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ABSTRACT. The main physicochemical characteristics of thio
and dithio phosphorus acids—acid and redox properties, stability
in solution, tautomerism, association and solubility in nonaqueous
media, distribution in water — organic solvent systems—are
reviewed. The effect of the structure of the reagents on their
properties is analysed. The optimum conditions and chemical
nature of extraction, the effect of substituents and diluents on the
extract of metal dialkyldithiophosphates is discussed. Examples
are given of the effective use of thio and dithio phosphorus acids for
the separation of elements and the isolation of Cu, Hg(II), TI(L),
Sn(II), As(III), and Bi from other elements. The potential
application of the extraction of elements with thio and dithio
phosphorus acids is examined.
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1. Introduction

There is no standard nomenclature for dithio phosphorus acids.
In the English literature dithio phosphorus acids are more frequently
called dialkyldithiophosphoric acids or dialkyl dithiophosphates.
The term ‘“dialkyl dithiophosphates™” emphasises that they are
classed as partial esters of dithiophosphoric acid. Correspondingly
for thio acids, the terms dialkylthiophosphoric acids and dialkyl
thiophosphates are more widely used. In the German literature
these reagents are called dithiophosphate esters. In the Russian
literature the terms dialkyl- and diaryl-dithiophosphoric acids have
become established, 0 ,0-dialkyl- and 0,0-diaryl-dithiophosphoric
acids are to be found less often. In the Russian literature the
term dialkyldithiophosphates relates to complex compounds such as
nickel diethyldithiophosphate, etc. In this review we have used the
terms dialkyl- and diaryl-dithiophosphoric acids and dialkyl- and
diaryl-thiophosphoric acids respectively. Complex compounds of
elements with these reagents are to be known as dialkyldithio-
phosphates.

The ability of complex compounds of metals with organic thio
and dithio phosphorus acids to be extracted into various solvents
was established back in 1949,"2 and in 1965 a review on the
extraction of these complexes was published.> A large amount of

material on the extraction of thiophosphates and dithiophosphates
has been collected up to the present time and it requires
classification. The range of extractants has been extended, the
mechanism of extraction has been studied, and schemes for the
separation of elements have been developed. In particular, the
optimum conditions for extracting many elements with
diethyldithiophosphoric acid (DEDTPA),?~® di-n-butyldithio-
phosphoric acid (DBDTPA),>® diphenyldithiophosphoric acid
(DPDTPA),' and di-2-ethylhexyldithiophosphoric acid
(D2EHDTPA)>7 have been found. For the extraction of heavy
metals, salts of dialkyldithiophosphoric acids have also been used;
these contain alkali metals,™'! zinc,'? and nickel.'>'* Metal
dialkyldithiophosphates are more stable than the corresponding
acids both in aqueous solution and in organic solvents, and they are
also more selective, so their future use is promising.

In addition, the possible use of full esters of dialkyldithio-
phosphoric acids — 0,0, S-trialkyl dithiophosphates,'* 17—
amides,?®?® bis(dialkyldithiophosphoryl) disulphide,” and other
derivatives as extractants has been examined.

The use of the extraction of dithiophosphates in a large group of
combined methods is of interest.

Almost all dialkyldithiophosphates do not absorb light in the
visible or near UV region of the spectrum. This is the reason
why extraction spectrophotometry has not been widely developed.
Only the determinations carried out on different compounds of
copper,>3? bismuth,**** and palladium,?*® which are based on
the ability of Cu(II), Bi(III), and Pd(II) dialkyldithiophosphates to
absorb in the visible region of the spectrum, constitute an exception.

The extraction of dithiophosphates is used on a large scale
in extraction polarography. By combining extraction with
polarography it is possible to determine metals that are present
together without initially separating them. Thus, for example, Zn,
Co(II), and Ni dithiophosphates are co-extracted, but they can be
determined separately by polarography in a benzene —ethanol
mixture with 0.2 M LiClO, as the supporting electrolyte.3” The
polarographic properties of the diethyldithiophosphates of Zn, Cd,
Sb(I1D), Bi(I1l), Cr(III), U(VI), Mn(II), Fe(II), Ni,3® Cu(I1)***
Pb(ll), ?Fe(I)*', and Pd*? have been studied. Complexes of
elements with full d'° shells give reversible polarographic waves in
the solvent mixture benzene —ethanol.

The electrolytic oxidation of heteroligand complexes of Cu, Co(II),
and Ni with diethyldithiophosphoric acid and bases— 2,2'-dipyridyl,
1,10-phenanthroline, and aminopyridine*>* — has been studied.
Extraction polarography has been widely applied; the main
theoretical conclusions and practical recommendations for its use
are covered in a review.*

The trends towards the use of dialkyldithiophosphoric acids
in extraction atomic absorption analysis have been outlined.
Elements are determined after their initial extractive or adsorptive
concentration (on active carbon) as dialkyldithiophosphates.
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Diethyldithiophosphoric acid has been used for extractive
concentration of As, Sb, and Bi from industrial nickel electrolytes,*
for concentration of Cd, Pb, and Bi from sea-water on active
carbon,47 and of Cu, Cd, In, T], and Bi in the analysis of metallic
aluminium and gallium.*® Dibutyldithiophosphoric acid is a good
reagent for the combined extraction and adsorptive concentration
from sea-water of Cu, Zn, Cd, Pb, and Bi, which are then
determined by atomic absorption spectroscopy. >

The first studies on the use of dialkyldithiophosphates in high-
performance liquid chromatography indicate that it is possible to
use the most stable of them, for example, silver dialkyldithio-

phosphates,’! for concentration and separation from associated ions.

The aim of the present review is to correlate the data on the
extraction of dithio- and thio-dithiophosphates and to identify the
most important aspects of using them in analytical chemistry and
the ways of developing them further.

II. Properties of thio and dithio phosphorus acids

1. Acid properties

Thio and dithio phosphorus acids are quite strong acids.
Aqueous solutions of recrystallised dialkyldithiophosphates of alkali
and alkaline earth metals have a pH of 7, and as salts of strong
acids, they are virtually unhydrolysed.** An aqueous 0.109 M
solution of DEDTPA has a pH of 1, K, = 2.4 x 1072 The
potentiometric titration curve of an aqueous solution of DEDTPA
against a solution of NaOH is characteristic of strong monobasic
acids. The centre of rapid change in potential corresponds exactly
to pH 7. Potentiometric titration curves of aqueous solutions of
DEDTPA and H,SO, with the same molarity against a solution of
NaOH virtually coincide in form and magnitude of sudden change
at the equivalence point.!!

Substituents on the phosphorus atom have little effect on the
p K., values of dialkyldithiophosphoric acids.”*~>® It was found
by pH titration of dithio acids in aqueous ethanol solutions
containing 40 vol. % ethanol with a constant jonic strength of
0.3 (KNOs3) and at a temperature of 25 + 0.1 °C that the pK,
values of dithio acids have virtually no dependence on the nature
of the substituents, and they are equal to 2.00—2.25.% The lack
of dependence of the acid strength on the structure of alkyl and
alkoxyl groups has been confirmed by a determination of p X, in
aqueous isopropanol solutions containing 90 vol. % isopropanol
(p K, values vary from 2.75 to 2.85).%° According to other results
the p K, values of acids that have different substituents do not
remain constant. Thus, an increase in the length of carbon chain
of the substituents leads to a reduction in the acid strength: for
DEDTPA pK, = —1.10, while for DBDTPA pK, = 022 In
absolute ethanol and aqueous ethanol mixtures the solvation
conditions are not the same, causing a variation in acid strength by
a factor of almost 1023 5350 (Table 1). Moreover, the difference in
acid strengths may partly be due to a change in function of the
glass electrode in absolute ethanol. The p K, values of some dithio
acids have also been determined in other solvents —for aliphatic
dithio phosphorus acids they range from 3.60 to 4.40 in benzene
and from 2.30 to 2.90 in anisole.®* Acids with cyclic substituents
on the phosphorus atom in benzene (p K, = 1.90—3.23) or anisole

(pK, = 0.62-1.65) are stronger than acids that contain aliphatic

groups. 564

11,5257

The dissociation constants of some acids in the presence of
different salts (NaClO,, NaCl) were determined spectrophoto-
metrically. It was recorded®® that compounds containing P(S)S™
have a maximum absorption at 225 nm. A study of the absorption
spectra of potassium dibutyldithiophosphate in perchloric and
hydrochloric acid in relation to the acidity of the aqueous solution
showed that the intensity of light absorption at 225 nm decreases
as the concentration of mineral acid increases; this is due to the
equilibrium being shifted towards formation of the undissociated
form (HA) of the acid. The undissociated form (HA) and the
conjugated form — dibutyldithiophosphate ion (A™)— have
different molar absorption coefficients (exa = 3.9 x 10° and
ga- = 4.15 x 10%). The average molar absorption coefficients of
DBDTPA at 225 nm in solutions of different acidity (u = 1.0;
NaClOy) are given below:%’

cys, M ,1.03 0.72 0.3 0.185 0.103
T 4039 4062 4097 4116 4130 .

Table 1. Dissociation constants of dithio and thio phosphorus
acids in aqueous ethanol solutions and in anhydrous ethanol.
pK, values for ethanol content (vol.%)
Acid Refs.
7 40 (n=0,3) 80 100
HS(S)P(OCHs)e 1.64 2.65 2.84 60
2.00 55
HO(S)P(OC,Hy), 1.83 55
HS(S)P(C;H;), 1.74 2,62 5.06 60
2.62 55
HO(S)P(CsHy), 3.0 55
HS(S)P(OC,H)(CHy) 3.46 60
HS(S)P(n-CHy), 2.55 61
HS(S)P(is0-C;Hy)2 1.85 2.74 2.83 60
HO(S)P(n-C3Hy), 2,61 61
S)P(C;Hs)(n-OCsHy) 2:82 61
HS(S)P(C,Hs)(n-OC.Hy) 2.89 61
HS(S)P(OC,Hy)s 1.84 2.75 2,41 60
HS(S)P(CHy)e 1.77 2.69 3.48 60
HS(S)P(n-CHiCH), 1.84 2.74 3.93 60

In HCIO, the dissociation constant of DBDTPA is equal
to —0.24 and in HCI it is equal to —0.09 (in p X, units)
(spectrophotometric determination).%> These values are not in
agreement with those found by the distribution method: 0.28 and
0.22 in HCIO,4 and HCI respectively.‘”'s6 For dimethyldithio-
phosphoric acid (DMDTPA), pK, = —0.33.

2. Stability in solution

Dialkyldithiophosphoric acids can decompose in aqueous
solution with elimination of H,S and alcohol, but they are more
stable than diethyldithiocarbamic acid and xanthic acid.!! Itis
assumed that thio phosphorus acids in aqueous solution are
hydrolysed on the thiol group. The salts of these acids in aqueous
solution are more stable. Thus, the concentration of the sodium
salt of DEDTPA remains constant (120 pg ml™!) for a month,
while there is 9% decomposition of DEDTPA during this time. In
1 M HCI the decomposition half-life of DEDTPA is 250 h!! while in
10 M HCl it is 4.8 h. For comparison, diethyldithiocarbamic acid
has a decomposition haif-iife of i —2 h. DEDTPA decomposes
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more slowly in sulphuric acid than in hydrochloric acid of the same
concentration.!!5® Diphenyldithiophosphoric acid does not
decompose in neutral or acidic solutions over a period of two
months.®® The decomposition of dialkyldithiophosphoric acids is
a first-order reaction. Dialkyldithiophosphoric acids are stable in
organic solvents.!!

3. Tautomerism
A tautomeric conversion of the thione form (I) = thiol
form (II) is characteristic of thio phosphoric acids:*?

RO\p A RO\p 0
RO“NOH RO/ NsH
W) (I

In aqueous solution the equilibrium is shifted towards the thiol
form; in ethanol the thione form predominates.

4. Distribution in the system water —organic solvent

The behaviour of dithio acids in water —organic solvent systems
has not been studied in sufficient detail and is only known for
acids that are used as extractants. In particular, the extraction of
diethyl-, diisopropyl-, di-n-butyl-, diisobutyl- and di-2-ethylhexyl-
dithiophosphoric acids has been studied.>’® The acid distribution
constants and the acidic dissociation constants have been determined
in the system HC1—CCl, (Table 2). An increase in the length of
the hydrocarbon group leads to some reduction in acidic properties,
which is in agreement with other results;*? this applies particularly
to DEDTPA and D2EHDTPA (Table 2).

Table 2. Distribution constants and dissociation constants
(in pK, units) of some dialkyldithiophosphoric acids when p = 1
at 25 °C.527°

Alkyl group Solvent pHy* lg Kp pK,**
Ethyl- Carbon tetrachloride 0.35 0.45 —0.10
Isopropyl- ” 1.89 1.90 0.00
n-Butyl- " 2.70 2.52 —0.22

Methyl isobutyl ketone 2.71 2.54 —0.25
n-Amyl acetate 2.40 2,23 —0.18
Isobutyl- Carbon tetrachloride 2.74 2.63 —0.10
2-Ethylhexyl- " 4.17 5.42 —1.25
n-Heptane — 5.43 —
Benzene — 5.39 —_

*pH,, = pK, + logKp, where K p is the distribution constant
of dialkyldithiophosphoric acid (organic phase saturated with the
aqueous phase and aqueous phase saturated with the organic phase);
** K, is acid dissociation constant in water saturated with the
organic solvent.

The extraction of DBDTPA into CCly decreases at an acid
concentration of 6 M regardless of the nature of the mineral acid
(HCl, HBr, H,SO,, HCIO,, HNO;).*? The effect of ionic strength
on the distribution of dithio acids is complex in nature. For
example, in the extraction of DBDTPA from solutions with a
constant HCI content, the addition of NaCl initially leads to a
reduction and then to a marked increase in distribution coefficient

of the reagent.> Dithio acids are not extracted from weakly
alkaline and neutral solutions; this is due to the formation of
dithiophosphate anions. The extraction of DPDTPA from
solutions of HCl, HNOj3, and H,SO, has been studied. It is at
a maximum when 2—7 M solutions are used. However, the
distribution constants and dissociation constants have not been
determined.’® These values are generally difficult to determine
separately for dialkyldithiophosphoric acids, therefore the ratio
Kp/K,, that is, the two-phase stability constant, is frequently
determined (Tables 3 and 4).

Table 3. Logarithms of two-phase stability constants
log (K p,ua /K4 ua) of dithio phosphorus acids (RO),P(S)SH in
the system water —nonpolar organic solvent’"?

18(Kpsia/Kepa) in
R
heptane ccl, toluene
C,H,- — 1.1 1.88
is0-C3Hy— — 1.99 2.12
CyH,- 2.10 2.98 3.12
is0-C;Hg—~ 2.00 2.93 3.01
sec-CHo— 2.48 3.36 3.44
CyHy;- 3.36 4.23 4.38
iso-CsHyy— 3.10 4.02 4,41
sec-CsHj 1~ 3.80 4.64 4,1

Table 4. Logarithms of two-phase stability constants
log (K p,ua/K2,ua) of DBDTPA and MHDTPA in the system
1 M HCIO4— organic solvent.”?

lg (Kp, HA/Ka, HA)
Solvent
DBDTPA MHDTPA
Toluene 3.12 3.05
Carbon tetrachloride 2.98 2.89
3.05* 2.88*

ﬁydohcme 2.40 —

eptane 2.10 1.97
Dodecane 1.94 —_

*log (Kp,ua/Kaua) values determined in the system
CCly—1 M NaCl.

5. Polymerisation and solubility in nonaqueous media

Dialkyldithiophosphoric acids, in contrast to phosphoric acids,
have no tendency to polymerise in nonaqueous media.”> However,
the association of dithio and thio phosphorus acids in nonaqueous
solvents has not been studied in sufficient detail. It is known that
DBDTPA does not form dimers or polymers in CCl,, methyl
isobutyl ketone, and amyl acetate.’? It was also established by
cryoscopy that there were no dimers or more complex associated
forms of DEDTPA in benzene.”® D2EHDTPA also does not
polymerise in nonaqueous media.”* An analysis of the IR spectra
of DMDTPA and DEDTPA showed that in dilute solutions in
CCl, these acids were present to a considerable extent as
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monomers.”’

On the basis of the results of a two-phase titration of DBDTPA
and methylheptyldithiophosphoric acid (MHDTPA) in cyclohexane
and dodecane, a solubility parameter was calculated, which can be
applied to all acids with unbranched groups when the number of
carbon atoms does not exceed eight.”® Compounds with a P(S)SH
group are characterised by a lower intermolecular interaction energy
than the corresponding oxygen-containing compounds. Thus, dithio
phosphorus acids have a lower tendency to dimerise through
formation of intermolecular hydrogen bonds than, for example,
dibutylphosphoric acid.” However, the high polarisability of the
sulphur atoms assists the interaction of dithio acids with a polar
solvent. Therefore, it may be assumed that it is possible to
determine solubility parameters more accurately in a nonpolar
solvent than in a polar one which is subject to the inductive effect.”®

6. Redox properties

Dialkyldithiophosphoric acids exhibit reducing properties and are
readily oxidised with mild oxidising agents such as iodine to form
bis(dialkyldithiophosphoryl) disulphides {(RO),P(S)S],, which are
solid, low-melting compounds that are slightly soluble in water.”’
For example, the solubility of bis(dimethyldithiophosphoryl)
disulphide in water at 25 °Cis 4 x 107> M.”® When dithio acids
are treated with chlorine, the following reaction occurs”®

S S
2(RO, P +3Cl, - 2(RO), PZ~ + S,Cl,+ 2HCL.
N\sH Ncl

Anions of dialkyldithiophosphoric acids are oxidised on
dropping mercury and platinum electrodes. The half-wave
potential for diethyldithiophosphate ion (103 M) is —0.062 Von a
dropping mercury electrode (relative to a saturated calomel
clectrode) and +0.696 V on a rotating platinum microelectrode.*

Dialkyldithiophosphate ions and their oxidation products form
reversible redox systems for which the Nernst equation is valid.”®
Their reduction takes place in accordance with the following
equation:

(RO), P (S) S—S(S)P(OR), + 2¢ = 2(RO), P(S)S™.

The potential of a system containing dialkyldithiophosphate ions
and their insoluble oxidation products is given by the following
equation:

E=Eqy— 0.0581g aro),p(s)s--

As bis(dialkyldithiophosphoryl) disulphides are only slightly
soluble in water, their saturated solution can be readily obtained
by the addition of small quantities of iodine or previously
synthesised bis(dialkyldithiophosphoryl) disulphide to a solution of
dithiophosphate ions. In practice there is no need to introduce the
oxidation product of dialkyldithiophosphate since the platinum
electrode maintains a constant potential even in freshly prepared
solutions of dialkyldithiophosphates; this is probably due to the
presence of traces of reagent oxidation products in them. The
measurement of redox potentials by a balancing method in the
circuit

Pt[KS(S)P (OR), (m) [(RO);P(3)Sl: (s), 0.IM KC1]0.1 M KCl, Hg,Cl,|Hg

gave the following results:”®

R E,V R Eo, V
CHy +0.315 CHi  —0.015
C;H; +0.255  iso-C3Hy -+0,196
CsH, +0.187 i 9 +4-0.158

Hy +0.122 iso-CsHyy -+0.086

As the length of the carbon chain of the RO group increases,
the redox potential of the acid decreases. Dithio acids with
branched substituents and also with a long unbranched chain are
oxidised with somewhat greater difficulty than dithiophosphates
with a small unbranched carbon chain.

The redox potentials found from potentiometric titration of
aqueous ethanol solutions of dithiophosphinic acids against a
0.1 M solution of I, in 40% ethanol at pH 6.5 (phosphate buffer
solution) have been determined.®'

III. Extraction with thio and dithio phosphorus acids

1. Reagents used and optimum extraction conditions

The use of DMDTPA as an extractant has been studied less
than the others. It is the most soluble in water and passes into
the organic phase less effectively than the other acids. Moreover,
DMDTPA complexes with metal ions are the least stable and are
fairly readily soluble. This is likely to account for the limited use
of DMDTPA in extraction chemistry.

A study of the extraction of nickel dimethyldithiophosphate
Ni[S,P(OCH3);]; with toluene from a 1 M solution of a mixture
of Na[S,P(OCH3),] and NaClO,4 showed that the distribution
coefficients of the complexes were low and varied from -2 to +1
(in log K p units).’” 1In the system water —toluene the equilibrium
stops after 30 min. In the opinion of Wingefors®” the extraction
of nickel dimethyldithiophosphate from weakly acidic solutions is
effected because of the large value of the distribution constant of
the complex (log Kp,, > 2). The complex is not associated in the
organic phase even when there is a large concentration of nickel in
the initial aqueous solution.

DMDTPA forms a complex with palladium that is insoluble
in water but soluble in CCl,, diethyl ether, and chloroform® and
which is suitable for the extraction and photometric determination
of palladium. The same acid can be used to extract uranyl ions
from 0.005—0.01 M HCIO, into benzene, but the distribution
coefficients of the complex are very low.%!

The extraction of diethyldithiophosphates of copper, silver
and go]d,9’ 82,3455 pismuth,% iron(IIl),83 noble metals,” ruthenium
and osmium,”®¥” and palladium*>®® has been extensively studied.
The extraction conditions using DEDTPA from 0.1—10 M solutions
of HCl and 0.05—7.5 M H,S0, into CCl, for many elements have
been described.’

Elements of Groups I—1III as well as Zn, V(III), V(V), Nb, Ta,
Sn(II), Cr(III), and rare earth elements do not form sparingly soluble
compounds with DEDTPA and are not extracted.

Copper(Il) is quantitatively extracted from 0.1 —5 M solutions
of HCI or 0.05—6 M solutions of H,SO,, as well as from weakly
acidic and neutral solutions.!> At pH 9 it remains almost
completely in aqueous solution. This was used as a basis for the
successive extraction of copper and silver with a solution of
DEDTPA into CCl,.2 Copper diethyldithiophosphate was used
for a photometric determination of copper.®® Silver was completely
extracted with DEDTPA from a 0.1—3 M solution of HCI into
CCL. In a more recent study®? it was shown that it can also be
extracted from less acid solutions up to pH 11. Depending on the
ratio of the component concentrations, gold(III) forms different
products with DEDTPA. Gold(I) is completely extracted from acid

13,82,83
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and neutral media, so DEDTPA has been used in an extraction-
atomic absorption determination of gold (and silver) in natural
water.®’

Alkaline earth elements and zinc do not form complexes that can
be extracted with DEDTPA. Cadmium is incompletely extracted
from 0.1 —10 M solutions of HCI or 0.05—5 M solutions of H,SO,,
but is completely extracted from media with pH 3.0—7.0, and in
the presence of 2,2'-dipyridyl it is extracted at pH 6.5—8.5.4!
Mercury(Il) is quantitatively extracted from 0.1 -5 M solutions of
HCl or 0.1—7.5 M H,SOy, while mercury(l) is reduced to the metal.’
A more recent study® showed that mercury(Il) is extracted from
media containing S M HCI (or 8 M H,SOy4) up to pH 7. In this
case the complex exists in the organic phase in monomeric form.

Indium is not completely extracted with DEDTPA from a 0.1 M
solution of HCl, and thallium(I) is only extracted to the extent of
5%. Thallium(I) is readily extracted from weakly acidic solutions,’
and in the presence of 2,2'-dipyridyl it is extracted at pH 6.5—7.0.%°
Thallium(III) is reduced to thallium(I) by the reagent (sometimes
the reduction takes place over several hours).’

Germanium(1V) is not extracted from 3 M solutions of HC],
while from solutions with a lower HCI concentration the extraction
is not quantitative.’ Tin(II) and tin(IV) are also incompletely
extracted from 0.1—10 M HCl or 0.05—5 M H,S0,.° Lead(Il) is
extracted with DEDTPA from acid, neutral, and alkaline solutions.’

Arsenic(III) is quantitatively extracted with DEDTPA from
weakly acidic and strongly acidic solutions while arsenic(V) is not
extracted under these conditions. Antimony(IIl) is effectively
extracted from 0.1 —12 M solutions of HCI or 0.05—2.5 M H,SOy;
antimony(V) in this case is first reduced and then extracted as the
diethyldithiophosphate.*® Bismuth diethyldithiophosphate is
extracted over an acidity range from 5 M HCI (2.5 M H,S0,) to
pH 2.5.9:3486

Selenium(IV) and tellurium(IV) are extracted with DEDTPA
from weakly acidic and strongly acidic solutions. Selenium(VI)
is only extracted from strongly acidic solutions, probably being
reduced initially to selenium(IV). Tellurium(VI) is only 60%
extracted even from a 10 M solution of HCL.® Uranyl ions are
extracted from 0.0005—0.01 M solutions of HCIO, into benzene in
the form of uranyl diethyldithiophosphate with very low distribution
coefficients.®!

Rhenium(VII) is extracted as its diethyldithiophosphate to the
extent of 20% from a 0.1 M solution of HCI to which has been
added a 15% solution of TiCls, whereas it is not extracted at all
from 6 M HCl. From a mixture of potassium perrhenate —sodium
diethyldithiophosphate— SnCl, containing 1 —3 M HCI, rhenium
is extracted with benzene, chloroform, diethyl ether, ethyl acetate,
isoamyl acetate, and isobutanol.’

Iron(IIl) is quantitatively extracted at pH 2—3 while at lower
pH values it is reduced to iron(I).” In order to prevent the
reduction of iron(III) the extraction is carried out in the presence of
H,0,. The distribution constant of iron(III) diethyldithiophosphate
for passage of the latter into hexane is equal to 51.9.8 At
low concentrations cobalt(Il) does not react with sodium
diethyldithiophosphate in aqueous solution, but on extraction from
solutions with a high cobalt concentration the extract changes to a
green colour* which is characteristic of a complex of cobalt(III) with
DEDTPA. Cobalt(Il) diethyldithiophosphate in the extract is
oxidised with atmospheric oxygen after several hours.’ In the
presence of 2,2'-dipyridyl, cobalt(Il) is extracted with DEDTPA at
pH 5.5—10.0.* Nickel(Il) is incompletely extracted from 50%

CH;COOH with sodium diethyldithiophosphate.* The extraction
becomes quantitative when the operation is repeated four times. In
the presence of 2,2'-dipyridyl, Ni(II) is extracted at pH 0.5—2.0.*!

Ruthenium(III) is extracted with carbon tetrachloride at room
temperature in the presence of diethyldithiophosphate ions from a
0.1—10 M solution of HCI or a 0.05—7.5 M solution of H2$04.9
Osmium(IV) is not quantitatively extracted with DEDTPA from a
0.1—8 M solution of HCI or a 0.05—6 M solution of H,SO4 into
carbon tetrachloride. Iridium(III) and rhodium(III) are not
extracted from media containing HCI or H,80,.° Iridium(IV) is
reduced by the reagent to iridium(III), but iridium(III) diethyl-
dithiophosphate precipitates out incompletely. The precipitate is
extracted with chloroform and carbon tetrachloride.*

Platinum(II) is effectively extracted from acid solutions.* If
platinum(IV) is reduced to platinum(Il) in the presence of
diethyldithiophosphate ions using SnCl,, it is rapidly extracted
from 1—10 M solutions of HCl into CCl, as a complex with the
ratio Pt: A~ = 1:2.%° Palladium is extracted from neutral and
weakly alkaline solutions.*® The reagent has been used to
determine palladium in ore.5

Diethyldithiophosphates form the following series of
extractability: As(III) > Bi > Pb > Zn > Ni > Co > Cd.>%7
However, this series, which corresponds to the optimum extraction
conditions, needs to be adjusted (this concerns, for instance, the
positions of Cd and Zn) and requires a quantitative characterisation.

Diisopropyldithiophosphoric acid (DIPDTPA), like the other
acids, forms coloured compounds with Cu(Il), Bi, Pd(II), and Pt(II)
ion.?® The extraction of copper with zinc diisopropyldithio-
phosphate into CCl; is quantitative from 0.1—-5 M HCI,
0.05—2.5 M H,S0,, 0.1—5 M HCIO,, 0.1—1.5 M H3PO,, or
0.1—2 M HNO;.°! The extraction of copper from less acid
solutions has not been studied. Bismuth diisopropyldithio-
phosphate is also extracted from acid solutions. The extracts are
characterised by a maximum absorption of light at 350 nm. Itis
possible to determine photometrically 5—70 pg of bismuth in 5 ml
of chloroform.®?  Uranyl ions are extracted with DIPDTPA from
0.0005—-0.01 M solutions of HCIO, into benzene but the
distribution coefficients are very low %!

Dibutyldithiophosphoric acid (DBDTPA) has been studied as
an extractant fairly comprehensively.® Out of 42 elements studied,
22 have been satisfactorily extracted from miedia containing
0.03—9 M HCl or 0.1 -18 M H,SO,. The extraction only requires
a few minutes and is carried out in a single operation. The
concentrations of metal can vary over a wide range from
submicrogram to milligram quantities per ml of solution.’ Ag and
Bi(II1) ions are quantitatively extracted with DBDTPA even from
1 x 1077 M solutions of their salts. The maximum extractable
quantity of metal depends on the initial concentration of DBDTPA
in the organic phase, the ratio of volumes of the phases, and the
solubility of the complex formed in the organic solvent.

According to the results of Handley and Dean,® Ag and Hg(II)
are extracted with DBDTPA from an acid medium up to pH 10.
Copper(lI) and palladium are extracted from ammonia solutions
with pH 8. The extraction of silver and palladium cannot solely
be attributed to an exchange reaction with DBDTPA and its salts.5®
Evidently a coordination and ionic interaction is also occurring in
this case. The passage of zinc dibutyldithiophosphate into CCly
and heptane from perchloric acid®® and hydrochloric acid® has been
characterised in considerable detail (Table 5). For comparison, in
the extraction of a complex of cadmium with DBDTPA using
carbon tetrachloride from a 1 M solution of HCl with an ionic
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strength of 1, log K., = 5.3; logB> = 9.7; logKp = 0.9;
log (K p,2B2) = 10.6 [here, log(Kp, 2PB2) is the two-phase stability
constant].>

Table 5. The distribution of zinc dialkyldithiophosphate in
different systems.

Alkyl 12 Kex g B lg Kp 1g (Kp g8
CCly—1 M HCI (Ref.94)
Ethyl- —10 —9.3
Butyl- 1.22 3.8 2.77 6,57
Isobutyl- 1.29 4.00 2.70 5.77
sec-Butyl- 1.37 2.77
2-Ethylhexyl- 1.40 2.86
CCl4—HCIO, (Ref93)
Butyl- | 1.67 | 227 | 5.37 | 6.05

Heptane—HCIO, (Re£.93)
Butyl- | 1.85 | 2.27 | 3.78 |

Zinc dibutyldithiophosphate was used as an extractant for the
extraction of mercury(II), which was then determined in the extract
by polarography.’> Nickel dibutyldithiophosphate is extracted into
heptane with very high distribution coefficients (log D > 3), but the
extraction takes place slowly and re-extraction is not quantitative.’
Uranyl ions can be extracted from perchloric acid solutions into
benzene using DBDTPA.®!

Dibutyldithiophosphate form the following series of
extractability:>7
Pd (11) > Au (II1) > Cu (1) > Hg (I1) > Ag > Cu (II) > Sb (1) >

> Bi (1) >Pb>Cd >Ni>Zn.

The use of zinc isobutyl-2-ethylhexyldithiophosphate in the form
of a 50% solution in a mineral oil (industrial name DF-II) as an
extractant for copper has been proposed. This compound is used
as an oil additive.’® The availability of the reagent, its high copper
capacity, low viscosity, and good compatibility with kerosine have
determined its use in hydrometallurgy.’® In a single extraction the
distribution coefficients of copper are higher by 3—5 orders than for
associated elements.

The extraction metals with di-2-ethylhexyldithiophosphoric acid
has been studied in the greatest detail. A considerable amount of
attention has been given not only to the conditions but also the
extraction mechanism, a determination of the extraction constants
and distribution constants of the complexes, and the effect of
diluents. The extraction of Cu(Il),”’ ~!°! Ag,'%? Au(III),'* Ca,'™
In, 105106 Ty(1),107-109 As(1ID),1'%111 and Bi!!>!13 has been studied.

Other dialkyldithiophosphoric acids with large alkyl groups—
n-hexyl-, n-octyl-, dodecyl-, and isododecyl-dithiophosphoric acids,
and other acids with unbranched Cy—C;3 groups— have also been
tested as extractants. These acids are virtually insoluble in water
and in acid and alkali solutions. For example, the solubility of
D2EHDTPA in water is 0.0088 g litre™, in 1 M H,S0, it is
0.022 g litre™, and in 2 M NaOH 0.114 g litre™".  Out of the acids
listed it is best to use D2EHDTPA, since the extraction of metals
with its sol tions in organic solvents occurs with sufficient

rapidity.114 In contrast to acids synthesised from Cg—C,g alcohols,
D2EHDTPA does not form stable emulsions. These extractants
are not decomposed by solutions of 7—9 M HNO3;, H,0; (in the
presence of HCI or H,SOy), Br,, TI(III), and other oxidising
agents.!'* In the absence of oxidising agents, solutions of
D2EHDTPA are stable and their extractive capacity does not
change with time.!’* The reagent D2EHDTPA forms such stable
complexes with metal ions that even compounds of alkali and
alkaline earth metals can be extracted. The extraction constants of
ammonium and sodium ions into heptane (u = 1) are equal to
—3.50 + 0.06 and —3.70 + 0.01 (in log K units) respectively.!!
The use of the polar solvent 2-ethylhexanol markedly improves the
extraction of ammonium ions; in this case logK,, = —1.55 + 0.10.
Systems with sodium ions separate into phases slowly (20—24 h)
while with ammonium ions they separate after a few minutes.
Sodium ions are evidently strongly hydrated in the organic phase.
The solubility of D2EHDTPA in ammonia solutions is low. After
mixing equal volumes of a 1 M solution of NH; and (NH,4),CO3
with a 0.22 M solution of D2EHDTPA in heptane, 0.05 g litre™ of
D2EHDTPA and its anion is extracted into the aqueous phase.

Copper(Il) is quantitatively extracted with solutions of
D2EHDTPA in saturated hydrocarbons from media containing
0.05—11 M H,S0,, 0.1—8.7 M HCIO,, 0.1-12 M CH3COOH,
0.1—12 M HCL, or 0.1—7 M HBr.*”*® The extraction is virtually
complete after 2 min. The extraction of copper with solutions of
D2EHDTPA in the presence of diethylenetriaminepentaacetic acid
has been studied.’

The extraction of copper(Il) is made difficult by its partial
reduction to copper(I).!®'1® This process has received very little
study and is sometimes completely ignored. In dilute solutions
reduction takes place quite slowly and after brief contact (30 s) of
a solution of D2EHDTPA in toluene with a 1—2 M solution of
CuSO,, CuA, passes into the organic phase (pH of solution not
specified). The electronic spectra of CuA, and CuA differ
considerably. It is assumed that a dynamic equilibrium is
established during extraction

2CuA,==2CuA+A,.

The CuA complex is associated in solution (degree of association
4—5) when the concentration of Cu(l) is 1 mg mI™.

In the extraction of large quantities of Cu(Il) the process can
also be complicated by polymerisation of the CuA, complex in the
organic phase.®”!'” Copper is not re-extracted with a 2.5 M
solution of H,SO,4 or with solutions of Na,S,03, H>C,04, and
phosphoric acid salts.'®? Re-extraction can be carried out using
5 M NH; or 10 M HNOs. NaOH solutions are unsuitable for
re-extraction, 7—10% solutions of thiourea in 1 —3 M solutions of a
mineral acid are used for this purpose.”’

Silver is completely extracted with a 0.01 M solution of
D2EHDTPA in octane from media containing 0.1—8.7 M HCIO,,
0.05—9 M H,S0, (D > 2 x 10%, 0.1-8 M HC], or
0.1—3 M HBr.!?

The extraction of gold(III) with the reagent D2EHDTPA from
solutions of mineral acids has been studied. During extraction
from HNO; solutions there is a sharply defined minimum when the
concentration of acid is 9 M. Gold is extracted from solutions of
mineral acids regardless of its form in the initial solution. The
distribution coefficients of gold during extraction from HCI
solutions are higher than from HBr solutions. They attain a
maximum value when the concentration of mineral acids ranges
from 0.1 to 10 M. The exivaciant is decoiuposed by e mixture
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HCl + H;0, (9:1); gold is not extracted from this mixture.
Another good re-extraction agent is a 0.5 M solution of thiourea
in 0.1 N HC}, HBr, or H,S0,.!

The extraction of calcium with solutions of ammonium
di-2-ethylhexyldithiophosphate in heptane, octanol, TBP, and
hexadecane has been studied.!® The equilibrium stops after 2—3
minutes. In the extraction of calcium with this reagent from
0.5—4 M solutions of its salts, log K., = 0.73 + 0.05. Calcium
ions are extracted even more effectively with the sodium salt of the
acid. The Ca—Na exchange constant is higher than the Ca—NH,
exchange constant: logKce_na = 1.05 + 0.04; logKca—nm, =
0.64 + 0.06. D2EHDTPA appears to extract the ammonium ion
more effectively than the sodium ion. A solution of D2EHDTPA
in n-decane (0.1 M) extracts Mg, Ca, Sr, and Ba. The degree of
extraction depends on the pH of the aqueous phase; at pH > 4
extraction is quantitative.''®

The distribution coefficients of indium are sufficiently high to
ensure its almost quantitative extraction with 0.3—0.5 M solutions
of D2EHDTPA in saturated hydrocarbons (heptane, toluene, octane)
from solutions of HClO, and H,S0, of any concentration and
from solutions of hydrohalic acids up to 3 M HCl, 4 M HBr, and
5M HI. Extraction decreases in the series HCl > HBr > HI.!%
The extraction constant of indium (log K., = 10.3) is very high.
The distribution coefficients of indium remain high even for
extraction with dilute solutions of D2EHDTPA (0.02 M) from
solutions of oxoacids. Extraction decreases in the series HCIO, >
H,S04 > H3PO4 > H,C,0,4 Indium is also extracted from
alkaline and ammonia solutions. For media containing 0.5—5 M
NH; or NaOH, the distribution coefficients of indium are constant,
and they are much higher for the former than for the latter.

A solution of D2EHDTPA in decane (0.1 M ) effectively extracts
TII) from solutions of oxoacids and from solutions of hydrohalic
acids of low concentration. In extraction from isomolar solutions
the distribution coefficients increase in the series HCIO4 >
H3;PO, > H,SO4 > HNO; > HCl. The largest reduction in
distribution coefficients occurs in the presence of chlorides;
sulphates and phosphates have virtually no effect on this property.
Thallium(I) can be re-extracted with an 8 —9 M solution of HNOs.
High concentrations of oxalic and citric acids have comparatively
little effect on the extraction of TI(I). Thallium(l) is extracted with
high distribution coefficients not only from buffer solutions with
pH 5—10 but also from highly concentrated solutions of NH; and
alkalis; log D has a constant value up to a concentration of S M
NH; or NaOH.'"” Thallium(I) is quantitatively extracted with a
1 M solution of D2EHDTPA in 2-ethylhexanol from 0.05—2.5 M
H,S0,.'%

The extraction of tin(II) with solutions of D2ZEHDTPA has
been studied in detail.!**'?® It occurs quantitatively over a wide
concentration range of H,SO, and from HCI solutions up to
an acidity corresponding to 3 M HCl. Tin is quantitatively
re-extracted with an 8 —9 M solution of HCl. It was shown by
saturation of the organic phase that the ratio of metal to reagent
in the extract was 1:2. The distribution coefficient of tin when it
is extracted from sulphuric and hydrochloric acid solutions and
HBr solutions with a solution of D2EHDTPA in octane, decane,
cyclohexane, benzene, toluene, CCly, and chloroform is directly
proportional to the square of the concentration of extractant in
the organic phase and inversely proportional to the square of the
hydrogen ion concentration in the aqueous phase.

A solution of D2EHDTPA in octane (0.05 M) can quantitatively
extract bismuth from a 0.1—8.7 M solution of HCIO4 and a

0.05—15 M solution of H,SO4; with a concentration of bismuth
of 5 x 10 M, logD > 3.3 It is extracted in a more acidic
medium from solutions of HCl or HBr. As the concentration of
hydrohalic acid in the aqueous phase increases, the distribution
coefficients are reduced, the decrease being more substantial in
extraction from HBr solutions, which is due to the differing
stabilities of halide complexes of bismuth.''* From among
cation-exchange extractants—dialkyldithiophosphoric,
dialkylthiophosphoric, alkylphosphoric, and naphthenic acids,
and alkyl mercaptans— the most effective for bismuth are
D2EHDTPA and dioctylthiophosphoric acid. Bismuth is
quantitatively extracted with a 0.05 M solution of D2EHDTPA
in octane from media containing 0.1 —6 M HNO; (logD > 3).!12
The extraction of arsenic(III) from solutions of HNOj;, HCIO,,
H,SO,4, HCI, and HBr over a wide concentration range with a
solution of D2EHDTPA in decane has been studied.!'’® Extraction
from strongly acidic media (<5 M H™) is complete, while arsenic
is not extracted from solutions with pH 6 —7. Acetates, tartrates,
fluorides, iodides, and EDPTA do not inhibit extraction.''®!?!
The highest distribution coefficients are attained in extraction from
media containing 8 M H,SO4 (up to pH 2) and from a 1—10M
solution of HCl. A feature of the extraction of arsenic(IIl) is the
increase in the distribution coefficient as the concentration of the
acid in the aqueous phase increases. Levin et al'!! attribute this to
the increase in concentration of the extractable species:

AsO;” + 6H* = As®* 4 3H,0.

The extraction of nickel and cobalt with solutions of
D2EHDTPA in decane has been studied.’?> Nickel extracts have
a green colour. The highest distribution coefficients occur in the
extraction of nickel from solutions in the region of pH 2 to 0.5 M
H,SO4 or 1 M HCI. Cobalt has lower distribution coefficients, its
maximum extraction is reached at pH 1.6 —1.2. The extraction
constants of nickel and cobalt are equal to 1.4 x 10 and 0.9
respectively when p = 4.8; logK., = 2.29 + 0.07. The elements
are quantitatively re-extracted with 6-10 M HCL

Solutions of D2EHDTPA have also been used for extraction of
platinum metals. Palladium(II) forms a complex with D2EHDTPA
in 2—3 M HCI without heating in the presence of acetone; the
complex is quantitatively extracted into the organic solvent. Silver
and gold are extracted under the same conditions, but platinum and
rhodium are not extracted. After addition of 0.01 M SnCl, to an
aqueous solution of this type, platinum and rhodium are extracted
on standing for 2 h, but iridium is not extracted.'*® By using a
0.01 M solution of extractant in toluene it is possible to extract
palladium almost completely from a 0.1 —10 M solution of NH; or
a 0.1—5.3 M solution of NH,Cl. Toluene, CCly, and saturated
hydrocarbons can be used as diluents. With a ratio of
Vorg: Vaq = 1:50 and a palladium concentration of 0.02 pg ml ™,
more than 98% of palladium was extracted from 1 M NH; and
NH,C1.'?* The extraction constant of palladium with D2ZEHDTPA
is very high (~10?°) . The inhibiting effect of Cu, Pb, Mn, and Co
is eliminated by the addition of excess EDTA.'%*

Iridium(III) is quantitatively extracted into the organic phase
from an aqueous solution containing 1—4 M HCl when a 100-fold
excess of D2EHDTPA is used (when the concentration of iridium is
1 x 107 M) in the presence of acetone, heating being required in
this case. The optimum extraction conditions are: 2—3 M HClI,
0.1 M solution of extractant in acetone, acetone content 50 vol. %,
heating at 100 °C for 30 —40 min. The extraction constant of the
complex using chloroform is quite high (log K., = 4.41 + 0.1).'*
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Iridium is not re-extracted with 6 M NaOH, 1 M EDTA, or
hydrochloric or sulphuric acid solutions of thiourea because of
the formation of kinetically inert iridium complexes. Under the
optimum conditions the extraction of iridium is not inhibited by the
presence of the following metals (in excess quantities): Fe(III) 20;
Cu3 x 10% Nil x 10% Co 3 x 10*. The extraction of iridium
becomes complicated in the presence of tin(II), which under these
conditions evidently forms tin chloride-containing complexes of
iridium of different compositions.

The elements can be arranged in the following series in relation
to their ability to be extracted with D2EHDTPA from HCI

solutions:'%*

Bi>Cu(II)>Pb>=As>Cd=In>Fe>Ni>Zn.

A more complete series based on extraction constants is given in
another study'%
Au(D)> Ag() > Hg (I) > Pt (I1) > P (IT) > Cu (1) > Ir (II)) >

> Bi(11I) > As (1I1) > Ru (111) > In (1) > Pb(1I) > Sn (i) >
> Cd (iI) > Fe (1) > T1 (I) > Ni (1) > Zn (1) > Co(il).

Table 6. Exchange constants and extraction from perchloric acid
solutions.'?

System M;~M2 1og Kexer System M—H log Kex
Znt—]ndt 14.04+0.3 Zn**—H 2.2540.03
Zn*+—Nj** 0.751-0.03 Ni2*—H 3.14
AsS+—Ppb2+ —0.674-0.05 Fel+*—H §.6210 08
Ind* —Asd+ 1.730.1 In¥*—H 10.2340.3
Cd2+—As3* 2.82+0,07 C2+—H 7.004£0.07
Fed+—]n%+ 1.6+0.08 Po?+—H 8.09+0.05
As¥+—Cu?+ 12.94 As+—H 11,93

Cu?+—H 12.3
Bit+—H 20.1+0.96

There is considerable interest in the exchange reactions of metal
di-2-ethylhexyldithiophosphates in the presence of anions that have
a tendency towards complex formation with exchangable cations.
The extraction constants of metals that form complexes with anions
of mineral acids and other complex-forming ligands are equal to
K/(1 + B;c’), where K is the extraction constant in the absence of
complex-forming ligand, B; is the stability constant of the ith
complex, ¢ is the concentration of ligand. Depending on the
conditions, the exchange constants can vary over a wide range, as
a result of which many metals alter their position in the exchange-
extraction series. Table 6 lists the exchange constants and
extraction constants of certain metals from perchloric acid
solutions. In hydrochloric acid solutions these constants have
different values.

The exchange constants of the pairs Bi—As and As—Cu when
p = 5 (LiCl) and at an H* concentration of 1 M are 0.78 and 5.32
respectively, while the log K values for bismuth and copper
complexes are 11.5 and 10.01.125  As arsenic does not form acido-
complexes, the value of K, at a constant acidity of 1 M H*
remains unchanged (log Ka,—g = 11.9) if the extraction is carried
out from eitizer perchloric acid or hydrochloric acid solutions.

The extraction of metals with diphenyldithiophosphoric acid
(DPDTPA) has been well studied.!?’” The latter can be used to
extract Cu(Il), Pd,* Bi,%? and Pt(II).!® For example, platinum(II)
is quantitatively extracted from a 2.5 M solution of HCl or 1.25 M
solution of H,$04.'%®  Selenium(IV) is extracted with DPDTPA
in chloroform from solutions in the region pH 1 to 10 M HCL.'?
The extraction of cadmium from a 0.05 M solution of H,SO, was
used for a subsequent titrimetric determination of cadmium in the
presence of Zn, Al, Cr, Co, Mn, and Fe(III).130

Amongst cyclic alkylidenedithiophosphoric acids, 1,3- and
2,3-butylenedithiophosphoric acids have been studied as extractants
for the selective isolation of copper.!> Solutions of these in
chloroform (0.3 M) completely extract copper from acidic media
ranging from 2.5 M H,SO, to pH 5. The extraction time in the
presence of extraneous elements is 30 min. Using these acids at
pH 2, the following may be extracted (in %): Fe(III) 0.3 —0.4;

Co, Mn, Zn 0.1-0.2. These acids are more selective than
isobutylethylhexyldithiophosphoric acid, a 0.15 M solution of which
in chloroform at pH 2 extracts 46% iron(III) and 90% nickel. A
0.25 M solution of H,SO, containing 0.5—11.0 M thiourea or a
0.025—0.1 M solution of EDTA in 5% ammonia are suitable for
re-extraction of copper. In the presence of Na,SO; copper(l) is
quantitatively extracted while there is 1% extraction of iron(II). A
2.5 M solution of H,SO, can be used to re-extract copper(I). The
distribution coefficients of 1,3- and 2,3-butylidenedithiophosphoric
acids in the system water —CHCI; at pH > 2 are very small and do
not change as the pH increases, which is due to anions of the acids
being present in aqueous solution.

Dibutylthiophosphoric acid has been studied from amongst
thiophosphoric acids. The extraction of 30 elements using a 0.2 M
solution of this acid in CCl, from sulphuric acid, hydrochloric
acid,'®? and nitric acid'®? solutions has been studied. Ag, Au(l),
Pb(Il), Hg(I), Bi, and Pd(II) are effectively extracted from
solutions of 0.005~5 M H,SO,4 and 0.01—10 M HCl. Cadmium
and zinc are completely extracted from solutions of sulphuric or
hydrochloric acid with a concentration of less than 0.05 M. The
extraction of As(IIl), In, Ga, TI(I), Se(IV), Sn(II), and Fe(IIl) is
characterised by high distribution coefficients. Y, La, Sb(III), Nb,
and Mo(VI) are only slightly extracted and Cr(II1), Mn(II), Fe(II),
Co(II), Ni, alkali metals, and alkaline earth metals are not extracted
at all.'*2

Extraction from nitric acid solutions is complicated by oxidation
of the reagent, which is marked when the concentration of HNO; is
more than 6 M. The extractant can be used to separate different
groups of elements: Cu, Sc, Se(IV), Pd, Cd, Bi, Sb(V), Zn, In,
Te(IV), TI(I) are extracted from a 1 M HNOsj solution; Cu, Sc,
Se(IV), Pd, Cd, Sb(V), and Bi are extracted from a 3 M solution;
and Pd, Bi, and Sb(V) are extracted from a 5 M solution.'*

Cyclic pinacolinethiophosphoric acid in CHCIl; quantitatively
extracts palladium from 0.5—1.0 M HCl. On boiling the extract
for 10— 15 minutes, the complex decomposes to give PdS.'*

There has been a qualitative study'>® of the extraction of heavy
and platinum metals with dithiophosphoric acids (RO),P(S)SH,
where R are unsaturated groups (allyl, B-methylallyl, propargyl)
and also trithiophosphoric acid derivatives such as dimethyl-
aminomethyl- and diethylaminoethyl-trithiophosphoric acids with
the general formula

s
R>N—CH,—-CH;—-O—F{:SH (Ref.135).
R N

Sii
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2. Chemical nature of extraction

Dialkyldithiophosphoric acids extract elements from acidic
aqueous solutions by a cation-exchange mechanism, which has been
studied in the greatest detail in the case of D2EHDTPA 136140
The absence of anions of mineral acids in the extract whatever the
type of acid is typical for the extraction of Cu(Il),”® Ag,'%? Ca,!!®
In,'° TI(D),'® As,"! Be,'® U(VD),*! Ni,'?? and Pd.'?*!** It has
been established using a saturation method that compounds with
the composition MA ,, which are not solvated with molecules of free
acid®105113122:124 5104 not hydrated'?>'% are extracted into the
organic phase. However, in certain cases the complexes can add
on molecules of free acid. For example, complexes of magnesium
and alkaline earth elements are solvated with a single D2EHDTPA
molecule.!’® The results of elemental analysis of complexes
between iridium(III) and D2EHDTPA isolated using thin layer
chromatography indicate that they have the composition
Ir,A;HA'?

The electronic spectra of the organic phases obtained by
extraction of metals from solutions of different mineral acids
(HClOy4, HSO,4, HCl, etc.) are identical whatever the nature of the
diluent and the concentration of the acid,!0%10%111.113.119.124 ¢
reduction in distribution coefficients as the concentration of acid in
the aqueous phase increases [with the exception of As(III)!*"]
suggests that there is a cation-exchange mechanism for extraction.

A detailed study of the IR spectra of metal-containing extracts
obtained when D2EHDTPA and DPDTPA are used in saturated
hydrocarbons also points to a cation-exchange mechanism for
extraction. In the IR spectrum of pure D2EHDTPA there is a
band with a maximum at 2460 cm™ and two bands with maxima
at 2560 and 2595 cm™. In nonpolar solvents the intensity of
the latter two bands increases while the intensity of the band at
2460 cm™ decreases. The bands at 2560 and 2595 cm™ are
attributed to (P)—S —H stretching vibrations of the monomeric
acid molecules. In the spectrum of the deuterated extractant the
0,P(S)SD maxima at 2560 and 2595 cm™ are shifted to lower
frequency. It is assumed that the band at 2460 cm™ is an
indication of the presence of dimeric acid molecules.!’* The
presence of an asymmetric band with a maximum at 675 cm™ is
due to vibrations of the P=S group. Bands in the region
700 —400 cm™ are attributed to P—$ vibrations, but their
interpretation is ambiguous because these bands can correspond
to the vibrations of a hydrocarbon group.''*

In the IR spectrum of the pure acid there is a broad band at
2460 cm™ and two sharp maxima at 2560 and 2595 cm™ due to
vibrations of the S—H group; these disappear if the extract
contains Ag,'%? In,'% TID),'® Sn(1I),'* As(1I),!! Bi,''* and
Pd.!'"»124  This phenomenon indicates that the hydrogen ion of
the S—H group is replaced by a metal ion, namely, that there is a
cation-exchange mechanism for extraction.

The occurrence of an interaction between the sulphur atom of
the P=S8 group and metal ions is supported by the change in
position and shape of this band in the spectra of extracts containing
complexes compared to its position and shape in the IR spectra of
the pure acids. Instead of an intense band at 675 cm™ due to
asymmetric vibrations of the P=S group,!** in the spectrum of an
extract that contains bismuth a new band of medium intensity with
two clearly defined maxima at 627 and 640 cm™ appears.!'® In the
spectrum of an extract of silver complex a band with a maximum at
635 cm™ and a weak shoulder at 645—650 cm™ appears.!?*

Similar changes in the vibration bands of the P=S and (P)-S—H
groups also occur in the IR spectra of extracts of other metals:
In,'% TID),' Sn(ID),!**!'® and As(III).!!!

A comparison of the IR spectra of solutions of the reagent in
heptane and in TBP with the spectra of extracts saturated with
calcium showed that the position of the absorption band due to the
P=S group (681 cm™) did not change. Some broadening of the
bands was an indication of a weak interaction between the thione
sulphur of the P=S group and the metal.'® The vibrational bands
of the P—S bond (400 —700 cm™) change considerably. The weak
maxima at 600, 580, and 535 cm™ and the shoulder at 490 cm™! in
the spectrum of the extract of free reagent are shifted to shorter
wavelength at 610, 590, and 550 cm™ respectively in the spectrum
of the extract of bismuth while the shoulder maintains its position
at 490 cm™.!'*  The position of the bands from the P—$ bond
also change in the spectra of extracts of complexes of Ag,'%?
Sn(ID),"1411® As(11D),'"! and U(VI),% but an interpretation of these
shifts is ambiguous.

An asymmetric band with a maximum at 1015 cm™ and poorly
defined shoulders at 985 and 1035 cm™ is attributed to vibrations
of the (P)—O—C bonds.!™ This band undergoes considerable
changes in the spectra of extracts of complexes of Sn(II),!!*
As(III),"!! Bi,'** and other metals®*''* compared to its position
in the spectrum of the free acid. The nature of the changes
depends on the degree of ionic character of the P—S—M bond.

The band due to asymmetric vibrations of Pd—S in the Raman
spectrum of a complex of palladium with D2ZEHDTPA is situated at
330 cm™ while in the spectrum of palladium diethyldithiophosphate
it occurs at 317 cm™,1%

The IR spectra of extracts of bismuth!!! and tin(IV)!!® after they
have been diluted with free reagent have also been studied.

The IR spectra of complexes of iridium, rhodium, platinum, and
palladium with D2EHDTPA are similar to the spectra of other
dithiophosphates. The absorption bands due to vibrations from
S—H groups (2560 and 2595 cm™) disappear, while the band
from the P=S group at 673 cm™! in the free reagent is shifted in
complexes of these metals to lower frequency by 41, 42, 39, and
40 cm™ respectively.!*® The band from the coordinate P=S§ group
has a doublet structure for all dithiophosphates; this is due to the
existence of two rotational isomers.’* D2EHDTPA evidently acts
as a bidentate ligand. However, it is thought that complexes that
are solvated with molecules of free D2ZEHDTPA can also be
extracted in small quantities. Such complexes are less mobile
and are separated from the main component on silica gel.'?

In the IR spectrum of free DPDTPA there is an absorption band
from the P=S group at 665 cm™; in the case of the potassium
salt of DPDTPA the absorption band from this group appears at
690 cm™. The absorption bands from the P=S$ group in
diphenyldithiophosphates of Ag(I), Cd, Hg(Il), Bi, Pb, and Ni,
are shifted to longer wavelength by 5—15 cm™ compared to the
frequency of vibrations from this group in the free acid and by
15—60 cm™ compared to the potassium salt. The vibration
frequency of the P—O—C group at 1160 and 1025 cm™ remains
unchanged.'®® Shishkov and Busev'® attribute this to the
formation of a chelate with a four-membered ring.

Dialkyldithiophosphates are mainly extracted as monomeric
compounds, but some of them are associated in the organic phase.
The degree of association of gold when it is extracted with
solutions of D2EHDTPA in heptane is 3, while mercury(II)
dibutyldithiophosphate is extracted from sulphuric acid solutions
intc carbon tetrachloride as its tetramer.®®  Asscciszti~ .3 occurs
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in the organic phase when large quantities of copper(Il)
are extracted with D2EHDTPA solution.”” Ammonium
dialkyldithiophosphate is highly associated in an inert solvent.!%
As a rule, unsaturated coordinate complexes are associated in the
organic phase 57102

Extraction from acidic aqueous solution that takes into account
association is given by the following equation

mM™ 4 % (n + s)(HR); + my H,0 =2 (MR, - sHR . y H;O) + mn H".

The extraction constants are given in Table 6.

For some metals the extraction constants are very large and
they cannot be calculated by the standard method based on the
functions log D—log [HAlosg or log D—log[H *],q because of
the impossibility of determining very low concentrations of metal
(10°—107 M) in the aqueous phase after distribution.'*
Although dialkyldithiophosphoric acids are classed as strong acids
and extract metals from acid media, there are results that indicate
that dithiophosphates can also be extracted from weakly alkaline
media. This relates to those that are most soluble in water
(DMDTPA, DEDTPA, DP:DTPA, DBDTPA). Thus, DMDTPA
extracts nickel from aqueous solution in the region of pH > 4:568!

Nih +2A%g 2 NiAsorg).

Uranyl ions are extracted with these acids in a similar manner.
Extraction from alkaline media is particularly characteristic of
metals that do not form very stable dithiophosphates (Zn, Co, Ni).
Extraction of metal dithiophosphates in the presence of amines or
donor-active added components is confirmation of the formation of
complexes in aqueous solution in an alkaline medium.

Dithiophosphates of the transition metals Mn(II), Fe(Il),
and Co(Il) in the presence of 2,2'-dipyridyl (Dipy) or
1,10-phenanthroline (Phen) are extracted in weakly alkaline media
as mixed ligand complexes. The maximum degree of extraction
of Mn(II), Fe(II), and Co(II) complexes is reached at pH 6—7
while for Ni(II) the maximum occurs at pH < 2. The pH region
for extraction is very narrow as at pH 1—3 ligand exchange can
occur because of the low stability of the dithiophosphates. At
pH < 7 all of the amine is in the aqueous phase and at pH < 2.5
it is completely protonated. On the other hand, dialkyldithio-
phosphate ions are protonated at H < 2.7 and the acid
concentration in the organic phase increases sharply. In the pH
region 6— 7 dialkyldithiophosphoric acids (HA) and the amine exist
completely in the aqueous phase and the ratio of Dipy:HA that
is conducive to extraction of Fe(II) is 3:2. The formation of
complexes with HA and amine occurs in the aqueous phase and
can be represented by the following scheme:

Fe(Dipy)3 " +2A™ = [Fe(Dipy)sAsliorg-
In the absence of amine or dithiophosphate ion there is no
extraction of Fe(II) complexes. Only the combined presence of
both ligands leads to a considerable synergistic effect.”!

3, Effect of substituents on the extraction of
dialkyldithiophosphates

Interesting observations have been made in comparing the
extractive capacity of different dialkyldithiophosphoric acids. It
should be noted first of all that replacement of oxygen atoms by
sulphur increases the extractive capacity of dialkyldithiophosphoric
acids compared to dialkylphosphoric acids. Thus, for example,
the extraction constant of bismuth with a solution of D2ZEHDTPA

is 10'® times higher than the extraction constant of bismuth with
di-2-ethylhexylphosphoric acid (D2EHPA);!!? the extraction
constant of silver with D2EHDTPA is 2.1 x 10*!, while its
extraction constant with D2EHPA is 1.4 x 1072 A similar
phenomenon occurs in the extraction of indium.'%®

Bode and Arnswald,>!! who had studied the extraction of
metals with only DEDTPA, proposed that the RO group on the
phosphorus atom has little effect on the properties of the extractant.
However, it was shown® that replacement of ethyl groups by n-butyl
groups leads to an increase in the degree of extraction of elements.
Moreover, the use of acids with a larger number of carbon atoms
in the alkyl group of the acid increases the range of extractable
elements. Thus, in contrast to DEDTPA, the dibutyl analogue
completely extracts Zn, TI(III), and Ni, and partially extracts Co(II)
and Cr(III); Au(lll) is extracted without reduction to elemental
gold. Mercury and zinc are extracted more effectively with
D2EHDTPA than with DBDTPA. Out of those studied,
D2EHDTPA is the most effective extractant.’ The effect of
subsituents on the extractive capacity of dithio acids is noticeable
in the case of the extraction of uranyl ions;*' on increasing the
carbon chain in dialkyldithiophosphoric acids the distribution
coefficients of the complexes decrease in the series 2-(C,Hs)CsH;z >
n-C4Hy > C3H; > C,H;.

It is interesting to monitor the effect of substituents on the
phosphorus atom in the case of the extraction of certain
dialkyldithiophosphates.”"'4!  Extraction can be quantitatively
characterised by the two-phase stability constant of extracted
complex (Kp >B,). A variation in substituents substantially
changes the two-phase stability constant of dialkyldithiophosphate.
As the number of carbon atoms in the substituents increases, there
is a trend towards an increase in Kp, 2, (Table 7),'! which may be
due to the effect of substituents on the distribution constants of the
complexes and their stability constants.!?

Table 7. Characteristics of the extraction of dialkyldithio-
phosphates with different solvents.!*!

Nickel in cacium
Aliyl Zinc in CyH umin | ead in OCl
i cHel, CiHe TS CéHyCH,
Ethyl 445 4.00 2,70 5,22 8.84
Propyk- 7.1 (2.3) 6.87.0) | 5430 | 7558 | 11.62(1.0)
Tsopropyl- 7.98 (2.6) 7.43(3.0) | 544(1.5) | 7.95(3. n 11.78 (6.9)
Butyh 9197 2.7) 941(3.0) | T.72(1.8) | 10.32(44) | 14.37(7.4)
Tsobutyl- 9.32(2.2) 9.07(2.8) | 7.49(1.6) | 10.03 (4. 8 | 1385 (6.9)
sec-Butyl- 10.89(2.9) | 10.52(3.4) | 8:20(1.6) | 11.78(3.5) | 14.52(6.8)
t-Butyk 11.99 (2.5 | 11.49(3.1) 12.83 (4.1) | 16.36 (7.2)
Amyk 12.59(2.8) | 12.02(3.0) |10.37(1.9) | 12.48(4.3) | 47.17(7.4)
Isoamyl- 12.01(2.7) | 11.60(3.3) |10.04(2.0) | 12148(4.3) | 16.69(7.9)
Hexyl- 15.07(2.7) | 14.63(3.2) 15.58 (4.3)

Note. log(Kp,2B2) values are listed (those in brackets are

log K . values).

The stability of the complexes increases with the introduction
of a more electron-donating group into the ligand molecule, so
complexes with dithiophosphinic acid derivatives are the most
stable.'*>  But an increase in stability of dialkyldithiophosphates
is also due to the steric effects of substituents on phosphorus. A
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linear correlation exists between the logarithms of the stability
constants of the complexes and the sum of the steric constants of
substituents on the phosphorus atom (E2). However, in order to
derive correlation equations it is also necessary to take into account
the hydrophobic effects of the substituents, which affect the
distribution constants of the complexes. In order to determine
the two-phase stability constants of dialkyldithiophosphates,
two-parameter equations that include the steric and hydrophobic
effects of the substituents on the phosphorus atom have been
propounded. Taft constants E are used to determine the steric
effect and the number of carbon atoms are used to determine the
hydrophobic effect. Correlation equations for the determination
of two-phase stability constants of nickel have been derived for the
systems water —toluene, water —heptane, and water —carbon
tetrachloride.”!

The two-phase stability constants of the dithiophosphates of Zn,
Cd, Pb, and Ni also rise with the increase in steric and hydrophobic
effects of substituents on the phosphorus atom (Table 7).7"!4!

4. Effect of diluents on the extraction of
dialkyldithiophosphates

This effect can be closely followed in the case of complexes of
metals with D2ZEHDTPA. In the majority of studies unreactive
organic diluents are used (Table 8).

Table 8. Extraction constants of bivalent elements (log K., ) with
D2EHDTPA solutions in different diluents (u = 5).1%

Element Octane ccl, CHCly MIBK Octanol
Hg 40.18 39.02 38.62 30.62 35.12
Pt 2411 33.00 22,60 20.85 19.05
Pd 20.40 18.94 18.54 16.54 15.04
Cu 12.06 (12.30) 11.50 (11.40) 10,50 8.80 (8.80) 7.00
Pb 8.55 (8.09) 7.39 6.99 5.29 3.49
Sn 7.55(7.79) 6.39 5.99 4.29 2.49
cd 7.55(7.04) 6.39 5.99 4.29 2.49
Ni 3.09 (3.14) 1.87 1.37 | —0.23 —2.03
Zn 2,02 (2.25) 0.86 0.46 | —1.24 —3.04
Co 0.02 —1.14 —1.54 | —3.24 —5.04
Fe —3.00 —4.10 56 | —6.26 —8.06
Mn | —6.02 —7.A7 —7.57 | —0.27 —11.07

Note. Calculated vaiues of log K, are listed (those in brackets are

the experimental figures).

The extraction constants of tin(1I) from solutions of HCl and
HBr differ almost by a factor of 10, which is attributed!!® to a
discrepancy in the data on the stability of chloride and bromide
complexes of tin. The extraction constants from sulphuric acid
solutions are less than from solutions of HCl and HBr. It was not
possible to make a comparative determination of the extraction
constants of tin with D2EHDTPA from perchloric acid solution
because of the instability of tin(II) solutions in perchloric acid.

The extraction constants of bivalent metals with D2EHDTPA
in different diluents as determined by calculation are in good
agreement with the exeperimental values (Table 8).!** By using
the principle of strong and mild acids and bases (SMAB) as a basis
for determining K., it is possible to calculate these values from
three experimental quantities.

A comparison of the extraction constants of the di-2-ethylhexyl-
dithiophosphates of silver,!°? tin(II),!' and bismuth!!® in different
diluents shows that inert diluents have little effect on the extraction
of dialkylphosphorodithioates. Oxygenated solvents, such as
tributyl phosphate (TBP) and trioctylphosphine oxide (TOPO),
have a marked effect on extraction. Decane, benzene, CCly,
and chloroform have little effect on the extraction constant of
arsenic(III) with D2EHDTPA (log K., = 10.8), but methyl hexyl
ketone, dibutyl ether, and dichloroethane decrease it by a factor of
100-1000.""!  On dilution with kerosene, the phases separate out
slowly when these elements are re-extracted.'?!

Diluents affect the extraction of zinc and mercury(Il) in quite
different ways. The most complete extraction of zinc occurs when
the extractant DBDTPA is diluted with n-heptane or carbon
tetrachloride; amyl alcohol and amyl acetate cause extraction to
be reduced. On the other hand, the distribution coefficients of
mercury(I1I) when using oxygentaed solvents such as ethyl acetate
and isopropyl ether are higher than when n-heptane, xylene, and
toluene are used, particularly at a low acidity of the aqueous
solution (0.1 M HC}).’

Table 9. Extraction constants of indium (log K, ) with
D2EHDTPA solutions in different diluents (u = 5).1°°

Diluent HCIO, H,S0,
Decane (10.6) (10.3)
CCly 9.6(9.8) 9.3
Benzene 9.4 (9.9) a
Chloroform 8.6(8.2) 8.5(38.3)
Dibutyl ether 7.1 (6.7) 6.8(6.3)
Methyl hexyl ketone 6.6(8.7) 6.3
TBP 5.1 (10.1) 4.8(7.4)
Octanol 4.9 4.6(7.4)

Note. Calculated values of log K. are listed (those in brackets are
the experimental figures).

The experimental and calculated extraction constants of indium
only coincide for solvents with low polarity (Table 9).1%° TBP can
exert both an antagonistic effect and a synergistic effect depending
on the concentration. The distribution coefficient of indium in
extraction with a solution of D2EHDTPA in TBP initially decreases
as the proportion of the latter increases and then, when the
concentration of TBP is above 0.5 M, increases sharply, in all
probability because a TBP molecule is being incorporated into the
extracted compound.'®®

Diluents have a substantial effect on the distribution coefficients
of thallium(I)'% and relative to this factor are arranged in the
series: alcohols > aromatic hydrocarbons > halogen derivatives >
ethers > saturated hydrocarbons and cyclic hydrocarbons. The
distribution coefficients are at a maximum when TBP is used as
the diluent, but the solution of extractant changes its properties
substantially on standing in this diluent. Thus, a freshly prepared
0.1 M solution of D2EHDTPA in TBP extracts thallium(I} from
0.1 M H,SO, with a distribution coefficient of about 190, but on
standing for two weeks this value decreases to 3. Such
phenomena dc not occur when other diluents are used. 17
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Oxygenated solvents have the strongest but an unequal effect
on the extraction of low-stability complexes of cobalt and nickel
(Table 10).!2 When TBP or 2-ethythexanol are used, the
distribution coefficients of cobalt are higher, while the distribution
coefficients of nickel are lower, than when saturated hydrocarbons
are used. For example, TBP and TOPO reduce the rate of
extraction of nickel by a factor of 20.14° According to the results
of one study,!'” added quantities of 2-ethylhexanol and TBP
increase the rate of extraction of nickel with a 1 M solution of
D2EHDTPA in hexane from solutions of H;POy, and instead of
12 h required for extracting nickel without donor-active
components (DAC), in the presence of 20 vol. % 2-ethylhexanol
nickel is completely extracted in 2 min. It has been proposed that
the extraction of nickel is limited by surface reactions with a single
rate-limiting stage. The kinetic functions in the extraction system
nickel-D2ZEHDTPA are determined by the limiting role of chelate
formation in the adsorbed layer on the phase interface. This
process is represented hypothetically by the equations

[Ni(H20% " Jag) + RGy 2 [Ni(H20)5-R]g) +nH,0,
[Ni (Hzo)u—nR]rs\ + R — [NiR; )i + (6 —n) H,0,
[NiRz)¢) 2 [NiRz2)corg),

where the index s corresponds to the state of sorption at the phase
interface.!*6

Table 10. Effect of diluents on the distribution coefficients of
complexes of cobalt and nickel with D2EHDTPA.!2!

Cobalt (0.25 M Nickel (0.1 M
Diluent HA,025M HA,20M

HCIO,) HCIOJ)
2-Ethylhexanol 12.0 0.81
Tributyl phosphate 8.7 1.72
Cyclohexane 4.3 2.12
Decane 3.5 14.2
Dibutyl ether 3.4 06.28
Carbon tetrachloride 1.5 3.66
Benzene 1.4 0.427
Chlorobenzene 0.96 0.56
Chloroform 0.4 0.66

Cobalt is oxidised during extraction with solutions of
D2EHDTPA. The compound of cobalt(Il) with D2EHDTPA
that is extracted into the organic phase changes colour from blue
at the start of extraction to dark brown on prolonged agitation.
The Co(II) compound is rapidly extracted and then Co(II) in the
organic phase is slowly oxidised to Co(III). This process is
determined by an equilibrium that is slowly reached.'*” The time
taken to establish equilibrium in the extraction of cobalt with a
solution of D2EHDTPA in decane depends on the concentration
of cobalt in the organic phase. At relatively high concentrations
the equilibrium is established after 10 h. At a low concentration
(less than 3 x 10~* M), agitation is required for 45 h. If the
concentration of cobalt(Il) in the organic phase exceeds
1 x 10~ M it is almost completely oxidised.!*® Added quantities
of TBP and TOPO increase the rate of extraction of Co(II) and
considerably reduce its rate of oxidation.!*® The latter
phenomenon is due to formation of a mixed ligand complex
Co—DAC—HA which is not oxidised in the organic phase.!%*

In general the effect of DAC on the extraction of cobalt and
nickel is very complex and it depends on their concentration and
nature (some added components inhibit extraction while others
accelerate it) and also on the nature of the extracted complex. A
reduction in time of phase contact, the introduction of DAC, and
a lowering of the partial pressure enable cobalt and nickel to be
separated. 145149150

In the extraction of uranyl ions with solutions of diethyl-,
di-n-propyl-, and di-n-butyl-dithiophosphoric acids in n-butanol,
the distribution coefficients are higher than in benzene. It is
thought!*! that n-butanol is incorporated into the extracted
compound. The extraction constants of uranyl ions with solutions
of 2DEHDTPA in different diluents are also dissimilar.®' The
values of logK,, for different diluents are: benzene 0.37;
chloroform 0.79; carbon tetrachloride 0.92; and cyclohexanol
0.28.1%

IV. The use of dithio phosphorus acids for the
separation of elements

There is virtually no information about the use of thio
phosphorus acids for the separation of elements. It is only known
that a solution of DBTPA in CCl, has been used for the extractive
separation of the following element pairs in nitric acid solutions:
Te(IV)—Se(IV), Au(lIl)—TII), Pt(IV)—Pd(II), As(V)—In(III),
As(V)—Sb(V), In(III) - Ga(IIl), and Bi(IIl)—As(V).'** Apart
from that, Te, Se, Bi, In, Zn, and Cu ions have been isolated
from 0.3 M HNO; using a 0.3 M solution of DBTPA for their
determination in pure silver.!>

We will therefore examine below the separation of elements
with dithio phosphorus acids, amongst which the main position is
occupied by D2ZEHDTPA. In studying the extractive properties of
this reagent, three groups of metal cations can be distinguished.
The first is made up by elements that are effectively extracted from
strongly acidic solutions— Ag(I), Au(I), Cu(I) and Cu(II), Hg(I)
and Hg(II), Bi(III), Sb(III), As(III), Sn(II) and Sn(IV), Pb(Il), and
platinum metals. In the second group are elements that can only
be slightly extracted (extracted at low concentrations of HCl or
H,S04)—TI(I), Cd(IT), In(III), Fe(11I), Zn(II), Ni(II), and Co(II).
The third group consists of unextractable elements: alkali metals,
alkaline earth metals, Al, Ti(IV), Ga, Ga, Mn(Il), Fe(Il), Zr(IV),
and Cr(IIl) and Cr(VI).!!*!? Different schemes for the separation
of complex systems and methods for isolating elements using
D2EHDTPA have been put forward.

1. Isolation of copper

Copper is isolated from unextractable elements and those of low
extractability using D2EHDTPA solutions in inert diluents from
solutions with a high concentration of H,SO4.!'* Ag, Au, Hg(Il),
In, Sb(1II), and Bi are extracted together with copper. In, Sb(III)
and Bi ions are re-extracted with conc. HCI®’ (copper is not
re-extracted with solutions of acids, alkalis, or ammonia). Copper
is slowly re-extracted only with solutions of oxidising agents that
decompose the extractant!'* [in the re-extraction of copper(Il)
with an 85% solution of thiourea in 0.5 M H,SO,, 20—40% of
D2EHDTPA is oxidised depending on the time of agitation®’).
Because of the slow re-extraction of copper, it is possible to separate
it from bismuth at this stage.

A number of ions remain in the aqueous phase when a metal
dialkyldithiophosphate is used as the extractant, having an
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extraction constant which is less than for copper but higher than for
the remaining metals. Cadmium di-2-ethylhexyldithiophosphate is
suitable for such a purpose (log K., = 10.67). In the extraction
of copper(Il) with a saturated solution of this extractant in a
saturated hydrocarbon, Zn, TI(I), TI(III), Co, Ni, Sn(II) and
(partly) In remain in aqueous solution.”” Copper(II) is extracted
almost completely from 1 —6 M solutions of HCI with 0.05 M
D2EHDTPA in heptane over a period of 2 min.®® Under these
conditions Pd(1I), Sn(II), and Sn(IV) have very low distribution
coefficients (D < 0.1). The small quantities of palladium which
pass into the organic phase in the extraction of copper(II) do not
interfere with a photometric determination of copper at 420 nm as
the molar absorption coefficient of the palladium complex at this
wavelength is a hundred times lower in magnitude. A 0.05 M
solution of D2EHDTPA completely extracts palladium

(D > 5 x 10®) from ammonium chloride solutions with a
concentration of 0.5—6 M NHj. In the presence of EDTA the
distribution coefficient of copper is markedly reduced. In
extraction from a 0.5—1 M solution of NHj3 containing 0.05 M
EDTA, the partition coefficient of the Pd—Cu pair is 10°, in other
words, by adding EDTA to the ammonia solution it is possible to
re-extract copper selective]y.98

2. Isolation of mercury(Il)

The use of a 0.05 M solution of D2EHDTPA in octane for
extraction permits the complete extraction of 5 x 10 M Hg(Il)
from solutions containing 0.1 —8.7 M HCIOy4, 0.5—9 M H,SO,,
0.1—7 M HCJ, or 0.1—2 M HBr (D > 500)."** An increase in the
concentration of hydrohalic acids sharply reduces the distribution
coefficient of mercury, the reduction being more significant in
extraction from HBr solutions than from HCI solutions. Mercury
is effectively re-extracted with concentrated acid solutions of
thiourea and NH4SCN and concentrated solutions of HCI or HBr.
The presence of a more than tenfold excess of tin(Il) in the aqueous
phase inhibits the extraction of mercury. The negative effect from
the presence of tin can be eliminated by the addition of 1—2 ml of
a 1% solution of NH4F. Mercury is separated during extraction
from elements of low extractability— Al, Ga, Ti(IV), Zr, Cr(III),
Mn(II). In order to isolate it from the co-extracted elements— Zn,
Cd, Sn, Pb, TI(I), Ni, and As(III)—it is possible to use bismuth
di-2-ethylhexyldithiophosphate. Mercury(Il) is extracted with a
0.006—0.01 M solution of bismuth di-2-ethylhexyldithiophosphate
in octane from 0.1 —3 N mineral acids. Mercury is isolated from
zinc and cadmium by extraction with a solution of DEDTPA in
heptane; 2 M HCI or H,SO, must be present in the medium.
Cadmium is then separated from Hg(II) by re-extraction with a 1 M
solution of HCI or it is directly determined with 1-(2-pyridylazo)-
2-paphthol in the extract.!*®

3. Isolation of thallium(T)

Thallium(l) is separated from elements of low extractability by
extraction with a solution of 1 M D2EHDTPA in 2-ethylhexanol
from 1.5—2 M solutions of H,S04.!%® Cu, Ag, Zn, As(II), Hg,
Fe, Ni, and Sb(III) are extracted together with TI(I). It is isolated
from these elements by washing the organic phase with different
complexing agents. Washing the extract with a 40% solution of
diethylamine in 30% (NH,4)2SO, leads to the re-extraction of Zn and
Ni. A second component— pyro-2-ethylhexylphosphoric acid —is
added to the organic phase in order to isolate TI(I) from Sb and
Fe. On shaking the mixed organic phase with an oxidising agent
(8 M HNO;), D2EHDTPA is decomposed and TI(I) passes into the

aqueous phase while Sb and Fe remain in the organic phase as the
second component is not oxidised.
Ag and Hg(II) ions are not separated from TI(I) on washing
the organic phase with solutions of acids and bases or amines.
But the oxidation product of D2EHDTPA -—most probably
bis(alkyldithiophosphoryl) disulphide —extracts silver and mercury
with high distribution coefficients. Therefore, when D2EHDTPA
is decomposed with a solution of HNOs, TI(I) passes into the
aqueous phase while Ag and Hg remain in the organic phase.
Since the distribution coefficients of copper when it is extracted
with D2EHDTPA are substantially higher than for TI(I), copper
readily displaces thallium from the organic phase.!®

4. Isolation of tin(IT)

Tin(II) is isolated from co-extracted metals by re-extraction with
3—5M H,80,4 or 1—2 M HCL'?® However, it is not possible to
remove all the co-extracted elements in this manner but only Zn,
Ni, Co, Fe(11I), Sb(I1I), Mo(VI), and TI(I). Cu, Ag, As, Bi, and
Hg(II) are not separated even when the organic phase is washed
with conc. H,SO,4 or HCIO,, but Sn(Il) is readily isolated by
re-extraction with an 8 M solution of HCl. Bi and Sb(III) ions
are re-extracted with HCI solutions of higher concentration, but
As(III), Cu, and Hg are not re-extracted even with conc. HC1.'?

5. Isolation of arsenic(III)

It is possible to separate As(III) from elements of low
extractability— Mg, Mn, Cr, Ti, Zr, Al, rare earth elements—
during extraction from acid solutions.!!® The separation of arsenic
from metals that form anionic chloride complexes occurs when it is
extracted from solutions with a high HCI content or after washing
the extract with HCl. Solutions of the oxidising agents HNO;,
H,0, + HCI, TI(III), and Br,, the most suitable of which is
bromine,'*® can be used for the re-extraction of arsenic.

Arsenic can be extracted from sulphuric acid and hydrochloric
acid solutions with nickel diethyldithiophosphate by means of
exchange reactions. The exchange process between arsenic and
nickel

3NiA(org) + 2As%n) @ 2A5A3(0rg) + 3Nifan)
is quite slow (about 2 h) and is very dependent on the pH of the
solution. By using nickel diethyldithiophosphate it is possible to
remove arsenic from a nickel electrolyte to a sufficient degree in
two stages.!?!

6. Isolation of bismuth

In order to separate bismuth from elements of low extractability,
it is extracted with a 0.01 M solution of D2EHDTPA in octane
from 0.1—4 M HCIO,, H,SO4, HCI, or HBr and the organic phase
is washed once with a 1.5—3 M solution of H,S80,.%" Cu(1l), Zn,
Cd, In, TI(I), Sn(II), Pb, As(III), Sb(I1II), Fe(III), Co, and Ni are
extracted together with bismuth.!’* Bismuth is extracted almost
quantitatively at any concentration of these elements and in
addition it displaces them on extraction. Bismuth is separated
from cobalt by extraction from 2.5 M H,SO,4. Bismuth can be
determined in the presence of the following elements (their
admissible excess quantity relative to Bi is given in brackets): Zn,
Cd (600); Ni (60); Sn(II) (8); Sb(II) (3). The adverse effect of
Sn(1l) is eliminated by washing the organic phase with 3—4 M HCI,
since Sn(II) is re-extracted considerably less with concentrated HCl
solutions than is bismuth.

Ag, Au, Hg, and Bi ions form strong thiourea complexes, but
the latter do not interfere with the extraction of bismuth, so it can
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be isolated from these elements. The product from oxidation of
D2EHDTPA with nitric acid extracts Ag, Au, and Hg, but not Bi,
with high distribution coefficients. Therefore, when the extract is
washed with 6 M HNO;, Ag, Au, and Hg ions remain in the
organic phase while bismuth passes into the aqueous phase, where
it can be determined using KI. Determination of bismuth is
possible in the presence of a 20-fold excess of Ag and Au, and
10-fold excess of Hg.!>’

7. Separation of platinum metals

The scheme for separation of the platinum metals, Au, and Ag
is based on a difference in the conditions for forming extractable
di-2-ethylhexyldithiophosphates.'*>'%*  Ag, Au, and Pd and some
of the class a metals are extracted under normal conditions without
heating the aqueous solution in the presence of the reagent and
acetone. After addition of 0.1 M SnCl, to the aqueous solution
and allowing it to stand for 1 h, platinum and rhodium are
extracted, the aqueous solution is then heated and iridium is
extracted. Thus, D2ZEHDTPA can be used for the group
concentration of platinum metals and for separations of the pairs
palladium — platinum and rhodium —iridium.!?  Cu(I), Hg(l),
As(III), Bi(III), and Sb(III) are extracted together with iridium.
All of the metals apart from Cu(I) can be separated from iridium
by re-extraction with a 10 M solution of HCL

—o0o—

It should be pointed out in conclusion that there are no
quantitative characteristics for determining the efficiency of the
extraction processes involving dialkyldithiophosphates. A possible
exception to this is D2EHDTPA, for which the extraction constants
of metal cations are known. Nevertheless even for this the
stability constants of the complexes are still unknown. In fact, a
determination of extraction, stability, and distribution constants of
complexes and also the two-phase stability constants provides
material that serves as a basis for using dithio acids in analytical
chemistry and therefore it is worthy of close attention.
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