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ABSTRACT. Extraction systems containing amines and their salts are
widely used to concentrate and separate metals. From the theoretical
viewpoint, these systems are among the most complex, because of the
variety of intermolecular interactions in the organic phase. The
explanation and quantitative description of the observed regularities of
extraction became possible only as a result of progress in the study of
the thermodynamics of binary and multicomponent solutions of salts
of substituted ammonium bases in non-polar organic solvents, which
make it possible to distinguish the contribution of each type of
interaction to the non-ideal character of the solutions. All known
“anomalous” features are due to the influence of the hydration of the
salts of the substituted ammonium bases on their activity.
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I. Introduction

The extraction of acids and metal salts by solutions of substituted
ammonium bases is widely used in the processing of irradiated nuclear
fuel, in hydrometallurgy, and in the analytical chemistry of various
elements. The extensive published experimental material on extraction
equilibria in various systems has been summarised in monographs,'™
reviews, 2! and reference works.?>?> At the same time, systems
containing the salts of substituted ammonium bases are very complex,
and until recently for a number of systems there was even lack of
agreement about the composition of the compounds extracted; contra-
dictory data have been published on the state of the retracting agents in
organic solvents, obtained from inter-phase distribution data and from
independent physicochemical measurements.

An examination of the results of a large number of studies of the
extraction properties of amines and their salts, and also the properties
of solutions of salts of substituted ammonium bases in organic
solvents, shows that the principal reason for these discrepancies is the
lack of data on the influence of various factors on the activity of the
salts.

The present review examines the thermodynamics of solutions of
salts of substituted ammonium bases in organic solvents, the influence
of various factors (molecular association, hydration, and solvation) on

the activity coefficients of the salts, and the use of the observed
regularities for the explanation and quantitative description of the
extraction equilibrium. The review does not deal with molecular-
statistical models of the solutions, except for models of an ideal
associated solution (IAS), which can be regarded as one of the methods
for describing deviations from ideal behaviour, so long as no physical
significance is assigned to the calculated values of the association
constants.

The thermodynamic methods for describing the deviations from
ideal behaviour in solutions of substituted ammonium bases are
general, and make it possible to predict the equilibrium in extraction
systems containing reagents of different classes. The material in the
present review is useful for explaining the properties of ion-selective
electrodes with liquid and solidified membranes based on the salts of
completely substituted onium bases, and also for describing the
kinetics of the reactions taking place in the synthesis of organic com-
pounds in two-phase systems containing inter-phase transfer catalysts.

II. Regularities of the extraction of acids and metal
salts

The extraction of acids and metal salts by solutions of amines in
organic solvents usually involves chemical reactions between molecules
of the extracting agent and the substance being extracted. A knowl-
edge of the stoichiometry of the reaction involved in the formation of
the compound being extracted is a necessary condition for an under-
standing of the regularities of the extraction and the description of the
extraction equilibrium.

The extraction of monobasic inorganic acids from their sufficiently
dilute aqueous solutions by solutions of amines in non-polar solvents,
when the electrolytic dissociation of the salt formed in the process can
be neglected, is usually described by the reaction

R;N(org)+H* + X~ 2 R3NHX(org), 6))

where R represents an organic group or a hydrogen atom, and X~ an
anion. In the extraction of polybasic acids H,,X, normal (R3NH),,X
and acid R3NH,, X salts are formed, the concentration of which
depends on the equilibrium acidity, the nature of the organic solvent,
and the strength of the acid and the base. For example, in the
extraction of phosphoric acid by solutions of primary amines, normal
phosphates are formed, whereas in extraction by tertiary amines,
normal phosphates are not formed.* In the extraction of sulphuric acid
by solutions of N,N-dioctylaniline, only the hydrogen sulphate
R;3;NH,SO, is formed,?* whereas in the extraction of sulphuric acid by
the more basic tri-n-octylamine (TOA), various physicochemical
methods have detected not only TOA sulphate and hydrogen sulphate
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but also a compound with the intermediate composition (R3N)s.
(H3S04),.* Compounds with complex compositions are also formed
in various other cases. Micro-quantities of peroxomolybdates are
extracted by a trialkylmethylammonium sulphate as R;NHMoOg. The
composition of the complex extracted at high molybdenum concen-
trations corresponds to the formula (R4NHM005)2H2M005.26

The kinetics of the extraction of hydrochloric, perchloric, and
sulphuric acids by solutions of TOA, tri-n-decylamine, and tri-n-lauryl-
amine have been studied using a diffusion cell with stirring and with
brief contact between the phases.?” Since the rate of extraction is
independent of the pH of the aqueous solutions and the concentration
of the anion of the acid, it was concluded that the reversible protona-
tion of the amine takes place at the inter-phase boundary.

The extent of the extraction of acids according to reaction (1)
increases in the order HCl < HBr < HI < HCIO,, that is with
decrease in the proton affinity and the hydration energy of their anions
in aqueous solution. When different amines are used, the extraction of
the acids decreases with increase in the degree of substitution: primary
> secondary > tertiary amine.”® Since the electronegativity of the
hydrogen atom is lower than that of alkyl groups, the observed order
of extractability is the opposite of that expected.?’ This contradication
is apparently due to association of the amine salts as a result of the
formation of hydrogen bonds between the non-substituted hydrogen
atoms of the bases and the anions of the other salts. The existence of
these interactions in solution has not yet been confirmed experi-
mentally, but X-ray diffraction studies of crystals of the salts showed
that they contain intermolecular hydrogen bonds.”® Moreover, it has
been established spectrophotometrically that hydrogen bonds are
formed between the N-H groups of primary amines and the anions of
the salts of quaternary ammonium bases R,NX.¥

The extraction of acids is influenced considerably by the nature of
the organic dituent used and by the presence in the systems of a
modifier (usualiy an alcohol or tri-n-butyl phosphate) added to prevent
the formation of a second organic phase in the extraction. The
distribution coefficients of acids usually increase with increase in the
polarity of the organic solvents. Alcohols and other protogenic
solvents generally facilitate the extraction of acids when normal salts
are formed, and lower the distribution coefficients slightly when acid
salts are formed.

The description of the extraction equilibrium is complicated
considerably by the extraction of super-stoichiometric quantities of
acid by the amine salts according to the equation

RsNHX(org) +/H* +IX™ = R;NHX./HX(org). o))

In the extraction of weak acids, for example hydrofluoric acid, the
ratio of the concentrations of the acid and the amine in the organic
phase increases continuously with increase in the concentration of the
acid in the aqueous phase. A similar phenomenon is observed in the
extraction of strong acids from their concentrated solutions. In this
case, however, the extraction isotherm usually shows a clearly defined
inflection corresponding to the point of complete neutralisation of the
mine according to reaction (1). The extraction of super-stoichiometric
quantities of the acid increases with decrease in the radius of the anion
of the acid in the order perchlorate < iodide < bromide < chloride,
and also on going from the salts of secondary amines to the salts of
quaternary ammonium bases. Similar regularities are characteristic of
the extraction of water by solutions of ammonium salts.

In the extraction of miineral acids by salts of onium bases, contain-
ing the anions of organic acids (HA), according to the reaction

P NA(org)+ H* +X = R;NX(org) + HA(org) 3)

the organic acid and the salt R,NX are formed.>!*? There is a close
analogy between the regularities of the distribution of mineral acids in
systems containing R4NA and the regularities of extraction by neutral
reagents with dissociation of the compound extracted in the organic
phase.3® By changing the nature of the components and the compo-
sition of the organic phase, it is possible to control the values of the
distribution coefficients of inorganic acids and metal salts over a wide
range at the stages of extraction and re-extraction. In particular,
mixtures of TOA chloride with various acids (p-t-butylphenol, octanoic
acid, di-2-ethylhexyl hydrogen phosphate, 5-t-butyl-2-hexadecyl-
benzenesulphuric acid) effectively extract H,PtClg and H,PdCl,.
Conditions under which platinum and palladium in these systems can
be re-extracted with water have been found.>

‘When aqueous solutions containing the anions of a mineral acid HY
are treated with solutions of ammonium salts, anion exchange takes
place:

R4NX(org)+ Y™ 2 RyNY(org) +X". @

The degree of extraction of the ions of monobasic acids decreases in the
order ClIO; > I" > NO3 > C¢Hs;COO™ > Br~ > CI” > HSO; >
HCO3 > CH3;COO0™ > F~ > OH™.!° A similar lyophilic series is
observed for liquid and solidified ion-selective electrodes based on
quaternary ammonium salts.

Reaction (1) usually precedes the extraction of metal salts by
ammonium salts, which may involve addition

gRsNHX(org) + M°" +zX~ 2 (RsNH),MX. + ,(org), )
or anion exchange
gR3NHX(org) + MX% , 2 (RsNH),MX. . (org)+¢X".  (6)

The final equilibrium products of reactions (5) and (6) are identical,
that is these reactions are thermodynamically indistinguishable.
Studies of the kinetics of extraction showed that it takes place accord-
ing to reaction (6) when acido-complexes of the metals predominate in
the aqueous phase, and according to reaction (5) in their absence.'>"’
From an analysis of data on the extraction of uranyl chloride by
solutions of trioctylmethylammonium chloride it was suggested that
metals may be extracted by a cation-exchange mechanism by molecules
of the extracting agent combined with super-equivalent acid.>®

Equilibria (5) and (6) are influenced considerably by the nature of
the organic diluent. The influence of the diluent on the distribution
coefficient of the metal salt depends markedly on the nature of the
cation and anion of the onium salt.

Metal salts may also be extracted by other mechanisms. Thus in the
extraction of the platinum metals, the amines are coordinated to the
metal atoms.? The formation of bonds between the nitrogen atoms of
the amines and the metal being extracted is most characteristic of
primary amines. In particular, it has been established by different
methods that in the extraction of divalent zinc from thiocyanate
solutions by primary amines, the amine complexes (RNH;),Zn(SCN),
are formed.>® Long-chain primary aliphatic amines, unlike tertiary
and secondary amines, effectively extract hydrolysed forms of
aluminium sulphate.?” In the systems formed by R;NHX and R4NX
with platinum metals, the extraction equilibrium is often displaced
towards the formation of polynuclear complexes, whose concentration
increases with decrease in the concentration of the extracting agent.*®
The extraction of alkali metal carbonates by solutions of quaternary
ammonium carbonates is accompanied by appreciable inter-phase
distribution of water, and this has been attributed to the extraction of
the salts by a hydrate-solvate mechanism.*
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A characteristic feature of extraction systems containing salts of
substituted ammonium bases is the marked positive deviations of the
organic phase from ideal behaviour, due to molecular association and
solvation of the salts. Until recently there was no method for taking
account of the influence of various interactions on the activity of the
components of the organic phase, so that extraction isotherms had
been described only for various simple systems, and many observed
phenomena could not be explained even qualitatively.

The extraction constant for the extraction of acids according to
Eqn. (1) is given by the expression

C
K= ‘—s—ys_ = ys, (7)

CayaaHX Ya

where C represents the molar concentrations of the components, X and
K the thermodynamic and effective extraction constants respectively, y
the activity coefficient, ayx the activity of the acid in the aqueous
solution, the subscripts s and a denote the amine salt and the amine
respectively, and the bar above the symbols denotes the concentrations
and activities of the components of the organic phase. Data on the
activity of water (ay) and the activity coefficients of electrolytes in
aqueous solution are given, for example, by Mikulin.*’ The character-
istics of the calculation of the activity of the components in mixed
electrolyte solutions have been examined by a number of authors.**

The extraction constant for the extraction of metals according to
reaction (5) can also be written as

Ecyc

R $A Ry JE A ®)
Céydanx, »d iyt

where K is the apparent constant calculated without allowance for the
mean ionic activity coefficients in the aqueous phase v, amx, the
activity of the metal salt in the aqueous phase, and the subscript ¢
denotes the metal complex extracted.

The stoichiometric coefficient g is often determined by studying the
extraction of micro-quantities of the metal at a constant composition
of the aqueous phase and varying concentration of the extracting agent
C.. Eqn. (8) then becomes

K =

lg D=const+qlg Cs+1g(yd/yo), ©)

where D is the distribution coefficient of the metal, and const =
Ig(K[X Y5 Y. Theplotof lg D against 1g C, will obviously be linear,
with slope g, only if the ratio of the activity coefficients 3%y, remains
constant in the range of concentrations Cj studied.

To understand the influence of macro-components on the extraction
of micro-quantities of substances by solutions of quatarnary ammo-
nium salts, it is of fundamental importance to take account of the
electrolytic dissociation of the salts and the complexes formed in the
organic phase.** The dissociation constants of simple and complex
high-molecular-weight ammonium salts in benzene and nitrobenzene
have been determined and tabulated.

Experimental data on the extraction of mineral acids by amine
solutions show that the effective extraction constants depend markedly
on the concentration Cs.° It is usually assumed that the values of y,
are close to 1, and the increase in K with increase in the concentration
of the amine salt is attributed to the decrease in y; as a result of
association of the salts:

nR3NHX(org) =2 (RsNHX),(org). (10)
The association constant is
Bn=Cs(m)/[C«(L)]", an

where Cs(1) and Cy(n) are respectively the concentrations of the

monomer and the n-mer of the amine salt. The association constants
have been determined either from independent data (cryoscopic,
ebullioscopic, etc.) or from distribution data (two-phase potentiometric
titration). In the last case, the following equilibrium was studied'®

nR3N(org) +nH* +nX™ 2 (RsNHX),(org), 12)
with equilibrium constant
K,=Ci(n)/Clafix=K"Bn. 13)
The concentration of the amine salt is
Cs=Y BC(1)]"= Y KB Crlafirx. (14)
n n

The extraction of sulphuric acid has been studied in most detail.
The earliest study of the extraction of sulphuric acid by benzene
solutions of TOA*’ established that the effective extraction constant
remains constant only as far as a TOA sulphate concentration of
0.02 M, after which it increases. The deviations from ideal behaviour
were attributed to the “polymerisation” of TOA sulphate in benzene.

The use of the equilibrium-displacement method to determine the
composition of the compound formed in the extraction of uranyl
sulphate by amine sulphates'*!* established that the distribution
coefficient of uranium is proportional to the concentration of “free”
amine sulphate to the approximate power 0.5. At the same time,
according to saturation data, one molecule of uranyl sulphate reacts
with two molecules of TOA sulphate.'®4¢ This discrepancy was also
attributed to the formation of associates, present in a stable colloidally
dispersed state. Independent physicochemical studies showed, how-
ever, that in anhydrous benzene solutions, TOA sulphate is mono-
meric*>* and undergoes association to only a slight extent when water
is added to the organic phase.*** This weak association can explain
only a small fraction of the deviation from ideal behaviour in the
organic phase of the extraction systems studied.

The effective extraction constants for the extraction of monobasic
inorganic acids by amine solutions also depend markedly on the
concentration of the ammonium salts formed. The experimental data
are often represented on coordinates Ig -C-s—lg(alaﬂx). If it is then
assumed that the deviations from ideal behaviour are due only to the
association of the amine salt in the organic phase and that Eqns. (10) to
(14) are applicable, then for the slope of the tangent to the curve on
these coordinates it is possible to write

2lgC, SnK"B,Crafx

= = — =n, (15)
0lg(Caanx) Y K"B.Ciatix

where 7 is the average degree of association of the amine salt in the
organic phase.

Experimental data®?° show that at low concentrations of the
ammonium salt, the slope is close to 1 (linear section), that is there is
no association. With further increase in Ci, the slope gradually begins
to increase, and at a certain concentration the tangent becomes
perpendicular to the abscissa. From this it was concluded that the
average degree of association had become infinite, and this was
interpreted as corresponding to the formation of a colloidal solution.
With further increase in 1g(Caax), however, the curve deviates to an
even greater extent towards the ordinate, and the slope becomes
negative, indicating that Eqn. (15) and the entire concept developed
cannot be used to describe the extraction in this range. According to
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independent data,”® at concentrations corresponding to the vertical
position of the tangent the average degree of association is not even
close to infinity.

For a long time there was no accepted explanation for this phenom-
enon. For example, Diamond?® suggested that the “anomalous”
relationships are due to a change in the properties of the pure solvent
resulting from the presence of a large number of ions, so that the
solvent acquires the properties of a completely new substance with
better extraction characteristics. Later,° he concluded that the
“anomalous” relationship is due entirely to the behaviour of the “free’
amine, and that increase in the concentration of the salt leads to an
increase in the activity coefficient of the amine and a marked decrease
in the ratio of the activity coefficients of the components of the organic
phase. Others®! suggested that “the increase in the dielectric constant
of the solution with increase in the concentration of the ammonium salt
leads to a decrease in the association and an increase in the extraction
constant. The superposition of these effects gives different curves,
including the anomalous curve”.

Similarly, no unambiguous explanation was found for the nature of
the dependence of the extraction of metal salts on the structure of the
cations of the substituted ammonium salts. The extraction of metal
salts from nitric acid solutions increases in the order primary <
secondary < tertiary < quaternary alkylammonium.’ In sulphuric
acid solutions, at least for the actinides(IV) and (VI), the opposite
relationship is observed, and was described as “curious”.!?

The influence of modifiers on the extraction equilibrium is often
examined using the model of an ideal associated solution. According
to this model, the deviations of the solutions from ideal behaviour are
due to the formation of associates or solvates, whose solution behaves
as an ideal solution, and the equilibria between them obey the law of
mass action. Thus it is assumed that in the presence of alcohols or
other solvating additives (B), mixed associate-solvates are formed

s

nR3NHX(org) + pB = (R3NHX),B,(org). (16)
and the equilibrium constant is written as
_ [(RsNHX),B,] an

- — — .
TP
Eqns. (16) and (17) are more general than Eqns. (10) and (11). Similar
equations can be written for the extraction of metals. This approach
has not yet been used systematically to describe the influence of
modifiers on extraction by amines. Eqns. (16) and (17) are most
frequently used when n = 1.'*!> These equations, however, can hardly
explain various “dnomalous” features of extraction, for example the
fact that the distribution coefficient of the metal passes through a
maximum with increase in the alcohol concentration.*

An explanation of these and various other “anomalous” features
became possible after the development of methods for taking system-
atic account of the influence of various interactions on the activity of
the salts of substituted ammonium bases.

III. Determination of the activity of the components in
ammonium salt solutions

The organic phase of amine extraction systems is a multicomponent
solution, which in the general case contains a diluent, an amine, neutral
and acidic amine salts, water, a modifier, and the metal complexes
extracted. A characteristic of these solutions is that the amines and the
ammonium salts formed in the extraction are non-volatile substances,

sparingly soluble in water. There are at present no direct methods for
determining the thermodynamic activity of substances of this kind.
The activity of the ammonium salts is therefore usually determined by
indirect methods from the activity of the other components of the
solution.

1. Experimental methods

Most frequently, in solutions of ammonium salts, the activity of the
solvent is determined. Since existing methods are not of equal value, it
is necessary to consider them briefly. The direct method involving
measurement of the vapour pressure of the solvent is rarely used,”>**
since it requires extremely complex apparatus and does not make it
possible to study sufficiently dilute solutions in which the mole fraction
of the solute x, < 0.01. The most accurate and sensitive method for
determining the activity of the solvent is apparently the cryoscopic
method. It has been used to study solutions in benzene with a molality
down to 0.0003.555 The chief disadvantage of the cryoscopic method
is the need to carry out the studies at the freezing point of the solvent.
It is thus practically impossible to determine the influence of the nature
of the solvent and temperature on the activity of the components of the
solution. Of the diluents usually employed in extraction, only benzene
is widely used for cryoscopic measurements. Isolated studies have been
carried out using cyclohexane and p-xylene.*®

The ebulliometric method using a manostat has the advantage over
the cryoscopic method that it makes it possible to carry out studies
with a large number of volatile solvents at different temperatures.
Ebulliometry is widely used to study solutions of polymers. The
instruments developed for these purposes make it possible to carry out
measurements in solutions with solute concentrations down to 0.0003
mol kg! and even lower.>**!

Isothermal distillation, and the isopiestic method, are applicable
only to solutions with concentrations not lower than 0.01 mol kg™.
Studies by these methods were previously carried out at temperatures
close to room temperature (25-50 °C) using the solvents benzene,
tetrachloromethane, cyclohexane, and chloroform 2% Methods of
measurement were subsequently developed for studying solutions in
less volatile solvents (toluene, chlorobenzene, butylbenzene, and
chloronaphthalene) at temperatures up to 130 °C.%*

The above methods make it possible to determine directly only the
activity of the solvent a;. Nevertheless, in many papers, the experimen-
taldata are given as the average degrees of association of the solute 7:

(18)

where x; is the mole fraction of the solvent, and ¢ the osmotic coef-
ficient. The values of  give a clear picture of the deviations from ideal
behaviour in solution, and are widely used in the theory of IAS. This
theory has been justifiably criticised for the insufficient clarity of the
physical ideas on which it is based. However, so long as a physical
significance is not given to the association (solvation) constants calcu-
lated from Eqns. (11), (13), and (17), then the theory of IAS can be
regarded as a method for describing deviations from ideal behaviour,
where the activity of the solute is equal to the concentration of its
monomer.

Another component of the organic phase of amine extraction
systems whose activity can easily be determined is water. In practice,
however, the opposite approach is used; the dependence of the
concentration of water in the organic phase on its activity a,, is
determined. Titration with the Karl Fischer reagent is usually
employed for this purpose, although other methods are also known.
The saturation of the organic phase with water at a definite water
activity 1s often carried out by the isupiesiic method with

n=Inx,/lna,=1/g,
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thermostatting.’? The previously popular method involving the equi-
libration of the organic phase with an aqueous salt solution with known
a,, has a number of unsatisfactory features, and is now seldom used.

The activity of the other components of the organic phase of amine
extraction systems has not yet been determined experimentally. The
determination of the activity of a number of susbstances used as
modifiers is possible in principle.

2. Methods for calculating the activity of the components

The activity of the components of the solution is most frequently
calculated from the activity of the solvent using the Gibbs—Duhem
equation in the form

%dln a +1§1 miding; =0 (19)
or

2% ginf, + 2 midIn fr=0, (20)

M, i=

where m;, a;, and f; represent respectively the molality, activity, and
molar activity coefficient of the ith component of the solution, the
subscript 1 refers to the solvent, and M is the molecular mass of the
solvent.

For binary solutions, integration of Eqn. (20) gives the expression

my
10 1 41
mfif=— 4 | Tk dm, @1)
L

where £is the activity coefficient in the infinitely dilute solution. The
absolute activity coefficients (standard state the pure substance) of the
solute cannot be determined using the Gibbs—Duhem equation, so that
the concentration activity coefficients are generally determined using
£=1

Eqn. (21) is practically never used to calculate activity coefficients,
since as m,; — 0, the right-hand side becomes indeterminate. To avoid
this difficulty, the concept of osmotic coefficient is used. Substituting
Eqn. (18) in Eqn. (20) and integrating gives the following equation for
the concentration activity coefficient:

my

1n'f,=np—1—j =2 dm, (22)

The calculation of the activity coefficients from Eqn. (22) is usually
carried out by graphical integration of the function (1 — ¢)/m,,
extrapolating it to m, = 0.

The use of cross relationships has been proposed® for calculating
the activities of the components in muilticomponent solutions. Thus
for solutions with components i, j, and k it is possible to write

dlna; __(dlna,
( 3’1:/ )rii h ( a’ii )fk/ (23)
and
alnf, _ (AR
( Org; )m —( ory; )rk" @)

where r; = x,/x; is the relative concentration. A particular case of r;;is
the molal concentrations

The method involving the calculation of the Gibbs free energy of the
solution from the partial molar Gibbs free energy of one of the compo-
nents,%” and various other methods,“"70 have been used in the calcula-
tion of the activities of the components of metallic alloys, but have not
yet been used to interpret the results of the study of an extraction
equilibrium.

It should be emphasised that different methods of calculation
should theoretically give the same results. In practice, however, errors
which are different for different methods are unavoidably introduced
in the calculations. The well-founded selection of a method of calcu-
lation applicable to the systems being discussed in order to achieve the
smallest uncertainty is as yet impossible, because of the lack of accurate
experimental data.

3. Binary solutions

A knowledge of the activities in binary solutions is necessary for
calculating the activities in more complex systems. Of the large
number of binary solutions which may be formed with the participa-
tion of the components of the organic phase of amine extraction
systems, only solutions of the amine salt (or amine)-non-polar solvent
type have as yet been studied.

Only slight deviations from ideal behaviour have been observed in
solutions of water’* and amines?®? in non-polar organic solvents, so
that the concentration activity coefficients of these substances in the
binary solutions can be taken as 1.

Appreciable association takes place in solutions of alcohols in non-
polar organic solvents. The activity coefficients of alcohols in binary
solutions can be readily calculated from experimental data using
Eqn. (22). A large number of studies have been devoted to binary
solutions of substituted ammonium salts, whose degree of association
varies over a wide range. Analysis of the experimental data'* has
shown that the association of ammonium salts increases in the follow-
ing cases: 1) with increase in the radius of the anion (for a given cation)
in the order fluoride < chloride < bromide < thiocyanate < nitrate
< iodide < perchlorate; 2) with decrease in the length of the group of
the ammonium cation; 3) with decrease in temperature; 4) with
decrease in the dielectric constant of the solvent in the order of nitro-
benzene > chloroform > benzene > xylene > tetrachloromethane >
cyclohexane > alkanes; and 5) with decrease in the degree of replace-
ment at the nitrogen atom for salts with a given anion in the order
tertiary < secondary < primary amines. The salts of quaternary
ammonium bases occupy an intermediate position between the salts of
tertiary and secondary amines. Since the publication of the review
cited,!® a large number of new studies™** of the association of
ammonium salts have been published, confirming the above features.

It is assumed that the formation of intermolecular hydrogen bonds
generally facilitates the association of salts of primary and secondary
amines. The main factor responsible for the association of the salts of
tertiary amines and quaternary ammonium bases, which have
extremely high dipole moments,' is the electrostatic attraction between
the molecules (chiefly dipole-dipole interaction), although in some
cases (acid salts) intermolecular hydrogen bonds are also probably
formed. Thus the dipole moments of the molecules of the hydrogen
sulphates of tertiary amines are lower than those of the molecules of
the chlorides or bromides of the same amines, although the latter are
associated to a smaller extent than the hydrogen sulphates.!”

There are comparatively few published data on the association of
complex ammonium salts with metal salts in binary solutions. This is
partly due to the insufficient stability of many complex salts, as a
consequence of which it is necessary to introduce simple ammonium
salts to displace the equilibrium in the solution. Fer +t-*". complex
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salts, the degree of association varies over a wide range, from 1 for the
complex of uranyl sulphate with trioctylammonium sulphate in
benzene’? to 10 or more for tetraheptylammonium tetrachloro- and
tetrabromoferrates.®> NMR”? has established that the association of
the acido-complexes of lanthanide nitrates with the nitrates of tertiary
amines increases with decrease in the length of the n-alkyl groups in the
cations of the salts, and also on going from symmetrical to unsym-
metrical cations.

A high degree of association makes it difficult to calculate the
activity coefficients of ammonium salts from Eqn. (22). Thus in
solutions of tridodecylammonium bromide in cyclohexane at a
minimum concentration of 0.0077 M, the average degree of association
n = 1.83,% which corresponds to ¢ = 0.546. At the same time, for
reliable extrapolation to infinite dilution in the calculation using
Eqn. (22), it is necessary that the values of ¢ be close to 1 or at least
greater than 0.9 at the minimum concentration of the solute. In the
study of binary solutions of ammonium salts, this condition can be
satisfied extremely rarely (the measurements have to be carried out in
the concentration range 10%-10~ M). Attempts have therefore been
made to approximate the dependence of In f; or ¢ on the concentration
of the solute by various functions, and then to carry out the integration
of Eqns. (21) and (22).

For this purpose, the following polynomial expansion has been used®

lgfo = A Bm, 4 Cmy + D, (25)

where the subscript 2 refers to the ammonium salt, and the coefficients
A, B, C, and D are non-zero. Since it follows from the definition of the

concentration activity coefficient that 1g f, = 0 for m, = 0, Eqn. (25)
can be regarded as an interpolation equation, applicable only in the
range of concentrations studied in the work cited.®? As noted by the
authors cited,® the values of Ig f; calculated from Eqn. (25) may differ
from the true values by a certain constant amount as a consequence of
the inaccuracy of the extrapolation to infinite dilution in the integration
of the Gibbs—Duhem equation. The value of Alg f> may reach about
0.15.

A different approach was used by Gal and co-workers,%> who

represented the function under the integral sign in Eqn. (22) in the form
of the polynomial

‘_%\‘L = A+ Bmy+ Cm3 4+ Dm3 4+ Ems. (26)

This expansion is obviously preferable to that in Eqn. (25), since
substituting Eqn. (26) in Eqn. (22) and integrating gives for Ig f> a
polynomial which becomes zero for m; = 0. The dependence of
(1 — @)/my on my, however, is given by a curve resembling a hyperbola.
For these relationships, the approximation by the polynomial is not
effective, and the values of the coefficients of the polynomial are
extremely sensitive to change in the range of the approximation. An
extensive verification of the applicability of Eqn. (26) has not yet been
carried out. It may be noted that the inverse function m,/(1 — ¢) is
close to linear.

The following equation has been proposed” for solutions of
ammonium salts in non-polar solvents

m3fin fy = by + byms. @n

This equation is useful for extrapolating data to infinitely dilute
solutions, since significant deviations from linearity are observed only
at high concentrations. Substltutmg Eqn. (27) in Eqn. (21) and
integrating gives the equation

]nf,———[ln(l+—n;g)+bo_’;:';l:mz]' (28)

Thus the calculation of the activity coefficients in binary solutions of
ammonium salts reduces to the determination of two empirical param-
eters, by and b,. This makes Eqns. (27) and (28) preferable to other
equations used to describe the thermodynamic functions in these

- solutions. The values of the parameters by and b, for a number of

solutions have been published.! When m, < 10°/M;, Eqn. (27)
becomes

Fp— = ﬂo“ (bo + bymy). 29

Many authors use the theory of IAS to describe the deviations from
ideal behaviour in binary solutions of ammonium salts. The calcula-
tion of the association constants for the same solutions using this
theory leads to ambiguous results, however. For example, two
alternative descriptions of the tridodecylammonium chloride—o-xylene
system have been published.”s”’

The activity coefficients (or the association constants, which to some
extent are equivalent) in binary solutions are often used to describe the
extraction equilibrium. This approach has been successful in a number
of cases.” To avoid errors, however, before using the activity coef-
ficients found in binary solutions, it should be established that the
introduction of other components into the solution does not influence
the values of the activity coefficients. For this it is necessary to develop
methods for calculating the activity coefficients in multicomponent
solutions of ammonium salts.

4. Calculation of the activities of solutes from the activities of the
solvent in multicomponent solutions

The most complex problem is the calculation of the activities of
substances in multicomponent solutions from the activities of the
solvent. This problem can be simplified and reduced to the calculation
of the change in the activity of a solute when another substance is
added to the solution. The two most important cases may be noted.
To explain the “anomalous” dependence of Ig C; on 1g(Cacurx) it has
been suggested that the activity coefficient of the amine y, increases
when an amine salt is added to the solution.® Experimental data also
indicate that the metal complex extracted may react with the amine salt
in the organic phase. This interaction must be taken into account in
the determination of ¢ by the equilibrium-displacement method.

In the extraction of iron(III) chloride, only tetrachloroferrate ions
FeCl; are present in the organic phase.” The values of g found by the
equilibrium-displacement method, however, depending on the con-
ditions of the experiment, lie in the range 1-2, due to the formation of
FeCl% ions or to the reaction of the tetrachloroferrate and the amine
chloride.

In the extraction of lanthanide nitrates by amine nitrates, the
dependence of 1g D on 1g C; is not linear,®* and the deviation from
linearity cannot be attributed entirely to the change in the activity
coefficients of the salt y,. Finally, in some cases, reaction between the
extracted complexes of different metals is possible.

The following equation was obtained®® for calculating the activity
coefficients in these systems by transforming the Gibbs—Duhen
equation and the cross relationship (23)

108 1 [M dlna,
= [l (), Jam @O
where v is the activity coefficient when the concentration is expressed
as the molality, and the subscript m, = 0 indicates that the derivative is
taken as the concentration m, — 0. Eqn. (30) can be used to calculate
the change in the activity coefficients of micro-quantities of a solute
when a third component is introduced.
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Eqn. (30) has been used to determine the influence of an amine salt
on the activity of an amine.?? Three-component tetrachloromethane—
tridodecylamine-tridodecylammonium bromide solutions were chosen
as model systems; for these solutions, the slope of the plot of
1g C—g(Caaux) becomes equal to infinity at 0.05 M < Cs < 0.1 M.%°

Ebulliometric measurements showed that at a concentration
mg = my = 0.0482 mol kg™', the expression in square brackets under
the integral sign in Eqn. (30) is practically equal to zero, and the
activity coefficients y, = y, do not differ significantly from 1. Thus the
suggestion by Diamond and Bucher® that y, depends significantly on
the concentration of the amine salt is not confirmed in this system, and
it is necessary to look for another explanation of the anomalous
dependence of 1g C; on 1g(Cagsr).

The ebulliometric method has been used to study the chloroform—
tridodecylammonium chloride-tridodecylammonium tetrachloro-
ferrate system.®*> The binary solutions based on these components are
close to ideal, but in the ternary solutions, strong interaction between
the solutes is observed. Thus the activity coefficients of micro-
quantities of the amine tetrachloroferrate vy, calculated from Eqn. (30),
decrease rapidly with increase in the concentration m,, and at
ms = 6 x 107 mol kg™, y. = 0.49.

The systems formed by a solvent (tetrachloromethane or benzene)
with tridodecylammonium nitrate and the complex of cerium or
europium nitrate with tridodecylammonium nitrate have been studied
in most detail.®> Eqn. (30) was used to calculate the dependence of the
activity coefficients of micro-quantities of the complex salts y. on the
concentration of the amine nitrate, and it was shown that y, is smaller
for the europium salts than for the cerium salts.®* The values of y.
were then used to describe the dependence of the distribution coef-
ficient of micro-quantities of cerium and europium on the tridodecyl-
ammonium concentration at a constant composition of the aqueous
phase. The extraction constants (more accurately, the products Ky?%)
remained practically constant with change in the concentration of the
extracting agent by a factor of 20, whereas neglect of v, led to a
systematic drift of the constants (for example, in the extraction of
europium, the apparent extraction constant changed by a factor of 2-3
in the concentration range studied).

Eqn. (30) can be used to calculate the activity coefficients of a solute
only when its concentration is very low (micro-component). An
equation has been derived,®® making it possible to calculate the change
in the activity coefficients of a solute when another substance is
introduced into the solution over a wide range of concentrations For
this purpose, the cross relationship (24) was intregated with replace-
ment of the variables r}, and 13 by m, and mj3 respectively:

100 T /3lnf\ dm
lnf2=——mu (W),,T 31)

It can be shown that as m, — 0, Eqn. (31) becomes Eqn. (30). The
calculation using Eqn. (31) is difficult, since the dependence of In f; on
m, in solutions of amine salts is not linear. To eliminate this difficulty,
Eqn. (31) was transformed to the equation®®

ms al 0%
lnfz=1nf‘,’———’n(:—5 [————n(f’”’f‘) ] s

dmy my ¢2)

where the superscripts 0 and * indicate that the activity coefficients
were determined for binary solutions with m3 = 0 or my = 0. Eqn. (32)
has been used to calculate the activity coefficients vy, of the complexes
of cerium and europium nitrates with tridodecylammonium nitrate.
When the amine salt is added in the concentration range studied, vy, is
independent of the metal concentration.%

Allowance for the intermolecular association of the amine salts in
the IAS model made it possible to develop mathematical models for the
extraction of lanthanides from nitric acid solutions containing a
salting-out agent by solutions of the nitrates of tertiary amines®® and
quaternary ammonium bases.®’

IV. The influence of solvation of the extraction
equilibrium

The solvation of ammonium salts by protogenic solvents in non-
polar media has been studied in sufficient detail,">1>15 For example,
infrared spectroscopy has shown that the reaction of the molecules of
alcohols or water with the anions of the salts increases with increase in
the degree of replacement at the nitrogen atom of the bases, and also
with increase in the proton affinity of the anions.®®* Allowance for
the influence of solvation on the extraction equilibrium using IAS
theory does not explain the “anomalous” extraction relationships. The
concepts of non-stoichiometric hydration and solvation of the salts’
have proved to be more fruitful for describing the extraction equilib-
rium and understanding the essential features of the inter-particle
interactions accompanying the extraction of acids and metal salts in
systems containing solutions of amines and ammonium salts.

1. The hydration of ammonium salts

For many systems containing ammonium salts, in which the
solubility of water (m,,) is relatively high, the distribution of water is
described by the equation®

(33

where mY, is the solubility of water in the pure solvent at an equilibrium
activity of water a,, = 1, and &, the hydration parameter, related to the
degree of hydration 4 by the expression

My, = maaw(1+k,my),

(34

An equation describing the activity of a solute in a ternary solution'
was obtained from Eqn. (34) using cross relationships of the type (23)
and (24):

h=k,m%a.

(35)

where ayg is the activity of the solute in the binary ammonium salt—
solvent solution not containing water. Eqn. (35) was previously
obtained by other methods.”’ > Eqns. (33) and (35) were generalised
to the case of multicomponent solutions.*

Thus the degree of hydration is a quantitative measure of the
influence of the hydration of a solute on its activity on going from the
binary solutions to solutions saturated with water at an equilibrium a,,.
For the case being considered, where the distribution of water in the
pure solvent and in the solution of the extracting agent obeys Henry’s
law, it is possible to write:

Inay=Inay - k,mSaw =Inasy — b,

Apz hyar=—RTh, (36
that is the degree of hydration reflects the change in the partial molar
Gibbs free energy of the ammonium salt when the solute is transferred

from its dry solution to a solution containing water. Eqn. (35) can be
transformed to the equation

Yhydr = €Xp(=h). (37N
It follows from Eqn. (37) that hydration lowers the activity coefficient
of =olutes if solutions of unit molality with the propertisc -f infinitely
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dilute solutions in the dry solvent are taken as the standard state. For
the case being considered, the degree of hydration 4 is equal to the
number of water molecules combined with a molecule of the solute in
the organic solvent.>> Thus for given values of m9, hydration leads to
lower values of Ypyar, the higher the solubility of water in the organic
phase of the extraction system.

In a number of cases it is more convenient to take as standard state a
solution with the properties of an infinitely dilute solution, saturated
with water at a, = 1. The dependence on a,, of the activity coefficient
Y21, determined relative to this standard state, then has the form

Y21="Y2€xplhee(l — aw)], (38)

where k., is the degree of hydration in the infinitely dilute solution at
a, = 1. In other words, the concentration activity coefficients in
solutions saturated with water at a,, = 1 are equal to the concentration
activity coefficients in the binary dry solutions. The equality of the
activity coefficients determined in this way was established experiment-
ally in a study of the extraction of hydrochloric and hydrobromic acids
by trilaurylamine solutions.”® This equality is observed in a relatively
narrow range of change in the concentration of the trilaurylammonium
salt, in which the distribution of water obeys Henry’s law satisfactorily.
The applicability of Eqns. (35)+(38) to ammonium salt solutions was
confirmed by determining the activity of the salts in ternary
solutions.'*! The range of change in h for the salts studied is fairly
large. The greatest decrease in activity (by five orders of magnitude)
was observed when water was added to solutions of methyltrioctyl-
ammonium sulphate.

Published data on the hydration of ammonium salts have been
summarised.! The molar ratio of the concentrations of water and the
salt in the solutions saturated with water depends on many factors.
For quaternary ammonium salts it varies from 2 to 15, increasing with
decrease in the molecular mass and symmetry of the cation.’® In
solutions of TOA sulphate and the salts of unsymmetrical ammonium
bases, in which the solubility of water is high, the distribution of water
shows appreciable deviations from Henry’s law. These deviations are
also observed in solutions of weakly hydrated amine salts, but at high
concentrations of these salts. The deviations increase with decrease in
the polarity of the organic solvents used. %!

When there are deviations from Henry’s law, the isotherm for the
distribution of water can be described by the equation

Mw=y. by naums, (39)

Rty

where b, ,,, is an empirical coefficient.
Substituting Eqn. (39) in the cross relationship (23)

(810 a5/d1n a,,) =—~(Bm,, [Om2),, 40)
and integrating gives the expression
nay=Inay - Y — by ndimp™ @1)

nay

If all the terms with n, > 2 and n, > 2 are neglected, Eqn. (41)
becomes Eqn. (35). For practical calculations, in the description of the
influence of “non-linear” hydration, the following semi-empirical
equation® is used instead of Eqn. (41)

¥2= Y20 €XP(~hint), 42)

and the integral degree of hydration Ay, reflecting the actual contribu-
tion of hydration to the decrease in the activity of the solute, is calcu-
lated from the isotherms for the distribution of water into the solution

of the salt and into the pure solvent. With allowance for Eqn. (42),
Eqn. (38) becomes

¥21="Y2€XP(heo ~ Ainy). 43
Thus by using the values of A, and &, it is possible to change from
the activities determined relative to solutions in the dry solvent to the
activities determined relative to solutions saturated with water at a
water activity ay. In general, Ay > ho, and the value of ypyar
decreases with increase in the concentration of the salt.

Eqgns. (35)+(43) make it possible to determine the regularities of the
influence of hydration on the extraction equilibrium. Thus hydration
is revealed most strongly in systems which include polybasic acids, and
also ammonium salts containing methyl substituents. The contribution
of hydration to the non-ideal behaviour of the organic phase of
extraction systems decreases with decrease in the concentration of the
salts and the proton affinity of their anions and with increase in the
polarity of the solvents used.

As noted in section II, the most familiar “anomalous” relationship
in extraction by amines is the discrepancy between the data on the
degree of association of the ammonium salts obtained by analysing the
distribution on the one hand, and independent physicochemical
measurements on the other. The anomalies found® in the analysis of
data on the extraction of monobasic acids by solutions of trilauryl-
amine on coordinates 1g C-1g(Caairx) are observed to an even greater
extent®! for the sulphuric acid-water—benzene-TOA system, that is the
anomalies increase with increase in the solubility of water in the
extracts. The solubility of water in solutions of TOA sulphate does not
obey Henry’s law even for dilute solutions, and the integral degree of
hydration increases with increase in the salt concentratrion. For this
system over a wide range of change in the salt concentration, v, =~ 1.
The activity coefficient of TOA sulphate in the ternary solutions was
determined by two methods: from the combined results of cryoscopic
and isopiestic measurements, and also by calculation using Eqn. (42)
and the isotherms for the distribution of water in salt solutions with
different concentrations.'? The extraction constants for the extraction
of sulphuric acid by benzene solutions of TOA, calculated with allow-
ance for the values of v, are practically constant. This shows that in
the sulphuric acid—water—benzene-TOA extraction system at low con-
centrations of the acid, the main factor responsible for the non-ideal
behaviour of the organic phase is the hydration of TOA sulphate.”!

The solubility of water increases considerably with increase in the
concentration of trilaurylammonium halides. Thus the “anomalous”
relationships observed by Mueller and Diamond?® are also apparently
due to hydration of the salts, and not their association.

Allowance for the influence of hydration on the activity of TOA
sulphate also made it possible to eliminate the contradiction between
data on the composition of the extracted complex of uranyl sulphate
obtained by the saturation and equlibrium-displacement methods.*®
The slope of the plot of 1g D against Iga; is close to 2, indicating the
formation of the complex (R3NH),UO5(SO,); in this system. The
composition of the complex found in this way is identical to that
established by the saturation method.

In a number of studies,” %! the activity coefficients of various
ammonium salts were found from the isotherm of the surface pressure
at the interface between water and a solution of the salt in an aromatic
hydrocarbon. With change in the anion of the salt R3NHX, the values
of v, decrease in the order perchlorate < iodide < bromide <
chloride. From this it was concluded that the salts whose anions are
least effectively extracted are most highly associated.!”!® This does not
agree, however, with data on the association of the salts in dry solu-
tions, obtained by independent methods.”® It is understandable that
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the inversion of this series is due to hydration of the salts, which
increases sharply with increase in the proton affinity of their anions
and which makes a larger contribution to the non-ideal behaviour of
the solutions than association of the salts.

The inversion of the order of activity of the salts in ternary solutions
compared with the binary solutions is also observed in other cases.
Thus as a consequence of the marked differences in the hydration of
ammonium salts with different degrees of substitution, the observed
extraction features often cannot be explained on the basis of the
reactivity of theamines and the ammonium salts in their dry solutions.

It was pointed out above that the extraction of metals from
sulphuric acid solutions increases in the order quaternary < tertiary <
secondary alkylammonium. At the same time, spectroscopic studies
show that the electron-donor properties of the anions of ammonium
salts increase with increase in the degree of substitution at the nitrogen
atom of the bases.’®? This “anomalous” dependence of the extraction
of metal salts from sulphuric acid solutions on the nature of the cation
of the ammonium salt is often related to a steric effect.®® It has been
shown, however, that the observed regularity is also due to the
influence of hydration on the activity of the ammonium salts." Thus at
identical concentrations of secondary and quaternary alkylammonium
sulphates, their degrees of hydration differ by approximately 7 units.
From the stoichiometry of the complex formed, it can be shown that a
decrease in the distribution coefficient should be observed in this order
as a result of the difference in the hydration of the salts. For uranyl
sulphate, for example, it decreases by a factor of approximately 10%.1%
The difference actually observed in the extracting power of ammonium
salts of the series being considered is appreciably lower, because of the
increase in reactivity with increase in the degree of replacement at the
nitrogen atom of the bases.

Methyldialkylamines and dimethylalkylamines are weaker bases
than trialkylamines, so that the extraction constants for the extraction
of acids by these compounds should be slightly lower. In fact, the
extraction constant for the extraction of nitric acid by TOA solutions is
slightly higher than that for extraction by solutions of methyldioctyl-
amine.'® The opposite picture is observed, however, for the extraction
of hydrochloric and sulphuric acids.® The “anomalous” increase in the
extraction constants for extraction by methyl-substituted tertiary
amines corresponds quantitatively to the difference in the degrees of
hydration of the chlorides and sulphates of these amines and those of
the corresponding TOA salts in non-polar solvents.'?

Thus the “anomalous” features observed up to the present in
systems containing amines and ammonium salts can be explained only
by taking account of the influence of hydration on the activity of the
components of the organic phase. In extraction systems containing
amines, the part played by hydration generally increases with decrease
in the intensity of the acid—base reaction between the components.
Hydration has a levelling action on the extraction of inorganic acids.
The distribution of the salts between the phases is usually accompanied
by displacement of water from the organic phase. Thus hydration
facilitates the extraction of inorganic acids by amines, but depresses the
extraction of metal salts.

2. The solvation of ammonium salts

To interpret data on the extraction equilibrium in systems contain-
ing modifiers, it is necessary to have data on the activity of the
components in ternary solvent-ammonium salt—alcohol and solvent—
alcohol-water systems and in quaternary solvent-ammonium salt—
water—alcohol systems.

In the thermodynamic study of ternary solvent-ammonium salt—
alcohol solutions, usually only the activity of the solvent is determined,

and the activity of the salt is calculated using the cross relationships
(23) and (24). The close analogy between the phenomena of the
hydration of ammonium salts and their solvation by alcohols makes it
possible to simplify the calculation of the activity of the salt. Eqn. (33)
can then be written as:'0%1%

MarY 8= aa(l +kgmo), (44)

where a,; and m,; represent respectively the activity and molality of the
alcohol in the ternary solution, y# the activity coefficient of the alcohol
in the binary solution (m, = 0) at the same concentration my;, and ks
the solvation parameter.

Since it is difficult to determine the activity of alcohols in ternary
solutions, Eqn. (44) cannot be confirmed experimentally. Only the
equations for the activity of the ammonium salt and the solvent,
obtained using Eqn. (44), can be verified.

In the derivation of the equation for the activity of the ammonium
salt,'%% the cross relatonship (23) was used in the form

(310 a2/01a1)m, = (D1t @ayfOrmz)may. 45
Differentiating Eqn. (45) with respect to n, and integrating with
respect to mg; gave the equation
ks
1+—ksmz Ma].
Substituting Eqns. (44) and (46) in the Gibbs-Duhem equation (19) and

integrating gives the following equation for the activity of the
solvent,1%

Ina,=Ina3 - (46)

_lﬁ 2L = smgma ) (47
M, dat 1+km,
where o0 and af are the activities of the solvent in the corresponding
binary solutions for n1, = 0 and my = 0. Eqns. (44), (46), and (47)
have been generalised to multicomponent solutions.™*

Eqn. (47) has been used for the treatment of the results of cryoscopic
measurements®® in the three-component benzene-trioctylammonium
sulphate—n-octanol and benzene—trioctylammonium sulphate—
methanol systems by the isomolar-series method. These results were
prevoiusly described assuming that a trioctylammonium disolvate is
formed.* The calculated values of the stability constants of the
disolvates varied from 393 to 783 for the first system, and from 1020 to
4800 for the second. The range of change in the solvation parameters
ks calculated from the same data was much smaller: from 11.6 to 17.1
for the first system, and from 21.1 to 25.4 for the second. Thus
Eqn. (47) provides a better description of the experimental data on the
solvation of the ammonium salts than equations based on stoichio-
metric considerations.

At low alcohol concentrations, Eqn. (47) is simplified and becomes

3
107 pB e _ T (48)
M, a? 1+kgmm,

Eqn. (48) has been used to calculate solvation parameters from
ebulliometric data. The results, given in Table 1, show that the
solvation parameters of the ammonium salts decrease with increase in
temperature, and also with increase in the radius of the anion and the
length of the alkyl group of the cation of the salt. To compare data on
the influence of “inert” solvents, the solvation parameters of the salts
were calculated on the molar concentration scale ky = kg/do, where dp is
the density of the solvent. With change in the solvent, the values of k.
decrease in the order n-pentane < cyclohexane < tetrachloromethane
< benzene, that is with increase in the polarity of the solvent. Similar
relationships were previously observed for the hydratior ~f “mmonium
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salts,!>% indicating that the phenomena of solvation and hydration

are similar. Certain differences are also observed, however; in the
solvation by alcohols of trioctylammonium sulphate and methyl-
dioctylammonium and tetrapentylammonium chlorides, a phenom-
enon analogous to the non-linear hydration detected for these systems
is not observed.

Table 1. Solvation parameters ks of ammonium salts by n-tetra-
decanol.

salt Temperature, ke VS Refs.
Solvent tetrachloromethane
(CyzHas)sNHCI 78.6 8.95 0.97 105
(cliH:)im-xci & 1585 g9 105
C 5 37. .
CHy(CaH,),NHC 78.6 11.04 019 106
(CyzHeg)sNHBr 35 23.98 0.98 108
(CgHp)uNCl 78.6 48.3 2.8 109
[(CyeHs5)sNH},ZnCly 35 15.6 1.3 107
15)eNI 78.6 7.41 0.24 105
(CgH,s)(NI*2 78.6 7.30 0.19 107
(e 786 e 04 106
H,,) NI 78.6 6. .
g&Hf)',&,H"NI 78.6 9.65 0.44 109
((‘EH.),CQHI,NI 78.6 22.0 2.90 107
[(CyeHzs)sNH],CoCl, 78.6 20.8 1.8 107
Solvent benzene

[(CsH1a)sNH],SO;® 5.5 14.46 0.74 [106]
[(CoH1a)sNH],SO* 5.5 23.20 0,60 [106]
[CoHg(C1oHy)NH; ]SO 5.5 3.93 0.22 (106}
(C12Ha5)sNHCI 80.6 5.2 1.3 {108]
(Cy2Has)sNHCL 35 14.20 0.43 {108]
S Be | id | sk |
(C.H:J.NI 80.6 3.64 0.26 [108]
(CeHs)sCsHyzNI 80.6 4.88 0.57 [108]
(CHir)sCoHrNBr 80.6 8.1 1.7 [108]
(CsHy)WNCI 80,6 22.3 1.4 {108]

Solvent cyclohexane

(Cy2Hgs)sNHCI I 35 I 30.4 | 2.9 l 1108)
[(Cy2Ha5)sNH],CoCly 35 11.3 1.3

Solvent n-pentane
{C,oHy),NHCI | & | B | oz [108]
L& He S NH,ZnCl, 36 120 1.8
*ISolvation by n-decanol; *?by n-hexadecanol; **by n-octanol;
**by methanol.

‘There are few published data on the hydration of alcohols in non-
_ polar solvents. The solubility of water increases slightly in the presence
of alcohols. The distribution of water at relatively low alcohol concen-
trations is described by Eqn. (33), and the degree of hydration of the
alcohols is usually low. Thus for a, = 1, the degree of hydration of
n-octanol kg in benzene is 0.052'1° or 0.049,'%7 and that in tetrachloro-
methane is 0.043.1'° These data show that the addition of alcohols to
non-polar solvents does not lead to a significant change in the activity
of water in the organic phase.
The Gibbs-Duhem equation for a four-component solvent-—
ammonium salt-water—alcohol system can be written as
Olna, dlnay, Olnay

10° dlna i -
—_— +my, m,
M, Omg My = Om,; ol o Omay

49)

The possibility of transforming this equation to a form convenient
for calculations is determined by the nature of the dependence of the
solubility of water on the alcohol concentration. The experimental
study of the hydration of ammonium salts in the presence of alcohols
shows the existence of two types of dependence of m, on nty, 07110112
For some systems at low alcohol concentrations and a constant activity
of water the following equation is applicable:

e = mS, + kg + haymay. (50)

For other systems, when an alcohol is added, m,, decreases at first,
after which it passes through a minimum and then increases slowly.
The degree of displacement of water by the alcohol increases with
increase in the proton affinity of the anion of the salt.!'? The last
section of the curve can be described by Eqn. (50). In systems of the
first type, & < 1, whereas in systems of the second type, the minimum
solubility of water corresponds to 4 =~ 1.

For systems in which the hydration of the salts is described by
Eqn. (50), the derivative 01n ay/0ma =~ 0, since the values of h, are
usually low. In this case, Eqn. (49) becomes the Gibbs—Duhem
equation for a three-component system. This means that in these
sysems, the hydration and solvation of the ammonium salts take place
independently of one another, and in the calculation of the influence of
alcohols on the activity of the ammonium salts in the presence of water
it is possible to use the same equations and solvation parameters as for
anhydrous solutions.

The solubility of water in solvent-ammonium salt-metal complex—
alcohol systems can also in a number of cases be described by Eqn. (50).
The following equation has been proposed'?’ for the description of the
influence of solvation on the activity of the components in systems of
this kind:

MarY &= aai(1 +kag ma+ kagms), (51)

where k,s and ks, are the solvation parameters of the ammonium salt
and the metal complex respectively. This equation has been used'%”-!13
for the description of the extraction of micro-quantities of metals, and
this has made it possible to eliminate the influence on the equilibrium
of the change in the concentration of the extracting agent as saturation
takes place. In this case, m3 — 0, and from Eqn. (51), using the cross
relationship (45), it is possible to obtain the expressions

In(a2/a3) = ks may/(1 + kas m) = In(y2/y3) (52)
and

In(as/a3) =—k3s mar/(1 + kasm2) =In v, (53)

where v, and v3 are the activity coefficients of the ammonium salt and
the metal complex respectively in the presence of the aicohol, v3 the
activity coefficient of the ammonium salt in the binary solution, and
y§ = 1. At a constant composition of the aqueous phase and a
constant concentration of the ammonium salt, substituting Eqns. (52)
and (53) in Eqn. (9) gives the equation

quS_kBS

lnD=]nDo - m
s

May, (54

where Dy is the distribution coefficient of micro-quantities of the metal
in the absence of the alcohol.

Eqn. (54) has been used to describe the influence of n-tetradecanol
on the extraction of micro-quantities of iron(III), cobalt(Il), and zinc
chlorides by solutions of tridodecylammonium chloride in tetrachloro-
methane.!9%113 In these systems the introduction of the alcohol has
practically no influence on the hydration of the extracting agent. The
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treatment of the experimental data was carried out using the linear
regression equation

InD=In Dy - bmy,. (595)

The calculation using Eqn. (55) and the solvation parameters given in
Table 1 gives values of » which are practically identical to those
obtained from experimental distribution data.

The description of systems in which the addition of an alochol leads
initially to a decrease in the hydration of the ammonium salt is even
more complex.’? In this case the distribution coefficient of the metal
salt passes through a maximum with increase in the alcohol concentra-
tion. The position of the maximum coincides with the position of the
minimum on the curve giving the dependence of the concentration of
water in the organic phase on the alcohol concentration. The ascend-
ing branch of the dependence of the distribution coefficient of the
metal salt on the alcohol concentration is due to the increase in the
activity of the ammonium salt as a result of the decrease in its
hydration when the alcohol is added, and the descending branch is due
to the decrease in the activity of the salt as a result of its solvation.
This descending branch of the curve is described by equations of type
(54) and (55). The calculated increase in the activity of the ammonium
salt corresponds to the observed increase in the distribution coefficient
of the metal salt.

Thus the non-stoichiometric model of the hydration and solvation
of ammonium salts developed by the present authors makes possible a
fairly simple description and interpretation of data on the extraction
equilibrium. The results obtained using this model are consistent with
the results of independent physicochemical measurements.

References

1. G A Yagodin, S Z Kogan, V V Tarsasov, et al. in G A Yagodin
(Editor) Osnovy Zhidkostnoi Ekstraktsii (Principles of Liquid
Extraction), Izd. Khimiya, Moscow, 1981, 440 pp

2. L M Gindin Ekstraktsionnye Protsessy i ikh Primenenie
(Extraction Processes and Their Application), Izd. Nauka,
Moscow, 1984, 144 pp

3. EV Komarov, A A Kopyrin, V V Proyaev Teoreticheskie Osnovy
Ekstraktsii Assotsiirovannymi Reagentami (The Theoretical
Principles of Extractions by Associated Reagents),
Energoatomizdat, Moscow, 1984, 128 pp

4. 1A Shevchuk Ekstraktsiya Organicheskimi Osnovaniyami (Ionnye
Assotsiaty) [Extraction by Organic Bases (Ionic Associates)], Izd.
Vishcha Shkola, Kiev, 1978, 170 pp

5. 'V S Shmidt Ekstraktsiya Aminami (Extraction by Amines),
Atomizdat, Moscow, 1980, 262 pp

6. Y Marcus, A S Kertes Ton Exchange and Solvent Extraction of
Metal Complexes. Wiley-Intersci., London, 1969, 1037 pp

7. T Sekine, Y Hasegawa Solvent Extraction Chemistry.
Fundamental and Applications, Marcell Dekker: New York, 1977,
919 pp

8. R M Diamond in collected papers The Chemistry of Extraction
(Translated into Russian), Atomizdat, Moscow, 1971, p. 180

9. R R Grinstead in collected papers The Chemistry of Extraction
(Translated into Russian), Atomizdat, Moscow, 1971, p. 249

10. I M Ivanov, L M Gindin, G N Chichagova Khimiya Protsessov
Ekstraktsii (The Chemistry of Extraction Processes), Izd. Nauka,
Moscow, 1972, p. 207

11. E V Komarov, V N Komarov Usp. Khim., 1974, 43 632 [English
transaltion in Russ. Cheni. Rev., 1974(4)]

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

29a.

30.

31.

32.

33.

34.

35.

V V Sergievskii Itogi Nauki i Tekhniki. Neorganicheskaya
Khimiya (Progress in Science and Technology. Inorganic
Chemistry), Vol. 5, 1zd. VINITI, Moscow, 1976, p. 5

V V Tarasov, G A Yagodin Itogi Nauki i Tekhniki.
Neorganicheskaya Khimiya (Progress in Science and Technology.
Inorganic Chemistry), Vol. 4, Izd. VINITI, Moscow, 1974, p. §
V S Shmidt, V N Shesterikov, E A Mezhov Usp. Khim., 1976, 36
2167 [English translation in Russ. Chem. Rev., 1976(12)]

Yu G Frolov, A V Ochkin, V V Sergievskii Nekotorye
Teoreticheskie Voprosy Ekstraktsii Aminami (Some Theoretical
Questions in Extraction by Amines), Izd. Mosk. Khim. Tekh.
Inst. im. D I Mendeleeva, Moscow, 1969, 125 pp

E Hoegfeldt Ion Exchange (Translated into Russian), Izd. Mir,
Moscow, 1968, p.512

V V Tarasov, G A Yagodin, A A Pichugin Itogi Nauki i Tekhniki.
Neorganicheskaya Khimiya (Progress in Science and Technology.
Inorganic Chemistry), Vol. 11, Izd. VINITI, Moscow, 1984, p. 3
C F Coleman, J W Roddy in collected papers The Chemistry of
Extraction (Translated into Russian), Atomizdat, Moscow, 1971,
p. 196

D S Flett Solvent Extraction in Metallurgical Process, Antwerpen,
1972, p. 24

W Miiller, R M Diamond J. Phys. Chem., 1966, 70 3469

W Miiller Chem. Ztg., 1971, 95 499

E A Mezhov in A M Rozen (Editor) Ekstraktsiya Aminami,
Solyami Aminov i Chetvertichnykh Ammonievykh Osnovanii:
Spravochnik po Ekstraktsii (Extraction by Amines and Salts of
Amines and Quarternary Ammonium Bases: A Reference Book
on Extraction), Vol. 2, Atomizdat, Moscow, 1977, 304 pp

Y Marcus, A S Kertes, E Yanir Equilibrium Constants of
Liquid —liquid Distribution Reactions, Part 2, Alkylammonium
Salt Extractants, Butterworths: London, 1974, 85 pp

Yu G Frolov, V V Sergievskii, G I Nasonova Zh. Neorg. Khim.,
1973, 18 1705 [English translation in Russ. J. Inorg. Chem.,
1973(6)]

Yu G Frolov, V V Sergievskii Tr. Mosk. Khim. Tekhn. Inst. im.
D I Mendeleeva, 1963(43), 58

G M Vol’dman, E A Mironova Zh. Neorg. Khim., 1988, 33 172
[English translation in Russ. J. Inorg. Chem., 1988(1)]

V V Tarasov, A A Pichugin, A P Novikov, et al ISEC '88: Int.
Solv. Extr. Conf. Moscow, 18—-24 July 1988, Conf. Pap. M., 1988,
11 40

G Scibona, F Orlandini, P R Danesi J. Inorg. Nucl. Chem., 1966,
28 1701

G Tsoucaris Acta Crystallogr., 1961, 14 917

A M Rozen ISEC 88, Inst. Solv. Extr. Conf. Moscow, 18-24 July
1988, Conf. Pap. M., 1988, 1 62

G D Titskii, M K Turovskaya, L. M Litvinenko Zh. Org. Khim.,
1983, 19 2349

A I Khol’kin, V I Kuz’min, N V Protasova Zh. Neorg. Khim.,
1986, 31 1245 [English translation in Russ. J. Inorg. Chem.,
1986(5)]

A I Khol’kin, VI Kuz’'min , N V Protasova, et al. ISEC 88, Int.
Solv. Extr. Conf. Moscow, 18-24 July 1988, Conf. Pap. M., 1988,
170

A M Rozen, A I Khol’kin Dokl. Akad. Nauk SSSR, 1988, 301
661

V S Belova, A I Khol’kin, P Miihl, et al ISEC '88, Int. Solv. Extr.
Conf. Moscow, 18-24 July 1988, Conf. Pap. M., 1988 3 191

V I Goncharov, L Kh Genov, V V Sergievskii, G A Yagodin
Radiokhiiya, 1979, 21 563



846

Russian Chemical Reviews 58 (9) 1989

36.

37.

38.

39.

40.

41.

42.

43.

45.
46.

47.
48.

49.

50.
51,
52.
53.

54.

55.
56.
57.
58.

59.
60.
61.
62.
63.

65.

67.

S Le, D Li, J Ni ISEC 88, Inst. Solv. Extr. Conf. Moscow,
18-24 July 1988, Conf. Pap. M., 1988, 3 238

A M Chekmarev, S V Chizhevskaya, M Mrnka, et al. ISEC 88,
Int. Solv. Extr. Conf. Moscow, 18-24 July 1988, Conf. Pap. M.,
1988, 3 266

S N Ivanova, I A Druzhinina, A P Zubareva, et al. ISEC 88,
Inst. Solv. Extr. Conf. Moscow, 18-24 July 1988, Conf. Pap. M.,
1988, 3 198

S I Stepanov, O N Fedotov, V V Sergievskii, et al. Zh. Neorg.
Khim., 1984, 29 2080 [English translation in Russ. J. Inorg.
Chem., 1984(8)]

G I Mikulin (Editor) Voprosy Fizicheskoi Khimii Rastvorov
Elektrolitov (Problems in the Physical Chemistry of Electrolyte
Solutions), Izd. Khimiya, Leningrad, 1968, 418 pp

A S Solovkin Vysalivanie i Kolichestvennoe Opisanie
Ekstraktsionnykh Ravnovesii (Salting-out and the Quantitative
Description of Extraction Equilibria), Atomizdat, Moscow, 1969,
124 pp

Yu G Frolov Usp. Khim., 1981, 50 429 [English translation in
Russ. Chem. Rev., 1981(3)]

V V Sergievskii, V A Shur, V V Dubrovskaya Itogi Nauki i
Tekhniki. Rastvory. Rasplavy (Progress in Science and
Technology. Solutions and Melts), Vol. 3, Izd. VINITI,
Moscow, 1986, p. 3

V V Bagreev, Yu A Zolotov, C Fischer, et al. ISEC '88, Int. Solv.
Extr. Conf. Moscow, 18-24 July 1988, Conf. Pap. M., 1988, 1 87
K A Allen J. Phys. Chem., 1956, 60 239

C F Coleman, K B Brown, J] G Moore, D J Crouse Ind. Eng.
Chem., 1958, 50 1756

W J McDowell, K A Allen J. Phys. Chem., 1959, 63 747

V V Fomin, P A Zagorets, A F Morgunov Zh. Neorg. Khim.,
1959, 4 700 [English translation in Russ. J. Inorg. Chem.,
1959(3)]

Yu G Frolov, V V Sergievskii Tr. Mosk. Khim. Tekhn. Inst. im.
D I Mendeleeva, 1965(49), 190

J J Bucher, R M Diamond J. Phys. Chem., 1975, 79 2259

E V Komarov, I M Balashova Teor. Eksp. Khim., 1974, 10 122
A V Ochkin, A N Kudrov Radiokhimiya, 1984, 26 402

K P Mishchenko, G M Poltoratskii Voprosy Termodinamiki i
Stroeniya Vodnykh i Nevodnykh Rastvorov Elektrolitov (Problems
in the Thermodynamics and Structure of Aqueous and Non-
aqueous Solutions of Electrolytes), Izd. Khimiya, Leningrad,
1968, p. 351

V G Yurkin, A M Rozen Zh. Fiz. Khim., 1973, 47 492 [English
translation in Russ. J. Phys. Chem., 1973(2)]

F M Batson, C A Kraus J. Am. Chem. Soc., 1934, 56 2017

D A Rothrock, C A Kraus J. Am. Chem. Soc., 1937, 59 1699

D T Copenhafer, C A Kraus J. Am. Chem. Soc., 1951, 73 4557
V Edinakova, J Heida, M Vogt, et al. Sb. VSCHT Praze., 1983,
28 133

N H Ray Trans. Faraday Soc., 1952, 48 809

J G van Pelt Recl. Trav. Chim. Pays-Bas, 1960, 80 1023

T Daniels, R S Lehrie J. Polym. Sci. C., 1965, 4533

A S Kertes, G Markovits J. Phys. Chem., 1968, 72 4202

1 J Gal, I Paligoric-Obrenovic, V G Antonijevic J. Inorg. Nucl.
Chem., 1970, 32 1645

A S Kertes, O Levy, G Markovits J. Phys. Chem., 1970, 72 3568
J David-Auslaender, H Gutmann, A S Kertes, M Zangen J. Sol.
Chem., 1974, 3 251

H A C McKay Nature, 1952, 169 464

L S Darken J. Am. Chem. Soc., 1950, 72 2909

68.
69.
70.
71.

72.
73.

75.

76.

71.

78.

79.
80.

81.

82.

83.

84.
8s.

86.

87.

88.

89.
90.
91.
92.
93.
94.
9s.
96.

97.
98.

K Wagner The Thermodynamics of Alloys (Translated into
Russian), 1zd. Metallurgizdat, Moscow, 1957, 179 pp

R Schuhmann, Jr. Acta. Metall., 1955, 3 219

N A Gokceen J. Phys. Chem., 1960, 64 401

S D Christian, A A Taha, B W Gash Quart. Revs., 1970, 24 20
K A Allen J. Phys. Chem., 1958, 62 1119

S O Popov, V V Bagfreev Zh. Neorg. Khim., 1986, 31 635 [English
translation in Russ. J. Inorg. Chem., 1986(3)]

A M Chekmarev, A V Ochkin, V V Sergievskii, et al. ISEC ‘80,
Int. Solv. Extr. Conf. Liege. Belgium, 6—12 September 1980, Conf.
Pap. Belquium, 1980, 2 80-158

P A Zagorets, A V Ochkin Tr. Mosk. Khim. Tekhn. Inst. im.

D I Mendeleeva, 1965(49), 206

D Dyrssen, M de J Tavares in collected papers The Chemistry of
Extraction (Translated into Russian), Atomizdat, Moscow, 1971,
p. 279

E Hogfeldt, M de J Tavares Trans. Royal Inst. Technol., 1968,
228 27

O Levy, G Markovits, A S Kertes J. Inorg. Nucl. Chem., 1971, 33
551

S Lindenbaum, G E Boyd J. Phys. Chem., 1963, 67 1238

A V Ochkin, V E Lazarevich, A Yu Dmitriev, P A Zagorets
Radiokhimiya, 1978, 20 53

A V Ochkin Zh. Fiz. Khim., 1980, 54 1984 [English translation in
Russ. J. Phys. Chem., 1980(8)]

A 'V Ochkin, V E Lazarevich Zh. Fiz. Khim., 1979, 53(5) 1317
[English translation in Russ. J. Phys. Chem., 1979(5)]

AV Ochkin, V E Lazarevich Izv. Vys. Ucheb. Zaved SSSR, Khim.
i Khim. Tekhnol., 1982, 25 1413

A V Ochkin, V E Lazarevich Radiokhimiya, 1982, 24 299

A V Ochkin XT Vsesoyuznaya Konferentsiya po Kalorimetrii i
Khimicheskoi Termodinamike. Tezisy Dokladov (Summaries of
Papers Presented at the Eleventh All Union Conference on
Calorimetry and Chemical Thermodynamics), Novosibirsk, 1986,
Part 1, p. 201

A A Kopyrin, M A Afonin, V V Proyaev ISEC ’88, Inst. Solv.
Extr. Conf. Moscow, 18-24 July 1988, Conf. Pap. M., 1988, 3
145

M Cerna, J Stastova, V Rod ISEC 88, Int. Solv . Extr. Conf.
Moscow, 18-24 July 1988, Conf. Pap. M., 1988, 3 149

Yu G Frolov, V V Sergievskii, G I Sergievskaya Zh. Neorg.
Khim., 1968, 13 1909 [English translation in Russ. J. Inorg.
Chem., 1968(7)]

A A Lipovskii, T A Dem’yanova Zh. Prikl. Spektrosk., 1968, 9
239

Yu G Frolov, V V Sergievskii, A V Ochkin, A P Zuev
Radiokhimiya, 1972, 14 578

Yu G Frolov, V V Sergievskii, A P Zuev Atomnaya Energiya,
1973, 35 109

C Klofutar, S Paljk, M Ostanek J. Inorg. Nucl. Chem., 1976, 38
1045

A V Ochkin Zh. Fiz. Khim., 1978, 52 1321 [English translation in
Russ. J. Phys. Chem., 1978(5)]

A V Ochkin, V V Sergievskii ISEC 88, Inst. Solv. Extr. Conf.,
Moscow, 18-24 July 1988, Conf. Pap. M., 1988, 1 127

H A C McKay, A R Mathieson Trans. Faraday Soc., 1951, 47
428

C F Coleman J. Chem. Eng. Data., 1964, 13 267

Yu G Frolov, V V Sergievskii Radiokhimiya, 1974, 16 445

V V Sergievskii, G A Yagodin Zh. Neorg. Khim., 1980, 25 1420
[English translation in Russ. J. Inorg. Chem., 1980(5)]



Russian Chemical Reviews 58 (9) 1989 847 .

99. A N Popov Zh. Fiz. Khim., 1979, 53 1001 [English translation in
Russ. J. Phys. Chem., 1979(4)]

100. V L Kheifets, A L Shneerson Zh. Prikl. Khim., 1977, 50 528

101. VL Kheifets, A L Shneerson Zh. Prikl. Khim., 1977, 50 534

102. 'V V Sergievskii, Yu G Frolov Zh. Strukt. Khim., 1967, 8 891

103.  Yu G Frolov, V V Sergievskii, A P Zuev, L B Fedyanina Zh.
Fiz. Khim., 1973, 47 1956

104. 'V P Shvedov, A A Kopyrin, V S Titov J. Radioanal. Chem.,
1972, 12 421

105. A V Ochkin Zh. Fiz. Khim., 1980, 54 1862 [English translation
in Russ. J. Phys. Chem., 1980(7)]

106. A V Ochkin Zh. Fiz. Khim., 1981, 85 1354 [English translation
in Russ. J. Phys. Chem., 1981(5)]

107. A N Kudrov Candidate’s Thesis, Mendeleev Moscow Institute
of Chemical Technology, Moscow, 1983

108. A V Ochkin, A N Kudrov Zh. Fiz. Khim., 1984, 58 1260
[English translation in Russ. J. Phys. Chem., 1984(5)]

109. A V Ochkin, A N Kudrov Zh. Fiz. Khim., 1982, 56, 1048
[English translation in Russ. J. Phys. Chem., 1982(4)]

110. I M Ivanov, V P Zaitsev Izv. Sib. Otd. Akad. Nauk SSSR,
Ser. Khim. Nauk, 1978(4), 18

111. 'V P Zaitsev, I M Ivanov, V A Shchipachev Izv. Sib. Otd.
Akad. Nauk SSSR, Ser. Khim. Nauk, 1979(6), 69

112. IM Ivanov, V P Zaitsev ISEC ‘88, Int. Solv. Extr. Conf. Moscow,
18-24 July 1988, Conf. Pap. M., 1988, 1 138

113. A V Ochkin, A N Kudrov VII Vsesoyuznaya Konferentsiya po
Khimii Ekstrasktsii. Tezisy Dokladov (Summaries of Papers
Presented at the Seventh All Union Conference on the
Chemistry of Extraction), Izd. Nauka, Moscow, 1984, p. 106




