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Abstract: The selective separation and recovery of specific platinum-group metals (PGMs) from
metal mixtures is a significant challenge owing to the similarity of these metals in terms of chemical
and physical properties. Among the typical PGMs (Pd, Pt, and Rh), the selective recovery of Pt prior
to the recovery of Pd and Rh is in high demand. In this study, we attempted the selective precipitation
of Pt(IV) from mixed-metal HCl solutions using 2-ethylhexylamine (2EHA) as a precipitant and
achieved the selective precipitation of Pt(IV) from Pd(II) and Rh(III) over a wide range of HCl
concentrations. Selective precipitation of Pt(IV) was also achieved from HCl solutions with high
levels of base metals, such as Al, Cu, Fe, and Zn. High yields of undegraded 2EHA remaining
in the HCl solution after Pt(IV) precipitation were recovered using hydrophobic porous resins.
X-ray photoelectron spectroscopy and thermogravimetric measurements revealed that the Pt(IV)-
containing precipitate was an ion-pair comprising one [PtCl6]2− and two ammonium cations of
2EHA. The steric hindrance and high hydrophilicity of 2EHA suppressed the formation of Rh(III)-
and Pd(II)-containing precipitates, respectively, resulting in the selective precipitation of Pt(IV).

Keywords: platinum-group metal; metal precipitation; ion-pair; 2-ethylhexylamine; hydrochloric acid

1. Introduction

Platinum-group metals (PGMs) play an essential role in modern economies owing
to their wide range of applications, including in catalysts and electrical devices [1–5].
Palladium (Pd), platinum (Pt), and rhodium (Rh), which are typical PGMs, are mainly
used as catalysts to clean automobile exhaust gases. The scarcity and expense of these
materials have led to a high demand for PGM recycling from spent catalysts and electronic
waste. However, the selective separation and recovery of specific PGMs from metal
mixtures remains a significant challenge owing to the chemical and physical similarities of
these metals.

In general, PGMs are separated individually via solvent extraction using organic
extractants and solvents from metal-containing acid solutions [6–12]. Thus, Pd can be
recovered selectively prior to the recovery of other PGMs, such as Pt and Rh [6–8]. On
the other hand, the preferential recovery of Pt or Rh over Pd is challenging, as the ease of
Pt(IV) and Rh(III) extraction is generally equal to or much lower than that of Pd(II) [13–15].
Therefore, Pt or Rh recovery is typically performed after Pd extraction [16]. However, since
the prices of PGMs fluctuate in response to socioeconomic factors, the development of
selective and preferential recovery methods for Pt and Rh is an important step in achieving
economically efficient recycling.

Recently, precipitation-based selective PGM recovery methods have been developed
using primary amines as precipitants in metal-containing hydrochloric acid (HCl) so-
lutions [17–21]. Selective Rh(III) precipitation using 4-alkylanilines from HCl solutions
containing Pd(II) and Pt(IV) was successfully achieved via the formation of unique ion-
pairs comprising [RhCl6]3−, anilinium cations, and chloride anions in a 1:6:3 ratio (Rh(III)
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hexa-ammonium) [18]. Aromatic diamines also act as selective Rh(III) precipitants, and
their Rh(III) selectivity is derived from the formation of unique ionic crystals composed
of [RhCl6]3− and ammonium [19,20]. Aliphatic primary amines with linear alkyl chains
can precipitate Pt(IV), whereas Pd(II) cannot be precipitated using amines shorter than
nonyl [21]. However, Rh(III) co-precipitated with Pt(IV) using aliphatic primary amines
at high HCl concentrations by forming Rh(III) hexa-ammonium [21]. Based on the PGM
precipitation results, selective Pt(IV) precipitation is expected to be achieved using aliphatic
primary amines if the formation of Rh(III) hexa-ammonium is effectively inhibited.

In this paper, we report the selective recovery of Pt(IV) from metal-mixed HCl solu-
tions using 2-ethylhexylamine (2EHA) as a precipitant. The selective separation of Pt(IV)
from Pd(II) and Rh(III) was achieved via the formation of Pt(IV)-containing precipitates
over a wide range of HCl concentrations. Furthermore, high Pt(IV) selectivity was pre-
served even with the use of HCl solutions with high levels of base metals. Steric hindrance
and the high hydrophilicity of 2EHA suppressed the formation of Rh(III) hexa-ammonium
and Pd(II)-containing precipitates, respectively, resulting in the selective precipitation
of Pt(IV).

2. Materials and Methods
2.1. Materials

2EHA, AlCl3, and ZnCl2 were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo,
Japan); Pd(II) and Pt(IV) standard solutions were purchased from FUJIFILM Wako Pure
Chemical Industries, Ltd. (Osaka, Japan); and Rh(III) standard solution, CuCl, and FeCl3
were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan); and all were used as
received. Styrene-divinyl benzene resin (Sepabeads SP850) was generously provided
by Mitsubishi Chemical Co., Ltd. (Tokyo, Japan). HCl solutions containing base met-
als were prepared by dissolving metal chlorides in HCl and mixing them with metal
standard solutions.

2.2. Metal Precipitation Experiments Using 2EHA

First, 2EHA (0.05 mmol) was added to HCl solutions (1 mL) containing Pd(II), Pt(IV),
and Rh(III) (1.0 mmol/L each), and the resulting mixtures were shaken vigorously for
30 min. The formed precipitates were spun down by centrifugation (7200× g, 10 min), and
the metal concentrations in the resulting supernatants were evaluated using inductively
coupled plasma atomic emission spectroscopy (ICP-AES). The HCl concentration, loading
amount of 2EHA, and shaking time were varied in the metal precipitation experiments.

2.3. Metal Precipitation from Base Metal-Containing Solutions

First, 2EHA (0.15 mmol) was added to 6 M HCl solutions (3 mL) containing base
metals (Pd(II), Pt(IV), Rh(III): 1.0 mmol/L each; Al, Cu, Fe, Zn: 1000 or 10,000 ppm each),
and the resulting mixtures were shaken vigorously for 30 min. The formed precipitates
were recovered by filtration and washed with 6 M HCl solution (3 mL) containing 2EHA
(0.08 M). The metal precipitation rates were evaluated from water solutions of the resulting
precipitates using ICP-AES.

2.4. 2EHA Recovery by Porous Resins

Sepabeads SP850 (2.0 g) was added to 30 mL of 6 M HCl solution containing 2EHA
(0.08 M), and the mixture was shaken for 1 h. The beads were recovered by filtration
and then added to 30 mL of methanol. The resulting mixture was shaken for 30 min and
then filtered. This methanol washing process was repeated three times, and the combined
methanol filtrate was evaporated and dried under vacuum conditions at room temperature
for 24 h. The hydrochloride form of 2EHA was recovered with a 94.3% yield.
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2.5. Metal Precipitation and 2EHA Recovery from Metal-Containing Solution

First, 2EHA (1.5 mmol) was added to a 6 M HCl solution (30 mL) containing Pd(II),
Pt(IV), and Rh(III) (1.0 mmol/L each), and the resulting mixture was shaken vigorously
for 30 min. The formed precipitates were recovered by filtration and washed with 6 M
HCl solution (10 mL) containing 2EHA (0.08 M). The metal precipitation rates in the water
solutions evaluated using ICP-AES (90% for Pt(IV), 4% for Pd(II), and 0% for Rh(III)).
Sepabeads SP850 (2.0 g) was added to the resulting filtrate, and the mixture was shaken for
30 min. The recovery of 2EHA-adsorbed beads and the stripping of 2EHA using methanol
were performed as described above. The recovered 2EHA hydrochloride amounted to
85.6% of the total 2EHA feed. Five percent of Pt(IV), 92% of Pd(II), and 99% of Rh(III)
remained in the HCl filtrate after 2EHA adsorption.

2.6. Preparation of 2EHA-Containing Precipitate

First, 2EHA (0.75 mmol) was added to a 6 M HCl solution (10 mL) containing Pt(IV)
(2.5 mmol/L), and the resulting mixture was shaken vigorously for 30 min. The formed
precipitates were recovered by filtration and washed with a 6 M HCl solution (0.5 mL). The
obtained powder was dried under vacuum conditions at room temperature for 24 h.

2.7. Measurements
1H NMR spectra in DMSO-d6 at 25 ◦C were recorded using a JEOL JNM-ECX 500 NMR

spectrometer (Jeol Co., Tokyo, Japan). An ICP-AES instrument (SPS5510, Hitachi High-
Tech Science Corp., Tokyo, Japan) was used to evaluate metal concentrations. ICP samples
were prepared by diluting metal-containing solutions with water or HCl solution, and
the concentrations of analysis target metals in ICP samples were set below 20 ppm. X-ray
photoelectron spectroscopy (XPS) measurements were performed using an AXIS-ULTRA
X-ray photoelectron spectrometer (Kratos Analytical Ltd., Manchester, UK). Elemental
quantification was performed using the relative sensitivity factors supplied with the in-
strument control software (N 1s: 0.477, Cl 2s: 0.493, Pt 4d: 4.637). Thermogravimetric (TG)
measurements were performed using an STA7300 (Hitachi High-Tech Science Corp., Tokyo,
Japan) at a heating rate of 10 ◦C/min under an airflow of 200 mL/min.

3. Results
3.1. Metal Precipitation Experiments

Metal precipitation experiments were performed as follows: 2EHA was added to HCl
solutions containing Pd(II), Pt(IV), and Rh(III) (1.0 mmol/L each), and the mixtures were
shaken vigorously. The metal content in the formed precipitates was evaluated from the
supernatants of the mixtures using ICP-AES. Figure 1 shows the relationship between the
HCl and precipitate metal concentrations. High yields of Pt(IV) were precipitated (over
90%) over a wide range of HCl concentrations (1–8 M). On the other hand, very little Pd(II)
and Rh(III) precipitation (less than 5%) occurred, regardless of the HCl concentration. This
result clearly indicates that 2EHA acts as a selective precipitant for Pt(IV) under a wide
range of HCl concentrations.

The effect of 2EHA loading on metal precipitation was examined to optimize selective
Pt(IV) precipitation. The Pt(IV) precipitation rate increased with higher 2EHA loading
(Figure 2a) and exceeded 90% at a 2EHA/Pt ratio of 50 mol/mol. In all cases, almost no
Pd(II) and Rh(III) was observed. The dependence of metal precipitation on shaking time
was also investigated. As shown in Figure 2b, the Pt(IV) precipitation rate reached 90%
in just 1 min, whereas Pd(II) and Pt(IV) did not precipitate even after prolonged shaking.
Thus, the results indicate that selective Pt(IV) precipitation can be achieved using high
dosages of 2EHA with a short shaking time.
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Figure 2. The effect of (a) 2EHA loading (6 M HCl, 30 min of shaking) and (b) shaking time (6 M HCl,
2EHA/Pt = 50 mol/mol) on metal precipitation from HCl solutions containing Pd(II), Pt(IV), and Rh(III) (1.0 mmol/L each).

3.2. Separation of Pt(IV) from Base Metals

In actual PGM separation procedures, metal-containing solutions (metal-leaching
solutions) typically include relatively high concentrations of base metals, such as Al, Cu,
Fe, and Zn. Therefore, we studied the selective Pt(IV) precipitation from HCl solutions
containing base metals as well as Pd(II) and Rh(III). The precipitated rates of the metals
were evaluated by applying ICP-AES to water solutions in which the resulting precipitates
were dissolved. As shown in Figure 3a, 2EHA could selectively separate Pt(IV) from
1000 ppm base metals, and higher concentrations of base metals (10,000 ppm each) had no
impact on selective Pt(IV) precipitation (Figure 3b). Further, the presence of base metals
did not induce co-precipitation of Pd(II) and Rh(III). The high selectivity for Pt(IV) over
base metals demonstrates the practicability of metal precipitation using 2EHA.
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metals (a) at 1000 ppm each and (b) 10,000 ppm each. The numbers in parentheses are metal concentrations (ppm) of water
solutions determined by ICP-AES. The maximum metal concentrations (the cases of 100% precipitation) are 106 ppm for
Pd(II), 195 ppm for Pt(IV), 103 ppm for Rh(III), and 1000 or 10,000 ppm for Al, Cu, Fe, and Zn.

3.3. Recovery of 2EHA from HCl Solutions

The recovery of 2EHA from HCl solutions after Pt(IV) precipitation was examined
because a large amount of 2EHA remained in the solutions. Since 2EHA forms an am-
phiphilic structure in HCl solutions (hydrophilic ammonium group and hydrophobic
2-ethylhexyl group), 2EHA adsorption was performed using hydrophobic porous resins
(styrene-divinylbenzene resin: Sepabeads SP850). Here, 2EHA was effectively adsorbed on
the resins and stripped using methanol, allowing approximately 94% of the 2EHA to be
recovered as hydrochloride salt.

We also investigated 2EHA recovery from the metal-containing solution after Pt(IV)
recovery (Figure 4). Although some of the used 2EHA was precipitated and filtered out
with Pt(IV), as much as 85.6% of the total 2EHA feed was recovered. Ninety percent of
the Pt(IV) was recovered as a precipitate, whereas 5% of Pt(IV), 92% of Pd(II), and 99%
of Rh(III) remained in the solution after 2EHA recovery. Notably, no chemical structural
change arose from decomposition in the recovered 2EHA hydrochloride salt (Figure 5).
Furthermore, as the employed porous resin (SP850) did not possess polar units and charged
functionalities to adsorb metals, Pd(II) and Pt(IV) remained in the solution.

3.4. Analysis of Pt(IV)-Containing Precipitate

The elemental composition of the Pt(IV)-containing precipitate was evaluated using
XPS. The precipitate used for the measurements was prepared from a 6 M HCl solution
containing Pt(IV) using 2EHA, which was washed with a small amount of 6 M HCl
to remove excess 2EHA prior to the measurements. The obtained spectrum showed
characteristic XPS peaks assigned to Pt 4d, C 1s, N 1s, Cl 2s, and Cl 2p (Figure 6). The
atomic ratios were calculated from the photoelectron peak areas based on atomic sensitivity
factors. The Pt:Cl ratio was calculated as 1.0:5.9, indicating the presence of [PtCl6]2− in the
precipitate. This result was consistent with the fact that Pt(IV) exists as a chloro-complex
anion, [PtCl6]2−, in HCl solutions [13]. Given the N:Pt ratio of 2.1:1.0, the precipitate was
composed of two 2EHA molecules and one chloro-complex of Pt(IV). Since 2EHA forms an
ammonium cation, the expected structure of the precipitate is an ion-pair comprising the
[PtCl6]2−/ammonium cation of 2EHA in a 1:2 ratio (Figure 7).
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Figure 7. Expected structure of the ion-pair comprising one [PtCl6]2− and two ammonium cations
of 2EHA.

The Pt(IV)-containing precipitate was examined via TG analysis. The obtained TG
curve showed the weight loss stemming from the decomposition and volatilization of
2EHA and chlorine over a temperature range of 200–450 ◦C (Figure 8). After heating at
700 ◦C in air, the resultant residue was 29.0% of its original weight. The combustion of
PtCl4 is known to yield zerovalent Pt (Pt(0)), indicating that the resultant residue after TG
analysis was Pt(0) [22]. Furthermore, the combustion of the ion-pair shown in Figure 7
yields 29.1% of Pt(0). The good match in the weight percentages of Pt(0) between the
Pt(IV)-containing precipitate and the expected ion-pair strongly supports the formation of
the ion-pair comprising one [PtCl6]2− and two ammonium cations.
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3.5. Mechanism of Selective Pt(IV) Precipitation

Aliphatic primary amines with linear alkyl chains can intrinsically precipitate Pd(II),
Pt(IV), and Rh(III) from HCl solutions [21]. However, no precipitation of Pd(II) was ob-
served using primary amines with short alkyl chains (carbon numbers < 9) [21], as the
high hydrophilicity of their ammonium results in highly water-soluble ion-pairs between
[PdCl4]2− and the ammoniums. The lack of Pd(II) precipitation using 2EHA, which has
eight carbon chains, is also due to the high solubility of the Pd(II)-containing ion-pair in
HCl solutions. In contrast, Pt(IV) can be precipitated using 2EHA by forming a Pt(IV)-
containing ion-pair, as shown in Figure 1. This result agrees well with the fact that alkyl
amines longer than hexyl can precipitate Pt(IV) [21]. Unlike in the case of Pd(II) and
Pt(IV), Rh(III) precipitation behavior differs dramatically in the presence of 2EHA and
normal alkyl amines; 2EHA cannot precipitate Rh(III) regardless of the HCl concentra-
tion. It has been reported that normal alkyl amines and aromatic primary monoamines
can precipitate Rh(III), especially at high HCl concentrations, by forming unique ion-
pairs comprising [RhCl6]3−/ammonium cations/chloride anions in a 1:6:3 ratio (Rh(III)
hexa-ammonium) [18,21]. Because the ammoniums in Rh(III) hexa-ammonium surround
[RhCl6]3− and are closely packed, its formation strongly depends on the steric effect of the
ammonium. The steric hindrance of 2EHA, which has a branched alkyl chain, effectively
inhibits the formation of Rh(III) hexa-ammonium, resulting in no Rh(III) precipitation.
Therefore, the selective Pt(IV) precipitation achieved in this study was attributable to the
high hydrophilicity and steric hindrance of 2EHA.

4. Conclusions

Pt(IV)-selective precipitation from HCl solutions containing Pd(II) and Rh(III) was
achieved under a wide range of HCl concentrations using 2EHA as a precipitant. Further-
more, the selective precipitation of Pt(IV) was achieved from HCl solutions with high levels
of base metals, such as Al, Cu, Fe, and Zn. The 2EHA remaining in the HCl solution after
Pt(IV) precipitation was recovered at high rates without degradation using hydrophobic
porous resins. XPS and TG measurements revealed that the Pt(IV)-containing precipitate
was an ion-pair comprised of [PtCl6]2− and 2EHA ammonium cations in a 1:2 ratio. The
steric hindrance and high hydrophilicity of 2EHA suppressed the formation of Rh(III)
hexa-ammonium and Pd(II)-containing precipitates, respectively, resulting in the selective
precipitation of Pt(IV). Therefore, Pt(IV) precipitation using 2EHA is a promising candidate
for Pt recycling and purification.
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