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Data on the extraction of heteropolycompounds published in the period 1965 - 1977 have been reviewed. The principal
directions of study and recent achievements in establishing the regular features of extraction and investigating the mechanism
of extraction have been examined. Data on the use of extraction to separate and determine elements in inorganic analysis
have been given. The bibliography contains 211 references.
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I. INTRODUCTION

The extraction of heteropolycompounds is recognised as
a reliable method for separating a number of elements and
for determining trace quantities in various materials. Up
to 1965, a comparatively large amount of experimental
material had been published on the optimum conditions for
the extraction of molybdenum and, to a smaller extent,
tungsten heteropolycompounds (this work has been
reviewed'). In the last ten years, workers engaged inthe
extraction of heteropolycompounds have carried out theo-
retical studies devoted to the establishment of the regular
features of the process and the mechgnism of extraction,
and also applied studies, which have lead to success in
the development of methods for separating and determin-
ing a number of elements, The development of ideas in
the extraction of heteropolycompounds is related to the
latest achievements in the chemistry of heteropolycom-
pounds®™*. A partial bibliography on problems of extrac-
tion can be found in Refs.5-8. An important contribution
to the development of the theory and practice of the extrac-
tion of heteropolycompounds has been made by combined
schools of research workers®='?®,  The behaviour of
heteropolycomgounds in non-aqueous and mixed media has
been described?® 88 98:127,128,129,130—-132 " prathods have been
developed for determining traces of elements in highly
pure materialsl4,25,35,101,l 7,122,123,133-156'

Until the nineteen-sixties, most studies of the extrac-
tion of heteropolycompounds were of an applied nature,
and included the results of the empirical selection of the
optimum conditions for the extraction of a given hetero-
polycomplex. In recent years there has been anincrease
in the number of papers devoted to the systematic study
of the influence of various factors on extraction equilib-
rium, the determination of quantitative relationships, and
the calculation of extraction constants. Attention isbeing
paid to the composition of the compounds extracted, the
nature of the chemical bonding in these compounds, the
stoichiometry of extraction, and processes in the organic
phase. Amines of high molecular weight, and other
extracting agents, are being introduced in place of the
traditional oxygen-containing solvents. A number of
papers have been devoted to the extraction of ionic asso-

ciates of heteropolyacids with dyes of various classes.

In analytical chemistry it is possible to distinguish a
trend associated with the development of indirect methods
for determining elements. These are based on the
extraction of a heteropolycompound and the determination
of the element from the concentration of the ligand after
re-extraction and decomposition of the complex. A char-
acteristic feature of studies in recent years is the intro-
duction of physicochemical and physical methods in the
study of extraction (infrared and NMR spectroscopy, radio-
metry, and polarography). Many analytical procedures
recommend a combination of different methods. Extrac-
tion has been combined with chromatographic, luminescent,
polarographic, atomic-absorption, and neutron-activation
methods to determine and separate elements as hetero-
polycompounds.

I1I. FACTORS INFLUENCING THE EXTRACTION OF
HETEROFOLYCOMPOUNDS

The extraction equilibrium in a system formed by a
heteropolycompound and an organic solvent is determined
by many factors operating simultaneously. The principal
factors are the nature of the extracting agent, the nature
and concentration of the heteropolycomplex being extracted,
the nature and concentration of mineral acid in the aqueous
phase, the presence of neutral salts, and temperature. The
extraction equilibrium is reversible, so that the regular
features of the extraction and re-extraction are the same.
A universal characteristic of extraction is the equilibrium
constant. Unfortunately, there are few experimental data
on the determination of extraction constants and distribu-
tion coefficients. A number of papers give distribution
coefficients (or extraction factors) for a definite acidity of
the aqueous phase, and this makes it difficult to compare
the data of different authors.

1. Nature of the Extracting Agent
Comparison of the properties and extracting power of

more than forty solvents of different classes shows that
extraction is influenced to a considerable extent by their
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basic strength and dielectric constant, and also by their
structure and miscibility with water. Attempts to obtain
the dependence of the extraction properties of a solvent on
any single factor lead to lack of agreement between the
theoretical and experimental extraction series. If only
the basic strength of the solvent is taken into account, the
theoretical order is: nitrobenzene > methyl isobutyl
ketone = methyl ethyl ketone > ethyl acetate > pentyl ace-
tate, whereas the experimental order is: pentyl acetate <
nitrobenzene < ethyl acetate < methyl isobutyl ketone <
nzesglyl ethyl ketone < isopentyl alcohol < octanol < buta-
nol .

The extracting power of a solvent shows a correlation
with the solubility of heteropolycompounds in it and the
dielectric constant of the solvent. Murata and Kiba'"’
divided solvents into three groups: those in which hetero-
polyacids are sparingly soluble (€ = 2-4), soluble (€ =
3-8), and highly soluble (¢ = 5-18).

The relationship between the extracting power and solu-
bility of heteropolycompounds has also been studied by
other workers™ (Table 1). Among oxygen-containing sol-
vents, alcohols have the highest extracting power. They
extract all known heteropolyacids, in both oxidised and
reduced forms. Alcohols are also the best reagents for
the extraction of ionic associates of heteropolyacids with
dyes of different classes'””*°.  Cyclic alcohols are better
extracting agents than aliphatic alcohols®. The action of
esters and ketones is more selective. Increase in the
length and degree of branching of the carbon chain leads to
a decrease in extraction®!®910% 15T (maple 9),  The dis-
tribution coefficients of reduced molybdophosphoric acid
in 1.5 M sulphuric acid solutions for extraction by iso-
meric alcohols and esters are given below!®:

butanol pentanol butyl isobutyl isopentyl isobutyl
acetate alcohol alcohol acetate

279.0 259.3 0.42 70.1 85.1 0.28
Table 1. Distribution coefficients of tungstophosphoric

acid between aqueous and organic phases (28 + 1°C, initial
concentration 6.1 x 1073 M).

Solvent D stl::;‘;th* Sotubility, M* e
o-Dichiorobenzene 4.1-10~3 — — —
Chloroform 2.0-10-3 — — 4.8
Carbon tetrachloride 2.0-10-% — — 2.2
Benzene 2.2.10-5 — — 2.3
Pentyl acetate 1.1-1072 90 0.023 4.8
Nitrobenzene 3.1-10-2 28 0.0146 34.8
Ethyl acetate 3.2-10-2 84 0.031 6.0
Methyl ethyl ketone 1.5 77 0.171 —
Methyl isobutyl ketone 0.11 77 0.043 13.1
Octanol 2.2 — 0.073 —
Butanol 2.4 — 0,88 17.1

* The basic strength was measured from the displacement
of the CH3sOD band in the infrared spectra.

The addition of an inert solvent to the extraction system
decreases the extraction**”!,  The use of solvent mix-
tures is convenient in practice, since in this case the
separation of the phases is more rapid (because of the
decrease in the miscibility with water), and the organic
phase becomes heavier. In the selection of solvent in
analysis, account is taken of the miscibility with water,
the absorption of light in a given range of the spectrum,
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the selectivity, and the possible extraction of the ligand.
Sometimes, in addition to the principal extracting agent,
a solvent having a high solubility in water is added (ace-
tone, propanediol carbonate®®) to eliminate emulsified
water from the extract. Amines, tributyl phosphate, and
dimethyl sulphoxide are used only in mixtures with a dilu-
ent, polar or non-polar.

Table 2. Influence of the length of the carbon chain onthe
extraction (1g Kex) of heteropolyacids by alcohols (pH 1,
HC104). *°

Alcohol Mo-P Mo-Si
Propanol 3.29 —
Butanol 1.85 6.29
Pentanol 1.95 6.29
Hexanot 1.66 6.04
Octanol 0.63 5.64

2. Nature of the Compound Being Extracted

The extraction of heteropolycompounds depends on the
nature of the central atom and, to a lesser extent, on the
nature of the ligand. The decisive factors are the valency
of the central atom (which is related to the charge of the
anion) and its size. Extraction decreases with decrease
in the valency of the complex-forming atom, that is with
increase in the charge of the heteropolyanion (Table 3)*1%76%:77,
In a series of heteropolycompounds of elements of identical
valency, the extraction decreases with increase in the
jonic radius of the element. The distribution coefficients
of molybdophosphoric and molybdoarsenic acids under
identical conditions®” are given below:

HCI, M for Mo-As for Mo-P
Butyl acetate 1.2 1072 x 4.4 100
Butanol + chlorotorm 0.35 103 x 1.4 30

The distribution coefficients and extraction constants for
molybdenum and tungsten heteropolyacids having the same
central atom are of the same order of magnitude in all
solvents studied®”®® """ (Taple 3).

Table 3. Distribution coefficients of molybdenum and
tungsten heteropolyacids of silicon and phosphorus™.
Solvent Mo—P WP Mo-Si WSt
Pentyl acetate 1.9-10-2 1.1-10~2 2.26.107¢ 1.7-10~4
Nitrobenzene 0.21 3.1-1072 4.2:1078 3.08-10-3
Ethyl acetate 0.23 3.2-1072 8.5-10~4 3.9.107¢
Methyl isobutyl ketone 1.08 0,11 1.1-1072 7.0-1073
Methyl ethyl ketone 1.58 1.5 0.42 0.18
Isopenty! alcohol 37 1.8 1,1-10-2 1.06-10-2
Octanol 9.6 2.2 2,5-10"3 1.04-1073
Butanol 9.2 2.4 4.28 1.32

Compdrison of the distribution coefficients calcuiated
by different workers for specific conditions casts doubt on
the above relationships. Under real conditions, however,
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the distribution coefficient is influenced by many factors
(the stability of the given heteropolycomplex, the nature of
the mineral acid, the concentration of the ligand, and tem-
perature), so that the breakdown of the relationships is
only apparent (Table 4).

Table 4. Optimum concentration of hydrochloric acid for
the extraction of molybdenum heteropolyacids, and their
distribution coefficients®.

Extracting agent v/ 1 HCL M J D v/t, ‘ HCL M D
Molybdophosphoric acid Molybdosilicic acid
Diethyl ether 1.7 1.0—1.3 1.65 1.0 0.1—4.0 |0.01
Diethyl ether-pentanol (5:1)] 4.2 0.1—1.5 410 4.2 1.5—4.0 | 410
Butyl acetate 0.3 0.1—1.0 620 1.0 3.0 0.6
Methyl isobutyl ketone 0.3 0.1—1.5 620 7.1 0.1—4.0 | 710
Chloroform-butanol (4:1) 1.0 0.5—1.5 1.2 1.0 0.1—-2.0 0.01
Molybdoarsenic acid Molybdogermanic acid
Diethyl ether 1.0 0.5 1.1 1.0 2.0 0.06
Diethyl ether~pentanol (5:1)] 4.2 0.1—1.5 1.1 4.2 1.0—1.4 100
Butyl acetate 1.0 2.0 .07 1.0 2.0 0.08
Methyl isobutyl ketone 03 0.1—1.5 620 1.0 0.1—2.0 620
Chloroform-butanol (4:1) 1.0 0.1—2.0 0.m 1.0 0.1—2.0 | 0.01

The composition of the heteropolyanion remains
unchanged on transfer to the organic phase. This is indi-
cated by the fact that the absorption spectra of aqueous
solutlons and re-extracts of the heteropolycompounds are
identical™, and is confirmed by chemical analysis of the
organic phases” ™" by the isomolar-series method'', by
radiometric measurements'®, and by other methods. The
fact that the composition of the heteropolycomplex remains
unchanged on extraction has made it possible to detect
unsaturated complexes of molybdophosphoric acid, formed
under certain conditions. At pH 1, complexes having a
ratio Mo: P < 12 (even at a ratio Mo: P = 42 in the aque-
ous phase), extracted cguantltatively by butyl acetate and
heptanol, are formed* Solutions of phosphate and
molybdenum contain hlghly coordinated forms (Mo: P =
18), extracted by a mixture of butanol and chloroform*®
The preferential extraction of unsaturated complexes of
phosphorus, silicon, and germanium by butanol, and of
complexes having a hlgher molybdenum content by a mix-
ture of butanol and chloroform, has been confirmed®’*»*"
In some cases, decomposition of the mixed complexes on
extraction and the transfer of the binary compounds to the
organic phase have been observed >,

Special comparative studies of the extraction of the -
and R-isomers of heteropolycompounds have not been car-
ried out. It has been reported that there are no signifi-
cant differences in the extraction of the isomers of molyb-
dosilicic acid by dioctylamine™ and isobutyl alcohol*?°,

3. Nature and Concentration of Mineral Acid

In spite of lack of agreement in published data on the
pH at which extraction starts, it can readily be seen that
the greater the extracting power of a solvent and the abil-
ity of the heteropolycompound to be extracted, the lower
the acidity of the aqueous phase at which extraction of the
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complex begins. It is for this reason that in most stud-
ies, the comparative extracting power is estimated from
the pH corresponding to the start or completion of the
extraction of the heteropolycompound. The dependence
of the extraction on the acidity of the aqueous phase is
represented in the form of distribution curves obtained by
plotting the distribution coefficient D (or the percentage
extraction, optical density of the organic phase, etc.)
against pH, and also in the form of distribution diagrams
obtained by plotting lg D against pH (Figs. 1 and 2). The
distribution curve has three sections: in the first section,
the extraction increases with increase in the acidity, the
second section is the range of optimum extraction (D = const),
and in the third section the extraction decreases with
increase in the acidity. Published papers do not always
give all sections of thedistribution curve; mostfrequently,
only the first two are given.

HCL,M

Figure 1. Dependence of the extraction of molybdoarsenic
acid by butanol on the concentration of hydrochloric acid in
the aqueous phase®.

20

10

-10

=20
-20 -10

0
lg [H*J
Distribution of molybdenum heteropolyacids
1) Mo-P,

Figure 2.
between the aqueous phase and butyl acetate®:
2) Mo-As, 3) Mo-Si, 4) Mo-Ge.

The functional pH dependence of the dlstrlbutlon con-
stant on the first section of the curve has the form!:
1g D = nlg [H+] L const .
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Using this relationship, some authors attempt to deter-
mine the degree of participation of hydrogen ions in the
reaction involved in extraction (Table 5). The results
are contradictory, and this casts doubt on the justification
of determining the number of hydrogen ions by this method.
In fact, a priori assumption that the distribution constant
remains constant is not completely correct in such a com-
plex system as the heteropolycompound-acid-ligand-sol-
vent system. Simon and Boltz® suggest that a correlation
cannot be drawn between the slope of the 1g D-pH curves
and the number of hydrogen ions. This method, which
gives good results in the study of the extraction of hydro-
gen halogenometallates, cannot be used in systems in
which, in the opinion of the authors cited®, the solvent
plays a definite role in the formation of the compound
being extracted.

Table 5. Experimentally determined numbers of hydro-
gen ions n taking part in the extraction of heteropolyacids.
Extracting agent Mineral acid pH n References
Molybdophosphoric acid
Butanol -kerosene HCI 1.2—1.5 3 107
Propyl acetate HNO, 0.6—1.4 2 9
Propyl acetate HNO,4 0—0.6 0 9
Butanol, alkyl acetates HCI10, 1—2.5 1 10
Butyl acetate HCI 1—2 3.3 6
Diethyl ether HCl 0—1 2.6 6
Chloroform-butanol HC1 0—1 2 6
Molybdosilicic acid

Methyl ethyl ketone HCI 0—2 2 77
Alcohols HC10, 0—1.5 2 9
Diethyl ether-

pentanol HCl1 0—1 3.3 6

Molybdogermanic acid

Diethyl ether—

pentanol HCl 0—1 3.3 6

Tungstophosphoric acid

Methyl ethyl ketone HCI 0—3 1 76
Ethyl acetate, methyl isobutyl

ketone, isopentyl alcohol HC1 0—3 2 76
Nitrobenzene HCl1 0—3 0.5 76

The nature of the anion of the mineral acid has little
influence on the first section of the distribution curve, but
has a considerable influence on the third section, that is
in the range of acidity in which decomposition of the com-
plex takes place. The decrease in the extraction takes
place at a lower acidity in sulphuric acid than in nitric
acid and other media.  This phenomenon is not observed
for the extraction of tungsten acids. The difference can
be attributed to possible complex formation by molybdenyl
ions with sulphate ions®’.

4, Presence of Neutral Salts and Ligand Ions

The influence of added electrolytes on the extraction
equilibrium has not been studied systematically. The
mechanism of the influence of electrolytes on extraction is
not clear. In the opinion of some authors®®, the pub-
lished quantitative characteristics of extraction are
greatly distorted, since most measurements have been
made at a high concentration of electrolytes, that is in the
range in which the discrepancy between the concentration
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of the components and their activity is considerable. The
impossibility of comparing the experimental data obtained
by different workers is often due to the difference in the

ionic strengths at which the experiments were carried out.

Data have been published on the influence of various
ions on the degree of extraction of heteropolyacids in the
analysis of specific materials for silicon, phosphorus, and
arsenicloﬁylo’l,llﬁ—116,141,143,144,160. The mechanism of the
influence of neutral salts on the extraction equilibrium is
apparently different in each case. Previously, the
increase in the distribution coefficients of heteropolyacids
at high salt concentrations was attributed to the salting-out
effect', but recent data show that the influence of sodium,
lithium, and caesium salts cannot be regarded as merely
due to the change in the ionic strength’®® 716 Extracts
of heteropolyacids of molybdenum and tungsten with silicon
and phosphorus have been found to contain compounds in
which the ratio of lithium to the heteropolyanion is 1:1.7
The extraction of molybdophosphoric acid at pH 1-2 is
more complete in the presence of sodium, potassium, and
lithium chlorides than in their absence, because of the
formation and extraction of sodium molybdophosphate hav-
ing a ratio Na:P = 2.5.% Caesium can be extracted
quantitatively from solutions of heteropolyacids as a con-
sequence of exchange between caesium ions from the aque-
ous solution and hydrogen ions of the heteropolyacid from
the organic phase'®.

The extraction of salts of molybdenum and tungsten is
of particular interest, since all heteropolycompounds are
formred and are stable in aqueous solutions only in a defin-
ite excess of the ligand ions. It is particularly important
to take account of the possible extraction of the ligand in
the development of indirect methods for determining an
element via the ligand. Isopolymolybdates and isopoly-
tungstates are extracted less effectively than the corre-
sponding heteropolycompounds. Their extraction obeys
the same regular features as the extraction of heteropoly-
compounds® 0% 10:167=169 - 1g4h01ymolybdates are
extracted most effectively by alcohols, and least effec-
tively by esters and ketones®"*®®  Metatungstate is
extracted only by butanol and methyl isobutyl ketone at a
concentration of mineral acid > 5M.% The distribution
of isopolymolybdate between the aqueous and organic
phases depends on the nature of the mineral acid, because
of complex formation by molybdenum(VI) ions with the
anions of mineral acids.

Babko and coworkers® introduced the separation factor
of molybdenum heteropolyacids and isopolymolybdates,
equal to the ratio of their distribution coefficients, and
calculated its values in the molybdophosphoric acid-sodium
molybdate—solvent system. The greatest separation
effect® is observed for extraction by esters (y > 1000 for
propyl acetate at pH 0.2), and the least effective differen-
tiation is observed for alcohols (y < 50 in butanol and
pentanol). Isopolymolybdates are extracted effectively by
solutions of amines of high molecular weight in various
diluents™>**",

5. Time and Temperature

It is considered that shaking a mixture of an aqueous
solution of a heteropolycompound with an extracting agent
for 1-2 min is sufficient for maximum extraction of the
complex into the organic phase under given conditions”82% 66,
It has been reported that equilibrium is established after
shaking for 30 s ' or even 20 s '°**",  QOther studies®®®’
have shown, however, that the percentage extraction of
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molybdoarsenic and molybdophosphoric acids increases with
increase in the duration of extractien to 30 min. When
the extraction mixture is shaken for such long periods,
separation of the phases into layers becomes unsatisfac-
tory'™. It is considered® that the time required for
extraction equilibrium to be established depends on the
initial concentration of the complex in solution. A study
of the kinetics of the extraction of o-molybdosilicic acid
by trioctylamine in toluene showed that the process is
heterogeneous and involves several stages‘1 .

The influence of temperature on the extraction equilib-
rium has not been described. The choice of temperature
has been determined only by the conditions of formation of
the given heteropolycomplex'®s,

III. EXTRACTION OF MIXED HETEROFOLYCOMPOUNDS

Considerable attention is being paid to the study of the
extraction of mixed complexes, chiefly because of the pos-
sible extension of the range of elements whose determina-
tion is based on the formation of heteropolycompounds
(particularly in the development of indirect methods of
analysis), and also because extraction has proved to be an
effective method for studying mixed complexes in solution.
Mixed complexes are extracted less effectively than the
corresponding binary compounds, although the regular
features of extraction, noted above, are preserved. The
best extracting agents are alcohols and methyl isobutyl
ketone®® 1041061551717, others and esters either do not
extract mixed complexes at all or require a high acidity
for extraction®'*"'™  The process is sometimes accom-
panied by decomposition of the compound*®"**, Mixtures
of alcohols with esters or hydrocarbons extract a complex
more effectively, the higher the concentration of aleohol.
This is used in analysis to separate mixed complexes
from binary complexes'®*72%56%8  Trigctylamine
extracts mixed molybdenum heteropolyacids quantitatively
over a wide range of acidity®*?®",

Extraction depends on the nature and number of atoms
replacing the ligand atoms in the coordination sphere. The
greatest ability to be extracted is shown by mixed com-
plexes of phosphorus with the maximum number of molyb-
denum atoms. When molybdenum(VI) is replaced by V(V),
W(VI), Nb(V), Th(IV), Ti(IV), and Zr(IV), the ability to
be extracted decreases. The extraction of molybdenum
complexes of phosphorus decreases in the order Th(IV) >
Ti(IV) > Zr(IV), and the form of the curves giving the
dependence of the distribution coefficient on the ratio of
chloroform and butanol in the extraction mixture is speci-
fic for each compound'®. The greater the metal : molyb-
denum ratio, the less effective the extraction of the com-
plex®”'%® In the extraction of the compounds formed in
the systems Ge(IV)~Mo(VI)-Cr(III) and P(V)-Mo(VI)-
Cr(III), only compounds having a low chromium content
are extracted into the organic phase®”®,

The extraction of a number of mixed complexes of
molybdenum and phosphorus has been studied, and the
results have been used for the indirect determination of
metals®® %861t jg considered that the complexes
have the compositions P:Nb: Mo = 1:1:11 for niobium,
Ti: Mo = 2:11 for titanium, Ce:P = 2:1 for cerium, and
Th:P = 2:1 for thorium. On extraction by alcohols and
esters, the thorium and cerium complexes decompose®,
and molybdophosphoric acid passes into the organic phase.
The extraction of vanadomolybdophosphoric acid having a
ratio P: V:Mo = 1:1:11 has been most fully studied. The
complex is extracted quantitatively by pentanol at pH 0,%
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by butanol at pH 1, ®° by methyl isobutyl ketone at pH 0.3,
by a mixture of pentanol and diethyl ether®, and by tri-
octylamine in various diluents®*”. Methyl isobutyl
ketone is used particularly frequently. The composition
of the complex is preserved on extraction.

Phosphorus compounds are extracted much more effec-
tively than compounds containing other central atoms'®*%,

IV. EXTRACTION OF REDUCED HETEROPOLYCOM-
FOUNDS

The structures of the yellow (oxidised) and blue (reduced)
forms of heteropolycompounds are identical?, so that it is
to be expected that the principal regular features of
extraction should be preserved after reduction of the com-
plex.

Unfortunately, it is very difficult to compare published
quantitative data, since the distribution data (distribution
coefficients, percentage extraction) have been obtained
under the optimum conditions for the extraction of the
given complex, that is at definite concentrations of the
ligand ions, mineral acid, and added electrolytes. This
has led firstly to lack of agreement in the results obtained
by different workers, and secondly to conclusions which
are not fully justified, since the variations in the distri-
bution data are small (under optimum conditions, extrac-
tion is practically quantitative) and can be attributed to
experimental errors.

Alcohols are recognised as the most effective extract-
ing agents for molybdosilicic acid blues. Isopentyl alco-
hol is usually employed. Although alcohols having a
similar number of carbon atoms in the molecule have a
greater extracting power, isopentyl alcohol is sparingly
soluble in water, and this is a practical advantage. For
molybdophosphoric acid, methyl isobutyl ketone is more
frequently used'®”'™  in spite of the fact that alcohols
have a higher extracting power™ ™™ It has been
reported that there is a decrease in the molar absorptiv-
ity with preservation of a high percentage extraction of
acid blues by various oxygen-containing solvents, and that
the stability of the complexes in the or%anic phase depends
on the nature of the extracting agent®'",  Unfortunately,
the works cited do not give the purity of the solvents used,
or data on the extent of the oxidation of the heteropoly-
anion in the organic phase, so that there is some doubtas
to whether the decrease in the value of € is due to the
partial oxidation of the heteropolyanion blue by impurities
in the solvents, particularly since data on the stability of
reduced complexes in the organic g)hase do not always
agree™ ™, Thus the conclusion*” that the properties of
the compound formed in the organic phase depend on the
nature of the extracting agent is not completely correct.

The transfer of reduced heteropolycompounds from an
aqueous solution to an organic solvent is accompanied by
a displacement of the absorption bands in the visible range
of the spectrum. The displacement of the absorption
maximum is generally hypsochromic (Table 6). In the
extracts of heteropolycompound blues reduced by tin(II)
salts, a second absorption maximum appears. The reduc-
tion products have been divided into two groups, according
to their extraction behaviour™?: a) those obtained by the
action of “mild” reducing agents (ascorbic acid, 1-amino-
2-naphthol-4-sulphonic acid, hydrazine sulphate, p-methyl-
aminophenol sulphate), for which the spectrum of the
extract gives one absorption maximum; and b) those
obtained by the action of tin(II) salts, for which the spectra
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of the extracts contain two absorption maxima. The posi-
tion of the absorption band is independent of the extracting
agent. It has been reported, however, that the absorp-
tion spectra of molybdophosphoric acid blues depend on the
extracting agent'™. The a- and B-isomers show different
behaviour on extraction®,

Table 6. Positions of the absorption maxima (nm) for
reduced heteropolyacids in aqueous solutions and extracts
after extraction by butandl.

- ... |1-Amino-2-naphthol4-} Hydrazine
Hetero- Tin(II) salts Ascorbic acid . Lo
polyacid sulphonic acid sulphate Refs.
water butanol water Ibutanol water butanol | water fbutanol
o-Mo—Si 740 1630and 720 | 720 | 720 — — 790 | 720 32
$-Mo—Si 800 |630and 720 | 800 | 780 805 800 825 { 805 32
Mo—P 740 (625 and 725 25 | 780 825 780 825 | 780 7
Mo—Nb—P 700 730 — — — —_ — — 104

Amines of high molecular weight extract reduced
heteropolyacids more effectively than oxygen-containing
solvents®®®.  Thus molybdosilicic acid blue is extracted
quantitatively by trioctylamine at pH 1-1.6. The extrac-
tion is accompanied by a displacement of the absorption
maximum,; the magnitude of the displacement depends on
the diluent and the nature of the heteropol4yacid, but is
independent of the nature of the amine®*?® Reduced
mixed heteropolycompounds are extracted less effectively
than the binary compounds.

In analysis, use is made of the extraction of hetero-
polyacids reduced in aqueous solution, and also of a hetero-

polycompound in the organic phase after its extraction in
the non-reduced form®97 9L ™95 95,113,115,122-124,133,134,133,141,143,
146,147,149,152=156,177~179

Although the last procedure is
more widely used, the process of reduction in organic sol-
vents has been very little studied. The reduction of het-
eropolycompounds is more difficult in the organic phase
than in aqueous solution. The use of tin(II) chloride, mix-
tures of iron(II) chloride!® with ascorbic acid!®, andferro-
cene’® have been recommended.

In the reduction of the isomers of molybdosilicic acid,
the formation of two-electron bl ues of B~-molybdosilicic
acid, and two- and four-electron blues of the @-isomer,
has been observed in extracts obtained using dioctylamine
in chloroform™, In the opinion of the authors cited™, the
four-electron g-isomer can exist only in aqueous solution,
and not in the organic phase. Similar results were
obtained in a study of the reduction of the isomersof
molybdosilicic acid in oxygen-containing solvents’.  The
formation of intermediate products of the reduction of the
o-isomer, containing tin(IV) as hetero-atom, isassumed™.

The polarographic behaviour of heteropolycompounds in
organic solvents has been studied in most detail. It is
difficult to compare the results of polarographic studies by
different workers, since the experiments have been car-
ried out under different conditions (supporting electrolyte,
nature of the electrodes, and solvent) The magnitude of
of the reduction potential and the intensity of the signal are

influenced by many factors, but the mechanism of their
action is not clearsg’sg'”’gb96’99’1“’112’122’123’”9’181.
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V.EXTRACTION OF HETEROPOLYCOMPOUNDS BY
AMINES OF HIGH MOLECULAR WEIGHT

The extraction of heteropolycomapounds by amines has
been comparatively little studied®*:32™2»2-75,109-17,1827185
The use of amines is extremely promising in analysis,
since the presence, in the molecule of the extracting agent,
of the nitrogen atom, which is more basic than the oxygen
atom, ensures the quantitative extraction of the elements
as the heteropolycompounds. It is true that this is
accompanied by a decrease in the selectivity of extraction.
The theoretical study of the extraction of heteropolyacids
as ionic associates is of interest. Amines in which the
hydrocarbon chain contains less than seven carbon atoms
are not used, because of their ready miscibility with
water. Primary amines extract heteropolyacids with the
formation of precipitates, which float at the interface
between the phases, particularly in non-polar diluents.
The formation of precipitates is also observed in extrac-
tion by secondary and even tertiary amines at low concen-
trations. In the opinion of some authors®, secondary
amines are better extracting agents than tertiary amines.

Extraction by amines is carried out over a wide range
of acidity, restricted only by the protonation of the amine
and the stability of the heteropolyanion. The extraction
of reduced forms begins at a higher acidity24’33. The
extraction without acidification, reduction of the hetero-
polycomplex by trioctylamine is observed®. The reduc-
tion of molybdophosphoric acid by other amines in sul-
phuric, perchloric, and hydrochloric (but not nitric) acids
has been observed by Ivanov'®®, In the extraction of
heteropolyacids by insufficient quantities of an amine in
diluents having a low polarity, extraction of the complex
in quantities greater than that corresponding to the stoi-
chiometry of the ionic associate formed is observed®.
This effect, which is characteristic of all strong acids, is
probably due to the extraction of additional molecules of
the heteropolyacids by the compound extracted.

No significant differences are observed in the extrac-
tion of the isomers of molybdosilicic acid**"™., The com-
position of the coordination sphere of the heteropolycom-
plexes remains unchanged on extraction. In the extraction
of molybdoarsenic acid from hydrochloric acid solution,
however, the ratio of the number of central atoms to the
number of ligand atoms is 1:11. ™ It was suggested™ that
two forms of complex are extracted: a saturated form
having a ratio As: Mo = 1:12, and an unsaturated form
having a ratio As: Mo = 1:9. At the interface between
the phases, the colourless unsaturated complex is partly
converted into the yellow saturated complex.

The compounds formed on extraction are ionic asso-
ciates®'%.  The compositions of the products extracted
correspond to the complete replacement of the protons in
the non-reduced forms®**"*%1® " Fractional amine : hetero-
polyacid ratios have been found", however (from satura-
tion curves). This is attributed to the possible existence
of different protonated forms of the complexes in the
strongly acidic media in which the experiment was car-
ried out.

The nature of the absorption spectra of the organic
phase is independent of the nature of the amine. In the
opinion of some authors®, the position of the maximum in
the spectra of extracts of reduced molybdophosphoric acid
depends on the reducing agent and the solvent used todilute
the amine.

The mechanism of the extraction of heteropolycompounds
as their associates with dyes and quinolinol is probably
similar to that for extraction by amines. Heteropolyacids
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react with basic organic compounds (generally

containing a nitrogen atom inthe molecule)togive products
sparingly soluble in water. From the nature of the bond-
ing, they can be regarded as ionic associates. In some
cases, these compounds dissolve in organic solvents
which are immiscible with water, that is it is possible to
extract the heteropolycomplex as ionic associates with
organic bases (various types of dye, 8-quinolinol).  The
use of dyes as extracting agents in analysis is promising,
since most dyes have high molar absorptivities. = The
compounds of molybdophosphoric acid with a number of
dyes (Crystal Violet, Methyl Violet, Malachite Green,
Iodine Green, Safranine, Rhodamine, etc.z are extracted
by hydrocarbons, alcohols, and ketones!”"®?2:25:2%% Tpe
compounds of molybdosilicic acid with dyes of the triphe-
nylmethane, xanthone, and antipyrine series are also
soluble in alcohols and ketonesé but are not extracted by
hydrocarbons and nitrobenzene®®. Molybdoarsenic acid
reacts with dyes to form compounds which canbe extracted
by alcohols and ketones'®,

Alcohols and ketones, particularly the aromatic and
cyclic compounds'™®®, and propyl acetate, are regarded
as the best extracting agentsfor the ionic associatesformed
by heteropolyacids with dyes. Extraction is sometimes
accomganied by flotation at the interface between the
phases®”*®,  The extraction of ionic associates takes place
in a definite range of acidity, which is broader than that
for the extraction of heteropolycomplexes by oxygen-con-
taining solvents. According to some a.uthors”, the ionic
associates of molybdophosphoric acid are extracted at
pH 1.3-1.5; according to others®, the ionic associate of
the same acid with Rhodamine B, [RhB}s [Mo-P], is
extracted at the pH of formation of the complex without
additional acidification. The same is observed in the
extraction of the reduced molybdophosphoric acid by
Safranine T.2® As in the case of extraction by amines,
the acidity range is apparently restricted by the stability
of the heteropolycomplexes.

The compositions of the compounds formed by molyb-
dosilicic acid with dyes depend on the nature of the dye:
the molecule of the molybdosilicic heteropolyacid adds on
four molecules of Rhodamine 6G and three molecules of
Methyl Violet®®.  8-Quinolinol also reacts with molybdo-
phosphoric acid to form a compound which is sparingly
soluble in water but soluble in oxygen-containing organic
solvents®®. The ability of the compound formed by
8-quinolinol with molybdophosphoric acid to pass into the
organic phase decreases in the solvent order ®: nitroben-
zene > carbon tetrachloride > chloroform, that is the
order coincides with the order of extraction of the hetero-
polycomplex in the absence of quinolinol™. It is suggested
that the compound [PMo12040|(HOx)s, where Ox = 8-quino-
linol, is formed.

VI. MECHANISM OF THE EXTRACTION OF HETERO-
POLYCOMPOUNDS

Various suggestions have been made regarding the
mechanism of the extraction of heteropolycompounds, but
the experimental material available up to the nineteen-
sixties did not make it possible to give preference to any
of these!. It is now possible to exclude from the number
of hypotheses the suggestion that there is physical distri-
bution of the heteropolycompound between the aqueous and
organic phases. The solubilities of heteropolycompounds
in water and organic solvents are commensurate, so that
the distribution coefficient for a physical distribution
mechanism should be ~1, which is not confirmed by exper-
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imental data. Experimental observations also do not con-
firm the hypothesis of an oxonium mechanism of extraction
by oxygen-containing solvents, according to which hetero-
polycompounds are extracted as alkylsubstituted oxonium
salts, the so-called etherates. In this case the extraction
should take place in a strongly acidic medium, whereas
the extraction of heteropolycompounds has beer reported
even at pH 3-1.

At the present time, two mechanism of extraction, based
on the assumption that the heteropolycompound reacts with
the extracting agent, are being discussed. According to
the donor-acceptor mechanism, extraction is accompanied
by the formation of a coordination compound between the
molecule of the organic solvent (electron donor) and the
heteropolyanion (electron acceptor). The formation of the
coordination compound involves the oxygen, nitrogen, or
phosphorus atoms of the organic solvent and an atom of the
ligand of the heteropolycomplex, in particular molybdenum,
which in this case has a coordination number equal to eight.
According to the hydrate-solvate mechanism, the reaction
of the solvent with the heteropolycompound involves its
cationic part. For the extraction of heteropolycompounds
by amines of high molecular weight and in the form of
compounds with dyes, the ion associate mechanism and
anion exchange are also being discussed.

The reaction between heteropolycompounds and the sol-
vent is indicated by changes in the absorption spectra in the
visible, ultraviolet, and infrared ranges, and in the PMR
and NMR spectra. The spectra of extracts of molybdo-
phosphoric acid show a maximum in the range 308-
320 nm; >%!%® the same maximum is observed when molyb-
dophosphate is formed in aqueous organic media®®'*°, In
the spectra of extracts of tungsten heteropolyacidsf the
absorption maximum is displaced by 10-15 nm, *®7%1%¢ 1n
the extraction of the reduced forms, a hypsochromic shift
of the absorption maxima in the visible range is observed.
The PMR spe ctra show the chemical shifts and the change
in the width of the lines due to water, and also the chemi-
cal shifts of the signals of the proton-containing groups of
the solvent®?861%,

The changes in the absorption spectra are not always
interpreted correctly, however, In the opinion of some
authors®?°, the hypsochromic shift of the absorption max-
imum in the spectra of the extracts of reduced heteropoly-
acids is due to the donor—acceptor interaction of the
molybdenum (VI) atom of the heteropolyanion with the oxy-
gen atom of the solvent. The changes in the spectra
might have been due to other factors, however. Thusa
change in the oxidation state of the heteropolyanion leads
to a change in the absorption spectrum. The products of
the attachment of from one to six electrons to molybdo-
silicic acid differ in the Positions and intensities of the
absorption band maxima'®”, Differences are also observed
in the absorption spectra of the products of the reduction
of a-molybdosilicic acid by two and four equivalents of
tin(II) chloride or oxalate®*™,

Changes in the spectra may also be due to a change in
the degree of protonation of the heteropolyanion, as shown
by a number of workers'®®, The protonation of the sex-
tuply-charged ao-molybdosilicate blue leads to a batho-
chromic shift of the absorption maximum by 60-70 nm,
whereas for S-molybdosilicate, a hypsochromic shift of
80~100 nm is observed. Moreover, tin(IV) evidently
takes part in the formation of intermediate compounds in
the reduction of heteropolycompounds by tin(Il) salts. The
stabilisation of intermediate mixed compounds may also
lead to changes in the absorption spectra of extracts, com-
pared with those of the aqueous solutions. The suggestion
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that there is donor-acceptor interaction between the het-
eropolyanion and the oxygen atom of the solvent, based on
the displacement of the bands in the infrared spectra in
heteropolyacid—ketone systems®, was found to be unjusti-
fied. It was later shown that the displacement of the
bands is due to the formation of new compounds in the sys-
tem, including alkyl derivatives of benzene'®’,

In the opinion of Lebedeva and Vanchikova® %" evi-
dence in support of the donor—acceptor mechanism of
extraction of heteropolycompounds is provided by data
obtained in the study of the solvation of molybdenum and
tungsten heteropolycompounds of phosphorus, silicon, and
germanium by NMR and PMR spectroscopy. According
to their observations, the extraction of the heteropoly-
acids of silicon and phosphorus takes place by different
mechanisms. In the presence of an organic solvent, the
anionic part of the heteropolycomplex is solvated, whereas
in an excess of the solvent, the cationic part is also sol-
vated. The donor-acceptor mechanism has been used®’®*®”
to explain various regular features of the extraction of sat-
urated and unsaturated molybdenum heteropolycomplexes,
and also the differences in the extracting power of oxygen-
containing solvents. Thus the greater extracting power of
alcohols can be attributed to their greater solvating power,
since they can act as both electron donor and proton donor;
esters and ketones, however, exhibit only electron-donor
properties.

Most of the regular features of the extraction of hetero-
polyacids can be described satisfactorily on the basis of
the hydrate—solvate mechanism of extraction of strong
acids. The participation of the functional groups of the
organic solvents in hydrogen bond formation is indicated
by the displacement of the bands due to the stretching
vibrations of the OH bonds in butanol and the C = O bonds
in propyl acetate towards lower wavenumbers (by 170 cm™*
and 40 cm™* respectively) in the infrared spectra of the
extracts®. In Ivashkovich's opinion®, the increase in the
extraction of molybdophosphoric acid with increase in the
acidity of the aqueous phase, that is with suppression of
the acidic dissociation of the complex acid, indicates the
possible existence of a hydrogen bond between the hydro-
gen ions of the heteropolyacid and the oxygen atom of the
solvent. This gives an associate which is extracted into
the organic solvent by a hydrate-solvate mechanism. The
formation of an ion pair between the triply-charged anion
of molybdophosphoric acid and a solvated hydroxonium ion
is assumed by a number of authors™7"'°"**°  Simon and
Boltz draw an analogy between extraction systems of the
type iron(IlI)-hydrochloric acid-organic solvent and the
heteropolyacid—organic solvent system; for molybdo-
phosphoric acid, the equation for the reaction involved in
extraction should be written in the form®:

3H(H,0) (S); - Cl -+ [PMo1,041%~ = 3H(H,0) (S)] - [PM010401*,

where S represent the solvent.

For the description of the same process, with the
assumption that a hydrated hetero;)olyanion is present in
the aqueous solution, Ivashkovich® proposed the equation

[PM01,049]" " - m H,O (aq) + n H* 2= H [PMo1g0g] m H;O (2q) + ¢S 2
= H, [PMoy;0;] - mH;04S.
A similar equation for extraction has been put forward by
other workers'’.
Using the equationsfor extraction andgenerally accepted
techniques, various authors have tried to determine the
solvation number, that is the number of molecules of the

solvent taking part in the formation of the ion pair (Table 7).

The results are contradictory, and this casts doubt on the
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justifiability of determining solvation numbers in this
case by the usual methods. In fact, in extraction by mix-
tures of an extracting agent and inert diluents of different
composition, the changes in the dielectric constant of the
extracting agent are usually not taken into account. It
has been shown™ that the increase in € with increase inthe
proportion of tributyl phosphate in its mixtures withchlo-
roform leads to an increase in the dissociation of the ion
pair in the organic phase, and in the final analysis to a
value of the solvation number which is too high. This
possibly explains the value of the solvation number, equal
to six, found in a studymog the tungstophosphoric acid—tri-

butyl phosphate system™ ™.,

Table 7. Experimentally determined solvation num-
bers n.
Solvent Medium m References
Molybdophosphoric acid
Any solvent HCI 6 91
Propy! acetate pH 0.3; HNO, 8 9
pH 2.0; HNO, 6 9
Alcohols HCIO4 5 10
Tributyl phosphate 8—9 87
Esters, ketones 0.26—5.3 186
Tributyl phosphate 3 78
Molybdaosilicic acid
Alcohols HCIO, 8 10
Tributyl phosphate 3 78
12 87
Dibutyl sulphoxide 6 190
Tungstophosphoric acid
Tributyl phosphate HNO;,3 6 189
» 3 78
Tungstosilicic acid
Tributyl phosphate | | 3 | 78

The values obtained for the solvation numbers, and also
the numbers of hydrogen ions involved in the reaction
(Table 52,7 have been used to calculate the extraction con-
stants'®"""™%  The values of the constants found by dif-
ferent authors naturally do not coincide. However, the
extraction constants and distribution coefficients found
under the same conditions can be used to estimate the
comparative extracting power of solvents or the extrac-
tion of different heteropolycompounds, so that theirdeter-
mination is undoubtedly necessary.

Various reactions may take place in the organic phase
containing extracted compounds, Lakshmanan™ showed
that ion pairs dissociate in nitrobenzene with the removal
of the solvated proton. This provides evidence in sup-
port of a hydrate-solvate mechanism of extraction.

The differences in the extraction of heteropolyacids
having different central atoms are readily explained by the
hydrate-solvate theory: the greater the charge of the
heteropolyanion, the less effectively it should be extracted.
This is confirmed by experimental data (Table 3). The
decrease in the extraction of mixed heteropolycompounds
compared with the binary compounds can also be under-
stood, in view of the increase in the charge of the hetero-
polyanion when the molybdenum(VI) atom is replaced by
an atom of lower valency (vanadium(V), niobium(V), titan-
ium(IV), etc.). The suggestion that the decrease in
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extraction is due to steric hindrance® is apparently not
fully justified, since the replacement of one atom by
another in the coordination sphere has no significant influ-
ence on the size of the anion, and the structure of thecom-
plex remains unchanged.

Contradictory views have been put forward on the com-
parative extraction of reduced and non-reduced forms.
From the hydrate—solvate mechanism of extraction, a
decrease in extraction on reduction should be expected,
since the charge of the heteropolyanion increases. Accord-
ing to some authors'®, molybdophosphoric acid blue is
extracted more effectively than the yellow form, and this
was attributed to a decrease in the acidic dissociation of
the compound and a decrease in the hydration of the anion
in the aqueous phase. As noted above, however, the con-
ditions under which the extraction of the two forms was
studied were not identical, so that in this case, conclu-
sions cannot be reached regarding the comparative extrac-
tion of the complexes. The hydrate—solvate mechanism
of extraction of heteropolycompounds is confirmed indi-
rectly by the fact that the o- and S-isomers are extracted
to practically the same extent (the charges of the two
forms are identical).

The same ideas can be used to explain the low value of
the extraction factor for isopolymolybdate ions, which
carry a high charge (hepta- and octamolybdates). The
complex dependence of the distribution coefficient of
molybdenum (VI) on the concentration of hydrogen ions and
molybdate in the aqueous phase agrees with the suggestion
that molybdate solutions contain polymeric species, the
composition and charge of which are determined by the
concentration conditions and pH.

Extraction by amines can most probably be represented
by the following scheme: protonation of the amine, forma-
tion of an ionic associate of the heteropolyacid and the
mineral acid with the amine (neutralisation), extraction of
ionic associates into the organic phase, ion exchange
between the mineral acid and the heteropolyacid, and dis-
sociation of the ionic associate in the organic phase. The
first attempt to obtain the quantitative characteristics of
the extraction equilibrium in a heteropolyacid-amine sys-
tem was made by workers'® who determined the composi-
tion of the compound extracted in the extraction of @-molyb-
dosilicic acid by tri-iso-octylammonium nitrate in dichlo-
roethane and suggested that the compound is dissociated in
the organic phase. From a study of the distribution of the
heteropolycomplex between the aqueous and organic phases,
they proposed the following equation for the extraction:

H,[SiM03;04] (ag) + 4RNHNO; (org) 2 {[SiMoqu] (RsNH);‘:ni (org) -+
-+ n RgNH* (org) + 4NO;‘ (aq) -+ 4H* (aq).

From the relationship between the equilibrium concentra-
tions of the components and the stoichiometry of the com-
pound extracted, other workers'®® obtained an equation
which made it possible to determine the stoichiometry of
the dissociation of the complex in the organic phase, and
they calculated the conditional extraction equilibrium con-
stant. According to their calculations, the ionic asso-
ciate dissociates with the removal of one protonated amine
particle; the equilibrium constant depends on the concen-
tration of acid in the aqueous phase, because of the pro-
tonation of the heteropolyanion.

Suggestions'®® regarding the nature of the bonding, com-
position, and behaviour of the ionic associate in the organic
phase were confirmed by studies of the extraction of
molybdosilicic and vanadomolybdophosphoric acids by tri-
octylamine in various diluents®*®*"*!; infrared spectro-
scopy and isolation in solid form established that the
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The dissociation of the

compounds extracted are ionic.
36,41

associates was confirmed conductometrically

The nature of the diluent plays an important part in
extraction by amines. The extraction is influenced by the
dielectric constant and solvating power of the solvent®"*%,
Solvation may involve the cationic part of the heteropoly-
complex in the case of a diluent having nucleophilic pro-
perties (benzene, toluene), or the anionic part in the case
of a diluent having electrophilic properties (dichloroeth-
ane). The extraction constant and the distribution coef-
ficient should reflect the overall result of the electrostatic
and solvating effects of the diluent and be determined by
the contributions made by each. A specific feature of
heteropolycompounds is that the charge density on the
anion is very low (because of the large size of the anion),
so that solvation of the anionic part of the complex has a
low probability.

A method has been proposed'® for calculating the over-
all constant for the extraction and formation of heteropoly-
acids by amines, based on published data on the polymer-
isation of molybdenum(VI) in solution:

3
H,PO, + -5 H,MogOq + 3BHNO, 7% (BH),PMoy:0;, -+ SHNO, + 3H,0,

where B represents the amine. No allowance was made,
however, for processes in the organic phase.

Thus the study of the mechanism of the extraction of
heteropolycompounds raises many unresolved problems,
and final conclusions regarding the mechanism of the
transfer of heteropolycompounds to the organic phase can
only be reached using a large amount of experimental
material, including the results of kinetic studies of the
process.

VII. ANALYTICAL AFPLICATION OF THE EXTRACTION
OF HETEROPOLYCOMPOUNDS

1. Separation of Elements by Extraction

The greatest number of schemes has been proposed for
the separation of phosphorus, silicon, arsenic, and ger-
manium, Methods have been developed for the succes-
sive separation of all four elements, the extraction of one
of the heteropolyacids in the presence of the others, and
the separation of combinations of two or three elements.
The distribution diagrams for molybdenum heteropoly-
acids in oxygen-containing solvents and their mixtures®
can be used to select conditions for the quantitative sepa-
ration of many elements (Table 4). Paul® put forward a
scheme for separating the same elements, based onselec-
tive extraction in perchloric acid (scheme 1).

Scheme 1*

| Mo—P, Mo—-Si, Mo—As, Mo—Ge

’ isobutyl acetate pH 1.0—0.8
l

Mo—P I Mo—Si, Mo—As, Mo—Ge
iso-octy! alcohol ‘ pH 0.4
SO S W S
Mo—Ge \ Mo—Si, Mo—As
iso-octy! alcohol pH 0.2
] !
Mo—Si \ Mo—As

t The continuous lines denote agueous phases, and the
broken lines organic phases.
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The separation schemes sometimes include reactions
not associated with the formation of heteropolycompounds
(polymerisation, complex formation by one or several
elements, precipitation). Thus a scheme for separatmg
germanium, phosphorus, silicon, and arsenic®® proposes
the separation of germanium as 1ts complex with phenyl-
fluorone, and the conversion of silicon into polymeric
forms which do not give a complex with molybdate ions
(scheme 2).

Scheme 2

( P(V), Si(IV), As(V), Ge(lV) |

phenylfluorone isopentyl alcohol

i 1
Ge(1V) Y
‘ P(V), Si(1V), As(V) ‘
HC]OJ
J 1
Si(Iv) ]
polymer P(V), As(V) ‘
molybdate ion ! isobutyl acetate
,,,,,,,, b S
Mo—P ' Mo—As .

The following scheme has been proposed for separating
phosphorus, arsenic, and silicon by varying the extracting
agents'®:

Scheme 3

l Mo—P, Mo—Si, Mo—As I

| isobutyl acetate
Mo—As, Mo—Si

ethyl acetate-butanol~
isopentyl acetate

Mo—Si | .
Amines of high molecular weight are less selective, but

it is possible to separate the molybdosilicate complex
from 2 M sulphuric acid solution and the molybdophosphate
complex from 2M perchloric acid solution using tri- and
dioctylamine in chloroform, in the presence of arsenic and
germanium

Methods have been proposed for separating silicon from
its mixtures with phosphorus and arsenic by the extraction
of the molybdenum complex into methyl isobutyl ketone in
the presence of citrate ions, whlch decompose the phos-
phorus and arsenic complexes'®, and for separating sili-
con from arsenic by extracting the molybdosilicate into
iso-octyl alcohol'®®. A method has been proposed for
separating phosphorus from the same mixture by extract-
ing the compound of molybdophosphate with Crystal Violet
into alkyl acetates at pH 0.2-0.5. The extraction is not
affected by the presence of unlimited quantities of silicon,
or by a tenfold excess of arsenic®,

A method has been proposed for separating phosphorus
from silicon and germanium by extracting the tungsten
heteropolycomplex into butyl acetate or its mlxtures with
diethyl ether from 0.5-1M sulphurlc acid solution®®

A method has been proposed™®* for separating the corre-
sponding molybdenum heteropolyacids from a mixture of
silicon, phosphorus, and arsenic by extracting into iso-
butyl alcohol at different acidities. = Methods for sepa-
rating pairs of elements (phosphorus and silicon, phos-
phorus and arsenic, phosphorus and germanium) arebased

511

on the ease of extraction of the heteropolycompounds of
phosphorusez’63’105’1"2’193 Various methods for separating
elements are based on a combination of extraction and the
selective decomposition of the heteropolycomplexes in
mineral acids®

2. Extraction Methods for Determining Elements

Extraction-photometric methods for determining ele-
ments are most widespread. This is natural, in view of
the high molar absorptivity of heteropolycompounds, par-
ticularly the reduced forms (in the visible range) and the
mixed complexes. Extraction extends considerably the
possibilities provided by the photometric method for a
number of reasons: firstly, the element is concentrated,
secondly, the unstable isomers of heteropolycomplexes
are stabilised; thirdly, the separation from the excess of
molybdate or tungstate ions makes it possible to carry out
measurements in the near ultraviolet range, where the
absorption by the complexes is a maximum,; and finally,
extraction has provided extensive possibilities for develop-
ing indirect methods for the photometric determination of
elements via the ligand.

The extraction of molybdosilicic acid by pentanol 1sused
to determine down to 0.02% silicon in copper and brass'’
and by ethyl acetate to determine silicon in sea water157.

In the extraction of reduced forms, butanol is used to
determine down to 5 X 107% siliconintitaniumm, isopentyl
alcohol is used to determine silicon in a number of salts,
alloys, and steels''®'? and traces of silicon in anhmony,
thallium, gallium, and indium™**** and a mixture of chlo-
roform and propane 1,2-diol carbonate lS used todetermine
down to 0.2 yg ml™ ! silicon in solutions*® A number of
methods for determining silicon are based on the extraction
of the yellow forms of heteropolyacids with subsequent
reduction in the organic phase. Extraction of molybdo-
silicic acid by pentanol with reduction by tin(II) chloride
has been proposed for determining silicon in highly pure
aluminium'®, extraction by butanol with reduction by a
mixture of iron(Il) sulphate and ascorbic acid for thedeter-
mination of down to 2 X 10~*% silicon in niobium and tanta-
lum™ 718 extraction by methyl isobutyl ketone with reduc-
tion by tm(lI) chloride for the determmatlon of down to

2 x 107*% silicon in vanadium'*® and in solutions of hydro-
gen fluoride in the presence of tantalumlss, and extraction
by isopentyl alcohol with reduction by tin(II) chloride for
the determlnatlon of traces of silicon in copper and copper
alloys'™*

Ammes of high molecular weight are being widely used
as extracting agents. Conditions have been recommended
for the extraction of yellow molybdosilicic acid by a solu-
tion of tri-iso-octylammonium nitrate in dichloroethane
for the determination of down to 10 % silicon in solu-
tions®® , by a solution of trioctylamine in toluene for the
determmatlon of down to 107*% silicon in vanadium pent-
oxide®® , by solutions of di- and trioctylamine in chloro-
form for the determination of silicon in steels“, and by a
solution of diethylhexylamine in dichloroethane for the
determination of down to 1 pg ml™* silicon in solutions'®
The extraction of the reduced forms of molybdosilicic
acid by amines has also been proposed: by a solution of
dioctylamine in pentanol for the determination of down to
0.01 pg m1™" silicon in solutions®®; by a solution of tri-
octylamine in toluene for the determination of silicon in
plants and fertilisers® ; and by a polyethoxylated amine
in butanol for the determination of down to 1077% silicon
in pure water'®*,
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Extraction by isopentyl alcohol of molybdoarsenic acid
reduced by hydrazine sulphate is used for the extraction—
photometric determination of down to 5 X 107°% arsenic
intin, antimony, aluminium, thallium, and indium 33,3415
A method involving reduction of the complex by tin(II)
chloride after its extraction by a mixture of diethyl ether
and butanol, having a detection limit of 10™*% arsenic'*®,
and also a method for extracting the non-reduced complex
by di- and trioctylamine (detection limit 10”%%) and by a
number of other amines for the determination of down to
0.04 ug m1™", '8 have been proposed. Arsenic and
phosphorus can be determined in tungsten-rhenium
alloys'®®,

The extraction of molybdophosphoric acid by butyl ace-
tate has been recommended for determining down to
4 x 107°% phosphorus in iron’™ and 0.35 pg m1~* in solu-
tions'®®, extraction by isobutyl alcohol in mixtures with
benzene and ethanol for the determination of phosphorus
in solutions containing the groducts of the deprotonation
of adenosine triphosphate'®®, and extraction by di- and
trioctylamine for determining phosphorus in steels™,

Most extraction—photometric methods for determining
phosphorus, however, used extraction of the mixed vana-
domolybdophosphoric acid, and also reduction of the com-
plex in the aqueous phase before extraction or in the
organic phase after extraction. Extraction of the mixed
heteropolycomplex by methyl isobutyl ketone is pro osed
for determining phosphorus in steels and alloys™®'* in
ferroniobium, ferrotitanium, and niobium ores!'?!, in
ferrovanadium and ferrous alloysm, extraction by buta-
nol for the analysis of silicon tetrachloride (detection
limit 5 x 10~"% phosphorus)'*®, by pentanol for the analy-
sis of solutions containing down to 1.5 ug ml™! phos-
phorus®, and by trioctylamine in toluene for determining
down to 107%% phosphorus in vanadium pentoxide®®.

Reduced forms of molybdophosphoric acid are extracted
by mixtures of dioctylamine with pentanol and chloroform
in the analysis of solutions with a detection limit of
0.01 pg ml™* phosphorusze, by isopentyl alcohol for deter-
mining down to 10~%% phosphorus in tin'** and down to
5 x 10~ "% phosphorus in methyltrichlorosilane'*’, by
methyl isobutyl ketone for the analysis of pure iron, andby
butanol and isobutyl alcohol for the analysis of solutions
containing down to 0.05 pg ml~* phosphorus'™'™, Many
procedures recommend the extraction of the yellow
molybdophosphate complex with subsequent reduction in
the organic phase, most frequently using tin(II) chloride.
The extraction is usually carried out by alkyl acetates;
butyl acetate for determining traces of phosphorus in salts,
metals, and alloys'’®, and isobutsyl acetate®™ ethyl ace-
tatesz’lé')‘ and isopentyl acetate'™ for the analysis of iron
and steels**”. Various authors recommended diethyl ether!ss,
alcohols, and their mixtures with chloroform*!143:146:277,
A method involving the reduction of the molybdophosphate
complex by ascorbic acid in the re-extract after extraction
by butanol has also been proposed for the analysis of alloy
steels'®,

A number of methods for determining phosphorus in
solution are based on the extraction of the ionic associates
of molybdophosphate with dyes of different types'?'"!8?25:%

In addition to traditional extraction-photometric meth-
ods, methods based on the reactions of heteropolycom-
pounds in organic phases are now being developed. Titri-
metric methods for determining phosphorus and silicon,
based on the neutralisation of the heteros)olgacids by strong
bases in the organic phase with visual®”****" and conduc-
tometric indication of the end-point of the titration'*,
have been proposed. Phosphorus in natural waters has
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been determined by flame photometry in sodium molybdo-
phosphate extracts'® (detection limit 107 yg mi™* phos-
phorus). A neutron-activation method has been proposed
for determining phosphorus in steels, involving the extrac-
tion of molybdophosphoric acid by butanol and measure-
ment of the quantity of P (Ths,z = 14.3 d) in the
re-extracts'®®,

A number of methods have been proposed for determin-
ing silicon, phosphorus, and germanium in steels,
bronzes, and solutions, based on the polarographic
reduction of heteropolycomplexes in the organic
phaseﬁ,ﬂs '71,73,91,92,95,98,122—124,179' A method ha.S been pro-
posed for determining small quantities of elements from
the chemiluminescence of the compounds formed by het-
eropol;acids with luminol after extraction by solvent mix-
turesl 9, 200

Extraction is also used to determine elements which
are not typical complex-forming elements in heteropoly-
compounds. Thus an extraction—photometric method has
been Proposed for determining down to 0.04 ug ml~! nio-
bium®* and antimony'™. Methods have been developed for
extracting caesium by nitrobenzene in the presence of
molybdophosphoric acid'®*™*%,  Extraction can also be
used to determine elements which act as ligands in hetero-
polycomplexes. Methods have been described for the
photometric determination of down to 25 ug ml™" vanadium,
involving the extraction of vanadotungstophosphoric acid
by methyl isobutyl ketone'™ and isobutyl alcohol®”; for
the polarographic determination of molybdenum, involving
the extraction of vanadomolybdophosphoric acid by isopen-
tyl alcohol®; for the extraction~photometric determina-
tion of vanadium in aluminium with a detection limit of
4% 107*%;'™ and for the determination of tungsten, involv-
ing the extraction of tungstophosphate®®.

In the last ten years, indirect methods have been devel-
oped for determining elements by the formation and extrac-
tion of heteropolyacids. Thesearebasedontheextraction
of the heteropolycomplex under the conditions of minimum
extraction of molybdate ions, decomposition of the hetero-
polycomplex, and determination of molybdenum(VI). The
favourable stoichiometric ratio of the central atom and the
ligand makes this method extremely promising for decreas-
ing the detection limit (the multiplication factor in most
cases is twelve) and extends the range of reagents and
methods.

A large number of indirect methods use the photomet-
ric version, based on the formation of coloured complexes
of molybdenum(VI). The use of the familiar formation of
the complex of molybdenum (V) with thiocyanate ion has
made it possible to develop methods for determining phos-
phorus in solutions (effective molar absorptivity 1.56 X
10%), * and for determining down to 10™°% phosphorus in
iodine and highly pure tin'®, A number of methods,
including the determination of down to 10~ "% phosphorus
in hydrochloric and nitric acids, are based on the kinetic
determination of molybdenum(VI).*""*° The use of
organic reagents for determining molybdenum(VI) is par-
ticularly effective. Indirectzphotometric methods involv-
ing the use of phenylfluorone'?®, azo-compounds?®’,
2-amino-4-chlorobenzenethiol *, benzidine, and gallic acid
in the presence of hydrogen peroxide’” have been proposed.
Conditions have been recommended for determining micro-
quantities of phosphorus and arsenic in rhenium using zinc
dithiol (effective molar absorptivity 1.7 x 10° for phos-
phorus and 2 x 10° for arsenic) and Sulphonitrophenol M
(€e £ 4.6 x 10° for phosphorus and 4.5 x 10° for arse-
nics 42
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An indirect titrimetric method with complexometric
titration of molybdenum (VI) after the extraction of molyb-
dosilicic acid by isopentyl alcohol with subsequent decom-
position has been proposed for determining silicon in sili-
cides®, and titration of Molll by permanganate after the
reduction of MoVl in a reductor has been recommended for
the analysis of silicates containing up to 68% Si0.. >°° The
intense absorption by molybdenum(VI) in the ultraviolet
range of the spectrum 1s used in a number of methods for
determmmg 0.1 ke ml™" silicon and phosphorus 0.3 ug
ml™" germanium®®, and 0.48 pg m1™ vanadium

Methods using atomic-absorption spectroscopy are of
particular interest. Atomic-absorption spectroscopy is
usually employed for the direct determination of metals.
The method is inconvenient for determining non-metals,
since the resonance lines of non-metals lie in the far ultra-
violet range of the spectrum. In this case it is appropri-
ate to use indirect methods combined with extraction sepa-
ration from the excess of the element via which the
measurement is being made. For example, molybdenum
has a resonance line at 313.3 nm; the concentrations of
phosphorus, vanadium, and other elements can be deter-
mined from the intensity of this line. The indirect method
is also used to determine a number of metals which form
mixed heteropolycomplexes, extracted under definite con-
ditions.

The method was first used to determine down to 0.015 pg
ml~* phosphorus in solutions'?>'?®, A number of methods,
including descriptions of the conditions of formation,
extraction by a suitable extracting agent, decomposition of
the heteropolycomplex, and elimination of the co-extrac-
tion of molybdenum (VI), were later proposed for determin-
ing metals and non-metals. Methods have been proposed
for determmlng silicon, phosphorus arsenic, and germa-
nium®, down to 0.01 ug m1~* phosphorus and s1llcon and

0.025 ug ml~! arsenic’™; down to 0.08 pg ml™* sﬂlcon and
phosphorus®® ; silicon in organic compounds®®®*°”; down to
0.005 pg ml' silicon (including the precxpltatlon of lead

molybdate)*® ¥ down to 0.07 ug ml1™" arsenic®; down to
0.01 ug m1™" arsenic'®; small quantities of phOSphorus
arsemc 0% and germamum 20 in water; down to 0.05 pg
ml~ germanlum4 and arsenic in sulphldeszn, and down to
0.5 pg ml™" vanadium in solutions*® and aluminium alloys®
Kirkbright and coworkers proposed a number of methods
for determining metals, involving the determination of
molybdenum by atomic absorption: niobium®®, cerium®,
thorium®’, and titanium®®. In some procedures, thedirect
introduction of the extracts into the flame is recommended,
avoiding the operatlons of re-extraction and decomposition
of the complexes'®®,

Almost all papers giving specific recommendations for
the extraction of heteropolycompounds give data on the
influence, on the degree of extraction, of various ions
present in the solution at the moment of formation of the
complex and its extraction into the organic phase; iron(II),
iron(Ill), aluminium(IlI), chromium (III), tin(IV), tungsten,
and others (a total of ~40 ions). In the present review,
however, it is not possible to deal with the results of these
studies in detail, and readers are referred to the papers
dealing with each specific determination.

The above review shows that in recent years, consid-
erable success has been achieved in the theory and prac-
tice of the extraction of heteropolycompounds: experimen-
tal material has been accumulated, making it possible to
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discuss the mechanism of extraction; the limits of detec-
tion of elements by extraction methods have been lowered
considerably; and the range of materials and elements
extracted as heteropolycompounds has been extended. The
mechanism of the transfer of a heteropolycompound from
the aqueous to the organic phase has not yet been deter-
mined (that is the kinetics of the process have not been
studied), however, and there is lack of agreement on the
mechanism of formation of the compound extracted. The
mechanism of the reduction of complexes in the organic
phase is not clear, and the mechanism of the influence of
added salts on extraction has not been studied. There are
no sufficiently clear-cut practical recommendations on the
separation of elements having similar properties at low
absolute concentrations, or on the determination of a small
quantity of a given element in the presence of large quan-
tities of other elements having similar properties.
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