 

C. HANSON, M.A. HUGHES and J.G. MARSLAND

University of Bradford, U.K. 

SUMMARY 

Attention is drawn to the importance of chemical kinetic resistances in 
determining overall rates of solute transfer in some solvent extraction 
processes a�d the analogy which can be drawn with heterogeneous liquid phase 
reactions such as aromatic nitration. Existing work is reviewed over the 

whole range and the methods of study critically considered. A theoretical 
model is developed to describe the overall rate of transfer when the process 

involves a fast reaction taking place in a reaction zone in the aqueous phase 
adjacent to the interface. This is applicable to aromatic nitration reactions 
under limited conditions and it is shown that the model could explain certain 
aspects of the rates of different metals extraction processes. 
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1. INTRODUCTION
---·-· -

Many solvent extraction processes involve a clearly identifiable 
chemical interaction between the solute and an extractant present in the 
solvent phase. A classic example is the extraction of uranium from an 
aqueous solution into a solvent comprising a solution of tri-n-butyl 
phosphate (TBP) in a suitable diluent. For nitrate media the reaction may 
be represented by: 

++ 
uo2 
Aq. 

+ 2No; + 2TBP

Aq. Org.

___:,, 
..;---

UO2(N0
3

)2
.2TBP 

Org. 

The distribution coefficient is determined by the position of this reaction 
equilibrium. This can be adjusted by control of the nitrate ion concentra
tion, taking advantage of the common ion effect, thus making possible both 
forward and back-extraction. This type of equilibrium situation has been 
extensively studied and is well documented. However, being an equilibrium 
process, it gives no guidance as to the overall rate of the mass transfer 
process from one phase to the other, a factor of key importance in determin
ing the design and performance of continuous industrial solvent extraction 
units. At best the chemical reaction, once identified, can only indicate 
those solutes which could determine the kinetics of the chemical interaction. 

In most cases the overall mass transfer rate will be a function of both 
the kinetics of the chemical interaction and the rates of diffusion 
(molecular and eddy) of one or more of the species involved between the two 
phases. The only true exceptions to this generalisation will be when either 
the reaction or the mass transfer is instantaneous. On the other hand, it 
is reasonable to classify a process as either kinetic or mass transfer 
controlled if one rate virtually determines the transfer resistance. 

Until recently, most solvent extraction processes have been classified 
as mass transfer controlled and the possible importance of chemical kinetic 
effects are only now being recognised. There are several reasons for the 
early neglect of these effects. Most flowsheets, and even plants, have been 
designed from the number of equilibrium stages required to effect a given 
separation. Design from equilibrium isotherms automatically neglects 
kinetic effects. Secondly, many processes involving chemical interactions 
have been carried out in mixer-settlers. The mixer compartments are 
generally over-designed and the long residence times resulting have ensured 
equilibrium between the phases. Processes performed in differential 
contactors have usually either involved no specific chemical interaction or 
the latter has been of a rapid type. The uranium extraction process, for 
example, is rapid under normal industrial conditions. However, the 
expanding scope of solvent extraction is introducing processes in which 
chemical kinetics can be important in determining plant performance. Their 
neglect could introduce serious errors, particularly with the design of 
differential contactors. In addition, differences in kinetic rates can be 
expected to influence the separations achieved between solutes in a finite 
time of contact, giving separation factors either greater or less than would 
be predicted from distribution coefficients measured under equilibrium 
conditions. Such effects could be the cause of some anomalous separation 
performances which have been observed with existing plants. 

Solvent extraction processes involving specific chemical interactions 
are not restricted to the metals field but include examples of organic 
separations such as m- from p- cresol by dissociation extraction(!) and of 
extractive reactions such as the I.M.I. process for manufacture of 
potassium nitrateC2). 
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While the possible importance of chemical kinetic effects in solvent 
extraction processes has only recently been widely recognised, the converse 
is equally true for many heterogeneous liquid phase reactions used in organic 
synthesis. Thus the rates of aromatic nitration reactions, involving 
interaction between an aromatic hydrocarbon and an aqueous solution of nitric 
and sulphuric acids, were long thought to be dependent under all conditions 
only on the kinetics of the reaction. This assumption is surprising in view 
of the fact that such reactions can be so rapid that their control is 
difficult. They have been the subject of extensive study over the last 
decade and many of the principles developed are applicable to solvent 
extraction. 

2. RATES OF LIQUID-LIQUID REACTIONS

The earliest studies of the kinetics of liquid-liquid reactions were 
concerned with the process of saponification. In 1904, Nernst (J) noted that 
the rate of diffusion of the molecules taking part in the chemical reactions 
in emulsions \'las limited by the overall rate of reaction. However, other 
workers <4) assumed that the saponification reaction was truly heterogeneous 
or interfacial, taking place at the surface of contact between the two 
phases. This was in spite of the more soluble esters (acetates, 
proprionates and even benzoates with simple alcohols) with which they worked. 

Viallard (5) produced a convincing set of experimental facts for the 
case of alkaline hydrolysis of esters which had low solubility in the 
aqueous phase, e.g. benzyl benzoate. He adopted experimental conditions 
which were favourable to a possible true surface reaction but if this 
reaction took place at all, it occurred to only a negligible extent compared 
with the homogeneous reaction in the aqueous phase. 

Early work on the macrokinetics of aromatic nitration has been reviewed 
by Hanson and co-workers <6). This group has subsequently worked on the 
nitration of both toluene and chlorobenzene in continuous stirred tank 
reactors with nitrating acid mixtures typical of those used industrially 
(15 mole% HNO

3
, 30 mole% H2so

4
, 55 mole% H20) and have shown that,

contrary to previous opinion,diffusional resistances are important in 
determining the overall rate of reaction over a wide range of conversions (?, S �

Strachan and Cox (9-ll) , and also Sohrabi <
12

>, have nitrated these 
hydrocarbons in batch reactors using a range of acid strengths. For a given 
degree of conversion, they were able to demonstrate that the overall rate 
can be described in terms of the chemical kinetics of the reaction alone at 
low sulphuric acid concentrations (<20 mole%) , when the reaction is very 
slow, but that diffusional resistances begin to make a significant contribu
tion when the reaction rate becomes greater due to increase in the sulphuric 
acid concentration, which increases the rate constant for this reaction. 
Working with a given system, they were also able to show a transition with 
increasing conversion (i.e. decreasing concentrations of the reactants) from 
a rate which was mainly dependent on diffusion to one corresponding to the 
chemical kinetics of the reaction. 

The criterion adopted by the above workers to identify the regime was 
simply to ascertain whether the observed overall rate would fit a model 
based on the known kinetics of nitration taking place homogeneously throughout 
the aqueous phase. The development of any such model clearly requires a 
knowledge of the locale of the reaction. The question of possible models 
will be discussed later. 
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Hanson (l3) has described criteria which can be employed to distinguish
between processes which are kinetically controlled and those which involve a 
diffusional resistance, and has pointed out how easily erroneous conclusions 
can be drawn. 

Probably the classic case is the effect of agitation on apparent rate 
in a continuous stirred tank reactor with constant temperature and residence 
time, i.e. the conditions found in the mixer of a mixer-settler. The fact of 
apparent rate becoming constant at high agitation rates has often been taken 
as proof of the elimination of diffusional resistances, the limiting rate 
being assumed to correspond to the true chemical kinetic rate. Yet. this 
neglects several fact.ors. Firstly, the hold-up in such a mixer is not 
necessarily given by the phase ratio found in the exit stream. Below a 
critical degree of agitation this will not be the case and variations of rate 
with agitation will include a contribution from the change in hold-up, 
assuming reaction does not proceed at the same rate in both phases. This has 
been demonstrated as the cause of some of the change in rate with agitation 
during nitration of toluene <7l . Secondly, increase in agitation gives 
progressively smaller increases in interfacial area in the higher regions. 
Finally, intense agitation can inhibit dispersed phase mass transfer through 
suppression of internal circulation in drops and of drop interaction. 

While widely employed, temperature can be a confusing parameter to use. 
It not only affects reaction kinetics but also the position of equilibrium 
for the reaction, distribution coefficients between the phases and diffusion 
rates. 

The effects of changes in phase ratio and space time in a continuous 
system can give an indication but must be treated with caution because of the 
many parameters involved. 

Perhaps the most conclusive test for the existence of a diffusional 
resistance under any given set of conditions is to check whether phase 
inversion affects the rate. It should not do so if this depends only on 
chemical kinetics but it will change the rate somewhat if a diffusional 
resistance is present because of its effect on drop size (hence interfacial 
area per unit volume) and mass transfer coefficients. 

Ismail (l4) 
has recently shown that toluene nitration with industrial

concentration acid mixtures can be described in terms of mass transfer with 
simultaneous chemical reaction. The latter basis has also been used by 
Jeffreys and co-workers <15, 16 l to model the rate of hydrolysis of fats in a 
continuous column-type fat splitter. There seems little doubt that these 
types of approach would be applicable to some solvent extraction systems. 

Amongst other two liquid-phase unit processes which have recently been 
shown often to have overall rates depending on mass transfer resistances are 
alkylation (l?) and sulphonation ClB) . Both were previously thought to have
overall rates depending only on the chemical kinetics of the reactions. 

3. KINETIC STUDIES ON SOLVENT EXTRACTION SYSTEMS 

The most detailed work to date has been that associated with the 
extraction of uranium and plutonium. Other data have been published on the 
extraction of copper by the LIX reagents and of certain transition metals by 
phosphorus based acids, e.g. di-2-ethylhexyl phosphoric acid, D2EHPA. The 
broad types of approach adopted have been (a) taking "dip samples" at time 
intervals from a stirred tank, (b) measurement of the rate of transfer to 
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single drops of known size produced in a vertical column, end effects being 
eliminated by the use of different lengths of travel, (c) use of the AKUFVE 
mixer centrifuge, (d) measurement of the rate of transfer in a variety of 
stirred cells with constant interfacial areas, and (e) a wetted wall col\L'l\Jl. 

The first of these techniques, which is similar to that used in most 
work on aromatic nitrations, is widely practised for solvent extraction at 
plant level where rough estimates of the rate of transfer are requi�ed. 
Unless the reaction is a reasonably slow one, the technique requires 
considerable manual dexterity and immediate(tg?trifuging of the dip sample to 
separate the two phases. Ryon and Johnsson used the technique to study 
the stripping step, by sodium carbonate, in the DAPEX process for the recovery 
of uranium from leach liquors. The rate data were treated by the method of 
Hixon and Smith(20) to show that the rate constant is directly proportional
to the excess sodium carbonate in the stripping section and to the power 
input to the mixing vessel. Rate constants obtained by the dip sample 
technique cannot give area-free mass transfer coefficients. 

The single drop method is well described by Baumg�rtner and 
Finsterwalder l21l . It is satisfactory provided the drops are sufficiently 
small for all internal circulation to be eliminated so that the overall mass 
transfer is governed by the chemical kinetics of the interaction and 
molecular diffusion in the dispersed phase. The practical problems which 
lead to difficulties are: (a) contamination of surfaces by surfactants, 
(b) wake phenomena, (c) mass transfer across the interface where the drops 
are collected, and (d) variable mass transfer during drop formation. (The 
use of large drops would require a knowledge of the hydrodynamics of the
system.) 

(22) (23) 
The AKUFVE apparatus has been used by Flett et al to study

kinetic effects during copper extraction by LIX extractants. A tracer 
technique was employed to follow the rate of extraction and thus the apparent 
chemical kinetics, at or near zero mass transfer. The extraction rate was 
found to become constant above an agitator speed of 550 rev/min. but this is 
not proof that the rate is then independent of the surface area generated, as 
would be necessary to obtain true chemical kinetics. In this apparatus 
further interfacial area is generated in the centrifuge quite separate from 
the mixer. It has also been shown in the previous section that a high degree 
of agitation does not necessarily eliminate all diffusional resistances. A 
further experimental difficulty is to ensure that the high rates of shear 
introduced do not establish a temperature gradient. 

It is of interest to note that these workers established that for 
extraction by LIX65N the reaction is first order with respect to the copper 
concentration and that increasing pH increases the rate of extraction. For 
the reaction: 

Cu
++ 

Aq. 

+ 2RH

Org.

+ 

these observations suggest a bulk phase process. 

(where RH - LIX65N) 

Aq. 

Const�nt interfacial area cells have been widely employed. The cell 
designed by Lewis has been used in several investigations <24, 25, 26l into the 
extraction of uranyl nitrate and organic solutes. Interfacial turbulence was 
observed in the case of uranyl nitrate, giving transfer rates higher than 
predicted. Observed rates tend to diminish with time due to building up of 
an interfacial barrier. This is associated with the rates of association of 
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++ 
the (U0

2
) and (N0

3
) ions to give {uo2(N03) 2 } which th<>n reacts with the 

extractant molecule, i.e. TBP. Thus the reaction appears to be at the 
interface. 

The rate of supply of materials to the interface can often be a limiting 
factor in such equipment due to the effect of slow agitation coupled with a 
low interfacial area-volume ratio (giving long diffusion paths). Typically, 
the interfacial area in such cells is of the order of 30cm2 and the volume of 
each phase is of the order of 300cm3 . Keis ch (27) developed a cell having both 
a much higher interface-volume ratio and high speed stirring. These 
modifications minimise the mass transfer resistance in the bulk phase, 
maintaining a uniform bulk concentr-at.ion and greatly shortening the distance 
material must travel to reach the phase boundary. In this cell, because a 
tracer technique was used, the concentration of the reactants were kept 
constant during individual rate measurements and the system was otherwise at 
equilibrium. The rate law was found to be: 

rate k[uo
2
++J [No;i

l. 2 
[TBP]

l.
B

Aq. Aq. Org. 

and interfacial mechanisms were proposed to fit this law. 

It is of interest to note that whether the reaction is truly 
heterogeneous or not, the diffusion rates of the species in both phases are 
key parameters and measurement of self diffusion coefficients of the species 
becomes important. Only in the case of the extraction of uranium by TBP has 
this been attempted. Thus, Hahn C28l reports interesting results of diffusion 
measurements for uranium in aqueous uranyl nitrate and the (uranium - 2TBP) 

complex in TBP. 

Constant interface cells have been used in other studies on metals 
extraction. Two workers <29, 30) have criticised the use of circumferential 

wall baffles in the Lewis cell where, because of the unknown contact angle of 
the phases at the baffles, the interfacial area cannot be measured accurately. 
McManamey (Jl) has used an unbaffled cell to measure mass transfer of cobalt, 
copper and nickel nitrates from water into n-butanol and has shown that, like 
the uranium system, the mass transfer process is influenced by an interfacial 
resistance due to reaction at the water - n-butanol phase boundary, as well 
as diffusional resistances in each of the phases. Htaik (32l used the same 
type of cell to study the extraction of uranyl sulphate by naphthenic acid 
�ut here the reaction is controlled by a chemical reaction taking place in 
the main liquid phases near to the interface. 

Roddy and co-workers C33l have used small stirred cells, with constant 
interface, to study the extraction of iron (III) by D2EHPA and suggest that 
the rate controlling reactions are at the interface. 

Thus the constant interface cell has been widely used and both types of 
mass transfer control noted, i.e. reaction at the interface or in the bulk 
phase. 

Further evidence for the bulk phase site of the reaction in many 
practical situations is that noted< 23l for chelate systems where the 
extraction of zinc, cobalt and nickel as dithiozates; aluminium and indium 
as trifluoroacetates; and iron, cobalt and nickel as acetylacetonates show

dependency on both the pH and the chelating agent concentration. 
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A wetted wall column (34l has been used for a study of the distribution 
of uranyl nitrate between water and the solvents dibutyl carbitol and methyl 
isobutylketo�e. It has the advantage that the hydrodynamics of the system 
can be defin�d. However, the method is limited for practical reasons since, 
for instance,' low interfacial tension and large density difference between 
the phases can result in instability in the water phase film on the wall. 

4. MODELS FOR MASS TRANSFER WITH CHEMICAL REACTION IN LIQUID-LIQUID SYSTEMS 

4.1 Introduction 

Theories of mass transfer with chemical reaction in heterogeneous 
systems have been reviewed by Danckwerts <35l . 

The two extreme cases of a chemical kinetically controlled process and 
one dependent only on mass transfer rate can be modelled quite easily. When 
both rate steps are important in determining the overall rate, the situation 
is more difficult. Firstly, it is necessary to know the locale of the reaction 
and its kinetics under homogeneous conditions. Then a knowledge is required of 
the factors governing mass transfer (interfacial area per unit volwne, 
diffusivities, etc.). 

If the two phases are completely immiscible or the reactants do not 
distribute at all between the two phases, then reaction can only take place at 
the interface. Interfacial reactions are quite common in heterogeneous 
systems where one of the phases is a solid but the necessary criteria are 
unlikely to be entirely met in liquid-liquid systems, althou1h tnterfacial 
reactions have been considered for a metal extraction system 32 . Nevertheless, 
as has already been seen, some systems may approximate sufficiently closely 
for their rates to be described adequately by a model which assumes all 
reaction to take place at the interface. 

A more probable situation is of reaction taking place in a zone in the 
aqueous phase adjacent to the interface. This would picture a certain amount 
of extractant dissolving in the aqueous phase at the interface and then 
diffusing into the bulk phase, reacting on the way with �1e solute. The 
solute-extractant complex would then diffuse back into the solvent phase. This 
situation is more likely in the case of metals extraction than that of a 
reaction zone in the solvent as the latter would assume free cations 
transferring into an organic phase. 

4.2 Reaction Zone in Aqueous Phase 

As described in the previous section, the reaction could take place in a 
reaction zone within the aqueous phase (in agreement with Abramzon and Kogan's 
postulation <36l that a liquid-liquid reaction involving ionic and non-ionic 
reactants would proceed in the at�??us phase). This implies that the chemical 
reaction itself is fast. Sharma showed that, in the case of a second 
order irreversible reaction, a very slow reaction could completely control the 
rate of the overall process and that the rate of transfer would be that 
predicted by the chemical rate equation. A slightly faster reaction rate will 
lead still to a reaction occurring uniformly throughout the aqueous phase, 
although the overall rate will be controlled by the mass transfer process 
across the interface. A fast reaction will be confined within a reaction zone 
adjacent to the interface. 
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Astarita(3B) has developed a general model (based on the Whitman two
film model) for a fast, diffusion controlled reaction -

R 
f [Ali 

21\ r (A) d [A]

[A]b 
where R is the transfer rate per unit interfacial area 

[Alb 
is the bulk concentration of A in the phase in which 
the reaction takes place 

(A] i is the interfacial concentration of A in that phase

DA is the diffusion coefficient of A through the phase

r(A) is the rate of the reaction with respect to A 

(1) 

Solutions have been obtained for various cases of irreversible reaction (l4,3
B

,

39,40) . However, metals extraction processes must be reversible to permit 
extraction and stripping. 

Consider an extraction process in which an extractant, HR, transfers 
into the aqueous phase where it reacts with a solute, Mn+, according to the 
reaction: 

n+ kl 
M + nHR � 

+
MR + nH n 

(This equation is typical of many commercial metals extraction sys�ems.) 
kl and k2 are the rate constants for the forward and reverse reactions. 

For an elementary reaction, the rate equation will be: 

(2) 

(3) 

'.!11e complex,�' then diffuses to the interface and transfers into the 
organic phase. The extractant and the complex will be in chemical equilibrium 
in the bulk of the aqueous phase and each will be in individual mass transfer 
equilibrium at the interface. The situation is illustrated in Fig.l. A 
relationship between [HR] and [MR J within the reaction zone can be obtained 
by recalling that the model is ba�ed on the two-film theory, and hence that 
the system is time-invariant. Thus the quantity of extractant entering the 
aqueous phase must be equivalent to the complex leaving, since there is no 
accumulation in the steady state. A balarce on the extractant anion shows 
that for every mole of HR entering, then /n moles of� must leave. A 
similar equivalence exists at every plane parallel to the interface within the 
reaction zone, i.e. the rate of transfer of the complex will be 1/n times the 
rate of transfer of the extractant and will be in the opposite direction. 

1\rn.n 
1-

- n1)m (4) 

The diffusion rates will be given by Fick's Law and substitution in equation(4) 

leads to: 

n 

whence: 

[M�] - [�Ji
1 
n 

d 

dx 

DHR 

D� 

[HR] 

( (HR] i - [HR]) 

(5) 

(6) 

Since the solubilities in the aqueous phase of both the extractant and 
the complex are likely to be very low, then the solute and the hydrogen ions 
will be present in the reaction zone in great excess relative to the other 
reactants. Thus any change in their concentrations will be very small and the 
effective concentrations of solute and hydrogen ions throughout the zone ITlc.Y 
be considered constant and equal to their concentrations in the bulk of the 
liquid. (It is readily seen that this is true for the solute; since electrical 
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neutrality must be maintained then it mu:::;t also hold for tl1e hydrogen ions.) 

The chemical rate equation for the reaction at a plane in the reaction 

zone parallel to the interface may now be written as: 

r(HR) kl[M
n+

]b[HR]
n 

k2[1/J�[MR
n

] (7) 

and from (4): 
n+ n + n o o 

r (HR) kl [M ] b [HR] k2 [H ] b ( [MRn] i 
+ n[HR] i -n[HR]) (8) 

where o = DHR/DMR. (In many cases, the diffusivities of the extractant and 
n 

the cor,1plex will be of the same order i.e. o -+ 1). 

Substitution in (1) yields (after integrating with respect to [HR]: 

R HR 
2D {k

1
[M

n+
]b

([HR]�
+l 

HR l. 

n+l 

n+l 
[HR]b ) 

In many cases, the bulk concentration of the extractant in the aqueous phase 
will be very small, and as [HR]b -+0, then [HR]i » [HR]b. 

Equation 

R HR 

( 1 then reduces to: 
n+ n+l 

2DHR{k1
[M ]

b
[HR]i

n+l 

+ n 
k2[H ]b([MRn

]
i +6 [HR]i)[HR)i (10) 

2n 

This can be further simplified by assuming that the effect of the reverse 
reaction is negligible in the extraction stage. This is justifiable because 
the conditions are selected, as far as possible, to minimise this reverse 
reaction . We then obtain: 

1\JR 
n+ n+l 

2DHRkl[M ]b[HR]i 
n 

(11) 

Equation (11) is, in fact, the equation for a pseudo n-th order irreversible 
reaction derived by Danckwerts<40). It can be rewritten as: 

n+l 
[HR]-:-T°l. 

n+ 
2DHR

kl [M ]

n+l 

(12) 

Since we have assumed that the extractant is in phase equilibrium at 
the interface, and also that all resistance to mass transfer lies in the 
aqueous phase, we can write [HR]org = 

� , where [HR]org is the extractant 
[HR] i HR 

concentration in the bulk organic phase and 0HR is the partition coefficient 
for the extractant. 

Then 1\JR 

n+l 
( [HR] )--Y

� org 

and from equation (4): 
n+l

� 
= -¾< [H;] org)-

2
-

(13) 

(14) 
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n+l
-

(
[HRlorg

l 
2 

� 
(15) 

The rate of extraction will still be a function of [HR]org even for those 

cases where the reverse reaction cannot be ignored. �HR 

A corresponding expression can be obtained for the stripping process.
Here we are concerned with the rate of transfer of the complex, MRn, back 
into the aqueous phase and its subsequent reaction: 

n+ 
M + nHR 

For a simple reaction , the chemical rate equation will be:
+ n n+ n 

r (MRn) = k2 [MRn] [H ] - k
1 [M ] [HR] (]6) 

By equation (6) and the astrnmption that solute and hydrogen ion concentrations 
again remain constant: 

r(MRn) = k2[MR
n

] [H
+

]� - k
1[M

n+
]b([HR]i + � [MR ) . - �

cS 
[MRn] )

n 
(17) 

cS n i 
Equation (1) now berc_o_m_e_s_: _____________ _ 

(
MR ) . j n i 

1\iR 

[MRn)b 

r(MR ) d [MR ] 
n n 

Substituting for r(MRn
) and integrating, leads to: 

and for negligible bulk phase concentration of MR and negligible back
reaction, this reduces to: n 

+ n 2
DMR k2 [H J [MRn] i

n 

Equation (20) is again in agreement with Danckwerts' equation for an
irreversible reaction <40l 

4.3 Discussion of models 

(lB) 

(19) 

(20) 

(21) 

For the reasons discussed in section 4.1, it is felt that true 
interfacial reactions will be relatively uncommon in liquid-liquid systems, 
although sufficient evidence has been presented to show that their occurrence
cannot be completely ignored. 

An examination of equation (15), which predicts the rate of extraction,
assuming reaction takes place in the aqueous phase in a zone adjacent to the 
interface, reveals that the partition coefficient of the extractant is an 
important parameter. The greater the solubility of the extractant in the
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aqueous phase, the greater should be the rate of extraction, if this model 
holds good. It must be emphasised that the model is not presented as being 
the most likely but as a hwothesis still to be tested rigorously. 
Nevertheless, it is interesting to note that both KELEX 100 and LIX 70 which 
have greater solubilities in the aqueous phase than LIX 65N, also extract 
copper at an appreciably greater rate. The forward rate constants, k1, for
the respective homogeneous reactions are probably high and of the same order, 
since chelations are known to be fast reactions; and hence it is difficult to 
explain the difference in extraction rates by a chemical mechanism. On the 
other hand, the rate of the strip process is governed, according to 
equation (2 1), by the partition coefficients of the complexes. If these are 
more nearly equal, this presents a possible explanation for the fact that the 
three extractants strip at comparable rates. 

If we substitute values of n into the equations �,e can predict the 
apparent orders of the rate process, 

e.g. n = 1 (monovalent solute): 

n 2 

( 
[HR]org

>/ J\iR (IJHR 

(
[HR)org) 3;2 

J\iR2 (IJHR 

and [MR2]org [H
+

] 

(IJMR 2

for extraction 

1 

G O
HR 

k
l

[M
2+

] for extraction 

j D k
2 MR2 

for stripping 

It will be seen that this model, based on mass transfer with a 
simultaneous fast chemical reaction, predicts overall rates which appear of 
fractional order even though the actual chemical reactions are simple. 
Hence the explanation of some fractional overall orders which have been 
reported may lie in the existence of a mass transfer resistance rather than 
in a complex reaction mechanism. 

'nle equations are considerably simplified if the reaction is not 
reversible, as in the case of some important unit processes such as aromatic 
nitration. For the nitration of toluene, assuming a second order irreversible 
reaction in the aqueous phase with nitric acid concentration uniform to the 
interface, the model simplifies to: 

R [Tol]org 

J(IJTol. 

Dk [HN0
3

] 
aq

'Ibis model, proposed by Giles (39l , has been verified by Ismail (
l4) 

under 
conditions where (a) the sulphuric acid concentration in the aqueous phase is 
sufficiently high to give a fast reaction, and (b) the diffusion process is 
by molecular diffusion only. For a turbulent system, D would be the sum of 
molecular and eddy diffusion coefficients, with the latter dominating. 
Uncertainty as to the eddy diffusion component will always make the use of 
these models difficult for quantitative predictions of transfer rates under 
normal industrial conditions. As noted previously, Strachan <9 -ll) and
Sohrabi(12l have shown a transition for the rates of toluene nitration from
the above model to one assuming uniform reaction throughout the aqueous 
phase as sulphuric acid concentration has been reduced, thus reducing the 
kinetic rate constant. 
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If a model of the type developed can be shown to hold, then if the 
rate constants, partititioncoefficients and concentrations are known, 
measurement of ove�all rate of extraction could be used to determine the 
diffusion coefficient. 
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THE INFLUENCE OF CHEMICAL REACTION (NITRATION) ON THE RATE OF 

SURFACE RENEWAL AT A LIQUID-LIQUID INTERFACE 

P.R. Cox and A.N. Strachan 

Department of Chemistry, Loughborough University of Technology, 

Loughborough, Leicestershire, England. 

Abstract The two phase nitration of chlorobenzene has been studied under 

mass transfer control conditions in a stirred reactor and a stirred cell. 

In both cases the fast reaction diffusional regime is observed, in which 

the reaction rate influences the concentration gradient of chlorobenzene in 

the acid phase at the interface, and hence the rate at which chlorobenzene 

is transferred into the acid phase and nitrated. Danckwerts plots yield 

values for the overall mass transfer coefficient of 2•10 x 10-3 and 

2•29 x 10-3 cm/sec for the stirred reactor and stirred cell respectively.

With the stirred reactor, as the reaction rate constant decreases, the 

transition to the slow reaction diffusional regime and then to the kinetic 

regime is observed. However with the stirred cell, the expected levelling 

off of the mass transfer rate with decreasing reaction rate, corresponding 

to the onset of the slow reaction diffusional regime, does not occur. 

Instead the mass transfer rate falls continuously. In the absence of 

chemical reaction, the overall mass transfer coefficient is found to have 

the value 1•73 x 10-4 cm/sec. The conclusion is drawn that, with the stirred

cell, chemical reaction promotes good surface renewal which the agitation 

alone is insufficient to maintain. 

INTRODUCTION 

During the early stages of two phase aromatic nitration, chemical 

reaction occurs almost exclusively in the aqueous acid phase 1. The 

sequence of events is therefore 

(i) transfer of the aromatic from the organic to the acid phase,

(ii) reaction of the aromatic in the acid phase,

(iii) transfer of the nitroproducts from the acid to the organic phase.
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The rate will be mass transfer or kinetically controlled depending upon 

whether (i) or (ii) is the rate controlling step. This in turn depends2 

upon the relative magnitudes of a'k and k2 (HN0 3], where a' is the interfacial 

area per unit volume of the acid phase, k is the overall mass transfer 

coefficient, k2 is the second order nitration rate constant, and (HN03] is 

the concentration of nitric acid in the acid phase. 

The value of a'k for a mechanically agitated liquid-liquid contactor is 

likely to lie in the range 3 x 10-2 - 0•4 sec-1 (ref. 3). With chlorobenzene

in 70•2% H 2S04, k2 = 1•75 x 10-2 1/mol sec (ref. 1), so that when [HN0 3 l 

3•2 x 10-2 mol/1, k2[HN0 3] = 5·6 x 10-4 sec-1• In such circumstances

k2CHN0 3 l should be considerably smaller than a'k and step (ii) should be rate 

controlling. That the rate is kinetically controlled under these conditions 

is verified experimentally.1

However the value of k2 for chlorobenzene increases by a factor of 2•49 

for each 1% increase in the sulphuric acid strength4, so that at higher sul

phuric acid strengths and higher nitric acid concentrations, k2[HN0 3 ] should 

become greater than a'k and step (i) should then become rate controlling. 

It was with the object of verifying this prediction and observing the 

nitration of chlorobenzene under mass transfer control conditions that the 

present investigation was undertaken. Some experiments were carried out 

with a stirred cell since this should have a smaller value of a'k than a 

stirred reactor, thus favouring mass transfer control. A further advantage 

is that a' in a stirred cell is fixed and known. 

EXPERIMENTAL 

Materials Laboratory Reagent grade chlorobenzene was twice distilled, the 

centre cut being retained each time. The final fraction used in the experi

ments had a b.p. of 132-132·5
°

C (lit.5, 132•0
°

C). The sulphuric and nitric

acids were of high purity (British Drug Houses AnalaR grade). The o-, m

and p-nitrochlorobenzenes were of B.D.H. Laboratory Reagent grade and the

hexane of Spectroscopic grade. Aqueous sulphuric acid was prepared by the 

addition of concentrated acid to distilled water, the composition being 

checked by density and volumetric methods. The mixed acid was prepared by 

adding 12•5 ml of aqueous nitric acid (d = 1•42 g/cm 3) to 350 ml of aqueous 

sulphuric acid to produce a solution 0•56 M in nitric acid. The addition 

was performed at 5
°

c to prevent the formation of nitrosyl sulphuric acid.

With the stirred reactor the whole of this mixed acid (362·5 ml) was stirred 
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with 20 ml of chlorobenzene, resulting in a molar ratio of pure nitric acid 

to chlorobenzene of 1•03 : 1 and a volume fraction of dispersed phase of 

0•052. With the stirred cell 170 ml of the mixed acid were stirred with 

20 ml of chlorobenzene resulting in a molar ratio of pure nitric acid to 

chlorobenzene of 0•48 : 1. 

Procedure The stirred reactor, stirred cell and procedure were the same 

as employed previously with toluene6 , 7 except that 25 µl, instead of 20 µl, 

samples of the organic phase were taken and diluted with hexane, to 25 ml 

with the stirred reactor, and to 10 ml with the stirred cell. In both cases 

the absorbances were measured at 340 nm instead of 350 nm, the wavelength 

used with toluene. All runs were carried out at 25°c and at constant 

stirring speed. This was 2500 rev/min for the stirred reactor and 65 rev/min 

for the stirred cell. 

The value of k for the stirred cell in the absence of chemical reaction 

was determined by contacting 20 ml of chlorobenzene with 170 ml of 70•4% 

H2S04 at 25°
c and constant stirring speed. Periodically a 5 ml sample was 

withdrawn from the acid phase, its absorbance A was quickly measured at 265 

nm, and the sample was then returned to the stirred cell. This return of 

the sample ensured that no significant change in either the volume of the 

acid phase or the level of the interface occurred during the run. A plot of 

ln(A�-A) versus time was constructed, A� being the absorbance at infinite 

time. This was linear. The slope was measured and equated with a'k. Hence 

knowing a', k was obtained. 

Conversion factors So that absorbance measurements in the nitration runs 

could be converted into percentage reaction and moles of chlorobenzene 

nitrated, a mixture was made of nitrochlorobenzenes in the ratio ih which 

they are formed in the nitration (35% ortho, 1% meta and 66% para). A series 

of solutions of this mixture and chlorobenzene in varying proportions was 

prepared. Each solution was then diluted with hexane and its absorbance 

measured in exactly the same was as during a stirred reactor run. 

The absorbance was found to increase linearly with mole percentage 

nitrochlorobenzene (i.e. percentage reaction) up to the 20% mark at a rate 

of 0•0205 for each 1% increase. Since 20 ml (0•196 mol) of chlorobenzene 

were present at the start of each run, an absorbance of 0•0205 in a stirred 

reactor run corresponded to 0•00196 mol of chlorobenzene nitrated. Hence 

initial rates in absorbance per minute were converted into moles of 
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chlorobenzene nitrated per litre of the acid phase per second by multiplying 

by a factor of (0•00196/0•0205) x (1000/362•5)/60 = 4•40 x 10-3 in the case

of the stirred reactor and by a factor of 4•40 x 10-3 x (362•5/170) x (10/25)

= 3•75 x 10-3 in the case of the stirred cell.

RESULTS 

At the start of all nitrations the absorbance was found to increase 

linearly with time. With the stirred cell runs this linearity extended over 

the first 5% of the reaction, the range to which measurements were confined. 

With the stirred reactor runs it extended over the first 30% of the reaction. 

Hence in both cases initial reaction rates were readily measured. 

Values of the initial nitration rate, R, for both stirred reactor and 

stirred cell at different strengths of sulphuric acid are listed in Table 1. 

In the first column of the table is the strength of sulphuric acid before 

the addition of the aqueous nitric acid. The second column lists the 

strength corrected for the water added with the nitric acid (i.e. the 

strength of sulphuric acid containing pure nitric acid). 

Also listed in Table 1 are the solubilities of chlorobenzene, [C]
s
, and 

a 
values of the second order nitration rate constant, k2, corresponding to the 

different strengths of sulphuric acid employed, together with the diffusivi

ties of chlorobenzene, D, in the more concentrated acid solutions. The solu

bilities were obtained by interpolation of the data of Deno and Perizzolo8 

after absorbances had been converted into solubilities using the recently 

determined value for the solubility of chlorobenzene in 70•2% sulphuric 

acid 1 . The k2 values were interpolated from the data of Schofield and co

workers
4 via a log10k2 versus % H2S04 plot which is linear. The diffusivi

ties were calculated from a modified Wilke-Chang equation9 by the method

adopted previously to calculate the diffusivities of toluene in mixed acid.6

Plots of R/[C]
s 

versus % H2S04 (or log1ok2) for both stirred reactor
a 

and stirred cell are shown in Fig. 1. 

DISCUSSION 

STIRRED REACTOR Three regimes, similar to those observed with toluene6, 

are discernible in the plot of the stirred reactor data shown in Fig. 1. At 

the highest acid strengths is the fast reaction regime, where the k2 values 

are large enough for the reaction rate to influence the concentration 
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Table 1. Initial reaction rate R at 25°c and constant stirring speed as a 

function of sulphuric acid strength, with (HN03] = 0•56 mol 1-l 

% H2S04 % H2S04 R x  106 (C] s x 103 k
2 D x 107 

a 
as prepared corrected /mol 1-1 sec-1 /mol 1-l /1 mol-l sec-1 /cm2 sec-1

Stirred Reactor (2500 rev/min) 

80•90 80•20 436 2•82 1•68 X 102 7·5 

80·50 79·85 371 2·79 1•19 X 102 7•7 

80•05 79·40 314 2·75 7•94 X 10 7·9 

79·80 79·15 266 2•73 6•30 X 10 8•0 

79•30 78·65 218 2•69 4•08 X 10 8·2 

78·65 78•00 174 2·63 2•24 X 10 8•6 

78•10 77•45 146 2•59 1•38 X 10 8•8 

77•60 76•95 115 2•55 8·71 9·1 

77•00 76•35 110 2•50 5•01 9·4 
76•50 75·85 102 2•47 3•24 9·7 
76,10 75•45 98,9 2•44 2•24 9·9 

75•40 74•80 86°6 2•39 1•23 

75•20 74,60 87•9 2•38 1•02 

74•80 74•20 84•0 2•35 7•24 X 10-l 

73•90 73•30 65•5 2•30 3•16 X 10-l 

72•20 71•60 45•0 2•18 6•76 X 10-2 

70•20 69,60 16,9 2•06 1•10 X 10-2

Stirred Cell (65 rev/min) 

81•0 80•30 5·51 2•84 1•78 X 102 7·5 
80·5 79•85 4.44 2•79 1•19 X 102 7·7 

80•0 79•35 3•60 2•74 7•24 X 10 8•0 

79•1 78•45 2• 57 2·67 3•35 X 10 8·3 

78•4 77•75 1•84 2•61 1•78 X 10 8·7 

77•0 76·35 0•900 2•50 5•01 

75·0 74•40 0•319 2•36 8· 51 X 10-l 
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gradient of chlorobenzene in the acid phase at the interface, and hence the 

rate at which chlorobenzene is transferred into the acid phase and nitrated. 

As the acid strength is lowered and the value of k2 falls, transition occurs 

to.the slow reaction diffusional regime where the rate of mass transfer 

becomes independent of the value of kz and a plateau is reached in the plot 

of R/[C]s versus % H2S04• At still lower acid strengths the nitration rate 

becomes so slow that transition from mass transfer to kinetic control occurs 

and the kinetic regime is entered. 

Transition from fast to slow reaction Over the transition from fast to 

slow reaction, the initial rate, according to Danckwerts' surface renewal 

theory10, should be given by 

R 

Hence 

(1) 

(2) 

A Danckwerts plot of (R/[C]s) 2 versus kz[HN03] is shown in Fig. 2. The slope 
a 

and intercept of the least-squares line through the points yield values of 

2•43 x 10-4 sec;'1and 0•036 sec-1 for a'2D and a'k respectively. Over the

range of sulphuric acid strengths (80•2-77•45%) covered by the points in the 

plot, D varies from 7•5 to 8•8 x 10-7 cm2/sec. Taking a mean value for D of

8•1 x 10-7 cm2/sec, values of 17•3 cm2 /cm 3 and 2•10 x 10-3 cm/sec are

obtained for a' and k respectively. These are of the same order of magnitude 

as those obtained with a dilute solution of toluene in 2,2,4-trimethylpentane7 

and contrast with the anomalous values obtained with pure toluene.6 The

complication of the ionization of the nitric acid becoming the rate limiting 

kinetic step, which is the probable explanation of the pure toluene results
7 , 

does not arise with chlorobenzene owing to the fact that the latter is con

siderably less reactive towards nitronium ions than is toluene. 

Transition from mass transfer to kinetic control 

mass transfer to kinetic control 

Over the transition from 

R a1k ([C]
s 

- [C] ) 
a a 

where [C]a is the steady state concentration of chlorobenzene in the acid

phase. Elimination of [C]a leads to 
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R (4) 

Hence 1/a'k ( 5) 

Values of [C]
s

/R and l/k2 [HN03 ] and of the difference between them, 1/a'k, 
a 

for the five runs in the transition region are listed in Table 2. It will 

be .seen that 1/ a I k remains constant within experimental error. The average 

value of 25•6 sec leads to a value of 0•039 sec-1 for a'k in reasonable

agreement with the value of 0•036 sec-1 obtained from the Danckwerts plot.

Table 2. Values of various quantities over the transition from mass 

transfer to kinetic control 

% H2 S01; [C] 8/R 
a 

l/k2 [ HNO 3] 1/a'k 

corrected /sec /sec /sec 

74·8 27·6 1•6 26•0 

74•6 27•1 1·8 25·3 

74·2 28•0 2·5 25·5 

73·3 35•1 5·7 29•4 

71•6 48·4 26•4 22·0 

STIRRED CELL 

Fast reaction regime It will be seen from the plot of the stirred cell 

data in Fig, l that, at the highest acid strengths corresponding to the fast 

reaction regime, the rates with the stirred cell follow a similar trend to 

those with the stirred reactor. A Danckwerts plot of the data in this 

region is shown in Fig. 2. The slope and intercept of the least-squares 

line through the points yield ValUeS Of 3•55 X 10-S Sec
1
and 4,63 X 10-1; SeC-l 

for a 12D and a'k respectively. The dimensions of the cell and the volume of 

the acid phase give a' the value 0•202 cm2 /cm 3 . Hence D must have the value 

8,7 x 10-7 cm2 /sec, in very good agreement with the calculated values of D

(Table 1) which range from 7·5 to 8•7 x 10-7 cm /sec over the range of 

sulphuric acid strengths (80•3-77•75%) covered by the points in the Danck

werts plot. Similarly the known value of a' means that k must have the value 

2•29 x 10-3 cm/sec which agrees well with the value of 2•10 x 10-3 cm/sec

obtained with the stirred reactor. 
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Slow reaction diffusional regime Transition from fast to slow reaction 

occurs when k2[HN03] becomes less than k2 /D. The Danckwerts plots indicate

that k2 /D does not change significantly between stirred reactor and stirred 

cell. Since the same concentration of nitric acid was used in both systems 

and k2 depends solely on the sulphuric acid strength, the transition to the 

slow reaction diffusional regime would be expected to occur with the stirred 

cell at about the same strength of sulphuric acid(� 76%) as it does with the 

stirred reactor. The transition should lead to R/[C]
s 

becoming constant and 
a 

equal to a 1 k, which from the Danckwerts plot has the value 4•63 x 10-4 
sec-1. 

Furthermore this plateau in R/[C]
s 

corresponding to the slow reaction
a 

diffusional regime would be expected to extend much further than with the 

stirred reactor since transition to the kinetic regime will not occur until 

kz[HN03J becomes less than a'k. Since a'k for the stirred cell is some 80 

times smaller than for the stirred reactor, transition to the kinetic regime 

is not expected until sulphuric acid strengths below the 70% mark are 

reached. 

The broken curve in Fig. 1 shows the stirred cell behaviour which might 

have been expected on the basis of the data obtained from the Danckwerts 

plot. Figure 1 also shows quite clearly that this behaviour is not in fact 

followed. The value of R/[C]
s 

falls continuously as the sulphuric acid

strength is lowered, and no plateau is ever reached. 

Since a' is fixed, the only possible explanation for this phenomenon is 

that the value of k falls as the rate of chemical reaction decreases. To 

provide confirmation of this explanation, the value of k was measured in the 

absence of chemical reaction and found to be 1•73 x 10-4 cm/sec i.e. more

than 10 times lower than the value of 2•29 x 10-3 cm/sec obtained from the 

Danckwerts plot. An exactly similar behaviour is observed with toluene11 • 

It is clear that with the stirred cell, chemical reaction promotes good 

surface renewal which the agitation alone (Re � 500) is insufficient to 

maintain. As the reaction rate falls the interface becomes increasingly 

stagnant and the value of k decreases. 

Hence care should be exercised when values of k or a'k determined by the 

fast chemical reaction method12, 13 are used in the design of solvent

extractors. 
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A 

A 

NOTATION 

absorbance 

absorbance at infinite time 
"' 

a' interfacial area per unit volume of the acid phase, cm-1

steady state concentration of chlorobenzene in the acid phase, 

mol/1 

[ C] 

saturation concentration of chlorobenzene in the acid phase, mol/1 

diffusivity of chlorobenzene in the acid phase, cm2/sec 

density, g/cm3 

concentration of nitric acid in the acid phase, mol/1 

overall mass transfer coefficient, cm/sec 

second order nitration rate constant, 1/mol sec 

length (tip-to-tip) of stirrer blade, m 

stirring speed, rev/sec 

Re 

initial reaction rate, mol/1 sec 

Reynolds number(= L2N/v) 

kinematic viscosity, m2/sec V 
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Fig. 1. Values of the initial reaction rate R divided by the saturation 

concentration of chlorobenzene in the acid phase [C]
s 

at 25
°

c, for both 
a 

stirred reactor and stirred cell, as a function of sulphuric acid strength. 
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Fig. 2. Danckwerts plots of (R/[C]
s

) 2 versus k2 [HN03] for stirred reactor
a 

and stirred cell, 
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Transfer of Metal Nitrates 

between Aqueous Nitrate Media and Neutral Orqano

phosphorus Extractants 

L. Farbu•, H .• A.C. McKay, A.G. Wain,
Atomic Energy Resear·ch Est-,blishment, Harwell, U.K. 

Abstract 

The rate of transfer of uranyl nitrate between an aqueous continuum and 
rising droplets of tri-n-butyl phosphate (TBP) or tri-n-octyl phosphine 
oxide (TOPO) )in Odourless Kerosene (OK), has been determined. Results have 
also been obtained for yttrium nitrate and TOPO/OK. All solutes were at low

concentrations. 

All the transfer rates measured were found to be of first order in the 
metal concentrations. In the uranyl nitrate/TBP case, the continuum-.> drops 
rate constant (k') varied as [TBP]2, while the drops+ continuum rate
constant (kl was independent of [TBP]. The rate-determining step therefore 
involves formation or break-up of U02(N03)2.2TBP. In the uranyl nitrate/TOPO 
case there is a more complicated state of affairs, with k' varying relatively 
slowly with [TOPO], and k also depending on (TOPO]; it is suggested that the 
transfer is diffusion-controlled. In the yttrium nitrate/TOPO case the few 
results obtained suggest an intermediate state of affairs. 

INTRODUCTION 

The purpose of this investigation was to study mass transfer between an 
aqueous and an organic phase under constant hydrodynamic conditions. By 
eliminating hydrodynamic variability it was hoped to obtain a better insight 
into the transfer process itself. 

To this end systems consisting mainly of water and an organic solvent 
(diluent) were used, all solute concentrations being kept as low as practi
cable, so as not to modify the viscosities, interfacial tension etc. more than 
could be helped. The transferring species itself was at an essentially trace 
concentration, and all other species were at equilibrium between the phases; 
material flow between the phases was therefore minimal and unlikely to affect 
the configurations of the phases. 

The systems selected consisted of an aqueous nitrate medium and either tri
n-butyl phosphate (TBP) or tri-n-octyl phosphine oxide (TOPO) in Odourless 
Kerosene (OK), with uranyl nitrate and, in a few experiments, yttrium nitrate, 
as the transferring species. The metal concentration was always low in 
comparison with the extractant concentration; in the transfer experiments, a 
maximum of 3% of the extractant was complexed with metal, and in most cases 
<1%. 

The U02(N03l2/HN03/TBP/diluent system has already been studied by several 
authors (1-7). TOPO was the initial choice in the present work because it is 
a very powerful extractant and can ther·efore be used at very low concentrations 
in the diluent, but in view of the unexpected results obtained, TBP was later 
included for comparison. 

The rising-drop technique was employed essentially as described in (1,7] 
and elsewhere. Drople�s-of organic phase emerge from a jet, travel upwards 
through a column of aqueous phase and are collected in a capillary at the top 
of the column. Either phase may be loaded with metal (uranium or yttrium), 

• Present address, Department of Chemistry, University of Oslo, Oslo 3, Non.ray.
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the other phase being barren initially, so that metal transfer can be observed 
jn either direction. The aim is to determine the transfer to or from a freely 
and steadily rising dr·op, so effects occurring in the early stages of a drop's 
career (end-effects) must be eliminated. This can be done straightforwardly by 
varying the length of column; the alternative variable throughput method used 
in (7) seems to, us of doubtful validity, for reasons given be.low. 

An essential feature of the rising-drop method, not hitherto emphasised, 
is a sensibly constant concentration of the transferring species in the con
tinuous phase, as the experiment· proceeds. If transfer to or from the droplets 
were to cause appreciable concentration changes in .the continuous phase, these 
would vary in an uncertain manner along the length of the column (which is 
not stirred) with incalculable effects on the results. 

The results so far obtained are limited in scope, but very suggestive. A 
full interpretation must await more extensive data. 

EXPERIMENTAL 

Materials 

TBP obtained from Albright and Wilson was purified as described by Alcock 
et al.[B). TOPO (Societe Nationale de Poudres et Explosives, Paris) was 
�urified by multistage acid (6M HCl at 40°C) and alkaline (5% Na2co3) washes
of a 0.1M TOP0 solution in benzene (9). Finally the TOPO solution was successively 
treated with charcoal and activated alumina and the benzene evaporated off under 
reduced pressure. Odourless Kerosene (Shell Chemicals Ltd.) was washed several

times with 5% sodium carbonate and with distilled water before use. 

Nitric acid, sodium nitrate and uranyl nitrate were of AnalaR grade. 

232u, produced by irradiating 231Pa, was purified from daughter products
by anion exchange in hydrochloric acid solution. The radiochemical purity was 

verified by alpha pulse analysis. 90y was obtained from the Radiochemical 
Centre, Amersham. 

Distribution Measurements 

Equilibrium distribution measurements were made by stirring together equal 
volumes of organic and aqueous phases in a centrifuge tube for 5 minutes at 
21°c. The phases were then centrifuged, separated and analysed. 

Rate of Transfer Measurements 

The apparatus used for the rising-drop studies was similar to those des
cribed in the literature, e.g. in (1,7 � A stainless steel jet (hypodermic 
needle) was used in place of a glass capillary. The capacity of the column was 

large enough (1.8 cm diam.) to maintain the concentration of the continuous 
phase essentially constant during an experiment. Provision was made for 
varying the length of the column by changing the central section. Six lengths 
between 15 cm and 130 cm were normally used. 

The drop size was obtained from the number of drops and the volume of 
liquid passed. The mean drop sizes were 0.007 + 0.001 ml and 0.009 + 0.001 ml 
for the TBP and TOPO experiments respectively. -The area for mass trinsfer 
was calculated from the drop volume, assuming the drops to be perfect spheres. 
Time of contact between the drop and the continuous phase was determined by 
means of a stopwatch. 

The procedure for eliminating end-effects is discussed below. Essentially 
it consists in relying on differences between measurements at different column 
lengths. 
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No temperature control was attempted; the ambient temperature varied 
between 20 and 23

°c. 

Analysis 

Uranium concentrations in drop samples were measured colorimetrically 
using dibenzoylmethane (10). 90y was determined by gamna scintillation 
counting of 1 ml liquid samples and 232u by alpha scintillation counting 
after evaporating a suitable aliquot on a stainless steel planchet. 

TREATMENT OF THE RESULTS 

Pseudo-first-order Rate Theory 

Let V = volume of phase, C = concentration of transferring metal, A =  
area of contact between phases, and let a prime distinguish one of the phases. 
Treating the net transfer as the difference between transfer at a rate lcAC

from the unprimed phase and lc'AC' from the primed phase (pseudo-first-order 
kinetics), we obtain 

kACdt - k'AC'dt - VdC V'dC'. (1) 

Here it has been tacitly assumed that the bulk phases are of uniform composi
tion, i.e. well mixed, so that there is no ambiguity in the meaning of C and 
C' • 

In the rising drop method we shall assume that eq. (1) applies throughout 
the life of a drop, except for the initial stages. The measurements give C 
(droplet phase) as a function of t, and since C is measured after mixing, VdC 
gives a true measure of the net transfer, as required in eq. (1). C' (contin
uous phase) is maintained sensibly constant, as already noted, so there is no 
ambiguity about the k'AC'dt term, while the V'dC' term, which is subject to 
ambiguity, is not required for the subsequent argument. Thereremains the lcACdt 
term, which assumes good mixing throughout the drop as it rises through the 
column. We may treat this as a hypothesis to be tested. 

Eq. (1) without the V'dC' term integrates to 

ln(lcC - le 'C') constant - lcAt/V. (2) 

In the particular case of loaded drops and a barren continuum (C' • 0) it 
becomes 

lnC constant - lcAt/V. (3) 

Ultimately, with an indefinitely long column, C will reach an equilibrium 
value, Ce, equal to DC', where Dis the distribution coefficient. Provided 

eq. (1) still holds, with no change in the value of Jc, we have 

D lc'/lc. (4) 

This enables us to calculate le from le' and vice versa, and to express eq. (2) 
in the form 

ln(C - C)e constant - lcAt/V. (5) 

Eq. (5) can be used when barren drops are passed into a loaded continuum. The 
validity of (4) and (5) may depend on Ce, as well as all the C's, being low 
in comparison with the extractant concentration; in fact the highest value of 
Ce used corresponded to combination with only 1� of the extractant. 
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Examples of the application of eq. (3) and (5) to the experimental 
results are given in Fig. 1. The results for each run were interpolated so as 
to refer to constant throughput of the droplet phase, but this introduced very 
little uncertainty. It will be seen that satisfactory straight lines were 
obtained, from whose slopes k-values could be calculated. This tends to 
confirm the assumptions on which the equations are based, in particular pseudo
first-order kinetics and good mixing in the organic phase. (Further confirma
tion of the kinetics is given below.) 

Elimination of End-Effects 

There are end-effects at the bottom of the column in the formation of the 
drops, and at the top of the column where the drops are collected. The former 

should be essentially independent of column length, and their effects can 
therefore be eliminated by comparing different column lengths. All that is 
necessary is to use eq. (3) or (5), as the case may be, without attempting to 
extrapolate to t =  o. (In Fig. 1 it will indeed be noted that the intercepts 
of the lines on the vertical axis at t = 0 differ from log Cfeed = -3.73 in 
the case of eq. (3), and from log Ce = -3.55 in the case of eq. (5). The 
deviations are measures of the end-effects.) 

At the top end of the column there will be some additional transfer of 
material at the interface where the drops are collected. The effect is most 
simply regarded as an additional but unknown period of contact between the 
drops and the continuum. It therefore involves a displacement of the lines 
in Fig. 1 along the t-axis, but does not effect the slopes, from which the 
k-values are calculated.

We conclude that the use of eq. (3) or (5), avoiding the vicinity of t •  O, 
eliminates end-effects. 

A further complication is a slight variation in the C-values when the 
throughput of the droplet phase, i.e. the number of drops per unit time, is 
varied. ·However, we found that, provided eq. (3) or (5) was applied under 
conditions of constant throughput, the k-values were essentially independent 
of throughput. 

Nitsch (11] attempted to eliminate end-effects in the continuum� drops 
case by plotting his C-values against 1/throughput and extrapolating to zero 
throughput. The extrapolated values are quite well-defined in this procedure, 
because the plots are nearly linear and of low slope. The argument is that at 
high throughputs the formation and removal times of the drops at the ends of 
the column tend towards zero, so end-effects become vanishingly small. Against 
this it can be contended that the amount of turbulence and other disturbances 
increase with throughput, which vitiates the argument. In our experiments 
insertion of the extrapolated C-values into eq. (5) still did not give lines 
with the expected intercepts at t = O, indicating that end-effects were still 
present. 

Baumgartner and Finsterwalder (7] followed Nitsch's procedure in their 
study of the U02(N03)2/HN03/TBP/diluent system, ascribing the observed curva
ture of the Cextrapolated,t-curves in the vicinity of t =  0 to the kinetics 
of the transfer process, rather than to end-effects. They therefore took the 
initial slope at t = 0 as a measure of k'. In our experience the initial slopes 
cannot be determined with any certainty from the data, and in any case we believe

they are considerably affected by end-effects. 

Unfortunately Baumgartner and Finsterwalder give insufficient information 
to assess the errors that �ight have been introduced by their, in our view, 
faulty method of interpretation. We attempted to estimate the errors by 
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measurements on a system similar to one of theirs, viz. a 0.01M U02(N03l2/ 
3M HN03 aqueous continuum and 20¼ TBP/OK droplets pre-equilibrated with 3M 
HN03. From eq. (5) we obtained k' = 6B µm/sec, whereas the initial slope 
corresponded to roughly k' = 130 µm/sec, compared with k' = 110 µm/sec in ref. 
[7] (with dodecane diluent). While there is approximate agreement, it appears

that the values in ref. (7] may be about double the true values. Moreover

the errors may well differ according to the conditions.

RESULTS AND DISCUSSION 

Transfer of Uranyl Nitrate using TBP 

The variation of D and k' with [TBP] for a constant aqueous phase is
shown in Fig. 2. Attention is drawn to the following features: 

(1) The k'-values refer to different uranium concentrations, and for
0.2M TBP a direct comparison was made between 0.39mM U (k' = 9.6 µm/sec) 
and 2 .1mM U (k' = 8.8 µm/sec). The fact that all the points lie on the same 
line confirms the assumption of a first-order variation of rate with uranium 
concentration. 

(2) The k'-values calculated from k-values (i.e. from rate constants for
the reverse transfer) by means of eq. (4) fall on the same lines as those 
determined directly. This demonstrates that the pseudo-first-order rate 
equations provide a consistent interpretation of the experimental results. 

(3) D and k' both vary as (TBPJ 2, while k is independent of [TBP]. So
far as the D-values are concerned, this result is expected from the well

known fact that a di-solvate, U02(N03)2.2TBP, is formed. The laws fork' and
k indicate that the rate-determining step in the transfer process is the forma

tion or break-up of the di-solvate. 

The absolute values of k' are of the same order of magnitude as those 
published by other authors. Exact comparisons are not generally possible, 
owing to differences in conditions. Nevertheless there is a remarkable measure 
of agreement, even when quite different methods have been used. The following 
values all refer to ca. 20% TSP/diluent and a 0.1 - 3M HN03 aqueous phase at 
ambient temperature: 

k' (µm/sec) Method Ref 

ca. 30• Rising organic drops [ 1] 
60-120+ Stirred cell [ 4] 

55 U exchange in stirred cell [ 5] 
58-69 Falling aqueous drops [ 6] 
110� Rising organic drops [ 7] 

68 Rising organic drops This work 

• Early, rough figure
+ Depending on stirring speed etc.
� Overestimated from results, see text.

Hahn's technique [3] with unstirred bulk phases, on the other hand, led in 
effect to a study of self-diffusion, and his transfer rates are not comparable. 

Trans fer of Ur,rnyl Nitrate using TOPO 

The variation of D and k' with [TOPO] for two constant aqueous phases is 
shown in Fig. 3. The following table gives k'-values for 0.01 M HN03/0.99M
·NaN03/0.05M TOPO, and demonstrates that the transfer is of first order in the
uranium concentration:
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(mM) 0.042 0.082 0.164 

k' ( µm/sec) 49 53 55 

Direct measurements of k were not possible in this system on account of the

high D-values. 

FJ,t;. 3 presents a marked contrast to Fig. 2: 

(1) The D-values vary approximately as [TOP0] 2 •
7

, suggesting a tri
solvate as the principal species. Indications of a higher solvate than the 
di-solvate were obtained by Heyn and Soman [12 ], who found D" [TOPo]2.2.

(2) The k'-values vary much more slowly with (extractant] than in the
TSP case. If eq. (4) is applicable, this implies that k, so far from being 
independent of [TOPO), varies more rapidly than does k'. 

(3) A comparison between TOPO and TSP for 0.01M HN03/0.99M NaN03/0.01M
extractant is given in the table at the end of the paper, from which it can be 
seen that the powerful extraction by TOPO compared with TSP is due to a 
combination of faster transfer into the solvent and slower transfer out of 
the sol vent. 

It seems clear from the k'-curves in Fig. 3, that formation and break
up of solvate(s) cannot be the rate-determining step in the transfer under 
the conditions in question. It may be speculated that some diffusion 
process is involved. 

Fig. 3 gives results at two nitrate ion concentrations, and the effect 
of varying [N03] on D and k' at constant [TOPO] is shown in Fig. 4. If the 
activity coefficient results in [131 are introduced, it can be shown that the 
residual variation of Din Fig. 4 is roughly as (N03]2, as expected. The 
k '-values, however, vary approximately as (N03}0•6 (without introduction of 
activity coefficients). Attention is also drawn to the fact that the ratio 
between the k'-values at the two nitrate concentrations varies with the TOPO 
concentration. 

Transfer of Yttrium Nitrate using TOPO 

The variation of D and k' with [TOPO] with a constant aqueous phase is 
given in Fig. 5, with values fork' for the uranium case from Fig. 3 for 
comparison. D varies as [TOP0]2•7 indicating predominantly a tri-solvate,
as expected, while k' varies as [TOPOJ 2• The situation thus appears to be
intermediate between those for the two uranium systems, and the intermediate 
value of k' agrees with this view. It may be supposed that both the 
chemical reaction rate and diffusion affect the transfer rate. 

U/TBP System (1) 

D 0.0013 
k' (µm/sec) 0.026 
k '/D(µm/sec) • 20 

U/TOPO Y /TOPO Ratio 

(2) (3) (2): (1) (2): (3) 

3100 0.13 1.4 X 
33 1.7 1.3 X 

0.0106 13 5.3 X 

•If eq. (4) holds, k'/D k
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DILUENTS AND MODIFIERS - THEIR EFFECT 

ON MASS TRANSFER AND SEPARATION 

by 

G.M. Ritcey* and B.H. Lucas**

ABSTRACT 

The diluents as well as the modifiers chosen for mixing 
with the extractant can have an important bearing on the solvent 
mixture. The physical properties of the system with regard to 
dispersion and coalescence, as well as the extraction and separ
ation of metals can often be related to the selection of the 
diluent and modifier. Properties such as dielectric constant, 
polarity, aromaticity, and solubility parameters of diluents are 
discussed. Increase in polarity or dielectric constant are shown 
to adversely affect extractability. Also the concentration of 
aromatics, paraffins, or naphthenes in the diluent, as well as 
the solubility parameter, influence the extractability and separ
ation of metals more in some systems than in other systems. The 
influence of the modifier in the process does not appear to 
follow any defined pattern, and therefore evaluation is required 
before a choice is made. Proper selection of the diluent and 
modifier can affect the kinetics and equilibrium, and therefore 
equipment type, stages required and the capital cost of equipment 
and solvent inventory. 

*Research Scientist, and Head, Solution Treatment Section, Extraction
Metallurgy Division, Mines Branch, Ottawa.

**Research Scientist, Solution Treatment Section, Extraction Metallurgy 
Division, Mines Branch, Ottawa. 
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INTRODUCTION 

Although there have been numerous articles written, and 

numerous researches undertaken on evaluation of the most suitable 

extractant for a particular process, comparatively very little 

attention has been directed towards optimizing the solvent extrac

tion process with respect to the diluent and modifier. Proper 

selection of the diluent and modifier can be almost as important 

as selecting the extractant, and, because of the effects on phase 

disengagement the diluent and modifier can exhibit, the economics 

of a process can be seriously affected. Early plants for the 

extraction of uranium assumed a local supply of kerosene was sat

isfactory. In the case of the Eldorado Nuclear operation at 

Port Radium, N.W.T., the initial diluent was a local kerosene 

from Norman Wells, known as Arctic Diesel. (l) Later the diluent 

was changed to JP4 jet fuel in order to improve phase disengagement, 

but this diluent had a low flash point and was not used in succeeding 

plants because of the possible fire hazard. The diluent was also 

usually considered to have no effect on the extraction character

istics, and was therefore "inert" to the process. This was also 

the case with the modifiers. With the development of the copper 

plants also came a new diluent, Napoleum 470, produced by Kerr McGee, 

an aliphatic, high, narrow boiling range fraction which was put 

to use in both copper and uranium plants. Since then, with the 

more critical evaluation of diluents as related to performance 

and the consequent economics, much information is available, as 

well as possible diluents for the solvent extraction process. 

Investigators have found that not only are diluents and modifiers 

2438 



not "inert" to the solvent extraction process, but that they can 

play a very substantial role in determining the. success of an 

operation. 

Several ideas have been advanced to correlate extraction 

coefficients and physical properties of <liluents. For example, 

the salvation ability of the diluent has been suggested as the 

reason for increasing positive deviations from the ideal partition 

law with aliphatic diluents rather than with aromatic diluents. <2>

Another approach is that taken by Taube, (J) who suggests that the 

complex-solvent dipole interaction is the cause. Thus since non

polar hydrocarbons do not have a particular ordered structure, 

extraction into these liquids takes place more readily than into 

a completely or more ordered structure, as is found in more polar 

diluents. According to Rozen, no correlation exists between the 

dielectric constant and extraction. (4)

Another particular important aspect of diluent effects 

is that of third-phase formation. (2) Third phases are generally

of a density intermediate between that of the aqueous phase and 

of the solvent phase, the results of the effect or influence of 

the diluent on the heterogeneous equilibria associated with the 

system. The phenomenon of third-phase formation has been noted, 

particularly in the case of the extraction of uranium, (S) 

although it is a fairly common occurrence in liquid-liquid 

extraction systems, (6)

Formation of two organic phases is considered to be 

the result of the limited solubility of a metal-extractant 
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species in a non-polar hydrocarbon diluent. This conclusion 

is drawn because, in almost all cases of third-phase formation, 

one of the two organic phases is the pure - or almost pure -

diluent. The make-up of a second organic phase is not necessar

ily of constant composition. 

Third-phase formation is particularly evident in 

systems employing aliphatic amines and DEHPA. 
(?, B) 

From tne 

many investigations into this phenomenon, several conclusions 

may be drawn: (i) third-phase formation is temperature dependent;

increasing the temperature will usually result in the disappear

ance of the third phase; (ii) appearance of a second organic 

phase is more likely to occur when using an aliphatic diluent; 

(iii) for the case of amine extractants, the tendency for third

phase formation with different anions is in the order nitrate< 

chloride<sulphate. A similar tendency is observed with DEHPA 

as the extractant. 

Another effect of diluent on the formation of two 

organic phases is illustrated by the system TBP-diluent-HCl. The 

TBP concentration required for formation of a third-phase decreases 

as the molecular weight of the di luent (aliphatic) increases for 

a fixed hydrochloric acid concentration. 
(9) 

Diluents have been shown to have a synergistic effect 

on the extraction of metal ions. Thus, for example, the 

extraction coefficient of some metal ions is greater in carbon 

tetrachloride than in chloroform, being the result of an inter

action of the chloroform (the more polar liquid) with the neutral 

liquid. 
(S, lO) 

Further, the synergistic effect of the diluent 

2440 



in the extraction of promethium and americium thenoyltri

fluoroacetone complexes with TBP has been demonstrated. (! l, l2)

This paper described investigations carried 

out in an attempt to relate a property or properties of diluents 

and modifiers with the extraction and separation of metals, 

while at the same time not forgetting the important aspect of 

phase separation. 

DILUENTS 

The term diluent refers to the organic liquid in which 

the active reagent (extractant) and modifier are dissolved to 

form the solvent. In the majority of cases, the diluent makes 

up the major portion of the solvent solution. 

Generally, the requirements of a diluent are that it 

be inert with respect to the extractant, modifier and aqueous 

phase, and be insoluble in the aqueous phase. Naturally, the 

extractant and modifier must be very soluble in the diluent. 

A diluent may not be necessary in the solvent make-up. 

This situation can occur with the use of TBP, and also in many 

analytical separations whEre the metal ion is complexed with a 

reagent in the aqueous phase and the complex extracted into an 

organic phase composed only of a suitable inert liquid such as 

carbon tetrachloride or toluene. Diluents are necessary when 

the extractant is a solid. One example of this situation is 

tri-octylphosphine oxide (TOPO) which is a solid, and is usually 

dissolved in cyclohexane or similar organic reagent. 
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'l'here are many inert organic liquids available commer

cially for use as diluents in the solvent extraction process. 

These range from (�ssentially) completely aliphatic to completely 

aromatic. Some of the more common diluents that were exal!lined 

in the present investigation are listed in Table 1, together 

with some of their physical properties. 

The choice of a diluent cannot readily be predicted. 

Usually a diluent is selected after experimental work has been 

carried out on several of the more likely ones, It must be 

pointed out that a diluent cannot be assumed not to enter into 

the mechanism of solvent extraction. In some cases this is to 

be avoided; in others the diluent can assist in the extraction. 

In many cases the enhancement or otherwise of the extraction by 

a diluent is the result of some "impurity" in the diluent, which

for one reason or another cannot be isolated. For example, a 

small amount of an aromatic compound in an aliphatic diluent may 

aid in the extraction of a particular metal species, while a 

sample of the pure aliphatic liquid may provide substantially 

lower extraction characteristics. It is preferable, therefore, 

in bench-scale tests to use the commercial diluent which would 

be used in pilot-plant test work, rather than the pure (reagent 

grade) diluent. This practice is suggested for all bench-scale 

work. 

Flash Point 

In considering the diluents which may be applicable 

to a particular process, the solubility in the aqueous solution 

and the flash point are important. Early work on the liquid-
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N 
.I>, 
.I>, 
w 

DILUENT 

ISOPAR L (A.) 
I SOP AR E (A) 
I SOPAR M (A) 

NoRPAR 12 (A)* 
Esso LoPs (A) 
DX3641 (A) 
SHELL 14o<s)

flAPOLE UM 470 (c) 
EscAID noCA) 
SHELL -LI VS STOCK 

SPRAY (a) 
MENroR 29CA> 
SHE LL PARABASE (B) 
EscAID l�O (Al
NS-144 (A 
NS-148D (A) 
SOLVESSO 1oo <A) 
SOLVEss1 po (A) 

XYLENE A 
HAN (A) 
(YCLOHEXANE (E) 
(HEVRON 40L (o) 
(HEVRON 370(D) 
CHEVRml 41& (o) 
CH: VRON 3 ) 
(HC: VRON 425 (o) 
CHEVRON LDS (o) 
CHEVRON 25 (o) 

(Al Esso OR ExxoN 

FLASH 
PT. (

°F) 

144 
<45 
172 
156 
152 
135 

141 
175 
168 

270 
280 
210 
168 
140 
160 
112 
151 
80 

105 

141 
127 

154 
145 
142 
130 
115 

(a) SHELL

TABLE 1

CQ�1E8CIALLY 8�8ILABLE QILUENIS USEQ rn BEeQBI 

COMPONENT ANALYSIS SP.GR, B.PT. KP,URI SOLUBILITY VISCOSITY 
AROMATIC PARAFFIN NAPHTHENES 20°C OF BUTANOL PARAMETER AT 25°C 

0.3 92.7 7.0 0.767 373 27 7.2 1.60 
0.05 99,94 0.723 240 29 7.1 
0.3 79, 9 19.7 0. 782 405 27 7,3 3','14 
0,6 97.9 1.1 0.751 384 1.68 
2.7 51.8 45.4 0.796 383 2.3 
6.0 45 49 0.793 361 33,6 7.7 1.165 
6,0 45 49 0.735 364 32 

11.7 48,6 39.7 0,811 410 33 2.10 
2.4 39, 9 57.7 0,808 380 2,51 

15 48 37 0.819 512 
15 48 37 0.800 500 

0.788 428 
20 56.6 23.11 0.790 376 1,78 
J6 42 42 

4.5 35.6 43 30.9 1,603 
98,9 1.1 0,876 315 92 8,8 

97.0 3.0 0.895 370 90 8,7 1.198 
99.7 0,3 0,870 281 98 8,9 0.62 
88.5 4,1 6,8 0, 933 357 105 8.9 1,975 

100 8,2 
78 0.886 360 76 
0 0.758 346 27 

69 0,893 366 73 
98 O, OOQ 360 no 

2 0.787 360 26 
0 0.779 350 33 

99 0,875 316 94 

Cc) KE�R-1'.cGEE (D) (HEVRON (E) OTHERS * Now Escaid 200



liquid extraction of Uranium using a long chain tertiary amine (l) 

employed kerosene jet fuel, such as Esso JP-4 or BA T-2, as the 

diluent. This had a very low flash-point 1:32° F) and presented 

a potentially hazardous .ystem. Today, diluents having much 

higher flash-points are used. 

The effect of extractant and diluent on the flash 

point of the solvent mixture is shown below. Also included are 

the flash points of stripped and equilibrated solvent. 

Shell 140 Flash 

50 vol 
(fresh 

50 vol 
(used, 

% TBP in 
mixture, 

% TBP in 
stripped 

Naphtha 

Shell 140 
non equil) 

Shell 140 
solvent) 

50 vol % TBP in Shell 140 
(used, equil, with HNO3) 

* 

** 

TAG closed cup test. 

TAG open cup test. 

Polar Nature 

Flash Point OF 

TCC* TOC** 

139 153 

FN 
146 169 

FN 
168,164 

FN 
176,178 

In the extraction of rare earths with Aliquat 336, 1131

there was noted a decrease in the extraction of the metals with 

an increase in the polar nature of the diluent. Also the 

separation factor for La/Pr was decreased as the polar nature 

increased. These results are shown in Table 2. 
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TABLE 2 

Influence of Polar Nature of Diluent on the Extraction of 

Rare Earths using Aliquat 336 

Diluent Polar Extraction, % SeE· Factor, La/Pr 
Nature 

Toluene 27 2,7 

Xylene 
tr> 

24 2.8 

Octane 
·.-J 

18 2.0 

Stand. Mineral 
Spirit u 18 2.6 

·.-J 

Ethyl ether 14 1. 6

MIBK 9 1. 2

Butyl acetate 4 1. 4

Similar effects are shown in the extraction of americium 

with mixtures of l-phenyl-3-methyl-4-benzoyl-pyrazolon-5 and TBP 

from nitrate solution. (l4 ) The extraction constants decrease

with increasing polar nature of the diluent. 

Influence of diluent on the extraction of molecules 

or anions such as HzO, (lS) FeCl 4-(lG) ZnC1 4
2 -, (l7 ) HC1 2 -(l5)

with tertiary amines indicates that the influence is similar 

irrespective of the species, namely 

cyclohexane - o-xylene > toluene > benzene 

>> chlorobenzene >> carbon tetrachloride

chloroform (l7) >>> 
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One conclusion which may be drawn is that the diluent 

affects the salvation of the extractant and hence its extractive 

properties. 

Interaction of the diluent with the extractant can 

result in low�r extraction coefficients for metal ions. Thus 

the formation of an extractant-diluent species in the organic 

phase produces a lower concentration of the "free extractant", 

with a consequent decrease in extraction coefficient. (lB)

Dielectric Constant Effect 

Although most of the normal diluents that would be 

considered for use in solvent extraction processing are of the 

kerosene-type materials, and having a dielectric constant in 

the range of 2-3, nevertheless there is always the possibility 

of using a diluent with a higher dielectric constant. 

In Table 3 is shown a comparison of the extraction 

coefficients, E, with various diluents in an alkylphosphoric 

acid extraction of uranium. Kerosene was the best of those 

tested, that is, the diluent with the lowest dielectric constant 

resulted in the highest extraction. (l9) Similar effects were

shown for the system TBP-ll::10 3 -Am. (l6)
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TABLE 3 

URANIUM EXTRACTION AS A FUNCTION OF THE DIELECTRIC CONSTANT (lg) 

Aqueous phase: 0.5 M SO 4 -, pH 1.0, 0.004 M U(VI) initially 

Organic phase: 0.1 M reagent in indicated diluent 

Aqueous/organic phase ratio = 1/1, temperature = 25°c

Dielectric Extraction coefficient, E 
constant 

Diluent D EHPA DDPA HDPA 

Kerosene 2 135 650 550 

Carbon tetrachloride 2,2 17 

Benzene 2.3 13 

Chloroform 5.1 8 

2-Ethylhexanol 0,1 

A.K. De (20) compared the dielectric constants of various

diluents and the effect on the extraction of various metals with 

a high molecular weight carboxylic acid, SRS-100 (Shell Chemicals) . 

The results indicated that diluents such as benzene having low 

dielectric constants show high extraction, whereas diluents with 

higher dielectric constants, such as butanol and diisopropyl ether, 

reduce the extraction. 

However, in the work, the effect of change of the dielec

tric constant in the range 2-4, on the extractability was not noted 

for all the metals. For example, Fe 3+
, Pb 2 +

, Ca 2+
, Sr 2+

, Ba 2+
, 

Mg 2+ , and Pd 2+ 
were unchanged. Zn 2+ 

and Hg 2+ 
only decreased in 

extraction at the highest dielectric constant of butanol (16.1). 

Also the results indicated a decrease in extractability of Fe 2+
,

Co2+ , Ni2+
, and Mn 2+ occurring with increase in the dielectric
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constant to 16.1. The extraction of Cu 2+ decreased only at the 

highest dielectric constant. 

In Figure 1 (2l) are shown some other results obtained

by varying the dielectric constant of the diluent in the separa

tion of cobalt and nickel. Again there was an increase in 

extractability of the cobalt and nickel, as well as an increase 

in the separation of cobalt and nickel, with a decrease in the 

dielectric constant, using DEHPA. 

However, such effects are difficult to ascribe solely 

to the dielectric constants. Other effects, such as impurities, 

degree of aromaticity, solubility of water in the diluent, etc., 

may also be involved. In many cases extraction coefficients can

not be correlated with one particular physical property of a 

diluent. 

Aromatics, Paraffins, Naphthenes 

DEHPA-S04-Rare Earths 

Work at the Mines Branch has demonstrated that the 

degree of aromatic or aliphatic component in the diluent can have 

an effect on extraction. This is illustrated in Figure 2 for 

rare earths. Here the amount of aromatic constituent in the 

diluent is seen to have a considerable effect on the distribution 

coefficients of several rare earths when using DEHPA to extract 

from a sulphate leach solution. Such dramatic increases in dis

tribution coefficients are not, however, too common. It is most 

likely that the diluent becomes less inert towards the metal ion 

as the aromatic character is increased, That is, the diluent may 

be incorporated in some way in the extractable species. 
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The aromatic content of the diluent was thus shown for 

the rare earth system to have a pronounced effect on the extrac

tion characteristics of the metals, although not having any 

significant effect on the separation of adjacent rare earth pairs. 

DEHPA-SO4-Co-Ni 

Having found such a good correlation between extraction 

and aromaticity in the rare earths system, other systems were 

then examined. 

In subsequent work, also from a sulphate leach solution, 

cobalt and nickel were extracted and separated in one-stage 

using the DEHPA process (22l at an equilibrium of pH 6.0; with 20%

DEHPA. The results of variation in the aromatic content of the 

diluents did not show the same well defined correlation as was 

demonstrated with the rare earth system. In fact no correlation 

could be drawn between aromaticity and the Co/Ni ratio; and for 

total metal loading there was a parabolic relationship with the 

lowest loading occurring in the range of 40 to 70% aromaticity. 

Variation of the diluent type resulted in a total metal loading 

ranging between 17.6 and 18.6g/l, and a Co/Ni separation factor 

(SF) ranging between 1.95 ,md 2.84 (Table 4). 

Although no real relationship was found between the 

properties of the diluent and extractability, the results did 

show that not only the loading could be affected by diluent 

choice, but also the separation factor of two metals (Co/Ni). 

A one-stage contact of the loaded solvent with fresh feed 

(10g Co/1, l0g Ni/1), at an A/O ratio of 5, resulted in an increase 

from the extraction SF of 1.95 to 2 .84 to scrubbing SF of 5.5 to 
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TABLE 4 

Single Stage Extraction with DEHPA 

Diluent Effect on Separation of Cobalt and Nickel 

20% DEHPA, 10g Co/1 + 10g Ni/1, Equil. pH 6.0 

Diluent 

Chevron 40 L 

Chevron 44 L 

Chevron 370 

Chevron 25 

Varsol DX3641 

Isopar L 

Chevron LOS 

Solvesso 150 

Chevron 3 

Napoleum 470 

Chevron 425 

Shell 140 

Extraction Coeff. (E) 
Co Ni 

1. 93

2.06 

2.06 

2.17 

2.27 

2.20 

2,20 

2.39 

2.35 

2.35 

2.46 

2.27 

2450 

0.99 

0.98 

0.96 

1.00 

o. 99

0.91 

0,87 

0.94 

0.90 

0,85 

0. 8 9 

0,80 

SF 

1. 95

2.10 

2.14 

2.17 

2.29 

2.42 

2.53 

2.54 

2.61 

2.76 

2.76 

2.84 



16.0. The incrRase in purity, defined by the Co/Ni ratio in the 

lo.:1clcd so] vent, indicat:cs again a parabolic relationship with 

either the pnraffinic, or aromatic diluents being the most effect

ive in scrubbing. The results nre surn.'T1arized in ·raole 5. 

TABLE 5 

Diluent and Effect on Scrubbing 

Diluent Aromatic Co/Ni Ratio in Purity Factor 

% 
Solvent Increase 

Scrub Ratio 
Extn Scrub Extn 

Shell 140 5 l. 79 7.43 4.15 

Isopar L 0 l. 51 8. 62 5.71 

Chevron 40 L 78 l. 43 6.12 4.28 

Chevron 44 L 69 1.49 5.46 3.66 

Solvesso 150 97 l. 65 9.24 5.60 

Chevron 3 98 l. 68 16.0 9.52 

�he scrubbing effectiveness on diluents was continued, 

with a three-stage scrub on the loaded solvent, using feed 

solution containing 10 g/1 each of Co and Ni. The summary of the 

three-stage loading (with scrubbing), using other diluents than 

shown in previous Tables 4 and 5, is shown in Table 6. Phase 

separations in loading, as well as stripping, were satisfactory in 

all tests. Cyclohexane gave the highest metal loading, while 

Isopar L resulted in the best Co/Ni ratio in the loaded solvent. 
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TABLE 6 

Three-Stage Loading and Diluent Effect 

on Extraction and Separation of Cobalt and Nickel 

2 0% DEHPA, Equil. pll 6. 0, 10 '] Co/1, 10g Ni/1 

Diluent Total Metal Ext 1 d Co/Ni 
g/1 Ratio 

HAN 18.00 4,96 

Napoleum 470 18.30 5.5 

Shell Parabase 16.94 5.5 

Solvesso 100 16.90 5.65 

Isopar M 16.96 5.7 

Isopar E 17.82 5.8 

Shell Livestock Spray 16.66 6.1 

Essa LOPS 13.30 6,6 

DX3641 18.06 6,7 

Xy'ene 17.32 6.7 

Mentor 29 16.42 6.8 

Solvesso 150 16. 72 7,36 

Cyclohexane 18.76 7.68 

NS-144 16.54 8,00 

Isopar L 16.44 8.55 

Isopar L + Solvesso 150 1/1 17,20 7.18 

Isopar L + Solvesso 150 2/1 17.20 7.18 

Isopar L + Solvesso 150 1/2 16,78 7,56 
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Graphical correlations between either the diluent constituents of 

aromatics, paraffins, or naphthenes, with total metal loading or 

Co/Ni ratio in the loaded solvent, were impossible to obtain. 

Because there appeared to be better results from the 

aromatic or paraffinic diluents, in the next series of tests mixtures 

of Esso's Isopar L and Solvesso 150 were used. The results of 

these diluent blending tests, performed in identical manner as the 

previous Co-Ni-DEHPA tests, using three stages of extraction at 

equilibrium pH 6.0, are shown in Figure 3 indicating a decrease in 

the Co/Ni ratio with increase in aromatic content. 

Mixtures of Isopar L, Solvesso 150, and a naphthene 

diluent, cyclohexane, were used in another series of tests to 

determine the effect of the naphthene content on extraction and 

separation. In Figure 4 are shown the results of these tests, 

indicating a decrease in the separation of cobalt and nickel, with 

an increase in the amount of naphthenic content in such a mixture. 

The highest metal loading was achieved where the diluent consisted 

of only cyclohexene. 

LIX64N and Kelex 100-SO�-Cu 

Investigation of the aromatic content of the diluent and 

the effect on the extraction of copper from acidic solution with 

either LIX64N or Kelex 100 has been reported(23), and indicated a 

trend towards decreased extraction with increased aromaticity. 

Also by proper choice of the diluent in this system the settling 

time could be reduced by 50%. In addition, the kinetics of extrac-

tion and stripping with LIX64N decreased generally with increase 

in aromaticity. 

2453 



By contrast, the rate of settling in the Kelex system, 

either in extraction or stripping, increased with increase in 

aromatic content of the diluent(23). No change in extractability 

was noted with change in diluent composition. In stripping, the 

highest nromatic content resulted in the poorest efficiency. 

Work at the Mines Branch, using a feed containing 

5g Cu/1, in contact with 20% LIX64N, at an equilibrium pH 1.80 

showed a tendency for decrease in extractability with increase in 

aromaticity, as shown in Table 7. Also, extraction appears to 

increase and become constant with increase in the naphthenic or 

paraffinic content (Figure 5). This is similar to results shown 

in Figure 4. The loading varied from 2.14 to 3.03 g Cu/1 with 

variation of diluent. 

With some of the same diluents as used for the LIX64N 

system, similar tests were performed with 0.5 M Kelex 100 

(containing 10% isodecanol modifier), in contact with 15 g Cu/1. 

Again, the results indicated that an increase in aromaticity 

decreased extractability, E ranging from 7.2 to 2.5 in the range 

0 to 100% aromatic content. Even with a modifier present, 

diluents such as Isopar E, L, M, Norpar 12, DX3641, NS148D, and 

Mentor 29 solidified in the extraction stage on contact with the 

feed solution. 

Mixtures of Isopar L and Solvesso 150, covering the 

range 100% Isopar L to 100% Solvesso 150 and containing,0.5 M 

Kelex 100, were contacted with 5 g Cu/1, at an equilibrium pH 1.8. 

Figure 6 shows a decrease in extractability, as well as a decrease 

in the phase separation time, with increase in aromaticity. 
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TABLE 7 

Diluent Effect on LIX64N 

Extraction of Copper 

20% LIX64N 5g Cu/1 pH 1.80 equil 

Diluent Loading Phase Disengagement 
g Cu/1 Time (Sec) 

Xylene 2.14 19.5 

Solvesso 150 2.34 24 

HAN 2.38 28 

Solvesso 100 2.44 23 

Isopar E 2.76 25 

Escaid 100 2.77 20 

Isopar L 2.84 23 

DX3641 2.88 35 

Cyclohexane 2.90 38 

Isopar M 2.90 23 

Mentor 29 3.02 25 

Norpar 12 3.03 21. 5
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Similar tests, as for the cobalt nickel system, using 

Isopar L, Solvesso 150, and cyclohexene were performed. llowever 

the data did not indicate any influence of the cyclohexene 

content on extractability as was demonstrated in Figure 4 for 

cobalt and nickel separation. 

Tertiary Amine - SO ,,-U

In the uranium-amine-sulphuric acid system using 0.1 M 

Alamine 336 containing 5% isodecanol in contact with an aqueous 

solution containing 2.5g U/1, the same series of diluents was 

evaluated as shown in the LIX64N and Kelex 100 systems. The 

loading in one stage of extraction at A/O of 2 varied between 

3.85 and 4.29g U/1, for the diluents tested. Although there 

were trends towards lower extraction with increasing aromatic 

and naphthenic content, and higher extraction with increasing 

paraffinic content, there was also a scatter of data. Mixtures 

of Isopar L and Solvesso 150 indicated an increase in extract

ability with increase in aromatic content. 

Tertiary Amine - HCl-Cu

Using mixtures of Solvesso 150 and Isopar L, in the 

copper-amine-hydrochloric acid system, there was again an in

crease in extractability with an increase in aromatic content, 

as was demonstrated in the amine-U-SO4 system. The feed solu

tions, at 2g Cu/1 and 1659 HCl/1, were contacted at a phase ratio 

of A/O of 2, with a solvent consisting of 0.lM Alamine 336 

containing 5% isodecanol in the diluent mixture. 
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TDP - NO3-U 

The influence of aromaticity was investigated in a 

solvating system , using <1 feed solution containing Sg U/1 and 

3M free HNO 3 , in contact with 25% TBP in an Isopar L - Solvesso 

150 diluent mixture, at A/O ratio of 5, Again, as with the 

amine extraction processes, there was a slight increase in 

extractability with increase in aromaticity. 

TBP - HCl-Fe-Cu 

Similar tests, as above, were performed for the chloride 

system, containing 5g Fe/1 and 2.Sg Cu/1, and containing 50 g/1 

free HCl. Fifty percent (50%) TBP was dissolved in the Isopar L 

-Solvesso 150 diluent mixture. Extractability again increased 

with increase in aromaticity. 

The results of extractability and aromaticity are 

summarized in Figure 7, showing a percentage change in loading 

with increase in aromaticity. It is evident that th� solvating 

systems and the anion-exchange systems are en.hanced, while the 

cation systems are depressed, by increase in aromaticity. 

Conclusions that might be drawn from the attempt to 

correlate the components of the diluent with extractability are: 

1) There appears to be a slight relationship between

the aromatic, paraffin, and naphthene content of

commercial diluents and extractability. However,

with a blend of paraffinic (Isopar L) and aromatic

(Solvesso 150), there is a definite correlation

with extraction.
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2) Because the pure blends result in good correlation

with extraction, can we then postulate that impur

ities such as naphthenes or olefins are detrimental

factors in making a diluent choice?

3) There appears to be a difference in the diluent

influence on extractability dependent upon whether

the mechanism of extraction is by solvation or

cation or anion exchange. With DEHPA, LIX, and

Kelex, a decrease in extraction resulted with an

increase in aromatic content above 25%, while for

the amine and tributyl phosphate systems, the reverse

was true.

Kauri Butanol Number 

One other parameter that was examined for a possible 

correlation with extractability was the Kauri Butanol Number of 

the diluent. This number is some measure of the solvency 

properties of the diluent. These numbers, provided in the 

manufacturers' data sheet, were therefore plotted against the 

metal e.xtraction using the several diluents listed previously 

for DEHPA, LIX 64N, Kelex 100, and Alamine 336. The four results, 

shown in Figure 8 (a,b,c,d), indicate a general trend towards 

decreasing extractability with increc1sing Kauri Butanol Number. 

The LIX 64N system falls rapidly after 20, compared to 80 for 

the amine system, and 92 for the Kelex system. The DEHPA system 

shows a scatter of results for loading and for the Co/Ni 

separation. 
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Solubility Parameter 

With the relative success of employing the composition 

of the diluents and the Kauri Butanol value as correlations with 

extractability, it was decided that the choice of a diluent must 

lie in its solvency ability. That is, the solubility is a 

measure of the extent to which molecules of a diluent will form 

a stable, homogeneous mixture with the molecules of the other 

components of the solvent mixture. The measure of solubility, 

the Solubility Parameter (o) can be calculated from the following 

formulae: ( 2 4)

where llHv 

R 

T 

M 

D 

p 

From the heat of vaporization: 

o =
( 

llHv - RT 
) 

1/2 
M/D 

From surface tension: 

0 = 3.75
[ P ] TM75T"I73 

1/2 

latent heat of vaporization, cal/mole 

gas constant, 1.987 cal/(Mole) (° K) 

temperature, °K 

molecular weight 

density, g/cc 

surface tension, dynes/cm 

The solubility parameter values used in the present 

investigation were obtained from the manufacturers' diluent 

data sheets. These parameters were plotted against the extrac

tion results already noted earlier in this paper. For the 

LIX64N and Kelex 100 systems, increase in the solubility 
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parameter decreased extractability, as is shown iD Figure 9. 

Again, as in the examination of the component effect 

of the diluent on extraction, blends of diluents were examined. 

In general, the solubility parameter of a blend is equivalent 

to the volume weighted average of the components. The blend 

of Solvesso 150 with Isopar L was again examined with respect 

to the solubility parameter. Again, there was a trend towards 

decreasing extractability with increasing solubility parameter 

in the Kelex 100 system. With DEHPA, the total loading, as 

well as the separation of cobalt and nickel also decreased with 

increase in solubility parameter. However, with the amine and 

TBP systems, the opposite was true, with increase in solubility 

parameter resulting in an increase in extractability. The 

results are summarized in Figure 10. 

Conclusions that might be made regarding the solu

bility parameter and its effect on extractability, are there-

fore: 1) there appears to be a relationship between solu-

bility parameter and the aromatic content and 

their correlation with extractability; 

2) an increase in the solubility parameter can affect

a metal separation process, such as the Cn/Ni

separation using DEHPA;

3) as in the case of aromatic correlation with

extractability, the solubility parameter also

appears to show one relationship with cation

exchange systems (DEHPA, Kelex, LIX), and a

different relationship with anion exchange and

solvating processes.
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MODIFIERS 

The formation of third-phase, or two organic phases, 

which present problems in solvent extraction processes is 

generally overcome by the addition of what are generally termed 

modifiers. In almost all cases, modifiers �re alcohols. These 

are insoluble in water but mutually soluble in the extractant 

and in the diluent. The most popular alcohols used are isode

canol and 2-ethylhexanol. Another fairly common modifier is TBP. 

Modifiers presumably increase the solubility of the 

extracted species in the solvent phase by changing some of the 

physical and chemical properties of the solvent. These additives 

also serve to inhibit the formation of stable emulsions during 

contacting of the aqueous and organic phases. 

The choice of a modifier will depend on the system, 

not only in respect of the above points, but also in the degree 

to which it enters into the chemistry of the extraction process. 

In any particular solvent system the concentration of 

modifier required cannot be determined except by experiment. 

Usually the amount required is between 2 and 5 vol%. Some sol

·,ents, such as Versatic 911 in kerosene when used to extract

cobalt from nickel in ammonium sulphate solutions at pH 7.5 -

s.0 1251 do not require the addition of modifiers. The following 

will attempt to show the effect of the modifier on the extraction, 

scrubbing, and stripping of the metal, as well as how the modifier 

choice may also affect phase disengagement. 
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Extraction, Scrubbing, Stripping, and Phase Disengagement 

DEHPA-S0 4 -Rare Earth 

Modifiers present in a solvent can affect the solvent's 

extractive properties. This is illustrated in Figure 11 where 

the effect of TBP, isodecanol and 2-ethylhexanol (all at 5 vol%) 

is shown on the extraction of rare earths with DEHPA. All three 

modifiers have a depressant (antagonistic) effect on the 

extraction, the order being 2-ethylhexanol>isodecanol>TBP. 

Differences between extraction coefficients, with and without 

modifier, can be as great as one order of magnitude, 

Similar effects of these modifiers are shown on the 

stripping of rare earths from a solvent containing DEHPA 

plus modifier with 25 vol % sulphuric acid, as shown in Figure 

12, In these cases, the effects of modifier on stripping occurs 

in the order TBP>2-ethylhexanol>isodecanol, The inability of 

the acid to strip the rare earths from a solvent containing 

isodecanol would indicate that this modifier interacts with the 

extractant and rare earths to produce a complex which is not 

very soluble in sulphuric acid. Although the isodecanol was 

suitable for extraction, in stripping it would have been most 

unsatisfactory. So the conclusion in this system, of the modifiers 

tested, would be to use TBP if a modifier was required. 

DEHPA-S04-Co-Ni 

Modifiers are also seen to influence the ability of a 

salt (scrub) solution to remove unwanted metals from a loaded 

solvent. An example of this is the use of isodecanol or TBP as 
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modifiers in the separation of cobalt and nickel using DEHPA 

as the extractant with kerosene as diluent. <25) The loaded

solvent, containing cobalt and nickel, was scrubbed with fairly 

strong solutions of cobalt salts to remove nickel. The results 

of these tests, given in Table 8 show that isodecanol allows 

a higher loading of cobalt and nickel ( 23 g/1 total) but a 

poor Co/Ni ratio, whereas TBP gives a significantly lower total 

loading ( 16 g/1) but a much higher Co/Ni ratio. 

Kelex 100-SO 4 -Cu-Co-Ni 

Work has been previously reported by one of the authors 

on the evaluation of various modifiers, at different concentrations, 

on the extractive and stripping characteristics of Kelex 100. 

Various concentrations of nonylphenol, isodecanol, tributyl 

phosphate, as well as a mixture of isodecanol and nonylphenol, 

were used with 20% Kelex 100 in Solvesso 150 diluent. <27) The

various solvent mixture� were contacted with a leach solution 

containing in g/1: 14.6 Cu, 13.2 Ni, 1.0 Co, and 2.6 Fe, at 

so
0
c in one stage of extraction at O/A 1.2/1. Based on phase 

disengagement rates shown in Figure 13(a) ,'for the extraction stage, 

although 5% isodecanol had the shortest separation time, 10% 

isodecanol or 10% isodecanol plus 10% nonylphenol mixture were 

better because of minimum secondary haze. Figure 13(b) shows an 

effect on extraction efficiency due to modifier type and varying 

concentrations. Although 10% nonylphenol was the best, there 

was a two-minute time for secondary haze clearing. Similarily, 

in Figure 13(c), are shown the disengagement rates when the loaded 
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TABLE 8 

Effcict of Modifier on the 

Scrubbing of a 15 Vol % DEHPA Solvent 

Containing Cobalt and Nickel 

Scrub ModifiE"!r Extract 
Solution Co Ni 

g/1 g/1 

Co (NO3) 2 isodecanol 20,8 2.0 

20 g/1 Co 5 vol % 21. 6 1.5 

22.4 1. 4

CoSO, TI3P 16.0 0.1 

27 g/1 Co 5 vol % 16.l 0.04 

16.0 0.03 

Co(NO 3 } 2 TBP 16.2 0.2 

26 g/1 Co 5 vol % 16,3 0.1 

16.2 0.08 

A/O = 5/1 A: Original extract contained 

4.5 g/1 Co and Ni resp. 

No, of 
Contacts 

1 

2 

3 

1 

2 

3 

l 

2 

3 

8.4 and 

B;C: Original extract contained 12.9 and 

3.8 g/1 Co and Ni resp. 
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solvents were stripped with 15% H2SO,, 0/A 4/1. Although 5% 

nonylphenol and 20% isodecanol gave the best phase separation 

rates in stripping, the 5% nonylphenol had a secondary haze. Use 

of 20% isodecanol although satisfactory for stripping, was not the 

best for extraction. Again, 10% isodecanol was the preferred 

modifier, since both the 10% nonylphenol and mixture had secondary 

hazes in the extraction stage. In Figure 13(d) are shown the 

comparison of the modifier for selectivity of copper over iron, 

cobalt and nickel. From the results in Figure 13(a,b,c,d) it was 

concluded that of the modifiers and concentrations tested, 10% 

isodecanol with Kelex 100 was the best combination. Any slight 

lack in selectivity of copper over cobalt or nickel would be 

overcome in stagewise extraction. Thus, while isodccanol, in 

the proper concentration, enhances extraction, nonylphenol 

improves stripping and coalescence. 

Alamine 336-S0 4 -U 

In the systems described above, on the modifier effects 

on extraction and phase separation, the diluent was constant, 

with the modifier being changed. Tests were then performed on 

the amine system for extraction of uranium from a sulphuric 

acid leach liquor, where two diluents were used in the evaluation 

of nonylphenol, 2-ethylhexanol isodecanol, and TBP. Isopar L 

and DX3641, essentially paraffinic and mixture of paraffinic 

and naphthcnic respectively, were the diluents used in the 

investigation. Feed solution at pH 1.8, and containing 2.5 g U/1, 

was contacted with the mixed solvent containing 0.1 M Alamine 336, 

a modifier, and the diluent, at an A/0 of 2/1. 
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Figure 14(a,b) show the effect of the modifier and 

of the diluent on the extraction of uranium and on the phase 

separation rates. In extraction, the two diluents for the same 

modifier gave values of extraction which were within 0.5 g U/1. 

Of the modifiers evaluated, 2-ethylhexanol resulted in the highest 

loading, with isodecanol slightly lower (Figure 14�). However, 

as regards primary phase disengagement time, the isodecanol was 

the fastest, with nonylphenol taking slightly longer (Figure 14b). 

TBP would obviously not be used in such a system, because of its 

long separation time as well as low loading that resulted. In 

Figure 14c are shown the relative rates for the secondary phase 

separation during extraction. Again, isodecanol is exceptionally 

fast compared to the other modifiers. Although TBP was unsuitable 

because of the long primary break time, it was better than the 

other two modifiers for the secondary break time. All modifiers 

were about equal at about 20-30 seconds for the primary and 

secondary break times o� stripping. These examples illustrate 

the fact that a modifier cannot be selected indiscriminately. 

DISCUSSION AND CONCLUSIONS 

The object in this paper has not been to solve the 

problem of diluent and modifier selections, but rather to at 

least provide sufficient data to show that the choice of the 

diluent or modifier should not be arbitrary. A complete under

standing of the mechanism of the reactions involved in the use of 

the diluent and modifier is not known. However, by means of a 

minimum number of tests, one may select the best diluent or modifier 
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in that particular process, based on the chemical components of 

the diluent, or the physical characteristics such as the dielectric 

constant, polar nature of the diluent, and solubility parameter. 

The effect of the modifier and diluent in the extraction process 

can differ greatly from that found in the scrubbing and stripping 

operations, both from the standpoint of mass transfer and kinetics, 

and also from the aspect of phase disengagement and solvent 

entrainment tendency. The rate of phase disengagement may, in 

the final analysis, be the determining factor in the selection of 

the diluent and modifier for that particular system. 

The choice cannot be made on the basis of physical 

parameters of the diluent or modifier. Because of the nature 

of the aqueous feed solution, as well as the extractant being 

used, and the extracted species, it may be necessary therefore to 

conduct a limited number of tests before the diluent and modifier 

are chosen, Obviously c,_ost of the reagents, together with their 

physical properties of flash point, density, viscosity, and the 

effect on extraction, scrubbing and stripping characteristics 

and phase disengagement properties will need to be considered, 

Also, occasionally metal selectivity can be impro·;red by the 

proper choice of the diluent and modifier, 

The influence of the polar nature of the diluent can 

affect extractability, in that increase in polarity results in a 

decrease in extraction. The infiucnce of the dielectric constant 

on the extractability of metals, or the separation of one metal 

from one another, would appear to be minimal if the extractant 

is in a diluent of the commercial kerosene type, However, with 
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other possible diluents having higher dielectric constants, such 

as cyclohexane, MIBK, cumene, butanol, etc., then with an increase 

in the dielectric constant a decrease in the extractability 

results. The proper selection of the diluent with respect to its 

composition of aromatics, paraffins, or naphthenes can greatly 

influence extractability and separation of metals, more in some 

systems than in other systems. With the cation exchange systems, 

an increase in aromaticity results in a decrease in extractability 

while for the anion exchange and solvating processes, an increase 

in aromaticity results in an increase in metal extraction. The 

same is also true for the solubility parameter correlation with 

extractability. 

Although modifiers are not as numerous as diluents, they 

nevertheless can be as difficult to select, because they do not 

appear to follow a definite pattern, compared to the diluents. 

The modifier evaluation therefore has to be done by testing in 

systems containing the actual feed solution, and making the 

choice based on this evaluation of its effects on extraction, 

scrubbing, stripping, metals separation, and phase disengagement. 

The proper selection of the diluent and modifier can 

therefore affect: 

- the size or choice of the contactor, as the kinetics

of the extraction may be improved by the diluent and/

or modifier choice.

- settler area, and therefore cost of solvent inventory

for the extraction, scrubbing, and stripping sections
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- equilibrium, and therefore efficiency of the system,

resulting in more or less stages of extraction,

scrubbing, and stripping.

One can't generalize on the selection of diluents and 

modifiers for all systems, and each particular process may have 

to be evaluated by testing actual leach solutions at the desired 

conditions of extraction, and using established criteria such 

as we have discussed for limiting the number of tests and there

fore optimizing the diluent or modifier choice. Ideally, if 

the solvent system can be optimized early in the investigation, 

then proper choice of the equipment and subsequent design of 

the most economical plant can be facilitated. 
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MASS TRA;JSFP: ')F t{ATER FR0,-1 SINGLE AQUEOUS SOL Df:?OPLETS 
FLUIDIZED IN A PARTIALLY MISCIBLE ALCOHOL* 

S. D. Clinton
Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT 

During the preparation of sol-gel microspheres, droplets of the 

aqueous sol must be suspended or fluidized in an organic phase until 

enough water is extracted from the sol to cause gelation. The rate 

of mass transfer was investigated by fluidizing single water or thoria 

sol droplets in a partially miscitle alcohol and measuring their di

ameters as a function of time. Three alcohols were studied: 2-ethyl

l-hexanol, 2 methyl-1-pentanol, and n-ilexanol. The first alcohol was 

studied at 25, 40, and 50 °C, �hereas the remaining two were studied 

at 25 °C only. The Schmidt numbers for these systems ranged between 

5,000 and 36,000, and the sphere Reynolds number varied from 0.2 to 

30. 

A surface-active agent, Ethomeen S/15, was added to the organic 

phase to produce a rigid liquid drop 11ith no induced circulation. By 

relating the tangential velocity at the drop interface to the sphere 

drag coefficient, an expression for the Sherwood n11mber was derived 

and then confirmed experimentally for both water and sol drop data. 

•qesearch sponsored by the IJ. S. Atomic Energy Commission under
contr;ict with t�1e liniori Carbide Corpor;ition. 
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An explicit relationship for the mass transfer coefficient was shown 

to be independent of t�e drop diameter, and an expression was obtained 

to predict the gelation times of thoria sol droplets from known sol 

an� solvent properties. 
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INTRODUCTION 

The sol-gel �rocess which was developed at the Oak Ridge National 

Laboratory is a method for preparing a wide variety of ceramic fuel 

materials for use in nuclear reactors. As compared with conventional 

preparation procedures, the sol-gel process has the distinct advantage 

of low calcination temperature for obtaining particles of near

theoretical density.
1 

The original objective of the sol-gel process was to produce 

thoria-urania fragments suitable for vibratory compaction in metal 

tubes; however, during the past ten years, emphasis has been shifted 

toward the preparation of spherical particles, or microspheres. 

Pyrolytic-carbon-coated microspheres of thorium and uranium oxides, 

200 to 400 microns in diameter, are the proposed fuel materials for 

certain high-temperature, gas-cooled reactor designs. These micro

spheres are prepared by dispersing uniformly sized drops of the 

appropriate sol into a partially miscible alcohol such as 2-ethyl-1-

hexanol (2EH). The sol droplets must be fluidized in the organic 

phase until enough water is extracted from the aqueous sol to cause 

gelation. After drying, the gelled microspheres are calcined at 

ll50°C to produce an oxide product having a density within 1% of 

theoretical.2

The transfer of mass from systems of spheres to a surrounding 

fluid has been investigated rather extensively by studying single 

spheres suspended in a controlled flow of liquid or gas. Mass trans

port between a suspended fluid sphere and its surroundings can 

usually be separated into three categories: (1) transfer within 

the sphere, (2) transfer through the interface, and (3) transfer 
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outside the sphere. The aim of this study is to characterize mass 

transfer from a fluidized liquid drop in which the rate limiting 

resistance is located outside the sphere. 

Many experimental data on forced-convection mass transfer from 

solid spheres have been correlated by a relationship for the Sherwood 

number involving the product of Ni�2 and N��3_3-5 Although the

exponent for the Reynolds number can be assumed to be constant and 

equal to 1/2, there is an accumulation of evidence to indicate that 

the exponent for the sphere Reynolds number varies with NRe' increasing

from 1/3 in the Stokes' law regime to 2/3 in the fully turbulent 

region,7 Despite the extensive investigations with single spheres,

the available information is inadequate to establish a universal 

relationship for the mass transfer coefficients.8•9 

As compared with sol id spheres, forced-convection mass transfer 

from liquid drops is complicated because conditions at the interface 

can induce internal circulation of the drop. Although numerous 

relationships are available for varying degrees of mobility of the 

drop surface,10 the actual mass transfer process can be very complex

and may involve effects of interfacial turbulence varying from mild 

circulation near the interface to spontaneous emulsification.11 In the

past, some investigators have tried to attribute unexpected mass 

transfer results to a significant interfacial resistance caused by the 

accumulation of high-molecular-weight materials at the interface.12

From later studies with liquid-liquid systems, however, it has become 

increasingly evident that, instead of acting as interfacial barriers, 

surface-active agents merely modify the drop hydrodynamics.13 
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In contrast with the situation for gases, the theory of the liquid 

state is only partly developed; and the existing theories do not provide 

as good a basis for the prediction of diffusion coefficients as 

the available empirical equations. Sherwood and Reid14 have recommended

that the diffusivity of water in organic solvents be estimated by cal

culating a value from the Wilke-Chang relationship15 
and then dividing

the results by 2.3. Previously, the comparison of calculated and 

experimental values for the diffusivity of water in different organic 

solvents had led Olander16 to suggest this factor of 2.3. Olander

concluded that, as a diffusing species in an organic solvent, water 

has a molar volume four times larger than expected due to polymeriza

tion of the molecules. 

!TI the present study,
1 7 

single water or thoria sol drops were 

fluidized in three different alcohols: 2EH, 2-methyl-1-pentanol (2MP), 

and n-hexanol (nH). The droplet diameter and the fluidizing flow rate 

were measured as a function of time. The controllable variables in 

each run were initial drop diameter, initial sol molarity, organic

phase temperature, and water concentration in the organic phase. A 

surface active agent was added to the organic phase to produce a 

rigid aqueous drop. The objectives of this study were to determine 

mass transfer coefficients for the transport of water into the organic 

phase and to develop a correlation to predict drop gelation times 

from known sol and organic-phase properties. 
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THEORETICAL ANALYSIS 

At 25 °C the controlling mass transfer resistance for a thoria sol 

droplet fluidized in 2EH \vas shm,n to be in the organic-phase film 

surrounding the drop.18
With this model, the mass transfer coefficients 

for a water drop and a sol drop will be equal under identical hydro

dynamic conditions. The amount of solvent that can be transferred 

into the aqueous drop is inconsequential; therefore, the change in 

drop diameter is a direct measure of the amount of water transferred 

into the organic phase. The mass flux can be related to the measured 

change in drop diameter with time, as follows: 

(l) 

During gelation the mass transfer resistance within a thoria sol drop 

will be negligible if water can be supplied to the interface rapidly 

enough to maintain Cs at saturation. 

When the controlling mass transfer resistance is in a thin con

tinuous-phase film surrounding the drop, the steady-state, convective

diffusion equation for the solute in natural curvilinear coordinates 

(see Figure l) is: 

In Equation (2), tangential diffusion is assumed to be negligible. 

the immediate vicinity of the drop, the continuity eciuation for the 

continuous phase is: 
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a(ur) + ilYd. = 0ax ay (3) 

Friedlander 19 has suggested that the thin concentration boundary layer 

approximation is valid for Peclet numbers greater than 102
• Since the 

Schmidt numbers in this study are greater than 5,000, the approximation

should apply for Reynolds number values greater than 0.02.

Because of the large Schmidt numbers,the concentration boundary 

layer thickness should be an order of magnitude thinner than the 

corresponding momentum boundary layer. Consequently, the entire 

concentration gradient will occur in the immediate vicinity of the 

drop surface, and for a rigid interface, the tangential velocity can 

be represented approximately by: 

, u = ui y (4) 

After substituting Equation (4) into (3) and integrating with respect 

to y, the following relationship is obtained for the radial velocity 

component: 

v = - l L ( ru / L)r ax 1 2 (5) 

Using Equations (4) and (5) for the tangential and radial velocity com

ponents, Equation (2) can be integrated to obtain the solute concen

tration profile in the thin continuous-phase film. By the application 
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of Fick's law, the resulting concentration gradient at the drop inter

face can be related to the Sherwood number as fo 11 m,s: 20 •21 

[ (
D�

)
l/2 ]2/3 

0.641 N��3 f 71 ��i (sin e)312 de (6) 

By defining an average value of uf whi� can be treated as a constant, 

Equation (6) can be integrated to give; 

[ { D ) l /2 
0 738 N113 __£_ . 

Pe U 

,. 112]
2/3

(ui)avg (7) 

For the Reynolds number range of interest in this study (0.2 to 30), 

an expression for (ui)avg can be approximated from basic fluid-flow data.

The drag coefficient for flow around a sphere is defined by the follow

ing relationship: 

F (8) 

Since the drag coefficient for a sphere, f0, is a function of Reynolds

number only, the following expression can be used to describe the drag 

coefficient for a limited Reynolds number range: 

(9} 
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1-1here fl. is a constant (24 for :he Stcikes' l a•:1 re(]ion) and the ex�oncnt,

a, varies from -1 for NRe < 0.1 to O for NRe > 1000. The force

exerted on the sphere by the f1D'.·1ing fluid can be separated into t\10

categories: form drag and frictional drag. By summing the tangential 

shear stress over the drop surface in the direction of flow, the drag 

force due to friction for a Newtonian fluid is: 

Ffriction 
nµs 
-Dz
2gc p 

( 10) 

By defining a second average value of uf, Equation (10) can be inte

grated to give: 

Ffriction ( 11) 

For the Stokes' law region, the ratio of friction drag to the total 

drag force is 2/3. Jenson22 has calculated this ratio to be 0.66, 

0.64, 0.63, and 0.60 for sphere Reynolds numbers of 5, 10, 20, and 40, 

respectively. Assuming Ffriction = (2/3)F, Equations (8), (9), and

(11) can be combined to give:

( 12) 

, 

For the Stokes' law region where u; = (3 U/D
p) sin a, it can be shown

that (u{)AVG 
= 1 .05 (u()avg· Assuming that the averaging techniques
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can be extrapolated to larger r�ynolds numbers, the cJmbination of 

Equation (7) and (12) gives: 

Nsh. = 0 344 Al/3 N(Z+a)/3 Nl /3• Re · Sc 

Since the numerical coefficient in Equation (13) has been calculated 

using two assumptions from the Stokes' l aw region, it would appear 

logical to let A = 24; then Equation (13) woul d become: 

N = 0 99 N(2+a)/3 Nl/3
Sh · Re Sc 

(13) 

(14) 

where the value of a must be determined from experimenta l drag coefficient 

data. 

A simplified expression can be obtained for the mass transfer co

efficient by e l iminating the fl uidizing vel ocity from Equation (13). 

With F equal to the weight of the aqueous drop in the continuous phase, 

the following expression is obtained from Equation (8) for the sol vent 

fluidizing vel ocity: 

( 15) 

Substituting Equation (9) into Equation (15) for the drag coefficient, 

an explicit relationship can be obtained for the fluidizing vel ocity. 

Using this result in Equation (13) gives: 
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(16) 

For a given system and temperature, Equation (16) predicts that the mass 

transfer coefficient for a fluidized rigid sphere is dependent only on 

the density difference of the drop and the continuous phase. 

By expressing the drop diameter and density as a function of the 

sol molarity, an expression can be derived from Equations (1) and 

(16) to predict the gelation time of any sol drop when the controlling

mass transfer resistance is in the continuous phase. For a temperature

range of 25 to 50°C, the density difference of the thoria sol drop and

the solvent for the alcohol systems in this study is:

Pp - Ps 0.238 !1p + 0.175 (17) 

The diameter of a sol drop can be related to the molarity of the thoria 

sol by the follO\�ing equation: 

_ (Uc )1
/3 Op - t!p Dc

where the calculated value of 11c is 37.9, By using Equations (16),

(17}, and (18), Equation (1) can be integrated to give the following 

expression for gelation time (in minutes): 
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1/3 D M 
µs c 

,.r'-'{, d M 
2. 5 X 10-3 �----- �---�-------

D
213 (C -C) J [1/ 3 (0.238!'.!n+0.175)113 
V S O ,, ,-

!!_l 

( 19) 

The sol molarity integral function in Equation (19) was evaluated, and 

values of the integral are tabulated in Table 1. For a desired theoretically 

dense sphere size, Equation (19) can be used to determine the required 

fluidization time for a given initial sol molarity and concentration of 

water in the bulk solvent. Since the value of the integral function is 

relatively small for the variation in molarity from 12 to 20, the exact 

gel molarity for a particular system is not necessary in order to obtain 

a reasonable estimate of the gelation time. 

EXPERIMENTAL DATA 

The primary purpose of the experimental equipment used in this 

study was to measure the diameter of a fluidized aqueous drop as a 

function of time. Basically, the equipment consisted of a tapered 

Plexiglas column, a light source, a photomacro lens positioned to 

magnify the drop by a factor of 20 on a ground-glass viewing screen, a 

Polaroid attachment, a timer, a centrifugal pump to circulate the alcohol, 

a rotameter, a heat exchanger, and a constant-temperature circulating 

water system. 

The 8-in,.Jong tapered column was machined from a block of Plexiglas 

with a convergent-divergent flow channel. A vertical, laminar velocity 

profile was developed in the convergent section so that each aqueous 

drop could be fluidized along the central axis of the divergent column 

2494 



R 

111t:1 no horizu,,ti!1 ,;0::;0:-,. i:;c vc:rLi·�ul ;:,os;tion or the fluidized 

drop was controlled by the alcohol flow rate, and all measurements 

were obtained at an inside column diameter of 0.635 cm. 

The general procedure for each experimental run was to form and 

fluidize a single aqueous sol drop in the desired alcohol and then to 

measure the alcohol flow rate and drop diameter (to 1·1ithin 2:_ 10 microns) 

until shrinkage no longer occurred. The independent variables in each 

experimental run were: initial drop diameter, 0.08 to 0.22 cm; initial 

sol molarity, 0 to 2.5 !'.)_ thoria; solvent, ZEH, zr-lP, or nH; solvent 

temperature, 25 to 50 °C; and water concentration in the bulk solvent, 

0 to 50% of saturation. A surface-active agent, Ethomeen S/15 (a 

tertiary amine marketed by Armour Industrial Chemical Company), was 

added to the organic phase in sufficient concentration (0.01 to l .0 

vol %) to produce a rigid liquid drop having no induced circulation. 

The diameters of fluidized droos of water and thoria sol were 

measured, as a function of time, in a series of 131 runs. Typical 

data obtained for single water drops fluidized in nH at 25 °C are shown 

in Figure 2. The concentration of water in the nH was 27 mg/cc, and 

the surfactant concentration was l .0 vol %. The constant slope of the 

water-drop-diameter data with time indicates a constant mass flux of 

water from the drop. 

Typical diameter data for single thoria sol drops fluidized in ZEH 

at 50 °C are shown in Figure 3. The initial molarity of the thoria sol 

was l .l, the concentration of water in the ZEH was 11 mg/cc, and the 

surfactant concentration was 0.01 vol %, The slope of the diameter 

data, which is prorortional to the mass flux or the mass transfer 

coefficient, incr�A�es with incrrasina sol molarity. At the 9elation 
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time, t�e ap�arent mass transfer rate becomes zero. The thoria gelation 

concentration varied from 13 to 18 !i and was a function of the particular 

alcohol system and surfactant concentration. 

For each diameter measurement, a characteristic fluidizing velocity 

was calculated by the following equation: 

(20) 

The diffusion coefficients of water in the different alcohols were 

calculated by using the recorranendation of Reid and Sherwood.14 Values

of mass diffusivity, Schmidt number, and water solubility for the alcohol 

systems are given in Table 2. 

RESULTS 

The mass transfer data for the water and sol drop runs were correlated 

by plotting the logarithm of the Shen�ood number divided by the Schmidt 

number raised to the 1/3 power against the logarithm of the Reynolds number 

(see Figure 4). The sphere Reynolds number varied from 0.2 to 30, and 

the Schmidt numbers for the different alcohol systems ranged between 

5,000 and 36,000. A least-squares line was calculated for each of the 

43 water drop runs (1785 data points), and the solid line in Figure 4 

was obtained by averaging all of the least-squares constants. The equa

tion for the solid line is: 

and the standard deviations in the coefficient and the Reynolds number 

exponent are a.om and 0.015, res;:iectively. In Fic;ure 4, all of '.!;r: ·.,�T 
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+ l� ��rce�t ���·��io� fro� E�uation (21). The data ;oints in Figure 4

re�re�c�t all of the sol drop runs at thoria molarities from 0.85 to 18.

Despite the increased scatter in the thoria data, the mass transfer

coefficients for both sol and water drops appear to be equal at a particu

lar value of the sphere Reynolds number.

To test the validity of Equation (16), which is an explicit expres

sion for the fluidized-drop mass transfer coefficient, the experimental 

rigid-drop data are shown in Figure 5. The ordinate is the product of 

the mass transfer coefficient and the solvent viscosity raised to the 

1/3 power, divided by the mass diffusity to the 2/3 power; the abscissa 

is the density difference for the aqueous drop and the solvent. The 43 

water drop runs are located within a density difference of 0. 17 to 0.18 

g/cc, and the 408 sol drop data points are located within a density 

difference range of 0.4 to 4 g/cc. The equation of the least-squares 

line through all of th� mass transfer data is: 

02/3
K = 3 48 _v_ ( _ 1

o.347. 1/3 Pp Ps 
µs 

(22) 

In Figure 5, the solid line is Equation (22) and the two parallel dashed 

lines indicate a� 10 percent variation. The single dotted line in Figure 

5 is the theoretical prediction of Equation (16). 

As predicted by Equation (19), the experimentally determined 

gelation times for the sol drop runs were plotted against the proposed 

function of sol and solvent properties (see Figure 6). The solid line in 

Figure 6 was determined by aoplying the method of least squares to the 88 

data ;ioints. The slnric ilnd tho intcrcent of the least-squJres line are 
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2.72 x 10- 3 and -0.03 min, rcs�ec�ively. The average error between t�e 

least-squares line and the experimental gelation times for the sol drop 

runs is+ 4.5 percent. 

DISCUSSION OF RESULTS 

The hydrodynamic data for the fluidized rigid water drop runs were 

correlated to determine the coefficient and exponent in Equation (9). A 

least-squares line was calculated for each run, and the following equation 

is the result of averaging the least-squares constants for all 43 runs: 

(23) 

The standard deviations in the coefficient and the exponent of Equation 

(23) are 4.3 and 0.046, respectively. In this study, the ratio of the

drop diameter to the column diameter ranged from 0.06 to 0.35. The 

flow restriction imposed hy the column wall effectively decreases the 

infinite medium fluidizing velocity, resulting in an increased drag 

coefficient for a given sphere Reynolds number. 

By applying the experimental data of Equation (23) to Equation (13), 

the predicted Reynolds number exponent for mass transfer is (2 + a)/3 = 

0.417 � 0.015, which agrees precisely with the average measured result 

[see Equation (21)]. In general, the measured Reynolds number exponent 

for mass transfer is greater than the average value for the NRe range of

2 to 30 and less than the average value for NRe between 0.2 and 3. These

results support the theory that the Reynolds number exponent for mass 

transfer varies with NRe' increasing from 1/3 where Stokes' law is

applicable to 2/3 for NRe greater than l ,000. 
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With Equation (13) the value of the coefficient predicted from 

hydrodynamic data is 0. 344 A113 
= 1. 11 ! 0.05, whereas the average

measured value is 0.980 ! 0.048 [see Equation (21)]. From Equation ( 14) 

with A= 24 (Stokes' law region with unbounded flow), the value of the 

predicted coefficient is 0.99, Since the coefficient in Equation (13) is 

based on a constant fraction, 2/3, of the total drag for unbounded flow, 

then the fraction of total drag due to friction should be reduced for flow 

restricted by a column wall. Consequently, the use of A= 24 in deriving 

Equation (14) is more justifiable than using an experimentally determined 

value with bounded flow (i.e., A= 33.7). 

The preceding reasoning is also consistent with the theoretical 

and experimental mass transfer coefficient expressions, Equations (16) 

and (22). If the fluidizing velocity of a drop is reduced by 20 percent 

as the result of the effects of a column wall, then Equation (14) predicts 

that the mass transfer coefficient will be reduced by 8 percent (1.20° ·417

l .08) independent of the value of the equation coefficient. Conversely, 

the functional variables in Equations (16) and (22) are independent of 

the fluidizing velocity, and the effect of the column wall must appear in 

the equation coefficients. Equation (16) theoretically predicts the 

mass transfer coefficient for a fluidized drop in an unbounded flow field, 

whereas Equation (22) is the experimental mass transfer coefficient correla

tion for a drop fluidized within a column wall. Consequently, the experi

mentally determined equation coefficient of 3.48 is 8 percent lower than 

the theoretical value of 3 ,76. Comparison of Equations (16) and (22) 

over the experimental density difference range (0.17 to 4 g/cc) shows 

that the 4 percent variation in the density different exponent contributes 

a maximum variation of only 2 percent in the predicted and measured mass 

transfer coefficient values. 
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-18-

The gre�Lcr vJriJ:ion ln t�a iOl �rop d�ta for �ass transfer can be 

attributed, for the �ost part, to the nonspherical shape achieved by 

the drops during some stage of the gelation process. Shape distortion 

was most apparent in runs 1·1here a large sol drop diameter and a high 

concentration of surfactant in the alcohol were used. As compared with 

2EH, 2MP and nH required a higher concentration of Ethomeen S/15 to 

prevent drop circ�1ation. Although a higher Ethomeen S/15 concentration 

has little apparent effect on the water-alcohol interface, the interfacial 

tension at the sol-alcohol interface is significantly lowered, With 

increased surfactant concentration, the resulting decrease in inter-

facial tension permitted a fluidized sol drop to become somewhat ellipsoidal 

during gelation. The higher Ethomeen S/15 concentration in the alcohol 

has no effect on the observed mass transfer rate; however, the molarity 

of the gelled product is apparently decreased. 

In spite of the sphericity problem associated with sol drops, about 

90 percent of the sol drop mass transfer data lies within the limits of 

the water drop data (see Figure 4). The agreement of sol and water drop 

Shen�ood numbers for identical Reynolds numbers confirms that the limiting 

mass transfer resistances for fluidized-rigid sol and water drops are 

equal. 

The gelation times of sol drops can be predicted from sol and 

solvent properties with sufficient accuracy to justify any engineering 

design calculations. The increased slope, 2.7 x 10- 3
, in Figure 6 as 

compared with the predicted value of 2,5 x 10- 3 in Equation (19) can be 

attributed directly to the 8 percent variation between the theoretical 

and experimental expressions for the mass transfer coefficient, Equations 

(16} and (22). Theoretically, the time intercept should approach zero 

as the value of Dc becomes infinitesimally small. Since the experimental

2500 



-19-

gelation times \'/ere detemined to the nearest even tenth of a minute, the 

calculated intercept of -0.06 min for the data in Figure 6 can be 

neglected, 

CONCLUSIONS 

The following conclusions can be drawn from this study with regard 

to the mass transfer of water from aqueous droplets fluidized in a 

partially miscible alcohol: 

1. The addition of a surface-active agent to the organic phase

can produce a rigid aqueous drop with no induced circulation.

2. During the process of gelation, the controlling mass transfer

resistance for a thoria sol drop is located in the organic

phase surrounding the drop.

3. The forced convection mass transfer correlation for a fluidized

drop can be predicted from theoretical considerations and hydro

dynamic data.

4. The mass transfer coefficient for a rigid fluidized drop is

a function of the mass diffusivity, the solvent viscosity, and

the drop and solvent density difference.

5. The required gelation time for a fluidized rigid sol drop can

be predicted from the properties of the aqueous sol and the

solvent.
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a 

A 

C 

g 

gc

K 

LIST OF SY:1BOLS 

exponent in drag coefficient equation, dimensionless, 

coefficient.in drag coefficient equation, dimensionless, 

local concentration of water in solvent, g/cc, 

concentration of water in bulk solvent stream, g/cc, 

concentration of water in solvent at drop interface, g/cc, 

column diameter, cm, 

diameter of theoretically dense thoria sphere, cm, 

diameter of aqueous drop, cm, 

diffusion coefficient, cm2/sec, 

drag coefficient for flow around a sphere, dimensionless, 

force exerted by fluid on sphere, dynes, 

acceleration of gravity, cm/sec2
, 

dimensional constant, l g-cm/dyne-sec2
, 

mass transfer film coefficient, cm/sec, 

molarity of theoretically dense thoria, moles/liter, 

thoria molarity of gelled sphere, moles/liter, 

initial thoria molarity of sol drop, moles/liter, 

thoria molarity of sol drop, moles/liter, 

mass flux of water from drop, g/cm2 -sec, 
DnU 

, Peclet number, --L.-

Dv 

D
p

psU 

sphere Reynolds number, 
µs 

µs Schmidt number, --
PsDv • 
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Q 

r 

u 

u 

V 

X 

y 

e 

KD
O Sherwood number, -

DV 

volumetric alcohol flow rate, cc/sec, 

radial distance from axis of symmetry to drop interface, cm, 

radius of drop, cm, 

time, sec, 

tangential velocity component in x-direction, cm/sec, 

derivative of interfacial velocity with respect to y, 1/sec, 

fluidizing velocity, cm/sec, 

radial velocity component in the y-direction, cm/sec, 

distance along drop from forward stagnation point, cm, 

distance normal to interface in continuous phase, cm, 

polar angle measured from forward stagnation point, radians, 

gelation time, min, 

viscosity of solvent, g/cm-sec, 

density of aqueous drop, g/cc, 

density of bulk solvent, g/cc, 

density of water, g/cc. 
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TABLE 1 

VALUES OF THE SOL MOLARITY INTEGRAL FUNCTION 
FOR THORIA MQL.11.RITIES FROM 0.1 TO 20 

M 
(moles Tl iter) 

0.1 
0.2 
0.3 
0.4 
0.5 
0,6 
0.8 
l .o 
1.2 
1 ,4 
1.6 
1.8 
2.0 
2,2 
2.4 
2.6 
2.8 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
12.0 
14,0 
16.0 
18.0 
20.0 

20 d!!p
( M413(0 238 M + 0 175)113
J!i 7' • 4> 
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7.42 
5.17 
4.11 
3.47 
3.02 
2.69 
2,23 
1.91 
1.68 
1.50 
1.35 
1.23 
1.13 
LOS 
0.974 
0.910 
0.853 
0.802 
0.696 
0.612 
0.543 
0.486 
0.395 
0.326 
0.271 
0.227 
0.190 
0.131 
0.087 
0.052 
0.024 
0.000 
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TABLE 2 

PHYSICAL AND CHD1ICAL DATA FOR THE ALCOHOLS 

Temperature D Nsc cs 
Alcohol (oc) (cm2/�ec) (µ/psDv) (g/cc) 

2EH 25 0,25 X ,0-5 35,700 0.020 

2EH 40 0.47 X ,0- 5 10,900 0.023 

2EH 50 0.68 X ,o-s 5,450 0.025 

2"1P 25 0.33 X ,o-s 18,500 0.043 

nH 25 0.39 X ,o-s 13,400 0.054 
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1H- AND 31P-NMR STUDY OF LIGAND EXCHANGE KINETICS IN THE

SYSTEMS uo2(N03)2 - TBP AND P�(N03)4 - TBP
P� 

Reinhard von Ammon 

ABSTRACT 

The kinetics of the ligand exchange reaction 

M•2TBP + TBPx � M•TBP•TBPX + TBP 
1 31were studied by H- and P-NMR line shape analysis. The free 

energy of activation (6G ) of this first order reaction 
+2 +4 depends strongly on i) the metal ion (U02 and Pu , resp.),

ii) the presence of HN03, and iii) the solvent. TBP exchanges
much faster with the plutonium than with the uranium complex;

the exchange is slowed down by the presence of hydrogen
bonded HN03 and by polar solvents. The results indicate that
the metal-TBP complexes interact with TBP by dipolar forces. 
The activated state presumably is an associate of the type 

M•3TBP. Evidence for this and against a dissociative mechanism 
is provided by rather high, negative values of the free 
entropy of activation (6S*) suggesting a highly ordered 

activated state. 

Kernforschungszentrum Karlsruhe, Institut fUr Heisse 
Chemie, Karlsruhe, Federal Republic of Germany 
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In the Purex process for the recovery of spent nuclear fuels 
+2 +4 

the ions uo
2 

and Pu are extracted from an aqueous nitrate 

medium_ into an organic phase containing TBP (tri-n-butyl

phosphate). It is well known that the transfer rates of various 

metal ions between these phases differ tremendously. Baumg�rtner 
1) +2 +4 

and Finsterwalder showed that the extraction of uo
2 

and Pu 

is controlled by the reaction rates of an interfacial metal 

species with both TBP from the organic and nitrate ions from 

the aqueous phase. A whole series of mechanisms - of associative 

and dissociative type, in the forward and backward direction -

are thus involved in the overall reaction. 

It is experimentally difficult to study most of these partial 

processes separately. One of them, however, can be conveniently 

observed by conventional NMR techniques: the exchange of the 

organic ligand TBP with the metal complex in the organic phase 

(equation 1) : 

(1) 

The rate of this reaction being determined by the activation 

barrier of the ligand exchange should be indicative of the 

strength of the metal-TBP bond. 

In this study, the TBP liaand exchange was investigated with 

the metal ions uo
+2

and Pu
+4 

in various solvents. 2 

METHOP OF MEASUREMENT 

Determination of the rate of an exchange process by NMR line 

shape analysis is a well established method
2)

. At higher 

temperatures, where the exchange rate is fast on the NMR time 

scale, i.e. much larger than the difference of the resonance 

freauencies 6vof the ligand nucleus in the free and the com

plexed state, respectively, only a single, averaged signal can 

be observed. At lower temperatures, however, where the exchange 

rate has been slowed duwn appreciably, the spectra of the ligand 

in the two environments can be observed separately. The exchange 

broadened spectra in the intermediate temperature region, if 

evaluated by complete line shape analysis, render the rate 

2513 



constants at various temperatures and thus the Arrhenius acti
vation energy Ea of the exchange reaction.

This method is inherently prone to a series of errors3l , espe
cially in paramagnetic systems, where the line widths and line 
positions are strongly temperature dependent. 

An alternative, approximate method4) which gives quite reliable 
results, is to determine the free energy of activation 6G* from 
the rate constant kc at the coalescence temperature Tc with
equation (2) and (3)S) . 

4.5 7 Tc[l0.32 + log kc/Tc]

Tl•6v/12 

(2) 

(3) 

In eq. (3) 6v is the difference of the resonance frequencies in 
Hz in the exchange free region extrapolated to Tc. This method
can be applied safely only, if �v � w112, the half-width of the

two signals, i.e. in the absence of any signal overlap. 

We used a combination of both methods in this study: generally 

we applied the approximate method but, for a check, we used 
31 the complete line shape analysis in the case of the P spectra.

Agreement was satisfactory. Since we evaluated only spectra at 

the coalescence temperature, we obtained thie more reliable 6G+
values instead of Ea-values.

Sidda116l had shown for the first time that the ligand exchange 
of excess TBP with uo2(N0

3
) 2•2TBP has favourable rates on the

NMR time scale by observing separate a-CH2-1H-signals at -so
0c

in coc1
3• From the coalescence temperature he determined the 

free activation energy as "approximately 10 kcal/mole". More 
recently, Egozy and Weiss7l carried out a complete line shape 
analysis of the 1H-NMR spectra of this and similar systems in
three solvents. For the system uo2(N03)2 - TBP they determined

Ea-values between 7.0 and 8.4 kcal/mole. They also confirmed the
first order nature of the TBP ligand exchange. 
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EXPERIMENTAL 

Samples were prepared by mixing appropriate amounts of 

uo
2

{N03)
2

·2TBP with excess TBP and by extraction of nitric

acid (4 N) solutions of uo;2 
and Pu

+4
, respectively, with

TBP dissolved in either chloroform, n-hexane or toluene. The 

final solutions contained about 20 vol.-% TBP. 

TBP {Fluka) was used as received. The complex uo
2

(N0
3

)
2

•2TBP

was prepared by evaporating a solution of stoichiometric 

amounts of uo2{N0
3

)2 ·6H20 and TBP in ethanol.

The metal content of the solutions was determined by x-ray 

fluorescence {U)
B) and a-counting (Pu), the HN0

3 
concentration 

by titration, and the H
2

o content by the Karl-Fischer method.

1
H-NMR spectra were recorded at 90 MHz,

31
P-NMR spectra at

36.46 MHz (10 mm tubes) on a Bruker spectrometer model 

HFX 90/60. A proton solvent signal was internal stabilization 

signal in both cases. Temperatures were calibrated with a 

thermocouple after each measurement. Coalescence temperatures 

are estimated to be accurate within !2°c. The concentration

ratio of free and complexed TBP was kept near unity and was 

determined from the low temperature spectra by intensity 

measurements of the signals. The computer program used to fit 

the experimental spectra was a modified version of SHAPE 4 

with the subroutine LADDAB, kindly supplied by Professor Dr. 

R.S. Drago, University of Illinois. In the computer simulation 

of the 
31

P spectra, spin-spin splitting due to the 
31

P -
1

H 

coupling was neqlected, as it was not resolved in the ex

perimental spectra {fig. 1). 
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RESULTS 

In tables 1 and 2 the observed coalescence temperatures and 

6v-values as well as the corresponding rate constants and 
=I=- 1 31 6G -values are listed. H- and P-data are compared for the

case 

i.e.

were

of "synthetic" (dry) samples and for extracted samples, 

samples containing HN03 and H2o. The 6v- and w112-values

read from spectra at temperatures between 190 and 230°K. 

Both values are rather temperature independent in this region. 

The 6v-values from the "synthetic" and the extracted samples 
31 differ appreciably in the P-spectra. The reason is the notice-

able high-field shift of TBP•HN0
3 

compared to "free" TBP 

(2 ppm9l ). The exchange of TBP with TBP"HN03 is so fast,

however, that no exchange broadening of this signal can be 

observed. 

Ti • absolute error of the 6G*-values is estimated to be� 1 

kca�/mole; the relative error, however, as determined from 

the accuracy of the temperature and resonance frequency measure

ments, is ca. : 0.2 kcal/mole. 

1 31 The agreement of the corresponding H- and P-data is quite
1 31 good. Unfortunately, H- and P-coalescence temperatures of

a particular sample are so close together that a log kc-vs�l/T

plot from these two data points to obtain an Ea-value is not

accurate enough. In order to estimate the activation enthalpies 

and entropies, 6H* and 6S*, the E -values of Egozy and Weiss 
7) a 

were taken from the literature and used for our "synthetic" 

samples which are comparable to theirs. The resulting 6H* and 

6S numbers are also given in table 1. For the extracted 

samples this method cannot be applied. The additional assump

tion was made, that the entropy change, 6S�, in the two systems 

is identical. Thus, Ea and 6H* could be calculated for the

HN03-containing system, using relations (4) and (5).
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(4) 

(5) 

For this system only 1H-NMR data are presented (fig. 2 and
31 table 3), because the P-spectra obtained from these 

samples, sealed in 5 mm tubes, suffer from poor signal/ 
noise ratio. 

Pu+4 is a paramagnetic ion (electron configuration 5f4). The 
NMR shifts of its complexes are therefore strongly temperatu

re dependent. Thus, 6v has to be extrapolated from the low 
temperature, non-exchange region to Tc. In fig. 3 the line
positions of the free and complexed TBP-a-CH2 signals are
plotted vs. 1/T. The linear Curie-Weiss dependence of the 
complexed TBP signal permits the fairly accurate extrapola

tion to Tc = 203°K.

It is interesting to compare these low temperature data of 

the complex Pu(N03)
4

·2TBP with data obtained earlier with a

different technique 10) at 3o0c: in a series of extraction ex
periments with increasing plutonium content the organic phase 
shows a linear shift dependence up to 0.12M, the limiting Pu 
concentration because of the development of three phases in 
n-dodecane as diluent (fig. 3). Extrapolation to 0.354M, the
Pu-concentration of the complex Pu(N03)

4
·2TBP, if it is formed

stoichiometrically in 20 vol.-% TBP, yields oTMS = 3.60 ppm.
This a-value coincides fairly well with oTMS = 3.75 ppm, ob
tained at T = 303°K in fig. 3 6H� and E were estimated again 

a 

(table 3) by assuming that the entropy change, 6S* is identi-
cal to the uo;2 case (synthetic samples).
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DISCUSSION 

The following conclusions can be drawn from the results: 

1. Influence of metal ion

The activation barrier of the TBP exchange is much lower in 

the plutonium than in the uranium complex. In toluene and 

in the presence of HNO3 the decrease in 6G amounts to

4 .kcal/mole (from 13. 7 kcal/mole (table 2) to 9.6 kcal/ 

mole (table 3)). This result is in accord with the well 
+2 1 1 )known effect that the uo2 -complex with TBP is more stable 

than the Pu
+4 complex 12) and therefore more easily extract

ed 1). Thus, the TBP ligand exchange, although certainly not

the rate determining step in the extraction of metal ions 

is a measure of the complex stability in the organic phase. 

2. Influence of diluent

The exchange is definitely enhanced in n-hexane as solvent 

compared to toluene and, particularly, chloroform. This pheno

menon is apparent only in the "synthetic" samples (table 1), 

i.e. in the absence of nitric acid and water. The lowering

of Tc in hexane was observed already by Sidda116l , who made

hydrogen bonding between chloroform and TBP responsible for 

the rise of the activation energy. The effect does not show 

up in the Ea-data of Egozy and Weiss7) who, on the contrary,

reported a minimum Ea-value for the toluene solutions. They

attributed the difference in their measured exchange rates 

to different frequency factors. 

Our results suggest a competition between the polar solvent 

and TBP about the complex uo2(NO3)2·2TBP via dipole-dipole

interactions. In addition, this model favours the assump

tion of an associative mechanism with equation ( 6 ) as the 

limiting step for the formation of the activated complex. 

(6) 
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3. Influence of hydrogen bonds at the phosphoryl group

In the presence of strong hydrogen bonds at the P = 0 group of 

TBP the increase of the activation barriers is even more pro

nounced. The extracted samples (table 2) show 6G*-values 

about 1 - 1.5 kcal/mole higher than the corresponding "synthetic" 

samples. Since the former contain appreciable amounts of coex

tracted HN0
3 

and H2o (ca. 0.2M HN03 and O.lM H2o compared to

0.17M uranium) and since the hydrogen bonding between these 

proton donating substances and TBP is well established by IR-

and NMR-methods9) , it must be concluded that the coordination 

of the metal ion with TBP is inhibited by these hydrogen 

bonds. 

4. The free entropy of activation

The 6S*-values given in tables 1 - 3 offer rather direct 

evidence as to the nature of the activated complex. Although 

the magnitude of these data has to be considered��� q���? 

salis, because they were obtained by combining our results with 

d��;·from the literature7) , their negative sign is unambiguous. 

Thus, a dissociative mechanism for the formation of the 

activated complex according to equation (7) is definitely 

ruled out, 

+ TBP (7) 

because such a mechanism would require a positive 6St. The 

negative sign implies an activated state more ordered than 

the sum of the components at the start of the reaction. This 

requirement is fulfilled by the associative mechanism (ean�) 

discussed before. 
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Fig. 1: 

CAPTIONS OF FIGURES 

31 + 2 P-NMR spectra of a solution of 0.195M uo
2 

,
0.215M HN03 and 0.15M H20 in 20 v0].-% TBP
n-hexane at various temperatures; the spectrum 
at the coalescence temperature (center) was 

computer simulated: 1 = experimental spectrum; 
2 = simulated spectrum; 3 = deviation. 

Fig. 2 : 1H-NMR spectra of a solution of 0.186M Pu+4

Fig. 3: 

in 20 vol.-% TEP-toluene at various temperatures; 
the sample was obtained by extraction from an 

+4 aqueous solution 0.2M in Pu and 4M in HN03.

The chemical shift difference �(ppm) = o 0�s. -
6

0 
(6

0 
= 3.98 ppm from TMS) of the a-CH

2
- H-signal 

of TBP in the spectra of a Pu-containing solution 
(composition same as in the caption of fig. 2 ) as 
a function of the reciprocal absolute temperature. 

Fig. 4: The chemical shift of the a-CH2-1H-signal of TBP
in the spectra of solutions of Pu(N03)4 in
20 vol.-% TBP-n-dodecane as a function of the 

plutonium concentration at 30° c; the solutions 
were obtained by extraction from 4M HN03 solutions.
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N 

N 

·rable 1:

Spectral data 
t.G 'I Ea x ) t.H T t.ST Solvent NMR t.v T kc_1 nucleus [Hz] [k) /sec J [kcal/mole] £kcal /mole] [kcal/mole] foal/deg.mole] 

lH 38 248.0 84 12.2 6. 5 -23
toluene 7.0 

31p 61 254 .o 135 12.3 6.5 -22

lH 39.5 252.0 88 12.4 7.9 -18
chloroform 8.4 

31
p 55 254.0 122 12.4 7.9 -18

lH 44 236.0 98 11.5 7.7 -16
n-hexane 8.2 

31
p 75 238.0 166 11. 4 7.7 -16

1 31 H- and P-NMR spectral data and kinetic parameters of the TBP-ligand e xchange in the system
U02

(N03
)

2•2TBP - TBP, "Synthetic" samples.

x )Data taken from lit. 7. 



N 

Table 2: 

Solvent NMR Spectral data llG '* llS=jx)
llH f Ea 

nucleus llv 'l' kc 1 [kcal/moleJ foal/deg.mole] [kcal/mole] !kcal /mole] 
[Hz] r0 [sec- ]

1H 49.5 279.0 110 13. 7 7. 4 7.9 
toluene -22,5

31p 119 288.5 264 13.7 7,3 7,9 

1H 37. 5 271.5 83 13.4 8.5 9,0 
chloroform -18

31p 79,0 274,5 175 13,2 8.3 8.8 

1H 41.5 265.0 92 13. 1 8.9 9.4 
n-hexane -16

31p 123 274,5 27 3 12,9 8.5 9.0 

1H- and 31P-NMR spectral data and kinetic parameters of the TBP ligand exchange in the system
uo2(N03)2·2TBP - 'rBP, "extracted" samples.

x)Data taken from table 1



Table 3: 

Solvent 

toluene 

NMR 
nucleus 

Spectral data 
t;v T kc 1 

LHzJ [y.J ["sec-
J

83.5 203 186 

t;G�

[kcal/mole] 

9.6 

t;Sf

foal/deg.mole] 

-23

t;H�

/kcal/mole] 

5.0 

1H-NMR spectral data and kinetic parameters of the TBP ligand exchange in the system

Pu(N0
3

)4·2TBP - TBP, "extracted" sample.

Ea 
["kcal /mole] 

5.4 
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THE EFFECT OF DILUENTS ON THE EXTRACTION OF TRACER LEVEL COPPER 
* 

BY AN ALKYL HYDROXY QUINOLINE (KELEX 100 ) 

D.R. Spink and D.N. Okuhara

Department of Chemical Engineering 

University of Waterloo 

Waterloo, Ontario 

CANADA 

ABSTRACT 
----

The effect of diluents on the solvent extraction equilibrium of tracer 
* 

level copper by a proprietary alkyl S hydroxy quinoline (Kelex 100) was 

studied using an AKUF\1.E. An equilibrium scheme in which complexes of the type 

CuA2 and CuA2HA are both extracted is proposed and fitted to the experimental

data. The extraction constants are correlated with the solubility parameters 

of the diluent on a qualitative basis. 

INTRODUCTION 

The distribution of metal oxinates between organic solvents and water 

have been studied by various investigators (l, Z) . J. Stary ()) studied the

extraction of 32 metals with solutions of oxine in chloroform. Mottola and 

Frieser (4) studied the distribution of copper (II) chelates of oxine, and 2

and 4 methyl oxine between a series of organic solvents and water. They 

interpreted their work in terms of solubility parameters. 

The purpose of this work was to investigate the distribution of 
* 

copper using an aklyl S hydroxy quinoline (Kelex 100 ) in various diluents 

and to attempt to correlate the extraction constants with the solubility 

parameters of the organic diluents used. 

On the assumption that only neutral species are extracted, the 

distribution of copper by a solutiqn of oxine, HA, can be described by the 

following equilibrium reactions: 

HA :t. HA (org); _@ kd. [HA] (1) 

* Kelex 100 is a registered trade mark product of Ashland Chemical Co,
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HA+ 
... 

H A+ 

2 

+ -
H + A ;

't:- H
+ 

+ HA; 

Cu+++ A 
-

+ CuA+ ;

CuA+ 
+ A 

... 

CuA
2 ;

... 

CuA
2 

... CuA
2 

(org); ... 

kl
[H+

] [A-] 
(2) 

[HA] 

k
2 

= [H+
] [HA]

[H2A+J 
(3) 

e
1 

[CuA) 
(4) 

[Cu
++

] [A-] 

f3 2 

[CuA2]
(5) 

[A-] 2 
[CuA

+ ] 

A 

[CuA2]
(6) 2 [CuA

2
] 

where bars indicate concentration in the organic phase and kd and >-
2 

are 

partition constants of the extractant and metal chelate respectively, k
1 and

k
2 are the first and second acid dissociation constant of the chelating

extractant and e
1 

and are the formation constants for the complexes 

CuA+ and CuA
2 

in the aqueous phase respectively. 

J. Stary (4) supports this simple approach by reporting that the complex

extracted by oxine in chloroform is CuA
2

. It is proposed here that both CuA2

and CuA2HA are formed and extracted with the Kelex 100. The degree of 

extraction of each species depends on the diluent, i.e. 

CuA
2 

+ HA °! CuA2HA; � 

lCuA2HA]
(7) 

[Cu++] [A-]
2

[HA] 

CuA
2

HA °! CuA2 HA (org); "3 

[CuA
2

HA] 
(8) 

[CuA
2

HA] 

where e
3 

is the formation constant for the adduct complex, CuA
2

HA, and >-
3

is the partition constant. The distribution ratio of copper oxinate, D, is 

therefore defined as: 

D (9) 
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where the stability constants are defined as follows: 

To obtain the partition and stability constants for the extraction of 

copper, the distribution ratio was measured as a function of pH and Kelex 100 

concentration. 

EXPERIMENTAL 

(5 6) 
The AKUFVE apparatus as described previously ' was used to determine 

the distribution of tracer level copper as a function of pH for various 

Kelex 100 concentrations. Temperature was held at 25 ± O.s
0

c. 

Kelex 100 was used as received from Ashland Chemical Co. Sodium sulfate, 

sulfuric acid and sodium hydroxide were of reagent grade. Radioactive copper,
64

cu, 

produced in the reactor at McMaster University was used throughout as a 

tracer in these studies. 

The solvents used as diluents were reagent grade except Escaid 100, 

NS148A and Solvesso 150, industrial solvents produced by Imperial Oil Co. Ltd. 

The ionic strength in the aqueous phase was kept constant with IM Na
2
so

4
• 

Table 1 lists the solvents used as diluents with their solubility 

parameter. 
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TABLE 1 

DILUENTS AND THEIR SOLUBILITY PARAMETERS 

DIWENT 

1 Isooctane 

2 n-Heptane

3 Benzene 

4 Toluene 

5 Xylene 

6 Methylcyclohexane 

7 Perchloroethylene 

8 50/50 vol% Heptane - Toluene 

** 

9 NS148A Imperial 

10 Solvesso 150 

11 Escaid lOOt 

** 20% paraffins, 34% naphthenes, 6% aromatic 

* 98% aromatic

t 80% naphthenes & paraffins, 20 % aromatic
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SOLUBILITY PARAMETER 

6.9 

7.4 

9.2 

8.9 

8.8 

7.8 

9.3 

8.2 

8.2 

8.7 

7.9 



RESULTS AND "DISCUSSION 

The Distribution ratio as a Function of pH 

The log D vs pH data for several of the diluents studied are shown in 

Figures 1 through 4. If the Cu++ ion is the predomin�nt species in the aqueous 

phase, equation 9 would predict a slope of 2. Examination of the log D vs pH 

plots at low pH shows a family of lines with a slope of about 1.70 for all of 

the diluents studied. This would indicate that in the pH range involved, the 

formation of intermediate complexes is significant thus resulting in a lowering 

of the slope. The effect of the diluent on the slope is shown in Figure�-

As equation 9 indicates,the concentration of the intermediate species in the 

aqueous phase is a function of the stability constants, 81', 82', 83•. Since

the stability constants are dependent on the diluent through kd, the slope of 

log D vs pH should be a function of the solubility parameter of the organic phase. 

Since for each diluent the family of lines plateaus at approximately the 

same value, (Figure 1 through 4) one would infer that only one species is being 

extracted, i.e. CuA2• However, there is the possibility that the partition

constants for CuA2 and cuA2HA are approximately equal which would result in vary

little change in the plateau value. 

The Distribution Ratio as a Function of The Kelex 100 Concentration 

To determine the Kelex 100 concentration in the organic phase, it 

was equated to the initial organic concentration with the following assumptions. 

(1) the solubility of the oxine in the aqueous phase was low, (2) the

concentration of the dissociated oxine, [A-] was insignificant at low pH values, 

and (3) the formation and distribution of the protonated oxine in the organic 

phase would not be too significant. This last assumption may warrant criticism; 

however the· loss of the extractant by protonation did not seem to be significant 

at the experimental conditions used since the slopes of log D vs pH curves was 

not greater than 2.0. 

Plots of log D vs log [Kelex 100]
0 

at pH 1.5 are shown in Figure 6. 

2531 



Examination of the slopes shows a dependence of about 2 for all the diluents 

except n-heptane (2.23) and isooctane (2.56). As Equation 9 predicts, a 

slope between 2 and 3 is expected depending on the relative concentration of 

CuA
2 

and CuA
2

HA in the organic phase. Formation of intermediate species 

would lower the slope of the log D/log [Kelex 100]
0 

plots; we can probably 

assume that the concentration of the intermediate species is not significant 

over the experimentalKelex l00 concentration range. 

Partition and Stability Constants 

Table 2 gives the partition and stability constants obtained through 

a least square fit of the model described by equation 9to the data. The error 

square sum, U, is also given for the fit. For a few of the diluents the 

error square sum, u
2

, is also shown for the fit of the model in which only 

CuA
2 

is extracted. In all cases the error square sum is less for the model 

involving extraction of both species. 
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PARTITION AND STABILITY CONSTANTS FOR THE EXTRACTION OF 

TABLE 2 TRACER LEVEL Cu BY KELEX 100 IN VARIOUS DILUENTS 

DILUENT log el 
I log S' log e3

I log t..2 
log ,..3 ut

,5 u i' log t.. 2
e2•

log t..3e3
•

2 0 2 

1 Isooctane -0.791 -2. 988 -0.567 3.428 3.115 2,2 X 102 6.9 .440 2.548 

2 n-Heptane -1.122 -2.245 -0.611 3.001 2.819 1.7 X 10-2 7.4 8.5 X 10 -2 .756 2.208 

3 Benzene -1.122 -2.410 -1.112 3.188 2.811 2.3 X 10-2 9.2 . 778 1.699 

4 Toluene -1.233 -2.141 -1. 721 2.790 2.932 2,5 X 10-2 8.9 6,2 X 10 -2 .649 1. 211

5 Xylene -1.017 -1. 996 -1. 326 2.906 2.853 2 ,2 X 10-2 8.8 .910 1.527

"' 6 Methylcyclo- -1.189 -2.652 -1.127 3.390 2.653 1.3 X 10-2 7.8 3.8 X 10-2 .738 1.526
hexane w 

7 Perchloro- -0.889 -1.832 -1.534 2.650 3.118 1.3 x 10-2 
9.3 2. 7 X 10-2 

.818 1.584 
ethylene 

8 50/50 vol% -1.216 -1. 769 -1.517 2.517 3.055 -2 3.1 X 10 8.2 .748 1.438 
Toluene-
Heptane 

9 NS148A -1.192 -2.078 -2.386 3.035 3.710 0.8 X 10-2 8. 2* -21.3 X 10 .957 1.324 

10 Solvesso -1.017 -2.618 -1. 317 3.081 2.483 4.0 X 10-2 8.7 1.063 1.166 
150 

11 Escaid 100 -1.148 -2.210 -1.136 3.075 2.733 1.2 X 10 -2 
7.9* .865 1. 597

Temp • 25.0 oc [NaS04] � I.OM
t u, u2 Error Square sums. 

* Estimated from typical values for paraffins, naphthenes and aromatics.



The partition constants of the copper (II) chelate in Table 2 are 

of the same order of magnitude as found by Mottola and Freiser (3) for various 

alkylated oxines although the ionic strength of their aqueous system was 

lower than employed in this study. 

To determine the relative extraction of the two complexes it is necessary 

to combine the partition and stability constant of each to form the extraction 

constant i.e. log \
2
e

2
• and log A

3
e

3
•. (Table 2) . The adduct complex is 

extracted to a greater extent, (especially in isooctane and n-heptane) primarily 

due to the larger stability constant for the adduct complex, i.e. e
3

• > e
2

'. 

Several investigators (7, S) 
have obtained various degrees of success in 

correlating the partition constant with solubility parameters. The approach 

we have taken is purely qualitative. From regular solution theory (9) , an 

expression developed for the partition constant is as follows: 

2.3 RT log A
x

• Ve [(oc - oaq)
2 

- ( oc - oo)
2

]

where A
x 

represents the partition constant expressed as mole fraction ratio,

oc and Ve the solubility parameter and molar volume of the distributing species 

respectively and oaq and oo the solubility parameters of the aqueous and organic 

phase. 

Figure 7 shows the partition constant A
2 

as a function of the solubility 

parameter of the pure diluent. The increase in log A
2 

with decrease in

solubility parameter is as expected. Figure 8 shows A
3 

as a function of the oo.

To correlate the extraction of the CuA
2 

and CuA
2
HA complexes, log 

A
2
e
2

' and log A
3
e
3

• are plotted against the solubility parameter, oo, of the 

pure organic phase (Figure 9) . As can be seen, preferential extraction of 

the adduct complex occurs at low solubility parameter, oo, decreasing with 

increase in oo until a minimum value is reached at about 8.75 after which 

point preferential extraction increases again. Conversely, the extraction 

constant for the CuA
2 complex is smallest at low values of the solubility

parameter and goes through a maximum; 
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To test the usefulness of this correlation the extraction constants 

for the mixed diluents (Points 8,9,10,11) are also plotted in Figure 9. 

The agreement is only qualitative. 

CONCLUSION 

At tracer level copper, the alkyl 6 hydroxy quinoline forms and 

extracts both cuA
2 

and CuA2HA complexes and the extent of the adduct

complex being extracted greatly depends on the diluent. Their respective 

extraction constants correlated reasonably with the solubility parameter, 60, 

of the pure organic. 
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Fl@:, 1. The Distribution of Tracer Le...e:l Copper as a F\mction of the 

pH for Various [Kelex 100]0 Concentrations. [Na25{)4]
8 

= 1.0.M. 

Temp = 2s0c. [cu] a = 2.4 x 104M Diluent: Benzene. 
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Fig. 2. The Distribution of Tracer Le�l Copper as a f\mction of tre 

pH for Various [Kelex 100]
0 Concentrations. [Na2so�a = 1.0.M. 

T- = 2s0c. [ Cu) a = 9.0 x I0-
5
M Diluent: n-Heptane 
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Fig. 3. The Distribution of Tracer Level Copper as a Function of the 

pH for Various [Kelex 100]0 Concentrations. [Na2so4]3 = 1.0.M. 

Te"1). 2s0c. [Cu]3 = 9.0 x 10-SM Diluent: Methylcychohexane 
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Fig. 4. The Distribution of Tracer Level Copper.as a Function of the 

pH for Various (Kelex 100]0 Concentrations. [Na2so4]3 = 1.0.M. 

Temp = 2s0c. [Cu] 3 = 8.0 x 10-5m Diluent: 50/50 vol.% n-Heptane Toluene 

2537 



N 

00 

1..eo 

•e 

l.'1"1, 

51.ep& 
1.72. 

1.'-• 

7 a ., 1.0 

�o 
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Fig. 6. The Distribution of Tracer Level Copper as a Function of the K.elexlOCX> 
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Fig. 7. The Partition Constant, >-
2

, as a Function of th! Solubility Parameter 

of the Pure Diluent. r..nnbers correspond to diluents in Table 1. 
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Fig. 8. The Partition C01"6 tant, >.. 3, as a FUnction of the Solubili GY Parameter of 

the Pure Diluent. l'wmbers corre�ond to diluents in Table 1. 
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Fig. 9. The Extraction Constants as a Function of the Solubility Parameter of 

the Pure Diluent. Numbers correspond to diluents in Table 1. 
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The State of Substances in the Organic Phase 

and Stripping Microkinetics 

G, A, Yagodin, V, V, Tarasov and N, F, Kizim 

The Mendeleev Institute of Chemical Technology, 
Moscow, U,S,S,R, 

Mathematical diffusion models with heterogeneous chemical reactions have 
been worked out and their analysis is given, It has been sho'i'.'1:1 that the 
transient time value (tt) calculated from the plots m(t) = f(t2) is the measure 
of the chemical resistance of a heterogeneous reaction (Rs). In some cases 
the analytical expressions for Rs have been found, The values tt of the 
stripping of mineral acids from neutral organophosphorus extractants have been 
determined using two variants of the short-time phase contacting method, 

Assuming an irreversible reaction of the first order takes place at the 
interface, the values Rs have been calculated, It has been found that R 
correlates with the water content in the organic phase. This confirms tfiat 
the slow stage is a heterogeneous hydration reaction, 

The high sensitivity of the mass flux to the composition of the organic 
phase leads to the conclusion that the short-time phase contacting method may 
be used to get infonnation on the state of substances in non-aqueous solutions, 

Heterogeneous reactions in the fonnation of extracted complexes are typi
fied in the extraction of inorganic materials by th� most frequently used 
extractants: amines, acids, neutral compounds,l1,2 J In spite of the fact 
that the most convincing eyide�ce of the existence of such reactions has been 
provided by slow processesl3-6) there is no doubt that rapid heterogeneous 
reactions also exist, To prove this, special methods have been developed to 
study the kinett· cs Qf extraction, One of them is the short-time phase con
tacting method. 7,B J It was used to study the kinetics of the stripping of 
mineral acids from tributylphosphate (TBP) and trioctylphosphinoxide (TOP0),(7,9) 
The interfacial resistance detected was said to be identical with the chemical 
resistance of the heterogeneous solvates hydration reaction, Though the 
dependencies described in published papersl7-9) were in favour of this assump
tion additional evidence was required, This could be obtained by increasing 
the number of the systems being investigated and obtaining more detailed data 
on the influence of all the system's components on the stripping kinetics, 
Such investigations were supposed to result in obtaining data sufficient for 
the determining of the correlation between the reactivi.ty of extractants and 
interfacial resistance values, It was therefore necessary to determine the 
interfacial resistance values as these could exert a profound influence on the 
efficiency of short-time contactors, such as centrifugal extractors, 

The following important task was to work out the mathematical description 
of diffusion processes with heterogeneous reactions with a short-time contact 
of phases. 

It should be mentioned that the most widely used models of mass transfer
through the interface, that is the penetration and the surface renewal models,(10,11) 
are based on the assumption that the non-stationary, molecular diffusion is of 
significant importance. However there is practically no mathematical de scrip-, 
tion of such elementary processes with heterogeneous reactions in the literature, 
This is to be expected as the heterogeneous reaction has usually been considered 
only as a limit of the homogeneous reaction and not as an independent: type of 
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reaction taking plac·e, always in the interface, regardless of the transport 
and kinetic coefficients. 

Mathematical models of the molecular diffusion with heterogeneous chemical 
reactions 

The distinctive feature of the mathematical representation of the mole
cular diffusion in the two-phase system with a reaction in the interface is 
that one of the boundary conditions is based on the chemical reaction equation, 
This means that the mass flux into the interface is equal to the rate of 
reaction of the diffusing component in the production of the intermedis,te sub
stances in the interface, 

The following uniform scheme of consecutive processes is the basis of all 
the models: 

Diffusion of the 
initial substance 

in phase 1 

Heterogeneous 
reaction -

Diffusion of the 
resultant product 

in phase 2 

The following are generally assumed for all types of models: 

1. The phase contact time is infinitely short.

2. The phases length is quasi-infinite (the contact time is short).

3, There is no diffusion of the initial substance into phase 2. 

4. There is no diffusion of the resultant product into phase 1. 

5, The transport of the substances is described according to Pick 1 s law, 

6. The concentrations of substances in the interface equal or are propor
tional to the volume concentrations in the layers adjoining the interface, 

7. The diffusion coefficients in the phases are not dependent on the concen
tration. 

The solution models 1-6 are in Tables 1 and 2. The equations of models
1-6 are solved using the Laplace transformation method, Models 3-5 are solyed 
using the approximate q1.12.si-stationary method described by Frank-Ka.menetsky. l 12) 
In models 3 and 4 the accumulation of the intermediate product Bin the inter
face is not to.ken into consideration. It is assumed that the intemediate 
product B exists only in the interface, the thickness of which is d. The 
accumulation of substance Bin the interface is accounted by the following 
boundary condition: 

Functions F1_6 of model 5 can be obtained in the following way:

F1 = P1P/Y1Y2 + l[r�-Y1<P1+P2+K2)+P1P2]/y1(Y1-Y2)1 exp(-y1t) + 

( 1 ) 

l[r;-r2(P1+P2
+K2)+P1P2J/y2(r2-r1 )j exp(-y2t) (2) 

F2 �/r1r2 + (P2-y1) exp(-y2t)/y1 (y1-r2) + (P2-r2) exp(-y2t)/

y2(y2-y1) 

1/r1r2 + exp(-y1t)/y1(r1-r2) + exp(-r2
t)/y2(r2-r1)

P2F3/F2 
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where y1 and Y
2 

are the roots of the square equation:

y
2 

+ Y(/31+/32+K1+K2
) + K1K2 + K1/31 + /31/32 = 0

taken V1ith opposite signs, 

(6) 

(7) 

It should be mentioned that the equations of model 1 are identical with 
those known from ref, 12 at a= 1, and the equations of model 2 are described 
in ref, 14. The special solutions of the equations of model 2 are published 
in refs, 13 and 15, 

The Analysis of the mathematical models 

We are interested in the behaviour of the functions (table 1) at large and 
short contact time, It should be noted that F(A.) � o, when t .-. oo and F(;\..) 
.... 1 , when t � 0. l. J. 

At sufficiently large t, all the models lead to the linear equation: 
- .,1._ -
A t2 

- B (8) 

V/hen extrapolating this dependence into the region of short time we note that 
it does not pass through the orig}n but cuts off the intercept (-B) on the axis 
of ordinates and the intercept tt2 on the axis of abscissae, In some cases 
the value _£f the lattrr can be connected with the interfacial resistance value 

Rs. The A v�ue.2, tt2 8:!!d R are given in table 3 for different models. The
coefficients A

1
, A

2 
and A, aie in no way connected with the heterogeneous 

reaction kinetics, It m�ans that at sufficientl_;r large t the process takes 
place in the diffusion region, The coeffici�nt A2 (model 2) is dependent on
the equilibrium constant Ke. In this case, A2 may vary from zero to the value
characteristic of �he irreversible reaction, passing the value A for the homo
geneous diffusion,\15) 

The coefficients A
4 

and A
6 

depend to some extent 
though such conclusions seem to be rather unexpected, 
that at 4-' 2 << � the value I6 equals A

1 
,

on the reaction rate 
It should be mentioned 

The analysis of equations for models 1-6 in the region of short time leads 
to the general conclusion that the chemical kinetics play an important role, 
In all cases at t = o, we have a kinetic region and the mass flux to the inter
face depends only on the chemical reaction rate, Fig, 1 represents the depen
dence of the dimensionless mass 1S_m(t)/D1C� of the substance trans£erry_d into
the second phase on the square root of the dimensionless time (kit2/D12) (curve
1), The calculation is according to model 1. The dependence ror the case of 
the rapid irreversible first order reaction in the extracting phase is shovn;i-

) in the same figure, The calculation was according to Danckverts' equation}11 

m-<-(t) = C:(1)/�l"l.2.[rtd + .t/:z,)ef'/{Kt/1�(d/JT)�i:xp(-K-t)] (9) 

which in the dimensionless fonn is as follows: 

m,i{t)K. 113/c;1/4::: (Jd r:t/ijezf(K.t) 14.+-(K-l:/JJJ¼ expfKt) ( 10) 

It can be easily seen that the influence of the homogeneous reaction increases 
at t unlike the heterogeneous reaction the influence of which is the most 
significant at t = O. Also, curve 2 (Fig. 1) is above the square's diagonal 
reflecting the mass-transfer without a chemical reaction, and curve 1 is below 
it, This means that the homogeneous reaction accelerates the mass transfer 
and the heterogeneous reaction inhibits it, 
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The analysis of the behaviour of functions j1(o,t), j2(o,t) and 110(t) of 
model 6, in the region of short ti_2e, is of particular interest (Fig.�). 
Note that the function mz(t) = f(t2) has two inflections with the coordinates 

+_1·1; 2. =Jj
:t
h_( Ki_�yr") /'llf 3 ± [JT((/l�+K�/+!f

).
K�J o/1'/13 ( 11) 

I 

Function j2(o,t) comes above the maximum.
extreme point is: 

Experimental 

The time corresponding to the 

( 12) 

In this work neutral organophosphorus compounds were used as extractants. 
Their list, chemical composition and some physico-chemical properties are given
in table 4. 

Method of investigation 

Tht·s wqrk has been carried out using the short-time phase contacting 
method. 7-9) Some results w�re obtained with the help of a modified method 
without using paper samples,( 1 J in order to be sure that Rs is not dependent on 
the way it is measured. ·It is essential that the change of electrical conduc
tivity of the aqueous phase layers adjoining the interface is proportional to 
the change of the electrolyte concentration in them. The proportional coeffi
cients for all the monobasic acids are practically equal. The results can 
then be analysed on the basis of the dependence of A'l on t. 

Discussion 

Previous results, (7-9) obtained while studying the stripping kinetics of 
the acids, lead us to assume that stripping is mass transfer via a heterogeneous
reaction: 

1. The dependencies A� f(t2
) are linear at sufficiently long-time phase 

contacting (t > 0.1 sec). 

2. The coefficients A are proportional to the solvate concentration in the
orcanic phase. 

_l,_ 
3. The dependencies A£= f(t2) are non-linear at short-time phase contacting.

In all cases, except the case of HCL04 stripping, the transient time ttoccurs. The value of tt considerably depends on the system but not on
the concentration of "free" extractant. 

4. The coefficients A depend on the proprrties of the organic phase and in
particular on its viscosity CA - 1/.Jllz). 

The extension of the number of systems investigated and the range of 
measurements made allow us to make more accurate modifications of some
of the above conclusions. Conclusions 1-4 are now discussed in the light of 
the new results. 

Firs} of all it appears that the. linear character of the dependencies 
t::.£ = f(t2) at sufficiently large t is confirmed by the study of the stripping
of acids from the majority of the extractants used. The exceptions are found 
under certain conditions whilst stripping HCL04 from TBP solutions and HN0

3 
from

TNP solutions (Fig. 3). Vie consider that the shapes of the curves (Fig. 3) 
indicate either that some forms of transferred component exists in the organic 
phase or that they are formed while stripping (e.g. during diffusion of water 
into the organic phase). It should be mentioned that, in multicomponent mass 
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transfer, the curves often have a shape as in Fig. 4. This talces place each 
time two substances are transferred, one of which has a low interfacial re
sistance and the other a high one (e.g. during simultaneous stripping of HN03
and metal nitrates). ¥owever in the majority of cases rather a good corre
lation between �.it and t·,t is observed. For example, on stripping HN03 from
o. 1M TBP/decane, the analysis of 20 kinetic curves according to the least 
squares method provides the coefficients A and Band the correlation coeffi
cient"(.. 

AX = 6 0088 X 10-5 l 8.168 X 10-6 

It appears that -r, = 0.991 indicating good correlation. 

The second conclusion, that the coefficient A is proportional to the 
organic phase solvate concentration (following from the models), is not however 
correct for all systems. As a rule in the measurement ran

5
e of solvate con

centration from 0.05 to 0.3M the dependence between A and c
1 

is practically 
linear (Fig. 5). However at higher concentrations considerable deviations 
from linearity are observed, which are probably connected with increasing non
ideality in the organic phase. In som..!:. cases (e.g. on stripping J-Ili03 from
TBPO solutions) the dependence between A and c? is rather complicated even at 
low concentrations (Fig. 6). The ce,use of such deviations will be discussed 
below. The influence of the concentration of the "free" extractant on the 
coefficient A for different systems is not identical. For ex�le, in the 
system TBP-HN0

3
-decane, the dilution effect on the coefficient A is the same, 

whether the dilution is by TBP solutions or by decane (Fig. 7). The same is 
true for the systems with TOP, TPP and TOPO. llowever in other cases (e.g. 
the system with TBPO) the "free" extractant concentration plays an important 
role. 

Our work confirms that the transient time is considerably dependent on the 
extraction system (conclusion 3). The acids being extracted according to the 
hydroxonium mechanism (e.g. HCL04), have practically no transient time ( tt=O). 
The value tt generally appears to be a complicated function of the organic 
phase composition, so that even for the same system tt is not constant. This 
is a consequence of the multicomponent character of the complexes so no satis
factory correlation of tt and R with values of the extracting ability has been 
found. The experimental value� of tt and Rs are given in Table 5. 

In some cases in Table 5, the values of tt and Rs are obtained from results
at various time intervals, This means that they are considerably dependent 
on the oreanic phase, It is also known that the mineral acid complexes in 
this phase will change with the conditions of extraction. 

Similar acid content of the organic phase may be obtained on contacting 
different concentrations of extractant with different aqueous solutions, the 
water also being coextracted to a different degree. The water content of the 
organic phase ha� a large effect both on the transient time tt (or R )  and on 
the coefficient A. On stripping HNO and HSCN from TBP solutions the A, tt 
and R values are lower, correspondiJ to the higher water content of the organic
phase� The data in Taole 6 confirm this. 

It was mentioned earlier that the dependence A= f(C�) for the system 
TBPO-HN03-H2o is complicated. In the concentration region of mw

3 
in the

organic phase (0.05-0.15M) inflexions are observed (Fig. 6), Our data show 
that the organic phase water content changes irregularly in the same region, 
We consider this phenomenon talces place due to the forniation and further 
destruction of intermediates while the organic phase composition changes. 
Note that the intermediate formation in the system TBPO-H20 is described in 
detail in ref, 16, Though the influence of water content in the organic phase 
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on the stripping kinetics is not clear, the results may be explained in the 
following way. The water content increase in the organic phase causes a 
displacement of the equilibrium: 

oxonium hydroxonium 

in the direction of the formation of the latter. Thus if the heterogeneous 

reaction slow stage is the process of hydration, the hydroxonium formation in 
the organic phase must cause a decrease of the interfacial resistance. This 

explanation is quite reasonable as there is no resistance while stripping 
HCL04• This acid exists in the organic phase usually in the hydroxonium fonn.
The decrease of the A value with increase in water content during stripping of 
HN03 and HSCN, can be explained either by the decrease of the diffusing sub
stance activity or by the decrease of its diffusion coefficient. 

Thus some of the above results can be explained in tenns of model 2 (or of 
its special case - model 1). Application of more complicated models (3-6) at 
present would be unreasonable due to there being additional parameters, the 
selection of which might lead to an accidental coincidence of the experimental 
results with the model. Such a conclusion seems reasonable, as at present we 
have no information on the diffusion coefficients of the solvates in the 
organic phase and on their concentration dependence. As all the equations 
have been obtained only in the concentration fonn, they give only an approxi
mate description of the process. 

At the same time, some results indicate that processes involving the 
accumulation of complexes in the interface may be of considerable importance 
under certain conditions. Thus the factors affe9ti� the stripping of HCLO 
from dilute TBP (where non-aqueous solvates exist,17JJ favour model 6 (Fig.�). 
If this is proved in the future we may speak about the impossibility of des
cribing the mineral acids stripping process by a single model. 

Nomenclature 

A - coefficient of equation 8 
B - intercept on the axis of ordinates 
A Band C - compounds 

C� - initial concentration of diffusion compound in.the raffinate phase 
(phase 1), r,Vcm3 

n
1 

and D
2 

- diffusion coefficients of compounds in phases 1 and 2 respectively
F\Xi) - function, F(�i) = exp (Xf) erfc (Ai) 
F1 6 - functions, are given in the text 
j1Zo1t) and j2(o1t) - mass fluxes from the phase 1 on the interface and from 

the interface into phase 2 respectively, r.V'cm2sec. 
� - rate constant of the direct stage of the heterogeneous reaction, cm/sec. 
K = �/a - effective rate constant, cm/sec 
k - rate constant of the homogeneous irreversible reaction, 1/sec. 
Ke - reaction equilibrium constant 

2 m2(t) - mass of the compound transferred into extract phase, r.V'cm . 
R - interfacial resistance, sec/cm. 
t

s
- diffusion time, sec.

a - reactive activity coefficient
f - reverse stage rate constant of the heterogeneous reaction, cm/sec.
y - roots of equation 7 
5 - thickness of the interface (adsorption region), cm 

- t/,4-j 1/; 
).1 6 = Jcu l / JJ-1. �- - dimensionless parameter (models 1, 6)

1 

- t/J. 1l I/, A .l = ( k:1.i. /JJ-1. + Jz/J)z '.t}t � - dimensionless parameter (model 2) 
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-
:i/ }..3'=.['o�i.K.z. /{KlT/>;1..)J>1.� - dimensionless parameter (model 3)

)..4=[o°iilK.Lj(KJ..+-j,1) JJfi, + Fifa,fa;_/(K"z.4-/3-1.)J>fjl�- dimensionless parameter (mode14)

Act: - change of electrical conductivity of boundary layer of the water phase, 
1/chm 
- .l, _  1 

'+' = k/D� - parameter, sec-2
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M o d e 1 

l 

2 

3 

4 

5 

6 

Table 1 

The mathematical models of molecular diffusion with heterogeneous reactions 

Reaction type 

K1, 
A -- B 

f.,, 
K..1� 

A� 

fa:1 

B� 

k:1, k� 
A� B ::;::::=- C 

�j foi., 

K1,· K.i A � B � C 
f3.t. J!,,i, 

plus B accumu
lation 

A .!.!:.!_.. B � C 

plus B accumu
lation 

Mass flux e:xpreasions 

d� I 0 t-) = k1. i C: F (,� :t) 

J�(o,t)= (�,c;-ftt_e;) F[A�) 
J 

.J 

d�fo,t) =- J� ltft} 

i1fO,t) -= J�(o, t} 

J�(�-t):: rt3 C: F(?-.3 )JJ;1/t :th 
.J J�fui) =- J�(t';'t) 

J
0

1(0+):: � K;1 , 1<.i, c; F(J.,,)/(K,i
+/31) ; J�(�t} = j�(� c) 

l 
j:1.I 01: J = l<1i c; (1.- Fs) I (:Jrt)��[K:1i {:t.+ F6" ) + :p:2.;rJt/

f.1
� J

J� (P(t)= (K1.-fa.,) c: I {1. -ft<- {:t- F.2./h �J(:irt/1):t) :i/2_ J i i:1. tqt)-==K:1.iC:F().6) 
J°;._ { 01 t):: K1.i K.i c; F{). 6 )/(tf'.Z+Ki.) - K.1.,· K� c; exp(-Kzl)/{'f'i+K,i) + 

+- [K:1i Ki, c; exp(-�t) j(exp(-f/l')d:,/c�)]/('f2+ki,)Ji'i 



Model 

I 

2 

3 

4 

5 

6 

Re:..ction type 

K,,· 
A - B 

l<.1i. KJ. 

A� B � C 
f!,.1,. /3� 

plus B accumulation 

K:1/ k, 
A-B----C

The �athelllitical models of molecular

diffusion with heterogeneollll reaction 

Table 2 

Tb quantity of the substance transferred into plll.ase 2 

ml, (f) =:l ( K1.i e:1.
0 

-}1 C2°)t/Jc;_:J/4._ (�i C1° -f,:1 c;Jt:t/.z{t-F(J.;,}} I A�

ml, (t J = :2 e/ (1)1 t/JT J1-l2._ c; JJ�/4.
(). - f:(J.3 )] / J.3

( ) <:-- o
{ 

) ( J-11.. 1i.2.; .,.. 1/.i � .:t/2_ :fl, 
t'ni, t ==-£0K11.l<l,Ci K2. +.f>:1. [Jt_J)4 <t (olt1.iK-l7)

.J. +-0/3:1.JJ.iJJ.1. ).71 '.2._

-cJ (A.t/h'[1-F(;t'(})/,A1;

plus B accUJ1ulation 



Model 

1 

N 

3 

4 

6 

Table 3 

The coefficients I, the transients time tt and interfacial resistances R
8 

according to the models mentioned 

A 

;;, ft° ( :P1 I Ji J 1/2-

2 [{C':t.
0-ot Kee:, )[JJ;,. /JT f.t._j/[1 +of Ke {JJ:1./JJz{J

:, c:f.o (]):1./JT) .t./,2_ 



Table 4 

The extractante and their properties 

Chea. 
Physico-Chemical properties 

d25 content of P, " Ertraetanta formula n25 found theory 

Tripropylphoaphate (TPP) (C3H7o)3 PO 1.418 1.012 13.9 ! 0.2 13.B

Tributylphoaphate (TBP) (C4H90)J PO 1.424 0.977 11.B ! 0.2 11.6

N 
Trioctylphoaphat• (TOP) (C9H170)3 PO 1.434 0.915 1.2 ! 0.2 7.15 

Trinonylphoaphate (TNP) (C9H190)3 PO l.4J6 0.915 6.6 ! 0.2 6.51 

Triphenylphoe�te (TPhP) (C6H50)3 PO 9.6 ! 0.2 9.51 

Tributylphosphineoxide (TBPO) (C4H9)3 PO 14.4 ! o.3 14.6 

Trioctylphoaphineoxide (TOPO) (C9H17)3 PO a.1 ! 0.2 a.09
•, 

11.2 ! 0.2 Triphenylphoephineoxide (TPhPO) (C6H5)3ro .. 11.2 

1,4-biawdioctylphoa
r

inylbutan (CgH,�)'t(P0/,2. ( CHi,)1/ 
(1,4-bis-DOPB 10.7 ! 0.2 10.6 



Table 5 
• 

The R
8 

values for the stripping of some 

acids and metal nitrates 

S y s t e m s t 
ae! 

RCL04 • H20 - TBP - C6H6 0 

HCL04 -H2o - TOPO -C6H6 0 

HN0
.3 

- H20 -TPP - C6H6 0.0.32 

HN0
.3 

- H20 - TBP - C6H6 0.025 

HN0
.3 

- H20 - TOP - C6H6 0.005-0.06 

HN03 - H20 - TNP - C6H6 0.006-0.025 

HN0
.3 

- H20 - TBPO - C6H6 0-0.014 

HN0
.3 

- H20 - TPhPO - C6H6 0.025 

HN03 - H20 - TOPO - C6H6 0.062 

HN0
.3 

- H20 - l,4-bis-DOPB-C6H6 0.032 

HSCN - H20 - TBP - C6H6 0.09 

Ce(N0
.3

)4 - H20 - TBP - C6H6 0.005 

La(N03)
.3 

- H20 -TBP - C6H6 0.011 

cu(N03)2 - H20 - TBP - C6H6 0.11 

Ni(N0
.3

)2 - H20 - TBP - C6H6 0.13 

co(N03)2 - H20 - TBP - C6H6 o.J-1.5

zr(N03)4 - H20 - TOPO - C10H22 a.o

2552 

Rs 
sec/�• 

0 

0 

77 

68

30-110

34-70

0-52

69

110

11 

120 

60 

105 

270 

290 

440-1000

2500



S y e t e :m 

BNOJ - TBP -

C10H22 - H20

HSCN - TBP -
C10H22 - H20

Table 6 
_1_ 

Dependence of R8, t� and A on the water

content of the organic phase 

Water tt, 
Re, concentration sec 112 sec/cm 

0.225 o.oJ 12.0 

o.o6J 0.075 J2.4 

0.016 0.15a 68.0 

o.J7 0.02 4.J

0.122 0.06 28.5 

0.0158 o.1J 47.5 

Note that satisfactory l.inear correlations are found between 

t!/2 
and c820

• The A values also correlate with c
820

•
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l"ig. 1 Dimensionleae mass dependence en dimensionless time 

1. According to model 1 

2. According to Danclcverta' model 

Fig. 2 Kinetics or maae tl'8ll8!er according to model 6. 



Iv 
V, 
V, 
V, 

o.e A-.2. 4..'- ;e..o 
t¼ > .S\11.C.. 

Fig. 3 Kinetics of stripp:iJ18 of HN0:3 from TNP solutions 

1, 2, 3, 4 - consecutive contact numbers. 

Fig. 4 Kinetics of stripping in case two component mass transfer (R91 << R82) 
' 



' 
,,._, 

V, 

V, 

"s 
ti 

I< 

Pig. 5 Coefficients A dependence on the HN03 solvate concentration. 
1 - TOPO, 2 - TPhP, 3 - TNP, 4 - 1

1
4 bis OOPB, 5 - TPhPO, 7 - TOP, 

8 - TBP, 9 - TPP 

1!20 

-------------

-------------

I 

0.1. 0.4" 

Fig. 6 Coefficients A dependence on the HN03 eolvate concentration, system 
TBPO-HN03-H20..C6H6• 



N 
V, 
V, 
-.I 

4 

..._ _ ___,..._ _ ___, __ ...... __ ....,_ __ ...... __ -'---·� 

1...4-

Pig. 7 Influence of "tree" extractant concentration on the coefficient A. 
Strippin8 of HN03 from o. H.I TBP in a decane. 

1, 2, 3, 4 - dilution of initial solution by 0.1M TBP in decane. 
5, 6, 7, 8 - dilution of initial solution by decane. 

O.l. o.+ :i..O 

Fig. 6 Kinetics of stripping HClo4 from diluted solutions of extractante. 

1 - TPP (0.0125M), 2 - TBP (0,0145M), 3 - T0PO (0.063M) 
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EXTRACTION OF NICKEL BY a HYDROXY OXIME/LAURIC ACID MIXTURES 

* D.S. Flett

/ M. Cox

J.D. Heels

SYNOPSIS 

The stoichiometry of the mixed complex formed on the extraction of 

nickel with a hydroxy oxime/lauric acid mixtures has been determined. The 

anomalously slow rate of extraction of nickel by the mixed extractants has 

been shown to be due to specific interfacial effects caused by the inter

action between the nickel and the lauric acid. 

INTRODUCTION 

Studies of the extraction of several metal ions with various a 

hydroxy oxime/carboxylic acid mixtures showed that appreciable synergism 

occurred, particularly in the extraction of divalent" metal ions and the 

degree of synergism varied with the type of carboxylic acid. Of particular 

interest were the selectivity reversals that were observed for copper over 

ferric iron and nickel over ferr�c iron when the chosen carboxylic acid was 

a bromolauric acid (1). Stoichiometric studies with copper have indicated

that the complex contains copper/a hydroxy oxime/a bromolauric acid in tie 

ratio of 1:2:4 (2) . Development work with this system has shown that there 

is no justification for considering either a hydroxy oxime/di(2-ethylhexyl) 
phosphoric acid (DEHPA) or a hydroxy oxime/carboxylic acid mixtures as 

satisfactory alternatives to existing commercial copper extraction reagents(3� 

The extraction of nickel with a hydroxy oxime/carboxylic acid mixtares 

is of considerable potential commercial interest. Separation factors of up 

to 50 have been found for nickel from cobalt in sulphate solutionswhen the 

carboxylic acid is naphthenic acid,while the ability to extract nickel in 

preference to ferric iron with a hydroxy oxime/a bromolauric acid mixtures 

is unmatched by any existing commercial solvent extraction reagents or 

reagent combinations. Thus considerable incentive exists for further 

* Warren Spring Laboratory, Stevenage, Hertfordshire, England.

/ The Hatfield Polytechnic, Hatfield, Hertfordshire, England.
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development work but the rate of extraction is particularly slow, taking abcut 

three hours to reach equilibrium at room temperaturt ( 1). This is surprising

because the rate .of extraction of nickel by the individual extractants is such 

that, at the very most, ten minutes only are required to reach equilibrium. 

The kinetics of solvent extraction systems involving extraction of metal 

chelates has not received much attention and consequently almost nothing has 

been reported on the kinetics of metal extraction where two or more extractants 

are employed to achieve equilibrium synergism. However, from data available on 

single extractant systems, (see Alimarin et al (4) and Flett et al (5) for

critical reviews of published data) there seems to be a divergence of opinion 

about whether chelating extraction reaction should be discussed in terms of the 

kinetics of complex formation in homogeneous aqueous solution or in terms of 

the heterogeneous kinetics concerning species adsorbed at the aqueous organic 

interface. While it is obviously not possible at present to reconcile these 

divergent viewpoints it is perhaps appropriate to note that, with the 

extractants used or proposed for use commercially, the aqueous solubility is 

such that the molarity of the extractant in the aqueous phase, and in 

particular the molarity of the extractant anion, is so low that homogeneous 

aqueous rate-controlling complexing reactions are unlikely. Thus the rate

controlling step for the extraction of iron with DEHPA (6) has been shown to 

occur at the aqueous organic interface and a similar conclusion has been 

drawn to explain rate data for the extraction of copper by a hydroxy oxirne/ 

$ hydroxybenzophenone oxime mixtures (5) 
(i.e. LIX63, LIX65N and LIX64N).

Therefore, in the present case, it would seem a reasonable assumption that 

the anomalous rate effects observed in the extraction of nickel with 

a hydroxy oxime/carboxylic acid mixtures are interfacial in origin. Study of 

the interfacial properties of the nickel system should show differences when 

compared with the properties of systems containing, for example, copper and 

cobalt. One of the most easily measured interfacial properties is the 

interfacial tension and it is well known that changes in interfacial tension 

result in changes in mass transfer rates and vice versa. To attempt to 

discover the cause of the anomalously slow rate of extraction of nickel by 

a hydroxy oxime/carboxylic acid mixtures, the stoichiometry of the mixed 

complex has been determined, and a study of the interfacial tension of 

a hydroxy oxime/carboxylic acid system has been undertaken. The results of 

this study are presented in this paper. 
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MATERIALS 

The a hydroxy oxime used was prepared from 2-ethylhexanoic acid by the 

method described by Swanson (7) . Laboratory reagent grade lauric acid, 

(Hopkins and Williams) . was used without further purification. Metal nitrate 

solutions were prepared from EDH Analar grade chemicals and pH adjustments 

were made with AR nitric acid and sodium hydroxide solution prepared from BDH 

standard solutions. Hexane, AR grade, was selected as the diluent. 

COMPLEX STOICHIOMETRY 

Distribution studies were carried out as described by Flett and West (1) .

The extraction of nickel with a hydroxy oxime (HOx) 
1 

lauric acid, (RH) and 

the extractant mixture is shown as log D/pH plots in Fig. 1. The slope of 

these plots correspond to 2.0 except for the extraction of nickel with the 

a hydroxyoxime which shows a slope of 1.6. 

Preliminary work revealed that the addition of lauric acid to the nickel 

a hydroxy oximate in hexane caused a near instantaneous colour change from red 

to green and the UV and visible spectra of both complexes are shown in Fig. 2. 
The UV and visible spectrum of this green complex was identical with that for 

the complex formed by solvent extraction of nickel with the mixed extractants. 

The spectrum of the nickel a hydroxy oximate in hexane (Fig. 2) is 

typical of nickel square planar complexes and thus it may be inferred that the 

stoichiometry of the nickel oximate is Ni(Ox) 2• This stoichiometry was 

confirmed by means of the method of continuous variation (Job's method) wherein 

the optical density of the organic extract was plotted against the composition 

of the aqueous phase, Fig. 3. Experimentally the desired result was achieved 

by keeping the total molarity of the nickel and a hydroxy oxime constant while 

varyi_ng the individual concentrations from O to 0.1 mol. The figure shows 

clearly that the stoichiometry is Ni (Ox)2•

Because,as can be seen in Fig. 2,there is clearly no contribution from the 

spectrum of the mixed complex to the colour peak of the nickel a hydroxy 

oximate, a spectrophotometric titration technique could be employed to determine 

the number of lauric acid molecules associated with this complex, Various 

amounts of lauric acid were added to aliquots of the nickel a hydroxy oximate 

in hexane and the change in optical density of the red oximate peak (415 nm) 
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plotted against the amount of carboxylic acid added. A typical spectrophoto

metric titration plot is shown in Fig. 4. 

From this spectrophotometric titration the ratio of lauric acid to nickel 

in the mixed complex is seen to be 2:1. The spectrum of the mixed complex 

(Fig. 2) is typical of six-coordinate nickel and thus it seems that the 

carboxylic acid molecules interact directly with the central metal atom to 

achieve a coordination number of six. The existence of only one mixed complex 

is indicated by the presence of. the isosbestic points when a series of spectra 

are recorded for varying molar ratios of nickel laurate and nickel a hydroxy 

oximate
1 

Fig. 5. Thus the molar ratios in the mixed complex are Ni/lauric 

acidf! hydroxy oxime; 1:2:2 and the monomeric formula Ni(0x)2(RH)2 is proposed

for the mixed complex. 

INTERFACIAL TENSION MEASUREMENTS 

Interfacial tension measurements were carried out with a Du Nuoy ring 

tensiometer. The following procedure was adopted. The aqueous and organic 

phases were first equilibrated for 15 min, the phases were separated and the 

pH values measured. Equal volumes of the aqueous and organic phases were then 

placed together in the measuring dish and the interfacial tension recorded. 

The final pH value of the aqueous phase was varied by the addition of sodium 

hydroxide or nitric acid. Metal ion concentrationsof 0.1 mol were adopted for 

these studies and the sodium ion concentration was kept constant at 0.04 mol 

by the addition of sodium nitrate except where indicated. 

Preliminary testwork showed that, of the two reagents, the carboxylic 

acid was mu�h more surface-active than the a hydroxy oxime. Indeed in 

mixtures of the a hydroxy oxime and lauric acid, the measured interfacial 

tension reflected the concentration of lauric acid only. Thus the effect of 

nickel on the interfacial tension in the system lauric acid/hexane/water was 

considered to correctly represent, at least qualitatively, the effects to be 

expected from the mixed system. The variation of interfacial tension of the 

system,lauric acid (0.1 mol) hexane/Ni(No
3
)2(0.1 mol)/H20 is shown in Fig. 6

together with the corresponding plots for a hydroxy oxime (0.1 mol)/hexane/ 

Ni(No
3
)2/H20, lauric acid (0.1 mol)/hexane/H2o and a hydroxy oxime (0.1 mol)/

hexane/H20. The figure shows that while in the case of the a hydroxy oxime

the presence of nickel increases the interfacial tension, its presence tends 

to decrease the interfacial tension of the lauric acid system. The curve is 
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seen to be in two parts which suggests that the presence of the nickel may be 

causing a phase change in the adsorbed molecules at the interface. 

To see whether this interfacial tension variation for the lauric acid/ 

nickel system was as anomalous as the extraction rate with the mixed reagents, 

interfacial tension variationswith pH were measured foe the lauric acid system 

with copper, cobalt and sodium. These data are shown graphically in Fig. 7 

from which it can be clearly seen that the behaviour of nickel is anomalous. 

The effect of nickel concentration on the variation of interfacial tension 

with pH has been studied as has the effect of lauric acid concentration. These 

results are shown in Figs 8 and 9. 

DISCUSSION 

The stoichiometry of the mixed complex formed between nickel and a hydroxy 

oxime/lauric acid mixtures is NiOx2(RH)2• This is sufficiently different from

the stoichiometry of the corresponding copper complex, where the carboxylic 

acid was a bromolauric acid, to question whether the spectrophotometric method 

used in the present study gave results which were consistent with the slope 

analysis method used previously. Consequently a spectrophotometric titration 

was carried out wherein lauric acid was added to the copper oximate. The 

stoichiometry obtained therefrom was CuOx2(RH)
4
, in complete agreement with the

result from slope analysis. 

While the log D/pH plots for the lauric acid and the a hydroxy oxime/ 

lauric acid mixture seem normal exhibiting a slope of-2.0, the slope for the 

a hydroxy oxime only is anomalously low. Low slopes can be caused by any or 

all of the following: 

(i) formation 'of intermediate aqueo,.1s soluble complexes with the

extract ant,

(ii) hydrolysis of the metal ion,

(iii) non-equilibrium conditions.

The concentration of hydrolytic species of nickel (S) at pH 6 and below is 

insufficient to reduce the slope of the log D/pH plot and rate data for nickel 

extraction with the a hydroxy oxime indicate that equilibrium is probably 

achieved within five minutes. No direct evidence exists for the formation of 

intermediate aqueous soluble species between the a hydroxy oxime and nickel. 
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It was therefore of some interest to see whether similarly anomalous slopes 

occurred when log D/pH data was obtained for the stripping reaction. Such data 

were readily acquired by contacting aliquots of a hexane solution of the red 

nickel oximate complex with aqueous phases containing varying concentrations of 

acid. These data are shown as a log D/pH + log HOx plot in Fig. 10 1 where log 

HOx denotes the calculated "free" ex hydroxy oxime concentration in the organic 

phase assuming the complex to be NiOx2• The slope of this plot is seen to be 

1.92. The reason for the anomalously low slope of the log D/pH plot obtained 

for the extraction reaction remains unexplained. 

Because the extraction of nickel by the ex hydroxy oxime is complete in 

less than 5 minutes and the reaction between lauric acid and the nickel oximate 

is very fast,the mechanism of nickel extraction cannot follow that route. From 

Fig. 1 it is far from clear whether the nickel would prefer to react preferen

tially with the lauric acid or the ex hydroxy oxime in any sequential stepwise 

mechanism in the formation of the mixed complex. However it is quite clear 

from the interfacial tension data that the combination of nickel and lauric 

acid yields anomalous values for the interfacial tension when compared with 

copper and cobalt. It would therefore seem to be more than fortuitous that 

the lowering in the interfacial tension found in the present study corresponds 

with a lowering in the extraction rate of the metal ion. It should be 

observed that the addition of nickel to the ex hydroxy oxime/hexane/H2o system

increases the interfacial tension and nickel is extracted relatively rapidly 

by that system. 

Accurate physical-chemical descriptions of the cause of interfacial 

tension changes are not readily made. Peters(9,1o ) has measured the interfacial

tensions of long,-chain acids at the benzene/water interface and correlated 

change of interfacial tension with ionization of the acids. If the lowering of 

interfacial tension results from the population of the interface with carboxy

lic acid molecules which increasingly ionize as the pH value increases, then 

addition of cation-like copper, cobalt and sodium must decrease this 

interfacial concentration of carboxylic acid. Clearly, when extraction of 

these catiomcommence the interfacial tension will fall as the extraction 

reaction takes place at the interface. This effect can be seen in Fig. 7. The 

anomalous interfacial tension-lowering in the presence of the nickel may be 

ascribed in two ways. Either the nickel is interacting with the carboxylic 

acid in some way at t_he interface or it is staying away from the interface 

altogether so that there is no barrier to the carboxylic acid molecules 
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collecting at the interface, In this latter case a curve similar to that for 

the lauric acid/water system would be expected, Because the shape o,f the 

curve for the lauric acid/nickel system is quite different to that for the 

lauric acid/water system (Fig, 6) it is concluded that the interfacial tension

lowering is caused by interaction between nickel and the lauric acid at the 

interface, The hiatus in the variation of the interfacial tension with pH 

merely denotes a change of state of the adsorbed species at the interface, 
probably from a two-dimensional liquid to a two-dimensional solid, Langmuir 

trough experiments will provide useful additional data, 

Earlier studies (11) have shown that from mixed solutions of nickel and 

cobalt, the rate of cobalt extraction is still fast compared with nickel. The 

interfacial tension of a solution of 1 mol cobalt and nickel nitrate 

equilibrated with 0.1 mol lauric acid in hexane is equal to that of cobalt 

only. Since it has been concluded that the lowering of interfacial tension 

in the presence of nickel is caused by interaction between the nickel and the 

lauric acid at the interface then the observed effect of cobalt addition must 

mean that cobalt is more strongly adsorbed at the interface but without forming 

a solid interfacial phase, Thus, while interfacial potential measurements are 

unlikely to differentiate between nickel and cobalt, interfacial viscosity 

measurements will show considerable differences between these two metal ions. 

The effect of multivalent ions on carboxylic acid monolayers has been

studied by several workers ( 12-17). Such cations, especially those of the

alkaline ecj,I'th metals, copper, lead and aluminium, alter the properties of 

ionized fatty acid monolayers markedly, Correlation between the pH of change 

H d . . t t . f C 2+ Zn2+ to solid expanded films and the p of hydroxi e precipi a ion o a 1 , 

cu2+, Al 3+, and Fe3+ has been reported for the spreading of stearic acid over 

the metal solution (12). The effect of nickel seems to have been reported only

once, This study does provide comparative data between nickel and copper and 

the amount of each metal found in the stearic acid film spread on the aqueous 

solu
�

C At pH 4, 1
1 

70% of the amount of nickel require d to form nickel stearate 

compared with only 6,6% of copper, is found in the film which indicates that 

nickel interacts more strongly than copper with the stearic acid monolayer. 

Thus the problem of the rate of nickel extraction would seem to be 

caused by the formation of a solid interfacial phase containing nickel which 

acts as a barrier to mass transfer. 
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CONCLUSIONS 

The stoichiometry of the mixed complex formed on the extraction-of nickel 

with a hydroxy oxime/lauric acid mixtures is NiOx2(RH)2• The anomalously slow

rate of extraction of nickel by the mixed extractants has been shown to be due 

to specific interfacial effects. Rather than attempt to explain solxent 

extraction kinetics in terms of homogeneous aqueous complexing reaction, 

attention should be given to the physical chemistry of the interfacial region. 
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Abstract 

Synergic extraction of metals by the mixtures of 

tri-n-octylamine with a neutral extractant from 

nitrate and chloride solutions 

B. Ya. Spivakov, B. F. Myasoedov, B. M. Shkinev,
N, E. Kochetkova, M. K. Chmutova 

Vernadsky Institute of Geochemistry and Analytical 
Chemistry, u.s.s.R. Academy of Sciences, Moscow 

The solvent extraction of the trivalent transplutonium elements (TPE), Eu, 
Th, Zr from nitrate solutions and Am and Eu from chloride solutions by the mix
tures of tri-n-octylamine (TOA) with tributyl phosphate (TBP) and trioctylphos
phine oxide (TOPO) in different diluents has been studied. A considerable 
synergic effect has been observed in the extraction of TPE and Eu by the mix
tures of TOA and TBP. The effect increases with increasing salting-out agent 
concentration giving extraction of TPE from nitrate and chloride solutions with 
high distribution coefficients. A mixture of TOA and TBP can be successfully 
used for the extraction of TPE from acidic nitrate solutions. A synergic 
effect has been also found for Th. The methods of i.r. spectroscopy and 
electrophoresis have been used to confirni a suggestion of the authors that the 
synergic effect is due to the forniation of mixed anionic complexes of the metals 
containing inorganic ligands and co-ordinated molecules of the neutral extrac
tant. 

Introduction 

In many cases some mixtures of extractants perniit the extraction of metals 
with h{gl,.er distribution coefficients than in the use of these extractants 
alone. 1) 

It is well known that in the extraction of metals as solvates, extractant 
molecules are solvated with the neutral metal complex, e.g. a nitrate or a 
chloride. The solvation of neutral extractant molecules by anionic metal com
plexes with inorganic ligands is also possible. In this case a combination of 
a cationic extractant, which is the partner for the complex anion, with a neu
tral extractant can cause a synergic effect. One can expect such an effect for 
metal ions which forni complexes with rather high co-ordination numbers (CN) 
because the complex solvated extractant molecules must be anionic, that is con
tain a sufficient number of inorganic anions. In this case the extractant 
molecules can lower the charge of the anionic complex and/or displace water 
molecules from the inner sphere of the metal; as is known, both factors promote 
the extraction. 

Several studies have been made of the extraction of metals by mixtures of 
amines or quaternary ammonium salts with neutral oxygen-bearing extractants 
from nitrate, thiocyanate and chloride solutions. 

We have studied the extraction of trivalent TPE, Eu, Th(Iv) and Zr(IV) from 
nitrate solutions and Am(III) and Eu from chloride solutions by the mixtures of 
TOA and a neutral extractant. The ratio of the charge to CN in complexes of 
trivalent elements on the one hand and their low extraction by both amines and 
oxygen-bearing extractants lead to the anticipation of high synergic effects. 
For TPE, the problem seems of practical interest because the elements are 
extracted from nitrate and chloride solutions only by using high extractant 
concentrations and from inconveniently weak acidic solutions. 
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Extraction from nitrate solutions 

A synergic effect (S > 1) was found for metal extraction by TOA nitrate and 
several neutral extractants. S = �A/(11rn+DrroA) where 11iE, DTOA and �

OA 
are

the distribution coefficients for the extraction of the metal by the neutral 
extractant (NE), TOA nitrate and their mixture respectively. TBP, TOPO and 
triphenylphosphine oxide all gave synergic effects with TOA nitrate, the TOA
TBP effect being particularly large. 

Fig. 1 illustrates the extraction of americium by TBP-TOAHN03 mixtures at
a constant total extractant concentration of 0.8M from 5.7M LiN03 and 0.1M HN03 solution. The extraction was carried out (a) by untreated solutions of TBP, 
TOAHN03 and their mixtures in benzene and (b) by similar solutions eight times
pre-equilibrated with aqueous solutions of the same concentration to saturate 
the organic phase with HNO initially in the absence of americium. Fig. 1 
shows a marked synergic effect in both cases. Therefore, the effect is not 
connected with the extraction of HN0

3
•

Table 

The extraction of Am by O .41\l solutions of TBP, TOAHN03 and their mix

ture (0.4M+0.4M) in cyclohexane and its dependence on LiN0
3 

concentration.

The initial HN0
3 

concentration in the aqueous phase is 1M.

LiNO 
concentJtion DTBP DTOA DTOA

s 

M TBP 

3.0 0.102 0.042 0.24 1.67 
5.0 0.093 0.042 1.09 8.07 
7.2 0.117 0.1 4.36 20.0 

10.0 0.17 0.28 24.9 55.3 

S-values depend very strongly on the salting-out agent concentration, as is
clearly seen from the d�ta of Table 1. Americium is extracted with a high dis
tribution coefficient even from 1M HN0

3 
solution when the LiN03 concentration

increases up to 10M. Under such cond1tions DT�P and DTOA are approximately 
100 times less than of��- Analogous dependencies have been found for Cm and Cf 
as well as for Eu: The synergic effect follows the order: Am>Cm>Cf. It is of 
interest that the change from LiN03 to Al(No3)3 of the same no:rniality does not
lead to a change of the distribution coefficients. 

The extraction of tetravalent elements, thorium and zirconium, by the mix
tures of TOA and TBP has been studied. Thorium was extracted from HNO solu
tions in the presence and in the absence of LiNO at different extract�t 
concentration ratios. A synergic effect has be�n found in the extraction from 
HNo

3 
solutions though its magnitudes were much lower than for trivalent elements.

Maximum effects are observed at 0.5M HN03, The S value increases with increas
ing extractant concentration. This has also been observed for trivalent 
elements. The extraction of Th by the mixtures of TOAHN03 and TBP in other
diluents (o-xylene, toluene, cyclohexane and CCl4) has also been studied. It 
has been shown as in the case of trivalent elements that the diluent nature 
influences only the absolute values of the distribution coefficients and has 
only a small effect on the synergic effect. The extraction of Th by the 
extractant mixture follows the same order as in the case of amine alone; such 
a dependence has been found for Am and Eu as well. The S value keeps constant 
with increasing Th concentration up to 5 x 10-3M and then falls. In the case 
of Eu the effect keeps high up to the concentration of 0.1M. 
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The extraction of Zr by the mixture of TOAHNO3 and TBP from Al(No3 )3 solu
tions with different salting-out agents and HNO3 concentrations has also been 
studied. A synergic effect for this metal has not been found. 

Now let us come back to the mechanism of the metal extractions by a mixture 
of TOA and a neutral extractant. The change of distribution ratio of the ionic 
associate due to the addition of the neutral extractant to the system could be 
due to an interaction of the extractant with the cation or the anion, the changes 
in the properties of the organic phase or the composition of the aqueous phase 
due to the extraction of some component. We have already shown that the effect 
is not connected with the extraction of HN03• The practical coincidence of the 
extraction curves for the extraction of europium from LiNO3 and Al(No3)3 solu
tions of the same normality indicates that the effect is not connected with the 
extraction of the salting-out agent cation (for example, lithium). One of the 
authors with Dem'yanova and Lipovsky has shown that TBP does not interact with 
TOA nitrate and chloride, that is, an increase in thy �xtraction cannot be 
accounted for by the interaction of the extractants.�2) Thus indirect evidence 
led the authors to conclude that direct solvation of the metal (formation of a 
mixed complex anion containing nitrate groups and molecules of the neutral 
extractant in the inner sphere of the metal) may be responsible for the synergic 
effect. 

An attempt has been made to obtain direct evidence for the solvation of TBP 
molecules with anionic nitrate complexes of Eu in a system with TOA. Two 
methods have been used. The electrophoresis of the extracted solutions with 
the use of traced TBP has given preliminary evidence that a synergic effect is 
observed in polar diluents (nitrobenzene). The electrophoresis was carried out 
in th� 'rBP-TOAHNOrnitrobenzene system both with and without Eu. It has been 
found�3) that part of the TBP is transferred to the anolyte. In other words 
TBP molecules are bound to the anionic part of the complex extracted with the 
amine. 

I.r. spectroscopy was used as a second method. Here the TBP-TOAHNO -ec14(or cyclohexane)-Eu system was initially studied. The extractant concen�ra
tioI'.s were chosen in such a way that under extraction conditions (10M LiN03 and
O.5M HNO3) TEP alone, unlike its mixture with TOA, extracted Eu with a low dis
tribution coefficient. Under such conditions a possible shift of the position 
of the P=O stretch band in spectra of the Eu extracts for the mixture of TBP 
and TOAHNO3 can only be due to the solvation of an anionic nitrate complex of
Eu. Fig. 2 shows four i.r. spectra of the organic phases in a region of P=O 
stretch bands for TBP solution in CC14; (1) alone, (2) TBP solution after a 
contact with the aqueous phase containing Eu, (3) solution of the mixture of 
TBP and TOAHNO� after a contact with the aqueous phase without Eu and (4) in 
the presence of Eu. As is seen, a band of bound TBP which can be attributed 
to solvated extractant molecules appears only in spectrum 4. Unfortunately, 
interpretation of the spectra is difficult as the P=O stretch band is masked 
by an NO3-group band. However, all these results together seem to be sufficient 
to confinn the mechanism suggested. An unambiguous spectral evidence for such 
a mechanism has been obtained using a chloride system. 

The extraction from chloride solutions 

According to different reports�3-6) tertiary amines extract TPE complexes 
of the composition Mec14, MeCl§- or LiMeCl�- from concentrated chloride solu
tions. Water molecules add to the co-ordination sphere of such ''hard" ions; 
this should prevent extraction of the complexes. The addition of neutral 
extractant molecules to the metal, fonning an anionic complex, can lead to the 
formation of anions with a low charge and containing no water molecules, e.g. 
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- 2-MeC14.2S or MeC15 .s, where Sis a molecule
of such complexes can seemingly promote the 
LiMeCl�- under extraction conditions. 

of the extractant. The formation 
extraction if amines alone extract 

The extraction of americium and europium by solutions of TOA chloride, TBP 
and their mixtures in cc14, o-xylene and cyclohexane has been studied. The
results on the extraction of americium and europium by solutions of TBP, TOAHCl 

· and their mixtures in cc14 are given in Fig. 3. A large synergic effect is
observed for both elements; analogous effects have been obtained for cyclo
hexane and o-xylene.

The largest synergic effect has been observed in the use of cc14 as diluent.
In the case of the two other diluents the value of Sis also large. A mixture 
of the extractants with a total concentration of O.BM extracts americium better 
than O.BM solutions of either extractant alone. 

A synergic effect has been observed in the extraction of Am and Eu by the 
mixture of TOA and TOPO though its magnitude is much less than in the case of 
TBP. In the extraction by a mixture of 0.25M TOAHCl and 0.005M TOPO, S for 
americium is 3.3. 

Thus the synergic effect is greater using a TOA-TBP system than for the 
corresponding system with a weaker neutral extractant. Similar behaviour has 
also been observed in the extraction of TPE and Eu from nitrate solutions.(7, 8) 

A mixture of 0.5M TBP and 0.3M TOAHCl in cyclohexane gives a 90'% extraction 
of americium even from 0.5M HCl solution. A synergic effect has also been 
found in the use of the extractants pre-equilibrated with aqueous HCl solutions, 
that, is HCl extraction cannot cause the effect. 

As seen from Fig. 3, the distribution coefficients for americium are much 
high.__r than for Eu using TOAHCl. TQ.at is why amine systems are used for the 
separation of TPE and rare earths.(3J A difference in their extraction 
behaviour can be probably accounted for by a higher stability of chloride com
plexes of TPE. A difference in the extraction behaviour of solvates must be 
considerably less than in the case of pure halo complexes (Fig. 3). Such a 
difference must be markedly less also in the case of solvated anionic complexes. 
In fact the distribution coefficients of Am and Eu differ less for the TBP
TOAHCl system than in the case of amine alone. This leads to a decrease in 
the separation factor for TPE and rare earths. 

On the other hand the synergic mixtures studied show TPE extracts with 
higher distribution coefficients or TPE can be extracted from convenient acidic 
solutions at lower extractant concentrations than in the case of amines alone. 
The addition of a small amount of TBP to an amine solution gives high distri
bution coefficients for americium (particularly in cyclohexane solutions) and 
rather high separation factors for americium and europium. Thus the addition 
of 0.1M TBP in the extraction of americium from 11.1M in LiCl and 0.2M in HCl 
by 0.7M TOAHCl solution causes an increase of the distribution coefficient by 
an order of magnitude; the separation factor is 17.8 in this case. 

I.r. spectroscop� has been used to study the extraction mechanism in the
TBP(0.2M)-TOAHC1(0.6MJ-CC14(or cyclohexane)-Eu(0.1M) system. Conditions were
chosen as for nitrate solutions. Fig. 4 shows i.r. spectra of the organic 
phases in a region of P=O stretch bands for solutions in cc14• The spectra of 
TBP (curve 1) and its complexes with europium are similar, due to a low metal
concentration in the TBP extract. The addition of the amine salt to TBP
hardly changes the position of the P=O group stretch band (curve 3); the
spectrum of the mixture does not change after contact with LiCl solution without
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europium (curve 4); A distinct band of bound TBP (1215 cm-1) appears in the
spectrum of the TBP-TOA-Eu mixture (curve 5). This shows the solvation of TBP 
molecules by a metal complex. Under these conditions S = 23. Such a picture 
has also been observed using cyclohexane as diluent. Thus the extraction of a 
co-ordinatively solvated anionic complex by a mixture of TBP and TOAHCl seems 
to be established. 
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Figures 

Fig. 1 The extraction of Am(III) by untreated and pre-equilibrated solutions of 
TBP, TOAHN03 and their mixtures in benzene from 5.7M LiN03 and 0.1M HN03 solution. 

Fig. 2 

1, 1 1 , 1 11 = untreated solutions; 
1 1 , 2 1 =TBP; 111, 2 11 =TOAHN03;

2, 2 1 , 211 = pre-equilibrated solutions; 
1, 2 = mixtures. 

I.r. spectra of TBP, its mixture with TOAHNO blank extract of the mixture
and that with europium in cc14 in a region of the P=O-group stretch band.

1 -TBP, 2 -TBP extract, 3 - blank extract of the mixture, 4 - extract of 
the mixture with Eu. 

Fig. 3 The extraction of Am(III), (1, 1 1 , 1 11 ) and Eu(III), (2, 2 1 , 2 11 ), by the 
solutions of TBP (1 1 , 2 1 ), TOAHCl (1 ", 2") and their mixtures (1, 2) in 
cc14 from 11.1M LiCl and 0.02M HCl solution.

Fig. 4 I.r. spectra of TBP, its mixture with TOAHCl, blank extracts and those 
with europium in cc14 in a region of the P=O-group stretch band.

1 -TBP, 2 -TBP extract with Eu, 3 - mixture, 4 - blank extract of the 
mixture, 5 - extract of the mixture with Eu. 
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�RGIC EFFECTS IN LIQUI]}-LIQUID EXTRACTION OF SOME 
HEAVY METALS BY l-PHENYL-3-Mm'HYL-4-BENZOYL-PYRAZOL-5-ONE . 

O,NAVRATIL 
Department of Radiochemistry 

Purkyne Uni varsity, Brno, CSSR

The solvent extraction of zinc/II/, cobalt/II/, ce

rium/III/ and europium/III/ from an aqueous perchlo

rate and nitrate solution into benzene or toluene 

by mixtures of l-phenyl-3-methyl-4-benzoyl-pyrazol

-5-one /HA/ and electroneutral organic bases, s, 

shows a synergic effect due to the extraction of a 

mixed species MA;aSn /M :a Co, Zn/ and MA.
3

s
n 

/M,. Ce,

Eu/, n =l and/or 2. The stability of the complexes 

MAN/HA/r, r • 0 or l, and of the adducts has been

calculated from the extraction curves. 

l-phenyl-3-methyl-4-acyl-pyrazol-5-ones were first used prac

tically by Jensen 1,2 • In his papers and in the subsequent ones3-6

it is pointed out that l-phenyl-J-methyl-4-benzoyl-pyrazol-5-one 

/ = HA/ is a powerful extractant, the concentration products of a 

number of complexes with HA are very high and generally exceed 

the concentration products determined for complexes of the fre

quently employed 2-thenoyltrifluoracetone. The synergic extraction 

of cexw.in metals with the aid of HA has also been studied 6-9. 

In the presence of neutral donor agents s, the complexes MAN5n
in the organic phase play an important role. 

This paper concerns the problem of the complex formation of 

Co/II/, Zn/II/, Ce/III/, and �/III/ with HA by solvent extraction 

and the problem of their aynergic extraction in the presence of s.

EXPERDIENTAL 

2585 



The preparation and purification of HA was described pre

viously 1• The other chemicals were of analytical reagent gradoe.

The pH of the aqueous phase was adjusted with solutions of 

HCl04, NaCl04, HNOJ, NaNOJ and NaOH in such a way that the

final ionic strength was 0.1 in a-11 cases. The working radio

active solutions of 60co/Cl04/2' 65Zn/Cl04;2, 144cejNo313 and
152•154Eu/NOJ/J were prepared from stock solutions by dilu

tion with perchloric or nitric adis. Their activity was 0.02 -
- 2 

)1Ci/ml and starting concentrations were 4.4 x 10-6M.co,

5 x 10-61.t Zn, l x 10-SM Ce and 4.6 X 10-7M Eu. f-radioactivi

ty of the solutions was measured with.a well-type sci�tilla

tion counter, pH-values were measured with a glass electrode. 

Equal volumes of the aqueous and the organic phases /5 to 

10 ml/ were stirred for 6 hours. This time had been found suf

ficient for the establishment of an extraction equilibrium. 

After the separation of the phases aliquot portions /2 ml/ were 

taken from each and measured in glass ampoules. All of the 

procedures were carried out in a thermostated room at 20°c. 

RESUI/1'S AND DISCUSSION 

Composition and stability of complexes with HA 

Pig.l shows the extraction plots of log D
Zn 

and log Dee vs.

-log A-, where -log A- is related to the equilibrious concen

tration of the free ligand A- in the water phase by the equa

tion

-log A- • pK
HA 

+ log ( Q
HA 

+ l • Kiu_/Ilfl}- log (HA} tot - pH

P¼A and Q
HA 

are dissociation constant and partition coefficient 

of HA for ionic strength /1 * o. 1
10

·, \)IA} tot is analytical concen

tration of HA. Since almost all experimental points lie on one 
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curve, it is evident that the aqueous phase contains complexes 

znA+ and ZnA
2
, CeA2+, ce+� and CeA3, only ZnA

2 
and CeA3 being

extracted into the organic phase. 

It may be seen from Fig.2 that, in the case of Co and Eu, and 

for (HA] tot� 0,05 M /cobalt/ and� 0,02 M /europium/, the com

plexes of the type CoA
2

.HA and EuA3.HA are extracted into the or

ganic phase. This conclusion follows from the fact, that all ex

perimental points lie on one curve only for the extraction plot 

of log D/(HA] 0 vs. -log A- and for limiting[HA.Jtot mentioned abo

ve1 the symbol [HA] 0 is the equilibrium concentration of 1IA in 

the organic phase. It may be assumed that the hydrolysis and poly

merisation of the metal ions in pH region used in this work can 

be neglected 11 

Employing the Dyrssen-Sillen method of two parameters 12 we 

calculated the stability constants of all arising complexes in 

the aqueous phase. These values along with those of Q
MA 

and�1 N 
are listed in Table 1. Q

MA 
is the partition coefficient of un

N 
charged complex M.Ari, addition constant�1 a [�,HA]

0rgl[�]
0rgx

x [HA] org' stability constant �n = (MA
n
] /(wff f][A]n . 

Metal Org. 

Table 1. 
Stability and addition constants and parti

tion coefficients of the metal complexes 

log �l log �2 log /'>
-,

log 
QMA phase 

N 

log �l 
--------------------------------------- -------------

Co benzene 3.06 6.62 1.42 

Zn benzene 2.94 6.56 3.57 

Ce toluene 5.22 ll.08 17.58 2.80 

Eu toluene 3.51 8,34 14.49 ,.15 l.65

--------------------------------
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Effect of neutral adducts Son the extraction of complex�-

Figs. 3 and 4 show the effect of equilibrium concentration of 

some organic adducts Sin the organic phase on tho extraction 

of Co, Zn, Ce and Eu. The synergic effect was studied for S � 

tri-n-butylphosphate /TBP/, triethylhexylphosphate /TERP/, tri

-n-butylphosphinoxide, jTBro/, tri-n-octylphopphinoxide /TOPO/, 

quinoline /quin/ and isoamylalcohol /lamOH/. The organic phase 

contained 2 x 10-2M HA. The addition constants kn were deter

mined by the curve-fitting method. They are listed in Tab� 2. 

In general, the stability of the adduct complexes is reduced in 

the series TBro) Toro) chin) TBP� TERP) IamOH; this fact agrees 

with the basici ty of adducts used. The behaviour of cerium is, 

however, rather different; the destruction of synergism can be 

observed already in the region of l x 10-2M(SJ
0

• This feature

bears upon the different characteristic of the complex CeA3
in contrast to the complexes EuA3 and CoA2 ,l]!'igs.l and 2/.

Table 2. 
Addition constants kn of the complexes �Sn

LHA1tot = 2 x l0-2M; kn• [MAN5nlorg/[MAN1org[S1�rg
------------------------- ---------------------� 

Metal Adduct pH 
_________________________________________________ ___, __ 

Co TBro 
Toro 
TBP 
TEHP 
quin 
IamOH 

4.00 
4.00 
4.000 
4.00 
4.00 
4.00 

2.90 4.18 

3.00 4.08 
4.0,5 6.22 
2.00 

TBPO 1.75 Ce 7.14 
Toro 1.7.5 
TBP 2.67 

6.78 
1.76 2.88 
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continuation of Table 2. 

Metal Adduct pH log¾ 
-----------------------------·---------------------

Ce TEHP 2,67 

}quin 2,67 destruction of synergism 
IamOH 2. 67

Eu TBPO 2.00 10.70 

TOPO 2.00 10.18 

TBP 2,67 6,56 

TEHP 2,67 6.48 
quin 2,67 ,.17 

IamOH 3.35 3.00 

--------- --
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ACIDIC ORGANOPHOSPHORUS EXTRACTANTS - XXI. KINETICS AND EQUI

LIBRIA OF EXTRACTION OF Eu(III) BY DI(2-ETHYl!.HEXTI.) PHOSPHORIC 

ACID FROM COMPLEXING Mll.DIA 

Z. Kolarik and W. Kuhn

Institut fuer Heisse Chemie, Kernforschungszentrum Karlsruhe, 

Federal Republic of Germany 

Abstract: The rate and equilibria of Eu(III) extraction by 

di(2-ethylhexyl) ·phosphoric acid (HDEHP), in some ca

ses in the presence of other organophosphates, from 

aqueous solutions of diethylenetriaminepentaacetic 

acid (DTPA) and an additional carboxylic acid comple

xant were studied. Under, conditions of dispersion 

mixing the first order rate constant of the extrac

tion reaction was found to depend on th� stirring ve

locity as wel] as the nature of the diluent and the 

additional complexant. With n-dodecane as the former 

and lactic acid as the latte� th• rate constant and 

equi�ibrium distribution coefficient were, measured 

as functions of the concentrations of DTPA� lactic 

acid and hydrogen ions in th• aqueous phase and of 

HDEHP, tri-n-butyl phosphate and mono-2-ethylhexyl 

phosphoric acid in the organic phase. The sxtraction 

mechanism .is discussed. 

INTRODUCTION 

In the Part XVIII of this Series 1 it has been shown tha11

the rate o! lanthanid•(III) extraction by di(2-ethylhexyl) 

phosphoric acid (HDEHP) from so]utions o! diethylenetriamine

pentaacetate (DTPA) and lactic acid decrease• with increaaing 

atomic number from La(III) to Eu(III) and that the diissooiati-
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on of the lanthanide(III)-DTPA complexes is the rate determining 

step. Of different variables the concentration of lactic acid 

has been shown to influence most significantly the extraction 

rate. In this work the extraction rate and equilibrium were stu

died in some detail with one single lanthanide, namely Eu(III), 
was chosen 

as functions of a number of variables. Eu(III)
,r\

as a representa-

tive of lanthanides(III), because its extraction is slow enough 

as not to cause any experimental difficulties and a knowledge 

of its extraction rate under various conditions is of practical 

importance in the separation of transplutonides(III) from lant

hanides(III), as explained previously 1• As only the latter aspect

was looked at, many experiments were made with tri-n-butyl 
(�P) w 

phosphate
A

present in the organic phase,/as to work under condi-

tions similar to those of our separation studies2
•

EXPERIMENTAL 

The experimental conditions have been described in detail 

previously1 • To keep the interfacial area as constant as pos

sible at least within a series of experiments, the same impel

ler and extraction vesse1 were used and the impeller velocity 

was carefully controlled. The concentration of acidic organo

phosphates will be given in monomer formula units/1. Total con

centrations of carboxylic acids will be given (if not marked as 

anions), including both dissociated and undissociated forms. 

All experiments were performed with trace metals. 

RESULTS AND DISCUSSION 

Also in this work the transfer of Eu(III) from the aqueous 

into the organic phase could be described as a reversible first 

order reaction with a rate constant k obtained from the slope 
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of the plot of log Qf/( 1 +Qf) [Qf/(1+Qf) - Qt/(1+Qt)) vs, time1 ,
- - - - -

where Q
f 

and Qt are the distribution coefficients at equi-

librium and time 1 respectively. 

As shown in Table 1 , the rate constant is dependent on the 

stirring velocity in the region of 1 200-2400 rev/min, both in 

the presence and absence of lactic acid in the aqueous phase. 

The plot of log t vs. log impeller speed is linear and its slo

pe is 1 ,2 with lactic acid and 1 ,0 without lactic acid present, 

Obviously the dissociation of the Eu(III)-DTPA complex as the 

rate determining step proceeds heterogenously on the interface 

and not in the bulk aqueous phase. 

The importance of the presence of an additional complexing 

agent beside DTPA in the aqueous phase has been clearly demon

strated1 . Thus a question can arise whether the extraction of 

Eu(III) could not be accelerated by replacing lactic acid by 

any other carboxylic acid, A positive answer is given in 'rable 

2, but it should be pointed out that of the four carboxylic 

acids tested only one, cr-hydroxyisobutyric acid, makes the ex

traction reaction faster than lactic acid. In a group of mu

tually comparable acids with very similar dissociation cons

tants 3 the rate constant decreases in the same order as the 

stability of Eu(III) complexes, namely cr-hydroxyisobutyric >

lactic> glycollic acids4 (Table 2). cr-Hydroxyisobutyric acid 

is not suitable for separation processes because of its rather 

high price and somewhat limited aqueous solubility; therefore 

all further experiments were made with lactic acid as the ad

ditional complexing agent. 

The influence of the lactic acid concentration on the ex

traction rate was studied in this work in more detail than pre

viously 1. The logarithmic plot of�/� (with t
0 

denoting the 

2595 



Table 1 

Effect of the stirring velocity on the rate constant k of Eu

(III) extraction by 0.3M HDEHP + 0.2M TEP in n-dodecane from 

0.05M DTPA (A) and 0.05M DTPA + 1.0M lactic acid (E) at pH 

3.00±0.05 and 23°c 

Impeller speed 
rev/min 

1200 

1800 

2400 

k (min-) 
A 

0,024 

0.038 

0,047 

Table 2 

E 

0.41 

0.66 

0.97 

Influence of the nature of the additional complexant on the rate 

constant k of Eu(III) extraction by 0.3M HDEHP + 0.2M TEP 

in n-dodecane from 0.05M DTPA + additional complexant at pH 

3.00±0,05 and 23° c 

Additional complexant 
(1.0M or o.5Mx acid) 

Glycollic 

Lactic 

a-Hydroxyisobutyric

B-Hydroxybutyric

Citricx 

+ K Ref
·P-a 

3.71 3a

3.74 3a

3.79 3b

4.39 3a

2.94 3a

2.45 2 0.25 5.16 

2.53 2 0.41 4.55 

2.70 2 0.73 5.58 

0.21 3.64 

0.30 5.72 

+at p = 0.2; ++the stability constant of the 1:1 Eu(III) com

plex atµ = 2.0
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rate constant in the absence of lactic acid) vs. the lactate 

concentration is shown in Fig. 1. It has been observed earlier5 

that isQtopic exchange of ce3+ in the Ce(III)-DTPA complex is

accelerated by acetate ions and this has been ascribed to the 

dissociation of the DTPA complex via a mixed, kinetically less 

stable Ce(III)-DTPA-acetate complex. This plausible explanation 

was accepted also for the dissociation of the Eu(III)-DTPA 

oomplex in the extraction system studied. The nonlinear cha

racter of the plot log k/k vs. log lactate concentration can 
- -o 

be explained so that the dependency is a sum o.f two line-er com-

ponents, i.e. only a fraction o.f the Eu(III)-DTPA comp]ex dis

sociates along the .faster path with the intermediate .formation

of a mixed Eu(III)-DTPA-lactate complex. At lactic acid concen

trations of ....;o. 5M thw· points o.f the log �/�
0 

vs·. log [lactic 

acicf] dependence .fit the "normalized'" curve log y = log (1+x). 

Thus the Eu(III)-DTPA complex can be supposed to dissociate a

long two paths: one, .fraction, diminishing at increasing lactate 

concentration, without any participation of lactate ions 

and the other fraction, growing at an increase· of the lactate 

concentration, via a mixed complex with the ratio Eu:DTPA:lac

taJte • �:1:1. The positive deviation of the log�� values 

.from the "norma:J.ized" curve at lactic acid concentrations o.f 

>0. 5M give:s no unambiguous evidence for the intermediate for

mation of a lactate-richer mixed Eu(III) complex. Visual ob

nrvation of the stirred phases implies that larger amounts of 

lactic aci� can influence the dispersion of the phases and so 

the interfacial area. 

Hydrogen ions catalyze also the dissociation of the Eu(III) 

DTPA complex. The dependence of log� vs. pH appears also to 

be a sum of two linear components, because the experimental 
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points fit the "normalized" curve log y • log (1+x2) (Fig. 2). 

Thus one fraction of the Eu(III)-DTPA complex dissociates with

out any participation of hydrogen ions and the other one 

faster via the formation of a dihydrogen complex. A significant 

participation of a monohydrogen Eu(III)-DTPA complex on the 

dissociation reaction would require a fit of the experimental 

points with a more complicated curve than log y• log (1+x2 ).

An analogous dependence of the rate constant on pH as in our 

work has been observed in isotopic exchange of ce 3+ in the 

Ce(III)-DTPA complex 5. 

A kinetic equation can be thus written for the total aque

ous Eu(III) concentration, QEu:

( 1) 

where Y5- and Lac are the anions of DTPA and lactic acid res

pectively and �i are individual rate constants including the

respective equilibrium complex formation constants. Thus the 

observed rate constant� should not depend on the DTPA concen

tration in the region, where Eu(III) exists in the aqueous phaie 
predominantly 

Aas a DTPA complex, i.e. down to a value essentially lows·r

than o.05M used in the above experiments. However, a moderate 

influence of the DTPA concentration on the rate constant was

observed in the range 0.003 - 0.07M; the plot of log� vs. log 

[DTPA] is a straight line with the slope -0.-3 (Fig. 3). Obvi

ously an additional factor, not included in Equation (1) and 

not identified in this work, plays a role in the extraction re

action. 

An incre•se of the ionic strength above the value corres

ponding to an aqueous Na+ concentration of 1,4- g-ion/1 lowers 
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somewhat the rate constant (Table 3). 

Table 3 

Effect of ionic strength on the rate constant! of Eu(III) ex

traction by 0.3M HDEHP + 0.2M TBP in n-dodecane from 0.05M DT

PA + 1.0M lactic acid + NaNo
3 

at pH 3.oo±o.05 and 23°c 

(NaNo
3

] [Na+
Jtotal k 

(M) (g-ion/1) (min-1) Qf 

o.o 0.4- 0.4-1 4-.55 

1.0 1. 4- 0.4-1 2 ,78 

2.0 2 .4- 0.30 1.83 

The effect of the HDEHP concentration on the rate constant 

is shown in Fig. 4-. Here a "normalized."' curve log y • log (1+ 

x3) can be fitted with the experimental points at [HDEHP] � 

0.5M, Then with increasing HDEHP concentration the fraction 

of the Eu(III)-DTPA complex becomes smaller which dissociates 

along the slower path without any participation of HDEHP and 

the fraction becomes larger which follows the faster paths 

proceeding on the interface according to the Equations 

(2a) 

EuH2Y + 3(HA)
2 

� Eu(HA2)3 
+ H5Y (2b) 

Eu(Lac)Y3- + 3(HA)2 • Eu(HA2)3 + H3Y2- + Lac (2c) 

here HA is the monomeric molecule of HDEHP and the extracted 

Eu(III) complex is written in the well-known composition which 

has been shown to be valid also tor extraction of Eu(III) from 

coaJltx1mg media6 • The levelling ot the log k vs, log [HnEHP] 
dependence at [anEHP] ';> 1M can be ascribed to a saturation 
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ot the interface by HDEHP species. 

The, rate-·enhancing e:ffect of TBP is illustrated by Table 4 

and, indirectly, also by the dependence of log� on log [HnEHP] 
at a constant concentration of TBP (Fig. 4), Here the decrease 

of the l.'ate constant with increasing HDEHP concentration up to 

it• val:ue of 0,5M can be hardly due to an effect of HDEHP it

aelt, as the analogous curve obtained in the absence of TBP in

timates. If a molecular complex of HDEHP with TBP would react 

with the Eu(III)-DTPA complex faster than species of 

HDEHP alone, the log� vs. log [HDEHP] dependence in the pre

sence of TBP should reach a maximum at a plausible ratio of the 

HDEHP and TBP analytical concentrations. Thus the course of the 

dependence· is determined most probably by the decreasing con

centration of fr�& TBP at the analyticar HDEHP concentration 

increasing from 0,1 to 0.5M and by a saturation of the inter

face predominantly by HDEHP at its higher analytical concentra

tions. An attempt to determine the reaction order with respe·ct 

to TBP· after calculation of the concentration of free TBP from 

published data7 was not successful. Due to uncertainties of the 

calculation and imperfect consistency of the results given in 

Tab]e 4 and Fig. 4, the scattering of the points of the log� 

vs. log [TBP]free plot was so considerable that the reaction

order estimated could vary between 1 and 3, It is even impos

sible to suggest any qual'i tative explanation for the effect of 

TBP on the Eu( III) e:rlraction rate·, 
agent 

Another molecular complexing/, mono-2-ethylhexyl phos-

phoric acid (R2MEHP), also increases the Eu(III) extraction rate,

if added to the organic phase instead of TBP (Table 4), It 

ahould be noted h.ere that in equilibrium H2MEHP is a much more

powerfull ex:tractant for Eu(III) than HDEHP; under analogous 
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conditions the equilibrium distribution coefficient of Eu(III) 

with H2MEHP is

HDEHP8 • 

a factor of ,-,,104 higher than that with 

Tab.1:e 4 

Effect of TBP and H2MEHP on the rate constant� of Eu(III) ex

traction by a.3M HDEHP in dodecane from o.05M DTPA + 1.0M lac

tic acid at pH 3.00±0.05 and 23°0 

[TEP ]CM) [H2MEHP] ( M) ( -1) � min .Qf 

0 •. 195 27.8 

0.20 0.41 4 •. 55 

0.30 o.66 2.12 

0.50 0.73 0..81 

0.020 0.41 26.1 

0.050 a.60 26.8 

The diluent effect on the Eu(III) e:»traction :ir.ate is illus

trated briefly in Table 5. 

Tablle 5 

Effect of the diluent nature on the rate constant! of Eu(III) 

extraction by a.3M HDEHP from 0.05M DTPA + 1.0M lactic acid at

pH 3.no±o.05 and 23°0 

Diluent !_(min- ) 

Dodecane 0.195 

Benzene 0.36 

Carbon tetrachloride 0.14 

2601 
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As for equilibria in the system studied: Of the logarithmic 

depend·ences of the Eu(III) distribution coefficient on the con

centration of TBP, h�drogen ions and DTPA, each has an expected 

course. The log Qf vs. log [TBP] plot is almost parallel with

an an,<-'ogous curve obtained in a system involving citric and 

nitrilotriacetic acids9 • The pH dependence (Fig. 2) is a curve 

the steepness of which is in 

and the predominance of the 

dity studied10 , The plot of 

accord 

species 

with Equations 
- 2-H

4
Y end tt3Y 

(2a) - (2c) 

at the aci-

log Qf vs. log [DTPA] is a straight 

line with the slope -1 corroborating that Eu(III) exists in the
predominantly 

aqueous phase of the system / as a complex with the ratio 

Eu:DTPA 2 1 :1. 

The only surprising equilibrium dependence is that of log 

Qf on log [HDEHP] which in the absence of TBP has the limiting 

slope 2 (Fig. 5), instead of the expected value 3. Since ex

traction of a lactate containing Eu(III) complex, such as Eu

(HA2)2Lac, is excluded by the full independence of Er of the 

lactic acid concentration, it is to be supposed that the com

plex Eu(HA2)3 in the organic phase is in equilibrium with the 

complexes EuAr-1 Ci=1-3) in the aqueous phase. This is not

unlikely, because the aqueous concentration of A- can be 

considerable at a pH value as high as 3 and in the piresence of 

lactic acid which can increase the aqueous solubility of mono

acidic organophosphates11 • The limiting slope 3 of the log Qf
vs. log [HDEHP] dependence in the presence of TBP (Fig. 5) 

would probably be somewhat changed (but not so much as down to 

2) by correcting for the amount of HDEHP bound to TBP. It

should be noted thet TBP lowers the aqueous concentration of

A.- 12. 

The distribution coefficient of Eu(III) is not infl:uenced 

2602 



by the pr�sence of H2MEHP up to 0.05M in the organic phase

(Table 4) and not essentially influenced, if lactic acid is 

substituted by an other carboxylic acid (Table 2). The dis

tribution of Eu(III) is influenced by the ionic strength (Tab

le 3) and, as expected, by the nature of the diluent (Table 5). 
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Fig. 1. The effect of lactic acid, HLac, on the rate of Eu(III) 

extraction by O. 3r; HDEHP + 0 ,2t' TBP in n-dodecane from 0,05M 

DTPA at pH 3,00±0,05 and 23° c; ! and !o are the rate constants 

at [HLac] ;;;, 0,1M and [HLac]-+ 0 respectively. The point deno

ted by the arrow is valid for [HLac) = O and the solid curve is 

calculated as logy= log (1+x). 
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Fig, 2. The pH deoendence of the rate constant! and the equi

librium distribution coefficient Q
f 

in extraction of Eu(III) by 

0. 3M HDEHP + 0.2M TBP in n-dodecane from 0,05M DTPA + 1 ,OM lac

tic acid at 23° c. The lower solid curve is calculated as logy 

= log (1+x2 ). 
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um distribution coefficient QI on the DTPA concentration in ex

traction of i':u(Ill) b.Y 0,3M HDEHP + 0,2M TEP in n-dodecane from 
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Fi,a:, 4, 1'he effect of the HIJEHP concentration in n--dodecane on 

the rate constant tin Eu(III) extraction from 0,05M DTPA + 

1,m; lactic acid at oH :1.00±0,05 and 23°c; measured in the ab

sence of TBP (open points) and at 0,2M TEP (full points). A 

curve calculated as logy = log (1+x 3) is fitted to the open 

points. 
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Fig. 5. The equilibrium distribution coefficient �f of Eu(III)

at 23°c as a function of the HDEHP concentration in n-dodecane 

in the absence of TBP (open points) and at 0.2M TBP (full 

points). Aqueous phase 0.05M DTPA + 1.0M lactic acid, pH 3.00± 

0.05. 
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Abstract 

The dynamic behaviour and control of a multiple-mixer solvent extraction 

column are considered. A model is used which caters for backmixing effects and 

which does not involve the assumption of stage equilibrium. This model has been 

shown previously to be an adequate dynamic representation of columns of the type 

considered. 

The concentration response of the column to changes in feed concentration 

has been studied when the column is controlled by a single feedback loop. The 

effect of changing the control point is considered. 

The results show 1:.hat feedback control is not satisfactory and a control 

system involving feedforwa:r:d co11trol is propo,,ed as a more suitable arrangement 

for sclvent extraction colun.r.s of this type. 

to other types of cont�ctor. 
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1. U,'TRODUCTION 

In order to allow an assessment to be ruade of the controlled performance 

of a process and to permit different control strategies to be compared at the 

design stage, mathematical IIX)dels are required which can predict the dynamic 

response of the controlled variables in the process to likely disturbances in the 

input stream and to load changes. 

�This work is concerned with the development of such a model for a counter

current multiple-mixer solvent extraction column which is illustrated in 

Figure 1. This type of contactor is widely used in industry, and with some 

IIX)difications the contactor can be used for other duties such as a chemical 

reactor, a gas absorber or a solids dissolver. The extractor consists of a 

column, containing a series of agitated compartments in each of which the two 

phases are mixed by a numbe� of impellers carried on a central shaft. The 

mixing compartments are separated by a series of horizontal stator plates 

containing a circular central opening to allow the counter-current flow of the 

two phases. Vertical baffles are normally placed at the wall to assist mixing. 

The two liquid phases are admitted to the two ends of the column by means of 

sparge rings and a settling zone is provided at one end to allow the dispersad 

phase to coalesce before leaving the column. 

at the other end. 

The continuous phase is taken off 

Deviation from plug flow occurs in both phases in agitated column contactors 

due to the backmixing of material counter to the direction of the main flow. 

Backmixing can affect the operation of large scale columns significantly and must 

be included in any realistic dynamic IIX)del. Likewise it is not permissible to 

assume that the phases in each compartment are in equilibrium, an assumption 

which has often been made in the past. 

Solvent extraction processes have much in common with distillation processes, 

but whereas the dynamic behaviour of the latter has been extensively studiP.d, 

analogous work on solvent extraction processes is not well developed, as can be 
(1) 

seen from a review of the literature presented by Pollock and Johnson 
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2. MATIJEMATICAL MODEL OF THE PROCESS

The model to be used is that of Jones and Wilkinson,derived for a multiple 

mixer Column (2, 3, 4) Accommodation is made for backmixing in each phase by 

the inclusion of the backmixing factors eL and eG where eL represents the

fraction of the heavy phase flow L which is flowing between stages in an 

opposite direction to the bulk heavy phase flow and eG is defined similarly. 

The system is shown diagrammatically in Figure (2) and the analysis is subject 

to the following assumptions:-
(i) 

(ii) 

(iii) 

(iv) 

(v) 

(Vi) 

(vii) 

(viii) 

eL and eG are constants, independent of the stage number and 

solute concentration. 

The volume (or weight) of each stage is constant and of this 

volume a constant fraction � is heavy phase and a constant 

fraction hG is light phase. 

At each end of the column is an unmixed stage in which it is 

assumed that no mass transfer occurs. 

One component only is being tra_nsferred between phases 

according to the linear equilibrium relationship: 

y "'mX* + b (l) 

where Y is the concentration of solute in the light phase 

and X* the concentration of solute in the heavy phase which 

would be in equilibrium with Y. 

Mass transfer occurs according to the equation 

where Q.n is the rate of mass transfer per unit interfacial

area in stage n and k is the mass transfer coefficient per 

unit interfacial area, and is independent of stage number. 

Volume changes due to solute transfer are considered 

negligible. 

The stages are assumed perfectly mixed. 

There are no hydraulic lags. 

(2) 

With these assumptions borne in mind the mathematical model can be 

derived by taking a mass balance about each phase of each stage. 

A solute balance on the heavy phase around stage n gives 

L (1 + )X L (1 + 2 e )X +Le X Q aH • Hh dXneL n-1 - L n L n+l - n L dt 

where a is the interfacial area per unit volume and H is the height 

of a stage. 
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In a similar manner, a solute balance on the or')anic phase a:-:o•Jnd stage 

n gives 

3. 

At the top 'no mass transfer section, stage 0, the equations are 

and 

dt 

dY 
0 

dt 

where Xi is the heavy phase feed concentra ticn and the superscript '

denotes upper end section parameter values. 

At the bottom no mass transfer section, stage N+l, the equations are 

= H" 

and 

dXN+l 
dt 

where tbe suparscript " denotes lower end section values and Y. is the 
light phase feed concentration. i 

SOLUTION OJ:' THE El,!UATIONS 

(4) 

(5) 

(6) 

(7) 

(0) 

The equations derived in the preceding section are linear ,-lith regard to 

concentration disturbances. Non linearities due to flow rate changes can be 

eliminated by assurrdng such disturbances to be small perturbations about a 

steady state value. These perturbations arc assumed to be small so that 

products of perturbations in concentration and flow rate are negligible. In 

this manner Jones & Wilkinson (2
, 3) were able to solve these equations for 

both flowrate and concentration disturbances. 

This was done in the Laplace domain. Inverse Fourier transformation 

yielded the impulse response which on integration gave the step or transient 

response. Experimental work on a 2 3 stage, G" diameter column has shown that 

these theoretical transient responses are an adequate representation of the 

actual dynamic behaviour. 

The method of solution quoted above is highly dependent upon equations 

3 to 8 being linear. This requirement necessitates the use of the perturbat:ion 

method and defines the rigidity of the model in its present form through the 

assumptions made in Section 2 . While a solution of the closed loop problem in 
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the Laplace domain i::; not dif!"icul t, time domain calcul0.tions offer a means 

of simplifying the solution tr1chniquc wl1ile, at the s;an:c t:l rm�, <�nab ling many 

of th<.! al,ove assum;:,ti.ons to i.1<.! ov0rcome. 

Numerical intcsration anti finite differencing with matrix inversion we�-e 

considered as a mea:--,s to obtainin<; the tin,e domain solution. The matrix 

inversion scheme 1<as discarde:.i as being potentially prohibitive for a 25 stage 

system with respect to computing time. This decision is supported l,y the 
(5) res,1lts of Pollock and Johnson who found that computational time for a 

matrix inversion method increased exponentially with stage number while fo� 

numericill integration, computatiunal time increased linearly. 1-latrix inversion 

of the steady state equations, however, proved to be a nost effective way of 

verifying the validity of. th<e solutions hy numeri_cal integration. 

The in,pleir,e,t.ati.cn of the numerical integration solution will be carried 

out, initially I in accordance with the assu.mptions of Jones ann Wilki n,;on in 

order that their results may remain as a valid reference. 

4. OPEN LOOP SI!-iULATION 

4.1 Preliminary Studies on a 5 Stage column 

The solution of a 5 Stage column based on the model previously

discussed has been given by Ingham and D•�nn (G
) 

usin'J digital simulati.on.

'I'he simulation language MIMIC was used, which is based on a Runge-1'.:utta-

Merson routine. An extension of this program to cover the 23 stage 
(7) case produces results which are claimed to be in excellent agreement 

with the results of Jcnes and Wilkinson. 

It was decided to model initially a 5 stage system, the results of 

which could be compared with those of Ingham and Dunn. In this manner, 

several integration routines were tested. 

in Fortran IV using an ICL 1904A computer. 

C:omputa tions were carried out 

The steady state end sections were modelled by setting the derivatives 

of e.g. 5, 6, 7, 8 to zero giving 

X
0 

y 
0 

\1+1 

YN+l 

X - e 
i L 

x1 
1 + eL 

yl 

C XN 

Y
i 

+ 
e

G 
YN 

ll + eG) 

0.0) 

(11) 

(12) 
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The integration routines to be tested were taken from the extensive 

Mark 3 library of subroutines developed by the Nottingham Algorithm 

Group (N .A.G.) 
(8)

These routines, which proved easy to implement, were each used to 

model the start-up situation with the test parameters used by Ingham 

and Dunn (Table 1). 

TABLE 1 

L - 0.2175 G � 0.175 

eL 
.. 1.0 e

G 
.. 1.0 

m .. 0.8 H • 7.85

h
G 

- 0.2 k = 0.067 

Yi - o.o

xi - o.o ... 1.0

Integration Step Length 20 sec 

Print Interval 100 sec 

Range 1080 sec 

The running times of these test programmes are given in Table 2. 

T.IIBI.E 2 

NAG Reference 
(8) 

Running Time Sec. 

Nordsieck D02 ACF 134 

Krogh 002 AHF 42 

Gear 002 AEF 29 

Runge-Kutta-Merson D02 ABF 35 

These figures should be taken as having only relative significance 

since the program used has s.bce been improved in structure. 

all runs at this stage were carried out in Trace 2 mode. 

Furthermore, 

It can be seen that the methods of Nordsieck and Krogh are relatively 

slow and were not considered further. 

In all cases excellent agreewent was obtained for heavy phase 

concentrations. For the light phase concentrations, the predictor 

corrector methods were each in agreement to 5 significant figures. The 
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Runge-Kutta-Merscn routine, however, showed slighly higher concentrations 

at the extr.act end of the column, in violation of the mass balance. 

The light phase transient profi.les as calculated by Gear's method 

are presented in Figure 3. These results are in excellent agreement 

with the published data of Ingham and Dunn. 

Further tests with these programs were made for larger steps in Xi.

The results were in full agreement, one with another, for both heavy 

and light phase concentrations. The difference between the running times 

for Merson' s and Gear's methods, however, was reduced. 

It was decided to test both these methods for the solution of the 

25 stage system. In addition to the methods shown in Table 2 the method 

of Euler is also being tested to check the assertion made recently by 
(9) Luyben that for control problems this simple integration routine with 

a carefully chosen step length is superior to the complex variable step

length methods • 

4.2 The 25 Stage Column 

The program structure was easily modified to solve the 25 stage 

nx,del with unsteady state end sections. This modified system was solved 

for the same conditions by Gear's method and the Runge-Kut ta-Merson 

method". Some of the results,including mass balance information,are 

presented in Table 3. 

Table 3 

Method Computing Range t,X/l,Y G/L A/B 

Time (sec) (sec ) 
A B 

Gear,· . .

600 7000 0.96548 o.96541 1.000073 

Merson 600 5000 1.29048 0.99341 1.299041 

The slight deviations from the mass balance noted when Merson's 

method was used to solve the 5 stage system are found to be exaggerated. 

Furthermore, it is seen that the computing time for the Merson's method 

is now significantly larger than that for Gear's method. 

Gear's method was chosen for further work. 

On this evidence 

Thi• ChOlce would appear to be IbJ.t.eaJ."ainc. these equations, Hk• 

many encountered in chemical and control·erti1h•er1hg, are almost certunly 

stiff; a situation for which Gear's method is most suited <9 , lO) 
It
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might be pointed out here that the method of Krogh, discounted tor 

this system, may be applicable for later cases when the restrictions made 

in the assumptions of Section 2 are dropped. Krogh's- method becomes 

more efficient than that of Gear as the number of computations per 
(10)component increases 

To provide an independent check for these 25 stage results, the 

steady state solution was generated by setting the derivatives of equations 

3, 4, 5, 6, 7 and 8 to zero. The resulting linear algebraic equations 

are easily solved by a matrix inversion technique. In addition to 

providing a che_ck for the unsteady state profiles, these steady State 

data obtained by matrix inversion are useful in providing the asymptotic 

concentrations for t = "'. 

Open loop transient profiles have been calculated for the parameters 

shown in Table 4 below. 

L = 0.203 

- o.32

= o. 73

0.123 

Table 4 

� 

eG 
H 

k 
· a

Yi 

• 0.187

0.01

7.45

= 0.025 

• 0.0005

o.o ...
xi

= 

Integration Step Length 

Print Interval 

0.0693 

Range 

20 sec 

100 sec 

5000 sec 

The results of this open loop simulation agree well with the 

matrix inversion results. The near steady state raffinate concentration 

was 0.07801 gm/gm, which is compared with the matrix inversion result 

of 0.07803 gm/gm. 

5 • CONTROL SYSTEM STUDIES

Although a mathematical model capable of predicting the open-loop dynamic 

behaviour of n solvent extraction contractor is of value in design, particularly 

in assessing start-up and shut-down behaviour and the effects of changes in 

operating par&111ete-rs, the application of the model to control system studies is 
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of =re significance in practice. This problem will be considered here. 

First, a conventional feedback control system will be investigated and the 

inherent weaknesses of this type of control for solvent extraction plants will 

be discussed. The likely advantages of feed forward control techniques will 

then be considered. 

5.1 Feedback Control 

The control system to be investigated by way of example is illustrated 

in Figure 4. The objective will be to maintain the raffinate concentration 

as steady as possible in spite of disturbances in the feed concentration by 

regulating the flow rate of the heavy phase feed. Although other 

disturbances and control actions are feasible the arrangement considered 

here is typical and such control systems have been used on industrial 

plants. 

Two factors have to be considered in the design of a control system 

of this type in order to optimise the performance. These are, 

(i) the location of the control point within t;�e column

(ii) the controller characteristics

In qualitative terms ·the selection a the control point is a compromise 

between two conflicting factors. In order to maintain a constant 

raffinate concentra�ion it could be argued that the controlled variable 

should be the raffinate concentration itself. However, a disturbance 

which enters the top of the column and which is allowed to go undetected 

until it is pmpagated to the base of the column would result iP. an off

specificat•on raffinate for a long period of time before the control system 

could tak� effective action. This is unavoidable with systems such as 

solvent extraction processes which involve long lags. On the other hand, 

if the-control point is located nearer the top of the column, i.e. nearer 

to the point at which the disturbance enters the system, then the speed 

of the control will be improved at the expense of the tightness of the 

control, i.e. the variations in raffinate concentration could be increased. 

For the 25-stage column considered in this work results will be given for 

two control points, stage 6 and stage 12 (numbering from the top of the 

column), to illustrate these points. 

The desired value will be taken as the initial steady state of the 

heavy phase concentration at the control point. It should be noted that 

once the feed concentratbn and/or the feed flow rate change from the 

design value, the steady state concentration profile in the column will 
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alter. The initial value of the concentration at the control point, 

i.e. the desired value imposed on the control system, will no longer be 

the concentration at that stage which will give the r.equired raffinate

concentration. Perfect control of the raffinate concentration could

therefore not be expected with a control system of'this type. 

For systems with large time constants, such as the column under 

consideration, derivative action is not appropriate. 

was discussed above, a change in feed concentration will, almost 

Furthermore, as ' 
certainly, result in an offset in XR. Eli,minating the error at the 

control stage will not improve matters. Integral control would not b_e 

beneficial, only tending to reduce stability without improving the 
-�-

tightness of the control. 

Based on these qualitative considerations, it was decided to consider 

proportional control only. The controller equation was of the form 

(13) 

where Lz is the mid range constant or heavy phase feed rate at zero

error, K is the controller gain, and c is the error at the control point, 

stage c, i.e. c a X - X • 
CO C 

The dynamic characteristics of the measuring element and the control 

valve are assumed to be negligible. 

The closed loop response of the column following a feed concentration 

disturbance has been computed for two control points, stage 6 and stage 12, 

for values of the controller gain ranging from O.l to 100. In each case 

·the time responses of the raffinate concentration and the concentration at 

the control point have been calculated and the results are presented in 

Figures 5 to 7.

5.2 Discussion of Feeoback Control Results

The 25 stage model with proportional only control was tested by 

introducing an upward step of magnitude l\ (O.Ol gm/gm) in the heavy phase 

feed concentration. 

The initial conditions to be used were calculated by the matrix 

inversion routine for the conditions given earlier in Table 4. 

The transient responses of raffinate concentration for control at 

stages 6 and 12 are shown in Figures Sand 6 respectively. In both cases 

a controller gain of O.l is seen to have little effect and the response is 
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close to the open loop reponse. For a gain of 1.0 the raffinate 

concentration at first begins to decrease before rising in the expected 

nanner. The explanation for this response to an upward step lies in the 

assumption of negligible hydraulic lags. Although a lag exists before 

a disturbance in feed concentration can affect the controlled variable 

at the control point, a change in the heavy phase feed flow rate is 

assumed to be instantaneously effective throughout the whole column. 

Thus, when an increase in the control stc1ge concentration is detected, 

the controller causes a reduction in the heavy phase flow. Since the 

light phase flow rate is kept constant,the phase ratio will be decreased, 

and this results in more extraction of the solute near the base of the 

column. The raffinate concentration will fall slightly until such time 

as the concentration step reaches the base of the column to offset the 

effects of the reduced phase ratio. The final raffinate concentration 

in this case is greater than the initial value for an upward step in feed 

concentration. 

With a gain of 10.0, control is so severe that the effects of the 

concentration step on the raffinate concentration is negligible compared 

to that of the drastically reduced phase ratio and the final ultimate 

concentration is lower than the initial value. 

It is seen then from Figures 5 and 6 that for control at both stages. 

6 and 12 an increase in the gain from 1.0 to 10.0 causes the steauy state 

error to fall from a small negative value to a large positive value. The 

shape of the heavy phase steady state concentration profile for K 10 .o 

must, then, be such as to intersect the original profile. This can be 

seen to be the case in Figure 7 for control at stage 6. 

corresponding phase ratios are also given. 

Values of the 

These steady state profiles were calculated using the matrix inversion 

program and substantiate the validity of the Irodel solution, in that they 

agree well with the near steady state profiles obtained from numerical 

integration over a large range. 

Evidence of the agreement of these solutions is given in Table S. 

The steady state concentrations at the control stage 6 and for the raffinate 

• as calculated by the two methods of solution are given for various values

of controller gain.
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Table 5 

K x
6 

(oo) X
R 

(oo) 

Gear's Matrix Gear's Matrix 
method invertion method invertion 

o.o 0.07801 0.07803 0.02659 0.02663 

0.1 0.07798 0.07798 0.02638 0.02639 

1.0 0.07749 0.07749 0.02420 0.02421 

10.0 0.07241 0.07242 0.01421 0.01422 

A further inference is to be drawn from the fact that the error 

changes sigr. is :that, by judiciously selecting the controller gain, 

the steady state raffinate error can be eliminated. For control at 

st.age 6 a gain of approximately 1. 3 would seem to be effective. The 

profile is given in Figure 5 and the steady state raffinate concentration 

for this gain is 0 .• 02344, corresponding to an error of -:- 0.00011. 

The quality of regulation at the control point can be judged by the 

results shown in Figure 8. The steady state offset and speed of response 

vary in the expected manner as the gain is increased. For a gain of 

100.0 the first traces of oscillatory behaviour are detected. Due to the 

high gain such oscillations are first detected in the hec1vy phase flow 

rate. 

5. 3 Feedforward Control

It will be apparent from the results of the preceding section that 

simple feedback control is not satisfactory for this system. This is 

due to the slow response of the column to heavy phase inlet concentration 

changes. 

The control of such systems can often be greatly improved 1::y the 

introduction of feedfo.r:ward control. This involves the measurement of any 

load disturbances before they reach the column, enabling the simultaneous 

implementation of corrective action. Thus a variation in heavy phase 

feed concentrations can be compensated for by adjusting the heavy phase 

feed flowrate in order to maintain constant raffinate concentration. 

The two main dizadvantages with feedforward control are 

(i) the disturbance must be accurately measurable

(ii) the feedforward controller must be an exact representation

of the process dynamics
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Inevitable deviation from either of these requirements will result 

in uncontrolled drift of tho controlled variable. To prevent this, a 

feedback loop is usually used in conjunction with the feedforward loop and 

such a scheme is illustrated in Figure 9. 

Since the major part of the control is effected through the feed

forward loop, the feedback elements merely acting as a trim, then the 

problem of the large system lags is alleviated. The raffinate 

concentration may then be used as the feedback control variable so that 

the trimming action will be as effective as possible in eliminating any 

slight drift. Furthermore, the feedback controller need not be tuned 

accurately. Integral action alone may be used, but more often a minor 

proportional element is added. 

The behaviour of the feedback system can be explained as follows. 

With the assumptions of Section 2, the mathematical model is linear 

and can be described in terms of transfer functions, as in Figure 10, 

where FP(S) is the process transfer function, F0(S) is the transfer

function relating XR with load disturbances and FC(S) is the feedback

controller transfer function. 

The standard texts (g) show that for such a system a feedforward 

controller, - F0/FP would compensate exactly for any load disturbances.

The transfer functions PL and PP have bc�n develcp�d by Jones and

Wilkinson (2 , )) for the system under consideration. However, if we argue

that the nature or shape of the response is of secondary importance to 

the maintenance of zero steady state error in the controlled variable, 

then we can ignore the effects of all dynamic components in the feedforward 

controller. This amounts to setting S = O in the controller transfer 

functi9n which can be denoted as F0(o)/FP (O), and this ratio represents a

constant,- Le. the ratio of the steady state gains of the disturbance 

and process transfer functions. 

This type of feedforward controller is known as a steady state feed-
(11) forward compensator and represents an easily realizable physical system,

which is not always the case with feedforward controllers designed in the 

traditional manner. 

The block diagram of the feedforward-feedback system is shown in 

Figure 11. By straightforward block diagram algebra we can show that the 

load transfer function is: 
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F
0

(S) _ [F0(0)/Fp (O)J Fp(S)

l + FC (S) Fp(S)

That the steady state compensator has no effect on the system 

dynamics follows from the fact that the characteristic equation is

unchanged by the addition of feedforward control. 

Furthermore, even without integral control the system will have 

zero steady state error as is seen by substituting for S • O 

F0Co) _ IF0 (ol/FP(o)J FP (ol 

l + FC (O) Fp(O) "' 0

The steady state feedforward compensator, then, offers an algorithm 

for eliminating the steady state errors of Figures 5 and 6 without 

introducing the undesirable features of integral control. 

The introduction of non-linearities to the system does not 

invalidate the basic idea of the steady state feedforward compensator, 

only now a control computer would be required to continually update 

the value of F0(o)/Fp(O) which would be a function of the disturbances.

6. COlCLll_SIONS

The simulation in the time domain of a 25 stage solvent extraction process 

has been shown to be feasible. This initial value problem, represented by 54 

first order differential equations, was found to be solved most efficiently by 

a predictor corrector type method, due to Gear. Previous published work of 

this nature has involved solutbns by Runge-Kutta routines (G, 12• 13)

Closed loop results for proportional only control have been presented for 

control at two points in the column, stages 6 and 12 respectively. A unit 

upward step in feed concentration was used to perturb the system. In both 

cases the error at the control stage could be made very small by increasing the 

controller gain, before instability set in. 

Control of the raffinate concentration was found to be unsatisfactory for 

this type of control system, the error in the raffinate concentration increasing 

rapidly once the gain increases, above a certain value • For control at stage 

. 6 this value was found to be about 1.3, at which point the steady state 

raffinate error is very nearly zero. Perfect regulation of the raffinate 

concentration, then, is possible for a known disturbance, by allowing an error 

in the control stage concentration. This error should be such that the steady 
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state control stage concentration lies on, and .thus fixes, a new steady state 

concentration profile which terminates at the required raffinate concentration. 

With proportional only control, the use of stage 12 rather than stage 6 

as a control point results in improved control. The increased degradation of 

the pert•ubation step before reaching stage 12 means that the error develops 

more slowly and a smaller gain is required for a given corrective action than 

is required at stage 6. Thus for a given gain, control at stage 12 results in 

smaller raffinate concentration errors, though the response time is slightly 

larger than that for control at stage 6. Proportional control in both cases 

in unsatisfactory. By controlling nearer the raffinate end, the error in the 

raffinate concentration is reduced but at the expense of an increased response 

time. 

The availability of a working model of the system suggests that feed

forward control, with the addition of a feedback loop to trim the control, 

will be a more effective control system. A study of such a system with a 

steady state feedforward compensator type controller will form the basis of 

future work in this field. 
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Nomenclature. 

a 

b 

e 

FC 
FD 
Fp 

F(O) 

G 

H 

h 

K 

k 

L 

m 

N 

n 

y 

E 

Subscripts: 

C 

G 

i 

L 

n 

0 

z 

Superscripts: 

2 3 
Interfacial area per unit volume, cm /cm .

intercept of linear equilibrium line. 

Backmixing coefficient. 

Controller transfer function. 

Disturbance transfer function. 

Process transfer function. 

Transfer function for s = o. 

Organic phase flowrate, gm/sec. cm2 •

Height of multiple mixer component, cm. 
2 Fractional hold-up, gm/cm .

Proportional gain. 

Hass. transfer coeffieient, ·gm/sec. cm2 transfer area.
2 

Aqueous phase flowrate, gm/sec. cm .

Distribution coefficient. 

Total number of stage. 

Number of nth stage.

Rate of mass transfer, gm/sec. cm
2 

transfer area. 

Laplace transform variable. 

Time, sec. 

Concentration of solute in aqueous phase, gm/gm. 

Desired value of x, gm/gm. 

Concentration of solute in raffinate, gm/gm. 

Concentration of solute in aqueous phase in equilibrium 
with organic phase, gm/gm. 

Concentration of solute in organic phase, gm/gm. 

Error between XC and x0•

Value at control stage. 

Organic phase. 

Value at inlet. 

Aqueous phase. 

nth stage. 

Value at t • O. 

Value at E • o. 

Value at top compartment of column. 

Value.at bottom compartment of column. 
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SIMULATION OF THE STATIC AND nNAMIC BEHAVIOUR OF A SOLVENT 

EXTRACTION PROCESS FORRARE EARTH SEPARATION 

by - B. Gaudernack, T.B. Muller, s. Nuland and O. ¢rjasaeter 

ABSTRACT 

In connection with the development of a solvent extraction 

process for rare earth separation, mathematical models for 

static and dynamic simulation of the process as operated in 

an internally fed, counter-current multistage cascade were 

developed. The models are programmed in FORTRAN IV to be used 

on a CDC CYBER 70 computer. The calculation of solute concentra

tion throughout the cascade is based on some new approaches. 

These were developed to retain acceptable computing times, 

when the models are applied for static optimization procedures, 

evaluation of process control methods or simulation of start-

up transients. 

The equilibrium conditions are described by non-linear 

relations obtained through the best fit correlations of experim

ental data. 

For the static model, good agreement between computed and 

experimental results has been obtained. The dynamic model, 

however, gives slightly greater discrepancies due to uncertanties 

in process input and severe dynamic sensitivities. 

Revealing these sensitivities has been one of the results 

most valuable to the understanding of the process performance. 

Institutt for Atomenergi, Kjeller, Norway 
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INTRODUC':l'ION. 

Useful separation factors for rare earth elements can be 

achieved by extraction with an organic solution af a quaternay 

llllllllonium nitrate from aqueous nitrate solutions of the.elements. 

By extraction from slightly acid solutions in the presence of 

a suitable salting agent, e.g. ammonium nitrate, separation 

factors of about 2 are obtained for the lighter lanthanidea. 

Distribution coefficients decrease regularly with increasing 

atomic number within the lanthanide series, and can be controlled 

within wide limits by adjustment of system parameters such as 

the aqueous acidity and salting agent concentration. 

The system is also useful for yttrium separation, as yttrium 

remains with the heaviest lanthanides and may be separated from 

these in a subsequent extraction cycle, making use of a different 

extractant. A process for yttrium separation, based on two cycles 

of solvent extraction using quaternary ammonium nitrates and 

thiocyanates, respectively, has been developed and patented by 

the Norwegian company A/S Megon. (U.S. Patent 3,751,553, patents 

pending in other countries). The present work concerns the 

separation of yttrium and "heavies" by quaternary ammonium nitrate 

extraction, but the mathematical models described apply equally 

well to other rare earth separations by means of this extraction 

system. Similar models have also been developed for the thi

ocyanate system, so that the complete yttrium separation process 

can be simulated. 

The process simulation work parallels pilot plant testing 

of interesting process alternatives, and the results of the two 

activities have been used in process optimization and economic 

feasibility studies, and for planning a control strategy for 

industrial utilization of the process. 

Separation of individual rare earth or yttrium in a solvent 

extraction process like the one described, requires cascades 

comprising a relatively high number of counter-current stages. 

reed compositions actually include up to 15 elements which will 

influence the performance of the separation process with respect 

to product yield and purity. A mathematical description of the 

process, which is based on the mass balances and equilibrium 

conditions for all elements at each stage of the extraction 
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cascade, therefore, leads to a rather extensive set of strongly 

coupled equations. 

Besides the general computational difficulties, this means 

special problems for the development of mathematical models with 

the flexibility and moderate computing times necessary for use 

in static optimization procedures and for process control purposes. 

In this particular system, the best correlation of equilibrium 

data has been obtained by correlating against total molar conc

entration methods, which are based on correlations of equilibrium 

data against the concentrations in one phase only, will be less 

applicable. 

Considering the static calculation of extraction systems, 

the technique used by several authors for lanthanides (1) and 

antinides (2) is based on Thiele and Geddes methof (3). fhis 

is an iteration method where the calculations are started on a 

guessed concentrations distribution for all elements in one of 

the end streams of the cascade. For the investigated system, 

with equilibrium data aorrelated against total molar concentra-

tions in both phases, a high number of solutes and cascades of 

25 stages or more, this method was found not to give acceptable 

convergence and computing times. The static calculation method 

described in this paper was developed to overcome these difficulties. 

Considering the dynamic representation of a mixer-settler 

cascade, non-steady state mass balances are used, talting into 

account the accumulation of solutes in the mixer-settler volumes 

on mismatch of input - output at the individual stages as well 

as transport delays throughout the cascade, The requirements 

for relevant equilibrium data correlations are the same as for 

steady state calculations, 

In the investigated system the high number of elements and 

stages, as veil as non-linear equilibrium data correlations, 

lead to a high number of differential equations which are coupled 

through non-linear relations. 
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The dynamic model described in this paper was developed 

for simulation of this type of multicomponent and multi-stage 

process on digital computers, the main requirements baing 

acceptable accuracy, flexibility and computing times for 

evaluation of process control methods and simulation of start

up transients. 

CORRELATION OF EQUILIBRIUM DATA 

Adequate correlations for the distribution coefficients 

are of great importance for the dynamic as well as the static 

simulation. Due to the scarcity of equilibrium data available 

for the investigated system, however, it has been necessary 

to adapt some simplifying assumptions, which were previously 

used for a different extraction system (4): 

1 I 

- Interaction effects between individual solutes are

negligible

- The distribution coefficient for each solute at macro

concentrations is proportional to: 

a. the distribution coefficients at micro- concentration

of the solute alone

b. a correction factor, which is common for all solutes,

describing the effect of loading of the organic phase.

Thus, the distribution coefficients for one particular solute 

is given by 

D
mj 

is a function of parameters which are specific for the extrac

tion system but independent of the concentrations of rare earths

and yttrium. From the available equilibrium data for micro

concentrations, it can be approximated to an exponential function 

of the aqueous nitrate concentration. The exponential gain is 

apprmximately the same for all aoiutes, whereas the initial values 

decrease with increasing atomic number. 
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The common correction factor, o is derived from equilibrium 

data for macro-concentrati�ns by means of non-linear regression 

analysis. In the specific extraction system it is found to be 

a function of the total molar concentration of rare earths and 

yttrium in the organic phase and total molar concentration of 

nitrate in the aqueous phase. 

From the experimental data available it has been observed 

that the factor, o is not quite the same for all solutes, but 

due to tne scarcity of relevant data it was found necessary, in 

this work, to use an average value for all solutes. 

STATIC MODEL OF EXTRACTION PROCESS 

Principal Description 

The static model of the extraction process is based on the 

mass balances at steady state for each solute and each stage 

throughout the cascade and the distribution relations as given 

in the previous section. The cascade comprises a combined 

extraction and scrub section (Fig. 1). 

Assuming that the phases are insoluble with respect to each 

other and neglecting volumetric variations, the mass balances 

are given by a set of linear equations, representing each solute 

concentrations at each stage of the cascade. 

At an arbitrary stage number i, except the feed stage, the 

mass balances and equilibrium conditions for one particular 

solute, j, are expressed by the following equations: 

H.x . .
1

+L.y . .
1

-(H.x . .  +L.y . .  ) = 0 
J,1- J,1+ J,1 J,1 

D . .  =D.<Ej . � . .  S.) 
J,1 JJ ,i J,i, 1 

X . .

= D . .
J,i 

J ,i 
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The concentration of am.monium nitrate, Si is considered

constant in each of the two sections of the cascade.

The method for solution of this set of equations is based 

on the following observation : When the distribution coeffic

ients are given, all concentrations can be found by solving 

some sets of linear equations with tridiagonal matrices, one 

set for each rare earth el�ment in the feed. 

Solving linear equations with trigidiagonal matrices can 

be done easily and quickly on a digital computer, and will not 

be described here. 

1. 

We thus have the following iterative procedure: 

Guess the values o.f the distribution coefficients D (o).

The accuracy of this guess is unimportant to the following 

computations, and the guess is built into the programme. 

2. Compute the concentrations in the cascade, resulting from

the given distribut:iion coefficients.

3. Compute new distribution coefficients D (n) using equation 

(3) (n=1,2, ••• )

4. If all deviations between the old and new distribution

coefficients for any element in any stage are less than a

given accuracy, the solution has been found.

5. If the iteration sequence has to be continued, reduce any

oscillations in the distribution coefficients by the equation:

D (n) = QD (n) + (1-
Q) D(n-1)

Go to 2.

The constant Q used to subdue numerical oscillations is

sometimes called a rela1tation fac·tor. Its value is usually

between O and 1, and depends on the equilibrium relation.
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Based on the described techniques a routine for calculating 

steady state concentration profiles of an extraction cascade

was written in FORTRAN IV. This routine is used aa a part of a 

more extensive simulation and optimization programme.

The subroutine for calculating distribution coefficients 

and the relaxation factor are the only parts of the routine 

which depend on the particular extraction system. The routine 

can easily be extended to cover several extraction systems, 

still keeping the programme fairly simple. 

The programme works most efficiently with smooth equilibrium 

relations, but is otherwise rather intensive to the form of these 

relations. 

Incomplete Mass Transfer 

By incorporating a mass transfer resistance, stage effic

iencies less than unity can be included without altering the 

computational method. 

A mass balance may be written for each phase volume: 

(5) 

(6) 

The mass transfer between the two phases is given by: 

T
j 

. = kA(y
j 

. - tj i), l. ,1. , 
(7) 

The least viscous phase, the aqueous one, is considered 

ideally mixed, i.e. the same concentration exists throughout the 

volume. Furthermore the concentrations on both sides of the 

boundary are in equilibrium: 

Dj �j i� J
0 i' Si ) 

1 ' 'i ' 

2637 

(8) 



When the distribution coefficients are given these 

equations can be transformed to a trigidiagonal form: 

To solve this we proceed as with ideal stages. 

DYNAMIC MODEL OF EXTRACTION PROCESS 

Representation Based on Complete Mass Transfer 

At non steady state conditions the mass balance for one 

solute at one particular stage, i, of the extraction cascade, 

expresses that the mismatch of input - output mass flows equals 

the rate of change in mass accumulatioh. 

Thus, the derivative of total mass of one element in stage

i may be written:

Z.:Hx. 1 (t- )+Ly. 1(t- ) - (HXJ..(t) + Lyi(t)) (9) J. J.- X J.+ y 

The total mass is determined by the concentrations in each

phase, and the volumes of both phases in the stage:

The concentrations are considered to be in equilibrium: 

( 11 ) 

The distribution coefficient, Di, is given by equation (3).

It is assumed that mixing takes place in the mixer volume Vm and

a fictitious part Vsm of the settler volume, whereas plug flow

is assumed in the rest of the settler volume V8t and in tube

connections between the stages. 



The deTiations of Z is given implicitly by equations (10) 

and (11). These have to be solved n11111erically at each time step 

of the integration of 9. 

In the investigated system, with 28 stages and up to 15 

solutes, this will lead to an extensi•e set of non-linear diff

erential equations, which would be rather cumbersome to solve 

simultaneously. These difficulties are, however, overcome by 

a method of decoupling of the simultaneous equations in such a 

way that only one stage at a time is involved in the iterative 

procedure, which is used for solving this set of equations on 

a digital computer. 

The decoupling of the simultaneous equations is found 

practicable due to the transport delays and 
X -Y 

between the 

neighbouring stages. ·Thus, the computational time increments 

are chosen as definite intervals of the transport delays. 

The hold-up times in each mixer-settler stage are in fact 

represented by mixing time constants given by 

xm 

ym 

k .v +k .v m m s sm

H 

(1-km).Vm+(1-ks).Vsm

L 

( 12) 

(13) 

and transport delays in the plug flow region given by 

ks.vat

X H ( 14) 

(15) 

Characteristic values for the ratio of transport delay to 

mixing time are found experimentally through measurement in an 

actual mixer-settler, and the actual residence times are then 

calculated in each case from the total mixer-settler volumes and 

flow rates. 
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Incomplete Mass Transfer 

This may be represented either as a mass transfer resistance 

or as irregularities in the flows. 

fhe mass transfer resistance approach, similar to the one 

for the static model, requires repeated calculations of a small 

difference, y-y. "rhis makes it necessary to compute y and y 

with many significant digits at each time step of integration. 

The computation time is then increased excessively. 

Otherwise b:iq,assing of a small part of the stream at each 

stage may be incorporated in the model. An approach like that 

is physically reasonable and allows fast computation. Actually 

an amount of the order of 1 percent of each input stream to the 

stage is diverted to the settler with no mass transfer taking 

place to the other phase. 

If xi is the concentration at the outlet of stage i, and

x
i 

is the concentration in the ideally mixed part of the volume 

we have 

(16) 

As a consequence equations (10) and (11) are reformulated with 

x and y. As to the numerical integration of the differential 

equations, the predictor-corrector method of Hamming is used (6). 

Further, the non-linear equations are solved by an iterative 

procedure based on the method of Wegstein (5). 

Based on the described method for numerical solution of the 

process equations, it has been possible to simulate the dynamic 

behaviour at each stage of the solvent extraction process without 

loss of accuracy due to linearization of process equations, and 

retaining acceptable computing times eTen for long-run studies of 

start-up transients. The dynamic model has great flexibility as 

to number of stages, number of solutes and concentration distribu

tion in the feed. The programme can handle quite complex and 

generally non-linear correlations of equilibrium data, and neither 

diYergence nor other numerical problems have been experienced. 
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The main limitations in simulating capability are envisaged 

in connection with: 

- disturbances due to the formation of a third phase 

- local disturbances of the flow regimes and hold-up

within the individual stages

A representation of these non-regularities, which might exist 

in the actual process, is not incorporated in the model. This 

may introduce some uncertainty as to the quality of the simula

tion and should be kept in mind by comparison of simulation 

results to actual process runs. 

SIMULATION RESULTS AND COMPARISON TO ACTU.AL RUNS 

For testing purposes the static and dynamic models have been 

used for simulation of an actual process run with a laboratory 

scale mixer-settler cascade. To record the transient response, 

measurements of yttrium concentrations were obtained from several 

stages at suitable time intervals during the start-up period. 

The experiment was run for 70 hours, and the concentration profiles 

in both phases were measured. The results of the static simula

tion are compared to these concentration profiles, although the 

approachto steady state conditions is not satisfactory. 

The experimental set-up and operating conditions were as 

follows: 

Number of stages in extraction section 

Number of stages in scrub section 

Molar concentrations of ammonium nitrate in 
aqueous phase at start-up: 

- in extraction section

- in scrub section and feed stage

Concentration of extractant in the organic 
phase at ssart-up. 

The volumetric flow rates were kept constant 
at the following values during operation: 

- organic phase

- aqueous phase, scrub section

- aqueous feed

2641 

23 

5 

5.35 aol/1 

2.00 mol/1 

0.69 mol/1 

2.0 1/h 

o.43 1/h

1.0 1/h



The organic feed as well as the aqueous feed to the scrub 

section contained no rare earths or yttrium. 

Composition of aqueous feed to the extraction section: 

Yttrium 

Lanthanum 

Cerium 

Praseodymium 

Neodynium 

Samarium 

Gadolinium 

Terbium 

Dysprosium 

Holium 

Erbium 

Ytterbium 

Concentration of ammonium nitrate: 

7.97 g/1 

0.005 " 

0.037" 

0.010 II 

0.021 II 

0.015 II 

0.035" 

0.060 11 

3.76 It 

0.72 It 

2.30 It 

0.90 n 

- In aqueous feed to the scrub section : 2.0 mol/1

- In aqueous feed to the extraction section: 7.0 mol/1

Acidity in both feeds : pH = 3.0 

As for the numerical calculations, the static programme 

required 21 iterations to reduce the maximum relative deviation 

between two iterations to within 1
°

/oo. The computing time was

82 milli-seconds per iteration on a CDC CYBER 70. 

A comparison of calculated and measured concentration profiles 

is presented in Fig,2, which shows the concentrations (g/1) of 

yttrium in both phases, and in Fig.3, which shows the concentra

tion (g/1) of erbium in the aqueous phase only. 

The results of the dynamic simulation are compared to measure 

ments of:,ttrium concentrations at several stages of the cascade 

as a function of time after start-up. At present only the first 

50 hours have been simulated. On a CDC-3600 computer this simula

tion requires about 10 minutes of computing time, when starting 

with zero concentration profiles for all rare earths and yttrium. 

2642 



Incomplete mass transfer is then modelled as a mass transfer 

resistance. (When using the bypass approach the computation on 

CYBER 70 would require less than 2 minutes). 

Some of the results showing calculated and measured yttrium 

concentrations at two different stages are presented in Fig.4 

and Fig.5. The accuracy of the measurements is in the order of 

! 10%. 

DISCUSSION 

The correspondence between the experimental and simulated 

dynamic responses is not too good. This is mainly due to the lack 

of measurements and control of the input flow rates to the cascade, 

'.thus the experiment turned out to be more a proof for the 

need for modelling and controlling the process than a test of 

the dynamic model. 

The discrepancies between computed static and measured 

concentration profiles (Fig.2 and Fig.3) are mainly due to the 

transient state of the process. 

A check of the mass balance indicates that the output concen

trations are too low relative to the inputs. 

To provide for incomplete mass transfer is necessary, to 

obtain a reasonable agreement between an extraction process and 

its mathematical model, at least with the types of mixer-settler 

equipment that we have experience with. 

The present extraction process is extremely sensitive to 

disturgances. The previous example may demonstrate that feature. 

If the flow rate of the scrub solution is increased a few percent 

the total erbium contamination will leave together with the 

aqueous raffinate instead of with the organic extract. 
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Tb is is an extreme case, but the sensitivity problem 

has strong implications for the use of static models, especially 

in optimization of extr4ction processes. Thus, it �ay be mean

ingless to carry out a static optimization of an extraction 

process without a satisfactory control system. 

The experiment referred to above was carried out some years 

ago, with the specific purpose of model testing. Since that 

time, both models and experimental facilities have been improved. 

The static model has proved to be a useful tool in experiment 

planning and process optimization in a pilot plant that has been 

operated for the last three years. The results of changing 

process parameters, such a feed compositions, etc., have been 

predicted by simulation. Generally, the agreement between pred

icted and actual results has been very good. 

The dynamic models have been very helpful aids to understand

ing the transient behaviour of the processes. They are now being 

adapted for use in a process control system to be applied in an 

s�dustrial plant for yttrium separation. As a first stage of 

dt •reloping this control system, the models will be utilized in 

an estimator which,in conjunction with an on-stream analyzer, 

will provide process state estimates. In this manner, data from 

the on-stream analyzer can be used to their full advantage, 

and improved communication between operator and process will result. 

In the next stage of development the loop will be closed, and 

an on-stream process computer will take care of the control 

functions. 
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NOMENCLATURE 

L 

n 

X 

= interracial area 

= �=distribution coefficient at equilibrium 

= distribution coefficient (at equilibrium) for a particul.ar
solute j at macro-concentration.a 

• 

.. 

• 

• 

= 

-

distribution coefficient (at equilibri-)for s�ute j
at aacro-concentration 
Toluaetric flow rate in aqueou• phase 

arbitary stage 

arbitary solute 

mass transf,er coefficieat 

ratio or·aqueoua phase Toluae to total Tolwae in mixer 

ratio of aqueous phase Toluae to total Tolwae in settler 

Tolwaetric flow rate in organic phase 

iteration counter 

total number of stages 

= relaxation factor used during the solution of the non

ammonium.nitrate ""' ;!�:!
r

c::�:!!;::ion of 
s time Tariable 

total Tolwae of mixer 

= fictitious Tolume -of mixing flow regime in settler 

= fictitious volwae of plug flow regine in settler + Tolume
of tube interconnections between stages 

= molar concentration of a solute in aqueous phase 
= mol.ar concentration of a solute in organic phase 
= molar concentration of a solute in organic phase at the 

phase boundary 

Z • total mass (equation 10)

eA 
• rel.atiTe -o�nt of aqueous phase b;rpaaaing the mixer 

l 0 
= rel.ative amount of organic phase bypassing the mixer 

I = correction factor used in equation (1) 

• transport delay •r aqueous phase between
• transport delay of organic phase between
• aixing tiae constant in aqueous phase
- mixing tiae constant in organic phase

2645 

stages 

stages 



ACKNOWLEDGEMEHT 

Special thanks are due to Mr. �.o. Solberg in the Physics 

Department at Institut for Atomenergi for his suggestions and 

advice on calcu�ation methods for digi al computation. 

REFERENCES 

1. Sebenik, R.F., Sharp, B.M., Smutz, M: Separation Science,

196_6, 1, 375.

2. Olander, D.R.,: Ind. Eng. Chem., 1961, �, 1.

3. Thiele, E.W.,: Geddes, R.L.,: Ind. Eng. Chem., 1933, �. 289

4. Wang, B., : Private communication, 1969

5. Friberg, C.E.,: Introduction to NUJ11erical Analysis, 1965.

English Edition, 35.

6. Lance, G.N.,: Numerical Methods for High Speed Computer,

1960 (London)

LEGENDS AND CAPTION::; OF FIGURES 

Fig.1. 

:rig.2. 

Fig.3. 

Fig.4. 

Fig.5. 

Flow sheet 

Yttrium concentrations 

Erbium concentrations in aqueous phase

Yttrium concentrations at stage no.8. 

Yttrium concentrations at stage nor.28 

2646 



t
.------ scrub-section ----, t�--- extraction-section 

' 

output�;,;:, ..... ----� .... H----. ..... ..__E ........ --.. �- ......... --'---r-___ .___.J._. • • • • H H
solution 

stage no. 2 F 

input 
main feed 

F+1 

FIGURE 1. 

FLOW SHEET 

N-1 N 

input 
organic 
solution 

� 
output 

raffinate 



1 10 

--

0) 

C 
.Q 
...., 
a 
I-.. 

+' 
C 
(1) 
u 
C 
0 
u 

o. 11

I 

I 

I 

1 

I 
I 

I 

) 

5 

0 0 

+ + 

10 

aqeous phase.computed 

measured 

organic phase, computed 

measured 

15 20 25 28 
stage no. ----

FIGURE 2 
YTTRIUM CONCENTRATIONS 

I-.. 

== 
--

0) 

C 
.Q 
...., 

a 
'-

(1) 
u 
C 
0 
u 

0, 1 

0 
0 

0 

0 

computed 

o o measured

5 10 15 

FIGURE 3 

0 

0 

0 

0 

0 

20 25 28 
stage no. -

ERBIUM CONCENTRATIONS IN AOEOUS PHASE 



L6 
� 
--
O'l 

c12 
.Q .... 
0 

...., L.. 

C .,. 
Q) '° 

8u 

u 

0 

aqeous phase, computed 
+ + measured 

organic phase, computed 
o o measured 

+ 

+ + + 

+ + +

O 
O O O 

+ 

+ 

+ 

0 0 

0 
0 

+ o O�---
/'" ---------

8 16 24 

FIGURE 4 

32 40 
hours 

48 

YTTRIUM CONCENTRATIONS AT STAGE NO. 8 

t 1
2

L.. 

:!:: ---
CJ) 8 
c' 

.Q 

e 
4 

u 

0 

+ + 

+;+-

8 

aqeous phase, computed 

measured 

FIGURE 5 

+ 

+ + 

32 L.O L.8 
hours -

YTTRIUM CONCENTRATIONS AT STAGE NO. 28 





MULTICOMPONENT EX'l'llACTION WITH BACKMIXING 

L. Boyadzhiev G. Angelov

ABSTRACT 

A mathematical model and a method for computation of a 

multi-stage multicomponent extraction process, ia proposed. 

The model deals with the general case, when fractioaa of the 

two phaaea are flowing backwards end the equilibrium dependence 

ia an arbitary function of the concentration of all components. 

The model and the computational method are limited by the restr

iction, that equilibrium in all stages is attained. 

Bulgarian Academy of Sciences 

Central Laboratory of Chemical Engineering 

Sofia 13, Bulgaria 
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INTRODUCTION 

'l'he investigations on the backmixing in multistage counter

current extraction units have shown its considerable influence 

on the column performance. Several mathematical models and 

procedures have been prepared tor the calculation of multistage 

extraction processes, taking into account the effect ot back

mixing1 -8 All of them deal with three component systems with

only one, component distributed between two phases. Multicomponent 

extraction is a process of great practical importance, but it 

has received less attention due to its complexity and the lack of 

equilibrium data. 

In the present work a mathematical model and a method for 

computation of a multistage multicompon•nt extraction process, 

considering backmixing in both phases, is proposed:

Mathematical model 

A scheme of a multistage countercurrent extraction cascade 

of NS perfectly mixed stages is shown on Fig.1. It is known 1 5 

that it these conditions the longtitudenal and backmixing are 

pD.actically identical. Each phase, flowing through the stages, 

takes away a fraction of the other phase and so EBj 
and RBj 

may

be considered as flows, moxing backwards to the main flows of the 

light (E.) and heavy (R.) phases. The rate of backmixing from 
-thJ -th J the J to (j- 1 ) stage for the heavy phase can be expressed

b 5,6 y •

and analogously for the light phase 
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The model assumes feed and production flows of each phase at all 

stages, providing to organise recirculation schemes, if necessary. 

It is assumed too, that the stages are perfectly mixed and 

phase equilibrium is attained, so that 

Y . .  i,J k . .  X . .i.J. l.J. (3) 

The concentration of the components is expressed as molar 

fractions (mol/mol) and may be writ ten as:·· 

(l+) 

(5) 

For each stage the balance of entering and leaving flows is 

= R. (1+r.) + EJ.(1+e
J
.) + PY . +  PX. 

J. J J J

and the component material balance is 

P.j_1 Xi,j + FYj. 
YFi,j + FXj. XFi,j + ej_1E

j_1 Yi,j-1 +
+ 

(7) 

To make the computational procedure easier, the flows R. 

and BNS+1 are assumed to be equal to zero. A complete phase

separation is presumed to take place at the first and the last 

sta6e, so the flows E1 and RNS' leaving the end stages, do not

take away any fraction of the other phase. These circumstances 

change the flow balance equations. For the first stage it is 

(8) 

anti for NS-stage 
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-4-

RNS-1 + FYNS + FYNS + tNs-1• ENS-1

The component material balance is 

for the first stage 

(9) 

FY1. YF
1.
. ,1 + FX1. XF R X E y (10) i,1 + r2. 2• i,2 + 2• . ,2

= R1.xi,1 + E1.(1+e1).Yi,1 + PY1.Yi,4+ PX1.xi,1

and for the NS-stage 

Computational procedure 

1. 

( 11 ) 

Equations (1-11) may be evaluated to obtain the concentra

tion nrofiles of each component (X . .  ;Y . .  ) and the interstage- 1.,J 1.,J 
flows (R. and E.) through the otaces of the cascade. An itera-

J J 
tion method, developed earlier13 is used to compute these values.
The procedure 1 3 is modified to fit the requirements of the nresent

model. 

The co�nutational procedure is: 
1. The feed (FX.;FY.) and nroduction (PX.;PY.) flowrates, the

J J " J J 
known feed concentrations txF . .  ;YF . .  ), the backmixin� factorls 

1.,J 1. I J 
(r.;e.) and tile 

J J 
initial iterate values for the concentrations

(X . .  ;Y . .  ) and the internal flowratcs (R
J
. and E.) are set.

1.,J 1.,J J 

2. The dietribution coefficient ki,j is computed using the

initial iterate values for the concentrations (X . .  ;Y . . ).1., J 1.,.J 

3. From equations (1), (2), (3), (6) and (7) oneobtains

2654 



X 

X . .i,J BX . .  / k . .  B. + (1-k . .  ). R .• (1+r.) + PXJ.l,J l,J. J l,J J J ( 12) 

where 

BX . .l,J R. 1.X . .  1 + FY . YF . .  +FX. XF . .  +e. 1 E. 1 Y . . 1+ (13)J- l,J- J• 1,J J• 1,J J- • J- • i,J-

+ r. R. X. . +E. Y. . J-1. J-1. i,J+1 J+1. i,J+1

B. 
J 

RJ._1 + FY.+FX.+e .  1 E. 1+r. 1R. 1+EJ.+1J J J- • J- J+ J+ 

i 1, 2, ••• , NC 

j 2,3, ••• ,NS-1 

( 14) 

F or the first and the last stage according to equations (8) -

(11) the terms BX . .  and B.are
l' J J 

FY 1 YF. 1+FX1 XF. 1+r2.R2.X. 2+E2 Y. 2• 1, , 1., 1., • 1, 
( 15) 

( 16) 

( 17) 

( 18) 

where i. "1.,2., ... ,NC.. 

The concentrations X . .  for the odd numbered stages are1,J 
obtained from eq. (12), using initial assumptions for the even 

stages. A check, if the condition (4) is fulfilled is carried 

out. If not, the values of R. in (12) are varied according to 
J 

a �ial and error procedure and the concentrations xi,j are

recalculated till the condition (4) is attained. 

4. The concentrations Y . .  for the odd stages are obtained1,J 
from equilibrium equations ( 3).

The flowrates E. for the odd stages are computed from eq (6). 
J 
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6, The. operations from point 3 to point 5 are repeated for 

the even stages using the just obtained values of Xi,j;Yi,j;

E. and R. for the odd stages,
J J 

The computational procedure is reiterated from point 2 

to point 6 till a negligible difference between two consequently 

computed concentration values of each component is reached, 

The expression 

( 19) 

where n is number of iterations, must be satisfied for convergence 

of the iteration procedure,£ ranges are usually taken from 

10-3 to 10-6,

The proposed model and the computational procedure are 

illustrated by the following example, which shows the influence 

of backmixing on the efficiency of the counter-current extrac

tion process. 

Example•: Acetone-ethanol mixture (molar ratio 1:1) is to 

be separated by means of two solvents: chloroform (heavy phase) 

and water (light nhase), The separation is to take place in a 

15-stage extraction cascade,

The number of components is four 

1, Acetone 2. Ehhanol 3, Chloroform 4, Water 

The concentration of light and heavy phases leaving the 

apparatus, the concentration distribution and internal flowrates 

through the staces are to be computed, 
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Feed 

Stage Flowrate Composition 

1 

6 

15 

FX1:80 XF101=0.0 XF201=0.0 XF301=1.0 

FX6=20 XF1 6=0.5 XF2 6=0.5 XF
3 6=0.0

xF
4 1 =o.o

' ' ' 

XF406=0.0

FY15
=100 YF1,15

:0.0 YF2,15
=0.0 YF

3,15
=0.0 YF4,15

=1.0

Initial assumptions 

E. x . . 

l.' J 

i 1 ,2, ••• , NC 

j 1 ,2, ••• 1 NS 

XFi, 1 

• This example is from refferences 11 • 14 

Y ..
1.,J

To o·btain equilibrium data the margules equation is used 
14

:
r(C. 

fnr. _, zc . � e
1t1 'ii · 

Ku· 
,vc K:1 

A t 

I:.,; 

NC 

L C i. 

4 f 
"· 1 le',, <,K 

NC t � t, CkJ C:.111 A Sui ,1 � Zk.1

tvC z 

L c,J 
,vt:.. 

� L .A 
R,I � 

L.K 
�1 

R"ti. ; f-;L;RLf 

where 

E1uation (20) 5ives the activity coefficient -1,'- of the
d <.,_;. 

i in a mixture of rlC compon1nts. It ·ives the activity 

. . tl.,, h ( uf) ) . 1 · ' t, � Cc) ) h 1.ents in "e eavy --r-- ano 1.zn pases
d l, I L, I '.;.w values of ,k

L. 
� '-<R)j u�) v 

J J:'. ldcu 
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(21 ) 

component 

coeffic

and hence 



The values of the constants A are those used-in references 
14 For the present system 

A11 o.o A12
o.54lf6 A

13
= -0.91f17 A

14 
1.872

A21
0.599 A22

o.o A23
1. 61 A24

1. 46 

A
31 

= o.674 A32 0.501 A33
o.o A34 

5.9 

A41 
= 1,338 A42 0.877 A43

4.76 A44 o.o

To simplify the computation in the example, the backmixing 

factors are assumed to be constant through the staGes. But t!1e 

model and tie procedure allow arbitary chosen values of the 

factors r. and e .• Similarly, the computation of equilibrium 
J J 

data from the Margules equation may be easily replaced by any 

other useful correlation. 

1he changes of the internal flowrates of the heavy phase 

and the concentration of its components through the stages are 

given in fig.2. Analogues data for the light phase are given 

in fig.3. These results are obtained without backmixing (e. = 

r. = 0) for the purpose of comparison with other computational

m�thods 11• 14, which do not take into account the backmixing

effect. The good a�reement with these rigorous methods and the

simplicity of the proposed method13 allow it to be considered as

very useful add applicable to multicomponent computations.

The influence of the backmixing in the heavy phase (rj)

on the component 1 (acetone) concentration in the same phase is 

shown in fig.4. The tendency for the concentration smoothing 

throu0hout the staces as the backmixing factor increases, is 

evident. Taking into account, that aceton� is fed into stage 6 

and it is sbluble mainly in the heavy phase flowing down, it is 

evident, that increase in acetone concentration in sta3es 1 to 6 

due to backmixing, reduced the apparatus efficiency. This concl

usion is confirr1ed by f:ii.g.,5, which shows the effect of acetone 

concentration in the li,;·ht phase outlet on the rise of the back

mixing factors. In this case, the influence of the backmixing 

in the heavy phase (curve 1 on fii.5) is greater than those in the 

light phase (curve 2). 
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Conclusion 

The proposed model and computational method predicts the 

concentration profile and the internal flowrates throur,h the 

stages of a jultistage cascade in the cas e of multicomponent 

liquid-liquid extraction, The model deals with the general case, 

when fractions of the two phases are flowing backwards and the 

equilibrium dependence is an arbitary function of the concentra

tions of all components, The model and the procedure are limited 

by the restriction, that equilibrium in all stages is reached, 

But nevertheless the results obtained are in agreement with the 

basic concept of the backmixing influence on the proces efficiency, 
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Symbols Used: 

A 

AS 

B 

BX 

C 

E 

constants in eq. (20) 

defined by eq. (21 ) 

defined by eq. ( 14) 

defined by eq. ( 13) 

concentrations in eq, 

light phase main flow, 

(20), mole fractions 

mol/s 

e 

EB 
FX 

light phase back.mixing factor, dimensionless 

light phase back flow, 

light phase feed flow, 

FY heavy phase flow, mol/s 

mol/s 

mol/s 

k distribution coefficient, dimensionless 

NC number of components 

NS number of stages 

PX light phase production flow, mol/s 

PY heavy phase production flow, mol/s 

R heavy phase main flow, mol/s 

r heavy phase back.mixing factor, dimensionless 

RB hea vy phase back flow, mol/s 

lie;ht phase concentration ,mole 

light phase feed concentration, 

fractions 

mole fraction 

X 

XF 

XP 

y 

light phase production flow concentration, mole 

heavy phase concentration, mole fractions 

fractions 

YF 

yp 

heavy phase feed flow concentration, mole fractions 

heavy phase production flow concentration, 

Greek letters 

activity coefficient, dimensionless 

criterium for stopping of iterations 
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Subscripts 

i component number 

j staGe number 

k 1 1 subscripts in eq. (20) 

Superscripts 

E refers to the light phase 

n iteration number 

R refers to the heavy phase 
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FIG. 1 A 1cheme or the counter-current extraction cascade 
FIG. 2 
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SUMMARY 

APPLICATION OF A TWO-VARIABLE-SEARCH OPTIMISATION 

SCHEME TO THE ON-LINE CONTROL OF A 

CONTINUOUS LIQUID EXTRACTION PROCESS 

t * 

by R.N. Armfield and J.B. Agnew 

A multidimensional optimization scheme using a 

search technique is described for determining the minimum of a 

response surface which is subject to random error and is non

stationary. The scheme is applied to a liquid extraction process 

in a laboratory-scale rotating disc contactor, using the system 

acetic acid - amyl alcohol - water. The scheme is shown to be 

superior to other schemes in its ability to find the optimum in 

a noisy environment, but is less effective once the optimum is 

reached. 

* Department of Chemical Engineering, Monash University, Clayton,

3168, Victoria.

t Present Address: I,C,I. (Australia) Ltd., l Nicholson Street,

Melbourne, Victoria.
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INTRODUCTION 

As mos.t process systems are highly complex, they are rarely 

amenable to complete mathematical modelling, so that search techniques become 

the only feasible means by which optimum operating conditions can be 

determined. Search schemes have the advantage of being able to cope with the 

effects of unknown and unpredictable factors on system behaviour. They are 

also capable of adaptation as the optimum is approached. 

Although numerous papers have been published on the optimisation 

of mathematical functions, there are not many reports in the literature on 

the application of optimisation techniques to process systems. Price and 

Rippin (l) tested a sinusoidal perturbation method for simultaneous two

variable optimisation of a water-gas shift reactor. Their technique measured 

the gradient of the response surface in two directions by applying a small 

sinusoidal perturbation and then applied a gradient-dependent step; no 

comparison with other methods was reported. A two-pass Oxo synthesis process 

was studied by O'Grady and Robertson (2) using an optimisation scheme

developed by Hooke and Jeeves (3). Wheeler and Aris (4) used a "questing

controller" to find the optimum operating condition for a small-scale 

fermentation process; of the various search methods investigated, the 

sinusoidal perturbation and quadratic methods were found to be most 

successful. Terano and Tsukamoto (S) used a gradient method, with

evolutionary operation for the gradient determination, to optimise the 

performance of a steam boiler. Numerous other authors have reported on the 

use of the evolutionary operations (EVOP) technique (6• 7• 8•9) It is 

probably the most widely used method at the present time, having the added 

advantage of being useful even when no on-line computer is available. 

This paper is concerned with an experimental investigation of a 

new quadratically-dependent search technique which was developed for 

multivariable stochastic situations. 

SEARCH TECHNIQUES 

To determine the optimum operating conditions a search plan is 

required. This lllUSt account for both the multidimensionality and the 

stochastic nature of real processes if it is to be successful. 

A search technique involves a sequence of experiments, the 

results of which are used to estimate parameters in the following Taylor's 

series expansion (or its discrete analogue) for the objective function (C)
about the point :J0 in terms of the n manipulated -variables (x1, x2, ••• xn):

2668 



Optimisation techniques require the evaluation of (i) the objective 

function alone, (ii) the objective function and its first derivatives, or 

(iii) the objective function and its first and second derivatives. The

results of such evaluation and re-evaluations are used to guide the search.

The search itself is considered in three parts :

(i) the opening gambit, which involves the selection of the starting

point

(ii) the middle game, in which the object is to move towards the optimum

as quickly as possible

(iii) the end game, in which further experiments are carried out to

ensure that the point reached is the true optimum.

An important problem which occurs in dealing with real processes 

is the presence of random error in the measured variables. Stochastic 

approximation procedures deal with random error as noise superimposed on a 

deterministic process. Foremost among these is the basic Kiefer-Wolfowitz 

procedure (lO), which has since been modified by several other workers in the

field to give variable size of step. 

In an earlier investigation at Monash University, Murtagh (ll)

developed a univariable stochastic optimisation scheme based on the fitting 

of a parabola by a least-squares procedure to the response surface, with 

weighting of the observations in a geometric sequence based on the age of 

the observation. Most of the search occurred in the end-game, where the 

quadratic estimation was used to give the direction of the search but not 

the magnitude of the step, which was fixed. 

Extension of Murtagh's basic algorithm to a multidimensional 

system has been carried out by Armfield (l2)

The relationship between the objective (cost) function and n 

manipulated variables is assumed to be of quadratic form 

where :xis the vector of the n independent =ipulated variables 

� is the vector of coefficients of the linear terms 

y is the Hessian matrix 

If H is positive definite, the minimum of the objective 

function ia obtained !or : 
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.Jt 
-min 

-1 -E l.l ... (3) 

To obtain this estimate of the minimum
, 

the elements of � and � must 

first be evaluated. This can be done by expressing equation 2 in an

alternative linear form 

C ... (4) 

in which the elements of � are obtained from the elements of �. while the 

elements of � are obtained from the elements of l.l and � and the value 

C .  Using this linear form, the weighted sum of squares (S) of the 
0 

*

deviations of the predicted cost (C) and the actually observed cost (C.) is 

represented by the quadratic expression, for m observations : 

s -m
* 

T 
(Zb - C ) W 
-- - m m 

(Zb - C
11

) -- - m

where Wm is the weighting matrix (to be specified) and

The 

ZT 
z 

-m 

c*T 

-m

minimum value 

b -m

(�1' 

* 

(Cl,

of s 

�2' ...... z)-m 
* * 

Cz, 
•••••• Cm)

is found by standard means (13) to occur for 

... (5) 

... (6) 

The weighting matrix is taken as a diagonal matrix with diagonal 

elements given by : 

for i � m-t 
for (m-t) < i < m ... (7) 

where t is the number of elements in ?; , i.e. the least number of 

observations required to solve equation 4 without a degenerate solution. 

OUTLINE OF PROPOSED SEARCH TECHNIQUE 

The opening gambit, which initiates the main part of the 

algorithm, consists of t experiments carried out at a series of points to 

cover the search space broadly so that the coefficients b in equation 4 

can be determined. The following method is used to specify the points 

(i) commence at some arbitrary starting point : independent

variables at their initial values;

(ii) increment each independent variable in turn by an amount t,., until 

all variables have been so incremented;

2670 



(iii) first variable is incremented a further amount a; subsequent

variables are set back to initial values, and are then incremented

in turn by a until all have been so incremented.

(iv) second variable is incremented a further amount a; subsequent

variables are set back to initial values, and are then incremented

in turn by a until all have been so incremented;

(v) continue with higher variables as in (iii) and (iv) until all

variables have been incremented 2a above their initial values.

Once the first quadratic has been found, the middle game is used

to obtain the next prediction of the optimum using the quadratic obtained in 

the opening gambit. After moving to this point the regression coefficients 

are updated using a recursive procedure :h which the weighting coefficients 

do not form a pure geometric sequence; instead, those most recent 

observations necessary to fit the quadratic are given unit weight, while the 

remaining observations are weighted geometrically with respect to age. The 

elements of � and � are determined from b and the position of the new 

optimum is determined using equation 3. If a minimum is unobtainable (e.g. 

quadratic inve�ted or degenerated), a gradient-dependent step is taken using 

the following optimum gradient algorithm 

... (8) 

where � and H have the values obtained from the last curve which was 

successfully fitted and H is the last positive definite matrix obtained. 

After predicting the position of the minimum, the actual point at which the 

next observation is made may be modified depending on the magnitudes of the 

changes in the independent variables. The step size for each independent 

variable is constrained by the following criteria : 

8 gm <  I �m - �min I < �m ... (9a) 

cxmin < cxm,i < cxmax ... (9b) 

where �m and 8 �m are the constraints and the step size and cxmin and 

a are the limits of the constraints. 

The end game is entered when all the a i � dmi
. The procedure

m, (ll+) n 
followed is based on the EVOP scheme of Spendley et al · using a simplex

tableau in which the spacing between vertices is cxmin' If during the use of

the end game a point is predicted such that any of the elements of gm
become larger than cxmin' then the middle game is re-entered.
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Theoretical evaluation of the scheme has been described 

elsewhere (l2) Application of the technique to an experimental system will

now be discussed. 

EXPERIMENTAL DETAILS 

A liquid extraction process was used for the experillental studies. 

The process flow diagram is shown in Figure 1. 

A rotating disc contactor was constructed following the design of 

Vermijs and Kramers (l5). The basic dimensions of the column were 

Colwnn internal diameter 

Rotor diameter 

Disc diameter 

Compartment height 

Number of compartments 

44.0 111111 

15.0 mm 

25.5 mm 

17.3 mm 

52 

The .ternary system used consisted of water, amyl alcohol and 

acetic acid. The solvent, water, was the dispersed phase. 

Instruments used to measure solute concentrations were : 

(i) continuous-flow differential refractometer for acetic acid in

feed;

(ii) 

(iii) 

specific gravity meter, for acetic acid in raffinate;

conductivity meter, for acetic acid in extract.

Flow rates were determined from valve stem positions of Honeywell

motorized valves in feed, solvent and extract lines. An independent measure 

of solvent rate was obtained using a hot-wire flow meter. Interface level at 

the top of the contactor was detected using a proximity meter. Temperatures 

were measured by thermistors in half-bridge circuits. 

The computer used was a general-purpose Ferranti Sirius machine 

with a storage capacity of 7,000 words each of 10 decimal digits. Details of 

the process interface unit which was specially constructed are given by 

Murtagh (ll); program details are given by Armfield <12>
. Ten process

variables were measured on-line, enabling mass balances to be computed and 

the interface to be controlled directly. 

Experimental runs were carried out for both single-variable 

optimisation (Jnanipulating solvent rate) and two-variable optimisation 

(manipulating both solvent and feed rates), with feed concentration held 

constant at 9 percent by weight acetic acid in amyl alcohol. 
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Objective Functions 

Por the single-variable optimisation study, the following 

objective 

variable; 

function was employed with solvent flowrate (Vw) as the manipulated

x is the acid concentration in the extract : 
C 

Function 1 c - 0.01 v3 - v x 
W W C 

••• (10) 

This function is shown plotted in Figure 2. Functions used in the two

variable studies, in terms of solvent flowrate, feed flowrate (Va) and acid

concentration in raffinate (xr) were :

Function 2 C z 0.01 v3/V + 0.05 v2 - 1.5 V x 
w a a w c 

••• (11) 

Function 3 C ••• (12) 

where k was assigned values of 125 (Function 3A) and 1 2.5 (Function 3B). 

These functions are shown in Figures 3-5. 

Optimisation Schemes 

The following schemes were compared 

Scheme 1 

Scheme 2 

Scheme 3 

Scheme 4 

RESULTS 

The proposed method, already· described, 

The gradient-dependent method of Sharp (l6) modified to

operate in two dimensional situations by using the 

gradient from a quadratic approximation. 

A quadratic method of Murtagh (ll) modified for two

dimensional situations by using the quadratic 

approximation with constant step sizes in both dimensions. 

The EV0P procedure of Spendley, Hext and Himsworth Cl4)

based on the simplex design for the test pattern. 

Typical paths taken by Scheme 1 for locating the optimum are 

shown in Figure 2 for the single-variable case and Figures 6 and 7 for the 

two-variable case. Fifty-three successful runs were made in all. 

In order to compare the results from different runs, the 

following parameters were employed 

(i) the optimisation interval (I), which was the elapsed time

between optimisation calculations;

(ii) the minirrrum step size aZUJuJabZe (S), which was the smallest

change in the manipulated variables allowed;
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(iii) 

(iv) 

the nwnber of atepa (N) required to reach the optimum; 

the totaZ error (E) involved in reaching the optimum, which was the 

sum of all the deviations from the true optimum up to the stage 

when the optimum had been reached; 

(v) the average deviation (D) once the optimum had been reached;

(vi) the Zoss factor before the optimum had been reached (L1) , which

was defined by :

(vii) 

L
l = NthE�ss Do 

••• (15) 

where: Nth refers to the theoretical minimum number of steps for 

a quadratic method of optimisation to reach the optimum (i.e. the 

minimum number of experimental points required to determine the 

quadratic function, plus one.); tss is the time required to reach 

steady state following a step change in flow rate; D0 refers to 

the deviation existing between the starting point of the search 

and the position of the true optimum. 

the Zoss factor after the optimum had been reached (L2), which was 

defined by : 

L = �
2 S ••• (16) 

These last two parameters were defined to facilitate comparison of 

the different optimisation methods for the two Jifferent parts of the search. 

DISCUSSION 

Loss factors for those runs in which the optimum was not 

constrained are listed in Table 1. The proposed Scheme 1 was superior to the 

other techniques in its ability to find the optimum operating conditions for 

each test function used, as indicated by the lower values of L1• However, it 

was not as successful in holding the optimum as Schemes 3 and 4 due to the 

variability of the step size employed. 

Whilst functions 3A and 3B are of similar form, the former was in 

general a more difficult surface for the different schemes to handle. The 

proposed scheme once again showed the best performance, indicating that it is 

less affected by a change in response surface and that it could have an even 

greater advantage on a more difficult surface. 

The effect of variation in initial deviation from the optimum was 

checked using Function 2. The number of steps required to reach the optimum 

was significantly lower for the proposed scheme than for Scheme 3. Scheme 4 

would not have been expected to perform any better than Scheme 3 because of 

the similar limitation in variation of step size. The performance of Scheme 
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2 could not be estimated because it does not allow for variation in step size;

its performance might well have been superior to the other methods because it 

did not permit over-stepping the constrained optimum. 

One of the obvious limitations of steady-state search techniques 

is the large time delay between implementing a change and the final 

attainment of the new steady-state conditions when the objective function is 

re-evaluated and further changes are implemented. The actual time necessary 

for steady-state conditions to be reached following a step change in solvent 

flow-rate was determined to be 30 minutes. In an effort to speed up the 

optimisation procedure, the optimisation interval was reduced. The averaged 

results, shown in Table 2, indicated a lower loss factor prior to attainment 

of the optimum even when the five-minute interval was used and more steps 

were required; however, the loss factor after reaching the optimum increased 

as the time interval was reduced. These effects su,gest that an adaptive 

procedure for setting the optimisation interval could be an improvement. By 

using a shorter time interval before the optimum had been reached, the first 

loss factor would be reduced, while a longer interval after this stage would 

reduce the second loss factor. 

The shorter optimisation interval still indicates the gradient 

of the cost function at the experimental point, provided sufficient time is 

allowed to establish the correct gradient. Steps then taken move towards the 

optimum, even though the quadratic approximation may be seriously in error. 

However, once the region of the optimum is reached the changes in independent 

variables are small and the dynamic errors become important. Thus to obtain 

the correct step size, the quadratic approximation has to be good and this 

necessitates reduction of dynamic error to a minimum. 

CONCLUSIONS 

The proposed search technique was shown to be superior to three 

other techniques in its ability to find the optimum operating conditions, 

employing several different types of objective functions. Once the optimum 

has been reached, however, the proposed scheme was not as satisfactory at 

holding the optimum due to the variability of step size employed. 

It was found experimentally that the optimisation interval could 

be reduced considerably below the time required to attain steady-state 

without affecting the performance of the scheme in finding the optimum. 
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TABLE 1 Average Loss Factors 

L
l L

2 
Cost Function 1: 

Scheme 1 1.0 2.6 

Scheme 2 1. 7 6.0 

Scheme 3 1.2 2.3 

Cost Function 3B: 

Scheme 1 0.18 2.2 

Scheme 2 0.23 3.5 

Scheme 3 0.20 1.4 

Scheme 4 0.23 2.0 

Cost Function 3A: 

Scheme 1 0.19 2.2 

Scheme 2 0.24 

Scheme 3 0.24 1.5 

Scheme 4 0.28 

TABLE 2 Effect of Variation of Optimisation Interval in Proposed Scheme 1. 

Optimisation Number of L
l 

L
2 

Interval Steps 
(min) (N) 

30 6 2.3 1.8 

15 6 1.0 2.6 

10 6 0.9 2.8 

5 9 0.5 4.3 
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' 



10 

- 0
�
C: 

.Q-10 

C: 

� -20

u 

5 

�Equ'n.(10) 

10 15 20 
Solvent Flowrate (lb/hr) 

FIGURE 2: SINGLE-VARIABLE SEARCH, SCHEME 1. 

25 

Solvent Flowrate <Lb/hr) 

f!GURE 3: CONTOURS FOR OBJECTIVE FUNCTION 2. 

25 



__, 
-

GJ 

�15 
N 

3 
°' __, 
0 LL 

'U 
� 10 

10 15 20 25 
Solvent Flowrate (lb/hr) 

flGURE 4: CONTOORS FOR OBJECTIVE ,f\JICT!ON JA. 

-

L. 

.£:. ..... 
.0 
0 

$ 15 
[! 
� 
0__,

LL 

"'2 10 
� 

5L-_.-...L...____;:.._____,1.__ __ ..___ __ _ 
5 10 15 20 25 

Solvent Flowrate (lb/hr) 

fIGIJRE 5; CONTOURS FOR OBJECTTYE FUNCTION 3B. 



20 

.r. 

� 
......, 

Q) 15
N 

...... 

a- � � 

-u 10 

5 
5 

1
1,

Constraints 
j_ ____ __ __ _ 
1 �Optimum 

I 
---1--

1 • Experimental
I 

10 15 20 
Solvent Flowrate (lb/hr) 

FIGURE 6: TYPICAL PATH TAKEN BY SCHEME 1. 

I 

+-

20 

1 Constraints 
-+- - - - -

1 <iOptimum 

• Experimental

10 15 20 
Solvent Flowrate (lb/hr) 

FIGURE 7: TYPICAL PATH TAKEN BY SCl!EJ!E 1. 





SESSION 26 

Friday 13th September: 9.00 hrs 

C H E M I S T R Y O F E X T R A Q T I O N

(Rare Metals) 

Chairman: 

Mr. A. Fontaine 

Secretaries: 

Dr, M.A. Hughes 

Mr. A. Bathellier 

2683 



' 



EXTRACTION OF PLATINUM GROUP METALS FROM 

CYANIDE MELTS WITH LIQUID METALS 

K.F. Fouche, J.G.V. Lessing and P.A. Brink 

Atomic Energy Board, Chemistry Division, Private Bag X256, Pretoria 
South Africa 

Abstract: The extraation of the pZatinwn group meta'ls, goui, silver 

and aopper, by liquid bismuth, tin and zina, and alloys of 

these elements from molten (Na, K)CN euteatia, was inves-

tigated. A separation saheme for rhodium, iridiwn, .rutheniwn and 

osmium, based on the seZeative extraation into Ziquid 

meta'ls and aZZoys, was a'lso d.eve loped and it was shown 

that the method aan be integrated with separation methods 

where rhodium, iridium and ruthenium are first aonaen-

trated in tin or Zead buttons. This teahnique also pro-

vid.es a method for purif'ying rhodium of iridium impurity 

with a separation faator of more than 103
. 

INTRODUCTION 

PRACTICALLY ALL PR EVIOUS INVESTIGATIONS dealing with the distribution of 

solutes between molten salts and liquid metals were confined mainly to sys-

1 
tems of interest in the reprocessing of liquid-metal-fueled nuclear reactors , 

molten salt breeder reactors
2

•3 and, to some extent, also liquid-metal

cooled fast breeder reactors
4
. The salt phases in such systems are com

posed of either chloride or fluoride salts where all platinum group and 

related elements will be expected to concentrate exclusively in the metal 

phases. This is due mainly to the unfavourellle free energies of formation 
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of the halide salts of these elements in such systems5 •
,,,; 

In an experimental survey ,if find molten salt systems in which 

platinum group metals would have cc:mparable affinities for the salt phase 

and another immiscible phase, it was established that molten alkali cyanide

liquid metal systems may be useful in this respect. Although very little 

information is available regarding the free energy of formation of platinum 

group metal cyanide compounds at high temperature, the high stability of 

. 6 . 
such compounds in aqueous systems suggests that platinum group metals con-

tained in molten cyanide solutions should be stable and would probably not 

be reduced as readily as from halide melts. 

The present investigation was therefore undertaken to establish 

the viability of molten cyanide-liquid metal extraction systems, and also 

to find out if such systems could be of any use for separating platinum 

group and related metals. 

EXPERIMENTAL 

Apparatus: Extractions were carried out in vessels of the type shown 

schematically in Fig. 1. The lower portion (200 mm) of the stainless steel 

tube (62 mm OD, 250 mm long) was inserted in a well-type furnace. The 

titanium crucible (35 mm OD, 100 mm long), fabricated from titanium rod, had 

a slightly conical base to facilitate complete removal of the liquid metal 

phase. A chromel-alumel thermocouple contained in a thin quartz tube was 

inserted between the crucible and a quartz liner (45 mm ID). The stirrer 

was constructed by cutting open and flattening the lower portion (75 =) 

of a 9 mm OD titanium tube. The upper part of the tube was clamped in a 

Heidolph stirrer and the opening was connected to the argon supply. The 

control thermocouple of an Ether temperature controller was inserted on the 

outside of the stainless steel tube. 
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Reagents: The salt mixture used in all experiments consisted of a 1 : 1 

molar mixture of analytical grade NaCN and KCN. The salt was vacuum-dried 

at room temperature for at least one week before use. Laboratory grade Bi, 

Zn, Sn and Pb were further purified by filtering through porosity-2 sintered 

glass filters under argon atmosphere. Radioactive tracers were prepared 

by neutron irradiation of Specpure metals or chloride salts. 105Rh tracer

was obtained from neutron-irradiated Ruc1
3

7.

Procedure: In experiments for studying the extraction behaviour of indi

vidual metals (Fig. 2), 10 mg quantities of the elements (as chloride salts), 

spiked with radioactive tracers, were mixed with 10 - 15 g of salt in 

titanium crucibles. The mixture was melted under argon and stirre.d for 

30 min before addition of metal phases. Metal pieces were added to the melt 

through a quartz tube which was inserted through the sampling port. Mixing 

of the phases was continued ( 1 - 2 h) until the radioactivity in the salt 

phase, as determined from samples drawn from the melt into quartz tubes, 

remained constant, before the composition of the alloy was changed by addi

tion of more Sn or Zn to Bi - Sn or Sn - Zn systems respectively. The frac

tion extracted at each alloy composition was calculated from the loss of 

activity in the salt phase. 

A different procedure was followed when investigating the separa

tion of mixtures of metals. Metal chloride (anhydrous) salts were dissolved 

in the salt phase, stirred for 30 min under argon and then equilibrated for 

1 h, each time with successive metal phases (Table 1). Metal phases were 

removed quantitatively by suction into quartz tubes inserted through the 

sampling port. The quantities extracted into various metal phases were de

termined from the gamma spectra (corrected for matrix absorption effects) 

obtained from a Ge(Li) detector coupled to a 4000-channel analyzer. 

In some experiments platinum metals and radioactive tracers were 
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concentrated in Sn by the classical i'ire-assey method8 • This was done by

:f'using a total of 1 g of platinum group metals with 35 g Sno2, 50 g N82co
3

,

10 g Borax, 10 g Si02 and 40 g flour at 1200°c for 1 h. The separated tin 

button was treated with HCl, and the residu was chlorinated in a quartz 

tube8 at 700°c for 16 h to remove all tin and to convert the platinum metals

to chloride salts. Two glass-wool stoppers were inserted in cooler parts of 

the tube to collect sublimed products., The chlorinated residu was subse

quent]¥ leached with aqua regia, and the dried solid was treated as shown 

in Fig. 2. 

Rhodium was an&:cyzed for iridium impurity by mixing 20 mg RhC13

with 200 mg Sio2 and irradiating for 30 min at a thermal neutron flux of

14 2 1 x 10 n/ cm /sec. Samples and standards were ana:cyzed gamma-spectro-

metrical:cy after a cooling period of three to four deys. 

RESULTS AND DISCUSSION 

Extraction of metals 

The extraction behaviour of the platinum group metals, of silver 

and of gold is shown in Fig. 2 where percentage extraction into the metal 

phase is plotted as a function of the atom fraction of tin in bismuth. In 

addi ti an to the results shown in the figure• it was found that the extrac

tion of ruthenium into tin can be improved by the addition of zinc. A tin 

alloy containing 0.2 at.% Zn will extract 80 % ruthenium, while 95 % is 

extracted by 0.5 at.% Zn at 550°c. Osmium can further be recovered from the 

salt phase by extraction into zinc at 700°c. The percentage extracted into

the metal phase was calculated as %E = (D/(D+ l.))100, where 

D = Specific activity of metal
Specific activity of salt 

and is thus applicable to a system with equal weights of metal and salt phases. 
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These extractions, in which metal ions in the salt phase are re

duced by and extracted into the metal phases, are probably of the type 

M(CN)m + .!!! R � M + .!!! R(CN)
n 

.,....--
n n 

salt metal metal salt 

where M(CN)m represents the metal ions being extracted from the salt phase

and R is Bi, Sn or Zn. For simplicity the species in the salt phase are 

shown as neutral compounds; it is, however, likely that at least the ex

tracted metals are present as anionic cyanide complexes. Although the 

equilibrium constant 

8M(CN) 
m 

(2) 

where a denotes activity, can in principle be calculated from the difference 

in the free energies of formation of R(CN)n and M(CN)m' the actual distri

bution behaviour is clearly also dependent on the activity coefficients of 

the solutes. The distribution of M between an alloy, in which R acts as 

reduct ant, and a salt phase is given by 

NM(metal)

M(CN)m (salt)
(3) 

where N denotes mole fraction and 1 designates activity coefficient. With the 

exception of lR (which remains close to one for solutions of tin in bismuth),

none of the activity coefficients or K, as shown in (3), are known for the 

systems under investigation. Considering the factors which normally affect 

extractions from molten halide systems9, and also the stable intermetallic 

compounds that are formed between platinum group metals and Bi, Sn or Zn 10 , 

as well as the well-known high stability of platinum group metal cyanide 

complexes in aqueous solutions, it is probable that K and lm are the
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extraction-determining factors. This is qualitatively in agreement with the 

above results which show that Ft, Pd, Au, Rh and Ag, all elements which form 

stable intermetallic compounds with bismuth (resulting in low values for, 
m 

in (3)), are extracted quantitatively into bismuth. Iridium and ruthenium, 

which do not form stable compounds with bismuth, can however, be extracted 

when tin, with which they do form stable compounds, is added to bismuth. 

That this (1m) is not the only extraction-determining factor is shown by

the fact that iridium and ruthenium are extracted by bismuth from chloride 

melts, and that iridium can be removed from bismuth into a chloride melt by 

t ad.di . f . 11 
he tion o cyanide to the system 

The fact that the oxidized forms of bismuth and tin ( eq. (3)) are 

stable in molten cyanide is surprising as cyanide compounds of these elements 

are rather unstsble - at least in aqueous chemistry. The results for the 

extraction of iridium (Fig. 2) show that the extraction is reversible and 

that tin, which is oxidized during the extraction of iridium from the salt, 

must therefore be present in a stable, readily reducible form. Since the 

same results are obtained for microgram as well as tens of milligram quan

tities of the elements investigated here, the shove behaviour can obviously 

not be the result of solubility factors or impurities in the metal phases. 

Clearly, more basic information on extractions from molten cyanide 

(e.g. activity coefficients, free energy of formation, oxidation states of 

solutes, etc.) is required before a more quantitative discussion of the 

above results can be attempted. It is, however, evident from these results 

that the present system is unique among molten salt-liquid metal systems in 

that not all platinum group metals behave as noble metals, and that this 

property mey have potential use for the separation of rhodium, iridium, 

ruthenium and osmium. This possibli ty was further investigated and the 

results will be outlined below. 
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Separation Studies 

A scheme for the separation of Rh, Ir, Ru and Os based on the above 

results was tried out on a mixture containing 20 mg each of these elements, 

as chloride salts dissolved in 10 g cyanide eutectic. Extractions for 1 h 

each with 10 g portions of metal phases yielded the results shown in Table 1. 

TABLE 1 

Percentage extraction of Rh, Ir, Ru and Os from 

molten cyanide after removal of successive metal phases 

% Extraction 

Metal Phase oc Rh Ir Ru Os 

Bi (1) 550 90 0 0 0 
Bi (2) >99 3 0 0 

Bi-Sn (1) 
= 0.5 550 85 <1 0 

Bi-Sn (2) �n >95 <3 0 

Sn-Zn ( 1 ) 
= 0.2 550 Bo 0 

Sn-Zn (2) �n >95 2 

Zn 700 99 

The potential use of this separation scheme in the refining of 

platinum metals was investigated :further through experiments in which the 

concentrations were increased considerably, and also by initially concen

trating the platinum group metals in tin or lead by the fire-assey method, 

as is normally done for industrial concentrates 12• The separation scheme

that was developed for a mixture of Ir, Rh.and Ru (ratio 1 : 4: 8) contain

ing 10 % each of Ft, Fd and Au, all marked with radioactive tracers, is given 

in Fig. 3. The total concentration of platinum metals in the salt ( 15 g) 
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was about 5 %, and extractions were carried out each time with 10 g quanti

ties of metal phase. Although these extractions were probably not obtained 

under equilibrium conditions ( 1 h equilibration times), it was nevertheless 

found that efficient and reproducible results can be obtained in this manner. 

Separation of Au, Pt and Pd: More than 90 % of the Au, Pt and Pd present is 

removed during chlorination and subsequent leaching with aqua regia. If 

desired, extraction with lead can be carried out at 520
°

c before the rhodium 

extraction. The remaining Au, Pt and Pd, together with 2 - 3 % rhodium, 

will be extracted into lead. 

Extraction of rhodium: The extraction of rhodium with three portions of 

bismuth is practically quantitative (>95 % ) • Although it mey be expected 

that a small fraction of iridium will be co-extracted (Fig. 2), it is found 

in practice that iridium will only be extracted into bismuth when practic

ally no rhodium is left in the salt phase. This effect is illustrated in 

Table 2 where the effect of rhodium on the extraction of iridium into tin 

is shown. In the absence of rhodium, iridium will be extracted quantitative

ly into Sn (Fig. 2). This is probably due to the equilibrium 

salt 

+ !l Ir � Rh + !l Irm+
m 

� 
m 

metal metal salt 

whereby any iridium that is being reduced by tin is immediately reoxidized 

by Rhn+
. 
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TABLE 2 

Percentae;e extraction of Ir (10 mg) and Rh - Ir (120 
and 10 mg respecti vezy) mixture from 10 g cyanide 
eutectic into 10 g Sn at 550°c as function of time 

Time (min) 

10 

4o 

120 

180 

240 

280 

300 

Ir 

>99

Rh 

83 

88 

95 

>99

Mixture 

Ir 

0 

0 

0 

<1 

21 

71 

90 

Rhodium can be recovered from the bismuth phase by extraction into 

molten zinc 13. The excess zinc is dissolved in HCl, and the precipitate is

chlorinated at 700°c to remove zinc and to form insoluble RhC13 which is 

digested with aqua regia as a further purification step before reduction, 

in hydrogen, to the metal. 

Typical recoveries ( as determined from the weight of metal) of 

rhodium when carried through the whole separation scheme are between 80 and 

85 %. Gemme,-spectrometric anazysis of the radioactivity in purified rhodium 

showed the presence of <0.01 % of all elements which had been radioactivezy 

marked. Neutron activation anazysis of iridium (normalzy the major conta

minant of rhodium) in several rhodium samples yielded concentrations of 0.001 

to 0.005 % Ir. 

Effect of  nickel: During these experiments it was also observed that nickel 

(added as NiC12) mizy have a profound effect on the extraction of Rh, Ir and 

Ru. It is, for example, impossible at any temperature to extract iridium or 
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ruthenium from a cyanide melt containing 3 % n,ickel into tin. Rhodium, how

ever, can still be extracted into tin under these conditions. This obser

vation was utilized for developing a method of purifying rhodium of iridium 

(or ruthenium) impurity, as is shown in Table 3. These results were obtained 

by extracting RhC13 from a eutectic melt at 6oo0c, containing 3 % nickel,

into tin. The excess tin, as well as some nickel, was dissolved in HCl, and 

the remaining tin and nickel in the Ni-Rh-Sn alloy was removed by chlorina

ting at 700°c and digestion of RhC13 with aqua regia.

TABLE 3 

Purification of Rh fran Ir impurity 
by extracting Rh into Sn at 6oooc from 

cyanide eutectic containing nickel 

Before 

60 

30 

Ir ppm 

After 

0.05 

0.02 

The above behaviour indicates that nickel falls between rhodium and 

iridium in the electrochemical series for cyanide melts so that the equili

brium 

Ir 

metal salt 

Irm+ 

salt 

+ � Nin 

metal

prevents reduction of iridium while Ni�
+ 

is still present in the salt. This 

is in agreement with experimental observations carried out with radioactive 

lllickel (< 1 % concentration) which showed that iridium can be extracted into 

tin only when no nickel is left in the salt phase. The extraction behaviour 
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of nickel into tin is rather erratic and no consistent results could be 

obtained at the concentration levels used in the above extractions. A frac-

tion of the nickel in solution is apparent]¥ extracted faster than the rest. 

This behaviour is in agreement with electronic spectra obtained on quenched 

cyanide melts as well as on molten cyanide solutions, which showed that, in 

addition to Ni(II), at least one other oxidation state (probab:cy Ni(O)) is 

14 
also present . 

Extraction of iridium: Although iridium can be extracted quantitative)¥ into 

three portions of Bi-Sn alloy at 550
°
c (Table 1), it was found that< 5 % Ru

is co-extracted when pure tin is used at 520
°

c for the extraction of iridium.

As in the case for Rh - Ir, this is probab:cy due to oxidation of ruthenium 

in the metal phase by iridium in the salt. This "l!lethod is preferred as it 

simplifies the recovery of iridium from the metal phase. The combined tin 

phases (30 g) containing iridium can be purified of ruthenium impurity by 

contacting it with molten cyanide (15 g) containing 1.5 % nickel. Ruthenium, 

as well as part of the iridium, is oxidized into the salt phase by nickel. 

The nickel content of the system is, however, such that it will be ful:cy 

extracted into tin, and within 1 h >99 % Ir will be contained in the metal 

phase while ·>90 % Ru will be contained in the salt phase. 

If desired, the metal phase containing iridium and nickel can be 

purified of rhodium by contacting it with molten cyanide containing 3 % 

nickel. Iridium passes quantitatively into the salt phase, while rhodium 

remains in the metal phase. Iridium can be recovered from the salt phase 

by contacting it with a zinc alloy containing 0.5 at.% tin at 6oo
0

c. Iridium

is recovered from tin or tin-zinc phases by dissolving the excess metal in 

HCl, chlorinating the residu at 700°c, and final)¥ digesting Irc1
3 

with aqua

regia before reduction to the metal in hydrogen. 
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Gamma-spectrometric analysis of the recovered iridium (eJJout 8o % ) 

showed <0.01 % of all radioactively marked elements. 

Extraction of ruthenium: Ruthenium in the original cyanide melt, as well 

as the small fraction that was co-extracted with iridium and subsequently 

transferred to a salt phase, can be extracted with Sn-Zn (0.5 at.% Zn) at 

6oo0c. Excess tin and zinc in the combined metal phases are dissolved in 

HCl. The remaining Sn-Zn-Ru alloy, combined with the trapped volatile pro

ducts during the initial chlorination, as well as the dried residue of the 

aqua regia wash of the chlorinated residue (see experimental), can be ren

dered soluble in water by fusion with sodium peroxide. Ruthenium can sub

sequently be recovered by chlorine distillation 15, and the recovered Ruc13

can be reduced to the metal in hydrogen. 

Yields of ruthenium were normally eJJout 80 %. Gamma-spectrometric 

an�·sis of the final products showed the purity to be >99-9 % as canpared 

with other radioactively marked elements. 

Osmium: Although osmium was not included in the separation scheme, as it 

would probably be volatilized quantitatively during the chlorination step, 

any osmium present in the system would still be in the salt phase from which 

it can be extracted with zinc at 700°c. 

Stability of melt 

Infrared spectra and argentimetric cyanide determinations on quenched 

lt,, al d . . . me s reve e that cyanide melts under argon or nitrogen atmosphere are

stable for many hours for systems containing low concentrations (<0.5 %) of 

platinum metals. At higher concentrations, and also at temperatures above 

650°c, the rate of degradation increases considereJJly when the system is not 

completely o:icy-gen-free. Cyanate and, to a lesser extent, carbonate are the 

main decomposition pro·ducts under such conditions. Low concentrations of 
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these impurities do not appear to have significant effects on the above sepa

ration scheme. Extractions from molten cyanides containing higher concentra

tions 4,..,15 % cyanate + carbonate) caused by prolonged exposure of a melt with 

high platinum metal content to the atmosphere, were less selective and some 

iridium and ruthenium followed rhodium during extraction into bismuth. 
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Fig. 1. Schematic diagram of extraction apparatus . 
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N.M. Sinitzin, V.F. Travkin, G.L. Plotinsky,

A.A. Svetlov, F.J. Rovinsky 

EXTRACTION OF RUTHENIUM AND OSMIUM NITROSOCOMPLEXES. 

The extraction of ruthenium and osmium nitrosocomplexes 
/M NO x5;2- has been studied. In these compounds M stands for Os
and Ru and X stands for Cl\Br, J, N02, OH ligands, aliphatic 
amine salts, quaternary ammonium and phosphonium compounds, neutral 
phosp�eric reagents - R3PO and sulfur contained compounds - R2so.
The dependence of osmium and nuthenium extraction on the nature 
and concentration of acids in aqueous phase and on the nature of 
internal ligands in osmium and ruthenium nitrosocomplexes as 
well as on the nature of extractants and diluents in organic phase 
is shown. Coordinating compoinds of nitroso-osmium and ruthenium 
which are obtained during extraction have been synthesized and studied. 
The mechanism of extraction of osmium and ruthenium nitrosocomplexes 
is discussed. 

The systematic study of extraction of nitrosocomplex compounds of 
osmium and ruthenium such as /M NO x5;2- and /M NO (N0

2
)
� 

OH/2-
where M stands for Os -dRu and X stands for Cl, Br, o� J ligands, 
is only recent. The extraction of some ruthenium nitrosocomplexes 
with long chain aliphatic amines /L,2/, salts of quaternary ammonium 
compounds /3/, and some neutral phosphoric extractants /4/ has been 
studied. No reports of the extraction of the equivalent nitrosocomplexes 
exist. Furthermore, we have no data on the extraction of complex 
compounds of rutheiium and osmium with such extractants such as sulfur 
containing compounds or salts of quaternary phosphonium compounds; 
these extractants are comparatively recent. 

Amine salts are the most effective extractants of anion complexes of 
metals. That is why the possibility of their use for extraction of 
osmium and ruthenium nitrosocomplexes should be considered first. It 
is known that while traversing from primary to secondary and then to 
tertiary amines in accordance with increase of their electrondonor 
properties the extraction of metal containing complex anions increases 
/5/. The similar relation has been observed during the extraction of 
/Ru NOC15;2-;I/ and /OsNOCL5/2- complexes. For example, during.the
extraction of O.OI m (NH4)2/0s NOCl5/ from I m  HCl with solution of 
0.03 m tri - n - oktylamine (TOA) in benzene the distribution coefficient 
for osmium Dos. =9.3, for di - n - octylamine (DOA) Dos = 3.

7
. In 

case of extraction of 0.005 m (NH4)2/0s NOCl5/ from I m  HCl with 0.03 m 
TOA in benzene Dos =22, for DOA Dos=II and the trialklme+hylamine, 
Primene JM - T - (Rr) (R2) (R3) CNH2 (mol wi. is enual Tn 320), Dos=3.
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The nature of the neutral phosphoric extractant has also a great 
influence upon the extracTion. The substitution of either groups 
RO in a molecule of neutral phosphoric reagents by more electrondonor 
alkyl radikals R results in the increase of extraction of nitrosocomplexes 
of osmium and ruthenium of TBP /(C

4
H

9
0)

3 
PO/ DAMP /(iC

5
H

II
0)

2 

CH
3
PO/ BDBP /(C

4
H
9
0)(C

4
H9)

2 
PO/ TBPO /(C

4
H

9
)
3
PO /. 

The experimental data for the extraction with sulfur contained reagents 
(table I) shww that dialkylsulfoxides (R

2
SO) extract ruthenium nitroso

complexes less effectively than amines and phosphoric compounds. 
The maximum extraction of ruthenium intorthe organic ·phase is observed 
when di - n - heptylsulfoxide (C7Hl5)2so is used as an extractant. In
the case when di - n - heptylsulfone {C

7
H

15
)

2 
so

2 
and di - n -

octylsulfide are usedm ruthenium distribution coefficients are reduced. 

TABLE 1 

Extraction of ruthenium from Im HCl with 0.4 m solutions 

oi aulfur aontained compounds in benzene.

Distribution coefficient 

Extract ant 

0.045 0.062 

0.005 0.010 

0.002 0.003 

For single-type nitrosocomplexes of osmi\111 the same regularity can 

be observed e.g. R
2
so R

2
so

2 
R

2
s.

Of great interest for the extraction of nitroso-osmium and nitroso

ruthenium complexes are salts of quaternary phosphonium compounds R
4
PX, 

which are slightly inferior as extractants to the salts of quaternary 

ammonium compounds. 
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During wxtraction of 0.005 m (NH4)2/RuNOC15/ from Im HCl with 0.02 m

solution of (C9H1ij>4 NBr in chloroform distribution coefficient DRu=6.2,

but during extraction with 0.02 m (c10H21)4 PBr, DRu=S.2 are observed.

The bature of radical R in the molecule R
4PX influences greatly

the wxtraction of the nit?'Osocomplexes of ruthenium and osmium. During 

transition from (c10H21)4 PBr to (c12H25)4 PBr, DRu decreases from

5.2 to 2.0 respectively which is evidently due to steric hindrance. The 

introduction into the molecule R
4 OBr of strong electron acceptor

phwnyl radicals instead of alkyl radicals causes the decrease of DRu for

/Ru NO c1512- up to 1.2 for the extractio� by a 0.02 m solution of

tetraphenylphosphoniumbromide in chloroform. Th the case of the 

extraction of 0.001 m (NH4)2 /Os NO c1
5/ from 1 m HCl with 0.02m solutions

of extractants in chloroform, D0s= 13.0 for (C9Hl9)4 HBr, D0s=9.6 for

(C10H21>4 PBr and Dos=S.O for (C6H5)4 PBr.

The value of the distribution coefficient of osmium and ruthenium 

depends considerably on the nature of organic diluent, For example, 

while extrac�ing nitrocomplex of nitroso-osmium /Os NO(N02)4 OH/2-

with tetra - n - octylammonium nitrate, D6s decreases approximately by an

order of magnitude in passing from benzene to chloroform (table 2). 

TABLE 2 

Extraction of Na2/os NO(N02)40H/. H20 from Im HN03 with

solutions of (C8Hl7)4 N N03•

Diluent benzene Cl-benzene 

1.8 1.8 

N02_

benzene 

1.1 

dichlor
ethane 

0,7 

Heptyl
?lcohol 

0.6 

chloro
form 

0,15 

Let us consider further the influence of the character and 

concentration of acids in equeous phase as well as that of the nature of 

ligands in the nitrosocomplexes of ruthenium and osmium on their extraction, 
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The aacidity of the aqueous phase may have different influences 

on the extraction of ruthenium and osmium nitrosocomplexes (table 3). 

TABLE 3 

Extraction of (NH4)2 /Ru NO Cl5/ from HCl with different

wxtractabts 

Concentration 

of HCl, m 0.5 I 3 5 7 10 

O.l m(C8Hl7)3NHCi 54 45 40 26 20 12 

in benzene

0.04m(C8Hl7)4NBr
24 in chloroform 17 4.8 2.9 1.5 Q.28 

0.04m(c12tt25)4PBr 9.9 6.5 2.2 1.3 0.9 0.3 

in chloroform 

0.2m(C8Hl7)lo
0.06 0.13 0.8 0.84 0.4 0.08 in benzene 

0.2m (C7tt15)2so
0.01 0.013 0.04 0.08 0.46 0.86 in benzene 

Inthe case of amines, salts of quaternary ammoniwn and phosphonium 

compounds the distribution coefficients decrease as equeous phase acidity 

increases. This is connected with the increased competitions of the 

anions for the extractant. In the case of neutral phospho-organic 

extractants the DRu and D0s depdendence on the concentration of hydrochloric

acid goes through a maiimum in the region of 4 m HCl (Fig.l). The increase

in the distribution coefficients can be explained by protonation of the 

phospho-organic extractant which later forms ionic pairs with the complex 

metal containg anions /6/. Further increases in the HCl concentration 

causes both the increased competition of hydrochloric acid for extractant 

and the consequent suppression of the extraction of osmium and ruthenium 

nitrosocomplexes. 
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During the extraction of the nitrosoosmium and nitroso-ruthenium 

pentahalogenocomplexes by solutions of sulfoxides - R
2

so, and increase 

in the distribution coefficients is observed as the hydrochloric acid con

centration in the aqueous phase increases up to 10m. At the same time 

the character of the D
Ru 

dependence on acid concentration in aqueous 

phase is quite different in the case of extraction of /Ru Nox
5
;2-

from nitric 

acid solutions by sulfoxides. Thus as the concentration of nitric 

acid increases distribution coefficients of ruthenium decrease. 

Apparently this is conaected with the competing action of the extractant 

for the nitric acid which can be extracted much better by di - alkylsulfoxides 

than is HCl /7/. thus the nature of the organic phase and the nature 

of the mineral acid in the aqueous phase both influence the extraction 

of the osmium and ruthenium complexes. 

The nature of the ligands in the internal sphere of /MNOX
5
;2- complexes

considerably influence the extraction of ruthenium and osmium. During 

extraction of /OsNOHa1
5
;2- from Im tt

2
so

4 
by TOA sulutions in benzene and 

of /RuNOHa1
5
;

2- from Im HCL by (c
12

tt
25

)
4 

PBr solutions in chloroform 

the increase in metal extraction is observed in a number of complexes 

/M NOC1
5
;2- 2-

( 
. 

) 
• 

d /H NOBr
5
/ Fig. 2 • Probably, the D

Ru 
increase observe 

is associated with the increase of the solvation of the extracting 

complexes in organic phase and with the decrease of hydration of these 

complexes in the aq�eous phase. 

It should be noted that depending on the nature of the organic 

reagent used we observe that osmium nitrosocomplexes are better 

extracted than the analogous ruthenium nitrosocomplexes. For example, 

during the extraction of osmium from O.OO5m solution of (NH
4
)
2 

/Os NOC1
5
/ 

in 1 m HCL by O.O5m solution of TOA in benzene D
Os

=3O, whereas for the 

extraction of (NH
4
)

2 
/RuNOC1

5
/ under the same conditions the distribution 

coefficient of ruthenium is D
Ru

=IO. 

Let us consider in detail the extraction mechanism of osmium and 

ruthenium nitrosocomplexes by amines. The attempt to determine solvate 

numbers on the basis of extraction data from log D - log /S/ (slope 

of log D - log /S/) leads to fractional values of solvate numbers. 

It see•ed to us unlikely that fractional values of solvate numbers can 

characterize the composition of compounds transferring to organic phase 

at extraction. 
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In order to obtain more precise data on the composition of 

compounds for11ed on extraction we prepared the solid states nitrosocomplexes 

of osmium and ruthenium with nitrogen and phosphorus containing 

reagents: 

(Cl2 H25 NH3) 2 /Ru NO els/, (ClOH21 NH3) 2 /Os NO Cls/
/(C6 H13>2 NH2/2 /Ru NO Cls/, /(CeH11>2 NH2/2/0s NO Cls/

/(CaH1,>3 NH/2/Ru NO Cls/, /(CeH17>3 NH/2 /Os NO Cls/

The analogues bromo- and iodocomplexes of nitroso-osmium and 

nitroso-ruthenium were also prepared. In addition, complexes with cations

of quaternary ammonium and phosphonium compounds are synthesized: 

/(C8Hl7)4N/2 /Ru NO Cls/, /(C8Hl7)4N/2 /Os NO Cls/
/(Cl2H25)4P/2 /Ru NO Cls/, /(Cl0H21)4P/ /Os NO Cls/

In infra red spectra of the synthesized compounds shared a strong

band in the region of 1800Cm-l characteristic of valence oscillations 

of the nitroso-group - NO /9-12/. The bands observed at 615 Cm-1 and 580

Cm-1 are attributed to valence Vos-N and distDrtion Os NO oscillations 

of nitroso-group (Table 4). Broad absorption bands in the region of 
300�-3200 I/cm according to literature data available /13/ we referred to 

valen�e oscillations of N-H connection disturbed by hydrogen connection 

of N-H ••• X type where X stands for halogen-ligands in complexes of 

nitroso-osmium and nitroso-rutheniU11. If the state of 
NH 

in IR compound

absorption spectra is taken for the criterion of the stability of 

hydrogen bonding then one may draw a conclusi911 that the most stable 

hydrogen bonding is realized in the case of complexes with tertiary amines, 
and the least stable with primary amines. At the same time the nature 

of internal ligand in nitrosocomplexes of osmium and rutheniUID does not 

markedly influence the hydrogen bonding. 

In order to study the behavior of synthesized compounds in anhydrous 

solutions their conductivity was investigated. In polar solvents of the 

type involving low molecular witikt alcohols, the substituted ammonium 

complexes of nitroso-osmium and nitrQso-rutheniua are considerably 

dissociated. At the same time the decreased solvation power and dielectric 

constant of the solvent leads to decreased dissociation of the synthesized 

compounds (Table 5). 
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TABLE 4 

Wave nWllbers ( 1 /cm) of maxima of absorption bands in

IR-spectra of nitrosocomplexes of osml\1111 and ruthenium. 

Compound 
(AmH)

2 
/Os NO X5/ (Am H)2 /Ru NO x5/

NO NH KO IIH 

R4N+ 1795 1830 

R NH+ 1825 3035 1867 3020 
'- 3 "' 
.... 
CJ + 1840 3070 
0 

RlH2 1883 3040 
z 3130 3090 
,.._

N 

lffH
+ 

!
1845 3150 1890 3140 3

3180 3185 

I 1815 3020 1838 3030 
'-

0 Br 1820 3030 1818 3030 

N 
---

:,:: 

Cl 3035 3020 cl 1825 1867 
!-< 

In non-polar smlvents of type involving benzene rings, like another 

amine salts /14/, produce intermolecular association. For example, in a 

0.04 m solution of (TOAH)2/0sNOC15/ in benzene, the average value of the

degree of association is n = 1.8. Thus, substituted amminocomplexes of nitroso-

osmium are much greater associated in non-polar dissolvents than complexes 

of nitroso-ruthenium of the same type (n I for (TOAH) /Ru NOCl / under 
2 

5 the same cbbditiuns). 
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SOLVENT 

CH3 OH

C2\0H

C4H90H

c8tt17ott

CH3-cO-CH3
N02 -benzene

Cl -benzene 

TABLE 5 

Nolecular conductivity (cm2/om mole) 

under 25 ! 0?05°c. 

dilution, 10-1 mole 

500 1000 2000 

113 134 159 

28. 6 34.0 41.2 

3.9 4.8 7.0 

0.1

38.6 49.6 63.2 

7.9 10.8 13.l

6.1

4000 

186 

49.3 

10.0 

79.0 

16.4 

The nitrosocomplexes of osmium and ruthenium of the same type 

are chemically very similar and the better extraction of osmium is best 

explained by the fact that in the organic phase, extracted complexes containing 

osmium produce intermolecular associations. 

Thus the extraction of nitrosocomplexes of osmium and ruthenium 

by amine salts, quaternary amionium and phosphonium compounds follows 

the mechanism 6f outer-sphere substitution which is not connected with 

the distruction of the internal sphere of nitrosocomplexes of osmium 

and ruthenium. 

In the case of the extraction of pentahalogenocomplexes of ruthenium 

and osmium by neutral phosphoric RlO and sulfur containing R2so reagents

from acidic media it seems most likely that a hydration-solwation 

mechanism is realised. This process leads to the formation in organic 

phase of /SX(H30)(H20)y/
2
/MNOX

5/ complexes /15/. For the extraction of

nitrocomplexes of nitroso-ruthenium by R3PO the mechanism of inter-sphere

substitution /16/ with the formation of /Ru NO(N02)
2

(R3P0)2 OH/ complexes

is observed. 
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A MODIFIED DILUENT FOR THE SOLVENT EXTRACTION 

OF GOLD(I) CYANIDE FROM ALKALINE SOLUTION 

T. GROENEWALD, Chamber of Mines of South Africa

P.O. Box 61809, Johannesburg, South Africa.

SYNOPSIS 

The solvent extraction of gold(I)cyanide from alkaline 

cyanide medium into kerosene cont�ining methyl tri-n-alkyl 

(c
8 

to c
10

) ammonium ion was investigated. If instead 

of the long-chain alcohols which are traditionally used as 

modifiers, highly polar solvents such as the spraringly 

soluble ketones were added to the kerosene diluent, the 

severe emulsification of the phases was eliminated, and 

the extraction efficiency of the amine extractant was enhanced 

synergistic ally. 
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INTRODUCTION 

The solvent extraction of the gold ( I)cyanide ion from 

alkaline cyanide leach liquors by means of long-chain amines 

dissolved in organic diluents has been investigated quite 
1-8) widely. For a quaternary ammonium salt, the extraction

process may be written as (B) 

( 1 ) 

For some amines the equilibrium constant for this reaction 

is so high that it is difficult to find aqueous cyanide solution 

conditio s which will reverse the reaction with any efficiency. 

However, the gold(I ) may be stripped into acidic solutions of 

thiourea(Tu) 4-7 as the cationic complex (9) Au(Tu);

(2) 

where the subscripts refer to the organic(o) and aqueous(a) 

media. 

The choice of diluent for the amine extractant in an indus

trial process is virutally restricted to solvents of the hydro

carbon type such as kerosene because a large solvent loss due to 

solubility of the diluent in the aqueous phase is unacceptable. 

It is thus not possible to use many organic diluents which by 

virtue of their different aliphatic or aromatic contents (1
0

) or 

increased polarity (11a
) would result in improved extraction

efficiency. 

It has been found that the efficiency of extraction in

creases alongthe series secondary <1) to tertiary (2-6) to

quaternary ammonium salts (? , B ), but that this advantage is 

reduced by an increasing tendency towards emulsion formation. 

Modifiers such as long-chain alcohols are often used to decrease 

the extent of emulsion and of third-phase formation, but this 

type of modifier was found to have the disadvantage of reducing 

the extraction efficiency of the amine extractant <11a) to a level 

unsuitable for practical application (?). It was thought that 

it might be possible to �void this disadvantage by selecting as 
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modifier one of the sparingly soluble ketones which have been 

used as diluents for quaternary ammonium compounds in the 

extraction of gold�I)cyanide from aqueous solution (8, 12 >. On

the basis of the solubility data (11b • 13) (see table 1), the

loss due to solubility of a ketone such as diisobutyl ketone 

from the syste.n would compare favourably with that found for 

some of the long-chain alcohols such as decanol which is used 

widely as a modifier in some solvent extraction process (14) . 

This paper summarises the results obtained in a study of 

the extraction of gold ( I)cyanide from alkaline solutio�s using 

methyl tri-n-alkyl (c8-c
10J ammonium salt in a kerosene diluent

modified with diisobutyl ketone, as well as the stripping of 

the gold into acidic solutions of thiourea. This extractant was 

reported to have a relatively high extraction efficiency (?).

The effect of the concentration of ketone modifier was investi

gated, and it was found that a diluent containing 30% diisobutyl 

ketone offered the best balance of conditions for an e xtraction 

process; the more detailed investigations were restricted to 

the use of this diluent composition. 

The extraction process 

The extraction equilibrium constant (K) is given by (B ) 

K = (R4NAu(CN )2 )0 (CN-)a/ (R4NCN)0 (Au(CN);)a (3)
and provided the activity coefficients of gold in the organic 

and aqueous phases are equal, which is reasonable when the 

concentrations are low, 

K D(CN-
) / (R

4
NCN) 

a o 
(4) 

where Dis the distribution ratio of the gold. A plot of 

log( (R4NAu (CN )2 )0 (CN-)a/(R4NCN)0) versus log(Au (CN); )a 
should be linear and of unit slope with an intercept on the 

y-axis at log(AutCN ); )= 0 of log K.
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Also, <15) D (5) 

(6) 

where the superscript i indicates initial concentration, c is 

a proportionality constant equal to K/(CN-) and n is the number 
a 

of extractant molecules associated with each molecule of the 

gold species in the organic phase. Since the power term d 

equals unity, a plot of 1/(Au) versus 1/(Au) is linear with 
. o a. 

slope 1/c(R4N+ )� and y-axis intercept n/(R
4

N+ )�.

EXPERIMENTAL 

Methyl tri-n-alkyl (c8-c10) ammonium chloride was commer

cially available as Aliquat 336 (General Mills Inc.) The organic 

phases were prepared by dissolving weighed amount of Aliquat 

336 in kerosene containing known percentages of diisobutyl 

ketone. The Aliquat 336 was converted to the cyanide form by 

pre-equilibration with alkaline cyanide solution. The solutions 

of gold in cyanide medium were prepared using potassium auro

cyanide (KA.u( CN2)) and potassium cyanide. In some instances

the pH of the solutions was maintained at fairly constant levels 

with carbonate/bi-carbonate buffers. The presence of buffer salts 

did not appear to affect the extent of extraction of the gold 

significantly. The pH was measured by means of a glass electrode. 

All experiments involved the use of separating funnels, 

usually under ambient conditions of temperature (20 to 25 ° c). 

In the case of the stripping experiments, the gold(I)cyanide was 

first taken into the organic phase in the same way as for forward 

extraction studies, and then stripped into the acidic solutions 

of thiourea; occasionally, precipitation of solid salts of gold 

was observed in the aqueous phase, in which case these experi

ments were repeated at 50 or 70°c. The concentrations of gold 

in the aqueous and organic phases were determined by atomic 
. (12 16) absorption spectrometry ' 

The loss of diisobutyl ketone from the kerosene solutions 

due to solubility in the aqueous phase was determiped by measure

ment of the refractive index of the kerosene solutions. 
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RESULTS 

The extraction of gold(I)cyanide 

In preliminary experiments it was noticed that there was 

an aoparent loss of gold from the system. This was traced to 

the formation of very small amounts of a dense third liquid

phase, which was immiscible with water or pure kerosene, but 

which was miscible with pure diisobutyl ketone; such small 

volumes were difficult to isolate, but one sample had a gold 

concentration of over o.SM. The apparant loss of gold could be 

used to identify the onset of third
-phase formation. Figure 1

shows the lowest concentration of Aliquat 336 which was tested 

and at which there was definitive evidence of third
-

phase

formation, the figure also shows the highest concentration 

tested without there being a significant loss of gold. 

It was tnus possible to select a safe maximum concentration of 

Aliquat 336; e.g. up to 4 or 8x10-3M Aliquat 336 in 30% diisobutyl

ketone in kerosene could be used before onset of third-phase

formation. 

Equilibrium studies 

In the light of the above, the present studies were largely 

confined to the diluent composed of 30. diisobutyl ketone in 

kerosene. The concentration of Aliquat 336 was varied between 

4x10-4 and 4x10-3 M, the cyanide concentration between 0.01 and

0.1M and the initial concentration of gold(I)cyanide in the 

aqueous phase between(0.1 and 4.0)x10-5M, i.e. less than 0.1

times the stoichiometric amount of Aliquat 336 in the organic 

phase. The phase volume ratio(organic ro aqueous) was 1:30. 

The equilibrium pH depended primarily upon the cyanide concen

tration, but also upon the Aliquat 336 concentration. When 

(CN-)=10-2M, pH=10.4 (4x1 0-3M Aliquat 336) and pH=10.2(4x10-4M

Aliquat 336) and when (CN-)=10-1M, the pH values were 11.2 and

10.8, respectively. Correction (1?) was made for the activity

coefficients of the aurocyanide and cyanide ions =0.74 at an 

ionic strength 1=0.1M, and =0.90 at 1=0.01M) and for the 

equilibrium H++CN°; H CN(K =109 •3).
a 
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The results are shown in Figure 2, plotted according to Eq.3. 

The slope of the line was 0.96 with a standard deviation of 

0.05 and correlation coefficient 0.968. Calculation of K 

directly by Equation 3 gives K=9.0x10
4 

with a standard

deviation of 2.4x104 •

When the concentration of gold in the aqueous phase was 

varied between (0.15 and 2.0)x10-
4

M, and contacted with a

diluent containing 3.5x10-3M Aliquot 336 usin0 a phase volume

ratio of 1:30, a typical extraction equilibrium isotherm was 

obtained (Figure 3); c ale ,,lation by Equation 6 indicated 

K=5.96x10-4 (standard deviation 0.75x104), and n=1.5.

A few exploratory studies were performed in which the gold 

was extracted from 0.01M cyanide solution at pH10, and the 

concentrations of gold were measured using radiotracer tech-
198 1 niques with the isotope Au(t1;2= 2 /

7
). When pure kerosene

was used as diluent for the Aliquat 336, exceedingly stable 

e,,iulsions were formed whic , could not be broken. In pure 

diisobutyl ketone, K = 3x105 and in 20% decanol in kerosene, 

K = 6x103 • These values should really be regarded only as

indicative of tne order of magnitude of Kin these systems. 

The stripping of goldlI) by acidic solutions of thiourea 

The extent to which gold was stripped from diluents contain-
-2 -4

ing 10 M Aliquat 336 and 10 M gold(I)cyanide into equal volumes

of 1.0M sulphuric acid containing between 0.01 and 1.0M thiourea

decreased with decreasing concentration of thiourea and with

increasing proportion of diisobutyl ketone in the kerosene

(Figure 4). Variation of the concentration of Aliquat 336 between

(0.5 and 1.5)x10-3M had little effect upon the result.

Equilibrium studies 

Stripping equilibrium curves (20°c) usin(, solutions of

thiourea (1.0, 0.5, and 0.2M) and sulphuric acid (1.0 and 0.1M) 

at a phase volume ratio(organic to aqueous) of unit� are shown 

in Figure 5. When the phase volume ratio was changed to 20:1 
-3 and to 50:1, and the gold in the aqueous phase exceeded 3 x10 M,

a t,ird phase consisting of a fine white crystalline solid was 

formed, which could account for as much as 25% of the gold in 

the system. 
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The precipitation of the solid phase was promoted by an increase 

in the sulphate concentration in the aqueous phase. This solid 

was more soluble in the aqueous phase at elevated temperatures, 

and stripping equilibrium curves were determined at 50°c with 

a pn,ase volume ratio of 50:1(Figure 6); the concentration of 

gold in the aqueous phase was found to reach almost 0.1M. 

The validity of the equilibrium reaction(Equation 2) could 

not be confirmed with the data obtained in this investigation. 

Only the concentrations of the gold in the respective phases 

and the ptl were measured, and the concentrations of the other 

terms were calculated by assuming that the cyanide in the dilue�t 

was replaced by bisulphate ion, and that hydrogen cyanide itself 

was not removed from the aqueous phase, by distribution between 

the diluent, or by loss to the small gas space in the apparatus, 

or by rapid hydrolysis or decomposition in the system. Any one 

of these assumptions could be invalid under the conditions 

obtaining in this experiment. 

Alternative strippin3 reagents 

When the gold was stripped into 1M hydrochloric acid solut

ion containing 1M thiourea, the maximum concentration of gold 

attained was only 3.4x10-3M.

Perchloric acid solutions containing thiourea were found to 

be effective forstripping the gold. Stripping equilibrium 

curves for a phase volume ratio of 50:1 at 20°c and at 50°c 

are shown in Figure 7. The concentrations of the gold in the 

perchloric acid solutions were found to be as high as 1.9x10-1M.

Often supersaturation of the aqueous phase appeared to occur, 

and the phases could be separated before precipitation of the 

gold as a white needle-like crystalline compound occurred. 

This for.,iation was promoted by addition of perchlorate ion. In 

cases where the gold precipitated before the phases could be 

separated, the precipitate was redissolved by heating both phases 

to 70°c. This accounts for the S-shape of the equilibrium curves

in Figure 7. 
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The so.lubility of diisobutyl ketone in water 

The solubility of the diisobutyl ketone in water in contact 

with a diluent system containing various proportions of 

diisobutyl ketone in kerosene is shown in Figure 8. The distribut 

ion ratio of diisobutyl ketone between kerosene and water was 

2x103 (relative standard deviation of 18% for 12 determinations). 

DISCUSSION 

The results obtained in t,1is investigation are summarised in 

Table 2. · Equilibrium curves for the extraction of goldt !)cyanide 

from 0.021M cyanide at pH 8 to 9 into 30% decanol in tetra

decane containing a variety of quaternary a,rlillonium salts have 

been reported. (?J From these data the relevant extraction 

equilibrium constants have been calculated and compared (Table 

2); the extraction efficiency of the methyl tri-n-alkyl (c8
to c10; ammonium salt compares favourably with those found for

the other extractants. 

As the proportion of polar solvent such as diisobutyl ketone 

(dipole moment 2.71f DebyeJ in the kerosene (dipole moment approx

imately zero) increased; the value of the equilibrium constant 

K increased by as much as two orders of magnitude as the composi

tion of the phase changed from pure kerosene to pure diisobutyl 

ketone. A less polar solvent such as n-decanol (dipole momemt

1.63 Debye appeared to have little beneficial effect upon the 

extraction efficiency of the Aliquat 336. This may be due to 

some chemical interaction between the alcohol and amine in the 
. (11a) organic phase •

Optimum extraction of the gold from cyanide solutions, and 

the subsequent stripping of the gold was effected by an organic 

phase consisting of about 4x10-3M Aliquat 336 in 30% diisobutyl 

ketone in kerosene. This solution could be loaded to about 

2.6x10-3M gold, and it was found that the extraction and stripping

cycle could be repeated with no apparent decrease in efficiency 

of the processes, By using the McCabe-Thiele construction, it 

could be predicted that the gold may be extracted in about three 
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theoretical stages, thereby increasing the concentration of the 

gold by a factor of between 25 and 50. The resultant organic 

phase can be stripped in about four theoretical stages, giving 

a further overall increase in the concentration of the gold by 

a factor of between 50 and 70. It was assumed that the cyanide 

solution would initially contain either 5x1 0-5 or 1x10-4M gold,
-8 and the raffinate 10 M gold, and also that the loaded solvent

·.<ould contain 2.5x10-3M, and the scrubbed solvent 2.5x1 0-5M,

while at 70°C the acidic thiourea (perchlorate) could be loaded

to 0.15M gold, and be strioped electrochemically (18 • 1 9) to

2.5x10-3M.

The saturation solubility of diisobutyl ketone in water can 

be est.i.mated (Figure J) as about 270 p.p.m. in reasonablte agree

ment with the previous estimate <13> of 600 p.p.m. at 20°c.

The loss of diisob_utyl ketone by solution in water from a kerosene 

diluent containing 30% diisobutyl ketone would thus be less 

than 100 p.p.m. and of the same order of magnitude as the solub

ility loss of n-decanol, which has been used in proportions

up to 30% in tetradecane to prevent formation of emulsions with 

alkaline cyanide solutions; not more than about 1% of the di 

obutyl ketone in the diluent should be lost per cycle, assuming 

a phase volume ratio of 1 :30. 

CONCLUSIONS 

Whereas the extent of extractions of gold(I)cyanide increases 

as the proportion of a polar modified such as diisobutyl ketone 

in the kerosene diluent increases, the extent of stripping into 

acidic solutions of thiourea decreases accordingly. The composi

tionof the diluent must therefore be selected to ensure optimun 

recovery, bearing in mind that the solvent losses due to 

solubility of the diluent medium in the aqueous phase will increase 

with the proportion of polar solvent used. 

The modifiers which are used to prevent the emulsification 

of diluents such as kerosene with alkaline aqueous media, as 

well as the formation of third phases, should also be chosen 

with a view to enhancing the extraction efficiency of the amine. 
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In this regard the sparingly soluble ketones appear to have an 

advantage over the alcohols which do not aprear to enhance 

the extraction efficiency. 
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TABLE 1 

(, ,b) 
Physical nronerties of some organic solvents 

Di-electric Dipole Solubility(�u(_wL Solvent constant moment 
(Debye) Water in 0rga:1ic 

organic in water 

n-Hexane 1.910 o.o 0.001 

n-Heptane 1.924 o.o 0.0003 

n-0ctane 1.948 o.o 0.0001 

Kerosene 2* 0.0* o. 0001-x-

Cyclohexane 2.10 o.o 0.006 

Benzene 2.28 0.0 0.072 0.178 

Toluene 2.38 0.4 0.042 0.050 

0-xylene 2.57 o.5 0.018 

Di-n-propylether 3.39 1.18 0.45 0.49 

Di-n-butylether 3.08 1.22 0.03 

Di-n-hexylether 0.12 0.01 

�e-i-butyl ketone 13.11 2.76 1.9 1.7 

Diisobutyl ketone 13* 2.74 0.45 < 0.06 

n-butyl acetate 5 .1 1.85 1.37 1.0 

i-butyl acetate 5.3 1.86 1.65 0.67 

n-hexanol 13.3 1.64 7.2 o.56

n-octanol 10.3 1.68 0.03 

n-decanol 8.1 1.63 3.0 0.02 

* Estimated value.
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TABLE...2_ 

Summary of extraction data for the extraction of 

gold(I)cya!lide by a v.·,rietv of ouaternary ammoni

um comcounds(0AC) 

Quaternar,; a:nmoniurn 
co:npound 

Extraction 
Equilibrium 
Constant (K) 
K. Std.

Dimethyl diaD:yl 
(C 1,-C 20 ) 2xl02 

:Ui.::lcthyl alr.;l 
(C 1 7-C 20

)benzyl 5xl02 

:i)i;::ethyl alkyl 
(C 1 0-C 1 6)benzyl 5xl0 2 

,-:ethyl Jialr.;l 
(C 1 7-C

20
)benzyl 2xl0> 

Trialr.;l(C8
)benzyl 2xl0> 

Tril::ethyl alkyl 

(C 1 7-C20 ) 

Tri.!Jethyl alk<;l 
(c 10-C 1 6) 

Error
of K

* 

n 

1.4 

2.1 

2.0 

2.8 

2.2 

!-:ethyl trialkyl(C
8

) l.lxl0> 0,2xl0> 1,75 

�:ethyl trialkyl 
(Ca-C 10) 

(Aliquut 336) 

:,,ethyl trialkyl 

(co-c 10 ) 
(Aliquat 336) 

:-:ethyl trialkyl 
(C u-C 10 ) 

(iu.::.c;_uat 336) 

Tetra-n-hcxyl 

O. 7xl02 1.75

3xl05 

l.58xl0 1 

Medium 

0. 03M Q.AC in
30% decanol/
tetradecane

7,8xl0-,M
QAC in diesel 
fuel. 

10- 6to 10-
2 

M
QAC in diisobu
tyl ketone. 

10- 6to 10-
2
M

QAC in 20"/4 
decanol/kerosenc. 

-4 -} 
4xl0 to 4xl0 M
QAC in 30% diiso
butyl ketone/ 
kerosene 

Methyl icobutyl 

*n = rutio of QJ.C molecules to gold atoms in the organic phase.
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SOLVENT EXTRACTION OF SILVER(!) AND MERCURY(II) WITH 

SULPHUR CONTAINING LIGANDS 

by D. Sevdic 

Institute "Rudjer Boskovic", Zagreb, Yugoslavia 

SYNOPSIS 

The solvent extraction of silver(!) and mercury(II) 

with tetradentate (TTP) and octadentate (OTO) macrocyclic 

ligands containing only sulphur as donor has been studied. 

The experiments were carried out from chloride and perchlo

rate solutions. The extraction dependence of silver and 

mercury on chloride, perchlorate and ligand concentrations 

has been investigated. In the presence of perchlorate ions 

different extraction behaviour, especially for silver, has 

been found. On the basis of the results obtained, the 

extraction mechanism is discussed. 
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INTRODUCTION 

Recently cyclic polyethers and related cyclic ligands 

have attracted much interest because of their unusual metal 

binding properties1 • 2 • During the last few years several

macrocyclic ligands containing only thioether donors have 

been synthesized3 •
4 

and their metal ion complexes have been

prepared and characterized5 , 6 ,7• These new complexes illustrate

the relationships among macrocycle ring size, donor atom type 

and mode of chelation. The formation of complexes of macrocyclic 

polyether ligands with alkali, alkaline earth and silver 

cations was investigated by Pedersen8 • It was found that

macrocyclic polyether sulfides are poorer complexing agents 

for sodium and potassium than the oxygen analogs, but that are 

good for complexing silver. 

In our earlier investigations we studied the solvent 

extraction of mercury(II) 9 • 1O and silver(I) 11 with thiophosphorus

compounds. Since silver and mercury have a good affinity toward 

sulphur containing ligands, we chose two tetradentate and 

octadentate macrocyclic ligands containing only sulphur donors 

for our new solvent extraction investigations. Ye synthesized 

1 ,4 ,8,11-tetrathiacyclotetradecane (TTP) 3and 1 ,4,8, 11 ,1 5,18,-

22 , 25-octathiacyclooctacosane (OTO ) 6 to investigate the solvent

extraction of silver and mercury with themo 
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EXPERIMENTAL 

Reagents 

1 ,4,8,11-tetrathiacyclotetradecane (TTP) was prepared 

according to the method described by Rosen and Busch3 • 

1 ,4,8,11 ,15,18,22,25-octathiacyclooctacosane (OTO) was 

synthesized by the method similar to that of Travis and Busch6 • 

Nitrobenzene (Merck p.a.) was used as a solvent in all 

experiments. 

Radioactive tracer� and standard metal solutions 

Radioactive tracers 110Ag and 203Hg were obtained from the

New England Nuclear Corp. The initial concentrations of mercury 

in the aqueous phase were 10-�, while silver was in tracer

concentrations. Sodium chloride, hydrochloric and perchloric 

acids (Merck p.a.) were used to adjust the ionic strength. 

Sodium perchlorate was prepared from sodium carbonate (Merck p.a.) 

and perchloric acid. 

Distribution measurements 

It has been found that the equilibrium in investigated 

systems is attained after ten minutes. A stirring time of 

twenty minutes was used in all experiments. The investigations 

were carried out at 24°c. Equal volumes (2 ml) of organic and

aqueous phases were used. After stirring, the phases were 

separated by centrifugation and the r -activity of the 

organic and water aliquots (1 ml) were determined using a 

r -scintillation counter. 
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RESULTS 

Nitrobenzene was used as a solvent because in the other 

solvents such as benzene, carbon tetrachloride and chloroform, 

a loss of activity has been observed. 

Dependence of the extraction on the reagent concentration 

The experiments were carried out from /H+/ =0.5M, 

/C1-;.o.5M, /H+ ,Na+ ,c1-,c104/•2M and /H+/.0.5M, /C1-;.o.5M 

aqueous solutions. The dependence of silver and mercury 

extraction on TTP concentration is shown in Fig. 1. Depending 

on the kind of anions present in the aqueous phase, a different 

extraction behaviour was observed. Linear dependencies were 

obtained from chloride solutions, with slopes of 0.9 and 1 for 

silver and mercury respectively. When extraction was carried 

out from solutions containing both chloride and perchlorate 

ions, similar results were obtained for mercury, except that 

the distribution coefficients were somewhat higher. However, 

a rather different extraction behaviour was observed for 

silver. In the linear portion of the curve, the slopes vary 

from 1 to 2.5, depending on the reagent concentration. In 

addition, the distribution coefficients are about three orders 

of magnitude higher in comparison with those obtained from 

solutions containing only chlorides. 

The extraction dependenc.e of silver and mercury on OTO 

concentration is represented in Fig. 2. The same slopes were

obtained for TTP and OTO as ligand, except that the distribution 

coefficients are only about one order of magnitude higher for 

OTO. 
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Dependence of the extraction on chloride concentration 

The experiments were carried out from solutions containing 

both chloride and perchlorate anions with constant ionic strength 

(/H+/.0.5M, /H+,Na+,c1-,c104/.2M), as well as from solutions

containing chloride ions only. In the latter case the ionic 

strength was not constant. Therefore, the activity of the 

chloride ions was calculated for each concentration and the 

values were plotted in graphs. 

The dependence of silver and mercury extraction with TTP 

on chloride ion concentration is shown in Fig. 3. From the 

solutions containing perchlorate ions, the slopes in the linear 

parts of the curve range from -1.5. to -2.5 for mercury, while 

the slope for silver is -2. From chloride solutions slopes vary 

from -1.5 to .,2.2 and -2 for silver and mercury respectively. 

In Fig. 4. experimental results for the extraction 

dependence of silver and mercury wi�h OTO as reagent on chloride 

ion concentration are given. From solutions containing both 

perchlorate and chloride ions slopes of -2.1 for silver and 

-2.5 for mercury were obtained. The results from solutions

containing only chloride ions show that in the linear parts 

of the curves slopes vary from -1.5 to -2.3 and -2 for silver 

and mercury respectively. 

Dependence of the extraction on perchlorate concentration 

The dependence of silver and mercury extraction with TTP 

and OTO on perchlorate ion concentration from solutions with

constant hydrogen (O.2M) and chloride (O.2M) ion concentrations 

is represented in Fig. 5. The activity of the perchlorate ions 

was calculated and ploted in the graph. With TTP as the reagent, 
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slopes of 0.4 for silver and 0.5 for mercury were obtained. 

When OTO was used as the reagent, these slopes are 0.3 and 

0.45 for silver and mercury respectively. 

DISCUSSION 

In our previous investigations of the solvent extraction 

of silver and mercury with thiophosphorus compounds from 

chloride solutions with constant ionic strength 

(/H+ ,Na+ ,c1-,c104/=1M), we have found that, depending on

the reagent concentration, the number of ligands in complexes 

varies from one to four and one to two for mercury and silver 

respective1y9 • 10 • It was also found that the presence of

perchlorate ions in solutions did not affect the extraction 

of silver and mercury. 

However, quite different results were obtained in 

investigations of the extraction of silver and mercury with 

macrocyclic ligands having thioether as donors. A pronounced 

dependence of the extraction on perchlorate ions has been 

established for both metals. Distribution coefficient values 

increase with increasing perchlorate ion concentration. 

Investigations of the extraction dependence of mercury on 

reagent concentrations indicate that one ligand is always 

bound to mercury regardless of the presence or absence of 

perchlorate ions. Distribution coefficients are only slightly 

higher when the extraction is carried out in the presence of 

perchlorate ions. Studies of extraction dependence of silver 

on ligand concentrations show that one ligand is bound to 
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silver when the extraction is carried out from chloride 

solutions. From perchlorate solutions the ligand/metal ratios 

for silver are always 2.5. In addition, the distribution 

coefficients were about three orders of magnitude higher which 

indicate that perchlorate ions have a greater influence on the 

formation and stability of silver complexes than on mercury 

complexes. 

Depending on the chloride ion concentration in the aqueous 

phase, one and two chloride ions are probably released in the 

extraction of silver and mercury with both macrocyclic ligands. 

In the presence of perchlorate ions slopes of -2 and -2.5 for 

silver and mercury respectively were obtained. 

The composition of the ionic species of silver and mercury 

in chloride solutions is well known12 • The complexes of silver 

and mercury with TTP which have the composition Hg(TTP)Cl2
and Ag(TTP)X, where x.BF4 and No3, have alredy been prepared

and characterized7 • On the basis of this data and our extraction 

studies, a simple extraction mechanism of silver and mercury 

with TTP and OTO from chloride solutions could be supposed: 

AgC12 aq
2-AgC1
3 aq

HgC13 aq
2-HgC14 aq

+ 

+ 

+ 

+ 

The extraction 

Lorg 

Lorg 

Lorg 

Lorg 

mechanism from 

Ag(L)Cl
org 

+ Cl-
aq

Ag(L)Cl
org + 2 Cl aq

Hg(L)Cl2 org + Cl-
aq

Hg(L)Cl2 org + 2 Cl-
aq

the solutions containing 

both chloride and perchlorate ions is rather complicated. 
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Without further extraction studies, and the isolation and 

characterization of the extracting species, it is very 

difficult to presume any kind of extraction mechanism. It 

could be only supposed that chloride ions are partially 

displaced by perchlorate ions. 

On the basis of the results obtained by the investigation 

of the solvent extraction of silver and mercury with TTP and 

OTO from solutions containing both chloride and perchlorate 

ions, it can be assumed that a partial exchange of chloride 

ions with perchlorate ions takes place during the extraction 

process. So, in addition to Hg(L)Cl
2

, /Hg(L)Cl/ClO4 is

probably formed, while for silver, the formation of Ag(L)Cl 

and Ag(L)
2

c1O4 complexes can be proposed. This different

behaviour of silver and mercury can be explained by the fact 

that mercury complexes more strongly with halides than silver. 

Further studies are continuing in our laboratory. 
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l!'ig. 1. 

log CTTPl 

Dependence of the extraction of J.g( I) ( •, 0 ) and 

Hg( II)(• , o ) on T'?P concentration fro» /H+ /.O. 5M, 

/Cl-/.0.5M, /H+ ,Ba+ ,Cl- ,Cl04/.2" ( e, • ) and 

/H•;.o.5M, /C1-;.o.5M (0, O) aqueous solutions. 

l!'ig. 2. 

Q 

J' 0 

_, 

-• -5 _, 

log [OTO] 

Dependence of the extraction of J.g( I) ( • , 0 ) and 

Hg(II)( •, o ) on OTO concentration fro• /H+ /.0.5M, 

;c1-;.o.5M, �,Ba•,c1-,c104;.211 <•, •)and 

/H+/.0.5M, /Cl-/.0.5M (0, O) aqueous solutions. 



rig. 3. 

J 

logCcn 

Chloride ion dependence 9! the extraction of 

.Ag(I)( •, 0 ) and Hg(II)( •, a ) with ftP troa 

�/-0.5ft, �,Ba•,c1-,c104/.2l1, • /!r'!P/.10-� 

• /ffl'/•10-4ft and from chloride aqueous solutions: 

o /T'fP/-1 o-4ft ; a /TTP/.1 o-�. 

l'ig. 4. 

0 

I 

Chloride ion dependence of the extraction o! 

.lg(I)( e-, 0 ) and Hg(II)(., O) with OTO !ro:m 

/H•;.o.5ft, �.wa•,c1-,c104;.211: • /OT0/.10-6i1 

• /OTO/a10-4ft and !ro:m chloride aqueous solutions:

o /OTO;.,o-� ; a /OT0/.10-4ft. 



Fig. 5. 

0 

Perchlorate ion dependence of the extraction of 

Ag{I)( e, 0) and Hg{II)( a, O ) with TTP and OTO 

from /H+/.0.2M, /Cl-/.0.2M aqueous solutions: 

e/OT0/.10-6M, 0 /TTP/.10-5M and a /OTO/a10-
4

M, 

O/TTP/a10-2M.
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THE CHEMICAL EQUILIBRIA AT DISTRIBUTION or MERCURY (II) 

CHLORIDE BETWEEN WATER AND SOLUTIONS or TBP AND DI-n-OCTYL 

SULPHOXIDE IN DIFFERENT DILUENTS 

by V.A.Hikhailov, N.A. Korol and D.D.Bogdanova 

Institute of Inorganic Chemistry, Novosibirsk,USSR. 

The results of computer analysis of HgC1
2 

distribution isotheI'IIS

between wa,-r and dilute solutions of TBP and di-n-octyl sulphoxide 

(DOSO) in CCl
�
, c

6
H
6
, CHC1

3 
and 1,2-c

2
H

�
c1

2 
are given. For extraction

by diakyl sulphides the following species with TBP and DOSO are found 

in the organic phase: Hl(:1
2

L, HgC1
2

L
2
, (HgC1

2
L)

2
, (HgC1

2
)

2
L 

2
•

Experimental values of mean molecular weight of the solutes in benzene 

solutions containing mixtures of HgC1
2 

and extractant are close to

�lculated ones. Extraction equilibrium constants and formation 

constants of complexes in different diluents are given and discussed. 

Ibtroduction 

The distribution of HgC1
2 

between water and solutions of dis

alkyl sulphides from (C
q
H

9
)
2

s to (C
8
H

17
)

2
s in a row of diluents had been

studied earlier. Computer analysis of the distribution isotheI'IIIS 

established the formation of HgC1
2

R
2
S, HgC1

2
(R

2
s)

2
, (HgC1

2
R

2
S)

2
, and

(HgC1
2

)
2
R

2
S 

2 
in organic phase and the corresponding extraction 

equilibri- constants and for111ation constants of complexes in the 

organic phase were determined. We report here the results of sue� 

investigation for HgC1
2 

distribution between water and solutions of TBP

and DOSO in different diluents. 

When extracting the tracer amounts of HgC1
2 

by diluted solutions

of TBP in n-hexane the complexes HgC1
2 

TBP and HGC1
2

(TBP)
2 

are produced

in organic phase
2

• In the solid state, 1:1 complexes with ligands

containing oxygen are found and dimers are formed (HgC1
2

L
2

3
• 

The 

extractant and ligand DOSO is a close analogue of TBP
q,S. 

In addition 

individual cristalline compo1mds of HgC1
2 

with dialkyl sulpboxides and dialkyl

sulphides with molar ratios HgC1
2 

to L of 1:1, 2 :1 and 3: 2 are •iailar

6 7 
I 

structures ' ' despite the R
2
so molecule s co-ordination to mercury

6 
through oxygen . Due to these facts one can assume that interaction of 

HgCl
2 with TBP, DOSO and R

2s in different diluents leads to
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formation of the complexes of the same stoichiometry and similar 

structure. 

Experimental 

Reagemts 

DOSO was prepared as des�ribed elsewhere8 and purified by 

threefold recrystallization from aeptane. The sulphur content was 

determined by potentiometric titration with perchloric acid in dioxane 

as solvent9, Calcd.for (C8Hl7)
2

so: S, 11,68. Found: S, 11,62: 11,69.

TBP and diluents were purified in the usual manner. Pharmacopoeia 

mercury (II) chloride w�s recrystallized from water. 

Distribution isotherms. 

Equal volumes of an aqueous solution of HgC12 and 0.05, 0.1, 0.2M

solutions of TBP or 00S0 in given diluents were stirred at 25! 0.1°c 

(for the systems �dth c6H6 10! 0.1°c) was also investip;ated for one hour.

This time was shown to be sufficient to ensure equilibrium between 

the phases. The equilibrium concentration of HgC12 in aqueous phase

was varied from 3 x 10
-4 to 0.268M (0.188M at 10

°c) the latter

corresponds to the saturated solution of HgC12 at three phase equilibrium.

After stripping with an excess of 0.0125M solution of complexone III 

the concentrations of HgC12 in equilibrium aqueous phase and in strip

liquor were determined by titration of excess of comolexone III with 

standard magnesium sulohate using Eriochrome Black as the indicator10 • 

The sum of HgCl concentrations in both phases was different from the 

initial HgC12 c�ncentration in the aQueous phase less than by 3%.

The distribution of HgC12 between water and pure diluents was

studied by similar procedure. At 25°C the values of partition coefficients 

PHgCl = HgC12 / HgC12 aq calculated taking account of the HgC12 
dimer�sation and dissociation processes in aqueous phase were equal to 

CC14 - 0.00201, CHC13 - 0.0152, 1,2-c2H4C12 - 0.289, c6H
� 

-

The latter value is in a close agreement with other data 1.
0C6H

6 at 10 C we found pHgCl: 0.0740.
2 
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Mean molecular weight. 

Different amollilts of HRC1
2 

were added to weighed quantities of 

either 0.2M TBP or O.lM DOSO solutions in benzene. The freezing 

temperature depression was measured on such solutions in which 

extractant, HgC1
2
,·and products of their interaction were present. 

The mean molecular weight of the solutes (M) calculated from such data 

is equal to Xi Mi / Xi, where Xi is molar concentration

of i-th species in solution. The nature of these species and values 

of their concentrations are initially unlcnown. 

Computer analysis of distribution isotherms. 

HgC1
2 

distributinn isotherms for eight investigated systems are 

shown in FiR.l and 2 in the form of the dependences log (CHgCl - HgC1
2 

against log cHic1
2

. For the initial part of isotherms CHgCl
2 

�s 

proportional to CH
aq

Cl g 
2
, i.e. only monuclear complexes exist in organic 

phase. In accnrdabce with previous results 1•2 one can assume that

these complexes are HgC1
2
L and HgC1

2
L

2 
with equilibrium constants, 

( l) 

where aH�c1
2 

is the thermodynamic activity of HgC1
2 

which approximatelv 

coincides with c:;Cl (formula for calculation of �gCl
2 

is given 

below). I n  this caie one can easily show that 

.where q= 

the value o� 

L (2) 

- n a At low a - HgC1
2 

HgC12• HgC12 
L is close to the total extractant concentration c1• 

Plots of q/aHgCl c1 against c1 are really linear ones in accordance

with equation (2j(Fig.3). It allows one to determine the approximate 

values of 11 abd 12
. However, the distribution isotherms so 

calculated in which only two complaxes are assumed arP placed far 

belnw the observed isotherms at higher aHgCl . Since the formation of 

increasing amounts of HgC12Ls, with s 2, in2this part of isotherm 

contradicts the law of mass action, then this disagreement proves the 

formation of polynuclear complexes at higher a HgC1
2

•
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Thus one needs to take into account a set of complexes with general 

formula (HgC12)r Ls and thus extraction equilibrium constants.

fl : (HgC1
2
) L 

r rs r s / a� Cl [L1s .
g 2 -:J 

If the set of rs is known, the distribution isotherms are

determined by the following system of equations 

C 
HgC1

2 
= p a + HgC1

2 
HgC12

( 3) 

The calculations of Q were carried out with the help of computer 
-p rs 

"Minsk-32". Sillen's algorithm12 which reduces the transition from

on approximate set of I to more exact one to the solution of a 
r rs 

linear algebraic equation system (programme LETAGR0P) was used after 

small impDovements. The sum of the squares of relative difference 

between experimental and calculated values of q for all experimental 

points U = L ( q�xp / q�alc - 1)2 was used ·as the minimized function 
J J ( ' in multidimensional space of Jrs· Initial approximations for� 

11
and �\

2 were determined by formula (2). Initial approximation for

other constants were fotmd by direct seeking at fixed values of�f 11
and �'12.

In aqueous solutions of HgC1
2 

the processes of dimerization and 

dissociation take place with equilibrium constants Kd. =
2 + i� 

= Hg2c14 aq / HgC1
2 

aq and Kdiss = HgCl aq Cl aq/ HgC12 aq,

Thermodynamic activity aHgC
l 

was taken equal to HgC1
2 

aq and

determined by formula, 2 

a =HgC12 

(5) -K . caq > 112lj 112 114K . diss HgC12 _j - dim

. 13 14 which is valid for small Kdiss' In accordance with previous results ' 
-7 Kdiss were taken equal to 0.3 and 5 x 10 respectively, When assuming

no HgC12 dimerization in organic phase, this value of Kdim is in good

agreement with observed decreasing values of DH Cl and with increasing
aq g 2 values of CH Cl in the systems water-pure diluent at both temperatures,

g 2 The temperature dependence of Kdiss was also not taken into account

since correction due to dissociation was small even for the lowest 

HgC12 concentrations used.
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The calculations were carried out for every system assuming 

first the formation of three 1:1, 1: 2 and then 1:1, 1 : 2, 2:2 and 4:2 
I 

complexes in the organic phase. The calculated values of� 11 and
, 

�12 
for both variants are close to those obtained by means of

equation (2). The values of �
1

22 
decrease slightly when the complex

4:2 is taken into consideration, the description of 4istribution 

isotherms being improved. 

The most remarkable improvement of the experimental data 

description takes place in systems DOSO-c
2
H4c1

2 
and DOSO - c6H6•

This corresponds to the greatest contribution of complex 4:2 to the 

total HgC1
2 

concentration in organic phase for these two systems 

at high aHgCl (the calculations with four complexes show these

contributions2to be 45 and 37%, respectively, when two liquid phases 

are in equilibrium with solid HgC12• Contribution of the complex

4 : 2 to the total mercury concentration in systems DOSO -CHC13 and

DOSO-CC14 does not exceed 10%. Therefore the transition to the case

with four complexes does not give an essential improvement of isotherms' 

description. For the systems with TBP the contribution of 4 : 2 

complex to mercury concentration is less than that for systems with 

D0S0 and for the diluents c2tt4c1
2
, c6H6, CC14 and CHC13 it does not

exceed 20, 14, 8 and 4%, respectively. The difference between the 

descriptions of these systems assuming existance of three of four 

complexes is also small. In addition, for the system TBP - CHC13 
unlike the other systems the contribution of 1: 2 and 2: 2 complexes to 

mercury concentration is negligable (not greater than 0.5% and 2% 

respectively). So this system can be satisfactorily described 

assuming formation of the 1:1 complex only in organic phase. 

Thus, the formation of complexes 1 :1, 1:2 and 2:2 was reliably 

ascertained for all studied systems excluding TBP - CHC13 (adducts

between HgC12 and sulohoxide� with mole ratio 1: 2 are unknown in 

crystalline state). As for complex 4:2 its formation is unequivocally 

ascertained only for the systems DOSO - c
2
H4Cl

2 
and DOSO - c6H6,

and its existence in the rest of the systems is doubtful. Nevertheless, 

since the isotherms' description is slightly improved by introducing 

this comnlex we consider such a description almost in all the cases 

to be more preferable. According to Biscarini and co-workers15 the 

formation of (HgC12)
2
L 

2 
in a solution is due to the dimerization of 

the unstable intermediate (HgC1
2
)2L procened by the formation
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of a crystalline adduct with mole ratio HgC1
2 

L : 2 :1. 

In Table 1 the values of 

four comolexes, U and 
rs 

= U/(k-1 

calculated for the case with 
1/2 are given. is mean relative

difference between calculated and measured values of q and for 

description with four complexes it does not exceed 0.04 ( 4% in 

accordance with the expected experimental error. 22' 
for the second case (without the 4: 2 complex) are presented 

The values of 

U and 

in parenthesis. 

TABLE 1 

Extraction equilibrium constants for HgC1
2 

extraction by TBP 

Diluent C6H
6 C6H6 CC14 CHC13 1 ,2 -C

2
H4Cl2

t,0c 2 5 10 25 25 2 5 

Log 

Log 

Log 

a,b 0.505 0.586 0.068 -0.382
11 +n.012a -t0.010 -t0.010 -t0.006

b 0.941 1.184 0.880 -2c 

12 -t0.040 -t0.023 -t0.016 

22 l.77!0.10)1.94!0.ll)l.15!0.10) -le 

(l.91!0.08) 

42 2 .4+6. 2 

U 0.0188 

k 

(0.0324) 

0.031 
( 0. 039) 

24 

(2.08!0.07)(1.26!0.05) 

2.9±0.2 1.6-t 0.3 0.32 
±0.07 

0.0149 0.0089 0.0178 
(0.0248) (0.0108) 

0.02 5 0.021 0.031 
(0.032 ) (0.023) 

28 24 22 

0.504 
-t0.012 

0.810 
-t0.048 

1. 72-t0.10 

(1.9t.!0.09)

2.55-t0.10 

0.0305 
(0.0500) 

0.035 
(0.046) 

27 

a Errors for log 8' values aregiven for a confidence interval
r rs 

of P = 0.95. 

b pf Qf . The values of log1
,11 and log,...12 for c6H14 which are 0.14

and 1.78, respectively, can be calculated from data of Sekine and Ishii2 

using the equation(8). For c6H14 log pH Cl = -2.12 • c The contribution
g 2 of the appropriate form to CH Cl is too small for more accurate

s;l; 2 ( 
determination of rs·0(

22 
= -0.99-tO.ll.

Computed values are: log�12 =-i.96! 0.15 and



On Fig.l and 2 the distribution isotherms calculated for the first 

descriptive case are shown by dashed and solid l�es for 10 and 25°c 

respectively. 

TABLE 2 

Extraction equilibrium constants for HgC12 extraction by D0S0

Diluent 

t, 0c

Log 11

Log 12

Log 22

Log 42

u 

= 

k 

C6H6 C6H
6 

rc1
4

CBC13

25 10 25 25 

0.915 1.118 0.303 0.013 
+0.028 !0-036 +0.0l!l! + 0.009

2.003 2.283 1.762 0.21!0.06 
+0.021 !0.031 !0.015

3.22+0.08 3.57+0.09 2.64!0.09 0.848 

(3.43!0.13)(3.75!0.11)(2.70! 0.05) +0.006

4,18!0.07 

0.0165 

(0.199) 

0,026 
(0.089) 

28 

4.72+0.ll 

0.03811 

(0.150) 

0.040 
(0.078) 

28 

,, + 2.8-0.5

0.0206 

(030301) 

0.031 
(0.036) 

26 

(0.!l9!0.05) 

1.47!0.06 

0.0096 

(0. 0127) 

0.022 
( 0.025) 

24 

Comparison of calculated and aeasured

mwlln molecular weights 

25 

L.081
+0.013

1.37!0.06 

2.01!0 •11 

(3.12!0.19) 

4,11:t0,08 

0.0254 

(0.284) 

0.033 
(0.lo!) 

27 

If the �'rs values are known, it is easy to calculate [L]using

the second equation of ( 4) , then molar concentration of each complex 

and mean molecular weight of the solutes, the latter is determined by 

i a L. Xi Mi • (LJ ML• f,c1
2J '\i,c;,/{Xi • [L] • ['.i,c12J . (6) 
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To calculate M the values of rs at benzene freezing temperature

were used. They were obtained by means of Vant-Hoff's equation using 

data on at 10 and 25°c. rs 

Measured and calculated values of Mare compared in Fig.4. 

For system with TBP the difference between them is approximately 3%, 

for system with DOSO that is about 10%. These little discrepancies 

seem to be arising from performing of cryoscopic measurements with 

dry benzene while the � � values used at M calculation correspond 

to water saturated organic phase. 

A good consistency of calculated values of M with those measured 

is an independent evidence of the correctness of the�( values
}" rs 

abd t�e complex formation scheme itself. 

Discussion 

Relative efficiency of extractants 

At low HgC12 concentration in aqueous phase the values of D 

can be calculated by the formula 
, ( 

DHgC12 
= PHgC12 

+ f 11 [L] + , 12 [Lj. (7) 

HgC12

The calculated magnitudes D at 25°c are listed in Table 3. HgC12 

TABLE 3 

The values of D for HgC12 extractimn by TBP, DOSO and DOS.HgC12 

Diluent n-C6H14 c2H4Cl2 C6H6 CC14 CHC13

0.05H TBP 0.23 0.46 0.27 0.08 0.04 

O.lH TBP 0.75 0.67 0.49 0.20 0.06 

0.2H TBP 2.79 1.17 1.07 0.54 0.10 

0.05H DOSO 0.95 0.75 0.25 0.07 

O.lH DOSO 1. 73 1.92 0.78 0.13 

0.2H DOSO 3.64 5.77 2.72 0.28 

0.05H DOS 1.98 0.43 0,56 

O.lH DOS 5.71 1.18 2.08 

0.2H DOS 19.3 3.93 8.08 
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Data for di-n-octyl sulphide (DOS) are also included in the table 

for comparison. As in all previously investigated cases4 • 5 DO86 is 

more effective extract!lllt than TBP. When c
2
H
4
c12 or CHC1

3 
are used as

diluents DOS proves the most effective extractant for HgC1
2
, being 

simultaneously the most selective one (from chloride media it also 

extracts only gold and palladium4 • 5). 

Formation constants of complexes in different diluents 

Almost nothing is known about the formation constants of complex 

non-electrolytes in non-aqueous media. However, these constants are of 

great interest for co-ordination chemistry. In the case considered 

here the full formation constants of complexes in different media can 

be calculated by the expression 

�'rs= [<HgCl)r Ls]/ fgclr [Lj
S 

= ,:s I it;c1
2 

• (8)

The values of rs are listed in Table 4. Equilibrium constants 

for some other reactions which can be useful in evaluation of media 

influences on complex formation are also included to the table. These 

constants are following: step�ise formation constant for HgC1
2

L
2
, K2 

= r HgC1
2

L2J / r Hgc1i)(L] = � 12/ �t 11 ; dimerization constant for 

Hg�l2L, Kd = QHgC12L)2] / [HgC1
2
1;)2 = ({ 22 / !3' ;

1 
; equilibrium 

constant of HgC1
2 

addition to HgC1
2

L
2 

, = (HgC1
2

L)
2 

/ HgC1
2
L

2 
HgC1

2 

= p;
2 

I p 1
12 

. The processes of the complex formation succeed best 

in the cc14 medium. In c2H
4
c1

2
, which is the best diluent from a view 

point of extraction efficiency, these processes go to the least extent. 

The variations of equilibrium constants for different diluents are the 

same for TBP and DOSO. For instance, CC1
4 

)C6H6 > CHC1
3 
"> c2H4 Cl

2 
is such

a series forp'h and p' 22 • 
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TABLE 4 

Equilibrium constants of the various reactions in non-aqueous 

media at 25
°
c

Diluent c6
H CC1

4 
CHC1

3 
1,2-c

2
tt
4
c1

2 
n-C

6
H

l4 6 

TBP 

Log 
11 

1.576 2 .767 1.436 1.043 2.24
2 

Log 
12 2.012 3.579 8 1.349 3.88

2 

Log 
22 

3.91 6.55 3 2.80 

Log 
42 

6.7 12.4 7.6 4.7 

Log K
2 

0.436 0.812 -1 0,306 1.64
2 

Log K
d 

0.76 1.02 0 0.72 

Log 1.90 2.97 3 1.45 

D0S0 

Log 
11 

1.986 3.002 1.831 1.620 

Log 12 
3.074 4.461 2.03 1.91 

Log 
22 

5.36 8.08 4.484 3.89 

Log 
42 

8.46 14 8.74 6.27 

Log K
2 

1.088 1.459 0.20 0.29 

Log K
d 

1.39 2.04 0.82 0.65 

Log 2 . 29 3.58 2.45 1.98 

Dependence of eY-t-"'action equilibrium constants on diluent nat_ure 

The way that equilibrillBI constants change as the medium changes 

is due to the varying intermolecular interactions of reactants and 

products wirh solvent. If a standard state for each reactants and 

products is chosen such that it is a state which is independent �f the 

medium, then the equilibrium constant will not depend on the medium 

where the reaction occurs, and the condition of equilibrium for any 

of considered heterogeneous reactions can be written in the following 

form (compare with (3) ): 
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= const, (9) 

and rs are mole fraction and activity coefficient of the 

Each reaction is characterized by its own value of const.

solution x
rs 

= [<HgC12)r
LJ/n,where n is the number of

moles in one litre of water saturated diluent. Then the latter 

where x rs 
complex rs. 

In a dilute 

equation can be rewritten in the fonmn 
, s-1 1,s 

� rs '6 rs n / O L = const • ( 10) 

Following (10), the way in which rs change with media is due �o 

change of activity coefficients of the extractant and extracted complex 

and to a much less extent is due to change of n. 

In an analogues manner it can be shown that 

= const. (11) 

Thus, the dependence of this equilibrium constant on media is determined 

by the greater number of parameters and is more complicated. One can 

consider the R change to be determined by independent changes of t' rs 

p rs and 't HgCl2
, the latter being proportional to the ratio n/pHgCl2

According to eq�ation (9), � rs t �
of � can be determined if l(L d � rs an 

/ g ns-l and the valuerrs 

are known. At 2s0c the rs 
of log t TBP in infini tly dilute solutions of TBP in dry n-C7H1g,16 c6H6, cc14 and c HC13 are eqial to e. 618 , -0. 442, -0. 448, -1. 979 

values 

respectively (the standard state is pure TBP). Practically the same 
V 17 18 values of o TBP were found by other authors ' In the Table 5 the

log � /( t >eel values for TBP are given. These values were rs rs 4 calculated by 
/ s-1 

)s'r/< trs>cc1 ='(;BP( t'rs>cc1 ns ��l /(� TBP)CCl If rs n 

4 ,- 4 4 4 r 

Similar values for 00S0 which were calculated uting asswnption 

� DOSO ..., �TBP are also givan in this table. The val�es of t TBP 

in K-C6H14 and n-c7H16 were supposed to be equal. 
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TABLE 5 

The values fjf lo:11 � / ( '( >eel for different complexes. 
Jrs rs 11 

Diluent 

Log '( 111( t 11 > ee1 

Log� 1/< t 12
>ee1 

Log}$ 2/< lS' 22 >ee1 

Log 61121< � 112 > ee1 

Log '61/< � 11 >ee1 

II 

II 

II 

II 

II 

Log �121< � 12 >ee1 

Log 62/< � 2
> ee1 

11

II 

Log �11/< �112 >ec1 
II 

n-e6Hlll

TBP 

0.99 

1.30 

D0S0 

ee1
11 

e6H6 

0 -0.113

0 -0.07

0 -0.62

0 -o.a,

0 -0.60

0 -0.35

0 -0.59

0 -1.3

ette13 

-1.08

-1.8

-1.23

-1.57

-1.33

-1.7

The values of� for all considered complex non-electrolytes 
rs 

decrease in the series C
��111'> cc1

11 
'> C 

6 
H6 '>-- CHC13, which does not coincide

with those of '(TBP and i HgCl change. The same series of activity 

coefficients change is observea for dimer of di-n-butyl phosphoric acid 

(HDBP);9, its salts Eu [tt(DBP)J 3 and Am (tt(DBP)21 3 
19, dimer of 

. 26 !.J r. 120di-2-ethylhexyl phosphoric acid (HD2EHP)2 and its salt uo
21..

(H(D2EHP)
� 2

• 

In all these cases the interaction between solute and solvent is 

determined mainly by hydroitarbon radicals placed on the periphery of a 

molecule. General regularities of log '6change for such substances are 

revealed by the existence of linear correlations between their log 

values in different solvents. 
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The dependence of log Y;BP/ns-l
fi

/rs 
(corresponding to log1 rs 

with accuracy·
of a constant) on logt (HR) (there HR is HDBP) are shown in Fig.5. 

as well as similar dependenies for activity coefficients of (HD2EHP)
2 

and 

uo
2 

[H(D2EHP)J 
2

· 

Frolov and co-workers21•22 found in a number of cases the linear 

correlation between logarithms of activity coefficients of a given 

substance in its infinitly dilute solutions in different solvents 

and the empiric polarity parameters ET
23 for those. Such correlations 

" s s-1 A, as for logOTBP / n /"rs 
so is for activity coefficients of (HDBP)2, (HD2EHP)

2 2 

are shown in Fig.6. When plotting Figures 5 and 6 it was supposed the 

activity coefficients of (HDBP)
2 

in n-C6H14 and n-C7H16 as well as the 

ET values for these solvents to be equal each to other. The deviations 

of points for hydrocarbons from linear dependence log K -ET b d , o serve 

for all considered substances, take place also for some {!-diketones21•

Thus, the way It' change with variation of the diluent nature as 
rrs 

HgC1
2 

is extracted m, TBP and 00S0 is connected with sensibly regular 

changes of activity coefficients for a great group of substances in 

different solvents. 

¾gc1/ [ Hgc1Jaq 

c caq HgC12' HgC1
2 

( x] ' [xjaq 

NOMENCLATURE 

thermodynamic activity of HgC12 

total analytical concentration of HgC12 
in organic and aqueous phases, respectively; 

mole/1. 

molar concentration of species X in organic 

and aqueous phases, respectively; 

mole/1. 
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n 

distribution·coefficient of HgC12 
empiric polarity parameter of diluent or sol

solvent 

number of e�erimental points 

the second stepwise formation constant in or

ganic phase 

dimerization constant for HgClJ,in organic 

phase 

dimerization constant for HgC12 in water 

dissociation constant for HgC12 in water 

mean molecular weight of solutes,see Equati

on ( 6 -). 

molecular weight of i-th substance 

number of moles in 1 1 of water saturated di

luent 

PHgC12 partition coefficient for HgC12
q = C

HgC12
-(:Ige1cJtotal concentration of HgC12 in complexes in

organic phases, mole/1. 

u sum of the squares of relative differences 

between experimental and calculated values of 

q for all experimental points 

"rs•Jt_r, mole fraction of (HgC12):r1's or Lin organic 
phase 

/rs formation constant for complex (HgC12)rLs in

organic phase, see Equation ( 8 ) 

pbs
extraction equilibrium constant for complex 

( HgC12):r1's' see Equation ( 3 )• 

�rs' tL, �HgCl2 
activity coefficient of (HgC12):r1'

8
, Lor HgC12

in organic phase 
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equilibrium constant for process of HgC12 additi

on to HgC1�2 in organic phase

6 mean relative difference between experimental and 

calculated values of q. 
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Paper 158 

Captions to the Figures: 

�· Distribution isotherms of HgC12 between water and 0.05 ,

0.1 and 0.2M TBP solutions in c6H6 (a), 1,2-Ci!4c12 (b),, CC14
(c) and CHc13 (d) at 25°C.•Dashed lines - c6¾ at 10°c.

Fig.2• DisDribution isotherms of HgCl2 between water and 0.05,
• 

0.1 and 0.2M D0S0 solutions in c6H6 (a), 1�2-Ci!4Cl2 (b),CC14
(c) and CHC13(d) at 25°c. Dashed lines - c6H6 at 10°c.

Fig.3. Dependences of g/ a
HgCl/L on CL. 1- D0S0 in 1,2-e;t14c12

2 - D0S0 in CCl4; 3 • TBP in C6H6; 4 - TBP in 1,2-Cll4Cl2•

Fig.4. Mean molecular weights of solutes in benzene solutions 

of mixtures D0S0 + HgC12 ( 1 - measured, 2 - calculated, CDoso= 
= 0.1M) and TBP + HgC12 ( 3 - measured, 4 - calculated, CTBP = 

0.2M). 

Fig.5. Linear correlations between logarithms of activity 

coefficients of HgC12TBP(1), HgC1�0S0(2), HgC12(TBP)2 (3),

HgCliD0S0)2 (4), (HgCl�0S0)2 (5), (HD2EHP)2 (6), and

uo2[H(D2EHP)2]2 (7) in their infinitely diluted solutions in 

different diluents and logarithm of the activity coefficient 

of (HDBP) 2 ( log () (HR}
2 

) •

Fig.�. Correlations between logarithms of the activity coef

ficients of HgC12TBP (1), HgCl�0S0 (2), (HDBP)2 (3),

HgC12(D0S0)2 (4), (HgCl�0$0)2 (5), (HD2EHP)2 (6) and 

uo2[H(D2EHP)212 in different diluents and�· 
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SUl1i-iARY 

A process for the recovery of molybdenum values and 

tungsten values fro!:, a molybdenum contaminated al:Caline solution 

of tungsten values, was carried out on a laboratory scale. 

This process include� acidifying the solution to a pH of 3 

to 3.5 contactin� tie solution with an organic extractant di-

2-eti1yl hexyl phos)horic acid, diluted in an inert hydrocarbon 

in the presence of et .. yl 2 hexanol 1. Thus r::oly'udenum is 

selectively extracted, more readily when the tuOgsten concentra

tion is low. Then ,nolybdenu,:-i is stri:9ped by an aqueous amr.ionia 

solution. 

'£he mother liquor, now molybdenw-a free, is contacted with 

an a.!line disc.olved in an orcanic diluent ca:oablc of form.inc a 

tungstate a:1ine complex. 'l'hen tungsten is stripped by an aqueous 

a�onia solution. 

The chief source of tungsten now is scheelite (plentiful 

in South ,:orea), mainly a calciu,-a tungstate (cawo4
). \·/olfra,nite 

(Fe ,!fa) methods are used to enrich the ores. 

Scheelite concent.rates are ,;enerally attac:Ced by hot 

hydrochloric acid at .oedium concentration so as to precipitate 

the tungstic acid and remove the soluble calcium chloride. 

:.:'he tungstic acid is t:1en dissolved in a:fi::Jonia ( 11 ii) and the 

parantun:;state is precipitated by avaporating the a,,uionia. 

I�131urities in the a.1.aonium tun.3state solutions (silicotungstate, 

phosihotungstate and molybdotunsstate 9ol�ners) limit the 

crystallisation yield. 'l'he mother liquors from crystillisation 

can oo�tain from 5 to 10% of the tungsten initially present in 

the ore and their characteri�tics are as follows: 

:pl! 8; 1-IO_ 70 to 110 rr/1; Ho 3 to 10 1:s/1; Si0
2 

2 to 4 g/1 
;, 
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These mother liquors must be treated to eliminate some 

of the impurities a:ic t., recycle t,1e tun ;..;ten, 

The separation of tun::;sten and .. 10lybdenum by liquid-liquid 

extraction consi3ts in adjustin: the pH of the uother liquors 

to around 3,5 wit., hydrochloric acid, extractinc the Mo02++

formed at these pH's by the di 2-et:iyl hexyl phos·,horic acid 

and sepJratinJ the tungsten fro� the residual imnurities with 

a pri,aary amine. 

'l'he tungsten and lllolybdenum are stripped by ,neans of 

a,;uoniacal liquors so as to ootain a,n..;oniurn tun.;states and 

r.1olybdates, 

EX'filAC·ru,; O.f ·�· L, ,·iv LY JD Er! u11 

Extraction of pure molybdenum VI is present in solution 

as anions which are increasin_;ly polymeric as the pH decreases 
( -- - ,. 6- 4- ) 
Hoo4 ' HHoo4 , !-io

7
v

24 , No6o24 , etc • 'rhe equilibrium of

these various kinds also depends on the :Jolybdenum concentration lI), 

\-ihen the pH drops below 3, Hoo2++ cationic forms appear in

solution and these polymerise as the pH diminishes (Ho2o
5

++,

Ho o,,+ + ) ( I ) • 
3 0 

The curve giving the molybden:11J]l distribution coefficient 

in terms of the pH reaches a maxi:nu1.1 at around pil 2 to 2,5 and 

c�lcels out for pH's above 5 (Fia,1,) (I). 

The increasein the distribut�on coefficient when tne pH 

increases is usual for all cation exchun,;er extructants 1·i'.1en the 

for� extracted is thct existin� in the aqueous phase, thus for 

pl! 2: 

m002 ++ + 2(HR2Po4)2� Mo02 (R2Po4)2, 2i-lR2Po4 + 2H+ (reaction 1)

where (HR2Po4)2 is the dimeric form of the D2E�P acid.
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Vhen the pH of the aqueous phase is greater than 3, most 

of the 1nolybdenum is anionic in form, The D2EHP acid extracts

the fe\; cationic for,tls present in the medium. This extraction 

bre�;s the equilibrium between the various for�s of molybdenum 

and shifts the equilibria towards the for�ation of new cations 

which will be extracted in turn. It has been shown that th� 

principal foria extracted is the non-condensed cation )fo02 ++

whic:1 in t'.1e or;:;anic phose forms an anhydrous co,nplex: 

But in order t.J describe the extraction it is necessary 

to add to the extraction reaction (1) anion cation trans-

formation reactions in an aqueous phase of the type: 

+ + 2H2o (reaction 2)

The conj:mction of reuctions one and two enables the 

decrease in tje distribution coefficient with increasing pH 

to be explained. Further, the greater 'the concentration of the 

D
2

EUP acid (Fic,1, reaction 1), the greater the distribution 

coefficients, 

Fisure 2 represents the variations in the pH of the aqueous 

phase following extraction. So long as the cationic forns 

predominate their extraction brinis about a drop in the pH 

(reaction 1) ,md w:1en anionic fori:1s are present, the extraction 

of the H00
2 

++ causes the pH to rise �;:;ain (reaction 1 + .2),

'l'here a.,uear to be self stabilisation areas which are very 

difficult to foresee for they de7end on t�e ionic state of the 

• .1oly'odenu,n in the initial aqueous phase, Jut these areas are

ver; useful if liquid-liquid extraction is carried out in

several sta::;es.

2768 



Effect of the presence of tungsten on �olybdenum extraction 

a) Molybdenum distribution curves

Pure molybdenum 1uay be extracted by the D2EHP acid as

cation, thanks to the transfor.Jations in the ionic state of 

a 

metal (anion -:;;!! cation equilibria). But the presence of the 

tungsten modifies this state and affects the transforc1ation 

kinetics. It is known that .:aolybdenum is extracted in the 
(2)presence of tungsten traces 

this 

Figure 3 shows that the nolybdenum percent extraction drops 

considerably in the presence of tungsten (at a pH of 3) tending 

towards a limit of around 25¼. This non-zero asy,uptotic value, 

even for very low molybdenum contents, a)peurs to indicate 

th'-'t it will be possible to extract all the r.1olybdenum. 

The molybdenum distribution curves (Fig.4) for pH's of 

around 3 to equilibrium, show th�t it can be hoped to obtain 

distribution coefficients varyin;; from 1.3 to 2.2 in the ..iost 

favourable cases (20 g/1 of wo3, pH= 2.8) and of 0.5 to o.6

in the least favourable cases (40 g/1 of wo3, pH = 3.5) 1·1hen

the :'llolybdenum contents range fro:u 1 to 4 g/1. \'/hen the aqueous 

phase becomes poor in 1;1olybdenum the Kd drops to around 0.2 

to 0.3 for the initial ��3 ratio soon exceeds 50 at which 

value the percent extraction drops to its li2it value. 

These curves were plotted as fror.1 synthetic wo
3 

- Ho 

solutions. Their value was checked in the case of indu:;trial 

solutions by usin0 the mother liquors of the first paratun�state 

crystallisation, brought to the desired pH and wo3 dilution.

;£he asreement ii:; .:;ood. 

b) Extraction i:;electivity

The variation in the wo3/I-1o rationin tl1e organic "'J:1ase was

studied in ter1Js of initial aqueous wo3/Mo ratios for various

nolybdenum concentrations (lig.5). 
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The greater the quantity of molybdenum in the organic 

phase, the lower the orf;anic wo
3

'/No ratio, therefore the better 

is the selectivity, But it was observed that the molybdenum 

dis�ribution coefficients in the �resence of tuncsten were very 

reduced. 'I'herefore, it will not be ·,)ossible to chare;e the 

D2EJP acid to saturation point (4 moles of D2EHP acid per mole

of i:1olybdeny.m) and the E:::cess solvent will have a depressive 

effect on the selectivity. Therefore the extraction scheme 

will have to include a scrubbins section in order to brin� tie 

tun;sten back to the aqueous phase, 

c) Bfffect on contact time

We have studied the effect of the pa and the presence of 

the tungsten on the equilibrium of the solutions, therefore on 

t.1e distribution of t:1e molybdenum on eouilibrium, .ilut in the 

continuous application of a process, tme equilibrium stqte

is only an asymptote ond the rate of the reactions is a func}

amental parameter, 

Fi�ure 6 shows the total extraction kinetics to be slow, the 

more so as thG t,rnc;sten content is hi6il and the molybdenum content 

low (with synthetic and indu�trial solutions alike), The 

extraction reastions with D2EJP acid bein6 rapid in general,

it seems that it is the anion-cation transfor,aation kinetics 

which liwit t,1e system, IncidentlyJi the effect of the tungsten 

on the kinetics can only be explained by considering the ionic

state modifications in the aqueous phase.

In applyi8g the process it will therefore be necessary to 

have long contact times. The contact time has no effect on 

selectivity. 

2770 



d) Means envisa3ed to increase the distribution coefficients
in industrial solutions

The concentrations in tie crystallisation mother liquors 

can yary fro�1 40 to 120 .:;/1 of wo
3 

O\;in2; to the variety of 

ores treated (wo
3 

richness ,:ind contained impurities). 

Molybdenu!J beco.nes increasingly difficult to extract as the 

impurities in the solutions increase. This pheno;nenon is most 

certainly due to t.!e .Lucreasin,IlY [\Teater polyi1erisation of 

the ions present which li,ni t the anion cation equilibrium shift. 

As we have seen, lower pi!, lon::;er contact tii;:ie ond amount 

of n
2

E:!P acid provide for better extraction conditions but they 

cannot offset the effect of polymerisation. It s0a1s that the 

only efficient way is to use a depolymeriser. 'fhe addition of 

fluorine to uiect industrial solutions (Fie.?.) improves 

extraction to a marked de3ree. 

-�'his effect is noticeable as soon as the fluorine is udded

but it only becomes aJprecioble witj very Joly�erised solutiJns 

(one yec,r old) at t:1e en<l of .:2 or 3 days. 

:-:oreover tl1e udc1i tion of fluorine to solutions improves 

th! c1istribution coefficients (?i�.4) the extraction kinetics 

and apnears to improve selectivity. 

C0iiCLUSIO,, 

It Jay cenerally be concluc1ed th�t the extraction of moly-

bdenuu :nust be carried out: 

at around a prt of 3 in order to staoilise the solutions 

and have better distribution coefficients, 

wit,1 tuncsten contents under 50 g/1 (around 40 g/1 to avoid 

precipitation) in the aqueous phase, 

in tnc presence of fluorine in the aqueous phase and preferably 

in an l!C1 medium, to cle:c,olymerise the solutions and raise 

the �c1's and the kinetics. 
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wib a fairly high D2EHP acid content (positive effect

on the Kd 1 s) 

witn a hi:;h or5a'.'lic to aqueous (0/A) volume raRo to offset 

the low Kd's in the presence of tungsten, 

with long contact times, owing to the slow kinetics, 

usins selective solvent scrubbinc to improve extraction 

selectivity. 

iTRIPPINB CONDITIONS 

In the case of cationic solvents, stripping is generally 

effected in a highly acid medium in order to shift the N (n+)/

nH+ eqailibriu�. \-li th molybdenum, the mech:mics are more

complex and acids have not turned out to be good stripping 

a�ents; on t�c other hand, the contac� of the orGanic phase 

churced with a �ucic solution destroy� the affinity of the 

oolybdenurn for the D2E:IP acid.

The stri�pinc reaction is then total and fast. The 

l·io0
2 

+ + species being unable to exist in basis media:

Mo02(R
2

Po4)2, 2 IIR2Po4 + 6 NH4or-r.+(NH4)
2 

11004 + 4 NH4R
2

Po4

+ 4 a
2
o.

If molybdenum-rich aqueous solutions are desired for the 

remainder of the treatment, stri9pinc will have to take place 

in an a::i:.1oniacal (or a .. , .. :onium carbonate) medium and with a 

recycling of the aqueous phase including an adjust.:.ient of pH 

to 9 by concentrated a,.1:aonia in the recycling vessel, so as 

to prevent any contact between the D2EHP acid and the concentrated

ar,1Honia ( e.:.iulsion hazard). 

It should be noted that the am.:onium salt of the D2E.iP

acid for�s a third phase in an organic diluent. A modifier 

is therefore required. 

After strip11in3, the D
2

�,-iP. acid is entirely in the NH4R
2

Po4
form. By stoichiometric contact with an acid (HC1 or a2so4),

it must be transfor .. ,ed into HR2Po4 in order to recycle. Amdonium

sulphate or chloride will be a by-product in this stage. 
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T;!;ST:; c;.:1,:IED uJT WI i.i CRYS'l'il.LLIS".i:IJ,; .;C'i'.L� .LI�JO�S 

I:.'f l-iIY .. :::a-SE·.r'.rL:c;Rs 

"Lhe �)recedin.; results e,1abled an extraction. sche:,1e to be 

defined, cou1prisin:·; a dilution anC: an adjuot,.1eat of t:1e ,iH of 

the mother liquors iJefore the:, puo.-; to th0 ,:1ixer-,3et clers 

(Fi;:;.3.c). 

The various tests (Table 1) showed that: 

- the pll stabilises at around 3 and 3.5,

- the uo3 content ·.:ust not exceed '.iO ;;/1 for the solutions 

to re .. 1ain stable, 

- the �olybtlenum Gistribution coefficients are acceptable and 

correspond to those deter�ined, 

t·1e � ratio .;iust be :;reat if it is desired to exhaust the 

�olybdenum solution (and it is necessary to have appliances 

enablin� ;ood emulsions to be obtain�d in these conditions).

- the contact times wust be lon3, 

- ,.1ost of t:ie rwlybdenUJ.1 is extracted by the D2Ei!P acid in 2 

or 3 sta::;es, the .:,ajor lJilrt of the ,,1ixer-settlers servin;:; to 

exhaust the solution, 

scrub bin,; at a pH � 3 is efficient, 

- concentrated stripping at a re.;ulated pH (,...,9 ) is fessiole. 

Finally, various tests on the raffinates s:,ow th;:it the 

extraction is not blocked and that molybdenumcconcentrations 

of under 50 mg/1 (3) can be reached. The use of de·9olymerisc;,rs 

is particularly efficient. By adding an adequate nu1.1ber of 

sta;5es or by increasinf>; the solvent flow, t:1c tun ;s ten ,i;.1ri ty 

desired can therefore be reached in the raffinate. 
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'l'he molybdenum havini:s been extracted, the solution to be 

treated contains all the tun.;sten as well as the i11puri ties 

(P, As, Si) ·,,hich form the polyanions and which Here not 

extracted by the cationic extractant tD2EHPA). Therefore it

is necessary in the second stage to find a specific tungsten 

solvent in order to purify the tungsten. 

Study of the main extraction parameters 

,'wines of all classes completely extract the tungsten 

fro:::i the acid solutions: quaternary a=onium salts extract it 

again in the JH's exceeding 6 (4) (5). At acid pH's the 

secondary a.:iines and· :,articularly the tertiary a:·.1ines for111 a 

co.:1rilex with the tun�sten whose solu'i:lili ty in the or,;anic ;?hase 

is very low. Polymers a·,)pear, a.::;.:;re::;atin;:; and for;-aint, a 

::;elatina11s precipitate. '.foe addition of alcohol sli ::;h tly 

i�9roves solubility. Some priraary amines, on the contrary, 

extract the tun.::;sten without forming any precipitate and the 

aduition of alcohol 9revents t;1e t!1ird ph;.,se f0r . .iation. :..lso 

t:1e pri .. 1ary a.:iines only extract very little silicon as Si0
3

--

A prir,1ary a .1ine was chosen: the J;.;T primene, an ali'<:>hatic 

a :ine with a �ranched alkyl chain, which possesses �ood settlinz 

qualities.. It has been t1sed in t:1e :1ydrochloride for1� (RHH
3

c1) 

5:� diluted (or 0.13 l-11-1) in dodecane (91 7{) :.1odified by et;1yl 2 

hexanol 1 (4�) to stay uniform in the first part of the process. 

The extraction of the tungsten depends on the pH of the 

aqueoua solution. At a pH of 8, the tunssten is present as mono-
tunc;.statc •.m4-- At a pH of 6, the anio:i. (;rw6o

21 )
5- forms; 

3-at more ;.,cid pH's (u
3

w6o21) is found. 
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The fistribution coefficients at pH 3 and� (Fis.9) 

are significant and there is saturation of the solvent at 

around 60 c;/1. 

The extraction oeaction is very fast. �hen the aqueous 

phase contains silicon and ,hospborus, anionic silicotuncstic 

and ,hos.,hotunJstic acids are co-extracted. It is possible

to add to t:w aqueous phase a certuin quantity of depoly,:ieriser, 

fluorL1e for instance; so as tel for .. 1 co.JpounGs of tile SiF4
and PF4 ty:nes which are not extracted iJ:r the o,,;ines. According

to (6) 100� excess is required in relation to the stoichio�etric 

quantity (G times the Si and P molarity) to complex the silicon 

and the ')hosphorus udequ;..:tely. ;.Jut it is necessary to avoid 

for,nin::; SiF6 --- or PF0 which are extractable kinds.

If the solution frot.1 Hhic,1 t,1e tun1;.:;ten is to be extracted 

still contoins uol:rbdenum, the latter is entirely co-extructed 

wl1en the tun;�sten is totally extrncted. 

'i'he use of ac1.Jonia based .:trippins rea,-_;ents is a [jreat 

c.dv�n tu._,c to tl1e cxten t thE.t t :tis Jrovides easy precipitation 

of the i'-'1 .. JOniuin paratuncstate. �,1is :irecipitation can be 

effected at t�c sa.1e time as the stripping (7) (4) but generally 

it is preferred to strip the tun;sten in soluble for� and then 

precipitate it (6) (8) for the three puase extraction appliances 

are complex and costly. 

It has been observed that the anion present in the organic 

phase is ,:1ainly (R:3w6021 )
3-, the strippin:::; reaction is t;;en:

(R&,
3

)
3 

(H
3

w6o21) + 12 NH40H-+ 3 R;rn2 + 6(ifll4)2 ,:o
4 

+ 9 H2o

If the pH of the aqueous phase is more than B after stripping 

the organic phase can be checked for complete discharge (7)(4). 
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But although the strippin:::; in one sin�le contact can be 

virtually total, 5iven the output pH, i<l docs lead to an 

aqueous c1hase con tainin:; white a:.1,nonia paratuni;state precipi t

at es as soon as the wo
3 

C)acentration therein exceeds 40 g/1. 

'.i'he reason for t'.1is is ti1r,t t:ie simultaneous strip:;iint; of 

lar�e a�ounts of tunssten brin�s about a surfeit of un�table 

anionic forus. '�he transfor:,1ation reactions t;ien release 

numerous H + ions and precipitation conditions can appear locally. 

Therefore, stri:iping wi t.1 recyclin1_; of tl1e aqueous phase :;iust 

be envisai;ed so t:1c.,t a s .. ,all nuantit:; only o:f tu11.::;sten is 

stripped at each run to ensure proper transfor�ation of tie 

anionic forra of tie tungsten, Durini this recyclin�, the 

pll of the aqueous strippin: phase _rnst be readjusted by 

ad,�in0 a.J :onic1, ?inally, the a,:1inc in b�,sic for:., e.;tulsifies 

if it is contacted wit� a� aqueous solution of a pH above 10, 

'�he solution feedin:::; the tungsten extraction banlc is the 

raffinate fro1:1 t:w extraction of ti1e molybde!lun, Its p:! is 

therefore around 3 to 3,5 (Fig,8). 

A test made on tiw ra1Hinate of the sixth molybdenum 

extruction run c;r.ve ti1e followin results (tuble 2). 

T..:..:JLE 2 

lfolybdenm11-tun-�sten sepuration test, 'l'un -'sten recovery 
� I ' 

,10
3 

d:t Ho g/1 F
-

i•iotiler liquors 95 6.2 5.10-2 

Raffinate frOLl t,1e extrac-
tion of ti1e .,1olybdenur.i 

5.10-2 
+F = feed 39 0.34 

Raffinate fro,,1 the wc
3extraction 0.057 0.004 

Stripping solution 96.5 1.09 
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'.l0
3 

percenta;;e recovered over botn runs : 99.5;�

Separation factor: (Ho/WO ) crother liquor / ('.·lo;\:o
3

)

strip,ing solution= 6.383 

(l·lo/'.w
3

) stripping solution: = 1.02 (by wei6ht).

This test showed that: 

- 3 or 4 sta,ses suffice completely to extract the tun�sten,

- concentrated stripping is feasible but it uses too much

am,aonia,

- there is no molybdenum-tun6sten separation .in the t.mgsten

extraction stage. The total se,aration factor for tuncsten

therefore only de;ends on t�e prior extraction of the

.:1olybdenu1J •

..i.u-',d,�.i:Ic.; ()F ·r .Ile. Iiif'URI'l'ES A.ID C03T 

It was found, from a number of determinations effected 

during run 6, that scrubbing the aqueous phase from molybdenum

stripping with a diluent, enables the D2EHP acid solubilised

in the aqueous phase (150 mg/1 !or D2EHPA 10%) to be recovered.
p The---rio ratio is then under 0.05%. The arsenic and the silica 

are not extracted. 

The eEtraction of the tun6sten enables t,ie t� ratio to 

be divided by three. On the other hand, the silic� and the 

nhosphor,1s were al,:10st entirely extracted, probably because 

t�e flurinc contentwas b�dly adjusted. 

Finally, a ca:Lculation of t'.1e costs ::::1ows that the rea.;ents 

for sjch a �recess work out at around Fr. 4.50 per kc of wo
3 

(inc.�udinr; solvent lossc,.; and 1·1i tiio:i t any ai,1,.-.onia recyclinc). 
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Thus, the entire ,;1olybdenum extraction process followed 

by the ,;xtraction of t:1e tunisten can be used for solutions where 

the wo
3

/Mo rationis not too great. The molybdenum is then 

easily separated and the tungsten can tl1en be purified by 

successive precipitations, or by extraction followed �y a 

precipitation, or yet again by several extraction runs. 

The molybdenum was not totally extracted w:'1ere the solutions 

contained tungsten in ;reater cJncentrations but this extraction 

see1.1s feasible. 

As concerns the tun:;sten, extraction was found to be 

feasible, _urification , on the other hand, does not apJear to 

be complete. i'lu:aerous paten ts and cJrticles have studied this 

problem and it would appear that it is not possible to achieve 

total JUrification in one sin6le extraction sta3e. llowever, 

fluorine used in the aqueous phase or a second tun6sten 

extraction run could lead to pure tuncstate solutions. 
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Fi1. 2 : Relation between the pH 1 • before and alter molybdenmn extraction. 
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Fl1. 3 : EUect of the initial ratio (W/Mo) on molybdenum extraction lor 
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Fi1, 4 : - F.quillbrimn. .......... molybdenum in the pre1ence of tun1•ten, 
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Synthetic eolut:lon• (WO3)aq X 20 1/l O 40 1/1 
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Fl&, 5 : Molybdenum extraction - Effect o! the initial ratio (W03/Mo) 

on extraction 1electivity for variou1 different molybdenum con

centration&. 
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Molybdenum extraction, Change in the distribution coefficients 

with the time interval separating the adjusi,ment of the pH and 

extraction with respect to various different industrial solutions. 
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Fig. 8 Extraction scheme used for molybdenum-tungsten extraction 
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INTERESTING ASPECTS IN THE DEVELOPMENT OP A NOVEL SOLVENT El'l'RACTION 

PROCESS FOR P.RODUCING SODTIM BIOARBONA'IE 

R. Blumberg, J.E. Gai and I:. Hajdu.

IMI-In.stitute for Research and DeTelopnent, 

P.O.B. 313, Haifa, Israel. 

A noTel process has been deTeloped for converting sodi\DD 

chloride and carbon dioxide into sodim bicarbonate and 

hydrochloric acid. c'onceptually a simple mu.lticycle 

system was defined for achieving the process aims; in 

.practice this entails tvo liquid-liquid extractions using 

en amine as the means for �rochloric acid transfer. 

Solubilities and acid/base relationshipe impose Tery fine 

limits of reversibility on the llll!ine system selected. 

Mine/diluent interactions are exploited, a.a well as the 

degrees of freedom of the phase rule. The interplay of 

chemistry and technology make this an 1musual liquid

liquid extraction process. 
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INTRODUCTION 

A novel process l) has been developed for converting sodium chloride and carbon

dioxide into sodium bicarbonate and �rochloric acid. The equilibrium re

action represented by the equation (l) 

is unfavourable and requires removal of HCl if it is to proceed to the right. 

Conceptually the simplest way to achieve this is -by the introduction of a 

suitable base "MOH" to give the reaction represented by the equation(2). 

MOH + HCl - MCl + �O (2) 

Since it is the aim of the process to produce also �rochloric acid, it is 

necessary to select MOH so as to permit the reverse reaction to be achieved 

under suitable technological conditions, in order to liberate the HCl again. 

Presently magnesium chloride is the most suitable chloride from the point of 

view of thermo-hydrolytic decomposition, hence magnesium �roxide has been 

selected as the neutralising base. Unfortunately magnesium �oxide cannot 

be used directly within the reaction between sodium chloride and carbon dio

xide since the equilibrium represented by the equation (3) lies far to the 

right. 

This has necessitated the selection of a second base to be interposed as 

chloride acceptor so as to obviate direct contact of Mg2+ and HC03-. Since

the strong basicity of ma.ny simple liigh molecular weight amines, relative to 

aqueous solutions of acids has been known for some time, it was thought to 

utilise an amine as the intermediate base in the process for coproduction of 

sodium bicarbonate and hydrochloric acid. The equations (4) (5) and (6) re

present, therefore, the sequence of reactions constituting the process. 

NaCl + CO
2 

+ H
2
O + .Am � NallOO

) 
+ Am.HCl (4) 

.Am.HCl + !Mg(OH)2 � !Mgc12 + .bl + H
2
O (5) 

!Mgc12 + �O � !Mg(OH)2 + HCl (6) 

From a technological point of view it is clearly desirable that the amine 

components (free amine and �rochloride) should constitute a separate liquid 
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phase, thus facilitating separation of feed components, recycle streams, and 

products. This of course leads directly to liquid-liquid extraction systems 

for equations (4) and (5), 

Although this basic idea seems simple enough, there are various features which 

distinguish it from most other such systems. Thus in equation (4) the sodium 

bicarbonate is to be precipitated as a solid phase, II.lid the carbon dioxide is 

potentially present as a gas phase, so that this system is nominally composed 

of four phases instead of the usual two. Many aspects are rather different, 

therefore, from those normally encountered by solvent extraction technologists. 

In the following a description will be given of the considerations required to 

translate the basic idea into a technologically feasible process. However this 

paper is not a case history of process develo:pment, but a discuasion of pbys�co

chemical aspects of the liquid-liquid extraction systems which have relation to 

the practical process application. The paper falls, therefore, in the "no-man's 

land" between pure chemistry and chemical technology. 

AM!NE-,DILUENT COMBINATION 

The first requirement.of any solvent is that it must perform the extraction for 

which it is intended. In the present case this means, firstly� that the amine, 

in its diluent or carrier solvent has to be sufficiently basic to caw,e re

action (4) to proceed from left to right. Since the solvent has to be recycled 

and it is also necessary to strip out the HCl, this means that the amine salt 

must be sufficiently acidic to permit reaction (5) also to proceed from left 

to right. 

In the following, the stage involving execution of reaction (4) is termed "re

action", while that of reaction (5) is termed "regeneration". In general, the 

former stft€e is the one that will be discussed in this paper, but the latter 

has to be considered, too, in order to understand the choice of solvent. 

If both stages are performed at ambient temperature, and the carbon dioxide 

pressure in the reaction stage is atmospheric, it can be calculated that the 

basici ty of the amine/diluent system should be equivalent to that of a water

soluble base having � lying. between 4 and 6. A more practical form of the

requirement is that an aqueoua solution, in equilibrium with the hydrochloride 
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form of the amine in carrier solvent, should have as low a pH as poSBible 

while still not cawsing decomposition of the bicarbonate under the given car

bon dioxide pressure. One of the methods used for characterizing this, was 

the measurement of half-neutralization pH, i.e. the pH of an aqueous solu

tion in equilibriun with solvent containing equivalent amoUDts of free amine 

and of amine salts. 

Various commercially available tertiary, secondary and primary amines were 

tested in polar and non-polar diluents. Typical results are presented in 

Table 1. It appeared that secondary and primary amines are generally too 

strongly basic to permit convenient regeneration with magnesi\DD lri.Ydroxide. 

The amine finally selected in practice was a tertiary amine containing eight 

to twelve carbon atoms per chain, referred to here as TCA • As can be seen 

from Table 1 there is a strong influence of polarity of solvent on the basi

city of the system. Thus TC.A in a non-polar diluent, such as�lene, gives

a halt-neutralization pH which is too low (2.4) for reasonab-le C:onversions 

of the amine into its hydrochloride in the reaction system. Since it coul� 

be concluded that a. more polar diluent was required, nitrobenzene was ini

tially selected for further study based on information derived from the li

terature.2•3) This diluent caused the amine to have about the correct basi

city, but it introduced a different problem, namely one of solubility. 

Whereas the amine hydrochloride is suitably soluble in nitro-benzene, the 

free amine has only limited solubility. This is the reverse of the more 

common solubility problems in liquid-liquid extraction, where limited so

lubility of polar constituents in non-polar diluents is usually encountered. 

FurthermoDe, for technological reasons, in view of the high molecular weight 

of the amine, it is desirable to work with concentrated solutions, in other 

words Yi th maxim\DD ratio of amine to diluent. The possibility of working 

with systems containing three liquid phases is very tempting since additional 

separations are thus inherent in the system, but, technologically, it is in

convenient. A recognised procedure for preventing third phase formation is 

the addition of a higher aliphatic alcohol and, indeed, addition of decanol 

to the nitro-benzene eliminated the problem. While investigating the optim1.0 

concentration of de�anol required, it was observed· that the conversions of 
*

amine to amine hydrochloride were increased by the presence of the alcohol. 

* This led later to a rather detailed study of interactions in such a system 4)
i n  which it was found that the combined diluent effect was non�itive,i.e 
that mixtures of nitrobenzene and decanol could make the amine more basic 
than either of them taken alone. 
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Finally, -.arioua alcohols vere studied by themselves &lid these vere foUDd to 

give increased conversions to amine tzydrochlori de as the chain length decreased, 

as shown in Table 2, 

TABLE l: Half titration pH values of Amine-HCl systems in the presence or 

absence of diluents. 

Amine : Diluent ratio .. l I l by weight. 

Amine 

Formula 

N(c13a27
)3 branched

N(C1,25)3 straight chain

NR3 (R • c
8
-c10 straight 

chain)

CH3 . I y'113
CH2-CH=CH-cH2-C-cH2� / I I 

� � 
C(�, �' R3) 

Rl + R2 + R3 • C11 
- 0

1
4

H2NR 

R - c1 8 to c22 branched

Diluent 

Mol.Yt. Xylene i-Aa>H

563 2.2 3.8 

521 2.5 5.0 

351-437 2.8 4.5 

341-393 4.0 5.6 

269-325 Hi g her 

2793 

No diluent 

2.5 

Precipitate 

3.0 

4.4 
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TABLE 2: Conversion of TCA to its hydrochloride - in equilibrium with a 

saturated NaCl brine at 1 atmospheric CO2 pressure - as a

f1mction of dilution with alcohols of different chain length. 

Diluent l solvent/mole amine 

(alcohol) 0,5 

Conversion 

i-PrOH 90 

n-BuOH 74 

n-.AmOH 67 

* C . t moie Amine.HCl 
x 100 onversion percen 

= mole total Amine

0,8 

percent 

95 

91 

86 

The lower limit in the choice of the molecular weight of the alcohol for 

practical purposes is governed by its miscibility with water, so the final 

choice of diluent was n-pentanol. This choice obviated altogether the necessi

ty of using nitrobenzene as diluent component and thus eliminated the problem 

of the third phase formation, In subsequent process development work, a 50/50 

weight mixture of amine and n-pentanol was used. 

In addition to the half-neutralization pH, another aspect examined in the 

screening studies was the abso�ption of carbon dioxide. Typical data for 

comparison of diluents on the basis of carbon dioxide absorption are presented 

in Table 3, The data were determined by connecting a gas burette containing 

the gas to a vessel containing a mixture of TCA, diluent and sodium chloride 

brine (in the presence of solid sodium chloride) and stirring 1mtil no more 

absorption·was observed, Since carbon dioxide is also peysically absorbed in 

the liquid phases, there was absorption in every rcase; however, in the pre

se·nce of alcohol or nitrobenzene, where amine hydrochloride was formed, the 

volume of absorbed carbon dioxide is almost an order of magnitude higher than 

in the case of other diluents where no reaction occurs. 
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TABLE 3: CO2 Tolumes absorbed by systems composed of· 10 mmoleof TCA in the

presence of various diluents and saturated NaCl brine (at 25°c 

and 1 atmospheric CO2).

Diluent NaCl brine 002 absorbed

ml ml 

Iso-propa.nol 5 5.0 218 
" 10 5.0 228 

!so-amyl alcohol 5 5.0 194 

Nitrobenzene 5 5.0 124 
" 8 5.0 218 

Xylene 8 5.0 38 

Kerosene 11 5.7 36 

Up to this point we have considered only the physico-chemical inter&ctiQils 

of the amine/diluent system aimed at satisfying the requirements of equation 

(4), the reaction. However, each increase in solvent basicity, which favours 

the reaction, has a deleterious effect on the regeneration as expressed by 

equation (5). Here the acidity of the Mg(0H);/MgC12 aqueous phase as a 

function of magnesium chloride concentration defines the limitations of the 

system, since it is technologically desirable to attain as concentrated a 

solution of aqueous magnesium chloride as possible. This influence can clear

ly be seen in Table 4. 

TABLE 4: pH values of MgC12� aqueous solutions.

MgC12 Mg(0H)2 saturation

Yt. � Yt. °fa 

6.3 0.003 8.5 

9.0 0.005 8.7 

12.6 0.008 8.6 

17.7 0.022 8.0 

34.3 0.212 6.5 
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Since equation (5) represents an equilibril.D re&etion, there is a relationship 

between the m&gne11i1n chloride concentration in the &queous phase a.nd the free

amine/smine hydrochloride ratio in the solvent phase, as can be seen in Table 5. 

TABLE 5: Equilibril.D in the system MgC12�0/Amine-Am.HC\-AmOH as a f=ction

�2 concentration.

Aqueous Fhase

23.3 

14.4 

TCA 

40.2 

49.8 

Solvent Phase (Vt.") 

11.3 1.8 

1.4 1.9 46.9 

TCA/TCA.HCl 

equiv.ratio 

3.8 

40.0 

Technologically this implies counter-current operation. In pr&etice four 

stages vere found satisfactory for the amine/diluent combination selected 

on the basis of the considerations defined above. This solvent system 

limited the concentration of magnesimn chloride obtainable to about twenty 

eight percent. 

As a me.tter of general interest, the smine va.s virtually insoluble in the 

process brines ( ( 10 ppn), while tvo typical pentanol solubilities vere 

1.2 g/1 in the reaction brine and 4 g/1 in the concentrated magne11i1.111 chloride 

solution. 

OTHER THERMODINAMIC P.AB.AMETERS 

Although the choice of smine-diluent combination is the one vhich fixes the 

most important thermodynamic parameter of the system, namely the solvent 

basicity, there are also several others to be considered. In a system with 

a multiplicity of possible phases, there are phase rule limitations under

certain possible conditions and it is instructive to consider them. Por this 

purpose it is sufficient to regard the amine as a single component (even 

though there may be additional minor amine compounds present in pr&etice). 

The reaction system contains 6 component111 smine, diluent, 002, NaCl, NaHC0
3

a.nd 8:!0• The· extreme case occurs vhen there is a brine simultaneously satu

rated with both NaCl a.nd NaHC03 (i.e. -these are considered present also 11.11

solids), two organic liquid phases (e.g. as vith nitrobenzene), a.nd a ex>2-
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containing gas phase.Por a given carbon dioxide pressure and a given tempera

ture (see below), the system is invariant, but, practically speaking, when the 

phase rich in free amine disappears during the course of the reaction, one 

degree of freedom becomes available. 

For the latter case, i.e. with only one organic liquid phase present, the degree 

of freedom available relates to the concentration of amine in the diluent. One 

expects that as the concentration of amine is increased, the amount of BCl 

transferred per unit volume of solvent will increase, this being a relevant 

technological consideration. Boveve�, with highly solvating diluents this is 

true only up to a certain point because of the loss of the effect as the ratio 

of diluent to amine decreases. This can be seen clearly from Pigure l. 

If the brine is not saturated with NaCl, an additional degree of freedom is 

introduced which expresses .itself merely as a decrease in .amine h31drochloride 

concentration with decreasing NaCl concentration. Technologically, this occurs 

'When the initial feed brine is nearly saturated but becomes depleted as the 

reaction proceeds. In a typical practical application the feed brine contained 

26" NaCl and was not permitted to drop below 24", the latter already causing 

about l°" loss in the &Cl-transport ability of the solvent, compared to the 

former. 

Since sodium bicarbonate is the least soluble salt, and its solubility varies 

only slightly over the ranges considered, it can be assuned that the brine 

will rema1.n saturated with respect to it at all times; hence this does not 

affect the degrees of freedom and it is therefore not a process control factor. 

Considering, firstly, only the equilibrium of the reaction (4), the effect of 

increasing the temperature is to shift the equilibriun to the left, as is to 

be expected tor an exothermic reaction. This would indicate that reaction (4) 

be executed at as low a temperature as possible. The heat of reaction for 

equation (4) was determined as being approximately - 19 Kcal/mole (exothermic), 

and this heat has to be rel!IOved. Actually, the question of cooling, and tempera

ture of operation, has seTitral aspects which will be referred to again under 

technological considerations. In contrast to the reaction, the regeneration 

is apparently only slightly endothermic, to the extent of 1-2 Ical/mole, and 

is favoured by higher temperatures. 

2797 



The la.st parameter to be considered is that of carbon dioxide pressure. As 

shown in Figure 2, the amine-hydrochloride/free-amine equivalent ratio in the 

equilibriU11 organic phase was found to be a straight-line function of the 

partial pressure of carbon dioxide, over the pressure range investigated,namely 

one to three atmospheres absolute of carbon dioxide. This means that the in

fluence of pressure for each specific case can easily be evaluated. 

KINETIC AND TECHNOLOGICAL CONSIDERATIONS 

Although this paper is intended as a study of interactions in complex, multi

component, multiphase systems, kinetic and technological considerations cannot 

be excluded. 

Reaction 

The simplest form of executing reaction (4) would be to introduce all the feed 

components together a.nd to let the reaction proceed under invariant conditions. 

This would then involve mass transfer between the following pha.ses1 

gas to liquid 

liquid to liquid 

nucleation of solids, followed by liquid to solid 

(precipitAtion of Na.HC03 )

solid to liquid ( dissolution of NaCl) 

If, for practical reasons, it is convenient to avoid the possibility of contA

mination of the solid sodium bicarbonate by solid sodium chloride, it is pos

sible to assume that the sodium chloride feed be initially dissolved in the 

aqueous feed brine; there are then still three feed streams, namely aqueous, 

solvent and gas, to be considered. 

Since the system is no longer invariant, the technological possibility of 

co=ter--current operation pr&eents itself, However, since of the three inter

phase transfers listed that of gas to liquid is much the slowest, especially 

if it cannot be performed under conditions favourable for gas-liquid contact, 

it was decided to pre-absorb the amolDlt of carbon dioxide needed for the re

action into the solvent (which has a carbon dioxide solubility about eight 

times that of the brine) under pressure, ahead of the reaction, thus reducing 

the feed streams to tvo. In order to avoid having to perform phase separations 
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under pressure, as would probably be required in counter-current operation, 

cocurrent operation was chosen. 

Stoichiometric considerations and equilibria determine the phase ratios of 

solvent to aqueous phase per unit of HCl transfered, This then determines also 

the quantity of carbon dioxide required for the reaction; its solubility in 

the quantity of solvent, as a function of pressure, determines the pressure 

under which the initial absorption must be performed, Using pure carbon dio

xide, this wa.s found to be eight atmospheres absolute, for the amine/diluent 

combination selected. A certain amount of the overall heat of reaction is

liberated in this step. In a pilot scale packed column there was a temperature 

rise of about s
0
c,

The reaction proper was tested continuously, in stirred tank reactors operating 

under pressure, A minimum of three reactors in series was required, The reason 

for reactors in series is partly to avoid short-circuiting of reactants but 

also, more important, to avoid flashing out of dissolved carbon dioxide, Thus, 

if only one reactor were used, with the products existing at atmospheric 

pressure, the carbon dioxide dissolved in the feed solvent would largely flash 

out before having time to react. This was obviated by maintaining the reactors 

at successively decreasing lzydrostatic pressures, with throttling between 

them. The overall residence time for all the reactors together is approxima

tely six minutes. It was found that when clear feed brine was used, there was 

a tendency to supersaturation of sodium bicarbonate; this means an increase 

in concentration of one component on the product side of equation (4), tend

ing to reverse the equilibrium reaction; the result of this was that the 

reaction did not proceed to the desired extent, Por this reason the presence 

of a minimum amount of bicarbonate crystals in the feed brine vas essential 

to provide seeding, Reaction rates were not sensitive to the degree of agi

tation, as long as the latter was good according to accepted practice, 

Phase Separation 

The reactor products have to be separated into a reasonably clear solvent 

phase, recycle brine and a slurry of sodium bicarbonate crystal�. This wa.s 

achieved in a single vessel incorporating in a particular way the features 

of a settler for liquid-liquid separation and a thickener for solid-liquid 

separation. The solvent was removed by periferial overflow while the recycle 
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brine was removed through a side outlet somewhat below the brine-solvent inter

facial zone. 

The recycle brine is sent to be resaturated with sodil.DD chloride, the solvent 

goes to regeneration, and the sodil.DD bicarbonate crystals are separated, washed 

and dried. Figure 3 gives a schematic presentation of the flowsheet. 
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SOLVENT EXTRACTION OF HN0
3

-HF FROM STAINLESS STEEL PICKLING SOLUTIONS.
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A solvent extraction process for the recovery of 

acids and metals from the waste solutions produced 

by stainless steel pickling plants is described. 

The pickling acids, the monovalent acids HN0
3 

and 

HF are extracted by tributylphosphate (TBP). 

The metals are recovered from the raffinate by 

precipitation (1). 

Alongside a theoretical evaluation of the process, 

pilot plant experiments on both mixer-settlers and 

pulsed sieve-plate columns have been carried out. 

Based on the development work, a plant has been 

built by Stora Kopparbergs Bergslags AB at their 

Stainless Steel Works in Soderfors, Sweden. 

x) Present address:

MX-Processer AB
Frotallsgatan 19
s-421 32 Vastra Frolunda, Sweden.
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The recovery process for acids and metals. 

The stainless steel pickling solution is processed according to the flow 

scheme in Fi gure 1. 

Concentrated sulphuric acid is added to the pickling solution in propor

tion to the total metal content. The temperature, raised by the heat of 

solution, is reduced to about 25 °c in a heat exchanger. where the cool

ing medium is the process water used to strip extracted acids. 

Nitric acid, hydrofluoric acid and molybdenum are extracted counter

currently with 75% TBP in kerosene. The extraction efficiency for the 

acids is primarily dependent on the concentration of sulphuric acid, the 

phase flow ratio and the number of theoretical stages. A low temperature 

favours the extraction. 

The loaded organic solution is stripped of the acids and some 50% of the 

molybdenum by contacting it with pure water. A high temperature is 

favourable for stripping in that it enhances phase separation and reduces 

the distribution factors. The stripping efficiency is primarily dependent 

on the phase flow ratio and the number of stages. 

The evaporation of water from the pickling liquor in the bath permits a 

higher aqueous flow in the stripping operation than in the extraction 

operation. At a ratio of 1,3 (strip liquor flow to pickling liquor flow) 

and with at least 10 theoretical stages in both extraction and stripping 

a total theoretical recovery of 95% nitric acid and 65% hydrofluoric 

acid is attained. 

In the Soderfors process pneumatically-pulsed sieve-plate columns are 

used as contactors both for extraction and stripping. 

The non-stripped acids. molybdenum and degradation products are removed 

in a caustic wash before the solvent is recycled. A mixer-settler is 

used as contactor in this unit. 
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The weakly acidic raffinate from the extraction operation containing the 

metals, mainly as sulphates but also as fluorides, is treated with lime

stone and NaOH to precipitate �he fluoride as CaF2 and the metals as

hydroxides. 

Apart from precipitating the fluoride, the limestone also facilitates 

filtration of the slurry. At the Soderfors plant, the caustic wash 

solution is mixed together with the raffinate in the precipitation 

unit, whereby molybdenum (as CaMoo4) is recovered together with the

other metals. 

Single stage experiments. Distribution data. 

Tributylphosphate (TBP) forms adduct complexes with acids, which are 

soluble in many organic solvents, e.g. kerosene. From a pickling solu

tion containing the acids HN03, HF and H2so4_, the preferential order

of extraction is HN0
3

, HF and H2so4• The distribution factor for H2so4 
is so small that extraction of this acid is negligible. Various species 

have been proposed between the extracted acids and TBP and water (2,3,4). 

The thermodynamics of the extraction of HN03 and HF is too complicated

to be represented by a simple chemical model. Neither the activity 

factors in the two phases nor their variations are known. The simul

taneous extraction of HN03 and HF has been studied experimentally in

systems having aqueous solutions comparable to those in the industrial 

process. The experiments were carried out to obtain data of the type 

D .  , D . = f ([NO-] • [F-]tot,aq)at constant [TBP]
0rg

•
nitrate fluoride 3 tot,aq 

2-[S04 ]tot.aq and temperature.

The distribution factors are defined as the concentration of the res

pective acid in the organic solution divided by the total concentration 

of the anion in the aqueous solution. 

To achieve high distribution factors, a-TBP-concentration of 75% (by 

volume) was selected for the investigations. though a concentration of 

50% has also been studied. A concentration higher than 75% is not 
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feasible because unfavourable physical properties make phase separation 

too slow. A matrix of distribution data was thus obtained both for the 

extraction and for the strippinf!; system. The matrix for the extraction 
2-system comprised data for three different [so

4 
]
aq

-values.

Some of the experimental data obtained are shown in Figures 2 and 3. 

In Figure 2 it is seen that in the extraction system HF has lower D

values than HN03• The low D-values for HF are due to formation of strong

complexes between the metal and fluoride ions. The Dfluoride-values

decrease at high nitrate concentrations because of competition with 

HN0
3 

in the organic phase. In a multistage extraction (see Figure 4) 

nitric acid is completely extracted within a few stages after which 

the extraction of hydrofluoric acid starts. The concentration of HF 

in the organic solvent passes a maximum which implies an internal re

circulation of HF inside the extraction system. This is a consequence 

of the decreasing D-value for HF as the nitrate concentration in

creases towards the extract exit. For these reasons both many stages 

and a high organic to aqueous flow-rate are required for maximum re

covery of HF. The latter factor is, however, restricted by the water 

balance of the entire process. 

Figure 3 shows the conditions prevailing during stripping. The extract 

containing HN0
3 

and HF meets pure water. The conditions for the strip

ping of HF are unfavourable because the D-value for HF increases with 

decreasing nitrate and fluoride concentrations. The stripping of HN0
3 

is more favourable and is restricted only by the aqueous phase flow 

provided a sufficient number of stages are available. 

Most of the experimental data shown in Figures 2 and 3 have been 

collected by means of the AKUFVE-technique (5). A synthetic pickling 

solution prepared by dissolving the metal sulphates in an.aqueous so

lution containing appropriate concentrations of HN0
3
, HF and H

2
so

4
was used as a standard solution, in order to maintain controlled con

ditions with those metal concentrations known to be optimal in a 

pickling solution. Experiments with real pickling liquors have con

firmed the AKUFVE-experiments. 
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Multistage calculations. 

Numerical interpolations have beep made, from the distribution data 

collected, to produce the equilibrium information needed to perform 

multistage calculations. This was necessary because it proved diffi

cult to find a theoretical model capable of describing the experi

mental data with acceptable accuracy, 

A multistage computor program was used to calculate the stage con

centrations of HNO
3 

and HF in extraction and stripping. The data fed 

to the computer are: the data matrix for interpolating the distribu

tion factors Dnitrate and Dfluoride' the values of [No;] tot,aq'

[F-]t t and [so4
2-Jt t in the pickling solution, the organico,aq o,aq 

to aqueous flow ratios in extraction and stripping, and the number 

of theoretical stages in each section. 

The calculations are based on an iterative procedure, starting with 

a standard assumption as to the concentrations of nitrate and fluoride 

in the aqueous effluent from the last stage. Using the distribution 

factors and the mass balances the concentrations of the acids in the 

aqueous influent are evaluated, The values are compared to the 

"right" ones and the sign and magnitude of the differences are used 

to make new assumptions as to the nitric and fluoride concentrations 

in the effluent. Maintaining the concentration of one of the acids 

constant, iteration proceeds with respect to the concentration of 

the other acid until convergence is achieved. Iterations are alter

nately performed with respect to the concentrations of the two acids 

until a satisfactory convergence is achieved with respect to both. 

The program has been used to assess the influence of variables such 

as the 

1. Number of theoretical stages in extraction and stripping.

2. Concentration of sulphuric acid in the pickling liquor.

3. Organic to aqueous flow ratios in extraction(�) and in stripping

(9).

In Figure 5 the percentage yields of the recovered acids are given as 

functions of¢ (the extraction flow ratio) at ¢/9:1.5 (where 9 is the 

stripping flow ratio) for different numbers of stages (the numbers of 

stages for extraction and stripping being equal), and as functions of 
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¢/9 for different¢ with 11 extraction and stripping stages. 

In these calculations the pickling liquor has the following 

composition: 

[No-
3
) t t = 2,5M. [F-] • 1 5M [so4

2-] • 
o ,aq tot,aq • ' tot,aq 

1,5M and [Men+
]tot,aq 

• 2N

From Figure 5 it is seen that a recovery of almost 100% HN03
and 70% HF is theoretically possible with �/9 • 1.5. � • 2,4 

and at least 10 stages. The optimal values of� and 9 depend 

on ratio ¢/9 (fixed by the pickling process) and on the number 

of stages. 

Multistage Pilot Plant Experiments. 

Two types of contactor, the mixer-settler and the pulsed sieve-plate 

column. were used in the pilot plant experiments. The mixer-settlers 

were of pump-mix type having a cylindrical mixer with an effective 

volume of 60 ml placed centrally in a cylindrical settler of volume 

850 ml. The mixer-settler arrangement contained 10 stages. P�rspex 

was used as construction material. 

The pulsed column had an internal diameter of 0,090 m and a height 

of 3 m. The diameter was chosen to give a capacity 1/10 of that re

quired for the full scale column in Soderfors. The pulse was generated 

by a teflon bellow pulser. The top section of the column was made of 

glass to permit visual observation. The parts were made in BD-po],y

ethylene. A mixer-settler coupled to the column was available for 

caustic wash of the solvent. 

The extraction. stripping and washing steps were tested both separately 

and in series in a mixer-settler array. In the pulsed column. only 

one operation could be studied at a time. 

2808 



Parallel to the theoretical calculations, experiments were carried out 

to study the influence of the variables below on the recovery of the 

acids: 

1. Organic to aqueous flow ratio in extraction and stripping.

2. Concentration of sulphuric acid in the pickling liquor

(mixer-settlers only).

3. TBP concentration in the organic phase (mixer-settlers only).

4. Flow capacity (pulsed column only).

5. Number of stages and HETS-values.

The dependence of the yields of HN03 and HF on the variables in

1 above agreed well with theoretical predictions. 

The influence of the sulphuric acid concentration in the aqueous phase 

(see 2 above) was investigated in separate mixer-settler experiments, 

since equilibrium data did not permit an accurate calculation of the 

optimal value of this variable. As mentioned above an increase in the 

concentration of H2so4 will give a higher extraction yield of HF.

However, additional H2so4 will also cost more caustic soda to precipi

tate the raffinate metals. The price of these different chemicals 

determine the desired optimum. Mixer-settler experiments were carried 

out in which the sulphuric acid concentration in the pickling liquor 

feed was varied under otherwise constant conditions. The results showed 

that sulphuric acid should be added to a concentration close to the 

metal equivalent concentration. 

The effect of varying the TBP concentration (see 3 above) was also in

vestigated in separate mixer-settler experiments. In two runs, each with 

four extraction stages, five stripping stages and one washing stage, the 

concentrations 75% and 50% were examined. The experiments were carried 

out under conditions identical except for a change in the organic phase 

flow. For the lower TBP concentration a 50% higher flow was required to 

give the same flow ratios TBP to pickling liquor and TBP to water as 

for the higher concentration. The rl'nult.n in TnhlP. nhow no significant 

differences in the recoveries of the two acids. It seems that decreasing 

the TBP concentration leads to a small loss of HF and a em.all gain of 

HN0
3

• 
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TABLE 1.

Cone. TBP 

% 

50 

75 

Acid concentrat.ions 

M HNO
J 

1.26 

1.23 

in the striE liguor 

M HF 

0.21 

0.24 

The main purpose of the pulsed column experiments was to investigate 

the variables in 4 and 5 above. It turned out that the column capacity 

for the extraction system was much higher than that for the stripping 

system. This is due mainly to the greater difference in phase densities 

for the extraction system. Both extraction and stripping were accomp

lished with the organic phase as the continuous medium, This decision 

was determined by the column material (plastic), which is wetted by 

the organic phase. 

Theoretical equations based on available physico-chemical data such as 

densities, viscosities and surface tensions have been used to calculate 

flooding characteristics for the actual systems. A theoretical model 

was checked against the pilot plant data, and then used for scale-up. 

HETS-values for the pilot column of height 3 m have been determined for 

both the extraction and stripping systems. Since real pickling liquors 

with varying metal compositions were used in the pilot experiments, 

equilibrium data collected for synthetic pickling solutions could not 

be used to calculate the number of theoretical stages for the extraction 

system. Because of this experiments were carried out with identical solu

tions in contactors of the two types. Data from these experiments are 

given below in Table 2. The 10-stage mixer-settler experiment given in 

Table 2 is also illustrated in a McCabe-Thiele diagram in Figure 4. 

In our studies of the stripping system the number of theoretical stages 

could be calculated. The number of stages was five to seven for both the 

extraction and the stripping system. Since the HETS-value depends on the 

extraction factor and the distribution factors for both extracted acids 

vary considerably with height in the column the HETS-values must also 

vary up the column. The average HETS-value was about 0,5 m. The full 

scale column height of 10 m should give an extractive capacity corre

sponding to more than ten stages. 
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TABLE 2. 

REPRESENTATIVE RESULTS FROM PILOT PLANT RUNS. 

Flov rate Cone.Pickling bath(Aqin) Cone. Orgout Raffinate % Extraction of acids 

EXTRACTION Aq Org Org/ HN0
3 

HF Me Mo HN0
3 

HF Me Mo HN0
3 

HF Me Mo HN0
3 

HF 

ml/m ml/m Aq M M g/1 g/1 M M g/1 g/1 M M g/1 g/1 

Pulsed 
44 x) column 1070 2530 2.4 2,25 1.87 Fe=44 1. 13 0.91 0.35 o.48 <0.01 1.05 - 0.02 >99 

Cr= 7.2 
Ni=11.5 

10 stage 
mixer-

55 x) settler 49 127 2.6 2,25 1. 87 Fe=44 1 .13 1.07 o.42 <0.01 o.84 - >99 
N 

Cr= 7.2 
Ni=11.5 

x)2 [SO 2-J n+ n+ is normalized. • 4 tot.aq [Me 1tot .aq' vhere [Me 1tot.aq 

Flov rate Extract (Org
in

) Stripped solvent Strip liquor % Stripping 

STRIPPING Aq Org Org/ HN0
3 

HF Me Mo HN0
3 

HF Me Mo HN0
3 

HF Me Mo HN0
3

HF 

ml/m ml/m Aq M M g/1 g/1 N M g/1 g/1 M M g/1 g/1 

Pulsed 
column 1000 1780 1.8 0.91 0.35 o.48 0.11 0.09 0.25 1.38 0.38 0.39 88 74 

5 stage 
mixer-

settler 53 102 1.9 1. 10 0.39 0.23 0.16 1.39 0.39 79 59 



Features of a contactor suitable for a full-scale plant. 

The limitations imposed on the �hoice of materials by the highly 

corrosive process liquids can be swmnarized in two points: 

1. Tributylphosphate excludes many of the classic polymer materials.

2. The combination HN0
3

-HF excludes all metals.

Long duration tests have been carried out on a wide variety of mate

rials at different temperatures. High density polyethylene (HD-PE), 

graphite and PTFE were found to be resistant while ceramics, poly

esters, polypropylene and low density polyethylene were only 

partially resistant. 

For components subjected to the action of both TBP and acids the ma

terial chosen in the Soderfors plant was HD-PE. The temperature must 

not be allowed to exceed 50 °c. 

The multistage calculations mentioned above indicated that a large 

number (>10) of theoretical stages is necessary both for extraction 

and stripping. This fact strongly influenced the choice of pulsed 

sieve-plate columns for the contactors in the plant built at Soderfors. 

The main arguments for the choice of pulsed columns are summarized 

below: 

1. Low investment cost.

2. Low floor space requirement.

3. Small solvent volume in the system.

However, mixer-settlers have sane important advantage•. 

1. The possibility of repair without a total shut-down.

2. High flexibility.

3. Large residence time,

4. Low hydrostatic head resulting in insignificent stresses in

the construction material,

5. Ease of scale-up.

6. Ease of control.

Tests have shown that the stripping of HF is limited by slow kinetics, 

so that a high residence time in the mixing operation is essential, A 

high temperature is desirable both from equilibrium and kinetic con

siderations. The temperature is easy to control in a mixer-settler 

while it is very difficult to control in a pulsed column. 
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Discussion. 

During three months of nearly continuous operation of the plant at 

Soderfors the solvent extraction equipment has worked very well. It 

seems probable that mixer-settlers could compete with a pulsed 

column as contactor for stripping operation owing to the kinetic 

limitation in the stripping of HF. 

As an alternative to dumping the Soderfors plant is economically 

advantageous. 
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When uranium mill construction ceased about 1962., SX(Solvent eXtraction) 
was indicated for uranium - either alone in new plants or helping IX(re sin 
Ion eXchange) in older plants. During the next decade IX became cheaper 
via new resins and new equipment, and SX showed it can save refining 
costs. The selective carbonate leach still has its place. 

For copper, SX is being economically applied to dump, heap and agitation 
leach solutions (acid and ammoniacal) to get copper from waste rock, 
oxide ores, scrap and sulfide concentrates for electrowinning, but copper 
is also obtained economically from these materials without benefit of SX. 

SX has established a beachhead, but the defenders are far from conquered. 
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INTRODUCTION 

For SX to be used it must not only obtain good metallurgical results, but 
also do so at a cost below that of alterna·tive processes. Costs will be 
given first for uranium then for copper, first for old processes then for 
new, first for lean sources then for richer ones. 

Published costs have not been escalated, but for comparability have been 
converted (if indicated) to US currency at rates of Dec. 197 3. 

URANIUM 

Ion Exchange 

Late in 1948 a real breakthrough was scored with the discovery that strong 
base ion exchange resin has a great affinity for uranyl sulfate complex ion11. 
Our group at MIT, which was concerned with recovering a uranium by
product from South African gold ores, gave up all other approaches and 
went to piloting (1, 2).. When this technology was declassified, I reported 
at the 1 56 AIME annual meeting as typical, the IX costs of Table 1(3). These 
are less than half of anything we had previously known. I then forecast 
that IX would not be used to recover metals less valuable than copper. 

TABLE l 
COST OF ION EXCHANGE - l T/d U3O3 

Resin at 20%/year on $54,000 
Elution acid, HCl or HNO3 
Precipitation alkali, MgO or NH3 
Miscellaneous chemicals 
Sub-Total, Reagents 

Equipment at 10%/year on $320,000 
Labor, supervision, and overhead 
Maintenance at 4%/year on equipment 
Water 
Power 
Total 

33 
92 
65 

_.lQ 
200 

100 
128 

40 
7 

12 
$487 

1. 65
4.6
3. 25

� 
I 0. 0 

5. 0
6. 4
2. 0
0. 35

_Ll_ 
24. 3 5¢

This IX technology had by then been applied in South Africa to sixteen 
plants treating CN residues averaging under 0. 5 lb. u3o8/T, in the Elliot
Lake district of Canada and in several plants in our Western States. 

Several of these Western ores had montmorilonite and, after leaching.
wouldn't thicken or filter (Separan was as yet unknown). This led us in 
1950 to RIP (Resin-In-Pulp) (4, 5,6). The initial RIP plants had the resins
in baskets and costs on 0. 5%ore were 9� for the resin and baskets and
16� to elute and precipitate a pound of u3o8.
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Solvent Extraction 

SX found promise over IX in the recovery of uranium from phosphoric acid 
(7) before its application to sulfate liquors well before declassification
(8, 9). A t  the '57 AIME annual meeting, Brown reported on uranium extrac
tion from sulfate leach solutions with alkyl phospric esters and with amines.
Costs are in Tables 2 and 3.

Chemical 

Na2CO3 
H2 SO4 
NH3 
D2EHPA 
TBP 
Kerosene 
Total 

Chemical 
Reagent 

NaCl 
H2SO4 
NH3 
Amine 
Organic 
Na2CO3
Total 

TABLE 2 
ESTIMATED REAGENT COST_� 

FOR PHOSPHORIC ESTER EXTRACTION 

Per Pound U3O8 
Cons ump-

Use tion 

Stripping 2. 0 lb 
Precipitation 1. 3 lb 
Precipitation 0.25 lb 
Extractant 0.01 lb 
Modifier 0.22 lb 
Diluent 0.02 gal 

TABLE 3 
ESTIMATED CHEMICAL REAGENT COSTS 

FOR AMINE EXTRACTION 

Unit 
Price 

2. 3¢
1. 5¢
5, 8¢

$1 
60 ¢
56 ¢

Per Pound U3 Os 
Consump- Unit 

Use tion Cost 

Stripping 2. 3-3. 2 lb 0.8¢ 

Stripping 0.2-0.3 lb 1. 5¢
Precipitation o. 25-0. 30 lb 5. 8¢

Distribution loss 0. 008-0. 029 lb $1.
Entrainment O. 05 gal 44-52¢
Regeneration 0- 1. 6 lb 2. 3f

Cents 

4,6 
2. 0
I. 5
1.0
I. 3

-1.:Jl 
13,2 

Cents 

1.8-2.6 
0.3-0.5 
0.8-2.9 
0.8-2.9 
2.2-2.6 
0 -3. 7 

6. 6-14, l

Compared to the IX chemical costs of 10� only the lower amine figure 
has an appreciable advantage. SX, however, was able to avoid the various 
poisoning problems resins had. Table 4 compares IX costs for three 
Canadian plants vs. those obtainable by SX (10). Poisoning problems at 
Uranium City are responsible not only for 1 .  5¢ more chemicals, but also 
for 2¢ more resin. Stripping chemicals are less in each example. 
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TABLE 4 
IX VS SX. OPERA TING COSTS 

Cents per Pound U 308
Elliot Lake Bancroft Uranium Cit::z:: 
IX ...sx. IX .sx.. IX ...QK 

Resin or Solvent 1.0 3. 0 1.0 3.0 3. 0 3. 0
Elution or Strip 5. 7 1. 2 3. 2 1. 2 9.8 3.2
Remove Poisons ___Q,_£ __L__2_ 
Chemicals Subtotal 6. 7 4.2 4.8 4.2 14.3 6.2 
Labor & Maintenance u Ll � � --22 
Total 9.2 6. 7 11. 3 10. 7 19.8 11. 7

Table 5 compares capital costs of an Elliot Lake IX plant and its SX alter
nate (10). SX has a lower inventory and, if mixer settlers are used, 
0. 9¢/lb. lower equipment cost. So SX was generally used for plants built
after 1 60.

TABLE 5 
IX VS SX CAPITAL COSTS 

1 
3000 T /d 

IX Resin Inventory 
Equipment 

Total 
SX Solvent Inventory 

Mixer-Settlers 
Columns 
Centrifugal Contactor 

_______ Total 
,:, at 10%/year 

Combinations 

Thousand 
Dollars 

135 
400 
535 

7 
225 
400-660
450
232-667

Amortization, 
¢/lb u 308,:,

0. 7
....hL 

2. 9
0.04
1. 3
2. 2-3. 7
z C, 

1. 34-3. 74 

SX also was married to IX and RIP in several existing plants. Thia com
bination was called Eluex in the US and Bufflex in South Africa. It aimed 
at a pure product that wouldn't need to be redissolved and solvent extracted 
and at eluting with inexpensive H2S04, instead of with H Cl or HN03. 

Canadians found that the desired purity could be obtained by SX of nitrate 
eluates with tributyl phosphate or dibutyl-butyl-phosphonate and also by 
SX of sulfuric eluate with tri-capryl amine. Costs are in Table 6. The 
credit with amine is due to the HzS04 being useful in leaching (11). 
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Elution 

HNO3 
HNO3
HNO3
H2SO4 

TABLE 6 
COSTS OF PURE PRECIPITATES 

Extractant � /lb. U3O8 

NH3 precipitation 
Tributyl Phosphate 
Dibutyl-butyl-phosphonate 
Tricapryl amine 

Base 
21 

3 
-11

Table 7 compares conventional IX, estimated at 22� (due largely to import
ing nitric into South Afric� with Bufflex at under 6�(12). This IX-SX com
bination overcame the cost disadvantage the older plants had vs. the newer 
SX plants and,gave a pure product also. 

TABLE 7 

IX VS IX+ SX (BUFFLEX) REAGENT COSTS 
Per Pound U3Og 

Chemical Use Pounds Cents US 

Conventional IX 
HNO3 Elution 2.86 17. 6
H2SO4 Regenerate resin 0.07 0.04
N aOH Regenerate resin 0.03 0.26
Lime Fe p:recipitation 0.97 1. 06 
NH3 ADU precipitation 0. 512 � 
Total 22.4 

Bufflex 

Alamine 336 Make-up 0.006 0. 56
Isodecanol Make-up 0.009 0. 21
Kerosene Make-up 0. 108 0. 54

H2SO4 Regenerate resin 1.0 o. 71
NH3 Precipitation, scrub 0. 352 3.01
NaOH Regenerate resin, solvent 

and deionizer 0.058 0. 50 
Na2CO3 Regenerate solvent 0.019 0. 11
HCl Regenerate deionizer 0.005 0.04
Water Scrub 0.06
Total 5.75

Divorce! 

It was then found that SX could get a pure uranium precipitate directly 
from South Afraican leach solutions. Now that a market for uranium is 
again developing, most South Africa plants are employing SX alone (13). 
This is called "Purlex" (for Pregnant URanium Liquor EXtraction). 
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Return of IX 

But IX is not yet out of it. The new macroreticular resins are tough. 
Weak base resins are more easily and cheaply eluted. Some new mills 
have installed these. Costs in Table 8 are hard to beat (14). 

TABLE 8 

MACRORETICULAR WEAK BASE IX REAGENT COSTS 

Chemical 

NaCl 
NH3 
Activated Carbon 
Resin 
Total 

Who Needs Thickeners or Filters? 

Per Pound 
Pounds 

1. l
0.25
0.01
0. I

U3Oa 
Cents 

1.0 
0.75 
0.375 
o. 125

2. 25

Although RIP was initially intended for ores that were virtually impossible 
to thicken and filter, it has become obvious that it is always easier and 
cheaper to desand the slurry then to get a clarified solution. Various forms 
of multi-stage up-flow fluid bed IX have been developed (15, 16, 17, 18, 19). 

Rosenbaum estimates upflow IX as 27,:_ /lb U 3o8cheaper than conventional
SX, due largelyto a26%saving in capital costs(l6). Work has also been 
done on SIP (Solvent.'. In-Pulp) processing(20). Ritcey et al estimated IX 
and SX on clear solutions as equals, and both SIP and continuous IX at 10 
percent solids w�re 1s,:./lb U3Os cheaper (21). Not quite as much, but still 
impressive! 

This large advantage of RIP and SIP is not available at locations where 
rainfall exceeds evaporation and where suspended solids and/ or radioactivity 
in effluents are limited. 

Carbonate Leach 

This discussion of alternatives to SX for uranium is not complete until the 
elective carbonate leach has been mentioned. This was used in many early 

plants and is atill applied economically for high lime ores. 

COPPER 

Copper leach solutions from mines, from waste dumps, from oxide, silicate, 
sulfide and native ores, from scrap and from sulfide concentrates have 
surrendered their values with and without benefit of SX. Let us discuss 
alternatives vs. SX, material by material. 
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Dump Leaches and Mine Water 

My 156 prophesy about IX for metals down to the value of copper has not yet 
come true. Table 9 shows results obtained earlier with carboxylic cation 
resins in the calcium form at Cerro de Pasco on mine waters that had been 
neutralized to pH 3. 5 to remove ferric (22). That resin has a loss esimated 
at 15 percent per year which made this uneconomic. There are better resins 
available now.· The low current efficiency was due to iron wasting current 
by goin from ferric to ferrous and back to ferric and to having only 10 g/1 Cu 
to start with. 

'F.ABLE 9 
IX for Cu 

Cu recovered, % 
Fe rejected, % 
Current efficiency, % 

Single 
Column 

91 
92 
33 

2 in 
Series 

95 
95 
50 

Copper at pH4 or higher can also be separated from ferrous iron by weak 
base anion resins (23). 

Until recently the standard method of recovering copper from acid mine 
waters and dump leach solutions was by cementation on light scrap iron--in 
launders. An improved form of cementation is the Kennecott cone· (24). 
Table 10 gives several estimates of cementation costs. Jacobi did his 
estimate when Cu was 30� (25). Shoemaker commented that capital costs 
are low (26). McGarr estimated for higher Fe costs and only to blister 
copper (27). Refining cost would be additional. Jones' costs are actual for 
I 969 at Bagdad (28). 

Author 
Product 
Year 
ITEM 

Other Cementation 
(S) melting
Freight 
Refine 
Ship & Sell 

Total 

TABLE 10 
CEMENTATION COSTS, ¢/lb. Cu 

Jacobi Shoemaker 
cathodes cathodes 

1963 1968 

\
3.8 

4 1. 3

l
} 

} 4 7 

8 12. 1
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McGarr Jones 
anodes cathodes 
1969 1969 

3.8-9.8 5.011 
1. 3 1. 048

3-7 

l 7. 72 

8. 1-18. 1 13. 78 



SX entered when General Mills reported in Fall 165 the specific extractant 
LIX-64 (29). This was aimed at extraction of copper from dump leach
liquors whose intitial pH2 drops no lower than 1. 7 when l g/1 Cu is ex
changed. Pilot plants were set up by Duval to treat 100 gar/min of waste
dump liquor, {30) and by Bagdad whose oxide ore heap was giving only 1 g/1
Cu in the leach solution (31). Results were reported Fall 1 67.

Bagdad went ahead with the 3rd Commercial LIX plant (32). Its economics, 
estimated and actual, are in Table 11 (28, 33). Estimated costs for solvent 
extraction and electrowinning were less than half those for cementation, 
and actual costs turned out to be 11. 271 /lb cheaper. At 14. 6 million lb/yr, 
this is $1. 64 million, which will equal the $5 million capital costs in about 
three years. Capital costs for various flows of 1 g/1 solution, per McGarr, 
(27, 33) are in Table 12. 

TABLE 11 

SX-ELECTROWIN OPERA TING COST @ 1 g/1 Cu 
Cents (US) per pound Cu 

A Priori Estimates per Ba,idad 1971 
McGarr Jones Actual 

Labor1 SX 
} Elwin 

O'head 
2.3-3.0} 

2.203 

o. 250
0.895 
0. 175

0.325 
o. 652
0.694
1. 109
0.637
0.63

Power 
Steam 
Reagents 
Acid Credit 
Misc., SX 

Elwin 

Total 

o. 9-1. 0

2.0-3.0 
-(2, 2-2. 3) 

3.0-4. 7 

1. 815
-(1. 539) 

} 0. 385 

4. 184

TABLE 12 
SX-ELECTROWIN AT 1 g/1 Cu 

CAPITAL COSTS 

-(2. 537) 
. 586 
. 435 

2. 531

Thousand Gal(US)/min 

1 

Million Dollars 

1. 5 - 2. 3
2 

3 

4 

5 

6 

8 

2. 7 - 4
3. 4 - 5. 6
4. 1 - 7. 2
5. 0 - 8. 7
5. 5 - 10
6.8 - 12.2

Most of the difference in operating costs comes from the cost of smelting 
and refining cements. This may cost Bagdad more than accountants would 
charge within an integrated company for treatment at its smelter. 
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Oxide Ores 

Solutions from ores are richer than dump leach solutions or mine waters 
Most heap leaches give from 2 to 4 g/1 Cu, while vat leaching obtains over 
10 g/1. Dilute solutions have generally been cemented, Strong solutions 
are generally directly electrowon. 

The Ray (Arizona) vat leach and electrowinning plant for 10000 t/d silicate 
ore plus a roaster and an acid plant for it cost $35 million (34). However, 
at ASARCO's new vat leach plant at San Xavier, which treats 4000 T/d of 
ore and cost $13 million ( 35), all the copper is cemented. 

Another alternativehydrometallurgical process for oxidized copper ores is 
ammoniacal leaching (36). Copper is usually precipitated from these solu
tions as an oxide by boiling. and tailings are steamed to minimize ammonia 
loss. 

Cyanide leaching also has its advocates. Concerning its economics, Rose 
notes that at 7000 T/d it would be economic on tailing having 7 lb. Cu/T (37). 
That's almost ore. 

Two weeks after visiting the Duval Pilot plant in April 1967, we started a 
SX-electrowinning study £.or Ranchers Exploration and Development, who 
were heap leaching an oxide ore which gave a diffu:ult solution for SX. This 
contained about 4 g/1 each Cu and free HzSO4, and was being cemented.
LIX-64 was only able to extract about two-thirds of its copper before it 
became too acid. This study also involved the alternative of using a strong
extractant later to be named Kelex 100. Ranchers decided to use the more
thoroughly tested LIX-64 for the first commercial copper SX-electrowinning
plant. Miller reported the investment for 1000 gprri and 15 T/d Cu (39) as
$3 million including the inventory of organic and starter sheets.

Shoemaker estimated 7¢ /lb. Cu for SX-electrowinning from such heap leach 
solutions which, with a 1¢ to 3¢ lb. Cu. credit for needing less acid than 
cementation, gave a 5¢ to 7¢ /lb. differential in favor of this new route. 
Capital cost was stated at $170 000 to $190 000 per daily ton of copper, which 
would be recovered in about four years (26). 

Table 13 gives estimated capital costs for 3 g/1 Cu solutLons un.der Australian 
conditions separately for the SX and electrowinning facilities ( 40). The 
last column is an estimate of an electrowinning plant operating directly on 
a stronger (vat leach) solution at a lower current density. The saving shown 
in electrowinning from use of SX is not near enough to pay for it but the 
extra coat of the vat leaching facilities required when SX is not used wasn't 
estimated. 
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TABLE 13 
SX - ELECTROWIN AT 3 g/1 Cu 

CAPITAL COSTS 

$(U.S.) Millions 
US GPM ST/d Cu _g_ Elwin A* Elwin B* 

1000 18 3. 9 0.95 1. 65
2000 36 5.8 1. 85 2 .7 
3000 54 7. 3 2 .6 3. 7
4000 72 8. 2 3. 3 4.6 

*A - when combined with SX, 25-30 Amp/ft2 

B - without SX, stronger solution, 12 - 15 Amp/ft. 2 

Table 14 compares SX-electrowinning with cementation for a hypothetical 
oxide ore leaching operation in Australia producing 5000 long tons per year 
copper. Mining costs are excluded, but leaching costs weren't reported 
separately. Big difference is in the revenue from cathodes being so much 
greater than that for cements. Including deprecitation, costs are about 
equal (40). SX-electrowinning is clearly preferable - providing, Brown 
said, a life of at least seven years is expectable. Incidentally, Ranchers 
only expected a 7-year life for the Bluebird Mine when our study indicated a 
switch from cementation to SX (41). They have no reason to regret this 
decision, especially as General Mills came up with a strong-er reagent - LIX-
64N (42 ) - and as they found ao much more ore they installed another rectifier, 
are now pushing the present plant to more tmm 150% of design capacity (43) 
and plan a four-fold expansion ( 44). 

TABLE 14 
ELECTROWINNING VS CEMENTATION (5000 T/yr) 

Labor 
Power 
Scrap Iron 
Water 
Organics 
Utilities/Supplies 
Maintenance 
Depreciation 
Extra Acid 

Total 
Revenue 

Gross Income 
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US Cents per Pound Cu 
SX-Elwin Cementation 

2.4 2.4 
3. 2 1. 5

5.7
1. 5 2 . 3
0.8
1. 1 0.8 
3. 3 1. 6

10.0 4.9 
4.0 

21. 5 2 3. 2 

56.7 43.4 

35. 2 20.2 



Nchanga, already a giant leach-electrowin operation, planned expanaion 
and evaluated several ways to treat various new materials. Later, a second 
round of studies, assuming a still larger tonnage compared cementation 
with SX-Elwinning (45). Results in Table 15 indicated the largest SX plant 
yet, but scale-up work was needed. This was done by Power-Gas and 
resulted in the publication of several economic analyses (46) besides that of 
Brown (40) already given. 

TABLE 15 
NCHANGA EXPANSION AL fERNA TIVES 

Cents per Pound Cu 
Process Product 

First Round Studies, 23,000 T/D 

LPF-HzS Sulfide 25 
Scrap Iron Cements 85 
Sponge Iron Cements 85 
Liming Hydroxide 17 

Second Round Studies, 281 700 T/D 

Scrap Iron 
Refining 
Total 
SX-Elwin 

,., at !%/month 

Cements 
Cathodes 

Cathodes 

85 
99.9 

99.9 

Operating 

11. 3 
19. 1 
15.8 
7. 5

24.0 
___iJ 
28.9 
15. 7 

Capital'-' 

3.0 
2.3 
2. 7

2.6 

3.4 
2.2 
5.6 
6.8 

14.3 
21. 4 
18. 5 
10. l 

27.4 
...L...l 
34.5 
22. 5 

Warwick estimated the operating cost of SX only for 2 g/1 Cu solutions at 
3. 2¢ to 4. 4¢/ lb. Cu. Table 16 gives his capital cos ts estimates for the SX 
facility only along with those from Brown. Also shown are the combined 
SX electrowin costs from Brown and McGarr. This table mainly goes to 
prove that published capital costs for hypothetical SX plants vary from 
many factors and are not directly comparable. 

TABLE 16 
SX CAPITAL COSTS, $(US) Million 

SX OnlI: SX + Elwin 
Warwick Table 13 Table 13 Table 12 

US gal/min. .(f_g/1 Cu) {3 g/1 Cu) (3 g/1 Cu) {l g/1 Cu} 

1000 1.0-1.3 3. 9 4.85 1. 5-2. 3 
2000 1. 6-1. 9 5.8 7. 65 2.7-3.0 
3000 2.2-2. 5 7. 3 9.9 3.4-5.6 
4000 2.6-2.9 8.2 11. 5 4. 1-7.2 
5000 3.0-3.4 5.0-8. 7 
6000 3. 5-3.9 5. 5-10.0 
8000 4.3-4.8 6.8-12.2 

2827 



Other numbers will soon be available. An AMAX-Anaconda joint venture 
has announced a 10000 T/d oxide ore agitation leach SX-electrowinning plant 
at Twin Buttes (47) and, after nearly 60 years of vat leaching and direct 
electrowinning, Chuquicamata has decided to install SX for Exotica ore (48, 49). 

All these figures show SX-electrowinning better than making cements, 
assuming this cathode copper is saleable at a cathode price and that 
cements need to be melted in the convertor, cast into anodes and electro
refined. There are two things which may narrow the gap. One is if the 
cements could be melted and fire-refined for sale. As residuals in iron 
scrap - especially in light scrap - are uncontrollable, this help for 
cementation becomes reasonable only if it is done with sponge iron of known 
purity as Hecla plans at Lake shore (50) and which Nchanga found cheaper 
(45). The other possible evener is if electrowon cathodes contain objection
able quantities of impurities such as lead or sulfate and are marketable only 
at a discount. One way of preventing the lead impurity is to repleace the 
lead cathodes with those of dimensionally stable coated titanium (51). 
Another way of excluding lead was found in Nchanga's piloting (52). Adding 
a few ppm of cobalt coats the lead annodes and reduces lead in cathodes. 
This is already being used by the others (53). 

SCRAP 

In the early 50 1 s, I worked on a process to leach low-grade copper scrap 
with ammonium carbonate and to Hz reduce copper powder from the solu
tion (54, 55). A plant was built (56) which was too small to be economic. 
There is also at Bagdad a plant using hydrogen reduction of copper sul
fate which could refine scrap (57). Sherritt Gordon reported improved 
ammoniacal scrap proce s 11e s including alternatives to hydrogen redu,:tion(58). 

The first commercial application of SX to scrap treatment (second commer
cial SX plant for copper) is the Capital Wire and Cable operation at Casa 
Grande (43). This uses an ammoniacal leach and LIX-64N. The ammoni
acal route has an advantage for the concentrated solutions from leaching 
scrap because no matter how much copper is extracted, the solution does 
not become acid. 

Without quantitative economics of SX or its alternative scrap treatment 
operations, it is obvious that prompt scrap, and heavy scrap which can be 
sorted, are more economically recycled by melting than by leaching. It is 
also important to remember that scrap dealers have a justly deserved repu
tation for charging all the traffic will bear. This leaves little rra. rgin for the 
proces•or. 

SULFIDE CONCENTRATES 

There are many ways that copper sulfide concentrates i:;an be put into solu
tion (59, 60). A recent in-house study compares commercialized methods 
for a hypothetical operation treating 440 T/d Arizona cp.alcopyrite concen
trate, Results are in Table 1 7. The commercial copper concentrate 
hydrometallurgy operations to date are small, involve some other non
ferrous metal value e.g., Co, Zn, Ni, and use the sulfating roast (61, 62). 
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Second is a leas expensive way which involves a partial roast (61, 63), and 
an autoclave leach (64). It was practiced for only a short time commer
cially at Fredericktown and with air, not oxygen (65, 66). These routes don't 
use SX, nor does the leach with ammonia and air combined with Hz reduc
tion shown third (67). It is commercial only on nickel but Evans published 
the conditions recommended for chalcopyrite(68). These were used in this 
study. 

1. 

z. 

3. 

4. 

5. 

6. 

7. 

TABLE 17 

HYDROMETALLURGY FOR ARIZONA 
CHALCOPYRITE CONCENTRATE 

Process 

Sulfating, Dilute 

}acid leach 
Electrowin 

Partial roast, 

} Autoclave+ 
Oz, Electrowin 

NH3 + air -
} Hz Reduction 

NH3 + Oz -
H2 Reduction } 
NH3 + Oz -

} SX - Electrowin 

NH3 + air -
SX - Electrowin } 
Hotter NH3-i0Z- I. 
Ammine - Electrowinl" 

Capital Cents per Pound Cu 
Millions$ Capital* Operating Credits 

31. 0 

28. 5 

45.1 

41. 3 

26. 3 

30. 1 

29.Z 

5. 3

4. 9 

7.7 

7. 1 

4. 5

5.2 

5.0 

6. 8 (3. 3) 

6.9 (4. 4) 

13.0 (1. 9) 

13. 5 (1. 9) 

10.9 (1. 9) 

10. 5 (1. 9) 

10.4 (3. 7) 

* @lo/oamonth 

Total 

8.8 

7.4 

18.8 

18.7 

13. 5 

13.8 

11. 7 

The Arbiter process uses ammonia with oxygen to avoid the need for auto
claves (69). Examples 4 and 5 involve leaching with NH3 and oxygen using 
the same leach time, temperature, oxygen partial pressure, and copper 
extraction as in 3. These are not the conditions used in the plant we built at 
Anaconda, Montana to treat a concentrate which is largely cuprous sulfides 
and pyrite (70). We are adding a separate circuit to treat a small quantity 
of chalcopyrite from Nevada which will require conditions similar to those 
assumed in this study (71). The Arbiter process uses SX and electrowinning 
instead of Hz reduction. This was assumed for examples 5 and 6. Fonseca 
(74) used NH3 at 150 C (vs 75C for 3 to 6) and precipitated the ammine salt 
by pressurizing with NH3. This can be thermally decomposed and electro-
won. This is example 7. 
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Regarding credits, each of the ammoniacal routes is assumed to make 
100 T/d of cathodes with most of the remaining copper floated and sent to 
the smelter as suggest by Evans (68) and Kuhn (70). This is credited@ 
30¢/lb. Acid routes are credited for additional cathodes at 50¢ /lb and for 
acid at $6/T. Fonseca's route gets half the S as acid. 

Comparisons show, where acid can by sold and under the conditions assumed, 
oxygen is a little better than air and SX-Electrowin is much better than Hz 
reduction. However, the hotter NH3 route without SX is even better. The 
acid routes, which don't use SX, are best. These numbers for hydrometal
lurgy may be compared with the cost of pyrometallurgy now that S02 can't 
go up the stack, which has now grown to 12¢ (72), 13¢ (73), or 14¢ (59), per 
pound of copper from chalcopyrite concentrates. 

There are other promising routes that don't use SX, including sulfate roast
ing of pellets containing lime plus countercurrent leaching to limit iron 
extraction (75) or electrolysis with SOz to avoid the adverse effect of iron 
on current efficiency (76). At least $10 million is being spent on each of 
three acid processes that oxidize the sulfide only to the element (73, 77, 78) 
and whose published descriptions ignore solvent extraction. 

Solvent extraction of strong solutions of copper not as the ammine has been 
advocated using Kelex 100 (79) which also extracts some of the acid formed 
(80). 

SUMMARY 

For uranium, SX, IX, IX plus SX combination and selective leaches which 
use neither, all have their own economic niche. 

For copper, SX has been shown economic for treating all types of leachable 
materials but the same types have all been economically treated without it. 

SX has been found increasingly useful for uranium, and for copper but its 
alternatives are still found to be competitive. 
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Abstract: 

THE EVALUATION 07 THE NDI COPPJ:R EXTBACTANT 'P-1 1 

C. P. BIRCH

The ability of the new copper extractant 'P-1 1 to treat feed 

eolutions of both low (3 g/litre) and high (40 g/litre) 

copper concentration, was tested.· It was demonstrated that 

P-1 was effective in both systems; high recoveries��)

could be achieved with c011pact mixer-settler circuit 

configurations, due to the high chelating strength and 

loading capacity of the extractant. Additional advantages 

were, rapid copper transfer and high selectivity against 

Fe(III) and Co(II) in the sulphate 91stem. Chemical and 

physical performance of P-1 were confirmed in a pilot 

circuit. 

With the presently acceptable strip eolution copper tenor of 

30 g/litre the acid tenor necessary to strip P-1 effectively 

was 225 g/litre. 

Place of origin: 

Research and Development Department of Nchanga Consolidated 

Copper Mines, Ki twe, Zambia. 
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1. Introduction

Nchanga Consolidated Copper Mines Limited has a considerable coait

unt to copper solvent extraction, presently embodied in the new

55,000 litre/minute plant at the c011pany's Chingola Division. The

interest of NCCM in new copper extractants lies partly in the desire

to improve the performance, and ultimately to uprate substantially

the copper throughput, of the Chingola plant. A further application

for new extractants involves the copper recovery stage of a new

projected cobalt/copper process developed by NCCM, in which it is

required to produce copper of electro);ytic quality from a 40 g/1 Cu,

70 g/1 Co, 10 g/1 H�4 leach solution.

The new extractant 'ACORGA-P-1 1
, an ortho-hydroxy-ar,rl-oxiae, in the 

process of being developed by ICI Organics Division, in the United 

Kingdom, was received by the Research and Development Department of 

NCCM in Ki twe, Zambia, in October 1972. The main findings of this 

work are presented. 

2. Experimental Techniques

The experimental methods employed to evaluate the main properties of

P-1 are listed as follows.

Loading capacity as a function of aqueous equilibrium pH 

The extractant was dissolved at a strength of 20 g/1 in the 

diluent. A series of solutions of composition 4 g/1 Cu(II) 

as sulphate, was prepared, the pH values being 0.5, 1.0, 1.3, 

·1.9, 3.0. The loading capacity of the solvent for each of

these pH values was obtained by a 'repeated contacting'
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technique. Thus, equal volumes of fresh aqueous and solvent 

were contacted by vigorous shaking, in a separating funnel, 

to equilibrium. After phase separation, the aqueous phase 

was removed and replaced with a fresh aliquot of aqueous. The 

process was repeated until the pH values of raffinate samples 

from successive contacting steps were equal. The copper analysis 

of the final solvent was the loadill8 capacity at the equilibrium 

aqueous pH. 

Kinetics of extraction and stripping 

'Kinetics' in this context refers to the rate of solute transfer 

under specified conditions of agitation and is expressed as 

the percentage approach to equilibrium-in a given time. The 

vessel and agitator size and configuration, solution compositions, 

phase continuity, and temperature were fixed. 

Experiments with P-1 were conducted at two levels of impeller 

speed. The apparatus is illustrated in Fig. 1. 

The essentials of the technique were as follows: 

(i) starting solutions were brought to the reaction temperature

of 25°c, (ii) 400 ml of the solvent were agitated _in the vessel 

at the appropriate impeller speed, (iii) 400 ml of aqueous were 

added rapidly with simultaneous starting of a stop watch, (iv) 

after the chosen time interval, the agitation wa.e stopped, (v) 

immediately sufficient clear phase was generated, samples of 
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both aqueous and solvent were withdrawn for analysis, (vi) the 

process was repeated, starting with fresh 'feed' solutions, 

with agitation for different time intervals, (vii) the 

equilibrium copper tenor in both phases was established by 

agitation for ten minutes. 

Phase disengagement 

This is characterised by the time required for coalescence 

to a clear interface, after agitation of the aqueous and organic 

phases in the apparatus depicted in Fig. 1. The phases were 

equilibrated before phase disengagement was commenced; exploratory 

tests with P-1 have shown that there was no detectable effect of 

mass transfer on phase separation. 

Extraction and strip isotherms 

Isotherms were determined by contacting the appropriate aqueous 

and organic starting solutions to equilibrium at a range of 

volumetric ratios, normally 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10. 

At each ratio, fresh portions of the feed solutions were employed. 

The contacting was achieved by shaking of a separating funnel 

containing the two phases by hand in a laboratory where the air 

temperature was controlled to 25°c. Adequate time was allowed 

to ensure equilibrium; 10 minutes in the intermediate values of 

0/A ratio, 30 minutes at the more extreme values. Both phases 

were analysed for copper content before and after contacting. 

The validity of each equilibrium point was checked by calculating 
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the solute balance. The isotherms were plotted as copper 

concentration in solvent versus copper concentration in aqueous. 

Each point on the isotherm represents a different value of 

equilibrium aqueous acidity, the acid 'equivalent' of the 

aqueous phase (i.e. H�4 concentration + Cu concentration x 

98/63.5) is, however, constant for the whole isotherm. 

Continuous teats 

The extraction and stripping performance of P-1 for a variety 

of multistage countercurrent configurations was checked using 

a B!Dall mixer-settler system. The mixer volume was 0.25 litres 

and the settler volume 0.50 litres. Agitation and interstage 

pumping were effected simultaneously by the mixing impeller. 

Both the mixer residence time and the settler area were consider

ably overdesigned to ensure that each mixer-settler behaved as 

a discreet equilibrium stage. 

Pilot mixer-settler circuit 

The pilot circuit employed for testing of P-1 in the copper/ 

cobalt separation system, consisted of three extraction and 

two strip stainless steel mixer-settler units. The mixer-settler 

design is depicted in Fig. 2. The mixer had a six-bladed turbine 

impeller, with a separate pumping impeller mounted on the bottom 

of the common shaft. A ring baffle around the pumping impeller 

prevented any agitation of the mixer contents by this impeller. 

The agitating impeller speed could be varied without any constraint 

arising from the pumping requirement. The circuit was arranged 

2841 



such that the mixer-settler units pumped one- phase between stages, 

the other phase flowing by gravity. 

The settler design was conventional, with a fixed central, 

horizontal discharge slot for dispersion entry, and a full width 

aqueous discharge weir. Interface level control was by means of 

an adjustable jack-leg. The mixer volume was 2.1 litres, the 

settler volume 6.3 litres. An internal recycle was provided on 

all mixer-settlers to generate a phase ratio of 1.0 in each unit. 

The aqueous feed rate to the extraction circuit was 50 ml/minute. 

The overall phase ratio was normally approximately 4.0 in the 

extraction circuit, and 0.5 in stripping. Hence the total flowrate 

through each mixer-settler was greater in stripping than in the 

extraction units. The presence of the recycle, together with the 

differential between solvent and aqueous flow, lead to different 

mean residence times of each phase in the mixers. The mean 

residence time provided in the extraction circuit was excessive, 

but unavoidable as all the mixer-settlers were of the same 

capacity. Organic phase continuity was employed in all mixers 

throughout the testwork. 

The settler area was varied by the provision of a moveable end 

baffle. Samples of each phase for determination of secondary 

entrainment of the other phase were removed from points adjacent 

to the baffle. 

Analysis of entrained solvent in the aqueous phase was achieved 
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by extraction using carbon tetrachloride, followed by infra-red 

analysis of the P-1 content of the extract. The total solvent 

entrainment level was then back-calculated, the P-1 strength of 

the solvent being known. Entrainment of aqueous in organic was 

determined by centrifugation using specially designed tubes. 

Operation of the plant was on a continuous basis. Shift 

composite samples of each stream were taken during periods of 

steady operation, for analysis of circuit performance. 

Results and discussion 

The experimental data and their interpretation are presented according 

to the following format: 

(i) Equilibrium extraction and stripping data to characterise 

generally the copper transfer properties of P-1 ·•

(ii) The specific application of P-1 to treatment of a 3 g/1 Cu

feed, in respect of circuit configurations and performance

levels. Data indicative of required equipment size are also

discussed.

(iii) Application of P-1 to treatment of a high copper tenor

solution. In addition the findings of preliminary piloting

of P-1 are presented.

A range of different diluents was considered for P-1. Exploratory 
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tests on four diluents demonstrated that those with relatively low 

aromatic contents, i.e. up to 2!J% by volume, were all acceptable. 

The single pure aromatic diluent tested, Shellsol A, was unacceptable 

as the phase disengagement of the P-1/Shellsol A solvent was extremely 

slow. Of the diluents immediately available, Shell MSB 210 (<4% 

aromatics) and Esso Escaid 100 (rv20% aromatics), were both employed 

in P-1 testing. 

Eguilibrium characteristics of P-1 

The copper loading capacity of 20 g/litre P-1 in the diluent 

Shell MSB 210, is presented as a function of aqueous phase pH 

in Fig. 3. It is apparent that the extractant has a high loading 

capacity even at low pH. 

The ability of any extractant to transfer copper depends both 

on its loading characteristics and on the ease of stripping 

copper from the solvent phase. 

The equilibrium copper concentration in the solvent, as a 

function of the copper and acid tenor of the aqueous phase 

at equilibrium has been determined for 40 g/litre P-1 in Shell 

MSB 210. The results are presented in Fig. 4 on a 20 g/litre 

basis assuming that the residual copper level in stripped solvent 

is directly proportional to the extractant concentration. It 

is apparent from Fig. 4 that the copper level in the solvent 

is clearly strongly dependent on both the copper and acid tenor. 

Using these data, an indication may be given of the transfer 
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capacity of P-1, as a function of the strip solution composition. 

Such a correlation is illustrated in Fig. 5, where solvent 

transfer capacity is defined thus: 

(loading capacity 
of solvent g/1) 

(residual copper tenor 
after stripping) 

(loading capacity of solvent) 
x1oo% 

Fig. 4 shows that for a 30 g/1 copper concentration in the strip 

solution, the lowest practicable value consistent with acceptable 

cathode quality in present 'conventional' electrowinning equip

ment, the acidity level of 150 g/1 would give a transfer capacity 

of 37%, which represents poor extractant utilisation. However, 

the transfer capacity is increased to 55% at 200 g/1 H2S04 and

72% at 250 g/1 H2S04, at the 30 g/1 Cu level. 

It is stressed that reduction of the strip solution copper tenor 

is an equally effective means of extending the transfer capacity 

of P-1. Thus, Fig. 4 shows that for a 15 g/1 Cu level in the 

strip solution, at 150 g/1 H2S04 acidity level, a 55% transfer

efficiency is obtainable. 

Low copper tenor system 

Equilibrium performance of P-1 

The distribution isotherms for extraction and stripping of 

P-1 were determined and are presented in Figs. 6 and 7. The

extraction isotherm is clearly very 'steep'. A McCabe-Thiele 
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diagram has been constructed on the isotherm of Fig. 6. 

For a phase ratio·of 1:1, a high extraction is obtainable 

in three equilibrium stages, with the system operating at close 

to the solvent loading capacity (defined in the limit by the 

feed pH in a continuous system). It is evident that the maximum 

stripped solvent copper tenor consistent with high copper 

transfer is 1.65 g/litre. The acid tenor of a 30 g/litre Cu 

strip solution required to achieve this level is estimated, 

from strip equilibrium data to be 225 g/litre. 

The ability of P-1 to perform effectively in a continuous circuit 

was demonstrated in the laboratory scale mixer-settler cascade. 

Results are presented for two circuit configurations in Table 1. 
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TABLE 1 Performance data from laboratory scale mixer-settler circuit 

Run Number 

2 3 

Circuit Parameters 

Number of stages Extraction 3 2 3 

Strip 2 2 

Phase ratio Extraction 1.1 1.0 3.5 

Strip 1.0 1.0 0.5 

Solvent 

P-1 strength g/litre 40 50 150 

Cu tenor g/1 Stripped 1.65 2.35 6.00 

Loaded 4.30 5.25 16.00 

Extraction circuit 

Feed Cu g/litre 3.05 2.90 31.2 

pH 1.88 1.97 13.2 * 

Raffinate Cu g/litre 0.19 0.03 2.2 

Recovery from feed % 93.8 99.0 93.0 

StriE circuit 

Strip solution Cu g/litre 29.3 29.5 29.0 

H2so4 g/li tre 225 216 245 

Strip liquor Cu g/litre 36.7 32.2 33.4 

• g/litre H2so4
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The data from Run 1, Table 1, show that a reasonably high 

recovery is obtainable from a 3.05 g/1 Cu, pH 1.9 feed, using 

three extraction and two strip stages and 40 g/1 P-1, and a 

strip solution containing 29.3 g/1 Cu, 225 g/1 H2S04• The

copper transfer per litre of solvent was in this case, 56% 

of the solvent loading capacity. 

The possibility of reducing the number of extraction and 

strip stages was tested in the continuous circuit. Results 

of this run (Run 2, Table 1) show that by using 50 g/1 P-1 

and a phase ratio of 1:1 in strip, two stages of extraction 

and one of stripping could recover 99% of the copper from the 

feed. 

Rate of copper transfer in extraction and stripping 

The rate of copper extraction in a P-1 system was determined 

for intense agitation (1270 rpm) and mild agitation (420 rpm). 

The power input in a given impeller/mixer configuration in a 

baffled tank1 is proportional to N3o5, where N = the impeller

rotational speed, and D = the impeller diameter. Hence the 

lower agitation level used represents: 4203/12703, 1/28 of 

the power applied at the higher level. 

Data for the rate of approach to equilibrium in both extraction 

and stripping are presented in Table 2. 
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TABLE 2 Kinetics - rate of approach to equilibrium in extraction 
and stripping 

Time - seconds 15 30 60 

% of equilibrium 

Extraction: 

Impeller speed 1270 rpm 100 100 

420 rpm 54 76 

Strip: 

Impeller speed 1270 rpm 100 100 

Conditions: 

Extraction - Starting solutions: Aqueous 4 g/1 Cu (II) 
4 g/1 Fe (III) 
pH 1.90 

sulphates 

Strip 

Solvent 40 g/litre P-1 (stripped) 

- Starting solutions: Aqueous 25 g/1 Cu (II)
150 g/1 H2so4

Solvent 40 g/litre P-1, loaded to maximum 
capacity at pH 1.90 

Diluent - Shell MSB 210.

The· rate of both processes under strong agitation is shown to 

be extremely rapid, with equilibrium having been achieved in 

30 seconds. At a low agitation rate, the extraction rate is still 

regarded as acceptable. Scale-up data from laboratory batch 

kinetic tests to large scale continuous pilot equipment, in the 
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existing Chingola solvent extraction system, are available. 

These results have demonstrated that a rate of approach to 

equilibrium, in the laboratory equipment, of 75% in 30 seconds 

and o/1}(, after 60 seconds, is sufficiently rapid to generate stage 

efficiencies generally greater than 95% in continuous mixer-settlers 

with 2-3 minutes' mixer residence time, provided that sufficient 

agitation intensity is applied. It would appear probable that 

in a P-1 circuit, using relatively mild agitation in the mixers, 

a retention time of dispersion in the mixers of 2-3 minutes would 

be adequate for high stage efficiency. 

Phase disengagement rates 

The phase disengagement time in the standard test was determined 

at two levels of P-1 strength, and a range of aqueous compositions 

in respect of iron(III) and acidity. Exploratory tests had 

indicated a significant effect of these latter components. Results 

are presented in Table 3. 
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TABLE 3 Time for complete phase disengagement in extraction and strip 
systems, as a function of aqueous composition 

Solvent • Composition of aqueous Time for phases 
g/1 P-1 solution at equilibrium to disengage 

completely -
seconds 

Cu g/1 Fe3+ pH 

60 4 0 2.0 96 

60 4 4 2.0 144 

60 4 4 1.75 105 

60 4 4 1.50 90 

40 4 4 1.97 105 

40 4 4 1.76 78 

40 4 4 1.52 69 

• Diluent - Esso 'Escaid 100'

The time for complete phase disengagement appears to be dependent 

upon the aqueous acidity level, in the presence of iron. As with 

mass transfer rates, scale-up data from laboratory batch experiments 

to continuous pilot scale equipment are available. The phase 

disengagement times in Table 3 imply an acceptable settler area 

requirement. 
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Selectivity against Fe (III) 

The main impurity existing in copper acid leach solutions, which 

has a tendency to be co-extracted with copper by hydroxy-oxime-type 

extractants, is iron in the ferric form. 

The iron concentration in the solvent as a function of time for 

the extraction and the stripping systems is presented in Table 4. 
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TABLE 4 Level of iron in solvent vs time (from kinetic tests), for 
extraction and strip systems 

Time, seconds 0 15 30 60 

Test conditions: 

Extraction system: 

1. Low impeller speed (420 rpm):

Fe concentration in solvent, 

mg/litre 5(4)• 10(10) 9(9) 

Cu - % of equilibrium extraction 0 55 76 

2. High {mpeller speed (1270 rpm):

Fe concentration in solvent, 

mg/litre 2 9 8 

Cu - % of equilibrium extraction 0 100 100 

Strip system: 

High impeller speed (1270 rpm): 

Fe concentration in solvent, 

mg/litre 11 3 4 

Cu - % of equilibrium stripped 0 100 100 

600 

8(8) 

100 

6 

100 

4 

100 

• Figures in brackets from duplicate test. Diluent - Shell MSB 210
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It is evident that relative to copper, the rate of iron 

extraction is rapid. An equilibrium value of approximately 

10 mg/litre iron in the solvent was es:ablished within 15 

seconds, even with mild agitation. This equilibrium level 

represents a low value for the partition coefficient, i.e. 

approximately 2.5 x 10-3 under the conditions of the test.

The removal of iron from loaded solvent is shown to be 

essentially complete after 30 seconds, with rapid agitation; 

the level of 4 mg/1 Fe in solvent is close to the limit of 

detection for the methods available. 

The kinetic and equilibrium behaviour of iron distribution 

refers only to a single set of chemical conditions in the 

extraction and strip systems. The most realistic assessment 

of the selectivity characteristics is provided by data from 

a continuous system. 

Iron transfer data are presented in Table 5. These results 

were obtained from the laboratory continuous runs 1 and 2 (see 

Table 1 for circuit parameters). 
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TABLE 5 

Continuous 
run number 

2 

Iron transfer data from continuous laboratory mixer-settler circuit 

Fe tenor in solvent, mg/1 •Relative
Feed Extraction Strip iron

transferCu Fe(III) 
pH stages stages 

(overall)g/1 g/1 E1 E2 E3 S1 s2 

3.05 1.13 1.88 7 8 10 2 2 1.8 X 10-3

2.90 0.95 1.97 8 17 4 1.4 X 10-3

• Fe transferred per litre of solvent

Cu transferred per litre of solvent

Diluent - Essa 'Escaid 100'. 

The overall iron transfer is clearly low. A convenient indication 

of the degree of selectivity is the 'relative impurity transfer' 

which is defined: 

Impurity transferred 
per litre of solvent 

Cu transferred per 
litre of solvent 

(Impurity 
concentration in -
loaded solvent) 

(Copper 
concentration in 
loaded solvent) 

(Impurity cone. 
in stripped 
solvent) 

(Cu Cone. in 
stripped 
solvent) 

In both tests, low values of -=:0.002 were obtained. Also, the 
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solvent was stripped to a very low iron level, indicating that 

all iron extracted was transferred to the strip circuit. 

5. High copper tenor system

Laboratory results 

This evaluation was aimed at establishing the required parameters 

to enable P-1 to extract >9o% of the copper from a feed containing 

40 g/1 copper, 70 g/1 cobalt, 1 g/1 Fe(III) (all as sulphates), 

and 10 g/1 sulphuric acid. It was necessary to establish a 

suitable operating strength for P-1; this involved a compromise 

between copper transfer capacity of the solvent, (constrained 

ultimately by the solubility of the Cu/P-1 co-ordination compound 

in the diluent) and the rate of phase disengagement. Static phase 

disengagement tests using a range of P-1 concentrations indicated 

that 150-200 g/1 P-1 was an acceptable concentration. 

Kinetic tests in this system demonstrated rapid transfer of 

copper, i.e. 97% of equilibrium transfer after 30 seconds in 

both the extraction and strip systems, with the high impeller 

speed. 

Extraction and stripping distribution isotherms were determined 

with a 150 g/1 P-1 solution; these are presented in Figs. 7 and 

8. It is apparent from the McCabe-Thiele constructions that

with a three extraction, two strip stage system, a high recovery 

from the 40 g/1 copper feed is obtainable. 
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Results from a laboratory scale continuous test (run 3) with 

a three extraction stage, two strip stage circuit, are 

presented in Table 1. These results confirm the ability of P-1 

to extract copper from a feed of high copper content; a 9!% 

recovery from a 31.2 g/1 copper, 13 g/1 H
2
so

4 
feed, was obtained. 

The selectivity of P-1 against cobalt was tested by contacting 

a 40 g/1 P-1 solvent with an aqueous phase containing 40 g/1 Co, 

41 g/1 Cu and 9 g/1 H
2
so

4
using intense agitation for 10 minutes. 

Subsequent analysis of the solvent showed that the cobalt level 

was below the detection limit of 1mg/litre. 

Pilot ·plant results 

The purpose of the piloting work was to establish the long 

term consistency of P-1 extraction and strip performance in 

a practical operating system, and to identify any problems in 

physical handling, particularly phase disengagement. 

The P-1 sample employed in these tests was from a different 

sample batch from the material evaluated in the laboratory. 

The latter had a loading capacity of 0.113 g of copper per gram 

of extractant at aqueous pH 1.9; the newer batch loaded to 

0.090 g copper maximum capacity at pH 1.9. An extractant 

strength of 210 g/1 P-1 was employed, generating a solvent 

loading capacity of 19 g/1 Cu at pH 1.9. 
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The pilot circuit was in operation for nineteen days. 

Performance data for three extended periods of reasonably 

steady operation are presented in Table 6. The degree of 

fluctuation of many of the operating parameters was fairly 

large. However, the overall copper recovery was very consistent, 

and was normally>90%. Thus, the laboratory results are largely 

confirmed; further, it is evident that a P-1 circuit has 

sufficient flexibility for the extraction efficiency to be 

relatively insensitive to normal operational fluctuations. 

It is stressed, however, that the consistent copper transfer 

results would not have been achieved without maintenance of 

the correct strip solution acid and copper levels, due to the 

known sensitivity of the strip efficiency of P-1 to this 

parameter. The other strip circuit parameters (given high stage 

efficiency) i.e. phase ratio and number of stages, are less 

critical. Thus, it was found that a single strip stage operating 

at a phase ratio of 1.0, was still capable of stripping the 

loaded solvent to an acceptable level of 5 g/1 Cu. A higher 

phase ratio increases the copper content of the strip liquor; 
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TABLE 6 P-1 pilot plant - copper extraction and strip performance data 

Run 1 Run 2 Run 3 

Hours on line 88 56 40 

Phase ratio - Extraction: 
Average 3.9 3.5 3.6 

( 3.1 - 5.1 ( 3.0 - 4.7) 3.4 - 3.7

Strip: 
Average 0.50 o.47 o.49

( 0.32 - 0.57) ( 0.33 - 0.52) ( o.48 - 0.51) 

Feed - • Copper g/1: 
Average 36.6 39.5 42.7 

(35.6 - 38.4) (36.4 - 40.0) (42.2 - 43.2 ) 

Hi04 g/1:
Average 10.7 6.8 5.2 

( 5.9 - 16.1 3.5 - 13. 3 ) 3.4 - 8.1

Raffinate - Copper g/1: 
Average 2.3 2.7 3.7 

1.2 - 3.1 2.0 - 4.0 ( 3.1 - 4.8

H so
4 

g/1: 
2 Average 67.6 67.9 73.7 

(65.4 - 69.8) (63.4 - 73.3) (68.4 - 79.7) 
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TABLE 6 continued 

Run 1 Run 2 Run 3 

Hours on line 88 56 40 

Spent electrolyte - Copper 
g/1: 33.2 29.9 31.3 

Average 
(27.3 - 40.o) (27.8 - 33.3) (27.6 - 34.1 

H2so4 
g/1:

Average 256 244 247 

(234 - 269 (238 - 252 (242 - 253 

Advance electrolyte 
copper g/1 - Average 38.3 34.5 36.5 

(31.1 - 47.9 (32.4 - 37.7) (32.8 - 39.2 

Solvent - loaded Cu g/1: 
Average 13.8 13.2 15.0 

( 10.5 - 16.6) (11.2 - 14.7 ( 12.3 - 16.3) 

Stripped Cu 
g/1: Average 4.9 4.9 4.6 

( 4.2 - 6.6) ( 4.5 - 5.3 ) ( 3.7 - 5.4)

% copper recovery from 
feed: 93.7 93.1 91.4 

(91.6 - 96.8) (89.4 - 94.5) (89.6 - 92.8) 

Figures in brackets refer to the maximum and minimum values in each run. 

All stream compositions quoted above are based upon analyses of 8-hour shift 

composite samples. 

• The feed cobalt tenor was in the range 53-74 g/litre, as sulphate.

Diluent - Esso Escaid 100.

2860 



at the 1.0 phase ratio a minimum temperature of 30°c was necessary 

to prevent crystallisation of copper sulphate. 

The reduction of strip solution flowrate, to equal the solvent 

flow, is desirable in that the strip mixer-settler size is 

reduced; this is important as the solvent flow in the system 

discussed is already three to four times that of the feed flow. 

Stage efficiencies (i.e. degree of approach to equilibrium) in 

the mixer-settlers were determined, though mixer residence times 

(4-6 minutes in extraction, 2.6-3.5 minutes in strip) were 

excessive. Generally, stage efficiencies were well over 9Cl}I,. 

Phase disengagement in the settlers was monitored throughout the 

pilot plant testwork. In general, no serious difficulties were 

encountered. Some initial flooding of the S2 settler was 

observed initially, however this phenomenon did not subsequently 

reappear; this could not be explained as there were no major 

changes in the relevant operating parameters. 

A wide scatter of the dispersion band width results was observed. 

No meaningful correlation of dispersion band widths with parameters 

such as temperature was detected. There was no general difference 

between dispersion band widths in the extraction and strip systems, 

and between individual settlers. 

The plot of dispersion band widths against the flowrate of 
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dispersion per unit settler area, is presented in Fig. 9. 

The majority of results lie within a fairly well defined 

scatter band. A specific flowrate of 50 l/m2min would generate 

a dispersion band of between 4o and 110 mm. Higher values of 

specific flowrate might be acceptable, particularly as it is 

NCCM's experience in other systems that scale-up of settlers 

from small scale results, using constant specific dispersion 

flow, leads to substantial spare settler capacity on the large 

scale. 

Entrainment levels of organic in the raffinate, and in strip 

liquor, were found to be, on average, approximately 100 µ1/litre 

of aqueous in both cases. The majority of results were in the 

range 65-120 µ1/litre. Only limited data are available for the 

entrainment level of aqueous in the solvent phase. However, 

the entrainment of aqueous in the stripped solvent was generally 

higher than that in loaded solvent, values of>500 µ1/litre 

having been obtained. No operational difficulties were caused 

by the resulting carryover of strip solution to the extraction 

circuit. 

6. Chemical stability

Experimental work on the stability of the extractant under a range

of representative conditions has been commenced. At the moment of

writing this work is at too early· a stage for any conclusions to be

drawn.
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?. Conclusions 

P-1 has been demonstrated to be an effective copper extractant for

the treatment of copper-bearing sulphuric acid leach solutions. It 

possesses certain desirable properties, which may be listed as follows: 

(i) P-1 has a high chelating strength in the presence of relatively

large concentrations of sulphuric acid, and a high loading capacity. 

This enables it to extract copper effectively from high tenor 

solutions (e.g. 40 g/1 Cu), in three equilibrium stages. 

In low copper tenor systems, a circuit using P-1 would require only 

two stages of extraction and one strip stage, whilst maintaining 

a high efficiency of copper extraction from the feed. The high 

chelating strength of P-1 would also ease any constraint on the leach 

solution acid tenor in a low copper tenor system, thus simplifying 

leach circuit acidity control. 

(ii) The copper transfer rate in both the extraction and strip

processes is very rapid. This might be exploited by employing mild 

agitation, which would tend to minimise entrainment levels in both 

phases. It would also allow a less stringent mixer design require

ment. 

The rapid kinetics of P-1 might allow the use of a differential 

contactor rather than mixer-settlers. A much reduced solvent 

inventory requirement would result. 

(iii) The selectivity of P-1 against Fe(III) is high, a P-1 circuit

would thus require a low bleed from the electrowinning circuit to 
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prevent accumulation of iron in the electrolyte. 

The fact that P-1 does not extract cobalt, even from high cobalt 

tenor solutions, enables it to be employed effectively in a copper/ 

cobalt separation process in a sulphuric acid system. 

A disadvantage of P-1 is that within existing electrowinning constraints, 

it is necessary to employ a strip solution with a high acid tenor, 

preferably>225 g/1 H
2
so

4
, to provide reasonably effective stripping. 

2864 



Acknowledgements 

Acknowledgement is due to the members of the Research and Development 

staff who conducted the experimental work. The assistance of the 

Analytical section of Research and Development, and the Rokana 

Analytical laboratory are also noted. 

The contribution of Mr JR Orjans (Project Leader in Research and 

Development), who directed the pilot plant work and designed the 

mixer-settler units, is also acknowledged. 

References 

1. Perry, J H Chemical Engineers' Handbo ok, Fourth edition.

McGraw-Hill, New York 1963. p 19 - 9.

2865 



List of symbols 

N 

D 

E1 

E2, E3 

s1 

s2 

= 

= 

= 

impeller speed, rpm. 

impeller diameter, mm. 

first extraction stage in mixer-settler cascade 

(where aqueous feed enters). 

subsequent extraction stages. 

first strip stage in mixer-settler cascade, 

where loade� solvent enters. 

second strip stage, where strip solution enters. 
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Some Comments on the Loss, and Environmental Effects of 

Solvent Extraction Reagents used in Metallurgical Processing 

G.M. Ritcey, B.H. Lucas and A.W. Ashbrook

INTRODUCTION 

There is, at the present time, apparently little emphasis being placed on 

environmental effects resulting from solvent components lost from solvent 

extraction processes. Rather, the emphasis is on the economic aspects as they 

directly affect the process. This position will undoubtedly change in the 

future; the emphasis on both aspects of solvent loss can thus be expected to 

equalise. 

Loss of solvent from solvent extraction processes may occur by solubility 

and entrainment in the aqueous phase, by volatilisation, or as a result of 

degradation of one or more solvent components producing a soluble degradation 

product. There is also the situation where degradation of the extractant 

results in the formation of an inactive compound which is not lost to the aqueous 

phase, but builds up in the solvent. This might give the same symptoms as 

extractant loss by solubility. A further possibility is loss due to the solu-

bility of a metal-extractant complex, which may be of environmental significance 

if a metal thereby contaminates an effluent stream (see below), 

Information on overall extractant losses in solvent extraction processes is 

given in ref. (1). Data on the solubility in water of various extractants, 

diluents and modifiers will be found in (2), and further data on the solubility 

of alcoholic modifiers in sulphate media in (3). Diluent stability in nitric 

acid media is considered in (4). In general, however, information on solvent 

losses is rather sparse, and often refers only to total losses, irrespective 

of cause. 

Organics that are present in the mine or milling property, and which fre

quently appear in the mine water or effluent, are traces _o� lubricants and oils 



that are associated with the various pieces of process equipment. These 

organic compounds, in addition to any solvent from the solvent extraction 

circuit, can if present in a stream which is being recycled within the mill, 

cause problems within the mill such as: (1) attack rubber linings of ball mills, 

thickeners, or leach vessels; (2) inhibit the dissolution process; (3) cause 

poor filtration or difficult liquid/solids separation; (4) may appear in the 

final product, causing poor electrodeposition, poor precipitation 

TABLE 

Extractant Losses Reported for Some Processes 

Metal Extraction Loss 
Extracted Extractant pH ppm 

Naphthenic 4.0 90 
acid 

Ni Naphthenic 6.5 900 
acid 

Versatic 911 7.0 900 

300 

Co Versatic 911 7.7 100 

Rare D2EHPA 2.0 7 
Earths 

Co D2EHPA 5.5-6.5 30 

u Tert. Amines 1. 5-2.0 10-40

Cu L:X-64 1.5-2.0 4-15

u TBP 2.0 25-40

Cu Kelex 100 1-2 10

Hf MIBK l-5M HCl 20,000 
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and filtration, or problems with drying; (5) in treating a 

bacterial leach solution by solvent extraction, the organic 

may inhibit the bacteria activity { 5).

Solvents passing out in effluent streams may 

eventually provide irrigation to grazing lands. Metals in the 

solvent may prove hazardous to animals because of the suspected 

high metal uptake by plants growing in such areas. 

Although many present operating plants treat their 

effluents by lime neutralization, this procedure will probably 

be slowly phased out as emphasis is placed more on residual 

mill reagent concentration, nutrient concentration in mine-mill 

effluents, and on total oxygen demand of mine and mill wastes. 

ENVIRONMENTAL CONSIDERATIONS 

Perhaps the area of environmental pollution most 

pertinent to solvent extraction processing is that of water 

pollution, and consequently the toxicity of solvent extraction 

reagents to aquatic life then becomes important. Thus the 

primary consideration in the development of water quality 

criteria for these reagents is to determine their toxicity 

towards fish, and their biodegradability, 

Toxicity of Some Petrochemicals to Fish 

Since different species of fish may differ widely 

in their tolerance to the same reagent, four fish types are 

usually used, such as the fathead minnow, blue gill, goldfish 

and guppy. These four species have been used by Pickering and 
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Henderson in the study of tolerance limits for a number of 

petrochemicals ( -6 ) • 

Median tolerance limits {TLm) were computed in

different concentrations of solvent causing 50 percent mortality 

of the fish under the experimental conditions during the time 

period of 96 hours. In general, the toxicity was greater 

when soft water was used in the tests. In Table 5 are shown 

the TLm for the fish in the presence of a number of different

petrochemicals, using soft water in the tests, at a temperature 

of 25° c, for a 96 hour retention time (6) . Except for isoprene 

and methyl methacrylate which were less toxic, values for all 

four species in the presence of the other petrochemicals ranged 

from 10 to 97 mg/1. In general it was found that 100 percent 

survival occurred at test conditions of about one half of the 

TLm value.

Samples of two solvents were subjected to toxicity 

tests on juvenile coho salmon; (i) 0.1 M Alamine 336 in kerosene 

containing 5 vol percent isodecanol; (ii) 10 vol percent LIX 64N 

in kerosene. The TLm96 showed 110 ppm and 240 ppm respectively

for these two mixed solvent systems ( ' ) • It is interesting to

speculate whether the levels indicated are in fact soluble in 

the aqueous phase to the extent at which the tests were 

performed. 

In most mining and metallurgical operations, water

soluble organics, in the form of flotation agents, filter or 

settling aids, etc., are used and are present in the feed 

solution to solvent extraction. These water-soluble organic 
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reagents not only can affect the solvent extraction process, 

as regards mass transfer and phase separation, but could also 

interact with the organic reagents in the raffinate from the 

solvent extraction process. Data on the toxicity of most of 

these water-soluble reagents, used in the mining industry, 

to fish life has been compiled by Hawley of the Ontario 

Ministry of the Environment (8) . 

TABLE 2 

Median Tolerance Limits for Some Petrochemicals ( 6 )

TLm 96 (mg/1)
Compound Fatheads Bluegills Goldfish Guppies 

Benzene 33.47 22.49 34.42 36.60 
Chlorobenzene 29.12 24.00 51.62 45.53 
0-Chlorophenol 11.63 10.00 12.37 20.17 
3-Chloropropene 19.78 42.33 20.87 51.08 
0-Cresol 12.55 20.78 23.25 18.85 
Cyclohexane 32. 71 34. 72 42.33 57.68 
Ethyl Benzene 48.51 32.00 54.44 97.10 
Isoprene 86.51 42.54 180.00 240.00 
Methyl 
Methylacrylate 159.1 311.0 232 .2 368.1 
Phenol 34.27 23.88 44.49 39.19 
Styrene 46.41 26.05 64.74 74.83 
Toluene 34.27 24.00 57.68 59. 30
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Biodegradability 

A biodegradable substance is a compound which can 

be broken down via intermediate metabolites by an organism or 

a series of organisms to carbon dioxide and water (9) . If

the stabilities of the particular solvent components are known, 

then the treatment and retention time needed in a tailings 

area to degrade the component(s) can be estimated. 

Petroleum hydrocarbons are bio-degraded to form 

CO 2 ; several factors (lO) may limit the rate of biodegradation,

and are as follows: 

1. organism availability

2. nutrient availability

3. oxygen

4. refractory nature of some petroleum fractions to

biodegradation

5. temperature (low temp. slows the rate)

6. ecological effects

The hydrocarbons that are considered here, and which

are common in solvent extraction processing, contain: normal 

paraffins, branched chain paraffins, cycloparaffins(naphthenes), 

aromatics, and olefinic hydrocarbons. 

The degradation.of a hydrocarbon occurs through 

oxidation to simpler compounds, either directly by exposure 

to oxygen (autooxidation), or through metabolism by microorgan

isms (microbiol oxidation). Alr oxidation of paraffins, 

olefins, and many aromatics proceeds by a free radical chain 

reaction which is initiated by sunlight. First, hydroperoxides 
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(RCH200H) are formed which break down into alcohols or other 

compounds containing an oxygen atom. Subsequently, the 

alcohols are further oxidized to yield ketones, aldehydes, or 

carboxylic acids. Alternatively, the hydroxy compounds may 

condense with other oxidation products to form higher molecular 

weight compounds which resist further degradation (lO} . The

rate of autooxidation depends on the temperature, intensity 

of sunlight, and the type of oil. The presence of some 

metals and salts in the oil-aqueous system may accelerate 

the process (lO) , and in the case of solvents in streams

resulting from solvent extraction, trace metals may be:·,present 

as well as high salt concentrations. 

Microbial metabolism of alkane hydrocarbons is by 

oxidation of the terminal methyl group to a primary alcohol, 

then to an aldehyde, and eventually to a fatty acid having 

the same number of carbon atoms as the original alkane. Further 

oxidation decomposes the fatty acid. The pres�nce of side 

chains on the alkanes reduces their biodegradability. The 

more branched the alkane, the more resistent the hydrocarbon 

is to biodegradation. 

Alkenes are degraded at a saturated or unsaturated 

carbon atom. At a saturated carbon, an unsaturated fatty acid 

is formed. At a unsaturated carbon either a primary alcohol 

or fatty acid is formed. 

The biodegradation of aromatic hydrocarbons is more 

difficult, and slower than aliphatic hydrocarbons, and a series 

of complicated steps are involved. 
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An excellent review of oil-oxidizing microorganisms 

for biodegradation of oil on sea water has been given (lO) . The

rate at which crude oil is degraded on the sea was estimated 

to be 0.1 to 1.0 grams oil per cubic meter of water per day. 

In the biodegradation of a mixed solvent from solvent extraction 

processing, since no single organism can degrade all the compounds 

present, a mixed population of microorganisms may be required 

for seeding the effluent stream. However, the various micro

organisws must be carefully selected so that by-products can 

be controlled, because some organisms may pro·duce toxic compounds. 

Biodegradation is expected to remove the aliphatic 

fraction more rapidly than the other constituents. 

Studies carried out at Washington University have 

been reported on the use of an activated sludge sewage treatment 

plant for biodegradation of organic compounds <11> . Two of the

parameters selected to indicate the rate and degree of complete

ness of biodegradation were oxygen uptake and soluble carbon 

removal. In Table , are tabulated several organic compounds 

according to whether they are easily� significantly less, or 

very resistant to, biodegradation. 

Biodegradability of organic compounds such as oils 

can be enhanced by the presence of bacteria which eat the oil 

and related hydrocarbons, breaking them down into innocuous 

materials. Strains of such.microorganisms are being developed 

at the University of Western Ontario <12> . Also, it has been

reported that Rosenberg at Tel Aviv University has developed 

a fast-multiplying strain of arthrobacter bacteria for clean-up 
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of oil-tanker ballast water (1Z) . Ruel of Environment Canada

states some practical considerations in the use of bacteria (12J :

1. Biodegradation of oil requires the presence of bacteria,

nutrients, oxygen, and water, all at the same time and

in the proper proportions.

2. Even if the proper nutrients are supplied, all of the

necessary elements will be found together only at the

interface between oil and water.

3. If the oxygen used in the decomposition comes from the

dissolved oxygen in the water, the reduction in oxygen

available to marine life may be more damaging than the

original spill.

TABLE 3 

Biodegradability of Some Organics (11) 

Easily Biodegradable 

n-propanol

ethanol 

benzoic acid 

benzaldehyde 

ethylacetate 

Significantly Less 
Biodegradable 

ethylene glycol 

isopropanol 

o-cresol

diethylene glycol 

pyridine 

triethanolamine 

Very Resistant* 
to Biodegradation 

aniline 

methanol 

monoethanolamine 

methylethylketone 

acetone 

*Lost to the atmosphere in appreciable amounts.
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Thus by choice of the right condition many of these 

limitations can be avoided. The products of the bioxidation 

are CO 2 , a residual soluble BOD (biochemical oxygen demand), TOD 

(total OA-ygen demand) and bacterial cells. The latter often 

constitute a difficult solid-liquid separation ( ,})_

A few data indicate that the bacteria thiobacillus 

ferrooxidans, used in the leaching of copper or uranium ores, 

is affected di.fferently by different organics reage�ts ( 5 ) •

While these bacteria thrive in the presence of aliphatic diluents 

or di-(2-ethylhexyl)phosphoric acid, the presence of LIX 64N,

Kelex 100, amines, or Solvesso 150 (an aromatic diluent) inhibits 

bacterial growth. 

Effects of Soluble Metal-Extractant Complexes 

One general observation regarding the toxicity of 

metals to fish is that if the metal ion is complexed in some 

way, its toxicity decreases. Thus metal ions such as copper 

are less toxic to salmon in hard water than in soft water, 

presumably as a result of complexation with the materials 

providing the hardness to the water. 

This interesting observation may also hold for 

metal ions complexed by solvent extraction extractants. It is 

unlikely that, at the pH values normally existing in rivers and 

streams, the metal complex would be decomposed unless, for 

example, the organic moiety were biodegradable. Thus, one might 

suppose that the complexed metal ion would be preferable to an 

uncomplexed ion, at least as far as fish are concerned. 
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On the other hand, the conditions prevailing in a 

fish (or other consumer of the water) may be such as to strip 

the metal from the complex, thus resulting in the formation of 

toxic species, especially if the organic moiety were also 

toxic. 

We can only speculate on these matters, but it is 

an area where studies are needed. For example, studies on 

the uptake of metals by plants indicate that metal-organic 

complexes can cross cell membranes much more easily than metal 

salts presumably because of their organic-like structure (14l .

Thus metals can in this way move to the plant foliage, which 

can then be eaten by animals on which man feeds. This seems 

to be an area which might be of particular interest in view of 

the metal-organic complexes present in solvent extraction 

raffinates which find their way into areas where animals graze. 

Another interesting aspect of this line of thinking 

is that concerning the uptake of metal organic complexes by 

animals and humans. Thus the acidity of the stomach of the 

animal will determine, in large part, whether the metal complex 

is decomposed, that is, in solvent extraction jargon, whether 

the metal is stripped. This would appear to depend on the 

stability of the metal-organic complex. However, this seems 

to be of little interest in solvent extraction processing at 

the present time. 
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In conclusion, it is apparent that considerably more 

research into the losses of solvent components to the aqueous 

phase is required, because of both the economic and environ

mental importance of this aspect of solvent extraction processing. 

This will include greater emphasis in the fields of analytical, 

inorganic and biochemistry. Unless more emphasis is placed in 

the areas discussed in this paper, the solvent extraction 

process could fall foul of environmental legislation. 
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