
Vol:.(1234567890)

Journal of Sustainable Metallurgy (2021) 7:266–276
https://doi.org/10.1007/s40831-020-00335-x

1 3

RESEARCH ARTICLE

Fundamental Study of Palladium Recycling Using “Dry Aqua Regia” 
Considering the Recovery from Spent Auto‑catalyst

Akihiro Yoshimura1  · Shunta Tochigi1 · Yasunari Matsuno1

Received: 9 October 2020 / Accepted: 30 December 2020 / Published online: 16 February 2021 
© The Author(s) 2021

Abstract
In this research, a recycling process for palladium using “dry aqua regia,” which consists of iron(III) chloride–potassium 
chloride, was proposed. Palladium was dissolved in “dry aqua regia,” and the dissolved palladium was recovered by leaching 
with potassium chloride solution with added ammonium chloride and nitric acid. Palladium was almost completely dissolved 
in 3 h at 600 K, and the recovery ratio of dissolved palladium was up to 80%. In addition, the dissolution of palladium in 
coexistence with platinum and the dissolution of platinum-palladium alloy by “dry aqua regia” were also tested. The dissolved 
palladium and platinum were separated and recovered by solid–liquid separation technique using the difference in solubil-
ity of their compounds in potassium chloride and sodium chloride solutions. As a result, pure compounds of each element 
were recovered. This result suggested the possibility of using “dry aqua regia” for the separation of platinum-group metals.

The contributing editor for this article was U. Pal.

 * Akihiro Yoshimura 
 a.yoshimura@chiba-u.jp

1 Graduate School of Engineering, Chiba University, 1-33 
Yayoi-cho, Inage-ku, Chiba-shi, Chiba 263-8522, Japan

http://orcid.org/0000-0002-0793-0679
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-020-00335-x&domain=pdf


267Journal of Sustainable Metallurgy (2021) 7:266–276 

1 3

Graphical Abstract

Keywords Dry aqua regia · Molten salt · Palladium · Recovery · Solid–liquid separation

Introduction

Platinum (Pt) and palladium (Pd) are platinum-group metals 
(PGMs), which are important metals for jewelry, coins, and 
other industrial applications, particularly owing to their high 
catalytic abilities and chemical stability. They are often used 
as automotive catalysts, approximately 40% of Pt and 75% 
of Pd and rhodium (Rh) were consumed [1, 2].

While the ore grade of PGMs is very low, their grade as 
automotive catalysts is relatively high; therefore, recycling 
efforts have been actively pursued. These recycling efforts 
are roughly divided into pyrometallurgical and hydro-
metallurgical processes and operated commercially and 
industrially. Panda et al. summarized these efforts in the 
previous review [3]. However, both pyrometallurgical and 
hydrometallurgical recycling impose large environmental 
loads due to the energy consumption and the generation 
of waste liquids, use of chlorine  (Cl2), etc. [4] Therefore, 
various new methods have been proposed, including one 
that utilizes a molten salt [5, 6]. However, it lacks user-
friendliness because of additional treatments required, 
such as electrolysis or  Cl2 gas blowing.

In the US patent, a combined molten salt consists of 
ammonium nitrate  (NH4NO3) and ammonium chloride 
 (NH4Cl) was introduced as “dry aqua regia” [7]. This molten 
salt can dissolve Pt in ore by direct chlorination without 
electrolysis or  Cl2 blowing and recover its compound. How-
ever, the treatment is difficult, owing to the use of  NH4NO3 
and  NH4Cl, which are raw materials for gunpowder.

Based on the above, the authors have proposed a new 
recycling method that uses iron chloride(III)  (FeCl3)–potas-
sium chloride (KCl)-based molten salt [6, 8]. Using this 
method, Pt is chlorinated into potassium(IV)  (K2[PtCl6]) by 
the reaction shown in Eq. (1)

In this reaction, Pt is directly chlorinated by the chlorine 
(Cl) contained in iron chloride(III) without  Cl2 gas blowing 
or electrolysis. Moreover, Pt can be dissolved at approxi-
mately 600–650 K by adding KCl to  FeCl3. This is a much 
lower temperature than that used in conventional processes 
that require approximately 800–1600 K [6].

Dissolved Pt was purified and recovered by leaching and 
precipitation as depicted in Eqs. (2) and (3), respectively.

(1)Pt + 4FeCl3 + 2KCl → K2

[

PtCl6
]

+ 4FeCl2
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K2[PtCl6] is insoluble in KCl (aq) and soluble in NaCl 
(aq). Thus, the sodium hexachloroplatinate(IV)  (Na2[PtCl6]) 
solution can be recovered by leaching using KCl (aq) and 
NaCl (aq), eliminating the impurities, especially iron 
oxide  (FeOx). Pure ammonium hexachloroplatinate(IV) 
((NH4)2[PtCl6]) was obtained by the addition of  NH4Cl. 
Moreover, high-purity Pt was recovered by heat treatment 
of this compound. This result suggests that using “dry aqua 
regia” is an eco-friendly method to recover Pt. However, 
previous studies have targeted only Pt, while Pd is also used 
as an auto-catalyst. Pd in spent auto-catalyst could be dis-
solved using a solution containing  FeCl3, hydrochloric acid 
(HCl), and NaCl. The dissolved Pd could be recovered by 
the addition of  NH4Cl and ammonia  (NH3) [9]. This is an 
eco-friendly recovery process because of its small environ-
mental impact compared with the conventional process using 
aqua regia. However, this process only targeted pure Pd. The 
auto-catalyst contains other PGMs such as Pt or Rh [1, 2], 
and these PGMs in spent auto-catalysts become alloy by the 
high temperature of exhaust gases [10]. The availability of 
the process for other PGMs and their alloys and the recovery 
of PGMs from spent auto-catalysts are not yet confirmed.

In the case of recycling several PGMs from auto-cata-
lysts, the contained PGMs are dissolved simultaneously and 
their separation is required [4, 5, 11–13]. The conventional 
processes mainly use solvent extraction and ion-exchange 
resins to separate and recover each element of PGMs. How-
ever, the environmental impact was caused by the chemical 
sludge production from used solvents and the regeneration 
of used ion-exchange resins.

Considering the above situation, the authors, in this 
research, evaluated the usability of the recycling process for 
Pd in spent auto-catalyst using “dry aqua regia.” The authors 
also carried out the treatment of Pd in coexistence with Pt 
and the treatment of Pt–Pd alloy. Moreover, Pd and Pt were 
recovered using selective dissolution and precipitation.

Methods and Materials

Treatment of Pure Pd

Dissolution of Pd

Figure 1 is the Ellingham diagram of Pd–Fe–Cl system cal-
culated by FactSage [14]. By this thermodynamic calcula-
tion, Pd can be chlorinated by the following reaction.

(2)K2

[

PtCl6
]

+ NaCl(aq) → Na2
[

PtCl6
]

(aq) + KCl(aq)

(3)
Na2

[

PtCl6
]

(aq) + 2NH4Cl →
(

NH4

)

2

[

PtCl6
]

↓ +NaCl(aq)

In addition, the authors added equimolar KCl to  FeCl3 to 
depress the melting point in reference to the previous studies 
[6, 8].

In this research, Pd wire (ϕ = 0.2 mm, L = approx. 100 mm) 
was used as the sample. An equimolar mixture of  FeCl3 and 
KCl was used as the dry aqua regia and adjusted to achieve a 
weight of 3 g [8]. This adjusted mixture, along with a Pd wire 
sample of approximately 40 mg, was deposited in a porcelain 
crucible (≥ 58%  SiO2, ≥ 33%  Al2O3). The crucible was set in a 
glass reaction vessel in which air was substituted with atmos-
pheric argon (Ar). Thereafter, it was heated in a heating mantle 
(TAIKA, GBR-5). After the thermocouple near the crucible 
showed a reading of 523 K, the processing time was adjusted 
to 1.0, 2.0, and 3.0 h. The processing temperature was varied 
from 560 to 600 K.

After the completion of the reaction, the reaction vessel was 
removed from the heater and air-cooled so that the dry aqua 
regia could solidify. The recovered dry aqua regia was leached 
with 20 mL of water, and the sample residue was recovered 
and weighed. The dissolution amount and rate were evalu-
ated from the change in the sample weight and its process-
ing time. Because the weight of the Pd samples varied in the 
range of 39–42 mg, the initial weight was converted to 40 mg 
using Eq. (5). In this equation, wdissolution is the actual dissolved 
amount, and wsample is the weight of the input sample.

(4)Pd + 2FeCl3 → PdCl2 + 2FeCl2

(5)w = wdissolution ×
(

40 ∕wsample

)

Fig. 1  Ellingham diagram of Pd–Fe–Cl system [14]
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Precipitation and Recovery of Pd

Pd treated by the procedure mentioned in “Dissolution of 
Pd” section is predicted to be chlorinated as potassium tetra-
chloropalladate  (K2[PdCl4]), based on the stability of Pd(II) 
ions in water [15] and a previous study that treated Pt [6, 8]. 
Pd chloride(II)  (PdCl2) could be obtained by the dissolu-
tion of HCl (aq) and ammonium tetrachloropalladate(IV) 
((NH4)2[PdCl6]) by the addition of  NH4Cl and nitric acid 
 (HNO3) [16, 17]. In this study, the authors precipitated 
 (NH4)2[PdCl6] by the addition of HCl,  HNO3 and  NH4Cl 
to the solvent obtained by the leaching of frozen dry aqua 
regia after Pd dissolution by 20 mL of water. The recovered 
precipitate was decomposed into pure Pd by thermo-decom-
position at 650 K under an Ar atmosphere. The recovery 
ratio was evaluated by comparing the dissolved and recov-
ered weight of Pd.

Figure 2 shows the overall flow of the Pd recovery pro-
cess, including dissolution and precipitation, described in 
“Dissolution of Pd” and “Precipitation and Recovery of Pd” 
sections.

Treatment of Pd in Coexistence with Pt

The  FeCl3-KCl dry aqua regia can dissolve Pt, which can be 
recovered as pure Pt by solid–liquid separation using KCl (aq) 

and NaCl (aq) [8]. This separation uses the difference in solu-
bility of  K2[PtCl6], that is, insoluble in KCl (aq) and soluble in 
NaCl (aq). In contrast,  K2[PdCl4] is extremely soluble in aque-
ous KCl [17]. Thus, by the leaching of frozen dry aqua regia 
containing both Pd and Pt using KCl (aq), Pd was dissolved in 
the solution and separated from Pt remaining in the residue. 
In the conventional refining or recycling process, coexisting 
PGMs are difficult to be separated into individual elements 
by solvent extraction using organic solvents [10]. Considering 
some auto-catalysts use Pt–Pd alloy or contain several PGMs 
[18, 19], a simple process that can separate each element is 
important for the treatment of PGMs from spent auto-catalyst.

Figure 3 shows the overall flow of Pd dissolution in coexist-
ence with Pt and their separation and precipitation using dry 
aqua regia. Both Pd and Pt were dissolved by  FeCl3-KCl dry 
aqua regia. The Pd sample mentioned in “Treatment of Pure 
Pd” section  in this study was the same as that used in a previ-
ous study (ϕ = 0.2 mm, L = approx. 50 mm) [6, 8].

After dissolution, the frozen dry aqua regia containing 
Pd and Pt was leached using KCl (aq) and separated into the 
supernatant and the residue. The dissolution rate was evalu-
ated by the change in the sample weight. The change in the 
sample weight was converted by Eqs. (5) and (6) as the initial 
weight of 35 mg.

Pd was precipitated using the procedure shown in “Precipi-
tation and Recovery of Pd” section and Pt, by the procedure 
described in a previous study [8]. In this study, the separa-
tion of Pd and Pt and their recovery ratio were evaluated. The 
dissolved Pd and Pt were precipitated by the same condition 
of their maximum recovery ratio as that in previous studies 
treating isolated samples. The recovery ratio was calculated by 
multiplying the compound weight by its metal content.

Treatment of Pt–Pd Alloy

Pt–Pd alloy (Pt80%-Pd20%, ϕ = 0.2 mm, L = approx. 100 mm, 
w = approx. 60 mg) was treated with dry aqua regia under the 
same conditions of “Treatment of Pd in Coexistence with Pt” 
section. The difference in the weight between the samples was 
corrected by the following Eq. (7).

After dissolution, dissolved Pd and Pt were recovered by the 
same procedure described in “Treatment of Pd in Coexistence 
with Pt” section.

(6)w = wdissolution ×
(

35∕wsample

)

(7)w = wdissolution ×
(

60∕wsample

)

Fig. 2  Overall flow of this research to recover Pd
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Results and Discussion

Treatment of Pd

Dissolution

Figure 4 shows the dissolution results for Pd. The dotted 
line in the figure shows the converted initial weight of the 
sample (40 mg). The effect of the temperature on the dis-
solution ratio was small, ranging between 560 and 600 K. 
All of the treated Pd was dissolved within 2 h at 600 K. In 
the cases under 580 K, approximately 70% of the sample 
was dissolved within 3 h. The initial dissolution rate was 
1.72 mol m−2 h−1 at 560 K, which was relatively larger 
than that of Pt (0.45 mol m−2 h−1 at 655 K) [6]. From this 
result, it is suggested that Pd can be more easily dissolved 
than Pt by treatment with dry aqua regia.

Precipitation and Recovery of Pd

Figure 5a, b shows the recovered material by the addition 
of HCl,  HNO3, and  NH4Cl to the obtained solvent after 

Fig. 3  Separation flow of Pt and 
Pd using “dry aqua regia”

Fig. 4  Dissolution rate of Pd using  FeCl3–KCl dry aqua regia
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leaching and its SEM image. Figure 5c, ds show the material 
recovered by thermal treatment and its SEM image. Table 1 
shows their content by SEM–EDX analysis. Figure 6 shows 
the XRD analysis of recovered material (shown in Fig. 5a).

The recovered material was dark-red in color, and its 
structure was octahedron. As shown in Table 1, the atomic 
ratio of Pd and Cl was determined by SEM–EDS as 15.8:81.8 
which is near to 1:6 and little impurities like K and Fe. This 
recovered material was determined as  (NH4)2[PdCl4] from 
the content analysis, its color and crystal shape, XRD result 
[19], and the reactions shown in Eqs. (8) and (9):

(8)Pd + 2FeCl3 + 2KCl → K2

[

PdCl4
]

+ 2FeCl2

(9)K2

[

PdCl4
]

(aq) + 2NH4Cl + 2HCl + 2HNO3 →
(

NH4

)

2

[

PdCl6
]

↓ +NO2 ↑ +2KCl(aq) + 2H2O

The recovered material after the thermal treatment was 
dark-gray in color, and its structure was porous. The suppres-
sion of contamination by impurities, especially iron (Fe), 
was confirmed from the SEM–EDX analysis. This result 
suggests that the solid–liquid separation and the addition of 
HCl and  HNO3 prevented the contamination.

Fig. 5  Recovered materials 
from Pd dissolution, a image 
and b SEM image of the mate-
rial precipitated by  NH4Cl and 
 HNO3 addition, and c image 
and d SEM image of the mate-
rial obtained by heat treatment

Table 1  Content in recovered material from Pd dissolution

Bold symbols are the main targets of the samples

Elements Precipitation Final recovered

Mass (%) Atom (%) Mass (%) Atom (%)

Cl 61.20 81.12 1.83 5.17
K 2.09 2.51 0.76 1.95
Fe 0.35 0.29 0.91 1.65
Pd 36.40 16.10 96.50 91.20

Fig. 6  XRD result of recovered material [20]
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The porous structure of the final recovered material was 
similar to that obtained in a previous study [21], even though 
the recovery processes were completely different from each 
other. In this study, the recovery process was thermal decom-
position, while precipitation was based on redox potential 
control in previous research. This result suggests that the 
similarity of recovered materials was caused by the char-
acteristics of Pd, which agrees with a previous study [22]. 
In addition, we obtained nearly pure Pd in this study, while 
the contamination of copper (Cu) was confirmed in a previ-
ous study [21]. This result suggests the effectiveness of the 
solid–liquid separation shown in Fig. 2.

Table 2 shows the change in the recovery ratio in the 
recovery conditions. The recovery ratio was brought up to 
approximately 80% by the addition of a sufficient amount 
of HCl and  HNO3 for the leaching and  NH4Cl for precipita-
tion. However, the recovery ratio decreased approximately 
15–30% if some of the conditions were not optimized. These 
results suggest that the recovery process requires to be opti-
mized for the effective recovery of Pd.

Dissolution of Pd in Coexistence with Pt

Figure 7a, b shows the dissolution rates of Pd and Pt at 650 
and 600 K, respectively. In these experiments, the initial 
weight of sample was converted as 40 mg (Pd) and 35 mg 
(Pt). These results were compared with the Pt dissolution 
rate at 650 K [6] and the Pd dissolution rate at 600 K.

In the experiment at 650 K, most of the Pd was dissolved 
within 3 h, while Pt dissolution was suppressed. The dis-
solution of Pt started after the dissolution of Pd, and the 
dissolution rate was approximately the same as in previous 
research [6]. These results suggest that the dissolution of Pt 
was suppressed in the presence of Pd.

In the experiment at 600 K, approximately 70% of the 
Pd was dissolved by a 6-h treatment, while under the same 
conditions, most of the Pd was dissolved within 2 h in the 
experiment of solo-dissolution. In addition, most of the Pt 
was not dissolved. These tendencies suggest the requirement 
of high-temperature treatment for auto-catalysts containing 
several PGMs and the preferential dissolution of Pd in coex-
istent Pd and Pt.

Dissolution of Pt–Pd Alloy

Figure 8 shows the dissolution rate of the Pt–Pd alloy. 
Approximately 20 mg of alloy was dissolved in 8 h for an 
initial sample weight of 60 mg, which contained 48 mg of Pt 
and 12 mg of Pd. In the case of solo-dissolution of 48 mg of 

Table 2  Recovery ratio 
determined by leaching and 
precipitation conditions

Bold symbols are the best conditions for the recovery of Pd

Pd dis-
solution, DPd 
(mg)

HCl addi-
tion, vHCl 
(mL)

HNO3 addi-
tion, vHNO3 
(mL)

NH4Cl addi-
tion, wNH4Cl 
(mg)

Precipita-
tion, wprec. 
(mg)

Pd recov-
ery, wPd 
(mg)

Recovery 
ratio (%)

#1 37.7 2.0 2.0 4.0 17.1 5.4 14.4
#2 36.7 2.0 2.0 6.0 31.2 9.9 27.1
#3 38.9 3.0 3.0 4.0 95.0 32.0 82.3
#4 38.9 3.0 3.0 6.0 88.8 29.9 76.9

Fig. 7  Dissolution rate of Pd and Pt in the simultaneous dissolution 
and comparison with solo-dissolution at a 650 K and b 600 K

Fig. 8  Dissolution rate of Pt–Pd alloy at 650 K
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Pt and 12 mg of Pd, 35.5 mg of Pt in 8 h and 12 mg of Pd in 
3 h were dissolved. From these calculations, the dissolution 
of Pd and Pt from the alloy was drastically less compared 
with that of the pure metal samples. In previous research, 
the electro-dissolution of Pd, Pt, and Pt–Pd alloy was per-
formed. The research pointed out that alloying of Pd with a 
highly noble metal such as Pt decreases the alloy ability to 
be oxidized [23]. As mentioned in the introduction, Pd and 
Pt often form their alloy in the spent auto-catalyst, and this 
highly anticorrosive alloying must be considered during the 
treatment of spent auto-catalysts.

As mentioned in the introduction, a solvent containing 
 FeCl3, HCl, and NaCl can dissolve Pd without high tem-
peratures [9]; however, there is no evidence that this solvent 

can dissolve the Pt–Pd alloy. In this study, the authors 
attempted the treatment of Pt–Pd alloy using this solvent, 
and no change in weight was detected after 24 h of treatment 
at approximately 300 K. This result suggested that Pt–Pd 
alloy cannot be dissolved by this hydrometallurgical proce-
dure and dry aqua regia can be effective for the treatment of 
Pt–Pd alloy present in spent auto-catalyst [10].

Separation and Precipitation of Pd and Pt Using 
Solid–Liquid Separation

Figure 9 shows the recovered materials. (a) Is material recov-
ered from the liquid phase and (b) is its SEM image, (c) is 
material recovered from the solid phase, and (d) is its SEM 

Fig. 9  Recovered materials 
from simultaneous dissolution 
of Pd and Pt, a image and b 
SEM image of Pd compound, 
and c image and d SEM image 
of Pt compound

Table 3  Recovered material 
from simultaneous dissolution 
of Pd and Pt

Bold symbols are the main targets of the samples

Elements Pd Pt

Precipitation Final recovered Precipitation Final recovered

Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%)

Na 0.00 0.00 0.62 1.57 0.48 1.30 0.42 2.97
Cl 55.50 75.80 26.7 44.50 47.50 81.10 1.62 7.58
K 5.08 6.29 13.30 20.00 0.67 1.02 0.70 2.99
Fe 0.41 0.36 2.72 2.87 0.51 0.57 2.02 5.82
Pd 37.90 17.30 55.30 30.70 0.43 0.25 0.42 0.63
Pt 1.05 0.26 1.35 0.41 50.40 15.80 94.80 80.00
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image. Table 3 shows the content of the recovered mate-
rials analyzed using SEM–EDX. Figure 10a–d shows the 
recovered materials and their SEM images from the Pt–Pd 
alloy treatment and Table 4 shows the content of recovered 
materials by SEM–EDX analysis. Tables 3 and 4 also show 
the content in the final recovered material.

In both cases of the treatment of Pd in coexistence with 
Pt and treatment of Pt–Pd alloy, red material (a) was recov-
ered from the liquid phase and the yellow material (c) was 
recovered from the solid phase. As shown in Tables 3 and 4, 
the red material is a Pd compound, while the yellow mate-
rial is a Pt compound. These results suggest the separa-
tion of Pd and Pt using solid–liquid separation, as shown 
in Fig. 11.

In conventional processes, the separation of PGMs 
requires, for example, solvent extraction, which is a complex 
procedure. In addition, these processes cause environmental 
impacts due to the chemicals and their chemical sludge [24, 
25]. The process used in this research does not require a sol-
vent for extraction and uses relatively mild chemicals. This 
result suggests that implementing this process could reduce 
the environmental impact of the separation and recovery of 
PGMs.

However, the Pd content in the final recovered materials 
was approximately 30% in both cases, while nearly pure Pt 
was recovered. Other contents in the Pd compound comprise 
mainly K and Cl, which were not detected in the recovery 
from solo-Pd treatment. For the effective recovery of Pd 

Fig. 10  Recovered materials 
from dissolution of Pt–Pd alloy, 
a image and b SEM image of 
Pd compound, and c image and 
d SEM image of Pt compound

Table 4  Recovered material 
from dissolution of Pt–Pd alloy

Bold symbols are the main targets of the samples

Elements Pd Pt

Precipitation Final recovered Precipitation Final recovered

Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%) Mass (%) Atom (%)

Na 0.22 0.47 0.28 0.70 0.19 0.51 0.24 1.88
Cl 52.40 73.60 30.80 47.50 45.90 80.70 0.36 1.81
K 5.47 6.93 17.50 24.50 0.29 0.47 0.43 2.01
Fe 1.36 1.17 2.74 2.82 0.63 0.69 0.63 2.03
Pd 35.00 16.43 44.73 23.52 2.44 1.46 0.35 0.61
Pt 5.54 1.42 3.93 1.18 50.54 16.20 98.00 91.70
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from the coexisting Pt, the suppression of the precipitation 
of these impurities is necessary.

Table 5 shows the recovery ratio of Pd and Pt from simul-
taneous dissolution. Approximately 60% Pd was recovered 
in all conditions, whereas only 20–40% of Pt was recovered. 
These recovery ratios were lower than those of solo-dissolu-
tion, and the decrease in the case of Pt was particularly large. 
To enhance the recovery of PGMs, effective separation and 
precipitation are required.

Conclusions

Through this research, the authors confirmed the dissolution 
of Pd using dry aqua regia and its recovery by the precipita-
tion process. The authors also confirmed the Pd dissolution 
in coexistence with Pt and dissolution of the Pt–Pd alloy. 
The separation and recovery of Pd from Pt were also con-
firmed. These results suggest the availability of an effective 

Fig. 11  Overall flow of separation and recovery of Pd and Pt using  FeCl3–KCl dry aqua regia

Table 5  Recovery ratio of Pd and Pt from simultaneous dissolution experiment

Pd Pt

Dissolution, 
DPd (mg)

Precipitation, 
wprec. (mg)

Pd in precipita-
tion, cPd (mg)

Recovery 
ratio (%)

Dissolution, 
DPt (mg)

Precipitation, 
wprec. (mg)

Pt in precipita-
tion, cPt (mg)

Recovery 
ratio (%)

600 K 28.0 64.0 16.4 58.5 8.0 11.1 3.1 39.3
650 K 33.7 73.8 18.9 56.1 17.7 15.0 4.2 24.0
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recycling and simple separation process for PGMs using dry 
aqua regia.

However, the recovery ratio of Pd and Pt was still low and 
recovered Pd contained some impurities like potassium (K) 
or Cl. In future work, the authors will improve the recovery 
ratio and purity of recovered Pd in case of coexistence with 
Pt. In addition, the authors will also apply this process to 
other PGM elements, such as Rh, and will carry out the 
recovery of PGMs from spent auto-catalyst to construct the 
industrial recycling process.
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