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The International Solvent Extraction Conferences, in
abbreviated form ISEC, became in two decennia an important
scientific event
a great diversity of chemists and engineers
from the industrial world and from universities are gathering
every three years to discuss of an apparently simple subject
solvent extraction. Solvent extraction now covers a wide
variety of topics
industrial processes for the separation
of organic and inorganic materials, investigations in solution
chemistry and analytical applications, a field which has been
expanding lately with the development of high performance
liquid chromatography. The considerable success of the ISEC
Conferences shows itself in the ever increasing number of
communications presented and in the growing diversity of appli
cations proposed.
When delivering its welcome address to an audience of
450 delegates during ISEC'77 in Toronto, Dr. A.W. Ashbrook
ended its speech with the few words which follows
"it is
now up to you, the delegates, to determine the success of
the Conference in providing the stimulus and directions in the
field of solvent extraction for the next three years when the
results can be reported at ISEC'B0". This call for progress
has been heard as can be judged by the vastness of the scien
tifif program : four plenary sessions, two panel discussions,
more than two hundred contributed papers allocated to oral
or poster sessions. The organizers of the Toronto Conference
seemed to worry about the fact that specialists in the field
of solvent extraction showed an exaggerated fondness for
copper and the oximes. This situation appears to have evolued
favourably
around half of the communicationd presented during
ISEC'S0 deal with the extraction of a great variety of metals.
It must be pointed out however that a majority of these contri
butions are devoted, as in the past, to the nuclear field.
This situation appears normal, and in fact desirable, because
it should not be overlooked that the development of nuc�ear
power plants is considerably hampered by security problems
related to fuel reprocessing and waste disposal. Solvent
extraction plays a role of prime importance in the solution of
these problems.
It is traditional to publish the proceedings of the ISEC
Conferences. The Organizing Committee of ISEC'B0 wanted not only
to keep this tradition but also to deliver to all participants
at the outset of the meeting the three volume of proceedings
containing the texts of the plenary lecture and of the contri
buted papers. It is for me both a duty and a pleasure to thank
cordially on behalf of the Organizing Committee all those

who made a handsome contribution to the fruition of this plan
first of all, the authors of plenary papers and communications
who had to comply with the prescribed delays, the Co-Chairmen
because of the quality of the work they carried out in selec
ting and correcting the manuscripts, and last but not least,
Mr. R. Deprez, Honorary General Secretary of the Association
of Engineers of the University of Liege and Dr. J.F. Desreux,
scientific secretary of the Conference. Both of them devoted
all their energy to the planning of the Conference.
For my part, I have to ask the reader to forgive us for
the imperfections he might find in the Proceedings. I am
confi�ent that the availablility of the proceedings will lead
to more complete exchanges of views between the participants
of the Conference. The advantage gained should offset the
inconveniences caused by some imperfections in the presentation
of the proceedings.
The organization of ISEC'80 in the City of Liege would
have not been possible without the patronage and the financial
support of the Association of the Engineers of the University
of Liege, the Administration Council of the University of
Liege, the Ministry of Education and of French Culture and
the National Science Foundation of Belgium. The Belgian Chemical
Society, the belgian section of the Society of Chemical Industry,
Benelux Metallurgie, the, Koninklije Vlaamse Ingenieursvere
niging and the European Federation of Chemical Engineering
also accepted to grant us their support.
The members of the International Advisory Committee and
of the Belgian Advisory Committee were particularly helpful
in planning the scientific program. I want to thank them all
heartily.
Finally, I would like to offer my sincere thanks, on
behalf of the Organizing Committee to professor C. Hanson who
gave us the benefit of his advices in so many occasions.
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Professor C. Hanson,
Schools of Chemical Engineering,
University of Bradford,
Bradford, West Yorkshire,
England.
It is not the object of this paper in any way to purport to predict the
future of solvent extraction. ISEC '80, however, seems an appropriate time
to take stock of the position of both the science and technology of the
subject and to offer some thoughts on where attention might best be concen
trated in the future so as to exploit the potentialities of the technique as
effectively as possible.
What, then, have been the achievements of solvent extraction so far?
One could answer, perhaps somewhat flippantly, that it has helped provide
society with atomic bombs, colour televisions and kerosene which burns
without a smoky flame. Yet the achievement of each of these, significant
goals in themselves, has demanded much research. The utility of the result- ant knowledge, however, has not been restricted to these areas. As is so
often the case, once it was established, other applications arose. Looking
back over the last twenty years, there has been a remarkable expansion of
interest in solvent extraction, coupled with a rapid growth of its applica
tions in industry. The same rate of growth cannot be expected to continue
indefinitely. With any subject, the rate of initial growth is rapid but it
later enters a more mature phase. The questions still requiring study may
then appear more detailed or academic, although possibly remaining of
economic significance.
Solvent extraction is complementary to most other separation techniques
in achieving separations through molecular interactions and therefore on the
basis of chemical type rather than molecular size. It exploits chemistry to
a greater extent and its successful application on an industrial scale
demands a collaborative effort between both chemists and chemical engineers.
Unfortunately, there is a danger in the scientific community of compart
mentalising different disciplines and one of the achievements of the ISEC
conferences has been the provision of an effective meeting point for all
those with a contribution to make in either the science or technology of
solvent extraction.
There are three broad facets which have to be considered when approach
ing any potential application of the technique:
1.

2.

The development and design of the process. This involves selection or
development of a solvent system, demanding consideration of both
equilibrium and kinetic data.
The selection and design of the optimum contactor for the system,
bearing in mind the degree of separation required, and the rate of
interphase transfer and the need for stable operating characteristics.
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3.

Interaction of the solvent extraction unit with other parts of the
overall plant and with the environment. It should aim to be a good
neighbour.

These are all subject, of course, to the final overall criterion: the
degree of economic success achieved. Even the most technically sophisticated
and clever processes are bound to fail unless they offer economic advantage
over alternatives. This economic theme figured in the panel discussion at
the close of ISEC '66. Warner(l) pointed out then that the economics of many
metals extraction processes are dominated by the cost of reagents necessary
for chemical conditioning to provide reversal of the process for solvent
recovery. An essentially analogous conclusion was reached by Jeffreys and
co-workers(2,3) for those processes where solvent recovery is by distillation
rather than chemical conditioning: the solvent recovery operation can be
critical in terms of economic success. It is also relevant to recall a
comment made by Lloyd(4) in the same panel discussion at ISEC '66. There is
a cost involved in driving a mole of material from one phase to another, the
cost per mole being relatively constant for different metals across a liquid
liquid interface. This means that metals high in the periodic table are at
an advantage and also gives incentive for attempts to actually extract
minority components, so minimising the moles of material needing to be
transported between phases. The literature on solvent extraction economics
remains limited but it is important to remember, when considering the many
technical developments which have taken place, that this is the criterion of
ultimate success or failure.
THE

PROCESS

The Ideal Process
The selection or development of any real process is bound to demand
compromise. While no actual case is likely to encompass them all, the
attributes of an ideal process might include:
(a)

Only a small number of contacting stages (or transfer units) required to
extract the desired proportion of solute from the feed.

(b)

High selectivity for the desired solute, thus eliminating the need for
scrubbing or extract reflux.

(c)
(d)
(e)

(f)

Operation with concentrated streams.

Rapid extraction and phase separation.

Easy reversal and solvent recovery with a low energy requirement
(either chemical or thermal).
Insensitivi'ty to up-stream operations.

(g)

Low solvent losses and an absence of need to provide for solvent
recovery from exit streams.

(h)

Operation at ambient temperature and pressure.

(i)

High level of safety.

These suggested attributes are not in any order of relative importance.
Most would contribute to a compact plant and to minimising capital cost.
(b),(e),(g) and, possibly, (c),(f),(h) would also influence operating costs.
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They lead to attributes for an ideal solvent. These would be both high
capacity and selectivity (high values of distribution coefficient and
separation factor) to meet points (a) and (b). The solvent should have a low
solubility in the raffinate phase [a contribution to (g): losses also arise
in the raffinate from entrainment] but a high solvency for the solute or
solute-extractant complex to allow operation with concentrated streams
without danger of third-phase formation. The importance of reversibility/
recoverability has already been stressed. Chemical stability under the
conditions of use is also important, not only because of the cost of replace
ment but also the deleterious effects the decomposition products might have
on the process. Desirable physical properties for ease of phase inter
dispersion coupled with fast phase separation are low viscosity and medium
interfacial tension (the latter obviously has to be a compromise between the
two requirements). The rate of interphase transfer may also depend on the
kinetics of any chemical interaction involved. This aspect will be
considered in more detail later but one ideally seeks a high kinetic rate for
the desired solute.
Turning to commercial considerations, an ideal solvent would be both
cheap and readily available from a number of alternative sources. However,
it must be stressed that purchase price is by no means the final arbiter
between two possible solvents. Thus hydroxyoximes have been commercially
s_uccessful as copper extractants despite their comparatively high price,
while much cheaper carboxylic acids have not so far been adopted because of
the greater reagent cost for chemical conditioning to achieve a reversible
cycle(S). Safety is obviously of prime importance and demands both low
toxicity and high flash point as features to be sought.
Operation at ambient temperature and pressure were listed amongst the
attributes of an ideal process since they keep down both capital cost and
operational complexity. Most industrial solvent extraction processes do
currently operate under ambient conditions. While this is undoubtedly
convenient, it must be remembered that temperature is a possible variable.
There are instances in which the advantages of operating other than at
ambient temperature outweigh the additional plant complexities introduced.
In addition, even if a plant is to operate at ambient temperature, processes
can be sufficiently sensitive to this parameter that consideration should be
given to it at the design stage because of the variations which will arise
with time of day and season.
Temperature can be expected to influence three factors: the position of
equilibrium (the distribution coefficient), the rate of interphase transfer
and the rate of phase separation. Increase in temperature is likely to
increase both rates. Its effect on the position of equilibrium will depend
on heat effects (if any) during interphase transfer. 1'here often are such
effects but there have been comparatively few attempts to date to exploit
them. One exception is in some uranium purification plants(6). Forward
extraction of uranium into tri-n-butyl phosphate is exothermic. Increase in
temperature therefore favours the reverse reaction, depressing the distribu
tion coefficient. This is exploited by operating the stripping section at an
elevated temperature of 6o0c,allowing stripping to be achieved with a lower
aqueous/organic flow ratio, so giving a more concentrated product.
Since the additional plant complexity is not great and heating to
temperatures such as 6o0c only requires low pressure processes steam, the
question arises whether operation at non-ambient temperature could be adopted
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with advantage in other cases. This seems quite likely and optimum operating
temperature is certainly a parameter to consider at the design stage. It
provides interesting possibilities in respect of scrubbing operations where
operation at elevated temperature may allow reduction in either the number of
stages or the scrub/extract flow ratio. The latter would be particularly
advantageous in cases where some of the product is recycled as scrub in that
it would reduce the cost of solute/solvent separation per unit of solute
produced.
The thermochemistry of solvent extraction has been comparatively
neglected and appears to be a subject worthy of further study. Not only is
there the potential exploitation of thermal effects in process design, as
discussed above, but also the fact that such studies should be capable of
throwing more light on the interactions involved in the extraction process
and on the rate controlling mechanisms.
Equilibria
The study of equilibria is necessary for two reasons: the data are
essential for flowsheet design and the form of the data can throw light on
the interactions involved. For the former purpose, there would be great
attraction in being able to predict or, at least, correlate equilibrium data.
The winning of such data is a relatively time-consuming operation. In many
systems, particularly involving metals, the distribution coefficient for one
solute is a function of the concentrations of others. Process design demands
a knowledge of the coefficient under the particular conditions applicable.
A full matrix of experimental points to allow such data to be estimated with
only minimal interpolation represents a large financial investment. The
possibility of reducing the experimental work required gives commercial
incentive to attempts at correlating such data. Such correlations are also
essential for modelling the dynamics of commercial plants, either for their
study or as a prelude to some more sophisticated control system.
Attempts at modelling equilibrium data can be divided into two broad
categories: those applicable to systems with only physical interactions and
those designed for systems involving clearly defined chemical complex
formation.
The approach for systems involving only physical interactions is
inevitably based on thermodynamic considerations, following analogous lines
to those adopted for liquid-vapour equilibria, using activity coefficient
models such as NRTL and UNIQUAC(7). A computerised data bank has been
developed, incorporating parameters for these equations(S). The approach
has been used with real success for binary and ternary systems. It has also
been used for some multi-component systems. These are clearly more complex
but there is promise that the approach will yield practicable methods.
For metals systems(9,10) involving chemical interactions, models have
been proposed based on the interactions, although they have not so far been
noticeably more successful than empirical or semi-empirical approaches.
While the above represent a really significant advance over the last
decade, there is ample need for further work, particularly on multi-solute
systems.
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Kinetics
Until comparatively recently, chemical engineers viewed the rates of
solvent extraction processes as being dependent only on diffusional resis
tances, subsequently applying methods of analysis analogous to those used for
distillation or gas absorption. This is doubtless valid for those processes
which depend on physical interactions. Yet a significant and important
number of solvent extraction processes are based on a clearly defined and
stoichieometric chemical interaction between the solute and either the
solvent as such or an extractant within the solvent phase. Such processes
are examples of mass transfer with simultaneous chemical reaction. Their
rates may depend, to different degrees, on both diffusional resistances and
the kinetics of the chemical reaction. Many processes involving metals
extraction fall into this category, as was pointed out at an earlier solvent
extraction conference in Belgium(ll), and much interest has been expressed in
the subject during the 1970s. Work has been concentrated primarily on copper
and uranium.
Considering copper first, incentive for the study has come from the
successful commercial use of hydroxyoxime-type extractants on a very large
scale. Extraction rates with the original extractants are only modest,
leading to the need for quite high residence times when using conventional
mixer-settlers with single compartment mixers (3 minutes in a mixer is
typical). The cost involved in providing such a residence time on this scale
of operation gave ample incentive for seeking a better understanding of the
rate limiting steps. The results of several major investigations are now
available. Time does not allow a full review but a number of general points
arise.
Except for a process taking place homogeneously throughout one phase at
a rate determined solely by the kinetics of the solute-extractant interaction,
the rate of interphase transfer will be a function of interfacial area. A
full insight into the process therefore demands rate data for known inter
facial areas. While early work with the AKUFVE and other stirred cell
contactors gave interesting information on the dependence of rate on various
concentration terms, it could not include interfacial area as a parameter.
Other workers have sought to do this with a variety of alternative techniques,
including single drops, fixed interfacial area cells of the Lewis type,
laminar jets and the rotating disc electrode. All have contributed something
to our knowledge but all have limitations if the ultimate aim is to produce
data relevant to the performance or design of an industrial contactor. Thus
with single drops rising or falling through a continuous phase, there is a
degree of uncertainty as to the hydrodynamic regime, particularly in the drop
phase. Devices operating under laminar conditions should give data which
will fit models incorporating molecular diffusivities, the only diffusion
data easily measured. However, work in the analogous field of aromatic
nitration has shown how models incorporating molecular diffusivities do not
correctly predict rates in stirred tanks typical of industrial reactors(12),
although good agreement is obtained under laminar conditions. We still have
a considerable way to go before we can truly quantify the relative importance
of the various resistances involved in copper extraction in the situation of
an industrial contactor.
It should be pointed out that the choice of experimental method and
conditions can bias a system towards a particular rate controlling mechanism.
Thus the single drop technique, particularly with relatively slow systems
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such as copper, yields the initial rate. At the other extreme, the AKUFVE
operates very close to equilibrium. It is not perhaps surprising that
different results are sometimes obtained. The same is true of metal concen
tration. The relative magnitudes of the various resistances will not
necessarily remain constant over wide ranges of metal concentration.
There is still apparent controversy over the actual locale of the copper
oxime reaction, some workers adopting the view of an interfacial reaction and
others believing the reaction to take place in a zone in the aqueous phase
adjacent to the interface. This may be due, at least to some extent, to
different views of the interface. Some appear to view it as akin to a
pseudo-crystalline boundary, while others consider it as a region with some
finite thickness.
My own view remains that presented with colleagues at ISEC '77(13),
postulating a reaction in a narrow zone in the aqueous phase immediately
adjacent to the interface but with a significant (and possibly sometimes
dominating) diffusional resistance in a zone (likely to be of greater thick
ness) on the organic side of the interface.
Moving away from areas of controversy, the kinetic studies have pin
pointed at least two significant factors. The first is that the reagents as
supplied by the various manufacturers do contain other materials, either
added intentionally or present as unconverted intermediates or by-products.
The most important of these appears to be nonyl pheno1(14). This has a
significant influence on both the kinetics and equilibria of complex
formation. There are instances in which this can be turned to advantage but
it also means that any scientific study of kinetics needs to be conducted
with purified reagents.
Secondly, the degree of aggregation of the oxime molecules in the
organic phase has been shown to be a significant factor. Dimerisation was
suggested several years ago(14) but more recent work has demonstrated that
aggregation must proceed beyond the dimer(13). It seems likely that it is
only the monomer which takes part in the rate limiting part of the copper
extraction process and so the extent of aggregation is an important para
meter in determining kinetics. The actual degree of aggregation is a
function of temperature, so giving the processes a higher apparent activation
energy than would correspond with the rate limiting step itself. It must
also be a factor behind the effect of diluent type on rate.
Uranium has been the subject of an interesting recent study on kinetics
based on three different experimental methods(16). Despite the cautions
expressed above, these appeared to give results in remarkably good agreement.
However, the concentration ranges studied were modest.
Reference should also be made to work on nicke1(17), again using the
rising drop technique. This showed extraction to virtually cease before
equilibrium was reached, apparently due to formation of a viscous shell of
hydrated nickel-extractant complex within the drop which effectively encapsu
lated the remaining extractant. Later work(18) has revealed more information
on the formation of such interfacial films in both this and other systems.
These again can play a part in determining rates of extraction.
With neither copper nor uranium fully understood and with little yet
reported on other metals, there remains much scope for further useful work on
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kinetics. For example, little is known on differential kinetics. It has
been shown that the selectivity of certain hydroxyoximes for copper over
iron is helped by this feature: a greater proportion of iron is taken up at
very long residence times(19-21). Similar effects could already exist or be
exploitable elsewhere. It is another reason why choice of diluent could be
important(22). The kinetics of any processes by which impurities are taken
up are also of significance for the design of scrubbing operations. It is
easy to concentrate all attention on the key solute and to overlook
impurities. Yet the rates of their interphase transfer will determine the
values of HTU or stage efficiency in any scrubbing section, quite apart from
the take-up of the impurities in the extraction section.
While the emphasis above has been on metals extraction processes,
chemical interaction is involved in several other applications of solvent
extraction, dissociation extraction being an obvious example, and these
again should be approached in terms of mass transfer with sinultaneous
chemical reaction. They do not yet appear to have been the subject of any
kinetic studies.
Process Development
It would not be appropriate in this paper to attempt any detailed
review of process development. The separation of aromatic from aliphatic
hydrocarbons remains one of the largest industrial applications and the last
decade has seen some new systems introduced, as well as many new plants based
on established processes. However, in terms of large new applications, the
1970s must be seen as the decade for copper and phosphoric acid. In the case
of the former, large scale plants have been built in North and South America,
Zambia and Australasia to exploit hydroxyoxime extractants on feeds derived
from the leaching of both oxide ores and tailings. Quite a significant
proportion of the world's copper is now processed hydrometallurgically. The
impact of solvent extraction on the phosphoric acid industry has been seen
over very much the same· period. Early applications were designed to allow
acids other than sulphuric to be used for the digestion of phosphate rock.
The major expansion, however, has come in the use of the technique to provide
a pure fraction from conventional "wet" process acid. This is interesting in
that only a proportion of the solute present in the feed is extracted, giving
two product streams of markedly different purities. Plants are now in
operation for a second purpose in the phosphoric acid industry, that of
recovering uranium from impure acid streams. There are two incentives for
this: an economic one in terms of the value of the uranium recovered and an
environmental one since such acid is subsequently used in the manufacture of
fertilizers.
Looking to the future, it seems likely that we will see an escalation
of interest in the solvent extraction of uranium. The expansion of nuclear
power generation in most industrialised countries will inevitably increase
demand for the metal and, later, for nuclear fuel reprocessing. The 1980s
will see significant new plant construction in this field. Some of these
plants will doubtless involve novel features in terms of equipment, although
it seems unlikely that the well-established processes will be challenged.
Elsewhere in the metals field, cobalt and nickel are elements in which
much interest has been shown but with applications still limited. In
contrast to uranium, this situation can be attributed to the limited systems
available and there remains great incentive for the development of new and
selective extractants for these metals.
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Change in oxidation state provides the key to the separation of
plutonium from uranium. The range of metals for which oxidation state can be
changed is obviously limited but it nevertheless offers a process design
parameter which, like temperature, should not be overlooked.
In terms of process development, metals have claimed much of the lime
light over the last decade. However, other areas of potential application
must not be neglected. The increasing cost of energy could well make solvent
extraction economically attractive for some separations in the general
organic chemical field currently achieved by distillation. Differential
reactions, as in dissociation extraction, also appear to offer scope for more
selective separations and the research which has been conducted during the
1970s could well come to fruition in the form of industrial processes during
the 1980s.
While there are processes for the recovery or purification of individual
inorganic acids, e.g. phosphoric acid, solvent extraction is also capable of
achieving separations between such acids based on their relative strengths.
Khan and Pratt(23) have shown how amine salts can be used as extractants for
separations such as nitric from phosphoric and nitric from sulphuric acids,
the process having the attraction that stripping of the loaded solvent is
achieved with water alone, so avoiding the cost of any conditioning agents.
Looking ahead a decade or more, there must inevitably be a switch from
oil as the basic raw material of the organic chemical industry. The only
alternative likely to meet the needs of the industrialised countries is coal.
The move to coal will bring tremendous challenges to all concerned. Quite
apart from its potential use in the production of liquid feedstocks from
coa1(24), there is likely to be need for the. versatility of solvent extrac
tion in the processing routes.
THE

EQUIPMENT

The Ideal Contactor
The ideal contactor would be compact, flexible, reliable in both design
and operation, easily and reliably scaled-up, cheap and safe. As with the
ideal process, real situations demand compromise and the concept of an ideal
contactor can be an elusive mirage. In essence, there is no such thing as
the ideal contactor, only the best for a particular system in a given
situation. While various criteria have been discussed(25,26), the final
choice is a commercial decision and matters such as the degree of confidence
that a particular type can be designed and constructed to meet performance
specifications or be available when required are likely to dominate the
dec�sion, probably taking precedence over considerations such as best
performance in terms of minimum HTU or even minimum capital cost. Neverthe
less, it is.desirable that some reasonably scientific basis should exist for
matching contactors to particular processes. Unfortunately, data on the
performance of individual contactors published in the literature have been
derived with particular systems. Attempts to compare performance of
contactors can then be difficult because differences caused by different
systems cannot be clearly separated from those inherent in the different
equipment. The characterisation of liquid-liquid systems has recently been
discussed elsewhere(27).
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The overall performance of a particular contactor derives from three
factors: its hydrodynamic characteristics, the nature of the system and the
phase separation behaviour. In addition to the difficulty of comparing
results when different systems have been used, it is important to recognise
that both the hydrodynamic and phase separation characteristics are
influenced by mass transfer itself. Thus, while it is often convenient to
study hydrodynamic features using binary systems at equilibrium, the results
may not give a realistic guide to performance under the conditions which
would be met in industrial use. This has become increasingly recognised over
the last few years, having been demonstrated with axial mixing studies(28).
Mixer-Settlers
Despite the obvious penalties of size (due to the need to separate the
phases at each stage) and potential loss of reagents by evaporation (due to
the large liquid-air interface), mixer-settlers have remained popular and
some very lar9e plants have been built, particularly for hydrometallurgical
applications. They offer considerable flexibility in terms of only slow
changes in performance with phase flow ratio and rates, thus allowing
adaptation to changing feed compositions. They are suitable for systems
involving significant chemical kinetic resistances since residence time in
the mixer is a simple design parameter. While there is still much uncertain-ty
surrounding the best criteria to adopt for scale-up, it is nevertheless
possible to scale-up mixer-settlers with some confidence that the resultant
plant will have a useful performance. The presence of solids in the feed has
a considerable nuisance value through the creation of crud but the open
nature of conventional mixer-settlers does allow for relatively simple clean
up, although at the cost of a plant shut-down.
There have essentially been three aims behind recent work on mixer
settlers: (a) to achieve a reduction in their size, (b) to reduce losses or
impurity levels in exit streams caused by entrainment, (c) to obtain better
control of phase continuity.
Attempts to reduce size have been aimed at both the mixer and settler
compartments. It has been recognised that a single compartment mixer
operating close to equilibrium will inevitably demand a long residence time,
as with a single compartment continuous reactor. Developments have followed
the reactor analogy, leading to interest in both multi-compartment mixers
(equivalent to the multi-stage C.F.S.T.R.)(29) and static mixers (equivalent
to tubular reactors) (30,31). Both allow some reduction in residence time
for the same stage efficiency. The latter has the added attraction of
offering a closed system, potentially reducing losses due to evaporation and
increasing safety when handling flammable liquids. In the case of settlers,
much effort has been put into the use of coalescence aids, particularly of
mesh woven with alternate strands of hydrophilic and hydrophobic material
(32). Various forms of baffles and trays are also applied(33). Electrostatic aids are useful, provided the continuous phase has a low conductivity,
and have found application in some types of mixer-settlers. This could well
increase in the future.
A better understanding of the performance of mixer-settlers demands a
knowledge of the drop size and drop size distribution. While much has been
reported in this field, most data have been for much lower values of
dispersed phase hold-up than are used in industrial plants. However,
methods have been developed to enable measurements to be made at high
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hold-ups(34). Similarly, attention has been drawn to the need for the power
input to a mixer to exceed a critical value to ensure a uniform hold-up of
dispersed phase(35,38).Non-uniformity due to inadequate power input can lead
to phase inversion or instability.
Losses of solvent in raffinate streams are of concern for both economic
and environmental reasons, while aqueous entrainment in organic extracts can
cause enhanced impurity levels in products. Recent research has demonstrated.
that entrainment can be caused by the design or operation of both mixer and
settler compartments.
Entrainment levels increase with increase in mixer impeller speed(36,37).
In addition, however, any conditions which lead to formation of localised
double dispersions are likely to give high entrainment levels(36) as such
double dispersions are not easily separated in conventional gravity settlers.
Hence the level of power input must not be reduced to the point where some
stratification occurs, giving localised high hold-ups of dispersed phase and
possible local inversions(35 ). Entrainment appears to be a function of phase
ratio(36), being minimal in the region of 1:1. Provision is often made for
recycle of one phase to maintain the phase flow ratio within a stage at this
value. This does increase the total volumetric throughput and it is not clear
whether it is always justified. The other purpose of recycle, of course, is
to ensure a particular phase continuity since this is another parameter which,
in practice, affects both entrainment levels and settler performance. Air
entrainment into the dispersion appears to have a significant influence on
liquid phase entrainment(37). It is also of interest that entrainment levels
vary during the start-up of a mixer-settler, starting high and falling
progressively to the steady-state value.
Entrainment can be caused in the settler as well as in the mixer. One
source is at the entrance and arises if the dispersion is caused to flow
through the coalesced dispersed phase. The other arises frJm high linear
velocities in the coalesced phases, particularly the continuous(29). Such
conditions prevent smaller droplets from sedimenting to the coalescence
interface. This gives incentive for considering the best geometry of
settlers for high capacity plants so as to minimise solvent inventory while
keeping linear velocities low.
Column Contactors
The fundamental design basis for column (differential) contactors was
thoroughly established in the 195 0s. The most important development since
then has been recognition of the importance of axial mixing in determining
actual performance(39). From this comes a need for design methods which
allow for the phenomenon and some useful new proposals have been made in
recent years(40-42).
In terms of actual novel contactors, an interesting approach has been
the use of gas agitation(43). While only preliminary results have been
published to date, these are very encouraging and further developments could
well be seen in the future. This also applies to a new mechanically agitated
column recently described(44), which aims to reduce axial mixing while
maintaining high throughputs.
One of the main challenges in the equipment area is that of scale-up.
With most types of column, use of the slip-velocity concept allows fairly
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reliable calculation of the diameter required to handle any particular
throughput� However, prediction of height required for a given separation is
less reliable since virtually no data are available on change in the extent
of axial mixing with scale. The systematic investigations reported in the
literature have been limited to columns no greater than some 20 cm in
diametet Our understanding of columns would certainly be enhanced if data
could be measured and made available on some large scale industrial units
(covering drop sizes, dispersed phase hold-up and concentration profiles in
both phases) to compare with laboratory columns operating on the same
systems.
The scale-up of mechanically agitated columns and the mixers of mixer
settlers is made more uncertain by the fact that the different criteria which
might be employed are not compatible.
EXTERNAL

INTERACTIONS

Sight must not be lost of the fact that .a solvent extraction process
will only be one component within a larger complex. It must interface
smoothly both up-stream and down-stream, imposing the minimum constraints on
the other sections.
Considering up-stream limitations, solvent extraction processes are
sensitive to the presence of impurities in a feed, particularly if these are
surface active in character. Because of this, it is always wise to undertake
pilot plant work with real feeds rather than simulates prepared from pure
materials. Looking again at hydrometallurgy, it is important to question
whether any floatation agents or flocculents carried through from the early
stages of the overall process will be compatible with the solvent extraction
section. Solids in the feed to extraction tend to be a problem, certainly in
creating crud and thereby increasing solvent losses. This imposes require
ments up-stream which can be quite expensive to meet. The incentive for
solvent-in-pulp operation remains, although the goal is still elusive in
commercial terms.
Down-stream, the prime concern must be with the fate and possible
effects of entrained or dissolved solvent. Thus carry-over of organic into
electrolysis in a copper circuit produces "burn" on the cathodes. Again, the
fact that the depleted electrolyte is used for stripping in the solvent
extraction section places severe constraints on the use of smoothing agents
to prevent acid mist, since such agents are inevitably surface active in
nature and potentially incompatible with extraction. Concern has been
expressed at the possible effects of entrained or dissolved solvent in
raffinate streams which are discharged into water courses. Little is yet
available on the toxicity of common extractants used in the metals field(45).
In addition, most raffinates would be subject to some form of conditioning
prior to discharge (e.g. neutralisation) which could well remove some or all
of any extractant present. Nevertheless, it is an aspect to remember,
particularly when considering the implications of possible fault conditions.
In terms of the actual safety of solvent extraction plants and their
personnel, the most obvious hazards are toxicity and fire. Many solvents are
flammable and there have been at least two major fires in solvent extraction
plants in recent years(46,47). A full safety analysis at the design stage is
not something to be neglected.
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WHERE

NEXT?

The purpose of this paper is to set the scene for !SEC '80 and indicate
some of the areas of solvent extraction where further work appears justified.
Some of the issues may well be clarified during the Conference. It will not
be until after all the papers have been read and digested that the direction
of future advance can be judged.
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KINETICS OF SOLVENT EXTRACTION OF METAL CHELATES

Henry Freiser
Department of Chemistry
University of Arizona
Tucson, Arizona 85721
U.S.A.
Study of extraction kinetics of a number of metal chelate
systems under conditions of rapid phase mixing serve to
show that the rate-determining step(s) in the overall
extraction process is the formation of the metal chelate
in the aqueous phase. This was observed in this chloro
form extraction of Cd2+,zn2 +,co2+, and Ni2+ by diphenyl
thiocarbazone (dithizone) and a series of substituted
analogues and of.Ni by 2,2 1 -dipyridyl and
1,1O-phenanthroline. In addition to these systems of
primarily analytical· interest, examination of the kinet
ics of the extraction of Cu2 by the hydroxyoximes, LIX65
and LIX63, used in process scale separation reveals that
aqueous phase formation of the metal complex rather than
interfacial phenomena, is the rate limiting part of the
extraction. The significance of these findings in the
design of new extractants is discussed.

I NT RODUCTION

Extraction processes involving chelating extractants have long enjoyed
an important role in metal ion separations. A great deal of research has
been carried out devoted to both fundamental extraction equilibria as well
as to analytical applications. Within the last twenty years, chelating
extraction systems have also been employed in commercial process scale
metal ion separations. Study of the kinetic aspects of metal chelate
extractions, begun in our Laboratory almost twenty years ago, addresses
itself to resolution of questions, of both fundamental and practical
interest, all focussing on resolution of the ultimate problem of uncovering
the important factors to consider in designing new extractants of improved
characteristics? Some of the kinetic questions involved include:- Under
conditions of reasonably vigorous phase mixing, are mass transfer processes
or chemical reactions rate-limiting? How do mass transfer characteristics
change with increasing molecular weight of extractant? Does the nature of
the rate-limiting step, i.e. the mechanism, change as the molecular weight
and, therefore, the hydrophobicity of the extractant increases? In this
report, our efforts to answer these questions over the last two decades
will be described.

DITHIZONES

Rates of extractions of divalent cadmium, zinc, cobalt, and nickel
ions from buffered aqueous solutions by chloroform solutions of dithizone
can be described by the following expression (1,2)
1

dt

( 1)

[H+]

The extractions were carried out at shaking rates such that the extent
of extraction was independent of shaking rate. Also, in the case of zinc,
when CC14 was substituted for CHCl3 in one series of runs, the increase
of extractions rate observed was quantitatively predicted from the change
of the KDR of dithizone in the two solvent [1]. Thus, it was established
that a homogeneous chemical reaction, rather than mass transfer of either
the dithizone or the chelate, was rate determining. The kinetics of these
reactions were followed by both radioisotope tagging of the metal ion (Cd,
Zn, Co) and spectrophotometric assay (Ni). It was deduced from eq. (1)
that the formation of the l : l metal complex was rate determining:

and the second order rate constant, k, was evaluated from k' as

k=k' KDR,
(2)
Ka
where KDR is the distribution coefficient of dithizone between CHC13 and the
aqueous medium and Ka is the acid dissociation constant of dithizone.
That the mechanism of chelate formation is related to dissociation of
water coordinates to the metal ion, can be seen from the comparison of our
data with those obtained by Eigen (Table 1). The rates of these two
reactions differ by an almost constant factor (approximately 1 log unit).
TABLE l - Comparison of second order rate constants for formation of l : l
metal chelates of diphenylthiocarbazone (dithizone) and of di-(o-tolyl)
thiocarbazone with the first order rate constant of water dissociation of
the hydrated metal ions.
Metal
Ion

Rate Constant For
Water Dissociation (3)
(sec-1)

cl+

6.0x10 8

+

5.0xl0 5

+

zn2

ca 2

Ni 2+

+

Rate Constant of ML Formation
{M-1sec-1)
o-Retfiy1 Dedvat,ve
Dhhhone
>10 7

6

5.0xl0 7

6.1x10 6

7 .5xl0

2.0xl0 4

l. 3xl0 3

5.2xl0 3

6. 7xl0 4
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I n the case of zinc io n, it is possible that the fonnation of the l :1
complex first occurs rapidly with retention of the coordination number of
six followed by a slow,rate-detennining, loss of water as zinc becomes
tetra-coordinate.

Zn(H2o)4Dz+ �k Zn(H20)2Dz+

+

2H20.

This postulated mechanism accounts for the u nexpectedly rapid rate
observed (2) with the di-(o-tolyl)-thiocarbazone whose 1 : 1 zinc chelate
is almost 50 times less stable than that of dithizone (4). In a related
study, the rate of fonnation of the zinc complex of di-(1-naphthyl)
thiocarbazone, about 100 times less stable than that with dithizone, was
also found to be more rapid tha n that of dithizone (2). These findings
stre n gthe n the mecha nism postulated above since the presence of sterically
hinderin g methyl or aromatic ring substituents would be expected to
weaken the metal-water bonds and facilitate the loss of water.
Alternatively, the reaction might i nvolve a rapid io n association of
the hydrated metal ion with the ligand anio n:
M(H2O)qn + + L- +� (M(H2O)qn+, L-),

which slowly loses water to fonn the 1:1 complex:
(M(H2 O)qn + ,L-)

(n-l)++
! ML(H2 0)q-a

aH 2 0 •

This mecha nism is attractive i n that it does not require a net change
i n coordination number.

Because the extraction rates of the zinc a nd nickel of the a-methyl
derivative were faster tha n that of dithizone itself, we decided to examine
the extraction kinetic behavior of a series of both electron-withdrawing
a nd-releasing substituted dithizones. (7).
The kinetics of extractio n of zi nc a nd nickel with CHC13 solutions of
the followin g substituted diphenylthiocarbazones were i�vestigated: di-p
fluoro-, di-p-chloro-, di-p-bromo-, di-p-iodo-. di-m-trifluoromethyl-,
di-p-methyl-, di-p-methoxyphenylthiocarbazones. Each reaction was first order i n metal ion a nd reagent but inverse first-order i n hydrogen ion,
which signifies that the formation of the 1 to 1 metal-ligand complex i n
the aqueous phase is rate-determining.
The rate co nsta nts of the formation of the 1 to 1 metal complexes are
all more rapid than that for the complex with the parent compound with
zinc as well as with nickel. The higher rates observed can help distin 
guish between the mechanism proposed by McClellan and Freiser and that
used by Margerum a nd Wilkins.
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TABLE II - Distribution Characteristics of Dithizones and Rate Constants for
Formation of l : l Chelates at 25 ° C. and� = 0.10.
log kl (M-1sec-1)
Diarylthiocarbazone
-log Ka/KDR
Ni
Zn
Di-p-fluorophenyl-

9.72

3.43

7.57

Di-p-chlorophenyl-

10.46

3.52

Di-p-bromophenyl-

7.66

11.01

4.30

8.28

Di-p-iodophenyl-

�

11.36

Di-p-methylphenyl-

11.89

Di-p-methoxyphenyl-

Di-m-trifluoromethylphenyl-

11.26

5.11

8.81

4.38

8.84

4.85

10.36

4.43

8.43
8.23

In beth mechanisms, rate constant k is a composite quantity, the
product of the formation constant of a rapidly formed initial complex and
the first-order rate constant of the loss of water from this complex or
ion pair. Inasmuch as the rate constants varied so widely in the series
of substituted dithizones, it would appear more likely that the initial
complex involves metal-ligand bonding of some sort. Simple ion-pair forma
tion would not be expected to depend so strongly on the relatively minor
variation in the large anion of the position of a methyl group, for example,
yet the rate constants for the zinc complex of the o- and p- methyl
derivatives varied by almost a hundredfold, and even those for nickel by
fivefold.

The effect of the electronegativity of the substituent as reflected
by its Ha1T111etto value on the rate of the formation of the metal complexes
is similar to that observed by Joy and Orchin (8) in a study of the
stability of a series of substituted platinum-styrene complexes. They
reasoned from a molecular orbital point of view that an increase in
stability arose from the strengthening of the sigma bond between metal
and ligand by the action of electron-releasing substituents. The sigma
bond weakening that arose from electron-withdrawing substituents was amply
compensated by their beneficial effect on the extent of overlap of pi
bonding integrals. Hence both types of substituents would increase
stability. It might be possible to apply analogous reasoning to the case
of the rate constants of the nickel complex formation, since back pi
bonding would be feasible from a d 8 io�. It wou1d seem highly unlikely
however, that these arguments could apply to zinc lon with its d 1 0 configur. ation. Yet, as may be seen in Table II, the effect of substituents on the
rate of formation of both nickel and zinc complexes is similar.
Admitting the independence of the kinetic enhancement on electronic
influences of the substituents, focuses attention on their size, which
does correlate with the rate constant. This led us to the desire to
determine the activation parameters of the formation, to see whether the
role of the substituent size would be reflected in the entropy of
activation.

4

'"'C
CD

+

TABLE III - Rate Constant and Activation Parameters of NiDz Formation
Di arylTh ioca rbazone
ARYL =
Phenyl

k288 °
{M-1sec-1}
3
4.l X l 0

p-Chlorophenyl

1.0

X

10 2

1. 2

X

p-Bromophenyl

4.6 X

10 4

p-Iodophenyl

2.3

X

P-Tolyl

4.3

o-Tolyl

7.7

k298 °
{M-1sec-1}
6.l X 103

k 308 °
{M-1sec-1}

6G ::r·
2980

kcallmol

6H-i=

kcal/mol
4 .4

6S 298 0

e.u.

7. 2

X

103

10 4

1.6

X

10 4

11.9

4.0

-26

5 .3 X

104

9.0

X

104

11.0

2.8

-27

10 5

3. 5

X

10 5

3 .3 X

10 5

10.0

a.a

-33

X

10 5

4.7 X

10 5

3.7

X

10 5

9.7

0.6

- 31

X

10 3

1.0

10 4

1. 5

X

10 4

11.9

4.8

-24

X

12.3

--

CD
(')

. C:
CD

-27

�

f�

lv,t(---

f htc:t.(

I
Cl)

�

00
�
�

It is interestin$ to note that the large negative activation entropy
observed in all cases {Table III) is the dominant factor affecting the rate.
While this may justify our interest in entropy, the relative constancy of
6S! (excluding the o-tolyl ligand, it averages as - 29 ±3 e.u.) certainly
minimizes its role in the substituent rate enhancement. Rather, the 6Ht
unusually small for all of the systems studied, is seen to decrease with
increasingly substituent size (rather than electronegativity) and thus,
to account for the observed rate enhancement.
While the reaction rate constants for the nickel dithizonates
reported here are in general agreement with other nickel ligand substitution
reactions (2 ), the activation enthalpies and entropies of the relatively
few other nickel chelation systems studied are considerably different from
those seen here. For a series of diverse ligands including oxalate,
malonate, glycine, 2,2-bipyridyl, and 1,10-phenanthroline, the fonnation
of the 1 : 1 complexes exhibited 6H values of 13 to 15 kcal/mole and6S
values of Oto +14 e.u. (9). The very low �H exhibited in the systems
reported here may well indicate that the formation of the 1 : 1 chelate
is fairly complex. For example, it may involve a preassociation step
having a 6H of the order of -8 to -10 kcal/mole, which would largely
compensate for the expected value of 13 to 15. Whether the similarities
of the 6G* accompanied by large differences in 6Hr and 6S� are attributable
in large measure to sulfur containing ligands in general or to dithizone
like ligands in particular, awaits further study.
Because the rates of the formation of the 1 :1 metal dithizonates
were seen to closely follow the rate of loss of coordinated water from
the hydrated metal ion, we decided to investigate the effect of replacing
at least one water molecule by another auxiliary ligand and upon the rate
of chelate fonnation (10).
The rate of extraction of zinc and nickel dithizonates can be either
increased or decreased by the presence of auxiliary complexing agents which
transfonn the hydrated metal ions to complexes in which at least part of
the coordinated water has been replaced. If we consider the formation of
complexes
2+

M

+

nL! ML n

which then react with dithizonate
k
ML n + Dz - �2 MDz� + nL
followed by rapid formation and extraction of MDz2, (so that we can ignore
the rate of the reverse reaction, k-2) then we woald explain an increase
of Kapp with concentration of auxiliary ligand as signifying that first
MLn is fanned in a rapid pre-equilibrium step and that it reacts faster
than does the hydrated metal ion with dithizonate; no change in Kapp with
+
auxiliary ligand to mean that the Mln and M 2 react equally rapidly with
dithizonate; and, finally, a decrease in Kapp with auxiliary �igand to mean
that Mln reacted very slowly with dithizonate and either dissociated slowly
+
or not at all to give free M 2 from which the rate of reaction with
dithizonate could be quantitatively predicted. The general rate expression
in which the formation of 1:1 and higher complexes with the auxiliary
ligand are considered can be written
6
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•. } [Dz-]

(3)

or, if it c an be assumed that the complexes ML, ML2, etc., are rapidly
formed and dissociated,
M]
(4)
= (k 0_ 1� + k 1 � + k/1 + •• )Cm[Dz-]
-:�

where the J(,i values a re distribution fractions of the total+agueous metal
ion concentration in each of the various spec i es present (M2 ,ML,ML ,etc.)
and whose values depend solely on the equilibrium format i on constan�s (Kj)
of these complexes and the a uxiliary lig a nd concentration:
�

where B

=

i
= B. [L]
N
i
E B [L]
=
i O

(5)

Kf1Kf2 •• Kfi

with
Provided only tha t koi'= k 1 + k 2 , then the variat i on of log k
log [L] can be used to determine the values of the stepwise equi12PP
ibrium constants of formation of the series of ML complexes.

All of the systems studied here h a ve been analyzed in this manner and
both rate and equilibrium constants evalu ated. Generally good agreement
wa s obta i ned between a f i t of equat i on 4 and the values of kapp calculated
from the experimental da t a . Thus, it m a y be concluded that reliable va lues
(±0.1-0.2) of stepwise formation constants of metal complexes can be
obtained by th i s kinet i c method. In a number of cases, particula rly those
involving weak complexes, there is considerable variation in the stab i l i ty
constant va lues reported in the literature 1 increasing the significance of
the values obtained by an i ndependent method such a s th a t used in this
study (Table IV).

TABLE IV - Equilibrium Consta nts of Zinc and Nickel Complexes at 25 °C
Ligand

log Kfl

Nickel(II)

Acet a te
Thiocyan a te
1.3(1.1-1.8)
Merca ptoacet a te7.3(7.0)
Oxalate
Tartrate
a

log Kf2

5.5(6.5)
1.8(1.3- 2 .4)
1.8

log Kfl

Zinc( II)

0.5(0.5-1.0) a
1.5(0.5- 2)
8.0(7.4-8.3)

Values in p a rentheses are taken from the literature (3).
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log Kf2

7.6(6.9-7.6)
3.0(2.2- 2 .5)
2.0

The effect of replacing some of the coordinated water by other ligands
on the rates of complex fonnation of metal ions has been investigated for
some systems. Marierum (11) found CuOH + to react much faster with EDTA
anion than did Cu2 but that CuOAc + slower. Bydalek (12) found �¥0Ac+
to react 2.9 times more slowly with Ni-EDTA than did hydrated Cu
In a study of the rate of water loss from nickel complexes, Hammes (6)
found the 1 :1 ni-glycine complex released a water molecule 13 times faster
than did the aqueous Ni 2 +. Even the 1:2 complex was faster (3.3 fold)
than the aqueous ion. Hammes explained the observed kinetic behavior·on
the basis of the reduced attraction for water in the primary hydration sphere
resulting from the reduction of the net positive charge on the nickel ion.
Although the rate of water release can be expected to be increased by the
lowered net charge on the metal ion complexed by an anionic ligand, the
case of reaction with another negatively charged species should also
decrease. In the reactions with dithizonate reported here, it would
seem that the first factor is of greater influence than the second in the
cases of ZnOAc+, NitNS +, NiCNS+, Zn(SCH2COO), and Ni(SCH2 COO), that the
two factors are balanced in the case of NiOAc+, as well as in the l :1 Ni and
Zn complexes of lactate, oxalate, and tartrate, and the second factor
outweighs the first in each of the 1 :2 complexes studied (Table V)
TABLE V - Rate Constants at 25 °c for the Reaction:
+
MLi + Dz� MDz + iL(or MLiDz)
N.1cke1
Zinc
k1

Ko

Ligand
Acetate
Thiocyanate
Mercaptoacetate
Oxalate
Tartrate

1.0
2.5
14.0
l.O
1.0

25.0.
10.0
7.0
1.0
l.O

�o
�o

0.23

k2

Ko
�o
�o
-o
-o

Quite obviously, a simple electrostatic explanation of these observa
tions is inadequate. With zinc, both acetate and thiocyanate accelerate
the reaction with dithizone; the thiocyanate, fonning a stronger zinc
complex than does acetate, to a lesser extent. In contrast the thiocy
anate complex of nickel, probably more stable than that with acetate,
reacts more rapidly than either the hydrated or monoacetate nickel ions.
Again, although mercaptoacetate fonns much stronger complexes with nickel
and zinc than does thiocyanate, the fonner set react mor� rapidly than
do the hydrated metal ions. In the cases of the l :2 complexes, all of
which react much more slowly with dithizone than do the hydrated metal
ions, there is a possibility that in addition to the deterrent effect of
the added negative charge, the coordination sphere may be (almost)
completely filled by the auxillary ligand further hindering reaction. One
might speculate that because the 1:2 nickel complex has observable reactiv
ity whereas the zinc does not, perhaps in these tartrate complexes zinc
has a coordination number of 4 and nickel, 6. At this point it can be
8
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seen that much useful information can be obtained about the kinetic as well
as equilibrium aspects of auxiliary complex formation but that meaningful
generalizations will have to await the accumulation of information about
many more systems.

Recently, we decided to make a detailed study of the extraction of
Cu{II) with LIX Reagents. These materials, which are hydroxyoximes, were
introduced in the l960's by General Mills for the hydrometa11urgical
refining of copper (13, 14). The kinetics of copper-LIX extractions are
of great practical importance and have been the subject of some study.
Most of the theoretical studies have been performed with 2-hydroxy-5nonylbenzophenone oxime (LIX65N) and 5,8-diethyl-7-hydroxy-dodecan-6-one
oxime (LIX63), which are shown below.
f 2H 5

1
O

C H 3(CH2 ) 3c H

LIX 65N

H

5
1
-- C (C

H

2

, H
NOH

H

H ) CH
2 3
3

LIX 63

Previous w o r kers, pointing t o the low aqueous solubility of
the LIX reagents, almost invariab1y discard the possibility of chelate
formation in the aqueous phase and propose that interfacial reaction
kinetics, rather than homogeneous chemically controlled rates, are dominant.
Earlier methods of conducting rate studies involving Lewis cell (15),
falling drops (16), and even AKUFVE apparatus (17,18) represent configur
ations having stirring intensities less than the ones we employ, and
might, therefore, suffer from having some degree of diffusion limitation.
In any event, the detailed mechanism study reported here should serve to
resolve the controversy generated among other works as well as to help
detennine whether the limitations of the aqueous phase mechanism have
been reached with the copper-LIX systems (19).

The distribution equilibrium of LIX65N between chlorofonn and water was
detennined to be 104.6±0.3, which is significantly less than that of
dithizone, an extractant whose kinetic behavior has been accepted as
proceeding through an aqueous phase mechanism. On the basis of our
kinetic data (Table VI), the rate expression for the extraction of
copper by LIX65N can be quantitative·ly described by the following expression
2
[Cu2 ][HL]
-d[Cu ] = k(6)
- -0
+
[H ]
dt
where HL represents LIX65N. The reaction orders for this equation are taken
from Table VII. It is noteworthy that all of theexperimentally observed
orders are integers.
2+

+
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TABLE VI - Summary of Extraction Kinetics of Copper by 2-Hydroxy-5-nonylben
zophenone oxime (LIX65N) at 25 ° C.
[LIX65N] 0

Et!.

7.50
1.50

3.00
3.00
3.00
3.00
3.00
3.00
3.20
3.62
4.00

X
X

l0-4M
10-3

2.25 X 10-3
3.00 X 10-3
3.75 X 10-3
1.50 X 10-3
1.50 X 10-3
1.50 X 10-3
1.50 X 10-3

[Cu2 ]T = 1.00 x 10 -5 M. I
at O.OlOM.
+

=

k' l

8.53

X

10-4

2.06

X

10-2

3.31 X 10-3
7.99 X 10-3
l .23 X 10-2

3.95
5.20

X

4.65

X

1. 98

0.10 (NaC1040.

X
X

10-3
10-3

10-2

10-2

Fannie Acid/Fonnate Buffer

TABLE VII - Surrmary of Kinetic Parameters for LIX65N-Cu2+ Extraction
Dependent

Variable

[LIX65N] 0
+

[H ]

Number of

Detenninations

Observed
Orders

5

2.0 ±0.10

4

-1.1±0.08

The extraction of copper by LIX65N is unusual in that the observed
second order dependence in ligand contrasts sharply with the nearly univer
sally observed first order ligand dependencies (20). This behavior is not
unique, however, and has also been observed in our laboratory for the
extraction of copper by 8-quinolinol (21). From the observed second
order ligand dependence on the rate of extraction, it follows that in+
this system the rate-determining step is that of the reaction of Cul with
a second molecule of neutral igand. Thus in the following extraction
mechanism, since step (9) is the slowest
KD
HL{o)+
R HL
+

fast

(7)

1
+
+
+
Cu 2 + HL�+ Ka Cul + H fast

(8)
(9)
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where K0 and Koc represent the distribution constants of ligand and
R
chelate, Ka the acid dissociation constant of LIX65 and s 1 the equilibrium
+
.
+
. rate,
formation constant of Cul from Cu2 and L. The overall extraction
under conditions where extraction is essentially complete at equilibrium,
is determined by the rate of this step, i.e.,
+

_ d[Cu2 J
+
( 11)
dt = �1[Cul ][HL]
BY substituting appropriate equilibrium expressions from (7) and (8) into
{11) , one obtains
d[Cu2 + J
k1 a1Ka [Cu 2+ ][HL] 02
( 12)
=
+
2
dt
[H ]
K DR

in which the observed dependence on metal ion, ligand and pH are explained.
Further, the observed reaction rate constant, k' , is seen to be
k' }1 �, K a
2

K

( 13)

DR

+

Although, unfortunately, the formation equilibria of cu 2 -LIX65N have
not been studied, a reasonable approximately of s K (to within about one
order of magnitude) can be estimated from values 6b�ained with salicylal
doxime, a closely related ligand. In fact, inasmuch as within a given
ligand family changes in s 1 tend to be compensated by counter changes in
Ka' the product tends to remain relatively constant (with a noticeable but
small increase with increasing Ka). Hence from the measurement of s 2K!
of salicylaldoxime and cu 2 + of 10 4 · 2 (2 3), we may take s1Ka as 10 2 ·0.
Together with the value of K0 as 10 4 ·6 and k' of 1.37,k' is 2.2 x 10 7 M-ls-1,
R
+
a value that is quite similar to typical substitution reactions of cu 2
(the corresponding rate constant for Cu and phenanthroline is only three
times larger) (20).

This agreement with generally observed rate constant for copper
substitution reactions in aqueous media represents strong evidence for
the mechanism of the Cu-LIX65N extraction developed here. If chemical
reactions at the interface were significant, far larger apparent rate
constants would be calculated as a result of the incorporation of [HL] 0, the
bulk organic phase ligand concentration, in the rate expression instead
of the significantly larger concentration of the ligand, as a surface
active material, at the interface.

11

Further studies of extractions with LIX reagents are underway. In
preliminary work, we have examined the catalytic role of LIX63 on the
LIX65N extraction of copper. Although our work serves to well characterize
the empirical rate expression
2
97
2+
d[Cu +J k[Cu J[HL] 0 · [HR]Q_gg
=

0

0

dt

( 14)

where HR represents LIX63, the complexity of the copper coordination
chemistry with LIX63 requires that additional work be conducted before
elaborating further on the catalytic mechanism.

Finally, the role of experimental design, particularly regarding the
nature of contact between the two phases, is quite important in obtaining
readily interpretable results. Using our high speed stirring apparatus,(24)
which gave highly efficient phase mixing, enabled us to achieve essentia1ly
integral reaction orders in our kinetic study. Fractional orders observed
by earlier workers were at least in part responsible for their postulating
interfacial mechanisms.
The results presented here not only clarify the extraction behavior
of LIX65N, but are helpful as a guide to the design of new metal extrac
tants for both analytical and hydrometallurgical applications. For
example, if the extraction is already interfacially controlled, then no
advantage would be gained with higher molecular weight homologs. As
results presented here demonstrate, however, more highly hydrophobic
extractants in conjunction with suitable catalysts do provide synthetic
opportunities worth exploring. Furthermore, the work focuses on the
appropriate variables to study with extraction systems of this type.
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ABSTRACT
The author reviews the chief aspects of solvent extraction
in reprocessing, including choice of the solvent, general
description of the Purex process, and extractor
technology, while emphasizing the specific character of
nuclear fuels.

Irradiated fuel reprocessing is one of the major steps in the nuclear fuel
cycle.
During irradiation in reactors, the fuel undergoes changes in its
composition
reduction of the fissile uranium content, appearance of
fission products, plutonium and transuranium elements resulting from neutron
capture
and also in its physical properties
the creation:'Of defects,
volume variations etc.
Hence periodically, reactor loads must be renewed,
but the frequencies depend on the type of reactor and the type of fuel.
Initially, this irradiated fuel is stored to allow decay of the short half
life isotopes with high specific activity and exhibiting highly penetrating
radiation.
This deactivation period is necessary to facilitate subsequent
operations:
transport and reprocessing.
In earlier years, reactor operation was oriented exclusively towards the
synthesis of plutonium for military uses.
Consequently, the reprocessing
step was designed for the extraction and purification of this plutonium.
The emergence of civil programs slightly changed this aspect.
The
objective remains the recovery of utilizable elements.
The uranium can
either be re-enriched (LWR) or used as a blanket (FBR).
The plutonium
part
of
the
composition
of
mixed
oxides
used
to
load
cores
of fast
forms
breeder reactors.
In recovering these .two elements, it is also very important to account for
fission products and-'i'transuranium elements, which are long half-life a

1

emitters present in the fuel, in order to separate, concentrate and store
them in a safe manner.
The composition of the irradiated fuel element is characterized by the
presence of small amounts of plutonium and fission products in a large mass
of uranium.
The associated Sy activity is considerable.
To achieve quantitative recovery of the elements U and Pu, and sufficient
purification of the Sy emitters (the decontamination factor requir ed, which
depends on the type of fuel reprocessed and the finished product
specifications, is often in the range of 10 7 ), the chemical separation
process must be highly selective, ideally adapted to trace chemistry, and
preferably a multi-stage process so as to achieve the desired decontamination.
The first plutonium extraction process implemented at Hanford was based on
precipitation (bismuth phosphate process).
Very soon, however, process
research was oriented towards solvent extraction.
On the one hand, the
extractive properties of ethyl ether to uranyl nitrate were known for a
century, and furthermore, the similarity between the chemical properties of
uranium and plutonium, demonstrated after the discovery of plutonium 239,
encouraged simultaneous purification of both elements.
Many organic molecules were examined from the standpoint of their extraction
capacity, particularly oxygenated compounds such as ethers, alcohol, ketones,
esters etc.
The Redox process, the first solvent extraction process used
on an industrial scale, employed methyl-isobutylketone or hexane.
Implemented at Hanford in 1951, it was based on the co-extraction of uranyl
and plutonium nitrates from an aqueous nitric solution containing an
unextractible nitrate, aluminum nitrate, acting as a salting out agent.
The general purification flow sheet has become a standard.
After transfer
of the U and Pu substances into the organic solvent in countercurrent
extraction, the solvent is scrubbed to improve decontamination.
Separation of the uranium from plutonium is based on the reduction of the
latter to the trivalent nitrate state, which is difficult to extract.
The
uranium is then re-extracted by using a slightly acidic aqueous phase.
The operations, carried out in countercurrent flow in extractors featuring a
large number of stages, serve to achieve high performance levels.
To the
extent that the two elements U and Pu must be recovered and separated, one of
the following schemes is found in every process:
co-extraction, scrubbing, re-extraction in aqueous phase corresponding
to a co-decontamination cycle,
co-extraction, scrubbing, partition, re-extraction corresponding to a
partition cycle.
Among solvents of the ether type, dibutyl corbitol (dibutoxy-diethyl) ether
has been used at Windscale since 1952, and then in 1969 in the first highly
irradiated fuel reprocessing cycle, by the so-called Butex process.
This
process offers the advantage over the �edox process of not requiring salting
out agent to perform uranium and plutonium extraction, as well as the
drawback of higher cost and less favorable physical properties.
Very soon after implementation of the Redox process, tributylphosphate (TBP),
an ester of phosphoric acid, was investigated and selected for future
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TEP offers significant advantages over hexone
industrial installations.
and the Eutex solvents.
Like the latter, it does not require salting out
agent, it exhibits greater chemical stability and selectivity, especially
with respect to certain fission products such as Ru.
On the other hand,
owing to its viscosity and its density which is too close to that of water,
it must be used diluted in an adequate solvent.
A chemically inert
compound, as non-inflammable as possible, is selected, whose physical
properties allow easy emulsion settling.
The paraffinic hydrocarbons
derived from petroleum fractions, or possibly synthesized, are ideal:
these include 'odorless kerosene', n-dodecane and hydrogenated tetrapropylene.
CCl4 has also been used.
Unlike the former compound, which imparts to the
TEP/diluent mixture a density lower than that of water, TEP/CC14 mixture has
a higher density.
As a rule, the composition selected for the TEP/diluent mixture contains 30%
TBP (good physical properties, sufficiently high value of partition
coefficients).
An additional selection criterion is the resistance of the solvent to the
combined effect of nitric acid and radiolysis.
Chain splitting of organic
compounds results in the formation of degradation products whose presence
lowers .chemical performance, makes settling more difficult, creates
precipitates with certain fission products which accumulate at the interface
and, in general, increases the Sy activity of the solvents to be recycled.
Hence TEP itself is degraded into a series of less and less substituted acids
(dibutyl and monobutylphosphoric acids), whose complexes with certain fission
products, especially Zr, are very stable and can be entrained in the solvent.
Similarly, diluents can be altered by irradiation, and while it is more
difficult to identify the materials responsible for poor performance, it is
generally considered that straight-chain hydrocarbons are more stable.
Hence n-dodecane was selected as a diluent in the Savannah River plant at the
start of the 1960s, replacing the commercial diluent used until then.
To the standard flow chart concerning U and Pu extraction and separation is
added the chemical treatment of the solvent designed to bring it to constant
purity.
The acidic products discussed above are eliminated by alkaline
scrubbing (solutions of Na2CO3, NaOH etc).
STEPS IN THE PUREX PROCESS
The use of TBP has spread, and its employment for reprocessing uranium fuels,
by the Purex process, has entered into universal practice, since its
description at the Conference on Peaceful Uses of Atomic Energy held at
Geneva twenty-five years ago.
Slight changes have been made in the intervening twenty-five year period,
but the general scheme has remained the same.
We shall review the
different steps in the process.

3

U-Pu CO-EXTRACTION
The nitric solution from dissolution is clarified and placed in
countercurrent contact with the solvent, to co-extract u and Pu in the form
of UO2(NO3)22TBP and Pu(NO3) 4 2TBP, while the fission products, americium and
curium, remain in the aqueous phase owing to their partition coefficient
which is lower by several orders of magnitude than those of U and Pu.
The
success of this operation depends partly on the presence of plutonium in the
tetravalent state, and also on the purity of the solvent throughout the
operation.
With respect to the first point, the presence of hexavalent plutonium in
non-negligible quantities has been noted in oxide fuel dissolutions.
Pu (VI), which is less extractible, is liable to limit the recovery yield.
A valency adjustment may become desirable if not necessary.
As for
solvent purity, it is important to consider the chemical or radiolytic
degradation products, which are mainly butylphosphoric acids.
They react
with zirconium to give compounds which lower decontamination performance and
yield precipitates at the organic phase/ aqueous phase interface.
The
accumulation of these precipitates creates an irradiating source which
accelerates solvent destruction.
These effects are minimized by reducing
the residence time of the solvent in the extractor, and by lengthening fuel
deactivation time.
The decontamination factor for Sy emitters obtained
in this co-extracton is high, on the order of 10 3 to 10 4 •
It should be
noted that the addition of controlled quantities of hydrofluoric acid to the
solution to be extracted helps to limit considerably the formation of Zr
compoW1ds with phosphoric acids.
The zirconium fluoride complex remains
in the aqueous phase and is eliminated in the extraction raffinate with the
fission products.
This process has been used for more than ten years in
the Marcoule facility.
In designing future installations, rather than altering the chemical
conditions which impose constraints on downstream operations, such as
fission product concentration and vitrification, preference is generally
given to pulsed columns instead of mixer /settlers to perform this first
step.
This avoids the accumulation of solids, while reducing residence
time and hence degradation of the solvent.
SOLVENT SCRUBBING
The impurities in the solvent are either entrained mechanically or bonded
chemically to the TBP or to its degradation products.
Placing of the
solvent in coW1tercurrent contact with the acidic aqueous phase serves to
eliminate mechanical entrainment completely, and to reduce considerably the
organic phase stability of TBP complexes formed with the various fission
products.
This operation is of limited effectiveness if the
dibutylphosphate concentration in the solvent is high.
Among the factors
governing its efficiency are the acidity of the aqueous phase. solvent
saturation, and contact time of the phases.
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CO -RE-EXTRACTION
The stability of the complexes U02(N0 3 )22TBP and Pu(N0 3 )4 2TBP is heavily
dependent on the acidity of the aqueous phase, so that co-re-extraction is
carried out by placing the loaded solvent in countercurrent flow with a
dilute nitric acid solution, into which the uranium and plutonium pass.
This solution is easily hydrolysed, and the co-re-extraction step can be
performed in two stages:
re-extraction by 0.5 N HN0 3 , by which all the
plutonium and part of the uranium pass into the aqueous phase, followed by
re-extraction by 0.01 N HN0 3 , in which the residual uranium is re-extracted.
PARI'ITION
The principle of this operation is based on selective reduction of the
plutonium present in the organic solvent in the trivalent state, which gives
weak nitrite complexes which are difficult to extract, while the uranium
remains in easily extractible hexavalent form.
One of the fir�t Redox systems employed consists of ferrous sulfamate, in
which the ferrous ion plays the role of a reducing agent to Pu 4+ in
accordance with Pu 4+ + Fe2+ � Pu 3+ + Fe 3 +, and the sulfamate ion reduces the
8:i'Ra.nitrite according to HNH2S0 3 + HN0 2 + N2 + H2 S0 4 + H20.
The presence
of an antinitrite is necessary to avoid side reactions in which the Pu 3+ is
oxidized by the nitrous ions.
Reagent in significant excess is required
for complete reduction.
However, the sulfate and ferrous ions in the solutions raise problems, such
as the corrosion risk during subsequent effluent concentrations, and increased
solid wastes.
To avoid the addition of a foreign cation, tetravalent uranium salts have
been used as a partition reagent, namely, the sulfate and especially the
nitrate, stabilized by the presence of hydrazine, which performs the role of
antinitrite.
While ferrous sulfamate is a commercial product, uranous
nitrate is produced on the very site of its use, by the electrolytic
reduction of uranium from the purified stock, or by reduction by hydrogen in
the presence of a catalyst.
The isotopic composition of the reagent is
thus the same as that of the material processed.
Uranous nitrate is valuable for two reasons:
first, since it can be
extracted by TBP, it acts not only in the aqueous phase but also in the
organic phase;
secondly, the reaction product makes no contribution to the
However, a large excess over stoichiometry is
increase of wastes.
required to achieve quantitative reduction of the plutonium.
This means
that its use is accompanied by an increase in the amount of uranium flowing
through the installation.
For LWR fuels, in which the U/Pu ratio is
around 100, this is not a major disadvantage.
The same cannot be said of
the reprocessing of fast breeder reactor cores, in which the U/Pu ratio is
around 4.
This drawback disappears if the uranous nitrate is produced on
the spot, using the extractor itself to carry out electrolytic reduction of
the uranium.
In this case, the reagents are hydrazine and the electrons
exchanged between the ions in solution and the electrodes.
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Another possibility is the use of hydroxylamine nitrate which may be
stabilized with hydrazine, which has hitherto been employed in certain
industrial installations as a re-extraction reagent in plutonium purification
cycles.
Here again, the reagent leads to essentially gaseous products.
In all the foregoing cases, part of the uranium is entrained by the aqueous
re-extraction solution containing trivalent plutonium and excess reducing
agent.
Scrubbing of the reacidified aqueous solution with 30% TBP allows
recovery of this uranium and its recycling to reducing re-extraction.
The fission products still present in this partition stage are chiefly
represented by ZrNb and RuRh pairs for$ y activity, and by technetium and
palladium for mass abundance, in the case of highly irradiated fuels.
Another contaminant also present in non-negligible quantities is neptunium.
In view of the stability of the complexes in weakly acidic medium, RuNb and
ZrNb follow the plutonium flux preferentially.
Technetium in the
pertechnetate state and palladium, which are reducible by the Redox systems
considered, also follow the plutonium flux.
Neptunium, however, exhibits
behavior which depends on the prevailing operating conditions.
From Np VI
in the solvent phase, it can be reduced to very poorly extractible Np V, or
to medium-extractible Np IV, leading to more or less total U-Np or Pu-Np
separation.
URANIUM RE-EXTRACTION
This is carried out with very dilute nitric acid in countercurrent flow.
Operating at a temperature around 50 °C, the solution obtained is more
concentrated than at room temperature, owing to the negative temperature
coefficient affecting uranium partition.
URANIUM PURIFICATION CYCLES

The purpose of this cycle or cycles is to improve the decontamination of
fission products and � emitters, chiefly Pu.
This implies extraction in a
reducing medium, in which Pu 3+ remains in the aqueous phase with the fission
products, and re-extraction of the type described in the previous section.
The supplementary$ y emitter decontamination factor is obtained, and may
reach 10 3 •
If Np is to be separated, the operating conditions must be
altered, for example by setting conditions to obtain unextractible Np v.
PLlJI'ONIUM PURIFICATION CYCLES
Plutonium purification involves a scrubbing/reducing re-extraction extraction
cycle, in which the feed solution's acidity is adjusted and the plutonium is
oxidized quantitatively to valency 4.
This is achieved by adding sodium
nitrite, or preferably by bubbling nitrous vapors.
This also avoids the
introduction of a cation, which limits the subsequent effluent concentration.
The extraction and scrubbing which follow achieve a decontamination factor
for ruthenium and zirco'nium.
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Reducing re-extraction involves either hydroxylamine nitrate or tetravalent
uranium, and the reduced solution must undergo another organic scrubbing to
separate Pu 3+ from the uranium.
A reflux system employed at the Marcoule
facility serves to raise the decontamination factor and to obtain a more
concentrated purified solution.
The decontamination factors for Sy
emitters obtained in the purification cycle are generally around 10 2 •
Formerly, this additional plutonium purification was performed by an anion
exchange resin cycle.
The finding of similar properties in amine type
solvents, considered as liquid resins, led to the use of a plutonium
purification cycle by extraction with trilaurylammonium nitrate at the La
Hague facility, from 1966 to 1973.
This compound, diluted in hydrogenated
tetrapropylene, exhibits great affinity for tetravalent plutonium in nitric
medium.
High concentration factors can thus be achieved if the plutonium
is very dilute.
However, the capacity of the solvent is far lower than
that of TBP.
To offset this, re-extraction must be carried out using a
complexing agent, sulfuric acid.
While purification performance is good,
the chemical stability of the solvent is poorer than that of TBP, but here
the degradation products, secondary and primary amines, are only slightly
complexing vis-a-vis the fission products, and their presence does not cause
Degradation is blocked by the
a lowering of the decontamination factors.
addition of an antinitrite, sulfamic acid.
TREATMENT OF TBP
As we have seen above, acidic products are formed in the solvent.
They
are eliminated by scrubbing the solvent with a basic aqueous phase,
preferably a carbonate which, if the cations U and Pu are present, helps to
prevent hydroxide precipitation, thanks to the complexing power of the C03
ions.
owing to the different activity level, the decontamination cycle and
purification cycles each feature their own specific solvent treatment.
Various investigations have been conducted to improve performance levels of
these processes (oxidizing and reducing scrubbings etc).
It is worthwhile mentioning the development of a process based on the use of
the hydrazinium ion instead of the sodium ion routinely used in carbonate
solution.
The advantage resides in the possibility of destroying this
cation, and thus considerably reducing the volume of effluents.

***
Before setting aside the chemistry of the process, it is important to mention
the research carried out in recent years concerning the means of minimizing
the risks of proliferation, and chiefly the risk of theft of nuclear materials,
Three measures have been recommended with respect to
especially plutonium.
the technical aspect:
reduce the presence of materials which can be used for the
fabrication of nuclear weapons, in separate form in the cycle,
exploit radioactivity to protect these materials from diversion,
protect them by physical barriers.
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The implementation of these measures means the adaptation of existing
techniques to create a diversion-proof �ivilian reprocessing plant called the
Civex Plant.
From the standpoint of extraction flow charts, this implies
a complete re-assessment of extraction conditions.
For example, we can
take the case of plutonium breeder fuel reprocessing� in which the.nitric
dissolution solution of the cores and blankets is such that Pu/U + Pu = 12%.
The final product desired is a U-Pu mixture containing 20% plutonium.
In
the Purex process, modified and adapted to the Civex concept. co-extraction
is carried out without subsequent scrubbing to reduce fission product
decontamination.
Partition is performed in an incomplete manner:
the
aqueous reducing solution re-extracts the plutonium totally and the uranium
partially.
The uranium/plutonium combination, which may be adjusted by
the introduction of additional uranium, is sent to fuel fabrication, which is
remote-controlled due to the radioactivity level.
In this new concept,
the •selectivity' aspect of solvent extraction, which formerly constituted
the selection criterion, is no longer essential.
TECHNOLOGICAL ASPECTS
The extraction units employed in reprocessing plants are of three types:
columns, mixer/settlers and centrifugal extractors.
The first two were
used in designing the earliest industrial installations (columns at Hanford,
mixer/settlers at Savannah River), and today they still represent the large
majority of extractors in service.
The operating principle of these units is well known and has formed the
subject of many publications.
It will not be discussed in detail here.
However, we shall examine the constraints that the reprocessi.ng industry
applies concerning the choice of their design.
Two specific nuclear
aspects must be taken into account:
the intense radioactivity of the aqueous solution to be processed,
the presence, in this aqueous phase, of fissile isotopes which, if the
right conditions are satisfied, are liable to give rise to a chain
reaction.
The first aspect imposes the following.
(a)

Personnel protection by thick shielding surrounding the units.
Preference is given to minimum-sized units corresponding to lower
investment.
Hence pulsed columns with perforated plates have
replaced packed columns, which are less efficient, hence more bulky.
More compact mixer/settlers, of horizontal structure, can represent a
smaller investment despite their larger holdup, and this factor is even
more important for centrifugal extractors.

(b)

Remote control and maintenance.
Preference is given to reliable
systems of simple design, in which all or part of the equipment can be
replaced by remote-control.
Air pulsation is preferable to
mechanical agitation for pulsed columns.
Mixer/settlers are
equipped with automatic interphase control and independent agitation
in each stage.
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Limitation of solvent residence time.
As we have seen, solvent
irradiation is accompanied by the formation of undesirable organic
compounds.
The average residence time is about one second in a
centrifugal extractor stage, and by one or more orders of magnitude
higher in pulsed columns and mixer/settlers.
However, this
advantage is largely offset by the fact that the precipitates formed
accumulate at the aqueous/organic interphase, and are only eliminated
in pulsed columns.

For future plant projects, a consensus is emerging with respect to
co-extraction in the first cycle:
the tendency is in favor of pulsed
This preference is also based on considerations
column extractors.
relating to the second specific nuclear aspect:
criticality risk.
In any given system, the risk that the presence of fissile isotopes may
cause a chain reaction is estimated by a thorough analysis of many
parameters:
concentration of various substances, physical state, external
environment etc.
For the three types of equipment, a sub-critical
geometry can be defined such that, irrespective of the concentration of
fissile material, it leads to extractors with compact dimensions (cylinder
diameters, liquid film thicknesses).
Hence the reprocessing capacity is
low.
In operating or planned industrial facilities, the plutonium
concentration and purification cycles are generally based on this concept.
It would be highly constricting for the co-decontamination cycle, for
example, in which the solutions to be processed have a low plutonium
concentration.
Control by concentration is preferable in this case, in
other words, the un its are designed to be 'safe' up to a predetermined
concentration, which is never expected to be reached.
Very significant gains in scale can be achieved by poisoning the system in
homogeneous or heterogeneous form, by using boronated steel, cadmium or
hafnium plates.
These systems have been especially recommended for pulsed
columns:
hafnium plates, compartmentation of the interplate space by
boronated steel or hafnium plates.
Also developed, on the model of storage tanks, are annular geometry
Both for columns and centrifugal
extractors with poisoned internal core.
extractors, they serve to achieve a very significant gain in capacity,
making this concept highly attractive.
To conclude this overall review, it is worth noting that since the birth of
the nuclear industry, solvent extraction, thanks to its flexibility, has
metallic, alloy,
served to reprocess fuels of very different types:
oxide etc.
owing to the importance of LWR reactors and, in the future, the fast
breeder reactors, reprocessing facilities will mainly have to be adapted to
growing capacity and the use of large plutonium fluxes.
This implies the
research and development of safe, high capacity nuclear extractors, for which
physicochemical investigations must be intensified.
The consequences of
these plutonium fluxes on process chemistry will lead to the improvement of
effluent decontamination in long half-life radioactive compounds, especially
a emitters, and to the maximum recovery of fissile material.
The
technique of solvent extraction is ideal for the attainment of these
objectives.
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EXTRACTION OF METAL IONS BY LIQUID MEMBRANES

Dr. Norman N. Li
Exxon Research and Engineering Company
Linden, New Jersey 07036
U.S.A.
EXTENDED ABSTRACT

Liquid surfactant membranes (or liquid membranes) are made by forming an
emulsion of two immiscible phases and then dispersing the emulsion in a third
phase (continuous phase). Usually, the encapsulated phase and the continuous
phase are miscible. For a given application, liquid membranes are usually
tailor-made in order to meet all the specific requirements. When the
emulsion is dispersed by agitation in a continuous phase (the third phase),
many small globules of emulsion are formed. Thus, an enormously large
membrane surface area is produced for rapid mass transfer from either the
continuous phase to the encapsulated phase or vice versa. It should be
noted that many much smaller droplets, such as those lµ in diameters, are
encapsulated within each globule.
The most effective use of the liquid membrane process is achieved when
the flux through the membrane phase and the capacity for the diffusing
species in the receiving phase are maximized. There are two types of
facilitation mechanisms that can be used to maximize the flux and capacity:
Type (1) Facilitation: Minimization of the concentration of the
diffusing species in the receiving phase. This is normally done by reacting
the diffusing species with some other constituent in the receiving phase to
form a product incapable of diffusing back through the membrane. For
example, in the removal of phenol from water, the phenol diffuses through
a hydrocarbon membrane to a receiving phase of caustic solution. The phenol
reacts with caustic to form sodium phenolate which is insoluble in the
hydrocarbon membrane and hence cannot diffuse back into the water phase. In
this way, the concentration of phenol in the receiving phase is low, thus,
facilitating its passage through the hydrocarbon membrane.
Type (2) Facilitation: Carrying the diffusing species across the
membrane by incorporating "carrier" compounds in the membrane. This kind of
carrier-mediated transport can be illustrated by the separation of metal
ions from waste water and mine leaching solution by liquid membranes. In
these cases, a liquid ion exchange reagent is incorporated in the membrane
phase. Extraction of metal ions can then occur at the membrane/continuous
phase interface while stripping can occur at the membrane/internal phase
interface under proper process conditions.
In fitting with the Symposium, this paper will devote principally to
the review of the work done on Type II faci1itated transfer of meta1 ions
through liquid membranes.
1
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EXTRACTION OF ALKALI METAL DIPICRYLAMINATES INTO
Ill

NITROBENZENE IN THE PRESENCE OF SOME LINEAR POLYETHERS.

E. Makrlik, P. vaXura, M. Kyr� and
J. Rais
Nuclear Research Institute, �ei by
Prague
Czechoslovakia.

ABSTRACT
Extraction of alkali metal dipicrylaminates into
nitrobenzene in the presence of six linear poly
ethers (glyme-2, glyme-3, glyme-4, polyethylene
glycol 200, 300 and 400) was studied. Experimen
tal results were interpreted in terms of the
extraction of the bare ions and the complexed
cations (M + /polyether ratio = 1). The stability
+
constants for ML in nitrobenzene saturated with
water are for all ligands studied the highest,in
the case of the Na+ ion. The influence of the
ligand on the extraction selectivity is dis
cussed.

In a previous paper (1) we reported on the large synergistic
effect of polyethyleneglycols in extraction of alkaline earth
cations into nitrobenzene in the presence of some hydrophobic
anions such as the dipicrylaminate and the dicarbolide anions.
Furthermore, we described a quantitative model accounting for
the maxima occuring in the extraction of sr 2+ when Dsr is plotted
vs. the initial concentration of polyethyleneglycols - 400 in
the aqueous phase (2). In the present work the investigation of
the influence of acyclic polyethers on the extraction is exten
ded to the alkali metal ions, the dipicrylaminate anions being
present in the nitrobenzene phase in order to ensure sufficient
extractability. The extraction equilibria of univalent cations
in the systems investigated may be explained on the basis of the
existence of the followin�_sp�ie�Jspecies in the organic phase
_
overlined) : M+ , A-, R+ , A , MA, ML , MLA, where A denotes the
hydrophobic dipicrylaminate anion and L is a polyether. The con
+
centrations of MA, MLA and ML are considered as negligibly low
because of the low values of the association constants of alkali
metal dipicrylaminates in water (3) and because of the low values
of the stability constants of the simple linear polyethers with
alkali metal cations in water (3 ,4).
The present study can alsn be considered as a continuation
of our work on the extraction of alkali metal dipicrylaminates
into nitrobenzene (6)
upon addition of linear polyethers the
distribution ratios of the anion increase in all cases. As

ligands L, we used glyme-2, -3, and -4 and comme rcial poly
of mean molecular weights 200, 300, and 400
which will be de noted as PEG �00, 30� and 400.

ethyle neglycol

Polyethylene glycols, glyme-2, -3, -4 (di-, tri, and tetra
dimethylether- we re Koch-Light chemical purity
products.

e thylene glycol

Other

(1,

6).

e xperime ntal

The main
as

e xpr essed

conditions were as described

e quilibria

involved in the

+
(ML I A )
ex
+
+
+
K
(M , A-)
M + A -:t M + A
ex
--+
MLA -;t. ML + A
K (MLA)
d
-+
MA� M + A
K (MA)
d
Th e condition of electroneutrality is
M

+

+

A

-+
+-

L

+

ML

+

A

K

e xtraction

e arlier

can be
( 1)
( 2)

(3)
( 4)

Note that reactions (2) and (4) hav e been observed pre viously
(6) in similar systems without the presence of L. In al:l__cases,
e quilibrium (3) can be omitt ed since the formation of MLA is
ne gligible. This has been found in our laboratory where mathe
matical models taking into account the formation of MLA or
ne glecting it have been compared. We reached the conclusion that
the mor e complete model is not supe rior in de scribing e xperimen
tal data. The Ke x (ML + , A-) values yielded by both models
practically coincide. The formation of ML1 at high L:M ratios
was neglected because
the simple model proposed aarees satisfactorily with e xperiments. The formation of only ITT. + species
was postulated also for other solv ents (4,5).
+
For the calculation of the K
(ML , A ) values, the e xpe e
rimentally found values DA and/or fAJ were available the values
va, v 0, C
(in!tial concentration of the ligand in the aqueous
L
phase) and [oH
were deduced from th e e xperiments, and the
constants Ke x (M , A-), K 0 = rL] / [Lj and Kd (MA) are known
from pre vious work (6)

1

The main steps of the calculation follow the se quence :

+
[M ]

( 6)

PCI

( 7)

+

[M ]
+
lML ] =
[i"J =

A-)
V

a

-

Calculation of K
( 1) •

( 8)

+

[M ]
V
[m.+J) / (v 0 +
0
ex

( 9)
V

a

( 10)

+
(ML , A ) where carried out according equation
2
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In the case of ce sium, the abov e method of determining the
+
K
(CsL , A-) value could not be u sed because th e valu es of [A ]
ex
were too low to allow a reliable analytical determination. Therefore, only traces of 137 cs were added to such sy stems for the
determination of K
(NaL+ , A-) values and the distribution ratio
ex
De s wa s mea sured. The distribution of A and L could not be
altered by the introduction of trace amount s of 137 cs so that in
the above calculation s the values of [A-] and [rJ remain cons
tant.
Using eq.

(1) and

( 11 )

r:I

I

+

where Cs = D e
�Cs ] = total equilibriu m concentration of
s
ces ium in the organic phase, the relationship for the determi
nation of K
(C s L+ , A
) value can be written a s :
ex
+
+
K ex (C sL , A )
K
(Cs , A)
(De
s
ex
+
-1
( 12)
- K
(C s , A) .K
(CSA
)
d
ex
+
The valu es of K
(ML , A) are practically independent of the
ex
initial concentration of A and L in the systems and are summarized in Table I. It can be se en that the K
(ML+ , A-) value s
increa se from Li to Cs, wherea s for other li�ear polyo x oethy
enes the ma x imum was found for rubidium (13), dichloromethane
b e ing the solvent.

+

-

It is obvious that knowing th� values of K
(ML , A) and
K
(M+ , A-) the s tability constant of the compl�� ML+ in the
(M+ , A-)). It
oiganic phase can be found (S = K
(ML+ , A-)/K
e
x
.is als o use!ul for some purpo�es t6 compute the �atio K�� =
K
(CsL+ , A )/K
(ML+ , A-) which corre s ponds to the equilibrium
ex
ex
con s tant of the hypothetical reaction
M

+

+

--+
CsL

Cs

+

-+
+ ML

( 1 3)

The selectivity of th e e x traction is illustrated by the valu es
of K cs provided the ion in the organic phase is completely
pres�kt in the form of it s comple x . The K cs values may be
L
+
(M , A-) which
compared with the constant s K cs = K
(c s+ � A)/K
L
are obtained in the absence o� th e tfgand. From ��ble II it may
be seen that the selectivity of the e xtraction is always lower
in the ab s ence L . The se lectivities for the pair s K/NH4, K/Li,
and NH4/L i are practically the same in the presence of any type
of L tested and in ab sence of ligand. The selecticity of the
pair Na/Li increases upon addition of the polyethyleneglycols .
+
The very similar behaviour of Li , K + , and NH� is also apparent
from s value s .
0

3

Table I. Extraction constants Kex{ML + , A-) and other equilibrium constants for some linear
polyethers and alkali metal cations.
M

log K 8 x(M , A-)a pKd(MA) a
+

+

Li ++
Na

NH4 +
K ++

.,::..

Cs

Kn
a
b

0.16
1.00
2.41

2.97
4.27

1.43
1.32
1.45
1.29
1.31

glyme-2

glyme-3
3.49(17) 3.94(33�
4.43(24) 5.07(29
5.34(15) 6.13(13
5.85(12) 6.64(13)
6.79(8) 7.14(8)
0.25
0.30

estimated by the method described in

( 6)

for 3.10

log Kex(�IL + , L-)

glyme-4

PEG 200

4.48(29l
6.26(19
6.72(11
7.25(10)
7.47(8)
0.45

5.63 26
6.98� 30�
7.67(21)
8.32(16)
9.34(1�§
1.6.10

-3

M MOH.

the number of experimental points is given in parentheses.

PEG 300
6

.3 25
7.89
4
8.56 r
168i
9.14(12)
9.55(8)
1.s.10 -3

PEG 400
6.83(16)
8.51 21)
9.26�14)

9.91(10)
9�96(8)
. -3
1.3.10
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L

glyme-2
glyme-3
glyme-4
PEG 200
PEG 300
PEG 400

log K

Cs

LiL

3. 30
3. 20
2.99

3. 7 1
3. 2 1
3. 13

log K

log K

cs

NH
4

Cs

Cs
(log K .
4.01
ML
L1.
s
= 1.7 6 ; log K� = 1 • 20)

Table II. Extraction exchange con stant s K
log K�= = 3, 17

Cs
log K
KL

Cs

NaL

2.36
2.07
1. 21

2.36
1. 66
1.45

80-10

1. 45
1. 01
0.75
1. 67
1.99
0.70

0.94
0.50
0.22

1.02
0. 41
0.05

A short di scussion of the dependence of S
upon the type of
ligand L and of cation seems interesting. �or each ligand, the
dependence of S on the cry stallographic radius of the cation
+
+
exhibit s a maxigum at M = Na . The S value for the complex
between H + and PEG 400 as deduced in 8ur recent paper (2) is
lower than for the Li + PEG 400 complex. On the basis of the
literature data (Table III), it may be concluded that the pre
sence of this type of maximum is a rat�r:general feature of the
complexing of alkali metal cations with linear polyether s
in various solvent s . However, the maximum in methanol is alway s
found at M + = K + . In this respect, the polyethyleneglycols pa
rallel the behaviour of cyclic polyethers. The maximum displa
yed for dibenzo-18-crown-6 in nitrobenzene s aturated with water
lie s again at M + = Na + . This agreement seems to indicate that
linear polyethers as sume a cycle configuration around the com
plexed cation s . The similar behaviour of the poly(ethylene oxid�
·ligands and of the cyclic ethers has already been noted by
Fenton and coworkers (10) on the basis of the similarity of thcir
infrared s pectra. This i s in agreement with the fact that for
the lowest polyether used in this study, glyme-2, which hardly
can form a complete ring around the cation, the difference
between S (LiL�) and S (NaL + ) is the lowest found. However, the
°
discrimin�tion between the individual cation s is much stronger
when using a rigid ring of the dibenzo-18-crown-6 type than
wi th its linear analogs, probably due to the higher flexibility of
the ring formed by the linear polyethers . The same conclus ion
can be reached from the data of Jaber and coworkers (11) who
extracted alkali metal picrates into dichloromethane and found
that the ratio s of the extraction con s tants for the pair s Na/Li,
K/Na and K/C s are 20, 31 and 5.4 for dicyclohexyl-18-crown-6
(n = 6), whereas the same ratios for the linear nonylphenoxypoly
(ethylenoxy)etanol (n = 20) are 5.5., 29 and 1.6.
In all cases the values of S increa se with the number of
ethylene oxide units (EOU). Compa�ing glyme-4 and PEG 200 which
poss ess the same number of EOU, higher S value s are found
(by 0.7 - 1.8· log units ) for PEG �00. Ra�her unexpected is the
nearly identical behaviour of Li + , K + and NH: ion s (except for
+
the combination Li and glyme-2) reflected in the fact that log
S 0 for each polyether does not differ by more than 0.3 unit s .
5

TABLE III. Stability constants log
in organic solvents .

of the complexes of alkali metals with some polyethers

nitrobenzene satd. with H20
Li +
cs +
K+
Na+
NH+4

Ligand
glyme-2
glyme-3
glyme-4
PEG 200
PEG 300
PEG 400
PEG 400 °

s0

3.33
3.78
4.32
5.47
6.18
6�67
+

H

5.69
dibenzo- 5.45
-18-crownd
-6
a •••• R =

e •••• from

3.43
4.07
5.26
5.98
6.89
7.51

2.93
3.72
4.31
5.26
6.15
6.85

2.36
3.61
4.28
5.35
6.17
6.94

2.62 RO(CH2CH20)6Ra
2.97 RO(CH2CH2o)7R a
3.30 RO(CH2CH2o)8Ra
5.17 RO(CH2CH2o)9Ra
5.38 glyme-4b
5.79 glyme-5 b
b
glyme-6

1.11

Rb+
5.78

6.89

4.79
4.58

-

c 6 H 5,

•••• from
•••• :from
d •••• from
b

Ligand

from ref.(4)
ref. (5)
ref. (2
ref.
l
ref.

�i

glyme-7 b

methanol
K+

Rb +
1.52
1.91
2.36

1.60

1.58
1.98
2.47
2.10
1.72
2.20
2.55

1.67

2.87

Na+
1.18
1.32
1.57
1.87
1.28

1.47

-

...

Cs +

1.45
1.85
2.17
'

2.41
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The increase of a
values in nitrobenzene with the number
of EOU found herein cag be compared with that in rnethancl found
by other workers. Generally, the constants ft:> are several orders
of magnitude higher in nitrobenzene than in methanol. This is
easily accounted for by the low basicity of nitrobenzene.
Indeed, as reported previsouly by Matsura et al. (9), the
values of a
depend essentially on the competition between the
0
solvent and dibenzo-18-crown-6 for the cornplexation of the
metal ion. Methanol is well known to be much more basic than
nitrobenzene.
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EXTRACTION OF RARE EARTH METALS BY CARBOXYLIC ACIDS.

V.P. Gladyshev, F.I. Lobanov,
N.N. Andreeva, A.K. Nurtaeva
Kazakh State University
Alma-Ata, USSR.
Extraction of lanthanum, europium, gadoli
nium, erbium and ytterbium ions with melts of
stearic acid and their mixtLlres with paraffin
has been studied at 80 ° C.
An extraction scheme has been proposed, the
constants (lJK ) and the two phase stability
-ex
constants (lgt.\ K ,
have been determined.
3 r. ,MA )
3

For a number of years carboxylic acids have been used
successfully in Analytical Chemistry and technology for isola
ting and concentratin g some metals, the rare earth metals inclu
ded (1-4). An increase in the number of carbon atoms of the
acid molecule leads to a decrease in the solubility of carbo
xylic acids and their metal complexes in the aqueous phase .
This facilitates metal ion transfer into the organic phase, but
the application of long chain carboxylic acids (carbon atoms
> 9) in the process of liquid-liquid extraction is not reaso
nable, since the solubility of metal salts decreases sharply (5).
It is possible, however, to use high-molecular weight
carboxylic acids as extractants at high temperatures (6-10).The
main merits of the method are
the possibility of achieving
high degree of concentration, distinct phase separation and
absence of emulsion and the possibility 0£.direct determination
of the elements in the solid organic phase by physical and
physico-chemical methods (8).
Though there are no detailed in the literature on the
extraction of rare earth metals by long chain carboxylic acids,
the possibility of isolating microquantities of some elements
(yttrium and cerium included) by palmitic acid has been shown
( 7) •

In the prese n t work some physico-chemical properties of
stearic acid at high temperatures have been determined, a n d the
formation of complexes of lanthanum, europium, erbium and ytter
bium has been studied.
Dimerization of stearic acid has been investigated by the
distrib utio n method. Distributio n of the acid betwee n the aque
ous and organic phases taki n g i n to account its possible ioni
zation in the aqueous phase a n d polymerisation in the orga n ic
phase is described by the equation
D ={K
-c
-D,HA +

2K

K

2

- 2 -D,HA

[ dA J aq

n

K K
- n -D,HA

2
J
K K
!HA]
+ 3K
aq +
-2-3-D,HA
} /. {l

+ !S_HA/

( 1)

where D = C
C
is the distribution ratio of stearic
HALoro / .HA,aa
. between
-c
acid
pararfin ana water ;

J

K = [(HA)
n org
-n
polymer ;

/ [HA] org
n

is the formation co n stant of the

= [aA]
[HA]aq. is the partition coefficient of the
!S_D,HA
org /
acid monomer in the paraffin-water system.
Equation ( 1 ) is va 1 id i n the case of po 1 ym eri c: forms of the
reagent in the aqueous phase a n d applies (11) to carboxylic
acids at concentrations i n the aqueous phase of �A]aq <0,065M.
Dependence of distribution ratios of stearic acid between the
melt of carboxylic acids with paraffin and water at 80 ° C is
shown i n Fig. 1. From the experimental data of D = f( [HA]
)
aq
-c

Qc. l(J'

l

6

5
4
3
2

1
4
FIG.

8

12 [HA ]a .105
q

1

Dependence of distribution ratios of stearic acid between
paraffi n and w2ter on stearic acid conce n tration at 80 ° C ;
r = 1:1.
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dependence described by equation (1), if n = 2, dimerization
constant of stearic acid in paraffin and partition coefficient
of its monomer betwee� paraffin and water at 80 ° C are estimated:
K
= (1,06 + 0,07).10 and K
= 9,6 + 0,6.
2
-D,HA
By increasing the stearic acid concentration in the paraffin
phase the aqueous phase becomes saturated by the acid and the
is no longer linear. IR-spectra of
dependence of D upon [HA[
the acid in par�ffin confi�ged that in the paraffin-stearic
acid melt, the latter is predominantly in the dimeric form.
Extraction of rare earth elements by stearic acid were made
as described previously (12). The equilibrium is achieved comt =
pletely in 1-2 minutes. The phase ratio, r, was of 1 :10
(80 + 1) °C. The concentration of rare earth elements in the
aqueous phase was determined spectrophotometrically using
Arsenazo III, and radiometrically using isotope Eu 154 . For the
determination of the elements in the solid extracts, X-ray
fluorescence was used.
Lanthanum, europium, gadolinium, erbium and ytterbium
extraction is investigated in the wide range of aqueous phase
acidity at different metal and stearic acid concentrations.
Fig. 2 shows that stearic acid-paraffin mixtures quartitatively
extract rare earth elements into the organic phase at pH 4,06,0. Investigation of the effect of metal concentration (Fig.2)

R,¼
100
80
60
40
20
5 pH
FIG. 2
Dependence of recovery facfor of lanthanum (1), europium
(2), gadolinium (3) and ytterbium (4) in the stearic acid
paraffin system on the initial metal conce�tration of the
pH of the aqueous phase
O - 10-3M ; A - 10-4.

3

on the extraction of rare earth stearates shows that in the con
centration range of metal 10-5-10-3M no hydration and polymeri
zation phenomena of rare earth element ions occur. This is evi
denced by coincidence of the curves on Fig. 2. H��ever,
further increase of metal concentration (10-3-10 M) leads to
a shift of the extraction curves toward the acidic region
because of polymerization in the organic phase.
Experimental data obtained under conditions of existence
of metal monomeric forms are presented in the Fig. 3. The slope
of these lines is 3.
This testifies to the displacement of
4 3 2 1

4
FIG.

5 pH

3

Dependence of distribution ratios of stearates of lanthanum
(1) , europium ( 2) , gado 1 inum (3 ) and y tterbium ( 4) on the pH of
the aqueous phase.
three protons in the complex forming reaction. The slope of the
dependence curve of distribution ratios_ of europium on the stea
ric acid in paraffin equals three (Fig. 4)

lg Q C 4
3

2
1

-3

-1

lg [HA]

-1

FIG. 4

Effect of stearic acid concentration on the extraction of
europium stearate.
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Thus on the basis of obtained results one can assume a
tr a nsfer of EuA3 compound into organic phase, and the process
extraction scheme may be presented as
Ln

3+

LnA

+ 3HA
org

3,org

+

3H

+

( 2)

Extraction constants of the rare earth element complexes
with stearic acid is determined by the equation
lgD
-c

lgK
-ex

3hH -

3log[HA]

( 3)

org

is the concentr a tion of acid monomer form in pawhere [HA]
raffin, wh?�� can be found by the equation
[HA] org = C

HA

-

[HA]

- 2[(HA) ]
2 org

-

aq

T a kin g into account the equilibria of ionisation
bution of the stearic acid monomer, one obt a ins
K
-2

=

[ ( HA)

.!S_D, HA

2

]

[HA]

org
org

/ [H A]

/ [HA]

2

K
-HA

org

( 4)
a nd

the distri

-

[H + ] [ A ]

aq

Neglecting stearic a cid concentration in the
spite of a large value of K
, one obtains
-D,HA
A
[H ]org

a queous

phase in

( 6)

The calculated v a lues of the extraction constants for La, Eu,
Gd, Er and Yb a re presented in T a ble 1. With decreasing ionic
radius of the rare earth element, a regular incre a se of lgK
-ex
is observed. However, the increase is not l a rge and it speaks
for unselectivity of stearic a cid a s extract a nt towards indi
vidual rare earth elements. Separation factor of the Yb-La
p a ir is 10,0. Combining the present data with those in the
literature ( 13), ther e appears to be an increase of the sepa
ration factor with the increase of the number of c a rbon atoms
for 50 % caproic a cid
in the acid molecule (Fig. 5) : aYb
a
in heptane is 3,9 ; for c a prylic a ci& the corresponding value
is 5,0. Two ph a se stability const a nts, c a lculated from extr a c
tion constants, increase monotonously in the rare earth series.
Such phenomenon is related to a decrease in the basicity of
the rare earth element ions. (Table 1).

5

a. Yb.La

10
8

6
4
2
Q ______________,___...._..__

4

8

12

FIG. 5.
on the number of
Dependence of separation factor a
Y ,La
hydrocarbon units in fatty acid mo� ecule.
Table 1. Quantitative characteristics of complexes of rare
earth metals with stearic acid (0,1 M solution in
paraffin).
La

Eu

Gd

Er

Yb

Ionic radius

1, 2 2

1, 13

1, 1 1

1, 0 4

0,99

p

Hl/2

4,45

4,26

4,08

4, 16

3,98

lgK
-ex

-8, 16

-7,58

-7,39

-7, 4 5

-7, 1 7

lg f3 K
3-D,MA
3

15, 9 2

16,49

16,69

16,63

16, 90

Rare earth metal
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SOME ASPECTS OF EXTRACTION BY ORGANIC COMPOUNDS

Yu. I. Murinov, Yu. E. Nikitin and
A.M. Rozen
Institute of Chemistry of the
Bashkirian Branch, Academy of
Sciences of the USSR
Ufa, USSR.
ABSTRACT
The synthesis of monodentate and polydentate
organic sulphur compounds to be used as extrac
tants is reported. Also, the extraction proper
ties of these compounds are discussed. A quan
titative interpretation of the extraction
mechanism is presented. The ordering of the
extractants with respect to the extraction of
gold chloride and uranyl nitrate is given.

The range of metal extractants has so far been relatively
narrow (mainly tributyl phosphate, di-2-ethyl-hexyl phosphoric
acid and amines) and is less than adequate to ensure complete
separation of the rare earths, the non-ferrous metals and the
rare metals. Therefore, the search for new extractants of high
extraction power, selectivity and chemical stability, which
could be suitable for large scale production, is of interest.
Furthermore, there is a need for extractants for the recovery
of various organic compounds, such as carboxylic acids and
sulfoacids.
There is also a need for various absorbents able to
trap sulfur and nitrogen dioxides, which are dangerous for the
environment. Organic sulfur compounds are potential extractant&
Among these compounds are the sulfides, the sulfoxides, the
ketosulfides and the mercaptans. The synthesis of compounds
with predetermined properties has been highly successful in
the part. Organic sulfur compounds are of special interest
because sulfur in these reagents, besides the vacant 3d-orbital,
can act either as a �-electron donor or as an acceptor, depen
ding on the nature of the extracted compound. The present paper
deals with the chemistry of organic compounds of various classes.
The following compounds have been synthesized and used as
extractants
petroleum and synthetic sulfides and sulfoxides
of various compositions, disulfides and disulfoxides with a
wide range of substituents and featuring various aliphatic
groups between the sulfur atoms (R-S-(CH2) -S-R'), ketosulfides
n
1

and ketosulfoxides containing 1 to 4 sulfur atoms, as well as
many polydentate extractants containing a variety of functional
groups sulfur and oxygen, sulfur and nitrogen, etc.
ORGANIC SULFIDES

Neutral organic sulfur compounds form an important group
of extractants for noble metals which is remarkable for its
selectivity and its extraction power [1,2] . The influence of
the compositions of organic sdlfides on the extraction of noble
metals has been studied. All the compounds studied have been
synthesized in the laboratory.

All the sulfides, irrespective of their composition, do
not extract mineral acids because sulfur barely protonizes.
However, an electron-donor interaction exists between the sulfur
atom of the sulfides which has a high electron density and the
proton. By contacting 35s labelled sulfide solutions in benzene,
sulfide complexes have been shown to exist in the aqueous phase.
Complexes such as HCl.nH20.qR2s, H2so4.nH20.qR2S, HN03.R2s
(where n = 1-3, q = 1-4) have been isolated. Concentrated nit
ric acid oxidizes sulfides into sulfoxides and sulfones. Sulfides
do not extract water. Based on the soft and hard acid (base)
concept, Pearson [3} showed that through a salvation mechanism,
sulfides are able to extract metal salts of the soft acid type
such as Ag, Hg, Pd and Ru from HN03 ; Pd and Ru from HCl. Other
noble metals, Pt(IV), Ir(IV) and Rh(III) resist sulfide extrac
tion because they exist in acid aqueous solutions as highly
inert complexes. Sulfides do not extract salts of other metals.
Therefore, they are suitable for concentrating and separating
noble metals. The solvate numbers (q) have been determined
by equilibrium shift and saturation methods in extracting silver
nitrate (q = 1-3), gold nitrate and chloride (q = 1), platinum
and palladium chlorides and nitrates (q = 2). With an increase
in the acid concentration of the aqueous phase, the recovery of
these metals sharply decreases.
Based on elemental analysis, the equilibrium shift method
and IR and PMR spectra, the extraction reaction of noble metals
by monodentate sulfides appears to be :
( 1)

For polydentate sulfides, the saturation and equilibrium
shift methods give different solvate numbers, i.e. complexes
of various compositions can be present in the extraction phase.
Therefore, to compare extraction properties of various sulfides,
extraction isotherms for gold microconcentrations (from 10-5 to
10-7mol/1) have been obtained, in conditions which are far from
saturation of the organic phase (0.01 mol/1 in the extracted
complex). The solvate number has been determined under these
conditions for gold chloride (III) and found to be equal to 1
for all the species extracted. Therefore, the extraction pro
perties of sulfides towards gold (III) chloride have been
considered. The concentration constant K has been estimated
2
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according to the relationship
K =

[Auel

3

[Auel�

. s

J

0

.

. [s]
Jw

Cl

w =

y
X

Au

XCl

( 2)

. [s]
Au

where Y
and XAu are gold equilibrium concentrations in the
A
organic �nd aqueous phases, respectively ; Y - is the ci1lorine
e
ion concentration, [s] is the extractant equi!ibrium concentra
tion, and w is water. According to their extraction power towards
gold chloride, the sulfides investigated form the following series
(concentration constants are given in parentheses)

CH
CH CHCH4 9CHC�-2 ) S ( 80) < CH
4 9CHCH
2I ""l ) S ( 60) < ( 4 9 I
S ( 170) <
I
(
OAc
2
OH
O(CH2)2 OC2H5 )2
2

<(

¢

< c6H s
<

CH3
( 190)

5 -0
Q< OH HO ( 200) <

H9c4 ,..- s rc4H9
l� )

r-..

CH
4 9CHCHr)
1
S ( 220 )
(
OC4H9 2

I\

<

r'l

(240)<CJ-il7SCH2NJ(280)<A5A ( 310)� l5.l-.
(320) �
c� C5H,1
CsH 11

.,...CH SC H
�C6H13SC6H13(340)�PS< �CO(CH2)2SC8H17(530)<�COCH, 2 5 11 (800) <
CH 2SC5 H, 1
C4H 9
,..1.:
s s
/CH2 SC5H 11
H C SCH
�
( 1300)
< H9C4 S'J.'C4· H9 ( 1050) < 11 5 2'-..
CHCOCH
/
'-.. CH SC H
H11C5SCH2
2 5 11
As it can be seen"'in the above series, chlorine "' (K = 0.5), the

l.9;

l.9;

sulfide complex (K = 8) and tertiary nitrogen (K = 13) have a
most pronounced effect on the sulfur donor properties. It is to
be noted that the nitrogen itself does not appear to be involved
in bonding with the metal ion, obviously because of steric
hindrances. The ether oxygen introduced in the 8-position of
dialkyl sulfides reduces donor properties only to a small extent
while it sharply changes the extraction power of the sulfide
(� = 27) when it is introduced in a ring with the sulfuratom.
Another sulfuratom in the para-position has a small effect on
the extraction power, it increases the capacity of the extrac
tant which is becoming bidentate.
3

Of all the reagents studied, trithian (K = 1050) and the
ketotetrasulfide (� = 1300) were shown to be most interesting
extractants.

In the extraction of silver nitrate by ketomonosulfides,
the solvate numbers determined by a saturation method and by �n
equilibrium shift method greatly differ. Several types of com
plexes are present in the organic phase whose composition
strongly depends on the activities of the species in the aqueous
and organic phases. It is to be noted that with increase in the
silver concentration and decrease in the free extractant con
centration, the solvate number decreases from 3 to 1. The com
plexes AgNO .3s, AgNO .2s and AgNo .s have been isolated from the
3
3
3
extraction phase.
SULFOXIDES

The extraction properties of petroleum sulfoxides and of
individual sulfoxides were reported in detail in our previous
paper [4,5] . Presently, studies of the oxidation-reduction
properties of sulfoxides are continued. Also, the extraction
of uranyl nitrate by new reagents of the sulfoxide series,
hydrosulfoxides (R-S-(CH2)n-OH) and by ketosulfoxides of various
compositions has been investigated. The recovery factors of the
metal salts and acid complexes of 50 elements by petroleum
sulfoxides from HCl, HNO3, HC1-HNO3 and HC1-H2so4 med..i...a have
been determined by reverse paper chromatography. Using petroleum
sulfoxides as extractants, elements of similar properties,
Zr/Hf (R = 9), Ta/Nb (R = 25), Fe/Cu (R = 60) etc. have been
separated.
The extraction isotherms for uranyl nitrate at concentra
tions of uranium varying from 10-5 to 10-7 mol/1 nave been mea
sured (aqueous phase : 0.1 mol/1,· HNO extractant 0.01 mol/1 in
3
o-xylol). The extraction at these concentrations can be des
cribed by the equation :
2+
uo2 + 2NO + 2S
3

-+

+

uo2(NO3)2 2S

whose effective- extraction constant
K

=

[uo (No3>
2
2

- 2
2+
[uo2 ] [No3] w
w

2S ]

[sJ

2

(3)

is

K

YU

=
X

u

( 2X

u

+

X

H)

2

+

Yuo2(No3>2·

[ s]

2

( 4)

where Y and X are equilibrium concentrations for uranyl nitrate
U
U
in the organic phase and in the aqueous phases, respectively ;
±
x is the nitric acid concentration ; y u is the activity coef6
ficient for uranyl nitrate.

On the basis of the K values, the fallowing series of .orga
nic sulfur compounds has been obtained
4
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("'15000)

<

The extraction power of sulfoxides is in good correlation with
the oxygen basicity and is described by the equations :
log K

0

= 11.88 + 5.6 pK

( 5)

For non-cyclic sulfoxides, correlation of the extraction power
with the sum of the Taft constants for substituent electro
negativities is also possible :
log K

u

= 2.34 - 2.54 Ea * = 3.04 - 5.23 E(X - 2) (6)

The oxidation-reduction properties of sulfoxides have been
studied in the case of the extraction of chromiurn(VI) from
sulfuric acid solutions by dioctylsulfoxide in o-xylol. The
interpretation of the data obtained showed that extraction of
chromium(VI) by sulfoxides proceeds according to the mechanism
( 7)

Reaction (7) proceeds rapidly followed by a slower oxidation
reduction reaction

Various solvates are thus formed in the organic phase.

5

The participation of hydrogen ions in the oxide-reduction
reaction taking place during the extraction of chromium(VI)
has been shown with uranyl nitrate. In this case, reaction (8)
is no longer absent. In the organic phase no trace of sulfones
were found and no Cr(III) could be detected in the aqueous a�d
organic phases. On studying the extraction of vanadium(V) from
HCl and H2 so media, no oxide-reduction reactions leading to
4
the formation of vanadium(IV) or sulfones has been observed.
Also, some synergic mixtures of extractants have been
found : HDEHP + sulfoxides o� sulfides ; picrolonic acid +
sulfoxides or sulfides ; trioctyl amines + sulfoxides or sul
fides and finally mixtures of sulfoxides of various composi
tions. With increase in the basicities of the donor additives,
the extraction constant increases. All the systems are des
cribed by the following equations
2S + 2H

+

( 9)

The increased extraction power of petroleum sulfoxides (PSO)
can be explained by a synergic effect since these compounds
are in fact mixtures of sulfoxides of various compositions.
THE EXTRACTED COMPLEXES OF METAL SALTS WITH SULFOXIDES
AND SULFIDES

All the complexes have been obtained by dilution of the
extraction phase by isoalkanes at - 30 ° C. Under these conditions
they precipitated or separated as a liquid phase. The composi
tion of the complexes has been determined by elemental and
functional analyses. Also IR, UV, PMR and mass spectra have been
recorded to identify the complexe$ formed, to establish the
extraction mechanism and to determine the symmetry of the
internal coordination sphere and the type of the chemical bon
ding. The molecular weight of the extracted complexes has been
determined by measuring condensation thermal effects in benzene
and cyclohexane. For monodentate sulfides the following complexes
have been isolated : Auc13.R S ; PdC12.2R2S ; Ptcl4.2R2S ;
2
RhC13.3S ; AgNO .R S ; AgNO3.2R S ; AgNO .3R S ; uo2c13.2R2 so ;
2
3 2
3 ) .
uo2(NO3)2.2R2 so ; Th(NO3)4. 2R22So ; Th(NO
3R so ; Ndc1 .3H2O.
3
3 2
2
3R so ; Nd(NO ) .3R so etc. In the case of complexes
where the
2
3 3
2
metal cations have variable valences, oxidation-reduction
reactions develop and the sulfides oxidize to sulfoxides. The
scheme of the process can be shown as follows
( 10)

From the values of the dipole moments for the isolated complexes
and from UV spectra a cis-structure is assigned to most comple
xes. Strong association of the complexes in the organic phase
is characteristic of the polydentate extractants, the following
complexes form :
6
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Cl R
R Cl R
I
I
I I
I I
R-S(CH2ln- s-Pd-S CI-Pd-S(CHi)n - s-Pd� S-R2
I
I I
I
I
Cl-Pd-Cl
Cl (CH2ln- 5-R
Cl
R Cl

I

I

R

THERMODYNAMICS OF EXTRACTION BY ORGANIC SULFUR COMPOUNDS.
By calorimetric titration performed on a Calvet calorime
ter, the enthalpies of dissolution of sulfoxides in various
solvents (from - 4 to + 40 kJ/mol) and the enthalpies of mixing
with water have been determined. The enthalpy of the 1:1 liquid
diamylsulfoxide-water complex formation is 26 kJ/mol. The solu
bilities of the extractants in water increase with increase in
the number of functional groups in the molecule. Formation of
outer-sphere complexes have been noted in the organic phase,
they are formed by the additional salvation of the extracted
complex by the free extractant in the case of cobalt(II), chro
mium(III), uranium(VI), thorium(IV) and the rare earth chlo
rides as well as in the case of thorium(IV), c-obalt(IV) and
rare earth nitrates.
0

By GLC, the activity coefficients (y ) for the diluents
have been measured in approximation to an infinite dilution
state. The values of the activity coefficients are in good
correlation with the values of the solubilities of the reported
0
0
compounds log S = B + B /log y . The smaller the value of y for
1
the diluent in the comp�ex, the greater is the solubility of
the complex in the diluent, and consequently, the smaller is
the probability of the mesophase in the extraction process. For
all the organic sulfur compo unds studied, aromatic and chlori
nated hydrocarbons are most suitable as diluents.

from 1/T, thermo
From the temperature dependence log K
dynamic functions of the extraction reacti6�s (6H, lG, 6S) have
been calculated. For most systems, the value of the enthalpy
change is negative, while in the case of extraction of noble
metals (Au, Pd, Pt), it is positive. The positive value for
these metals can be explained by the high activation energy
spent by the substitution of chlorine ions by molecules of
organic sulfide (+ 30-60 kJ/mol). For most extraction reactions,
the effect of the entropy factor has been noted in the inter
action of the extractant with the hydrated metal ions.
ABSORPTION OF GASES

Sorption properties of petroleum sulfoxides and sulfones
have been investigated so as to contribute to the defence of
the environment. Sorp tion of sulfur dioxide and nitrogen dioxide
has been studied. Carbon dioxide, carbon monoxide and hydrogen
sulfides are not sorbed by sulfoxides and sulfones. In the IR
spectra of the No /so -sulfoxide adducts, a 20-30 cm-1 shift of
2
2
7

the adsorption bands of the SO group to the low frequency region
has been observed which suggests formation of sulfoxide and
N0 /so complexes. The capacity of sulfoxides is 300-400 mg/g.
2
2
After Ehe regeneration, no change in the physicochemical proper
ties of the extractant has been found.
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SOME PROBLEMS IN CHEMICAL STRUCTURES AND
PROPERTIES OF ORGANIC EXTRACTANTS
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ABSTRACT

The molecular design of organic extractants

based on the quantitative studies or structure-(re)activity relationships (QSAR) is one of the recent problems
in extraction chemistry. This paper presents various
aspects of the problem based on the experimental data
from author's Laboratory.

1. Introduction.
Quantitative molecular design of organic extractants can, in very prac
tical terms, contribute both to discovery of new selective extractants and
to the progress of extraction chemistry in general. One understandable objec
tive in the application of the process of solvent extraction to the separa
tion of metals is to attain a maximum selectivity for a given metal. Develop
ment of such new extractants, up to now, is usually worked out by the screen
ing method, which requires large amount of investment and labour. A much more
effective way should be available if one knows both qualitatively and quanti
tatively relationship between chemical structure and the extraction proper
ties of organic extractants. This is the basis for the quantitative molecular
design.
2. HSAB PRINCIPLES IN SOLVENT EXTRACTION.
Metal extraction may be considered simply as the replacement reaction of
water molecule in the hydration shells of metallic ions in aqueous solution
by organic ligand (extractant).
M + nL � MLn

(1)

Both metal ions (acceptor) and coordinating atoms (donor) are classified as
hard, soft and borderline acids and bases 1<1�cording to Pearson's scale.
1

Oxygen-containing lignn<ls (ether, alcohol, carboxylate, phosphate, phospho
nate)are referred to hard bases, which prefer to coordinate with hard acids,
such as lanthanides, actinides, Nb, Ta, Zr or Hf. As soft bases, sulfur-con
taining ligands (thioether, thiourea, thiocarboxylate or dithiophosphate) are
preferred to combine with soft acid such as Cu, Au, Ag, Pt, Pd or Hg. A nit
rogen-containing ligand e.g. aniline or pyridine, being a borderline base,
reacts smoothly with a borderline acid (Fe, Co, Ni, Ru, Rh).
The hardness of donor atoms can be modified by the induc tive or conjuga
tive effect of the neighboring atoms and groups. An aliphatic hydroxy-oxime,
being a hard base, posesses poor ability for extracting Cu (border line acid)
at pH 2. In an aromatic hydroxy-oxime, on the other hand, owing to the pre
sence of a conjugated system, especially in the presence of an electron
withdrawing group on the benzene ring, the hardness of the base is decreased
and the extraction ability of Cu will be enhanced accordingly.
3. RELATIONSHIPS BETWEEN THE CHEMICAL STRUCTURE
AND PROPERTIES OF ORGANIC EXTRACTANTS.
As shown by our early studies(l), the extraction properties of extrac
tants are governed chiefly by three structural factors.
First of all, the
reactivity of the coordinating atom or group is one of the most important
factors,whichdetermines the extraction ability. In the meantime, steric
effect plays an important role in the selectivity of solvent extraction.
Beside these, appropriate range of molecular weight of extractant is neces
sary, in order to keep the extracted complex in organic diluents.
Influence of reactivity of the coordinating atom or group. It is well
known that in the extraction of metals by neutral organophosphorus compounds,
for
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Influence of group electrone
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the phosphoryl oxygen serves as coordinating atom. As shown in Table 1 and
FIG.l, the Maximum distribution ratios of uranium in extraction by such com
pounds is closely related to the phosphoryl stretching frequency (yP=o) of
extractants( 2).
Table 1 Chemical Structure and Properties
of Neutral Organophosphorus Compounds
No.
Structure
1 (n-C4H90)3PO

Du Max(HN0 3)VP=o
5
1269
24.3

(n-C7 H150)3PO

33.9

5

1280

34.0

5

1265

239

4

1224

272

3

1250

(C4H9CHEtCH 2)PO(OCH2 CHEt�u� 226
(C6H13CHMe)PO(OCHMe�0H1 3)2 107

4

1250

2

3
4

5

6

7

8
9

10
11

12

5

31.8

(C4H9CHEtCH20)3PO
(C6H13CHMe0)3PO

298

CH 3PO(OC5H11-iso)2

n-C4H9P(O)(OC4H9)2
n-C5H11P(O)(OC5H 11)2

3

155

n-C6H13P(O)(OC6H13)2
n-C7H15P(O)(OC7 H15) 2

4

198

(n-C4 H9)2P(O)OC4H9

4

4200
(n-C7tt15)2P(O)OC7H15
14 (C4H9CHEtCH2) 2P(O)OCH2CHEtBul620
13

15

16
17

(n-C7tt15)3PO
(n-C8H17)3PO

)50000
1200

(C4H9CHEtCH 2 )3PO

1245
1245

1260

1

1215

0.5

1155

1

1230

2

) 500 00

1240

4
1

4500

1280

0 .5

1200

123 0
1150

The group e.lectronegati"\!i_ty o::x)d: typ..cal neutral phosphorus-based e:lll:.ractants as
calculated from Vp=o values by Bell-Rozen's equation:lX=6.13+ 0.2 37 (J)p=o-117 0)
is correlated linearly with distribution ratio of U, Th 234 , ce l44 , Pm l47
and y 90 from nitric acid system(3).(Table 2 & FIG.2)
Table 2 Influence of Lewis Basicity
o n the Properties of Extractants

�x

Structure LiJ)oD
(Bu0)3PO
111 8.48

BuPO(OBu)2

1 21

Bu 2P(O)OBu

151

Bu3PO

161

7.4 1
6.60
5.82

DTh
DPm
DCe
Du
-3
1.48 8.3X10
0.026 0.050

DY
0 . 044

18.5

0.419

22 0
743

0.284

0. 291 0.613

7.78

1.96

2 .95

3.61

49.4

4. 25

6. 0 0

12.3

O.lM Extractant in Benzene. Th234 , cel44 , Pml47 and
y 90 . (HN03) 3M
3

The relationship between the extraction properties of uraniumandt:h::! suB
structure of some organophos]ilorus compounds including neutral organophos
phorus ligand (R1R2R3PO) and N,N-disubstituted amino-alkylphosphonates
R2N(CH2)nPO(OR)(OR') has been investigated by non-parametric method of
pattern recognition(4). (Table 3)
Table 3 The Sub-structures Adopted for R1R2R3PO
Order

Nature of Sub-structure

Wt. Factor

A

No. of C-atoms 1n shortest chain

0.2744

C

Degree of branch of C-chain

B

No. of C-atoms in longest chain

D

Total number of C-atoms

0.3388
0.3955

0.3271

E

Ratio of the length of C-chains

0.2117

F

No. of P-0-C bonds 1n R1

0.3025

No. of P-0-C bonds 1n R2
No. of P-0-C bonds in R3

G

H

10000*
2. 3725

Total No. of P-0-C bonds

I

2.7991

icThe weigh factor for G is00, We take 10000 for
calculation to avoid overflow.
In the nine sub-structures abstracted from seventeen neutral organophosphorus
compounds it was found that, the distribution ratio of uranium is enhanced
when the number of P-0-C bonds is decreased in the molecule. Such
can be attributed to the increase of Lewis basicity of the phosphoryl oxygen,
and it is in agreement with IR data. For the twenty eight N,N-disubstituted
amino-alkylphosphonates, the extraction ability of uranuim is influenced
either by the total carbon number of individual molecule, or by the length
of ester alkyl group. In FIG. 3, the compounds examined are divided into
groups I and II, according to the threshold value, which was taken as
Du= SOO.
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0
0
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A<4)
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00 °

8<7J

0

0

[

0 00

b

FIG. 3
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•
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C

Pattern recognition processing of relationship between chemical
structure and extraction properties of organophosphorus compounds.
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The influence of substitutents on the Lewis basicity of dialkyl p-subs
tituted phenylphosphonates and their correlation to Du was studied. The Lewis
basicity of these compounds, as measured by the degree of shift of OD vibra
tion frequency (�ioD) of deuterated methanol, owing to the association of the
latter with compounds under investigation, correlates quantitatively to the
nature of the nuclear substituents(S) (FIG 4a). The plot of Du value against
either lJp=o or 4llOD of these compounds gives straight lines in both cases(6)
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/
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FIG. 4
Influence of substituents on he Lewis basicity of dialkyl p
substituted phenylphosphonates (a)4 -c 2 H5,o-C4H9,e-CsH17 & their
correlation to Du (b). (Solidline: 4�o»,o-C8H17;a-C4H9,4-CzH5.
dashedline: Vp=o, e-CsH17, a -C4H9, A-CzH5)

In extraction with acidic phosphates or phosphonates, grouping }P(O)OH
acts as coordinating group, which can be measu�ed quantitatively by pKa
value. As shown in FIG. 5, there is free energy relationship between the
pKa values of mono-ester of p-substituted phenylphosphonic acid and the (J
values of the substituents. The pKa values of these compounds are closely
related to the extraction properties (Du)(7).

18-----------,
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FIG. 5
Influence of substituents on the
pKa of monoester of p-substituted phenylphosphonic acids (a)
and their correlation to Du (b).
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In recent years we take extraction constant as parameter in properties for
the study of structure-activity relationship in solvent extraction. As
indicated in Table 4 and FIG. 6, the reaction constants for Nd, Sm, Y and
Yb extraction are increased, while the acidity of various acidic organophos
phorus compounds is enhanced(8).

5

Table 4 Chemical Structure and Properties
of Acidic Phosphates and Phosphonates
Kex
No.
Structure
pKa
l:.cr
y
Yb
Sm
Nd
2
3
1
1 (iso-C3H 70)2P(O)OH
2.4 7 -1.06 6.8)(10- 4. 9)( 1 0- 1.ox.10
3.7)(10 1
1
4 6.4Xl0 -J 4.l)(l.0-1
2 (Sec-C3H170)2P(O)OH
5 .6)(103.19
3.3
- 5 8.8x10- 4 l .4 x10-l 8.9x10-1
9
3
- 3 iso-C3H17PO(OC H17-iso)OH 4 .0 -1.8 4 8.4)(10
4 C6H5P(O)(OC3H17-iso)OH
2.99
2.2
4.2x10 1 1. 71(103 2.2x10 4
5 cyc-C6 H11PO(OC3H 1 7-iso)OH 3.87
l.6Xl0 -3 2.8x10-2
3.4
3. 5 x10 1
8 3. 2x10 -7 4 . 1)(10-5 6. ino-4
6 (iso-C3H17)2P(O)OH
5.4 5 -2.62 4.oxio7 (n-C3H17)2P(O)OH

1 . 2x10-4

5 .7 1

1.8 Xl0-3

4

. 1x10-l

1.8

3.60 -0.53 6.7Xl0 4 2.2XJ.0 5 6. 4 x10 4 2.ox10 5
9. 1 0
3. 8 x10 5 4 . vuo 5 2.9x10 5 9.8x10 5
-4.
3
1. 2xio 4 6.3.Xl0 3 8.1Xl0 3
10 iso-C3H17P(O)(OH)2
tl. o. 1 -1.3 1 3.7)( 1 0
1 1 iso-C13H37P(O)(OH)2
7. 6)(10 2 1. 3><1 0 3 9. 4 x10 2 4.3>C1.0 3
§j�
*iso-C13H37 is refered to C9H19CH(C7H1 5 )CH2 group.
FIG. 7 tells us that the extraction constants for Nd, Sm, Y and Yb are
correlated quantitatively with�<S"value or pKa of mono-basic phosphoric or
phosphonic acids.
8 iso-C8H170P(O)(OH)2
9 iso-C13H 3 70P(O)(OH)2*

Z2
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FIG. 6
Comparison of Kex. for Nd, Sm, Y
& Yb extraction from chloride sol.
with .L(.=1.0 by various acidic
organophosphorus compds.(No.cor
respond to extractants in Table 4)
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FIG. 7

Correlation of Kex for Nd (I),
Sm(�), Y (�) & Yb (0) with Taft
constants or pKa of acidic phos
phorus based extractants.

1. Organic reagents

Yuan Chengye

80-81

Steric effects in solvent extraction. Solvent extraction may be regarded
as complex formation between two phases. This thermodynamic process is evi
dently influenced by steric effects. This was examined experimentally on va
rious types of phosphorus-based extractants. In the case of extraction of U
and Th by dialkyl isopropylphosphonates, there are no obvious effects on the
number of carbon atoms in ester alkyl groups, but the extraction ability is
seriously influenced by the position of the side chain (FIG. 8), especially
for the extraction of Th, since the formation of Th(NO ) .3s is necessary.
3 4
The steric effect on extraction of rare earth elements by dialkyl phenylphos
phonate(l0) and dibutyl alkylphosphonates(11) have been studied. As shown in
FIG. 9 (a) & (b) the steric effect of dialkyl phenylphosphonates is more
evident than that in dibutyl alkylphosphonates, owing to the fact that there
are two alkyl groups in the former case. On the other hand, the steric effect
of the extractant is also influenced by the nature of the metal extracted.
For example, the distribution ratio bf heavy rare earth element (Y) is usual
ly greater than that for light ones (Ce,Pm) due to the lanthanide contrac
tion. We can, to a limited extent, design select ive ligands for extraction of
certain metals, utilizing the steric hiQdrance in solvent extraction.

30 ..------------,3x10·1

u

10

0

,

o-o-A_ 0 __ o,
�-c-8O
O
V

/0

�

0

10'

FIG. 8
Influence of structure of
alkyl group of dialkyl iso
propylphosphonates on the
extraction properties of U
& Th.(o n-,� iso-,� sec-)

C)

: . 'r-p�-.,]'"---

0

O

a,

Ce

O

b
No. of C ato,n

FIG. 9 Steric effects of alkyl groups of dialkyl phenylphosphonated (a) and
dibutyl alkyl phosphonated (b) on their extraction behaviour of Ce, Pm and Y
(0 n-, � iso-, � sec-, I ter-, 0 Neo-, Acyclo-)
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Thus, the extraction properties, �ay be predicted by the expression (12).
(2)

Unfortunately, it is difficult to express the steric effect quantitatively
owing to the fact that data on Es values are still insufficient(l3).
4. APPLICATION OF MOLECULAR ORBITAL METHOD TO THE QUANTITATIVE STUDY
OF STRUCTURE AND ACTIVITY RELATIONSHIP OF EXTRACTANTS
The PMO method. The relationship between the structure and the strength
of intramolecular H-bonding of chelating agents was studied by PMO method(l4)
The charge density of the donating atom (qi) may be calculated simply as
qi= 1 +
in isoconjugated systeIIPof odd 'alternant hydrocarbons (AH)
containing hetero-atoms, where Q 40 is the NEMO coefficient in ith atom.For even
AH, q., :::.I tlT,iao{
where rn,-Self-polarizability
1T.:,
½. (3�l<l..o r l
of alom i, and cfo(.-'- change in Coulomb integrals due to substitution of
hetero-atoms.
The pKa values of various phenols (phenol -1, (3 - naphthol - 2, {3anthrol -- 3, d.. - naphthol - 4 and o( - anthrol - 5 in FIG. 10) or aro
matic amines (aniline - 1, p-phenylaniline - 2, � - naphthylamine - 3,
d...- naphthylamine - 4, � - anthramine - 5, al. - anthramine - 6, 1 - ami
nopyrene - 7 and 9-aminoanthracene - 8 in FIG. 11) are well correlated
with qo and qN value calculated by PMO method. These results indicate that
the strength of H-bonding is controlled by 7f-electrons in the conjugated
system. As shown in FIG. 12, both�H(Kcal/mole), AdOH(ppm) and "3Vco(cm-1)
are also correlated linearly with qco values in the molecules of methyl 0hydroxybenzene(naphthalene)carboxylates.
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FIG. 10 Correlation of \o values with pKa of phenols (numbers
corresponded to phenols are shown in the text)
FIG. 11 Correlation of fN value with pKa of aromatic amines(numbers
corresponded to amines are shown in the text)
FIG. 12 The plot of 6H, "30014 and A Yc.o versus the
c.o value of
methyl 0-hydroxybenzene(naphthalene) carboxylates.
The HMO method. The structure-activity relationship0 f nine different
hydroxy-oxirres
has been studied by HMO method(15). These hydroxy-oximes may
be considered as conjugated systens containing hetero atoms. In such a case the
ilMO calculation for the Coulomb and resonance integrals must be altered by
expressions
and
c-)c ::: i.c-)(' (3 c-c. .
.., c. 'f- h )C · (h-c..

f

p

c:J.. =ri
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The characteristic roots of secular determinantswas solved by Jacobi method.
The program.
was made by method of Gauss and worked out on electronic com
puter CJ-719. The electron density of phenolic oxygen was taken in HOMO. As
shown by our experiments the extraction ability of Cu is influenced by elec
tron density of oxygen or nitrogen atoms. There are also certain correlations
between bond order of C-N or N-0 and extraction properties of hydroxyoximes.
The Tr bond energy of C=N in hydroxy-oximes was also estimated from
The values of
expressions (16) E' c=Jll -::. - ( i, c. o<.c.. + iu d.. ,J ) + 2. PctJ (3_ ef\J
bond energy thus obtained are well correlated to the characteristic frequency
of C=N bond in IR. The influence of these molecular parameters on the extrac
tion properties of hydroxy-oximes was discussed in detail. (Table 5)
Hydroxyoximes
NOH
CH3-�-CH20H

Table 5 Structure Parameters of Hydroxy - oximes
Electron density
-N=
)N-OH

-ow�

C - N

Bond order
N - 0

C - OH

0.1707

0.8737

1. 8898

0.7802

0.3508

0.4906

NOH
II
CH3-C-CMeOH

0.1330

o. 9101

1.8981

0.8092

0.3169

0.4711

@"c.H•t'40H

0.0928

1.2270

1.9494

0.8648

0.1960

0.2632

@-cMtsNOH

0.0811

1.2797

1.9539

0.8429

0.1806

0.2630

@�r§J

0.0481

1.2501

1.9470

0.7958

0.1992

0.2616

_@l1g

0.0400

1. 2669

1.9489

0.7910

0.1914

o. 2723

@

0.0804

1.2498

1. 94 70

0.7955

0.1972

0.2532

�tg)

0.0489

1.2501

1. 9470

0.7960

0.1968

0.2588

0.0393

1.2494

1.9474

0.7956

0.1974

0.3844

�t�
octt,

ol-l p,101-i

M\
'©r

-@

* Phenolic oxygen was taken in HOMO.

5. REACTIVITY-SELECTIVITY PRINCIPLES IN SOLVENT EXTRACTION.
A theoretical explanation for the reactivity-selectivity principle 1n
solvent extraction has been deduced on the basis of the Leffler-Hammond pos
tulate, which was applied in mechanistic studies in organic chemistry by
Pross(l7).

9

The schematic representation of FIG. 13 illustrates the fact that for
reactive ligand L, the difference in the free energies of activation for
reaction of L with M, and M 2,. (selectivity) is relative small, while for a
less reactive ligand L' the �Gr* L' M -.::1(i-*L'M a. will be correspondingly
1
larger. It shows that the selectivity (�) is inversely proportional to the
reactivity (K) in solvent extraction.
FIG. 13
The effect of a change in reactivity
on selectivity of ligands, a highly
reactive L (a) & an unreactive L'(b).
Selectivity is proportional to.OAG�

Reaction coordinate

Quantitative expression of the Harrnnond postulate may be derived from
combination of the Hammett and Bronsted equations. As final expression, we
gain�� c.Co(0--(Jmd pKct,1- t:::�,: c ( (7a. -f,). These show that an in-crease of
reactivity parameters r(5'",pKa) will bring about a decrease in selectivity
parameter (f,ol.).
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
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THE DESIGN OF SELECTIVE REAGENTS FOR LIQUID-LIQUID EXTRACTIONS OF

METAL IONS: A RATIONAL APPROACH

Sverker Hogberg, Department of Organic Chemistry, Royal Institute
of Technology, S-100 44

STOCKHOLM, Sweden

The ability of liquid-liquid extraction processes to compete
favourably with other col] ection and separation methods in the
future, will be highly dependent on the successful development of
a new generation of selective extraction reagents. The complexity
of the factors responsible for the selectivity of a reagent makes
a rational approach to the design and synthesis of metal specific
reagents necessary in order to limit the time and cost requirements.
The task is certainly one in which close interdisciplinary cooperation among organic and inorganic chemists and chemical engineers is
important.
Recently a hydrometallurgical research program, HYMLE, was esta
blished at the Royal Institute of Technology at Stockholm under the
sponsorship of the Swedish Board for Technical Development. The
object of this program is to devise complete processes in which the
collection, separation and recovery of heavy metal ions constitutes
an important part, �-f· the processing of low grade ores or the re
circulation of scrap metals. The design, synthesis and evaluation
of new selective reagents is a key step in this program.
For the design of the reagents the following approach has been
adopted. The coordination chemistry of the metal ions to be separated

1

2

( !1)

is analyzed and characterized with respect to the following proper
ties; charge, ionic radius, hardness-softness and prefcrr0<l coor<li
nation geometry. The object of the design of a reagent is then to
include discriminating factors, both steric and electronic, which
stress the differences between the coordination requirements of the
ionic species and thus enhance the selectivity of the reagent. The
necessary control over both.•teric and electronic factors can only
be achieved in highly structured reagents.
The structural components of a reagent may formally be divided
into three classes, which from the standpoint of synthetic strategy
may be dealt with fairly independently. They are

(1)

the ligand

atoms (the active components of the reagent), (2) the carbon-skeleton
(which determines the spatial arrangement of and the distances be
tween the ligand atoms), and

(3)

the lipophilizing elements (usually

alkane chains important for solubilizing the complexes in the organic
phase).
How discriminatory factors may be applied on different levels of
the metal ion-ligand interactions 1s discussed in the following both
1n general terms and with reference to a specific separation problem.
On ionic radius: The use of macrocyc}ic and macrobicyclic reagents
possessing a cavity of fixed diameter have been successfully applied
to the separation of different alkali and alkaline earth metal ions.
In principle, other metal ions might be separated in the same way
provided that their 1on1c radii are sufficiently different. The macro
cyclic reagent generally exhibit slower rates of metal ion exchange
and sometimes very high metal ion binding constants.
On hardness-softness: The choice of ligand atoms to match the hard-

2

,
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ness-softness of the metal ion is one of the two most important ways
to discriminating between two metal ions. The possible number of per
mutations (number and kind of donor atoms) 1s astronomical. A lot of
basic data are still needed in thjs area.
On coordination geometry: Almost any suitable geometry of the ligand
atoms can be established by suitable design of the reagent. For ex
ample, selection between sqllare-planar and tetrahedral geometries can
thus be achieved. The steric bulk of the reagent may also function as
a discriminatory element by preventing the formation of complexes of
higher coordination numbers.
The first specific case to which this general approach is being

.

.

applied, is the separation of zinc (II) ions from iron (II) ions 1n
sulfuric acid solution at low pH. This is a fairly general problem
in many hydrometallurgical processes to which there is no general solu
tion at present. The analysis of the coordination chemistry of the two
metal ions results in the following Table.
Zinc (II)
Charge

+ 2

Iron (II)
+ 2

Ionic radius

o. 76

Hardness-softness

Intermediate

Intermediate

Preferred coordination geometry

Tetrahedral

Octahedral

Alternative

Octahedral,

Tetrahedral,

pyrand dal or

pyramidal

II

II

A

trigonal ui
square pyra

midal

3

0.76 A

Trigonal bi

4 (4)

The design of a suitable reagent will have to concentrate on the
fairly minor difference that seem to exist 1n the coordination geo
metry and the hardness-softness of the two metal ions. Although both
are classified as intermediate cases, zinc (II) might be c�nsidered
a somewhat softer ion than iron (II ) . A combination of sulfur and
nitrogen donor atoms is expected to be more favourable for the com
plexation of zinc rather than ferrous ions. A reagent favouring a
tetrahedral coordination geometry might likewise discriminate between
the two ions. Geometric discrimination might be achieved in two dif
ferent ways, either by using a flexible tetradentate reagent, which
can not satisfy an octagonal coordination sphere, or b_y using a
bulky bidentate which may form a ML2 complex but not a MI,2(HL) one
due to the steric over-crowding that would take place around the metal
ion.
A series of closely related bidentate and tetradentate ligands
have been synthesized which makes it possible to evaluate the elec
tronic and geometric discriminatory effects separately.
Using this approach, it has been possible to design new ligands
which extract zinc but not ferrous ions from sulfate solutions at

pH 2.

4
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SOME OBSERVATIONS ON THE EXTRACTABILITIES OF UNIVALENT
CATIONS WITH DIBENZ0-18-CROWN-6 AND PICRATE ION
Yuko HASEGAWA and Tatsuya SEKINE
Department of Chemistry,
Science University of Tokyo
Kagurazaka, Shinjuku-ku, Tokyo
JAPAN, 162
The present paper surrnnarizes our results of the extraction of ion-pairs
formed by univalent metal complexes with dibenzo-18-crown-6(E) and picrate
ion(L- ) into chloroform and benzene, and discusses several factors affecting
the extractabilities of the complexes.
The extraction of a univalent metal ion with a crown-ether and an anion
can be represented by Kexo(=[MKTL-]0 r /[M+][L-][E] 0 r =D([L-] [E1org )-l when
D is the distribution ratio of the me�al ion, and [�]>>[�l). The values
of Kex0 decrease in the following order; K+ �Tl+ >Rb+ >NHi; �Ag+ >cs+ >Na+ .
The difference of the extraction can be explained mainly in terms of
the difference of the stability of the cationic metal complex between the
metal ion and the ether in aqueous solutions.
Actually, the extraction constant of the complex represented by Kex (=
[ME+L-1org/[ME+ ][1-] = KexoKdS-1 ) is approximately th2samefur thedifferent
metals in a given
organic solvent as seen in the table.
The extractability of the complex (ME+ ) should be mainly affected by i)
the hydrophobic tendency of the complex, ii) the counter ion, iii)-the hydration
in aqueous and organic solutions, iv) the interaction with organic solvents.
Since the molar volume of the complexesare approximately similar
and the only
anion used is the picrate ion, the hydrophobic tendency
and the effect of anions may be excluded from the consideration of their
extractability.
The poorer extraction of the sodium(I) and silver(I) complexes may be
attributed to a stronger hydration of the central metal ions.
The extraction of the free crown ether is better into chloroform than
into benzene. The same tendency is also observed for the extractions of the
crown ether complexes except fur the silver comµex. This would be explained
in terms of a stronger interaction of chloroform with the ethereal oxygens,
most probably through the hydrogen atom of the solvent molecule . The
different behavior of silver(I) complex may be explained in terms of the
interactions of the central metal ion with the TT-electrons c£ the benzene ring.
Table

S ummary of constants for univalent metals.

Ag
Na*
2.2
3.6
CbHG
logKexo
5.1
3.9
logKex
CGH b
logKex o
CHCl3
3.3
5.8
logKex
CHCl3
1.2
1.4
logB **
logKd(=[E]0rg/[E]): 2.9(C GH 6 )*

NH4
K
3.6
4.5
6.2
5.7
4.7
3.7
7.3
6.9
0.3
1.7
3.9(CHC13)
,

Rb
3.8
5.6
4.2
7.0
1.1

Tl
4.5
5.9
4.7
7.1
1.5

Cs*
3.1
5.0
0.8

* A. Sadakane, T. Iwachido, and K. Toei, Bull. Chem. Soc. Jpn. 48, 60 (1975)
** E. Shchori, N. Nae, and J. J.- Grodzinski, J. Chem. Soc. Dalton 238 1
(1975)
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OH rrHE EXTRACTION AHD ACCELERJ.'l1 ION IN
HYDRO:·�YPHENYLKE'l1 OXIM SYSTEMS
K. Gloe, P. Muhl, J. Ber;er, H. Binte
Zentralinstitut ftir Festk�rperphysik
und Werkstofforschung
Dresden - GDR
Sektion Chemie der Bergakademie
Freiberg - GDR
Several alkoxylated o-hydroxyphenylketoximes(I)have been syn
thesized and charc.cterized by various methods (IR, UV, 1H-NMR,
TLC, HPI�). Solubilities of the oximes were determined in
toluene, n-octane and water.
OH

NOH

NOH NOH

(8yl-R1

R2

y
R3

II
II
z
7
R-C-C-R
(II)

( I)

R1 = CH , C2 H , C6H
5
5
J
R2 = CH , c6H1 o, c1 H 21 o,
3
3
0
c 1 6H33o, H
R J = H , C 1 0H210

1

R

%

R"
= R1

H, alkyl

The effect of substitution of(I) in the R1 , R2 and R J positions on
copper an:l iron extraction are systematic
but
small, in contrast to the influence of the aqueous phase com
position or of the diluent.
Potential accelerators for the extraction of copper on the
base of a , B-dioximes(rnwere prepared and in the above ex
traction system tested. The influence of the substitution ofUI)
on the �ccelerntion of the copper extraction is significant
Remarkable effects has been obtained with dioximes substituted
with cycJoaliphntic groups in the R position or with the
I
I I
tetra�ethylene �roup in the R , R
position.

2
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SELECTIVE EXTRACTION OF MERCURY(II) WITH 4-PHENYL-5(4-METHYL
PHENYL)-1,3,4-THIADIAZOLIUM-2-THIOLATE(PMPTD) FROM BRINE SOLUTIONS
H. F. ALY

and A. M. KIWAN

Chemistry Department, Kuwait University
Kuwait
In the chlor-alkali industry, a significant amount of mercury is lost
during the various stages of the process and eventually pollute the environ
ment. Studies aimed at the removal of mercury from the waste brine solu(
1)
tions prior to discharging it to the environment are obviously desirable

PMPTD is a mesoionic 1,3,4-thiodiazolium derivative with a selective
ability to coordinate with mercury(II) compounds. Analogous derivatives
have been recently found to form 1:1 and 1:2 complexes with HgC1 and 1:1
2
complex with PhHgC1 (2) . The extraction of HgCl by PMPTD was investigated
radiometrically as a function of (a) nature of Jiluent (b) mineral acid
concentration (c) nature of anions in the aqueous phase, and (d) extractant
concentration. The extraction coefficient, D, for HgC1 from dilute ( pH 3)
2
hydrochloric acid by PMPTD (3.7xlo-5M) in various diluents was found to
decrease in the order: chloroform ( 1.02)> ethyldichloroethylene ( 0.30)>
kerosene ( 0.13)> toluene (0.07)> trichloroethylene (0.01)> cyclohexane(0.003)
> n-h:exane(0.003) > carbon tetrachloride (0.002). The values of D, was also
found to depend on the concentration of HCl in the aqueous phase: it in
creased from 0.04 at 1.0 M HCl to 1.02 at lxlo-3M HCl by using 3.73xl0-S M
PMPTD/CHC1 . Neither the presence of nitric acid ( upto 2M), sulphuric acid
3
(upto 4M), nor several metal salts (e.g. cuso , znso , Na so or Al (N0 ) )
3 3
4
2 4
4
had any effect on the value of D. On the other hand, the presence of
chlorides, bromides or iodides had lowered the values of D considerably. The
lowering effect of the chloride ions however, are greatly compensated by
increasing the concentration of PMPTD. Thus, by increasing the concentra
tion of PMPTD from 3.73xl0-SM to 5.0xl0-2M, a corresponding increase in the
values of D from 4xlo-4 to 28.4 has been observed.
Preliminary investigation has been also indicated the feasibility of
removing traces of mercury from brine solutions by extraction chromatography
using silica loaded with PMPTD.

REFERENCES

1-

2-

M. Sitting. "Pollutent Removal Handbook", Noyes Data Coorporation,Park
Ridge N.Y., p. 294 ( 1973).
A. M. Kiwan, A. Y. -Kassim and H. M. Marafy, Proceeding of ISCE, 1977.
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SYNTHESIS AND EXTRACTING PROPERTIES OF KETOSULFIDES
Yu.E.Nikitin, Yu.I.Murinov,
R.A.Khisamutdinov, v.r.Dronov,
G.A.Tolstikov
Institute of Chemistry of the
Baschkirian Branch of the Academy
of Sciences�of the USSR
Ufa, USSR
Organic compounds containing a sulfur atom in the functio
nal group are most effective extractants of noble metals. The
se are sulfides, sulphoxides, mercaptans, thiocarbamides etc.
The search for new efficient agents to extract noble metals
from poor solutions is of interest. We suggest ketosulfides
for this purpose.
We have found that by interaction of excess ketones with
a mixture of formaldehyde and a corresponding mercaptan in the
presence of NaOH in the aqueous-alcoholic solution, various
ketosulfides can be prepared:
R 1 cocH2R2 + CH2 o + R 3 sH� R 1 COCHR2 CH2sn 3
(1)
where R 1 is a lower alkyl, phenyl or cyclohexyl,
·2 is a lower alkyl,
R
R3 is an alkyl containing 1-12 atoms of carbon, or benzyl.
Based on the results of elemental analysis, the equilib
rium shift method and IR and PMR spectra, the following mecha
nism for extraction of gold and palladium is suggested:
Auc1 - + S - Auc1 • S + Cl
4
3
PdC14 = + 2S -PdC12 •!S + 2Cl-

(2)
(3)

The extraction properties of ketosulfides of various
structures have been evaluated, with silver nitrate as an
example; they are increasing in the order: ketomonosulfide <
keto-bis-sulfide < ketotetrasulfide. Since no agreement is ob
served for the solvate numbers by the saturation and dilution
methods in ketomonosulfide extraction of silver nitrate, seve
ral species of complexes whose structure depends on the aque
ous and organic phase activities exist in the organic phase:
AgN03·S; AgN03·2S; Ag-N03·3S.
4
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SYNTHESIS AND IMPROVEMENT OF '/'BE PROPERTIES OF HYDROXAMIC ACIDS AS
NEW EXTRACTING AGENTS FOR METAL IONS

H.N.Al-Jallo, S.S.Ahmed and F.I.Saleh
Chemistry Dei,·t., Nuclear Research Center
Tuwaitha, Baghdad, IRAQ.
Recently, hydroxamic acids of the general formula RCONHOH (R have the
neo-type structure) (I) were used as a convenient extracting agents for
analytical and industrial purposes and mainly for actinides and fission
products (1,2).
As (I) are not easily available, the present work deals with the
synthesis sncl properties of a null'her of N-substituted hydroxamic acids
(II and III) from commercially available carhoxylic acids. The study of the
above properties include solub:ility behaviours, thermal and chemical
stabilities as well their extraction behaviours toward uranyl ions. The
results of N-substitution showed to improve the above properties, it
increases and reduces the solubilities in organic and aqueous phases
respectiveJy and increases the thermal and chemical stabilities. Moreover,
the results showed that the above properties could be impToved by increasing
the number of methylene groups as in (II) specially when R1 =CH3. In addition,
the above properties were also improved by di-ortlLO substitution as j11 (Illa)
or p-substit.uted long chain alkyl group (IIIb).
Quantitative extractjoll of uo�+ with II will be discussed. The overall
results obtained for II and III are parallel to those reported for (I).
C6H5.(CH 2) CON(R1)0H
n
(II)
n

=

3

or

2-R2,4-R4,6-R3.C6H2CON(R1)0H
(II I)

4

REFERENCES
...,

(_l) G.M.GASPARINI AND E.POLI.DORI, J,CHEM. AND ENG. DATA, 2J., 504 (__1976}.
(_2)

G.M.GASPARINI AND A.BRIGNOCCHI, CNEN, RT/CHI (_78) 4 ()978).

5

80-7

1. Organic reagents

Ci merman et al.

SCHIFF BASE OF -- 2-AMINO-3-AMINOMETHYL-4-METHOXYMETHYL------·
-6-METHYLPYRIDINE WITH SALICYLIC ALDEHYDE AS A
PROMISING EXTRACTANT FOR COPPER

z.
z.

Cimerman, A. Deljac, and
stefanac
Faculty of Science, University of
Zagreb
Strossmayerov trg 14, 41000 Zagreb,
Yugoslavia
Complex formation with 2-amino-3-N-(2-hydroxybenzylidene)
aminomethyl-4-methoxymethyl-6-methylpyridine is shown to be a
promising basis for the separation of copper(II) from zinc(II)
and cadmium(II) by extraction into organic phase and for a sen
sitive spectrophotometric copper determination.
A critical parameter is the acidity of the aqueous phase.
At pH < 5 the Ligand molecule is degraded to the protonated di
amine and salicylic aldehyde which is withheld in the organic
phase. In the range 5<pH<7 the complex is present in the orga
nic and in the aqueous phase. The pH > 7 promotes the complex
formation and the extraction with chloroform.

The co,nposition of the complex species present in the aqueous
phase has not been determined because of its considerable unstabi
lity. A copper to ligand ratio of 1: 3 has been found in chloroform
solution by Job's continuous variation method at oH 9.8 and
5.0.
1

The method described by W. Likussar and D.F. Boltz has
been applied and log K = 1 4.52 at pH 9.8 and log K = 9.04 at
pH 5.0 hnve heen determined.
The efficiency of copper extraction has been calculated
in percents on the basis of the results obtained by copper
determinations in the aqueous phase using atomic absorption
and VIS spectrophotometric methods 2 .The extraction efficiency
of about 80% at pH > 7 of the aqueous phase and 1: 3 metal to
Ligand ratio amounts to 97% with a tenfold excess of the
Ligand.
A high sensitivity of the succeeding copper determination
is ensured by the effective loge: = 1.2xl04 value of the complex
at 364 nm.
The herewith introduced ligand forms also complexes with
Co(II) and Ni(II) but the selectivity for copper with regard
to zinc or cadmium allows a quantitative extraction even in
the oresence of a hundredfold excess.
REFERENCES
1 Likussar, W. and Boltz, D.F., Anal. Chem.1971, Q, 1265.
2
Iwamoto, T., Bull. Chem. Soc. Japan 1961, l.1, 605.
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THE USE OF 4-THIOBENZOYL 2 ,4-DIHYDRO 5-METHYL
2-PHENYL 3H-PYRAZOL-3-0NE (SBMPP) AND THIOBENZOYL
TRIFLUOROACETONE (SBTA) AS CHELATING EXTRACTANTS
G.N.RAO AND V.S.CHOUHAN
Chemistry Department
INDIAN INSTITUTE OF TECHNOLOGY
NEW DELHI, INDIA

The reagents 4-thiobenzoyl 2,4-dihydro 5-methyl 2-phenyl
3H-pyrazol-3-one (SBMPP), and thiobenzoyltrifluoroacetone (SBTA)
were prepared from BMPP and BTA respectively,following a method
similar to that employed by Berg and Reedl for the synthesis of
thioderivatives of B-diketones. Since heavy metals show a
preference to coordinate to sulphur as compared to oxygen, such
compounds appear to be very promising as selective reagents. It
has been proved that thiocompounds are more efficient due to
their lower pKa values as compared to their present compounds 2 .
Solvent extraction of 60 cobalt, 65zinc and 15 2 +154 europium
from aqueous acetate buffers into benzene containing SBMPP and
SBTA has been investigated comprehensively. Stoichiometry of the
extracted species corresponded to 1:2 (metal:ligand) with Co(II)
and Zn(II) and 1:3 with Eu(III). Extraction constant values
(Table-1) showed that the thioligands, SBMPP and SBTA are more
efficient in the extraction of Co(II) and Zn(II) as compared to
BMPP and BTA respectively, whereas the reverse is the case in
the extraction of Eu(III)3.
Synergistic enhancement of extraction has been observed in
these systems with auxiliary ligands like pyridine, Y-picoline,
quinoline, tri-n-octylphosphine oxide (TOPO), tri-n-butylphos
phate (TBP), bipyridyl and ortho-phenanthroline. In general
y-picoline exhibited more enhancement in the extraction than
pyridine and quinoline. Also TOPO is better synergistic agent
than TBP.Ortho-phenanthroline and bipyridyl exhibit consider
able enhancement as compared to other auxiliary ligands.
Table-1

Extraction constant (log K ) values for SBMPP, SBTA
ex
BMPP and BTA systems

Co(II)
Zn(II)
Eu(III)
1.
2.
3.

BMPP

-7.25
-5.80
-3.96

SBMPP

-3.08
-2.68
-7.08

REFERENCES

BTA

-8.72
-7.88
-9.90

SBTA

-4.88
-5.92
-11.34

E.W.Berg and K.P.Reed, Anal. Chim.Acta, �' 372 (1966)
J.P.Shukla, V.K.Manchand and M.S.Subramaniam,
J.Electroanal. Chem., 50, 253 (1974)
V.S.Chouhan and G.N.Rao,J.Radioanal.Chem.,�, 199 (1979)
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MASS TRANSFER DURING DROPLET FORMA TION IN LIQUIDS

V. Zimmermann, W. Halwachs, and
K. Schligerl
Institut fur Technische Chemie der
Universitat Hannover
Hannover, W-Germany
A BSTRACT

Mass transfer during the droplet formation was
measured employing a modified liquid scintil
lation technique with a time resolution of 0.01
sec. Mass transfer is considerably enhanced by
the liquid circulation within the droplet if
the main mass transfer resistance is located
within the droplet. The instantaneous mass
transfer coefficient passes a maximum as a func
tion of the droplet formation time within the
first 0.5 sec. This maximum seems to coincide
with the maximum droplet circulation rate. The
erroneous statements of the droplet formation
models which disregard this circulation are il
lustrated by several examples.
The aim of the investigations presented here was to measure
the mass transfer during the droplet formation (in the time
range 0.01 to 1 sec) by employing a very precise optical method
with high time resolution without disturbing the droplet forma
tion and the mass transfer by solute concentration measurement.
1. MASS B A LA N CE OF THE NON-ST ATION ARY MASS TRANSFER
To the correct description of the mass transfer the varia
tions of solute mole numbers within the developing droplet, of
the molar flow rate from the hypodermic needle and of the molar
flc� rate due to mass transfer through the interface must be
considered (figure 1):
dV1
C
= 10 dt - B1f,t A (C1 H -C2)

(1 )

Eq. (1) yields the relationship (2) for the overall mass transfer
coefficient s1f,t:

cc10-c1> Cdv1/dt)-v1 Cdc1/dt)
A ( t) ( C H-C )
2
1

(2)

is an in-·
Due to the differential quotient in eq.(2)
1f
stantaneous (differential) overall mass transfer a coe�ficient.
Since the volume of the continuous phase, V2, in comparison with
the droplet volume v1 can be considered as infinitely large,
i.e.
lim c2
V2�e0

=

1.ll[\

2
V2
V2�.o

-

=

0

eq. (2) can be reduced to
cc10-c 1> Cdv1/dt)-v1 (dc1/dt)
81f�t =
(3)
A(t)c1H
At dc1/dt ,(},1f,t has its maximum.
To calculate the developing droplet surface.area a growing
sphere with the radius r was assumed. Its center Mis shifted
along the nozzle axis during the droplet formation (figure 2).
The surface area is calculated employing the relationship for
the spherical segment surface area:
(4)
It can be shown that for the heights of the spherical seg
ment hk and of the spherical segment complement hkk the follow
ing relationships hold:
=

2 1/2
r-(r 2-s)

(Sa)

=
h
kk

r+(r2-s 2)1/2

{Sb)

Eqs. (4) and (5) yield the surface areas of the spherical segment
and spherical segment complement Akk : ·

¾

Ak

J
r ( r 2- s 2) 1 / 2 J

2
2
2
/2
= 'it"[2r - 2 r (r -s ) 1

Akk = 1r [2r 2 + 2

- 2 -

(6a)
(6b)
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A

=

Akk for h � r
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FIG.

Mass balance during the drop
let formation. D = nozzle

2

Spherical segment method
for the droplet formation.
D = nozzle

2. PRINCIPLE OF THE MEASURING TECHNIQUE
The determination of the dissolved solute concentration was
carried out optically without touching the developing droplet
by employing a modified liquid scintillation technique, which
has already been described L 1 J. Therefore this technique should
only be considered shortly.

The solvent (toluene, n-butylacetate) contains polar solute
and apolar scintillator molecules. The solvent or the solute is
labelled by tritium or C-14 atoms. The emitted B rays excite
the solvent molecules which transfer the excitation energy by
collisions to the scintillator molecules. The latter emit light.
In the presence of polar solute molecules this energy exchange
process is perturbed and a larger part of the excitation energy
converted into heat than in their absence (quenching). There is
a unequivocal relationship between the light emission reduction
and the solute concentration in the solvent. In the present
case the solute was labelled by C-14 and the concentration was
calculated by the counting rate and not by means of the quench
effect. After correction due to the quench by dividing count
rate by count efficiency at the concentration in question the
light emission is proportional to the solute concentration. The
relationship between light emission and solute concentration
has to be evaluated by calibration measurements .

.1

3.

EXPERIMENTAL SETUP

The single droplets were formed at the tip of stainless
steel nozzles 0.5 to 2.0 mm in inner diameter. By means of a
thin teflon tubing the droplet forming liquid is fed by a dosi
mat (with variable feeding rates) into the hypodermic needle
(nozzle). By means of electronic timers the droplet formation
rate and time can be controlled exactly. Thus the droplets with
well reproducible volumes could be formed (for details see L2_1).

For counting rate measurements two photomultipliers in co
incidence circuit, a three-channel liquid scintillation-spectro
meter (Tricarb 3 003 of Packard Instruments) and a multi-channel
analyser were employed. By means of additional electronics the
time resolution of the data acquisition system was reduced to
1 msec. However, for the measurements discussed here it was suf
ficient to store the concentration data in each 10 msecs.
4. RESULTS
The location of the main mass transfer resistance in
liquid/liquid systems can vary according to the solute partition
coefficient, H, and its diffusivities in the two phases.
1 2
According to Schmidt-Traub ( 3 1 the product H(D1/D2 ) 1 is
suitable to estimate the location of main mass transfer resistance.
1 2
For H(D1/D2 1 <_ 0.03 the main resistance is within the droplet
phase, i.e. the resistance within the
continuous
phase can be neglected.
1 2
the resistance is within the continuous
For H( D1/D2) 1 :;;> 30
phase (the resistance within the droplet
phase can be neglected) and
1
for 0.0 3 � H(o1 ;o2) 1� 3 0 the resistances of both phases must
be considered.
For acetone in water/n-butylacetate this product is nearly con
stant and has the unit value. For acetic acid in water/toluene
it increases from 10-2 (at a concentration of 1 mg/cm 3 ) to 1 (at
500 mg/cm 3 ). Below 1.8 mg/cm 3 only the resistance within the
droplet must be considered.
For propionic acid in water/toluene this prod�ct increases
from 10-1 (at 0.1 rng/cm 3 ) tc about 1 (at 10 2 mg/cm 3 ), therefore
the mass transfer resistances within both of the phases have to
be considered. However, at low concentrations the resistance
within the droplet phase dominates.
5. INFLUENCE OF THE DROPLET FORMATION RATE ON THE MASS TRANSFER
Typical results are shown in figure 3. Here the solute con
centration within the droplet is plotted as a function of the

4
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FIG. 3
Relative solute concentration f within the droplet as a function
of the droplet formation time tf during the droplet formation.
Acetic acid-toluene-water. Initial concentration: 5 % per volume
acetic acid in toluene. t wp = inversion point
droplet formation time for different droplet formation rates.
The high acetic acid mass transfer rate in run MR 523 (figure 3)
is obvious. Up to 1 .4 s 46.5 % of the initial solute amount has
been transferred from the droplet into the water phase. This is
due to the partition coefficient, shifted to the water phase and
dominating mass transfer resistance in the droplet phase. There
fore the droplet formation rate strongly influences the mass
transfer rate. The more the resistance is located in the conti
nuous phase, the less is the influence of the droplet formation
rate on the mass transfer rate.
It is important to point out that all concentration vs.
time curves show an inflexion point. (In figure 3 these points
are marked.)
6. INSTANTANEOUS MASS TRANSFER COEFFICIENT
By means of the employed liquid scintillation technique
true differential measurements allow to calculate the instant
aneous mass transfer coefficients according to eq. (3).
In figure 4 some instantaneous mass transfer coefficients,
B1f,t, are plotted as a function of the droplet formation time,

fmax:a 0,01 s

so,

"4R
504
s,2

u [cm/s}
10,55
6,79
1,53

R•1
77.5

"·g

v [mm 3/s}
20,71
13.33

�------11,2

3,0

Essigsciure
[5 Vol.-"}
d= 0,5 mm
u = 0 cm/s
2

517
10- 3 ..___________.....___________�---2,5
2.0
1.5
1,0
o
0,5

,

, - Isl

FIG.

4

Instantaneous mass transfer coefficient B1f,t as a function of
the droplet formation time tf· Acetic acid. Initial concentra
tion: 5 % per volume solute in toluene.
tf, at different droplet formation rates. All of these curves
pass a maximum. The location of this B1f,t maximum shifts with
increasing droplet formation rates to shorter times, tf. A com
parison of different systems indicates that at the same droplet
formation rate the B1f,t maximum occurs at the same time.
Increasing the droplet formation rate from 1.53 cm/s to
6.79 cm/s B1f,t maximum significantly increases by one order of
magnitude (figure 4). At higher droplet formation rates this in
fluence of formation rate on B1f,t maximum is slighter.
Based on the experimental results of the present paper the
following statements can be made with regard to the inflexion
point and/or the maximum of B1f,t:
- the location of the inflexion point does not depend on the
chemical properties of the �omponents (figure 5),
- at constant liquid velocity in the nozzle, u1, the increase of
the nozzle diameter causes a shift of the inflexion point to
larger tf : 2 1,
- the location of the inflexion point shifts to smaller tf if u1
is increased (figure 4)
- the location of the inflexion point shifts to smaller tf if
the continuous phase flow rate is increased (figure 6).
One can conclude from these facts that the location of the
inflexion point is controlled by geometrical and fluiddynamical
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FIG. 5
Instantaneous mass transfer coefficient, B1f t, as a function of
the droplet formation time, t f. Comparison of acetic (MR 587 and
655) and propionic (MR 818) acids. Initial concentration: 5 %
per volume solute in solvent.
parameters alone and not influenced by the chemical properties
of the system.
In all of the investigated systems the inflexion point and/
or the maximum of B1f t was attained at the developing droplet
segment height which ls slightly larger than the nozzle radius.
The height of B1f t maximum considerably depends on the chemical
properties of the'system (figure 7). Employing acetic acid (main
resistence is in the droplet phase) the highest B1f,t maxima are
attained. With nearly equal mass transfer resistences in both
the phases (acetone, propionic acid) the B1f t maximum is lower
'
(figure 7) .
7. COMPARISON OF THE RESULTS WITH LITERATURE DATA
Plotting the extraction degree as a function of the square
root of the droplet formation time no linear relationship was
found� This is true for all investigated systems without excep
tion L2 l. This result is jn sharp contradiction to all known
droplet formation models L 4 1- This deviation between theory and
practice is due to the erroneous assumption of the models, es
pecially on the postulation that the mass transfer is a pure
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FIG. 6
Influence of the continuous phase flow on the f(tf) function.
Acetic acid I. Initial concentration: 5 % per volume solute in
toluene.
diffusion process. The large discrepancy between theory and
practice can be illustrated by the comparison of the exchanged
substrate masses which were measured and calculated by the
models.
For the acetic-acid-toluene-water-system under the condi
tjons which were employed in the present paper the calculated
and measured exchange solute masses deviate by a factor of 1000.
This illustrates the extremely large influence of the droplet
circulation and interfacial turbulence on the mass transfer. The
diffusion model leads to several erroneous statements:
- Acetone and propionic acid solutes should be extracted faster
due to their higher diffusivities than acetic acid. This
statement is disproved by the experiments.
- According to the diffusion model several important parameters
like nozzle diameter, solute partition coefficient, droplet
size, viscosity, droplet formation rate, do not influence the
mass transfer coefficient. Even at different droplet formation
rates the concentration vs. time functions are identical ac
cording to the diffusion model. These statements are disproved
by the experiments as well.
_ .
- The models of Losev-Zheleznyak L5 and Skelland-Minhas (6
.
J
consider the geometrical p�rameters as nozzle and droplet dia
meters indeed. However, the droplet formation rate effect and
the influence of the location of the main mass transfer re-

J
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121 1,5
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5,54
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FIG. 7
Comparison of different c�emical systems. Acetic (MR 581) and
propionic (MR 807, 811) acids in toluene and acetone (MR 719,
721) in n-butylacetate. Initial concentration: 5 % per volume
solute in solvent.
sistance are not taken into account by them. Thus - in con
trast to the experimental results - they again predict that
the acetic acid extraction rate is the slowest.
- All of the models assume that the mass transfer coefficients
have their highest value at t = O, which is disproved by the
measurements.
- Furthermore, it should be pointed out that no model considers
the complete mass balance (eq. (1)), which makes the theoretic
al statements of these models questionable.
8. SYMBOLS
C
D
d
1
d
-C
.L

cm
3
mmol/cm
cm 2 /s
cm
cm

surface area
concentration
diffusivity of the solute
droplet diameter
nozzle diameter

A

=

c

1

c1

0

H =

(

C2

)
� equil

solute partition coefficient

9

h
n

R

r
s
t

u

v

V

B/

Re

spherical segment height
molar solute flow
droplet radius
radius of curvature of the fonning droplet
nozzle radius
time, t=0 start of dropl et formation
liquid velocity
volume
volumetric flow rate
mass transfer coefficient
liquid kinematic viscosity
= u d Reynolds number
v

cm
mmol/s
cm
cm
cm
s
cm{s
cm
cm 3 /s
cm�s
cm /s

INDICES AND ABBREVIATIONS
f
t
wP
O
1
2
MR

during the droplet formation
instantaneous value
at the inflexion point
at the time t = 0
with regard to the droplet phase
with regard to the continuous phase
run
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ABSTRACT

Mass transfer coefficient values (Kor )
have been determined for extraction in di(fethyl
hexyl) phosphoric acid (10% D2EHPA in kerosene)
using a modified Lewis cell. Three contacting
regions were studied; co-extraction, scrubbing
and stripping and runs were carried out at stir
rer Reynolds numbers ranging from 1000 to 3000.

K 0 r values varied in value from 0.9xl0 3
to l.4x1B- 2 cm/s for co-extraction and scrubbing
and depended on the direction of mass transfer,
organic phase loadi�g and stirrer Reynolds
number. Karg values for stripping were found to
be lower than those observed in the other con
tactini regions and were not greatly affected by
change in Reynolds number.

INTRODUCTION

Di(2-ethyl hexyl) phosphoric acid (D2EHPA) has been used
for the extraction and separation of cobalt and nickel from
aqueous sulphate solutions (1-3). Three distinct contacting
steps are required.
In the first an aqueous solution containing
both metals is extracted using a solution of D2EHPA in kerosene
with tri-butyl phosphate added as a phase modifier. The equili
brium in this stage is such that the loaded solvent contains
both cobalt and nickel. In the second stage the loaded solvent
is scrubbed with an aqueous cobalt solution where the equili
brium is displaced so that nickel is transferred from the or
ganic to the aqueous phase. Finally, in the third stage the
scrubbed solvent is stripped with aqueous sulphuric or nitric
acid solutions to produce a concentrated cobalt solution. The
stripped organic phase is pre-equilibrated before being recycled.
Little work, however, has been carried out to determine mass
transfer characteristics for this system (4-6). Brisk and
McManameyC4) measured mass transfer coefficients in a stirred
equilibrium cell by means of an "equilibrium extraction" tech
nique using radio active isotopes. D2EHPA concentrations were
varied from 0.1 to 0.5 g.mol. per litre. The authors reported
*Energy, Mines & Resources, 555 Booth St., Ottawa, Canada.
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the presence of an interfacial resistance dependent on both or
ganic phase concentration and pH.
Golding and LeeCS ) determined
average Korg values for cobalt and nickel in a pulsed sieve
plate extraction column, mass transfer coefficient values were
found to be dependent on pulse amplitude and
region.
An effect of organic phase loading on K 0 rg values was found
during co-extraction.
In a previous study, Golding et a1(6)
obtained binary equilibrium data and determined mass transfer
coefficients for cobalt and nickel in 10% D2EHPA.
Contacting
region and Reynolds number were found to be the major factors
influencing Korg values.
This investigation was undertaken to
extend this work to a more complete study of the variables in
fluencing mass transfer in the different contacting regions i.e.,
co-extraction scrubbing and stripping.
To minimize the effect
metal concentration on organic phase physical characteristics a
10% solution of D2EHPA in kerosene (Shell Sol Lxl54 ) with 5%
tri-butyl phosphate was again used.
All concentrations were on
a volume/volume basis.
EXPERIMENTAL
l

The apparatus used was a modified Lewis Cell ( ) and the
operating conditions studied are given in Table (1).

Contacting
region

Co-Extraction

Scrubbing

Stripping

Stirrer Reynolds
Number, n o2a/u
Aqueous Organic
Phase
Phase

Cell
Volume . ml
Aqueous Organic
Phase
Phase

1500
1500

1000
2000

3000

1000

1500
1500
3000

1,000
2000
1000

1730

*1500
1500
3000

1000
2000
1000

1085

*Aqu�oua solutions of H

2

so 4(10i.)

1730

1010

Inlet Conditions
Metal Concentration
"- I l
Aqueous
Organic
Phase
Phase
nickel

4.9

0.0

cobalt

pH

3.84.0

1.97-2.03
1010

nickel

nickel

cobalt

cobalt

0.0

14.8-15.0
1735

o.o

3.6-4.5
1. 7-2.4

nickel

0.38-0.46
cobalt

6.0-7.45

used as the strip liquor

2

5.45. 6
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Table (1) Operating and Inlet Conditions

Operating procedures were as follows. The stirrer speeds
were set to give the desired aqueous phase and organic phase
Reynolds numbers. The aqueous phase was then introduced into
the lower compartment until the aqueous phase level was at the
mid point of the annular space. The upper compartment was then
filled with the organic phase. Care was taken when adding the
organic phase to minimize any disturbance at the interface.
The stirrers were then started and zero time recorded. Samples
were taken from each phase at pre-determined time intervals and
the metal concentration analyzed by means of an atomic absorp
tion spectrophotometer. In the co-extraction runs, organic
phase analysis was carried out by extracting the metals with
acid. In the stripping and scrubbing runs the high cobalt con
centrations in the organic phase precluded this method and the
organic phase was analysed directly. Full details of the ap
paratus and· procedures are given in Reference(14).
A further
two runs were carried on the extraction of acetic acid into
benzene and into kerosene so that the value of mass transfer
coefficients for these systems could be compared to values
found for cobalt and nickel in D2EHPA.

THEORETICAL

The mass transfer rate for extraction into the organic pha
se is given by the following differential equation:
V

d C

org

org/
=
dt

K

org

A (C

* - C
)
org
org .............(1)

A:tho�gh K ar does vary, it can be considered constant over a
g
time interval 6T and equation (1) can be rearranged to give:
c + 6t
t

C

t

i

d C
____o_r�g�_
*-C
C
org
org

K

-

org

A 6t/V

org

where K arg is the integral mean value over the time Eeriod 6t.
When the equilibrium concentration Corg is constant K arg can be
evaluated from the plot of ln(C*or -C 0 r ) versus t. However,
�hen C*org varies as was the case for tfe majority of these runs
K arg has to be evaluated by numerical integr�tion. A first
order algorithm was found to be sufficiently accurate in the
investigation.
RESULTS

Runs were carried out to obtain data for co-extraction,
scrubbing and· stripping, see Table (1).
A computer programme
was used to fit experimental data, equilibrium data and to
calculate K arg values (i) either numerically or from the
ln(C*
-C
data. Typical data obtained from the computer
org org

r

3

print-out is given in ·Table (2).
NICKEL
EX! RAC ! IO�:

RE-ORGANIC • 1000

RE-AQUEOUS • 1500

ORG
ORG EQU
3. 73336
-.093813
ARE-K. 00
LOG(C*-C)
1.34212
2.77699E-3
SLP-t.00-2.77032E-3
* • • • • • • • • * • • • * * • • -Ar· * * * * * * * ·* * * ir, • • •• * • * • It It
ORG EQU
TIME
ORG
AQ
. 4404 73
3.73262
4.60342
30
ARE-K.00
AREA
LOG(C*-C)
1/ c•-c
.303753
.159355
2. 9316 7E-3
1.19154
ORG MED .681983
C*-C 3.29214
SLP-K.00-2.92384!-3
It • * * • * * • It * It • * * * * * • * * • It * * * * • * * • * * • * * • * •
AQ
TIME
OB.G EQU
OllG
60
4.34223
.923492
3.78188
l/C*-C
AREA
ARE-K.00
LOG(C*-C)
.356076
.167728
3. 085 71.E-3
l.03261
ORG MED 1.13937
SLP-K.00-3.07639E-3
c•-c 2.80839
* It * * * • It It * * * * * * * It * * * • * • * * * * • * • * * * *
TIME
ORG EQU
ORG
AQ
90
l.35524
3.73117
4. 11603
LOG(C*-C)
ARl!:A
1/C*-C
ARE-K.00
.420889
.865387
.175442
3. 2276 lE-3
ORG MED 1. 54549
SLP-K.00-3.2l693E-3
c•-c 2.37592
* • *
* • *
* * • *
* *
* • • *
* *
*
AQ
TIME
ORG
ORG EQU
120
3.92483
1. 735 7J
3. 7 JO 5
ARE-IC.CO
1/C*-C
AREA
LOG(C*-C)
.690526
.l8l385
.50131
3.3J69SE-3
ORG MED 1. 90034
SLP-IC.00-J;J2481E-J
C*-C 1. 994 77
•
• * • • * • • * • * •
*
* * *
* •
*
•
TIME
ORG EQU
ORG
AQ
150
3. 76862
2. 06494
3.72991
l/C*-C
A.REA
ARE-K.00
·LOG(C•-C)
.183705
. 509 801
.600614
3,J7964E-3
ORG MED 2.20392
SLP-K.00-3.36684E-3
C*-C 1. 56496
It
•
• • •
• * • *
• • • • • • • * • • *
TIME
AQ
ORG
ORG EQU
3.6474
2.3429
180
3.72941
AREA
l/C*-C
ARE-K.00
LOG(C*-C)
. 721233
3.30224£-3
.179498
.326792
ORG :iED 2.45624
C*C 1. 3 86 51
SLP-K.00-3.29008E-3
• * * * * *
*
* * * *
* * *
• • • • • • • • •
TIME
ORG EQU
AQ
ORG
210
2.56958
3.56118
3.72904
ARE-IC.CO
AREA
1/C*-C
LOG(C*-C)
.164801
.147955
.862471
3.03186£-3
ORG MED 2.65729
C*-C 1. 15946
SLP-IC.00-3.02228E-3
• * * * * * • * * * •
*
* * It * * • * • * *
*
* * • * • * •
ORG EQU
OR.G
AQ
T!ME
3.72881
2.745
3.50995
240
ARE-K.. 00
LOG(C*-C)
AREA
1/C*-C
-1.63255E-2
2.48934"!-3
.135311
1.01646
SLP-K.00-2,48329!-3
C*-C .983809
ORG MED 2.80707
•
*
* • * *
* *· * *
•
* •
*
* •
* * • *
•
�OTATION
TIME • Minutes
AQ • Aqueous Concentration (g/1)
ORG • Organic Concentration (g/ 1) ,C
ORG EQO • Organic Equilibrium Concentration (g/ 1), C*
AREA • Area from graphical integr�tion of (dc/(C-C*)
ARE-K.00 = Mass Transfer Coefficient, (cm/seer, using graphical integration
ORG MED � Organic Medium Concentration
�LP-K.00 a Mass Transfer Coeffici�nt, �m/sec, evaluated from a plot of
ln (C*-C) vs t
TIME
0
1/ C*-C
,26129
ORG MED .17333

AQ
4.8996
AREA
.150947
C*-C 3.82717

•

•

•

..

.

•

• • •· • • •

• •

•

• •

• • • •

•

•

• •

•

•

• •

• •

Table (2)

• •

•

.

•

•

• • •

•

•

•

•

•

• •

•

•

•

• • •

•

•

• • •

• •

•

•· • • • • • • • • • •

•
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• •
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Computer Print-out for Nickel-Co-extraction
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Overall mass transfer coefficients for co
CO-EXTRACTION.
extraction were found for cobalt to lay in the 1.20xlo-3 to 2.Sx
10-3 cm s -1 range.
They were observed to depend on Rey�olds
number and on organic phase metal concentration.
Thus K 0
values for both metals increased with increase in Reynold§ g
number in either the organic and aqueous phases, see Figure (1).
It can also be seen from Figure (1) that Korg values for cobalt
increased with increase in metal concentration in the £rganic
phase.
Similar results were obtained for nickel with Kor
values for nickel being higher than those observed for co�alt.

EX"tRACTION - COBALT K. ORO.

EXTRACTION - NICKEL R. ORG.
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Overall Mass Transfer
FIG. (1 1
Coeffic�ent for Cobalt - Co
extraction

FIG. (2)
Overall Mass
Transfer Coefficients for
Nickel - Co-extraction
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In this contacting region Kor values were of
SCRUBBING.
the same order of magnitude being in the O.SxYo-3-7.Sxl0-3 cm
s-1 range for cobalt and the O.Sxlo-3 to 5.0xlo-3 cm s-1 range
for nickel. These latter values were lower than was observed
for extraction of nickel indicating an effect of the direction
of mass transfer on the value the mass transfer coefficient.
Increase in Rey�olds number in either phase again resulted in
an increase in K
values for both metals, see Fi g ure (3).
or g

5

An effect metal concentration in the organic phase w�s noted
when the agitation in the organic phase was raised, Korg values
increasing with an increase in the metal concentrations in the
organic phase for cobalt.
However for nickel Korg values de
creased with increase in organic phase composition.
STRIPPING.
In this contacting region C* values for strip
ping were approximately equal to zero and Korg values could be
obtained from plots of ln(C*-C) versus the contacting time.
Korg values were considerably lower than the values found for
co-extraction and scrubbing; the values for cobalt lay in the
2.46xlo-4 to 3.0xlo-4 cm s-1 range while for nickel values varied
from 2.15xlo-4 to 2. 5 Sx10-4 cm s-1. ·The Korg values in this
contacting region were not dependent on the metal concentration
in the aqueous and there was only a slight increase in Korg
values with increase in Reynolds number.
4-0
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DISCUSSION
The results indicated that mass transfer coefficient values
depended not only on Reynolds number and organic phase loading
but also the contacting region. Thus in co-extraction and
scrubbing, Karg values were affected by change in either the
aqueous or organic phase Reynolds number indicating that there
was resistance to mass transfer in both phases (8). In addition,
the results suggested that the mass transfer rate was diffusion
controlled (11). The values of K 0 r obtained in these contact
ing regions are the same order of m§gnitude as values found for
the extraction of acetic acid into benzene or kerosene when
_3
integral average Karg values were 3.3lxlo-3 cm s-1 and 2.33xl0
cm s-1 respectively:
aqueous phase Reynolds number 1,000 or
ganic phase Reynolds number 1,500. This was again indicative
of a diffusion controlled mass transfer process.
The variation of K 0 r values with organic phase loading in
these regions was, howeveP, inconsistent firstly with the two
film theory (8) and secondly with the report that metal polymers
are formed in D2EHPA (9-11). The data indicated that during
co-extraction Karg values increased with increase in metal load
ing. However, from the equilibrium line and operating line data
figures (4) and (5) the slope of the equilibrium line, m, would
have increased slightly as the run progressed which should have
resulted in a small decrease in Karg values. Polymer formation
would also_be favoured by increased metal loading and a de
crease in Karg values should have been observed. In scrubbing
the total metal concentration was approximately the same through
out the run so that any polymer formation would be constant.
Also there was very little variation if any in the slope of the
equilibrium line Figure (5). The Ka rg values then would have
been expected to be independent of the individual metal concent
ration in this contacting region as was observed in a pulsed
sieve tray column (5)� However, when the organic phase Reynolds
values increased with increase in the
number was increased K 0
individual metal concenEPation for cobalt but for nickel an
opposite effect was observed.
The major reason for these inconsistencies is considered to
be due to errors in the value of the equilibrium concentration
C* . The C* va1 ues shown in Figure ( 3 -5) are IIoperating II equilibrium lines and are the locus of the points on the true equi
librium isotherms which are dependent on the individual metal
concentration in both phases and the pH. These lines were
obtained by shake-out-extraction carried out at varying phase
ratio, r. It is considered, therefore, that runs on this system
be carried out in under steady state contacting conditions (11)
Under these conditions C* could be estimated much more accura
tely while eliminating the errors found at the end of unsteady
state data when concentration changes are small, see Table (2).
In the stripping region, mass transfer would be expected to
be organic phase controlled, Figure (7). Thus as would be
expected Ka rg values were independent of organic phase loading
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but only varied slightly with increase in organic phase Reynold s
number.
This in contrast with the results obtained in the other
contacting region.
This could be a result of resistance d ue to
chemical reaction or perhaps of an interfacial resistance as
suggested by Murdoch & Pratt (13) and further work is required
to determine the controlling kinetic region in stripping.
CONCLUSIONS
The risults show that for the cobalt-nickel-di(2 ethyl
hexyl) phosphoric acid system mass t ransfer coefficient values
are dependent on the contacting region.
In co-extraction and
scrubbing, mass transfer is considered to be a diffusion con
trolled process, although further work is required to determine
the controlling resistance.
In addition, the effect of metal
up-take in the or ganic phase on K arg values has to be more fully
investigated particularly at higher D2EHPA concentrations.
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In the stripping region, mass transfer rates can be expect
ed to be much slower than in extraction and scrubbing.
However,
further study is required to determine the kinetic region con
trolling mass transfer in this region.
NOMENCLATURE
A

C

org

C*
D

K
K

org

org

org
m

n

r
t

interfacial or contacting area, cm
-1
organic phase concentration, g £

organic phase equilibrium concentration g £

-1

impeller diameter, m

overall organic phase mass transfer coefficient, cm
s-1
integral average overall organic phase
slope of the equilibrium line
-1
stirrer speed, s

volumetric ratio of organic phase to aqueous phase

contacting time, s

V

cell volume, ml

µ

absolute viscosity, kg m
-3
density, kg m
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ABOUT THE INFLUENCE
OF SOLUBLE ADSORPTION LAYERS ON THE MASS TRANSFER BE
TWEEN LIQUID PHASES CONTROLLED BY TRANSPORT PROCESSES.

*

W. Nitsch and L. Navazio
Institut flir Technische Chemie der
Technischen Universitat MUnchen
D-8O46, Garching, Lichtenbergstr. 4
W-Germany
ABSTRACT. The hydrodynamic effect of soluble
adsorbates (sodium alkyl sulfonates) was
studied by measurements of the acetone transfer
between liquid phases in a stirring cell.
Related to the state of rigid behaviour of the
interface, a mechanism is proposed based on the
kinetics of adsorption and desorption. By
estimation of the rate of adsorption and the
increase of transfer rates near the critical
micelle concentration, it was possible to
calculate the surface pressure gradient an1
to verify the kinetic approach.

INTRODUCTION.
In the past many experimental studies have shown the in
fluence of S'.irface active substances on the rate of mass trans
fer between fluid phases (1). Two explanations are possible.
The so-called hydrodynamic theory is related to the effect of
gradients in surface tension on the boundary layer flow (2).
The other possible explanation is the blocking of the inter
face (sieve effect) (3,4), or a catalytic interaction of the
adsorbed molecules with the interfacial reaction (5, 6, 7).
In general, it is not easy to distinguish between these
mechanisms.
Three years ago, we published our results about the trans
fer of zinc ions out of water into dithizon-loaded CClu in a
stirring cell with (8) and without surface active substances
(9). It was possible to show that the influence of stirring
speed on the mass flux allowed the discrimination between both
mechanisms. In the case that interfacial reactions are rate
determining, the flux is independent of the stirring speed
with and without adsorption layers; the blocking and/or cata
lytic mechanism is the kind of action. Otherwise, if transport
processes are rate-determining (a linear relationship between
Excerpt of Thesis, L. Navazio, TU Mlinchen 1979.
1

flux and stirring speed), the fingerprint of the hydrodynamic
action of surface layers is to be observed.
Because sufficiently systematic studies related to the
influence of soluble mono]ey-ers on mass transfer are not avail
able, we started research work in order to understand the
characteristic dependence between transfer rate, forced con
vection and surface concentration.
In a horizontal interface the hydrodynamic action of a
compressed surface layer on boundary layer flow comes from the
flow induced gradient of surface tension produced by unequal
distribution of adsorbed molecules. The mechanical equilibrium
,..._
l -

dn

( 1)
�

is established by the local shear stress l x and the corresponding local gradient of surface pressure with

�II =

)(=ft

1�

)( .. 0

h.

(2)

as the integral expression for the pressure difference in the
compressed monolayer. Until now measurements of flow profiles
sufficiently near the fluid interface are as unknown as meas
urements of surface pressure gradi�_!ts in the stressed layer.
With a simplifying assumption about the fluid dynamic in
stirring cells, Davies (10) has proposed a model related to the
action of insoluble monolayers and turbulent flow at the inter
face. For laminar flow in stirring cells, a treatment is given
(11) which is also related to insoluble molecules. This project
aims at the action of soluble monolayers in order to understand
the characteristic hydrodynamic fingerprint.

EXPERIMENTAL
The cell employed
cribed elsewhere (12);
is much less effective
schematic illustration
StrQmung

for the investigation is already des
only the stirrer applied in this work
in comparison with our prototype. The
in FIG. 1 shows the direction of flow

)
LJIT
--- Wass,..r

? 9 9?119? 9
(

Sofvent

FIG. 1

Direction of flow,pressure gradient and compression of mono
layer (schematic).
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produced by baffle and stirrer. The stirring speed ratio is
always constant (ns /nw = 0,79) in order to get a linear con
nection between
stirring speed and transfer rate (13).
The applied highly purified water came from a quarz bi
distiller. cc14 was distilled and subsequently purified over
aluminium oxide. The so1ium alkyl sulfates are products of pA
quality (Merck Company). The tensides were recrystallized out
of absolute ethanol until the minimum of interfacial tension
near the cmc disappeared (14). This finding in connection with
standard values of cmc and
cmc is our criterion for sufficiently clean tensides.

r

The surface concentration/1 is evaluated from measure
ments of surface tension with th@ Gibbs equation

T!

= -

RT ....!l.L:__
2 dln C

(3)

or calculated by the KUster equation
2 3
Te= K c /

(4)

with a value for K from approximation of the Gouy-equation as
proposed in (17).
The mass transfer of acetone out of water (c = 0,5 g/1)
into cc14 w�s selected as the basic test system. Time-dependent
concentrations are measured photometrically in the solvent
phase (/\= 290 nm). The effects of adsorbate are expressed with
the overall mass transfer coefficient f(3O, S calculated by

( cw,

<2_ -

C

)

2 3 VH d log H+1
s,t
(5)
dt
o,s = - FtH+1)
0
cw
.z..2 - c
) over the time is always a linear
The plot of log ( H+1
s,t
one.
RESULTS.
FIG. 2 shows the characteristic connection between mass
transfer coefficients, tenside concentration and stirring
speed as an example for all the applied sodium alkyl sulfates
(sodiumdecyl-, -dodecyl-, -hexadecylsulfate).
The upper border line (FIG. 2) is related to the "clean
system", characterized by time independent mass transfer co
efficients. The method for proving clean interfaces has al
ready been published elsewhere (12).
The lower border line (FIG. 2) is related to the state of
a rigid interface: the pressure gradient is sufficient to
produce (as the maximum hydrodynamic action) a flow profile

3

n [ cm-sc,c 1 I 10 3
9
8

Na-Dodecylsulfat

a

7
6
5
4
3
2

100

100

JOO

l.00

.'00

iOO

FIG. 2

The effect of stirring speed on the overall coefficient for
different sodium 1odecylsulfate concentrations in the water.
analogous to the-profile of solid/fluid interfaces (see FIG.3).
This interpretation was proved experimentally.With heat trans
fer between liquid phases, the depression of the heat transfer
coefficient with adsorbates down to the rigid region is equal
to the depression produced by a copper blade between the li
quid phases (5). Besides, in th,� rigid region produced by
adsorbates, there is no momentum flux between the stirred
liquids ( 16).

X

X

FIG. 3
Schematic representation of boundary flow for a solid/liquid
(a) and a fluid (b) interface.
For the following kinetic model, the fact is important
that the range of rigid behaviour (expressed with the so-called
critical stirring number nk) is to be attached co the tenside
concentration. Therefore, tlifferent alkyl sulfate layers with
the same rigid range are in the same mechanical state and ther�
fore comparable. FIG. 4 shows this comparison. To produce the
same rigid range n , the requisite surface concentration T
decreases with inc�easing length of the alkyl chain. Becau�e
the alkyl sulfates have the same compression isotherms,
the
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diff e r e nt e ffects of th e same surfac e concentration (th e e qui
librium value) must be caus e d by th e kin e tics of adsorption
and desorption of th e wat e r solubl e layer. In th e following, a
simplifi e d mod e l is propos e d r e lat e d to th e corresponding state
of different adsorbates at the same nk.
No•Oecytsulfot

20

15

/

10

FIG. 4
11
Surfac e conc e ntration/ e (equilibrium value) necessary to
produc e nk (rigid r e gion ) for differ e nt tensid e s.
KINETICS OF ADSORPTION.
R e cognizabl e d e nsity schlieren show a laminar flow near
th e int e rfac e and, corresponding to th e dir e ction of this flow
(see FIG. 1), it is assum e d that on th e periphery of the circu
lar int e rfac e th e re is a cont�nuous surfac e r e n e wal*with a sur
fac e production of dF/dt = Uw. Th e flow v e locity w idealiz e d
in th e position x = 0 is parall e l and n e ighbouring to the
interfac e .
In th e cas e that e quilibrium of adsorption is establish e d
instantenously at the n e w int e rfac e produc e d at x = O, th e n e t
transport of mol e cul e s a to the interface should follow

n

:r,_a =
With th e

T'e

Uw

*

(6)

e quation

n = 2 (Dt/ii ) 1 /2 c(N1/1000)
(7)
for th e diffusion to th e int e rfac e (17), it is possibl e to
e stimat e th e time t
for e quilibration. In TABLE 1 this cal
culat e d tim e tog e th�r with a cor�ect e d tim e valu� t� is tabu
lat e d. Th e corr e ction (factor 4) is n e c e ssary with r e sp e ct to
d e sorption which is negl e ct e d in equation (7J.

5

Equilibrium position

mol/ c m 2

mol/1

c

10
12

c

16

1,58 10-3
10-5
2 ,3
5

T�LE 1
for w = 0,1

T'e

C450

c

X

10-7

10

c m/s

at nk ·- 450.

te '= 4te
11

cm

s
3

2 ,86

1 0-

1, 74

3,0

10-1

0,84

148

1 1,69

X

2 ,86

10-4

3,0

10- 2

14,8

The path of the surfa c * elements to rea c h the equilibri\!111
value T is dependent on ·w • Because of the low values of w ,
which ar� to be assumed c orresponding to the rigid interfa c e
(see TABLE 1), the equilibrium position should be very near to
x = 0 for sodium de c yl- and sodium dodecyl sulfates in the re
levant concentrations to realize nk = 450. Therefore, for these
two surfactants it may be allowed �o operate with established
equilibrium of adsorption at x = O, correspond�ng to equation
(6). Moreover, this means that at x = 0 there is a surfa c e
pressure corresponding to the bulk ph�se concentration. For
sodium hexadecyl sulfate an analogous conclusion is un c ertain
because of the low concentration level necessary to produce
nk = 450.
PRESSURE GRADIENT.
Corresponding to equation (2), for ea c h rigid range n
there is a necessary gradient of interfacial pressure. Thi�
gradient is to be estimated on the basis of the steep increase
of transfer rate near the cmc as shown in FIG. 5. This increase
of transfer rate near the cmc comes from the fast micellation
which destroys the diffusion barrier of desorption (18). The
important fact is the very b2ginning of the �
-increase at
c' ( cmc. This means that for the bulk concentBA!ion c' in the
position of maximal c ompression at x = r, the cmc is reached
near the interface. Therefore, the pressure gradient for the
iE:_vestigated rigid r�nge at nk = 450 is to be estimated with
It
at x = rand II ,
at X = O. In TABLE 2 the experimental
re��ts for differentc alkyl sulfates investigated with respect
to the cmc-effect are summarized. The resulting Ali values are
comparable to the pressure differen c e estimated in (11) from
flow field measurements.
KINETICS OF DSSORPTION.
In the case of equilibrium near x = 0 desorption o c curs
at the whole interfa c e. Corresponding to the increase of
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FIG. 5
The increase ofJ3o ,s near the cmc.

-2

10

compression wit� x, there is also an increase of II x and of the
concentration c X in equilibrium with T'X .

Because of the circular shape of the interface, the entire
rate of desorption is to be treated as the sum of the rates
related to concentric ring shaped plains dF. Corresponding to
diffusive desorption, equation

(8)

should be an appropriate expression. The value of the transport
coefficient/3 is to be calculated from the individual tran po�t
coefficient of the acetone transfer at nk = 450f=1,3.S 10- 3 crr/s)
TABLE 2
Data for Estimation of the pressure gradient A1f at n = 450
k
c'

c10

c12

mol/1

2,5 10-21
6,1 10-3

cmc

Ile,
mN/m

mol/1

36,2

6,8 10-3

34,05

2
3,2 10-

7

11 cmc

mN/m
35,35

37,7

6 T,

mN/m
2,3

1,5

t:.Ti = 1,91I

co�rected with respect to the influence of diffusion coeffi
cient with the expression of the penetration theory (20).
Assuming a linear increase of surface pressure from x = 0
to x = r with the pressure differences in TABLE 2 and the equi
librium value*;;- at x = 0, it is possible to calculate the
increase of c� �ith x, if the concentration dependence ofF
from measurements of surface tension is known.

*

with x,distributed over 8 annular
With the course of c
plains of equal width, the desorption rates for these annular
surface parts are calculated with equation 8. Summing up these
values one obtains the whole desorption rate listed in TABLE 3.
TABLE 3
Estimation of the boundary flow velocity w* at nk = 450 on the
basis of equations 6, 8 and 9.

T'

:nol/1
c10
c12

1, 5.3 1 o- 3
2,5 10-5

mol/cm2 1011

•
nd

w

mol/s

cm/s

11,69

11, 4 10-9

4, 12

1, 74

1, 3 10-9

3,1

STATIONARY STAT�.
In the stationary state of the flow compressed adsorption
layer from the kLnetic point of view, the expression
(9)
must hold. With equation 9 it is possible to calculate values
of w..* which are summarized in TABLE 3. These values· are to be
compared with the bulk flow w which is known to be 13 cm/s
in the annular space of the stirring cell (21).
The result, that the calculated values for w* are reason
able and, moreover, that the condition for a solid/liquid
profile w*«w seems to be fulfilled, shows the justification
of the applied kinetic model.
In spite of several assuinptions in the above model, we
are publishing our approach in order to stimulate further in
vestigations into the influence of soluble monolayers on
transfer rates, which is very important for experimental work
with respect to mass transfer kinetics.
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SYMBOLS USED.
V cm3
volume of solv.phase
c mol/1
bulk concentration
w
cm/s
flow velocity
c*mol/1
interfacial cone.
w*cm/s
flow velocity at x=O
water phase
.x:
D cm2/s
radial coordinate (be
diffusion coeff.
interfacial area
gins in the periphery)
F cm2
H
ta
distr.coeff.cw/cs
Io, s emfs overall mass transfer
NL
Loschmidt'sche No.
coefficient
n 1/min
stirring number
y- dyn/cm interfacial tension
iia mol/s rate of adsorpt.
7' mol/cm2 surface concentration
n d mol/s rate of desorpt.
7i" dyn/cm interfacial pressure
U cm
-Z-- dyn/cm2 shear stress
periphery of the
interface
INDICES
e - equilibr.; w - water; s - solvent; t - time; o - initial

l
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PHASE TRANSFER AND MICELLAR CATALYSIS IN HYDROMETALLURGICAL
LIQUID-LIQUID EXTRACTION SYSTEMS

K. Osseo-Asare and M. E. Keeney
Metallurgy Section, Department of Materials
Science and Engineering
The Pennsylvania State University
University Park, PA 16802, USA
ABSTRACT
A discussion is presented of the factors which con
tribute to phase transfer catalysis (PTC) and reversed
micellar catalysis (RMC) in hydrometallurgical liquid
liquid extraction systems. It is shown that the ability
of an extractant to act as a phase transfer catalyst is
dependent on its reactivity, interfacial activity and
aqueous solubility. It is demonstrated that the poten
tial for effective utilization of RMC in liquid-liquid
extraction systems depends primarily upon the ability of
micelles to solubilize both extractant molecules and
metal ions, and stabilize H20-extractant ligand exchange
reactions. A discussion is presented of catalysis and
inhibition in micellar and non-micellar systems involving
LIX63, HDNNS, DEHPA, lauric acid, and Aliquat 336.
INTRODUCTION
The advent of the commercial hydroxyoxime- and hydroxyquinoline-based
reagents has stimulated research into the synergic potential of mixtures of
these chelating reagents with each other (1-8) as well as with other types of
extractants such as phosphoric, carboxylic, and sulfonic acids (9-32). For
many of the systems, the presence of mixed ligand complexes has been reporte4
and several authors have attributed the observed synergic effects to salva
tion mechanisms (13,15,21,22). The importance of salvation effects in syner
gism has been well documented in the literature (33). There are now indica
tions, however, that other mechanisms such as phase transfer catalysis (1-8,
16, 17) and micellar catalysis (23-32) may also be operating.
Phase transfer catalysis (PTC) is based on the fact that two species
located respectively in two immiscible solvents can only react with great
difficulty (if at all) if neither reactant is soluble in its opposite solvent
(34,35). The role of a phase transfer catalyst is to transport one of the
reactants across the interface into the opposite bulk phase, where the desir
ed reaction can take place at much higher rates than previously attainable.
It is interesting to note that much of the PTC work in the literature has
used Aliquat 336, a qual-e:r nary ammonium reagent (Henkel Corp.) which is also
used as a metallurgical solvent extraction reagent. In addition to PTC, it
is necessary to consider interfacial chemical phenomena within the organic
phase proper. At sufficiently high concentrations, the salts of some organic
acids, as well as the water-wet organic solutions of the acids themselves,
form aggregates or micelles. These micelles have polar cores which can
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solubilize considerable quantities of water and there is much interest in the
use of micelles as models for the study of enzymatic reactions (36).
In this paper a review of selected literature on PTC and RMC is present
ed with emphasis on those aspects which are relevant to metal separation
processes in liquid-liquid systems . In addition, new data are presented on
the physiochemical phenomena underlying inhibition, PTC and RMC in mixed
extractant systems involving LIX63, HDNNS, DEHPA, lauric acid and Aliquat 336.
EXTRACTANT SOLUBILITY AND INTERFACIAL ACTIVITY
When an extractant HR is placed in a liquid-liquid extraction system,
it may distribute itself among several different locations and assume several
degrees of molecular aggregation. Thus, HR may (1) exist in the bulk organic
phase as monomers or aggregates solvated by diluent molecules, (2) adsorb at
the liquid/liquid interface, (3) dissolve into the aqueous phase, or (4) form
monomeric or polymeric complexes with metal ions (these complexes in turn
distribute between the organic and aqueous phases).
The successful commercial utilization of the hydroxyoxime-based reagents
derived partly from their organic solubility made possible by the presence of
alkyl groups. This enhanced organic solubility has been so impressive that
there has been a tendency to simply dismiss the aqueous solubility as negli
gible. It is now known that there is some aqueous solubility and for example,
Foakes et al (37) have determined the solubilities of LIX63 and anti-LIX65N
to be 15.5 and 1.0 µmol dm-3 respectively. Whether the solubility of a given
extractant is significant or not would depend on the particular process
relative to which solubility is being considered.
To various degrees, solvent extraction reagents possess some interfacial
activity and populate the liquid-liquid interface (2,25-28,38-45). The
interfacial activity is related t0 the presence of hydrophobic and hydro
philic groups in the same molecule. The hydrophobicity is contributed by the
hydrocarbon radicals while the polar functional groups such as -COOR, -OH,
=0, -S03H, and -POOH are responsible for the hydrophilic nature. At the
organic/aqueous interface, these molecules orient themselves with the hydro
philic groups directed towards the aqueous phase and the organic substituents
directed towards the organic phase. Thus the interfacial activity is demon
strated by interfacial tension lowering as shown schematically in Figure 1
for purified LIX63, HDNNS, DEHPA, and lauric acid.
Of the extractants represented in Figure 1, the most interfacially
active is HDNNS which at concentrations as low as 10-5 mol dm-3 is capable of
lowering the hexane/aqueous interfacial tension from 50 mN/m to 8 mN/m. HDNNS
exhibits the characteristics of a classical surfactant. There is an abrupt
change in the interfacial tension curve at 5xl0-5 mol dm-3 which represents
the critical micelle concentration (CMC). At the CMC, HDNNS is present in
the bulk organic phase primarily as micelles - aggregates consisting of
several molecules with the polar groups turned inwards away from the organic
solvent. The micellization of HDNNS and its salts has been the subject of
several studies in the literature (42,46-49). Kaufman and Singleterry (46)
found that micelles were present in benzene at sulfonate salt concentrations
as low as 10-6 mol dm-3, and aggregation numbers ranging from 6 to 14 metal
sulfonate monomers per m:i.celle were determined (47). The micellization of
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FIG. 1. Interfacial tension isotherms at the hexane/water interface for
purified reagents (mol dm-3): HDNNS (HD); DEHPA (HP); LIX63 (HOx) and lauric
acid (HL). Aqueous conditions: 0,5 mol dm-3 KN03,pH=2,5. (25 ° C)
carboxylate salts has also been reported (50-52). Although the other extrac
tants shown in Figure 1 do not exhibit a critical micelle concentration,
they, nevertheless, do undergo some aggregation as a result of hydrogen bond
ing (51), Aggregation numbers as high as 4 have been reported for LIX63 in
iso-octane (8).
PHASE TRANSFER CATALYSIS
As far as liquid-liquid extraction of metals is concerned, what is
observed when two extracta".ts are used together would depend on the inter
actions of all the factors discussed above. For example, the two extractants
will compete for adsorption sites at the organic/aqueous interface. The more
interfacially active of the two will populate the interface at the expense of
the other. If the two extractants associate, it is possible for the more
surface active species to be removed from the interface.
Let us consider the simple case of two extractants HR and HL (ignoring
bulk phase aggregation and HR-HL interactions) and focus on three effects:
interfacial activity, aqueous solubility, and the nature of the extracted
complex. Several possibilities may be envisaged as outlined in Figure 2.
In system 1, none of the extractants exhibits any significant interfacial
activity. However, HR is more soluble than HL, and is also responsible for
metal complexation. Thus addition of HL would not be expected to have any
effect on metal extraction. Similarly, no PTC would be observed with systems
3 and 5. In system 2, the extracted complex is MeL2 even though HR has a
greater aqueous solubility than HL. In this case, phase transfer catalysis
can account for the extraction of an MeL2 complex as shown in Figure 2a.
System 4 in which HR is the more interfacially active of the two extractants,
can give rise to enhanced extraction if the rate limiting step occurs at the
organic/aqueous interface. The neutral complex MeR2 may be formed at the
organic/aqueous interface, and subsequently transferred into the bulk organic
phase where ligand exchange occurs, forming MeL2 and regenerating HR for
further reaction. This is illustrated in Figure 2b.
The ligand exchange reaction may occur completely at the organic/aqueous
interface (Figure 2c) or it may be preceded by interfacial mixed complex
information (Figures 2d and 2e). When extractant HR is the more soluble as
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FIG. 2. Schematic representation of phase transfer catalytic systems
involving mixed liquid-liquid extractants (HR;HL).
well as the more interfacially active of the two extractants, PTC can take
place to yield a complex MeL2 (System 6) through either one or both of the
mechanisms illustrated in Figures 2a and 2b. It is also possible for HR to
possess the greater interfacial activity and yet give slow extraction rates
in the absence of HL. In this case, if the aqueous phase reactivity of HL
is greater than that of HR, it would be possible to observe enhanced kinetics
in the mixed extractant System 7 as demonstrated in Figure 2c; mixed complex
formation is also possible (see Figure 2d). System 8 represents the case
where a complex MeL2 is formed even though the second extractant HR is more
surface active. Under these circumstances, enhanced extraction may be due to
increased rate of interfacial reaction involving HR alone (Figure 2b) or
mixed complex formation (Figure 2e).
Several of the mechanisms that have been proposed (1-8) to explain the
catalytic effect of LIX63 (HL) on copper extraction by LIX65N (HR) can be
treated in terms of the phase transfer models outlined in Figures 2a-e. As
an example, the mechanism proposed by Fleming (6) may be cited. This inves
tigator presents interfacial tension results which indicate that LIX63 is
excluded from the liquid-liquid interface in LIX63-LIX65N mixtures. It is
then argued that the aqueous solubility of CuL+ exceeds that of CuR+ and that
the aqueous phase reaction to form the 1:1 copper-ligand complex proceeds
much more rapidly for LIX63 than for LIX65N. The rate-limiting step is
proposed to be an interfacial reaction (Figure 2d). Although Fleming doesnot
provide any experimental data to substantiate his claim that CuL+ is more
soluble and forms faster than CuR+ , there is some merit in his hypothesis.
As Foakes et al have shown (37), LIX63 is more water-soluble than LIX65N.
In addition Van der Zeeuw and Kok (7) have pointed out that when LIX63
chelates copper, a five-membered ring is formed, whereas a six-membered ring
is formed in the case of LIX65N; the accelerating capacity of LIX63 may be
due to the greater ease of forming a five membered ring compared with a six
membered ring.
Metal extraction with mixtures of chelating reagents and organic acid
mixtures may �roceed via mechanisms such as those given in Figures 2a to 2e
depending on the relative importance of aqueous phase and interfacial reac
tions. The effect of lauric acid concentration on interfacial tension and
copper extraction with HOx-lauric acid mixtures is shown in Figure 3a. The
experimental techniques are discussed in detail elsewhere (26-28). It can be
seen that, at constant HOx concentration, enhanced extraction occurs only
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as the interfacial tension begins to decrease, i.e. as lauric acid begins to
adsorb at the liquid-liquid interface. The ability of minute amounts of
HDNNS (up to 0.01 mol dm-3) to increase metal extraction rates with LIX
reagents and Kelex 100 (20,22) may be attributed to a similar mechanism. It
must be noted that the reaction steps shown in Figures 2a to 2e may be
further complicated by mixed complex formation.
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Preferential population of the interface by one extractant in a mixed
extractant system can also have adverse effects on metal extraction. The
effects of Aliquat 336 on the interfacial tensions and the rate of nickel
extraction with HDDNS are shown in Figure 3b. For the individual extractant�
Aliquat 336 has no extraction capability for Ni in ammoniacal solution while
HDDNS extracts quite well. However, in the mixed extractant system, extrac
tion occurs only in those regions where Aliquat 336 has been displaced from
the interface by the sulfonic acid (i.e. HDDNS preferentially populating the
interface). Aliquat 336, being cationic, has a strong inhibiting effect on
nickel extraction in regions where it is preferentially populating the inter
face. Similar results are found for the Aliquat 336/LIX63 extraction system
as shown in Figure 3c.
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MICELLAR CATALYSIS
In the discussion above, the effects of extractant aggregation were not
considered. The presence of aggregation affects metal extraction. Thus, the
fractional orders observed in extraction rate studies with LIX reagents have
been attributed by some investigators to organic phase aggregation of the
extractant molecules (6,8). When reversed micelles are present, even more
drastic effects may be observed. Reaction products as well as reaction rates
may be profoundly affected when species which have been solubilized by
micelles undergo chemical reactions ( 36). Figure 4 illustrates the possible
locations of a solubilizate in a micellar environment. The micelle core,
site 4, is hydrophobic for aqueous phase micelles and hydrophilic (may
involve trapped water pools) for reversed organic phase micelles.
Cho and Morawetz (54) studied the effect of aqueous phase micelles of
sodium dodecyl sulfate (SDS) on the aquation of Co(NH3)5C1 2+ induced by Hg 2+.
As SDS concentration was increased, a sudden increase in reaction rate was
observed in the neighborhood of the CMC. Further SDS addition beyond the
CMC resulted in a rate decrease. The rate increase was interpreted in terms
of an increase in the effective concentration of Hg 2+ and Co(NH3)5c1 2+ at the
anionic micelle surface as a result of electrostatic attraction. The rate
decrease at high SDS concentrations was attributed to a decrease in the
reactant concentration per micelle as the number of micelles increased.
The effect of aqueous SDS micelles on a reaction involving Ni 2+, Mn 2 + ,
and a hydrophobic organic ligand, pyridine- 2 -azo-p-dimethylaniline (PADA)
has been investigated by James and Robinson (55), and Holzwarth et al (56).
In the presence of SDS, the cations are attracted to the anionic micelle/
water interface. PADA, being hydrophobic, is solubilized within the hydro
phobic micelle core. In both the micellar and non-micellar systems, the
rate-limiting step was determined to be the ligand exchange reaction. The
activation energy for the reaction was found to be the same in the micellar
and non-micellar systems. It was therefore concluded that the main effect
of the micelles was not in the enhancement of the ligand-water exchange but
rather in the creation of a concentrative effect. The ability of micelles
to solubilize and therefore localize reacting species leads to an increase
in the effective concentration of the reactants, thereby increasing reaction
rates. Similar results have been reported by Diekmann and Frahn (57,58) who
used sodium decylsulfate instead of SDS. Using electrical double layer
theory, these authors demonstrate that the electrostatic interaction between
the anionic polar heads and Ni 2+ dramatically enhances the local Ni 2+
concentration at the micelle surface.
The aquation �f tris(oxalato)chromate(III) anion, Cr(Cz04)�- to
cis-Cr(Cz04)z(Hz0) 2 has been investigated by O'Connor et al (59,60) in the
presence of water solubilized by alkylamrnonium carboxylates in benzene. It
was found that the rate of the aquation reaction in the micellar system was
greater than the aqueous phase value by a factor of 5xl0 6 . The rate
enhancement in the micellar system was attributed to (1) hydrogen bonding
between the oxygen atoms of the oxalate ligands, and the ammonium ion of the
micelle, ( 2 ) the ability of the ammonium ion to deprotonate and donate a
proton to the hydrogen-bonded oxalate ligand and ( 3) an apparent increase in
water activity in the micellar polar environment. A similar explanation has
been given for the enhanced rate of the trans-cis isomerization of bis
(oxalato)diaquochromate (III) anion in micellar alkylamrnonium carboxylate
solution in benzene (61).
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Robinson and Steytler (6 2 ) investigated the reaction of nickel (II) with
murexide in water pools contained in Aerosol OT micelles in heptane. The
rate of complex formation was found to be controlled by the rate of water
exchange. In the micellar region there was a slight decrease in water
exchange rate, which was attributed to the adsorption of Ni 2+ at the anionic
AOT surface. The presence of reaction inhibition was also observed by Fisher
et al (63) when the Ni 2+-Mur- reaction was studied in aqueous SDS micellar
solutions. The binding of Ni 2+ to the anionic polar heads reduced its
effective bulk concentration and thereby, reduced the reaction yield.
Van Dalen and coworkers ( 2 9-3 2 ) have examined the role of HDNNS micelles
in the extraction of various trivalent metal ions. In mixed HDNNS/DEHPA
extractant systems, unexpected enhanced metal extractions were found. The
authors observed that water is released from the HDNNS micelle as DEHPA is
added to the organic phase. Using various techniques (vapor pressure
osmometry, IR, interfacial tension), they concluded that DEHPA is solubilized
in the aqueous micelle core, replacing water molecules originally solubiliz
ed. They attributed the enhanced extraction of trivalent metal ions to the
cosolubilization of the metal ions and the DEHPA in the micellar core (i.e.
site 4 in Figure 4).
Osseo-Asare, et al. (25- 2 8) have examined the mixed LIX63/HDNNS
extractant system and have also shown that water is released from the HDNNS
micelle upon addition of LIX63. However, this effect has been attributed to
micelle destruction (and subsequent release of solubilized H 2 O) as a result
of preferential association of the oxime and the sulfonic acid in the bulk
organic phase. Micelle destruction is demonstrated in Figure 5 which shows
that the CMC shifts to a higher HDNNS concentration in the presence of LIX63.
The oxime-sulfonate interaction has been further confirmed by infrared
spectroscopy ( 2 6).
The interfacial tension data of van Dalen, et al. ( 2 9-3 2 ) have been
replotted and included in Figure 5. The isotherm shows a shifting of the
CMC to higher HDNNS concentration as the concentration of DEHPA is increased,
analogous to the results for LIX63/HDNNS. However, on the basis of infrared
spectra, van Dalen et al. have suggested that there is no interaction between
the phosphoric and sulfonic acids. In the absence of any interaction between
the extractant species, it is difficult to explain the shifting in the inter
facial tension isotherms as shown in Figure 5. Further work is necessary to
explain the observed shifts.
Enhanced extraction of Ni 2 + has been observed in the LIX63/HDNNS system
( 2 3- 2 8) and this has been attributed to a mieellar catalytic mechanism
.( 26- 2 8). It has been proposed that the function of the HDNNS micelle is to
concentrate the reactants and increase their mutual accessibility. The
heteropolar nature of the oxime results in LIX63 being drawn into the polar
region of the HDNNS micelle. However, given the relatively low aqueous
solubility of LIX63, it is more likely that the oxime is solubilized in the
palisade region (site 3, Figure 4) rather than in the aqueous core.
CONCLUSION
The major factors contributing to phase transfer catalysis and reversed
micellar catalysis have been discussed with emphasis on their relationship to
hydrometallurgical liquid-liquid extraction systems. The ability of charged
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interfaces to promote or inhibit extraction has been demonstrated. It has
been shown that for an extractant to function as a phase transfer catalyst it
must (1) preferentially adsorb at the aqueous/organic interface, (2) have
greater solubility in the aqueous phase, or (3) have a greater reactivity.
The potential for effective utilization of reversed micellar catalysis in
hydrometallurgical systems has been shown to be dependent upon (1) a metal
extractant concentrative effect due to solubilization of the reactant species
in the reversed micelle and (2) the ability of the micelle to promote the
H20-extractant ligand exchange reactions. With appropriate selection of
extractants and extraction conditions, it seems likely that PTC or RMC could
be used to advantage in hydrometallurgical liquid-liquid extraction systems.
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SULPHONATION OF TOLUENE

P.R.L. Grosjean and H. Sawistowski
Department of Chemical Engineering,
Imperial College of Science and Technology
London SW7, England
ABSTRACT
Investigation was conducted on sulphonation of toluene in
a stirred cell which was provided with a clearly defined
interface. The employed range of concentration of sul
phuric acid was from 68 to 84% by weight and a threefold
variation in stirring speed was used. An attempt was
made to explain the results in terms of mass transfer
accompanied by first-order chemical reaction. This was
successful up to a concentration of sulphuric acid of
about 75%. Higher concentrations resulted in unexpected
and sharp increases in transfer rates which were indepen
dent of the rate of stirring. It is postulated t hat these
increases are the result of an interfacial reaction which
becomes superimposed on the transfer mechanism in conse
quence of change in interfacial properties of the system.
SYMBOLS USED
C
D
Ha
K
k
£
M
m
N

concentration
diffusivity
Hatta number
mass transfer coefficient
reaction rate constant
film thickness
molar mass
parameter in eqns. 8 and 9
molar flux
Avogadro number
surface concentration
universal gas constant
rate of reaction
r
interfacial area
S
T
temperature
t
time
V
molar v olume
Superscripts
b
o
s

*

phase volume
mass fraction of sulphuric acid
distance from interface (normal
direction)
parameter in eqns. 8 and 9
surface excess concentration
activity coefficient
viscosity
interfacial and surface tension
association factor

V

w
z

s

r

y
µ
CJ

¢

Subscripts
i

s

T
TSA

w
2

interface
sulphuric acid
toluene
toluene sulphonic acid
water
phase 2 (acid)

bulk
absence of reaction (physical extraction)
surface
equilibrium
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INTRODUCTION
Most of the existing work on mass transfer with chemical reaction in
liquid-liquid systems was reviewed by Hanson et al. (1, 2). The work on
aromatic nitration is of particular relevance to the present study since it
is often assumed that a certain analogy exists between this process and
aromatic sulphonation. Since it was shown by Hanson that several assump
tions concerning aromatic nitration are of doubtful validity and arise out
of misinterpretation of experimental results, it was felt that similar con
clusions may apply to sulphonation. Since most previous work was conducted
in stirred dispersions, the misinterpretation was ascribed to the effect of
various parameters on the interfacial area and not solely on the mass trans
fer coefficient. It was therefore important to use an apparatus with a geo
metrically well-defined interface and thus be able to isolate and evaluate
the effect of phenomena other than variation in interfacial area.
Models of mass transfer accompanied by chemical reaction have already
been described extensively in literature (3, 4). Although they were ori
ginally developed for absorption, there is no reason why they should not be
applied to liquid-liquid systems, provided secondary phenomena, such as the
Marangoni effect, are taken into account. It is mainly this reason which
makes experimental verification of the models difficult (5, 6, 7)..
Previous work (8) on liquid-liquid mass transfer accompanied by a
neutralization reaction (transfer of propionic acid from toluene into
aqueous solution of sodium hydroxide) provided a qualitative assessment of
the secondary effects. It also confirmed that, provided these are taken
into account, the film model of mass transfer is applicable to extraction
with instantaneous chemical reaction. It is now proposed to extend the work
to cover extraction with pseudo first-order reaction. Sulphonation of
toluene was chosen as an example on account of availability of kinetic data
and the information it may supply on aromatic nitration and sulphonation in
agitated dispersions.
EXPERIMENTAL
The main requirements of the equipment was the presence of a smooth
interface of known geometry and a uniform concentration in the turbulent
bulk of each phase. Such conditions were satisfied by the stirred cell des
cribed by Austin and Sawistowski (9, 10) which was a modification of an
earlier stirred cell developed by Lewis (11). It was decided to employ the
Austin cell in this work but modify it by dispensing with the subsidiary,
manually-operated, stirred cell of variable volume, which was used for con
trolling the position of the interface. In order to minimise the resulting
error, each run was stopped if the interface moved vertically by more than
3 nun. This permitted runs to be carried out lasting at least 100 to 200 min.
°
Experiments were performed at 25 C and stirring speeds of 100, 200 and
300 rev/min. Since contradictory statements were made by Austin (9) and
Lewis (11) concerning the influence of direction of stirring in the two
phases, this effect was fully investigated (12). No significant difference
between co-rotating and counter-rotating configurations was observed and the
latter was adopted.
The solvents employed were toluene (phase 1) and aqueous sulphuric acid
(phase 2). Toluene is slightly soluble in the acid phase (29) and it is
generally accepted that this is the phase in which the sulphonation reaction
takes place. The product of the reaction is toluene sulphonic acid (subse
quently referred to as TSA) which is retained in the acid phase and can be
easily analysed spectrophotometrically. The method developed by Saunders

2

2. Mass transfer

Grosjean et al.

80-16

(13) was found suitable for this purpose and the Hitachi-Perkin-Elmer 139
UV-Spectrophotometer was employed.
An experiment was started by filling the cell with known volumes of
aqueous sulphuric acid and toluene. The stirring speed was then adjusted to
its desired value. The problem was complicated by the fact that the chemi
cal reaction begins immediately on contacting the phases. Zero time was
therefore arbitrary and since, in addition, disturbances created by filling
cannot be avoided the experimental concentration-time profiles (Fig. 1) do
not pass through the origin.
Results were obtained by periodic withdrawal of 3 ml samples from the
acid phase. Its absorbance was quickly measured at 256 nm and the sample
returned to the cell. Experiments were performed at 25° C at stirring speeds
of 100 , 200 and 30 0 rpm and various initial concentrations of sulphuric acid
in the range from 68 to 83 per cent by weight. Higher concentrations were
not employed as they produced discoloration of the acid phase.
PROPERTIES OF THE SYSTEM
Since the reaction takes place in the acid phase, it is the properties
of this phase, i.e. of the aqueous sulphuric acid solution, which need to be
considered. The variation of density and viscosity with concentration of
sulphuric acid is well established (14) and it can be assumed that both
these properties are unaffected by the small content of toluene and TSA.
The viscosity relation is not a simple function of concentration but it
remains monotonic up to a concentration of 85 per cent by weight.
T�e diffusion coefficient of toluene in aqueous sulphuric acid,
(cm
/s) was estimated from viscosity data using the Wilke-Chang equation
DT2
in the form proposed by Perkins and Geankoplis (15)
DT2

=

8
7.4 x 10- (M¢)

0 .5

T/µ

2

0
V .6
T

(1)

where V (cm 3 /mol) is the molar volume of toluene at its normal boiling
T
point, µ (cP) is the viscosity of the· acid phase, T (K) is the temperature
2
and M¢ is defined by the relation:
(2)

In this equation x, ¢, M denote mole fraction, association factor and molar
mass respectively and the subscripts Wand S refer to water and sulphuric
acid respectively.
·This method was already employed by Cox and Strachan (16-18) in their
work on two-phase nitration of toluene and chlorobenzene. They found that
by taking ¢s = 2.0 and ¢w = 2.6 there was good agreement between calculated
and experimental values. If, therefore, w is used as mass fraction of
2
sulphuric acid in water, equations 1 and 2 reduce to
= 53.37 X 10

�
_ -2.6-0.6 w
2]
7
1-0.826 w
2

(3)

at 25 ° c. The equation is valid only for high acid concentrations, i.e. for
the conditions employed in the experiments.
The solubility of toluene in sulphuric acid solutions has already been
presented in (29) and it will be taken to represent the equilibrium

3

interfacial concentration CT*·
The kinetics of toluene sulphonation was studied in detail by Cerfontain
et al. (19-24). It was found that the reaction was pseudo first-order with
respect to toluene so that the rate of consumption of toluene was given by

(4)
A general review of the kinetic work was presented by Saunders (1 3 ) who
assessed the available experimental evidence and presented them in the form
0
of the rate constant k at 25 C as
1
ln k

- 64.32 + 67.50 w
2
1 =

(5 )

THEORY
The mathematical statement of the problem is given by the conservation equa
tion of the solute (toluene) in an element of the film
(6)

with the following initial and boundary conditions
(i)

t = O, CT

2

= O; (ii)

*
z = O, CT2 = CT2 ; (iii)

f ( t)

where tis the film thickness and condition (iii) is represented by
(7)
3

In eqn. 7 v i� the vo�ume of the acid phase (290 cm ), S is the interfacial
2
area ( 30.25 cm ) and cT is the concentration of toluene in the perfectly
2
stirred bulk of the lower phase.
An approximate solution of eqn. 6 was adopted by assuming·pseudo
stationary conditions in the film, i.e. that the conditions can be repre
sented by a sequence of steady-state events. For each of the sequences a
steady-state solution can be obtained which gives

J}

:�\ {1 - exp [-(m+k )t
1
and

(8)

- DT (dCT2/dz) =O
2
z
1-exp [�(m+k t]
1:

(l+k /m) cosh
1

4

BJ

(9)
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Equations 8 and 9 contain K °, the mass transfer coefficient of toluene into
2
the acid solution in the absence of chemical reaction. This coefficient was
determined from existing correlations and checked experimentally on the test
system toluene-propionic acid-water both for physical extraction and with
sodium hydroxide present in the water phase (8).
The relevant correlations existing in literature were those of Austin
(10) and of Davies (25). Austin's correlation was established using an
almost identical cell to that employed in the present work. However, the
work was performed on partially miscible binary systems, i.e. systems of low
interfacial tension, and the correlation was found not to apply to the test
system employed. Better results were obtained with Davies' correlation
since it includes interfacial tension as a parameter. Its validity was con
firmed by the work on extraction with instantaneous chemical reaction.
It is known from theory (3, 4) that the value of Sis indicative of the
regime of mas-s transfer with simultaneous chemical reaction. For S > 3 the
reaction is regarded as fast and for S < 0.2 as slow. The estimation of S
will therefore throw some light on the extraction process and may lead to
si�§lificatigns in the t�ioretical treatment. For w2 = 0.7, k =_J.86 x
1
2
= 1.5 x 10
cm /s.
10
£�Is at 200 rev/min and D
= 1.3 x 10
s , k
T2
2
For w = 0.8, S was
found to be equal to
Consequently, S = 1.85 x 10
2
0.077. Hence, over the range of operation the reaction could be considered
as slow, i.e. it was confined to the bulk and did not affect diffusion
across the film.
On substitution of values into eqns. 8 and 9 it was found that the time
dependent term in these equations could be neglected. For the extreme case
of a contact time of 2 hours its omission introduced an error of 6% at 100
rev/min, 10% at 200 rev/min and 13% at 300 rev/min. These errors are of the
same order of magnitude as the experimental errors and probably smaller than
those involved in the estimation of mass transfer coefficients. Conse
quently, the toluene flux at the interface could be written as
(10)
and, incorporating the stoichiometry of the reaction into the material
balance, as
N
where N

Ti

Ti

=

1

M.rsA

v

2

s

dC
TSA
= 5.634 X 10-5
dt

dC
TSA
dt

(11)

2
3
in kg/m and t in s.
is expressed in mol/cm s, C
TSA

RESULTS AND DISCUSSION
Experimental results were obtained by measuring variations in concen
tration of TSA with time (Fig. 1). In order to calculate the slope of the
line, data were computed using a least square curve fitting technique. The
toluene flux was subsequently calculated from eqn. 11 and the experimental
mass transfer coefficient determined as
(12)
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FIG. 1
Experimental concentration profiles of TSA for different sulphuric acid
strengths (% by wt) at 25° c. Stirring speed: 100 rpm.
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and plotted in Fig 2, where predicted values are presented by broken lines.
It can be seen that the curves consist of two parts:
(a) The section under about 74.5% by weight of H so where there is
2 4
reasonably good agreement between experimental and predicted results.
This applies particularly to the trend of the results and the operation at
300 rev/min. The increased deviation at lower speeds is not surprising
since the validity of Davies' correlation decreases with decreasing stirring
speed.
(b) The section above 74.5% characterised by a sudden unpredicted increase
in mass transfer coefficients. This increase cannot be ascribed to a change
from a slow to a fast reaction regime, as such a change should take place at
values greater than 82% by weight of H so • Nor, as shown by the viscosity
2 4
variation, can it be ascribed to any unexpected changes in bulk properties,
as these do not occur below 84% by weight.
It has, however, been found that the surface tensiog o of aqueous
2
H so increases with w , reaches a maximum at 49% for 25 C and then
2
4
2
decreases
(14). There is an appreciable increase in its rate of change
beyond 75%. Since the two phases react when brought into contact, it is
difficult to obtain stable experimental results for the interfacial tension
o. However, results are reported by Davies and Rideal (26) for the system
benzene/aqueous H so which indicate that Antonoff's rule can be applied to
2 4an additional constant of around 10 mN/m is subtracted.
this system proviaed
The estimation of o for the system under consideration was conducted using
the relation
(13)

o = o 0 + a 2 - aw = a 2 - 36

where a is the surface tension of pure water and a the interfacial tension
of the �ystem toluene/water. It has subsequently b�en established experi
mentally (27) that results obtained from eqn. 13 are reasonably correct.
This means that the interfacial tension of the system toluene/aqueous H so
2 4
decreases steeply beyond 75% solution. In other words, there will be a
large excess of H so molecules present in the interface which indicates the
4
2 of
possible occurrence
an interfacial reaction.
In order to check this hypothesis the results of Fig. 2 have been re
plotted in terms of the molar flux in Fig. 3. The flux given by eqn. 10 has
also been recalculated with the values of the constant in Davies' corre
lation adjusted for K ° in the left-hand section of Fig. 2 to agree with
2
experimental results. The difference was also plotted in Fig. 3 and is
represented by the broken line. It confirms the hypothesis of an inter
facial reaction by being independent of the stirring speed. Hence, it is
suggested that
(14)
is the rate of the interfacial reaction per unit surface area.
Ti
Further development of the hypothesis of an interfacial reaction is
highly speculative by assuming that pseudo-equilibrium conditions exist at
the interface and thus ensure the applicability of Gibbs' equation. Start
ing from classical thermodynamic considerations (28) it can be shown that
rs, the surface excess concentration of sulphuric acid, can be obtained from
where r
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the equation
(15)

where R is the universal gas constant, w the mass fraction of water in
W
phase 2 and r the activity coefficient of H2so in that phase. The rela
4
tion Y = f(xs) is given by Giauque (29) so that r could be calculated.
s
s
8
This was addea to the calculated bulk contribution of H so obtained as
2 4
2/3
s
/N to give n , the molar surface concentration of sulphuric
x (N /V )
A
s A S
S
acid.
The interfacial reaction will possess different reaction kinetics than
the surface reaction. It can no longer be regarded as pseudo-first order
with respect to toluene since sulphuric acid is no longer present in excess.
In fact, the reverse is true so that
(16)

s
The experimentally determined value of r . is plotted against n
in Fig. 4
T
s
and does, in fact, produce a straight lin�. In spite of the simplicity
of
the considerations, it forms additional evidence to support the hypothesis
of an interfacial reaction.
CONCLUSIONS
The rate of sulphonation of toluene can be predicted on the basis of
the film model of diffusion accompanied by simultaneous first-order chemical
reaction up to sulphuric acid concentrations of 75% by weight. In this
concentration range it follows the pattern of a slow reaction occurring
principally in the bulk of the acid phase. There is, however, a large in
crease in reaction rate, i.e. also in the toluene flux, above 75% which is
independent of the rate of stirring. It is proposed that this increase is
produced by the appearance of a significant contribution of an interfacial
reaction resulting from changes in the interfacial b ehaviour of the system.
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KINETICS AND MECHANISM OF EXTRACTION OF COPPER BY HYDROXYOXIMES
UNDER QUIESCENT AND TURBULENT MIXING

M Cox and C G Hirons School of Natural
Sciences, The Hatfield Polytechnic,
Hatfield, Hertfordshire, UK
D S Flett, Warren Spring Laboratory,
Stevenage, Hertfordshire, UK
The kinetics of extraction of copper with a pure
synthesised reagent, 2-hydroxy-5-t-octylacetophenone
oxime have been studied in both a-quiescent interface
stirred cell and AKUFVE equipment. The diluents used
were n-heptane and toluene. Interfacial and bulk
properties of the reagent have also been measured in
these diluents. The results have been interpreted
using a model incorporating both chemical reaction at
the liquid-liquid interface and diffusion, and it was
noted that diffusional processes were important even
under turbulent mixing when rapid metal extraction occurs.
A mechanism has been proposed for the metal extraction
involving as the rate determining step reaction of an
interfacial complex with a second reagent molecule.

Since the commercial availability of hydroxyoxime reagents in the
mid-1960's, the kinetics of extraction of metals, in particular copper, with
these rea·gents have been the subject of a number of investigations. Three
basic systems have been used: rising or falling drops; quiescent interface
cells; and fully dispersed systems. Results of these studies have been
explained in terms of a number of possible rate limiting steps, within
certain well defined boundary conditions. At one extreme, the reaction may
be diffusion controlled under all conditions, and the rate of extraction is
then dependant upon the interfacial area and concentration of the slowest
diffusing species. At the other extreme, the reaction may be chemically
controlled, in which case the rate of extraction is dependant upon the site
of the chemical reaction.
Recent homogeneous phase studies (1) of the rate of formation of copper
hydroxyoximes have shown the rate to be independant of pH, and the rate
controlling step to be the addition of unionised hydroxyoxime to form a 1: 1
complex. Heterogeneous studies on the other hand (2) have generally shown
the rate to be dependant on pH, and while all have been first order with
regard to copper, reaction orders for extractant and pH have varied
considerably. Clearly there is a difference in the chemical rate controlling
step between the homogeneous and heterogeneous reactions, and most authors
have concluded that the heterogeneous rate involves chemical reactions at
the aqueous/organic interface.
Footnote: present address (CGH) Johnson Matthey Chemicals Ltd. Royston,
Hertfordshire

Thus the kinetics of solvent extraction with hydroxyoximes are clearly
complex involving mass transfer with chemical reaction in this
heterogeneous system . Generally the type of rate equation describing the
initial rate of extraction in such systems is of the form:
m

2+

k[Cu ] l [RH]
rate=�---�-�-�
+ n
[H ]

(1)

(where the symbols used here and in other equations are defined in the
notation list). Values of l, m, and n in the literature have varied from
zero through fraction�l orders to values of one and greater.
At ISEC77 a model was proposed (3) in which both chemical and mass
transfer param eters were incorporated, and it was concluded that
'discrepancies in the reaction order are directly attributable to the
neglect of the mass transfer contributions in the development of the
various reaction mechanisms'. At that stage, it was not possible to
fully evaluate the model in terms of available results because of the
imprecise nature of the hydrodynamic conditions used, however, the general
trend of published results appeared to give reasonable agreement. Also the
use of commercial reagents, maybe containing significant amounts of surface
active im purities, could affect the results obtained.
This paper presents results of the kinetic data for the copper/
hydroxyoxime system to test the applicability of this model in both a
quiescent interface stirred cell, and in a fully dispersed, AKUFVE, system .
The stirred cell was preferred to the single drop technique because greater
control over interfacial area was possible and surface renewal of the
interface could be controlled by rate of stirring.
EXPERIMENTAL
The quiescent interface cell consisted of a glass vessel of 180 cm 3
capacity for each phase fitted with high density polythene stirrers
mounted on concentric titanium shafts with a polythene interfacial
baffl� to eliminate vortexing. This baffle gave an interfacial area of
8 2 cm. The stirrers were connected to the sam e stirrer m otor and were
normally driven contrarotatory. The kinetic data were obtained under
conditions far removed from chemical equilibrium by taking samples from
both phases at defined times and analysing for copper. The overall time
for a single run varied between 30 minutes and 4 hours.
The kinetic data using the AKUFVE were obtained using a relaxation
technique (4). Here the system equilibrium is disturbed by, for example,
addition of tracer radioactive copper and the return to equilibrium
followed by counting techniques. As there is a significant contribution
from the back reaction influencing the rate of extraction the appropriate
kinetic equations must be used.
The study used a synthetic reagent, 2-hydroxy-5-t-octylacetc:Phenone
oxime (H0A0), synthesised and purified in these laboratories so as to avoid
the problems of impurities mentioned above. Diluents used were n-heptane
(IP spec) and toluene (AR). The aqueous phase was 0.1M sodium nitrate
with pH adjustments using nitric acid or sodium hydroxide, all being AR
0
grade. Measurements were made at 25 C.
RESULTS
In all cases the rate of extraction was found to be first order with
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respect to copper concentration as in previous studies (2). A typical set
of results for the stirred cell experiments on the variation of rate of
extraction with pH and reagent concentration is shown in figures 1 and 2
for the system HOAO/heptane. Common features of this data are that the
reaction orders, i.e. the slopes of rate vs pH and rate vs reagent
concentration, varied from values of unity or approaching unityat low pH
and low oxime concentration, i.e. low extraction rate� to approximately
zero at high pH and high oxime concentration, i.e. high extraction rate.
As found by others (5) on changing the diluent from heptane to toluene
the extraction rate decreased by about a factor of� at high rates of
extraction, and a factor of*" at low rates of extraction, at the same
concentration of HOAO in each diluent.
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Data from studies with the AKUFVE showed similar variations to those
from the stirred cell, but because of the high turbulence in this apparatus
the extraction rate using heptane as diluent was too high for accurate
measurement so the majority of the results shown in figures 3 and 4
typifying this equipment relate to toluene:as diluent.
One of the factors which influence the rate of diffusion controlled
interfacial reactions is the stirring rate, or rate of surface renewal.
Data on the effect on the observed copper extraction rate were obtained
for HOAO/heptane at pH 3.6, fast kinetic region, and pH 2.9, slow kinetic
region, using the stirred cell. At the higher pH a linear dependance of
extraction rate on stirring speed was found while at the lower pH only a
small increase in the rate �as observed.
As well as these kinetic studies, measurements were also made on
the interfacial tension and aggregation behaviour of the com1nrnd in both
diluents. Interfacial tension results, figure 5, were obtained using the
Wilhemy plate meth�1 and indicate interfacial saturation in heptane at
concentrations )10 Mand in toluene at )0.04M. Information on the state
of aggregation of the hydroxyoxime has been obtained by vapour phase
osmometry, table 1. The results show that the reagent is essentially
monomeric throughout the range of organic phase concentrations of interest.

3

2-,

1�

1.0
...
6 ...

,,

,

1.4

(HOAO]
°
X 10 2M
x10:�
X 10
_
X 10_3
3
X 10

1
2
3
4
5

3.2
1.6
8.0
4.0
2.0

6

1.0 X 10 4
(heptane)

1.8

1.4
1

2
4

1.8

OJ
0
I

pH

°

3-50
3.20
2.90

2.60

2. 2
2.2
.L)1
2.6
2.6

2.8

FIGURE 3

4.0

3.6

3.2

(AKUFVE)

HOAO in toluene
rate vs pH

2.2

2.6

pH

1. 4

1.8

[

- log HOAOJJ
.HOAO in toluene (AKUFVE)
rate vs log (HOAO]

FIGURE 4

44

'
"°

36

toluene

28

heptane

20

2.0

3.0

FIGURE 5

Mean aggregation number
n-heptane
toluene

Table 1

-1
,0 2

X

- log [HOAO]

lnterfacial tension of HOAO

Oxime concent��tion
(mole dm )
5

1.0

1.0

,0 3
10-

1.07
1.01

1. 0
0

Aggregation of HOAO in heptane and toluene at 37 C.

4

2. Mass transfer

80-118

Cox et al.

DISCUSSION
GENERAL CONSIDERATIONS
Using the model previously described (3) curves have been computed using
the experimental data from the stirred cell which yield plots similar to
those predicted but displaced by a common factor in each case. An example is
shown in figure 6. The shape however, is different from that predicted by
Ortiz et al (3) for the stirred cell and more nearly resembles those computed
for the falling drop conditions. Thus it would appear that the selected
value of the ratio of the interfacial rate constant to the mass transfer
coefficient of copper was incorrect in the previous study, i.e. the value
selected for the stirred cell conditions was ten times the actual value as
shown by the present data. Further evidence that the variation in degree
of turbulence as indicated by the value of the selected ratio may have been
in error, particularly in relation to the relative positions on the scale
for the stirred cell and the falling drop, has been given by Whewell (6).
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KINETIC MOD!!:L
The earlier study (3) assumed that 1, m, and n in equation 1 had a value
of unity. However, based on Pratt's work (1) and the obser�ations by the
majority of workers that, for heterogeneous reactions, the rate of
extraction is dependant on the hydrogen ion concentration, in these systems
the chemical rate controlling step must involve the addition of the second
ligand at the interface. Thus it would seem that l=n=1, but m might be
expected to have a value of 2. Use of the latter values in the model as
originally described produced computed curves that in no way resembled
the experimental data. Therefore in order to reconcile this problem and
to obtain a better fit between observation and prediction it is necessary
to reconsider the basis for development of the model.

5

The kinetic sequence given before (3,4) can be modified to encompass species
adsorbed at the interface and species adjacent to the interface as described
by Komasawa et al(7) thus accounting for differences in interfacial activity,
i.e.
R
RH�
(�)
RHint � Had
+
+
+
� CuR
+
H
Cu 2.. + RH
(])
. t
in
ad
ad or-int
+
CuR
ad
CuR2

+

,int

RH.

._- CuR2 .
.. ,int

___,.:i.

l.Ilt

� --CuR2

+

+
H
.int

(�)

(_2)

where subscript "ad'' identifies adsorbed species and "int" identifies species
adjacent to the interface and bars denote bulk phase concentrations, (for
simplicity solvating water molecules have been omitted). The concentrations
of the species adsorbed on or adjacent to the interface and the bulk phase
concentr�tions are related by the appropriate physical chemical relationships,
i.e.the appropriate adsorption isotherm for adsorbed species and diffusional
relationships for the species adjacent to but not adsorbed on the interface.
If reaction (4) is rate controlling, as suggested by previous workers, then
reaction(]) will be at equilibrium, i.e.:
K

th�s

rate

+
+
2+ -1 [RH
-1
[CuR ad][H.in�l[Cu.in.
t]
ad]

=

K[Cu: ][RH d][RH. ][H: ]-1
kfint
a
int
int
+

(_§_)

(l)

Under experimental conditions where the interface is saturated by RH, then
[RH d]>>[cuR + d] and both (RH d] and [RH. ] may be considered constant for a
a.
a
- _
a
int
�i�ticular ��lue of [RH], as also concluded by Komasawa et al (7). Thus the
rate of extraction will be determined solely by the rate of disappearance of
[ CuR;d].
.rate =

kf[CuR: J
d

(§)

or substituting for [CuR:d]:

=

+

therefore

[CuR d]
a
rate

=

1
K[Cu:int][RH ad][Hin
: t ]+

· t
+
1
k K Cu.2 ][ RH ][ H.+ ]int
ad
f [ int

(2)

(10)

relating these interfacial concentrations to the appropriate bulk phase
concentrations as referred to above, the observed rate approximates to:
( 11)

Thus it is possible to reconcile the observed rate dependencies of the
reacting species with the model as originally proposed.

REVISED NUMERICAL ANALYSIS

Based on the above arguments it is possible to repeat the numerical analysis
of Ortiz et al (3) varying the ratio of the interfacial reaction rate
constant, to mass transfer coefficient for copper (8), the diffusivity ratios
using data from Hughes and Middlebrook (8), and the value for�" in equation
(10). For.calculation purposes K" was regarded as being mainly derived from
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the mass action constant for reaction (l) although it also contains elements
of the dimerisation constant of the reagent, activity coefficients of the
species involved, the rate coefficient for reaction (1), and the constant of
the appropriate adsorption isotherm.
A best fit was obtained as shown in figure 7 for values of 0.15 for the
reaction rate constant to mass transfer coefficient ratio (S) and
4.0 x 10- 4 for K" under stirred cell conditions.

Because of the kinetic technique employed when using the AKUFVE it is
not possible to treat the data there from using the model described above.
However it is clear from the shape of the curves given in figure 3 that even
in such a turbulent regime, diffusion can still be an important factor of the
overall kinetic behaviour in situations close to equilibrium. An interesting
feature of the data in figure 4 is the de.2§_rture from linearity of the
dependency, 1st order, of log kf on log [RH] at low extractant concentration&
Here the value of the exponent in the kinetic expression increases beyond
unity at a bulk phase concentration lower than 4 x 10-3M, which corresponds
to the value at which the interfacial tension of the HOAO solution in toluene
begins to change with increasing bulk concentration, figure 5. This would
seem to reinforce the assumption made earlier that under conditions of
interfacial saturation the reation rate has an apparent zero order with
respect to the interfacial concentration of the extractant. Finally under
the condition of total or near saturation of the interface used in this study
and the low value found for the ratio of the interfacial rate constant to
mass transfer coefficient from the stirred cell data, it seems logical to
conclude, in agreement with Hµghes and Middlebrook (8), that the slow
diffusion process relates to the removal of the copper complex from the
interface into the bulk organic phase.

NOTATION
reaction rate constant

reaction rate coefficient

mass action equilibrium coefficient

! I,!"

lumped coefficients

s

ratio of interfacial reaction rate constant to mass transfer
coefficient of copper

l,m,n

reaction order exponents

[ J

concentration of species enclosed

subscripts:

ad

int

superscript:

species adsorbed at interface

species adjacent to the interface
bulk phase species
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MASS AND HEAT TRANSFER IN PARTIALLY MISCIBLE LIQUID-LIQUID
EXTRACTION SYSTEMS USING RADIOACTIVE EMISSION OF TRACERS AND
IMAGE ANALYSIS TECHNOLOGY
F. J. AGUIRRE
S. H. CHIANG
G. E. KLINZING
University of Pittsburgh
Pittsburgh, PA 15261 U.S.A.
The mass transfer that takes place when two partially miscible liquids
are piaced in contact is indeed of interest industrially with its importance
in the field of liquid-liquid extraction. Interfacial activity generated. in
some industrial systems can greatly enhance the mass transfer in a unit.(2,�
Since the processes of both mass and heat transfer appear to be taking
place simultaneously (1) an effort has been made to measure and model them
by use of radioactive tracer and microthermocouples coupled with image
analysis technology and a computer software development package for analy
sis.
A teflon cell for the contacting of the two phases at a planar inter
face has been employed. This cell has two cylindrical wells of fluid and
each cell half rotates such that the two wells can be contacted by appro
priate rotation thus giving a good undisturbed interface for study. In the
sides of the wall of the fluid wells, fiber optic probes (200 µm in diam
eter) and microthermocouples are inserted together. A radioactive tagged
species (transferring in a partially miscible system) continuously gives
off beta radiation which is captured 'by a scintillator counter at various
stages of time in the mass transfer process. The light signals caused by
the radioactive decay is fed to the AMP solid state image sensor which
changes the light energy generated to electrical current. This current is
further changed to a voltage and discreetized and stored on a computer for
analysis by generated software.
In addition to the simultaneous heat and mass transfer determinations,
a series of experimental measurements have been conducted to determine the
"pure" heat transfer effect. For these measurements a fine nichrome mesh
placed exactly at the interface is used to provide a constant heat flux at
this point. The results are used to separate (or decouple) the interactions
resulted from simultaneous heat and mass transfer in the same or similar
systems. Experiments for "pure'' heat transfer were conducted with pure
water, isobutanol, ethylacetate and saturated solutions of water/isobutanol
and water/ethylacetate. Considering that only part of the heat input is
absorbed by the bottom phase the shapes of the temperature profiles are in
agreement with the theory if pure conduction in a cylinder with constant
heat flux at the 1boundary is assumed.
REFERENCES
1. Austin, L. J., Sawistowski, H., Solvent Extraction (eds. J. G. Gregory,
B. Evans, P. C. Weston) pp. 840-851, Proc. Int. Solvent Extraction
Conf. (1971)
2. Ying, W. E., Sawistowski, H., Solvent Extraction (eds. J. G. Gregory,
B. Evans, P. C. Weston) p. 840, Proc. Int. Solvent Conf. 1971, Soc.
of Chem. Ind. London (1971).
3. Perez de Ortiz, E. S., ·sawistowski, H., CES, 28, 205 (1973).
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SOLVENT REFINING OF LUBRICATING OIL WITH FURFURAL AND
FURFURAL-CYCLOHEXANONE IN ELECTRIC FIELD
DING JIAN-CHUN, XU JUN
and FAN WEI-MIN

Shanghai Institute of Chemical
Technology
Shanghai 201107, CHINA

This article describes a process in which furfural and fur
fural-cyclohexanone mixture of 3:1 volume ratio are used to re
fine lubricating oil. Experimental measurements of interfacial
tension, density of surface charges of droplet and performance
of "electrorefining" contactor are carried out in D.C. electric
field for both solvent systems.
The refining process is st11died in an experimental "electro
refining" contactor at various conditions for both solvents and
two kinds of oil with different properties.
Some of the experi
mental results are
shown in the following Table. It is re
cognized that the increase in refining efficiency due to the pre
sence of electric :field is obvious and the requirement of elec
tric energy is relatively low. When the potP-ntial gradient is
raised to 950 v/cm, the variation in efficiency of refining due
to change in solvent or temperature becomes undetectable for
oil-II, perhaps owing to severe axial mixing existing between the
electrodes. From the Table, it seems that the mixed solvent gi
ves better results than furfural alone in the "electrorefining".
TABLE

Solvent

Experimental Data o:f "Electrorefining"

Oil/Solvt
vol.ratio

Mixed Solvt
Furfural
Mixed Solvt

n

Temp.
oc

voltage
50
per cm .1n D

*

R.E.

50 = 1.480
19.44 (C.P.),nD
3
0.0023 3.8
50
0.5
0.36
760
0.0028 3.5
60
0.0048 4.2
680
0.5
0.36
50
760
0.0049 4.4
50
50
= 11.42 (C.P.),n
1.4782
Oil-II µ
D =
0.0028 2.2
50
0.5
9 50
0.36
0.0045 3.8
60
0.0045 3.8
50
0.5
0.36
950
60
0.0044 3.8
oil-I

Furfural

Oil
1/h

50
µ

Energy
Req't
V.H./M3

=

5.3
15.8
47.2
73.9
5. 3
73.9
42.2
47.5

50
50
50
Base Oil) - (
Raffinate)
.Lin D = (
D
D
*Relative Effectiveness =.1n�O (with elec. :field/Lln�O(without
elec. field)

n
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STIRRED CELL STUDY OF COPPER EXTRACTION KINETICS

R. E. Molnar , J. H. E. Jeffes
Imperial College
Royal School of Mines

London, England

The extracti�n of copper from sulphate solutions using Kelex 100
(manufactured and supplied by Ashland Chemical) which had been purified by
vacuum distillation, has been studied in a baffled stirred cell. The 300'ml
bulk phases could be kept homogeneous while the inter-phase contact was
effected across a quiescent 30. 5 cm 2 interface. No organic phase modifiers
were employed and the ionic strength was not controlled. Sulphuric acid
was used to alter the pH.
The extraction rate was found to be independent of stirring speed over
a 200 rpm range. This, together with comparative evidence of the dependence
of extraction rate on the square root of stirring speed in a mass transfer
controlled system studied in the same cell, was taken to indicate that a
chemical reaction was controlling the extraction process. An activation
energy for the initial extraction rate of about 8 kcal/mol also pointed
towards chemical reaction control with due consideration for the precise
meaning of the value that had been calculated. The linear dependence of
the extraction rate on the interfacial area indicated that the chemical
process was interfacial.
The rate controlling mechanism was studied by varying the organic Kelex
and aqueous copper and hydrogen ion concentrations and observing the effect
on the extraction rate. The results were consistent with a mechanism where
the rate controlling steps were the two successive addition reactions whereby
unionized Kelex, adsorbed at the interface, reacted with hydrated cupric ions
in the aqueous phase. The significant contribution of reactions between
ionized Kelex and copper and of single step additions was ruled out based
on the evidence from the present experiments and the literature. The
hypothesis that one of the two addition steps was primarily responsible for
the observed rate, and so was much slower than the other step, was also
discounted from the examination of the experimental results.
A rate equation was derived taking into account the forward and reverse
rates of the two additions, and eliminating the intermediate concentration
using the steady state assumptions. Under the experimental conditions
employed, where the ratio of Kelex to hydrogen ion concentrations was
large enough, and there was negligible back extraction, the rate equation
simplified to a function where the rate was linearly dependent on the
product of the bulk aqueous copper and organic Kelex concentrations. This
model was found, both in the differential and integrated forms, successfully
to represent the results. Deviations from the model could be qualitatively
explained in terms of the assumptions made in relating interfacial concen
trations (from interfacial reactions) to bulk values, and also in terms of
the limitations imposed by the experimental range considered so that the
effects of some factors such as the hydrogen ion concentration could not be
precisely determined
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EXTRACTION OF COPPER (II) BY HYDROXYOXIMES IN AN ELECTRIC FIELD

P.J. Bailes and I. Wade
Schools of Chemical Engineering,
University of Bradford
Bradford, west Yorkshire BD7 lDP, UK
The extraction of copper from acidified sulphate media by 20% LIX 64N in
Escaid 100 in the presence of an electrostatic field was studied using a
single droplet apparatus. A parallel plate electrode geometry was used with
the drops being formed at the upper electrode and collected at the lower
electrode. 11-le inter-electrode region was filled with the highly insulating
organic solvent. The discrete drops carried a free charge of the same
polarity as the upper plate which could be positive or negative with respect
to the lower earthed electrode.
The nature of the experiments ensured that the organic phase remained
substantially unloaded and that relatively small quantities of copper were
transferred. The extraction performance and droplet size were recorded for
nominal field strengths up to 2 kV/cm.,
A reduction in droplet size was observed with increasing field strength,
and can be explained by considering the forces on the forming droplet.
Measurements of the overall rate at which copper was transferred at different
voltages revealed that charged droplets of the same size have different
extraction rates depending on the sign of the voltage applied to the upper
plate.
LIX 64N contains both active and inactive isomers of an aromatic
hydroxyoxime (LIX 65N), a small percentage of an aliphatic hydroxyoxime
(LIX 63) which acts as a catalyst, impurities and a kerosene make-up. These
components may be influenced by the electric field to a different degree and
this may account for the differences in extraction performance.
Experiments were conducted at_:!=. l kV/cm for five hydroxyoxime extrac
tants of different composition. The positive:negative extraction performance
rat.ios showed that the polarity of the applied potential only had a
significant effect on mass transfer in mixtures of LIX 65N and LIX 63.
Samples of organic phase were removed from near the upper electrode and
subsequent infra-red analysis showed no significant deviation from the bulk
composition. This was true for LIX 64N, LIX 65N + LIX 63 and loaded LIX 64N.
It was concluded that no physical concentration of components was taking
place at the upper electrode.
It seems probable that charging of the aqueous-organic interface
influences the role which LIX 63 plays in the overall extraction mechanism.
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THE DETERMINATION OF MASS-TRANSFER COEFFICIENTS AND
INTERPHASE SURFACE DURING EXTRACTION OF URANIUM BY
TRI-N-BUTYLPHOSPHATE IN CENTRIFUGAL FIELD.
M.F. Pushkenkov, G.I. Kuznetsov,
N.N. Shchepetil'nikov, A.T. Filyanin
V.G. Khlopin Radium Institute
Leningrad, USSR.
The centrifugal extractor under consideration was similar
to that referred in the work /1/. As the extraction process of
uranyl nitrate and nitric acid by TBP diluted in the mixture ·of
saturated hydrocarbons occurs mainly in diffusion region /1, 2/,
the volume coefficients of mass-transfer depend largely on phase
mixing intensity. The values of the volume coefficients of
mass-transfer depend also to a large degree on TBP concentration
similarly to the distribution factors of uranyl nitrate. The
tests with non-diluted TBP have shown that the efficiency of
uranium extraction is near to 1 at 2500 rpm and contact time
0.3 sec and therefore the determination of mass-transfer coef
ficients involves methodical difficulties.
A knowledge of interphase surface enables to use the data
on extraction kinetics for the other apparatus or for the com
parison with the results obtained in the cell with fixed inter
phase surface /3/. To determine the emulsion drop size in cen
trifugal apparatus, we used two methods, namely the hardening
of drops of dispersed phase (paraffin) and the sedimentation of
drops. It should be noted that the properties of melted paraf
fin approximate those ot saturated paraffin mixture widely used
as TBP diluent. For the systems nitric acid - paraffin (60 ° C)
and uranyl nitrate - paraffin, the tangent of the curves repre
senting the dependence of the interface surface on the rotation
rate of the centrifugal apparatus was 0.67-0.76 in logarithmic
coordinates. At 20 ° c, the sedimentation method yields a straight
line with a slope of 0.8
this value is in good agreement with
the results obtained by hardening method. The results obtained
by sedimentation method using decane as dispersed phase coincide
with those for saturated hydrocarbons. The mass-transfer coef
ficients of nitric acid, uranyl nitrate at low concentration of
the latter are close to each other with regard· to interphase sur
face. The mass-transfer coefficients of uranyl nitrate at the
concentration of O.S M calculated also with regard to interphase
surface are lower because the increase in system viscosity and
the reduction in drop size lead to the weakening of circulation
in drops and of their interaction.
REFERENCES

1 . M.F. Pushlenkov, N.N. Shchepetil'nikov etc. ISEC-74, .!_ I 493.
2. N.N. Shchepetil'nikov etc. Radiokhimiya, 19 7 2, 14 , 3 I 344.
3. M.F. Pushlenkov, N.S. Tikhonov, N.N. Shchepetil'nikov, ISEC7 7, 2 I 648.
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SHORT CUT CALCULATION PROCEDURES FOR COQNTERCQRRENT EXTRACTORS
J.A.M. Spaninks ands. Bruin
Department of Process Engineering,
Agricultural University of the Netherlands,
De Dreyen 12,
6703BC Wageningen, The Netherlands.
Mass transfer rates in extraction calculations are often described with
a constant transfer coefficient, the overall value kod being defined by
Sh od=2 R k 0 d/D = -2 R (dx/dr) i/(xa-x*), where x is the dispersed phase
concentration; x*=m c refers to the concentration in equilibrium with the
local continuous phase concentration c; o,a and i refer to initial, average
and interface respectively. It can be shown that Shod, which is essentially
time dependent for rigid particles, reaches an asymptotic value Shod , a for
long contact times. Spaninks calculated asymptotic Sh-numbers for co- and
countercurrent extraction of particles with simple geometry, e.g. Fig 1 for
slabs.
For short contact times the extraction flux can be obtained from the
penetration solution. Using this solution to calculate xa and x* shows that
with increasing time Shod exhibits a -unrealistic- minimum, which is close to
the asymptotic Shod a value. The minimum is located close to Fo=D t/R 2 -o.21
for slabs,almost independent of the Biot-number Bi=m kc R/D and the extraction
factor/\, the ratio of flow rates of continuous and dispersed phase multiplied
by m; the same holds for cocurrent extraction. The dimensionless dispersed
phase concentration at this transition point Wt=(x0 -xa t)l(x 0 -x�) is shown in
Fig 2. It is interesting to note that at this point Et�(x 0 -xa,t)l(x 0 -xi) is
always close to 0.5, the value calculated by Schoeber for mass transfer in
slabs with a constant surface concentration.
The total extraction time can be estimated by combining the penetration
solution for contact times up to Fo=0.21 and the asymptotic value of Shod•

REFER�CES
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MEASUREMENT OF DROPLET COALESCENCE RATES IN A PACKED EXTRACTION
COLUMN USING A NOVEL COLORIMETRIC TECHNIQUE

J.A. Hamilton and H,R.C. Pratt

Dept. of Chemical Engineering,
University of Melbourne.
Parkville, Victoria, 3052, Australia.
ABSTRACT
A novel technique is described for determining drop
let coalescence rates in liquid extraction columns. This
involves passing equal volumes of size-equilibrated drop
lets containing nickel di (ethyl xanthate) and dithizone,
of yellow and green colour respectively, into the contac
tor. Coalescence of yellow and green droplets leads to
the formation of red oner, the proportions of which can
be determined as a function of droplet size from colour
photographs. Experimental data are presented for the
system methyl isobutyl ketone-water in a 76 mm diameter
column packed with 12.5 mm Raschig rings. These show
that coalescence is a relatively fast process, with typ
ically 80% of red droplets present in the size ranges
ar·ound the mean after 30 cm of packing under conditions
giving 10% holdup of dispersed phase.
INTRODUCTION
General
It is now well established that the performance of most types of liquid
extraction column is adversely affected by axial dispersion of one or both
phases. In the case of the continuous phase this is due mainly to back
mixing, in the form of a cocurrent circulatory flow set up by the droplet
motion (1,2). In some types of mechanically agitated column backflow of
dispersed phase droplets can be observed, although with other types, e.g. the
packed column, there is little or no evidence of this. Satisfactory theo
retical models covering backmixing in one or both phases are now available
(3,4,5).
1.0
1.1

As first pointed out by Olney (6), another form of axial dispersion,
in the forward direction, can also occur in the dispersed phase; this is a
result of the differing velocities, and hence residence times, of the various
droplet sizes present. Thus, each size has its own characteristic H.T.U.,
and provided there is no coalescence and re-dispersion the smaller droplets
approach equilibrium more quickly than the larger ones, leading to a reduced
performance. Olney (6) formulated the mass transfer equations on this basis
for a differential contactor, but did not solve them. Rod (7) later gave a
solution for a simplified model in which it was assumed that the dispersion
consisted of two sizes of droplet only.
Chartres and Korchinsky (8), in a computer study using both experimen
tal and theoretical droplet size dispersions, confirrned that the performance

1

for polydispersed systems is considerably lower than for monosized disper
sions of the same Sauter mean droplet diameter, d32- They also showed, as
expected, that the effect of size dispersion is reduced progressively by an
increasing coalescence rate, due to the tendency to equalise the dispersed
phase concentration laterally. Other theoretical models, of stagewise type,
have been studied (9,10) and shown to give similar results.•,
It is apparent that, while the theory of mass transfer in polydispersed
systems is now reasonably well developed, this is of little relevance to the
practical design and operation of extraction columns in the absence of exper
imental values of coalescence rates. The aim of the present work, therefore,
was to develop a method of measurement of such rates, and to apply this in
the first instance to packed columns.
1.2

Previous Work
The only aspect of coalescence rate which has received extensive study
is that between droplets and a }1nn2 interface, where the rate is determined
by the time required for drainage prior to rupture of the layer of trapped
continuous phase (11). A similar mechanism has also been proposed for inter
drop coalescence (12,1�,11).
Some attempts have been made to measure inter-droplet coalescence rates
in batch agita�ed mixers 11sing chemically reacting systems. Thus, a reagent
solution is dispersed in the continuous phase and a further quantity of
dispersed phase containing the other reagent is added suddenly. The coales
cence frequency is obtained from measurements of the extent of reaction with
time using a simple model which assumes, inter aZia, that coalescence takes
place between equi-sized droplets. Madden and Damer8ll (14) employed the
reaction between iodine and sodium thiosulphate for this purpose, while
Shiloh et aZ (15) used ferric chloride and sodium ferrocyanide, following
the rate of formation of Prussian Blue by light absorption.
C"'.oaJ.escence ra tec: h,ve a�_so be�n determined in cont i_r.11ous :f-J ow mixers. 'Thus
Groothuis and Zuiderweg (16) introduced two separate dispersed phase streams,
both benzene-carbon tetrachloride mixtures, of densities 1.030 and 0.990 into
a single stage mixer-settler; since coalescence of two such equal sized drop
lets gives one of density 1.010, the non-coalesced low density droplets
separated at the top of the settler, permitting their volume to be measured.
Verhoff et aZ (17) introduced two streams of dyed droplets into a mixer and
withdrew samples of the Jispersion; these were stabilized by surfactant
addition, permitting droplet sizes and colour to be determined.
0

Theoretical models of droplet breakdown and coalescence in dispersed
systems have been proposed by Valentas et aZ (18) and by Bajpai et aZ (19).
These are based on droplet population balance equations, together with
assumed forms for the coalescence and breakdown probabilities. Bajpai et aZ
concluded from the agreement between their experimental and predicted size
distributions that their model was realistic.
Few studies of droplet coalescence and breakdown in packed columns have
been reported. In an early photographic study Lewis et aZ (20,21) found
that a constant equilibrium size distribution of droplets was obtained at the
packing exit irrespective of the inlet size. However, the approach to the
equilibrium value of d32 was slower with relatively small inlet droplets,
indicating that the coalescence rate is lower for the smaller sizes. Ramshaw
and Thornton (22) measured the rate of breakdown of relatively large droplets
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in a packing and found that the equilibrium value of d32 was approached expo
nentially with packing height. Komasawa et al (23) proposed a collision
model which assumed that coalescence occurred between freely moving and
trapped droplets in the packing. They also determined coalescence rates from
measurements of the extent of the oxidation-reduction reaction between two
streams of aqueous droplets containing respectively ferric chloride and
stannous chloride dispersed in kerosene in a 40 mm diam column packed with
6 mm polythene Raschig rings. This packing size is certainly less than the
"critical size" for their system (20,24) and would lead to excessive coales
cence rates (20).
1.3

Basis of Present Method
In the present method two equal streams of dispersed phase were used,
each containing a differently coloured reagent which gave droplets of a third
colour on coalescence. Hence using colour photography the sizes and colour
of individual droplets could be recorded, allowing coalescence rates to be
determined. Organic-soluble reagents were required for this purpose to
enable conventional hydrophilic constructional materials to be used for the
column.
In preliminary experiments wi i.h 5. 0 cm diam. column using the second of
the methods described below, promising results were obtained using dispersed
phase streams of toluene coloured blue and yellow by means of Waxoline dyes,
giving green droplets on coalescence (25). In a search for more effective
additives, the possibility was considered of using diphenyl thiocarbazone
(dithizone), the well known analytical reagent for lead, which forms a dark
green solution in solvent, turning red with lead. However, no suitable
organic-soluble lead compound could be found, but Winter (26) suggested the
use of nickel di(ethyl xanthate), which gives a pale yellow solution, form
ing a similar red colour with dithizone.
Two experimental techniques were devised using this system, viz (i), two
separate streams of mono-sized droplets were formed, allowed to mingle,
photographed, and then passed through a variable length of packing and re
photographed; and (ii), the two streams of coloured droplets were first size
equilibrated by passage through a length of packing divided longitudinally
by means of partitions, after which they were allowed to mingle and treated
as before. After preliminary tests the first method was abandoned since it
was not found practicable to produce satisfactory mono-sized dispersions
over the range of flow rates required. Further work was therfore confined to
the second method, as described below.
2.0
2.1

EXPERIMENTAL
Equipment
The column assembly was constructed from standard borosilicate glass
sections with buttress joints (see Fig. 1). The lower (i.e. size equilibra
tion) section was a 1.0 m length of 72.45 mm i.d. precision bore tube divided
into quadrants by means of longitudinal 20 s.w.g. S.S. partitions; the
coalescence and interface sections were 0.3 and 0.5 m lengths respectively
of 76 mm nominal bore tube. The photographic cells comprised 18 s.w.g. S.S.
bodies with tapered ends and parallel sections 165 mm wide by 25 mm deep,
fitted with 130 x 160 mm laminated safety glass windows. Millimetre scales
were attached to the front and back windows, and the former were provided
with 25 mm square grids. Both the equilibration and coalescence sections of
the column were packed with 12.5 mm x 2 mm thick Raschig rings, the height in
the latter section being varied from 5 to 30 cm.
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The dispersed phase distributor was 75 mm diam. and was divided into
four compartments each fitted with seven 4.5 mm nozzles from which the drop
lets passed into the corresponding quadrant of the equilibration section.
Opposite pairs of compartments were coupled via rotameters and needle valves
to separate solvent stock tanks. The distributor was Jocated within a glass
expansion piece of 100 mm base diameter. Outgoing mixed solvent was stripped
of colour reagents by passage through two 1 m lengths of 100 mm bore tube
packed with activated charcoal, followed by a filter bed of sand.
The general arrangement of the remainder of the equipment is shown in
Fig. 1. The pipework was mostly of 12.5 mm o.d. tube connected by compres
sion type fittings. Stainless steel was used throughout for tanks, pipework,
etc., to avoid unwanted colour reactions between dithizone and corrosion
products.
2.2

Materials
Commercial grade methyl isobutyl ketone (M.I.B.K.) was used as dispersed
phase, with deionized water as continuous ph2se. Both were presaturated
before use by repeated recirculation through the column. The activated char
coal was I.C.I. "Darco" grade of nominal size 4 x 12 mm.
The diphenyl th i ocarL,:.,.;,:,_.r;,_:: was obtained from laboratory suppliers. The
nickel di(ethyl xanthate) was prepared by adding 2 moles of potassium ethyl
xanthate to 1 mole of nickel chloride dissolved in water, filtering off the
brown precipitate and recrystallizing from hot ethanol.
The reagents were added to the solvent tanks in concentrations of 0.1
g/1 for the xanthate and 0.05 g/1 for the dithizone. The latter was added
to the solvent immediately before a run, in view of its instability.

2.3

Procedure
The two solvent streams and the water were admitted to the column at
the predetermined flow rates and the interface position was stabilised above
the upper window by adjustment of the water outlet valve. Two photographs
were taken of the lower and 4-5 of the upper window on Kodak Ektachrome 35
mm A.S.A. 160 Professional Colour Sli<le Film using a camera with a 50 mm
lens and a 1/250 sec exposure time. Illumination was provided by means of
500 watt Photoflood lights arranged to reflect from opaque white screens
behind each window.
The resulting colour slides were projected on to a screen using a
suitable magnification as determined by the scales on the windows. Grid
areas were selected at random and all droplets within these, numbering at
least 150 per slide, were counted and their colour and size of minor and
major axes recorded; the effective diameters were then calculated as
3
/a?-dz. Taking the smallest size as 0.712 mm diameter, they were classified
into 9 ranges with sizes based on intervals of 312, i.e. so that the mean
droplet volume of any given size is twice that of the size below. The
results were used to compute the Sauter mean diameter, d32, and the frequency
distributions of all droplets and of red droplets.
3.0

RESULTS
Three series of runs were carried out using a single aqueous phase flow
rate with three values of the total dispersed phase flow, corresponding to
estimated holdup values (24) of 4.8, 10.6 and 17.0 respectively. In e�ch
series four or five packing heights were used, from 5.0 to 30.0 cm inclusive

5

In all cases the degree of coalescence below the packing, i.e. in the lower
window, was found to be negligible.
Considerable scatter of the data was apparent when assessing the frac
tion of coalesced (i.e. red) droplets within each size range, especially at
the smaller packing heights. The data were therefore fitted by mean s of an
i1 norm (i.e. least linear deviation) regression analysis to the following
generalised expression for the rate of an n-th order reaction.
1 - f
r' J

=

1

(1 + Ah)

n

(1)

where f . is the fraction of red droplets of size j an d his the packing
r
height. 'The resulting values of the constanLs n and A corresponded to the
"best fit", from which smoothed curves were calculated using eq. ( 1). In
the course of this work it was observed that a better fit was obtained by
reducing the actua�. packing height by 2. 5 cm; this suggests that the first
two courses of packin g were ineffective in promoting droplet coalescence,
presumably due to orientatio n produced by the packing support.
A summary of the coordi nates of the smoothed coalescence curves for the
three series of runs is given in Table 1. The experimental data for selected
droplet sizes are compared with the smoothed curves for Series 2 in Fig. 2,
and a comparison of the smoothed curves for the three series of runs is shown
in Fig. 3. Histograms of the overall size distribution are shown in Fig. 4
and the cumulative size distributions are com�ared with the theoretical
Mugele-Evans distribution (27) in Fig. 5. Finally, values of d32, the Sauter
mean droplet diameter, computed from the experimental data are compared with
the values predicted from the Gayler-Pratt correlation (eq. 9 of 1•ef. 21) in
Table 2.
4.0

DISCUSSION
In assessing the present results it is important to note that the true
coalescence rates are twice those given by the initial slopes of the curves
in Figs. ] and 2, i.e. at (h-2.5) = 0, since only coalescences between dif
ferent coloured droplets are observed. In consequence, at a height for which
f . = 0.50, the number of coalescences of droplets of size j is somewhat
g�elter than the total number of that size entering the packing, due to the
additional incidence of coalescen ces involving red droplets.
Before commenci n g the present experimental programme, consideration was
given to the possibility that the results would be invalidated by surface
tension gradient (i.e. Marangoni) effects. For this reason careful measure
ments were made of the interfacial tensions of the mutually saturated solvent
-water and reagent solution-water systems, both before and after reaction,
using a du Nouy balance, but no differences could be detected. In any case,
it is to be expected that interfacial tension gradien ts would not influence
the time required for coalescence to start once two droplets came together,
since this is determined by the time required for drainage of the trapped
layer of continuous phase. However, once film rupture occurred such effects
could conceivably enhance the rate at which the contents of the two droplets
would mix, but this would if anything be of advantage in the present method.
Using data of the present type, a mathematical model can be developed
for the droplet coalescence/breakdown process in terms of the appropriate
rate constants. For this purpose, using the 3-12 size distribution series,
population balances are written for each size, noting that the number of
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TABLE 1:

j

1

2
3

4
5

6

7

8

s

DIAM
(mm)

% No
SIZE

0.897

7.7

Summary of Fraction Red Droplets as a Function of Packing
Hc�gr1t, Smoothed Usfrg Eqn. 1 (h' = (h - '.?.S) cm)
Series 1: 4.8% Holdup
Fraction Red
5

7.4

.206

10.2

. 19f;

.248

16.6

.274

.376

2.847

14.3

.306

.508

4.520

2.5

1.130
1.424

15.0

2.260

16.4

1.794

3.587

9.9

.156
.261

.202

.606
.571

TABLE 1:

Series 2: 10.6% Holdup
Fraction Red

HEIGHT, h' (cm)
10
15
20

.157

0.712
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.235

.205

.234

.445

.578

.297

. 2 57

.255

.359

.531

10.2

.851

.800

.477

.clf4

.738

.616

.600

8.9

.674

.436

.323

. 399

.458

.878

.946

.627

5

.259

.283

.296

% No
SIZE

5.6

.284

.254

.276

.808

.684

30

.642

HEIGHT, h' (cm)
30
15
10
.374

. 441+

.558

.492

.566

.677

.514

.646

.713

19.5

.534

.762

.869

8.6

.928

7.5

9 .0 .

13.3

.248

.385

.446

.64::,

.464

17.4

.722

.621

.E:62

.941

.474

.622

• "l 51

.885

.702

.812

.915

.948

.803

.970

.966

.958

Continued

Series 3: 17.0% Holdup
Fraction Red

DIAM
(mm)

% No
SIZE

0.897

7.9

5

HLH;HT, r1' (cm)
30
15
10
.788

.881

.774

.847

.715

.833

.957

.817

.880

.553

.712

9.0

.601

.718

5

1. 794 13.0

.485

7

2.847 20.4

1

0.712

3

1.130

2

4

6

8

9

5.6

.616

.686

. 525

.643

.702

2.260 14.7

.522

.738

3.587 13.7

.752

1.424

4.520

9.2

6.5

.479

.664

.940

.895
.976

.785

.843

.952

.944

.984

.986

TABLE,.

.783

Comparison of Experimental
and Calculated Sauter Mean
Diameters

Hold
up

.946

7

Expt

4.8

2.899

17.0

3.319

10.6

.995

Sauter Mean, d

3.489

32

(cm)

Predicted
2.64

2.79
2.87

1.0

X

.75

a;. 5
•rl

., . 25

�

1

j = 5

1.0
. 75
'"O

.5

·rl

.25

j = 8

j = 9

30
20
10
20
30
30
10
1
h'
h'
h
r,:.� ?. : Comparison of Experimental Data with Smoothed Curves of Fraction Red vs Packed Height
for Series 2 (h' = (h - 2.5) cm)
10

1.0

?.O

� 15

•rl
(/)

o\O

Series 3

Series 3

20

Series 1

20

10

10
20 h 1 30
h, JO
Comparison of Smoothed Fraction Red Curves for Series 1-3
10

FIG 3:

20

h

1

30

Series 3

10
5

FIG 4:

0.712
Histograms of Size '.'i.stribution rata

0.712

2.26

4.52

-�
�

.1

Series 2

99. 9
50
0.01
0.01
50
9�.99
so,,
0.01
99.99
% vol.
, vol.
% vol.
FIG 5: Comparison of Experimental with Mugele-Evans Distributions (27); (x = drop diam.,
x =max.drop diam.)
m
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droplets within a given size rang e is decreased by coalescence to the size
above and bJ'eakdown to ·:i ZP below, and increased by bre2kdown f:.>om c1bove and
coalescence from below. The ef::·ect of the flow rates can be accommodated in
term.,; of holdui_), wJ-·jJ.e the rates for c, E,iven size j can be exriressed in terms
of a second order coalescence rate constant, k., and a first order breakdown
constant K., with the driving force expressed a� the number· concentration of
size j. Ai3surning n size ranges, two sets of n simultaneous equations result,
one set defining the steady state population balance and the other the rate
of formation of red droplets; these can be expressed as two n x n simultan
eous matrix equations which can be solved for the rate constants. The dev
elopment of such a model will form the subject of a further communication.
5.0
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TECHNIQUES FOR DETERMINATION OF THE DISPERSED PHASE
HOLD-UP IN PULSED COLUMNS USED IN A NUCLEAR FUEL REPROCESSING PLANT

Dr. Anthony F. Cermak
Allied-General Nuclear Services
Post Office Box 847
Barnwell, South Carolina 29812
United States
ABSTRACT
The knowledge of liquid phase hol d-up in con
tactors is essential for determination of materials
in ventory in a nuclear fuel reprocessing plant.
Equations ha ve been de veloped expressing the dis
persed phase hold-up in a pulsed column as a function
of column dimensions and liquid density as measured
by a weight record er. Tests per formed on a 5-cm
diameter column with the binary sys tern 30 v / o TBP 0.1!!_ HN03 verified the acceptability of this method,
and have proven the significant ef fect of the pulse
velocity, difference in linear phase velocities, and
flow rate ratio on dispersed phase hold-up.
INTRODUCTION
A pulse column operates efficiently in the em ulsion zone, sometimes
called the dispersion zone, whic h starts roughly 40% below flood ing and
ends at flooding. The highest efficiency is just below the upper floo ding
curve. This is caused in part by the dispersed phase hold-up (Xd ) w hic h
increases rapidly with an increase in the pulse velocity at a constant
flow. Several authors (Ref. 1 to 4) tried to express hold-up changes in
the emulsion zone in relation to different hydrod ynamic varia bles. The
effect of the total liquid linear velocity (Ut = U d + Uc) on hol d-up was
very small in comparison with other variables, such as pulse frequency (f),
pulse amplitude (A 0 ), and ratio of the dispersed phase to continuous phase
velocity ( U d/U c). However, all data in the above references, which apply
to pulsed columns provided with simple sieve plates, did not correlate well
with experimental data(5, 6) obtained from columns with nozzle plates (used
at AGNS).
DISPERSED PHASE HOLD-UP
Determination of the dispersed phase hold-up in contactors is essen
tial for uranium and plutonium accountability (inventory) in the separation
facilities of a nuclear fuel reprocessing plant, such as the Allied-General
Nuclear Services plant at Barnwell, South Carolina. The AGNS contactors
1

are pulsed columns, except the centri fugal contactor used for uranium and
plutonium coextraction in the first process cycle.
The dispersed phase
hold-up (Xd) in the column working se ction can be determined throu gh
hydrodynamic tests on pilot-sea le, as well as on plant size pulsed columns
by use of a calibrated weight recorder attached to the column.
At AGNS,
techniques have been dev eloped to define the dispersed phase hold-up (Xd)
i n pulsed c olumns, i.e., to determine the effec t of main ope r atin g
parameters on the Xd valu e.
The hold-up is given by the ratio of the
dispersed phase volume i n the colum n working section to the total volume of
the column working section. The techniques can be described as follows:
(a)

Single process columns:

(Figures 1 and 2)

Taking into account data shown for the column in Figures l(a) and l(b)
and the (columns) liqui d density p x determined by the calibrated
weight recorder, the average dispe r s ed phase hold-up in th e column
working section can be expressed as

........ (1)
The eq uation which applies to the column in Figures 2(a) and 2(b), has
the form
Ho(Pc - p X)
Xd
(b)

[h3 + h2 (Dc/Ds) 2 ]

Dual process columns:

.

(Pc - Pd)

........ ( 2)

( Figure 3)

From data i n Figures 3(a) and 3(b), the dispersed phase hold-up in the
working section of the column part, ending with the disengaging sec
tion with interf ace control, can be calc ulated from the equation
H*

0

(p X - Pc) - h1(Pd - Pc)

Xd =

....•... (3)

The Xd value in the ot her column part can be determined
equation
H • (p X - Pc)

fr om the

•••••..• ( 4)

h4(Pd - Pc)

Densities Pc and Pd are mean values determined from density pr o files
along the column, e.g., measured on a pilot-scale unit .

2

3. Dispersion

Cermak et al.

to W.R.

(a)

to W.R.

(b)

0

,.

FIGURE 1

Single Process Columns
(a) Aqueous Continuous Process
(b) Organic Continuous Process
(a)

(b)

to W.R.

to W.R.

pd

Ds

Pc

,.

A

FIGURE 2

Single Process Columns
(a) Aqueous Continuous Process
(b) Organic Continuous Process
3
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(a)

"' .

�

�

:t

:t

A

<i
· ....

P3m

A

FIGURE 3
Dual Process Columns
(a)
(b)

Aqueous Continuous Process
Organic Continuous Process

EXPERIMENTAL
The AGNS techniques for determinat ion of Xd in single process col umns
were tested and demonst rated on a SO mm diameter glas s pulsed column at the
General Atomic Company Laboratories. The arrangement shown in Figures l(a)
and 2(b) was tested. The column, about 8.5 m eters tall, was provided with
stainless steel nozzle plates (23% free surface area) at a plate spacing of
SO mm. Nozzles, 4 mm in diameter, were turned upwards during test s with
the aqueous phase continuous and turned downward s d u ring tes t s with the
organic phase continuous . A direct bellows type pulser with a continuous
pulse frequency cont rol was used for liquid pulsation. The column was
equipped with a purge air interface control device and calibrate d weig h t
recorder for determination of the liquid density in the column (p X ).
The
liquid system consiste d of 30% tributyl phosphate in normal paraffin
diluent (organic phase) and 0.1 � nitric acid (aqueous phase).
Tests were performed at about fifty different ( set) flow conditions,
at room temperature and a constant pulse amplitude of A0 = 2.2 c m. The
flow rate ratio was tested within a range of 0/A = 0.1 to 10. For each set
flow condition, the pulse frequency was in creased stepwise from about f =
SO cycles per minute up to flooding.
Weight re corder dat a were evaluated and density (P x ) values were
determined. Equations (1) and (2) were use d fo r evaluation of t h e
As
dispersed phase hold-up (Xd)• Resultant data are shown in Figure 4.
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indicat ed in this figur e, the dispersed phase hold-up is affe cted by both
the flow ratio (0/A) and product of pulse frequency and pulse amp li tude
The ef fect of total li quid phase linear veloci ty Lit on Xd, at a
(f·A0).
flow rat io of 0/A = 1, is negligible in comparison to th e effect of both
the above variables. At a given pulse velocity, f ·A0, t he higher (or the
low er) was the flow rate ratio (0/A) value than one, the higher was th e
effect of the total liquid ve locity Ut on the dis persed phas e hold-up.
This observation w as made in all cases regardle ss of which phas e w as
continuous.
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FIGURE 4
Dispersed Phase Hold-up (Xa) Versus Pulse Velocity (f•A 0 )
at Different Total Liquid Velocities (Ut) and
Flow Ratios (Organic/Aqueous) i n the Colunms
RESULTS
Experimental data w ere mathematically analyzed and correlated.
By
plot t ing Xa against 2fA 0 + l�UI values in Figure 5, curves wer e obtained at
each tested flow rate ratio. The expression 2fAo + l�ul in this graph can
be taken as twic e the higher of two possible pulse veloc ities in the
column. Th eoretically, only at a flow ratio of 0/A = 1, the pulse ampli
tude at upstroke equals the pulse amplitude at downstroke.
At a ratio of
0/A 1 1, the upstroke amplitude will be di ff erent fr om that at the down
stroke.
Consequently, the upstroke pulse velocity wi ll be different than
the downstroke pulse velocity.
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FIGURE 5
Dispersed Phase Hold-up(Xd) Versus 2fA0 + ltul Values
at Different Total Liquid Velocities (Ur) and Flow
Ratios(Organic/Aque ous) in the Columns
Based on all data, an empirical equation was derived def ining the
effect of tested variables during the experimental work, includ ing the
liquid linear velocities difference, on the dispersed p hase hold-up. The
equation has the form

where
Xd = dispersed phase hold-up(%),

f = pulse frequency(1/sec),

A 0 = pulse amplitude (cm),
Ud = dispersed phase linear velocity(cm/sec),
Uc = continuous phase linear velocity (cm/aec)
ltul = IUc-Udl; absolute value of the difference between the
liquid linear velocities (cm/sec).
Figure 6 shows the relationship between the dispersed phase hold-up
(Xd) and the function (2fA 0 + I 6Ul) 2 - 4 •(Ud /Uc + Uc/Ud - 1)-0. 6.
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For each flow condition, tests were made at several pu lse velocities
up to floodin g . The floo ding curves determine d for the li quid sys tem
30 v/o TBP - 0.1 M HNO 3 (at room temperature) are show n in Figure 7. The
cur ve corresp onding to continuous organi c phase operation lies approxi
mately 25 to 35% above the curve for continuous aqueous phase operation.
From equation 5 and flooding da t a, empiri cal equations were derived for
evaluation of the dispersed p hase hol d-up at floo ding. The equation for
the aqueous phase continuous has the torm:
2
(Xd)f lood � 0.926 [S.S - (Ut - 0.621.Wl)] .4
• (ud /uc + uc/ud - 1)-0-6

....•... (6)

For oper ation with the or ganic phase continuous, the hol d-up at
flooding can be evaluated from the equation:
(Xd)f

.
lood � 0 649[6.8 - (Ut - 0.721 tUl)]
• (Ud/Uc + Uc /U d - 1)-0. 6

2

.4

••..•.•• ( 7)

Equations 6 and 7 are exp res sed graphic ally in Figures 8 a n d 9,
respectively. The equations apply to the sys tem tes ted at room temperature
and wit hin the experimental range.
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DISCUSSION
In a nuclear fuel rep rocessin g pl a nt , a reliab le inventory of
plutonium and other fissile materials is requ ired.
Accountability of
solutes (U, Pu, HN03) in pu lsed columns used in a reprocessing pla nt can be
made rea dily by use of the desc ribed t echniques. At di fferent plate
geometries and arrangements, different liquid systems and process tempera
tures, different dispersed phase hold-up values are expected than predicted
by equation 5; however, techniques for Xd determination will b e always the
same. Ac co untability of the sol ute in question is pe rform e d by (a)
d eter m inin g col umn li qui d den sity p X fr o m weight record er data ,
(b) calculating Xd from equations (1) - (4), and (c) determining the con
centration and density profile along the column either experimentall y on a
pilot-scale column, or analytically using a suitable c omputer program.
From concentrati on profile data and the Xd value the solut e inventory in
the column can be determined.
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MICHOtl:MULSION .li'ORMATION IN 'l'Hr.!: ORGANIC PHAS� O!i' SOM�
IMPORTANT Ji�Xrl'HACTAN'l'S AND ITS t�.!l'l1'�C'l'S
ON TH:� �Xrl'HAC'l'ION M�CHANISM

Wu Chin-k.wang, Kao Hung-cheng,
Qhen Tien, Li Seng-chung, King
Tien-chu and Hsu Kwang-hsien
Dept. of Chemistry, Peking Univer
Rity Peking, People's Republic of
China
ABS'rRAC'l': Through the i nvesti ga t lon of several
typical extrA.ctant systems commrrnly usect in
hydromatallurRv and nuclear industry, we have
RURRRAtad an� provad that the sapnnification
of extrRctantR such as naphthenic acid, D2 1.�HPA
, ect., is a process of the formati�n of a
microemulsion of wqter in oil type, and the
extraction of rar3 earths or divalent metql
ions by the s�ponified extractant is a process
of the destruction of the wlo emulsion, thus
emphasizing the importance of the role of
water in the extraction process and providing
a new approach to the study of extraction
mechanisms.
Introduction
During the last three decadas, solvent extraction of inor
ganic compounds has become an extensively investigated field,
from both theoretical and practical points of view. But the im
portance of the role of water in the extraction process has
not been much studied and many phenomena observed remain unex
plained. For example, in the course of investigation of nRph
thenic Rcid�Aec. octyl alcohol-kerosine system as an extractant
for the sFJn1'\ratl0n of very pure yttrium from other rare earths
, we hRve founcl wl-ten aqu'3ous NH4 0H solution w11s A.dded to the
extracti=mt, the volume of the organic phase could increase up
to �0% and yet remained clear and transparFJnt in appearance.
After tho extraction of a rara earth, the water contained in
the or�anic phasa will return back to the aqueous phase causing
a big change in phase volumes.
In order to explain the above-mentioned ph9nomana, we have
investigRtad the naphthenic acid and other acid extractants in
d etai 1 and found that the sa?oni fie a tion is a process of thfJ for
ma ti on of a w/o m1croemulsion, and the extraction of a rare
earth or divalent metal ion is a process of destruction of the
mi croemulsi on.
Experinumtal

1

1. Instruments
(1) Unicam SPlOO IR Spectrometer, 6?0-8850 cm! wave num
bers wera calibrated with a polystyrene thin film and CH 3 Cl.
(2) DDS-llA Type Conouctometer, made by the Second Analy
t i Cl'l l Instruments, Inc. , Shanghai.
(�) JAJ'.P�TZKI VAC-60 Type Ultracent.rifnge, max. speed 60000
r.p.m.
2. Reagents
NAphtlvrnic Bcid wBs bo11ght from Shanghai Tung-Feng Chemi
cal Works, treated with urea to ramova the AtrRi�ht chain hy
drocArbon� And then redistilled to collect the fraction from
l:"iO ·c t0 ?.10 °c under R red11cert presnr8 0f �-5 mM Hg. The
1=nr�ra.o.:8 rnolBculAr w8lght was d8t8rminad t0 be 2!')4.2. t>econdary
octyl alcohol (BDH) and D2�HPA (Peking t;hemical Works) were
used as such. Kerosine was treated by cone. H.1S04 and rAdis
tj l led. other chemicals used were reagents of A.R. grade.
Hesults and Discussions
I. �he Naphthenic Acid (22%)-Sec. Octyl Alcohol (l8fo)
Kerosine (60%)-System
1. t;ondnctance Measurements
10 ml of the naphthenic acid extratant (0.81 M) was titra
ted with 10.? N NI40H and the conductance was measured dnring
the titration as shown in �ig.l. The region� of turbid and
clear tr:.tnsparent solutions ware also shown in tha figure.

c1 ... r, tr..nap11reat
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a1croeaula1on

J
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\urbid

b••ill• to

•'l\leGua PIMN

Np..-.te eut
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I

Fig. 1
Change of conductlvity during the titration of 10 ml naphthenic
acid with NH4 0H
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2. �xtrAction equilibria between the naphthenic acid extra
ctant and aqueous alkali hydroxide solution.
10 ml of aqueous alkali hydroxide solutions (KOH, NaOH,
LiOH or NH4 0H) of different initial concentrations were added
to 10 ml naphthenic acid extractant in a calibrated and
stoppered tube agitated in a thermostat for 20 minutes. The
% increase of organic phase volumes (as shown in Fig. 2),
the alkali concentrations of both phases, the conductance
and the water content (as measured by the near IH method using
1.4.,u.and 1.9.a overtones) and the IR spectra of the organic
phase were determined.
The presence of free water in tne orP,anic phase was
clearly seen from the 1650 c�'peak, which is the bending fre
quency of H2 0 molecule. When heavy D 2 0 was used t:1 dissolve
the alkali hydroxide in place of H 2 0, the 1650 cm peak dis
appeared and 1200cm'and 2490 cm'peak of D2 0 were observed as
shown tn Fig. :z,.
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Fig. 2
Effect of initial alkali cone. on the increase of organic
phase volume after equljibrium
:z,. The Structure of the Saponified Extractant
According to the above-mentioned experiments, the water
contents in the organic phase in equiU.brium with the concen
trated alkali hydroxide solutions may be as high as 20% ( in
case nf KOH, NaOH and LiOH ) or 50% (NH40H), and yet remained
very clear and transparent in appearance. This apparently
clear and transparent "solution" could not l:>e a true molecular
solution of water in the organic sovlvent because the solu
bility of water in the organic solvent is usually small and
could not reach RS high as 20% or 5()%. The light scattering
phenomenon observed showed that it is a dispersed system of
water in oil type. Xylenol orange is a water soluble indicator
, insoluble in the unsaponified naphthenic acid, but very
soluble after saponification with Nl40H or NaOH ' showing a
brilliant rosy color. This

3

may bA r9asonabla explained that xylanol is solubly in the
8mAll water drops dispersed in tha continuous org�nic phase.
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Fig.3
IR spectra of the org. phase. of the extraction system
Naphthenic acid-ROH-Kerosine-NaOH ( 5N) D20
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Model of A disperseo. aqueous droplet in the microemulsion
of the saponified naphthenic acid extract�nt
On the other hand, ,the saponified extractant "solution"
could not be an oro.inary liquid-liquid dispersion system or
emulslon in the uAual sense. Hecause, firstly, the usual macro
emulsion is turbid instead of being transparent. :::5econdly, we
could not observe the dyed droplets when xylenol was added to
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the f!A.ponified extract8nt and view'3d with A ri.i croscop•.:i of' hlF-;ll
m��njfying power (1600X): The resolving power of the micros
cope is about 2000.A.-�OOOA, so that the size of the droplets
�hould be less than 20001. Thirdly, the saponified extractent
"solution" was supercentrifuged
(42000 r.p.m. corresponding to
140000 G) for 5 minutes at 0 °c, and no separation of any
aqueous phase was observed. This shows that the "solution" is
not an ordinary macro dispersion system, but is a vary stable
"microemulsion".
c,-3)
Recently, microemulsion formation was reported in the
long-chain fatty acid salt-long chain alcohol-saturat�d hydro
carbon-water-electrolyte system under suitable conditions,
where the size of the dispersed water droplets is less than a
quarter of the average wave length of the visible light
(5600A), so that the light would not be reflected and the
microemulsion looks tr.,,rnsparent. When our saponified extrac
tant is compared with the reported microemulsion system in
Table 1 the similarity is obvious.
Table 1 Comparision of the Saponified Naphthenic Acid
�xtractant with a Typical Microemulsion System
Composition of the Extractant

Composition of thF3 Typical
Microemulsion System

1. Naphthenic acid NH40H
(or KOH, NaOH, LiOH)
2. Secondary oct:vl alcohol
Kerosine
4. the aqueous solution

1. Potassium Salt of oleic

�-

�-4.

A Cid

2. normal hexyl alcohol

normal hexane
watar

In Table 1 we sea that four ingredients are indispensable
in order to form such a microemulsion, namely, water (the
aqueous solution), oil (kerosine), an ionic surfactant (the
alkaline soap of naphthanic acid) and a long-chain Alcohol
acting as a co-surfactant. In the unsaponified naphthenic acid
, there is no ionic surfactant so that microemulsion c�nnot be
formed. The long-chain alcohol is also an indispensable ingre
dient. If we use iso-propyl alcohol instead of sec-octyl alco
hol, microemulsion could not be formed during the saponifica
tion of the haphthanic acid extractant. The excess alkaline
solution exists in the micro droplets dispersed in the organic
phase.
Fig. 4 is a sketch of the suggested structure of the
micro droplet, where the naphthenate ions and the long-chain
alcohol molecules are arranged on the surface of the micro
droplet with their long-chain hydrocarbon tails poin}ing into
the continuous organic phase. The counter cations N� (or K:
Na+, Li+ ) are arranged on the inner surface to balanc'3 tha
negative charge of naphthenate anions. Within the surface of
the droplet there is the aqueous phase containing exce�� NH 4 0H
(or T{()H, NaOH, LiOH).
4. Mechanism of �xtraction of Rare Earth by Naphthenic Acid
Mikhlin�studied the mechanism of extraction of Nd* by
naphthenic acid and concluded that the extraction reactions

5

may be expressed by

Nd*+3 H2 A 2 + nH2. 0 = NdA3<�HA· nH20

( 1)

( 2)
2 NdA,(�HA-nH2 0 = (NdA33HA·nR20) 2
Korpusov l51 studiad the extraction of La..... by naphthenic
acid with formation of (LaA·3HA·nH20).2. They determined the
molar ratio of the rare earth ion (M�) to the naphthenate
anion (A-) to be 1:6 in the extracted species from the slope
of the plot of pH½ vs. log (H 2 A2). But we found the extracted
species by analyzing the composition of the saturated organic
phase to be MA�nH .2.0 where n:-1 for Pr� Ho"':" ll!u� Tb-ttt- and n=O for
La""!° Ce� Nd� Sm, Gd� Dy� Er"'; Tm� Yb� Lu* and Y*: The reason for
these discrepancies will be discussed below.
Mikhlin and Korpusov assumed that the naphthenic acid
existed as dimers H 2 A2, and the extraction was assumed to be
+
n+ m
( 3)
M <41t2H2A2<0>=MA · (m-n) HA co> + nH c°I,
( MAn(m-n)HA)JH r
+

K -

[

( M-,.+)(H 2 A2r/.2.

= D(H ]/(H2A2)"'1
+ tt

.

.2.

( 4)

log D = log K+(m/2) lof,(H 2 A2)0 +npH

dlogD
o pH

J

_ n ,
-

(H2 � 0

d pH½

A=--------

d lop:(H 2 A .2 )0

( f>)

wi>la.eee nH½ is the pH 'TRlU.8 1-,t D= l. 'rhr,y fnn:11I the sl.:::ipes
by ;,xperir19n ts to be n = 3, A= -1 = -rn./2n thus obtaining m=6.
Although the naphthenic acid in inert solvent does exist
in dimer form H 2 A2 , it wi 11 partially convert to a monomer
complex HA•ROH upon the addition of octyl alcohol. After
saponification, the 1728 cm-• peak characteristic of the dimer
disappears completely therefore we assume
1i.+
Mca,> + m HAco> =MAn ( m-n ) HAco) + nH<+

( 7)

d pH y.2
d pH y2
m
A=-----=------ d log[HA) 0 d log2(H2AiJ; n

( 8)

instead of (3). From (8) we obtain

«f>

If we use the same experimental data as Mi ktll i_n, s, i.e.
n=3, A=-1, we would obtain m=3,
consistent with our
results.
Therefore the determination of m from the experimental
slope A is unreliable. In fact, the extraction mechanism is
far more complex. It involves Rn ion exchange in the water/oil
interface of the microemulsion:
( 9)
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From the IR spectra of the organic phase after extraction of
rare earth, we found the 1410 cm_,
peak characteristic
of the
.
symmetrical stretching frequency of RCOO+almost disappears.
It means. that ionic naphthenate HCOO-NH 4 has been converted
to the rare earth chelate causing the destruction of the mi
croemulsion and forcing the water in the micro droplets back
te the aqueous phase, as may be seen from the disappearance
of the 1650 cm-• (H 2 0 bending frequency) in the lR spectra of
the organic phase.
.

5. �xtraction of Some uivalent Metal Ions
(1) The extracted species for Ni*, zn*and Gu* were found
to be MA 2 containing less water than the detection limit by
the near IR method (<0.02%).
For Mn� Cd� Pb� the extracted species roughly correspond
to MA2·H20.
(2) Under the condition of saturation of extraction of
ca*or Mg"7 the organic phase contains about 1� H20 and this
dispersed system is very sensitive to temperature. Water will
begin to separate out and organic phase becom�b1rbid when
the temperature is raised above �O °C. When the temperature is
lowered, the organic phase becomes clear again so that the
process is reversible.
11. The D2EHPA ( lM) -Sec. Octyl Alcohol or 'l'BP( 15%)
-Kerosine t>ystem
Acidic organophosphorus compounds such as u2�PA form
one of the most important types of organic extractants.
The unsaponified acids usually exist in dimer form, (H 2 A.2) ,
in most organic diluents. They extract metals by a cation
exchange reaction as follows
(10)
The hydrogen ion liberated during the reaction will prohibit
further extraction of metals. In order to increase the loading
capacity, we have saponified both acidic hydrogens of the
dimer (H2 A2 ) with NH40H or NaOH and have succeeded to extract
soma divalent metals with this 100% saponified extractant to
form extracted species of the composition MA2 instead of
M(HA 2 h, without formation of any gelatinous matter in the
orp,anic phase, thus doubling the loadi.ng capacity of the
extractant. we found also that the saponification is a compli
cated process accompained with the formation of microemulsion
as in the naphthenic acid extractant.
1. Microerntilsion formation during the saponification
'l1he evidences of formHtion of microemulsion may be
s ummarized as follows ·: (1) Strong Tyndall effect was observed
in the saponified LJ2�HP A so it is a dispersion system with
particle size >100 i (2) The dispersed water droplets could
not be observed in a microscope whose resolving power is
about 2000 A (3) The saponified D2EHPA was supercentrifuged
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at 14onno G for 5 minutes at O �,and no separation of any
aqueous phase was observed. (4) Here the ionic surfactant
forming th� microemulsion is the alkali or ammonium salt of
D2EHPA, while the long chain alcohol or 'l'BP serves as cosur
factant.
in Fig. 5 the phase volume change were plotted against
th9 equivalE=mt of alkali added per equivalent D2H:HPA. Regions
of ,.,.d crnemulsinn and ordinary emulsion were also indicated
in the firo1re. �or example, in the case of titration with
7.5 N NaOH, the organic phase was turbid before 6oi neutrali
zatinn. 1',rom 60% to 100% neutralization, a very clear micro
emulsj_on was obtained. After that, turbi.d aqueous phase began
to separate out, while the nrganic phase remained clear and
transparent.
In Fig. 6 the chAnges of conductivity awJ viscos�ty
were plotted ap:ninst the 3(JuivAlent.s of NsOH addei_� p,Jl'
,Jqui·rrc1ler:.1., of D2!!::HPA. It rmy be S8Gn. that bl)th the conduct.i
vit�' D.r.d t,11e ,,is';c)�·j_t,�·/ j_;1_c1.. ,"3t�.::t3 -.:ri�,11 t:-1.,J 1..·. Ar�t,1:' cr)i1.tt3�;.; L� (;�:u
microertJ.ulsinn, r=iRchin,o; ,n,9.ximum n.t th0 0quivalance point.
Aftar equivslence point, turbid aqueous phase begins to
separate out, the water content of th,, organic phase decrease
( see Fig. 5) and the conductivity Rnd viscosity d<'Jcrease also
( see Fig. 6).
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Fig. 6
Change of viscosity and conductivity of the organic
phase during the titration of lM D2EHPA-sec. octyl alcohol
( 18%,)-kerosine with NaoH of different concentrations at 18 °C
2. Extraction of metal ions
The microemulsion of the saponified D2EHPA is a good
extractant for most cations. Usually the extraction is accom
panied with the formation of a metal chelate, thus destroying
the microemulsion due to the absence of ionic surfactant and
forcing the water back to the aqueous phase, leaving very
ljttle, if any water in the orp,anic phase (less than the limit
of detection by the IR method, rn�mely (<0.02%).
JJI. �uarternary Ammonium Nitrate-Octyl Alco
hol-Kerosine System
A quarternary ammonium nitrate (such as Aliquot 336)
octyl alcohol-kerosine system can take up a few1fo of water
when in equilibrium with aqueous salt solution and form a

9

microemulsion. The amount of water taken-up by the organic
phase decreasesas the concentration of the salt (e.g. NH4N03 )
in the aqueous phase increase s.The extraction of rare earth
ions is also accompanied by the destruction of the microemul
sion in the organic phase.
Further investigation on the physico-chemical properties
accompanying the formation and destruction of rnicroemulsion
and· their effects on the mechanism of extraction will be
reported lat8r.

(1). S. Friberg and I. Burasczensk, Progress in Colloid and
Polymer Science, 63, 1 (19?8).
(2). K.L. Mittal, Micellization, Solubilization and Microemulsions (plenum press), (19??).
(3). D.O. Shak and R.M. Hamlin Jr., Science, l?l,483 (19?1).
(4) .�.v. Mikhlin, Zh. Neog. Khim.,1?(2)492(19?2).
(5). G.V. Korpuso.r, Radiokhimiya, l?,356(19?5).
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STUDIES OF THE STABILITY OF HAZE GENERATED IN THE AQUEOUS
PHASE ON CONTACT WITH HYDROXYOXIMES

M.A. HUGHES and P.D. MIDDLEBROOl(lr

Schools of Chemical Engineering,
University of Bradford,
Bradford, U.K.
& *N.C.C.M., R & D, Kitwe, Zambia.
ABSTRACT
Factors affecting the stability of haze are dis
cussed. Practical work is described where haze is in
the systems LIX 65N/toluene, ESCAID 100, and LIX 64N/
ESCAID 100 contacted with acidic aqueous phases contain
ing metal ions. The droplet size is in the region 1 to
20 J..IIIl. It is the diluent which dictates haze stability.
The haze is least stable in low ionic strengths and at
pH 3 to 6. Acid increases the stability. Stokesien
creaming accounts for rate of haze removal of droplets
d > 2 J..IIIl, drops with d < 1 µm coarsen by diffusion.

1.

INTRODUCTION

The loss of expensive extractant is of special economic importance in
the case of commercial plant operating liquid-liquid extraction processes
for the recovery of copper from acid leach liquor by hydroxyoximes. Losses
as low as 4-15 ppn have been quoted (1). Operating plant may run in steady
state at ca 30 ppm (2) or go as high as 200-300 ppm. At start-up, or when
solids break through, the losses may be ca 1000 ppm. Other workers (3,4)
have considered the mechanisms of solvent loss.
Impingements of a drop at an interface yield secondary small drops (5)
and in the case of LIX reagents for copper extraction this process has been
filmed; in this way small drops can be forme d in the settler. Other workers
(6) consider that small drops are mainly formed in the mixer compartment
through shearing processes and these drops are carried through the settler
with consequential solvent loss. It is these drops which are the main
cause of haze conditions acccrnpanying the commercial operation of mixer
settlers.
Systems involving true surfactant type extractants are particularly
prone to severe haze production, examples being when 1) tertiary amines are
used to extract tungsten, and 2) Na-D2EHPA is used to extract cobalt and
nickel. LIX type reagents are not true surfactants at low pH.

1

The haze which we have measured with hydroxyoximes in the absence of
copper is in the size range 1 to 20 JJill diameter. It is this range which is
of importance in the following calculations.
2.

POSSIBLE REASONS FOR INSTABILITY

One would expect that those factors which affect the rate of creaming of
oil in water emulsions would also influence the stability of oil in water
dispersions, e.g. haze. But hold-up in emulsions might typically be 40 oil:
60 water, whereas haze exists at say 200 ppm organic or approximately 0.02
oil: 99.98 water.
The haze exhibits a thermodynamic instability, there is a tendency
towards minimum free energy through loss of interfacial area; the process is
one of creaming followed by coalescence or just coalescence alone. The
reason for any observed stability is a kinetic one dependent upon either
collision processes or diffusion of material from small droplets to larger
ones, both leading to loss of interfacial area.
Collision kinetics can be dependent upon one, or combinations of, the
following:
(a)
(b)

direct impingement of the growing drops;
impingement resulting from Stokes migration whereby the droplet
velocity is a function of its radius;
impingement resulting from Brownian motion;
impingement resulting from velocity gradients within the host
fluid flow field, and
impingement resulting from temperature gradient induced variation
of interfacial area (the Marangoni effect).

(c)
(d)
(e)

Effect (e) is absent in the experimental study reported here because
equilibrium is established before haze is generated. Effect (a ) is probably
negligible. Of course, a collision, having taken place, must be "effective".
Films at the interface may then prevent, or aid, coalescence.
DROP

I
R PENING BY DIFFUSION

Small droplets of an organic phase in an aqueous continuum are more
soluble than large droplets of the same phase (7). Solvent diffuses from
small to large droplets. The following equations apply (8) for the rate of
coarsening by diffusion when two different size droplets A and B are present.
dr

--A

D C

dr

DC

dt

--8
dt

K

00
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00
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p rB
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8
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)

]
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n r
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I]

n r
n
A A + B rB

(1)

(2)

where r , r are the radii of particles and n , n are number concentrations,
A
8
8
A
Dis the molecular diffusion coefficient of the droplet phase in the host
fluid, c is the solubility of an infinitely lar ge drop. K is given by
K = 2 y. M/p RT, where y. is the interfacial tension, Mis the molecular
00

i

i
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weight of the drop phase and pis the density of the drop phase.
Now in an equal number mixture of two_giffere�j size droplets of radii
0.5 and 1.0 µm with a solubility of 3 x 10
kg dm
(0.03 ppm), Y. =
1
0.1 mNm- , then integration of Equations (1) and (2) shows that th�re will
be only a 10% change in the radius of small drops in one year, but with
radii 0.05 and 0.10 µm the corresponding change is 1000 times faster. The
stability is seen to be dependent on the cube of the radius.
Since:

C

(p

00

2

t' R T)/(2 D t

where Higuchi and Misra (8) define t' as:
=

t'

(D

C

00

Yi

K T)/p

M)

(3)

(4)

-14
T� n using t' = 4 x 10
secs (+ 10% change in size (7)), p = 1, y, =
1
1
16 mNm
(8), (the latter being typicil of hydroxyoximes in aliph�tic
_
1
2
hydrocarbons in th� absenc� of copper and at pH 2) and D = 5 x 10 6 cm sec
3
6
then c = 7.2 x 10
kg dm
or 7.2 ppn. This is an upper limit but suggests
that solvent droplets of solubility about 10 ppm and of< ca 1-0.5 µm radii
grow markedly through a dif fusion mechanism. The solubility of most LIX
type reagents is rather lower than this (9), e.g. 1 - 5 x 10-6 kg dm-3
Of
more imp�itance !j the solubility of the_kerosen�3type components; hexane
9.4 x_ o
kg dm , dodecane at 8.0 x 10 6 kg dm
and toluene at 5.4 x 10
kg dm
are examples (10). Thus according to the diffusion theory, all
other things being equal, then the most soluble diluents (or extractants)
should give the most unstable haze if this mechanism is operating. Reduction
in viscosity of the host phase, increase in temperature and interfacial ten
sion aids clearance of haze through droplet diffusion processes. If surfact
ants are present they generally reduce y, so increasing haze stability, they
may, however, also increase the solubility of the droplet which then offsets
the effect of reduced y,.
00

�r

1

l

STOKESIANCREAMING
The droplets may obey a Stokes law for creaming velocity which can only
is the upper critical
be applied to droplets below a certain size where, d
st
diameter and:
2
(6)
ust = ( (pd-ph)g d )/ (18n)
2
in which n = absolute viscosity (0.001 Nsm- ), p is density of the dispersed
d
3
phase taken as 9o� kg m- , p is density of host phase taken as 1000 kg m-3
h
2
and g is 9.81 m s , whence
d
= 156 µm. The droplets we have observed in
haze are well below this diamet�i mostly in the region d < 50 µm. The
Stokesian velocity, u , is given by Equation (6) and can be used without
corrections for discoiitinuity of the fluid.

(5) ,

INFLUENCE OF BROWNIAN MOTION
Brownian motion will hinder creaming through gravitational flow if the
droplets are small enough. The size of the random motion imparted to the
droplets can be calculated (11) fran:

-2
x

=

(4RT t)/( 3n

3

2

nNd)

(7)

where xis the statistical average displacement in a given direction in time
t, R is the gas constant, N is Avogadro's number� It can be seen, Table 1,
that Brownian motion markedly affects the smallest droplets, e.g. d < 1.0 µm.
However, these are also the droplets which grow rapidly through diffusion
processes.
TABLE 1

Droplet Diameter
µm

Displacement in 1.0 Second (µm) at 300K
Via Brownian Movement (Eq. 7)

Via Gravitation (Eq. 6)
6
5.45 X 104
5.45 X lo5.45 X 10-2
5.45
21.8

0.01
0.1
l

10

20

7.47
2.36
o. 74
o. 24
0.167

The coalescence effect via Brownian motion can be calculated in another
way. Taking an initially uniform size distribution then it can be shown (12)
that:
N (1 + t/T )
o
B

-1

(8)

N and N are the concentration of droplets at time t, and ' is the
B
characteristig time and is given by:

'

(9)

N

-3
= (3f)/(4n r )
0

0

(10)

in which 11 is_the viscosity of t ,__ ·� continuous media and k is Boltzmanns
constant and r is the initial mean radius.
The volume_fraction, f, of droplets is related t� N through the mean
initial radius r by Equation (10). Using f = 2 x 10 4 �hen we obtain the
!_allowing, at J08K wit� wa! r as the host phase and_solvent dispersed at
10
r = 1 µm, N � 5 � 10 3 m , T � 4 x 103 s or at r = 10 µm, N � 5 x 10
o -3
B
. o
o
o
b
m , T � 4 x 10 s (see also Table 2). These times are rather long,
B
indicating that the Brownian motion coalescence for droplets� 2 µm diameter
is not very effective. This is nlso demonstrated in the next section.

1

COMPARISON OF BROWNIAN MOTION INDUCED COALESCENCE WITH DIFFUSION GROWTH
It can be shown for growth by diffusion control alone (13) that:
=

N (1 + t/T )
o
D

-1

(11)

applies if the size distribution at t is of asymptotic form.
(11) the characteristic time, ' ' is �iven by:
D
-3

(9k Tr

o

2

)/(Sy, V
1. m

C oo D)

In Equation
(12)

where V is the molar volume of the droplet phase. Taking for solvent drops
(LIX i� ke osen�i' y, = 16 mNm- , C = 8 x 10-6 kgdm-3 (dodecane), �
17 3
5 X 10-6 cm sec
ana V for dodecane (by the Le Bas method) 3 X 10
m ,
then , at various initi�l radii can be calculated, Table 2.
0

2
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TABLE 2
in Secs. for Growth of Droplets by Diffusion
D
Mechanism and T for Brownian Coalescence

Characteristic Time T

TD

Initial Droplet Diameter
0.01
0.1
1
10
20

(Eq. 12)
Secs.

6.7
6.7
6.7
6.7
5.
4

X
X
X
X

3
106
109
10
10
10

T

B

(Eq. 9)
Secs.

4.7
4.7
4.7
4.7
3

X
X
X
X
X

-4
10_
1
10
1
105
109
10

The characteristic times for Ostwald ripening are much larger than for
the Brownian effect so the former is an unlikely mechanism here. Also the
results in Table 2 show that the diffusion effect is only important with the
very smallest drops agreeing with previous calculations and the Brownian
motion becomes unimportant for drops of � 2 ]JIil diameter •.
VELOCITY GRADIENT EFFECTS
In a closed system the velocity gradients generated during mixing dis
appear rapidly (however, it is not certain if therm ally induced velocity
gradients are still present in the experiments which we carried out).
__A_ccording to Lindborg and Torsell (14) the average velocity gradient,

I grad V I is:

I grad V I

(13)

kinematic viscosity of continuous phase, V = macroscopic flow
in which�
velocity in the continuous phase, £= a characteristic length.
For the vessel use� in !�e present study£= diameter = 15 an, J for
water at 300K � 0.001 m sec
and V is taken as the av� age vel�!ity of the
3 cm sec (typical
primary break over the last 10% of the process = 3 x 10
of the primary break_�rve_measured in one of our settling tests), then
= 1. 8 x 10
grad V
sec 1. Now suppose two droplets, each of diameter
1 lJ!ll, are separated by 2 µm fran their centres_jhen the rel�tive vel�city
along the separation direction is 2 x 1.8 x 10
= 3.6 x 19 3 µm sec 1 the
3
displacement of one droplet in 1 sec is of course 1.8 x 10
µm which is
much less than the Brownian movement reported in Table 1.

I

I

Velocity gradient induced collisions of haze droplets in closed systems
seems to be of small importance in these studies. It may _£e of more import
ance in commercial settlers where V may equal ca 3 an sec
then the dis
placement in 1 second is 1.8 µm.
EFFECTIVE COLLISIONS
The collision must be effective for coalescence. Two main features of
the drop surface are now important. It is known that in the case of solids
dispersed in water, primary coagulation takes place when the zeta potentia��,
approaches zero (15). In hydroxyoxime systems the value of� is partly

5

dependent on the absorption of extractant or other molecules at the interface
and their degree of ionisation. Also the physically observable films at
interfaces (16,17) may be viscous or visco-elastic and they may prevent the
thinning of the interfacial film. Amphipathic chemicals adsorbed in molecu
lar films at the interface exert their effect by a canbination of viscous and
mechanical properties, this layer allows the drop to deform on approach of a
second drop so aiding the formation of the lens prior to drainage and coales
cence. Of course, films also interfere with diffusion mechanisms for droplet
growth.
3.

EXPERIMENTAL

Commercial chemicals used in the work, e.g. LIX 65N (Henkel Ltd.) ,
P5000 (Acorga Ltd.) , SME529 (Shell Chemicals Co.), were "purified" by several
aqueous washes. Purified chemicals were also prepared through chemical
routes such as copper complex isolation and then regeneration of the oxime
with acid. The diluents were either A.R. Toluene (BDH) Ltd., which was
further purified by passing through a column of silica gel and then alumina,
or the commercial kerosene ESCAID 100. Other chemicals were of BDH Analar
grade.
The contacting vessel was a glass cylinder, ht. 30 cm, diam. 15 cm, with
four vertical baffles of 12 mm width. A cruciform stainless steel impeller
was used, vanes 5 mm long and 10 mm deep. Experiments were conducted at
°
23-25 c and N gas was introduced over the mixture to prevent oxidation. The
2
apparatus was thoroughly cleaned between each experiment. A standard proce
dure was followed using one litre of each phase. The impeller was immersed
into the centre of the aqueous phase before start-up to ensure organic dis
persion. Pre-equilibrated phases were used. A constant speed of 500 rpm was
chosen which was low enough to avoid observable air ingestion. Each mix was
of fifteen minutes duration.
At the end of an experiment samples were prepared for the following tech
niques.
TECHNIQUES EMPLOYED
Microscopic examination was carried out after a sample had been left to
cream for various times. A Baker particle sizing microscope with Brit�sh
Standard particle sizing graticule (18) was used. Droplets down to d = l µm
could be seen clearly. Entrainment levels were measured either by the infra
red technique using Arklone P as extractant and described elsewhere (19), or
by a copper complexation technique originally described by Ashbrook (20) .
The primary break velocities of the mix were also taken directly from the
mixing vessel using a fixed scale and height or depth of dispersion were
plotted against time. The zeta potential, ½, was calculated from electro
phoretic mobilities measured with the aid of a Rank Bros. electrophoresis
°
apparatus using the thin walled cylindrical cell at 25 + 2 c.
RESULTS
LIX 65N in Toluene
LIX 65N in toluene at 18.7 vol% was contacted with the fo!}owing a�eous
phases in separate experiments. (Salt and/or acid cone. at 10
mol dm • )
(A) distilled water only; (B) A1 (so ) + H so ; (C) H so ; (D) MgS0 +
43
2
2 4
2 4
4

6
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H so ; (E) Mg SO ; (F) Na SO ; (G) Na so + H so .
4
2 4
2 4
2 4
2 4
haze dispersion are given in Table 3.

Basic properties of the

TABLE 3
Properties of the Haze Dispersions with 18.7 Vol% LIX65N/Toluene
Aqueous

A
H 0
2

Ionic st:: ngth
1
m mol dm

-

pH

4.9

Al

B

3+

/H

C
+
H

+

16
2.8

D
Mg ++; H+

E
++
Mg

F
+
Na

G

+ +
Na /H

l

5

4

3

4

2.8

3.5

6

6

2.8

I:, mv

-17

+24

+7

+5

-26

+20

Average ��trainment
in mg dm

-3 7

130

1250

1110

1600

150

1000

2500

3

17

13

20

4

d

m
av (µ )
Primar� Break Rate
1
sec

5.5

0.8

l. 2

0. 7

4.2

10.5
0.8

23
0.8

The photomicrograph direct measurements of droplet diameter demonstrated
that haze droplets were mostly in the range l to 20 µm. The entrainment
values are a linear function of d
but they do not appear to correlate with
other parameters. The i: values f8Y1ow the pH of the host phase (comparison
is possible where the ionic strengths are about equal). This feature is
probably reflected in the protonation or degree of ionisation of the extract
ant held at the interface. Indeed in other experiments reported elsewhere
(21) we find that the i: potential of the drop becomes more -ve as pH is
increased, giving a sigmoidal shaped curve of s versus pH.
There is no �eneral correlation between primary break times and other
features although experience shows that the primary emulsion is often more
stable in low ionic strength conditions and would appear to be more stable at
high pH (and therefore the most -ve s value). Just the opposite occurs with
haze stability as measured by the number of droplets in arbitrary volume,
see Figure 1. For now the least stable haze is that found with the least
acidic solutions.
If i: potential is considered alone then one would expect
those haze systems with s-+D to coalesce the most readily, this is not the
case.
Ionic strength is important and in the absence of salts the haze
degenerates rapidly. Again, this observation is the opposite to that found
with'primary emulsions. These observations point to coalescence being the
least important in the creaming process.
If the experiments with aluminium salts are attempted at pH > 3 then
hydrolysis occurs and networks of hydrated aluminium oxide coat the haze
droplets, the haze is now some 100 x more stable than for the corresponding
experiment at low pH. The same effect has been fou nd with soluble silica in
the pH range 3 to 7.
ESCAID 100
Apparently, haze results with ESCAID alone, Figure 1.
In other experi
ments we have noticed that ESCAID is unstable to u-v light and also forms a
definite visible "skin" at the interface when contacted with strong sulphuric

7

acid (e.g. 180 g dm

-3

) over a long period.
LIX 64N in ESCAID 100

F!G.1

LIX 64N at 20 vol% in
ESCAID was contacted with
the aqueous phases previ
ously described for the
LIX 65N work, see Figure
1. The ESCAID hazes are
more stable than those for
toluene. They show simi
larity with those for
ESCAID alone suggesting
that the diluent plays a
dominant role in haze
stability.
The frequency/size
graphs for this organic
svstem contacted with
+
++
FIG. 1: Log of droplet number in arbitrary
H /Mg
were prepared fran
volume versus time;• ESCAID 100 in H SO ,
aqueous samples taken at
++ +
• LIX 64N/ESCAID 100 in Mg /H, a L f X i SN/
various times, see Figure
2. The size dispersion in
toluene in H so , o LIX 65N/toluene in
2 4
the haze is seen to be
water.
bimodal. We note that in
emulsion formation bimoual distributions are sometimes observed (21). Also,
Lindberg and Torsell found experimentally that an initial unimodal distri
bution of droplet diameters generated a bimodal one.
TIME hrs

The mean particle diameter on a volume basis fran Figure 2 is roughly
constant with time at 5 µm. If Stokesien creaming is assumed the maximum
diameter d
above which all droplets have creamed can be calculated at
st
various times and then compared with the maximum diameter observed in the
sizing experiments, see Figure 3. The reasonable fit over the latter period
of the experiment reinforces the previous view that Stokesier. creaming is the
main mechanism for the clearance of the haze for droplets> 2 µm diameter.
Brownian motion affects droplets of about 1 µm diameter.
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FLUID DYNAMICS OF CENTRIFUGAL EXTRACTORS
M.Stc>lting
Lehrstuhl A flir Verfahrenstechnik
Technische Universitat Mlinchen
Arcisstr. 21
8000 Milnchen 2
Western Germany
ABSTRACT
Centrifugal extractors of the Podbielniak-type
are investigated covering flooding-point-dia
grams and the influence of fluiddynamics on
mass transfer.The flooding-point-diagram exists
of three limits,two of them are calculated by
the investigation of the location of the prin
ciple interface.The third limit is given by a
theoretical and experimental investigation of
the formation and trajectories of single drops
in a rotating fluid.The results are independent
of the extractor type.Optimum working conditions
were found at maximum speed of rotation,combined
throughput of about 80% of the flooding limit
and a location of the principle interface
according to system properties between 20% and
80% of maximum backpressure.

INTRODUCTION

Centrifugal extractors are commonly used in systems,which have
a low density difference,a strong tendency to emulsify or a
short contact time requirement,in any case the high throughput,
small hold-up and small space requirement is advantegeous.
One of the best known centrifugal extractors is of the Podbiel
niak type,a cutaway of which is shown in figure 1 /1/. Both
phases are fed through the shaft,the light phase enters the
extractor at the periphery,the heavy at the center and they pass
countercurrently through a contacting zone,which exists for ex
ample of several perforated cylinders,other rnixinq elements are
possible.In this zone both phases are thoroughly mixed and se
parated several times to give optimum mass transfer.Both phases
are dispersed and continuous,depending on radial displacement
and the location of the principle interface.In a subsequent
calming zone both phases are cleared and leave the extractor
through the shaft.Details of various constructions and several
applications in the chemical and pharmaceutical industry are
found in literature /2 to 5/.Some integral data exist on flui<l
dynamic behaviour and mass transfer,but for a reasonable cal
culation an exact investigation of the fluid movement inside
the extractor is neccessary.As a first step,the volumes of
single drops,which are formed at a nozzle in a centrifugal

1

field and the motion of these drops in an extractor model with
out internal fittings were investigated /6/,the results applied
to industrial equipment and tested in a Podbielniak A1 pilot
extractor.

c§Q\--:
MECHANICAL
SEALS

SMALL
ASCOTUBE
'"'---oRAIN

BASE

FIG.

1

Cutaway of a Podbielniak centrifugal extractor

EXPERIMENTAL PROCEDURE AND SIGNIFICANCE
Figure 2 shows a cross section of the extractor model we used
for single drop measurements.It consists of a cylindrical cham
ber,60 cm in diameter,rotating around a vertical axis.The feed
of the heavy and light phases is through the shaft.Starting
experiments,the model was fille� with the light phase,which was
the continuous one;the heavy,disperse phase enters through a va
riable nozzle system near the center and is driven to the peri
phery by centrifugal force,there it leaves through a special
outlet tube.Drop formation and trajectories were filmed with a
Hycam high speed camera,the films gave informations on drop
volumes,radial and acimutal displacement and velocities.Details
of experimental procedure are qiven elsewhere /7/.
The results of this experiments were used to test the theoreti
cal considerations given below,their application to industrial
equipment was tested in a Podbielniak Al extractor for the sys
tem Tolucne-(Acetone-)water with and without mass transfer.The
flowsheet is given in figure 3.Additional data from literature
were tested too,the parnmeter variation is given below.

o, s ="a/Ve =

2
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Cross section of the model
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Flow sheet of Pod A1 tests
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A typical result of this measurements is given in figure 4,here
the number of theoretical plates,calculated by the McCabe-Thiele
diagram is given against back pressure p110 = p110·- phlo for
three different speeds of rotation and five different through
puts.
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FIG. 4
Number of theoretical plates depending on backpressure,speed
and throughput for a Pod A1,system Toluene-Acetone-water.
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Flooding point diagram for the measurements given in FIG. 4.
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The feed ratio was 1:1 in all cases.Fig.5 gives the correspon
ding flooding point diagram.Some conclusions can be drawn from
this:
1) n
with increasing speed
rh increases
with increasing throuqhput
2) tnere
is an optimum n
th
3) there is an optimum baekpressure
4) with increasing speed maximum throuohput increases

These results of our own are supported by literature /4,5,8,9/,
some rules of thumb can be given from that for operating condi.
tions of a centrifugal extractor :
1) run highest speed
2) optimum combined throughput is about 80% maximum throughput
3) optimun• backprcssure must be tested for each systern,it should
be between 20% and 801 of maximum backpressurc.

Some further reasons for this and the calculation procedure is
given below.

THEORY
The flooding point diagram exists of three different limits,as
shown in figure 5.Two of them,the maximum and minimum backpres
sure can be calculated from a simple pressure balance /3,7/,
the result is
Pllo =

W

2 r 2 I::, p/2
1

where r is the location of the principle interface,where both
phases 1are separated.Floodino occurs,if the principle inter
face comes to the llo-tube or the hlo-tube respectively,that
means,we can calculate these limits by
1)

2)

=

r0
-· w 2 r I::, p/2
P110
0
rI = r 3
-- w 2 r23 I::, p /2
P110
rI

(!lo-tube location)
(1)

(hlo-tube location)
( 2)

In any case the principle interface is not a sharp one,drops
must coalesce and a dispersion layer of a certain thickness
depending on system properties and operation conditions will
occur.Therefore a security limit of about 201 maximum back
pressure should not be execded.lf flooding occurs and backpres
sure can not be changed,then a change in spee<l will help.For
flooding in the hlo-tube increased speed will help,for floodinQ
5

in the llo-tube deer.eased speed will force the principle inter
face back into the contacting zone.
The third flooding limit can not be qiven that easy,here we must
know,what happens inside the extractor.Starting from observa
tions of single drops described before,we can calculate the tra
jectory of a drop by solvinq the equation of motion,which is
given by two coupled differential equ�tions of second order /6/

..

·
2
mr = mr ( w - tp ) 2 - w rV
P pc
..
mr tp = -2mr(w -4)) - ctp r4)

- C

r

(3)

For the calculation of flooding points only the radial movement
is interesting,here a solution is given by
r ( t)

= r

exp( i\

1

t)

( 4)

where r 1 is the starting point of a single drop,here the hli
tube location and i\ is given by
i\ =

C
--+

( 5)

2m

The given solution (4) and (5) is only a qood approximation,in
cluding some physical reasonable assumptions /7/.The drag in
equation (5) is given by
( 6)

In counter.current flow flooding occurs at
- u/(1-E)
C

that means
= V

c,max

/ ( 2 TI

rb( 1 - E ) )

From this it follows,that flooding occurs at the minimum pos
sible radius,the radius of the hli-tube,that means
V c,max

=

2n r 2
hli b(1-

6

E)

i\ IE

(7)
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The hold up E and the velocity ratio w 00 /w
consider the fact,
that in industrial equipment swarms of drop� 1 exist,which influ
ence one another.This terms can be calculated from system pro
perties and flow ratio,as Pilhofer has shown /11/.For flooding
conditions we get
vc/vd
v ;vd
• C �
Vc/Vd

= 1
w re 1/w oo = 0,5
= 2
- QI 45
wrel/wco
= o, 5 w /w = 0,55
rel ro

E
E
E

=

-

=

0,3

0,35
0, 25

for the feed ratios we have t.ested nearly independent of system
properties.

Drop formation in centrifugal extractors is by atomization as
Todd /1/ has shown,he found experimentally a typical drop size
of below 30µ .Recalculation of flooding point diagrams from
literature and our own led us to the empirical equation /10/

.

423

.

V +V

= -....---_�_-_-_-_-_-_- -a-. cV w / ( 1 /s)

vd

( 8)

for drop size at flooding.Recalculatinq the system Todd has used
we get a drop size of 26, 7 µ in good aqreement with the ex per i
mental value.Now we are able to calculate the third flooding
limit,using equations (4) to (8).Usina equations (1) and (2)
additionally,we can calculate the total floodinq µoint diagram.
Typical examples are given in fiqures 6 and 7.Thc solid lines
are measured ones,the dotted lines are calculated by this theory
the agreement is sufficiently well,more examples are given else
where /10/.The drop size in industrial equipment is not unique,
equation {8) gives the diameter of a medium drop,thal means,
there is a distribution in drop size.Therefore there is no sharp
limit in maximum throughput,coming near to this value more and
more drops will go with the continuous phase and thereby dete
riorate the equipment efficiency.Typical measurements of this
behaviour are given in figure 4,points x and O .As can be seen
from the corresponding figure 5 these probs were taken near
maximum throughput.Again as a rule of thumb the extractor should
be run at 80% of maximum throughput,because mass transfer and
throughput are optimal near this point.

SUMMARY

Measurements of mass transfer in a Pod A1 pilot extractor with
the system Toluene-(Acetone-)water with and without mass trans
fer led to a discussion of the influence of fluiddynamics on
efficiency of a centrifugal extractor.A reasonable understanding
7

of the fluiddynarnics of a centrifuqal extractor starts with

Pu/1 rf Pa
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FIG. 6

Flooding point diagram for a Pod Al pilot extractor for the
system Toluene-water.Solid lines - measured,dotted lines calculated by this theory.
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50

FIG. 7

1(1)

150
� /1/h

Flooding point diagram for a Pod Al pilot extractor for the
system Xylene-water.Solid lines - measured,dotted lines calculated by this theory /9/.
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the investigation of the behaviour of single drops.By that
flooding point diagrams can be calculated from equations (1)
and (2) by a simple pressure balance and the set of equations
(4) to (8).0ptimum conditions for operation can be given by
rules of thumb.

NOTATION

b
C

m
nth
p
r
t
u
E

'Tl
p
(j

w

rotor width
Constant
mass
number of theoretical plates
pressure
radius
time
superficial velocity
volume
throughput
hold up
viscosity
density
interfac�al tension
speed

cm
g

Pa
cm
s
cm1s
cm3
cm /s
Pas
g/cm 3
N/m
1/s

Indices
C

d
hli
hlo
I
lli
llo
max
p
rel
0-3
00

continuous
disperse
heavy liquid in
heavy liquid out
principle Interface
light liquid in
light liquid out
maximum
particle
relative
special locations
single particle for t __. co
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DROP SIZE DISTRIBUTIONS IN A SIEVED PLATE PULSED COLUMN
INFLUENCE OF BREAK-UP MECHANISM
PAKDEE PATRAKORN S- ,MURATET G.,CASAMATTA G.
INSTITUT DU GENIE CHIMIQUE
Chemin de la Loge
31078 TOULOUSE CEDEX
FRANCE
Extensive studies have been carried out in our laboratory upon perfor
ated plate pulsed columns. Experimental results have been interpreted by
deriving the equation of the MIYAUCHI model.
Some revealing discrepancies are pointed out between theory and
experiments. The main reason is that the dispersed phase cannot be regarded
as a whole being submitted to overall back mixing, but it does actually
consist of drops of different diameters, each of them having it's own velo
city and undergoing rupture and coalescence.
Therefore we propose a new mathematical model taking in account foward
mixing due to drop size distribution and, rupture and coalescence.
In this paper the mathematical equations are derived. The experimental
results involved to validate our model having been carried out in the field
of low hold-ups, the described equations do not contain coalescence terms.
The following is assumed :
- the classical piston-diffusion model is adapted for the continuous phase
flow
- each drop shows a relative velocity towards the continuous phase and
undergoes the same back mixing as the continuous phase
- the relative velocity of drops is derived from the terminal velocity of
unique drops in the actual flowing conditions.
Numerical solution of the continuous equations of the dispersed phase
flow has been achieved by deriving a discrete model. The chosen technique,
i.e., counter-current stages with back flow model, affords a second order
approach of the continuous equations.
Hydrodynamic diffusivities have been assumed to be equal to the
formerly obtained values. The relative velocities and a simple rupture
model have been fitted to experimental data. Accuracy between theory and
experimental results has been checked by comparing hold-up profiles and drop
size distribution profiles.
A satisfactory agreement is pointed out and the validity of the model
is claimed.
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MIXING INDEX AS A PERFORMANCE INDICATOR OF PUMP-MIX TYPE
MIXERS ON CONTINUOUS FLOW SYSTEMS
John Roberts and Jennifer McGee
Department of Chemical Engineering
The University of Newcastle
New South Wales, 2308
Australia
ABSTRACT
Optimisation of mixer performance is constrained by
the need to avoid carryover of fine non-settling droplets
when operating at the relatively high impeller speeds re
quired to achieve mass transfer rates and reduce phase
inversion phenomena. Disperse phase hold-up is a measure
of the degree of phase mixing actually taking place in
continuous flow mixers, and as such, it is an important
process variable.
A correlation procedure is described for determining
disperse phase hold-up and an associated mixing index.
For single stage laboratory and pilot pump-mix units oper
ating with acidified copper sulphate/kerosene, it was
found that the mixing index was much greater for aqueous
continuous than organic continuous operation. An added
turbine up the shaft considerably improved mixing index
for organic continuous operation.

INTRODUCTION

The disperse phase holdup in the mixer is defined as the volume fraction
¢D of the total liquid in the vessel which is disperse, under operating
conditions.
Whereas, in the case of batch operations, ¢D will be the same as the
volume fraction of dispersed liquid in the continuous flow mixers, ¢D will
only approach this fraction under conditions of vigorous agitation.
A mixing index or degree of "mixedness", Im has been defined (1) as
= I

m

or

I

(1)

m

where Q = volumetric flow rate through the mixer
v = net velocity through the mixer
subscripts C = continuous phase
D
disperse phase

For aqueous continuous systerns, Im ranges between O and 1.0 with¢:) going
between O and 0.5, while for organic continuous systems, Im ranges between 2
and 1.0 with ¢D going between 1 and 0.5.
Only a few investigations of this parameter have been reported for baf
fled mixer-continuous flow units (1,2). More recent publications have consi
dered the ambivalence region and phase inversion, both important aspects of
the overall performance of commercial mixers (3,4), but not the same pheno
mena as reported here.
At any set O/A ratio and flow rates, ¢D a Im for eqn (1), and Im is
1

dependent upon agitator power per unit volume or N 3 Di 2 , and phase properties.
where Di= impeller diameter (m)
N =impeller rotation (rps)

Importance of Mixer Holdup
(a) Power Required or N 3Df
With increasing equipment and electricity costs, it is important to be
able to accurately calculate agitator power requirements in commercial sized
units. The physical properties of mixture density and viscosity are needed
for continuous flow (not batch mix) systems (2), that is
p = Pc (l-¢D )
µ

= µ

C

where p =density
µ=viscosity

+ PD¢D

l + 1.5
µD¢D
[
µc+�

(2)

l

(3)

(b) Disperse Phase Residence Time
The reaction-extraction residence time is a necessary design criterion
and is defined as the average retention time of the disperse phase,
V

= ¢D.Q

(4)

D

where V= mixer volume.
(c) Phase Segregation
Phase segregation or stratification in small or large mixer units can be
a problem at power inputs as low as 0.15 Kw/m 3 (5), which means that the mixer
is not being utilised to its full extent and inferring that the mixing index
or "mixedness" is low.
(d) Sauter Mean Droplet Diameter and Surface Area
The volume surface mean droplet size can now be determined from direct
field measurements (6). It has been observed that Sauter mean diameter dsM,
increases with phase holdup (4,7). By definition the specific surface area
(a) is:-

a =

(5)

and this parameter also increases with phase holdup (8).
(e) Mass Transfer
Both mean droplet size and specific surface area are the principle con
trolling variables for extraction efficiency and mass transfer between phases.
The droplets generated in the mixer must be small, thereby providing large
surface area via eqn (5). However, the low end of the droplet size spectrum
cannot be too tiny, yielding droplets which will pass through the settler
as
gross entrainment.
In a given mixer-settler the extraction efficiency can also be signifi
cantly affected by varying which phase is continuous. The effect of phase
2
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continuity, direction of mass transfer on droplet size and degree of '�ixed
ness" in the mixer are important interdependent parameters (3).
(f) Droplet Coalescence
If there is lack of sufficient turbulence throughout the mixer, coales
cence of droplets will occur, resulting in partial stratification and poss
ible alteration of phase continuity.
Droplet coalescence rate increases markedly with increase in phase hold
up (8). While this phenomenon would be beneficial to the settler, it may
require improved "mixedness" in the mixer unit to obtain the maximum achiev
able mass transfer parameters noted previously. To minimise stratification,
implying f inal droplet coalescence, complete turnover of the mixer contents
is required. This allows the two phases to have multiple passes through the
impeller sphere of influence continually recreating a spectrum of droplet
sizes.

CORRELATING PROCEDURE
3

For mixing Index, Im as a function of power per unit volume or N Di 2
and mixer-impeller-baffles geometry the fraction unmixed (1-Im) is considered
to be the dependent variable in one of the original publications (2).
Assume

3 2
log(l - I) = A - B.N D.
m

(6)

l.

for a particular system geometry, with A being a mixer unit geometry cons
tant and B being a function of the two-phase physical chemistry properties
and phase velocities through the mixer. The dominant properties ar� density
difference and interfacial tension for these aqueous organic mixtures. For
constant flow rate through the mixer
(7)

100

where 6 = interfacial tension,1 3 .85 to
A,B: KERCSENE +AQUA CaCl2
C= KEROSENE•WATER
38.� dynes/cm
0: KEROSENE+ AQUA iso 13.JTANOL
�p = density difference, 180 to

l:

532 Kg/m 3

g
I

3

and A = 0, i.e. as N D� -+0,(1-I) + 1.0
l.

log (1 - I)+ 0
m
Equation (6) becomes log(l-I)

m

m

10

- - B.N 3 D?

z

UJ

3 2
or I = 1 - exp(-B.N D.)
m
l.

SYSTEM

LU
Cl.

frcrn mf(2) fig 8
- - - - - - - - ACTUAL
----- PREDICTED frcm eQJ 03)

0

t.

20

(8)

Figure 1 shows the predicted res
ults superimposed on the original
curves of Reference (2), with excellent
agreement.
Using this procedure, two similar
pump-mix continuous flow systems were
evaluated.

FIG. 1
Proposed Mixing Index Correlation
3

EXPERIMENTAL DETAILS AND RESULTS
The two pump-mix continuous flow systems used were a single-stage
laboratory-scale unit, and a larger pilot unit, of near equivalent geometry.
Both units and their operation have been previously described (9,10).
Shut-down phase hold-ups were determined for the range of operating
conditions given in the table below. For steady-state operation, the units
were run for l/2 to 3 ;4 hour, before instantaneous shut-down andisoJation
of the flow control valves.
Laboratory Unit

Variable

Pilot Unit

0. 2 65

Mixer Diameter (m)
(DT)
Impeller Diameter (m)
(D.)

0.800

0.150

0. 3 80

1

Power Input
N3n2 (m2s-3)

Total Phases
Flow (m 3 /m 2 .min)

3.5

0.05 - 0. 3

0.2
(constant)

27 - 28

Temperature ( ° C)

1:1,

Flow Ratios

- 25

2.8 - 17

1:2,

1: 3

15 - 25

either phase dispersed

Copper sulphate Solution at pH 1.5, 760 ppm C

Aqueous Phase

Escaid

Organic Phase

llO

u

2

+

m3M.rm.
�Q

99 9

0·3
0-2

g;5
99

0·1

AQUEOUS CONTINUOUS SYSTEM
0/A trom 1 1 to 1 '3

98

l'.)

�

A/O

-s 90

90

X

80

m3trif.rm

OOGANIC CONTINJOUS SYSTEM

�

95

fr001 1 ' 1 to 1 ' 3

0·3

80
70
60
50

..... t.O
30

30-

a..

20
10

20
10

54------,.----�-�--,-----�
t.

G

8

10

20

FIG. 2
Aqueous Continuous Correlation
Laboratory Unit

5-+------.----,.---..--........----�
2

4

6

8

10

20

FIG. 3
Organic Continuous Correlation
Laboratory Unit
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The equation used to satisfactorily correlate the data was
Aqueous Continuous:
Organic Continuous:

R-n (1 - I )
m

A

m

A

in (I

3 2
C. N D.
i

C.N D�
i
3
noting that as N n?i -+ 0 , Im -+ 2, then (Im - 1) -+ 1 where I I
m
and as N3D2 -+ , I -+ 1, then (I - 1) -+ 0
m
m
i
in conjunction with eqn (1) for known Qc, QD and <Pn;
- 1)

( 9)
(10)

3

I

- 1

00

where C = function total flow rate (aqueous+ organic phases)
assumed to be of form C = m (LQ)n, with m,n being equipment coefficients.
Figures2, 3 show the spread of data with fitted correlations for aqueous con
tinuous and organic continuous systems, for the range of conditions given.
The correlating equations proposed are:-

Aqueous Continuous

Im = 100 (1-1.400 exp(-

0 .65 3

(LQ) •
0

correlation coefficient r =

Probable error in I

Ill

m

=

100 (1 + exp (-0.263 (LQ) ·
0

correlation coefficient r =
r

Probable error in I

m

i

0 .998

N = 2 3 data

r
= 0.509@ 95% confidence level
critical
= ± 1.2 percent

Organic Continuous
I

276 3
.N D7)) percent

=

558

percent
• N D7))
i
3

N = 14 data

0.74

critical

=

0 .532@

± 15 percent.

95% confidence level

It is interesting to note that for either phase dispersed, the mixing
index is independent of phase ratio, but dependent only on total phases flow
rate and N 3 D? or power per unit volume.
i

Laboratory Unit
Effect of Second Impeller on Shaft

An added investigation was the effect of a Rushton type flat-bladed
turbine mounted at various relative positions up the shaft from the pump-mix
impeller. Figure 4 shows the general trend at constant N 3 Dt, At the 2/3
shaft position, air ingestion and extra turbulence could not be tolerated in
a practical situation. However, the improvement in mixing index is consid
erable for the organic continuous system.
Figure 5 indicates the improvement obtained with increase in N 3 D�, for
the organic continuous condition for the case of added turbine half-w�y up
the shaft. Im comparing Figures 2,5 it can be seen that there is little im
provement in mixing index for the aqueous continuous system. The type of
upper turbine seems to be important, in as much as flat blades give better
performance than an angled blade turbine, the trend improving with position
up the shaft as shown in Figure 4.

5

99·99

FLAT BLADED TURBINE
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9950
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95
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GS 90
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Pilot Mixer Unit
An added investigation was the effect of (a) impeller clearance from the
inlet-base plate, (b) a Rushton turbine impeller mounted half way up the
shaft from the pump-mix impeller.
Figures 6,7 show the spread of data for both aqueous and organic phase
continuous systems. The scatter is considerable compared to the better con
trolled conditions of the laboratory unit. However, for either phase disper
sed, the laboratory mixer and larger pilot unit have similar performance
relative to N3o?.
As the imp�ller clearance is increased, shown in Figures 8,9, the mixing
index improves-for either system; more so for the organic continuous runs at
higher N3Dt. This general finding has been qualitatively reported in inves
tigations with
Power Gas type mixers. (5)
The addition of a Rushton turbine to the midsection of the shaft does
not alter performance in the aqueous continuous S)'Stem.
For the organic continuous runs, however, it is quite clear that there
is a considerable improvement in "mixedness" or mixing index. The addition
of the extra turbine evidently widens the "sphere of influence" of the mixing
zone for which the mixing index Im is a simple direct measure of this effect.
DISCUSSION
In generally comparing the aqueous and organic continuous systems,with
varying N3of, it can be seen that the 'lqueous continuous has a much higher
mixing index or better "mixedness" than the organic continuous system, for
the same total flow rate and N3oi. This could partly explain why an organic
continuous dispersion in the settler is very much smaller in volume. For
g3.99

99
98

ti·
:
,
:
:
ill ill

95

95

�9
995
..§
X

w

�

gJ so
99
98

90

�

80
�
� 70
::E
.,_ 60
w
w

so -

�

AQUEOUS CONTINUOJS sYSTEM
0/A 1 1
�Q O 1 m3hn2rrin

40 30

w
a..

20

10

90

80
�
�
70
�
z-! 60

L'>

z

mcw,..i1c COOINUOJS SYSTEM
AJO 11
�Q 01 ��m,n

so

40
30

20
0

Zi
ITi

020

10 --1----,,-----,----.---..---.--�
0
&,'
020
040

040

IMPELLER CLEARANCE A BOVE BASEPLA TE

IMPELLER CLEARANCE ABOJE BASEPLAT E

FIG. 9
Impeller Clearance-Organic Cont.
Pilot Unit

FIG. 8
Impeller Clearance-Aqueous Cont.
Pilot Unit
7

.-.
• f.1:>rP.
00q1n

example , see Figures
I
and

m

=

2,3,

at N"3D'2i

5.6 m 2 "'.,- 3 and �Q = 0.2 m3 1 w·,:..min,
1

87 percent in the aqueous continuous

I'= 45 percent in the organic continuous system.
m

This could be inferred to mean that 1 3 percent of the dispersion had
already coalesced in the aqueous continuous system, but 55 percent had coal
esced in the organic continuous mixer unit prior to flowing through the pic
ket fence into the settler.
The other important comparison is in attempting to achieve the same
mixing index for both systems. Again, using the same example as before,
N3 D! = 5.6 m2 s- 3 aqueous continuous, Im = 87 percent; the organic contin
uous system would need to run at N 3Di � 19 or greater than three times_ the
power requirement of the former.
By adding a Rushton turbine to the shaft; the needed N 3 Di � 11 or about
twice the power required as before.
The final consideration is the effect of improvement of "mixedness" on
stage efficiency and mass transfer rate. For a fixed Di/I>r,
mass transfet
calculations have provided the following table

Parameter

Stage Efficiency %

INFLUENCE OF MIXING INDEX
Maximum Mixing Index (I )
m
0.75
0.90
0.95

Mass Transfer Rate N, kg/m 3 .min.
Total Operating Cost, $/min
For

D
i
DT

= 0.40;

D = 1.0 m.'
T

87.9

88.9

89. 3

0.049 3

0.0488

0.0487

11.9

3 2

N D
i

13 . 3

1 3.7

= 5 m 2 s- 3

Stage efficiencies are marginally improved and operating costs are
slightly lcr�er; however the mass transfer rate is considerable enhanced.
Thus improving the "mixedness" gives more profitable metal extraction at
lower overall running cost.
CONCLUSIONS
Mixer holdup is an important parameter in extraction economics for
determining or understanding:
(i)
(ii)
(iii)
(iv)
(v)

disperse phase residence time
phase segregation
Sauter mean droplet diameter and specific surface area
mass transfer rate
droplet coalescence.

(a) Disper3� phase holdup for either phbae dispersed can be adequately correlated by eqn (1)
Q
I
<P D =
m.
D
QD + QC
with I termed the mixing index.
m

8
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(b) The mixing index is i ndepende nt of flow ratios, but is dependen t on
N 3 D? and system properties.
i

(c) Mixing i ndex is well correlated by
I

and

m

= 1

exp(A

1 + exp(A

3

B.N D�) for aqueous conti nuous
i

3 2
C.N D.) for organic conti nuous systems.
i

(d) For constant system liquid properties, coefficie nts B, C in (c) above

are correlated by
B or C

=

m (EQ)n

wi�h m,n bei ng equipment coefficients.

(e) With constant flow rate i n on e con tinuous flow mixer assembly but vary
i ng liquid phase properties
4
o.49
B or Ca 1/ (o�p /3 )
providing a near perfect correlation.

3 2
(f) For a pump mix assembly at constant flow rates and N Di the mixing index
is much greater for an aqueous rather than organic continuous system.
(g) At higher N 3 Df, for either phase dispersed, a wide clearance between
baseplate and impeller improves mixing i ndex.

(h) A flat-bladed turbi ne about midsection on the shaft considerably
improves mixing index for organic continuous conditions with otherwise
constant conditions.
l.
2.
3.
4.
5.
6.
7.
8.
9.
10.
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PUMP MIX MIXER-SETTLERS

E. Barnea, D.Meyer, S. Wahrmann
I.M.I. Institute for Research &
Development,

Haifa, Israel
ABSTRACT
A logical method of pump-mix design has been developed,
based on rearrangement of the classical parameters into
dimensionless groups. The design method permits experi
mental investigation of parameters on a suitably small
scale, and selection of the optimum parameter assembly
for a particular application.

1.

INTRODUCTION

The design of mixing and pumping equipment has been based on practical
considerations, including:
mass transfer considerations, namely a close approach to equilibrium
narrow residence time distribution, high turndown ratio, low response
time.
effect on phase separation, including maximum droplet size on a narrow
drop size distribution.
IMI has devoted much effort to the development of high throughput contacting
equipment based on the concept of hydraulic independence between mixer and
settler and between adjacent units.
Two types of pumping equipment have been evolved - the axial pump and the
turbine pump; these have been described previously (1,2).
The conflicting demands on a pump-mix unit, which may be summarized as
generation of sufficient surface for efficient mass transfer without impair
ing phase separation, necessitate the formulation of a logical, empirically
based design procedure supported by the generation of the necessary experi
mental data. In this paper the principles for design, and scale-up and the
experimental set-up are described.
2.

THE PUMP MIX UNITS
The basic concept for mixer design is absolute hydraulic independence

1

between mixer and settler and between adjacent units, in order to eliminate
backmixing and to prevent backflow on plant shut-down. The design must also
take limitations of materials of construction into account as one or both
of the fluids handled may require special materials in order to ensure
integrity of equipment.
The contradictory demands (1) have led IMI to develop two design solutions
namely:
the axial pump mix unit
the turbine pump mix unit
In both axial and turbine pumps, the m1x1ng and pumping effects are obtained
from a single drive unit. The shapes of rotating parts have not been design
ed to generate flow lines of minimum turbulence; However, considering the
absolute velocity along the blades, the relatively small sacrifice in
efficiency is an acceptable price to pay for the ease of fabrication.
Cavitation is not a problem at the speeds normally encountered.
2.1. The Axial Pump Mix
This consists of an axial flow impeller housed in a draft tube,
equipped with straightening vanes located upstream and downstream
of the impeller (FIG.l).Mechanical considerations fix the diameter
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of pumping and 'mixing impeller while mass transfer and phase
separation determine the speed range. The design solution shows
acceptable mechanical efficiency at low speeds. The unit is design
ed for easy removal for maintenance of the rotating assembly. The
surfaces of both impeller and guide vanes hav� simple curvatures
and the clearance between the impeller vanes and the draft tube is
small. The axial unit is characterised by a small high shear mixing
zone and relatively large recoalescence zone.
The unit thus provides an ideal solution where mass transfer is
easy and phase separation is relatively insensitive to mixing
parameters and dispersion type.
Its main advantages are simplicity, low cost and insensitivity to
operating conditions. Limitations are liability to breakage when
constructed in synthetic materials if solid material is present,
broad residence time distribution, a need for accurate balancing
and an upper size and capacity limit.
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2.2. The Turbine Pump Mix

HIXe�

h

This consists of a curved blade
turbine of large diameter relative to
the vessel (FIG.2). It is equipped
with a stator which forces a recircu
lation within the prnnp, which is many
times the nett throughput.The unit
features high mass transfer efficiency
ensuring maximum exploitation of the
mixer volrnne and by an intensive coa
lescence-redispersion cycle induced
by recirculation. Narrow clearances
are avoided, reducing the sensitivity
of the presence of solids. Low speeds
of rotation are employed for sensitive
liquid-liquid systems and for produc
tion of large drop size with a narrow
size distribution. The turbine pump
is designed for large throughputs,
efficiency of mass transfer and opti
mal dispersion control.
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3. EXPERIMENTAL SET-UP

An experimental set-up for testing both
units is shown in FIG.3.
Prototypes are tested under varying
• sr11ro• .,__.ou
J .,,Nr,uss
conditions of flow, heat and rotational
speed. Absorbed power is also measured. Data obtained are displayed on the
classical head vs throughput, power vs throughput curves, and are converted
for use in the design correlations.
The unit has been designed for pumping impellers of 100-150 mm (axial
pump) and up to 450 mm diameter (turbine pump). It permits throughputs of
0-40 m 3 /hr, heads of 0-100 cm and rotational speeds up to 1000 rpm. Sizing
of the test unit was defined as a compromise between minimizing scale-up
factors and avoiding excessive test equipment size •
b
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For special cases, or where a design may fall close to the boundaries of the
data base of the design correlations, a full scale prototype may be built.
4.

DESIGN BASIS

4.1.

Principles for Design Procedure
The pump, fully geometrically described, (data base for identifi
cation) is tested in the prototype test unit. The performance of
rotary pumps depends upon a ntnnber of dimensional parameters, all
of which are closely interconnected. Unfortunately the classical
description of. pump characteristics i.e. head developed against
flow and power absorbed against flow at varying speeds does not
yield more than an intuitive picture of the effect of design para
meters on performance, and scale-up based on these characteristics
is also intuitive to a great extent.
Analysis o results show that the classical proportionalities i.e.
Qa N, H aN , and P aN 3 apply. Dimensional analysis shows that the
following relationships can be derived:

2

Q a
gH a
P a
If full geometrical similitude is assumed, the ptnnp characteristics
can now be described as two dimensionless spaces whet.ch can be define
ed as plots of gHN-2D-2 against QW 1 D-3 and pQHP-1 against QN-1D-3•
These dimensionless characteristics have been plotted for both
axial and turbine pumps of different sizes (FIGS. 4,5,6)
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Analysis of experimental data shows that the use of such plots is valid
for a large range of rotational speeds.
4.2.

Analysis of Results

For the turbine pump, FIG.4 indicates that there is a moderate
dependence of pumping efficiency and head developed on the pump through
put which permits using fixed speed pumps. The apparent low efficiencies
are a result of the high recirculation rates required for mass transfer.

For the axial pump mix, FIG.5 shows two regions of sharp dependence of
head on throughput with an instable region between them. Operation in
this region is avoided. The influence of an upthrust mixer impeller on
the pumping efficiency is also evident from the characteristics drawn
in FIG.6.

5

4.3. Application of the Design Procedure
The apv�ication of the procedure described above can now be
formulated. The use of the non-dimensional analysis permits
derivation of mathematical expressions for the characteristics.
Polynominal fits have generally been shown to be sufficient. The
use of mathematical correlations allows easy use of optimization
algorithms.

It has been found that highly significant statistical expressions
are obtained for each case and the mathematical expression can con
fidently be used for scale-up and optimization.
The procedure is used for several purposes.

4.3.1. Determination of the optimal impeller configuration. A
systematic study of different mixer geometries can now be carried
out using the test unit with various impellers. Valuable informa
tion then be found in order, for each application, to determine
the optimal impeller configuration. In FIGS. 7 and 8 the influence
of various parameters for a turbine pump soch as number of blades,
angle of attack, stator, etc., are shown.
.J,,·-=l·- --'1
-:-:,·::·.£:
,c·.·, ... ,..,,,,- : ..; :j. - 47

CU08

O.i'.',; -D.8,

OG/

A systematic study to determine the
parameters is being undertaken.
4.3.2. It is clear that the scale-up of a pump using the di
mensionless characteristics will only apply for cases with full
geometrical similitude. Several applications have been noted:
a)

Determine the operating point of a turbine with given head,
throughput and residence time.
This problem is obvious as throughput and residence time
define the diameter and only the operating speed has to be
found.
The efficiency of the pump is then given.

6
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For a given throughput and head find the optimal mixer.
The problem is then to maximize the efficiency and deter
mine the feasible diameter and speed. Such a problem
should also contain constraints on optimal operation for
mass transfer which complicates the solution.

A mathemathical approach (optimisation) is here advantageous.
Determine the operating conditions of a mixer for given through
put and head.

0.03

0.02.

Q/ND 3

·�--�---�-�- __ ...__ ___l___ __J_ --- _l ____l_--1.

Nomenclature
Q = volumetric fluid flow
N = rotational speed
= impeller diameter
H = pwnping head
= power absorbed
=
g
gravitational acceleration
p = fluid density

All quantities are expressed in dimensionally consistent units.
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ABSTRACT
A study has been made of the ext raction of copper f rom
acid solutions using a Sulzer static mixer and the
extractant PSlOO. Rate of extraction was measured as a
function of velocity and residence time. Phase inversion,
settler and entrainment characteristics were also studied.
Extraction performance was compared with predictions for
a continuous stirred tank on the basis of power consump
tion and residence time. The Sulzer mixer offers
considerable advantages under extraction conditions
of practical interest.

INTRODUCTION
For many years large scale mixer-settle rs have been used in hydrometal
lurgical applications. The most widely used mixer design is the pump-mix
type in which compromise is necessary between pumping and mixing require
ments. One aspect of mixer performance where improvement has been sought is
in extraction rate. This can be obtained by using longer residence times or
more agitation. Problems have also been experienced with phase stability
and high entrainment levels in large equipment.
Because of these disadvantages attention has been paid to the use of in
line mixers containing fixed mixing elements as an alternative to the agita
ted tank. The plug flow characteristic of the in-line mixer is theoretically
superior to the fully backmixed agitated tank for a homogeneous process
and if this is also the case for heterogeneous systems the size of an in
line mixer should be smaller than an agitated tank for the same duty.
In an agitated tank there is ample opportunity for coalescence and re
dispersion of the dispersed phase, thought to be a desirable process for
mass transfer. In an in-line mixer energy distribution is more uniform and
the opportunity for coalescence and redispersion seems less. Claims have
been made for better coalescence characteristics for the dispersion from
in-line mixers because of an assumed narrow drop size distribution. - The
evidence for these claims is not strong.

1

Although pump-mix equipment has been in use for a long time and the
design principles are well established there is little quantitative design
in formation available. For the in-line mixer the topic of pressure loss
is well understood and there have been several drop size studies. Data
have been p resented for empty pipes (1), the Kenics mixer (2,3) and the
Sulzer mixer (4). Streiff reports a cor relation for drop size in the
Sul.zer mixer :

a SID

-0 15
R�

=

(1)

and uses the Rosin-Rammler-Sperling equation to desc ribe drop size distribu
tion. Middleman (2) h as also studied drop size distribution for the Kenics
mixer. The influence of hold-up on drop size, in cont rast to agitated
tanks, has been reported to be slight(2,3). Tunison and Chapman(3) h ave
studied copper extraction using the Kenics mixer and the extractant Kelex
100 in xylene. They discuss the pr oblems encountered in using drop size
in the interp retation of r ate measurements. Merch uk, Shai and Wolf(S) have
also studied extraction using both Koch (under l icences f rom Sulzer) and
Kenics in-line mixe rs using the extractant LIX64N in an unspecified
kerosene. They compare the extr action performance and ene rgy requirements
of the in-line mixers with packed tube, empty tube and continuous agitated
tank data.
In the p resent paper an experimental study has been made of extraction
in ter ms of concentration and time,phase inversion and settler chara cterist
ics. Measurements have been made over a range of velocities and flow ratios
and comparisons made with the performance of an agitated tank including the
consideration of energy requirements.
EQUIPMENT
Stainless steel Sulzer mixing elements (type 4Y) were used in glass
tubes of 22mm diameter in lengths of o.Sm, l.Om and l.Sm. A range of
diameters were used for the inne r inlet tube, see figure 1, so that equal
inlet velocities for the two liquid phases could be obtained at flow ratios
of 1/1, 3/1 and 4/1 (0/A)
FIG.l
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A rectangular perspex settler was used to separate the dispersion. The 3001
feed tanks were medium density polyethylene and the centrifug al pumps had
gl ass filled polypropylene impellers and housing with magnetically coupled
ceramic spindles. Fittings and pipework were in stain less steel with some
Viton tubing and PTFE valve diaphrams and seals.
PHASE STABILITY
In the agitated tanks used in mixer-settler equipment it is possible
to operate with either aqueous or organic phase dispersed over a wide
range of flow ratios. It is likely that the extent of this ambivalent
region may be affected by equipment size, equipment design, mass transfer,
degree of turbulence and materials of construction but as yet the subject
is not well documented. However, since mass t ransfer rates, settler
co alescence characteristics and entrainment levels can be affected by which
phase is dispersed, some understanding of phase stability is required.
An aqueous stream of 2kg/m 3 H2S04 in de-ionized water (no copper) was
introduced to the mixer through a centrally located inlet tube, Fig.l. The
organic stream (no copper) of 10% by volume P5100 (Acorga) in the kerose ne
diluent Escaid 100 (Exxon) was introduced into the annulus around tbe
aqueous phase inlet tube. Each test was commenced at a flow r.atjo of
A/O=l/1 and at. a maximum flow rate available. This starting condition
always produced an organic drop dispersion. The organic flow r ate was then
sl owly increased and the aqueous flow rate simultaneously decreased,
keeping the total flow constant, until inversion occurred to give an
aqueous drop dispersion. The process was then reversed until once again
the organic phase became dispersed. The total flow was then reduced and
the expe rimental procedure repeated. Because these experiments by necessity
covered a range of flow ratios it was not possible to maintain equal velo
cities in the two liquids. 'I'o assess the effect of relative inlet velocities
the inlet pipe diameter was changed and the experiments repeated.
Early in the experiment.a], p:rograrmue it was found that aqueous dispersed
conditions were being favoured progressively as the equipment and liquids
aged. No difference in interfacial tension (0.015 to 0.016 N/m) was found
between fresh and aged liquids. As a further check the equipment was treat
ed with a Decon 90 solution and then washed with w ater to re move any organic
surface contaminants; the effect on performance was negligible. Reproducible
results were only obtained after the test liquids had been passed through
the mixer several times. Changes in the diameter of the central inlet tube
had no significant effect over a wide range of velocity ratio. In one
experiment the inlet conditions were reversed (organic phase in the centr al
tube) and it was notable that this condition favoured the aqueous dis
persed behaviour.'i'his behaviour was also favoured by increasing the mixer
length from o.sm to 1.sm.
A plot of phase stability charc:cteristics is given in Figure 2 showing
an upper region where the organic phase is a]ways dispersed and a lower
region where the aqueous phase is always dispersed. Unlike the agitated
tank there is no true ambivalence region but only a narrow band where both
types cf dispersion are formed. In this mode of operation slugs of opposite
phase continuity travel consecutively along the tube. This is an ill
defined operating condition likely to lead to the generation of very small
drops which may be entrained from the settler.
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FIG. 2
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Away from this region flow ratio and throughput determine which phase will
be dispersed in contrast to the agitated tank where start·up procedure
determines which phase will be dispersed in the aniliivalent region.
During mass transfer experiments (described in detail below) with an
aqueous phase containing 3kg/m3 Cu and 2kg/m3 H2so4 fed through the centre
tube it was this phase that was dispersed in all cases. The flow ratio was
in
varied from A/0 = o.82/1 to A/0 = 1.22/1 with velocities up to o.SOm/s
a mixer l.Om long. With an aqueous phase containing 5.12kg/m 3 Cu and
2kg/m3 H2S04 the phase d ispersed, although steady in any one experiment,
changed in an irregular manner from experiment to experiment. The flow
ratio was A/0 = 1/1 with a velocity of o.59m/s.
There are few data available on phase inversion in in-line mixers and
nothing which is directly comparable with the present work. Tunison and
Chapman (3), using Kelex 100 in xylene for the extraction of copper, found
that the Kenics mixer always gave organic drop dispersions over a wide range
of flow ratios for velocities up to o.19 m/s. Similarly Merchuk et. al. (5)
using LlX64N in ker osene obtained organic drop dispersions in Kenics and
Sulzer type mixing equipment. In both studies the predominance of organic
drop dispersions and aqueous continuity is likely to be the combined influ
ence of wetting properties and small equipment.
SETTLER PERFORMANCE
Measurements were made of dispersion band depth as a function of through
put of dispersed phase per unit horizontal settler area for mixer velocities
of o.307 m/s and o.504 m/s at a flow ratio of A/0 = 1/1. Dispersion band
depth was varied by changing the settler area. The aqueous and organic
streams used contained copper but had been previously equili.brated so no
mass transfer occurred during the tests. However, these measurements proved
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time consuming and a procedure was adopted where samples were taken at the
mixer exit in a measuring cylinder (2i) and the data obtained used to estimate
continuous settler performance (b).
FIG.3
COALESCENCE
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In the velocity range 0.394 m/s to 0.570 m/s the agreement between
measured and predicted data is good with little influence of velocity (Fig.3).
At 0.307 m/s, the dispersion bands were much thinner with more scatter and
less agreement with predicted values. Mixer length did not affect performance.
Batch tests were conducted with the agitated tank used for extraction
studies (950 rpm, P/v = 2 kW/m 3 ). Predictions from these data fall near the
predictions for the Sulzer mixer at 0.307 m/s.
ENTRAINMENT
In the operation of large scale settlers high levels of entrainment are
sometimes encountered and it has been demonstrated that the level of energy
input is an important factor (7). Thus a possible limit on operating velocity
with static mixers may be set by excessive entrainment. In this work a study
has been made of entrainment of the organic phase in the aqueous under condi
tions where the aqueous phase was dispersed. Equilibrated liquids were used
at a flow ratio of A/0 = 1/1 at velocities of 0.504 m/s and 0.705 m/s.

5

Samples of dispersion were collected according to a previously establi
shed procedure (6). The sampling procedure must also be consistent with
respect to the age of the sample since larger entrained drops are lost
progressively. The levels of entrainment recorded were low, 12 ppm at the
lower velocity and in the range 14 to 30 ppm at the higher velocity. In the
settler both phases were visually clear.
MASS TRANSFER
With slower mass transfer processes, as can be the case with copper
extraction, a degree of success has been achieved in predicting approach to
equilibrium in a continuously operated tank from batch studies at the same
scale using simple reactor theory. For the present in-line mixer programme
approach to equilibrium was studied as a function of velocity and residence
time. Short lengths of mixer tube were used and repeated passes employed to
give a range of residence times. The data were processed to give the
relationship between concentration, C, and its rate of change with time,
dC/dt, which avoids some end effect problems.
In all experiments the aqueous phase was introduced through the central
feed tube with the area ratio of the two inlet regions at 1.0. Tube lengths
of 0.5 m and 1.0 m were used and contact times per pass ranged from 0.846 s
to 3.54 s. Samples of dispersion were collected at the tube exit and, since
the aqueous phase was always dispersed, an electrostatic field was used to
accelerate coalescence. Without the use of electrostatic field the long
coalescence times cause problems due to the continuing mass transfer during
phase separation.
Since steady state operation is established within one minute at any
particular operating condition several velocities could be used in any one
run with the same feed streams. The products could be used as the feeds for
the next run, once again collecting data for a range of velocities. This
procedure produces discontinuities in the concentration versus residence time
plot but the data may be satisfactorily processed by determining dCA/dt as a
function of CA. A value of dCA/dt can be estimated from the inlet and outlet
concentrations and contact time for each pass:
C

A in

- C

lit

A out

(2)

The corresponding concentration value, CA' is also estimated from the average
of inlet and outlet concentrations. The equilibrium data are described by
the equation:
C
C
A
0
(3)
5 3 - C
3
.25
C
5
A
0
The effect of velocity was studied at a flow ratio of A/0 = 1/1� the
results are presented in terms of F liC /lit as a function of CA in Figure 4,
where a comparison of the total ratt ot copper mass transfer for various
velocities can be made. In all cases total mass transfer rate increased with
throughput. Similarly, the value of liCA/lit is increased and high total mass
transfer rates are not obtained at the expense of reduced approach to
equilibrium. A similar relationship was observed between extraction rate and
velocity by Merchuk et al (5). Figure 4 also includes data obtained with an
aqueous feed stream containing 5 kg/m 3 Cu, 2 Kg/m 3 H2S04 when the extraction
rate is much lower, indicating that the rate is at least partly chemically
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controlled. It may be important to note that there are variations in copper
concentration in the feed streams used by Merchuk et al (5) in the comparison
of various mixer types. Because of the differences in copper concentration
and equipment size it is difficult to make any direct comparisons between the
results of Merchuk or Tunison and the present work.
FIG.4
EFFECT OF VELOCITY ON EXTRACTION
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COMPARISON OF MASS TRANSFER IN THE SULZER IN-LINE MIXER AND AN AGITATED TANK
Batch agitated tank extraction tests were conducted using 3 kg/m 3 Cu and
2 Kg/m 3 H2S04 with 10% P5100 in Escaid 100. A square cross section tank
150 mm x 150 mm with two vertical side baffles was used with a liquid depth
of 150 mm. A six blade Rushton turbine of 51 mm diameter was run at 950 rpm.
Aqueous and organic dispersed conditions gave similar results.
TABLE 1
BATCH STIRRED TANK RESULTS AT A/0 = 1/1

0

P5100; 23.7 C,
%0 rpm

Ac,iueous dispersed

C kg/m 3
A

1 - E

t,s

1.08
0.55
0.30
0.19

0.340
0.158
0.072
0.034

11

20
30
45

Data processing was conducted in the same manner as used for the Sulzer mixer
with �CA/�t being determined as a function of CA. Estimates of continuous
mixer performance, assuming the same mixer size and impeller speed, were
determined from the relationship:
C

A in

- C

A out

out

(4)

The approach to equilibrium (E) may be calculated as a function of residence
time e.
7

=

E

C
- C
A in
A out
C
- CAe
A in

(5)

A comparison of the Sulzer and agitated tank mixers was then made on the
basis of the energy requirements per unit volume of dispersion at values of
E of 0.6 and 0.9. It was necessary to extrapolate the Sulzer mixer data for
the calculation at E = 0.9, interpolating between the lowest data point and
FA/:,CA/1:,t = 0 at CA = C Ae = 0.0':l kg/m 3 • The contact times were then calcula
ted graphically:
1
C
/:, A
(6)
t
!:.t
=

I

The corresponding energy requirements were determined (4):
p

f p LV 2
h c
2�

( 7)

The energy requirements for the agitated tank (8) were calculated using
Po = 5.0 (Table 2). At E = 0.6 the Sulzer mixer at 0.307 m/s offers a
marginal reduction (-18%) in residence time for a marginal increase (+26%) in
energy requirement; at 0.504 m/s there is a substantial reduction in
residence time (-73%) for a substantial increase in power (+86%). At E = 0.9
the predicted advantages of the Sulzer mixer are more obvious: a reduction in
residence time (-55%) and a reduction in energy requirement (-28%) at
0.307 m/s; and a large reduction in residence time (-83%) for a small increase
in energy requirement (+17%) at 0.504 m/s.
'l'ABLE 2
RESIDENCE TIME AND ENERGY REQUIREMENTS

Mixer 960 rpm
Sulzer 0.307 m/s
Sulzer 0. 504 m/s

E
Residence
time
s

0.6
Energy per
unit volume
kJ/m 3

17
14
4.6

34
43
t:i3

E
Residence
time
s
114
52
19

=

0.9
Energy per
unit volume
kJ/m 3
226
162
264

The preceding discussion refers to the solvent extraction of copper from
acid systems but the plug flow characteristics of the Sulzer static mixer
also offer a particular advantage if a separation can be made on a kinetic
basis. In the Caron Process for nickel extraction from lateritic ores an
ammoniacal leach solution containing nickel and copper is generated from
which copper can be extracted by hydroxyoximes. A process using two
continuous flow countercurrent mixer-settler stages has been able to reduce
aqueous phase copper concentration to 30 ppm. However, batch agitated tank
tests at the same phase ratio have shown that, while a concentration of less
that 5 ppm can be obtained after short contact times of the order of 15
seconds, at longer contact times the copper'taken up by the organic phase is
displaced by Ni giving aqueous phase copper concentrations higher than 80 ppm.
In separations of this type the narrow residence time distribution character
istics of the Sulzer mixer are preferable to the broader distribution of a
continuously operated agitated tank. Sulzer are currently designing a solvent
extraction plant for the above process.
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CONCLUSIONS
The Sulzer in-line mixer was shown to have suitable characteristics for
the extraction of copper from acid solutions using the reagent P51OO. The
mixer has phase inversion characteristics which differ from those of the
continuous stirred tank in that there is no ambivalent region. The aqueous
dispersed and organic dispersed regions are instead separated by a narrow
region in which double dispersions are generated. Mass transfer causes a
shift in this region and during tests some influence of ageing of liquids or
equipment was observed. Settler studies gave dispersion band characteristics
which, above a certain limit, were not influenced by energy input. Settler
performance was similar to that for conventional laboratory mixers using
similar power input per unit volume. Entrainment of organic in aqueous for
aqueous dispersed conditions was low, similar to the best results obtainable
in conventionai equipment. Mass transfer rate increased significantly with
velocity in spite of the reduced residence time in the fixed mixer length.
The mass transfer capacity compared very favourably with continuous agitated
tank performance estimated from batch tests. For a stage efficiency of 90%
it is predicted that the Sulzer mixer requires only one-sixth the residence
time required for a continuously operated tank with similar energy require
ments. Thus the theoretical advantages of plug flow mixing appear to have
been achieved without serious penalties in settler behaviour. In addition,
the narrow residence time distribution of the Sulzer mixer offers advanta
ges for separations which can be effected on a kinetic basis and benefit from
a precise contact time.
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NOMENCLATURE
C
D

concentration of copper

kg/m 3

hydraulic diameter

m

Dh
d

drop diameter

F

flow rate

E

fractional approach to equilibrium

f

friction factor

p

power consumption

L

Po

p

Reh

t

V

V

m

mixer diameter

m
m 3 /s

calculated mixer length for specific extraction

w

power number
pressure

V

N/m 2

pc Dh
Reynolds number � µ
c )
residence time in Sulzer mixer

s

volume

m3

velocity in Sulzer mixer

9

m/s

m

Weh

y
j.1

e
p

2
p V Dh
)
Weber nwnber
y
interfacial tension

( C

N/m

Ns/m 2

viscosity

residence time in agitaged tank

s

3
kg/m

density

Subscripts
A

in

aqueous phase

inlet

C

continuous phase

out

outlet

e

equilibriwn

0

organic phase

hydraulic diameter basis

sm

Sauter mean

h
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THE e£TTI.ER WITH LAMINAR COFRJGATED FILLI�

.J.M. Josa and A. Moral
Junta da Energia �clear

a>ain

Madrid,

Experimental work has been conducted in bench sea
le and in two contiruous mixers-settlers with a view':
to get infOimation on coalescence action of sloped tu
bes and plates, and on area req.iirments. Three ura
nium extraction systems, Amex, 02T and Purex have been
studied. The data allow to �are the behaviour of
these systms. A very effective, s:i.�le, and cheap in
ternal co?nJgated filling has been developed. The
settlers with it ar� smaller than a conventional uni. t.
Entrainment losses have been also redJced. Oes:i.gn cri
teria_ and data for industrial settlers are given.

The ndx�settler is the most current equipment for the liquid-liquid
extraction in the hydrometallurgical operations. It has the advantage of a
direct scale-up, besides its constr\Jction and operation is easy, and nol'
mally, few theorical steps are needed to obtain an efficient operation in
the most i,q:Jortant applications (o.,, u, et:c. ). Although it is n�cessary to
remark some inconvenients: the high space req.iirement, the high investment,
and above all the great inventory of valuable liq.aids, as the organic phase
or as the own metal present.
A mix�settler step is cocq:Josed by a mixer and a settler. The first
gets the dispersion of one phase in the other, in order to obtain the mate
rial transfer
and to reach the eq.iilibrium. The settler has to separa
te the dispersion in their phases, organic end aq.ierus, and to avoid the en
trainalents of either phase in the other. In the settler we can distirgui!ti
three zones : the dispersion band, where the coalescence of the di�ersed
drops is carried rut, the clear organic zone in which the aquerus entrainment is avoided, and the clear aqJerus zone where
is possible the separa
tion of the· last organic droplets.
The working conditions of the mixer effect the good performance of the
settler, it s size req.,iremaits and the entraiments. It is uSJal to work
with organic contiruous dispersions in order to avoid the entrainments of

1

organic phase, and also use of lowest unit power ( 1) compatible with the ne
There is also a trend towards the f eS:
cessities of material transfer.
ding of bigger dispersion drops into the settler (2).
the area req.Jirements, in order
The settler is dimensioned based on
to avoid entraiments. In the cc;,pper inti.ls� is very normal a dispersion
specific flow of 2 gal.min-1.ft-2 (82 l.min-1.m-2). As a matter of fact the
active zone is the dispersion band and the arulsion retained therein. The
dispersion band thickness '6,H) is related with the specific flow ( Q/ A) by
the formala '6.H • K (Q/ A)n.
For the settler design there are two tendencies, one of them (3,4) tri
es the wor1< with simple eq.lipments and a thin dispersion band, and the other
one ( 5,6, ?) wor1<s with a depth band and especially with accesories (laminar
packages, chemineys, baffles, etc.) to increase the coalescence area and to
improve the evacuation of the separated phases. This last tendency prow
ess most compact BQ.Jipments, with small inventory, al though sanetimes the
BQ.Jipment is more expensive and difficult to maintain we to the sophistica
tion introwced in it (a). Acwally, it is necessary to remark the i!T',)or:
tance of this wor1<ing line which worries a lot engineers, and to which we
adhere too. For several years we are trying to haf"dle together the aspects
of simplicity, efficiency, and cost in the gravitational settler design.
Table 1.

SBps!'lltion time (sac.) in batch studies.
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In this c001111Jnication are presented the reSJlts obtained from the three
uranium systems :
a)

Amax

.

•

b) 021'
••
c) Purex

.

terciary amine + decanol, kerosene, solution of
eulf'uri.c acid.
028-FA + TCPO, kerosene, phosphoric acid •
Ta:>, kerosene, solution of nitric acid.

sane of these tests have been carried out in a continuous circuit and
others in bench scale. The reSJlts permit the design of settlers COl1'1act,
effective, stable, with easy constructia, and low cost.
BATCH STUDIES

With these studies, we
have tried to resolve the influence of the decantor
device ( vertical or al.oped),
and moreover, to C011'1are
three systems used in the
uranium incl.I stry so that the experience can be axten
dad frcn one to another.

PEIICENTAGE OF PHASE SEPARATION AT I SECONOS, ACCUMIA..ATED.
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times, until the total pha
se separation . is obtained.

02T
400
TIME, SK.

The following varia
bles and levels have been
considered,

!cuRVEi
I SLOPE f

1

I

2

90" I �-30'

I

3

! 45•30'

4
31•45' 1

PUREX
100

2

FIG. 1 ,- BATCH SEPARATION PROFILES.
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TIME,MC
Wo

EMULSIONS
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Tabla 2.

Signit':Lcant at't'acta t'or tha batch -,aratian twa•
Oagran Et't'act Probabi.
ecurca of' wr1anca
at'
lity9a0
t'Nadaa
paint
F, Extncticn systa, batwa, A111U and 02T

A, �-laian
thid<nua
e, � ...i. typa

1,81
4,03
1, 12
c, Bat-, gradient:
D, � tuba t'oni
1,?1
F, � llld:r.-,ata ?,42
8,06
G, � slap•
Interaction N3
3,31
4,21
Intaracticn NJ
Int-1:ian DE
1,12
Intmw:tia'I IF
1, 14
Interaction NJ
6,85
4,80
Interaction BB
Intaractian FG
1,32
Flaaici.aal (3-?} - E,qi.
arrcr
3,25

5
5

4
4
4

5
4
4

4
5
4
4
4
(3)

1
1
1
1
1
1
1
1
1
1
1
1
1

?5,3
-112,0
- 18,?
Z3,1
48,1
-1!!1,0
- 32,2
36,3
- 18,B
!!I,?
- 46,3
38,8
- al,3

!

-

� EM.I.SICN

0,001
0,001
0,1

2

02T

AMEX
PIIIEX

:,

o,os

Ow

0,001
0,001
0,005
0,001
0,1
0,001
0,001
0,001
0,06

S"t'5TEM

02T
N/0

�

f'UE(

....

.J

0

99

F, Extnlctian -,ata, b9t--. � and Pura
A,� ..Usion
1,31 5
t:hidcMaa
8, Bat-1 ...1. typa
3,SD 5
c, � gradient
a, 13 3
o, 8atwa1 tuba t'ani 2,21 4
F, Bat-,aKtr.-,sta 3,25 4
5,02 5
8, eat.an alapa
2,?6 4
Intaracticn N3
?,a> 3
Int-tion II)
Intaniction BE
6,90 3
5,51 3
Intaracticn DE
Interaction N3
4,06 4
Intaractian 113
3,85 4
6,61 3
Intaniction 08
Interaction FG
5,51 3
Aasitllal ( 3-?} • E,cp,
llr'r'OI'
2,00 (3)

1
1
1
1
1
1
1
1
1
1
1
1
1
1

63,?
-104,0
- 15,9
- 216,2
- 31,9
-125,0
- 29, 4

15,0

14,?

13, 1

- 35,6

34,?
14,4
13, 1

0,001
0,001

o,os

0,005
0,001
0,001
0,001
o, 1
0,1
o, 1
0,001
0,001
0,1
0,1

10

!50
9

SLOPE,.__

FlG.2:-TIME OF PHASE SEPARATION IN
BATCH TESTS.

99

(•)(1) 10 8)CIJO,-,tial

A,
B,

c,
o,

enulsion thickness, or tube length, mm
enulsion type
mixing gradient, V/V
(actually 00, 50 and 40 "/o of org. phase)
tube fonn (and material)

E, tube diameter or side, mm
F, extraction system
G, tube angle with the horizontal

'ZJS

and

500

Wo and Ow
0 and 0,5

(plexiglas) and
cylindrical (glass)
20 and 40
Amax, 02T, Purex
90° , ffi030' , 4So30' ,
31045'
SCJJarB

es
In the Figure 1 are shown three series of typical decantation profil
sepaphase
of
time
total
for each tested system. The Table 1 compiles the
ration.
nce of a
The development of data can be done by the analysis oftovaria
in base
it
do
rred
factorial 2x2x2x2x3x4. AnYwe:t, it has been prefe
In
ble.
varia
each
for
to a factorial of 2? only, that is, with two levelsSOn
tube
ical
vert
the
of
the Table 2 the significant results for the COffl)arits measure the change
effec
The
ated.
indic
(900) and sloped (31°45') are
for the Amex-02T system
from the lower level to the higher. The mean value
seconds. From Table
is 212 seconds, while for the Amex�urex system is 1?2
2 it can be observed that,
high, between
The variance decllced of the resici.lal is relatively
2,00 X 1oJ and 3,25 X 1oJ.

4
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80-34

There is no influence of the b.lbe diameter that contains the enulsion.
The factor which has most influence upon the reduction of the decanta
tion time (-1!:B and -125 sec) is the slope of the settler b.lbe.
Afterwards, the effect (-112 and -104 sec) of the change from a Wo dis
persion to an Ow dispersion follows it. Pllyway the interaction 00 shows ::
that a fraction of that improvement is lost in the sloped system.
The thickness of the enulsion to be separated has also influence. It
is interesting to point out nevertheless, the relatively high value (-46,3
and -35,6 sec) of its interaction (AG) with the slope, which indicates that
the greatest time needed by the greatest thickness is partially c�ensated
by the slope.
The b.lbe form, SCJJarB or cylindrical, (in which the material, organic
or inorganic, is also i�licated), is statistically significant tut its sig,
is different depending on the system Amex-02T or Arnex�urex.
The volume gradient (0,5) of the organic phase in the enulsion system
is also significant, tut in a very low value ( -18,? and -15,9 SE£). It is
lower than 10 °lo of the mean value.
The three extraction systems Amax, 02T and Purex, behave statistically
in a different way. The easier is the Purex one, then (+ 31,9 sec) is the
Amax one, and finally(+ 48,1 sec) the 02T one.
The angle of the settler tube has a big influence, and therefore we
have tried
to correlate the average se;>aration time (y, sec) with the co
sine value (X) of the angle referred to the horizontal. A good coITelation
was found, and it pennits us to extrapolate for angles lower than the ones
tested fhe regressions for the different extraction systems are :
y. 411-284 X
ya48&-348X
y • 33).-218 X

Amax,
02T,
Purex,

{El

y • 198-135 X
y • 301-220 X
y • 186-13? X

Figure 2 represents the average time (sec) against the argle of the
settler tube. The curves obtained are similar to a parabolic branch _,ere
the apex (o0 ) would be in
Table 3. A'f:'8Q.I• apaoifio now (l.11irl"' .-2} in contiruaJS tests.
the lowest point. The tan
A
8
C
0
E Sl'Sl"EM
gent to the curve is rather
=�,-,,;E 2 - o2=r__
.....::E;.:.1 • :.;.;fllA EX
Elwul Plat• 8Bttler Plata
=-; ,,,,,--;
.;;.. ;:;; "--:
aioii
g9"
la,gth width ___
F, 0lff'ERSICN IIAlt) THICJ<NESS, an
constant over 30°. Afte�
typll
F1-30 F2-9> FJ.?O F'l-30 F2-9> FJ.?0
wards between 20° and 10° it
83
90
66
47
81
71
01-?5
decreases a lot. In short,
C 1-!Dl
92
6S
84
?O
81
02-1!:ll
46
81-40
84
97
72
78
96
106
it seems that the best slo
01-75
285
94
?O
100
'Jr]
C 3JDO 02-19>
80
pe,
from the point of view
80
46
72
67
77
A1-Wo
0
48
C1-!Dl
1-?5
of
coalescence,
wa.,ld be can
44
68
79
78
65
02-1!:ll
47
82-60
fr7
78
65
75
° and 2fJO.
62
81
5
C2-21lXl O21-7
prised
between
10
83
75
79
00
53
73
0 1!:ll
It is also necessary to tel<e
106
97
75
ee 83
'00
0 75
1C1-!Dl
into account the evacuation
'Jr]
95
74
95
110
03-1!1>
71
81-40
79
56
91
77
92
104
5
of
the separated phases.
C2-3JDO 01-7
80
91
51
130
85
114
1

ea-oo

C

1-!DJ

C2-:D'.ll

03-19>
01-75

oa.. 100

01-75
02-19>

68
?O
?O
EB

81
BO
83
86

91
94
99
104

74
75
5B
54

96
94
EB
55

5

100
98
74
75

The coalescence and de
cantation profiles provideadditional information on

the behaviour of each system and situation. So, it is possible to evaluate
the separated fraction of each component for different intennediate times (Figure 1), and ccrisecuently the volume for the 8nl.llsion. So for instance,
with the Amex system, organic contirucus dispersion with 60 "/o of organic in
it and a. 9()0 1 the errulsion volume is represented by 93) and while it is
320 for
31045'. This ratio 2,81 is better than the total separation ti
me ratio 2,5. The profiles give also an indication of the cJutlity of the final phases, so, while the a(JJeous ccritirucus dispersicris have a shorter
total separation time their coalescence front is not clear and they give
phases with entrainnents of the other phase.

a.

CCMl:NJClJS TESTS
The tests were carried cut in two cir0.1its cCJll)osed by a mixer ( tm •
0,43/1,80 min), a settler, a se0.1rity decantor
(240 1, and Sf• 2,5 112 ),
two intennediate storages, for the organic and the aq.iecus phases, two puq:,s
and a fl0Yt111eter for each phase. The phase ratio fed was aJ "/o of organic pha
se for the organic contl.ruous dispersion (Wo), and 40 "/o of' organic phase -
for the a(JJea.is contirua.is dispersion (Ow). In the mixer the nature of enu!
sicri was checked with two ccriductivity sensors, one at the upper part and
the other at the lower part. The phase ratio was also checked by saapling.
The settler was the ele,nent which defined each cir0.1it; its dimensicris
L x W x H were : 00 x 20 x 130 en and 2000 x 20 x 130 an. The criteria of �
perficial similarity were maintained but not the one of L/H.
A rather pessimistic infonnation could result fran the small settler.
This infonnation could be similar to the behaviour of the fraction nearest
to the feed entrance in an industrial settler. The settler was made in ple
xiglas in order to observe on the dispersion band and the clear phases beha
viour. The settler was studied eq:>ty and with the different accesories
which are q.,oted below. The Bellinghan's factor in the mixer through the
whole experiments was ?8 for the small unit and 32 and 13 1 5 for the big one.

-=

Tabla 4.

Significant affects for th• acµacus ,ipacific
flow in contirua1s tests.
M-1 Degrees Effect Pro�
source of wrtaroa
of
bility
Eq.lM'tle
freadOI
point
(•)
(•)
Thickness of di,iparsion bend betwea, :xi and SJ 0111

A, S. a.Alsion typ•
a, a. lemirer gap
C, S. settler lsigth
F, S. thickn•ss of band
Interaction AB
Interaction N;
Interaction
Interaction PE.
Intaraction CE
Rasiclial. ( 3-o) • EJ<p.

1,34
1,51
1,13
S,31
1,29
1,61
2,29
3,85
1,66

A, S. a.Jlsion type
B, a. luirer gap
E, B. extraction systm
F, B. thickn•ss of bend
Interaction N;
Intaraction
Interaction K)
Interaction ED
Interaction PE.
Intansction CE
Interaction OE
Resiclial ( 3-o) • EJ<p,

1,55 3
2,49 3
1,66 2
1,95 3
1,oe 3
3,47 2
B,?9 1
1,53 2
4,78 2
1,77 3
1,41 2

s:

3
3
2
3
2
3
2
2
3

1
1
1
1
1
1
1
1
1

9, 15
- 9,72
2,66
18,3)
2,84
-10,00
- 3,78
- 4,91
-10,20

0,001
0,001
0,01
0,001
0,1
0,001
0,05
0,005
0,001

arrar

3,46 ( 1)
42
Thieknasa of di111Jersion band betwaan SJ and ';ll aa

s:

arrcr

(•) (1) 10 a>cponential.

3,01 ( 1)

(•)

1
1
1
1
1
1
1

1
1
1
1

9,84
-12,00
- 3,22
11,00

- e,22

- 4,66
2,34
- 3, 10
- S,47

-10,3:l

- 2,97

0,001
0,001
o,os
0,001
0,001
0,005

o,,

0,05
0,001
0,001
0,05

42
l,mirr1 0 11-2
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we have studied the following
factors: the entrance of the enul
sion into the settler to reruce its
kinetic energy; the use of the em_e
ty settler without any accesory;
the use
of picket fences with di
fferent gap (W/9 and W/6), also the
picket fence with its upper part either free or covered with a wall,
to avoid the reverse flow; the use
of a baffle coverirg
half of the
height; the introcuction of a la
minar package either transversal or
parallel to the dispersion flow;
the angle of the plates with the ho
rizontal (10° , 20 ° and especially 1s0) ; the profile of the plates (plane or corrugated); the plate
material (FFF, plexiglas, stainless
steel, or mixed plates FRP + stain
less steel and stainless steel +
FFP) ; the percentage of the sett
ler covered by the package ( 40 and

4. Equipment
Table 5.
9Bttlar
l1r1gth

...

500
(a)

Josa et al.
Rel.atiais,ip betwaa, di!Persion band thickness and !JP8Ci1'1c 1'low.

Extzw::
tia,!l:3!t•
.fMEX

Ellul

type
Wo

Ow

02T

Wo

Ow

2.000

(b)

AMEX

WO

Ow

02T

Acces::rry and its geaaetry

a1on

ID

Ow

Baffle
Pia<et ranee (w/9)
Cornigatad plate, FflP
Plana plate, FflP/staWeu steal
Plana plata, stainlaea steal
Plana plate, FflP

Fr-

Plate
g.,p

..

40
40
40
40

Frw

8a1'1'1•
Pia<et 1'...ae (w/9)
Cornlgated plate, FflP
Plana plate, FFP/ stainlau etHl
Plana plate, stainlaaa stael
Plana plate, FFP
Baffle
Cornlgated plate, FIF
Castle corn.igatad plate, FFP
Plane plate, FFP / stainless stael

Cornigated plate, FFP
Castle cornigated plate, FIF
Plana plate, FIF/atainlasa steel

Baffle
Carnlgatad
Carn,gatad
Corrugated
Carn.igatad

8a1'1'1•

Corrugated
CarnJgatad
Carn.igatad
Cornigatad
8111'1'1•
Con\lgated
Corrugated
Corn.ogatad
Cornigatad

Corrugated
Corn.lgatad
Corrugated
Corrugated

plate,
plata,
plate,
plate,
plate,
plate,
plate,
plate,
plate,
plate,
plate,
plate,

plate,
plate,
plate,
plate,

FFP
FFP

FIF
FFP

FFP
FFP

40
40
40
40
40
40
40
40

40
40
3l
40
80
80
3l

40
60

FFP

FFP

80

FIF

3l

40

FFP
FFP

EC

FIF

3l

FFP

FFP
FFP
FFP

(a ) width plate 2 X 75 191 1
(b} width plate
red,
(c) Y, di!Parsiai band thickness (aa)
10 exponential.
( d) ( -i)

Ell

40
60
Ell

Prob&bility
point

0,01
0,02
0,05
0,01
0,001
0,05
0,05

0,01
0,001
0,02
0,001
0,01
0,01
0,01
0,001
0,01
0,01
0,01

0,01
0,01
0,001

0,01
0,001
0,01
0,01
0,01

o, 10

0,02
0,01
0,01
0,001

0,01
0,01
0,01
0,01
0,01

0,001
0,01
0,01
0,01

Y•K )(fl

K

5,Z7
2, 16

1,98
5,05
1,0?
1,37

9,00·

2,80
B,53
1,43
2,99
4,85
0,04
0,01

1,86
1,36
1,46
3,53
1,
10
7,25
2,43

2,89
7,14
1,51
B,10

��

6,3]

3,0?
4,75
2,�

1

1

11
11
11 !

ii
n
4
4
5

ti
5
3

5
7

·-� r
,.�

)
(d

61
7
,�}
4
3
3
4

4,43 ( 10)
1,
5
7,75
14
3,04 5
5,00 11)

o,

oa

9,56
0,02
B,37

n
n
4
0
7

80-34

(c)
n

4,05
2,98
?,84
2,41
2, 18
2,13
2,53

6, 11
5,83
6,41
2,44
1,8?
1,49
1,?5

4,54
2,42
2,Sl
2,77
2, 12
2,72
2,03

5,31
2,63
3,3l
3,34
3,45

2,49
2, 16
1,85
1,86
2,52

5,03
1,89
2,49
2,75
5,34
1,29
2,23
1,66
3,84

1 x 1!:ll in both CSl9BS 40 '/, of' ssttlar cove
and X, di!Parsia, speci1'1c 1'low 1.mr,-1 ,.-=:i!

80); the position of the package in the settler (near to the dispersion 8!!
trance, at the middle, and at the end of its length). The working tempera
wre was 23 ± 1 ct, al though we tested high tell1)erawres ( 35 and 42 ct) for
the D2T systeai. OJr main interest was the study of corrugated plates ( .>,. •
18 mm) disposed in parallel to the flow, with a slope eCf.Jal to 1So, a 40 o/o
of settler covered with the package and placed at the middle of the settler.
we have tested the following variables and levels.

A,

a,
c,

D,

E,
F,

wo and Ow
the emulsion type
( including a 60 and a 40 "/a of org. phase)
the plate gap, mm
(20), 40, 00 and ( 00)
50
and 2000
the settler length, 1111
( including a L/H • 0,43 and 1, ?4)
the plate width, nn
2x?5 and 1 X 150
(including one or two erg. chimneys)
the extraction system
A/rfeX and 02T
30, 50 and ?O
the dispersion band thickness, cm

We took account of the answers : The dispersion band thickness for
increasing flows; the total decantation area ( settler plus package) cove
red by the dispersion band; the entrainnent of either phase in the other;
the phase ratio in different positions and depths of the dispersion band;

7

electrical conductance in the dispersion band; and the flow profiles in the security zones and in the diEPersion band. The contirucu s tests were very informative, both in respect to CJJalitative magniu,des, or tendencies,
and also to c:JJantitative values.
Firstly we analyse the ac:p..,eous specif'ic flow (Table 3) vs the dispe?'
sion band thickness and the other factors of the factorial design. AccO?'
ding to the statistically development (Table 4) result:
The internal variance of the tests for 84 degrees of freedan is 32,38.
The dispersia, band thickness was the greatest effect; 18, 2 ( for the
change of 30 to 00 m) and 11,0 (for the change of 00 to ?O aa). It is ne
cessary to indicate that the mean value for 30-00 an is ?2,? 1.min-1.m- 2,
and fll,5 1.min-1.m-2 for 00 - ?0 an.
The plate gep has a rather caisiderable response
when it is increased from 40 to 60 m.

(-e, ?2

and -12,00)

The change from the Wo emulsion to Ow improves the settler capacity
(9,15 and 9,84 l.mirr-1.m-2).
The size of the settler has only effect upon thin bands (2,66). By
the contrary the extraction system from Amax to 02T in not statistically
for thin bands but it is for depth bands, -3,22 l.min-1.m-2 .
significant
Actually, there also exists the interaction CE (-10,20/- 10,so) between the
size of the settler and the system.
The interaction pc; (- 10,00/-a,22) between the enulsion type and the si
ze of the settler has an appreciable value. This interaction indicates
that when we change to the 02T system we lose a part of the iqlrovement ob
tained in the change to the Ow enulsion.
It is interesting to point out that the plate width ( 2 x ?5 vs, 1 x 100
nm) has no effect, although several of its interactions have some value.
It seems that it is possible to v.ork with plates that will be set up in a
cheaper device.
As a c�lement to this sistematic study, in Table 5 is presented the
relationship between the thickness (an) of the dispersion band .6. H and the
dispersion specific flow (Q/A, l.min-1.11-2). we checked that the correla
tion,
.6.H

•

K

(Q/A)n

was statistically significant
at the significance levels of the O, 1 and
higher of
1. Anyway, the values of the constants were very different
from some cases to others. The value of K was comprised between 1 x 10-2
and 9 x 109916, and the value of n was between 1,29 and ?,84. The regresion
fonrulas permit to rebuild the capacity OJ:rves, but their direct analysis
is complex because of the changes in the value of K.

o,oo

The significan:::e of the expona,t is very clear since it gives a meas.,re
of the system sensibility to overloads. The smaller, the less
sensible will be the system to overloads. Without entering into discussion of the
different cases, we caisider suitable to point out the high values of the
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90
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CtlttYC

.
•
I

'
•

z

; 80

� 70

Ill

60

z

exponents for the simple systems (eq,ty, fences, or baffle) and the
low values (between 1,29 and 3,3)
for the filled systems, especially
with corrugated plates of FAP such
as the ones used in the construction
of covers.

OISPERSION SPEC!FlC FLOW ( m 3 �-I m·2J.
21
8
35
4
49

g

--

SYST!M

...

,u.n

..,
lO

IO

10

OZT

40
10

SOme other aspects to CJJOte
are: the possibility of a safety
handling aqJerus contirurus enul
sions, which had given unclear pha
ses in batch tests. With s�le settlers the organic entrainment with these arulsion types were ve
ry high ( 5 1.nr-3), but using corru
gated plates they decreased to figu
res like 500 ml.m-3. In systems- with contirurus organic phase the
entrainnents were as snall as 15
ml.m-3 using settlers with plates
and a 100 ml.m-3 for settlers with
only baffle.

CD

50

t

40

30

20

40

50

0

80-34

80

OISP€RSION SPECIFIC FLOW (I min�I m-i!\.

FIG. 3 :-CURVES OF CORRECTED DISPERSION
SPECIFIC FLOW (Qo . sT-1), RESULTS
WITH Wo, Ta 23 °C, N3 o2� 13,5.

we payed some attention to the
internal flows in the settler and we observed that with the filling of co
rrugated plates the waves upon the brundary dispersion band-organic are le
ssened, the bigger thickness of the enulsion band the lower the waves. Al
so the organic phase risas vertically and it flows along the brun:iary orga
nic-air. we did not note significant reciraJlations in the safety zones.
aMltffl' ANO 00t£LUSI�

In summary we can conclude that it is possible to obtain si"l)le, com
pact and efficient settlers by filling the ccnvent:ional prismatic settlers
with polyester (FFP) corrugated plates. This material is cheap, available
anywhere and easy to hen::tl.e.
The increase in the thrrughput depends on filling proportion. Ek.It it
seans it is n ot auitable to surpass a 40 °/o of coverage of settler section.
Actually the differential efficiency of
each new surface decrease. In
the Fi�re 3 there is the dispersion specific flow referred to the whole sur
face ( or corrected specific flow) vs the dispersion band thickness.
As a matter of fact the optinum size of the settler and the amrunt of
filling is a compromise between the cost of the Bfl'1)ty settler, the cost of
the filling and the inventories in it, plus other factors such as space re
eJJirement, fire risks, etc.
Finally W= ..ant to give some typical figures abrut costs. A conventional
settler in FFP and 60 m2 in size, cculd cost aba.Jt US S 38. OCJO. The plates
in the settler have a cost in the order of USS 14 m-2. For an application
such as the recovery of the uranium from 2.0CX) m3.�1 of wet phosphoric
acid, the total investment for a system of frur sattlersassembled and ready
t o opera.ta and including its inventories, wculd be about US S 310.000 using
filling,against USS 950.000 using conventional settlers.
9
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ADVANCES IN THE DESIGN OF UNPULSED SIEVE-PLATE EXTRACTION
COLUMNS

Th. Pilhofer

Lehrstuhl A Verfahrenstechnik
Technical University Munich
Munich, Fed. Rep. Germany
ABSTRACT
The operating range of unpulsed sieve-plate co
lumns is determined by 4 different limiting
phenomena. For further explanation, recent re
sults of the investigation of the minimum load
of the dispersed phase to achieve operation of
all holes and of the adjustment of the height
of the coalesced layer depending on operating
parameters are described. Additionally, it is
shown how the operating range changes with plate
geometry and how the plate geometry is chosen.
Finally, the calculation of the plate efficiency
is reported. It may be essentially simplified if
the load of the dispersed phase varies within a
certain region only.
Unpulsed sieve-plate columns (SEC) in a form applied to-day
are well-known since a long time (1). Their special advantage is
the subdivision of the column volume in several stages. As a
consequence of this construction and of the well-aimed flow
contro l of both phases, the effect of axial dispersion is re
stricted to one stage. This is a considerable advantage with
respect to column design because scale-up problems are largely
cancelled.
Nevertheless, after many publications till 1955 the inter
est in SEC has remarkably weakened. This may be a consequence
of several investigations from which low mass transfer rates
have been reported. Yet, to the authors opinion it must be diffe
rentiated whether these effects are specific for SEC or if they
are caused by other facts, e.g. wrong operating conditions. In
the following, results of own investigations of the fluiddyna
mics and of the mass transfer are reported. They have been
carried out in order to improve the knowledge of the function
of a SEC. By that means, it has become possible to define the
operating region more precisely and to develop on that basis a
simple model for the calculation of the stage efficiency.
DETERMINATION OF THE OPERATING RANGE
The operating range is determined by different requirements
which are met by appropriate choice of the phase throughputs.
These requirements are (2):

1) No flooding of the two-phase system
2) Minimum flow of the dispersed phase to achieve
operation of all holes of a plate
3) Ensuring a minimum head of the coalesced layer
before a plate
4) Maximum height of the coalesced layer equal to the
length of the continuous phase downcomer of a plate.
The determination of these different limits of the operating
range requires a thorough insight in the function of a column.
Improved equations for the determination of the flooding con
ditions have been presented (3). In the following, some aspects
of the drop formation at a sieve plate and of the adjustment of
the coalesced layer are treated.
Opposite to a widespread opinion(4), the laws of the drop
formation at a single orifice cannot transferred unrestrictedly
to a sieve plate. As a consequence of the dependence of the ori
fice pressure drop on the throughput, each hole needs a certain
minimum throughput in order to come into operation (5). This
throughput is equal to the throughput at the transition point of
a single orifice to the formation of a jet (6).

Drop size distribution
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FIG .1
Relation between the mean drop diameter and the
mean hole velocity for the system toluene in water(?)
Consequently, as can be seen from Figure 1, drop sizes at single
orifices resp. at sieve plates only agree if the mean throughput
corresponds
of the dispersed phase exceeds the value w
NS which
to the transition point to the jetting region.
Up to this limit
the mean drop size remains nearly constant, then decreases,
passes through a minimum before again increasing.The drop size
minimum appears at a roughly double value of the velocity wNS "
Additional drop size distribution measurements revealed
up to the throughput according
that from the mean throughput w
NS
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to the drop size minimum, very narrow size distributions can be
expected.

pressure

pressure
P,

®

@

FIG.2
Adjustment of the height of the coalesced layer
according to the operating conditions(comments
in the text)
The height of the coalesced layer results from the condition
that the difference of the static pressure between the upper
edge of the sieve plate and the level of the downcomer exit must
be the same along the downcomer and along the two-phase mixture.
If one assumes a constant pressure difference, the change of the
pressure along the two-phase mixture results in a height of the
coalesced layer as represented in Figure 2a. Usual calculation
procedures (8) suppose that the holdup of the dispersed phase is
vanishingly small. Thus, an increase of the plate pressure drop
6p causes a rise of the height hs (dashed lines in Figure 2a).
N
On the other hand, Mewes and Kunkel (9) demonstrated that an in
crease of the dispersed phase throughput may also result in a
decrease of the height h . This appears if as a consequence of
5 a much steeper ascent of the static
the increase of the holdup
pressure in the region of the two-phase mixture is present
(Figure 2b). This possibility must be considered because the
function of the column requires a certain minimum height of the
coalesced layer in order to warrant the hydraulic sealing of one
stage against the neighbour stages.
INFLUENCE OF THE PLATE GEOMETRY ON THE OPERATING RANGE
The operating range of a column may be influenced by the plate
geometry parameters like hole diameter, fractional free area of
holes and downcomer as well as the length of the downcomer. The
hole diameters mainly influence the size of the produced drops
and thus the flooding conditions of the two-phase system (10).
By the fractional areas of holes and downcomers the adjacent
pressure drops and the limits of the operating regions as a con
sequence of the minimum and maximum height of the coalesced
layer are influenced. Additionally, the fractional area of the
3

holes determines the minimum throughput of the dispersed phase
to achieve operation of all holes.
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FIG.3
Influence of the fractional free area of the
holes on the operating ran ge of a column

The Figures 3 to 5 are valid for one systO m which is ch�5acte
rized by the following data: KF = 2,6•10 , K' = 4,6·10 ,
d
. =c0,1. In FigurE 3 the influence
� /� = 1,03, Ar = 70200, h min
8
of the holes on the operating
o� t8e fr�ctional free areA
range is represented. It may be seen that at constant throughput
of the continuous phase a certain height of coalesced layer re
quires a higher dispersed phase throughput at greater fractional
areas. The minimum load of the dispersed phase is also greater
and uniform drop size distributions are reached at higher
throughputs, at higher values of the holdup and thus at higher
interfacial areas.
An increase of the fractional area of the downcomer results
in a displacement of the operating ran ge in the region of the
minimum load of the dispersed phase (Figure 4): Because of the
lower pressure drop of the down comer, generally higher through
puts are necessary to get an operatin g point within the ad
missible range.
4

4. Equipment

Pilhofer

OJ
(/)

80-36

hs = L

a

..s:::::.
Cl..

§1
u
>- 0,8 ----+-----f---+--'

-+-'

minimum

-+-'

� 0,6
OJ

>

1

Cl..
::::,
(/)

0,4---

i 0.2

-0
C

0

z

·---+---

-- - 4)A = 0,025

---· 4>A=0,05

-

j_ --

L /d N = 200
4>:,=0, 028

-t

--+----II
I
I
I
I

OJ L,_____.___..._...._�....i...........�-1____
0.1

0,2

0,4

0,6 0,8 1

Nondimens. supert velocity disp phase vd•

2

FIG.4
Influence of the fractional area of the down
comers on the operating range of a column
The length of the downcomers mainly influences the upper limit
resulting from the height of the coalesced layer(2).
The selection of the operating point is carried out as
follows: For given system properties and given phase ratio a
hole diameter is presumed. Thus,the minimum drop diameter accor
ding to Figure 1 and the flooding conditions can be calculated.
The operating point is then fixed to 80% of the throughputs at
flooding.
The choice of the plate geometry which determines the ope
rating range takes place as follows: The throughput of the
dispersed phase at the operating point is to be equal to the
throughput at the drop size minimum. Thus, the minimum load of
the dispersed phase for operation of all holes and the frac
tional area of the holes can be calculated. In the next step,
the fractional free area of the downcomer is determined with the
request that the limit for the minimum height of "the dispersed
layer meets the intersection of the minimum load line and of the
line of constant phase ratio. This request enables a large ope
ration range when reducing the throughput at constant phase
ratio. In the last step, the originally presumed ratio L/d is
N
5

set so that at the operating point a certain throughput augmen
tation is possible without leaving the operating range. As L/d
N
influences also other limits, a recalculation of the whole
procedure may be necessary.
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FIG.5
Choice of the operating point and the operating
region for a phase ratio of 1
As an example, the operating point and the resulting operating
range from the above procedure are plotted in Figure 5 for a
phase ratio of 1. As may be also seen, for greater phase ratios
than 1 it is difficult to fulfill all aforementioned require
ments. High throughputs of the dispersed phase result in rela
tive high fractional areas of the holes. As a consequence of
this, a large operating range can only be installed if the frac
tional area of the downcomer is reduced considerably. However,
if from the point of view of the column operation a determina
tion of the coalesced layer not by the downcomer pressure drop
but by the holes pressure drop is preferred, the large operating
range must be reduced in favor of the aforementioned requirement.
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STAGE EFFICIENCIES
The operation of the column within the range of the production
of very narrow drop size distributions makes it possible to de
velop a very simple calculation procedure for the stage effi
ciency(10). The formation of very narrow drop size distribu
tions justifies the assumption that the dispersed phase moves in
plug flow. On the other side, no great mistake seems to be made
if the continuous phase is considered as perfectly mixed. Thus,
the stage efficiency is equal to the point efficiency of one
drop in the swarm. For the stage efficiency then holds:
(1 )

The point efficiency of drop coalescence, E ' can be neglected
C
according to literature data. Own investigations
(10) revealed
that the term E
is much lower during drop formation by jet
disintegration than by periodic drop formation. Thus, the plate
efficiency is mainly affected by the point efficiency of the
drop motion, E ' whereas the fraction of the drop formation
can be assumedPM
constant as 0,05.
can be calculated as follows:
The point efficiency E
PM
6•T•k
E
= 1 - exp {}
( 2)
PM
with the mean residence time of a drop in the swarm:

.

T =

( 3)

vd

By use of equation (1) and assuming E
as constant 0,05,one
PF
gets:
0,05 + 0,95•exp {-

=

}

( 4)

In the case of prevailing resistance to mass transfer on the
side of the dispersed phase, the overall coefficient k may be
substituted by the individual coefficient k • Here the equation
0
of Handlos and Baron (11) has proven reliabie:
0,00375•w
R

=

1

( 5)

+ n /n c
d

By use of this model, it was possible to get
ween experimental and theoretical values not
investigations (10) but also for the results
(Skelland and Conger (12), Pyle, Colburn and

7

good agreement bet
only for the own
of other authors
Duffey(13)).
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NOTATION

m/s

hole diameter
particle diameter
sauter mean diameter
plate efficiency
point efficiency
point efficiency drop formation
point efficiency drop motion
point efficiency drop coalescence
gravitational acceleration
plate distance
height of coalesced layer
overall mass transfer coefficient
individual mass transfer coefficient disp.ph.
length of the downcomer
pressure
pressure drop sieve plate
hole pitch·
superficial velocity continuous phase
superficial velocity dispersed phase
mean velocity dispersed phase in a hole
velocity dispersed phase at transition to
jetting region
relative velocity

kg/ms
k�/ms
m /s3
kg/m
kg/m3

holdup dispersed phase
dynamic viscosity continuous phase
dynamic viscosity dispersed phase
kinematic viscosity continuous phase
density continuous phase
density dispersed phase

mm
mm
mm

m/s2
m
m
m/s
m/s
m 2
N/m2
N/m
mm
m/s
m/s
m/s
m/s
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6p
T

lp A
lpN
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density difference
interfacial tension
resindence time of a drop during drop motion
fractional free area of the downcomer
fractional free area of the holes

dimensionless parameters:
Ar

=

KI

=

Fe

6p d 3 ·g
p

Pc

v*d

6p

Pa

p d •0 3

V

=

C

Pc •03
n 4 •g

Pc

6p

v*C

\)2

C

n�·g

Archimedesnumber
Fluidnumber continuous phase
Fluidnumber dispersed phase

•------�
1/3
•
C (/',,_p•\! C g)

dimensionless superficial velocity
continous phase
dimensionless superficial velocity
dispersed phase
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THEORETICAL AND EXPERIMENTAL STUDY OF TRANSIENT

START-UP BEHAVIOR OF PULSED SIEVE PLATE EXTRACTION

COLUMN

H. Zimmermann, E. BlaB
Lehrstuhl A fiir Verfahrenstechnik
Technische Universitat Miinchen
Arcisstr. 21
D-8000 Miinchen 2

From the plurality of column types for liquid
liquid extraction the pulsed sieve plate
extraction column was chosen for this investi
gation, which is known as a simple and
reliable apparatus.

For this type of column the transient start-up
behavior was experimentally tested for two
various systems as a function of operating and
design parameters.

For the unsteady state of the extractor a
mathematical model was developed which funda
mental structure and the obtained results
were presented.
From the experimental and theoretical results
a suitable control strategy was developed.
INTRODUCTION

Liquid-liquid extraction is an energy saving separation process
for solutions, application af which is increasing rapidly in the
process industry.

As is well known, the extraction process is a very slow process, so
that, depending on the column type, column size and applied
systems, it may last hours till a steady state concentration
profile is reached in the extractor.

For the reliable operating of an extractor,information is need
ed not only of the steady state operating parameters but also of
the dynamics especially of the start-up behavior of such a
column.
Start-up behavior means the change of concentration per unit
time of the phases which left the apparatus,· till after a
certain time - the so -called start-up time - a steady state
concentration profile is reached.

Previous investigations to the start-up behavior are mostly of
theoretical type, they are restricted to the description of an
extraction process with the aid of mathematical models.

The results of such investigations may be used to develop con
trol strategies for the start-up with regard to reduce start-up
times.

1

EXPERIMENTAL
The start-up behavior was tested in a pilot plant pulsed sieve
plate extraction column with the two systems MIBK (methyl
isobutyl keton)-acetic acid-water and toluene-acetone-water.
These two systems belong to the recommended systems for liquid
liquid extraction /1/ studies and they differ in the most
significant physical property for two-phase liquid systems
interfacial tension.
Both systems show interfacial turbulence, the system MIBK
acetic acid-water by the direction of mass transfer from the
organic to the aqueous phase, the_ system toluene-acetone-water
by the direction of mass transfer from the aqueous to the
organic phase. A fact which may lead to higher separating
efficiency.

In all investigations the organic phase was the dispersed phase
and mass transfer took place from the dispersed organic to the
continuous water phase.

Table 1 shows the geometrical dimensions of the pulse column,
the physical properties of the two _systems and the chosen feed
concentrations and phase ratios.
SYSTEMS
q

,oMIBK-acetic acid-water
toluene-acetone-wafer

LJ9

11

,o·3kg/m-,

3
kg/s

kg/m

9,04

196

0,58

35,40

131

0.59

3

feed-con cen t ration . phase ratio
cRw /vol" a=� /vd
MIBK-acetic acid-wafer

15

0,3 + 0.. 7

toluene-acetone-water

10

0.3 + 0.7

DIMENSIONS
D, = 4,7 cm

diameter
plate spacing

Hp = 5 + 15 cm

hole diamet er

dL

21.6 %

free area
high of column

0.2 cm

/without

disengaging chamber

J

H, =100 +200cm

Table 1:

Systems and dimensions

In all experiments the pulse amplitude was constant (a= 8 mm)
and only pulse frequency was varied.

The solvent was introduced always unloaded into the apparatus.

For each experiment the two phases were mutually saturated.
Figure 1 shows the experimental procedure to the dynamic
investigations of start-up.
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� 1: Schematic description of start-up

t<0

First the extractor is filled with the unloaded saturated
continuous phase (water) to the height of the interface level
and the aqueous flow rate is set up to the chosen value.
To create a defined beginning (concentration of the raffinate
phase = 0) unloaded dispersed phase is then fed into the column
till a coherent layer of dispersed phase at the interface is
de�eloped. Then the flow rate of the organic phase is set to
zero.
At time zero th� flow rate of the o£ganic phase (solute concen
tration> 0) ?,-S started at the chosen specific rate.
This corresponds to the usual start-up strategy for industrial
plants.

t>0

The raffinateand extract concentration were determined as a
function of time by taking periodic samples ( 5 min) which
were analyzed by titration.
EXPERIMENTAL RESULTS

The transient start-up behavior and the start-up time were
determined as a function of operating variables - flow rate of
the continuous phase
phase ratio a, pulse frequency fand design parameters � plate spacing H , . column heigth H •
C
p
Change of variables:

v ,

flow rate of cont. phase
p·hase ratio a
pulse frequency f
plate spacing H
p
column height H

.

V

C

.

o, 14
o,46
0,70
0,29
150
60 -+5, 10, 15
100, 200

C

3

cm/s

1/min
cm
cm

To explain the course of curves an additional information is
needed about the separating efficiency in the column. This
efficiency was estimated by the "Height of a theoretical plate"
HETS =

1

in which several effects on mass transfer a summarized and
which prove:litself in industrial design praxis.

The solution follows the assumption of linear equilibrium line
and linear load line, which comes true for both systems in the
measured concentration limits.
Start-up behavior as a function .of the superficial
velocity of the continuous phase
Figure 2 shows the start-up behavior of both systems as a
function of the superficial velocity of the continuous phase
for the raffinateconcentration (normalized between O and 1),
which is plotted against time.
In all investigations phase ratio was constant, only the
superficial velocity was varied.
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Fig. 3 : Start-up time and
HETS as a function of v C

Fig. 2: Start-up behavior
as a function of v
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An increase of the superficial velocity of the cont.Phase means
simultaneously an increase of the superficial velocity of the
dispersed phase and therefore a decrease of the residence time
of the dispersed phase. The smaller the residence time the
faster steady state conditions will bereached. This result is
to be current for both systems.
The start-up times of the system toluene-aceton-water are
remarkably shorter (fig.)), a fact which can be explained by
the essential lower separating efficiency of this system. A
smaller separating efficiency means a decrease of solute concen
tration difference between feed and raffinate and therefore
smaller start-up times.
The start-up times for the system MIBK-acetic-acid vary between
78 and 26 minutes, for the system toluene-acetone-water between
46 and 11 minutes.
The values for HETS show, that backmixing does not occur in the
system toluene-acetone-water. There is no change of the HETS
with increasing superficial velocity of the continuous phase,
in contrast to the system MIBK-acetic acid-water, showing an
increase of the HETS; which may be explained by the effect of
backmixing.
Start-up behavior as a function of phase ratio
An increase of the phase ratio a by constant superficial
velocity of the continuous phase, means a decrease of the
superficial velocity of .the dispersed phase and an increase of
residence time of dispersed phase.
Otherwise a decrease of the phase ratio is connected with a
decrease of the separating efficiency. Smaller concentration
differences between feed and raffinate effects a shortening of
start-up times (fig. 4 and fig. 5).
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Start-up behavior as a _function of pulse frequency f

For both systems no reliable dependence of pulse frequency was
found (fig.6,and fig.7).
With increasing pulse frequency, a decrease of the drop dia
meter, an increase of the specific mass transfer area and an
increase of the separating efficiency are to be expected.
In opposite to these facts backmixing increases with increasing
pulse frequency.
It seems that backmixing effects do not exist, perhaps based
on the small plate spacing.
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Fig. 6: Start-up behavior
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Start-up behavior as a function of plate spacing
As for the system MIBK-Acetic acid-water the start-up behavior
and the start-up time show a small dependence on plate spacing,
the start-up behavior for the system toluene-acetone-water is
independent of plate spacing (fig.8 and fig.9).

In both systems an increase of the HETS values, that means a
decrease in separating efficiency is investigated, whereas the
dependence for the system MIBK-Acetic acid-water is essentially
greater. A fact which can be reduced to the increasing back
mixing and the decreasing fractional volume-holdup of the
dispersed phase.
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Start-up behavior as a function of column height

Because of the increasing residence time of the dispersed phase
and the higher separating efficiency, start-up times are
essentially longer. Doubling of column height effects a
doubling of start-up time.

MATHEMATICAL MODEL

To simulate the experimental transient curves a mathematical
model developed by Bauermann and Blafi /2/ was modified. The
mathematical description based on the backflow model, which was
introduced first by Sleicher /J/.
The column comprisesN complete mixed stages, identical with the
plate separation distance, arranged in series with backmixing
taking place between the stages in addition to the net flows of
the organic and aqueous feed.
Unsteady-state material balance was formed over a plate sepa
ration section of the column (fig.10). The results were partially
differential equations which were reduced to a large set of
ordinary differential equations. The differential equations were
solved on a digital computer.
Comparison of experimental and predicted results

Fig.11 shows the comparison of experimental and predicted re
sults for the system MIBK-acetic acid-water for change in phase
ratio and pulse frequency.
By change in phase ratio agreement between predicted and
experimental results is given.
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Fig.10: Unsteady-state material
balance

There is no agreement by change of pulse frequency. The theo
retical curves show a remarkable dependence of pulse frequency.
This deviation is caused by the use of empirical correlations
for hold-up and backmixing coefficients /4/ in the mathematical
model, which show a great dependence on pulse frequency. The
magnitude of error is + 40 % by predicting the start-up time
and + 25 % by predicting the steady state concentration profile
for all invetigations.
DEVELOPMENT OF A START-UP CONTROL STRATEGY

Fig.12 shows schematically a possibility to reduce start-up
times. Plotted is the raffinateconcentration versus time t.
is the aspired value of the raffinateconcentration. The
C s
RW oll
lower curve shows the normally employed start-up strategy, that
means the flow rate of feed and solvent are set up immediately
to their desired values ( v and v > 0).
d
c
If the flow rate of the solvent (continuous phase) is set up to
zero from the beginning, the flow rate of the feed (dispersed
phase) to its desired value, the continuous phase will be
saturated with the solvent.This is a procedure, which is in the
beginning remarkably faster. After saturating the raffina� con
centration has the same value as the feed concentration
(v = O, v >O).
c
d
If the flow rate of the continuous phase is followed up at time
results.
t = t the dashed concentration curve
1
The upper picture of figure 13 shows experimental results of
the controlled and uncontrolled (dashed curve) transient start
up behavior of the pulse column. The lower picture shows the
variation of flow rate of the continuous phase during start-up.
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describes the nonlinear characteristic of the mechanically

operated valve for the continuous phase)
The desired value of the raffinate concentration is indicated by·
the dot-dash line.
Apart from a small exceeding of the raffinate concentration above
its desired value, steady-state conditions may be reached in
half of the normally needed time.
CONCLUSIONS

The transient start-up behavior of a laboratory pulsed sieve
plate extraction column was experimentally and theoretically in
vestigated. From the results a control strategy for the start
up behavior was developed and experimentally tested, which
reducedthe time to reach steady-state to the half of normally
needed time.
All investigations were made for the individual apparatus - here
"Pulsed Sieve Plate Extractor". In reality an extraction appa
ratus is always fitted in a plant which includes reaction or
distillation processes. Therefore further investigations had to be
made, testing this strategy in complete plants.
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pulse amplitude
volume concentration

equilibrium concentration to ( •.• )

normalized concentration
column diameter
separating efficiency

pulse frequency
column height

plate spacing

height of a theoretical plate
distribution constant
number
number of theoretical stages
backmixing coefficient
time
start-up time
superficial velocity
volume
mass concentration
w.ve characteristic

interfacial tension
density
viscosity
phase ratio
holdup of the dispersed phase
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continuous
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inlet
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Recommended systems for liquid extraction
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Int.Chem.Engrs.,165-171 Railway Terrace, Rugby
Warwickshire cv21 3 HQ, England

Simulation und mathematische Modellierung der
Dynamik gepulster Gegenstromextraktoren
KfK-PDV Bericht 112(1977)

Axial mixing and extraction efficiency of mixer
settlers
AIChE-J. 5(1959)2, 14.5/14.9

Vermischungseffekte in Fltissig-Fltissig
Extraktionskolonnen
Chem.Ing.Techn. 50(1978)2, 90/100
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THE RECIPROCATING PLATE EXTRACTION COLUMN
AS A COCURRENT MIXER
Andrew E. Karr
Chem-Pro Equipment Corp.
Fairfield, New Jersey 07006, U.S.A.
A plug flow mixer in a mixer-settler extraction system is
inherently more efficient than a conventional mixer. In the
present work data were obtained in short sections of the Karr
Reciprocating Plate Extraction Column (RPEC)(l) ,(2) ,(3) employed
as a cocurrent mixer. The column employed was 25mm in diameter.
Plate spacing was 50mm. Plate stack heights of 0.61, 0.91 and
1.22m were studied. With the system a-xylene-acetic acid-water,
stage efficiencies close to 100% were achieved at a total flow
rate of 2 2 0 m 3 /hr. (m 2 ) when 0.91m of plate stack operating at an
agitation intensity of 1270 cm/min. was employed. Agitation in
tensity is the product of stroke length and RPM. At a total
flow of 2 010 m3/hr. (m 2 ) the stage efficiency was 96.7% at an
agitation intensity of 1778 cm/min.
The data on this system showed:
1. The lower the throughput the higher the efficiency for
a given intensity of agitation
2. The greater the agitation intensity the greater the
efficiency
3. The longer the plate stack the higher the efficiency.
Systems of commercial interest have been tested for clients
in essentially the same equipment. With these systems somewhat
lower degrees of agitation intensity were required to achieve a
close approach to 100% stage efficiency at throughputs up to
(2032 m3/hr. (m 2 )). However, for these systems, unlike the o
xylene-acetic acid-water system, it was possible to overmix,
which resulted in excessive settling times. For example, with a
system consisting of an amine and an aliphatic diluent extrac
ting a compound from an aqueous solution, the following results
were obtained:
Agitation Intensity
Stage Efficiency
Settling Time,
cm./Minute
Minutes
%
1016
2
97
1524
99
10+
The above typical results indicate the need to optimize the
agitation intensity which is readily achieved in the RPEC.
The flexibility, plug flow and isotropic turbulence in the
RPEC permits one to minimize settler volume and, therefore,
minimize investment.
REFERENCES
(1) Karr, A. E., AIChE J., 5, 446 (1959)
(2) Karr, A. E. and T. C. Lo, "Proc. Int'l. Solvent Extraction
Con£.", 1, 299 (1971)
(3) Karr, A.-E. and T. C. Lo, Chem. Eng. Prog. ?l:_, 68 (1976)
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HYDRODYNAMIC STUDIT.S IN .A ��CIP:10CA.TING PLAT?. COLUMN

�. V. Rq_mar80,N .s .SriniV"IA?ilY. 3.G. VARMA
Indi:3n Institute of T"chnology
MRdras-600 036; Indi�
The two-pbase frictional pressure drop, 6P P Md the dispersed-phase holdup, £
were meAsured for countercurrent gas-liquidT An� liquid-liquid flow in a reoi
procating plate column. The experimental rang" of investigation vae:-coluan
diameter,D:9.2-15.3 cma perforation diameter,d0 :O.J-O.9 cma tree area,f:O.1O.Ja plate spacing,p:2.O-5.6 cma amplitude,A:1.4-6.4 cma frequency, :O.8-t.a•,
superficial velocity of heavy phaee,Uc:O.1-,.72 and of light phase,Ud:O.OO45.1 cm/s. The system exhibit8d three distinct types of phase disperBion, Via.
mixing-settling, emulsion and an unstable region prP.ceeding flooding as a fun
ction of throughput rates, agi t11tion speed and column geomet_ry.
Pig.l presents typical variation of APTP for the gas-liquid system with incre
asing region corresponding to mixing-se�tling and emulsion, in comparison,AP
increases slowly for the liquid-liquid system followed by a sharp increase fp
indicative_ of flooding. AP
dec?"flases in gas-liquid system, but increase• in
liquid-liquid system vith i�greese in dispersed-phase velocity. An increase
in neavy phase throughput increaeee APTP substantially in either of the system.
APTP increases with increase in plate spacing,
but decreases vith free area of
the plate. An increase ind increases APTP till d •O.65, beyond vhich APTP
decreases. Fig.2 presents tRe variation in£ vith ihe falling region corrtBpO·
nding to mixing-settling. £ is strongly influenced by the dispersed-phase tbr•
ou�hput and is less affected by the continuoue phase flow rate. £ is relative•
ly insensitive to the variation in plate spacing and free area.
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THE RECIPROCATING PLATE EXTRACTION COLUMN
AS A COCURRENT MIXER
Andrew E. Karr
Chem-Pro Equipment Corp.
Fairfield, New Jersey 07006, U.S.A.
A plug flow mixer in a mixer-settler extraction system is
inherently more efficient than a conventional mixer. In the
present work data were obtained in short sections of the Karr
Reciprocating Plate Extraction Column (RPEC)(l) ,(2) ,(3) employed
as a cocurrent mixer. The column employed was 25mm in diameter.
Plate spacing was 50mm. Plate stack heights of 0.61, 0.91 and
1.22m were studied. With the system o-xylene-acetic acid-water,
stage efficiencies close to 100% were achieved at a total flow
rate of 2 2 0 m 3 /hr. (m 2 ) when 0.91m of plate stack operating at an
agitation intensity of 1270 cm/min. was employed. Agitation in
tensity is the product of stroke length and RPM. At a total
flow of 2010 m3/hr. (m2) the stage efficiency was 96.7% at an
agitation intensity of 1778 cm/min.
The data on this system showed:
1. The lower the throughput the higher the efficiency for
a given intensity of agitation
2. The greater the agitation intensity the greater the
efficiency
3. The longer the plate stack the higher the efficiency.
Systems of commercial interest have been tested for clients
in essentially the same equipment. With these systems somewhat
lower degrees of agitation intensity were required to achieve a
close approach to 100% stage efficiency at throughputs up to
(2032 m3/hr. (m2)). However, for these systems, unlike the o
xylene-acetic acid-water system, it was possible to overmix,
which resulted in excessive settling times. For example, with a
system consisting of an amine and an aliphatic diluent extrac
ting a compound from an aqueous solution, the following results
were obtained:
Agitation Intensity
Stage Efficiency
Settling Time,
Minutes
cm./Minute
%
2
1016
97
10+
1524
99
The above typical results indicate the need to optimize the
agitation intensity which is readily achieved in the RPEC.
The flexibility, plug flow and isotropic turbulence in the
RPEC permits one to minimize settler volume and, therefore,
minimize investment.
REFERENCES
(1) Karr, A. E., AIChE J., 5, 446 (1959)
(2) Karr, A. E. and T. C. Lo, "Proc. Int'l. Solvent Extraction
Conf.", 1, 299 (1971)
(3) Karr, A.-E. and T. C. Lo, Chem. Eng. Prog. ?.1_, 68 (1976)
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HYnR(mYNAMIC STUDIT.S IN

_h,

��CIP:1.0CATING PLAT?. COLUMN

�. V. Rqmar�o,N .S .Sriniv"!s?ilY. 3.G. VARMA

Indi�n Institute of Technology

M�dr�s-600 036 ; Indi�
Th• tvo-phae• frictional pressure dr op, 6PTP snd the diepersed-phaee h oldup, t
were meAsured for countercurrent gas-liquid An� liquid-liquid flow in a reoi
procating plate column. The experimental rang� of in vestigation vas:-colwm
diameter,D:9.2-15.3 ems perforation diameter,d 0 :0.J-0.9 ems free area,f:0.10.Js plate epacing,p:2.0-5.6 ems amplitude,A:1.,-6., ems frequency, :0.8-t.e•,
superficial velocity of heavy phaee,00 :0.l-J.72 and of light phaee,Ud:0.0045.1 cm/e. The system exhibited three distinct types of phase disperBion, Via.
mixing-settli ng, emulsion and an unstable region pr�ceeding flooding ae a fun
ction ot throughput ratee, agit11tion speed and column geomet_ry.
Fig.l preeente typical variation of AP
tor the gas-liquid system with incre
asing region corresponding to mixing-sfftling and emulsion, in comparieon,APTP
increases slowly for the liquid-liquid system followed by a sharp incre ase
indicative. of flooding. AP
dec?'f'!ases in gas-liquid system, but increase• in
liquid-liquid system with 1�8rease in dispersed-phase velocity. An increase
in heavy phase throughput increaseK AP�p substantially in either of the system.
but decreases with free area of
APTP increases with increase in plate &pacing,
the plate. An increase in d incre11eee APTP till d •0.65, beyond which APTP
decreases. Pig.2 preeente tfie variation int with �he falling region correapo
nding to mixing-settling. t ie strongly influenced by the dispersed-phase thr•
ou�hput and is less affected by the continuouft phase flow rate. tis relative
ly ineensi tive to the variation in pla_te spacing and free area.
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THE QVF-STIRRED-CELL-EXTRACTOR

IDEA AND

80-148

SPECIAL ASPECTS OF CALCULATION

Dipl.-Ing. J. Postl
Prof. Dr.-Ing. R. Marr

Institut fur Grundlagen der
Verfahrenstechnik, TU Graz
Kopernikusgasse 24, A-8O1O Graz

Austria
The new Quickfit-stirred-cell-extractor is an extraction
column with rotating installations, such as RDC, ARD, Oldshue
Rushton or the KUHNI-Column. An impeller with four flat blades
disperses one phase. The separating baffles are endowed with
meander-shaped weirs at the border of the central ring-shaped
openings (Fig. 1). These weirs favour the separation of the
phases and canalize the two counter-current streams, as can be
seen schematically in Fig.2. The heavy (here: continuous) phase
flows through the openings in the upper part of the weirs to the
free stator-area and along the adjacent weir-blade downwards. The
light phase coalesces behind the weirs and reaches the higher
situated cell in an analogue way.Therefore reduced axial mixing

Fig. 2

Fig. 1

as well as higher flow-rates may be expected.
At first the limiting flow-rates and the Hold-Up values have
been measured altering the working parameters rotor-speed and
ratio of the phases. The maximal flow-rate of both phases was
about 2,5 m3/1m2 h (system water/toluene, free stator-area 20%).
The drop-size-distributions were also investigated dependant
on rotor-speed and Hold-Up. The new installations favour small
drop-size-spectra. The distributions have been described by a
modified Muggle&Evans-distribution and the Sauter-diameter have
been calculated. A general valid correlation cannot be given
because of the great influence of the direction of mass-transfer
on drop-size.
3

80-148

4. Equipment

Postl et al.

Based on a hydrodynamical model the following equation has
has been developed for the calculation of the effective phase
velocities [ 1 , 2 ]
+

=

+ 0,640

(

1

3
f(xd) = 1 - 0,959 x�/

C = 0,31
The column-diameter may be designed with the help of this
equation.
The axial mixing of each phase was measured according to the
unsteady tracer-method and was evaluated using the dispersion
model.
For the continuous phase the results of these experiments, i.e.
the Bodenstein- (or Peclet-) Numbers, hav e been correlated by an
equation derived from the theory of isotropic turbulence.
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Another equation has been correlated for the description of the
axial mixing of the dispersed phase :
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At last mass-transfer experiments were taken through,
measuring all important parameters : Hold-Up, axial-mixing
parameters of both phases, drop-size-distribution, concentration
of both phases at inlet and outlet as well as at four further
positions of the column. Concentration profiles were calculated
theoretically, using the dispersion-model ( The mass-transfer
coefficients were ascertained by available correlations for
single drops, and were used related to the actual distribution
of drop-sizes). The good agreement with the measured profiles
confirms the applicability of the dispersion-model.
Thus the design of the column-height with the help of the
dispersion-model seems to be successfully.
Re

4

=
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NOMENCLATURE
Bo
C
D
m
2
ax m /s
H
m
r
1/s
Re

us

V

m/s

d

R

s

z

Dispersion-coefficient
Height
rotor-speed
Reynolds-Number
rising-velocity of a single drop with the Sauter
diameter(in resting continuous phase)
phase-velocity (related to the column-diameter)

effective phase-velocity
m/s
Hold-Up of the dispersed phase
%
kgm/s viscosity

Indices
C
C

Bodenstein- (Peclet-)Number (related to 1 Meter )
Constant
Diameter

Column
continuous phase
dispersed phase
Rotor
Stator
Cell
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MIXER-SETTLER-COLUMN, A NEW STAGEWISE CONTACTOR

U. Biihlmann
Kiihni Ltd
CH-4123 Allschwil (Switzerland)
As its name implies, the mixer
settler-column belongs to the clas
sification of stagewise liquid-li
quid contactors, but its construc
tion is clearly that of a column.
Each stage of the column is di
vided into two sections. The two
phases are intimately mixed in the
mixing zone and then completely se
parated again in the following sett
ling zone. Countercurrent flow is
achieved by the action of gravity
alone. The clear dispersed phase
flows into the next stage via a
hydraulic seal and the continuous
phase is conducted along a separate
path through the settling zone in
order to avoid disturbing the sett
ling operation. Settling aids are
installed in the settling compart
ments to promote coalescence of the
dispersed phase.
The general characteristics and
advantages of the mixer-settler-co
continuous phase
lumn may be summarized as follows:
-Zero backmixing between the
dispersed phase
stages and therefore high
stage efficiency
-Complete separation of the mixing and phase transport
processes
-No necessity for phase recirculation even at extreme pha
se ratios
-The possibility to allow for long residence times in the
mixing zone
-Low floor space requirements

l

The main application for the new contactor is likely to be
in processes with extreme phase ratios and for liquid-liquid
systems, which are difficult to separate, or which are subject
to emulsification. A further example would be extraction com
bined with chemical reaction, where a particular residence ti
me for each stage is required. Especial interest is therefore
expected in the metals extraction field, where the first in
d11strial tests �ave been performed using a pilot scale column.
6
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l\ NEW TYPE OF l\GITI\'l'ED LIQUI1)/LIQUID EXTRi\CTION COJ.\JMIJ
W I T ll EN ll l\ NC E D CO l\ L 1:; SC ENC E P L l\ 'J' E :..;
Ladislav Steiner,

S.Hartlancl

S \•/ i S S F e de r a l I 11 S l i t U l. e O £ T C C h l1 0 l O rJ y ( ET IJ )
D e p a r t me n t o f I n du s t r i a l & En g i n e e r i 11 (J Ch cm i :; t r y
Zurich, Swi tzerla nd

To improve the loading capacity and efficiency of agitated liquid/liquid
extractors a new plate has been designed for the separation of mixing cells
(Fig.l). It consists of vertical or slightly inchried elements arranged in a
lattice,or concentric cylinders and ribs(Fig.2). The Plate elements are made
of materials preferably wetted by the disperse phase so that drop coalescence
is greatly enhanced. The plate free area is extremely high,up to 9CJ�c,so that
the resistance of the plate to the axial flows of the phases is very small.
However,due to its height and arrangement of its elements it hinders all other
types of flow, especially the radial and tangential compon(;nts. When 1·:orking, the
plate free volume is filled with the dispersed phase,leaving only the space
necessary for the flow of ci1e continuous phase.In this way a plate with variable
free area has been developed which adjusts its operation to existing conditions.
The plate possesses the following advantages over other types: (a) Wide
operating range:Because of the variable plate free area the column is not sensi
tive to flooding and works well with high phase throughputs.It also works well
in the region of low throughputs as the �lates are then partially blocked by
the dispersed phase.Phase ratios of 1:20 and 20:1 have been experimentally used.
(b) Insensitivity to impurities:If there are solid contaminants in the feeds
they can pass through the column due to the extremely large free areas of the
plates. (c) High efficiency: The repeated coalescence
...J---j[
-=l
in the plates and redispersion by the stirrers considerably
enhances the mass transfer rate. In a prototype column of
80 mm diameter over 6 theoretical stages/meter with a load
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large-scale extraction production problems when extreme
phase ratios are necessary.
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Fig.2 Different Plate Constructions
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A CENTRIFUGAL EXTRACTOR FOR FAST .AND
SLOW MASS TRANSFER PROCESSES.
G.I. Kuznetsov, S.M. Belyakov,
L.I. Shklyar, A.A. Pushkov
State Committee for Atomic
Energy, Moscow, USSR

Centrifugal extractor has been devised for processes
with both fast and slow rates of mass transfer*. The extractor
is furnished with a set of interchang ajle stirrers and �i*ing
chambers of the volume from 0.4 x 10- ,m to 21.2 x 10-jmj,
this allowing for changing the time of phases contact in the
mixing chamber from 1s to 53s with no change in throughput
capacity.
The technical data of the
extractor: throughput -o.4x10-3 m3 /a
at phase ent1•ainment does not exeed
0.02%, diameter of rotor - 0.125 m,
operating volume of separating chamber
- 0.9x1o-3m� overall dimension
including electric motor -0.3 1m x
X

O.J1m X 0.85m.

Principle of operation of the
extractor is shown here on figure.
The extractor stably operates
in any ratio of flow rates of feed
and solvent solutions as well as in
the range of their density ratio
from o.6 to 0.98.
The efficiency of mass transfer
on system: 1.1 M TBP in aliphatic
hydrocarbons - 0.1 M uo2 (N03 )2 in
2M HN0 depends on the contact time
in the3 mixing chamber and at J.6s
..
is over 95%.
In the system 0.1M HDEHP in
aliphatic hydrocarbons - 0.05M
UO; S04 in O.5M H2so4 the rate of
mass transfer is li�ely to be limited by a slow stage of
chemical reaction and the 95% efficiency is attained over
50-60s.
Irrespective of the method of obtaining the time of
phases contact (by changing the flow rate of solutions or by
varying the mixing chamber volume) the efficiency of mass
transfer is governed by the contact time only.
* REFERENCES:
G.I. Kuznetsov, A.A. Pushkov, V.A. Elin, S.M. Belyakov,
V.A. Komarov, V.P. Pashkov, A.A. Tolmachev, L.I. Shklyar.
USSR Certificate of Authorship No. 548291, 1975.
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A MODEL FOR RECIPROCATING PLATE EXTRACTION COLUMNS

M.M. Hafez,
I mperial Oil Ltd., Sarnia, Canada, N7T 1M7
M.H.I. Baird and I. Nirdosh,
McMaster University, Hamilton, Canada, LBS 4L7

ABSTRACT
A design model is presented based on several fundamental
studies of hydrodynamics and mass transfer in reciprocating
plate colunns of the type introduced by Karr (1959). For a
given system, flow rates and plate configuration, the
diameter at which flooding occurs can be calculated.
If
the required degree of extraction is known, the height of
the plate stack can also be calculated. The model has been
compared with published data.

In solvent extraction as in other areas of chemical engineerins
interest, great advances have been made in the past 2 5 years towards an
understanding of basic principles. The mass transfer process itself is
better understood, and there has al so been considerab le work in droplet
breakup and coalescenct and the hydrodynamic behaviour (mixing, flooding,
etc.) of liquid-liquid systems in countercurrent flow.
This progress
was typified by the papers in sessions 4, 9, 12, 2 5 and 29 at ISEC
77 (1).
1-bwever there have been relatively few attempts to synthesise
the results of the basic studies in the different areas so as to
simulate, from first principles, the overall performance of a piece of
equipment. One such attempt was made a few years ago by Korchinsky (2 )
who took available results on drop size, holdup etc. as the basis for
design models for several different types of contactor. The advantages
of a soundly based design or simulation model for equipment performance
are ob vious.
Such a model allows designs to be carried out with
confidence for systems which have not previously been handled in the
equipment under consideration, and there is a reduction in the number
and cost of pilot- scale tests. A good model can also allow the effects
of changes in design methodology to be examined by calculation.
In this work, basic correlations and theory are combined to model
the reciprocating plate extraction colunn.
This type of colunn was
introduced by Karr (3) in 1959 and many descriptions are available
(3-9).
It uses reciprocating perforated plates which are characterised
by a relatively large hole size (12 -14 mm) compared to those in

1

conventional pulsed plate colunns. The fractional open area a is also
comparatively large, in the order of 60%. These characteristics permit
a relatively hi6h throughput per unit area, coupled with ease of plate
removal and cleaning.
The columns are widely used industrially,
particularly in the U.S.A., in sizes up to 1.0 m. Experimental data on
the scale-up of columns up to 0.914 m diameter have been published (4).
There have also been several studies of various hydrodynamic aspects of
this type of column, namely flooding (5,6), droplet size and holdup. (7),
power consumption (8) and axial mixing (6, 9).
The results of these
studies have been incorporated into the model described here.
CONSTRUCTION OF THE MODEL
The information flow diagram for the model is given in Figure 1.
The central box contains information which is asst.med to be available to
the designer (e.g. system properties) or which he can specify ( e.g.
The objective of the
amplitude and frequency of plate oscillation).
model is to calculate the column diameter D for. a given throughput, and
the height of plates required for a given degree of extraction.
The first calculation is that of the power dissipation per unit
volume,
This calculation uses the quasi-steady friction concept
proposed originally by Jealous and Johnson (1 0 ) for pulsed columns. The
equation was confirmed (8) for reciprocating pla�� col Lrnns at normal
amplitude and frequencies as:
(1 )

The specific power tis important in determining the Sauter mean droplet
diameter d •
The �olmogoroff is�tropic turbulence model, ex �ended by
2
_
Hinze (11)} was applied (7) to rec1procat1ng plate columns to give:
d

= 0. 36

32

0. 6

(2)

.:0:2 0. 4
;:i

'V

The coefficient 0. 36 is empirical but dimensionless and the above
equation is restricted to fairly well-agitated systems with Af > 3 cm/s.
The operating column diameter D must exceed the diameter D at
F
which the column would flood for a given throughput.
The model
as follows.
First, the dispersed phase holdup at
calculates D
F
flooding, ; , is estimated from the ratio of flow rates by Thornton's
F
(1 2 ) equation.

=

(L

2

112
+ 8L)
- 3L
L)
4(1 ::

(3)

This value is substituted in the equation developed by Hafez et al (6 )
for the "slip velocity" at the flooding point.

2
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Degree of
Approach to
Flooding
Flow rates

(8-10)

Densities
Viscosities
Int'l tension

(11)

.----�.......

Plate area fract.
Amplitude
Frequency
Dist'n ratio
Dc·;rce of
ext'n required

Plate stack height, He
FIG.

1 Information flow d iagram for model.
equa tions.
1/3

The bracketed nlJllbers refer to
3 2/3
��-�-��
(
)
d32 K
1 /2

�F

( 4)

The dimensionless constant K was found to have a value of 0. 01166 for
non-circulating droplet systems.
Since the flow rate ratio Lis already
specified, the value of U F from equation (4) permits calculation of
S
F
= L UCF' it can be seen that
or example, since u
either UCF or U F"
D
0F
( 5)

Hence the collllln diameter at flooding is found, given Q the continuous
C
phase flow rate.

( 6)

At this juncture, the designer must decide how close to the flooding
point the colunn will nonnally be operated. For example, if the colunn
is to be operated at 8 0% of flooding velocit.J,, the column diameter D i s
12
calculated to exceed O b y a factor o f ( 0.8 )
= 1. 11 8. Once
D has
F
been established, the operating superficial velocities U
and u
are
C
0
calculated. Then the operating holdup � is calculated from an equation
similar to eq. (4) except that the subscripts "F" are removed.
It may
be noted that this calculation is not explicit; an iteration is used to
obtain�- The evaluation of the holdup, with the previously calculated
Sauter mean diameter, leads to the specific interfacial area by the
well-known relationship
(7)

The overall mass transfer coefficient K is expressed on the basis
C
of the continuous phase and is related to the indiv idual f i l m
coefficients assuning equilibrium at the interface:
( 8)

No direct measurements have been made of mass transfer coefficients
in reciprocating plate colunns or indeed in most other types of
equipment; however, reliable correlations are available on the basis of
laboratory experiments with some theoretical justif ication.
For the
continuous phase (13),

Sh

C

= 0. 83 Re

C

o. 5

Sc

C

o. 5

(9)

For the dispersed phase (14)

(1 0)

These
correlations
(13,14 )
are
appl ica b le
to
rigid
(i.e.
non-circulating) droplets, as it is believed that in most of the systems
The value of K
investigated the drops were behaving in this manner.
C
obtained from eqs. (8)-(10) was combined with that of a from eq. (7) to
give the "true" height of a transfer unit:

(1 1 )

If the columns operated in plug flow, H '
would a 1 so be the
OC
effective height of a transfer unit, but in practice axial mixing
effects
cause the effective H.T.U. to exceed the true value.
The
effect of axial mixing may be found by calculating the dimensionless

4
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concentration profil e in each phase by solving the steady sta te
differential material bal ance equations:

ct 2 X
2

PC B dZ - N OC PC B (X - X*)

ct 2 Y
2

P

ctz

ctz

dX

D

B

(12a)

0

dY
- F N B P (X - X*)
OC
dZ
C

(1 2 b)

0

Pratt ( 15 ) has recently developed an easily applicable procedure for
sol ving these equations for the plate stack height He, given the values
of the Peclet numbers and the dimensionless concentrations X and Y at
each end of the column.
The continuous phase Peclet numbers can be
obtained using available axial dispersion data (6,9); no data exists on
the mixing in the
is persed phase , so various assumptions have been
necessary as discussed later in this paper.

ct

TESTING OF MODEL FOR COLUMN DIAMETER AT FLOODING.
The calculations indicated in Figure 1 and equations ( 1) to (6)
were carried out for colunn conditions and systems corresponding to
published flooding studies (4, 6, 1 6).
The parameters are given in
Table 1 ; continuous phase flow Q
and agitation levels are with one
exception those corresponding to t9ie actual flooding conditions (4, 6,
1 6), while the flow ratio (dispersed/continuous) was the design variable
in this case.
Table 1.

Experi mental conditions corre spo n ding to data po i nts on
flooding shown in Figure 2.
Hafez e�a�___(6) ..E�.r.r. _& Lo (.l__§)__ Karr & Lo (4)
__________ ·····-·-····
Cont.phase
Water
Water
MIBK
Disp. phase
kerosene
water
Xylene
9
32
Intl. tension y(mN/m)
20
Plate characteristics
Open area fract. a
0.58
0.61
0.61
0.61
Spacing h
( cm)
5
2.5
5.0
2.5
( cm
Stroke A
2.50
1. 27
1. 27
:)..5 4
�
Frequency f (s-)
2.3
3.6
6.2
5.6
-1
Cont.phase flow ( mL s ) 1 50
(Q =Q land Lis vari
0 c
aole in Fig.2 )
0
Symbol in Fig.2
Actual col. diam. (cm)
15.2

1 5.5
Ct

7.62

1.42

2965

"v
2.5 4

�
91. 4

Figure 2 shows that the computed curves of DF versus L pass close
to the majority of experimental points which correspond to the col unn
diameters actually studied (4, 6, 16). The exception is the large 91.4
cm colunn (4) but this col�nn was not actually flooded, merely operating
close to the flood point. The computation indicates that if the column
had been 80 cm in diameter rather than 91.4 cm, it would have flooded at
the given flow and agitation level.
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FIG.2

Computed values of O as a function of flow ratio L for conditions
F
noted in Table 1.
Continuous lines are computed and the single
data points refer to actual value s of column diameter and L.

TESTING OF MODEL FOR HEIGHT OF PLATE STACK
Tests on the transfer of acetic acid from kerosene ( dispersed) to
water ( continuous) have been carried out in the 15 cm col unn described
previously (6) by the present authors.
The plate stack height was 2.05
m and extraction rates were controlled mainly by the kerosene-phase
resistance because of the high distribution coefficient of acetic acid
(water/kerosene).
The kerosene raffinate was carefully analysed for
remaining acid, and the degrees of extraction X and Y at input and
output of each phase were thereby determined.
Note was also made of the
flow rate of each phase, agitation rate, and column parameters, e.g.
plate spacing, etc.
In calculating the plate stack height according to the scheme shown
in. Figure 1, it was necessary to have data on the axial dispersion
coefficients in each phase (see eqs. (12a) and (12b)). Continuous-phase
data for the column were available from a previous investigation (6),
but no data on disper sed-phase a xia l di spersion are a v ailable.
= E , or (ii) E = 0.5 E '
Therefore it WctS assumed either that: (i) E
0
C
0
C
or (iii) E = O (i.e. plug flow in dispersed phase).
0

6
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6
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4
3
Af, cm s- 1
FIG.3

Computed values of plate
(L=0. 26)

stack

height in

7

15

cm diameter colunn

0
actual plate stack height= 2.05 m.
Calculations of plate stack height were made from the experimental
X, Y, Af, etc. under each of these assumptions, an d are shown as points
in Fig. 3.
It is apparent that assumption (i) gives the best agreement
with the given plate stack height, while assunption (iii) is reasonable
only at agitation levels near the lower bound of applicability of the
model (Af "' 3 cm/s).
The intermediate assumption (ii) gives an
intermediate result as might be expected. Assu mption (iii) of plug flow
in the dispersed phase tends to overestimate the col unn effectiveness,
i.e. to underestimate the plate stack height, because of the effect of
dispersed phase axial mixing. This effect appears to increase strongly
with agitation.
Although no data exist for E in Karr reciprocating
D
plate columns, data from large pulsed colunns (17) show that E "' E at
D
high levels of agitation.
Similar behaviour in reciprocating pt ate
columns seems to be indicated by the success of assumption (i).
A difficulty in the treatment of large-scale colunns lies in the
There is much eviden c e however that
lack of firm data on E
and E .
D
axial mixing increases �ith colunn diameter due to circulation effects,
and that consequently the height of a transfer unit (or H.E.T.S.)
incr e a s es with scale-u p.
Karr and Lo (4) h ave fo un d that for
reciprocating plate colunns the H.T.U. increases with the 0.38 power of
diameter.
Data (4) on the transfer of acetic acid between o-xylene and
w ater in a 0.914 mm colunn were used to obtain the values of E (assuned
c
equal to E ) which would give an estimate of stack height equal to the
D
actual height of 6.0 m. This necessitated a trial-and-error computation
repeatedly using the scheme shown in Figure 1.
The resulting values of

7

E plotted as a function of Af, parallel those from the small colun8
agd the ratio of values is close to the(ratio of colunn diameters) ·
This is coincidental as there is no general justification for
proportionality between H.T.U. and axial dispersion coefficient.
However, the effect
even more striking than in
dispersed phase plug flow
plate stack height b y over

�§)

!
a

of assuning E :0 for the same value of E is
C
0
The
the case of tne 15 cm colunn (Fig. 3).
of
e
underestimat
an
to
lead
can
assumption
colunn.
cm
4
91.
the
of
case
50% i n the

Additional compu tations have been carried out, b u t space
It is believed that the main
limitations prevent their inclusion.
in designing for "difficult
found
usefulness of this model will be
and/ or low inter facial
viscosity
extractions", e.g. systems of high
change significantly
can
tension
Sanetimes., the interfacial
tension.
ref. 18) and
instance
for
(see
colunn
a
of
between the top and bottom
could be
model
The
minimum.
a
is
y
where
localised flooding could occur
that the
so
spacing
plate
of
variation
optimum
the
adopted to calculate
would
This
unn.
col
the
in
points
all
is constant at
calculated O
F.
full
their
to
utilised
being
are
colunn
ensure that all sections of the
relative
the
is
model
the
applying
capacity. The main difficulty in
lack of axial dispersion data, particularly for large colunns. However
the inversion of the model in a trial-and-error procedure allows
This
= E .
mass transfer data assuming E
from
calculation of E
0
C
C
simple"
"
for
data
pilot-scale
sane
obtaining
suggests the possibility of

mass transfer systems, calculating E from these data, and applying the
resulting E values to calculation o� a "difficult" mass transfer under
C
the same hydro
dynamic conditions.
The presen t calculations have
indicated that the assumption that E = E is reasonable.
0
C
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NOTATION
a
specific area
A
stroke(= twice amplitude)
B
ratio H /d
2
C
dischar�e doefficient
Sauter mean droplet diameter
d32
D
column diameter
]l)
molecular diffusivity
E
axial dispersion coefficient
f
frequency
F
extraction factor
due to gravity
acceleration
g
h
interplate spacing
H
plate stack height
Hy
true height of transfer unit(plug flow)
k
mass transfer coefficient in one phase
dimensionless constant(only in eq. (4))
K
overall mass transfer coefficient elsewhere
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m
N
p
Sh
Re
Sc

u

X
y

z

Hatez et al.

flow ratio Q /Q
D c
distribution ratio
number of transfer units
volune flow rate
Sherwood number
Reynolds number
Schmidt number
superficial velocity
dimensionless concentration, continuous phase, defined in ref. 15
dimensionless concentration, dispersed phase, defined in ref. 15
dimensionless height from bottom of plate stack (O<Z<1)
Subscripts

G reek letters
y
tip
µ
p

p
a
ljJ
d>

80-41

interfacial tension
density difference
viscosity
density
�1spersion density
fractional open area of plates
po�.;er dissipation per unit volune
dispersed phase holdup

C
D
F
0
S

continuous phase
dispersed phase
flooding
overall
slip value
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A FUNDAMENTAL APPROACH TO THE DESIGN AND
OPTIMIZATION OF INDUSTRIAL SOLVENT
EXTRACTION PLANTS
J.E. Sepulveda and J.D. Miller
Department of Metallurgy and
Metallurgical Engineering
University of Utah
Salt Lake City, Utah 84112
U.S.A.
ABSTRACT
The design, optimization and control of continuous
flow countercurrent solvent extraction circuits is gener
ally accomplished by an equilibrium stage analysis. The
formulation of a quantitative, time dependent description
of these circuits incorporates information regarding the
intrinsic reaction kinetics of the system into a popula
tion balance model involving the droplet size distribu
tion. Importantly, simulations show that for simple,
first order reversible reaction kinetics maximum selec
tivity is achieved at intermediate retention times before
the system is allowed to reach equilibrium. Preliminary
model verification for the uo 2 /D2EHPA has encouraged the
further development of this research program.
INTRODUCTION
Solvent extraction technology, originally adopted for the recovery of
uranium and plutonium from fission products, is rapidly becoming a conven
tional processing strategy for the production of other important metals such
as copper, nickel, cobalt, beryllium, tungsten, vanadium and rare earths.
At present, solvent extraction techniques are being employed on a worldwide
basis, for the recovery, purification_ and concentration of nearly 25,000
tons of uranium and 200,000 tons of copper per year.

Nevertheless, the wide implementation of solvent extraction technology
in the mineral.industry by no means implies that the actual processing
plants have been efficiently designed or fully optimized. In most applica
tions, the selection and sizing of the equipment, in particular the phase
contactor, has been based on expensive, time-consuming scale-up techniques
without much consideration of the now available information on the process
fundamentals.

In view of the above considerations, the need for an improved approach
to the design -- as well as the optimization and control -- of solvent
extraction operations can not be overemphasized. It is the main purpose of
our ongoing research program to develop simple, but realistic, mathematical
models of multistage mixer-settler units, the most widely used type of phase
contactor, based on recent advances in the characterization of hetero
geneous reaction kinetics for continuous, multicomponent liquid/liquid

extraction systems.
BASIC MODEL STRUCTURE
An appropriate mathematical model for the design and optimization of
solvent extraction operations should be capable of:
1. Describing the steady state response of multistage systems; not
necessarily operated at equilibrium conditions.

2. Considering variations in the dispersed phase drop size distribution
and hence, incorporating the interfacial area in the calculations.

3. Quantifying the degree of separation between two or more components
for any specified set of conditions.

The mathematical formulations to be described are intended to comply
with each one of these requisites. By consideration of both the forward and
backward reaction kinetics, it is possible to characterize systems far from
equilibrium as well as those operated near equilibrium conditions. In
addition, a population balance model has been developed to describe the drop
size distribution of the dispersed phase in continuous well-mixed phase con
tactors. The overall model then arises as a combination of both sources of
information -- intrinsic reaction kinetics and droplet size distribution -
via mass continuity expressions for each of the extractable components in the
mixer. The mathematical framework used in the formulation of the general
model and its application to the design of actual solvent extraction plants
is schematically represented in Figure 1.
By way of example, a two component, countercurrent system was considered
as depicted in Figure 2. For an acidic extractant, the two overall extrac
tion reactions can be generally described as:
+n

A

+m

B

Deelgn
Specification•

+

nRH

+

mRH

t

t

+

R-A + nH
n

(1)

+

(2)

R-B
m

Computer

FIG. 1

+

mH

Slmutatlone

Plant

Schematic representation of the overa ll mathematical
model framework and its application to the design of
actual plant operations.
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FIG 2.

+n

Schematic representation of a countercurrent
solvent extraction system.

+m

where A
and B
are the extractable species and the symbol (-) denotes the
organic phase. It is desired to describe the overall extraction of each
component as a function of the mean residence time in the system. In this
context, at each stage kin the system (k= 1 ,2, .. ,N), the following mass
continuity expression for component A must be satisfied at any time:
Accumulation
the

Phase

]
k

Rate of Transfer
[ of A into the
]
Organic Phase

(3)

k

and similarly for component B.

Appropriate mathematical representation of the two continuity equations
and consideration of first-order, reversible intrinsic reaction kinetics,
leads to the following expressions:
A. = A.IN - (�� 1 ) kA
-K
-K
v1
f

akTk

3

1

(R- A
k k - KA

H

k

A)
k

(4)

(5)

where:

� =V

V
=Q /Q
=phase ratio
aq / org
aq org

th
Tk =mean residence time in the k
vessel, k =1,2, .. ,N

equilibrium constants of the rate controlling steps
in the extraction of A and B, respectively.

rate constants for the forward reactions.

and the integral factor:

(k)
Ja(v)nk f
(v)dv,
0

(6)

0

where:

a(v) =interfacial area of a drop of size v

�=total number of drops per unit volume of vessel in the
kth stage.
(k)
f
(v) =number drop size distribution density function in the
0
kth vessel.

The term, ak corresponds to the specific interfacial area, i.e. the total
area, per unit volume of vessel, available for extraction. The fact that
this term can be factored out as the specific interfacial area is charac
teristic of chemical reaction rate controlled processes and may not be the
case when other reaction steps are rate controlling.

The last step in the formula!ion is_to relate the organic phase concen
trations of extractabl� species, Ak and Bk, the free extractant concentration
in the organic phase, Rk, and the hydrogen concentration in the aqueous
phase, Hk, in terms of the aqueous concentrations, Ak and Bk, and inlet
conditions. This can be accomplished through a set of mass balance and mass
action expressions.
The complexity of the resulting system of equations makes the use of a
computer a practical necessity. Fortunately, these equations can be
expressed in terms of a reduced number of dimensionless variables and para
meters; therefore, minimizing the total computational effort involved in
numerical simulations.

For non-dimensionalization purposes, the inlet aqueous phase concentra
tions (A0 and B0, see Figure 2) were selected as characteristic concentra
tions; while the batch time required for 50% extraction of A (when the back
reaction kinetics are unimportant and the extractant is supplied in the exact
stoichiometric amount for complete extraction), was taken as the characteris
ti-c time:
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COMPUTER SIMULATIONS
A Fortran V program was written for the numerical evaluation of the
dimensionless model equations. Typical simulation results for a monocompo
nent singlestage system are presented in Figure 3 which shows the effect of
the apparent equilibrium constant of the rate controlling step, KA, on the
overall fraction extracted as a function of the mean residence time. As
expected,
reaches higher levels for any given mean residence time as KA
increases. Interestingly enough, the simulations presented in Figure 3
indicate that at low extraction levels, away from equilibrium conditions, the
overall rate of extraction is independent of the equilibrium constant value;
hence, not significantly affected by the back reaction kinetics. On the
other hand, as the mean residence time increases, the overall fraction
extracted approaches different equilibrium values depending on the apparent
equilibrium constant value, KA. This characteristic feature of solvent
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Effect of the number of stages on the overall
fraction extracted with "equal-size" mixers:
T! = T� = ••• = T� = T*/N.
extraction systems could simply not be described by the type of rate
expressions proposed by other investigators (1-4) since the significant con
tribution of the back reaction kinetics to the overall rate of extraction,
near equilibrium conditions, is not acknowledged.

The simulated responses presented in Figure 4, for a monocomponent
system, clearly verify the predicated assumption that multistage, counter
current systems are significantly more efficient than singlestage systems,
for any specified total mean residence time, T*. Even more significant from
a design standpoint, is the fact that the total mean residence time required
to achieve a specified extraction level may be several times larger -- if
at all finite -- for a singlestage system than it is for an equivalent
countercurrent system, operated under similar conditions.
Finally, the capability of the model to predict the overall fraction
extracted of two or more competitive species in solution is illustrated in
Figure 5, by consideration of a two-component, multistage system. This is
one of the most striking observations resulting from the current modeling
effort. The quality of the separation, quantified in this case by the
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Effect of the number of stages on the coefficient
of separation for a particular two-component,
multistage system with "equal-size" mixers.

At -

coefficient of separation (CS=
Bt), goes through a maximun as the mean
residence time increases, indicating that optimun selectivity is not
necessarily achieved at equilibrium conditions. Furthermore, multistage
s ystems are shown to be significantly more selective than singlestage sys
tems.

Other simtllation results could not be accomodated due to space restric
tions imposed by t he publisher. As expected, many of the conclusions
arising from them are intuitively obvious and apparent from a conventional
equiZibriwn stage analysis. For instance, it is well known that extraction
will be enhanced by a higher extractant concentration and/or a larger
equilibrium constant value. However, the kinetic nature of our model makes
it possible to describe other effects -- such as the influence of the mean
residence time on the quality of the separation --- in a quantitative
fashion.
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PRELIMINARY MODEL VERIFICATION
The validity of the above statements is obviously dependent on whether
or not the model is capable of describing the behavior of actual solvent
extraction operations with a reasonable degree of accuracy. In this regard,
the independent study of Ryon et. al. (5) on the Dapex uranium solvent
extraction process serves well as a preliminary verification of the appro
priateness of the current approach.
The overall extraction reaction can be written as:
+2

uo

2

+ 2RH + R -uo
-+ 2 2

+

+

2H

(8)

where RH space represents the extractant D2EHPA. Based on their experimental
observations, Ryon et. al. (5) postulated a first order rate expression of
the form:
A
' A
-r (v) = a(v) [kf

k'
b

A]

(9)

which in this analysis was modified to include a first order effect of the
free extractant and hydrogen concentratior.J:
(10)
Based on the work of Rodger and Trice with gP�metrically similar mixing
vessels, Ryon and coworkers were able to estimate the available interfacial
area as a function of the specific power input. For our analysis, the
apparent equilibrium constant, KA, was estimated from the extraction isotherm
and the rate constant kt from continuous data by non-linear regression.
A comparison of experimental and predicted values is presented in
Figure 6. These data correspond to a nominal one-gallon mixer with flow
rates from 0.2 to 5.0 gpm. Specific power input to the mixer varied by two
orders of magnitude. Considering the experimental error involved in Ryon's
sampling and analytical techniques and the idealized nature of our interpre
tation, the agreement between experimental and predicted values appears to
be just excellent.
Other experimental systems, as well as the application of the model to
their design and optimization, are currently under study at the University
of Utah. The limitations of the conventional equilibrium stage design pro
cedure and the need for an improved kinetic description of continuous flow
systems are evident from these simulation studies.
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ABSTRACT
The objective of this work is to determine whether,
with carefully obtained data, including drop size distri
bution, and accurately solved model equations, extraction
column performance can be predicted accurately.
Apply
ing the Handlos-Baron drop model to the column model
equations with drop size distribution influence included,
gave reasonable(+ 20%) prediction of the number of
transfer units. Further analysis of the data indicates
that rates of mass transfer(predicted by the Handlos
Baron drop model with the Calderbank Moo-Young contin
uous phase coefficient) and axial mixing(predicted by
Misek) are overestimated.

INTRODUCTION
Recent work has established that modelling of mass transfer processes
in extraction columns by dispersion or backmixing models has not given
satisfactory results.
The dispersed phase behaviour particularly has not
been adequately modelled.
It has been made apparent by Rod(1), Misek (2),
Olney(3), and Korchinsky and co-workers(4,5,6,7), that a model(before it
can satisfactorily predict column performance), must take into account the
polydispersed nature of the dispersed phase, or the distribution of drop
sizes, which exists.
Experimental evidence of the strong influence of drop size has been
obtained by Chartres and Korchinsky (8), and direct experimental verifi
cation of the influence of drop size distribution has been made by the
authors(7).
Theoretical models developed by Chartres(5), and by
Azimzadeh-Khatayloo (4) predicted large effects of size distribution on col
umn performance.
These models utilized single drop model predictions for
the mass transfer coefficients, with the rigid drop(9) and turbulent circu
lating drop model(of Handlos and Baron (10)) used.
These single drop
model predictions, however, were only approximate predictions of the model
equations as several assumptions normally made in the solutions of the
single drop model equations are unrealistic when applied to extraction col
umn conditions.

1

Further work was therefore desirable in order to improve the theoreti
cal model predictions and to attempt experimental verification of the model.
THEORETICAL MODELLING
Model equations, and computer-programmed solutions, developed by
Chartres served as the starting point for this study.
The model assumed
that drops of different diameters moved through the continuous phase at
The contLmous
different velocities but only in the forward direction.
Column design or
phase was modelled by plug flow with axial dispersion.
performance prediction required the calculation or measurement of the
following parameters:
a)

Drop size distribution.

b)

Drop velocity distribution and dispersed phase hold-up.

c)

Mass transfer coefficients - drop side.
- continuous phase.

d)

Axial dispersion coefficients - continuous phase.

- Drop size distribution
These are highly dependent
and direction of mass transfer,
properties, etc.
They must be
column performance.
They were

on the distributor, agitator type and speed,
and will depend also on flow rates, physical
measured to obtain accurate predictions of
measured photographically in this study.

- Drop velocity distribution and dispersed phase hold-up
Although it would be highly desirable to have measured values of drop
velocities, which will undoubtedly be highly dependent on drop size, such
Hence
measurements have not been made so some approximation is necessary.
it is assumed that the drop velocities relative to the continuous phase are
proportional to the single drop terminal velocity predicted by Misek's (11)
or Hu-Kintner (12) relationships, depending on the drop Reynolds number.
The proportionality constant is then determined from the dispersed phase
hold-ups, preferably experimental values (see Appendix).
- Mass transfer coefficients
The measurement of drop-size dependent mass transfer coefficients in an
operating extraction column would require techniques not yet demonstrated.
For the time being it seems more logical to assume a model for the drop
behaviour, predict drop-side and continuous phase mass transfer coefficients,
or the equivalent overall mass transfer coefficient, and then compare pre
dicted and experimental column performance to determine the applicability of
the assumed drop behaviour.
Two models of drop behaviour have been investigated in detail - the
rigid drop and the Handlos-Baron turbulent circulating drop.
The previous
approaches to the determination of mass transfer coefficients for these
single drop models have required making assumptions which are not really
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valid for the countercurrent flow situation.
In particular, a constant
continuous phase concentration has been assumed.
This assumption, and
others normally made, have been eliminated (19) and the resulting single
drop, and column, model equations (see Appendix) have been solved using
advanced numerical techniques to obtain predictions of column performance.
Although in the numerical solution of the drop and column model equa
tions we no longer obtain drop-side or overall mass transfer coefficients,
but get concentration changes directly, values of the continuous phase mass
Again there is a lack of data for the
transfer coefficient are required.
extraction column situation so that some estimate is required from previous
work on single drops, or on agitated systems.
For this study the relation
ships of Calderbank and Moo-Young (13) and of Linton and Sutherland (14)
were used in rigid drop predictions, and those of Calderbank and Moo-Young
and of Garner and Tayeban (15) were used in the Handles-Baron drop predic
tions, for the agitated section of the column.
A small settling zone normally is present above the agitated section
of any extraction column.
The theoretical model used here included this.
Prediction of the continuous phase mass transfer coefficient for this zone
was by another equation developed by Calderbank and Moo-Young (13).
- Axial dispersion coefficients, continuous phase
A considerable amount of work has been done in this area with correla
tions of experimental data available for a number of columns.
The correla
tion of Misek (16) seemed most br0J1ly based of those available for the
Rotating Disk Contactor so was used in this study.
For the settling zone
the correlation of Vermeulen (17) was used.
Measurement of these coeffi
cients at the same time as the remaining measurements are made should be
possible from concentration profiles (18).
Although this was beyond the
scope of this study, a limited number of concentration profiles was obtained
and used to check on the accuracy of prediction of these profiles by the
model equations.
EXPERIMENTAL
A Rotating Disc Contactor, diameter 22 cm, height 147 cm, was used in
this study.
Experimental measurements were made of
- drop size distributions at several levels in the column
- dispersed phase hold-up
- extraction efficiencies
- continuous phase profile concentrations
(in some cases)
Now as the model equations have certain limitations, great care was
Low
taken in the experimental programme to keep within these limitations.
solute concentrations were used to maintain constant flow conditions.
Perhaps more importantly, low flows and correctly-sized distributor plates
provided drop size distributions which were nearly uniform over the height
of the column.
There were slight reductions in drop size in some runs due
to drop break-up, but with the low dispersed phase hold-up levels, and
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TABLE 1
Results
Run
No.

h

W

W

C
(g/s)

D
(g/s)

2

25.8
25.8

44.3
44.3

4

20.0

C
(cm)

1

20.0

3
5

6

4.5

29.5

20.0

7

29.5

9

28.5

28.5

8

10

20.0

12

29.5

20.0

11

13

14

15

16

7.2

20.0

39.0

20.0

20.0

26.5

29.7

43.9

29.7
43.9

n
(1/5)
4.0
5.0

4.0
4.0

¢

m

Eo

0.050
0.074

0.386
0.260

0.852
0.764

0.765
0.816

3.03

1.94
2.06

0.186

0.725

0.686

2.03

2.71

0.700

2.89

0.038

0.044

4.0

0.098

4.0

0.092

4.0

0.259

0.627

0.188

0.604

0.687

0.178

0.691

0.754

0.165

0.746

0.778

0.176

0.804

0.730

0.057

0.190
0.165

0.584

5.1

0.105

26.5

5.1

0.057

0.161

0.055

0.172

0.755

0.070

0.175

0.774

0.069

0.117

0.770

29.7

43.9
29.7

53.l

29.7

29.7

5.1
4.9

4.9

0.093

0.039

4.9

0.042

4.9

0.058

4.9

5.8

c

0.720

39.0

39.0

NOCP

d
32
(cm)

0.174

0.120

0.755

0.765

0.791

Exp.
2.24

1.75

2.52

Predicted

2.05
3.53

2.89

2. 94

3.31

3.38

3.76

3.57

4.28

0.763

3.15

0.730

2.37

2.82

2.27

2.84

2.24

0.736

0.706

2.19

0.765

0.814

3.52

0.706

0.815

3.51

3.19

2.63

2.61
3.35

3.35
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particular conditions used in these test runs, coalescence was avoided.
RESULTS
Experimental conditions, and results obtained, are summarized in Table
These runs covered a range of flows, disc speeds, and three different
1.
Some drop break-up
distributor plates, which gave a range of drop sizes.
occurred when the largest drops were introduced (Runs l - 3) with signifi
cant reductions in drop sizes through the column.
In the vast majority of
runs (Nos. 4 - 16), however, little or no drop breakup occurred, with drop
sizes remaining constant through the column.
Mass transfer results are best examined in terms of the 'plug flow
number of transfer units', Nocp, in this case based on the continuous phase
concentrations.
Experimental values, as well as those predicted by the
most accurate combination of single drop model (the Handlos-Baron model) and
continuous phase mass transfer coefficient (by Calderbank and Moo-Young),
are given in Table 1.
These Nocp values are also compared in Figure 1.
Measured continuous phase concentration profiles are illustrated in
Figures 2 - 5.
On these figures are also plotted predicted profiles for
the Handlos-Baron drop model and
A)

as predicted k

B)

adjusted kc and/or E values.
C

c

and E values, and
C

All theoretical profiles are obtained by fixing the exit (at z=O) continuous
phase concentration at the experimental value, hence calculating the concen
trations toward, and including, the inlet concentration.
To improve the agreement between predicted and experimental concentra
tion profiles changes could be made in
l)

the single-drop model (e.g. Handlos-Baron),

2)

the continuous phase mass transfer coefficient, k ,
c

and/or 3)

the continuous phase axial mixing coefficient, E .
C

In this study the values of kc and Ee are varied, retaining the Handlos
Baron model.
Profiles are again predicted from the experimental exit
concentration, but now the parameters are varied to obtain accurate
prediction of the concentration profiles AND the experimental inlet
concentration - and thus the correct, experimental, value for Nocp·
DISCUSSION OF RESULTS
A comparison of experimental, and model-predicted, number of transfer
units, NOCP (see Fig. 1), shows that experimental values were closely
predicted by the Handlos-Baron drop model, when the Calderbank and Moo
Young continuous phase mass transfer coefficient and Misek axial mixing
coefficient were utilized.
Predicted values of N

OCP

average about 10% higher than experimental

5

values, and range from 70 to 140% of experimental values.
Other combina
tions of drop model, e.g. rigid drop, and kc and Ee correlations did not
give nearly as accurate predictions of Nocp ·
Does this mean that extraction column performance is therefore now
accurately predictable?
Or is it by chance that these results have been
The comparison of experimental and theoretically predicted
obtained?
continuous phase acetone concentrations may give some clues to the answers
to these questions.
For the six runs for which profiles were measured, predicted values of
ranged from values which were 5% below experimental values (in Runs 15,
N
O P
16JC to one which was 33% above the experimental value (in Run 4).
Only in
one run, Run 11, did the predicted profile closely follow the experimental
profile, though the predicted Nocp value was higher by 17% because the inlet
concentration was not accurately predicted.
What are the reasons for the differences between experimental and
predicted results?
Assuming the general model is applicable, differences
in concentrations may be due to errors in either the mass transfer predic
tions or the axial mixing predictions.
Adjustment of the continuous phase mass transfer, and the axial mixing,
coefficients in order to improve the prediction accuracy gave the following
results:
1)

In 5 out of 6 runs, values of mass transfer and axial mixing
coefficients had to be reduced below the values calculated by the
original correlations, indicating that rates of mass transfer and
axial mixing were originally over-estimated.
This is true when
Nocp is originally over-estimated, as in Runs 3, 4 and 11, and
when Nocp is under-estimated, as in Runs 15 and 16, because the
concentration profiles indicate an over-estimate of the axial
mixing influence for the same runs.
Reduction of the axial
mixing coefficient then requires a reduction in kn if the
experimental Nocp is to be accurately predicted.
In the sixth
run (Run 6) Nocp is accurately predicted, and concentration
profiles, too, are reasonably well predicted (Fig. 3) with no
adjustment of parameters.
If anything, the extent of axial
mixing in this run seems u�der-estimated, so increases in kc and
Ee are necessary if predicted results are to improve. But the
effect on the predicted profiles of such simultaneous changes are
slight, for quite large changes in kc and Ee (see Fig. 3).

2.

In 3 of the 6 runs (Runs 11, 15 and 16), those with RDC internals
modified to give larger compartment heights, the reduction in the
axial mixing coefficients required was much greater, indicating
that the influence of the compartment height is not accurately
predicted by Misek's correlation.

The adjusted parameters used in generating the "improved" concentration
profiles will not be the only combination of parameters which will produce
the same results.
As four parameters may be varied, i.e. kc and Ee in both
agitated and settling zones, these four parameters cannot be uniquely deter
mined from the limited data obtained.
However, they do give an indication
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of the possible sources of error in the prediction method.
The evidence
here indicates that, although the original prediction method was quite good,
significant errors in mass transfer and axial mixing rates have been compen
sating.
It must be stressed that mass transfer rates, adjusted here by
varying kc, may in fact be wrongly predicted due to the inapplicability of
the Handles-Baron model to some or all of the drops.
Perhaps the rigid
drop model applies to the smaller drops.
This possibility will be explored
in further studies.
CONCLUSIONS
1.

Though the data are limited, the proposed single drop, and extraction
column, model equations, with the appropriate data, give accurate
prediction of extraction column performance.

2.

Comparison of experimental with theoretically-predicted concentrations
indicates that adjustments to the predicted mass transfer, and axial
mixing,·coefficients are required to improve model predictions.
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=
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=

m

=

=

EC

=

f.

=

l

k

=

c

n

=

r

=

VC

=

=

r'

=

vd ,l
VD

=

.

=

Vt ,l

=

WC, WD

=

X

=

y.l

=

V

s,i

=

y

=

y*

=

z

=

constant of proportionality
drop diameter, ith fraction

3
2
Sauter-mean drop diameter (Enidi /� n.d. )
l
l
l
solute molecular diffusivity in the dispersed phase

axial dispersion coefficient, continuous phase
extraction efficiency, continuous phase basis

volume fraction of dispersed phase, drop diameter d.

l

RDC compartment height

mass transfer coefficient, continuous phase
solute distribution coefficient, y*/x
RDC disc speed

plug flow number of transfer units, continuous phase basis

radial coordinate

reduced radial coordinate (2r/d)

superficial velocity, continuous phase
drop vertical velocity

superficial velocity, dispersed phase

drop slip velocity

single drop terminal velocity, drop diameter, d.
l

mass flow rates, continuous and dispersed phases

weight fraction solute, continuous phase

dispersed phase solute weight fraction, ith fraction
weight fraction solute, variable within drop

weight fraction solute, equilibrium with continuous phase

column vertical position

Greek Symbols

µ C' µ D
,
Pc PD

�·

�

�

=
=
=
=
=

viscosity, continuous and dispersed phases
density, continuous and dispersed phases

reduced radial coordinate, 4r/d
l

-

�

fraction dispersed phase hold-up
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APPENDIX
Drop Velocity Equations
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Schools of Chemical Engineering, University
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ABSTRACT
A mathematical model which describes the dynamic
behaviour of a single stage mixer-settler unit has been
developed. The mixer has been described in terms of
instantaneous mass balances and holdup relationships and
equilibrium is not assumed. The emulsion band has been
divided into elements of uniform phase composition and
the flow patterns in the continuous phase in the settler
have been predicted to obtain the residence times in flow
channels defined by streamlines.
Typical results
demonstrating the effect of the main variables and mass
transfer relationships on the open loop response are
presented. A comparison with experimental data shows
good agreement for both single and multicomponent
transfer.
IN'l'ROUUC'l'ION
Mathematical models which are capable of describing the dynamic behavi
our of processes are useful to predict the open loop response of controlled
variables to uncontrolled disturbances, start-up and shut-down behaviour,
and also as a basis for the design of automatic control systems. However,
in spite of many years of operating and design experience, the dynamic beha
viour of mixer-settlers is still not well understood. Whereas the dynamic
behaviour of the mixer can be described quite easily, the settler presents a
more difficult problem. Empirical approaches have been adopted in the past
which are not useful in design.
rrhe objective of this work was to develop a ;nodel based on a prediction
of the flow patterns in the emulsion band and the two liquid phases in the
settler instead of using arbitrary assumptions about the characteristics of
the settler. This description of the process dynamics also involves the
hydrodynamic characteristics of the mixer, as well as its hydraulic inter
actions with the settler and a novel approach, which relaxes the assumption
that equilibrium is necessarily achieved, is presented.
&:::VIEW OF PREVIOUS WORK
Extensive literature surveys oq the dynamic behaviour and control of
mixer-settlers have been presented elsewhere (7, o), so only the literature
dealing with hydrodynamic modell_ing of the settler will be considered here.
The simplest approach to modelling the settler has been to assume that the
two phases are in plug flow and that the settler concentration response is
1

the same as that leaving the mixer out delayed by the time required to pass
through the appropriate phase in the settler. However, there is considerable
evidence of appreciable mixing in the settler. Beetner, Frey and Bautista
(1) found experimental evidence of plug flow in the organic phase in the
settler and partial mixing in the aqueous phase and derived a simulation
technique (2) in which the settler's volume was divided into different reg
ions with either plug flow or perfect mixing, according to the region.
Chester (4) made an analysis into the hydrodynamic behaviour of a multi
stage mixer-settler, extending static considerations for the unit to include
recycle flows and a flooding profile for normal operation. He derived lin
earised transfer functions to simulate single and multistage units. Probably
the most thorough investigation on flow patterns in the settler is to be
found in the parallel studies by Rouyer (9) who explained the mixing phenom
ena in the settler and obtained experimental results for upward steps in
aqueous feed concentrations, and Demarthe (5) who investigated the flow
patterns in the settler by applying both upward and downward concentration
steps and described the existence of an associated flow rate, which was a
measure of convection in the settler.
The need to consider settler hydrodynamics in design was recognised by
Drown and Thompson (6) who observed that settlers could b e characterised by
three distinct regions, viz., the entrance, the emulsion band and the exit
region. They found that velocity distributions varied considerably from
plug flow and that the emulsion band was capable of absorbing momentum from
both bulk phases, causing a deceleration of the emulsion band and enhancing
the dynamic coalescence rates.
From the above review it is seen that the different types of represent
ation of settler hydrodynamics are somewhat arbitrary. A more fundamental
approach is therefore needed.
Consider a conventional box mixer-settler. The length of the emulsion
wedge increases as the flow rate increases until, with a throughput corres
ponding to a correct sizing of the settler, the height of tne emulsion band
becomes uniform. Since the rate of coalescence in the emulsion band is a
function of its height, once this becomes uniform it is reasonable to assume
that the rate of coalescence will also be uniform over the whole area of the
settler. In other words, the liquid flux from the emulsion band into both
continuous phases will oe uniform. On this basis the flow patterns in the
two phases can be predicted, and this is the aim of the present work.
DEVELOPMENT OF THE MATHEMATICAL MODEL

The Mixer. With good mixing it is reasonable to assume that the ratio of
the two phase holdup volumes is in direct proportion to the inlet aqueous
and organic volumetric flow rates, L and V respectively. Thus, the
F
aqueous outlet flow, L , will be giv�n by
m
L =
m

(1)

where H and H are the aqueous and solvent holdups respectively.
L
ions in H wilY be given by
L
d H
L
L
m
dt
Similar expressions can be derived for the organic phase.
on the aqueous phase gives

2

Variat

( 2)

A solute balance
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d
H X�) =
dt ( L 1.

L
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Q.

F

( 3)

F
m
where X. and X. are the aqueous concentrations of component i in the feed to
the mix�r and the outlet from the mixer respectively. iJ., the amount of
solute i transferred from the ac_;_ueous to the solvent pha�e is given by

*

(4)

X.)

where K� is a mass transfer coefficient and X� is the concentration in the
1
aqueous phase which would be in equilibrium w!th Y1'.1. Substituting Eqn.(2)
1
in (3) and rearranging gives
Lv (X� - x1'.1) - Q.
r
1.
1.
1.
---

dt

(5)

HL

Similarly, for the organic concentration of i, Y., it follows that
1.
m
F
m
'ct y.
(Y. - Y.) + Q.
V
1.
1.
1.
1.
F
H
dt
V

(6)
m

Most previous work has assumed an equi�ibrium relationship to express Y. as
a function of X�. However, equilibrium is not always achieved in the mixer
and it is possi5le to determine experimentally the rate of mass transfer.

Single Component Transfer. For the system under consideration a pseudo
m
was developed, where
equilibrium relationship of the form Y = a + a
2
measures the fraction
a and a are constants. Such a relationship actually
2
a± approach to equilibrium and substituting its derivative in Eqn. (6) and
adding (5) to the equation thus obtained, Q. is cancelled giving finally
1.

'2f1

L

F

F

X

+ V

F

V
+ L
m
m
F
+ (H X + H Y ) ( F
L
V
HL + HV l

(7)

cx1:,
J

(8)

Multicomponent Transfer.

Assuming equilibrium relationships of the form
¢

m

Y.

X

where j = 1, 2, ..., number of components, (7), Ki can be calculated by substituting E�. (4) �n (5) and integrating numerically using experimental
values of�� and Y,.
1.
1.

The Emulsion Band.
The band, Fig. 1, is divided into N finite difference
elements so that the composition of each phase in each element is assumed to
be uniform. Consider the nth element. Since there is a constant flux of
oath phases from the emulsion band, the flows displacing the solute along
the band are
Aqueous phase in

L

n-1

= (N

+ l - n) L /N
m

3

(9)

L

Aqueou s phase out

n

= (N - n) L /N
m

(10)

If the flows across an element boundary are at the mean s of the conce ntration
of the adjacent elements for both phases, then ·the conce ntrations of aqueous
entering the elements are
1
2

X
n-1

( X n l

The variation in the height of the
A

s

d 1

e
dt

=

L

m

+

+ X )

(11)

n

emul s ion

V - N (L

m

1

band, 1 , is given by
e

1
+ V)

(12)
1

where A is the ba se area of th e settler and L and v are the aqueous and
s
Since
solvent fluxe s from each element of the emul sion band re spective ly.
1
l is not usually defendent on V if the aqueous phase is dispersed (and vice
e
versa), then V = NV and Eqn. (12) reduces to
m
A

1

d 1

s

__e_ = i,

dt

(13)

m
1

The band height, 1 , is a function of L and under conditions of con stant
e
impeller s peed and te mp erature a relation ship of the form
k

e

1 CL

(14)

"!

fitted the experimental observations very clo sely for a given phas e ratio
and total throughput. The index CL was about 0.5. The change in the
aqueous holdup, h , is
L
(15)
and a solute balance in the aqueous phase for element n of the emul s ion band
gives
L
d X
n= m
-[ (N + 1 - n) x - x - (N - n) x
(16)
n l
2N
n
dt
n+l )

Expression s equivalent to Eqn s. (9) (10) (11) and (16) can be derived for the
organic phase, thu s presenting the dynamic behaviour of the emulsion band.

L Xn

FIG. 1

FIG. 2

Section n of the
Streamlines in the aqueous phase
emulsion :Oand
in the settler predicted by Eqn.17
'l'he Continuous Phases. 'fhe flow field in the two continuous phases may be
solved u s ing the potential flow equation:

4
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0

(1 7)

where� is the stream function and x and y represent the Cartesian coordinat
es. The flow situation in the aqueous phase is presented in Fig. 2 where
the length of the settler is l , the height of the aqueous ph ase l , and
a
the areas between the strearnlifies A , A , etc. are relative to the total
1
area of the settler and thus independeni of its geometry. The length of the
settler was divided into N equal sect.ions. Eqn. (17) was solved numerically
for different values of N using Liebman's method for a rectangular mesh grid
and N = 10 proved to be sufficient for the problem. Values of the flow a re as
A to A 10 were then calculated by numerical integration and the dead sp ace
1
o5taineu by linear interpolation or the areas.
However, previous studies (7) (6) had alre ady indicated the importance
of the horizontal component of velocity in the emulsion b a nd which is not
accounted for in Eqn. (17).
Therefore, two alternative expressions, the
vorticity transport equation
1

a<�, v 2 �r

a

at

a

(x 'y)

=

\)

4

(18)

'il �

where the second term is the J acobi an and v the k inematic viscosity,
biharmonic equ a tion

a nd

0

the
(1�)

were used, incorporating as a boundary condition a simplified, normalized,
linear horizontal component of velocity. The flow situ ation thus predicted
is represented in Fig. 3 and the different flow areas, Ak, relative to the
total a rea, A , in Fig. 4.
T
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FIG. 3

FIG. 4

Streamlines in the aqueous
phase in the settler predicted by Eqn. U;
The residence time in each flow channel,
T

n

=

A W

T

n

Flow areas obtained by
Solving Eqns. 17, 18 and 19

'

can be found from

n

F

where Wis the width of the settler and F = L
to be considered.

(20)
1

or

v1

a ccording

to the phase

The solution of the system of simultaneous equations representing
mixer, emulsion band and continuous phases i-as carried out numerically in
the time domain, to avoid the linearisation implied by analytical solutions.
EXPERIMENTAL EQUIPMENT AND PROCEDURE
The experimental equipment consisted of two single stage, perspex
mixer-settler units and the necessary tanks, piping, pumps and instrument
ation to operate the units as a continuous extraction/stripping system. A
flow diagram of the equipment is shown in Fig. 5. The extraction unit
0
operated at room temperature while the stripping unit operated at So c. Full
details of the equipment are available elsewhere (7). The experimental
programme was devised to investigate the open loop response of the unit to
step disturbances in the aqueous feed concentration and the aqueous and
organic feed flows. Initially the transfer of a single solute was consid
ered, the chemical system being water/nitric acid/ 20% v/ v tri-n-butyl
phosphate (TBP) in kerosene. The work was then extended to the multi
component system water/nitric acid/uranyl nitrate/20% TBP. The equipment
was allowed to reach an initial steady state before introducing a step
change.
The dynamic concentration response was measured by taking simultaneous
samples, at regular intervals, of the two phases and the aqueous phase in
the mixed phase port and of the aqueous outlet from the settler. The
dynamic response of the aqueous outlet flow was measured with a rotameter.
Measurements were also made of 1 and 1 with respect to time.
e
a ·
4 ELECTT;,X)(LfSS W,C\CTl',1TY CELL
X •1, _____ _
ll(J/.,I
HtiOy If.
\

CC�.?. �LNS.-

lm<EN

SUTLER

I
{n EaN.1111
m • 119)
IV • Ill)

TiMtill'•.,J

FIG. 6

FIG. 5

Flow diagram of the experimental
equipment

Bffect of flow areas on
downward step acid
concentration response

EXPERIMENTAL RESULTS AND DISCUSSION
Six runs representative of the experimental programme are summarised
in Table 1.
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FIG.
No.

6

1
8

-·

9

10
--11

L (l/r.:in)
-·-- F
STEADY

STt:P

V ( l/minl
F
STEADY STEP

STtJE

CHANGE STATE

2.4

4.5

V.

3.4
�--3.�

3.0

3.0
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4.5

1. 95

3.8

3.e
3.0

3.0

l

�HANGE
s.o
I

_
Lli_
L
�!:tL

Experimental Programme

I

m

m_J F
m
X _ �tL _Jj__L�JL�
FIGS. 6 - 9 : K;i/m
f!GS. i0-11 : gmole/ l
41.02 33.02 4.26 ,o-4
3302
2316

3(,.63
2.247

1.971

4.71

33.55 128

'L..62

2.025 0.19
1.964

0.44

/u

,o-4 0.1014
10·4

0.21

6.0

6.3

o_m . o.m i 1cr- 2.6

6.6

- --- -'

?O

cm

l

2.2

10-4
-- - -- --10-4
10-4

I

I

v: __ I y�- -5�._l_�-I

0.176 0152

----- 1--

I

I

30

6.0
I
3.2 ! 5 .Q.

1o·j

2.0

5.0

Superscript ro refers to concentrations in the mi xed pnase port at the
initial steady state, wnile F refers to feed concentrations at zero time, i.e.
the step perturbation in the aqueous feed and the solute concentration in the
regenerated solvent feed.
Subscripts u and H denote uranium and nitric
acid respectively. The valu e s of 1 and 1 correspond to the final steady
e
state. The flow rate perturbations were igtroduced under conditions of no
mass transfer.
Figs. 6 to 11 show the experimental data compared with the computed
solutions. The agreement is generally good and, in all cases, the simulated
response is faster than its experimental counterpart. An ex amination of tne
reliability of the experiment&l results and the mathematical shortcomings of
the computer simulation is therefore indicated. To illustrate the latter,
the effect on the theoretical pr�dictions of the flow areas in the settler
and the approach to eq1-,J..librium in the mixer will be shown. Three different
sets of areas (Fig. 4) were used to simulate the run presented in Fig. 6.
The application of a horizontal component of velocity, Curves III and IV,
improves the prediction of the settler's response by introducing a hydrodyn
amic lag absent in II. Furthermore, IV, obtained using the areas given by
the solution to the vorticity transport equation (18) predicts more accurate
ly the behaviour of the settler than III, which uses the areas obtained from
the biharmonic equation (19) . Curves I and II in Fig.. 8 were obtained using
experimentally determined pseudo equilibrium relationships. Curves III and
IV were obtained using the actual linear equilibrium relationships, derived
experimentally in a manner similar to that described in (3) and they predict
a final steady state involving a higher aqueous nitric acid concentration
than is found experimentally. This is not surprising since the pseudo equil
ibrium relationships were tailored to the experimental results, but it indic
ates clearly that equilibrium is not necessarily achieved in the mixer and
that the introduction of a mass transfer term would be perhaps a better
approach.
The response of the multicomponent runs, Figs. 10 and 11, ex hibits the
same behaviour pattern of the single component response. Fig. 9 shows the
dramatic effect of the mass transfer coefficient on the mixer's response.
If K� is chosen to be sufficiently small, Curve III, it can reverse the
trend and�ake the experimental response faster than the computed one, while
if it is large, as in I, the predicted response can be too fast. The best
x
fit, II, was obtained with the experimentally determined K and�, which
U
reflects again the validity of such an approach.
Figs. 7 and 9 illustrate the dynamic response of the aqueous outlet
flow rate L . 1 was the determining factor and the start-up point for the
o
e

7

computed result was slightly different from the experimental one, due to the
natur e of Eqn. (14).
Fig. 9 exhibits an unusual pattern which was predict
As
the
solvent phase holdup increases, so does the
ed by the model.
aqueous flow rate, simply because the aqueous holdup decreases. Once the
decrease in aqueous flow rate reaches the settler's outlet, the throughput
starts decreasing until it reaches steady state.
Another determining factor on the accuracy of the simulated response
was the use of a Runge-Kutta-Merson method not specifically designed to
solve stiff syste ms of equations. The large time constant of the settler,
compared with that of the mixer, may require smaller integration step sizes
and therefore dominate the overall speed of solution.
Regarding the reliability of the experimental results, there are inev
itably errors in the sampling technique since sampling had to take place
over a very short period of time. Most of the concentration change in the
mixer, for both phases, took place before the first sample was taken due
to the very short residence time. The sampling for the settler was more
re liable since it was recorded continuously on an electrodeless conductivity
monitor. It served as a check on the mixer's response, as in Fig. 10, where
a minimum in the nitric acid concentration, undetected by the sampling of
the mixer, was recorde d for the settle r. The analysis of samples was
reliable and so was the overall performance of the aqueous outlet rotameter.
Fig. 12 shows a typical pattern for the dynamic behaviour of the emulsion
band. The predicted response was faster than the experimental one, but
since the values of k and a we re determined empirically, it could be due
e
to the fitting of the experim e r.tal observations to the power curve.
1
was not strictly constant throughout the iength of the settler, diminisfiing
very slightly with increased distance from the mixed phase port at lower
throughputs. This can be explaine d in terms of the overall coalescence rate
being faster than the horizontal component of velocity of the emulsion band.
CONCLUSIONS
The work has shown that a useful dynamic model of a mixer-settler can
be developed based on a prediction of the flow behaviour in the settler.
This approach is superior to those which are based on arbitrary assumptions.
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A MODEL FOR THE CO-EXTRACTION KINETICS OF
URANIUM, PLUTONIUM AND NITRIC ACID
G. Petrich
Institut filr Heisse Chemie
Kernforschungszentrum
D-75OO Karlsruhe, W-Germany
ABSTRACT A model is presented for the mass transfer
kinetics of uranium, plutonium and nitric acid in the
system uranyl nitrate-plutonium(IV)nitrate, nitric acid,
sodium nitrate/TEP. The model describes experimental data
previously measured by Finsterwalder /1/ for transfer
from a continuous phase into a rising/falling drop phase
at macro concentrations of U and Pu. It was found that
all data are well fitted by a mass transfer rate which
depends only on the gradient of the equilibrium concen
tration curve of the transfering species. The nitric acid
extraction rate is additionally enhanced by the co
extraction of uranium.

INTRODUCTION
A valuable tool in the design and safety analysis of the Purex process
for the separation and purification of uranium and plutonium from fission
products is the computer simulation of the various extractor types employed.
Sirrru.lation of the coextraction of uranium, plutonium and nitric acid in
mixer-settlers is in a good state, because comparatively long residence times
in the stages and the stagewise cocurrency of the phases allow a more or less
complete chemical equilibrium of the interacting solutes between the phases
to be obtained /2/. Hence, the central problem is a good model of the
distribution equilibria and a practical way to describe non-ideal flow
patterns in the mixer-settler.
This is not true for the simulation of pulsed sieve plate columns. Apart
from the description of hydraulics, a model for the solute transfer kinetics
is needed. A method frequently found in literature to calculate concentration
profiles in pulsed columns is by intersecting the length of the column in a
number of stages and to assume that a HTU-dependent percentage of chemical
equilibrium is reached. This may lead to rather poor results. The reason is
that for all heights within a column, the phase concentrations are far from
chemical equilibrium and that all solutes have different and generally
concentration dependent time constants for transfer between the phases.

Previous attempts to predict transfer time constants for the Purex
system at macro concentrations of U and Pu from either reaction kinetics at
the phase interface or from transport processes have not yet to our knowledge
led to a model that could be used in computer simulation. We have therefore
tried a more empirical approach to model the kinetics of simultaneous
uranium, plutonium and nitric acid transfer.
�he model had to fulfill the following requirements:
R1:

Description of experimental data measured by the rising/falling drop
method. Stationary and drop phase are an aqueous and an organic
TBP/kerosine phase resp. or vice v�rsa. U0 (N0 ) ranged from Oto 0,8M
3
aqueous and from Oto 0,21M organic. The 2
Pu(NO 2J ranged from Oto 0,1
4
M aqueous and Oto 0,14M organic. HNO ranged from 0,01 to 3M aqueous
and from Oto 0,32M organic. TBP conc�ntrations were 5,10 and 20 weight
percent in dodecane. Additional measurements existed for 3M NaN0 in
1
the aqueous phase. Almost all of the more than 1000 data points have
been taken at ambient temperature.

R2:

Keeping in mind that the model should be used for the simulation of a
pulsed column its structure should be as simple as possible. The
introduction of hypothetical interface concentrations should be avoided
to minimize core memory and computer time needed for simulation.
Interface concentrations will in addition greatly extend the range of
time constants in the model and thus lead to a stiff system of equations
which is difficult to integrate numerically.

R3:

For sufficiently long contact times the model has to produce the correct
equilibrium concentrations as predicted from the distribution model used
in �ixer-settler simulation. It is not enough to model the initial
transfer r�tes from the linear part of the mass-transfer versus time
curves.

R4:

In the different separation and purification cycles of the Purex process
both aqueous and organic phases are used as the dispersed phase. A
common model for the extraction rates is thus desirable.

R5: Mass transfer rates for U, Pu and HNO are, like distribution equili
bria, known not to be constants with tespect to varying concentrations.
While distribution equilibria are readily measured and are tabulated /3/
and are precisely described in mathematical models, the measurement of
reaction rates encompasses many problems and is very time consuming. If
it is at all possible, it is thus preferable to model the transfer
kinetics solely on the basis of equilibrium relations to allow for
extrapolation.
KINETIC DATA
The experimental conditions under which the experiments have been
conducted are described in detail in /1/. The kinetic data for the forward
and reverse extraction were measured by /1/, by letting initially unloaded
drops rise or fall through the loaded continuous phase. O
nly 3 runs were
performed for the reverse reaction of HN0 in the rising drop mode. Following
3
a procedure developed by Nitsch /4/, drop concentrations were measured for
each run at 4 different column lengths each with 4 different throughputs. To
eliminate mass transfer during drop formation and coalescence the data was
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Back extraction of uranium in 20 w% TBP into 0,01 n HN0 drop
3
Quite in contrast to uranium and plutonium the aqueous to organic nitric
acid transfer as a function of time follows relation (1) only if no or very
little �ran�um is present: With increasing uranium the :ate of HN0
3
extraction increases considerably, even at aqueous uranium concentrations
as
low as ),008 M. At U-concentrations of more than about 0,01 M the extracted
HN0 overshoots its equilibrium value within the short measuring time of less
1
than 4 sec and its rate of transfer increases further up to U-concentrations
of at least 0,3 M. At U-concentrations of more than about 0 ,08 M, the
extracted HN0 reaches a maximum within the measuring time and then decreases
1
again until it finally reaches its equilibrium value (data symbols in FIG.
3).
These findings were up to now the main obstacle in setting up a model
based on stoichiometry relations such as quoted above. Instead a term pro
portional to the rate of uranium transfer had to be added to equ. ( 1) to
adjust the transfer rate of nitric acid:
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FIG. 3
Uranium (empty symbols, light curves) and nitric acid (filled symbols, heavy
curves) transfer

=

( 3)

The subscripts hand u stand for HNO and U resp. Curves in FIG. 3 are best
fits to equ. (3). While the values oBtained for 6 by a simultaneous fit of
u
U and HNO� transfer via equ. (1) and (3) are only insignificantly different
from a sole fit of U to equ. (1), the values obtained for Gh are somewhat
higher than expected from relation (2).
Using 6 as calculated from (2), values for the proportionality con
stant X are �erived as shown in FIG. 4. Further work is required here since
it is not known whether equ. (3) also holds for the reverse reaction or for
aqueous drops. Furthermore the concentration dependence of A does not meet
requ irement R5 above.
DISCUSSION
So far, all our results for the mass transfer rates of U, Pu and HN0

6
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FIG. 4
Enhancement factor A fo r nitric acid transfer from 3 n HN0 into 20 w%
(ci rcles) and 10 w% (diamonds) TBP-drops by the presence oi uranium
are consistent with the use of the equilibrium curve slope as an inter
polation variable, at least with transfer into the drop phase. A physical
interpretation of this slope is the sensitivity of one phase to small con
centration changes in the other phase.
Fo r transfer out of the drop into the continuous phase we have only
3 6-values available for the reverse reaction of HN0 , marked as@ in
FIG. 1. The 3 points fit well in our correlation if 3
we use de /de
as an
r
fieaction
abscissa value in FIG. 1 instead of de
/de
used for
the
r&�ersg
.
.
.
org
aq
data with transfer from the continuous organic phase into the aqueous drop
phase. This implicates that within the frame of ou r correlation de
con t/
dc
has to be employed as the rate dete r mining quantity.
d rop

Here lies the major source of uncertainty in our procedure since no
further experiments for U and Pu transfer fr om the drup into the continuous
phase are available from /1/, the basis of our data. A literatur e search has
had only limited success: although published transfer rates are within the
range of our data, a precise compar ison is almost impossible. This is due to
the following reasons:

Expe rimental methods different from the rising/falling drop scheme lead
to transfer rates which depend on experimental conditions such as stirrer
speeds, centrifuge rotation speed or flow rates. In addition, the surface
area per unit volume A is not always known and sometimes there are doubts as
to which phase is continuous and which is dispersed. Since we aim at the
numerical simulation of pulsed columns which r equi r es the absolute magnitude
of t r ansfer between continuous and drop phase the published data is of a

7

rather qualitative nature for our purposes.
Published transfer rates as calculated from rising/falling drop
experiments do not always quote all the variables required for a quanti
tative comparison with our correlation: metal and nitric acid concentrations
of aq ueous and organic phase, TEP-concentration, direction of transfer,
indication which phase is continuous and which is drop phase. In addition
the equilibrium curves are not known to us for all cases.
Farbu et al. /5/ measured forward and reverse reaction rates for
organic drops with a 0,99 M NaNO / 0,01 M HNO solution as the continuous
aq ueous phase and TEP drop conceBtrations rang?ng from 0,02 M to 0,4 M.
Uranium was present only in trace amounts. While B at 0,4 M TEP (14 w%)
fits very well in our correlation, the rates at th� lowest TEP-concen
trations are considerably over-estimated by the correlation. Although the
rates of /5/ for the reverse reaction increase with increasing slope
de /de
the change in transfer rates is not pronounced enough to
as an interpolation
dc
si�RifigiRtly corroborate the choice of de
t / drop
variable f�� all modes of uranium mass traR��er.
In two recent publications Horner et al. /7,8/ claim that the rate of
aqueous to organic transfer of macro amounts of uranium w�s the sam� for the
3
falling drop and the rising drop modes. A value B = 7,3 - 2,5 x 10
cm/sec
u
is quoted for the forward reaction from 3,5 M HNO into 30 % TBP, averaged
from experiments with a Kenics mixer, a Lewis celi and rising/falling drop
tests.
a graphical presentation of B-values in /7/ not enough information
is given to make a further comparison.
Much of the previous work on transfer rates in the Purex system nas
been conducted with the nature of the transfer process in mind. Both
diffusion and chemistry controlled processes have been deduced as well as
combinations of the two possibilities. This paper cannot solve this problem
b ut it is hard to conceive that diffusion control should be dominant in
rising/falling drop experiments when the correlation shown in FIG. 1 is
viewed.
CONCLUSION
A model for the mass transfer rates of uranium, plutonium and nitric
acid in the Purex system has been given which
is consistent·with experimental data over wide concentration ranges
is easy to integrate
fu lfills the equilibrium relations for sufficiently long contact times
works for aqueous and organic dispersed phases
depends solely on equilibrium relations.
The last point is not completely satisfied due to the introduction of a
uranium-rate dependent term in the nitric acid transfer rate equation with a
concentration dependent constant of proportionality.
The model requires further validation for mass transfer out of the drop
phase.
While it is not claimed that the present model is the only one which
can be developed to describe the system, it does serve to make computer

8

5. Modelling

Petrich

80-42

simulation of continuous extractors in the Purex process such as pulsed
columns a practical tool.
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D TOOL IN SOLVENT EXTRACTION

S. Wahrmann, J.E. Gai
I.M.I. Institute for Research
Development.

&

Haifa, Israel
ABSTRACT
The easy accessibility of computers makes it worthwhile
to revise methods of constructing material balance
flowsheets especially.for processes involving the
extraction of significant amounts of more than one
component. The new approach would consist of the careful
planning and execution of a series of partition tests
which would then be subject to computer aided analysis.
The advantages of the new approach are clearly shown
by some simple examples and IMI experience is described
showing how the new approach is rapidly gaining ground.

Research at IMI on solvent extraction, started some 25 years ago, has
resulted in the development and industrial implementation of several novel
processes. These processes related to multicomponent, interacting systems
which defied the mathematical or graphical analysis so readily applicable
to systems in which a single component is transferred.
About five years ago,work started on the first computer simulation of a
steady state model, and since then, computer use for R & D purposes has
been steadily expanded. What follows can be considered as a summary of
our experience with this useful tool, the emphasis being on the approach
and methods used to arrive at material balance flowsheets (configuration,
flowrates, concentrations and number of stages).
Prior to the use of electronic computers, the technique developed at IMI
usually included the following stages :
a)

In order to overcome the complexity of multicomponent systems, the
"limiting conditions" concept was developed, according to which
equilibrium conditions in a multistage battery can be obtained by
contacting a small quantity of solvent with a quantity of aqueous
phase large enough so that the resulting transfer would not
materially alter the aqueous phase composition. The results of this
test were then used to calculate a material balance using a number
of simplifying assumption, which established terminal conditions
while disregarding possible internal interactions.

1

b)

Cross-current batch tests in the relevant battery. These results
were used to estimate the number of stages required in the battery.

c)

Batchwise experimental simulation of countercurrent operation. At
this point the preceding estimates were confirmed or amended, and
ideally a final material balance was obtained.

d)

Continuous countercurrent operation in bench-scale equipment and/or
in a pilot plant.

As already stated, some notable successes were a�hieved with this
approach, but is has certain limitations, particularly in the later stages.
The results of the cross-current tests are not usually likely to expose
special physico-chemical interactions in the system (e.g. the chloride
bromide interaction in the IMI MgC12 - MgBr2 Process, which gave rise to
rath�r striking results, described in Ref. 1).
Batchwise simulation of countercurrent operation can be a laborious
operation, the number of variations which can be tested is usually limited,
and complete simulation of an integrated flowsheet with more than say,two
batteries is difficult. Continuous operation is always necessary in the
later stages for final flowsheet verification as well as for other purposes
(e.g. long-term effects, testing of equipment, etc.) and it sometimes may
not be amenable to testing of variations. Pilot plant operation will
certainly be prohibitively expensive if the evaluation of all the different
operating parameters is intended rather than verification of the final
process configuration.
Computer simulation can alleviate these limitations, but it requires
adjusting to a different approach which will typically contain the
following sequence of operations
a)

A�cumulation of a data base derived from a planned set of partition
tests. No hard and fast rules can be given for planning the set
except to note that time devoted to analysis of the system, and to
careful planning and execution, is well spent. The ranges of
concentrations, and of combinations of components, to be tested
should be significantly broader than those to be expected in the
process. This is where temperature effects should be studied,
particularly if the process is expected to be operated at ambient
temperatures with no control of this parameter.

b)

Derivation of correlations to represent the distribution data,
including the effects of interaction between the components.
Although correlations are not absolutely essential for modelling
(interpolation methods can be used instead), they are convenient
and· save computer time during execution of the program. Very often
they also have the important advantage of providing insight and better
understanding of the chemistry involved. Here, already, the computer
permits easy testing of many forms of regression equations which
previously were wellnigh impossible to perform. When the form of
the regression equation is not known in advance, it is particularly
convenient to work interactively on a computer, using a language
which employs an interpreter (e.g. BASIC or APL).
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c)

Computer simulation for study of parameters and of different
configurations, and for optimization. Ideally, these simulations
should also be coupled to an economic evaluation program so that
also the economic optimum, and not only the technical one, is
obtained, but at IMI we have not yet reached this level of
sophistication. The simulations may sometimes lead to the need for
extending the data base if compositions are predicted which are
outside of the range previously studied.

d)

Continuous experimental operation for verification, but this will
now usually be performed only on the optimized flowsheet.

A more or less standard approach to the calculation algorithm has been
adopted at IMI which is similar to that previously described (1) except
that improvements have been introduced in the convergence procedures.
The previously described search procedure is now normally used only to
bring the interations sufficiently close to the solution so that thereafter
convergence can be reliably accelerated by use of more sophisticated
procedures. For programmers working in FORTRAN, we can recommend
subroutines available from HARWELL (2). In particularly difficult cases it
has been found efficient
to begin calculations with only one stage per
battery, where convergence is easy, and then add on one stage at a time
until the desired number is reached. After solving for the addition of the
second stage, an extrapolation procedure is used to provide the initial
estimates when the next stage is added on. Since no convergence procedure
is as efficient as are good initial estimates, this procedure sometimes
saves time and effort as well as automatically providing the effects of
number of stages.
In some cases, where complete phase separation is difficult, and where
large concentration chang�s are involved, provision has also been made
for calculating the effect of entrainment of one phase in the other.
Assuming the degree of entrainment given, insertion into the "function"
to be solved is easy, requiring only the appropriate material balance
equations. However, depending on the form of the regression equations
developed and on which phase is entrained in the other, the complexity
of the convergence problems can sometimes be doubled.
Implementation of the new approach has been gradual, since it was necessary
to first prove that reliable results could be obtained. The first test
case was the previously reported comparison with pilot plant data for the
IMI MgCl2 - MgBr2 Process (1). At the time the general attitude to such
a model was one of slight doubt but that it was worth the try. Work was
commenced while the particular variation being considered was still being
developed. In a lighter vein it may be mentioned that someone asked who
would come up first with a satisfactory process, the experimenters or the
computers. The regular process developers won that race because they were
experienced and the modeller was not, but the results of the model were
considered as being more than good enough to pursue the subject.
Courage and persuasive ability are required to request the large budgets
required for full process development on the basis of a series of
partition tests, bypassing the cumbersome procedure of process definition
in the laboratory. However, the demonstrated efficacy and reliability of
the computer model has resulted in an increasing willingness to devote

3

budgetary resources to peripheral, but vital aspects of process development
at an early stage.
Attention was then focused on the IMI Standard Phosphoric Acid Process (3)
in which IMI has a continuing interest. In this process phosphate rock
is attacked with hydrochloric acid and the phos�horic acid is recovered
from the dissolution liquor (containing H + , Ca+ , c1-, phosphate and
impurities )and purified in an integrated, four-battery, solvent extraction
circuit, the solvent being pentanol.
The simulation results were tested by comparison with two plants operating
the process, although with some differences between them in their operating
conditions. Some of the main difficulties experienced in developing this
model was that the correlations were developed from existing data which had
accumulated over the years. These had resulted from process development
work, but had certainly never been planned to serve as a data base. The
result was that four difficulties were encountered: a) The data were
concentrated around the operating concentration profiles and consequently
the data base was not always sufficiently broad. b) The data were not
evenly balanced over the concentration ranges studied so that uneven weight
was sometimes given to different portions of the regression equations.
c) Because of different sources of information, different operating
conditions, etc., the data were not always consistent and the first
correlations derived did not (and could not) have the desired accuracy of
fit. d) The data available were not always complete, since one or more
components were often not analysed. In addition, some ambiguity exists since
chemical analysis expresses components as ionic concentration, while
material balance requires allocation of ionic species to compounds and
analysis of minor components is 'often required in order to achieve a correct
allocation of a key major component.
The former three problems were solved as best as possible by selection of
the data to give consistent and balanced sets. Despite these difficulties,
a sufficiently quantitative model was developed and gave good agreement
with the results of one of the plants. The model was used to test
suggested improvements which were afterwards implemented. In the case of
the second plant agreement was not quite ·so good and it was concluded that
equilibrium was not being attained in the mixers, a fact which was
afterwards substantiated by plant personnel. This indicates the additional
use of steady state models for troubleshooting purposes.
The effort expended on this model found its most fruitful rewards in
connection with a third plant now being constructed, in two different
directions. One of them was in the determination of an optimum material
balance for the particular dissolution liquor expected. As an example of
the agreement obtained between calculated results (performed first) and
a continuous bench scale run is shown. The sequence of operation was as
follows :
a) "Limiting conditions" test and flowsheet calculation
b) Parametric study using the computer process model
c) Continuous pilot plant verification
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The results are illustrated below :
Flowsheet

Alcohols
per 100 P205

HCl per
100 P205

Calculated

1258

117

55

49

Simulated
Optimum

1242

94

55

37

2.7

1436

82

51

32

2.3

Continuous
Operating
Data

Composition
HCl

Residual
Pz05
in
raffinate

It should be mentioned that for operating reasons the bench unit was run
with more solvent and less HCl resulting in the same residual. Obviously
this resulted in a more diluted extract.
The other reward was experienced during training of the senior technical
personnel of the plant (for whom this project constituted their Erst
encounter with a solvent extraction process). The use of the model played
an important part in the training program and greatly facilitated
understanding the complexity of the various interactions involved. The
best proof of the appreciation of the model is the fact that the client
wishes to have the model available during the commisioning period
With increasing confidence in the method, it has been implemented for other
processes to a greater or lesser extent along the lines indicated above,
sometimes more so and sometimes less so. It is not superfluous to add that
even with computer assistance, there is no substitute for ingenuity and
basic understanding of a process in order to decide which combinations to
test. Intuition is also useful hut simulations have sometimes revealed
significant differences between intuition and fact which might have taken
much longer to discover by the other approach.
An example of a case where intuition was proved wrong was in a process
for recovering a particular component, designated here as A, from a
multicomponent aqueous feedstock. The solvent utilized was capable of
extracting two components, A and B, initially present in the feedstock.
The initial concentration of A was significantly l,:>wer than that of B,
but selectivity ratios were in the range of 7 to 17 in favour of the
former. Both the total loading of extracted solutes in the solvent,
and the selectivity toward A, increased with increasing total solute
concentration in the aqueous phase. From preliminary partition tests it
was concluded that a simple three-battery flowsheet would suffice (see fig.
1). The three important performance criteria of the process were the degree
of recovery (minimum 70%), the purity (minimum ratio of A/B being 30/1),
and the concentration of the product.
Intuitively it was expected that optimum performance should be obtained
with the smallest ratio of solvent to aqueous feed which would satisfy
the minimum requirements of recovery and purity. Since the total

5

concentration of solutes (expressed in equivalents) drops continuously
in the scrubbing battery, in the direction of the solvent flow , it is
natural to expect that the minimum ratio would provide maximum concentration
of product. At the minimum ratio it was established that a S - 4 - 6
(extraction - scrubbing - stripping) stage combination was necessary.
However, during a parameter study using the computer model, to test the
sensitivity of operation to flow ratios, it was discovered that a SO%
increase in solvent flowrate (compared to the minimum possible) would
provide a purer product and/or a more concentrated one, with two stage less,
i.e. with a 4 - 4 - S stage combination. Although perhaps not immediately
obvious, the explanation turns out to be relatively simple.

r-- ----------------------,
1
I

Raffinate

Recycled

p--r1

_____
----I_, Extraction"" "iscrubbing
Aqueous

Fig. 1:

Solvent

feed

_____
Stripping

1

I

r-.J

Water

Product

Schematic Flowsheet for Recovery of A from a Multicomponent feed

It is quite evident that increasing the solvent flowrate tends to increase
the recovery, at the expense of obtaining a more dilute extract. Instead
of increasing the recovery, one stage of the stripping battery is eliminated,
using a slightly lower water to solvent ratio. One effect is that the
recycled solvent is returned to extraction with a higher residual A content,
and another is to obtain A in the aqueous phase exiting from stripping
at a slightly higher concentration than would be obtained for more complete
stripping. Equally important is that a larger percentage of this latter
aqueous phase is refluxed to the scrubbing battery because, despite the
slight decrease in wash water to solvent ratio, the ratio of wash water
to feedstock has increased, while the absolute quantity of the product does
not change much. The increased reflux ratio improves the performance of the
scrubbing battery, gives a purer product, and the overall cooperative
effect of increased internal A recycles also yields a more concentrated
product.
Although everything appears perfectly logical after seeing the results, it
is unlikely that they would have been otherwise forecast, whereas to reach
them experimentally would probably have required a fortuitous error.
Testing of the sensitivity to flow ratios also indicated that results would
be quite sensitive to the reflux ratio and appropriate conclusions were
reached concerning how this para�eter should be controlled.
It takes quite some couraee, and also persuasive ability to go from a series
of partition tests to a relatively large continuous unit via calculations
only. In practice , we still do not always do it that way, partly because
of lack of conviction on the part of the process developers but also
because of the needs associated with the other aspects of developing a
process. However, the new approach is steadily gaining ground.
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THE USE OF LETAGROP COMPUTER PROGRAM FOR TEE ANALYSIS OF
SOLVENT EXTRACTION DA.TA.

D. HAY LIEM
Department of Inorganic Chemistry
Royal Institute of Technology (KTH)
S-100 44 Stockholm 70
Sweden
THE LETA.GROF VERSION FOR ANALYSIS OF LIQUID-LIQUID
DISTRIBUTION DATA, CALLED DISTR, IS DISCUSSED A.ND ITS
APPLICATION TO SEVERAL TYPES OF DISTRIBUTION DATA GIVEN.
THE DISTR PROGRAM CAN BE USED TO TREAT A FOUR-COMPONENT
SYSTEM CONTAINING SPECIES OF THE FORM A pBqCrLs,
BOTH SOLVENT EXTRACTION A.ND TWO-PHASES TITRATION DATA
CAN BE USED.

! v•·n t. "'· 1. 1·:. ct· or. has been established as an effective and valuable
technique for the study of chemical equilibria in both aqueous and organic
phases. From liquid-liquid distribution data one can draw conclusions on
the chemical species formed in the two-phase system and calculate the.
equilibrium constant for the formation of these species. Graphical analysis
of extraction data, e.g. slope analysis, can effectively be used for the
determination of the main species formed. However, graphical methods are
less applicable for making detailed analysis in more complicated systems,
e.g. in a four component system where several species may be formed in the
same extent. The use of a high-speed computer as a supplement to graphical
methods has been shown to be a valuable method for the detailed analysis of
chemical equilibrium data. Computer analysis of data enables us in an
objective way to determine the model which out of different possible models
gives the best description to the chemical system studied. The LETA.GROF
program developed by Sillen and coworkers(1) is a powerful computer program
for the analysis of chemical equilibrium data. The program has successfully
been applied for the analysis of chemical equilibrium data, such as potentio
metric titration(2), calorimetric(3), osmometric(4), NMR(5) and liquid
liquid distribution data(6). LETA.GROF is a general minimizing program which
consists of a main part common to all types of problem and a special part
(PUTS, UBBE) which is specific for the type of data to be treated. The use
of LETA.GROF for treatment of a specific type of problem thus only requires
the definition of the problem in the special part of.the program, e.g. in
which form the data are to be given and the type of error-square sum to be
minimized.
In the LETAGROP program the error-square sum U which is minimized is
�'.11

generally defined by (1):

Np
2
)
- y
U= Iw.(y
i calc
exp

(1)

1

In (1) Np represents the number of experimental points, w. a weight-factor,
1
Yexp a known measured quantity, e.g. the measured EMF of a cell in a
potentiometric titration or the distribution ratio D in solvent extraction,
and Ycalc is a quantity which may be calculated from a derived functional
relationship Ycalc = f(ki,_aj),
_ _i = 1,2,••• M; j = 1,2,••. N, �h:re ki is a
set of constants, e.g. equilibrium constants, and aj are quantities known
or derivable from the primary experimental data, e.g. total concentration
of the reaction components. The LETAGROP version for liquid-liquid distribu
tion data is called DISTR(6), which has successfully been applied to the
treatment of several solvent extraction systems (7-18). The program can be
used to treat a four-component system containing species of the form
ApBqCrL s, where usually A = H+, B the component for which the distribution
between the two phases is studied, while C and L represent ligands which
may form complexes with e.g. A or B. With this LETAGROP-DISTR program the
computer is ordered to calculate the set of values of the constant
K1, K2, ••••Kn for the formation of the species ApBqC rLs in the aqueous
phase and in the organic phase which minimize e.g. the error-square sum
Np
2
U= I (logD
- logD
) . Recently the DISTR program has been extended
ca1c
exp
1
and can now be used to treat two-phase potentiometric titration data(19).
The description of the DISTR program has been given elsewhere(6,19) and in
the following discussion the reader is referred to these publications for
more detailed informations. The present paper aims primarily to discuss the
application of DISTR-program on different types of liquid-liquid distribu
tion data.
SOME CONCEPTS AND SYMBOLS IN THE LETAGROP-DISTR PROGRAl�
Input data: In the LETAGROP calculations the input data consist of
three parts. The first part is a general information of procedures for the
computer which are specific for the type of the computer, e.g. time limit
of calculation, number of lines to be printed, required memory.space of com
puter, customer's account number, specification that DISTR is to be made
available for use etc. This part is different from one machine to the other
but the user will usually be assisted by the operator of the machine or by
the operation manuals. The second part of input data consists of instructions
to the computer to select the required type of program in DISTR which accept
a given set of primary data. This is effected using the control number
Rurik = 9, followed by a number indicating the type of primary data set
available. The instruction 9, 2, on a card, e.g., implies that the set of
primary data available for the analysis is loga, Btot, Ctot, Ltot, Io, I1,
1 + ] , total concentration of the component B, C and L, the number
i.e. log[H
of counts of B in the aqueous phase per time unit and volume unit (=Io),
and the number of counts of B in the organic phase (=I1). The set of data
which follow are preceded by the control number Rurik = 6 with the necessary
information regarding the data, e.g. number of seriesof data (=Ns), number
of constants common to all points (Nag), number of constan� common to each
serier; of data (=Nas), specification of these constants ag1, ag2 ••• agN and
as1, as2 ..• asN . The third part consists of instructions on what chemical
model is to be assumed and how the analysis is to be performed. This "day
order" will vary in the search of the best model for the system. An example
2
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of day order is given in ref.(6), Table 2 and the following numerical
illustrations. Several types of day order will be discussed in this paper.
Control numbers Rurik: The LETAGROP program is run by means of a set of
control numbers called Rurik, which may have the values 1, 2, ... 20. A
given value of Rurik corresponds to a specified instruction in the program
(cf. Ref.1). In the present form of DISTR program Rurik = 19 and 20 are not
available, since no group para.meters ks are given.
Reaction components: Three or four reaction components A,B,C, and L
may be used in DISTR to build a given chemical system by assuming the
formation of complexes APBCrLs in the aqueous and organic phases. A given
complex is characterized bj the set of numbers(p,q,r,s,O) or (p,q,r,s,1),
in which the last number O or 1 indicates whether the complex is formed in
the aqueous phase or in the organic phase. The formation constant of a given
complex ABC L corresponds to the equilibrium constant for reaction (2):
p q r s

pA + B
q ·+ C
r + sL
K

=

A B C L

(2)

p q r s

r
[ ABC L ][ A]-p[B]-q [C]- [ L]-s
P q r t

(3)

The status of the chosen reaction components, i.e. whether in the aqueous or
in the organic phase,is given by ascrib�ng � val�e_of: for the formation +
2
constant and the set of numbers for species 1dent1f1cat1on, e.g. fo.·B = Zn
(aq):(0,1,0,0,0), which means p=O, q=1, r=O, s=O and fas(= phase)=O (= aqueous
phase), and for C = HDEHP (org): (0,0,1,0,1). In the-;�ogra.m A usually re
presents H + (aq) and need not be identified in the same way as for other re
action components. The coefficients p,q,r, and s may assume both positive
and negative values, e.g. Zn(OH)+(aq) is identified by (-1,1,0,0,0),(p= -1,
q= 1, r=O, s= O and fas=O) with the formation according to (4):
Zn

2+

(aq)

H 0
2

+

*

+
+
Zn(OH) (aq) + H (aq)

(4)

Types of primary data: The type of primary data is identified in the program
by the control number, Rurik = 9, !YE_, in which !YE_ may have values 1,2,3,4,
5,6,7,8. The following types of distribution data may be used:
Typ
2
3
4
5
6
7
8

log a

B

tot ctot

X

X

X

X

X

X

X

X
X

X

X

X
X

X
X

X

X

X

X

X

X

X
X

X

1

tot

X

I

O

11

X

X

X

X

X
X

D

exp

V(O/A)

I

(x)

exp

( X)

X

X

X

X

X

X

X

X

X

X

X

>.

(x)

( X)

X

X

X

X

The cross-marked quantities are the primary data given as�, i.e. the data
are given for each point. The correction factor A may be used if the distri
bution ratio D must be corrected due to different absorption (in S counting)
or quenching (in liquid scintillation counting) in the two liquid phases.
In the program, we may choose;\ as� quantity or as.§£., i.e. a constant
common to all points. 10, 11 = radioactivity of a tracer isoto:r:e of the reac
tion componentB in e.g. cpm/volume unit. Instead of radioactivity we may of
course use concentration units for Io and 11, e.g. ifB is analyzed by a
3

titration or atomic absorption spectroscopic method. V(O/A) = phase ratio
organic/aqueous; Iexp = proton excess over chosen levels. log a = log [H+] ;
Btot, Ctot, Lt t = initial to�al concentration referred to the aqueous phase,
q
e.g. Btot = NB/V
aq' where NB is total moles of B and Vaq represents the
volume of the aqueous phase. Usually loga is log[ H+] but may also represent
other ionic species, e.g. Cl-, with known free concentration.
Types of error-square sum minimized: In the program the choice of the
error-square sum U to be minimized is effected using the control number
Rurik = 18, val, where val can.have the values 1, 2 or 3. In the day order
if there is rio"°speciflc requirement of the error-square sum to be minimized
is given,using the above Rurik = 18, val is automatically ascribed the value
of 1 and the error-square sum corresponding to it is minimized. The following
types of error-square sum may be minimized for different values of .!Il_, i.e.
type of primary data.
val

Error-square sum minimized, U

.!Il_= 1 -6
Np

r
1

typ = 7,8
Np
E (logI

(logDcalc -logDexp)2

ca1c

-logI

exp

2

Np
-1
2
- 1)
E (D
D
exp calc
1

Np
-1 - ) 2
1
E (I
I
exp calc
1

3

Np
2
E (D
D _, - 1)
calc exp
1

Np
E (I

I

-1

calc exp

2
)

2
- 1)

D is distribution ratio; I proton excess and Np number of points. In the
program Deale and Icalc correspond to DBer and IBer·
In the present form of DISTR program the weight-factor w = 1, i.e. we
assume that the experiment has been carried out in such a way as to give
data of comparable accuracy. This assumption seems in most cases to be
justifiable since minimizing different types of error-square sum given above,
which implies giving other weight-factors to the data, is found to give the
same result of calculations (cf. Ref. 12-15).
Calculation of Deale or I
calc: During the calculations Deale or Icalc
(typ = 7 or 8) must be evaluated for each point from given values of primary
data and equilibrium constants Si• From the mass balance equations for B, C,
L, the values of log a and the set of equilibrium constants Si for the
formation of the species (A p.Bq.Cr.L ) in the aqueous and organic phase '
l Si
l
l
for i=1 to Nk(=number of complexes), we can calculate [B], [Cl, [ L}
Deale (or Icalc) (cf. Ref. 6, 19).
1

COMMENTS ON THE USE OF LETAGROP
The availability of a computer program for data analysis, sucn as
LETAGROP, implies a powerful tool in chemical equilibrium analysis. The
obvious advantage of data treatment using high-speed computers is the
possibility to make an objective comparison of the different reasonable
chemical models which may fit the experimental data. Usually this type of
model searching can be carried out effectively in a minimum of time with
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the LETAGROP program. For a successful use of LETAGROP, however, some re
qui rements have to be met. First of all the quality of the data to be
treated is of fundamental value. Both the accuracy and the relevance of the
data are important for finding the correct chemical model of the system.
These points are of course also valid for graphical analysis of data. To be
able to determine the equilibrium constant within reasonable accuracy of a
given complex requires the availability of data in the r ange where the
species of interest are formed in measurable quantity. Neglect of this plain
principle will give rise to problems and cost
computer time. Another
point of interest is that one has to check whether there are any data pre
sent with unaccountable big errorscompared with the rest of the data, either
other errors.The presence of
caused by real experimental error or
these "bad" data may spoil the whole analysis since the U value will now
mainly be determined by the error-square sum of these points, and a change
of chemical model will usually be of no effect in decreasing the value of
Umin· E rrors of data of this type may easily be detected if the computer
analysis is preceded by a graphical analysis of the data whenever this is
possible. The additional use of graphical analysis is also valuable in the
search of the main species which are predominant in the system studied
(cf. Ref. 13,16). Finally the proper use of day order is of great importance
e.g. the order of the data to be included in the analysis, using Rurik=11,
or which equilibrium constants are to be varied. This type of skill usually
can be mastered by the average chemist after a short period of practice.
CASE STUDIES
The LETAGROP-DISTR program has been applied to the analysis of several
solvent extraction systems. A brief description of some of these cases will
be given below. The reader is referred to the references for a more detailed
information.
1. Chemical system: Dibutylphosphate (HDBP)-tributylphosphate(TBP)-hexane/
0.10 M H so (cf. Ref. 7)
4
2
Primary data:
+

loga = log[H ] = -0.923 was kept constant during the experiment. The
value was calculated assuming Ka = [H+ ][so4 2-]/[HS04-] = 2.894x10-2 M.
Btot = [HDBP]tot was varied during the experiment and given for each
point;
Ctot = [TBP]tot was varied in some sets and kept constant in other sets
of experiment and given for each point;

I (=Iaq) �nd I1 (=I rg) = S-activity of P-3 2 labelled HDBP i� the aqueous
0
9
and organic phase in cpm for equal volumes of samples and given for each
point. The phase ratio V(O/A)= 1 was kept constant and given for each se
rie of data (as1 = 1). The correction factor A (= ag1) was assumed to be
constant.
Description of the system: We assume the formation of the species (H+)
p
(P.A)q(C)r in both r,hases (r�= HDBP; C=TBP). The different HDBP-TBP species
founa to give the 'best" description to the system, i.e. the lowest
Umin , may· be represented as (p,q,r,fas), where fas=O for aqueous and
fas=1 for organic phase: HA(aq)=(0,1,0,0), A-(aq)=(-1,1,0,0), HA(org)=
(0,1,0,1), H2A2(org)=(0, 2 ,0,1), HAC(org)=(O,1,1,1), HAC2 (org)=(O,1,2,1),
H2 A2C(org)= (o,2 ,1,1·), H4A4(org)=(0,4,0,1).
The data consist of a 3 component system and may be analyzed using
typ=1. The main species HA(aq), A-(aq), HA(org), H2A2 (org) and HAC(org)
found from graphical analysis were used as a starting model.
5

2 . Chemical system: U(VI)-0.10 M H2S0 4 /HDBP-TOPO-hexane (cf. Ref. 8)

Primary data:

loga = log[W] = -0.92 3 was kept constant during the experiment.
Btot = [U(VI)ltot � 9x10-6 M was practically constant during the experi
ment and given for each point. Formation of only mononuclear U(VI) species
were assumed.
Ctot = [HDBP]tot was varied during the experiment and given for each poin�
Ltot = [TOPOltot was given for each point.
I0(=Iaq) and I (=I 0rg) = a-activity of U-233 in the aqueous and organic
1
phases in cpm for equal volumes of samples are given for each point.
The phase ratio V(O/A)=1 was kept constant and given for each serie of
data.

the s
stem: The system is described by the reaction com
_.
------.i�=�(_a_q),....--H---D....
BP(=HA){aq) and TOPO(=L)(org) and the formation
+
2+
of the species H ) (uo2 ) (HA)r(L)s in the two phases.
4
P
The following HDBP-TOPO species are known from previous studies (cf.Ref.7)
(H+)p(uo22+) =O(HA)r(L) = (p,O,r,s,fas), where fas=O for aqueous and 1
for organic ihase:HA(aq,=(0,0,1,0,0), A -(aq)=(-1,0,1,0,0), HA(org)=(O,
0,1,0,1), H A2(org)=(o,o,2,o,1), H4A4(org)=(o,o,4,o,1), HAL(org)=(o,0,1,
2
=(0-,0,2 ,1,1). The analysis of the data shows that the
1,1), H2A2Llorg)
11
11 best
description of the chemical system is given by assuming the form
ation of the following U(VI)-HDBP-TOPO species:
uo02(HA)2(org)=(-2,1, 4,0,1), uo2A2L(org)=(-2,1,2,1,1), uo2A2L:?(org)=
(-2,1,2 ,2,1), uo2 s04L,org)=(0,1,0,1,1). The system can be described by
four components and the da�a analyzed using DISTR .!n_=2.

3. Chemical :system: Hf(IV)-1 M H2S04/HDEHP-TOA-toluene (cf. Ref. 11)
Primary data: log a = log[H+ ] = 0.0319 was kept constant and given to
each point; Btot=[Hf(IV)]tot 2 0.72 3x1o-7 M was given for each point,
and the formation of only mononuclear Hf(IV) species were assumed.

C tot = [HDEHP]tot was varied and given for each point.
Ltot = [TOA]tot was varied and given for each point.
I0(=I ) and I1(=Iorg) = y-activity of Hf-181, 175 in the aqueous and
organf� phase, cpm for equal volumes of samples, and given for each point.
The phase ratio V(O/A) = 1 was kept constant and given for each serie of
data.
Description of the system: The chemical system is described using the
reaction components H+ (aq), Hf 4+(aq), HDEHP(=HA)(aa), TOA (:..--:L) {org)
and assuming the formation of the species (H+ )p(Hf +) (HA)rlL)s in the
4 of HDEHP-TOA
two phases. The equilibrium constant �or the formation
species in 1.0 M H2 s0 4 /toluene two phases system has been determined
previously.(cf. Ref. 9 ). The best model to describe the chemical system
is by assuming the formation of the following species (p,q,r,s,fas):
HA(aq)=(0,0,1,0,0), A-(aq)=(-1,0,1,0,0), H 2 Az(aq)=(0,0,2 ,0,0), H 2Az(org)=
(0,0,2 ,0,1), HA(org)=(0,0,1,0,1), (LH)(HS0 4 )(org)=(2,0,0,1,1), (LH) 2 S04
(org)=(2,0,0,2 ,1), HfA4(HA)(org)=(-4,1,5,0,1), HfA4(HA)z(org)=(- 4, 1,6,0,
1), (LH)2 Hf(S04) 3(org)=(2,1,0, 2 ,1), (LH)2Hf(S0 4 ) 2 A2(orgJ=(0,1,2, 2 ,1). The
data may be analyzed by DISTR, typ=2 , since the system can be described
by four reaction components. The value of [HS0 -] may be assumed to be
4
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constant throughout the experiment.
4. Chemical system: MeHg(II) distribution between o-xylene/1.0 M (Na,H)
(Cl, N03, P04) (cf. Ref. 13)
Primary data:

loga = log[ H+] = was varied and given for each point.
Btot =[MeHg(II)ltot wa·s varied and given for each point.
Ctot = [Cl-] o was kept constant and given for each point.
t t
Ltot = [P(V)]tot was varied and given for each point.

I0(=Ia ) and I1(=Iorg) = y-activity of MeHg-203 in the aqueous and
0 phase, cpm for equal volumes of samples
organi�
, and given for each point.
The phase ratio V(0/A) = 1 was kept constant and given for each serie
of data.

Description of the system: The chemical system may be described by
using as reaction components tt + (aq), MeHg+(aq), Cl-(aq) and H2P04-(aq) and
assuming the formation of the species (H + ) (MeHg+ ) q(cr) (H2Po4-)s in the
two-phase system. In a previous work (cf. �ef. 12) the e�uilibrium constants
for the formation of the species MeHgCl(aq) and MeHgCl(org) have been de
termined. Computer analysis of the data indicates that the data may satis
factorily be described by assuming the formation of the following species
with equilibrium constants given in Ref. 13:

MeHg +(aq)=(O,1,0,0,0), MeHgCl(aq)=(0, 1, 1,0,0), MeHgCl(org)=(0, 1, 1,0, 1),
MeHg0H(aq)=(-1,1 ,0,0,0), MeHgHP04-(aq)=(-1,1,o,1,o). We have a four component
system and the data may be analyzed using typ=2. Minimizing the error-square
sum U using val= 1,2 or 3 gave practically the same values for the
equilibrium constants. From graphical analysis the formation of MeHg0H and
MeHgHP04- were indicated, but the use of computer analysis has made it
possible to show that the model found seems to be the best out of other
chemical models tried.
5. Chemical system: 3-nitrophenol-CH2c12/Tetrabutylammoniumsulphate
Two-phases titration with Na0H solution (cf. Ref. 20).
Primary data:

loga = log[H+ ] = was varied during the experiment and given for each point;

Btot = [TBA+ ltot was given for each point; (TBA+ =tetrabutylammonium ions)
Ctot = [HX]tot was given for each point (HX=3-nitrcph,�nol).
Iexp = [HX]tot - [0H-]tot' proton excess over H20, x- and TBA+ as zero
levels. Iexp and the phase ratio V(0/A) were given for each point.

Description of the system: The two-phase potentiometric titration was
carried out by starting with given values of Btot(=[TBA+ ]t ) and Ct0 t(=
[HX]totl, phase ratio V(O/A). Known volumes of standard Na8# solution are
added to the two-phase system and the pH of the aqueous solution determined
potentiometrically. The chemical system may be described by assuming the
reaction components H+ (aq), TBA+ (aq), x-(aq) and the formation of the species
+
(H+ ) (TBA lq(X-)r in both phases. In a previous experiment the equilibrium
P
constant for the formation of HX(aq) and HX(org) have been determined by
two-phase titration with Btot=0. In the LETAGR0P calculation the values of
their equilibrium constant may thus be kept constant. We assumed the
following species to be formed in the two-phase system:

7

HX(aq)=(1,0,1,0), x-(aq)=(0,0,1,0), HX(org)=(1,0,1,1), TBA+(aq)=(0,1,0,0),
TBAX(org)=(0,1,1,1), TBAX(HX)(org)=(1,1,2 ,1) and TBAX(HX) 2(org)=( 2,1,3,1).
10
Minimizing the error-square sum U = E (log(Ica1c /Ie x ))2 , the lowest
P
1

Umin
. =0.039, a(y)=0.018, was found assuming the formation of TBAX(org) and
TBAX(HX)(org). The value of U may be compared with the values found for
other models: Model(Umin,a(y)): TBAX(3.4 26,0.506); TBAX(HX)(0.078,0.093);
TBAX+TBAX(HX)2 (0.070, 0.093); TBAX(HX) + TBAX(HX)2(0.308,-), TBAX +
TBAX(HX) + TBAX(HX)2 (0.0775., 0.033).
Out of the different models tried, the "best" model to describe the
chemical system is the assumption of the following species with the equili
brium constants:
log K
+
+ 8. 2 5
H + x-(aq) t HX(aq)
+
H + X (aq) � HX(org)
9.05
+
2.03±0.25(30)
TBAX(org)
�BA (aq) + X (aq)
+
+
H + TBA (aq) + 2 X-(aq) � TBAX(HX)(org) 15.59(log(K+3a) = 15.90)

*

6. In Table 1 the results found from an analysis by the LETAGROP-DISTR
program and those by graphical methods are compared for some solvent ex
traction systems. The results show us that the conclusions found from
graphical analysis usually agree with the computer anal·-,is regarding the
main species, but may differ substantially in the detailed analysis of the
other species.
We may conclude from the given illustrations that the DISTR program
is a valuable tool for the analysis of liquid-liquid distribution data.
Effective use of the program requires good quality of data and chemical
understanding of the problem.
Acknowledgements. This work has been financially supported by the
Swedish Natural Science Research (NFR) and the Swedish Board for Technical
Development (STU).
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Equilibrium constant logS for the formation of extractable species in various two-phase systems.
a
Two-phase system
Letagrop
Equilibrium reaction
Graphical
Ref.
analysis
analysis
Table 1.

Eu 3+

�u(III)-0.10 M HN03/HDBP
isopropylether

Th(IV)-1 M (Na,H)C104/EDBP
CHC13

Th(IV)-1 M (Na,H)N03/HDBP-hexol

a

LO

+

10.65±0.15

12.19±0 .08

Th

4+

+

3N03 + HA(aq) *Th(N0 ) .A·

+ 2 N0

3

+ 2HA(aq)

3 3

#:

+

21,23

-"-

-"-

8.83±0.10

*

4+

12.33

S=O ,max. 10 .4 4 11 . 94

+
Eu 3 + 5HA(aq) '* EuA3(HA)2 + 3H+
Th 4+ + c10- + 5HA ( aq) + �
4
ThCl04.A3(HA)2 + 3H+
Th 4+ + 4N03 � ThW03) 4

Th

10.66

-2.03±0.08
+

3H

Th(N03)2A2+2H+

2 .01

-2.0

-"-

,max.2.29

6.09±0.22

6.6

12.96±0.07

13.4

Np
2
Minimizing the error-square sum U = L (logDcalc - logDexp) . The limits given correspond approximately to
1

log(S ± 3o(S)) and if o(S)
0)
C

+

6HA(aq) � EuA3(HA)3 + 3H
Am3+ + 6HA(aq) #- AmA3(H.A)3 + 3H +
Eu 3+ + 6H.A(aq) t: EuA3(HA)3 + 3rt

Eu(III)-0.1 M I--IHO/HDBP-hexane
Am(III )-0.1 M HNOiHDBP-CCl4

>

0.2, the maximum value log(S + 3o(S)) is given.
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THE KINETICS OF COPPER(II) EXTRACTION FROM SULPHURIC
ACID SOLUTIONS BY LIX 64N: A MATHEMATICAL MODELLING APPROACH
C.J. Valdes*, W.C. Cooper*, and D.W. Bacon**
Queen's University
*Department of Metallurgical Engineering
**Department of Chemical Engineering
Kingston, Ontario, CANADA K7L 3N6
ABSTRACT
A statistical modelling study of the kinetics of
copper extraction in the system LIX 64N, Escaid 1O0/cop
per sulphate, sulphuric acid, has shown that the kinetics
are quite complex and can involve both chemical reaction
and mass transfer. The rate determining chemical step
appears to incorporate dimerised LIX 65N molecules with
the possible formation of intermediate copper-extractant
complexes.
The confidence intervals for the estimates of the
parameters in the rate expression suggest that the fitted
model cannot be considered as the only and ultimate
representation of the kinetic data. There are indica
tions that a number of competing reactions are occurring
and that these reactions are dependent on the relative
abundance of the different complex species which are
present especially in the organic phase.
INTRODUCTION
No agreement exists among researchers in the field of solvent extraction
regarding the kinetics and the mecha.nism of copper extraction by hydroxy
oximes. This is particularly true for the copper(II)-LIX 64N system, which
has been the subject of extensive investigation. Thus, despite the wide
spread application of LIX 64N in commercial operations, controversy in the
elucidation of the kinetics and mechanism of the extraction of copper by
this extractant continues.
This situation arises for ·two main reasons. First, difficulties exist
in making direct comparison of published experimental data because of the
variety of techniques and apparatus used in the measurement of reaction
rates. Such techniques include: (l) agitation experiments carried out
either by simple shake- out tests or by means of the AKUFVE apparatus 1 -4;
(2) mass transfer experiments characterised by a quiescent interface without
stirring in the bulk of the phases, such as with the single drop technique
5-7; and (3) stirred mass transfer cell experiments, involving the use of
apparatus such as the Lewis Ce11 B -lO which attempt to maintain a known and
measurable interfacial area.
Secondly, the systems selected for the study and evaluation of the
kinetics of copper extraction have been different for each investigation.
Studies of the kinetics of cofper extraction by LIX 64N from both acidic
sulphate11- 14 and nitrate1 5, 1 solutions have been reported. In addition,
differences can be expected to arise as a result of the choice of diluent,

1

which has been shown to exert an effect upon the rate of the reaction 17 •
The data generated from the application of the aforementioned techniques
are often inconclusive, or even contradictory, in elucidating the physical
processes or chemical steps which determine the rate of copper extraction.
However, each of these techniques offers advantages in the evaluation of
specific aspects of the reaction mechanism.
Despite the apparent complexity of the mechanism of copper extraction
by hydroxyoximes 18, the existin_g data on the kinetics of the copper-LIX 64N
system indicate that the rate of copper extraction may be limited by: (1)
the rate of the chemical reaction, thought to take place either at the
aqueous/organic interface 11 , 1 2, 1 5, or in an aqueous reaction zone adjacent
to the interface 19 , 2 0; (2) mass transfer in the organic phase, possibly
involving the diffusion of the copper-LIX 65N complex away from the inter
facial zone 1 6; and (3) mass transfer with chemical reaction 14 • In a given
situation, and depending upon the choice of experimental conditions, any one
of these processes may be rate-controlling.
In view of the apparent complexity of the copper(II)-LIX 64N extraction
process and the shortcomings of the experimental procedures employed to date
especially vis-a-vis the process as carried out in industrial practice, it
was considered worthwhile to study the kinetics of extraction using a sta
tistical modelling approach. This approach incorporated an incomplete
three-level factorial experimental design and was based on simple shake
flask extractions. The results of this study form the basis of the present
paper.
EXPERIMENTAL
A stock solution comprising 15% by volume LIX 64N (General Mills Inc.,
Lot No. 5Gl9275) in Escaid 100 was prepared and purified by contact with an
aqueous phase containing 5 g dm-3 copper, followed by stripping with 10% by
volume sulphuric acid, and distilled water washing to remove residual acid
and any remaining water-soluble impurities21 • The concentration of active
oxime in this purified solution, the anti-isomer of LIX 65N, was determined
by Barkley's method 22 which consisted of the potentiometric titration of
the solution with O.lM tetrabutylammonium hydroxide. Typical analyses of
15% by volume LIX 64N gave a concentration of 0.17M LIX 65N anti-isomer.
Reagent-grade copper sulphate was used in the preparation of a stock
solution containing 15 g dm-3 copper. Its copper concentration was confirmed
by atomic absorption spectrophotometry. Reagent-grade sulphuric acid was
added to aqueous phase solutions as required. The concentration of reagent
grade sulphuric acid was determined by dilution and titration with standard
ised sodium hydroxide solution.
Copper extraction rates were derived by contacting equal volumes of
aqueous and organic solutions of known compositions at 22° C. Intense
mechanical agitation was provided in separatory funnels. The aqueous
raffinate from each test was analysed for copper by atomic absorption spec
trophotometry. The rate of the reaction was estimated from each analysis.

RESULTS
To explore the full region of operating conditions as efficiently as
possible, 27 experiments were carried out using an incomplete three-level
factorial design23 • The results are shown in Table 1.
2

5. Modelling

Valdes et al.

80-38

RATES 01-" COPPER EXTRACTlON FROM SULPHURIC ACID
SOLUTIONS BY LIX 64N IN ESCAJ D 100 DILUENT

XJ

LIX 65N
concn.

Run
No.

x,

x3

xz
Copper
concn.

H2S04
concn.

Reaction
Time

Calculated
Copper
Chelate
concn.

Calculated
Rate of
Copper
Extraction
(mole 1-1 min-1)

(mole 1-l)

(mole 1-1)

(mole i-1)

(min.)

(mole l-,)

l

0.054

0.079

0.102

J.5

0.0069

0.0046

2

o. 162

0.079

o. 102

1.5

0.0191

0.0127
O.0008

J

0.054

0.2J6

0.102

1. 5

0.0012

4

0. 162

o.2J6

0.102

J.5

O.OJ27

0.0218

5

0. 108

0.158

0.051

0.5

0.01 70

O.OJJ9

6

0.108

o. 158

O. ISJ

o. 5

0.0074

0.0148

7

0.108

o. l 58

0.051

2.5

O.OJ40

0.01 J6
0.0077

8

0. 108

0. I 58

0. I SJ

2.5

0.019J

9

0.108

O. I 58

0. 102

1.5

0.0207

0.0138

10

0.054

o. 158

0.102

0.5

0.0017

0 .00]4

II

o.162

o. 158

0. 102

o. 5

0.0144

0.0288

12

0.054

O. I 58

o. 102

2 .5

0 .01)8

0.0055

lJ

0.162

0.158

0.102

2. 5

0.0)78

0.0148

14

o. 108

0.079

0.051

1.5

0.0201

0.0134

15

0. 108

0.2)6

0.051

1.5

0.0281

0.0187

16

o. 108

0.079

o. 15)

1.5

0.0075

0.0050

l7

o. JOB

0.2J6

O. l SJ

1.5

O.OJ87

0.0258

1.5

0.020J

O.OJJ5

I. 5

0.0155

0 .0103

18 ,

I

0.108

0.158

o. l02

19

I

0.054

0. 158

0.051

'

0.162

0.158

0.051

0.054

0.158

22'

0. 162

o. 158

0.153
_
O. l SJ

2J

o. 108

0.079

0.102

20
21

24

0.108

o. 2J6

0.102

25

O. JOB

0.079

0. 102

26

O. JOB

0.2)6

o. 102

77

n. 10s

o.158

o. 102

I
I
I

!
I

'

I
i
I

I

I

I

0.0)9)

0.0262

1.5

0.0092

0.0061

]. 5
]. 5

0 .0234

0 .0156

0. 5

0 .0066

0.01 J2

0.5

0.01 lt.

0.0228

2.5

0.0190

0 .0076

2. 5

0.0285

0 .0]14

J.5

O.OJ 56

0.0104

The initial model
An initial analysis of the results showed that the following kinetic
model could be considered to represent the experimental data.

[LIX 65N]al

(1)

where r denotes the reaction rate of the copper extraction and is independ
ent of interfacial area, k1 and k2 are reaction rate constants, and the
coefficients ai, i = 1, ..., 5, denote the reaction rate dependencies of
the reacting species.
This model was not acceptable since valid estimates of the parameters
in the model could not be obtained by minimising the function
I:
i

= 1

(ri-�i) 2

(2)

where ri denotes the observed reaction rate for experiment i, ri denotes the
predicted reaction rate for experiment i using model (1) and n denotes the
total number of experiments. The estimation problem using criterion (2)
arises because values of the variable [CuR2], the concentration of copper
chelate, must be treated as known when in fact they are measured and have
associated random errors. In addition, the variance of the reaction rate r
changes as operating conditions change instead of remaining constant as is

3

assumed for ordinary least squares estimation. Violation of these assump
tions can have serious effects on the values and precision of the parameter
estimates 24 •
Because the measured response variable was in fact �[Cu 2+ ], the change
in aqueous copper concentration, rather than r, model (1) was reformulated
and fitted to the data by minimizing the function

n
L

(3)

i = 1

where the notation is analogous to that in expression (2). The revised
model form and least squares estimates of its parameters are shown in Table
2. Minimisation of expression (3) was carried out using the method of Hooke
and Jeeves 25 . In each iteration of the estimation process, the model was
solved for values of l[cu 2+ ] by the method of successive substitution.
TABLE 2

FINAL FORM OF THE KINETIC MODEL

AND LEAST SQUARES ESTIMATES OF ITS PARAMETERS

6[Cu 2+ Ja4

[H2S04)a3
+ k2t 6[Cu 2+ J a s
where 6[Cu 2+ ]

[Cu 2+ )

=

=

[H2S04] =

[LIX 65N)
t

=

[CuR2J, the copper chelate concentration, mole 1-I

initial aqueous cupric ion concentration, mole 1-J

initial aqueous sulphuric acid concentration, mole 1-l
initial organic oxime concentration, mole 1-l

reaction time, min.

Approximate
Standard Error

95% Confidence
Interval

k1 = 0.011

0.016

±0.034

a1 = 3.50

0.66

a3 = 1.25

0.14

as

0.38

Parameter

Estimates

k 2 = 0.049

0.049

a2 = 1.80

a4 = 1.97
=

0.56

±0.102
±1.38

0.43

±0.90

0.08

±0.17

±0.28

±0.79

Residual sum of squares
Residual mean square
Standard error

=

•
=

5.96 x 10-4
2.98 x 10-5
5.46

X

10-3

Adequacy of the final model
The individual residuals from the final model were analysed to reveal
any non-random tendencies, and also to ensure that the assumptions upon
which the least squares estimation is based were not violated.
A plot of each residual against the corresponding predicted change in
aqueous copper concentration (Fig.l), provides no evidence to suggest that
the variance of the residuals is not constant. A time sequence plot of the
4
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residuals is shown in Fig.2, and provides no indication of any remaining
time trends in the data.
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Further analysis of the adequacy of the fitted kinetic model involved
a test for "lack of fit 1126 , to check whether or not the residuals can be
explained on the basis of experimental or "pure" error alone.
The mean square for pure error is the total "within repeats" sum of
squares divided by its associated degrees of freedom. The mean square due
to lack of fit can be obtained by subtracting the pure error sum of squares
from the residual sum of squares and dividing this result by nr - ne, For
the fitted model, the ratio
Mean square due to lack of fit
Mean square due to pure error

-----------------

5

=

3.22
8.15

X
X

10-S
= 3.95
lQ-6

can be compared with the statistic F(.95, 18, 2) = 19.40. Since ratio
value 3;95 is much smaller than 19.40, there is no apparent lack of fit and
thus no reason to doubt the adequacy of the model. The expression
l
3 50 [
Cu 2+ ] .SO
fi[Cu 2+] = 1.05 x 10-2 t [LIX 65N] •
1
5
1.
[H2S04] .2 fi[Cu 2+ ] 97

(4)

is therefore considered to be an adequate representation of the measured
values of the change in aqueous copper concentration. It fits the experi
mental data with a standard error of 5.46 x 10-3 mole 1-1.

Precision of the parameter estimates
The precision of the least squares parameter estimates of the fitted
model can be expressed in terms of both approximate standard errors and
approximate 95% confirience intervals for each parameter (Table 2). These
values were calculated from an approximate variance-covariance matrix for
the parameter estimates. The fact that the confidence intervals for k1, k2,
and as enclose zero is indicative of the complexity of the reactions which
are taking place in the copper(Il}LIX 64N extraction.
An approximate correlation matrix for the parameter estimates is given
in Table 3. The results suggest that with the exception of parameters, k2
and as, there is little association between the parameter estimates of mode l

(4).

TABLE 3
CORRELATION MATRIX FOR THE PARAMETER
ESTIMATES OF THE FITTED MODEL

P a r a m e t e r
Parameter

k1

I

kz

a1

az

a,

a.

as

0.83

0.50

-0.40

-0.42

-0.59

k1

1.00

-0.61

kz

-0.61

1.00

-o. 74

-0.39

-0.11

-0.08

0.98

a1

0.83

-0.74

1.00

0.14

-0.15

-0.29

-0.73

az

0.50

-0.39

0.14

1.00

-0.02

0.11

-0.41

a,

-0.40

-0.11

-0.15

-0.02

1.00

0.02

-0.13

a.

-0.42

-0.08

-0.29

0.11

0.02

1.00

-0.07

as

-0.59

0.98

-0.73

-0.41

-0.13

-0.07

1.00

DISCUSSION
Complex kinetics, involving both chemical reaction and mass transfer,
are indicated by the fitted model (4) for the system LIX 64N, Escaid
100/copper sulphate, sulphuric acid in the range of oxime concentrations
investigated (5 to 15% by volume LIX 64N). The reaction rate dependencies
6
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are particularly significant not only in the case of the concentration of
the active S-hydroxyoxime in LIX 64N, but also in the case of the extracted
complex concentration. It should be noted, however, that the reaction
orders appearing in the model are not in themselves indicative of all that
is occurring in the extraction process. The 95% confidence intervals for
the parameter estimates (Table 2) suggest that the kinetics are such that
several competing reactions take place with the nature of these reactions
being dependent on the relative population of the various possible solution
species, especially in the organic phase.
The observed reaction order with respect to the bulk LIX 65N concen
tration indicates that polymerised LIX 65N molecules take part in the
overall reaction mechanism. In conjunction with the observed reaction order
for the bulk aqueous cupric ion concentration, the LIX 65N rate dependence
suggests that a possible rate controlling chemical step involves a chemical
reaction in which dimerised LIX 65N molecules participate. In addition,
this reaction does not appear to be interfacial, in agreement with the fact
that expression (4) fits the measured copper extraction rates in the absence
of any knowledge of the aqueous/organic interfacial area. Such a reaction
probably occurs in a reaction zone on the organic side of the interface.
This suggestion is consistent with the approximate 1/2 order dependence
observed for the diffusion of the extracted complex from the reaction zone
into the bulk organic phase, a process which also appears to play an im
portant role in determining the rate of copper extraction.
The formation of LIX 65N aggregates in various diluents, including
Escaid 100, at LIX 64N concentrations similar to those employed in this
investigation has been established20 , 2 7, 2 8• On the other hand, very little
has been published to indicate that dimerised or other polymerised copper
LIX 65N complexes are formed (at similar LIX 64N concentrations) during the
course of the copper extraction reaction.
Fleming et al.16 reported the formation of an intermediate copper-LIX
65N-LIX 63 complex in chloroform solutions which contained less than 0.015M
LIX 65N and similar concentrations of the oxime LIX 63. Flett et al. 1 2 had
previously interpreted copper extraction rates by dilute LIX 64N solutions
in terms of a mechanism which involved the formation of such a complex as
the rate determining step. Although copper complexation by LIX 65N molecules
in dilute LIX 64N solution might involve formation of intermediate copper
LIX 65N-LIX 63 complexes, and such might also be the case at higher LIX 65N
concentrations depending on the diluent, species of this type would not
appear to be involved in the rate controlling chemical step in cases where
significant LIX 65N aggregation occurs, such as in the system LIX 64N/Escaid
100.
The formation of intermediate copper-LIX ·6SN complexes, and their
involvement in the rate determining chemical reaction, is therefore inferred
from the results of this investigation, a conclusion which is consistent
with the observed reaction orders.
From the modelling of copper extraction rates alone, and in the absence
of other data, it is not completely clear how dimerised or other polymerised
copper-LIX 65N complexes might form during the process of copper complexa
tion. At present it can only be suggested that such complexes probably
result under the following conditions: (1) when a significant aggregation
of nonchelated LIX 65N occurs, and (2) in the presence of an excess concen
tration of cupric ions in the aqueous phase relative to the organic LIX 65N
7

concentration.
Formation of the species CuR+ would appear to be the initial step in
copper complexation and such a step probably involves a fast chemical
reaction between cupric ions and LIX 65N monomers, as is generally accepted.
The site of this initial reaction might be either the aqueous/organic inter
face 1 1, 12, 1 5 or an aqueous reaction zone adjacent to the interface 19 ,20.
Further reaction of CuR+ complexes with LIX 65N monomers probably occurs
but to a limited extent, as such a reaction is undoubtedly affected by the
presence of polymerised LIX 65N molecules at or near the interface, and by
the reduced availability of LIX 65N monomers which themselves react rapidly
with the excess cupric ions. The reaction of LIX 65N aggregates with CuR+
species appears possible under such conditions, leading to the formation of
intermediate polymerised copper-LIX 65N complexes. It should be noted that
CuR+ and other copper-LIX 65N complexes are not likely to be soluble in
aqueous solution. Therefore any reactions involving such complexes probably
occur in the organic phase and not at the aqueous/organic interface.
CONCLUSIONS
This statistical modelling study of the extraction of copper in the
system LIX 64N, Escaid 1OO/copper sulphate, sulphuric acid has underlined
the complexity of the extraction kinetics. The fitted kinetic model suggests
that the kinetics can involve both chemical reaction and mass transfer, with
the rate determining chemical step incorporating dimerised LIX 65N molecules
and the possible formation of intermediate coppe�-extractant complexes.
This reaction quite likely occurs in the organic phase and not at the
aqueous/organic interface.
The confidence intervals for the parameter estimates suggest that the
fitted model is not the only and ultimate representation of the extraction
rate data. There are indications that a number of competing reactions
are taking place with these reactions being dependent on the relative
abundance of the different complex species which are to be found especially
in the organic phase.
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COMPARING SCALE-UP METHODS FOR SOLVENT EXTRACTION MIXERS

John Roberts
Department of Chemical Engineering
University of Newcastle
New South Wales, 2 308
Australia.
Operating d�ta from large industrial mixers are now becoming available
which indicate that lower stage efficiencies are probable when scale-up is
based solely on constant tip speed. Conversely, much higher stage efficien
cies are possible if scale-up is based on power per unit volume or n 3 Di 2 .
Recent work concluded that (i) tip speed for a required stage efficiency be
determined in a laboratory mixer; (ii) relative impeller/tank size for this
mixer be optimised at this tip speed to minimise entrainment losses; and
(iii) scale up to commercial size mixer using geometric similarity on the
basis of equal n3 Di 2 ·
Only Treybal seems to have considered the overall problem of optimising
process variables and scale-up geometry in obtaining a minimum cost design.
Most recent references explore the effect of tip speed and power input on
mass transfer coefficient (k.a), specific surface area (a), and stage effic
iency (n), for a number of impeller/tank ratios, usually for batch systems
in one size of mixer. However, in terms of mass transfer rate (N), or value
of metal recovered per unit time, no one has considered the ultimate objec
tive of maximising these quantities. Here N = k.a. 6c.n
where lie = concentra'tion difference between extract and raffinate. Thus
while (k.a.) might decrease with increase in mixer size, stage efficiency (n)
may increase, resulting in a maximum mass transfer rate (N) at some inter
mediate vessel size.
In summary, computer calculations carried out involved exploring the
effect of impeller tip speed, n 3 Di 2, change in equilibrium distribution
coefficient and droplet coalescence on the parameters noted.
Implications of Findings

If scale-up from small laboratory units (DT � 10 cm) to large commer
cial units (DT 2 to 5 m) is based solely on constant tip speed, then (i) n 3 D[
may be too low in the full scale unit; (ii) stage efficiency could be signi
ficantly lower, depending on droplet coalescence properties within the mixer;
and (iii) mass transfer rate could be 2 to 7 times smaller in the commercial
unit.
However, for scale-up based on similar n 3Di 2 then (i) stage efficiency
will be marginally improved and (ii) mass transfer rate could be similar to
or up to 5 times more than that of the small pilot unit, again depending on
droplet coalescence phenomena in the mixer.
To obtain best mass transfer rate in the full scale mixer, non
coalescent droplets are required. This can be partially achieved by improved
mixing, or circulation by adding another impeller at about mid depth and/or
altering the interfacial tension by modifying the liquid properties to
promote more stable droplets in the mixer.
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MODEL OF DISPERSION BAND IN A CENTRIFUGAL CONTACTOR

R. A. Leonard, G. J. Bernstein,
R. H. Pelto and A. A. Ziegler
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439 USA
A model of the dispersion band in a centrifugal contactor used in
solvent extraction has been developed to enabie prediction of separating
capacity. The model applies specifically to contactors in which the
separating rotor rotates about its vertical axis. Separated light (organic)
phase is discharged over an inner circular weir, and separated heavy
(aqueous) phase flows through underflo� passages near the periphery of the
rotor and over its weir. The dispersion band is located between the
organic weir and the aqueous underflow and may be positioned by applying
air pressure to the aqueous weir (1). Maximum separating capacity is
reached when the dispersion band extends from organic weir to aqueous
underflow.
In the model of the dispersion band, a hydraulic force balance 1s
used to find the theoretical interface between completely coalesced phases.
This is combined with the volume of the dispersion band to find the actual
boundaries of the dispersion band. A new dimensionless dispersion number
(2) related to the overall operation of the contactor is used to determine
the volume of the dispersion band. This model was tested, with good
agreement between predicted and experimental results, using 20-mm diameter
and 94-mm diameter centrifugal contactors which have annular mixing zones
(3).
REFERENCES
(1)

D. S. Webster, A. S. Jennings, A. A. Kishbaugh, and H. K. Bethmann,
"Performance of Centrifugal Mixer-Settler in the Reprocessing of
Nuclear Fuel," CEP Symposium Series, Nuclear Engineering--Part XX,
No. 94, Vol. 65, 70-77 (1969).

(2)

R. A. Leonard, G. J. Bernstein, R. M. Pelto, and A. A. Ziegler,
"Liquid-Liquid Dispersion in Turbulent Couette Flow," 72nd Anriual
A.I.Ch.E. Meeting, San Francisco, California, November 25-29, 1979.

(3)

G. J. Bernstein, D. E. Grosvenor, J. F. Lene, and N. M. Levitz,
Nuclear Technology,�. 200-202 (1973).
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EXPERIMENTAL AND THEORETICAL INVESTIGATION OF FILM FLOW
ON A TILTED PLATE AS THE BASIS OF A SETTLER DESIGN
Prof. Dr.-Ing. E. BlaB
Dipl.-Ing. D. Rautenberg

Lehrstuhl A flir Verfahrenstechnik,
TU Mlinchen

D-8000 Mlinchen 2,
Bundesrepublik Deutschland
The design of mixer-settlers is with regard to the settler still
very uncertain. Existing calculations are unsatisfactory because
the coalescence is essentially influenced by surface active
agents at the interface, which cannot be involved in the mathe
matical Models. Therefore we aspire to avoid the influence of
the surfactants by offering the drops really clean interface
for coalescence. We generate this interface with the help of
tilted plates on which the dispersephase coalesces, so that
there arises a permanent film flow of original disperse phase.
Thereby the phase boundary is permanently renewed. An im
portant viewpoint therefore is the film flow on a tilted plate.
From the equilibrium of shear- and buoyancy forces we derived
the one dimensional differential equation of motion of a laminar
film. At the film phase boundary we take into account the mo
mentum transport to the second liquid phase. For the velocity
profilew(y) we obtained:

w(y) liquid 1 9, , 71,
liquid 2 92 '1l2

y
w(y)

. g . sirnx (y •
2 '11

6 .

2

r-i 1
ri. 1

.

(A - 1

)

. 0-.--1)

+ r;_2

+12

We can now calculate the mean velocity, the film thickness
and the specific throughput of a tilted plate, which is needed
for the design of a settler at steady state operation. Experi
mental measurements of the film thickness showed good agreement
with the theoretical values.

If the film is created by coalescing drops we get an upper
limit for the angle of inclination. The drops roll down the
plate and cannot wet it. The examination of the coalescence
mechanism on tilted plates is the matter of separate experi
ments, they will be presented later.
3
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THE DISPERSION MODEL : CONCENTRATION PROFILES IN
AND DESIGN OF ROTATING DISC CONTACTORS
Dipl.Ing. Bernd WOLSCHNER
Prof.Dr.Ing. Rolf MARR
Institut ftir Grundlagen der
Verfahrenstechnik, TU Graz
Kopernikusg. 24, A-8010 Graz
Austria
When comparing laboratory columns
CONCENTRATIONPROFIL
with industrial columns, it was see
throughout that columns with a
larger diameter need a much greater
Experiment-nr.: 54
column height for the same
Col.-type : RDC 100
selectivity.
System: tolueneThis phenomenon refers to axial
-acetonemixing effects in the continous as � !
-water
well as in the dispersed phase; its
influence on mass transfer can be
s0 :
registered with the so called
dispersion model. For both phases a �!
convective flow, a dispersion flow �
and a source respectivly a sink are-�tr, ,;
put into the continiuty equations.
�
The numerical solution, and with it
the concentration profils and the
height of the column can be arrived
�
at with the help of the difference
. oo
method, the Jacobimatrix and the
-cone. (wt.%)
Thomas procedure.
exp. values: disp.phase :O
To prove the accuracy of the
cont.phase
concentration profiles theoretically
ascertained in this way, mass trans theor.ascertained profil:fer experiments were carried out on.___________________,
a So mm RDC column (rotating disc contactor) and a 100 mm geo
metrically similar RDC column. The parameters used for the
calculation are obtained by means of the drop size distribution
.and the residence time distribution[1]. The experimental regist
ration of the concentration profiJes were carried out with a newly
developed sample taking system, with which the dispersed and the
continous phase were taken directly, separatly and at constant
flow from the column�]. The concentration profiles got from
these experiments corresponded well with the theoretically as
certained concentration profi1es(FIG.). Hence it follows that,
after getting the single parameters from a laboratory column or
from existing correlations, avoiding the use of experiments on
pilot plants, exact scaling up of extraction columns with the
help of the dispersion model is possible.
REFERENCES:

f

�

...

:*

U]
DJ

Wolschner,B. : Dissertation, TU Graz ( in preparation )
Wolschner,B;Sommeregger,E.;Marr,R.
VDI-GVC Jahrestreffen
Nlirnberg,26.-28.9.1979
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BATCH AND CONTINUOUS PILOT PLANT STUDIES, LEADING TO
FULL-SCALE MIXER DESIGN FOR CONTINUOUS COUNTERCURRENT
EXTRACTION.
Dr. James Y. Oldshue
Vice President, Mixing Technology
Mixing Equipment Company
Div. of General Signal
Rochester, New York, USA
Data were obtained on a 150 mm diameter single mixing
stage,operated both batch and continuous, and in a 600 �� dia
meter mixing stage, operated batchwisc. T'.·m different impeller
types were used, both radial flow, to see whether any marked
differences in extraction rate could be observed in single-stage
By studying a process batchwise in the laboratory and pil
ot plant, it is possible to study many more mixing and extrac
tion variables. However, it is important to be able to relate
the effect of these variables to the effect they will have on a
continuous process.
By looking at the mass transfer coefficient, it is poss
ible to relate mixing variables to the overall process.
In dealing with a liquid-liquid equilibrium process with
out reaction, batch tests and continuous tests are compared.
Data were taken on a liquid-liquid system which included a
chemical reaction, and the relationship is more involved.
Methods of evaluating batch and continuous pilot plant
experiments are discussed in terms of both full-scale mixer
settler operation as well as full-scale continuous counter
current, multistage mixing columns.
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MODELLING OF BREAKAGE AND COALESCENCE IN A MIXING TANK
H.Sovova and J.Prochazka
Institute of Chemical Process
Fundament als
Czechoslovak Academy of Sciences
Prague, Czechoslovakia
Power functions of drop volumes are proposed as a ma thema 
tical model of breakage and coalescence frequencies in a stirred
dispersion. The ability of this model to describe the beh a viour
of real systems is demonstrated by comparing the calculated drop
size distributions in a batch mixing tank with those obtained
experimenta lly 1 .
According to the model the break
FIG.l
age frequency is given by
Correlation a vs. e= a-b
aE <0;2>,
( 1)
g(v) - va ,
the coalescence frequency by
,
w(v,v )
(v+v ,)b,
bE<- 1 ; 1 >
(2)
or
w(v,v') - (v.v')b /2, bE<-2;2>.
(3)
By each breakage event the droplet of
0.
volume v formes two new droplets the
volumes of which are: i) equal. (dis
0
3
tribution function s 1); ii) normally
distributed (B2); iii) homogeneously
FIG.2
distributed with the range <O;v> (B3). Compa rison with expe
Variance a 2 of the dimensionless
rimental distribution
volume distribution Av(d/d32) corres
ponding to the model can be approxima
ted as a function of e = a-b and B
(Fig.l), whereas the first moment is
almost constant. Fig.2 compares curves
calculated for a = 0.23 with the expe
rimental distribution 1 .
REFERENCE
1. Chen H.T. and Middleman S., A.I.Ch.E.J. 13, 989 (1967).
\I)

(lJO

(l25
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DYNAMIC BEHAVIOUR OF MIXER-SETTLERS
APPLICABILITY OF THE ORTHOGONAL COLLOCATION METHOD
G. Aly
Dept of Chemical Engineering
Box 740
S-220 07 Lund, Sweden
Difficulties in obtaining accurate dynamic response measurements which
are not encountered in steady state analyses have held back experimental work
in the field of extraction dynamics. Burns and Hanson in experimental studies
of the dynamic response of a 5-stage mixer-settler unit applied the tedious
"stop-start" procedure in order to overcome the volumetric transient caused
by the removal of samples. They were able to achieve only discrete measure
ments of the aqueous phase concentration. The applicability and suitability
of the AKUFVE measuring technique, based on the use of radioactive tracers,
. was tested by Aly et. al. This experimental technique enabled the col.lection
of large amount of response data describing the dynamic behaviour of a 4stage mixer-settler unit. Step and PRBS input signals were applied in the
four control variables, i.e. the inlet concentrations and flow rates.
Aly developed and tested some relatively simple linearized models and
a large amount of experimental evidence was presented which shows that models
of this type adequately simulate the dynamic behaviour of mixer-settler units.
These models did not involve any specific hydrodynamic lags or settler flow
patterns.
When the complexity of the mathematical model increases, it becomes in
creasingly important to apply efficient numerical techniques. The orthogonal
collocation method has been applied to solve certain problems in chemical re
action engineering, where it proved to be very efficient. One of the main ob
jectives in this work is to illustrate where advantages might be obtained by
usage of this method to solve more sophisticated models describing the dyna
mic behaviour of mixer-settlers. The Runge-Kutta method with variable step
length was also used for comparison. The Ingham model with allowance for en
trainment backmixing of the two phases, non-linear equilibrium, and mixing in
the settler compartments was used. It was however modified to accomodate for
hydrodynamic lags.
An "exact" solution was generated using 3 collocation points and was used
to compare the response of the other methods. The simulation results show that
Runge-Kutta method consumes less CPU-time while numerical stability of the
orthogonal collocation method is superior.
Using the Ingham model together with experimental data, it was possible
to identify some unknown process variables such as backmixing coefficients
and settler flow pattern parameters.
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CHEMICALLY BASED SYNERGIC SOLVENT EXTRACTION MODEL FOR THE SYSTEM
Nd(NO 3) rHDEHP-TBP-BENZENE_

Ying-Chu Hoh and Maw-Chwain Lee*
Institute of Nuclear Energy Research,
Lung-Tan, Taiwan, China and

Renato G. Bautista
Ames Laboratory** and Department of Chemical
Engineering, Iowa State University,
Ames, IA 50011, U.S.A.
ABSTRACT
A chemically based synergic solvent extraction model
has been developed for the system Nd(N03)rHDEHP-TBP
Benzene. The model equation for the distribution ratio
can be written as Q.c = K1a0 ((HG)vCl'."3(TBP�H+)-3, where K 1
. vf
g containing
.
.
. the effective
the
constant
equi"li"brium
is
quotient of the activity coefficients of the reacting
species and a 0 is the degree of formation of the
neodymium complex in the equilibrated aqueous phase.
((HG) 2) o, (TBP) o, and (H+)w denote the equilibrated HDEHP,
TBP, and aqueous hydrogen ion concentrations, respec
tively. Experimental equilibrium distribution data gen
erated in this work were used to test the model equation.
Correlation coefficients between the experimental data
and the predicted values are in the range of 0.899 to
0.983.
INTRODUCTION
The separation of rare earths by solvent extraction system using di-2ethylhexyl phosphoric acid as the organic complexing agent gives very small
separation factors which in effect requires more stages to produce the indi
vidual rare earth of the highest purity. In order to improve the efficiency
of the solvent extraction process, the chemistry of the separation of the
rare earths must be modified to increase their distribution ratios and sep
aration factors. In this work, the extraction of neodymium is enhanced by
using a complexing mixture of an acid chelate di-2-ethylhexyl phosphoric acid
(HDEHP) and a neutral ligand tri-n-butyl phosphate (TBP) in the presence of
an inert diluent benzene.
The enhancement of the solvent extraction of metals by the use of a
second metal organic complexing reagent has been reviewed in the litera
ture.(!) Hoh and Wang(2) recently extended the chemically based models to
predict the distribution ratios and separation factors previously reported by

*Visiting
**Operated

Scientist at the Ames Laboratory, 1978.

for the U.S. Department of Energy by Iowa State University under
contract No. W-7405-Eng-82. This research was supported in part by the
Assistant Secretary for Energy Rese�rch, Office of Basic Energy Sciences,
WPAS-KC-03-02.

1

Bautista and coworkers(3-8) to a synergic solvent extraction system usi n g
the experimental data reported by Hayden, Gerow, and Davis.(9) I n this
paper is reported the successful applicat'ion of the synergic model equation
to the system Nd(NO 3 ) 3 -HDEHP-TBP-Benzene system.
MODEL DEVELOPMENT AND APPLICATION
The sy nergic effect in mixtures of neutral organic compounds with acids
is frequently explained by the formation of mixed complexes according to an
addition mechanism.(1,1O)
+ n

HG

+

org

q S

=
org

+
MG q S
org
n

n

+

(1)

H
w

n+

denotes a metal ion with a charge of +n, HG an d S represent an
where M
acid and a neutral organic liga nd respectively, q is the neutral ligand
stoichiometric coefficient and the subscripts wand org denote the aqueous
and organic phases respectively. The kinetics of the extraction of uranium
(VI) by a synergic mixture of di-2-ethylhexyl phosphoric acid (HDEIIP) and
tri- n-butyl phosphate (TBP) has been reported by Formin, et al.(11). The
interaction of TBP with HDEHP was assumed to proceed according to the
reaction
(HG)

+

2 org

TBPc-· =
g

(2)

(HG) •TBP
2
org

where (HG) 2 represents the HDEHP dimer. On the basis of Equation s 1 and 2,
the extraction of neodymium by a synergic mixture of HDEHP and TBP can be
assumed to be represented by the reaction
3+

Ndw

+

=
3 (HG) org+ 3 TBP
org
2

+

+ 3 H
Nd(HG ) •3 TBP
org
2 3
w

( 3)

A synergic solvent extraction equilibrium model for the distribution
ratio, Q.c, was developed followin g the same modeling procedure previously
described by Bautista and coworkers(3-8) and by Hoh and Wan g(2). The model
equation is given by
(4)

where the parentheses represent the concentration for each species and a
0
is the degree of formation. The degree of formation is defined by the
equation
1

1

+

(5)

i
E S (A)
i
i

where S is the stability constant for the ith species and A is the ligand.
i
K1 is defined as the effective equilibrium constant given by the equation
K
-ex

(6)

K
y
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where Kex is the extraction equilibrium constant and Ky is the quotient of
the activity coefficients. It is assumed that Ky varies slightly with con
centration and therefore has an approximately constant value.
The equilibrium solvent extraction data on the system Nd(N03 )rHDEHP
TBP-Benzene are given in Table 1. Based on the extraction mechanism given
by Equations (1) and ( 3), Goto(1 2) and Lenz and Smutz(13) calculated the
equilibrated hydrogen ion concentrations on the RE(N0 3 ) 3 -HDEHP-Amsco systems
from the equation
( 7)
where RE represents the rare earths and the superscripts E and I denote
equilibrium and initial concentrations respectively. The equilibrated
hydrogen ion concentration in this work was estimated from Equation (7).
O'Brien and Bautista(14) correlated the relationship between the
equilibrated aqueous (Nd+3 )w and (N03)w by using a nitrate ion-selective
electrode to measure the aqueous nitrate ion concentration. The equation
describing the relationship is given by Equation (8)
ln (N0 )
3

w

= - 2.54

+

+3

4.41 (Nd

) w

3.05

+3 2

(Nd

)
w

+

+3 3

0.77 (Nd

)
w

(8)

where the subscript w represents the aqueous phase. Equation 8 was used to
calculate the equilibrated aqueous nitrate ion concentration, (N03)w , in
this work. The equilibrium nitrate ion data are also given in
Table 1.
The stability constants for this system have been correlated by O'Brien
and Bautsita(14) using Krumholtz's(l5) data. These are given in Equations
(9) and (10)
ln

r3i
R

=

0.6 347 - 0.6128 I+ 0.0804 1

2

- 0.00 33 1

3

(9)

o. 955

2

ln S = -0.7568 - 0.04 21 I
2
R

2

=

+

0.0 233 1

0.790

2

- 0.000 25 1

3

(10)

+2
where S 1 ani S2 denote the stability constants for the species Nd(N0 3 )
and Nd(N0 3 ) 21 respec�ively and I represents the ionic strength. The sta
bility constant for the neutral species Nd(N0 3 )3 was considered to be
negligible since this species is assumed to be present only at lanthanide
nitrate concentrations approaching the solubility limit. This assumption
is based on the outer sphere nature of the lanthanide nitrate complexes(16)
which in effect reduces the ionic bond strength of the complex. Equations
9, 10 and 5 were used to calculate 6 1 , 62 and ao, respectively. In Table 2
are given the results.
The effective equilibrium constant K i was then calculated by using
Equation 4 along with the equilibrium data in Table 1 and the calculated
values of a0 in Table 2. Linear regression analysis was applied to obtain
the regressed values of Ki at different conditions. The experimental values
of the equilibrated HDEHP and TBP concentrations were assumed to have
changed very little during the extr,action. This is further substantiated
by the experimental neodymium concentration in the organic phase after
equilibration which were for the most part constant at around 10- 3 M.
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Table 1.

Equilibrium Solvent Extraction Data for the Nd(N0 3 ) 3 -HDEHP-TBPBENZENE System
Initial Conditions

Aqueous Phase

pH

Nd

M

M

0.46
0.46
0.46
0.46

I

x

0.0607 0.364
0.1143 0.68
0.1950 1.17
0.2799 1.68

Equilibrium Conditions

Organic Phase

HDEHP

TBP

M

M

Aqueous Phase

+ tt

x

(No;/ *

M

Nd

M

(H )

M

Organic Phase
Nd

M

0.222
0.222
0.222
0.222

o.o
o.o
o.o
0.0

0.3469
0.3496
0.3502
0.351

0.0604
0.1131
0.1936
0.2783

0.09
0.135
0.18
0.23

0.0003
0.0012
0.0014
0.0016

0.0045
0.0106
0.0074
0.0057

0.46 0.0607
0.46 0.1143
0.46 0.1950
0.46 0.2799

0.364
0.68
1.17
1.68

0.222
0.222
0.222
0.222

0.108
0.108
0.108
0.108

0.3475
0.3499
0.3510
0.3559

0.0602
0.1130
0.1934
0.2765

0.09
0.135
0.18
0.23

0.0005
0.0013
0.0016
0.0033

0.0076
0.0115
0.0083
0.0120

0.46 0.0607
0.46 0.1143
0.46 0.1950
0.46 0.2799

0.764
0.68
1.17
1.68

0.222
0.222
0.222
0.222

0.324
0.324
0.324
0.324

0.3502
0.3505
0.3556
0.3628

0.0593
0.1128
0.1918
0.2743

0.09
0.135
0.18
0.23

0.0014
0.0015
0.0032
0.0056

0.0236
0.0133
0.0167
0.0204

1.0
1.0
1.0
1.0

0.0639 0.383
0.1143 0.68
0.2057 1.234
0.2914 1.748

0.222
0.222
0.222
0.222

0.0
0.0
0.0

0.112
0.116
0.124
0.1333

0.0599
0.1088
0 .1977
0.2803

0.09
0.13
0.18
0.235

0.0040
0.0055
0.0080
0.0111

0.0668
0.0506
0.0405
0.0396

1.0
1.0
1.0
1.0

0.0639 0.383
0.1143 0.68
0.2057 1.234
0.2914 1.748

0.222
0.222
0.222
0.222

0.108
0.108
0.108
0.108

0.113
0.117
0.1324
0.1441

0.0595
0.1086
0.1948
0.2767

0.09
0.13
0.18
0.23

0.0044
0.0057
0.0108
0.0147

0.0739
0.0525
0.0554
0.0531

1.0
1.0
1.0
1.0

0.0639 0.383
0.1143 0.68
0.2057 1.234
0.2914 1.748

0.222
0.222
0.222
0.222

0.324
0.324
0.324
0.324

0.114
0.1201
0.1381
0.1534

0.0592
0.1076
0.1930
0.2736

0.09
0.13
0.18
0.23

0.0047
0.0067
0.0127
0.0178

0.0794
0.0623
0.0653
0.0651

:t
ti

I :

o.o

ionic strength

Calculated by Equation 7

xtt Calculated by Equation

8

The predicted equilibrium distribution ratio were calculated by using
the corresponding values of K 1 and the equilibrium extraction data. Table
3 presents the regressed values of the effective equilibrium constant, K1,
the calculated distribution ratios,� (model), and the experimentally determined distribution ratios. The correlation coefficients, R 2 , defined as
total sum of sguare due to regression
2
R =
total (corrected) sum of square

(11)

between the calculated and experimental distribution ratios are also given
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in Table 3. The results calculated from the model equation are in reason
ably good agreement with the experimentally determined distribution ratio.
These results are also shown in Fig. 1.
Table

2.

I

The Calculated Stability Constants and Degrees of Formation for
the System Nd(N03)rHDEHP-TBP-Benzene
(No;)

M

M

w

Cl

0

0.364
0.68
1.17
1.68

0.09
0.135
0.18
0.23

1.52
1.289
1.027
0.844

0.46
0.461
0.461
0.466

0.8767
0.8457
0.8330
0.820

0.383
0.68
1.234
1.748

0.09
0.13
0.18
0.235

1.470
1. 2 89
0.999
0.824

0.46
0.461
0.461
0.467

0.8803
0.8508
0.8369
0.8200

Table 3.

D
(Data)

Comparison of the Model and Experimental Distribution Ratios and
the Calculated Effective Equilibrium Constants for the System
Nd(N03)3-HDEHP-TBP-Benzene
K

1

0.0045
0.0106
0.0074
0.0057

0.00 2 43
0.00593
0.00433
0.0034 2

0,0076
0.0115
0.0083
0.0120

4.16
6.61
4.89
7.49

0,0236
0.0133
0.0167
0.0204

0.40
0.234
0.330
0.41

0.0668
0.0506
0.0405
0.0396

0.001 2 1
0.00105
0.00104
0.001 2 0

0.0739
0.05 2 5
0.0554
0.0531

1.374
1.121
1.744
2 .199

Kl

(Regressed)

0.00402

5.67

0.3422

0 .001126

1.5

5

D
-c

R

2

(Model)
0.0074
0.0072
0.0069
0.0067
0.01033
0.0099
0.0096
0.0091
0.0202
0.0194
0.0173
0,0170
0.0622
0.0539
0.0438
0.0370
0.0806
0.0702
0.0476
0.0363

0.9056

0.9408

0.9607

0.9834

0. 9399

Table 3

(continued)

D

1

(Data)

(Regressed)

0.0794
0.06 2 3
0.0653
0.0651

D

K'

Kl

0.05034
0.0478
0.0774
0.10790

0.06 2 87

-c

R

2

(Model)

0.099
0.082
0.053
0.0380

0

0.8994

0

0

0

0

01

0

a::

lff

2

0

0

0

a::
0

MODEL EQUATION

De = K 1 a0((HG)2)� (TBP)� (W )_; 3

10-2

DISTRIBUTION RATIO, Lk (EXPERIMENTAL DATA)
FIG. 1
Comparison of the calculated distribution ratio from the model equation
to that obtained experimentally for the synergic solvent extraction system
Nd(N0 3 )3-HDEHP-TBP-Benzene.
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SUMMARY AND CONCLUSION
This paper has successfully applied a simple chemically based model to
describe and predict the distribution ratio of a solvent extraction system
in the presence of two synergic metal-organic complexing reagents. The
method used in the development of the predictive model is an extension of
the successful models previously applied to various single, binary, and
ternary metal-organic complexing systems. The information needed for the
development of the model equation are the solvent extraction mechanism,
the equilibrium constant for the extraction reaction, the complexes formed
in the aqueous phase, the stability constants or the degree of formation
of the various inorganic complexes, and the initial and the equilibrium
aqueous and organic phase concentrations of the components taking part in
the extraction reaction. The assumption of a constant quotient of the
activity coefficients appears to be sufficiently satisfied in this system,
if the main consideration is the estimation of a distribution ratio.
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ABSTRACT
The extraction of uo/ + with acetylacetone (HAA) was
studied and the extraction mechanism under various
conditions could be described with the existence of the
following species: uo/+ , UO2 (AA)+, UO 2 (AA)2 and
UO 2 (AA)2 HAA(org). K
for the distribution equilibria
ex
2+
+
uo
(aq) + 3HAA(org) � uo (AA) HAA(org) + 2H (aq)
2
2
2

and formation constants B were determined for several
organic solvents and ionig strenghts. The various types of
compounds formed with different B-diketones and other met
alyl (+2) ions are reviewed and discussed. The thermody
namics of che extraction process of the uranylacetylaceto
nate adducts is derived from its temperature dependency.
INTRODUCTION

In a series of distribution studies of oxygenated metal ions MOx2+,
different types of complexes are observed 1 -5• E.g. Pao 2+ and Hfo 2 + form
bisacetylacetonates MO(AA)2 with acetylacetone (HAA),whereas with benzoylace
tone (HBA) or thenoyltrifluoroacetone (HTTA) the same metals form complexes of
the type M(BA)4 or M(TTA)4 6• The uranyle ion differs from PaO 2 � and Hfo 2+ in
that adduct compounds UO 2 (AA)2 HAA or UO 2 (BA) 2 HBA are extractable 7 • 8 .Further
more, complexes formed in an extraction system is not always identical to the
preferred solid complexes 9 • 10 (e.g. HfO(AA) is extracted while Hf(AA)4 or
Hf(AA)3Cl may be formed in solid state 1 1• 12 �- Table 1 summarizes the extract
able species formed for Pao2 +, HfO2 +, UO22+ and VO 2+. Attempting to explain
the underlying reasons for the formation of a particular metalyl compound,the
uranyl ion is an important member because the oxygens areexceptionallyfirmly
bound. Both the HAA and the HBA extraction systems have been investigated
before 7 , 8 , but the systematic difference in the observed behavior of the two
systems has not been explained. We have therefore undertaken a reinvestigation
of the uranyl system starting with acetylacetone; this would also be the most
suitable for modelling experiments of an adduct system.
EXPERIMENTAL
Apparatus. The extraction experiments were carried out with the use of
the continous extraction equipment AKUFVE 13• 14 , and batch technique. Distribu
tion measurements of U 233 were made with a Packard Tri Carb liquid scintilla-

1

tion spectrometer. pH measurements were performed with specially treated
glass-calomel electrode combinations as described previously for batch experi
ments 1 and AKUFVE experiments 14 • The accuracy was ±0.01 pH unit.
Chemicals. Stock solution of 10 mg 233 U/ml in 3M HN03 was supplied from
Amersham, England. NaC104 and acetylacetone were purified as previously 1 and
other reagenu:.or solvents were of p.a. quality.
TABLE 1.
*
Extractable �-diketone complexes of bivalent metalyl ions.
HAA

acetylacetone
+
b
H (pK) e 9.05
a e
b
log Kd
0.68
4
2+
Hf0
HfO(AA) 2 ' S
1
2+
PaO(AA)
Pa0
2 2• 8
PaOH(AA)
7
UO (AA) 23HAA ' b
uo 2 +
2
+
VO�

HBA

benzoylacetone

9
18
8. 24 1 ; 8.55
2.97

3
4
3
Pa(BA)
4

HPMIIP

fluoroacetone

benzoyl-pyrazolone-5

lO
6.23
1. 7 18
3
Hf (TTA)

Hf (BA)

U0 (BA) HBA
2
2

HTTA

2-thenoyl-tri-

4

Pa(TTA)4
8

l-phenyl-3--methyl-4-

4.11
lO
6

uo (TTA)
2
2

21, c, d

b) this work
c) adducts formed with TBP and TOPO
a) presence of Na2so4
e) 1 M NaC10 , 25 ° c (benzene)
f) � • 0.1
*) possible H o adducts omitted
2
4

3.01

20

20

Hf(PHBP) 4

26

HllK

dibenzoylmethane

9.35 10, f·
.35 f
5

23, 24
UO (PHBP)
2
2
20, 25
VO(PHBP)
2
d) U0 (TTA) HTTA at high HTTA cone.
2
2

11

Extraction procedure. (a) Batch experiments were carried out in a closed
50 ml glass vesse 1 under argon gas atmosphere. The extraction system was
stirred with a magnetic spinner and was thermostated ( ± 0.05 °C). 15 ml of so
dium perchlorate solution and 15 ml organic phase containing 233 U tracer and
acetylacetone were added. After equalibration 15-20 min. samples (1.31 ±
0.005 ml) of each phase were taken and the activity from 233 U content meas
ured. The pH was then lowered by addition of HCl04 + NaC104 mixture of proper
ionic strength and the procedure repeated. The organic phase was prepared by
preextraction in the following manner: 12.9 ml acetylacetone solvent solution
233
U stock so
was shaked with 1. 27 Iii 1M Nac10 +6 drops of 1 M NaOH + 2 drops
4
lution. In this way the uranium�oncentration
in the organic phase became
<l • 10-

4

M.

(b) AKUFVE experiments were carried out with 500 ml organic solvent and
500 ml 1 M NaC104 at constant temperature of 25 °C. 1 ml 233 U from diluted
·stock solutioR and 20 ml 1 M HC104 were added. Acetylacetone was added and
the first point in the run was taken. pH was then increased with addition of
NaOH. When pH about 8 was reached the procedure was reversed by making the
system more acidic with HC104•
2
GENERAL DESCRIPTION OF THE EXTRACTION OF uo2 + WITH ACETYLACETONE

The extraction of the uranyl ion with acetylacetone involves the forma
tion of complexes of the general composition MmLn(OH) Bq(HL\ (org\ (R20\
P
where M = uo22 +, HL = acetylacetone and org = solvent molecule. Bis another
complexant than acetylacetone but here we can assume that Bis absent (al
though there is a weak complexation with the ionic media). Neglecting also
hydrating and solvent interaction,we can simplify the formula to Mm(HL� H_Y
where x = n +r and y= n + p. The extractable species must have certain composition to obey electroneutrality and therefore they are written M C (HL)8 H- b.
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The distribution ratio of uranyl ion can hence be described by
D

M HL H_ ( org)]
c �' b [ c ( ) a b

=

(1)

M HL H
m,�,Y [ m ( ) x _J

L

c,a,b

D

(2)

m,x,y

where A represents the distribution constants for the species M (HL) H - and (3
c
a b
denotes the formation constants of the uranyl complexes.
RESULTS AND ANALYSIS

Distribution mechanism. The distribution of uo 22+ between benzene solu
tions containing HAA and 1 M NaC104 was determined for a wide range of acetyl-·
acetone concentration (0.01-7 M) and pH ( 1-8), FIG. 1. All curves has a lim
iting slope OlogD/opH = +2 at sufficiently low pH and reaches a maximum pla
teau distribution DA value at higher pH. Furthermore the DA values increase
with acetylacetone concentration thus indicating adduct formation with acetyl
aceto�e �self. It can be found that ologDA/olog[HAA.,b- +1 and that OlogD/
9
/olog[HAAJ;= +3 for sufficiently low pH from analysis of FIG. 1. In FIG. 2
these stateients are easier to see since the logD is plotted directly as a
function of log [HAAJorg , where [HAA]:rg is the original _conc0entration of HAA
in the organic phase. Also it follows that OlogD /olog [HAA]cr =+1 for differ
9
ent solvents; benzene, chloroform and cyclohexane. We may now return to eq ( 1 )
and conclude that a - x = 3 and +(b - y) = +2. Assuming only mononuclear spe
cies to be formed, which is supported by the invariance of D with varying ura
3
nyl concentration 10- 5 - 10- M, we can deduce that at sufficiently low pH
where the uranyl ion must be uncomplexed (x = 0, y = O) in aqueous phase a com
plex of the type M ( HL)3H_2 is extracted. The extraction react.ion with the equi
librium constants K ex • may be written

uo 2 2+

-

+ 3 HAA ( org)

+
U0 ( AA ) HAA ( org) + 2 H
2
2

(3)

logD
1
0
-1

-2
-3
2

1

3

5

4

FIG. 1

7

6

spH

The distribution of U(Vl) between benzene solutions of acetylacetone (HAA) and
°
l M NaC104, as a function of pH at 25 c. (e) batch- or (D) AKUFVE-technique.
7.34
2.81 0.96
0.79
0.48 0.23
0.101
0.061
0.010
[HAA]o M
r

curv: !r

l

2

3

4

5

3

6

7

8

9

1
0

I o
� -1

/
..c -2,,
0

I

,

-3
-4

-5

-•

-2 -1

0
log

1

tkA,(,.

FIG. 2
0

The influence of the initial concentration of acetylacetone [HAA]
on the
plateau distribution value D). of U(VI) for some organic solvents �ft§ IM NaCl04
0
at 2s c. The influence on the distribution D of U{VI) at pH 2 is also shown.
CHC1

a cy lohexane

3

The re lat ionship 6logD >. /6log [HAA] org = + 1 which holds for sufficiently low HAA
concentrations (a too high HAA concentration changes for properties of the
diluent) tells us that there must be on the average one molecule more of HAA
in the uranyl complex in the organic phase than in the aqueous phase. Thus
since U02 (AA)2 HAA is dominating in organic phase according to eq. 3 we con
clude that U02(AA)�is dominating in aqueous phase at the plateaus. Now let's
test the obtained information using eq. 2:
Assume first that the dominating uranyl species U02 (AA) 2 HAA in the organ
ic phase is formed by the reaction U0 2(AA)2 (org) + HAA(org) with the adduct
1
formation constant k(org). We may then divide both sides in eq 2 with rHAA
- '-' org
[mJ a-1 [H]-b
D
13
_ a,b Aa,h a,b
(4)
-y
]
[H
x
H
IJ
[HIJ org
[
KD
13X.Y
0

L

b

where� is the distribution constant of HL ( HL �HL(org) ). This new expression is shown in FIG. l w�ere the relation log(D/[HAA] 0 r ) is plotted as a
function of pAA = -logl_AA
The remarkable result is tiat all data for var
ious pH and of the very different acetylacetone concentrations(0.06-7 M [HA;;iorst
coincide to a common curve, FIG. 3. There is some spread in the data ± 0.2
log units in logD over the entire pAA range but there is no correlation with
[HAA] org that should indicate any hydrolysis (separation of the plateau-valbatch
ues). Moreover the data are obtained by two techniques: AKUFVE and
giving the same result. The line has a limiting slope 6log(D/[HAA1 0 r9 )/6pAA =
= -2 which means that -(a-1-x) = -2 or that because x = 0 (U022+dominates)
a-1 = 2. Because the electroneutrality of the distributed complex a-1 = b,
i.e. a = 3: b = 2.

J.
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-g,

� 1

O

eo

0

E

-1

-2

0

-3
2

1

3

6

5

4

7

8

pAA

FIG. 3
Normalized distribution function of the U(VI)-acetylacetone-adduct extraction
system. Lo g ( D/[HAA]
) is plotted as a function of pAA �= - log [AA-J) for
0
0
benzene solvent and r Rg NaCl0 aqueous phase, zs c. [HAA]
= 0.061 - 7.34M
4
r
Full drawn curve is calculated from determined equilibriug gconstants.

c•)

AKUFVE experiments

( 0)

Equation ( 4) can now be rewritten
D

'

[HL3org

A

3

KD

,

2 133 2 [HL]
,

L
x,y

13

x,y

2

[Hj

batch experiments

'

-2

[HL1 x l.ttJ-y

A 2 132

re
n n

[L]-2
[L]-n

(5)

where A 2 = A 2 •k(org) and 8" are the formation constants (Uo/ + + nAA
U0 2 (AA) 2-n ). From the curve in FIG. 3, the formation constants were found to
be log 8 1 = 7.5 t 0 4 and log 8 2= 13.7 ± 0.4. K exaccording to eq. 3 was cal
culated to logK ex= -4,8 ± 0.2 The plateau of the normalized curve gives the
value of A� which is the product of A2k(org). However since the adduct spe
cies U0 2 (AA)2 HAA is dominating in the organic phase for all tested HAA con
centrations,it is impossible to resolve A�into its components.
Solvent influence regularities. The distribution of uo 22 + with acetyl
acetone was investigated with a number of solvents at different ionic
strengths of NaC10 4 (0; 1_; 4; 6 M). Typical distribution curves are shown in
FIG. 4. The obtained plateau values logDx, for a given HAA concentration
were then plotted as a function of log� as is shown in FIG. 5. From the the
ory of regular solutions, modifying the procedure by Omori and co-workers,16•
can be shown that the relation:
17

logDX = n logK
0

+

const.

(6)

is valid for a constant concentration of HAA. n is equal to the rat.lo between
the molar volume of the extracted uranyl complex and acetylacetone. From
the slopes of the lines in FIG. 5 it follows that n = 3.0 t 0.1 for tested
ionic strengths 0, 1 and 6 M. Thus one concludes that the volume of the ex
tracted species is 3.0 times the volume of HAA, or 309 ml since the volume of
17
HAA is 103 ml
•
Effect of ionic strenght. The influence of the ionic strenght on the

5

logD

2

3

4

6 · 7

5

8 pH

FIG. 4

The distribution of U(VI) between aqueous perchlorate and acetylacetone solutions
in various organic diluents.
(e) 0M NaCl04
(a) 6 M NaCl04 , [HAA1'.org • 0. 76 M , 25 ° c
(A) IM NaC104
I•CHC13, 2= c H , )•toluene, 4=CC1 , 5•cy lohexane, 6""ll-hexane, 7"'11-heptane
4
6 6

distribution of U(VI) is shown in FIG. 6, where logD = f(pH) is plotted for
O; 1; 4 and 6 M ionic strenght. The curves were all obtained for the same ini
tial acetylacetone concentration (0.76 M) in benzene. Since K for HAA is deD
creasing with µ(Table 2), this should lead to a decrease of the
Dx-values according to eq.(6). However the plateau values shows an increase with increased
[HAA] which is due to a dominating salting out effect. The values of a n and

1

0
-1

-2
-1

1 logK

FIG. 5
The relation between the distribution, log DA, of the uranylacetonato complex
and the partition constant, log K, of acetylacetone. The DA corresponds to
the plateau value of the distribution, at identical initial acetylacetone
concentration, between an aqueous NaCl04 phase and the organic phase.
o
[Hk]
<<» org

IM NaCl04

6 M NaCl04
0. 76

o. 76
•

•

0 M NaCl04
0.12
0

I=CHC1 , 2=C H , 3=toluene, 4=CC1 , 5=cy .lohexane, 6=n-hexane, 7=n-heptane
3
4
6 6
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K ex calculated for the different ionic strenghts are listed in Table 2 togeth
er with thermodynamic constants for the distribution. The �n values are almost
equal for O and 1 M NaC104 and increases for higher ionic strenght.
TABLE 2.

Equilibrium constants of the uranyl extraction system
0
(Na,H)c10 , 2s c.

4

µ

K

pKa

ii
6.53 :! 0.60
ii
4.80 :! 0.20
ii
3 .35 ± 0.10
ii
2.7 ± 0.2

8,81 : 0.03

mol -

0
4

6
i)

ii)

iii)

iv)
v)

vi)

vii}

viii)

log K

mol

mol

9.05 ! 0.01

9.85 ± 0.03

iii
iii
iii

10.48 :! 0.01

iii

log B
1
-1
mol

_1ex

-4.74 : 0.06
-4.69 :! 0.06

-4.59 ! 0.06
-4.52 :!: 0.06

iv

viii

7 .5 :! 0.2

log B
2
-2
mol

viii

13.78 ! 0.10

8.5 :!: 0.2

15.45 ± 0.10

[HAA] org • O. 77 M

uo 22+,

log A
2

HAA(benzene)/

H (Ai)
�
-1
kJmol

13. 78 ± 0.10 V 0. 73 :! 0.06
7.9 ± 0.7
vi
vii
1.00 ! 0.06
3. 7 ! 1.2

7.7 ! 0,2 V

7.9 :! 0.2

i

14. 58 :!: 0.10

1.58 :t 0.08

1.85 ! 0.09

-4.4 ! 1.6
-14.9 ! 1.9

<�pdeg-1

�
s
Jmol

40.6 :t 2.2

28.3 ! 4.2
16.4 :! 5.5

-10.5 ± 6.1

0

determined by spectrophotometry of Fe(III)complex, K

is independent of temp. (and of [HAA] �6-8 Mat 1 M NaCl04)

detennined by potentiometric titration, temp. dependency will be reported

-4.8 ± 0.2 from all benzene data ([HAA(org)] • 0.01-;7 M)

sv

7.5 :! 0.5

13.70± 0.45

0.93! 0.25
27
1
2+
50% dioxane
(log B1 • 9.32, logB2 • 16.9 2) ; 0.1 M NaC10 7 (log Bl• 6.8, log B • 13.1) ; PaO , 1 M NaC10
4
2
4
4
2+
l
( og B1 • 6.1 ± 0.3, log B 2 • 13.15 ± 0.13) ; Hf0 , 1 M NaCl0
(log Bl• 7,79 :!: 0.03, log B • 14.27 ± 0,21)
2
4

Temperaturedependence. In order to investigate the thermodynamics of the
distribution of U(VI),the temperature effect on the plateau values Dx was
measured for benzene solutions of constant HAA concentration, see FIG. 7. The
°
influence of temperature (5-70 C) was very small in the investigated rdnge of
ionic strenght 0-6 M. The transport of a neutral complex from aqueous to or
ganic phase can be treated as a set of thermodynamic processes as was de
scribed previously 5 • In addition we have adduct formation in theorganic phase
which complicates the L_.erpretation. We shall not try to make such an inter2

logD
A

1
0
-1

-2
-3
2

3

5

4

6

7

s

i>H

FIG. 6
Influence of ionic stre�ght on the distribution curves, log D = f(pH), for U(VI).
Initial concentration of acetylacetone in benzene equals 0.76M. Solid curves
°
are calculated from estimated equilibrium constants. 25 c
(•)

0 M NaCl0
4

(0)

IMNaC10

(e)

4

7

4MNaCl04

(.t.)

6 M NaCl0

4

pretation but merely give (Table 2) the calculated thermodynamic constan��H
and �S for the distribution of U(VI) as described by A;
(7)

2

1

0

3.0 3.1

3.2 3.3 3A

FIG. 7
Temperature dependence on the distribution D A , uo2(AA)2�uo2(AA)2HAA(benzene),
at different ionic strenghts. Initial acetylacetone is 0.76 M, 5 - 70 °c.
(e)

OMNaCl0
4

(D)

(4)

I M NaC10
4

4 M NaC10
4

(0)

6MNaC10

4

DISCUSSION
The present investigation has shown that the extraction of U(VI) with
HAA under the used conditions can be described with the following minimum of
existing species: U02 2+ , U0 2(AA) + , uo 2(AA)2 and uo2 (AA) 2 HAA(org). Due to the
sufficiently high concentration at HAA employed any hydrolysis was completely
suppressed. In order to detect hydrolysis it can be calculated from estimated
hydrolysis constants that it is necessari to decEease [HAA]0 , 9 below 0.01 M
so that the complexation of U02 2+ with AA and OH becomes comparable. The ex
tent of complexing with AA is proportional to the product K /K a /�n • Using
this relation one can explain why Rydberg 7 in his treatment of the uo 2 2+,
0.01--1 M HAA(CHC13)/0.l M (Na,H)Cl04 extraction system was able to calculate
hydrolysis constants because K in his system was larger by a factor of 4.9.
A more drastic difference in the susceptibility for hydrolysis is obtained
for benzoylacetone HBA. Stary 8 studied the extraction of U(VI) with HBA in
CC1 4 for which the number K /K a /� 2 is about 18 times greater than the corre
sponding number for the present HAA extraction system. This means thatJHBAlorg
> 0.18 M
would be required to suppress hydrolysis. Since the highest HBA
concentration used by Stary was 0.1 M,hydrolysis remarkably changed the ex
traction curves: no broad plateau values were obtained but maxima. Hydrolysis
not only of uo 2 2+ but also of mixed hydroxy-�-diketone complexes must be con
sidered. However at sufficiently low pH,the similiar adduct extraction mech
anism as for HAA was observed:

uo22+

+ 3 HBA(org) �

uo2(BA)2HBA(org) +

8

2 H

+

(8)
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In order to verify that U02(AA)2HAA was the dominating species kl the orgaric
phase a series of stochiometric analysis of the composition of the extracted
species were made. Thus when extracting macro amounts of UOL2+ into CHC13 it
was found that U02(AA)2HAA always was extracted, both in excess and deficit
of HAA relative to the original uranium content in aqueous phase. The analysis
were made by determining the uranium content by igniting crystallized complex
es to U 3 08 •
The calculated e 0 values seems resonable in magnitude by comparing with
other determinations for uo 22 +, Pao 2+ and Hf0 2+ considering the different con
ditions (ionic media etc), Table 2. The HAA complexation increases in the
+
+
order Pa02 < uo/+< Hfo 2 .
In Table 1 summarized information is given about the extractable complex
es of various B-diketones with bivalent metalyl ions. No obvious reason why
the different types of complexes are extracted can be concluded. For instance
why doesn't thenoyltrifluoroacetone (HTTA) and l-phenyl-3-methyl-4-benzoyl
-pyrazolone-5 (HPMBP) forme adducts like HAA, HBA and HBM (dibenzoylmethane)
do. Much more future studies on various extraction systems is needed to reveal
those questions. A systematic study of a series of �diketone derivatives and
other metalyl ions V02 +, Ti02 + and Zro 2+ must be made.
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SIZE-SELECTIVE SYNERGISM BY CROWN ETHERS IN THE EXTRACTION
OF ALKALI METALS BY DI(2-ETHYLHEXYL)PHOSPHORIC ACID*
W. J. McDowell, W. F. Kinard,t and R. R. Shoun
Chemical Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830
ABSTRACT
Although the macrocyclic polyethers, known as crown ethers,
complex metal ions and do so preferentially according to the size
correspondence between the ion and the crown ether cavity, their
usefulness as liquid-liquid extraction reagents has been limited
by the necessity of solubilizing the anion in the organic phase.
The common mineral acid anions are difficult to transfer to the
organic phase, and organophilic anions are expensive or impractical.
A method is described that avoids this problem by combining organic
soluble cation exchangers with the crown ethers in the organic
phase. The resulting mixtures show synergistic extraction for cat
ions, and for the alkali metal ions the synergistic effect is size
selective. The size dependence of the synergistic extraction in the
system di(2-ethylhexyl)phosphoric acid/crown ethers parallels the
extraction of picrate salts of the alkali metals and of the complex
formation of �he alkali picrates with crown ethers. A preliminary
evaluation of concentration dependencies in the extraction of potas
sium by di(2-ethylhexyl)phosphoric acid-dicyclohexo-18-crown-6
mixtures in benzene suggests an organic-phase complex containing
two alkyl phosphoric acid groups and one crown ether per potassium.

INTRODUCTION

Although the existence of cyclic polyether compounds has been known for
several decades, Pedersen (1-4) was the first to systematically synthesize
and investigate the properties of these unusual molecules. The most notable
of these properties is their ability to form complexes with alkali metal
salts and to form the strongest complexes when there is good correspondence
between the size of the alkali metal ion and the cavity in the cyclic poly
ether. Pedersen synthesized a large number of polyethers with cavity sizes
appropriate for all the alkali metals. He called these compounds "crown"
ethers because of their structural resemblance to a crown and created a
trivial nomenclature in which the number of atoms in the polyether ring was
denoted by a number followed by the word crown, followed by the number of
ether oxygens. Thus, 18-crown-6 is an 18-atom ring consisting of 12 carbon
atoms and six oxygen atoms.
Stability constants for many alkali metal-crown ether complexes have
been measured by various methods both in water solution and in methanol
solution (5). These measurements show the expected tendency for the crown
ether-alkali metal pairs with the best size correspondence to be most stable.
They also show �he stability in the presence of water to be less, indicating
competition between the crown ether complexing and ion hydration. Because
i<Research sponsored by the Division of Chemical Sciences, U.S. Department
of Energy under contract W-7405-eng-26 with the Union Carbide Corpc-cttion.
tcurrently at College of Charleston, �harleston, South Carolina.

most of the crown ethers were organophilic to some degree and because they
would complex and solubilize a variety of alkali metal salts into organic
phases, they were used to transfer to organic phases catalytic agents that
are normally soluble only in an aqueous phase. This procedure is referred
to as phase-transfer catalysis. The possibility of using crown ethers
as liquid-liquid extraction (solvent extraction) reagents in analytical
and hydrometallurgical applications was quickly recognized.
Frensdorff used solvent extraction of alkali metal picrates by chloro
form solutions of crown ethers as a means of evaluating the relative strength
of crown ether complexes (6). Size selectivity was observed as expected.
Distribution coefficients, % (organic-phase metal concentration/aqueous
phase metal concentration), were very low but were larger when the large
organophyllic picrate anion was used than when mineral acid anions such as
sulfate, chloride, or nitrate were used. The difficulty of solubilizing the
mineral acid anions in nonpolar organic phases is a primary problem in
applying the size-selective properties of crown ethers to hydrometallurgical
or analytical extraction problems since economics and practicality often
dictate the use of the connnon mineral acids. A process for the separation
of potassium chloride from other metal chlorides in a brine solution has been
developed using the concept of an anion-solvating diluent (7). A polar sol
vent, m-cresol, was found suitable for solvating the chloride anion and
enhancing the extraction of the potassium-chloride ion pair into the organic_
phase.
McDowell and Shoun have used a different approach to the problem of
anion solvation (8). In their work, they mixed an organic-phase-soluble
cation exchanger with the crown ether so that the necessity of transferring
the inorganic anion to the organic phase is eliminated. In this system the
cation in the aqueous phase is exchanged at the interface for the hydrogen
of the organic-phase acid. The metals then exist as an organic-phase
soluble sait with which the crown ether can easily coordinate. Large and
dramatic effects by dicyclohexo-18-crown-6 on the order of extraction of
alkali metals by di(2-ethylhexyl)phosphoric acid (HDEHP) have been observed
and reported (8,9). This study expands upon these early observations and
reports a systematic examination of the extraction behavior of the alkali
metals with several crown ethers mixed with HDEHP.
EXPERIMENTAL
Crown ethers were obtained from Parish and Aldrich Chemical companies
at stated purities of �99% and were used without further purification. No
attempts were made to separate the structural isomers of the dicyclohexo
substituted crown ethers, and the results reported thus represent a composi
tional average of the two isomers. The HDEHP was purified by copper(II)
precipitation and molecular distillation according to published procedures
(10,11). The didodecylnaphthalene sulfonic acid (HDDNS) was prepared in
this laboratory, and the neocarboxylic acid (V-Acid) was obtained from
Shell Development Laboratories and purified by molecular distillation.
All alkali metal salts used were reagent grade. The radionuclides were
obtained from New England Nuclear Company. Their radiochemical purity was
verified by gamma spectrometry. The nuclides used were 22Na, 42K, 86Rb, and
134Cs; these were chosen to ensure the absence of radioactive daughters that
might interfere with the experiment. Lithium was determined by atomic
emission spectrometry using a Perkin-Elmer.Model 460 atomic absorption
spectrophotometer. Reagent-grade benzene was used as the diluent in all
experiments.
2

6. Fundamentals and Chemistry of Solvent Extraction

McDowell et al.

80-6

The organic phase for the liquid-liquid extractions was prepared by
diluting the appropriate, weighed amount of reagent with benzene. In the
systematic studies, where extraction reagents were used separately or com
bined, the formal concentration of crown ether was 0.250 Mand that of
HDEHP was 0.125 M. In these tests, the experimental procedure involved the
equilibration of approximately 10 ml of the aqueous phase with approximately
10 ml of the organic extractant phase. The pH of the solution was adjusted
to near 6 using a 0.125 M solution of the metal hydroxide under study. The
radioactive tracer was added, and the phases were mixed for 5 min to ensure
that equilibrium was obtained. Mixing was accomplished in a 30-ml vial using
a magnetic stirrer, and the aqueous-phase pH was monitored with an Orion
Model 801 digital pH meter. Dilute nitric acid was added incrementally by
a microburet to titrate the solutions to lower pH values. After each acid
addition and equilibration, stirring was stopped and the phases were allowed
to separate. Aliquots of 0.200 ml of each phase were removed for analysis
and counted on a single-channel Packard Auto-Gamma scintillation spectrometer.
Counting times were adjusted to give statistical counting errors of less than
1% with the exception of extremely low counting samples. Titration
equilibrations were performed with crown ether alone, HDEHP alone, and with
the two reagents mixed.
Phase separation was poor above a pH of about 5.5 when HDEHP was
present because of the conversion of a large fraction of HDEHP to the
i nterface-active alkali metal salts above this pH. Extraction coefficients
at pH values below 2.5 for systems containing HDEHP and at all pH values
when using crown ethers al�me were very low (% ¾ 10-4); thus the counting
rates obtained in the organic layer in these equilibrations were near the
analytical limit.
RESULTS AND DISCUSSION
Preliminary Tests
Crown ethers were tested in combination with a variety of available
extractants, including tributylphosphate, trioctylphosphine oxide, a
secondary and tertiary alkyl amine, a carboxylic acid, a sulfonic acid, and
HDEHP. Cations and associated anion systems that were known to give moder
ate extraction were chosen, and a crown ether was chosen for test that had
a cavity to match the ion diameter. No synergistic effect was noted with
the neutral phosphorus extractants and only a slight synergistic effect
with the amines. All the extractants that were cation exchangers showed
sizable synergistic effects (see Table 1). Di(2-ethylhexyl)phosphoric acid
was chosen for further systematic examination because of the existence of a
large body of data on the extraction of alkali metals by this reagent.
Table 1.
System
V-Acid + DC18C6a

HDDNS + DC18C6b
HDEHP + DC18C6
HDEHP + ClSCS

Liquid cation exchanger-crown ether synergism
Aqueous phase
10-4 M, pH
10-4 M, pH
10-4 M, pH
10-4 M, pH

Element

6

1

K
K

6

Na

K

4

Distribution
coefficient

Synergistic
factor

0.01

300

1.4

370

20

3.0

aV-Acid = a neocarboxylic acid, 15 to 19 carbon atoms on the
alkyl groups.
bHDDNS = didodecylnaphthalene sulfonic acid.

3

50

30

Size-Selective Synergism
A typical illustration of the synergistic effect of the crown ether on
alkali metal extraction by HDEHP is shown in Fig. 1. The effect varies
with pH, and the synergistic factor (distribution coefficient for the mix
ture, divided by the sum of the distribution coefficients for the individual
components used alone) is a maximum at about pH 4. In all equilibrations
where the crown ether was used alone, distribution coefficients for the
alkali metals were ¾10-4, and there was no dependence on aqueous-phase pH
within experimental detection. The lack of pH dependence (Item 5, Table 2)
is as would be expected for this reagent because the crown ether should
extract by neutral molecule association and not by cation exchange.
ORNL DWG 78-14957R
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FIG. 1
Extraction of potassium from nitrate medium by 0.250 M DC18C6, by 0.125 M
HDEHP, and by a solution of these two rea.gents together at the same con
centrations all as a function of aqueous-phase pH. The synergistic factor
is the ratio of the distribution coefficient obtained with the mixture to
the sum of those obtained by the reagents when used alone.

Table 2.
Item

Stoichiometric ratios for the crown ether-HDEHP
extraction system
Li

Reactant varied

1

Metal ion concentration

3

DC18C6 concentration

5

pH dependence (DC18C6 alone) a

HDEHP concentration

2

4

pH dependence (HDEHP + DC18C6) a
pH dependence (HDEHP alone) a

6
a

0.96

0.05

0.91

Range of pH = 2 to 6.

4

Na

K

Rb

Cs

1.15
0.96

1.00
0.92

0.95

0.92

0.84

0.70
0.58

0.84

0.62

-0.01

0.67
0.00

0.01

0.80
-0.02

0.96

0.84

1.12

0.86

0.92

0.93
0.94
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The extraction of alkali metals by HDEHP is a cation exchange process,
and a plot of log% versus pH should have a slope of 1 as has been demon
strated by earlier work ( 12). The data shown in Items 4 and 6, Table 2 and
in the lower group of curves in Fig. 2 are in reasonable agreement with this
idea and show further that under the conditions of this work (trace metal
ion; no competition for extraction) there is little difference in the extrac
tion coefficients for the various alkali metals.
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FIG. 2
The effect of 0.250 M DC18v6 on the extraction of the alkali metals from
nitrate solutions by 0.125 M HDEHP as a function of aqueous-phase pH.

The upper group of curves in Fig. 2 shows the effect of adding 0.25 M
DC18 C6 to the HDEHP solution. The extraction of all the alkali metals is
synergized, with potassium extraction being synergized most strongly, as
would be expected from the correspondence in ion and cavity size. Syner
gistic factors were calculated using corresponding data for each of the
crowri ethers tested plus data for extraction by the crown ether alone, taking
them in sets like that in Fig. 1 and smoothing the data by least-squares.
The resulting set of curves of synergistic factor vs pH for DC21C7-HDEHP
mixtures may be seen in Fig. 3. Rubidium extraction is synergized most
strongly. Table 3 lists the synergistic factors obtained at pH 4 and the
extraction coefficient at th:; pH for the synergistic mixture 0.125 M
HDEHP + 0.25 M crown ether for the alkali metals lithium through cesium. The
crown ethers Cl5C5, DC18C6, and DC21C7 synergize most strongly an alkali
metal expected to fit the crown ether cavity (see synergistic factors in
Table 3 and sizes in Table 4). However, the extraction of lithium and
cesium is not synergized most strongly by 12C4 and DC24C8, respectively, as
would be expected from size considerations; instead, the strongest syner
gistic effect is on sodium and potassium for 12C4 and on potassium for
DC24C8, although these effects are small. . It appears further that DC18C6
produces the strongest interaction for every alkali metal except sodium, for
which Cl5C5 is most effective. Several possible reasons may be cited for
5
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FIG. 3
Synergistic factors produced by the mixture 0.25 M DC21C7 + 0.125 M HDEHP
as a function of aqueous-phase pH.
Table 3. Distribution coefficients (D) and synergistic
factors (SF) for the extraction of the alkali metals
by crown ethers (0.25 M) and HDEHP (0.125 M)
in benzene from dilute aqueous solutions
at pH 4.0
Na

Li

Crown
ether

SF

D

0.0124

1

0.005

0.081

6

0.059

4

D

12C4

Cl5C5

0.038

DC18C6
DC21C7

DC24C8

3

Table 4.

K
SF
5

0.221

160

0.055

40

0.070
0.051

50
30

D

0.011

0.166

SF
5

65

1.44

400

0.256

95

0.180

Cs

Rb

50

D

0.0033
0.156

SF

D

2

85

0.0042

0.0724

0.267

100

0.126

60

0.209

70

0.261

120

0.151

Ionic
diarnetera

Crown ether

Cavity diametera

Li

1.36

14-crown-4

1.2-1.5

2.94

21-crown-7

3.4-4.3

K

1.94
2.66

Cs

3.34

Rb

15-crown-5
18-crown-6
24-crown-8

(A)

1.7-2.2
2.6-3.2

4.5-5.6

aionic diameters and cavity diameters through 21-crown-7 are from
ref. 5. The 24-crown-8 cavity diameter was measured using CPK molecular
models.

6

30

360

Alkali metal

Na

2

1.01

Size parameters for alkali metal ions and
macrocyclic polyethers

(A)

SF

60
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the above observed interactions. Lithium is a highly hydrated ion, and com
petition of water for the coordinative bonding may hinder the formation of
crown ether complexes. In addition, 12C4 is somewhat water soluble (we do
not have a quantitative measurement), and a direct comparison with the less
aqueous-soluble Cl5C5 and DC18C6 may not be appropriate. For the heavier
alkalis, a lower charge density may reduce their ability to complex with
crown ethers, and the uncertainty of the effective cavity size in the larger,
flexible polyether rings may attenuate the size-selective effect in adduct
formation.
Comparison with Picrate Extraction
Although these experiments represent a system that is quite different
from the one used by Frensdorff, the relationships between the distribution
coefficients found in our work are similar to the relationships of the dis
tribution coefficients reported for the picrate system (see Table 5).
Figure 4 shows the ratio of the distribution coefficient of the alkali metals
(scaled according to their ionic diameter on the abscissa) to that of the
alkali metal expected to interact most strongly with a given crown ether
because of size considerations. Data for both the present work and
Frensdorff's work are included. Although the extraction of picrate salts
does show the selectivity of the crown ethers, the distribution coefficients
obtained were extremely low when calculated on the basis of total metal ion
concentration. Frensdorff's experiments involved the extraction of
7 x 10-5 M alkali metal picrate solutions by an equal concentration of
crown ether. However, the total metal ion concentration in eac case was
0.l M because the extractions were made using a 0.1 M metal hydroxide solu
tion as the aqueous phase. The use of the cation-exchanger HDEHP in the
present study maintained the selectivity of the crown ethers while increas
ing the distribution coefficients by a factor of over one thousand in many
cases.
The synergistic extraction data are in agreement with the alkali
picrate extraction data of Frensdorff in regard to the size-selective
behavior of the crown ethers. For dicyclohexo-24-crown-8, both this work
and the earlier work of Frensdorff found a stronger interaction with
potassium than with cesium. For 12-crown-4, the possible aqueous solubility
of the complex combined with the strong interaction of lithium with HDEHP
precluded any definitive determination of size effects. It should be noted
Table 5.

Distribution coefficients of crown ethers
with alkali metal ions

System
12C4 + HDEHP

Di-(t-BuC)l4C4

b

ClSCS + HDEHP

+ picrate

Li

Na

l.24E-2a

5.0SE-3

3. 76E-2

2.21E-l

8.09E-2

5 .87E-2

5.06E-2

7.70E-5

t-BuC15C5b + picrate

l.12E-5

DC18C6 b + picrate

2.31E-5

DC18C6 + HDEHP
DC21C7 + HDEHP

DC24C8 + HDEHP

DC24C8b + picrate

2.03E-5

Rb

Cs

1.lOE-2

3. 28E-3

1.66E-l

l.56E-l

7.24E-2

6.96E-2

l.44EOO

l.lOEOO

2.67E-l

5. �3E-2

l.80E-l

2.61E-l

6.23E-5

l.41E-4

1. 38E-4

1. 79E-4

aRead as 1. 24 X 10-2.

b

K

Calculated from values given in ref. 6.
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6.09E-5
5.4SE-4

2.56E-l

1.26E-l

4.20E-3

0

2.80E-5
3.09E-4

l.SlE-1

2.09E-l
l.27E-4

ORNL DWG 79-1126
SIZE SELECTIVE EXTRACTION

12-C-4

I
<(
er

X

1-
z
w

u

i.:
u.
w
0
u
I
::,
a:,

ir

1lf)

0

Rb
FRENSDOFF (PICRATE)

x ......
Li

1.00

1.40

THIS WORK ( HDEHP t CE)

Na
1.80

2.20

2.60

3.00

3.40

IONIC RADIUS (A)

FIG. 4
A comparison of the crown ether-HDEHP extraction of alkali metals with
their extraction by crown ethers as the picrates. The ratio of the
distribution coefficient for a given metal to that of the metal expected
to be best extracted by that crown ether (because of size) is presented
vs ionic diameter.
that while the interaction of the crown ethers with certain "best-fit"
alkali metals is size selective, it is not specific in that the extraction
of other alkali metals is also synergized, although not as strongly.
A major result of this investigation is the demonstration that the
crown ethers can be used to synergize the liquid-liquid extraction (or
phase transfer) of ions by organophilic cation exchange extractants in a
size-selective manner. This result suggests the possibility that this
principle can be applied to all cation exchange extraction systems. Thus,
a new parameter is made available in the continuing endeavor to develop
extraction systems more specific for a given ion. Possibilities for new
extraction systems with entirely new selectivities thus exist by mixing
these size-selective synergistic agents with familiar cation exchangers.
Work is currently under way to explore these possibilities.
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Stoichiometry of the Complex
The DC18C6-HDEHP system was chosen for further study to try to establish
the stoichiometry of the organic-phase species. A general reaction for the
extraction of the alkali metals by the extraction system crown ether-HDEHP
can be written as follows:
M+n

+

+
---------x/r(CE)
+ y/s(HDEHP) � M(DEHP)n(HDEHP) (CE)x + nH ,
�
m
8

(1)

where the overlined species represent organic soluble compounds. Because
loading curve experiments exhibited an initial slope of 1.0 (Table 2) indi
cating that the extracted species was mononuclear (assuming a mononuclear
aqueous-phase metal ion), the following equilibrium quotient can be written
for the reaction:

Q

=

+ n

[M(DEHP) (HDEHP) (CE) ][H ]

n

m

x

(2)

The distribution coefficient is defined as the concentration of the metal
in the organic phase divided by the concentration of the metal in the aqueous
phase:
D =

[M(DEHP) (HDEHP) (CE) ]

n

m

x

(3)

Therefore, substitution of the distribution coefficient into the equilibrium
expression and rearrangement of terms yields:
log D = log Q

+

npH + y/s log [HDEHP] + x/r log [CE]

(4)

In order to determine the stoichiometric coefficients for each of the
reactants in Eq. 1, a series of experiments was run in which only one of the
concentration parameters was varied and all of the other conditions were
held as nearly constant as feasible. From the slope of log D versus the
logarithm of the concentration of the reactant varied, as determined by a
least-squares fit, coefficients were obtained for Eq. 4, and these are
listed in Table 2, Items 2, 3, and 4.
As expected, the pH dependence of the extraction by crown ether alone
was zero. The expected value for the slope of the crown ether dependence
with HDEHP present was 1.0 assuming the crown ether to be monomeric in solu
tion (r = 1), but there appears to be a substantial deviation toward lower
values. Values of x/r less than 1 could result from competing equilibria
consuming crown ether, partial association of the crown ether, or significant
solubility of the complex in the aqueous phase.
When used alone, HDEHP is known to be a dimer in benzene at the concen
trations used in these experiments [s = 2 in Eq. (l)]; therefore, the values
of y/s which were essentially 1.0 indicate a value of n + m = 2 and of
m = 1, suggesting that there is one �eutral HDEHP solvating the metal ion in
the organic phase. When HDEHP alone is the extractant, it has been shown
that the alkali metals can be coordinated by at least three additional
neutral HDEHP molecules (12). All of these parameters taken together suggest

9

an extracted species of the stoichiometry
M[DEHP][HDEHP][crown ether] .

{5)

Further work needs to be done to examine the possibility of crown ether
HDEHP interaction in the organic phase and to define distribution of the
crown ether to various aqueous phases before a firm conclusion about complex
stoichiometry can be made.
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SOLVENT EXTRACTION OF TRIVALENT LANTHANIDES BY
DIBUTYL PHENACYLPHOSPHONATE.
J. ALSTAD, B. CECCAROLI
Department of Nuclear Chcmistry,University of Oslo,
Boks 1033 - Blindern, OSLO 3, NOR\.-'AY.
J,P,BRUNETTE 1 M,J,F. LEROY,
Laboratoire de Chirnie Minfirale,Ecole Nationale
Supirieure de Chimie, I, rue Blaise-Pascal,
67008 - STRASBOURG CED EX, FRANCE,

ABSTRACT
The extraction of gadolinium from aqueous thio
cyanate and perchlorate media by dibutylphenacyl
phosphonate, HDBPl' has been studied. The extractant acts
like TBP in the thiocyanate system whereas in the per
chlorate medium HDBPl' is found to be an acidic extrac
ting agent- The hypothesis of chelation of extracted
metals is supported by infrared measurements. The sepa
ration of lanthanum and the fourteen lanthanides by
HD�PP has b��n studied by extraction from lM NaCI0 ,
4
IHI < 2 10 M medium. A plot of loga /
L vs.Z shows
that the series is divided in four sutgr�ups.

INTRODUCTION
The S-ketophosphonates have been studied during the last years because
of their potential extraction abilities (1)-(6) Firstly, these compounds
have an asymmetric donor power due to the P=O and C=O groups- Secondly
their enolic tautomer gives them an acidic and chelating character- The
previous results with dibutylphenacylphosphonate HDBPP and various metals
have mostly shown the extraction by salvation through the P=O group (3)-(5).
Evidence for the extraction from perchlorate medium by compound formation
or acidic extraction (chelation has been suggested) has been found for
U(VI) and Th(IV) (3) and (5). But in the U(VI) case the acidic extraction
coexists with the neutral extraction- This work describes the extracting
ability of HDBPP for Gd (Ill) and the separation by extracting the trivalent
lanthanides from a perchlorate aqueous solutionEXPERIMENTAL
Distribution measurements : They were performed in a thermostated
vessel at (20±0.I) ° C. The determination of the distribution ratio was made
by y-counting using a Nal(Tl) well type scintillation detector for the
exhaustive study of Gd extraction, A Ge(Li) detector combined with a mul
tichannel analyser was used in the case of simultaneous extraction of
several elements, The radioactive tracers are reported in table I.
Chemicals : HDBPP was prepared and purified as described previously(3).

1

Table I. Nuclides and energies of the y-lines used for
determinations.
-

- -----------------------------------------------

Nuclide

t

140L
a

40.27 h

144C

d

133.53

19.2

h

1575.80

11. 1

d

91 • 11
531.02

m

28

h

168

m
1 51P
m

53

h

285.90

28

h

340

1 53S

m

46.5

h

103.18

u

12

y

1 53 G d

121.78
344.27

242

d

97.43
103.18

d

86.79
298.57
879.36
962.00
96 6. 1 5
1177.93

2.36 h

94.68

1 51 P

149P

152E

160T
b

72. 3

165
D

y
166H
o
171E
r

27

170T
m

h

80.57

h

124.00
295.91
308.30

127

d

84.25

32

d

109.78
130.51
177.18

6.71 d

208.36

7.5

169Y
b

177L
u

AND

487.00
1596.17

284.4

e

142P
r
147N
d

RESULTS

Ey keV

½

DISCUSSION
+

The figures I, log D=f(log !SCN-l)and 2 1 log D=f(log IH J) show that
Gd is extracted by HDBPP from thiocyanate medium as by tributylphosphate
(TBP) and probably forms an additional complex by bonding the neutral salt
Gd(N�S) through the donor P=O group. The slope of the curve log D=f(log.
3
is approximatel +2 indicating that the predominant complex in the
ISCN
aqueous phase is Gd(NCS) +. The high concentration of the extractant
enables the observation of the extraction of Gd(C10 ) and Gd(BF )3 at the
4
4 3the distribution
of
lower thiocyanate concentration. Figure 2 shows that
the metal is almost independant of pH when the extraction of thiocyanic
acid can be neglected.

I)

2
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I

0.1

0.1

[sc-r]

,-

FIG. I

Thiocyanate ion dependence of the extraction of gadolinium.

•
•
A

+

+

.

0. 94M HDBPP, toluene, IM(NH , H • c10
SCN ) pH
4
4
I.IM HDBPP, toluene, IM(NH +, H+ I BF , SCN ) ' pH<
4
4
+
0.3M TBP, n-octane, 2M(NH +, H
CJ0
SCN
) pH
4
4

.

<- 3. 25 ° C
3' 25 ° C
2,20 ° c.

FIG.2

Hydrogen ion dependence of the extraction of gadolinium from a perchlo
rate-thiocyanate medium.
+ CJ0 - ), 20 ° C ;
• 0.3M TBP, n-octane,IM NH4scN, IM(NH +, H,
4
4
+
e O.JM HDBPP, solvesso 150, 0.7M NH SCN, 0 .3M (NH +, H , Cl o -) ,20 ° C.
4
4
4
From these results we conclude that the behaviour of HDBPP towards
the trivalent lanthanides is very similar to that observed with other
metal ions in thiocyanate medium (4). The extraction is described by the
following equilibrium:
M3++ 3SCN + xHDBPP �M(NCS) .xHDBl'P
(I)
3

where xis probably 3 or 4. (Overlined symbols for organic phase species).

ln order to find evidence for the acidic extraction, the perchlorate
medium, which is less complexing than thiocyanate,was used. Also salts of
tetraborofluorate (BF�) are proposed as a low complexing electrolyte.
As figure 3 shows the acidic
extraction is obtained under the chosen expe
+
< 2. 10-4M. At higher concentrations the dis
rimental, conditions when J H
tribution of metal becomes almost independent of pH, indicating that the
neutral extraction becomes predominant. The weak decrease of the curve in
these concentration regions suggests the existence of mixed complexes.

I

The slope of the curve (fig. 4) log D=f (loglHDBPPI) is exactly equal
to +3 in the case of the acidic extraction while it tends towards 3.4 in
the case of the neutral extraction-It should be pointed out that the lat-

3

D

FIG.3
D

FIG.4

f20

10

I

./

I
I

I

I

·,

I

I

I •I
I
I

lQ-L
FIG.3
Hydrogen ion dependence of the extraction of gadolinium from a perchlorate
aqueous solution.
+
+
e 0.23M HDBPP, solvesso ISO, IM(H , Na , Cl0
20 ° C

4),

• 0.45M HDBPP, solvesso ISO, IM(H , Na , Cl0 ), 20 ° C
4
+

+

+

+

4),

IH I

• 0.94M HDBPP, toluene,

4),

25 ° C
IM(H, NH4, Cl0
FIG.4
Extractant dependence of the extraction of gadolinium.
+

• solvesso 150, IM(H\ Na , C10

• toluene,
• toluene,

+

4,
NH4,

IM(H , NH
+

IM(H ,

+

°
(4±0.5).10-s, 20 C
+
°
3
IH I> JO- M, 25 C ;
+
°
IH I> JO-3M, 25 C.

Cl04),
BF 4),

4

=

4

-ter is very unfavourable in Cto and BF media in comparison with the for
mer. The ratio �etween them at a constant concentration of extractant is of
the order of 10

In conclusion we suggest that the
extraction of lanthanides from BF and
-3+ +
M
pX- + (x+3-p)HDBPP

4

following equilibrium describes the
c10 media:

4

+
K• - �
�,�MX
(DBPP) ,xHDBPP + (3-p)H (2)
3
p
-p
where x- = c1oz or BF4, 0 � p � 3, 0 � X � 4, p and X are dependent of each
other through the total coordination number. For Gd we have p = 0 and x = 0
+
when IH I < 2 10-4M. The infrared spectra of the organic phases from acidic
extractions of Er and Eu show new absorption bands near 1510 (C·.:.:.:O), 1400.
(C.:.!.:C) and I 160 (P:.:.:.:O) cm-1, supporting the hypothesis of chelation (17).
It seemed to be interesting to investigate the separation of the rare
earths when the metal is complexed by the enolate, since the best separation
between them are obtained with organophosphoric acids like HDEHP or B-dike
tones like HTTA (7).
4
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Table JI. Separ':.tio !act rs and a�iiibrium extraction ccn tants
�
i
�
+
K
= [M(DBPPl J [M 3 j 1 [H J 3 [!iLJBPPj 3Solvesso 150 - lM(H , Na ,ClO�
3
ex
- log Kex
z
nZ,Z-1
nZ,La
La
Ce
Pr
Nd

Pm
Sm
Eu

Gd
Tb

Dy

Ho
Er

Tm
Yb
Lu

4.4+0.3
1.36+0.04

4.4+0.3
6.0•0.5

1.18+0.04
1.67+0.04

7.1+0.5
12+1

1.93+0.04
1.23+0.02

23+2
:_>11+2

1.09 +0.03
1.16+0.02

60+5

21+2
39+3
54+5

0.77+0.02
1.83+0.02
1.38+0.04

10.5+0.2

71+6

130+10
271+21
300+25

1.83+0.04
2.08+0.02
1.07+0.03

Table_lll. __ Comearison_of_HDBPP_with_HTTA_and_HDEHP

Extracl.v.nt

nLu,L_a

HDBPP

3 · 10 +

HTTA
HTTA
HDEHP

3·10

2

+3

3
5. 5 · ·10 +
9.78·10

logKex (Gd)

nz,z-1

+4

1. 7

-10.5 +0.2

1.8

-8.40+0.04
-7.57

(2. 7)
2. 4-+0. 9

ref.
Present work

I 14 I
I 15 I
I 16 I

In order to determine the separation factor of the elements with a maxi
mum of precision, distribution experiments with several elements admixedwere
performed. The 15 elements were divided in the four following groups, emplo
ying at least one common element from one group to another.
La, Ce, Pr, Nd, Pm, Sm, Eu, Tb.
i)
Gd , Tb, Tm, Yb .
ii)
iii) Dy, Ho, Er, Tm, Lu.
iv)
Gd, Ho, Er, Tm, Lu.
Energies of y-lines that were used to determine the distribution ratio are
given in Table I. The separation factors between adjacent elements aZ/ - ,
Z l
between lutetium and lanthanum a
and Kex values for each lanLu/L
a
thanide ar� given in Table 11.
These results show a lower
distribution ratio for Gd than for Eu and Sm. The separation factor between
Lu and La is approximately 3 · 10 2 and the mean separation factor between ad
jacent elements approximately I .7. Table III compares these values to those
obtained with other well known extractants,

5

+

ex Z,la

3

10

FIG.5

10

,c}

0
10

PmSrnEu Gd T!:.i DJ Ho ::r Trr Y:> ... u

FIG.5
Variation of logarithm of separation factors with atomic number.
°
0.1 - 0.25 M HDBPP 1 solvesso 150, lM (H+ , Na\ c104"), IH + I < 2.10-4M,20 C.
In a plot of log K3 0 or log aZ
vs. Z (fig.5) division of the series
/L
into four "tetrades" app�ars distintcl� (8)-(9), while a plot of a2 2_1vs.
IZ-1, zi fits well into the regularities of the so-called double- 1
double effect (10)-(11). These experimental facts have been observed in
several liquid-liquid extraction systems and are interpreted to some extent
as a disclosure of the nephelauxetic effect in the 4f series (12)-(13).
This effect is in general distinctly observed when the ligand is strongly
bonded to the central atom forming an inner sphere complex. The exceptional
low value of a l
Gd L in regard to Sm and Eu may suggest a change in the coor
dination number thfoughout the lanthanides series;compounds like M(DBPP)3
and M(DBPP)3.(HDBPP) are expected with Z � 64 and Z < 64 respectively.
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SOLVENT EXTRACTION OF LANTHANIDES BY

2-ETHYLHEXYLPHOSPHONIC ACID MONO-2-ETHYLHEXYL ESTER

Ma Enxin
Yan Xiaomin
Wang Sanyi
Yuan Chengye
Long Haiyan
Shanghai Institute of Organic Chemistry,
Academia Sinica, Peoples Republic of China.
The chemistry of extraction of lanthanide and yttri
um by 2-ethylhexylphosphonic acid mono-2-ethylhexyl
'ester (HL) in n-dodecane from nitric acid was described.
By MW determination, NMR and the slope method,the
extraction reaction was studied. Based upon elementary
analyses, IR, NMR as well as MW determination, the com
positions of the complexes formed by saturation of HL
with La(NO3)3 and Nd(NO3)3 were studied. Both the stand
ard enthalpy changes(-6H 0 ) as well as the relative free
energy and entropy changes (- 6Z�) ( AS�) of the extraction reaction were also estimated, The regularity of the
variation of Kex(concentration equilibrium constant),
- 6Z� and ti.s� reveales the tetrad effect. 'The average
separation factor of adjacent lanthanides was calculated
to be as high as 3.04.
The acidic organophosphoraus compounds for extraction of lanthanides have
been studied extensively with di-(2-ethylhexyl) phosphoric acid (D2EHPA)
(1,2). As indicated by earlier reports from our laboratory, on substituting
a P-C bond for a P-O-C in D2EHPA molecule, the pKa value of the resulted
compound 2-ethylhexylphosphoni'c acid mono-2-ethylhexyl ester (simplized as
mono-isooctyl isooctylphosphonate and denoted as HL) increases owing to the
\akened effect of negativity of alkoxy group and the distribution ratio of
Lanthanide by this extractant decreases respectively. Besides this, mono-iso
octyl isooctylphosphonate possesses notable properties in extracting medium
and heavy rare earths in less acidic solution(2). Nevertheless, there are
only a few reports dealing with extraction behaviours of mono-alkyl alkyl
phosphonate for lanthanides(3-6). For mono-isooctyl isooctylphosphonate, it
has been described only for extraction of promethium, uranium and curium in
the chloride system(3), and thorium in the nitrate system(7). However, the
degree of aggregation(8a), IR(8b) and NMR(9) studies of this extractant have
heen reported.
The extraction of lanthanides(except promethium) and yttrium by mono
isooctyl isooctylphosphonate in n-dodecane from nitric acid is described in
detail in this paper. The aggregation of this extractant in an aliphatic
and proton nucl.ear
diluen t was determined by vapor pressure osmometry
magnetic resonance
spectra. From the slope method,the extraction equation
was also deduced. The solid complexes of mono-isooctyl isooctylphosphonate
with lanthanum and neodymium nitrate were prepared by the saturation method.
�ased upon elementary analyses, IR, NMR spectra as well as MW determi-

nation,the composition of these specie's was

estimated. The extraction equi

librium constants(Kex) at various temperatures[0-6o 0 c) were calculated. Be
sides these, both tqe standard enthalpy changes(-AH0 )and the free energy
changes(-6Z�) as well as the entropy changes(6S�) related to lanthanum for
all other lanthanides of this extraction reaction were also estimated. On
the basis of general physico-chemical concepts and the lanthanide contrac
tion, the regularity of the variation of the concentration equilibrium con
stants and these thermodynamic functions were examined and discussed.
EXPERIMENTAL

1. REAGENTS
2-Ethylhexylphosphonic acid mono-2-ethylhexyl ester was synthesized in
our laboratory and purified through its copper salt. A product with more
than 99%
purity was determined by potentiometric titration. The purity of
the extractant was also checked by elementary analyses. Found C, 62.71; H,
11.51; P, 10.11 compared with C, 62.68; H, 11.�2; P, 9.73 calculated for
C16 H350 3 P. n-Dodecane was used as BDH reagent. Lanthanides(except cerium)and
yttrium solutions were prepared from nitrates, converted from S.P. grade
oxides. Cerium was used as nitrate with high purity. Other reagents were A.P.
grade.
2. METHODS
A. Extraction Equilibrium: Equal volumes of organic and aqueous phases
were shaken for 30 minutes in a separatory funnel at 25° c. For the study of
temperature effect,the separatory funnels with a water jacket connected to a
thermostat were used. All data are the average values of at least two ex
perim�ntal reijults,
B. Preparation of Solid Complexes: Equal volumes of mono-isooctyl ieoaqueous solution of
octylphosphonate 0.1M in n-dodecane solution and
O.lM lanthanide nitrate were sufficiently mixed by shaking in a separatory
funnel. In the mixing process,the pH value of aqueous layer must be adjusted
to neutrality by adding continuously
lM ammonium hydroxide sol, to the
system, After the establishment of equilibrium,the aqueous phase was discharged. The saturation and equilibrium
experiments were repeated until
the concentration of lanthanide did not change after three operations as
shown above. A waxy solid was obtained by centrifugat i on of the saturated
organic phase followed by desiccation in a Abderhalden vacum drying appara
tus for four hours at 8cP C.
3. ANALYSES
Concentrations of lanthanide were determined either volumetrically by
EDTA titration with xylenol orange as indicator(lO) or spectr0photometrical
ly by ArsenazonIII(ll). In the case of low distribution ratio; in extration,
the concentration of the rare earths was estimated in the organic phase in crder
to minimize experimental errors in analysis. The content of lanthanide in
solid comple>es was also determined from its solution in n-dodecane by stripp
ing with nitric acid. The nitrate ion and phosphorus contents in the solid
complex were analysed by the spectrometrical method with phenol diphenyl
sulfonate(l2a) and phosphomolybdic blue(12b), respectively. The organicmate
rial in the solid complex was decomposed by ignition with a m ixture of concen
trated nitric acid and sulfuric acid. The water content was determined by
Karl-Fisher method(l3).
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4. INSTRUMENTS
A. Hitachi 115 model molecular weight apparatus. Dibenzoyl acetone
(MW 210.2) as standard.
B. Perkin-Elmer 557 IR spectrometer. Samples were made as liquid film
or CsI pellet.
C. JEOL PS-100 model NMR apparatus. cc14 as solvent and HMDS as refer
ence.
RESULTS AND DISCUSSIONS
1. EXTRACTION EQUILIBRIUM
By VPO method, the molecular weight of mono-isooctyl isooctylphosphonate
was found to be 636. 8, supporting the existence of a dimer in an aliphatic
solvent. The NMR spectra of mono-isooctyl isooctylphosphonate show the chemi
cal shift of associated proton at 12 ppm, which disappears upon deuterium
exchar.ge.The dimer of mono-isooctyl isooctylphosphonate is denoted as (HL)2 in
this p aper.
The solvent extraction of a lanthanide in less acidic solution with acidic
phosphoric(phosphonic) ester can be considered as a cation exchange process.
In the extraction system: Ln(0.0lM), (Na,H)No3(1M), various acidity/HL(0.SF),
n-dodecane, the plot of LogD/[(HL)2]3
versus Log[H + ]aq was found to be a
g
straight line for each lanthanide wi�h the slope near to -3 except for lan
thanum (FIG.la).
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FIG. l Lanthanide extraction by mono-isooctyl

(H

We define: D'=

0

J, M

D

((HL) 2) grg

isooctylphosphonate at (a) various [H +laq
and (b) various KHL)2lorg; 25 °C,
[(Na,H)N03) =lM.
[Ln(HL2)3}org

(Ln 3+ ] aq [(HL) 2) �rg

3

In this equation, all terms are experimental values with ((HL) 2) org =
0.5/2 -6x(Ln(HL2)3) org. [H+) aq is denoted as acidity of the aqueous phase in
equilibrium.
In the extraction system: Ln(0.01M),(Na,H)N03(1M)/HL(various cone.),
n-dodecane, the plot of LogD [H+) iq versus Log ((HL) 2J org was found to be a
straight line. For Ce, Nd, Gd, Er and Lu as lanthanides,the slope is close
to 3(FIG.lb).
Thus, the extraction reaction of lanthanide nitrate by mono-isoctyl
isooctylphosphonate could be written as the following equation:

3
Ln aq + 3(HL)2org ;::::::::! Ln(HL2)3org + 3H aq
The thermodynamic equilibrium constant is then
3
YLn(HL2) 3YH+
+

K=

(Ln

3+

J aq

+

[(HL)21 �rg

Y Ln3

+

(1)
(2)

• -y 3 cHL)2

As the aqueous ionic strength was constant (lM) in the experiments, the
product of activity coefficientsmay be assumed constant.
The concentration equilibrium constant then becomes
Kex

=

[Ln(HL2)31 org fH+ ) lq
3
[Ln 3+] aq
[(HL)2) org

2. THE COMPOSITION AND STRUCTURE OF SOLID COMPLEXES
The prepared solid complexes of mom- isooctyl isooctylphosphonate with
lanthanum or neodymium nitrate are waxy solids with a white and purplish
colour, respectively. They are practically insoluble in water and mineral
acids, soluble very little in ethanol and acetone and slightly soluble in
chloroform, carbon tetrachloride, benzene, n-hexane and n-dodecane(<1%). The
melting po·inti, of these waxy solids are higher than 400 °c.
The elementary analysis of the solid complexes,shows the presence of N0 3
group:; on the basis cf the nitrogen content. From the results in TAB .1 the comprni
tionof the solid complex may be considered as a mixture of LnL3 and Ln(N03)L2.
The saturated extraction for the preparation of complexes has been carried
out in neutral medium, which favours the formation of the complex with a No
group. Hence, we assume that there are two reactions going on in the satu 3
rated extraction.
Ln3+ aq + 3/2(HL)2org ;::= LnL30 rg + 3H + aq
3+
Ln aq + N03aq + (HL)2org � Ln(N03)L2org + 2H+ aq
TABLE. 1 The elemertary analysis of the solid complexes

Element
Found (La Complex)
Caled. as LaL3
Calcd. as La(N03)L2

Found (Nd Complex)
Calcd. as NdL3
Calcd. as Nd(N03)L2

C
H
52.72 9.25
54.64 9.74
47.35 8.44

N
0.47

1.73

51. 33 9.13
54.36 9.70
47.04 8.39

0.65
1. 71

4

Ln
8.39 14.0
8.81 13.17
7.63 17 .11
p

7.73 14.36
8.76 13.60
7.58 17.66

(%) •

P/Ln
2.7

N03/Ln
0.3 3

2.5

0.38
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The molecular weight of these solid complexes were measured in organic
solutions showing a very high values; for both lanthanum complex, 22400
(n-hexane), 40800(chloroform) and neodymium complex, 17100(n-hexane), 39900
(chloroform). The solution of complexes existed as a viscous liquid and
converted to silky form after evaporation of the solvent. These results
clearly indicate that these solid complexes are polymers in nature with the
degree of aggregation ranging from 20 to 40. The water content of these so
lid complexes were found· to be 0. 63% and 0. 95% for lanthanum and neodymium
complexes, respectively.
The IR spectra of the complexes a:-e given in FIG.2 with the sampling
form of liquid film which gives more clear spectra than with Cs I pellets.

'

\

\

,,,

\

/"\

,

•'

I

4000

400

2000

cm·'

FIG.2 IR spectra(film) of mono-isooctyl isooctylphosphonate

(solid line) and its complex with lanthanum(dashed line).

By comparing the IR spectra of the lanthanum complex with the parent compound
mono-isooctyl isooctylphosphonate , some obvious differences are shown as
follows:
_1
_1
H o absorption bands at 3500-3300cm
for the complex
4000-3000cm
2
were observed. _
1
_1
3000-1500cm
The broad absorption bands(2600, 2300 and 1680 cm ) of
the associated OH group existing in the parent ligand disappeared in the
complex.
_1
_1
1500-l000cm : The band at 1460cm
due to CH2 and CH3 broadened in the
complex probably due to the overlap of the asymmetric stretching absorption
band of a coordinated NO group. The new absorption band appearing at 1322cm-1
3
may be assigned to the symmetric stretching absorption. With the disapear
ance of the original P=0 sharp absorption (1200crn-1) and P-O-C absorption
(1040, 985 cm-1) in the complex, the asymmetric absorption (1125cm-1) and
symmetric absorption (1050cm-1) of Pf occur.
0

The absorption band at 1322cm -l in the complex is approximately near
the vibration absorption of a ionic No; group. However, we tend to assign
this abso:ytion as symmetric of coordinated NO group for the broadened band
3
at 1460cm
of CH absorption. In the IR spectra of the neodymium complex,
the occurrence of a new absorption band at 1490cm-l assigned to a coordinated
NO group is more appearent (FIG. 3). Besides this, the new absorption is
3
stronger than that at 1322cm-1.
Only very small variation was observed in the IR spectra between the
lanthanum complex and the neodymilm complex. The IR spectrum of the lanbhanum
complex with mono-isooctyl isooctylphosphonate prepared from a chloride medium
does not reveal the absorption band at 1322cm-1 and also the broad absorption

5

band at 146 0 cm-1 for CH and CH . Based on these observations, we can con3
2
clude that the N0 group exists in a coordinated form in the prepared com
3
plexes with the asymmetric stretching absorption v and asymmetric stretchmg
1
absorption \) 4 at 1490 and l322cm-1, respectively. It may still be considered
that the N0
group is a bidentate bonded to the lanthanide due to v -v =
3
1 ·l
168cm-1 ( 14).
FIG.3 The characteristic frequencies of the
NO grrup in the canplex of mono-isooctyl
isgoctylphosphonate with neodymium.
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spectra of the complex of lan
The proton nuclear magnetic resonance
thanum with mono-isooctyl isooctylphosphonate indicate the disappearance of
the hydrogen chemical shift(O=l2opm) of the hydroxyl group which has been ex
changed by the metal ion and the lines are as broad as found in the parent
compound (FIG. 4).
The chemical structure of the two kinds of complex may be considered as
(La(N03)0.3 L 2_7.mH20}n and (Nd(N03)0_4L 2.6·mH20)n,
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3. DETERMINATION OF THE THERMODYNAMIC FUNCTIONS 6H 0, lZ� AND 6 S�
The concentration equilibrium constants of lanthanide nitrate extrac
tion in n-dodecane at 10, 25, 40 and 60 °C were estimated. The original lan
thanide concentration,(Laj is equal to O.OlM. The equilibrium aqueous aci
dity for La, Ce-Nd, Sm-Gd, Tb-Dy, Ho-Er andY, and Tm-Lu is 0.015, 0.05, 0.16
0.4, 0.7, and 1.9M, respectively. The total nitrate concentration in aqueous
phase for La-Er and Y, and Tm-Lu is 1 and 1.9M, respectively. The plot of
LogKex versus 1/T was found to be a straight line for all lanthanides(FIG.5)
There is no obvious change in the extraction for La, Ce,Pr and Nd at various
temperatures.According to the inversion equation of Clapeyron-Clausius equa
0
tion 6 LogKex t::,1/T = -.c:,H / 2. 303R, the enthalpy changes rut° of the extraction
method(TAB.2). The
equilibrium reaction were estimated by the least-square
0
.c,H values for various acidity of the gadoli�ium nitrate solution were esti
mated as identical.
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FIG. 4 NMR spectra of mono-isooctyl
isooctylphosphonate(solid line)
and its complex with lanthanum
(dashed line).
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FIG. 5 Kex values of lanthanides
extraction by HL at various
temperature.

TABLE 2 Concentration equilibrium constants, separation factors,
thermodynamic functions for lanthanides extraction with mono
isooctyl isooctylphosphonate in n-dodecane from nitric acid
Element

Kex

La
2 .2 lx10-3
Ce
Pr
4 .73xl0-3
6. 93xl0-3
Nd
(Pm)***
7.42 xl0-2
Sm
0.201
Eu
Gd
0.366
Tb

Dy
Ho
Er

Tm
Yb

Lu

a **

D'*

2 .4 7

8.04

15. 6

2.3
16 . 4
4 0.8
59.5
l.6 0xl02
5.7xl02
1. 65xl03
3.lxl03
2.ox104
6 .3xl0

4

3. 7xl0

5

7.2xl0

6

l.16 xl0

4 8.2

5

z+l/z
7.13

2 .4 9

1.46
2 . 69
3.56
2.89
1.88

5.95

l. 2 6xl0 3

1.32xl0 7
2.5x105

1.83

3.89
5.70
6.47
8.41
9.89
10.8 6
11.06

2. 7 2 xl04

- 6.05

-2.11

-1.29

1 3 .71

-6.42

-2.41

13.44

9.6xl05

-8.17

-3.78

14.71

5. 74xl06

-9.2 3

-5 .15

13.68

5 .04xl0

1.61�10

5

6

3. 2 7

Kcal
Mole

-0.31
-0. 66
-0.97

1.86

3.19

Kcal
Mole

0

6S�
Cal
Mole·deg

6H

-1.16
-1.70
-1.93
-2.51
-3.27
-3.90
-4.2 7

4

3 .13

6Zf

7.13
17.7
2 5.9
69.6
2 .4 8xl02
7.17x102
1.35xl03

8.70xl03

2.2xl06

7.64 xl0

Ln/La

6. 45

2 .07xl02
2

a

3.13xl0

5

-5.38

-7 .11

-8.87

-3.11
-4.51

13.21

13.40
14.62

l.07x10
33.8
-6 .88
-2.99 13.04
+
*D'=Distribution ratio(extrapolated value) at O . 0 SM (H ) and lM (HL) .
**a =Spearation factor(extrapolated value) at O. OSM (H+J and lM (HL) .
***Values referred to Pm are extrapolated values.
y

7

The relationship between the standard free energy change ( L>.Z 0 ) of the
extraction equilibrium reaction and K is 6Z 0 = -RTLnK. The reL.1 £hr-.! free energy
change of each lanthanide, 6Z� can be expressed by the following equation:
6Z�=6(6Z 0 )=-RTLnKz/Kz'=-RTLna, where a is the separation factor for two
lanthanides. Assuming that the product of activity coefficients is identical
for all lanthanides we obtain:a =Kex,z/Kex,z',....___,, D'z/D'z', where D' was
estimated by regressing the line to (H + }=O.OSH from FIG.l. Thus, we can
estimate the free energy changes related to lanthanum for each lanthanide,
6Z�. Relating6Z� to6H0, the relative entropy change can also be calculated.
4. REGULARITIES OF THE VARIATION OF THE EXTRACTION EQUILIBRIUM PARAMETERS
AND THE THERMODYNAMIC FUNCTIONS WITH ATOMIC NUMBER OF LANTHANIDES
The plots of estimated thermodynamic functions,AZ�, 6H 0 and�sp, as
well as Kex versus atomic number of lanthanidesare shown in FIG.6 and FIG.7.
As indicated by these figures,the Kex valuesand the absolute valuesof rela
tive free energy change increase with the increase in atomic number of the
lanthanides. These plots reveal obvious tetrad effect(15). All lanthanides
may be divided into four subgroups: La-Ce-Pr-Nd, (Pm)-Sm-Eu-Gd, Gd-Tb-Dy-Ho,
Er-Tm-Yb-Lu. Gd lies both in the second and the third subgroup. Y locates
to the appropriate ionic radius.
between Ho and Erl
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FIG.6 Relationship between the ex
FIG.7 Relationshi� between the
thermodynamic functions and
traction parameters (Kex, a z+l/z)
atomic number of lanthanides.
and atomic number of lanthanides.
0

The absolute value of the enthalpy change, -liH for lanthanide extractim
by mono-isooctyl isooctylphosphonate increases with increasing of atomic num
ber of the lanthanide. It means that the released �eat increases in the reac
tion with atomic number. Fidelis(16-18) showed that the regularities of the
variation of enthalpy change of lanthanide extraction by tributylphosphate
and other extractants reveal the tetrad effect. But the behaviour of extrac
tion by mono-isooctyl isooctylphosphonate has not been reported.
The relative entropy change of the extraction reaction increases with the
increasing of atomic number of the lanthanides. (The value for Tb shows some
deviation). It shows the fact that the entropy change as well as the enthalpy
change increase with the atomic number favours the extraction reaction. The
regularity of the variation of 6Sr0 with the atomic number also reveals a
tetrad effect.
8
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The separation factor between the first and the second element in each
group is the largest and that between the third and the fourth element is
the smallest (FIG.4). The following is noteworthy. The average separation
factor of adjacent lanthanides for this extraction system was calculated to
be as high as 3.04 which is higher than that for all reported extraction
systems for lanthanides.
The extraction equilibrium and the free energy change, an ener gy func
tion directily related to the extraction reaction, increases with the increa
sing of atomic number. As the free energy change is composed of two parts, the
enthalpy change llH0 and the entropy change llS0 , the extraction reaction of a
lanthanide can be considered as a process in which the hydrated trivalent
lanthanide ion is converted to chelated molecules soluble in the organic sol
vent (FIG.8). The lanthanide ion is a "hard acid" having a serious tendency
of hydration in aqueous solution. The entropy change is assumed to depend on
the energy change of the rearrangement of the particles in the reaction and
reflects the difference in bond energy between the hydrated lanthanide ion
and chelated lanthanide. As the ionic radius of the lanthanide decreases with
the increase of the atomic number, the hydration ability of lanthanide ions
increases with the increase in atomic number. In the process of formation
of similar chelated molecules, the releasEdheat (enthalpy change - llH0 ) also
increases with the increase of atomic number of lanthanides. The entropy
change lls0 is concerned with the degree of disorder of the system in the
reaction. In the extraction process, the coordinated water molecules are
converted to free water molecules and the total number of particles in this
system increases. Both of them cause the increase in the entropy change.
Owing to the enlargement of configurational entropy, the formed chelates are
more stable. Thus, the entropy change of the extraction reaction favours the
reaction. As the hydration ability of the lanthanide increases with the
atomic number, the relative entropy of extraction also increases with the
increase of the lanthanides atomic number.

FIG.8 Schematic diagram for the extraction process of lanthanide
with mono-isooctyl isooctylphosphonate.
As far as authors are aware of ,the tetrad effect between atomic number
of lanthanides and entropy change (llS) of the extraction reaction in any
systems has not yet been reported in the literature (15). Further study on
the regularity of variation of thermodynamic functions in the process of
extraction with the atomic number of lanthanides would be helpful in shedding
light on the intrinsic nature of the tetrad effect.
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THE EXTRACTION OF LANTHANIDES AND AMERICIUM BY
BENZYLDIALKYLAMIDES AND BENZYLTRIALKYLAMMONIUM
NITRATES FROM THE NITRATE SOLUTIONS, STRUCTURE AND

AGGREGATION THEIR SALTS.

Jedinakova Vera, �ilkova Jana,
D vof�k Zdenek, Vojti�kova Marta
Department of Nuclear Fuel
Technology and Radiochemistry,
Institute of Chemical Technology
Prague, Czechoslovakia.
Benzyldialkylamine and benzyltrialkylammonium
nitrates were used for the extraction of lan
thanides and americium from aqueous nitrate
solutions. The difference in distribution coef
ficients can be used for the separation of the
lanthanides from americium.

The positive extraction properties of benzyldimethyldodecyl
ammonium nitrate Jfurther BDMLNN63) were confirmed in investi
gating the extraction of lan�hanides(l-3) and americium (4) from
acidic nitrate solutions. Other long-lived nuclear fission and
corrosion products. (Cs, Sr, Zr, F.e) which .are also significant
from the concentration point of view.are practically not extrac
ted (Cs, Sr, Fe) or if at all, then significantly less than
Zr (5). Separation factors a /
r�ach values of 10 2 up
Ln cs,Sr,Fe
3
reach values of tens.
to 10
and
a.Ln/Zr
When investigating the extraction of americium by benzyl
dibutylamine (BDBuN), it was found that for comparable compo
sitions of the organic and aqueous phases, the distribution
ratio for Am(III) is very similar to that of Eu(III), both
with regard to the effect of concentration and to that of the
nature of salting -out reagent and solvent (Figure 1).
Therefore, we have paid more attention to the extraction
of Am(III) by benzyltrialkylammonium salts, i.e. benzyldi
methyldodecylammonium nitrate (BDMLNN0 ) (Figure 2 ) and benzyl
3
tr ioctylammoni um nitrate ( BTONNO ) (Figure 3).
3

1

FIG. 1

Dependence of the distribution ratios on the ooncentration

FIG. 2

Extraction of Am(NO ) by BDMLNNO , as a function of the
3
3 3
concentration of salting-out
agents.
0
c0
= 1 . 10-? ' BDMLNNO = 0.5 M (in
= 0.3 M, c Am(NO
HNO
)
C
3
3 3
3
benzene)
2 - LiNO

4 - NaNO3.

3

2
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·3

FIG.3

Extraction of Am(III) by BTOAN03 as a function of the
concentration of salting-out agents.
0
0
-7
= 0.5 M
M, C
CHNO = 0.1 M, C Am(N0 ) = 1.10
BTONN0
3
3 3
(in lenzene)
1 - LiN0
4 - Ca(N0 )2
3
3
5 - NaN0 .
3

For both reagents, high values of distribution ratios are
achieved, also when lower concentrations of salting-out agents
are used.

In comparison with BDBuN, the quaternary ammonium salts are
more suitable f or the extraction of both Am(III) and the lantha
nides. In the case of BDMLNN03 the distribution ratios for the
extraction of Am(III) are in the order of tens to hundreds,
whereas in the case of BDBuN, it is in the range of units up to
tens.

Similar chemical properties of lanthanides and transpluto
nium elements come also to the fore in their similar extraction
properties. It can therefore be expected that higher concentra
tions of lanthanides in the aqueous phase will suppress the
extraction of americium. For that reason, we investigated the
effect of the presence of lanthanides on the extraction of ame
ricium from aqueous nitric acid solutions by BDMLNN0 , using a
3
total metal concentration of 8.195 M. Of the lanthanides
inves
tigated (Ce(III)' Pr(III)' Nd(III), Sm(III)' Eu(III) and Y(III)),
the least extractable ones (Eu and Y) have the least influence
on the extraction of Am(III) (Figure 4), whe1.eas in the pre
sence of La, Ce and Pr salts, the distribution ratios for Am(IIU
are reduced by more than one order of magnitude (iigure 5).
There occurs a marked drop in the distribution ratios DAm in
comparison with the extraction of Am(III) by BDMLNN03 without
the presence of lanthanides. The- great difference in the concen
trations of Am(III) and lanthanides in the aqueous extracted
solutions is the reason for the extraction of low concentrations
of Am(III) to be controlled by the extraction properties of
lanthanides. This effect is especially pronounced for Eu(III)
(Figure 5).

3

FIG.

4

The dependence of the extraction of americium by BDMLNNO
3
on the concentration of LiNO .
3
1 - Y(NO )
;
2 - Sm(NO )
; 4 - Pr(NO )
; 3 - Nd(NO )
3 3
3 3
3 3
3 3
; 6 - Am(NO )3.
5 - Ce(NO )
3
3 3

20----------15
10
5

o--------...______
5

15
c:.. 103, M

10

FIG.

5

in the presence of lan
Extraction of Am(III) by BDMLNNO
3
thanides
-7
= 1.10
M,
=
3
1 - Y(NO3)3

CBDMLNN0

0.5 M (in benzene).
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Sep a ration f a ctors a
evalu a ted for individu a l elements
I
(T a ble 1) indic a te the pot�i�£lity
of separ a ting Am(III) from
light l a nth a nides like La(III)' Ce(III)' Pr(III) a nd Nd(III)
which a re extr a cted best by BDMLNN0 without a ny further addition
3
of complex forming a gents. A very low value for the separation
f a ctor w a s found in the system Am:Eu. This c a n be expl a ined on
the basis of the very simil a r properties, c a used by the identi
c a l electron configur a tion in the v a lence spheres of both ions.
The same effects, albeit less pronounced, are a lso found
when BTONN0 is applied. Here the v a lues are 8.34 for DE u a nd
3
12.4 for D
Am·

Considering the extr action of met a l salts from a cidic
nitr a te solutions by terti a ry a mines, it is obvious th at amine
nitr a tes (gener ally, [(R N) (HN0 ) (H 0) ] are formed, in
3 t
3 v 2 x y
a
a ddition to the complexes of the a mines with the met a l Me +
(gener a lly, [(R N) (HMe(N0 ) +l) (HN0 ) (H 0) ] . In order to
u
3 v 2 x y
3 a
3 t
obt ain the stoichiometry of these complex systems, it is neces
s ary to know how the v arious components of the extr a ction sys
tem a ggreg a te. Solid benzyldibutyl a mine nitr a te w a s therefore
prepared, a nd the a ggreg a tion of thi� s a lt in benzene w as
measured. The c alcul a ted const a nts indic ate that in benzene,
only one single a ggreg ated species is present i.e. the tetr a mer,
with log s4 values of 5.70 � 0.01, 5.58 + 0.02 and 5.09 + 0.01
a t 5.5, 25 a nd 37 ° C, respectively. As shown in t a bles the
experiment a l results are fitting in the best with the a ssumption
of the presence of the sole tetr a mer.
Comp aring the a ggreg a tion of benzyldibutyl a mine nitr a te
of trioctyl a mine nitr a te (6), it appe ars th at the highest
a ggreg a tion occurs with the first mentioned re a gent ; for the
second, on the contr a ry, the existence of dimers or trimers
comes out from interpret a tion by means of the Let a group (6-8)
or MOP progr a m ; the v alues obt a ined for the aggreg a tion cons
log s3 = 2.35 (7),
tants are the following : log S2 = 1.80
log S2 = 0.90
log S3 = 2.48 (8), or log S2 = 2.22, log S4 =
5.52 (9).
a nd

In the infrared speGtrum of benzyldibutyl a mine nitr a te,
the NH bands a re shifted to higher w a venumbers, which indic a tes
a we a ker NH bond in the a ggreg a te. This fits with the finding
(6,9,10) th a t a we a kening of the NH bond le a ds to the formation
of a higher aggreg a tion.

5

TABLE

1

The separation factors
Q

0Am ( No3 ) 3

=

1.10 -7 mol.dm

°"Am/Ln
-3

=

= 0,5 M (in benzene)

konst,

0

cLn(N0 )
3 3
(mol.dm-3)

O>

olAm/Ln
y

La

Ce

Pr

Nd

Sm

Eu

1. 10-3

1.46

0.10

0.12

0.20

0,30

0,33

0.57

2. 1 o-3

1.90

0.10

o. 12

0.24

0.29

o.45

o.69

4. 10-3

3.20

0.12

0.23

0.29

o.41

0.59

1. 13

6. 10-3

4. 12

0.15

0.28

0.33

o.44

0.71

1. 23

8.10-3

3.73

o. 17

0,28

0.37

0.50

0.78

1. 19

10.10-3

3.60

0.19

0.30

0.38

0.55

0.78

1.20

20. 10-3

3.06

0.22

0.35

0.51

0.78

0.77

1. 10
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2

Association Constants of Benzyldibutylamine Nitrate in
Benzene

Trimer
Tetramer
Pentamer
Hexamer

Dimer + tetramer

Tetramer + hexamer

Trimer
Tetramer
Pentamer
Hexamer
0ctamer

Dimer + Tetramer
Tetramer + hexamer

--

log/3

n-mer

°
5.5 C

4.37
5.70
7.22
8.81

-

.

+ 0.17
+ 0.01

-

+ o. 15
+

=

-

O.J8

0
/32
+
(34 = 5.76 + 0.07
= 4.89
o.43
/34
+
= 6.72
0.23
(3 6
25° c

/3 2
/3 4

/3 4

(3 6

2.32

-

3. 4 5 • 10-

+

- 0. 2 1
+ 0.02
+ 0.09
+ 0. 11
+
0.2
= 0
= 5.62 + 0.05
= 4.48
o. 11
+
= 6.42
o.11

-

-

-

-

°
37 c

Dimer

Trimer
Tetramer

Pentawer

Hexamer

Heptamer
0ctamer

Tetramer + hexamer

( a)

U .
min

-

-

11. 92 + 0.9

/34 = 4.52
= 7. 10
(36

•
•
•
•
•

10-4
1

2
1010-3
1 0-

2

2
1010-1
10-4

7.30

J.86 • 10-2

.

- 0.1J
- o. 16
+

+

.
-- sum of deviations
squares •
7

2.41
8.26
5.79
4.J4
4.87

.

1.76 • 10-2
10-J
2.88
6
9.43 • 104
5.42 • 10·
1.58 • 10-3
4
2.53 • 10-

J0.68 + 2.8
4.oo -1- 0. 1
+
0.01
5. 0 9
+
6.40 - 0. 0 1
7.79 + 0.07
9.26 + 0.32

-

2
1. 69
10-4
7.49 • 10
1. 67 • 10-2
2.01 • 10-2

-

-

4.21
5,58
7. 10
8.61
12.10

umin (a)

1.26

8.26 • 10-2
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COhlP.ARArl'IVE STUDIES ON THE fo.!1'l'AL EXTRACTION Wl'fH
DI.B'l.l'ERENT CHELA'I.1 ING- E.X_lr!U!.CT.ANTS
P. I'lliihl and K. Gloe
Zentralinstitut fur Festkorperpbysik
und Werkstofforschung der .Akademie
der Wissenschaften der DDR,
Dresden
German Democratic Republic
A number of complex forming agents, which form with metal ions
stabile chelate rings, has been studied with regard to their
extraction properties.
The use of chelating extraction agents leads to a consider�ble
increase of stability of the formed metal complexes. This is
the result of the chelating action and is _caused by the cir
cumstance that several donor atoms contained in the molecule
can coordinate the metal ion. Naturally, simultaneous coor
dination of the different donor atoms must be sterically
possible, and these should not be arranged too far from one
another in the chelating agents because the chelating effect
is particularly high in the formation of 5-or-6-membered
chelate rings. �urthermore, such envelopment of the metal
leads to a rise of the solubility properties in the organic
solvent. The seque.qce of stability constants for a number of
bivalent 3d metals, and also of extraction due to their
proportionality with the extraction constant, correlates with
the so-called Irving-Williams Series which follows approxi
mately the course of the ionization potentials of the
metals /1/:
Mn(II) < Fe(II) < Co(II) < Ni(Il) < Cu(II)> Zn(II).
This sequence, however, is not absolute and is subject to a
number of influencing factors. In general, the following
possibilities of influencing the extractability and separation
selectivity of an extraction system are obtained when one
considers the organic phase:

1

variation of the type of structure
introduction of different donor atoms
substituent variation
utilization of steric factors
use of different diluents
There can be no doubt that the discussed aspects represent
important criteria for the extraction system, but one must
always bear in mind that the decisive precondition of extrac
tion is the presence of corresponding metal ions with the
capability to complex formation with organic ligands, and that
the composition and chemistry of the aqueous phase are decisi
ve process parameters which can bring about specific
separating effects. Some of these questions shall be discussed
on the basis of practical examples.
Extraction Properties of Chelates with O,N-Donor Atoms

Chelating compounds with O,N-donors have been known as analy
tical extraction agents for many years /2/. As could be
expected, when one considers the Irving-Williams Series,
different compounds show particularly towards copper(II) a
high extractability.
Aromatic 2-hydroxy
oximes and substituted
R1 • CH3. C/1s. C6H5
hydroxyquinolines have
R2 • CH3 ,C6H13O.C10H21Q
proved to be particu
C16H3JD. H
larly excellent agents
R3 • H. C10H21O
for extraction of
copper(II) from acid
solution / J/. The
hydroxyoxime system is
2 - hydroxyoximes
also suited for
nickel\II) /4/, and
palladium(lI) /5/. Extraction studies with alkoxylated 2hyroxyoximes revealed good extraction properties for copper
in the acid pH range / 6/.
Fig. 1 shows on the basis of an example that the differences
in the extraction properties are relatively small,by changing

2
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�"'ig. 1 h'xtraction of
copper(II) with
2-hydroxyoximes
in dependence on
substitution

R3• C,oHz, O

CHR • 5 · XfMlbenzene
1.5 Z/J 2.5 3,0 3,5 40 pH

the listed substituents. Larger differences were only
observed in the arrangement of the alkoxy group in 5-position
where both solubility effects as well as electronic influences
are responsible for this significant decline. Analogous
phenomena can be observed also with iron(III) extraction, but
the distribution ratio is lower by two orders of magnitude,
thus allowing copper-iron separation with high separation
factors. The influence of the diluent on extraction is much
greater than the influence of substitution variation (Fig. 2).

logDcu

Fig. 2 Extraction of
copper(II) in
dependence on
diluents

0

-1

-2

-2·10-5f.4

-x- R·CH3fdecaneJ
-•- R • CH3 (benzene)
-•- R • c,Jls(benzeneJ

� 2,0 2,5 � � 1./J

pH

3

The rate of increase for copper extraction is clearly smaller
at the transition from benzene to n-decane than in the case
of iron(III)� But this also means that the separation factors
copper/iron are smaller. In view of the fact that both metal
ions have marked kinetic differences, separatio� does not
present any problems. Other bivalent transition metal ions are
extracted with 2-hydroxyoximes, only at much higher·pH values,
so that they do not influence copper extraction. Adequate
solubility of both the extraction agent and of the formed
metal complexes in organic solvents is of great significance
for technical application. In this particular case,it is
greatly influenced by substituent variation. Contrary to the
2-hydroxyoximes alkyl substituted in 5-position /7/, tne
solubility of the metal compounds declines considerably in
case of the 2-hydroxyoximes alkoxylated in 4-position com
pared with the hydroxyoximes itself.
The increase of the ring number of a certain chelate structure
enhances
the stability of the chelate as show by CALVIN and
BAI LES on the basis of the salicylaldimine chelates /8/.
Four dendate Schiff
bases form with
n-2... 6
metal ions 3-ring
R=CHJ, C1, H9
complexes. The
CsH11 , C.,H5 , C10H21
extraction of dif�
X•H,Br
ferent metal ions
with such Schiff
bases exhibits a
pronounced tendency
schiff bases
for copper(II), but
the extraction of iron(III) is much better (Fig. 3). This
makes copper-iron separation more difficult, but due to the
large kinetic differences,it is not impossible. An advantage of
this cJass of compounds
is the formation of 1 :1 complexes with
bivalent metal ions. This has a positive effect on the �apa
city of the extraction agent.
As opposed to the salicylaldehyde derivates - their extraction
properties were studied by STRONSKI et al. /9/ - the investi
gated
benzophenone derivates have much higher solubilities

4
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Extraction of
various metal
ions with a four
dentate Schiff
base
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-2

2

CH:JO
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3

5

7

6

8 pH

in non-polar organic solvents, thus making this class o·f
compounds applicable for liquid-liquid extraction. The copper
extraction with these Schiff bases (.B'ig. 4) indicates that an
increase of the number of bridge carbon atoms in the central
chelate ring from n:2 to 6 leads to a marked decline of ex
tractability. This fact illustrates that the complex-forming
tendency of such a macrocyclic ring system depends considerab
ly on the ring sequence of the formed metal complex. For the
investigated compounds, the sequence 6-5-6 shows the highest
complex forming tendency and also the highest copper extraction.

�1g. 4

"o.,•l·lf3H
t:,oo,• I-ff'H
C

H,1/

log

•I

·fiW/lo/wt)e

n X pH11
2 H 1,3
2 1 H 3/
138r31

0

I

-I

'

5

3

5

6

'

6

H

H

t.,t.

5,1

pH
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Extraction of
copper(II) with
four-dendate
Schiff bases in
dependence on
tne size of cen
tral cnelate
ring

Stability of this ethylene diimino compound, however, is
markedly iimited, so that it is less suitabie as extraction
agent. Thus, the propyiene diimino compound of this series
has optimal extraction properties. The influence of substi
tuents at the Schifr bases on extraction is similarly to hy
droxyoximes only negligible. This is due to the large distan
ce from the reaction centre. The slow rate of the
reaction equilibrium during the extraction of all studied
metal ions is far more pronounced than with tne hydroxyoximes.
This is due to the formation of such a complicated ring system.
Here, a high increase of the extraction rate for copper(II)
can be achieved by adding an accelerator.
Extraction Properties of CheLates witn o,s-Donor Atoms
Transition to extraction agents containing a sulphur donor
atom must lead to a change of the selective propert,ies in
extraction in conformity with the known coordination behaviour.
Extraction studies were carried out with acylthioacetamides
/10/ and acylthioureas /11/ on a number of transition metal
and noble metal ions. The
introduction of a sulphur
R' • c�, Ct;Hs
atom revealed that also
R2 •H, n -C,H9
metals with a greater ten
R3• Ct;H5, n - C,l-lrJ
dency towards covalent
acylthioacetamides
- bonding can be extracted
from an acid solution
compared with the chela
R2-R3•n -C,Hg,i-C1, H91n-Q;H13
tes with O,N-donor atoms.
R2•Q;H5 i R3•H,C�
For instance, this
acyfthiooreas
applies to such ions as
Pd(II), Pt(II), Au(III),
Hg(II), Ag(I) as well as to Zn(II) and Cd(II).
?ig. 5 shows tha curves, in a log D-pH diagram ,for a number of
metal ions with benzoylthioacetanilide as extraction agent.
of extraction proceeds according, to the
The sequence
series Cu(II) > Zn(II) '> Ni(II) ':r Co(II) > Cd(II). Fe(III) is
not extracted within the pH-region of � 3. The series of

6
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decreasing extractability correlat�s with the decrease of
the determined constants of complex formation. The position
of copper in this connection is not so dominant as it was
for
the extraction agents with O,N-donor atoms. The
difference between cadmium and zinc, on the other hand,makes
p0s.=ilile effective zinc-cadmium separation due to the greater
stability of the cadmium chloro-complexes, preferably in a
chloride solution. The influence of the substituents on extraction is shown in .Fig. 6 taking
zinc(II) as an
1
example. The change in the R -position leads only to a neg
ligible shift, whereas a modification of substitution at the
nitrogen of the amide group strongly influences the extrac
tion. In this connection,a significant role is played by the
dissociation constant of the compound which is extremely
small for N,N-dibut;yl-substituted benzoylthioacetamide •
.i:t'urthermore, there is a marked difference o.lso of the distri
bution constants of the extraction agents. The influence oi
diluents in this systems is negligible.
The replacement of the CH2 group present
in the acylthio
acetamides between the carbon atoms linked to the o- and s- donor
atoms by an lIB group leads to a decisive change of the
electron structure of the compounds. This is reflected by
large differences in the constants of dissociation and

7

Fig. 6
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Extraction of
zinc(II) in depen
dence on substitu
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stability. Thus, the acylthioureas extract metal ions in a
lower pH range than the corresponding acylthioacetamides.

This means that copper extraction becomes possible in the same
pH ranges as with hydroxyoximes under comparable conditions
(Fig.

7). The series of decreasing extractability is the

following
Cu(II)

>

Fe(III)

>

Ni(II)

>

Zn(II)

>

Cd(II)

�"'ig.
2

0
• Zn
• Cd
• Co

-2

lO

2,0

8

7

>

Co(II).

Extraction of
various metal
ions with N,N
dibutyl-N-ben
zoylthiourea
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the extraction of nickel and zinc from acid solu

tion also becomes possible, and effective possibilities of sepa
ration are obtained for the metal pairs Ni/Co and Zn/Cd. This
sequence is in agreement with the variation of the constants
of complex stability.

It is noticeable that the position of

zinc differs from that in the two series showed above. This
2+
fact is c losely related with the electron structure of Zn
which has a 3d

lO

orbital configuration. Comparison of the two

systems with O,S-donor atoms dealt with here, reveals the re
markable chemical stability 0£ the thioureas, particularly
also in a strong acid solution.

It is obvious that this is

related with the favourable electronic structure.
Extraction Properties of Macrocyclic Crown Ethers.
Pedersen's polyethers /12/ or Lehn's cryptates /13/ represent

a class of compounds in which the chelating effect is combined
in an interesting manner with the principle of stereo
selectivity. Crown ethers are complexing agents which can even
successfully extract alkali and alkaline-earth metal ions.
The pronounced steric effect is caused by the generally
resulting arrangement of the metal ion in the cavity of the

crown ether ring. By influencing optimatically the complex sta
bility by choosing the size of the ring, and by the number,

position and kind of donor atoms, it becomes possible to obtain
extremely selective metal ion separations. Extraction studies
has been carried out with four crown ethers. Both the ring
diameter of the crown, as
well as the substitution at
the ring, were varied.
benzo-15-crown-5
(BC-15)

dibenzo-18-crown-6
(DBC·fJ)

Fig. 8 shows that the
extraction of different
alkali metal nitrates
with DBC-18 under the sa

me experimental conditions

is clearly a function of
dicyclohexyl-18-av.vn-6
(DCC-fl)

9

the metal ion diameter
+
+
+
K > Rb > Cs > Na.

• Hg
G

K

• Tl
• Ag
• Rb

C

"""'°3

Extraction of

Fig. 8

o Cs
0
Na
• Sr

various metal
nitrates with

•2,5·t<f2M

DBC-18

%("°J)i • 5· KJ'M
CfNaJ-1)"°3 •2M
Ccs::-18•1·K12M· 1,5·K11M
(CICl3)

-2,0

Tl

+

and Ag

-(0

0

/ogCL(org)

+

/14/ are integrated accordingly. The alkaline2+
2+
2+
earth metal nitrates of Ca
, Ba
and Sr
, on the other
hand, give a much lower extraction. Both the solubility effect
as well as the high dehydratation energies of these salts are
responsible for this behaviour /15/. When compared to all other
.
metals, t h e greater s 1 ope of the curve f or Cs + extraction
in
Fig. 8 must be attributed to the formation of a sandwich comple�

The reason lies in the fact that the cesium cation has a larger
ion diameter than the cavity

of the crown ether with the result

that the arrangement of the cation in the crown ether cavity,
feasible in other examples, is not possible /16/.
The distribution ratios obtained with DBC-18 shows vfilues which

are unsuitable for separating processes.

The principal reason

for this is the low solubility of the crown ether as well as

of the correspon ding metal complexes.

The anion, necessary

as counter ion in the organic phase, plays an important role
in this connection. Thus,

large and easily polarized anions

favour extraction. From the point of view of application,
2are of greater
however, the smaller anions N03, Cl and so
4
interest.
The conditions are more favourable by using DCC-18. The dis
tribution ratios rise generally for the investigated metals.
Fig.

+

9 shows a comparison of extraction of K

10

and sr

2+
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logO,.,

Fig. 9

2

Extraction of
potassium and
strontium nitra

Sr,DCC-18
°ᯧ K,DCC-18
• K,DBC-18
• Sr,LH:-18

tes with DBC-18

o

and DCC-18

c,.,•45 · KJ2M
-3
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cNaMJ,•2M
/ cl•1· KiM- {5 -1(f1M
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/
(CHCl:i}
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tp

0

logcl(org)

+

with DBC-18 and DCC-18. The distribution ratios for K

rose

by about one order of magnitude, while an increase by 4 orders
2
2
·
·
o f magnitu
means t h at Sr + is
.
d e was o b served with Sr + . T h is
+

extracted more effectively than K , a fact which is in relation
with the increase of the complex stability /16/.
2+
A high extractability was observed for Hg , both with DBC-18
and with DCC-18. But the solubility of the formed mercury
complexes is not extraordinarily high. Nevertheless, these
results could gain significance for

removing mercury traces

from aqueous waste solutions.
As is to be expected, the transition from an 18-crown-6 to a
15-crown-5, i.e. reduction of the cavity of the ring, leads to a
rise of the extraction of smaller metal ions (e.g. Na), and
to a reduction of the larger ones. Fig. 10 shows this on the
+

example of K

and Na

+

+

for DBC-18 and BC-15. Since K

forms

a sandwich complex in the case of BC-15, its extraction still
remains higher, as to be expected. The influence of a tertiary
butyl group at BuBC-15 on extraction is only slightly negative.
The fact that extraction with crown ethers transfers ion pairs
into the organic phase affords a second possibility of metal
separation which is independent of the radius of the metal

ions. This is based on the fact that metal ions forming stable

anion complexes can be extracted in this form as counter ion
into a selected crown ether-metal complex. Thus, high distri
bution ratios are obtained, e.g. for Auc1
solutions with DBC-18.
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With this class of compounds, a series of separation possibili

ties are indicated which can be modified in various directions.

By variation of the diluent and the addition of compounds which

especially increase anion salvation, it is possible to increase

still further the extraction of metal nitrates, but also of
chlorides and sulphates.

The results reported in this paper were achieved by co-opera

tion with J. BEGER and H.-J. BINTE from the Bergakademie Freiberg

concerning 2-hydroxyoximes, with E. UHLIG and

u.

DINJUS from

the Universitat Jena concerning SCHIFF bases, with E. HOYER and
L. BEYER from the U niversitat Leipzig concerning acylthioureas,

with E. UHLEMANN and E- LUDWIG from the Pada gogische Hochschule
Potsdam concerning acylthioacetamides, with L.M. GINDIN and

A.I. KHOLKIN from the Institute of Inorganic Chemistry, Novo

sibirsk, and J. BEGER concerning crown ethers.
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QUANTUM-CHEMICAL DESCRIPTION OF_J?ROT_QN_A:f.tINI_�Y
CF MOLECULES 0:B' NITROGEN BASES
Yu. A. Panteleev, A. A. Lipovskii

v.

G. Khlopin Radium Institute

Leningrad, USSR
The proton affinity of the nitrogen bases is due to the
presence of electron lone pair (LP) of nitrogen atom.
One of the ways for determination of the directions for
electrophilic attack and a site of proton binding is based on
calculation of molecular electrostatic field maps. The calcu
lations were perfomed in CND0/2 approximation. For the molecu
les of pyridine row, a correlation between the depth of elec
trostatic minimum near nitrogen LP and calculated protonation
energy has been obtained. The correlation coefficient is equal
to R = 0,978, what is higher than R = 0,898 obtained for corre
lation-effective charge on nitrogen atom and protonation ener
gies. So, the charge on nitrogen is less indicative of proton
affinity, because it is characteristic for only one center,
while the depth of minimum is determined by effect of the who
le electronic structure of the base. Analysis of the maps has
shown that the substituent effect is very obvious. Apparently
the field characteristics can be also used for discussion of
extraction properties of organic bases in dependence on their
structure. While Hammet constants for example estimate only the
summary effect,th� electrostatic maps make it possible to de
tail the picture of polar effect of substituents and will be
useful for explaining the complex steric effects of the substi
tuents.
The other way for description of proton affinity of the
bases is connected with consideration of molecular orbital (MO)
nature of nitrogen electron LP. For estimation of LP nucleophi
lic properties,two parameters of its donor activity have been
suggested which are determined by coefficients at LP wave func
tions in occupied MO's and MO energies. Strong correlations
between these parameters and protonation energies have been ob
tained. For the pyridine row R = 0,983 and - 0,942; for the he
terocyclic amines R = 0,996 and - 0,986; for the aliphatic ami
nes R = O,935.
The bases calculated by us may be considered only as the
models of the molecules-extractants, which are convenient from
computating point of view. However, it is believed that the
methods suggested for estimating the proton affinity can be re
comended for usable extractants.
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P AND IR INVESTIGATION OF INTERACTIONS BETWEEN

E.S. Stoyanov, V.A. Mikhailov,
V.G. Torgov, T.V. Us.
Institute of Inorganic Chemistry,
Siberian Branch of the Academy of
Scieuces of the USSR
Novosibirsk, 630090, USSR.
Uranyl di-2-ethylhexylphosphate (UO2R2) in benzene solution
is a long chain polymer. The mixture of UO2 R2 with TBP 11,2
can extract uranyl sulphate from its aqueous solutions directly
in the form of uo2so4. The present paper deals with the compo
sition and structure of links formed by addition of UO2so4 to
(UO2R 2)p in the presence of TBP and with the interaction between
(UO2R2)
and TBP in the absence of uo2so4•
In�eraction with TBP. In NMR spectra of uo2R2 solution in
c6tt6 only one signal P 0 is observed. At low TBP concentrations
a new signal P1 appears in addition to the signal P 0 and that
from TBP itself, while further adding of TBP leads to two more
signals (P2 and P3). We distinguish the uranium atoms in a
polymer chain joined with n molecules of TBP as occupied (0),
all the rest being free (F). Assignments of the signals has
been made according to the scheme (1) (arrows indicate occupied
uranium atoms). Signal P1 is assigned to phosphor atoms places
\/
\/
\I
, ,

I

....,o-- �'o, ..,.O'P,'O, ....,O"'�'O, .,..O"�'O, ....,o, .....
..,. uo2' 0...P....o.....,uo2'¾...o.....uci,o..R,o.....uoi'o.. o..... uo2' 0 .... '3'

'

f.!
2

( 1)

"1
1\2
1\
1\ 0
between (0) and (F), P2 - to phosphor atoms places between two
atoms (0) and P3 - to end-line sites. The value of n determined
from NMR and quantitative IR-spectroscopy data is found to
equal 1.
Extracts of uranyl sulphate. In NMR spectra of extracts,
one observes signal P 0 that is due to TBP as
well as both signals P1 and P 2. Besides, two
new signals (P4 and P5) appear. Signal P4
is assigned to phosphor atoms placed between
two uranium atoms one of which is free, the
other being occupied by uo2so4, signal P 5 to phosphor atoms placed between two uranium
atoms, both being occupied by uo2so4• The
results show, that one link of a polymer
( 2)
chain is charged with one molecule of UO 2so 4•
Using quantitative IR-spectroscopy, every thus charged links has
been determined to carry either one (at low TBP concentration)
or two molecules of TBP. Thus the structure of a link charged
by uo2so4 must correspond to scheme 2.
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CHEMISTRY OF EXTRACTION OF COPPER, COBALT AND NICKEL WITH
SUBSTITUTED 8-SULPHONAMIDOQUINOLINES

M. Cox,School c£ Natural Sciences,
The Hatfield Polytechnic, Hatfield,
Hertfordshire U.K.

W.J. van Bronswijk, Western Australia
Institute of Technology, Perth, Australia.

This paper reports the resulm of a study of the coordination and
extraction chemistry of a series of model compounds related to the
commercially available reagent LIX34 (Henkel Corporation). The structure.of
this reagent disclosed at ISEC77 is shown in the figure and the model
compounds used here have R = methyl, phenyl, p-tolyl and p-dodecylbenzene.
These were obtained as colourless crystalline solids from toluene, with
the exception of the p-dodecylbenzene derivative which was a pale yellow
liquid.

Equilibrium extraction performance: The reagents in toluene solution were
contacted with the appropriate metal ion in an aqueous solution of constant
ionic strength. The results obtained from equilibrium studies agree with
the suggestion that the compounds behave as mono-acidic extractants giving
linear plots of log D vs pH with slopes approximately equal to 2. The
variation of R in the model compounds has little effect on the extraction and
data for all roagents with a particular metal can be fitted on the same plot
values f�r the three metals examined
within experimental error. The pH
O
are: copper 1.7 ± 0.2; cobalt 4.2S ± 0.2; nickel 8.0 ± 0.5.
Stereochemistry: Solid derivatives of the extractants were obtained which
analysed satisfactorily for a 1:2 metal:ligand complex; these were subjected
to spectroscopic investigation to try to elucidate their stereochemistry.
Infra-red studies of the solid derivatives confirm the behaviour of these
compounds asmon�acidic extractants in that the -NH vibration present in the
free ligand is lost on coordination. The visible spectra and magnetic
susceptibilities were measured in solution and in the solid state the results
indicating the same basic coordination was maintained in both cases. The
data to be presented from nmr and visible spectal studies indicate, in the
case of cobalt and nickel, a rapid stereochemical rearrangement is taking
place in solution. This rearrangement is suggested as being
tetrahedral< > square planar with very little, if any, contribution from
octahedral species under the conditions used to date. This stereochemical
arrangement may clarify the problem of oxidation of cobalt(II) during
extration with coordinating ligands. In this study cobalt(II) showed little
tendency to oxidise and this will be compared with the performance of other
chelating extractants.
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CHARACTERIZATION OF THE COMPLEXES OF Ni(II) WITH LIX63 OXIME

M. E. Keeney and K. Osseo-Asare
Metallurgy Section, Department of Materials
Science and Engineering
The Pennsylvania State University
University Park, PA 1680 2 , USA
Previous published reports on the nickel-LIX63 oxime (H 2 0x) system have
included only indirect characterization of the extracted metal complexes.
Several complexes resulting from the extraction have been isolated, purified
and characterized by a variety of analytical techniques including spectral
(IR,NMR,ESR,UV-Vis, Mass Spec), elemental, and magnetic susceptibility
analyses. The results indicate that nickel forms a variety of complexes with
H 2 0x depending upon the solution conditions including: [Ni(Ox)]n; [Ni(HOx) 2 ];
[Ni(HOx) 2 (H 2 0x)] and [Ni(H2 0x)3] 2+
[Ni(Ox)]n is an amorphous, polymeric olive powder insoluble in polar
solvents. The complex exhibits low magnetic susceptibility indicative of
anti-ferromagnetic interactions. VPO results indicate a degree of associa
tion (n) of approximately 7-9.
[Ni (HOx) 2] i:, a viscous, orange di.:1magnetic liquid at roo1"!l temperature which is thermally unstable. The complex slowly decomposes after under
going a coordinated rearrangement of the oxime ligands. [Ni(HOx) 2 ] is pref
erentially formed in solution under extraction conditions of intermediate to
high pH (pH>5), and in extraction from ammoniacal solutions. [Ni(HOx) 2 (H2 0x)]
is a pale blue complex formed slowly by prolonged contact of [Ni(HOx) 2 ] with
excess H 20x in solution.
[Ni(H 20x)3]S04 is a blue, paramagnetic crystalline solid which appears
to exist in both hydrated and dehydrated forms(i.e. [Ni(H 20x)3]S04·nH 2 0).
The hydrated form (n- 2-3) is soluble in non-polar organic solvents forming
extremely viscous solutions. The complex undergoes a slow dehydration in the
solid state and a rapid dehydration in polar solvents to form an insoluble
polymeric species.
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LINEAR CORRELATIONS OF FREE ENERGIES AS A TOOL FOR

COMPACTING INFORMATION ON EXTRACTION EQUILIBRIA.

v.s. Shmidt, E.A. Mezhov and K.A.
Rybakov
USSR Atomic Energy Committee

Moscow,

USSR.

It is demonstrated that equations based on LCE are an
effective tool for shortening the designation of large files of
constants which describe the extraction eq uilibria.
1) Extraction by tertiary amines
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