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solvents are much more stable than the aqueous solutions.

The study of the extraction behaviour of heteropoly-
-compounds, apart from its analytical value!~4, is also of
undoubted interest from other viewpoints.

The most important method for the preparation of the
heteropoly-acids of most elements is the ether method,
based on separation of the heteropoly-acids from acidified
solutions of their salts by means of diethyl ether4.

Extraction may provide a valuable method for studying
the physicochemical properties of heteropoly-compounds,
for which reliable experimental methods are still urgently
requiredS$.

The combination of the most varied properties in a
single chemical individual, so characteristic of heteropoly-
-compounds, is a favourable factor in obtaining useful and
concentrated information on the theory of extraction when
these compounds are chosen as objects for study (models).
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I1. BRIEF HISTORICAL REVIEW

The first information on the behaviour of heteropoly-
~compounds towards organic solvents appeared in papers
by Marignac®, Parmentier?, and Sobolev?® who studied
various physicochemical properties of tungstosilicic,
molybdophosphoric, and tungstophosphoric acids, including
their solubility in diethyl ether.

Drechsel® was the first to make use of the solubility of
heteropoly-acids in diethyl ether for their isolation in the
free state. The ethereal extraction method for the pre-
paration of heteropoly-acids became a classical method,
and was later studied in detail by Scroggie !°, who showed
the possibility of replacing diethyl ether by other oxygen-
-containing organic solvents.

The first views on the mechanism of the extraction of
heteropoly-acids by diethyl ether were put forward by
Rosenheim!!, and the composition of the compound extrac-
ted (for the case of molybdophosphoric acid) was first
studied by Copaux!2. A detailed study of the quaternary
system molybdophosphoric acid-sulphuric acid-water—
diethyl ether was made by Souchay!®. Extensive studies
of equilibria in the systems formed by saturated hetero-
poly-acids with organic solvents were made by Nikitina and
her coworkers; the results of these studies are described
in a recently published monograph+.

The analytical application of the extraction of hetero-
poly-acids by organic solvents was begun in work by
Deniges ¥, who pointed out the possibility of making use of
the extraction of the reduced forms of molybdophosphoric
and molybdoarsenic acids by diethyl ether or pentanol for
the qualitative detection of phosphorus and arsenicf. The
extraction of heteropoly-acids was first used for quantita-
tive analysis by Copaux!?, who determined the concentra-
tion of phosphorus in native phosphates by measuring the
volume of an ethereal extract of molybdophosphoric acid.
The first extraction-colorimetric method of analysis using
heteropoly-compounds was developed by Shneerson1!® for
the determination of phosphorus in steels: the method
involves the extraction of reduced molybdophosphoric acid
by diethyl ether, followed by colorimetric measurements
on the extract using a standard series. The use of extrac-
tion for the quantitative separation of elements as the
heteropoly-acids was first carried out by Alekseev!? in
the analysis of phosphate—arsenate—silicate mixtures. Of
considerable importance for the development of extraction
methods for the separation and determination of elements
as their heteropoly-compounds were the ideas of Keggin18,
and also the work of Berenblum and Chain!?, Allen?,
Proctor and Hood 2!, and Wadelin and Mellon 22,

Bibliographies on the extraction of heteropoly-compounds
and its use in chemical analysis are to be found in mono-
graphs*'® and reviews3:2¢~2¢ on the chemistry of hetero-
poly-compounds, in a monograph? and reviews!»%0-42 on
the extraction of inorganic compounds, in textbooks on the
photometric determination of elements43-4¢, in reviews of
the analytical chemistry of phosphorus4?’~5! and silicon 52-%,
and also in a number of original papers 22,55-62,

As far as we are aware, the present review is the first
attempt to systematise the available published material.

T Earlier, Jacobs'® had made use of the extraction of molybdo-
phosphoric acid by pentanol to remove this acid from the mother-
-liquor after the precipitation of tungstophosphates, but this work
was preparative rather than analytical.

III. GENERAL CHARACTERISTICS OF THE EXTRACTION
OF HETEROPOLY-COMPOUNDS

Heteropoly-acids and their salts are extracted from
acidified aqueous solutions by oxygen-containing organic
solvents (alcohols, ethers, esters, ketones, andalde-
hydes)2-4,10,17,18,22-28,46,53,62=73  They are not extracted
by solvents containing no oxygen (hydrocarbons, halogeno-
hydrocarbons, carbon disulphide, petroleum ether), but
solutions of nitrogen-containing compounds (amines) in
non-polar solvents (benzene or chloroform) are excellent
extracting agents for heteropoly-compounds 57:7,7%., Thus
the effective extraction of heteropoly-compounds requires
the presence of a basic oxygen or nitrogen atom in the
molecule of the organic extractant.

Of the binary heteropoly-acids of molybdenum, the most
readily extracted is molybdophosphoric acid; the ease of
extraction of the heteropoly-acids studied decreases in
general in the order: molybdophosphoric > molybdo-
arsenic > molybdosilicic > molybdogermanic. It is diffi-
cult as yet to say anything definite about the extraction
behaviour of other known heteropoly-~acids of molybdenum,
since they have been little studied in this connection (there
are only a few data on the extraction of molybdoceric 7677,
molybdotitanic 78, and molybdozirconic 7® acids).

The behaviour of binary heteropoly-acids of tungsten
towards organic solvents is in general similar to that of
their molybdenum analogues. This is indicated by the
scant but fairly convincing experimental data on the
extraction of tungstophosphoric (diethyl ether 8,15,78,80 and
pentanol 1%,7%), tungstosilicic (diethyl ether ©:9:19, ethyl
acetate, etc.!?), and tungstogermanic (diethyl ether 8,
butanol 82, ethyl acetate #2) acids.

The appearance of a third element in the structure of the
heteropoly-complex (in addition to the two necessary ele-
ments other than oxygen and hydrogen) also produces no
fundamental change in the behaviour of the heteropoly-com-
plex towards organic solvents. The available published
data on the extraction of molybdovanadophosphoric 893,
tungstovanadophosphoric 7,%,%  tungstoarsenophosphoric %,
molybdovanadogermanic 81,82,97  tungstovanadogermanic 81,82
molybdotitanophosphoric 73,98:9%, and molybdoniobophos-
phoric 190,101 acids indicate that ternary heteropoly-com-
pounds are in general readily extracted by oxygen-contain-
ing solvents, but are not extracted by solvents containing
no oxygen. The ternary heteropoly-acids, for example
molybdoniobophosphoric 1%, molybdotitanophosphoric 73,
and telluromolybdophosphoric 192 acids, however, are not
extracted by certain oxygen-containing solvents, in parti-
cular butyl acetate. The extraction behaviour of ternary
heteropoly-acids possibly depends on whether the third
component is the central atom in the structure of the com-
plex or is present in the ligand part of the complex.

The extraction behaviour of reduced heteropoly-com-
pounds, judging from the few data relating to this
field 57-89,70,72,75  does not differ in principle from that of
the unreduced heteropoly-compounds. This is a further
indication that the structures of the reduced (blue) and
unreduced (yellow) forms of the heteropoly-compounds are
identical9s,

The extraction of heteropoly-compounds, like any pro-
cess, depends to a marked extent on the conditions, and is
influenced by various factors, of which the most important
— the nature of the compound being extracted, the nature
of the solvent, the acidity of the aqueous phase, the con-
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centration of the compound being extracted in the aqueous
phase, the presence of neutral salts, and the temperature
- are of considerable significance for the utilisation of
the extraction of heteropoly-compounds in chemical ana-
lysis, and will be examined in more detail below.

The physicochemical properties of extracts of hetero-
poly-compounds have been little studied: only a few data
relating to their optical characteristics are available. The
extracts of both reduced and unreduced heteropoly-com-
pounds retain the colour characteristic of their aqueous
solutions (blue and yellow respectively). The general
appearance of the absorption spectra of the extracts
remains unchanged in both cases 2!,22,58,59,67,72,82,104-116
but the light-absorption maxima for the heteropoly-com-
pounds in organic solvents are generally displaced slightly
towards shorter wavelengths compared with the maxima
of the same heteropoly-compounds in aqueous solutions.
For example, unreduced molybdophosphoric acid in
aqueous solution shows a light-absorption maximum at
345 mpm*?, and the reduced form shows maxima at 630
and 735 mpm*?; the corresponding maxima for the same
acid in organic solvents lie at 310 mum 22,59,109,110 _ or 625
and 725 mpum 21,104,108,111  Unreduced molybdosilicic acid
in aqueous solution has an absorption maximum at 350-
355 mum 533, and the reduced form a maximum at 800~
820 mpm53; the corresponding maxima for the same acid
in organic solvents lie at 330 mum 22,8, or 630 and
720 mypm 12,

The composition of the forms in which the heteropoly-
-acids are extracted (the extractable forms) has not been
specially studied. Fairly convincing experimental data
indicate, however, that at a comparatively low acidity
(< 2 N), when the possibility of the extraction of isopoly-
molybdate is excluded, the stoichiometric composition of
molybdophosphate in ethyl acetate 17, butyl acetate 52, and
butanol-chloroform !!8 extracts corresponds to a constant
P:Mo ratio of 1:12; this ratio remains unchanged even
for the extraction of molybdophosphoric acid with in-
sufficient molybdate 12?, These data indicate that the
molybdophosphate complex enters the organic phase in
the form of the dodecamolybdophosphoric acid or its salt.
An interesting feature is that sodium is extracted into ethyl
acetate together with phosphorus and molybdenum in the
proportions Na:P:Mo =2.1:1:11.9and 0.7:1:11.19,
depending on the acidity !7?; it is possible that in this case
an acid sodium salt of molybdophosphoric acid is extracted.

The increase in the distribution coefficient, for molyb-
dophosphoric and molybdosilicic acids between aqueous
solution and butanol, with dilution of the aqueous hetero-
poly-acid solutions indicates indirectly that the monomeric
form of the heteropoly-acids enters the organic solvent
during extraction!19,)20, gince dilution of aqueous solutions
of the heteropoly~-acids leads to depolymerisation of these
acids to forms of low molecular weight. The increase inthe
extractability of molybdophosphoric and molybdosilicic
acids with increase in the hydrogen-ion concentration in
the aqueous phase may indicate the preferential extraction
of these acids in the undissociated (molecular) form in
accordance with the equilibrium 11®

(H,A),, = mH, A== nH* + A" (in water), 1)
n’ l n
T
H A (in butanol).

n

The results of experiments on light-scattering by solu-
tions of tungstophosphoric acid in various organic sol-
vents 12! are of interest in this connection. The molecular
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weight of tungstophosphoric acid in ethanol and allyl
alcohol, determined by the light-scattering method, was
found to have the values 2600 and 2900 respectively, show-
ing good agreement with the formula weight for H,PW,,0,,
(2880) and indicating that tungstophosphoric acid is mono-
meric in these solvents.

It is quite probable that the formation of a true (mole-
cular) solution as a result of the extraction of heteropoly-
-compounds by organic solvents is one of the reasons for
the greater stability of the organic extracts of heteropoly-
-compounds (particularly the reduced forms) compared
with their aqueous solutions, which, according to some
authors 116,122,128  are colloidal solutions and thus have a
tendency to undergo gradual decomposition on standing
(particularly at high concentrations).

IV. MECHANISM OF THE EXTRACTION OF HETERO-
POLY-COMPOUNDS

Various suggestions have been made regarding the
mechanism of the extraction of heteropoly-compounds by
organic solvents, but none has been confirmed by special
experimental studies.

The earliest suggestion was that oxygen-containing
organic solvents (in particular diethyl ether)extract hetero-
poly-compounds from acidic solutions with the formation of
alkyl-substituted oxonium salts (etherates)!!. If the acidity
is not too high, or the solvent present in large excess, only
part of the oxygen-containing solvent enters the oxonium
salt and the latter dissolves in the excess of solvent, to
which it is structurally similar. This mechanism, known
as the oxonium mechanism, accounts well for the most
important necessary conditions for the extraction of hetero-
poly-compounds ~ the presence of an acid medium and of
an oxygen-containing solvent.

The oxonium-mechanism theory, previously used to
explain many other examples of extraction®°, hasrecently
been subjected to serious criticism. The main assump-
tion in this theory, that the proton of the acid is attached
directly to the oxygen atom of the organic solvent with the
formation of an oxonium (solvonium) cation (I) is unjustified
in a number of cases. Experimental data which have
accumulated in recent years on the extraction of strong
acids suggest that the main reaction in this case isattach-
ment of the proton of the acid to the oxygen atom of water,
with the formation of a hydroxonium cation, which in turn
is hydrated by several water molecules (II); the organic
solvent is attached to the water molecules polarised in the
field of the hydroxonium ion. This extraction mechanism,
which has been called the hydrate—solvate mechanism 124,125,
has unfortunately not yet been verified for heteropoly-com-

pounds.
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According to another suggestion, the extraction of
heteropoly-compounds with oxygen-containing solvents is
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accompanied by formation of a coordination compound be-
tween a molecule of the organic solvent (as electrondonor)
and the anion of the heteropoly-acid (as electronacceptor)®s;
the compound formed in this way is covalent, and dissolves
more readily in the organic solvent than in water. In the
formation of coordination compounds of this type, a direct
part is apparently played by the electronegative oxygen
atom of the organic solvent and a molybdenum atom of the
heteropoly-anion, which in this case shows a coordination
number of 8. This mechanism readily explains cases of
the extraction of heteropoly-compounds by non-polar
solvents (chloroform or benzene) using amines and other
compounds with marked basic (electron-donating) proper-
ties ™.

Both of these suggestions regarding the mechanism of
the extraction of heteropoly-compounds are based on the
assumption that a donor-acceptor interaction takes place
between the heteropoly-compound and the extracting agent;
the difference lies in which part (cationic or anionic) of
the heteropoly-compound reacts with the extracting agent.

Another suggestion is based on the assumption that the
extraction of heteropoly-compounds involves physical dis-
tribution, in which the heteropoly-compounds are distribu-
ted between the aqueous phase (in ionised form) and the
organic phase (in molecular form) as a result of the differ-
ence in their solubilities in water and the organic solvent,
without the formation of saltlike compounds with the
latters®, This mechanism explains fairly simply certain
regular features observed in the extraction of heteropoly-
-compounds, for example the salting-out action of salts.

Finally, it is also possible that the extraction of hetero-
poly-compounds involves a so-called colloid-chemical
mechanism, in which the compound being extracted is
transferred from the aqueous phase to the organic phase in
the form of highly dispersed colloidal particles 28,

The data at present available on the mechanism of the
extraction of heteropoly-compounds do not make it possible
to give preference to any of the above mechanisms. Most
of the experimental facts relating to the extraction of
heteropoly-compounds are explained equally satisfactorily
on the basis of any of these mechanisms; at the sametime

~there are a number of facts which are explained by none of
them. For example, the extractability of heteropoly-com-
pounds by amines of high molecular weight dissolved in
inert solvents can be interpreted in terms of any of the
above mechanisms, but it can also be understood without
recourse to them, simply on the basis of the generally
accepted anion-exchange mechanism of extraction with
amines 127,

V. CHIEF FACTORS INFLUENCING THE EXTRACTION
OF HETEROPOLY-COMPOUNDS

1. Nature of the Compound Being Extracted

The extractability of binary heteropoly-compounds (of
molybdenum and tungsten) depends to a considerable extent
on the nature of the central atom (phosphorus, arsenic,
silicon, germanium, etc.). The difference in the extrac-
tion behaviour of heteropoly-compounds is revealed as a
difference in the percentage extraction for the same solvent
and differences in the number of solvents suitable for the
extraction.

Heteropoly-acids having quinquevalent elements (phos-
phorus and arsenic) as central atoms are extracted much
more readily than those with quadrivalent elements (silicon,
germanium, cerium, etc.). For example, the degree of
extraction of molybdophosphoric acid by organic solvents
from aqueous solutions of pH 1, is 100% for pentylacetate,
70% for dibutyl ether, 54% for hexyl butyrate, 50% for
diethyl ether, 8% for isopentyl acetate, and 5% for ethyl
acetate, n-propyl acetate, isopropyl acetate, n-butyl
acetate, and isobutyl acetate; molybdosilicic acid under-
goes almost no extraction by any of these solvents under
the same conditions 8,

Comparison of the extractability of molybdophosphoric
and molybdoarsenic acids (Table 1) shows clearly that the
former acid is more readily extracted.

Comparison of the molybdenum heteropoly-acids of
quadrivalent elements, for example with respect to their
behaviour towards diethyl ether, reveals a clearly defined
order: silicon > germanium > titanium > zirconium >
> cerium >thorium ™. The heteropoly-acids of the first
three elements are prepared by the ether method: i.e. they
are extracted by diethyl ether. But the heteropoly-com-
pounds of the last three elements cannot be prepared by
the ether method, since they are not extracted by diethyl
ether. The poor extractability of molybdoceric acid
(compared with molybdosilicic and molybdogermanic acids)
has also been demonstrated for other solvents 76,77,

It is difficult on the basis of data at present available
to follow the difference in extraction behaviour between
binary heteropoly-acids of tungsten and molybdenum. In
the case of the ternary heteropoly-acids, however, it can
be definitely stated that the introduction of a third compo-
nent into the molecule of the heteropoly-acid generally
leads to a decrease in the ability of the acid to undergo
extraction by organic solvents. Even with molybdovana-
dophosphoric and tungstovanadophosphoric acids, the
range of solvents is slightly restricted (compared with that
for the binary acids of phosphorus), and acids such as
molybdoniobophosphoric 1%, molybdotitanophosphoric %,
and telluromolybdophosphoric 1% acids are not extracted at
all, for example, by butyl acetate or isobutyl acetate.
Here, of course, a significant feature is the part played by
the newly introduced third component, i.e. whether it is
the central atom or part of a ligand.

The regular features of the influence of the nature of
the central atom have also been observed for reduced
heteropoly-acids®, The reduced heteropoly-compounds
are apparently extracted slightly more readily than their
unreduced analogues®97%,72, In this case an important
part is undoubtedly played by the nature of the reducing

TABLE 1. Extraction of molybdophosphoric and
molybdoarsenic acids by various sol-
vents &,

Percentage extraction

Solvent P-Mo | As—Mo
Ethyl acetoacetute 100.00 | 96.67
Batanol + chloroform (1 : 4) 94.97 4.74
Ethy! acetate 79.92 | 29.46
Butyl acetate 73.58 8.49
Isobutanol + benzene (1 : 1) 72.63 36.76
Isobutanol 67.21 86.05
Eutanol 60.63 | 87.91
Octanol 29.86 14.39
Chloroform 00.00 | 00.00
Benzene 00.00 | 00.00

577
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agent; recent data ! suggest that organic solvents are
extremely sensitive to the slightest changes in the process
of heteropoly-compound reduction and to the reduction
products.

The extractability of heteropoly-acids (reduced and un-
reduced) increases sharply when basic substances (for
example amines) are introduced into the system 57,74,75,
i.e. when conditions are created for the formation and
extraction of the salts of the heteropoly-acids withorganic
bases (sometimes called “addition products”). As noted
above, in this case inert solvents of the benzene and
chloroform type may act as extractants for heteropoly-
-compounds.

2. Nature of the Solvent-Extractant

According to Alekseev!?, organic solvents can be divided
into two groups — light (sp. gr. < 1) oxygen-containing sol-
vents (alcohols and ethers), and heavy (sp.gr. > 1) sol-
vents containing no oxygen (chloroform and carbon tetra-
chloride) — according to their behaviour towards hetero-
poly-compounds. Such compounds dissolve much more
readily in solvents of the first group than in water, and
are therefore readily extracted by these solvents from
aqueous solutions; heteropoly-acids are almost insoluble
in solvents of the second group. The extracting power of
solvents of the first group decreases when solvents of the
second group are added; the decrease is proportional to
the quantity of inert solvent added, and is different for
different heteropoly-acids.

The results of a large number of studies 17,32,58,60-73,114
show that, for heteropoly-compounds, alcohols are the
most effective extractants and ethers the most selective.
Of the aliphatic alcohols, the best extracting properties
are shown by those containing 4-8 carbon atoms: lower
alcohols do not extract heteropoly-compounds quantitatively
from aqueous solutions, and higher alcohols from stable
emulsions, which are difficult to remove, at the phase
boundary.

The addition of a second solvent (usually inert) to the
main solvent (usually containing oxygen), in addition to
changing the solvent power of the main solvent, sometimes
ensures a distinct boundary of separation between the
phases, decreases the mutual solubility of the solvents in
the extraction system, improves certain operating para-
meters of the extracting agent, etc. These advantages of
mixed solvents are of course not specific for heteropoly-
-compounds, but are nevertheless of considerable interest
for the application of the extraction of heteropoly-com-
pounds in chemical analysis, and they will be examined in
more detail below.

3. Acidity of the Aqueous Phase

The extraction of heteropoly-compounds is sensitive to
change in the acidity of the aqueous phase (Table 2). At
low acidities, heteropoly-compounds are extracted only to
a slight extent or not at all; their solubility in organic
solvents generally increases with increase in the acidity
of the aqueous phase. The upper limit of acidity is deter-
mined by the stability of the given heteropoly-complex
at high acidities, although the optimum range of acidity for
extraction does not always overlap the optimum range of
acidity for stability of the heteropoly-complex, and is
usually wider.

578

TABLE 2. Influence of acidity on the extraction

of molybdoarsenic acid by butanol 1%,

Optical density of extract (400 ;g As)
10 M HCI at 370 mum
added, m| | for test soln, Jfor blank soin true
W) Dy) (D, -Dy)
0.25 0.735 0.401 0.334
0.50 0.556 0.146 0.410
0.75 0.536 0.031 0.505
1.00 0.559 0.027 0.532
1.33 0.569 0.029 0.540
1.50 0.573 0.029 0.544
1.67 0.574 0.032 0.542
2.00 0.570 0.025 0.545
2.50 0.139 0.015 0.124
5.00 0.034 0.011 0.020

The optimum acidity for the extraction of heteropoly-
-acids by different solvents varies considerably for the
different cases studied: the range corresponds to 0.01-
2.0 N with respect to a strong acid in the aqueous phase
for molywophosphoric acid .\G,!D,S!,SO,”,I?,I.N,109,1!7,11!,130-138,
pH 1.0-1.3 for molybdoarsenic acid 139,134 (,25-6.0 N for
molybdosilicic acid %8,67,74,108,112,114,235 () g_3 0 N for
molybdogermanic acid®?, 0.4-1.6 N for molybdovanado-
phosphoric acid #%%, 0.3-0.8 N for tungstovanadophos-
phoric acid®, 0.5-1.0 N for tungstovanadosilicic acid 3¢,
and 3.6-5.4 N for molybdovanadogermanic acid 9.

If it is assumed that the organic solvent extracts the
monomeric form of the heteropoly-acid, and that the
heteropoly-acid dissociates to form ions only in aqueous
solution, it is possible to examine theoretically the depen-
dence of the distribution coefficient for the heteropoly-acid
on the hydrogen-ion concentration in the aqueous phase %,

If we denote the heteropoly-acid by HxyA, its disso-
ciation constant by K;, and the distribution constant by P,
we obtain

+ -
[H*]{H,_,A") )

K, = A

[Hl -
and

lH.A]org (2)
HAl, *

The distribution coefficient is
Do [hlorg 3)

2 lHﬂ-lAl—'lq

i=e
Putting ¢ = p in Eqn. (1) and making use of (2), we find
that

14
1 I
H,_ A"lg = 7 xi-;[:—)‘p—x (HAl g 4)
org
Substitution of (4) in (3) gives finally
P
D=, 5)
. 1K
+ {=1
pz-l [H*)P

When the values of K;and P are fixed (for a given hetero-
poly-acid), D is thus a function of [H']: i.e.

log D ={ GH). (6)

Despite the fact that in the derivation of formula (5) no
allowance was made for the influence of ionic strength, the
mutual solubility of the solvents, temperatures, polymeri-
sation, and other factors, the observed extraction
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behaviour of molybdophosphoric and molybdosilicic acids
conforms to the relationships predicted on the basis of
this formula 0,

The nature of the acid used has no significant influence
on the extraction of molybdophosphoric !} and molybdo-
arsenic 137 acids, but in the case of molybdosilicic acid 35
the optimum range of acidity for extraction is different
with hydrochloric, nitric, and sulphuric acids. The
dependence of the extraction on the nature of the acid is
even more marked with ternary heteropoly-acids; for
example, tungstovanadophosphoric acid is extracted
quantitatively by ethyl methyl ketone from hydrochloric
and sulphuric acids, but is incompletely extracted from
nitric acid, and is not extracted at all from perchloric
acid medium %,

4. Concentration of Compound Being Extracted

In the extraction of heteropoly-acids by organic solvents
from relatively dilute aqueous solutions, the distribution
coefficient at first increases, and then decreases, with
increase in the concentration of the heteropoly-acid in the
aqueous phase 119:120,  These observations can be explained
on the assumption that the organic solvents extract the
undissociated monomeric forms of the heteropoly-acids.
The initial increase in the distribution coefficient is appa-
rently due to the gradual suppression of the dissociation of
the heteropoly-acid with increase in its concentration in the
aqueous phase, and the subsequent decrease in the distri-
bution coefficient is due to the increase in the polymerisa-
tion of the acid.

At a comparatively high concentration of heteropoly-
-acid, e.g. molybdophosphoric acid, in the aqueous phase,
the extraction (for instance by diethyl ether) gives a heavy
oily liquid (a saturated solution of the heteropoly-acid in
ether), which is usually present in a three-layer system
in equilibrium with the pure organic solvent (ether) and
water (or aqueous mineral acid solution)®s7:4,15, The
addition of crystalline heteropoly-acid to this three-layer
system leads to the gradual disappearance of the liquid
ethereal phase; further addition of the solid heteropoly-
-acid leads to mixing of the aqueous and etherate phases,
with the formation of a single liquid phase in equilibrium
with the solid heteropoly-acid, which separates in the
form of a hydrate with 14 molecules of water 13,

5. Presence of Neutral Salts (Electrolytes)

Neutral salts (NaCl, NaNO,, Na,SO,, etc.) in low con-
centrations (1-3%) have no significant influence on the
extraction of heteropoly-compounds 38, The distribution
coefficients of molybdosilicic and molybdophosphoric acids
decrease at moderate concentrations (< 1 M) of NaCl ¢
or NaNO,. 120

At high concentrations, neutral salts increase the dis-
tribution ratios of heteropoly-acids, apparently as aresult
of a salting-out effect 119,120, The salt effect depends on
the pH of the aqueous phase 80,139 but is apparently indepen-
dent of the nature of the heteropoly-acid. This lastfeature
often leads to a levelling of the extraction of different
heteropoly-acids inthe presence of large quantities of salts;
for example, the ratio of the distribution coefficients for
molybdophosphoric and molybdosilicic acids (the separa-
tion factor) is quite favourable for their separation by

butanol in the absence of salts (10?:10~2 at pH 2.5), but
decreases considerably when neutral salts are added 3,

In a number of cases, the mechanism of the influence of
neutral salts on the extraction of heteropoly-compounds is
not quite clear. In this connection it may be noted again
that, in the extraction of molybdophosphoric acid by ethyl
acetate in the presence of NaCl, partial extraction of
sodium together with the heteropoly-acid takes place 7,
Since sodium undergoes almost no extraction with molyb-
date in the absence of phosphate (or with phosphate in the
absence of molybdate)!?, this can be regarded as an
example of coextraction 40,

Of particular importance in the examination of the
extraction of molybdenum heteropoly-compounds is the
question of the influence of an excess of molybdate (sodium
or ammonium) on the extraction. The results of special
studies 80,120 jndicate that the extraction of molybdosilicic
or molybdophosphoric acid by butanol begins to decrease
even at a low concentration (> 0.1 M) of molybdate in the
aqueous solution. This cannot be attributed entirely to
the influence of the presence of molybdate on the acidity
of the aqueous phase and hence on the extraction; the
influence of molybdate (sodium or ammonium) as a neutral
salt evidently plays some part.

6. Temperature

Slight changes in temperature have no appreciable influ-
ence on the extraction of heteropoly-compounds 3!,80,70,80,141
In the examination of the influence of temperature, how-
ever, allowance must be made for the fact that the equili-
bria in aqueous solutions of heteropoly-compounds may
show a marked dependence on temperature (and on pH).
With molybdophosphoric acid, for example, certain
authors 142-145 3gsume that in aqueous solution an equili-
brium is established between the colourless and yellow
forms of the acid. This equilibrium depends to a marked
extent on temperature: at low temperature the colourless
form predominates, and at high temperature the yellow
form144,145, Recent studies have shown that organic sol-
vents (isopentyl acetate) extract only the yellow form of
molybdophosphoric acid48; thus at low temperatures
(< 9°) — in the range of stability of colourless molybdo-
phosphoric acid — extraction takes place extremely
slowly, whereas at high temperatures (> 50°) the extrac-
tion is almost instantaneous, as a result of rapid forma-
tion of the yellow form.

Analogous equilibria exist in aqueous solutions of other
heteropoly-acids. The very interesting equilibrium be-
tween the o and B forms of molybdosilicic acid, which
also depends on temperature 147:148, has unfortunately not
been studied from the extraction viewpoint; there are
merely reports of the possibility of stabilisation of the
B form of molybdosilicic acid by extraction with a solution
of tridecylamine in toluene ™,

Equilibria are known to be established in the reduction of
heteropoly-acids. It may be noted, for the case of molyb-
dosilicic acid, that the different products of the reduction
of a given heteropoly-acid are extremely sengitive and
specific in their behaviour towards organic solvents 28,
Since the equilibrium involving these reduction products is
usually markedly temperature-dependent, even slight
changes in temperature in this case may lead to marked
changes in extraction.
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VI. ANALYTICAL APPLICATION OF THE EXTRACTION
OF HETEROPOLY-COMPOUNDS

1. Separation of Elements by Extraction

The extraction of heteropoly-compounds by organic
solvents provides a valuable method for the separation of
mixtures containing phosphorus, arsenic, silicon, and
germanium. Such separations are possible in principle
for all elements forming heteropoly-compounds.

The separation of elements by extraction as their
heteropoly-compounds is based on the creation of conditions
for selective behaviour of these compounds towards the
organic solvents.
of the aqueous phase, by selecting the solvents and com-
binations of solvents, by using complex-forming reagents,
etc. All these cases are well illustrated by three typical
examples of the separation of mixtures: scheme 1 for
P + As + 8i,'” scheme 2 for P + Si + As, !3® and scheme 3
for P + As + Si + Ge 1% (in these separation schemes the
full lines denote aqueous phases, and the broken lines
organic phases).

The extraction of molybdophosphoric acid has been used
by various workers for the separation of phosphorus from
silicon (isobutanol®7,1%8  diethyl ether 9138  ethyl
acetate 88,130,140,150  [yty] acetate 151, isopentyl acetate 88,105,
butanol + chloroform 7,58,120 hutanol + benzene %13% | and
isobutanol + chloroform %), phosphorus from arsenic
(pentanol ®:152 diethyl ether 38, ethyl acetate 130, isopentyl
acetate 1%, butanol + chloroform 17,62,128,137,183,184  jgohuta-
nol + chloroform%, and ethyl acetate + butyl acetate %),
phosphorus from vanadium (ethyl acetate *? and ethyl
acetate + butyl acetate 155), phosphorus from calcium and
magnesium (butanol + chloroform?!%¢), molybdophosphate
from molybdate (isobutanol + diethyl ether 132), and
molybdophosphate from molybdotitanophosphate (butyl
acetate 73,%8,%),  Thanks to the ease of extraction of molyb-
dophosphoric acid, it is not difficult to choose an effective

SCHEME 1
—————— )
P-Mo | butanol+ ! p-Mo ! butanol +
+ chloroform € - - - - - 4 +ethyl o eeoooog
As—-Mo (1:3) M ae o]
Si~Md As - Mo 1:1) y As-Mo 3
Si-Mo | ™ >
0-5N 0.5N Si- Mo butanol oot
HNO, HNO,3 0.5N HNOy ——-»L SI—MO-:
SCHEME 2
po=-==- -
P-Mo | P-Mo .
. |, 3 peemcean-
Si—-Mo |diethyl ether ! Si-Mo ¢
As-Mo |T>| Si-Mo butanol [, o
As-Mo
pH 1.8 2N As-Mo | hexope r----==-- 1
HCt HCI INHCI | ———>} As-Mo |
SCHEME 3
Ha €204 Ge-Mo
- NaOH
PR - buu::ll-f Ge—HaC04
: I P-Mo +ethyl
f::‘l':::;lr; ke ©  acetate+ [T TR Naon]
@: 3)° As-Mo | + chlal'o!o;)m [
- Si-Mo (1:1: T e
Ge~ Mo Si-Mo | pgtanol | Si-Mo |
0.7N Ge-Mo | Ge-Mo |
HNO, IN HNOy v i

580

This is achieved by changing the acidity

and at the same time selective solvent for this compound;
from the practical viewpoint, however, it is more con-
venient in this case to use a mixture of butanol with chloro-
form or benzene.

The extraction of molybdoarsenic acid has proved
suitable for the separation of quinquevalent arsenic from
tervalent arsenic (isobutanol!3), arsenic from silicon
(isopentyl acetate + ethanol%%, butanol + ethylacetate 17,
and butanol + ethyl acetate + chloroform %), and arsenic
from germanium (butanol + ethyl acetate + chloroform 108);
the extraction of molybdosilicic acid for the separation of
silicon from arsenic (butanol!38, putanol + chloroform53,
and butanol + ethyl acetate 183), silicon from phosphorus
(isobutanol97>108), and molybdosilicate from molybdate
(pentanol + diethyl ether 13¢); the extraction of molybdo-
germanic acid for the separation of germanium from
arsenic (isopentanol®2:197 and butanol + ethyl acetate 83,107);
the extraction of molybdoniobophosphoric acid for the
separation of niobium from titanium and tantalum (buta-
noli9%); and the extraction of molybdotitanophosphoric acid
for the separation of titanium from chromium, copper,
nickel, cobalt, manganese, iron, aluminium, lead, tan-
talum, and hafnium (pentanol + cyclohexanol ).

2. Extraction—Photometric Determination of Elements

The extraction—photometric method has been used to
determine phosphorus, silicon, arsenic, vanadium, and
germanium as the reduced or unreduced heteropoly-com-
pounds; it is also possible to determine molybdenum,
titanium, cerium, thorium, zirconium, niobium, etc.
chief advantages of the extraction method over other
methods are in this case high sensitivity and selectivity
and the ease of prevention of interference.

The

High sensitivity in the extraction-photometric deter-
mination of elements as heteropoly-compounds is achieved
not only as a result of the usual factors associated with
extraction, but also by certain characteristic methods.
One such method is the use for the photometric measure-
ments of the decomposition products of the heteropoly-
-compounds, since these exhibit intense light absorption in
the ultraviolet range of the spectrum; the preliminary
separation of the heteropoly-compounds from the excess of
analytical reagent, identical with the decomposition pro-
ducts, is achieved by extraction. The sensitivity of the
determination in this way of, for example, phosphorus 52
and silicon 3¢ is characterised by molar absorption coeffi-
cients of 57 400 and 59 000 respectively.

Direct photometric measurements on the actual hetero-
poly-compound are avoided also in another original method:
after separation of the heteropoly-complex from the excess
of reagent by extraction, photometric measurements are
made on one of its components, for which sensitive analy-
tical reactions are available. For example, the sensi-
tivity of the determination of phosphorus by photometric
determination of the molybdenum from molybdophosphoric
acid based on the thiocyanate reaction is characterised by
a molar absorption coefficient of 185000 (calculated as
phosphate)18,

An exceptionally high sensitivity is achieved in the
determination of elements by photometric measurementson
salts of the corresponding heteropoly-acids with organic
bases, which are extractable even by inert solvents of the
benzene and chloroform type. Silicon, for example, is
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determined with a sensitivity reaching 1 pg litre-? (cal-
culated as SiO,) in the form of the blue polyoxyethyl-
dodecylammonium molybdosilicate, extracted by chloro-
form57»75; the sensitivity of the extraction-photometric
determination of phosphorus as the molybdophosphate of
safranine 157 is characterised by a molar absorption co-
efficient of 190 000.

An extremely important feature in the extraction-photo-
metric determination of elements as heteropoly-compounds
is the ease of eliminating the interfering influence of an
excess of the reagent, e.g. of molybdate when molybdenum
heteropoly-acids are used. The non-extractability of
unreduced isopolymolybdate under the conditions of the
analytical application of heteropoly-compounds is well
known and has been convincingly demonstrated in many
experiments. Data on the extractability of reduced iso-
polymolybdate are contradictory, but there is no doubt that by
altering the conditions it is possible to achieve complete
suppression of the extraction of this form of molybdate
also. For well-known reasons, separation from the
excess of molybdate helps considerably the attainment of
reliable and reproducible results in the determination,
since it decreases the size of the blank specimen and
opens up new possibilities for increasing the sensitivity of
the analysis.

The process of extraction in the photometric determina-
tion of elements as heteropoly-compounds has interesting
possibilities in connection with the stabilisation of the
necessary analytical forms. For example, the main
difficulties and errors in the determination of silicon as
B-molybdosilicic acid are associated with the instability
of this form of molybdosilicic acid in aqueous solution and
its gradual conversion into the more stable o« form; the
extraction of B-molybdosilicic acid by organic solvents
contributes appreciably to the solution of this problem,
since the B form is stabilised in the organic solvent %,

In the extraction-photometric determination of phos-
phorus, n-butanol or isobutanol is most frequently used as
solvent. The use of butanol for the extraction of phos-
phorus as molybdophosphoric acid, with subsequent reduc-
tion and photometric determination of the latter in the organic
phase, has been used successfully to determine phosphorus in

biological materials 19:56,132,158=161 patyral waters 2!,61,162-167
g

plant materials 104,141 steels 199,168 aluminium alloys 168,170,
vanadium '™, technical productsi%8, iron ores 48, petrol!??,
and artificial mixtures®’; photometric measurements on
a butanol extract of molybdophosphoric acid without pre-
liminary reduction can be used for the determination of
phosphorus in biological materials!’s,

The use of other alcohols instead of butanol gives no
fundamental advantages, although some authors note in-
creased sensitivity in the determination of phosphorus on
extraction with isopentanol?7,178 or n-hexanol!’®, better
separation of the layers when pentanol is used ®, a lower
degree of extraction of isopolymolybdate with n-octanol®
and isopentanol!!%, and also the greater availability of
isopentyl alcohol!?? compared with butanol.

Extraction properties much better than those of buta-
nol are shown by mixtures of n-butanol with chloro-
form 17,22,58,110,118,120,154,178-180  jgohytanol with chloro-
form?18:181 and, more particularly, isobutanol with benz-
ene 60,63,133,138,182-186  Thig last mixture always has a
component ratio of 1:1; the composition of the mixtures
of butanol with chloroform, used in different cases, varies
considerably (from 1:1 to 1:10), but most authors con-
sider that the optimum butanol : chloroform ratio is ~1:3.

Other solvents suitable for the extraction of molybdophos-
phoric acid in the photometric determination of phosphorus
include diethyl ether 58,138,187-197  othyl acetate 11751305148,
butyl acetate 59,188, isopropyl acetate 19, isopentyl
acetate 146,200,201 ' jgohutyl methyl ketone 1!, and mixtures of
butanol with diethyl ether (1:1)202 and of ethyl acetate with
butyl acetate (7 :3)208,204,

Butanol is also the solvent most frequently used for the
extraction of molybdoarsenic and molybdosilicic acids in
the photometric determination of arsenic 129,134,187,183 gnd
silicon 17,58,67,106,108,117,138,179  The bhest extractants, how-
ever (particularly as regards selectivity), are — for
molybdoarsenic acid, isobutyl methyl ketone (hexone) 118,138
and mixtures of butanol with ethyl acetate (1 : 1)17,107,154,171,178
isopentyl acetate with ethanol (5:1)1%, and butanol with
ethyl acetate and chloroform (1:1:4)10; and for molyb-
dosilicic acid, n-pentanol 203,206  jgopentyl alcohol 188,207
and isobutyl methyl ketone 112,

Butanol 1%, isopentyl alcohol®2,1%7, and a mixture of
butanol with ethyl acetate (1:1)821°7 are suitable for the
extraction-photometric determination of germanium as
molybdogermanic acid.

Extraction of the reduced forms of heteropoly-acids is
little used in photometric analysis. The only determina-
tions described are those of phosphorus by extraction as the
reduced molybdophosphoric acid (n-butanol 8,208, isobuta-
nol2%:2%  jgopentanol!!s, diethyl ether 16,69,210  jgobutyl
methyl ketone 2!1, acetophenone’®, and a mixture of iso-
pentanol with diethyl ether 175), the determination of arsenic
by extraction as reduced molybdoarsenic acid (isopenta-
nol212-214 and a mixture of isopentanol with diethyl ether 215),
and the determination of silicon by extraction as reduced
molybdosilicic acid (isopentanol 207,218),

The extraction of ternary heteropoly-acids has recently
been used successfully for the photometric determination
of various elements, Thus for example, the extraction of
molybdovanadophosphoric, tungstovanadophosphoric,
molybdotitanophosphoric, molybdoniobophosphoric, and
molybdovanadogermanic acids has been used for the
determination respectively of phosphorus #,8-9  yanad-
ium ™,94,95  titanium 73,98:%  piobium %, and germanium %,

3. Other Examples of the Use of the Extraction of Hetero-
poly-Compounds

The extraction of heteropoly-compounds can be used not
only in photometric methods but also in combination with
other methods — gravimetric!5°, titrimetric1%, spectro-
scopic 27, and radiometric 2,218,219

For the determination of comparatively large guantities
of phosphorus 12,88,220,221 and arsenic 2, some workers have
used a method based on measurement of the volume of the
oily layer obtained on extraction of the heteropoly-acid
with diethyl ether, The extraction of heteropoly-acids
also forms the basis of highly sensitive and selective methods
for the detection of phosphate 14,223, arsenate 14,228,2%  ger-
manate 224, vanadium ??%, and molybdenum 225,

In conclusion, brief mention may be made of other
applications of the extraction of heteropoly-acids (other
than analytical). The preparative importance of the
extraction of heteropoly-compounds is well known: the use
of extraction for the preparation of heteropoly-acids has
been described in a monograph on heteropoly-compounds4.
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The extraction method is being used successfully to
investigate the formation and reduction of heteropoly-com-
plexes 110:128,142,146  and to study their composition 72,9,
redox properties 228, etc, 177,183,212,227

The further study of the extraction behaviour of hetero-
poly-compounds will undoubtedly facilitate investigation of
the structure and nature of the bonding in the molecules of
heteropoly-complexes, and will also extend the range of
their practical application.
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