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Effect of HCl Concentration on the Oxidation of LIX 63 and the Subsequent 
Separation of Pd(II), Pt(IV), Ir(IV) and Rh(III) by Solvent Extraction
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Abstract: During the selective extraction of Pd(II) by LIX 63 from 6 M HCl solutions containing platinum 
group metals, an oxidation-reduction reaction occurs between the LIX 63 and Ir(IV). Since the reduced 
Ir(III) cannot be extracted by solvating and amine extractants, the oxidation-reduction reaction has a 
significant effect on the separation of Pt(IV), Ir(IV) and Rh(III). Therefore, the effect of HCl concentration 
on the reduction of Ir(IV) during the extraction with LIX 63 was investigated at 3 and 6 M HCl solutions. 
The extraction behavior of Iridium by Aliquat 336 from the Pd(II) free raffinate showed that the percentage 
of iridium extraction rapidly decreased when HCl concentration was increased from 3 to 6 M, indicating 
that more Ir(IV) was reduced to Ir(III). Extraction schemes for the separation of Pt(IV), iridium and Rh(III) 
by Aliquat 336 from 3 and 6 M HCl solutions were investigated.
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1. INTRODUCTION

Platinum group metals (PGMs), such as platinum (IV), 

palladium (II), iridium (IV) and rhodium (III) are important 

metals in the automobile and chemical industries owing to 

their specific physical and chemical properties. Demand for 

PGMs has increased, whereas the ore deposits containing 

these metals have become depleted [1]. Therefore, the 

secondary recovery of PGMs from products has attracted 

more attention. Because they have similar chemical properties, 

the separation and purification of PGMs is very difficult and 

complicated. Development of an efficient separation process 

to recover Pt(IV), Pd(II), Ir(IV) and Rh(III) from the 

secondary resources is necessary. A hydrometallurgical 

process involving acid leaching in the presence of an 

oxidizing agent followed by solvent extraction has shown 

promise for the separation and recovery of individual PGMs 

[2-7].

In the solvent extraction process, various extractants, such 

as amine, neutral and cationic extractants, are used for the 

separation of Pt(IV), Pd(II), Ir(IV) and Rh(III). Tri-n- 

butylphosphate (TBP) [8], 2-hydroxy-5-nonylacetophenone 
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oxime (LIX 84I) [9,10], trihexyl(tetradecyl) phosphonium [1], 

dibutyl sulfoxide (DBSO) [11] and 2-hydroxy-4-sec-octanoyl 

diphenyl-ketoxime [12] allow the selective extraction of 

Pd(II) over Pt(IV), Rh(III) and other metals from chloride 

solutions. Meanwhile, Pt(IV) has been preferentially extracted 

from hydrochloric acid solution in the presence of 

Rh(III)/Pd(II)/Ir(III) by a mixture of four trialkyl phosphine 

oxides (Cyanex 923) [13], tri-isobutylphosphine sulphide 

(Cyanex 471) [14], quaternary ammonium salt (Aliquat 336) 

[15,16], 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ester (PC 88A) [17] and tri-n-octyl amine (Alamine 300) [18].

Generally, the reported processes for separating 

Pt(IV)/Pd(II)/Rh(III)/Ir(III) have some drawbacks, such as 

poor separation/selectivity and difficult stripping [18]. In 

concentrated HCl solutions, several species of Ir(IV) and 

Rh(III), which are unstable, can exist, which makes the 

separation of these metals more difficult [19]. In fact, little 

information has been reported on the separation of the four 

PGMs (Pt(IV), Pd(II), Rh(III) and Ir(IV)).

In our previous study [20], we proposed a new process for 

the separation of these four PGMs from concentrated HCl 

solution using a solvent extraction. Pd(II) was selectively 

extracted over Pt(IV), Ir(IV) and Rh(III) in an HCl 

concentration ranging from 0.1 to 8 M, by adjusting the 



769 Thi Hong Nguyen and M an Seung Lee

Fig. 1. Effect of Aliquat 336 concentration on the extraction of 
Pt(IV), Ir(IV) and Rh (III) from synthetic solution. Composition
of the synthetic solution: Pt = Ir=Rh=100 ppm, [HCl] = 3M; 
[Aliquat 336] = 0.003-0.05 M; O/A=1; Diluent= Kerosene.

concentration of 5,8-diethyl-7-hydroxydodecane-6-oxime 

(LIX 63). TBP and Aliquat 336 were used for the separation 

of Pt(IV), iridium and Rh(III) from Pd(II) free raffinate at 6 

M HCl. During the extraction of platinum and iridium, it was 

observed that no iridium was extracted from the Pd(II) free 

raffinate by Aliquat 336 and TBP. However, it has been 

confirmed in the literatures that Ir(IV) can be extracted by 

Aliquat 336 and TBP from concentrated HCl solution [19,21], 

while Ir(III) cannot be extracted by these extractants [20-23]. 

Therefore, it was assumed that Ir(IV) might be reduced to 

Ir(III) during the extraction with LIX 63.

The present study focused on how the oxidation and 

reduction between Ir(IV) and LIX 63 affected the subsequent 

separation of Pt(IV), Ir(IV) and Rh(III) by solvent extraction. 

For this purpose, the effect of HCl concentration on the 

reduction of Ir(IV) during the extraction with LIX 63 was 

investigated using two HCl concentrations (3 and 6 M). 

Moreover, the extraction behavior of iridium, platinum and 

rhodium by Aliquat 336 from synthetic solution and Pd(II) 

free raffinate was also compared in detail. Finally, extraction 

schemes for the separation of Pt(IV), Pd(II), Ir(IV) and 

Rh(III) by solvent extraction from hydrochloric acid solutions 

at 3 and 6 M HCl were investigated.

2. EXPERIMENTAL PROCEDURES

A synthetic solution was prepared by dissolving appropriate 

amounts of H2IrCl6 (99.5%), RhCl3.xH2O (99.9%), PtCl4 

(99.9%) and PdCl2 (99.9%) purchased from Alfa-Aesar. The 

concentration of each metal in the synthetic solution was 

fixed at 100 ppm. The acidity of the synthetic solution was 

controlled by adding pure HCl solution (35%, Daejung Co.). 

Commercial extractants, such as LIX 63 (BASF Co.) and 

Aliquat 336 (BASF Co.) were used without further 

purification. Kerosene (Samchun Pure Chem. Co.) was used 

as a diluent.

Solvent extraction experiments were performed by mixing 

equal volume of aqueous and organic phases for 30 min using 

a wrist action shaker (Burrel, model 75). After equilibrium, 

the two phases were separated using a separating funnel. All 

the experiments were performed at room temperature. Metal 

ion concentrations in the aqueous phase before and after 

extraction were determined by inductively coupled plasma- 

optical emission spectroscopy (ICP-OES; Spectro Arcos). 

The concentration of metal ions in the loaded organic phase 

was calculated by mass balance.

3. RESULTS AND DISCUSSION

3.1. Extraction of Pt(IV), Ir(IV) and Rh(III) by Aliquat 

336 from a synthetic solution.

In order to investigate the extraction behavior of Pt(IV), 

Ir(IV) and Rh(III) by Aliquat 336, synthetic solutions 

containing these three PGMs were prepared in 3 and 6 M 

HCl. The concentration of each metal was fixed at 100 ppm. 

Aliquat 336 solution with 0.003-0.05 M was employed for the 

extraction at a phase ratio of unity. Figs. 1 and 2 show that the 

extraction behaviors of Pt(IV), Ir(IV) and Rh(III) induced by 

Aliquat 336 in the 3 and 6 M HCl solutions were similar to 

each other, which agrees well with the data reported in the 

literatures [15,16,23]. As the concentration of Aliquat 336 

increased from 0.003 to 0.05 M, the extraction percentage of 

Pt(IV) increased but those of Ir(IV) and Rh(III) remained 

almost constant. In both the 3 and 6 M HCl solutions, the 
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Fig. 2. Effect of Aliquat 336 concentration on the extraction of 
Pt(IV), Ir(IV) and Rh (III) from synthetic solution. Composition
of the synthetic solution: Pt= Ir=Rh=100 ppm, [HCl] = 6M; 
[Aliquat 336] = 0.003-0.05 M; O/A=1; Diluent= Kerosene.

Fig. 3. Effect of Aliquat 336 concentration on the extraction of 
iridium, Pt(IV) and Rh(III) from the Pd(II) free raffinate. 
Composition of the raffinate: Pt= Ir= Rh=100 ppm, [HCl] =3 M; 
[Aliquat 336] = 0.003-0.05 M; O/A=1; Diluent= Kerosene.

extraction percentage of Ir(IV) was around 90% at any 

Aliquat 336 concentration, while that of Rh(III) was 

negligible (see Figs.1 and 2). In the concentrated HCl 

solution, PtCl6
2− and IrCl6

2− were predominant [23,24] and 

these Pt(IV) and Ir(IV) species can be extracted by Aliquat 

336 through the anion exchange reaction. The 

non-extractability of Rh(III) in these experiments may be 

ascribed to the presence of Rh(III) as RhCl5(H2O)2
− [19]. 

Figs. 1 and 2 indicate that both Pt(IV) and Ir(IV) were 

selectively extracted by Aliquat 336, leaving Rh(III) in the 

raffinate at 3 and 6 M HCl.

3.2. Extraction of Pt(IV), Ir(IV) and Rh(III) by Aliquat 

336 from the Pd(II) free raffinate obtained from 

extraction with LIX 63.

The results in the previous section indicate that Pt(IV) as 

well as Ir(IV) can be extracted by Aliquat 336 from freshly 

prepared synthetic solutions at 3 and 6 M HCl. In order to 

investigate the extraction behavior of the three PGMs (Pt(IV), 

iridium, and Rh(III)) from Pd(II) free raffinate, synthetic 

solutions containing four PGMs were contacted with LIX 63 

from 3 and 6 M HCl solutions. In these experiments, the 

concentration of each PGM was fixed at 100 ppm and a LIX 

63 solution of 0.06 M was employed for the extraction at a 

unity phase ratio. The Pd(II) free raffinate obtained from the 

extraction with LIX 63 was mixed with the Aliquat 336 

solution (0.003-0.05 M).

Figs. 3 and 4 show that there was a remarkable difference 

in the extraction of iridium from the Pd(II) free raffinate for 

the 3 and 6 M HCl solutions. However, there was little 

difference in the extraction of Pt(IV) and Rh(III) from the 

Pd(II) free raffinate for both HCl solutions. Namely, Pt(IV) 

and iridium were selectively extracted over Rh(III) from the 

raffinate at 3 M HCl (see Fig. 3). In contrast to the freshly 

prepared synthetic solution, the extraction percentage of 

Pt(IV) was higher than that of iridium from the Pd(II) free 

raffinate with 3 M HCl at any Aliquat 336 concentration. 

However, the extraction percentage of iridium and Rh(III) 

from the Pd(II) free raffinate with 6 M HCl was negligible at 

any Aliquat 336 concentration, while the extraction 

percentage of Pt(IV) increased from 82 to 93% when the 

Aliquat 336 concentration was increased from 0.003 to 0.05 

M. It can be concluded that HCl concentration has a great 

effect on the change in the oxidation state of iridium during 

extraction with LIX 63. Moreover, Pt(IV) and iridium could 

be co-extracted over Rh(III) by Aliquat 336 from the Pd(II) 

free raffinate with 3 M HCl, whereas only Pt(IV) was 
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Fig. 4. Effect of Aliquat 336 concentration on the extraction of 
iridium, Pt(IV) and Rh(III) from the Pd(II) free raffinate. 
Composition of the raffinate: Pt= Ir= Rh=100 ppm, [HCl] =6 M; 
[Aliquat 336] = 0.003-0.05 M; O/A=1; Diluent= Kerosene.

extracted over iridium and Rh(III) by Aliquat 336 from the 

Pd(II) free raffinate with 6 M HCl.

3.3. Comparison of the extraction behavior of iridium 

between the Pd(II) free raffinate and synthetic solution.

Comparing the results obtained at the same HCl 

concentration, the extraction behaviors of Pt(IV) and Rh(III) 

from synthetic solution and the Pd(II) free raffinate were 

similar to each other, while there was a large difference in the 

case of iridium (see Fig. 1-4). The extraction percentage of 

iridium from the raffinate was much lower than that from the 

synthetic solution for the same experimental conditions. 

About 90% of the Ir(IV) was extracted from the synthetic 

solution by Aliquat 336 at both HCl concentrations (see Figs. 

1 and 2), while the extraction percentage of iridium from the 

Pd(II) free raffinate was 60% at 3 M HCl and less than 10% 

at 6 M HCl.

It was also observed that the color of the synthetic solution 

containing the four PGMs changed from purple red to yellow 

orange after extraction with LIX 63. According to the 

reported literatures [25,26], the color of Ir(III) complexes in 

HCl solution is pale yellow green, while that of Ir(IV) is 

purple red in color. Therefore, it might be said that the change 

in color of the solution is related to the reduction of Ir(IV) to 

Ir(III) during the extraction with LIX 63. The yellow orange 

color of the Pd(II) free raffinate was due to the existence of 

Pt(IV) and Rh(III) species, whose color is orange.

Even though the extraction efficiency of LIX 63 is high, 

LIX 63 is easily degraded during solvent extraction [27,28]. It 

has been reported that LIX 63 is significantly protonated by 

acid solution and the protonation of the oxime nitrogen atom 

may be an important step in the degradation process [29]. 

There are several causes responsible for the degradation of an 

extractant during solvent extraction. In an organic solvent, 

oxidation, which is a type of degradation, is the gaining of 

oxygen or the losing of hydrogen by carbon atoms. In the case 

of LIX 63, diketone, keto-oxime, acyloin and 2-ethylhexanoic 

acid might be formed as oxidation products during solvent 

extraction [29]. The degradation degree of LIX 63 is strongly 

proportional to reaction temperature and acid concentration 

[29-32]. Therefore, it might be said that LIX 63 can be more 

easily oxidized in a 6 M HCl solution than in a 3 M HCl 

solution. When the oxidation product of LIX 63 is ketone, the 

oxidation reaction can be represented as Eq. (1) [29].

RR’C=NOH + H2O = RR’C=O + NH2OH (1)

where RR’C=NOH denotes LIX 63.

Since the oxidation and reduction reactions occur 

simultaneously, the reduction reaction of other elements in 

the solvent extraction system with LIX 63 should readily 

occur in a stronger acid solution. It can be seen in Figs. 3 and 

4 that the extraction percentage of iridium by Aliquat 336 

from the Pd(II) free raffiante with 6 M HCl was negligible, 

compared to 60% extraction from the 3 M HCl raffinate. In 

contrast to Ir(IV), Ir(III) is not extracted by amines and 

neutral extractants [23-30]. Therefore, it can be said that more 

Ir(IV) was reduced to Ir(III) during the extraction with LIX 

63 from 6 M HCl raffinate, resulting in its negligible 

extraction. The non-extractability of the Ir(III) species is 

related to the presence of water inside of the complexes, 

which suppresses the interaction the between extractant and 

the Ir(III) species [20,25]. This agrees well with the low 

extraction of iridium from the raffinate at 3 and 6 M HCl by 

Aliquat 336.
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Fig. 5. Effect of thiourea concentration in the mixture with 0.5 M 
HCl on the stripping of Pt(IV) and Ir(IV) from the loaded Aliquat 
336. Loaded organic: 0.03 M Aliquat 336 + 5% v/v TBP: 
Concentration of Pt(IV) and Ir(IV) in the loaded Aliquat 336 : 
Pt-88 ppm; Ir-80 ppm; Rh-1.2 ppm; [Thiourea] = 0.05-0.5 M.

It has been reported that the electron transfer through H2O 

or OH− is not as good as Cl− [33]. Since the iridium complex 

with the chloride ion is the outer sphere, there should be some 

water or hydroxide ion between the iridium and chloride ion. 

Therefore, the reduction of Ir(IV) to Ir(III) occurs more 

readily as the HCl concentration becomes concentrated. The 

increase in the degree of reduction of Ir(IV) to Ir(III) at higher 

HCl concentration can be explained by two reasons: (i) the 

increase of H+ depresses the introduction of a hydroxyl group 

into iridium complexes, and (ii) the increase of Cl− changes 

the iridium complex to hexachloroiridate, which is more 

easily reduced [33]. The possible reduction reaction and 

standard reduction potential are represented in Eq. (2) [34]. 

Although some of the LIX 63 can be degraded during the 

extraction, the degraded LIX 63 has no adverse effect on 

metal selectivity [27,30]. This is the reason why Pd(II) was 

selectively extracted over Pt(IV), Ir(IV) and Rh(III) by LIX 

63 from the concentrated HCl solution [20].

IrCl6
2-

+e=IrCl6
3-

, Eo=0.867V (2)

3.4. Selective extraction of iridium and stripping.

During the extraction with LIX 63, most of the Ir(IV) was 

reduced to Ir(III) from the 6 M HCl solution. Therefore, only 

Pt(IV) was selectively extracted by Aliquat 336 from the 

Pd(II) free raffinate of 6 M HCl, leaving Ir(III) and Rh(III) in 

the raffinate. However, a small amount of Ir(IV) was reduced 

to Ir(III) from the 3 M HCl solution. Therefore, the process 

for separating Pt(IV), iridium, and Rh(III) from the Pd(II) free 

raffinate at 3 M HCl was investigated.

Since the iridium in the raffinate of 3 M HCl was 

considered to exist as Ir(IV) as well as Ir(III) after extraction 

with LIX 63, the Ir(IV) could be extracted by amines or 

solvating extractants from the 3 M HCl solution. Therefore, it 

is better to oxidize Ir(III) to Ir(IV) and then to extract the 

resulting Ir(IV) by Aliquat 336. For this purpose, NaClO3 was 

employed as an oxidizing agent for the oxidation of Ir(III). A 

previous study reported that 8×10−4 M NaClO3 was necessary 

to oxidize 100 ppm of Ir(III) in a 6 M HCl solution [20]. 

Since the extraction behavior of Pt(IV), iridium, and Rh(III) 

after adding NaClO3 to the raffinate was similar to that from 

the freshly prepared synthetic solution, 0.05 M Aliquat 336 

was selected as the optimum condition for the extraction of 

both Pt(IV) and Ir(IV) from the raffinate of 3 M HCl (see 

Fig.1).

Since Pt(IV) and Ir(IV) are extracted into Aliquat 336, it is 

first necessary to separate the two metals in the loaded 

Aliquat 336 by selective stripping. First, the loaded Aliquat 

336 was prepared by contacting 0.05 M Aliquat 336 with the 

Pd(II) free raffinate of 3 M HCl containing 100 ppm of 

Pt(IV), Ir(IV) and Rh(III) after adding 8×10−4 M NaClO3. The 

concentration of Pt(IV) and Ir(IV) in the loaded Aliquat 336 

was 88 and 80 ppm, respectively, while that of Rh(III) was 

negligible. In this work, a mixture of thiourea and HCl was 

employed as a stripping agent. Fig. 5 shows the variation in 

the stripping of Pt(IV) and Ir(IV) from the loaded Aliquat 336 

with the concentration of thiourea in a mixture with 0.5 M 

HCl. As thiourea concentration in the mixture with 0.5 M 

HCl increased from 0.1 to 0.5 M, the stripping percentage of 

Pt(IV) increased linearly from 46 to 90%, while that of Ir(IV) 

decreased to nearly zero. Therefore, it was possible to 

selectively strip Pt(IV) from the loaded Aliquat 336, and a 

mixture of 0.5 M HCl and 0.5 M thiourea was recommended 

for this purpose. The Ir(IV) left in the loaded Aliquat 336 
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Fig. 6. Conceptual process flow sheets for the recovery of Pd(II), 
Pt(IV), Ir(IV) and Rh(III) from  strong HCl solutions by solvent 
extraction.

after selective stripping of Pt(IV) can be stripped by using 

HClO4 [20].

3.5. Proposed process for the separation of PGMs 

(Pt(IV), Pd(II), Ir(IV) and Rh(III)) by solvent extraction.

Fig. 6 shows a process for the separation of Pd(II), Pt(IV), 

Ir(IV) and Rh(III) from 3 and 6 M HCl solutions. In both HCl 

concentrations, Pd (II) was selectively extracted by LIX 63 

over other metals. Since more Ir(IV) was reduced to Ir(III) 

during the extraction with LIX 63 from the 6 M HCl than 

from the 3 M HCl, the separation schemes after the extraction 

of Pd(II) by LIX 63 were different for these two solutions. 

When the HCl concentration was 6 M, most of the iridium 

exists as Ir(III), which cannot be extracted by amines or 

solvating extractants. Therefore, the Pt(IV) in the raffinate 

was selectively extracted by TBP. After adding an oxidizing 

agent to the raffinate, the Ir(IV) can be selectively extracted 

over Rh(III) by Aliquat 336.

When the concentration of HCl in the solution was 3 M, just a 

small amount of Ir(IV) was reduced to Ir(III) during the 

extraction with LIX 63. Therefore, an oxidizing agent has to be 

added to the Pd(II) free raffinate to oxidize Ir(III) to Ir(IV). After 

the oxidation of Ir(III), the Pt(IV) and Ir(IV) in the raffinate can 

be co-extracted into Aliquat 336, leaving Rh(III) in the raffinate. 

The co-extracted Pt(IV) and Ir(IV) can be separated by 

selectively stripping Pt(IV) by using a mixture of HCl and 

thiourea. It has been reported that the stripping percentage of 

Ir(IV) from loaded Aliquat 336 is poor for the mixture of HCl 

and thiourea solution [19], while complete stripping of Pt(IV) 

from the loaded Aliquat 336 is possible with the same solution 

[35-37]. Therefore, a mixture of HCl and thiourea is 

recommended for the selective stripping of Pt(IV) from the 

loaded Aliquat 336, and then Ir(IV) can be stripped using the 

HClO4 solution from the stripped organic solution [19].

4. CONCLUSIONS

Extraction of a solution containing Pt(IV), Pd(II), Ir(IV), 

and Rh(III) by LIX 63 resulted in a change in the extraction 

behavior of iridium by Aliquat 336 from the raffinate. This 

change may be related to the oxidation-reduction reaction 

between LIX 63 and Ir(IV). In order to identify the cause of 

this change and the effect of HCl concentration on the 

change, solvent extraction experiments were done at two HCl 

concentrations (3 and 6 M). For this purpose, the Pd(II) free 

raffinate and the synthetic solution containing Pt(IV), Ir(IV) 

and Rh(III) were contacted to Aliquat 336 and the extraction 

behavior of the 3 PGMs by this extractant was compared. 

There was little difference between the synthetic solution and 

the raffinate in the extraction of Pt(IV) and Rh(III) by Aliquat 

336. However, the extraction percentage of iridium from the 

raffinate by Aliquat 336 was much less than that from the 

synthetic solution. The decrease in the extraction of iridium 

was more pronounced from 6 M HCl than from 3 M HCl. As 

the HCl concentration became stronger, from 3 to 6 M, more 

Ir(IV) was reduced to Ir(III), indicating that the oxidation of 

LIX 63 can occur readily in strong HCl solution. The 

extraction of iridium by Aliquat 336 from the raffinate of 6 M 

HCl was negligible, while some iridium was extracted from 

the raffinate of 3 M HCl. Considering this difference in the 

extraction of iridium from 3 and 6 M HCl, a separation 

process for Pt(IV), Ir(IV) and Rh(III) from the Pd(II) free 
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raffinate was proposed for both HCl concentrations.
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