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The synergistic extraction of palladium (II) was studied with 1,2-dichloroethane containing thenoyltrifluoroacetone
(TTA; HA) and tri-n-octylphosphine oxide (TOPO; S). The main composition of synergistic adduct extracted into
1,2-dichloroethane phase was found to be PdA,S,. The equilibrium constants of the synergistic reaction were calculated.
The application of this method to synthetic mixture for the separation of Pd from Pt was developed.

Introduction

The analytical application of synergism in solvent extrac-
tion system has intensively been investigated by many au-
thors.'3 However, there are comparatively few reports on
the application of synergistic extraction to platinum group
metals (PGMs). The difficulties in developing this type of
extraction may be due to the complex nature of the solution
chemistry of the PGMs.*~¢

During the last several years, our laboratory has been
working on the synergistic extraction of PGMs with a view
toward developing methods for their separation. Various mix-
ed extractants (eg., chloroform containing 8-hydroxyquinoline
plus tri-n-octylamine) were found to extract Pd,”~® Rh* and
Ir!! synergistically. It is generally known that synergistic ex-
traction lacks the selectivity for the separation of metals.
However, we have found from our previous studies’™!' that
synergistic extraction gave not only better recovery but also
selective separation of PGMs.

The synergistic effect is in general enhanced by the basi-
city of phosphorus containing neutral monodentate ligand.
Such reagents studied included triphenyl phosphate, tributyl
phosphate, triphenylphosphine oxide and trioctylphosphine
oxide. For each additive the formation constants increase
with increasing basicity. Tri-n-octylphosphine oxide (TOPQ)
and tributylphosphate (TBP) produce a marked improvement
in the extraction of certain B-diketonate complexes. This was
shown by Irving,*1® Healy™"® and other research workers.'*"
The effect of additives of the type of TOPO on the extraction
of thenoyl-trifluoroacetonates has been studied over the past
few years.®® However, the synergistic extraction of palla-
dium(Il) with TTA and TOPO has not been reported so far.

The present work deals with the synergistic effects that
were observed in the extraction of palladium(Il). The appli-
cation of this method to synthetic mixture was studied for
the separation of palladium(II) from platinum(IV).

Experimental

To whom correspondence should be addressed.

Reagents and Apparatus. The stock solutions of Pd
(I) and Pt(IV) were prepared using palladium(II) chloride
(Inuisho Precious Metals;Japan) and platinum(IV) chloride
(Fluka; Switzerland). Thenoyltrifluoroacetone (Tokyo Kasei
Kogyo; Japan) and tri-n-octylphosphine oxide (Fluka; Switze-
rland) were used without further purification. Thiourea (Bak-
er; USA) was purified by recrystallization in distilled water.
1,2-Dichloroethane was purified by concentrated sulfuric acid
and water. Distilled deionized water was used throughout
the present work.

A flame atomic absorption spectrophotometer (Varian
Techtron Model 1200) and a diode array UV-Visible spectro-
photometer (HP 8452A) were used. A pH meter (Orion Re-
search Model 605) and a reciprocal shaker (Taiyo SR-1) were
also used.

Distribution of Extractant. An aliquot of an aqueous
phase containing 0.1 M sodium chloride was adjusted to the
desired pH with sulfuric acid or sodium hydroxide solution.
An appropriate volume of 2, 4, 6, 8 mL of the aqueous phase
was diluted to 10 mL with water and shaken for 2 hours
with an equal volume of the organic phase containing the
extractant in a 30 mL vial. After the phases were allowed
to separate, the pH of the aqueous phase was measured and
taken as the equilibrium value. The extractant concentration
in the organic phase was determined spectrophotometrically
at A=330 nm.

Extraction Procedure. Ten milliliters of an aqueous
solution containing 2.5X10°* M metal ion and 0.1 M sodium
chloride, whose pH was preliminarily adjusted, was placed
in a 30 mL vial. An equal volume of 1,2-dichloroethane solu-
tion containing TTA and TOPO was added. The mixture
was then shaken mechanically at 150 r.p.m. for 10 hours;
this was found to be sufficient to attain equilibrium. After
the phases were allowed to separate, palladium remaining
in the aqueous phase was determined with the atomic ab-
sorption spectrophotometer, and the pH was also measured.
The metal concentration in the organic phase was calculated
from the difference between the metal content in the
aqueous phase before and after the extraction.

Back extraction of palladium(II) was studied as follows.
Ten milliliters of Pd solution that was transferred into the
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Figure 1. Synergistic diagram for the Pd(Il) extraction with TTA
plus TOPO mixed ligand system. Total ligand concentration
({TTA],,+[TOPOl.;)=0.01 M, pH 3, organic phase: 1,2-dichlo-
roethane, 1. TOPO alone, 2. TTA alone, 3. TTA+TOPO mixed
ligand system.

1,2-dichloroethane phase and equal volume of aqueous hy-
drochloric acid solution containing thiourea were shaken me-
chanically for 30 min. After the phase separation, the concen-
tration of back extracted Pd was determined by the atomic
absorption spectrophotometer.

Results and Discussion

Synergistic Effect. In order to confirm the synergistic
effect of the TTA plus TOPO system, the synergistic diagram
of Pd(I) was prepared as follows; While the total concentra-
tion of extractant ([(TTAJ],,+[TOPOl,) in 12-dichloroe-
thane phase was maintained at 1.0X1072 M, the ratio of
TTA and TOPO concentration was varied, and the distribu-
tion ratio was plotted versus the mole fraction of TTA X
(TTA)) as shown in Figure 1. This figure indicates that the
present system of the mixed extractant shows better efficie-
ncy in the extraction of Pd as compared to either of the
extractants alone.

Distribution of Extractant. The acid dissociation con-
stant (Kus) and the partition coefficient (Pys) of thenoyltri-
fluoroacetone were determined by a liquid-liquid distribution
method as follows. The total concentration of TTA in
aqueous phase can be written as ((HAJ+[A™]). The distri-
bution ratio of TTA (HA) between the organic and aqueous
phase, Dua, can be written as

Dys=[HAL./(CHAJ+[A"])
=Pus/Q+Kua/[H* ] oy

where Pya and Kya are defined as [HAJ,,/[HA] and [H"]
[A-1/[HA], respectively.

When the pH is low enough, Dy, is equal to Py, while
log Dua corresponds to log Pua+pKua—pH for high pH. In
Figure 2, the relationship between log Dy, and pH for the
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Figure 2. Distribution of thenoyltrifluoroacetone (TTA). [NaCl]
=0.1 M, [HAL.Ww=5X10"2 M.

1,2-dichloroethane-water system is shown. Analysing the
plots on the basis of Eq. (1) gives the values of log Pua
and pKua as 1.80 and 6.03, respectively. The pKyua value is
close to the reported value, 6.23%Y, within experimental er-
ror. If the amount of TTA chelated with a Pd(II) can be
neglected compared with that of free TTA, the total concen-
tration of TTA can be written as Eq. (2).

[(HAJ.w=[HAL,,+[HA]+[A"]
=[HAL (14 1/Pus+ Kna/Pua[H* 1) (2)

Eq. (2) can be written as
[(HA)w=[HAL(1+0016+148X10°¢ [H*]) (3

Eq. (3) enables us to calculate [TTAl,, in 0.1 M NaCl
solution.

In the case of TOPO, however, the Ps and Ksy of TOPO
could not be determined because of its extremely low solu-
bility in the aqueous solution.

Composition of the Extracted Species. The method
of slope analysis was used in this work to determine the
composition of ternary complexes, Pd(II)-TTA-TOPO, as well
as the equilibrium constants of the synergistic extraction.

By assuming that the main species extracted with 774
(HA) plus TOPO (S) is PdAS,Cl, the extraction reaction
can be expressed by

KPX
PACl;™ +xHA,,+y Soe == PdAS,Cl,..+xH" + (4 —2)CI-
@
where the subscript “org” denotes the organic phase. The

extraction constant of the above synergistic system is defined
by Eq. (5).

[(PdAS,CL1, [H' T [Cl J* °
[PACE 1 [HATowy [STue

If the main species remaining in the aqueous phase is
PdCLi, the distribution ratio can be written as,

K.= (5)
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Figure 3. Plots of log D against TTA (HA) concentration.
pH 29, [NaCl]=0.1 M, 1. [TOPO],,=0.00 M, 2. [TOPO],,=
002 M.
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Figure 4. Plots of log D against pH. [NaCl]=0.1 M, 1. [TTA],,
=75X10"2 M, 2. [TTAL,=15%10"* M, [TOPOJ,,=3.0X10"?
M.

_ [PdAS,CL]
D= Tpac T ©

From Eq. (5) and (6), we obtain Eq. (7) and (8).
K. [HAY.[SP
— &X
b="tw3ra @
log D=log K.+x log [HAL,+y log [Sl.,
+xpH—(4—2) log[Cl ] ®
Figure 3 and Figure 4 show that the logarithm of the dis-

tribution ratio of Pd(II) plotted against the logarithm of TTA
concentration and pH, respectively. The slope of the straight
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Figure 5. Plots of log D against TOPO (S) concentration.
pH 29, [NaCi]=0.1 M, [TTAL.,=90X10"° M.
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Figure 6. Plots of log D against chloride ion concentration. total
ionic strength 0.2 with [NaCl, Na,SO,], pH 2.9, [TTA],,=15X
102 M, [TOPOJ.,=3.0X10"2 M.

line obtained is about 2, which suggests that two TTA mole-
cules are complexed to each Pd(II) ion in both of the systems
using the mixed ligand and TTA alone.

Figure 5 is the plot of log D against the logarithm of TOPO
concentration while TTA concentration was kept constant.
The slope value of two suggests that two TOPO molecules
are complexed to Pd(II)-thenoyltrifluoroacetonate. At TOPO
concentration below ca. 5X1073 M, deviation from a straight
line was observed. The deviation in this region may be asc-
ribable to the existence of other complexes, such as PdA;
or PdA,S.

The effect of chloride ion concentration was shown in Fig-
ure 6. The ionic strength was kept at 0.2 with NaCl and
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Figure 7. Effect of TOPO concentration on the extraction of
PddD) pH 3.2, [NaCl]=0.1 M, [TTAL,=9.0X10"* M.

Table 1. Equilibrium constants of the extraction reaction

log Ko —7.22 (*£0.18)
log Kai -361 (*0.16)
log K. ~122 (£ 0.05)
log B 361 (+0.24)
log B2 6.01 (*£0.19)

PACL?™ + 2HAu +# S LN PdAS,+2H* +4Cl-#=0,1,2)

PdAztn Sag & PdA:S s
k’g Bﬂ = l()g Ka,n - ]0g ng

Na,SO,. The ratio of chloride ion concentration was varied.
The slope of about —4 suggests that this synergistic extrac-
tion reaction is adversly affected by increase in chloride ion
concentration. The slope of —4 (i.e, z=0) also indicates that
all of the four chloride ions were replaced by the reaction
with TTA and TOPO during the extraction. Consequently,
the assumption in Eq. (4) that the initial form of palladium
in the aqueous phase was PdCl,”? is justified. The results
obtained above show that the coefficient of the logarithm
of concentration x, y and —(4—2) in Eq. (8) are 2, 2 and
—4, respectively. From these slope analyses, the extracted
species into the 1,2-dichloroethane phase appears to have
the composition, Pd : TTA: TOPO=1:2:2.

Determination of the Equilibrium Constants. The
metal complexes that are extracted into the organic phase
can be either PdA;S or PdA.S, in accordance with the mag-
nitude of the TOPO (S) concentration.

If the main species extracted into the organic phase are
PdA,S and PdA,S,, the distribution ratio is expressed as,

[HA]ZWE,, Kex.n [S]"Dr_g_
H* P

log D=2 log [HAl,;+log K1+ K2 [Slw)

+log [Sl.,+2pH—4 log [C1] (10)

D= (n=1,2) 9
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Figure 8. Shifting the optimum pH range. [NaCl]=0.1 M, 1.
[TTAlL,=75X10"% M, [TOPO],,=30x10"* M, 2. [TTAl,,=
75%X107% M.

Eq. (10) can be rewritten as

log D—2 log [HAl.,—2pH—log [S1.,+4 log [Cl ]
= log Kez.l+ log(l +Kex2 [Sjorg/Kex,l) (11)

Plotting the left side of Eq. (11) against the logarithm of
TOPO concentration, two regions of straight line are shown
in Figure 7. In the case of low concentration of TOPO (K.,
[S1m/Kx1%<1), a horizontal line is obtained and the intercept
on the y-axis of this line is logK, ;. In the case of high
concentration of TOPO (1<K, [S1/Kx1), a straight line
with a slope of 1 is obtained and the y intercept of this
line at log [S1,=0 is log K.

The results of the extraction constants obtained are listed
in Table 1, where B, shows the adduct formation constant
for PdA,S,. K., was calculated from Eq. (8) in the absence
of TOPO (S).

Shifting the Optimum Extraction pH Range. It has
been reported that by adding a neutral base to a chelate
extraction system, the extraction curve can be shifted to the
acidic region®? This phenomenon is also observed in the
present system. In Figure 8, pH,s, the value of the pH corre-
sponding to the extraction of 50% extraction, was shifted
to a lower pH region of about 1.5 pH unit. It will be very
useful for practical analysis (for example, separation of Pd
from other elements by adding a neutral base to the extrac-
tion system, Pd can be extracted in the acidic region). An
akaline medium is generally favorable for the formation of
the metal chelate. However, metal ions tend to form stable
hydroxo complexes in an alkaline medium and thus interfere
with chelate formation. Accordingly, an acidic medium is
preferable to avoid such interference.

The solid curves given in Figure 8 were obtained by calcu-
lations using Eq. (8), which agree well with the experimental
results. However, the extraction curves for the simple chelate
extraction system (line 2) estimated from Eq. (8) deviate
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Table 2. Distribution coefficients of Pd and Pt

distribution coefficient (D)

Extractant

Pd Pt
TTA alone 0.72 0.14
TOPO alone 0.56 0.21
TTA+TOPO 210 0.24

[TTA]J=6%X10"% M. [TOPO]=6X10"2 M.

from those obtained by experiments, especially at higher pH
region, probably because of hydrolysis of palladium(II).

Separation of Pd(II) from Pt(IV). It was thought de-
sirable to evaluate the applicability of the present system
of extraction for the separation of Pd from Pt.

The hydrochloric acid solution containing the synthetic
mixture of Pd(II) and Pt(IV) was extracted with 1,2-dichlo-
roethane containing TTA plus TOPO. The distribution coeffi-
cients of two elements were obtaind as shown in Table 2.
The results indicate that the present synergistic system can
provide an extraction method that enables the separation
of Pd from Pt. As explained below, by applying the present
method, one can separate Pd from Pt with much better effi-
ciency, almost more than 100-fold, than is possible with a
TTA alone.

The separation ratio (SR) is defined as D(Pd)/D(Pt), where
D(Pd) and D(Pt) are the distribution coefficients of each met-
al between the two phases. SR(TTA+ TOPQO) is 900, where-
as SR(TTA) is about 5. and SR(TOPO) is about 3.

Thiourea has been used effectively for the back extraction
of PGMs.Z In the present system, trace amounts of Pd (ca.
2.5X107* M) in 1,2-dichloroethane phase could be quantitati-
vely back-extracted into the aqueous phase by shaking with
0.5 M HCI containing 0.5 M thiourea within 30 min. After
back extraction with 0.5 M hydrochloric acid solution con-
taining 0.5 M thiourea, the separation ratio becomes much
larger, eg., D(Pd)s. and D(Pt)y, is 100 and ca. 0.1, respec-
tively. The separation ratio of back extraction is ca. 1000.
Therefore, the total separation procedure (synergistic extrac-
tion followed by back extraction) has the separation ratio
of ca. 9X10°,

Conclusion

An extraction method was developed for the Pd(II) with
1,2-dichloroethane containing thenoyltrifluoroacetone and tri-
n-octylphos-phine oxide. In this system of mixed ligand, sy-
nergistic enhancement was observed.

The composition of extracted species was determined by
slope analysis, which shows that the extracted species has
the composition Pd: TTA: TOPO=1:2:2,

The equilibrium constants found for the present system
are comparatively smaller than those of other extraction sys-
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tems. This may be attributable to difficulty in the replace-
ment of chloride ion with TTA or TOPO.

The proposed method followed by back extraction using
thiourea can be applicable to real sample as a method of
preconcentration of palladium(II).
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