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Abstract: This work presents studies on the recovery of platinum group metals (PGM), especially 
platinum and rhodium, from spent automotive converters using hydrometallurgical techniques such as 
leaching and liquid-liquid extraction. The XRD analysis confirmed the presence of indialite – the high-
temperature hexagonal form of cordierite (the main catalyst building material) in the solid samples. The 
influence of time and temperature on the leaching of PGM from spent automotive converters was 
investigated. The largest amounts of Pt(IV) and Rh(III) were leached with freshly prepared aqua regia 
and a mixture of HCl, H2SO4, and H2O2. Further, liquid-liquid extraction with quaternary phosphonium 
ionic liquid (Cyphos IL 101) was applied to recover PGM from the leach solutions (after leaching with 
a mixture of HCl, H2SO4, and H2O2) and to separate Pt(IV) from Rh(III).  

Keywords: leaching, platinum group metals (PGM), recovery, spent automotive converters, liquid-
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1. Introduction 

The rapidly growing demand for metals is a consequence of very fast technological development, 
particularly in the field of electronics and energy sources and storage. Modern technologies need a great 
number of elements in increasing quantities, e.g. lithium and cobalt for Li-ion batteries, rare earth 
elements (REE) for petrochemical catalysts, new generation batteries, wind turbines, or platinum group 
metals (PGMs) for automotive converters (Rzelewska and Regel-Rosocka, 2018; Supanchaiyamat and 
Hunt, 2019). As a result of the growing demand, a significant increase in PGM prices (except platinum 
price) has been noted for the last ten years until the COVID-19 epidemic (Table 1). The recent dramatic 
decrease in PGM prices (except ruthenium price) is caused by the global crisis due to COVID-19. 
However, currently, a high increase in rhodium price is observed, because of the rapidly growing 
number of produced cars. Depletion of natural metal resources and the increasing environmental 
requirements encourage scientists and industry to look for opportunities to reuse and recycle waste 
streams, e.g. end-of-life consumer and industrial products, closing the loop of the products lifecycle (a 
waste-to-resources concept of the circular economy) (Gao et al., 2018; European Commission, 2020). 
In circular economy spent automotive converters (catalysts) are considered an important and 
concentrated (compared to natural ores) resource of PGMs. Ceramic catalysts are made of ceramic 
support covered with an alumina intermediate layer and an active substance (specific catalyst), i.e. noble 
metals, mainly Pt, Pd, and Rh (Saternus and Fornalczyk, 2009; Wołowicz, 2013, Saternus et al., 2020). 
Hydrometallurgical operations, such as leaching from solid materials or extraction from pregnant leach 
solutions, have been proposed recently for the recovery of metal ions, PGM particularly, from spent 
catalysts. These operations let concentrate PGMs or precipitate their oxides and, thus, recycle these 
valuable metals. Efficient leaching of PGMs needs oxidative conditions, thus hydrogen peroxide or aqua 
regia are  applied as  the  leaching  solutions  (Jimenez de Aberasturi et al., 2011; Fornalczyk et al., 2016; 
Lu  et  al., 2020).  Some  authors  have  proposed  the  use  of  copper  salt as an oxidizing agent to recover 
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Table 1. Average prices of PGM in 2010, 2015 and 2020 (1 oz = 28.35 g) (bankier.pl; infomine.com; 
www.platinum.matthey.com) 

Year Price $/oz 
Pt(IV) Pd(II) Rh(III) Ru(III) 

2010 1512 430 2500 185 
2015 1175 810 1180 56 

2020 before COVID-19 982 2540 11146 250 
March 2020 after COVID-19 771 2171 10625 250 

July 2020 after COVID-19 871 2064 8600 270 
October 2020 after COVID-19 889 2367 13700 270 

 
palladium and rhodium from spent catalysts (Nogueira et al., 2014). After leaching, the dissolved metals  
can be selectively recovered from the mixture by liquid-liquid extraction. Various compounds have 
been proposed for PGM extraction from, mainly, model solutions (Ortet and Paiva, 2015; Costa et al., 
2016). Our team has proposed a scheme of selective extraction and stripping of Pd(II), Pt(IV), Ru(III), 
and Rh(III) from model chloride solutions with phosphonium ionic liquids as extractants (Rzelewska-
Piekut and Regel-Rosocka, 2019). Most of the presented systems are model or cover only one operation, 
i.e. leaching or extraction. Thus, in this article, we investigate leaching of noble and non-noble metals 
from spent automotive catalysts with acids and an inorganic salt as oxidizing agents and combine it 
with liquid-liquid extraction of the selected metal ions with phosphonium ionic liquid (Cyphos IL 101). 
The results of the investigation can be the basis for the development of a PGM recovery process in the 
future. 

2. Materials and methods 

2.1. Reagents and solutions 

Spent automotive catalysts were provided by a Polish waste treating company. Generally, a spent 
automotive catalyst is made of ceramic support (Al2O3), which is covered with an active layer containing 
Pt or/and Pd and Rh. XRD analysis was used to determine the composition of the catalysts studied. A 
picture of the spent converter before and after grinding is presented in Fig. 1. The particle size of the 
powdered catalyst after sieving used for leaching was <63 µm.  

Leaching solutions were prepared by mixing different inorganic acids (36% HCl, 98% H2SO4, 
65% HNO3, Chempur, Poland) and 30 wt% H2O2 (Avantor, Poland) and by the dissolution of 
CuCl2·2H2O (Avantor, Poland) or AlCl3·6H2O (Chempur, Poland) in 8 M HCl with or without 30 wt% 
H2O2. The composition of the leaching solutions is presented in Table 2. 

It is known that 36% HCl solution cannot leach PGM. HCl provides an acidic reaction medium and 
is a Cl- donor but an oxidant is also needed. As PGMs are very resistant chemically, they need strongly 

 
Fig. 1. A spent automotive converter before and after grinding 



85 Physicochem. Probl. Miner. Process.. 57(2), 2021, 83-94 
 

Table 2. Composition of the leaching solutions applied in the research 

No. 
Concentrations of the leaching solution components, M 

HCl, cm3 
98% H2SO4, 

cm3 
65% HNO3, 

cm3 
30% H2O2, 

cm3 
Cu(II), 
g/dm3  

Al(III), 
g/dm3 

1 40 cm3 of 36% HCl 2.5  - 2.5  - - 
2 40 cm3 of 36% HCl - 2.5 2.5  - - 
3 33.75 cm3 of 36% HCl - 11.25  - - - 
4 45 cm3 of 8 M HCl - - - 5 - 
5 45 cm3 of 8 M HCl - - - 10 - 
6 43 cm3 of 8 M HCl - - 2 10 - 
7 45 cm3 of 8 M HCl - - - - 5 
8 45 cm3 of 8 M HCl - - - - 10 
9 43 cm3 of 8 M HCl - - 2  - 10 

 
oxidative conditions to be dissolved. Thus, based on this knowledge and the literature (Jimenez de 

Aberasturi et al., 2011), a small amount of HNO3 (in solution 1) or H2SO4 (in solution 2) with the addition 
of an oxidant H2O2 were added into the leaching solutions. Each of these solutions can be an alternative 
to aqua regia because is less corrosive than HCl:HNO3 mixture. 

An extractant (ionic liquid), Cyphos IL 101 (trihexyl(tetradecyl)phosphonium chloride), was 
supplied by Cytec Industries Inc. (USA) and diluted in toluene (Avantor, Poland) to form a 0.005 M 
solution of Cyphos IL 101. 

2.2. Leaching and extraction procedure 

0.5 g of the ground catalyst was placed in a reactor and then 45 cm3 of a leaching solution (Table 2) was 
added to keep the liquid to solid (L/S) ratio equal to 90. The leaching temperature was 70±2°C and the 
agitator rotation frequency was 300 rpm. Leaching was carried out for 180 minutes and 1 cm3 sample 
was taken after 10, 15, 30, 45, 60, 120, 180 min. The phases were separated after leaching and then the 
liquid phase was diluted two times to prepare samples for the determination of metal ions. 

One-step extraction of metal ions from the leaching solutions was carried out in a typical way: 10 or 
20 cm3 of the diluted leaching solution was mechanically shaken at 22±2°C for 20 min with 10 cm3 of an 
organic phase containing 0.005 M Cyphos IL 101 in glass separatory funnels. The volume ratio of the 
aqueous and organic phases (A/O) was equal to 1 or 2. The efficiency of metal ion extraction (E) was 
defined as a percentage extraction: 

𝐸 = #$%&∙($%&
#)*,,∙()*,,

∙ 100%                                                                      (1) 

where Caq,0 is the initial concentration of metal ions in the aqueous feed (leach solution), Corg is the 
concentration of metal ions in the organic phase after extraction (calculated from mass balance as C123 =
4C56,7 − C569 ∙

()*
($%&

) of metal ions in the aqueous phase), Caq means the concentration of metal ions in the 

aqueous phase after extraction, Vorg and Vaq are volumes of the organic and the aqueous phases, 
respectively. 

Stripping of metal ions from the loaded organic phases after extraction was carried out with 1 M 
HNO3 in glass separatory funnels. The volume ratio of the organic and aqueous phases (O/A) was 1. 
The efficiency of metal ion stripping (S) was defined as a percentage stripping: 

𝑆 = #)*,;∙()*,;
#$%&∙($%&

∙ 100%                                                                      (2) 

where Caq,S is the concentration of metal ions in aqueous phase after stripping and Vaq,S is the volume 
of the stripping phase. 

2.3. Apparatus 

The composition of the spent catalyst was determined using X-ray powder diffraction (XRD) analysis. 
The diffraction patterns were performed using a TUR-M-62 horizontal diffractometer with goniometer 
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type HZG-3. Diffraction patterns of investigated samples were obtained using standard software. The 
measurements were taken using Cu-Kα radiation (λ=1.5418 Å) with nickel filtering. The following 
parameters were applied: voltage 30 kV, anodic current 25 mA, angle range 2Θ: 3-80°, counting step 
(2Θ): 0.04°, counting time: 3 s, with remaining standard parameters. The tests were carried out at 
ambient temperature. 

Identification analysis of the tested compounds was carried out using the XRAYAN program 
(Marciniak et al., 2014). This program is connected to the databases PDF-4+ ICDD (International Centre 
for Diffraction Data, USA). 

Metal ion concentrations in the aqueous solutions were measured by atomic absorption spectrometer 
(ContrAA 300, Analytic Jena, Germany) at the following wavelengths: 265.9, 343.5, 248.3, 213.9, 285.2, 
240.7, 232.0, and 271.0 nm for Pt(IV), Rh(III), Fe(III), Zn(II), Mg(II), Co(II), Ni(II) and Pb(II), respectively. 

Standard deviations calculated for three repetitions of each step of the process did not exceed 5% for 
leaching and 8% for extraction. 

3. Results and discussion 

3.1. X-ray diffraction analysis of the spent automotive converter 

The exact composition of the spent automotive converter provided by the company was unknown. X-
ray diffraction was used for the identification of the composition of a powdered catalyst before and after 
leaching. The XRD diffractogram of the spent catalyst before leaching is presented in Fig. 2. 

 
Fig. 2. X-ray diffraction patterns of the spent automotive converter confirming the presence of (a) cordierite and 

(b) indialite in the investigated sample (vertical lines are data from the database PDF-4+ICDD) 
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Fig. 2. X-ray diffraction patterns of the spent automotive converter confirming the presence of (a) 

cordierite and (b) indialite in the investigated sample (vertical lines are data from the database PDF-4+ 
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The literature (Saternus and Fornalczyk, 2009; Jimenez de Aberasturi et al., 2011; Rzelewska and 
Regel-Rosocka, 2018) indicates cordierite (magnesium aluminosilicate, 3–35% MgO, 32–35% Al2O3, 45–
51% SiO2 and 2–12% Fe2O3) as the main component of the automotive catalyst support (Serryet al., 2011). 
Cordierite has an orthorhombic structure and occurs in a number of structural states that are related to 
changes between (Si5Al)and Al3(Mg,Fe2+)2 ions (Sampathkumar et al., 1995). The identification analysis 
shows that the presence of cordierite in the sample is confirmed (Fig. 2 a). However, the best fit was 
obtained for indialite (Fig. 2 b), which is the high-temperature hexagonal form of α-cordierite 
(Sampathkumar et al., 1995; Sorin et al., 2013). Structural studies show that these two minerals have a 
similar chemical composition. For this reason, a mixture of both minerals is present in the tested sample. 
Additionally, the Si/Al ratio equal to 1.25, both in cordierite and indialite, suggests that the support is 
made of X-type zeolite (Si/Al in the range from 1 to 1.5 represents X-type zeolite (Bahaloo-Horeh and 
Mousavi, 2020)).  

The X-ray patterns of the catalyst sample before and after leaching are compared in Fig. A1 (in 
Appendix). These X-ray images are similar but the diffraction maxima differ slightly in intensity. This 
may be due to the loss of catalyst mass during leaching, associated with the extraction of various 
chemical compounds from the solid phase to the liquid phase. 

In research works on the composition of automotive catalysts (Jiang et al., 2013; Hofmann et al., 2015) 
X-ray maxima at 2Θ approximately 40 and 46° are reported to be characteristic for platinum crystalline 
structure, while at 2Θ 34.5 for PdO. In the X-ray diffraction patterns, these maxima do not occur, which 
could be associated with the absence of platinum and palladium in crystalline form (PGM 
determination impossible in the case of the catalyst before leaching) or with the presence of these 
structures in trace amounts. Low loading of PGM on the catalyst monolith, particularly compared to 
the support amount, and the absence of their patterns in XRD analysis has been reported by some 
researchers (Hofmann et al., 2015; Bahaloo-Horeh and Mousavi, 2020). On the other hand, the lack of 
diffraction reflections from platinum metals after leaching can also be explained by the depletion of the 
catalyst.  

3.2. Leaching of metal ions from spent automotive converters 

3.2.1. The influence of leaching time 

At first, the influence of time on the leaching of non-precious metal ions (Fe(III), Mg(II), and Zn(II)) from 
spent automotive catalysts was investigated and the results for leaching with four selected solutions are 
shown in Fig. 3. Figures for other leaching solutions are included in the Appendix (Fig. A2). 

 
Fig. 3. Influence of time on leaching of non-precious metal ions from spent automotive converters (■) Fe(III), 
(�) Mg(II), (▲) Zn(II) (temperature: 70±2°C, leaching solutions: a) solution 6, b) solution 9, c) solution 3,  

d) solution 1 

0DQXVFULSW�ERG\
'RZQORDG�VRXUFH�ILOH�������0%�6 of 14 Physicochem. Probl. Miner. Process. doi: xxx 

 

The X-ray patterns of the catalyst sample before and after leaching are compared in Fig. A1 (in 
Appendix). These X-ray images are similar but the diffraction maxima differ slightly in intensity. This 
may be due to the loss of catalyst mass during leaching, associated with the extraction of various 
chemical compounds from the solid phase to the liquid phase. 

In research works on the composition of automotive catalysts (Jiang et al., 2013; Hofmann et al., 
2015) X-ray maxima at 2Θ approximately 40 and 46° are reported to be characteristic for platinum 
crystalline structure, while at 2Θ 34.5 for PdO. In the X-ray diffraction patterns, these maxima do not 
occur, which could be associated with the absence of platinum and palladium in crystalline form 
(PGM determination impossible in the case of the catalyst before leaching) or with the presence of 
these structures in trace amounts. Low loading of PGM on the catalyst monolith, particularly 
compared to the support amount, and the absence of their patterns in XRD analysis has been reported 
by some researchers (Hofmann et al., 2015; Bahaloo-Horeh and Mousavi, 2020). On the other hand, the 
lack of diffraction reflections from platinum metals after leaching can also be explained by the 
depletion of the catalyst.  
 
3.2. Leaching of metal ions from spent automotive converters 
3.2.1. The influence of leaching time 
At first, the influence of time on the leaching of non-precious metal ions (Fe(III), Mg(II), and Zn(II)) 
from spent automotive catalysts was investigated and the results for leaching with four selected 
solutions are shown in Fig. 3. Figures for other leaching solutions are included in the Appendix (Fig. 
A2). 
 

a)  b) 

  
c) d) 
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Leaching for longer than 30 min did not affect changes in the leaching system (Fig. 3 b and d). 
Regardless of the type of the leaching solution, the amount of Zn(II) in the solution after leaching is in 
the range of 30-35 mg/dm3 (Fig. 3 a-d). After 180 minutes the leaching solutions without Cu(II) 
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Leaching for longer than 30 min did not affect changes in the leaching system (Fig. 3 b and d). 
Regardless of the type of the leaching solution, the amount of Zn(II) in the solution after leaching is in 
the range of 30-35 mg/dm3 (Fig. 3 a-d). After 180 minutes the leaching solutions without Cu(II) addition 
contain about 25 mg/dm3 of the leached Mg(II) (Fig. 3 b-d). It is noteworthy that leaching with a mixture 
of 0.06 M CuCl2, 8 M HCl, and 0.44 M H2O2 (solution 6, Fig. 3 a) leads to two-fold higher Mg(II) 
concentration than in other tested solutions. The amount of Fe(III) in the solutions after leaching is less 
than 10 mg/dm3 (Fig. 3 b-d) or even Fe(III) does not occur (Fig. 3 a).  

3.2.2. The influence of temperature 

For two selected solutions: aqua regia (solution 3, Fig. 3 c) and the mixture of 40 cm3 HCl, 2.5 cm3 H2SO4, 
and 2.5 cm3 H2O2 (solution 1, Fig. 3 d) leaching of non-precious metals was investigated at 40°C and the 
results are shown in Fig. 4. 

a) b) 

  

Fig. 4. Influence of time on leaching of metal ions from spent automotive converters (■) Fe(III), (�) Mg(II), 
(▲) Zn(II) (temperature: 40±2°C, leaching solutions: a) solution 3, b) solution 1 

A comparison of two temperatures of leaching (40 and 70°C) indicates that leaching at the lower 
temperature (40°C) causes the inhibition of Fe(III) dissolution (Fig. 4). However, even at 70°C, only a 
small amount of iron(III) is leached (Fig. 3. b-d). Moreover, the elevated temperature does not 
significantly affect the amount of Zn(II) leached, the final concentration achieves 25-30 mg/dm3 in all 
the leaching systems (Figs. 3 and 4). On the contrary, Mg(II) leaching increases from 10-15 to 25 mg/dm3 
at 40 and 70°C, respectively. However, Pt(IV) and Rh(III) in the solutions after leaching at 40°C were 
not observed. After 180 minutes of leaching at 70°C, some amounts of Pt(IV) and Rh(III) were obtained 
in the leaching solutions (as shown in Fig. 5). 

3.2.3. The final compositions of the leaching solutions 

As a summary of the leaching investigation, the final compositions of the leaching solutions (after 180 
minutes) are presented in Fig. 5.  

PGM leaching is difficult because of the high redox potential values of these noble metals, e.g. 1.188 
and 0.987 V for Pt(IV) and Pd(II), respectively (Nogueira et al., 2014). This difficulty of PGM dissolution 
is visible in the results presented in Fig. 5. The biggest amounts of PGM ions, i.e. 20.84 mg/dm3 Pt(IV) 
and 5.45 mg/dm3 Rh(III); Fig. 5 a, are leached with freshly prepared aqua regia. This leaching runs 
according to the following reactions (Jimenez de Aberasturi et al., 2011; Pośpiech, 2012; Jha et al., 2013): 

3 Pt + 18 HCl + 4 HNO3 → 3 [PtCl6]2- + 6 H+ + 4 NO↑ + 8 H2O                             (3) 
Rh + 6 HCl + HNO3 → [RhCl6]3- + 3 H+ + NO↑ + 2 H2O                                  (4) 

where HNO3 is an oxidant, HCl provides an acidic reaction medium and is a Cl- donor. On the one 
hand, aqua regia providing a high concentration of Cl- facilitates PGM oxidation and dissolution 
because the redox potential of the ion/metal pairs strongly decreases in the presence of chlorides 
(Nogueira et al., 2014). Unfortunately, on the other hand, this leaching mixture is unfavorable for the 
environment due to the products formed as a result of the reaction of HCl and HNO3 (e.g. NO, NOCl, 
Cl2, HCl(g) (Jha et al., 2013)): 
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     a)   b) 

  
                                                        c)  

 

Fig. 5. The concentration of (■) Pt(IV), (///) Rh(III), (□) Fe(III), (■) Mg(II), (≡) Zn(II), (≡) Pb(II) and (#) Ni(II) in the 
solutions after leaching at 70°C a) mixtures of acids and H2O2, b) solutions containing Cu(II) c) solutions 

containing Al(III) 

HNO3 + 3 HCl → NOCl + Cl2 + 2 H2O                                                   (5) 
2 NOCl(g) → 2 NO(g) + Cl2(g)                                                           (6) 

NOCl + H2O → HNO2 + HCl                                                         (7) 
Solution 1) can be an alternative to aqua regia. The addition of 98% H2SO4 increases the acidity of the 
solution, which leads to an increase in the amount of the leached Rh(III) in comparison to the HCl 
solution with the addition of 65% HNO3 (Fig. 5 a) (Jha et al., 2013). 

Thus, less aggressive, but having oxidizing properties, leaching media, i.e. CuCl2 and AlCl3 in 8 M 
HCl were applied in this investigation to leach metal ions from spent catalysts. The chloride salts were 
used as additional resources of chloride ions in the system (apart from these derived from HCl). 
Leaching in the presence of chloride ions reduces the consumption of HCl and the formation of by-
products, e.g. during leaching with aqua regia at 70°C, large amounts of NO and HCl vapor are released. 
For this reason, HCl can be replaced in the leaching mixtures by chloride salts, the most commonly by 
AlCl3 as it provides as many as 3 chloride ions, opposite to other chloride salts (e.g. NaCl). Moreover, 
the presence of Al(III) ions in a leaching solution reduces the rate of the substrate dissolution (does not 
dissolve the entire alumina washcoat). Also, Al(III) in leaching solution has not affect on the efficiency 
of Pt leaching (Boliński, 1991; Angelidis and Skouraki, 1996). 

Regardless of the concentration of CuCl2 or AlCl3 used (without the addition of H2O2), no PGM ions 
are leached from the spent catalyst (Fig. 5 b and c). The additional function of copper(II) in CuCl2 
leaching solution was not only Cl- donation but also being an oxidant (Cu2+), as proposed by Nogueira 
et al. (2014): 

Pt + 4 Cu2+ + 14 Cl- →[PtCl6]2- + 4 [CuCl2]-                                                  (8) 
Rh + 3 Cu2+ + 12 Cl- → [RhCl6]3- + 3 [CuCl2]-                                                (9) 

Despite the presence of copper ions (an oxidizing agent) the amounts of Pt(IV) and Rh(III) after 
leaching with such solutions were very low, below 1 mg/dm3 (Fig. 5 b). It means that CuCl2, in the 
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applied concentration range, as an oxidant is not strong enough to dissolve PGMs. However, the 
presence of the copper(II) salt significantly enhances the leaching of non-valuable metals (even up to 55 
and 40 mg/dm3 of Mg(II) and Zn(II), respectively). 

Leaching of chemically resistant PGM involves not only precursors (AlCl3 or CuCl2) but also 
oxidants such as H2O2 (Jimenez de Aberasturi et al., 2011; Jha et al., 2013; Fornalczyk et al., 2016). 
Eventually, the addition of H2O2 as an oxidant to the leaching solutions containing CuCl2 or AlCl3 in 
HCl caused leaching of a small amount of Pt(IV) and Rh(III) (Fig. 5 b and c) according to the following 
reactions:  

Pt + 6 HCl + 2 H2O2 → [PtCl6]2- + 2 H+ + 4 H2O                                         (10) 
2 Rh + 12 HCl + 3 H2O2 →2 [RhCl6]3- + 6 H+ + 6 H2O                                    (11) 

However, still, the concentration of PGMs leached with acidic salt solutions is lower than that 
leached with aqua regia. It should be indicated that the AlCl3 acidic solution leached the largest amount 
of Fe(III) (Fig. 5 c). Pb(II) is not leached with the solutions containing CuCl2 (Fig. 5 b), and in all the 
cases, Ni(II) was hardly leached. 

3.3. Extraction of metal ions from solutions after leaching 

The compositions of the solutions after leaching are presented in Table 3. The obtained results were 
compared with the results reported by other authors. The differences in the concentrations of Pt(IV) 
result from the amount of sample taken for research. 

Table 3. The compositions of the solutions after leaching 

Material 
Leaching solutions and 

conditions 
Composition of the solution after 

leaching 
Ref.  

Spent automotive 
catalyst 

(15 g of sample) 

100 cm3 of concentrated 
HCl, 70°C, 50 cm3 of a 10% 

NaClO3 solution 
(adding dropwise) 

520 mg/dm3 Pt(IV), 5.5 mg/dm3 Pd(II), 
1.3 mg/dm3 Rh(III), 204 mg/dm3 

Fe(III), 2 mg/dm3 Cu(II), 3.4 mg/dm3 
Ni(II), 0.2 mg/dm3 Co(II) 

Malik and 
Paiva, 2010 

Spent automotive 
catalyst 

15% HCl and 0.33% AlCl3, 
90 min, 90°C 

19.4 mg/dm3 Pt(IV), 10.8 mg/dm3 
Pd(II), 3.3 mg/dm3 Rh(III) 

Yin et al., 2013 

8 M HCl, ambient 
temperature, 30 min, next 

distillation at 110°C 
625 mg/dm3 Pt(IV), 104 mg/dm3 Rh(III) 

Jaree and 
Khunphakdee, 

2011 

Spent automotive 
catalyst 

(1 g of sample) 

10.3 M HCl, 1 M H2SO4, 
0.55 M H2O2, 70°C, 3 h 

19.5 mg/dm3 Pt(IV), 4.3 mg/dm3 
Rh(III), 2.1 mg/dm3 Fe(III), 17.8 

mg/dm3 Mg(II), 31.5 mg/dm3 Zn(II), 
27.6 mg/dm3 Pb(II), 0.9 mg/dm3 Cu(II), 

1.1 mg/dm3 Ni(II) 

own research 

aqua regia, 70°C, 3 h 

33.3 mg/dm3 Pt(IV), 7.9 mg/dm3 
Rh(III), 3.6 mg/dm3 Fe(III), 21.2 

mg/dm3 Mg(II), 30.8 mg/dm3 Zn(II), 
30.6 mg/dm3 Pb(II), 0.9 mg/dm3 Cu(II), 

1.3 mg/dm3 Ni(II) 

own research 

 
Thus, for the next step (solvent extraction), two solutions after leaching with aqua regia and a 

mixture of HCl, H2SO4, and H2O2 were selected, due to the largest content of Pt(IV) and Rh(III). The 
results of solvent extraction are presented in Table 4. 

The extraction of metal ions was carried out at a volume ratio of A/O = 1 or 2. Regardless of the A/O 
and the feed solution composition, Fe(III) was quantitatively extracted with 0.005 M Cyphos IL 101. 
Quantitative extraction of Pt(IV) and Zn(II) was noted only from feed solutions after leaching with a 
mixture of HCl, H2SO4, and H2O2. Rh(III) in all cases remained in the raffinate. The extraction efficiency 
of Mg(II) was poor, below 10%. 
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Obviously, the extraction of PGM from real solutions runs differently compared to the extraction 
from model mixtures (Rzelewska-Piekut and Regel-Rosocka, 2019), mainly due to the presence of 
significant amounts of non-precious metal ions (e.g. Zn(II), Fe(III), Pb(II)), which are first extracted with 
trihexyl(tetradecyl)phosphonium chloride.  

On the one hand, extraction of metal ions from the solution after leaching with a mixture of HCl, 
H2SO4, and H2O2 is more favorable than extraction with aqua regia, because platinum can be separated 
from rhodium. On the other hand, after leaching with aqua regia, non-precious metals are extracted and 
platinum and rhodium stay in the raffinate. In this case, the additional extraction step must be applied 
to separate Pt and Rh.  

In the last step, metal ions were stripped with 1 M HNO3 from the loaded organic phases after 
extraction. The results are presented in Table 5. 

Table 4. The extraction efficiency of Pt(IV), Rh(III), Fe(III), Mg(II), Zn(II) and Pb(II) from two solutions after 
leaching with a mixture of HCl, H2SO4, and H2O2 or aqua regia 

Feed solution A/O 
Extraction efficiency, % 

Pt(IV) Rh(III) Fe(III) Mg(II) Zn(II) Pb(II) 

Solution after leaching 
with a mixture of HCl, 
H2SO4, and H2O2 

1 100 0.0 100 3.2 100 46.7 

2 100 0.0 100 4.8 97.5 31.5 

Solution after leaching 
with aqua regia  

1 8.9 0.0 100 8.7 0.0 4.6 

2 1.3 0.0 100 8.2 0.0 1.0 

Table 5. The stripping efficiency of Pt(IV), Rh(III), Fe(III), Mg(II), Zn(II) and Pb(II) with 1 M HNO3 from the 
loaded organic phases after extraction (A/O = 2) from leaching solutions 1 or 3 

Loaded organic phase 
Stripping efficiency, % 

Pt(IV) Rh(III) Fe(III) Mg(II) Zn(II) Pb(II) 
After extraction of 
metal ions from 
leaching solution 
containing HCl, H2SO4, 
and H2O2 (solution 1) 

18.6 0.0 100 32.7 44.2 67.5 

After extraction of 
metal ions from 
leaching solution 
containing aqua regia 
(solution 3) 

0.0 0.0 55.2 33.6 2.5 0.0 

 
The nitric acid solution is an efficient strippant for non-precious metal ions. The efficiency of Pt(IV) 

stripping is poor. Thus, in this step ions of base metals can be separated from precious Pt(IV). Further 
investigation of the second step of stripping to recover Pt(IV) from the loaded organic phase and enrich 
the stripping solution in Pt(IV) will be carried to improve the whole process. 

4. Conclusions 

The XRD analysis confirmed the presence of cordierite (indialite) in the samples of the spent catalyst. 
The largest amounts of Pt(IV) and Rh(III) were leached with freshly prepared aqua regia and the 
mixture of HCl, H2SO4, and H2O2. Pt(IV) can be separated from Rh(III) using extraction with quaternary 
phosphonium ionic liquid (Cyphos IL 101) from solutions after leaching with the mixture of HCl, H2SO4, 
and H2O2. In the case of the solution after leaching with aqua regia, it is not possible to separate Pt(IV) 
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from Rh(III) selectively by extraction with Cyphos IL 101. It was also proved that temperature has a 
positive influence on the amount of the leached metal ions, except Zn(II).  

Future research should focus on the efficient separation of Pt(VI) from the loaded organic phases 
using various stripping solutions. A proper O/A ratio should be chosen to enrich the stripping solution 
in the PGM recovered and increase the concentration of these metal ions compared to the feed. 
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Fig. A1. X-ray diffraction pattern of a spent automotive converter (1) before leaching and (2) after leaching 

   
Fig. A2. Influence of time on leaching of non-precious metal ions from spent automotive converters (■) Fe(III), (�) 
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e) solution 8 

10 20 30 40 50 60 70 80

In
te
ns
ity

2Q, °

1

2

0DQXVFULSW�ERG\
'RZQORDG�VRXUFH�ILOH�������0%�14 of 14 Physicochem. Probl. Miner. Process. doi: xxx 

 

a) b) 

  
c) d) 

  
e)  

 

 

  
Fig. A2. Influence of time on leaching of non-precious metal ions from spent automotive converters (■) 
Fe(III), (z) Mg(II), (▲) Zn(II) (temperature: 70±2°C, leaching solutions: a) solution 2, b) solution 4, 

c) solution 5, d) solution 7, e) solution 8. 

 

0 30 60 90 120 150 180
0

10

20

30

40

50

60

C
on

ce
nt

ra
tio

n 
of

 m
et

al
 io

ns
, m

g/
dm

3

Time, min
0 30 60 90 120 150 180

0

10

20

30

40

50

60

C
on

ce
nt

ra
tio

n 
of

 m
et

al
 io

ns
, m

g/
dm

3

Time, min

0 30 60 90 120 150 180
0

10

20

30

40

50

60

C
on

ce
nt

ra
tio

n 
of

 m
et

al
 io

ns
, m

g/
dm

3

Time, min
0 30 60 90 120 150 180

0

10

20

30

40

50

60

C
on

ce
nt

ra
tio

n 
of

 m
et

al
 io

ns
, m

g/
dm

3

Time, min

0 30 60 90 120 150 180
0

10

20

30

40

50

60

C
on

ce
nt

ra
tio

n 
of

 m
et

al
 io

ns
, m

g/
dm

3

Time, min

404

405
406
407



93 Physicochem. Probl. Miner. Process.. 57(2), 2021, 83-94 
 

References 

ANGELIDIS, T.N., SKOURAKI, E., 1996. Preliminary studies of platinum dissolution from a spent industrial catalyst. 
Appl. Catal. A-Gen., 142: 387-395. 

BAHALOO-HOREH, N., MOUSAVI, S.M., 2020. Comprehensive characterization and environmental risk assessment of 
End-of-Life automotive catalytic converters to arrange a sustainable roadmap for future recycling practices. J. Hazard. 
Mater. 400, 123186. 

Bankier.pl (accessed on April 24, 2020). 
BASTRZYK, A., POLOWCZYK, I., SADOWSKI, Z., SIKORA, A., 2011. Relationship between properties of oil/water 

emulsion and agglomeration of carbonate minerals. Sep. Purif. Technol. 77, 325-330. 
BOLIŃSKI, L., 1991. Platinum and rhodium recovery from scrapped automotive catalyst by oxidative acid chloride leaching. 

MSc thesis. Department of Mining and Metallurgical Engineering, McGill University, Montreal, Canada. 
DRZYMALA, J., 2007. Mineral processing. Foundations of theory and practice of minerallurgy. Ofic. Wyd. PWr, Wroclaw, 

Poland. 
COSTA, M.C., ALMEIDA, R., ASSUNÇÃO, A.,ROSA DA COSTA,A.M.,NOGUEIRA C., PAIVA, A.P., 2016. N,N’-

tetrasubstitutedsuccinamides as new molecules for liquid–liquid extraction of Pt(IV) from chloride media. Sep. Purif. 
Technol. 158, 409-416. 

EUROPEAN COMMISSION, Report from the Commission to the European Parliament, the Council, the European 
Economic and Social Committee and the Committee of the Regions on the implementation of the Circular Economy Action 
Plan, available at https://ec.europa.eu/environment/circular-economy/ (accessed on February 26, 2020). 

FORNALCZYK, A., KRASZEWSKI, M., WILLNER, J., KADUKOVÁ, J., MRÁŽIKOVÁ, A., MARCINČÁKOVÁ, 
R.,VELGOSOVÁ, O., 2016. Dissolution of metal supported spent auto catalysts in acids. Arch. Metall. Mater. 61, 233-
236. 

GAO, M., SHIH, C.C., PAN, S.Y., CHUEH, C.C., CHEN, W.C., 2018. Advances and challenges of green materials for 
electronics and energy storage applications: from design to end-of-life recovery. J. Mater. Chem. A 6, 20546.  

HOFMANN, G., ROCHET, A., OGEL, E., CASAPU, M., RITTER, S., OGURRECK, M., GRUNWALDT, J.D., 2015. 
Aging of a Pt/Al2O3 exhaust gas catalyst monitored by quasi in situ X-ray micro computed tomography. RSC Adv. 5, 
6893. 

INFOMINE, 2020. Infomine.com (accessed on April 24, 2020). 
JAREE, A., KHUNPHAKDEE, N., 2011. Separation of concentrated platinum(IV) and rhodium(III) in acidic chloride 

solution via liquid–liquid extraction using tri-octylamine. J Ind. Eng. Chem. 17, 243-247. 
JIANG, L., YANG, N., ZHU, J., SONG, C., 2013. Preparation of monolithic Pt–Pd bimetallic catalyst and itsperformance 

in catalytic combustion of benzene series. Catal. Today. 216, 71-75.  
JIMENEZ DE ABERASTURI, D., PINEDO, R., RUIZ DE LARRAMENDI, I., RUIZ DE LARRAMENDI, J.I., ROJO, 

T., 2011. Recovery by hydrometallurgical extraction of the platinum-group metals from car catalytic converters. Miner. 
Eng. 24, 505-513. 

JHA, M.K., LEE, J., KIM, M., JEONG, J., KIM, B-S., KUMAR, V., 2013. Hydrometallurgical recovery/recycling of platinum 
by the leaching of spent catalysts: a review. Hydrometallurgy, 133, 23-32.  

Johnson Matthey, Platinum Matthey, www.platinum.matthey.com (accessed on October 1, 2020). 
LU, S., CHEN, D., ZHANG, P., CHEN, G., ZHANG, Y., PAN, Y., WANG, R., QIAO, J., SUN, X., CHEN, A., 2020. 

Leaching of platinum group metals from automobile spent catalyst. In: Li J. et al. (Eds) Characterization of Minerals, 
Metals, and Materials 2020. The Minerals, Metals & Materials Series. TMS, Springer. 

MALIK, P., PAIVA A.P., 2010. A Novel Solvent Extraction Route for the Mutual Separation of Platinum, Palladium, and 
Rhodium in Hydrochloric Acid Media. Solvent Extr. Ion Exch. 28, 49-72. 

MARCINIAK, H., DIDUSZKO, R., KOZAK, M., 2014. XRAYAN software for materials identification by XRD 
technique, Warsaw. 

NOGUEIRA, C.A., PAIVA, A.P., OLIVEIRA, P.C.,COSTA, M.C., ROSA DA COSTA, A.M., 2014. Oxidative leaching 
process with cupric ion in hydrochloric acid mediafor recovery of Pd and Rh from spent catalytic converters. J. Hazard. 
Mater. 278, 82-90. 

ORTET, O., PAIVA, A.P., 2015. Liquid–liquid extraction of palladium(II) from chloride media by N,N’-dimethyl-N,N’-
dicyclohexylthiodiglycolamide. Sep. Purif. Technol. 156, 363-368. 

POŚPIECH, B., 2012. Studies on platinum recovery from solutions after leaching of spent catalysts by solvent extraction. 
Physicochem. Probl. Miner. Process. 48(1), 239-246. 



94 Physicochem. Probl. Miner. Process.. 57(2), 2021, 83-94 
 

RZELEWSKA, M., REGEL-ROSOCKA, M., 2018. Wastes generated by automotive industry – spent automotive catalysts. 
Phys. Sci. Rev. 3(8), 20180021. 

RZELEWSKA-PIEKUT, M., REGEL-ROSOCKA, M., 2019. Separation of Pt(IV), Pd(II), Ru(III) and Rh(III) from model 
chloride solutions by liquid-liquid extraction with phosphonium ionic liquids. Sep. Purif. Technol. 212, 791-801. 

SAMPATHKUMAR, N.N., UMARJI, A.M., CHANDRASEKHAR, B.K. 1995. Synthesis of α-cordierite (indialite) from 
flyash. Mater. Res. Bull. 30(9), 1107–1114. 

SATERNUS, M., FORNALCZYK, A., 2009. Zużyte katalizatory samochodowe jako źródło platynowców (Spent automobile 
converters as a source of platinumgroupmetals). Rudy Metale 54(2), 59-67 (in Polish). 

SATERNUS, M., FORNALCZYK, A., GĄSIOR, W., DĘBSKI, A., TERLICKA, S., 2020. Modifications and Improvements 
to the Collector Metal Method Using an mhd Pump for Recovering Platinum from Used Car Catalysts. Catalysts 10, 880. 

SERRY, M.A., ABD EL-RAOF, F.M., AHMED, S.E., 2011. Composition and properties of traditional cordierite-mullite 
ceramics for thermo-mechanical applications. Int. Ceramic Rev. XXX, 39-43. 

SORIN, I., MIUŢESCU, A., VIOREL, N., CRIVAC G., 2013. Investigating the quality of catalytic converters 
microstructure by X-ray diffraction and x-ray fluorescence spectrometry. Nonconventional Technol. Rev. 2013, 36-40. 

SUPANCHAIYAMAT, N.,HUNT, A.J., 2019.Conservation of critical elements of the periodic table. Chem. Sus. Chem. 
12, 1-8. 

WOŁOWICZ, A., 2013. Zastosowanie palladu i jego związków ze szczególnym uwzględnieniem katalizy (Application of 
palladium and itscompounds with particularemphasis for catalysis). Przem. Chem. 92(7), 1237-1245 (in Polish). 

YIN, C.Y., NIKOLOSKI, A.N., WANG, M.W., 2013. Microfluidic solvent extraction of platinum and palladium from a 
chloride leach solution using Alamine 336. Miner. Eng. 45, 18-21. 


