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Abstract 
The increasing global demand for metals has intensified mining activities, raising serious 
environmental concerns. Platinum group metals (PGM), classified as critical raw 
materials (CRM) by the European Union, are essential to modern industries, particularly 
for automotive catalytic converters. Recycling PGM from spent automotive catalytic 
converters  (SACC) represents a sustainable and circular economy strategy, reducing the 
dependence on primary mining. In this study, a new hydrometallurgical process was 
developed for PGM recovery from SACC using an aqueous solution of AlCl3·6H2O and 
Al(NO3)3·9H2O which offers a greener alternative to the harsh aqua regia. A real SACC 
from a diesel vehicle was used, following its characterization and pretreatment. The 
characterization confirmed that Pt was the only measurable PGM present in its 
composition. Key leaching operational parameters, including reagents and solid-to-liquid 
(S/L) ratios, temperature, and contact time, were optimized, with temperature identified 
as the critical factor for Pt leaching. Under optimal conditions, the single-step leaching 
process demonstrated high efficiency, achieving 94% of Pt extraction. The selective 
separation of Pt was achieved using the Ambersep 900® anion-exchange resin, followed 
by Pt elution with a thiourea solution. The process was successfully scaled up 60-fold, 
demonstrating leaching media reusability over five cycles without loss of efficiency and 
achieving a Pt concentration of 418 mg·L⁻¹. The resin adsorbed 97% of Pt, with 96% 
recovery during the desorption step, finally obtaining Pt isolated. A preliminary cost 
analysis highlights the economic viability of this acid-free recovery method.

Keywords: 
Circular economy, Critical metals, Hydrometallurgy, Recycling, Waste valorisation.

1. Introduction

The European Union's Critical Raw Materials list identifies Platinum Group Metals 
(PGM) - platinum, palladium, rhodium, osmium, iridium, and ruthenium - as materials 
facing a significant risk of supply scarcity. Automotive catalytic converters (ACC), are 
the most relevant application of PGM and correspond of more than 60 % of the market 
share.[1] ACC are employed to mitigate the environmental and health impacts of vehicle 
exhaust emissions, enabling modern vehicles to emit up to 100 times less harmful exhaust 
gases compared to those from the 1960s. [2,3] Among PGM, Pt, Pd, and Rh are 
particularly valuable in these applications for their high catalytic activity, resistance to 
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sulphur poisoning, thermal stability, and ability to facilitate key reactions, allowing for 
the development of efficient and compact catalysts.[2,4,5] 

At their end-of-life, ACC turn into hazardous solid waste. Inadequately managed 
spent automotive catalytic converters (SACC) pose significant risks to human health and 
the environment due to the potential leaching of toxic metals.[6] Despite the rise of 
electric vehicles, internal combustion engine vehicles are expected to still dominate for 
decades, with projections suggesting that by 2040, only 500 million of 1.6 billion vehicles 
will be electric.[7] Consequently, SACC represent both a growing waste management 
challenge and a valuable secondary source of critical materials. Recycling SACC can 
significantly reduce the environmental impact of mining, conserving up to 95% of the 
energy required compared to primary extraction. For example, 1 kg of Pt can be recovered 
from approximately 2 tons of SACC, compared to 100 tons of mined ore.[5,6] Despite 
the criticality and value of PGM - averaging 30.74 €/g for Pt, 30.83 €/g for Pd and 149.50 
€/g for Rh in 2024 [8] - current recycling rates from SACC remain below 50 %.[9] This 
indicates significant potential for improvement to secure sustainable PGM supply for 
existing and emerging technologies such as green hydrogen production and fuel 
cells.[10,11]

The recovery of PGM from SACC typically includes fundamental stages such as 
pretreatment, concentration, separation/purification, and final metal recovery. 
Conventional methods for recycling SACC and recovering PGM mainly rely on 
pyrometallurgical and hydrometallurgical concentration techniques. Pyrometallurgy 
involves processing metal sources at elevated temperatures, whereas hydrometallurgy 
involves the utilization of aqueous solutions to extract the metals.[12] Although 
pyrometallurgy has achieved technological maturity and exhibits high PGM recovery 
efficiency (~ 95 %), it continues to face challenges related to substantial capital 
investment, increased energy consumption, and low purity of PGM.[13] In contrast, 
hydrometallurgical techniques have gained considerable interest mostly due to their lower 
energy consumption compared to pyrometallurgy. However, their progress is hindered by 
technical limitations, including difficulties in achieving high extraction efficiencies, 
especially for Rh, due to the chemical inertness of PGM. To overcome this, halogenated 
compounds are widely used, as halogen ions can form stable soluble complexes with Pt, 
Rh, and Pd.[14] Additionally, leaching efficiency can be further enhanced by introducing 
a strong oxidizing agent. A common media for dissolution of PGM is aqua regia, a 
hazardous mixture of HCl and HNO3 in a 3:1 volumetric ratio, where HCl forms water-
soluble chlorocomplexes and HNO3 acts as an oxidizing agent.[15,16] Leaching with 
aqua regia presents significant environmental and safety concerns due to its highly 
poisonous and corrosive nature, and the production of toxic gases and hazardous waste 
effluents.[17,18] Consequently, there is an ongoing search for alternative solvents that 
efficiently extract PGM from real matrixes while minimizing negative impacts on the 
environment and human health.

Possible replacements for aqua regia were proposed over the years for the 
extraction of PGM. The “organic aqua regia” for example, constituted by a mixture of 
thionyl chloride (SOCl2) and organic solvents/reagents such as pyridine, can selectively 
leach Pd while Pt remains inert.[19] Systems using acetonitrile (CH3CN) as a leaching 
agent were also proposed with oxidizing agents such as iron chloride (FeCl3)[20] and 
H2O2[21] along with photocatalysis. [22] Another approach involves the improvement of 
aqua regia leaching. Hydrogen peroxide (H2O2) is a promising substitute for HNO3, 
allowing high efficiency of PGM dissolution while lowering acid concentration and 
improving the leaching kinetics.[23–27] It is also advantageous to partially substitute HCl 
with another chloride ion supplier, such as the non-volatile chloride salts NaCl, [26,28] 
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NaClO, [25], NaClO3, [29] CuCl2 [26] and AlCl3 [26,29,30] reaching efficiencies above 
90 % for Pt and Pd leaching. Aluminium chloride (AlCl3) stands out due to its ability to 
release three chloride ions per molecule, unlike many other chloride compounds. 
Additionally, the presence of aluminium ions tends to decrease the dissolution rate of the 
SACC substrate.[17]

Prominent results have also been obtained for leaching PGM with inorganic salts 
solutions. Particularly, NaCl was used as a leaching agent with the addition of ozone as 
oxidizing agent resulting in high efficiency for Pt (90 %) and Pd (80 %) in mild conditions 
(293 K).[31] Moreover, NaCl and Al(NO3)3·9H2O can be used as leaching media, 
selectively and completely dissolving Pd.[18] On the other hand, Ding et al.[32] 
developed a microwave-assisted leaching with AlCl3 solution that selectively recovered 
Pd and Pt from SACC. One of the most notable findings, reported by Forte et al.[33], 
demonstrated the use of 74 wt % hydrated AlCl3 and Al(NO3)3 solutions, achieving 
extraction efficiencies of 64 % for Pt and 94 % for Pd at 80 °C for 4 h. In this system, the 
Al3+ ions act as strong Lewis acids, facilitating platinum dissolution whilst the presence 
of chloride complexes the dissolved platinum. The effective dissolution is attributed to 
the high acidity levels of concentrated solutions of salts containing high-valence metal 
ions, where the water-to-metal ion ratio is low enough to minimize outer-sphere hydration 
and the number of free water molecules.[34] The recovery of PGM was subsequently 
attempted through reductive precipitation using ascorbic acid, a process that was time-
consuming (taking 3 days) and demonstrated low effectiveness, with a yield of only 25 
%.

In this study, we aimed to develop a acid-free hydrometallurgical process for the 
recovery of PGM from SACC, offering an alternative to the traditional use of aqua regia. 
The approach is based on the use of aluminium-based salts for leaching, combined with 
pretreatment steps to enhance material accessibility and a selective recovery of Pt through 
anion exchange resins. Importantly, the work is structured to present a complete process, 
from pretreatment to leaching, selective separation, and preliminary scale-up, 
demonstrating the feasibility of a practical strategy for Pt recovery. This comprehensive 
methodology addresses the growing need for sustainable recycling technologies for 
critical raw materials.

2. Experimental

2.1. Materials

The AlCl3·6H2O (> 99 wt %) was acquired from Baker and Adamson. Hydrochloric 
acid (37 wt %) was purchased from Honeywell. Nitric acid (65 wt %) and Al(NO3)3·9H2O 
(98.5 wt %) were acquired from Merck. Yttrium standard (995 mg·L-1 of Y(III) in 2 % 
nitric acid), poly(vinyl alcohol) (87-90 wt %) and Ambersep® 900 hydroxide form were 
purchased from Sigma-Aldrich. Thiourea (> 99 %) was acquired from Across Organics. 
SERVA was the supplier of silicone solution SERVA in isopropanol. All chemicals were 
used as received without further purification. 

VALORCAR – Sociedade de Gestão de Veículos em Fim de Vida Lda, based in 
Lisbon, Portugal, generously supplied the SACC (reference: ITG189 C55 25162881). 
The catalyst was pretreated and subsequently analysed to identify the type and 
concentration of metals present. Although the specific origin of the SACC was not 
disclosed, the serial number confirmed that the catalyst originated from a diesel vehicle.
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2.2. SACC pretreatment and characterization

VALORCAR provided the SACC already separated from the stainless-steel casing. 
The ceramic was initially broken down using a hammer. Afterwards, the structure was 
crushed using a Retsch Cross-Beater Mill SK1 with a 2 mm mesh. To further increase the 
surface area, the resulting powder was pulverized into finer particles using a Fritsch 
Pulverisette 23 ball mill equipped with a zirconium oxide chamber and balls, operating at 
a frequency of 40 s⁻¹ for 5 min.

The analysis of the influence of different subsequent pretreatments was conducted, 
involving burning and washing the catalyst. During the burning process, the pulverized 
material was subjected to thermal treatment in a muffle furnace at 773 K for 6 h. The 
washing procedure was carried out by immersing the burned catalyst in distilled water for 
6 h at 353 K and under constant agitation, followed by a vacuum-assisted filtration with 
7-9 μm pore diameter filters (PRAT DUMAS)  and drying the recovered powder in an 
oven at 323 K for 24 h. The resulting material was thoroughly blended to improve 
homogeneity and reduce potential inaccuracies in future analyses.

The characterization of the SACC was conducted using different analytical 
techniques. The solid in powder was analysed both by scanning electron microscopy with 
energy dispersive spectroscopy (SEM-EDS), conducted with a Bruker Nano GmbH 
microscope and X-ray diffraction (XRD), using a Bruker AXS instrument with Cu Kα 
radiation at 15 kV. The XRD diffractograms were analysed with the X’pert Highscore 
Plus software package, and the resulting patterns were compared to the International 
Centre for Diffraction Data (ICDD) database for identification.

The total metal composition was determined by analysing the liquid after leaching 
the catalyst powder in a 50 wt % aqua regia solution (HNO3/HCl = 1:3 v/v) at 353 K for 
6 h, under agitation at 350 rpm and a solid-to-liquid mass ratio of 1:10. To standardize 
the units for comparison based on the mass of catalyst used in the leaching process, mc 
(g), and the leaching volume Vl (L), the metal concentration, CSACC (mg.g-1 of SACC), 
was converted using equation (1):

𝐶𝑆𝐴𝐶𝐶_ 𝐴𝑅 =
𝐶𝐴𝑅.𝑉𝑙

𝑚𝑐
(1) 

where CAR (mg·L-1) is the concentration of metals in the leachate, obtained through total 
reflection X-ray fluorescence (TXRF) analysis (see section 2.3 for more details).

2.3. Metal quantification

The quantification of metals was conducted using a TXRF spectrometer, 
specifically a Picofox S2 (Bruker Nano) equipped with a molybdenum X-ray source. The 
analysis was performed at a voltage of 50 kV and a current of 600 μA. Quartz glass 
carriers were pre-coated with 10 μL of a silicon in isopropanol solution (SERVA) and 
dried at 323 K. Samples were diluted in polyvinyl alcohol (1 wt %) and spiked with a 
known concentration of yttrium standard, adjusted according to the metal content of the 
samples. A 10 μL aliquot of this solution was transferred to a pretreated quartz carrier and 
subsequently dried at 353 K. The measurement time was 300 s.

The quantification of Pd and Rh is not feasible with TXRF due to peak overlap with 
Cl. Consequently, for the characterization, Pd and Rh were analysed using inductively 
coupled plasma-optical emission spectrometry (ICP-OES), specifically a iCAP 7400 
(Thermo Scientific) equipped with a nebulizing system and employing optical emission 
spectroscopy for detection. The solutions were diluted to fall within the calibration curve 
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range (0.005–10 mg. L-1) and were measured in triplicate. Al also could not be analysed 
using TXRF, and its concentration was therefore not monitored throughout the procedure.

2.4. Leaching optimization and analysis

To optimize the leaching process with aluminium salt mixtures, several 
experimental parameters were investigated, including the concentration of salts, the ratio 
of hydrated aluminium salts, the solid/liquid ratio, contact time, and temperature (see 
Table 1). The water content in each salt was measured using a Karl Fischer titrator 
(Metrohm – Eco KF Titrator) that confirmed the nominal water content. The leaching 
experiments were carried out in a vial heating block placed on a hot plate (Heidolph - MR 
Hei-Tec) with a rotation speed of 350 rpm. For experiments conducted at temperatures 
below room temperature, a thermostatic water bath was used. Following the leaching 
process, the residual SACC powder was separated by centrifugation at 10 000 rpm for 3 
min, and the liquid phase was collected for metal analysis by TXRF. The different 
conditions tested are shown in Table 1. 

Table 1. Conditions used in the optimization of parameters for the leaching with Al-based 
salts (columns correspond to a specific optimization step, while rows list the conditions 
used; variations in conditions for each step are in bold for clarity).

Optimization step
Conditions [salts] Cl/NO3 S/L T T

Pretreatment mill, 
burn mill, burn mill, burn, 

wash

mill, 
burn, 
wash

mill, burn, 
wash

[salts]
 (wt %)

44, 35, 
25, 15

44 35 35 35

Cl/NO3 
(w/w) 1/1 1/1, 1/0.4, 

1/2.7 1/1 1/1 1/1

S/L (w/w) 1/35 1/35 1/5, 1/10, 1/20, 
1/35, 1/50 1/35 1/20

T (K) 353 353 353 293, 313, 
333, 353 353

t (min) 360 360 360 360
5, 15, 30, 60, 
120, 180, 240, 

300, 360

To ensure accuracy and reliability, all experiments were conducted in duplicate. To 
compare with the results from aqua regia leaching, the units of the metal concentration, 
CSACC_Al (mg.g-1 of SACC), were standardize using equation (2):

𝐶𝑆𝐴𝐶𝐶_ 𝐴𝑙 =
𝐶𝐴𝑙.𝑉𝑙

𝑚𝑐
(2) 

where CAl (mg·L-1) is the concentration of metals in the leachate, obtained through TXRF 
analysis, mc (g) is the mass of catalyst used in the leaching process and Vl (L) is the 
leaching volume.

In each case the leaching efficiency (EE%) was calculated in comparison with the 
aqua regia results according to the equation (3):
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𝐸𝐸 (%) =
𝐶𝑆𝐴𝐶𝐶_𝐴𝑙

𝐶𝑆𝐴𝐶𝐶_𝐴𝑅
∙ 100

(3)
where 𝐶𝑆𝐴𝐶𝐶_𝐴𝑅 and 𝐶𝑆𝐴𝐶𝐶_𝐴𝑙 are the concentration of metal in mg.g-1 of treated SACC 
obtained, respectively, with aqua regia and Al-based salts mixtures leaching solutions. 
The final leaching solution obtained under optimized conditions was used to perform the 
separation analysis (section 2.5).

The redox potential of Al-based salts solution (35 wt %, AlCl3·6H2O/ 
Al(NO3)3·9H2O = 1 w/w), aqua regia (50 wt %, HCl / HNO3 = 3 v/v), 6 M HCl and 1 M 
HCl + 3.8 M NaCl was measured at 298 K using a pHenomenal ORP 220 oxidation-
reduction sensor connected to a pHenomenal® pH/mV/°C bench meter model pH 1100L 
(VWR). The sensor uses an Ag/AgCl reference electrode system with an offset of 207 
mV at 298 K relative to the standard hydrogen electrode. All reported results incorporate 
this offset to enable direct comparison with standard hydrogen potentials from the 
literature.

2.5. Anionic exchange resin separation

Ambersep® 900 OH-form was activated by titration with 0.1 M HNO3 until neutral 
pH (~7) was achieved. This process took place at room temperature (~298 K) under 
constant agitation in an orbital mixer set to 240 rpm. Following titration, all acid was 
removed, and the activated resin was washed with distilled water for 1 h. Finally, the 
water was removed, and the resin was dried in an oven at 303 K for 24 h before storage. 

To evaluate Pt separation using Ambersep® 900, all mixtures were subjected to 
constant vertical rotation using an IKA TRAYSTER digital rotator at room temperature. 
The optimization of the resin-to-liquid (R/L) ratio was carried out by testing ratios of 1/50 
w/w, 1/100 w/w, and 1/200 w/w, with a rotation of 80 rpm for 2 h with a mixture of the 
activated resin and the solution obtained after leaching under the optimized conditions. 
After 2 h, the leachate was collected, and the metal content was quantified by TXRF. The 
resin sorption ratio (q) was calculated using equation (4).

𝑞 =
𝑉𝑟 ∙ (𝐶𝐴𝑙 ― 𝐶𝑟)

𝑚𝑟
 

(4)
where Vr (L) represents the volume of the leachate in contact with the resin, Cr(mg·L-1) 
denotes the metal concentration after the leachate contacted the resin and CAl (mg·L-1) 
indicates the metal concentration before the leachate contacted the resin, mr (g) refers to 
the mass of the resin. The resin extraction efficiency percentage (EEr %) was calculated 
using equation (5):

𝐸𝐸𝑟(%) =
𝐶𝐴𝑙 ― 𝐶𝑟

𝐶𝐴𝑙
∙ 100

(5)
Resin isotherms assays were conducted employing 35 wt % aluminum salts 

solutions (AlCl3·6H2O/ Al(NO3)3·9H2O = 1 w/w) with a known Pt concentration for 2 h 
on activated Ambersep 900® with R/L of 1/100 w/w and rotation of 80 rpm. The solution 
was collected, and the metal content was quantified by TXRF. The sorption data obtained 
was then fitted to two well-established models, namely the Langmuir, equation (6), and 
Freundlich, equation (7).[35]

𝑞𝑒 =  𝑞𝑚𝑎𝑥
𝐾𝐿 ∙ 𝐶𝑒

1 + 𝐾𝐿 ∙ 𝐶𝑒
(6)
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𝑞𝑒 = 𝐾𝐹 ∙ 𝐶1 𝑛
𝑒

(7)
where qmax (mg·g-1) is the adsorbent maximum sorption capacity, Ce (mg.L-1) is the 
adsorbate concentration in the solution at equilibrium, qe (mg.g-1) is the resin sorption 
ratio (Equation 4) at equilibrium, KL (g·mg-1) is the Langmuir constant, and 
KF (L1/n·mg (1-1/n)·g-1) and n (dimensionless) are the Freundlich constants.

The adsorption kinetic was assessed. Six different contact times were evaluated: 15 
min, 30 min, 60 min, 120 min, 240 min, and 300 min. These experiments were performed 
with a 1/100 R/L ratio (w/w), under constant agitation of 240 rpm in an orbital mixer. The 
metal content was quantified by TXRF after the separation of the resin and the leachate 
by centrifugation (10000 rpm, 3 min).

2.6. Pt elution

Following the Pt sorption, the resin was washed with distilled water at room 
temperature under constant vertical agitation (80 rpm) for 1 h. Pt stripping was evaluated 
by using thiourea solutions at different concentrations: 0.1 M, 0.2 M, 0.5 M, and 1.0 M. 
Each thiourea solution was tested on the washed resin at a R/L ratio of 1/100 w/w. The 
mixture was then subjected to constant vertical rotation at 80 rpm for 2 h at room 
temperature. The thiourea solution was collected, and the metal content was quantified 
by TXRF.

2.7. Scale-up 

In the scalability assessment, distinct methodological adjustments were necessary to 
accommodate the increased volume of leaching solution from 2 mL in prior experiments 
to 120 mL in this process. The leaching procedure was conducted in a borosilicate narrow-
neck vial, which was immersed in a paraffin-heated bath to maintain a stable temperature. 
For mixing, an overhead stirrer (Hei-TORQUE, Heidolph Instruments) was employed at 
a constant speed of 550 rpm, with agitation maintained for up to 24 h. The obtained 
mixture was then filtrated using vacuum-assisted filtration to separate the liquid and solid 
phases. The liquid phase was then reused for up to five cycles with the addition of new 
SACC powder for each cycle and the metal concentration was quantified by TXRF. The 
extraction efficiency for cycle 1 was calculated using equation (3) and for the following 
cycles (EEn, where n = 2, 3, 4, 5) was calculated as shown in equation (8):

𝐸𝐸𝑛 (%) =  
(𝐶𝐴𝑙, 𝑛―𝐶𝐴𝑙, (𝑛―1)) ∙  𝑉𝑙, 𝑛

𝑚𝑐, 𝑛
 ∙

100
𝐶𝑆𝐴𝐶𝐶_𝐴𝑅

(8)
where CAl,n (mg·L-1) is the concentration of metals in the leachate, obtained through 
TXRF analysis, Vl,n (L) is the initial volume of leachate and mc,n (g) the mass of SACC 
used in each n cycle.

For the adsorption with Ambersep® 900, a new kinetics study was performed with 
the concentrated leachate solution. The conditions included a R/L of 1/100 w/w for up to 
24 h at a constant vertical rotation of 80 rpm at room temperature. This step was followed 
by a filtration to separate the resin that was washed with water for 1 h. The next step was 
the analysis of the concentration for the stripping with thiourea. 
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3. Results

3.1. SACC characterization and pretreatment

The SACC was physically and chemically characterized, with a focus on the 
influence of different pretreatments on metals concentration and leaching efficiency. The 
milling process was employed to reduce the size of catalyst particles, thereby increasing 
their accessible surface area. In contrast, the burning treatment aimed to eliminate 
impurities, such as accumulated oils, which can negatively affect the leaching 
process.[17] The morphology of the powder was analysed using SEM-EDS, which 
provided detailed information regarding the composition of the catalyst before and after 
burn (Figure 1 and Table S1). 

Figure 1. Macroscopic and SEM-EDS images of SACC powder before and after the 
burning process. Top images: macroscopic photographs showing the material before (left) 
and after (right) burning. SEM images (a, a1) and (b, b1) correspond to magnifications of 
40 and 10000 times, respectively; SEM-EDS elemental mapping images show the 
distributions for Al (c, c1), O (d, d1), Mg (e, e1), and Si (f, f1). 

As shown in Figure 1, the SACC exhibited a coarse surface, which is attributed to 
the washcoat. This coarse surface facilitates the distribution of PGM, enhancing the 
interaction with the exhaust gases. The removal of impurities through the burning process 
is clearly demonstrated by the colour change in the catalysts, shifting from dark grey to 
light brown, probably due to the elimination of hydrocarbon residues. The overall 
morphology of the catalyst was slightly affected by the burning process, resulting in a 
more segmented appearance. The presence of oxygen was expected, as this element is 
essential for the catalytic activity of SACC in gas oxidation and reduction processes. 
Furthermore, the continuous exposure of the catalyst to high temperatures (> 673 K) 
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accounts for the oxygen accumulation and the presence of sulphur from combustion 
products.

SACC chemical characterization was conducted using XRD, TXRF and ICP. The 
XRD analysis offers a comprehensive understanding of the SACC crystalline structure 
(Figure 2), identifying cordierite (Mg2(Al4Si5O18)) as the predominant phase. This result 
is in accordance with the high presence of Al, O, Mg and Si indicated in SEM-EDS 
analysis (Table S1). The comparison between the milled and milled-and-burned samples 
in Figure 2 shows that each peak aligns precisely, indicating that the burning process did 
not alter the structure of cordierite but solely removed the hydrocarbon residues.

Figure 2. XRD analysis of SACC powder before and after burning process.

Although XRD analysis revealed a significant concentration of cerium silicate 
(CeSiO4), SEM-EDS did not detect the presence of cerium. The detection of cerium 
silicate was anticipated due to its well-established role in enhancing CO oxidation and 
hydrocarbon conversion via its oxygen storage capacity (OSC).[36] The observed 
discrepancy between the two analytical techniques may be attributed to the limitations of 
SEM-EDS, which analyses only a small portion of the sample and performs spot analysis, 
potentially resulting in an incomplete representation of the overall sample composition.

Leaching with aqua regia was performed as a reference method to establish a 
baseline for comparison, both in terms of the chemical composition of the SACC powder 
and the effects of different pretreatment procedures on the washcoat. The results are 
presented in Figure 3. Notably, the removal of impurities through burning increased the 
concentration of metals per gram of catalyst. The wash of the SACC powder with water 
after the burning process was found to effectively eliminate metals such as Ni (40 %), Zn 
(80 %) and Ce (97 %). The resultant solution, which is predominantly rich in Ce (Table 
S2), presents a valuable opportunity for this metal recovery. As a light rare earth element, 
Ce is of particular importance due to its criticality and high value, as highlighted in the 
European Union's Critical Raw Materials list.
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Figure 3. The effect of SACC pretreatment on final metal concentration (aqua regia 
leaching, S/L ratio = 1/10 w/w, T = 363 K, 350 rpm, t = 6 h).

ICP-OES analysis revealed that Pd and Rh are absent or at least below the detection 
limit of the equipment (0.005 mg.kg-1) in the treated SACC. The absence of Rh is 
consistent with expectations, as Rh is not typically found in diesel engine vehicles that 
are most of the times made by Pt and/or Pd. [37,38]. Other studies have also reported Pt 
as the only detectable PGM in diesel catalysts, particularly in older vehicles, while Pd 
and Rh are present in only trace amounts, if at all, even when using aggressive leaching 
agents such as HF and HClO₄.[38–40] As Pt is the only PGM present in the real catalyst 
sample, this study is focused to optimizing Pt extraction.

3.2. Leaching 

3.2.1. Alternative leaching media

Aqua regia is the traditional media for PGM leaching and despite its effectiveness, 
its highly corrosive nature raises health, safety, and environmental concerns. To mitigate 
these risks, less harmful leaching alternative media have been tested for the extraction of 
metals from SACC, such as 6 M HCl, a mixture of 1 M HCl and 3.8 M NaCl, and a 
mixture of hydrated AlCl3 and Al(NO3)3.[14,33] As shown in Figure 4, the 6 M HCl 
solution was the most effective leaching medium for dissolving Ti, Fe, Ni, and Ce. In 
contrast, the HCl and NaCl mixture demonstrated the lowest efficiency across all 
elements. This difference may be attributed to the harsher environment created by 
concentrated HCl, which, due to potential chlorine formation and its higher oxidizing 
capability, enhanced metal extraction compared to the HCl-NaCl mixture. The mixture 
of Al-based salts proved to be more effective in dissolving Pt than the other leaching 
media tested, due to the presence of nitrate, which increased the solution’s oxidizing 
power and improved the dissolution of precious metals. Furthermore, Al-based salts 
mixture showed marked selectivity for Pt dissolution, offering potential benefits for Pt 
purification.
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Figure 4. Leaching extraction efficiency for different tested leaching media on milled 
SACC. Experimental details are presented in the Supplementary Material (Table S3).

An efficient extraction process is closely related to the oxidation–reduction 
potential of the leaching solution. In chloride media, Pt predominantly exists in the 
chloro-complex form [PtCl6]2-. Enhanced leaching efficiency can be achieved by 
introducing an oxidizing agent, as indicated by the electrode potential shown in equation 
(9).[41]

𝑃𝑡 + 6𝐶𝑙― ↔ 𝑃𝑡𝐶𝑙2―
6 + 4𝑒―       𝐸0 = ―740 𝑚𝑉    

(9)

Therefore, an oxidizing medium with a potential greater than 740 mV is necessary 
to form the chloride complex. In the case of aqua regia, nitric acid acts as a suitable 
oxidizing agent with a standard oxidation potential of 960 mV. For instance, the final 
solution of aqua regia, used for characterization (50 wt % , HCl/HNO3 = 3/1 v/v), reaches 
an oxidation–reduction potential of (1167.9 ± 0.1) mV. In comparison, the solution of 
aluminium salts with a concentration of 35 wt % possesses a potential of (822.2 ± 0.3) 
mV, which is sufficient to promote the leaching process. The redox potential of the other 
media tested were also measured. The results were (668.8 ± 0.1) mV for 6M HCl and 
(728.8 ± 0.1) mV for the mixture of HCl and NaCl, justifying the lower extraction of Pt 
in these solutions.

Given its superior sustainability, efficiency, and selectivity, the hydrated Al-based 
salts mixture was selected as the leaching medium for optimizing Pt recovery from the 
SACC powder. Previous studies have demonstrated that, in highly concentrated 
aluminium salt solutions, the dominant oxidative mechanism for PGM dissolution is not 
the direct oxidation by nitrate ions, as in aqua regia, but rather the generation of highly 
reactive hydroxyl radicals including hydroxyl (•OH) and oxygen (•O2

-) species through 
proton dissociation processes and photovoltaic effect.[18,32] 

The leaching mechanism thus relies on the oxidation of metallic Pt to soluble Pt(IV) 
species, followed by complexation with chloride ions to form stable [PtCl₆]2- complexes 
under strongly acidic conditions. At higher pH values, these complexes may hydrolyze, 
forming hydroxy complexes that are less stable and could limit extraction efficiency. 
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Therefore, maintaining a low pH environment during leaching is essential to ensure the 
effective formation and stabilization of [PtCl₆]2- and to maximize Pt recovery. [33]

This mechanism avoids the formation of significant amounts of NOₓ gases, which 
would otherwise be expected if nitrate ions were directly acting as oxidizing agents. In 
our experiments, no darkening of the solution was observed during the leaching cycles, 
and the extraction efficiency remained stable over multiple reuse cycles (as demonstrated 
further), supporting the environmental sustainability of the process. Furthermore, the use 
of aluminium chloride instead of free hydrochloric acid has been reported to reduce the 
volume of released gases by approximately 60%.[30] In addition, the aluminium salts 
employed are solid, non-volatile compounds that are relatively safe to handle compared 
to concentrated mineral acids, thus minimizing occupational hazards during operation.

3.2.2. Leaching optimization

In this study the leaching process with a mixture of hydrated AlCl3 and Al(NO3)3 
was optimized to achieve the highest Pt extraction. The optimized parameters were the 
total concentration of salts in water, the mass ratio between aluminium chloride and 
aluminium nitrate (Cl/NO3), the solid-to-liquid ratio (S/L), temperature (T) and contact 
time (t).

An initial assay was conducted to evaluate the effect of salt concentrations on 
leaching efficiency. A solution containing 74 wt % salts was previously reported for the 
leaching of Pt.[33] However, experimental challenges arose during the handling of the 
leachate at room temperature due to the limited solubility of aluminum chloride. To 
address this limitation, subsequent analyses were performed under conditions ensuring 
that all salt combinations remained below their solubility limits at room temperature (298 
K) while maintaining extraction efficiency. The results obtained are illustrated in Figure 
5. Notably, Pt extraction efficiencies remained comparable at salts concentrations of 44 
wt % and 35 wt %, with extraction rates of (91 ± 7) % and (94.1 ± 0.4) %, respectively. 
Reducing the salt content from 35 wt % to 15 wt %, however, resulted in a decline in Pt 
extraction efficiency to ~30 %. 
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Figure 5. Optimization of leaching conditions using Al-based salts mixtures for the 
efficient dissolution of Pt from SACC pretreated powder: (a1/a2) salts concentration and 
AlCl3·6H2O/Al(NO3)3·9H2O (Cl/NO3) mass ratio effect; (b) solid-to-liquid ratio effect; 
c) temperature effect; (d) contact time. The experimental conditions used in each 
parameter optimization are reported in Table 1.

Regarding the ratio between salts, increasing the concentration of Al(NO3)3·9H2O 
has no significant impact, while its decrease leads to a slight drop in Pt extraction, 
possibly due to a reduction in the mixture's oxidizing capability (Figure 5a1). Considering 
all factors, the optimal leaching conditions were determined to be a salt concentration of 
35 wt % and a Cl:NO3 ratio of 1 allowing (94.1 ± 0.4) % of Pt extraction. Notably, the 
final Cl to NO3 ratio is lower than 3:1 commonly found in aqua regia acid solutions. 
Furthermore, when evaluating the extraction of the remaining metals with a 35 wt % salts 
solution (Figure 5a2) it is evident that the leaching process is less effective for Fe, which 
is the primary contaminant in aqua regia leaching (Figure 3). Consequently, this process 
demonstrates increased selectivity for Pt. For the remaining concentrations, the results 
can be seen in Figure S1 and Figure S2. Overall, the obtained results are remarkable and 
better than those reported by Forte et al.,[33] who used a higher salt concentration (74 wt 
%) while achieving a leaching efficiency of just 60 % for Pt. However, it is important to 
stress that comparisons must be made with caution in situation when real matrixes are 
used, because they are inherently different and may impact the results.

A decrease in the solid-liquid ratio was found to enhance Pt leaching efficiency 
(Figure 5b). This improvement is attributed to the increased mass transfer achieved by 
increasing the leachate volume for the same amount of sample. Similar outcomes for Pt 
extraction were observed across solid-liquid ratios ranging from 1/20 to 1/50. 
Consequently, a solid-liquid ratio of 1/20 (w/w) was selected as the optimal condition to 
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minimize the required volume of leaching solution, thereby reducing the associated 
process costs. For other metals, the result can be seen in Figure S3.

The effect of contact time and temperature on the leaching process was also 
evaluated. Pt dissolution rate exhibits a notable susceptibility to temperature variations, 
as showed in Figure 5c, escalating markedly from (1.4 ± 0.1) % at 293 K to (94 ± 2) % 
at 353 K. Temperatures beyond 353 K were not explored due to the substantial water loss 
during the leaching procedure. At 353 K, equilibrium is achieved at 240 min (Figure 5d), 
meaning that most of Pt within the matrix was leached, resulting in a leaching efficiency 
of (91 ± 2) %. The behaviour for other metals can be seen in Figure S4. Overall, the 
optimal leaching conditions are achieved when the milled, burned and washed catalyst is 
leached with a 35 wt % aqueous solution of AlCl3·6H2O + Al(NO3)3·9H2O (1/1), at a 
solid-to-liquid ratio 1/20 w/w, 353 K for 240 min. The composition of the leachate 
obtained under optimal conditions is presented in Table 2. 

Table 2. Metal composition of the leachate obtained after leaching pretreated SACC 
powder with Al-based salts solution at optimized conditions. ([salts]=35 wt %, Cl/NO3 = 
1 w/w, S/L ratio = 1/20 w/w, T = 363 K, t = 4 h).

Element
Composition / (mg·L-1) STD / (mg·L-1)

Ti 1.48 0.08
Fe 17.54 0.35
Ni 0.82 0.05
Zn 1.18 0.12
Ce 5.23 0.58
Pt 86.05 1.33

3.2.3. Mechanism of Pt extraction

To better understand the leaching mechanism involved in Pt extraction, the 
shrinking core kinetic model was applied and adjusted to describe the process. In the 
shrinking core model, it is assumed that an intermediate layer forms between the 
unreacted core and the leaching medium. As leaching progresses, the unreacted core 
shrinks towards the centre of the particle, causing a decrease in the particle's radius. 
Different linear adjustments can be used, based on the rate-limiting step in the dissolution 
process: the layer mass transfer control model, equation (10), the surface chemical 
reaction model, equation (11), and the residual layer diffusion model, equation 
(12).[42,43]
𝑥 = 𝑘1𝑡

(10)

1 ― (1 ― 𝑥)
1
3 = 𝑘2𝑡

(11)

1 ― 3·(1 ― 𝑥)
2
3 + 2·(1 ― 𝑥) = 𝑘3𝑡

(12)
where x is the molar fraction reacted, k1, k2 and k3 are the fitting line slopes, and t is the 
leaching time (min). 
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The kinetic data were fitted to the shrinking core linear models assuming no initial 
extraction (t = 0, x = 0) (Figure S5). For temperatures of 333 K, 313 K and 293 K the 
adjustment was based on the leaching efficiencies obtained up to 480 min. For the 
temperature of 353 K, the parameters were estimated using the leaching efficiencies 
obtained up to 240 min, before the leaching efficiency plateau was reached. The constant 
values and correlation coefficients obtained for each model are reported in Table 3. 

Table 3. Experimental shrinking core model constants values and their respective 
correlation coefficients.

Layer mass 
transfer

Surface chemical 
reaction

Residual layer 
diffusion

T / (K)
k1 /

(min)-1
R2

k2 /

(min)-1
R2

k3 /

(min)-1
R2

353 4.35×10-3 0.971 2.36×10-3 0.998 2.18×10-3 0.974

333 3.60×10-4 0.981 1.26×10-4 0.977 2.00×10-5 0.794

313 3.42×10-5 0.762 1.14×10-5 0.763 1.50×10-7 0.882

293 4.34×10-5 0.652 1.45×10-5 0.662 1.88×10-7 0.586

The surface chemical reaction control model demonstrated the best fit to the 
experimental data at 353 K, the optimal temperature, with a correlation coefficient of 
0.998. This suggests that the leaching process is primarily governed by chemical reactions 
occurring on the catalyst surface. The fact that chemical reactions are generally more 
sensitive to temperature changes compared to diffusion processes [44] explains the results 
observed in the temperature optimization study. The surface chemical reaction model also 
provides a reasonable fit to the results at temperatures of 353 K and 313 K, but the results 
at 293 K exhibit a poor fit across all models considered due to very low leaching 
efficiencies at this temperature.

 Another important parameter to understand the leaching process is the activation 
energy (Ea), estimated by the empirical Arrhenius law, equation (13):

𝑙𝑛 𝑘 = 𝑙𝑛 𝐴 ―
𝐸𝑎

𝑅𝑇
(13)

where k is the leaching constant rate (min-1) of the best fitted shrinking core model, A is 
the Arrhenius constant (min-1), and Ea is the activation energy (J·mol-1). The detailed 
process used to calculate the Ea is provided in the Supplementary Material (Figure S6). 
The leaching rate constant for 293 K was excluded from the linearization due to its outlier 
behavior. The estimated Ea was found to be (122 ± 11) kJ.mol-1. Since Ea values above 
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40 kJ.mol-1 are typically indicative of chemically controlled reactions, this reinforces our 
interpretation that the surface chemical reaction is controlling the leaching process.[44] 

3.3. Pt purification 

3.3.1. Adsorption by anionic exchange resin

Pt selective separation was performed using an activated anionic exchange resin, 
the Ambersep® 900 in the OH-form, by contacting it with the aluminum salts leachate. 
This activation involved titrating the resin with 0.1 M HNO3 until neutral pH was 
achieved, followed by a water rinse. The activation serves two purposes: to prevent metal 
precipitation caused by the alkaline pH of the resin and to align the anion of the resin with 
aluminum nitrate present in the leaching solution. This alignment minimizes any potential 
changes in the leachate composition and facilitates its reuse. 

Ambersep® 900 OH is a strong base anion exchange resin composed of a styrene-
divinylbenzene copolymer matrix functionalized with quaternary ammonium groups, as 
illustrated in Figure S7. Its high affinity for negatively charged platinum complexes, such 
as [𝑃𝑡𝐶𝑙6]²⁻, is attributed to anion exchange mechanisms governed by the Hofmeister 
series. In this context, the lower charge density and higher polarizability of the platinum 
complex compared to the nitrate ion on the resin promote efficient exchange and 
subsequent adsorption of Pt onto the resin surface. [45,46]

This resin shares structural and functional characteristics with other strong base 
anion exchange resins, such as the Amberlite, Amberjet and Dowex series, which have 
been successfully applied for PGM recovery in previous studies. [47–49] These resins are 
based on similar styrene-divinylbenzene copolymer matrices and possess quaternary 
ammonium functional groups, providing high anion exchange capacities and hydrophilic 
properties that promote the adsorption of polar metal complexes. Given these similarities, 
Ambersep® 900 OH was selected as a suitable candidate for the selective recovery of 
platinum.

To evaluate the sorption efficiency and determine the impact of the resin-to-liquid 
(R/L) ratio, three different R/L ratios were examined: 1/50, 1/100, and 1/200 w/w in 
contact with the leaching solution referred in Table 2. The results obtained for the metal 
extraction rate, EEr (equation 5) and metal sorption ratio, q, (equation 4) are presented in 
Figure 6. The results reveal a selective recovery of Pt at all R/L ratios. Moreover, as the 
R/L ratio decreases, the EEr decreases while q increases. The results indicate that as the 
mass of resin increases, the amount of Pt adsorbed also increases, with no observed 
plateau. This suggests that the system is operating below the resin's maximum adsorption 
capacity. However, at the highest resin amount (1/50), the lowest Pt sorption ratio is 
observed. Additionally, the difference in extraction rates between the R/L ratios of 1/50 
(94 %) and 1/100 (87 %) is relatively small. Thus, an optimal balance between EEr and q 
is achieved at an R/L ratio of 1/100, which is considered the ideal ratio.
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Figure 6. Analysis of the influence of the R/L ratio on (a) metals extraction rate from the 
aluminum salts solution by Ambersep® 900 (EEr), and (b) metals sorption ratio (q) on 
Ambersep® 900 (room temperature, t = 2 h, 80 rpm, vertical rotation).

3.3.2. Adsorption isotherms

Adsorption isotherms were measured to determine the theoretical loading capacity 
and to ascertain whether platinum sorption onto the resin occurs via a monolayer or 
multilayer process. The resulting sorption data were then fitted to two well-established 
models: the Langmuir model (equation 6) and the Freundlich model (equation 7). Both 
models were fitted to the experimental data, as shown in Figure 7.
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Figure 7. Sorption isotherms of Pt onto Ambersep® 900 at 25 ºC and corresponding fit 
of Langmuir and Freundlich models: a) plotted data, with experimental data represented 
by dots and fitted models by lines; b) parameters of isotherm models.

The Freundlich model demonstrates a superior fit to the obtained data, indicating 
that Pt sorption occurs in multilayer on heterogeneous sites and interactions exist between 
adsorbates. The Langmuir model also shows a reasonable description of the experimental 
data at low concentrations; however, it is evident that model fails to accurately represent 
the system at high Pt concentration since no plateau is reached. These results are 
complementary to what was experimentally observed in the analysis of R/L ratio effect 
(Figure 6) since the saturation of the resin was never observed.

3.3.3. Resin adsorption kinetics

The Pt sorption kinetics was evaluated by fitting two different models: the 
Lagergren’s pseudo-first order model (PFO), equation (14), and Ho’s pseudo-second 
order model (PSO), equation (15):[50,51]
𝑞𝑡 = 𝑞𝑒(1 ― 𝑒―𝑘1𝑡) 

(14)

𝑞𝑡 =
𝑞2

𝑒𝑘2𝑡
1 + 𝑞𝑒𝑘2𝑡

(15)
where qt (mg·g-1) is the sorption capacity of activated Ambersep® 900 at each time, qe 
(mg·g-1) is the sorption capacity at equilibrium and k1 (min.1) and k2 (g·mg-1·h-1) are the 
rate constants of PFO and PSO models, respectively. The results are presented in Figure 
8. The Pt sorption process reaches a plateau at 120 min, representing 90 % of the total 
metal amount adsorbed onto the resin (Figure S8). This high selectivity is advantageous, 
as maintaining the high purity of Pt is essential for its commercial value. Ho’s kinetic 
model (PSO) demonstrates a better fit compared to Lagergren’s model (PFO). This 
second-order mechanism presumes that chemisorption is the rate-limiting step, with 
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sorption activity attributed to valence forces involving electron sharing or exchange 
between the metals and the resin.[52]

Figure 8. Kinetic study of Pt adsorption onto Ambersep® 900 at room temperature and 
corresponding fit of the Lagergren’s (PFO) and Ho’s (PSO) models. a) plotted data, with 
experimental data represented by dots and fitted models by lines; b) parameters of kinetic 
models.

3.3.4. Selective elution of Pt

After metals adsorption onto activated Ambersep® 900, a water wash was 
performed to evaluate its effectiveness in removing less desirable transition metals, such 
as Ti, Fe, and Zn (Figure S9) from the resin. The water wash effectively removed 100 % 
of Fe and Zn while allowing nearly 100 % of the Pt to remain adsorbed.

The stripping of Pt from the charged resin was achieved by testing several 
concentrations of thiourea solutions: 0.10 M, 0.25 M, 0.50 M, and 1.00 M. Thiourea was 
chosen as the stripping agent due to its strong affinity for PGM, attributed to the Lewis 
acid-base interaction. Specifically, Pt is classified as a soft acid and shows a preference 
for binding to soft bases such as the sulphur in thiourea, which contains large and 
polarizable donor atoms. Previous works have already reported the suceful use of this 
component to extract PGM from different types of adsorbents.[47,53–56] Even the most 
diluted thiourea solution (0.10 M) successfully extracted 100 % of the platinum adsorbed 
onto the resin (Figure S10). Considering the quantified metals in thiourea solution, Pt 
correspond of approximately 98 wt%, which is highly satisfactory for most applications. 

4. Conceptual process and scale-up

The obtained results led to the conceptual development of a process that enables the 
extraction and recovery of PGM from SACC, illustrated in Figure 9. The process consists 
of three main stages: (1) pretreatment, (2) extraction and (3) purification. In Figure 9, the 
continuous arrows represent the steps developed in this work while the dashed lines 
represent conceptual steps that will be object of future study. Moreover, in each stage, the 
inlets and outlets are described with their composition, the global efficiency of Pt 
recovery or the resulting residues. Overall, to achieve a comprehensive process, it was 



20

necessary to scale-up 60 times the study discussed in sections 3.2 and 3.3 in terms of 
leaching solution and mass of SACC (Figure S11), while some adaptations of the 
experiments and previously optimized conditions were needed (details can be found in 
the Supplementary Material).

Figure 9. Process diagram of the selective recovery of Pt from real SACC by using Al-
based salts solution.

As can be seen in Figure 9, the pretreatment, consists of milling, burning, and 
washing the SACC material. This step effectively reduces impurities, increasing the 
availability of Pt while removing metals such as nickel (40%), zinc (80 %), and cerium 
(97 %). To make this process more sustainable, future improvements could focus on 
reusing the aqueous solution generated during washing for multiple cycles. This reuse 
strategy could also facilitate the recovery of Ce.

For the extraction, a complementary study was conducted to evaluate the reuse of 
the leaching solution and to increase Pt concentration in the final leachate using the 
already optimized conditions. Five cycles were performed in total (Figure S12). The 
leaching solution maintained its extraction efficiency (EEn) above 80 % throughout all 
cycles, demonstrating its reusability for at least five cycles, and potentially more. It was 
observed an increased  extraction efficiency along the five cycles, with the last exceeding 
100 % of extraction. This is likely due to evaporation of the leaching solution since system 
apparatus was not fully sealed. Additionally, the calculation of extraction efficiency was 
based on the initial volume of the leaching solution, which did not account for volume 
loss over time. To improve accuracy in future studies, the system should be fully enclosed 
to minimize evaporation. 
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This process produced a Pt-rich leachate with a concentration of (418 ± 3) mg·L⁻¹, 
corresponding to a recovery of (76.5 ± 0.3)% of Pt relative to the total mass of SACC 
used across all five cycles. Although individual cycle extractions were higher, the final 
recovery was impacted by liquid losses inherent to the multistep process, including vial 
transfers, filtration, and other handling steps. A solid residue containing the remaining 
ceramic material from the SACC is also generated in this step.

In the third step, purification, the resin was able to effectively adsorb Pt at a R/L 
ratio of 1/100 w/w and contact time of 6 h (Figure S13) . The recovery of adsorption was 
(73.7 ± 0.1)% of the metal when comparing to the SACC composition. For the elution of 
the more concentrated leachate, a 0.5 M thiourea solution was needed to garatee 100 % 
desortion of Pt after a water wash of the resin (Figure S14), obtaining a final 
concentration of (407 ± 8) mg.L-1 (Figure S15 and Figure S16), which represents (96 ± 
1) % of adsorbed Pt. Overall (71 ± 1) % of Pt present in catalyst was recovered from the 
thiourea solution. Some opportunities remain to increase the circularity of the process in 
this stage, including the use of the leachate solution after contact with the resin in more 
leaching steps, along with the reuse of the resin after reactivation.

The final product, a thiourea solution enriched with Pt, holds significant potential 
for direct use in the production of photocatalysts, such as those employed in hydrogen 
generation. Both thiourea and Pt are well-documented for their ability to enhance carbon-
based photocatalysis for solar hydrogen production. [57,58] Future studies could explore 
the direct use of this leaching solution for Pt impregnation in photocatalysts, potentially 
replacing conventional processes and providing a more sustainable pathway to close the 
recycling loop and integrate PGM recovery into photocatalyst production. However, this 
investigation falls beyond the scope of the present study.

A preliminary cost-benefit assessment was performed to evaluate the economic 
potential of the proposed process, focusing on the reagent costs required to produce 1 L 
of Pt-containing leachate, as described in Figure 9. The reagents included are 
AlCl3·6H2O, Al(NO3)3·9H2O, thiourea, HNO3 and Ambersep® 900 OH-form resin, 
considering purchase prices for large volumes. [59,60] The total cost is €1.45 per litter, 
as shown in Table 4. The price and amount of Pt obtained is a key aspect to determine 
the viability of the process. The price considered was the average value for metallic Pt in 
2024, 28.40 €/g.[8] The amount of Pt was calculated based on the final thiourea solution 
concentration (407 ± 8) mg.L-1, worth €11.55. Overall, the process return was 10.10 €/L. 

The reuse of the proposed leaching medium for five cycles demonstrates the 
economic viability of the suggested process, providing a margin of more than €10/L of 
solution. It is important to highlight that this study does not account for expenses related 
to labour, utilities (such as energy), administrative costs, or any other expenses associated 
with the overall operation of the process and proper treatment of waste effluents. 
Additionally, the possibility for the reuse for multiple times of the resin and thiourea 
solution is not considered and neither the reuse of the leaching solution after contact with 
the resin. Also, the return value represents a theoretical maximum return, assuming 
complete recovery and pricing based on metallic Pt. While metallic Pt is not the direct 
output of the process, the thiourea solution enriched with Pt may offer potential for direct 
application, avoiding additional purification steps and contributing to a more sustainable 
and economically viable recovery pathway. If further purification is required, it will 
depend on the intended application and the level of purity needed.
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Table 4. Cost and return of the proposed process to recover Pt from SACC.[59,60]

Compound
Price 
(€/kg)

Consume/Production 
(kg/L)

Cost /return 
(€/L)

AlCl3·6H2O 0.46 - 0.175 - 0.08
Al(NO3)3·9H2O 1.28 - 0.175 - 0.22
Resin 108 - 0.01 - 1.08
Thiourea 1.62 - 0.04 - 0.06
HNO3 0.32 - 0.01 - 0.003
Pt 28400.17 + 0.0004 + 11.55
Balance + 10.10

5. Conclusion

This study presents a complete process for the selective recovery of Pt from a real 
SACC, covering all key stages from pretreatment, leaching, and selective separation to 
preliminary scale-up and economic evaluation. The new approach demonstrates the 
feasibility of developing sustainable hydrometallurgical routes for PGM recovery from 
real-world materials.

The SACC was initially pretreated by milling, burning and washing, which 
effectively eliminated impurities and improved Pt availability. For the extraction process, 
an efficient and scalable hydrometallurgical process was developed, offering an 
alternative to commonly used aqua regia solutions. The leaching was performed with a 
mixture of hydrated aluminum salts (AlCl3·6H2O and Al(NO3)3·9H2O). The parameters 
of the process were optimized to maximize Pt recovery while minimizing reagent 
consumption and included total salt concentration (35 wt %) and ratio (AlCl3·6H2O / 
Al(NO3)3·9H2O = 1 w/w), solid-to-liquid ratio (1/20 w/w), and temperature (353 K). 
Temperature proved to be the key factor in the leaching of Pt and the mechanism of 
reaction was best described by the surface chemical reaction control model. Under these 
optimized conditions, a remarkably high Pt recovery efficiency of 94 % was achieved. 
The process was successfully scaled up 60-fold while maintaining leaching media 
reusability for at least five cycles and reaching 418 mg.L-1 of Pt.

For the purification, Pt was selectively adsorbed by activated Ambersep® 900 
anionic exchange resin, with a recovery rate of 97 % at the optimized R/L ratio of 1/100 
w/w. The adsorption behaviour was best described by the Freundlich isotherm model, 
suggesting that Pt sorption occurs in multilayers on heterogeneous sites with interactions 
between adsorbate molecules. Kinetic analysis revealed that Ho's pseudo-second order 
(PSO) model provided a better fit than Lagergren’s pseudo-first order (PFO) model. This 
indicates that chemisorption, involving valence forces and electron exchange or sharing 
between the resin and the metal, is the rate-limiting step in the process. For the elution, a 
thiourea solution was used and 96 % of the Pt adsorbed was recovered. Additionally, a 
preliminary cost analysis supports the economic viability of the process.

Overall, this process not only reduces the hazards associated with conventional acid 
PGM recovery methods but also promotes the circular economy by recovering valuable 
metals from end-of-life products. These findings provide a promising foundation for the 
industrial application of green chemistry in PGM recycling, addressing the urgent need 
for sustainable management of critical raw materials.
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