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ABSTRACT

Models of extraction equilibria of Pt(IV) and Pd(II) with Nonylthiourea
(NTH) from HCI media have been studied. The conditional equilibrium
constants and the stoichiometry of the extracted species of Pt(IV) with
NTH at different ionic strengths obtained by numerical analysis using
the LETAGROP-DISTR program are reported. The dependence of the
extraction constant values on the ionic strength has been analysed using
the Specific Interaction Theory (SIT), from which the respective thermo-
dynamic equilibrium constants of the extraction of Pt(IV) and Pd(II) with
NTH have been determined. The thermodynamic equilibrium constants
determined for Pt(IV) are logK{; =5 + | and logK{, = 14.6 + 0.2,
while for Pd(Il) logK{; =49 + 0.1 and logK{,=9.17 + 0.08.
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The interaction coefficients, &, for the pairs (H™, PtClz ) and (HT,
PdClzzf) have also been estimated to be 0.30 + 0.08 and 0.41 + 0.02,
respectively.

Key Words: Platinum; Palladium; Thermodynamic modeling.

INTRODUCTION

The extractions of Pd(II) and Pt(IV) from hydrochloric acid solutions with
nonylthiourea (NTH) dissolved in chloroform have been reported in our
earlier papers.!"*! Their extraction mechanisms were interpreted with the
determination of respective extraction constants for Pd(Il) at 1.0M HCIM
and Pt(IV) at 4M HCL>' However, the extraction constants obtained in
these solvent extraction studies are typically conditional constants, as most
of those in the literature. To make them usable in practical applications
under other ionic conditions, the conditional constants of a chemical reaction
in general, and extraction in particular, need to be correlated by a model of
activity coefficients as a function of the ionic medium, and if possible,
extrapolated to obtain a thermodynamic constant at infinite dilution reference
state.

For this purpose, several approaches have been used to describe
the dependency of activity coefficients of solutes on ionic medium and
concentrations. Among them the Pitzer equation,'>* the Bromley approach,’!
and the Brgnsted-Guggenheim-Scatchard Specific Interaction Theory
(SIT)[6’7] are worth mentioning. In these models, the deviation from
ideal behaviour of the ions is considered to depend on two factors. The
first factor takes into account long range electrostatic interactions
(Debye-Hiickel term) which is dependent only on the ionic strength. The
second factor considers short range interactions (specific interactions
between the different ions). The model proposed by Pitzer takes into
account the interactions between the ions of different charge and between
the ions of the same charge, in the short range interactions. Bromley proposed
a “trial and error” method based on the empirical adjustable parameters.
The SIT model is a simplified alternative of the Pitzer model, in which the
interactions between ions of the same sign in the short range interaction
are neglected.

Due to its simplicity, the SIT model has been applied in several solvent
extraction studies to analyse the dependence of the equilibrium constants on
ionic strength. It was reported that the formation constants of Pt(IV)-
alamine obtained vary linearly with the ionic strength, and the interaction
coefficient between PtCl? and HT was estimated to be 0.46.8 In the
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literature available, there is very limited information on the application of the
SIT model to platinum group metals. Therefore, the purpose of the present
work is to extend the applicability of the SIT model to the extraction of
platinum group metals such as Pt(IV) and Pd(II) with NTH.

EXPERIMENTAL
Chemicals and Reagents

All of the chemicals and reagents used were of analytical grade, unless
otherwise denoted. NTH was used as the organic reagent. The details of syn-
thesis have been described elsewhere.!”! Different aqueous solutions of Pt(IV)
or Pd(I) at given HCI concentrations were prepared from their respective
stock solutions. The proton concentration was determined by potentiometric
titration using 0.1 M NaOH.

Metal Extraction

Equal volumes of aqueous and organic solutions with known concen-
trations were mixed using mechanical shaker (40rpm) at 22°C for a given
period. A preliminary experiment was carried out to determine the contact
time required to attain equilibrium. The analysis of metal ions in aqueous
phase, before and after the extraction, was carried out using an atomic absorp-
tion spectrometer (Varian AA Spectra-200, Varian, Australia) equipped with a
graphite furnace (Varian GTA-A110, Varian, Australia). The metal concen-
tration in the organic phase was calculated by mass balance.

RESULTS AND DISCUSSION
Treatment of the Distribution Data of Pt(VI) Extraction

In our previous study,' the extraction of Pt(IV) at 4.0 M HCI with NTH
was investigated. It was concluded that the extraction of Pt(IV) with NTH pro-
ceeds through the formation of PtCl4(NTH) and PtCl4(NTH), species. In the
present study, the extraction of Pt(IV) with NTH at 0.1 M and 2.0 M HCI
has also been determined. Figure 1 shows the Pt(IV) distribution as a function
of NTH concentration at a constant ionic strength of 0.1 M. Analysis of the
experimental distribution data obtained at different ionic strength was per-
formed using the computer program LETAGROP-DISTR.!"”! This program
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Figure 1. Distribution data for the extraction of Pt(IV) by NTH in chloroform from
0.1 M HClI solutions at 22°C. The points are experimental data while the solid lines are
calculated using the model of 1: 1 and 1: 4 species and the equilibrium constants given
in Table 2.

searches for the best equilibrium constant that minimizes the error squares
sum defined by;

UD) =Y (log Deqic — 10g Dexy)” (1)

Np

where D.,,, is the distribution coefficient determined experimentally and D,
is the value calculated by the program. This program also calculates the
standard deviation o(log D) defined by;

U\ 2
logD) = [ — 2
rtoz0) = () @
where N, is the number of experimental points.

Several models have been tested for the best fit of the experimental dis-
tribution data. Table 1 summarizes the main results of the numerical treatment
of the experimental distribution data for Pt(IV)-HCI-NTH extraction system at
ionic strengths of 0.1 M and 2.0 M in comparison with the earlier reported data
at 4.0M HCL"! As can be seen, the results of numerical treatment agree well
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with the earlier results. The best fit of the experimental data is shown by a
model, as reported earlier,[z] of the following reaction mechanism:

PiClg~ + gNTH <=> PiCIy(NTH), + 2CI~ (3)

where ¢ = 1 and 4, and the bar denotes the organic phase. The equilibrium
constant of the extraction reaction in Eq. (3) is therefore:

_ [PcclNTH),JICI )
7 [Prc2- |INTHY

(4)

Table 2 summarizes the corresponding conditional constants at ionic strengths
of 0.1 M, 2.0 M and 4.0 M. As shown in Fig. 1, the solid lines calculated using
the constants obtained at ionic strength of 0.1 M HCI, have a good fit to the
experimental points, though there is a little increased deviation in the very
low range of NTH concentrations.

Dependence of Extraction Constants of Pt(IV) on Ionic Media

As can be seen in Table 2, the obtained values of the conditional equili-
brium constants vary with the ionic strength of the aqueous phase. The constants
can be correlated to the ionic medium and extrapolated to the corresponding
thermodynamic constants (log K°) at infinite dilution based on the SIT
model. According to the SIT model, the activity coefficient y; of an ion of
charge Z; in a solution of ionic strength I (in molality) can be expressed by:

AZ? V2

logy, = — %
OBV =TI s

+ Y el jym (5)
J

where A is the Debye-Hiickel parameter, 0.51 at 25°C and 1 atm, and € (i,))
is the specific interaction coefficient between i and j, and has a value of zero

Table 2. The values of log K for Pt(IV) determined at different ionic strength and
log K” estimated using the SIT method.

ITonic strength (M)

LogK Medium 0.1 2.0 4.0 0

Log K, HCl 2.26 £+ 0.06 45+ 0.1 5.06 £+ 0.01 5+1
LogKi4 HC1 1443 £ 0.02 145+02 1412 £ 0.04 146+ 0.2
Log K4 HCI 12.17 £ 0.08  10.0 £ 0.3 9.06 + 0.05 9.5+ 08
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when both ions are of the same charge sign. Based on the SIT model, the
thermodynamic equilibrium constant (log K) and the specific interaction
coefficient e(H', PtCIz") can be calculated according to the following
equation:

2A1'?

1+ 1.5'2
— e(H", PICIZ™ )my+ (6)

log ki, = log K, + +2e(H*, CI" Ymy+

Where ¢ = 1 and 4, eHT,Cl") = 0.12,[6] and my+ is the proton concentration
in molality.
Considering the reaction equilibrium in the organic phase;

PtCI,(NTH) + 3NTH <= PtCl(NTH), )

the equilibrium constant of Eq. (7) can be simply derived from the two extrac-
tion constants as follows;

_ Ky [PtCL(NTH),]
" K [PtCLy(NTH)|[NTH]’

4 ®)

Since all the organic species have very low concentration in the present
study, it is reasonable to assume that the equilibrium constant K, should not
be affected by a concentration of any species, nor by the ionic medium in
the aqueous phase. As shown in Table 2, however, three values of K, calcu-
lated from the respective constants of K;; and K, at three different ionic
strengths are not so consistent. The value of K, at 0.1 M HCI is too high,
apparently due to a too low value of K;;, compared to other two which are
in a reasonable agreement within 10% deviation of log K4. As pointed out
above, the fit of the experimental data at 0.1 M HCI had the highest deviation
in the region of low NTH concentrations, which significantly affects the
reliability of the corresponding value of K. Therefore, the equilibrium con-
stant in Eq. (8) can be assigned to be an average of two values at 2.0 and 4.0 M
HCI, log K4 = log K4, = 9.5 + 0.8 (Table 2).

By combining Eqgs. (6) and (8), the SIT model can be re-expressed, having
the unknown terms in Eq. (9) while the known terms in Eqgs. (10) and (11), as
follows:

Y =log Ky, + e(H", PtCI{" Ympy+ )
2A1'2 o
= 10gK14 +W+28(H , Cl )mH+ (10)
1/2

=log K/, +log K4 + +2&(H*, CI™)my+ )]

1+ 1.51'/2
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The evaluation of logK® and e(H", PtCIZ") is then straightforward,
since linear relationships are expected when plotting the Y values obtained
from Egs. (10) and (11) as a function of HCI concentration (in molality). As
shown in Fig. 2, an intercept can be determined to be log K74 = 14.6 + 0.2
and the slope to be e(H", PtCl%_) =0.30 £+ 0.08. A value of logK{; =5 + 1
has been calculated according to Eq. (8) and listed in Tables 2 and 3.
The value of the interaction coefficient e(H", PtCI2~) obtained in this study is
comparable to another published value of 0.46.*!

Dependence of Extraction Constants of Pd(II) on Ionic Media

Figure 3 shows the Pd(II) distribution as a function of ionic strength, i.e.,
HCI concentration, while both initial total concentrations of Pd(I) and NTH
are constant. In our previous study,"! the extraction of Pd(II) at 1.0 M HCIl
with NTH was interpreted to proceed through the formation of PdCI,(NTH)
and PdCI,(NTH), species as follows;

PdCI;~ + gNTH <= PdCL(NTH), + 2CI~ (12)

17

14
N L
13 | ® Eq. 11
A Eq.10
- ——Eq.9
12 (e
11 |
10 L 1 N 1 N 1 L 1 L 1
0 1 2 3 4 5

HCI(m)

Figure 2. The SIT modeling for the determination of logK” and & for Pt(IV)
extraction from HCI solutions.
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Table 3. The value of log K’ and & determined using the SIT model.

Metal ion Log K7, Log K1» Log K3 Log K74 g
ptt 541 — — 146 + 02 030 + 0.08
pd*? 49+0.1 9.17 + 0.08 — — 0.41 + 0.02

where ¢ = 1 and 2, with the respective equilibrium constants;

_ [PdChL(NTH) JICI"}
T [PdCE-]INTHY

(13)

Two constants of K;; and K;, can be correlated to the experimentally deter-
mined values of Pd(II) distribution, D, as a function of HCI concentration at

2,5
20 -
15 |-
a -
=)
o
- 10 b ® Exp.(this work)
’ m Exp.(ref.1)
Fitted (SIT model)
05 |-
0.0 L ] L 1 ) 1 ) ] L ] L 1 ) 1
0 1 2 3 4 5 6 7

HCI (m)

Figure 3. Distribution data for the extraction of Pd(Il) by NTH in chloroform from
1-6M HCI solutions at 22°C. The points are experimental data while the solid lines
are calculated using the model of 1:1 and 1:2 species and the equilibrium constants
given in Table 3.
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the constant total concentrations of Pd(II) and NTH. These relationships can
be described as follows;

PdCIy™], . — [PACE~
o-! []Pd(ljlz[] : (14
[PACL,(NTH)] + [PdCL(NTH), |
[PdCI]
_ Ki[NTH] + Kyo[NTH]?
B [cI-T
[NTH],,;y = INTH] + [PdCL,(NTH)] + 2[ PACL,(NTH), |
[PdC3~](K11[NTH] + 2K, [NTHT")
[cI-P?

(15)

— [NTH] + (16)

On the other hand, the dependence of log K on the concentration of HCI as
ionic medium can be expressed according to the SIT model,

. 2AIN o
lOgK]q:lOgKlq—m—zg(H ,Cl )mH+
+&(H", PACI" )my+ (17)

where g = 1 and 2.

By fitting the experimental data in Fig. 3 with Egs. (14)—(17) in
combination, two thermodynamic constants and interaction coefficient
have been determined to be log K7, = 4.9 + 0.1, log K7, = 9.17 + 0.08 and
e(H", PACI3™) = 0.41 + 0.02 (Table 3). As shown in Fig. 3, the calculated
values (solid curve) of log D present a good fit to the experimental data.

Simulation of Extraction of Pt(IV) and Pd(III) with NTH

Table 4 presents the calculated extraction constants of Pt(IV) and Pd(Il)
with NTH from two different solutions of 1 m and 6 m HCI, respectively,

Table 4. The calculated extraction constants of Pt(IV) and Pd(Il) at 1 m
and 6 m HCI using the SIT model.

ITonic Pt(1V) Pd(II)

strength

(m) Log K, Log K4 Log Ky, Log K12
1 4.65 14.25 4.68 8.93

4.83 14.43 5.41 9.66
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Based on these constants, the distribution diagrams of an extraction system of
Pt(IV)-Pd(II)-HCI-H,O-NTH can be obtained by using a computer program,
MEDUSA, for the chemical equilibrium calculations, as presented in Figs. 4
and 5. The extraction percentage of Pd(Il) and Pt(IV) at 1 m and 6 m HCI was
calculated based on the distribution diagrams (Figs. 4 and 5). The selective
extraction of Pd(II) and Pt(IV) as a function of NTH concentration at different
HCI concentration is shown in Fig. 6. As can be seen from Fig. 6, the separ-
ation of Pd(II) and Pt(IV) is almost 5 times higher at 6 m HCI than at 1 m HCI,
when NTH concentration is kept at 3.25 + 0.5 mM. For instance at 6 m HCI,
the extraction percentage of Pd(Il) is 80%, while for Pt(IV) it is ~7% at NTH
concentration of 3.25 + 0.5 mM.

CONCLUSIONS

The conditional equilibrium constants and the stoichiometry of the
extracted species of Pt(IV) with NTH at different ionic strengths obtained
by numerical analysis using the LETAGROP-DISTR program are reported.
The variation of the ionic strength determines the variation of the extraction
constants but does not influence the stoichiometry of the species formed

08

NTH
07

06

[ PACI{NTH)

05 PdCI( NTH),

PICI,(NTH )
04 |-
PLCI,( NTH ),

2

Fraction

03 |-

02 |

01 |-

0,0 1
5,0 45 4,0 3,5 3,0 25 2,0
log [NTH]_ (M)

Figure 4. Fraction distribution of Pt(IV) and Pd(II) species in organic and aqueous
phases at 1 m HCIL.
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Figure 5. Fraction distribution of Pt(IV) and Pd(II) species in organic and aqueous
phases at 6m HCI.
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Figure 6. Simulation of the extraction of Pt(IV) and Pd(II) with NTH at 1 m and
6 m HCI.
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during the extraction of Pt(IV) with NTH. The dependence of the extraction
constant values on ionic strength was analysed by specific interaction theory
(SIT). Using the SIT model, the respective thermodynamic equilibrium con-
stants of the extraction of Pt(IV) and Pd(II) with NTH, and the interaction
coefficients for the pairs (H", PtCIZ") and (H', PdCI5~) have also been
determined.

10.
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