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Abstract: Platinum and other metals are very scarce materials widely used in the energy and
transportation sector among other sectors. Obtaining Platinum is becoming more difficult due to its
scarcity on earth and because of the high amount of energy and water used for its extraction. In this
regard, the recycling of platinum is necessary for sustainable technologies and for reaching a circular
economy towards this expensive and rare metal. Conventional methods for platinum recycling
make use of enormous amounts of energy for its recovery, which makes them not very attractive
for industry implementation. Furthermore, these processes generate very toxic liquid streams and
gas wastes that must be further treated, which do not meet the green environmental point of view
of platinum recycling. Consequently, new advanced technologies are arising aiming to reach very
high platinum recovery rates while being environmentally friendly and making a huge reduction of
energy use compared with the conventional methods. In this review, conventional platinum recovery
methods are summarized showing their limitations. Furthermore, new and promising approaches
for platinum recovery are reviewed to shed light on about new and greener ways for a platinum
circular economy.

Keywords: Pt; electrocatalysts; hydrogen; fuel cell

1. Introduction

The upcoming decade is crucial in the fight against climate change [1]. Most world
governments agreed, in the last few years, to accelerate the implementation of mitigation
politics against the abuse of fossil fuels that are causing global warming. A fast transition
to more sustainable technologies, not only in the energy generation, but also all the trans-
portation field, requires a large number of materials like lithium, cobalt, graphite, rare earth
elements, and platinum’s group metals (PGM), among others, that are unevenly distributed
along the planet and are extremely rare (PGM). In this sense, European Union (EU), for
instance, strongly backed up the Hydrogen technologies in their last research program [2],
ranging from electrolyzers to fuel cells and batteries. These technologies will allow to store
peaks of renewable energy as Hj and its further use as a non-carbon-based fuel. Proton
Exchange Membrane fuel cells (PEMFCs) are devices that use Hy and O, as fuels and the
main and unique output is water. They are portable, scalable, offer a good energy density
and what is more important, are a viable alternative to the fossil-fuel powered vehicle,
however, and despite decades of research, platinum (Pt) is required as catalyst in both
anode and cathode [3-7]. To fulfill the acquired compromises in the reduction of CO,
emissions, the use of PEMFCs as a complement to other technologies seems mandatory,
and as a consequence, Pt demand will increase [8-10].

Platinum, which is resistant to corrosion, chemically inert, thermally stable, and offers
a unique catalytic property in crucial chemical and electrochemical processes, is present in
important devices as vehicle catalytic converters (VCCs) or PEMFCs. Furthermore, it’s used in
the jewelry and biomedical industry, among other applications [11]. Recent Report on Critical
Raw Materials and the Circular Economy of the EU declared Pt as a scarce raw material and
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established goals of recycling rates for its industrial use allowing a circular economy [12].
Main Pt natural deposits are in South Africa, Canada and Russia and its concentration per
cubic meter of the terrain is dramatically low, therefore, its mining has an extremely high
environmental impact and cost [10,13-16]. In contrast, Pt concentration in secondary sources
like VCC is much higher. For instance, in VCC the Pt content is up to 2000 g-t~!, while in
natural ores, this magnitude does not surpass 10 g-t~! [17]. In other Pt uses, like jewelry
or as fuel cell catalyst, Pt content is even higher than in VCC. Looking into the energy cost
and natural resources used, Pt from natural ores requires 18,860-254,860 MJ per Kg of metal
and 100,000-1,200,000 m?3 of water per ton of metal extracted, while recycled Pt needs
1400-3400 MJ and 30006000 m?, respectively [12]. Finally, Pt ores usually contain sulfide
minerals, which can drive to extremely dangerous fumes along with tones of CO; during
the smelting and refining process [14]. In contrast, Pt from recycling industry generates
significantly lower CO, and SO, impact, Saurat et al. stated that Pt from primary ores
generates 41.350 and 7267 tons of CO; and SO,, respectively, per ton of Pt, while in Pt from
secondary sources the quantity is lowered to 4407 and 40 tones per ton of Pt. Therefore,
Pt recycling is an efficient and more interesting way to obtain Pt, both from an economic
and environmental point of view and is mandatory for the technologic conversion that our
planet demands [12]. Then, Pt recycling is mandatory for the technologic conversion that
our planet demands. Despite this urgent necessity of changing the way of incorporate Pt
into the market, in 2019 only 30% of the total Pt demand was covered with recycled Pt [18].

Recycling processes of Pt spent devices are numerous and are increasing in the last
few years due to the research in more ambiently friendly ways to perform a Pt circular
economy, avoiding excessive use of energy or hazardous liquid/gaseous wastes. Figure 1
depicts that published works on Pt recovery increased more than five times (source scopus)
in the last three decades. More in detail, we can distinguish between two different phases,
on one hand, in the early 2000’s to 2010 the main concerning was to recover as much Pt
as possible without taking special care about the energy consumption or environmental
concerns, however, in the last decade and especially in last 4-5 years, the huge increase
of publications was due to the shift of Pt recover to sustainable technology. In this regard,
2019 and 2020 scored the maximum number of papers published in the recovery of Pt field
with 262 and 285 versus, for instance, the 156 and 164 papers that were published in 2011
and 2012, respectively.

2286

430

Figure 1. Number of publications in the field of platinum recovery in last three decades. Data was
obtained through Scopus search motor (June 2021).

Traditional methods to recycle Pt include pyrometallurgical and hydrometallurgical
processes. They involve either high-temperature treatments and reactions in the gas phase
or dissolving Pt in a suitable solvent/leaching agent, respectively [17,19-22]. Although both
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methods have good performance and recovery ratios, they require a pre-existent/large scale
industrial facility to be economically feasible, and regrettably produce large amounts of
highly toxic wastes (Hydrofluoric acid, NOx, among others) that had to be further treated.
Recently, more sustainable and mild Pt recycling methods as selective electrochemical
dissolution, bio-leaching, transient dissolution, acid process, or alcohol solvent process are
extensively being investigated. These alternative technologies are cleaner, portable, require
lower initial economic investment and fit better with the future uses of Pt like PEMFCs and
other catalytic processes in the industry that allow, unlike VCCs, a high recovery rate of Pt
without degrading completely the support material of the catalytic infrastructure [23-26].

In this review, we will cover the state of the art of different Pt recovery techniques, both
conventional and novel technologies. As we progress along with this text, we will try to
highlight which methods are more suitable to achieve better results with the near-future uses
of Pt and which ones are necessary to retrieve the Pt that is now in use (for example in VCCs).

2. Recovery Technologies of Pt from Spent Catalysts
2.1. Conventional Technologies

The increasing use of Pt and other PGM since the mid-80’s due to their presence in
the VCCs, together with the overwhelming foreseen demand for the next decades, made
recycling technologies a feasible option to overcome the expensive Pt production. First
pyro/hydrometallurgical Pt recycling technologies used the existing facilities of the same
big industries using Pt and other PGM as catalysts or other manufactured materials. On
one hand, the pyrometallurgical recycling process consists of a thermal treatment of the
used Pt containing materials, usually in a furnace, to achieve volatilization of non-desired
compounds (support material, plastics, volatile oxides, among others) and the enrichment
in Pt of a metallic phase, while in the other hand, hydrometallurgical recycling process
directly leaches metals using highly oxidizing species. Usually, a combination of both
techniques is required to perform a complete recycling process. Pyro/hydrometallurgical
processes, and specially pyrometallurgical recycling, involve the use and generation of
highly hazardous liquid and gaseous wastes. A final separation/precipitation method is
usually needed to retrieve Pt from the recycled mix. Figure 2 depicts the Pt production-
recycling process using conventional technologies.
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Figure 2. Different routes of recycling Pt through conventional pyro/hydrometallurgical methods.

2.1.1. Pyrometallurgical Recovery Process

The pyrometallurgy process allows to concentrate valuable of metals from exhausted
PGM sources and is a crucial method to recover Pt from spent catalysts [20,27]. In this
process, the spent catalyst is physically and chemically transformed through thermal
treatment. There are three main pyrometallurgical techniques: chlorination, smelting
collection, and sintering processes [28,29]. Unlike hydrometallurgy, the pyrometallurgy
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process has the advantage of not depending on the initial form of the Pt source and it makes
it faster to achieve good results [28]. However, a large amount of energy is consumed in
the pyrometallurgy process due to the high temperatures that are required, usually over
1000 °C. In addition, and this is a key point nowadays, it produces massive hazardous gas
species that must be further treated or captured [30,31].

Chlorination or carbochlorination shifts Pt and other metal species from spent catalysts
or scraps into their corresponding chloride salts at high temperatures. After that, they are
separated based on (i) the differences between the metal chlorides, (ii) by repulp washing
or (iii) using adsorption on an activated carbon bed [32]. Kim et al. [33] developed this
process for the recovery of Pt from spent automotive catalysts where different process
parameters were studied such as total gas flow rate, reaction time, temperature, and partial
pressures using CO/Cl, gas mixture to completely extract platinum from the catalysts.
A recovery of up to 95.9% of Pt was achieved. Horike et al. [34] created an efficient
and environmentally friendly chlorination process for the recovery of Pt using copper
(I) chloride (CuCly) as a chorine source for the chlorination of Pt at 400 °C to 600 °C.
Owing to its high chemical stability, pure Pt is insoluble in HCl (aq), therefore, to improve
solubility, the scrap containing Pt was then alloyed with Mg, physically mixed with CuCl,
at 500 °C and then dissolved in HCI (aq). Murray et al. [35] presented a method for the
recovery of Pt and Pd from spent catalysts in which VCCs were roasted at 600-1200 °C in
a chlorine gas fluid field. The separation was subsequently carried out by absorption of
Pt and Pd chlorides by an ammonium chloride liquor in water. As a result, the recovery
of Pt was up to 90%. Xu et al. [36] pre-treated VCCs by crushing, roasting, and reducing
Pt just before the chlorination process, which was further carried out by adding NaCl
at 600-700 °C. Then, the product was treated using a hot water stream obtaining the
corresponding Pt chloride salt. The Pt recovery yield obtained was 90%. In the chlorination
process high purity metals are obtained, however, the main disadvantages are the corrosion
of the furnace and associated facilities, and the utilization of hazardous gases as Cl, which
causes health and environmental risks [37]. In general, these environmental concerns and
the high energetic cost makes this process undesirable in latest years.

In the sintering process, Pt is recovered in the presence of plasma by in situ reduction of
its oxidized Pt component. Kuo-Chen Chiang et al. [38] developed a thermal plasma process
for the recovery of the spent alumina-supported platinum catalysts (Pt/Al,O3) by reduction
of platinum oxide (PtO;). Spent catalysts were sintered at >1200 °C for 2-3 h, under plasma
conditions that allow decomposing of the organic species and inter/intramolecular water
on the surface of the spent catalyst. These reactions produce syngas (CO and Hy), which can
be used as the reducing agents in the process to obtain metallic platinum. This method has
been widely used in the petrochemical industry. Bronshtein et al. [39] showed that Pt can
be efficiently recovered from spent VCCs via a sintering process involving chloride salts.
The spent catalyst is crushed and mixed with a solution of chloride salts at a catalyst/salt
weight ratio of 2.5:6.7, followed by drying and sintering for 2 h in the reactor furnace at
1100 °C. This method does not involve hazardous chemicals, strong acid, or bases and,
therefore, there are no additional corrosive gases generated during the process.

The smelting method consists of mixing the Pt waste with a flux, collector, and
reducing agents before being smelted in a high-temperature inductive, electric, or plasma
furnace at around 1000 °C. Pre-treatment is required prior to smelting. This includes
dismantling, incineration of non-metallic components, calcination, and reduction with
other metals (lead, iron, copper, among others) named collectors that will help to recover Pt.
In the case of supported catalysts, such as alumina, the objective is to melt it in the presence
of adequate fluxes to obtain a low viscosity liquid slag. After separating the Pt-enriched
metal phase from the slag, the Pt-containing alloy is purified [40]. The metal lead collection
is the oldest method used for recovering PGM from spent catalysts. The catalyst is crushed
and mixed with PbO, anhydrous borax, sodium carbonate, and potassium bitartrate and
then smelted for 2 h at 1100 °C. After that, a separation and purification step are required.
Despite being a simple operation process and requiring low smelting temperature, highly
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toxic PbO gases are emitted during the process [41]. The copper collection process is used
for spent catalysts containing cordierite. CuCOs is used as copper collector, CuO or Cu as
flux and 5iO; and CaO as reducing agents. All of them are mixed with the catalyst and
smelted at 1400 °C. Pt is then collected at low temperature and high recovery rates are
obtained [42—44]. Iron can be another economical collector due to its high affinity for PGM.
The method is very similar to the copper collection, where Fe powder and CaO are mixed
with the VCC and then are together smelted in a plasma arc at 1500 °C-2000 °C. Carrier slag
can be separated from Fe alloy owing to their large density differences. Reported recovery
rates for Pt are up to 98% [45,46]. More recently, Van Schalkwyk and Eksteen et al. [47,48]
reported a new method called a matte collection. Briefly, when spent Pt catalyst is smelted
at 1000 °C to 1450 °C, a matte kind of substance appears, which acts as a collector of Pt
species. Ni or NiS can be added as an additional collector in presence of Na,CO3 or CaO
as flux agents for 30 min at 1050 °C. The obtained Pt recovery rate was up to 90% [49].
From an industrial point of view, copper collection can be effortlessly adapted because
of its relatively low cost, high efficiency, and low smelting temperature, furthermore, the
collector material can be re-used [28,37].

From the environmental point of view, the pyrometallurgy method generates gas emis-
sions like SO,, which is a severe environmental pollutant. Despite that, pyrometallurgy is
the most common industrial solution to recover Pt (often shared facilities) due to its scala-
bility and proven economic viability. For instance, in 2021’s Europe, several PGM refining
companies or primary producers such as Johnson Matthey, Heraeus, BASF, Umicore, Anglo
America Platinum, and Impala Platinum use their facilities for recycling PGM from VCCs
and other secondary Pt sources through pyrometallurgical processes [50,51]. Although
pyrometallurgy processes are an effective method to concentrate PGM and reducing the
levels of impurities, large amounts of energy are required with the consequent CO, associ-
ated footprint. Therefore, due to new environmental regulations and requirements, other
techniques like hydrometallurgy or bio-leaching are closing the gap to industrial use [20].

2.1.2. Hydrometallurgical Recovery Process

Hydrometallurgical Pt recycling involves metal leaching with acid/basic solution
in the presence of an oxidant, further separation/concentration, and a final recovery
either in the metallic or salt form is required. In contrast to pyrometallurgical methods,
significatively lower temperatures are required, can be used from small to larger scale,
and produces less problematic and toxic gas wastes. On the other hand, and depending
on the material to recycle, a chemical or mechanical pretreatment is often required to
(i) reduce refractory Pt oxides formed during its use as a catalyst, (ii) eliminate problematic
organic compounds, or (iii) reduce the particle size of the initial sample [52,53]. Several
authors demonstrated that an oxidizing agent is key to allow refractory metals like Pt to
be dissolved [54-56]. Different oxidizing agents have been used, like chlorine, hydrogen
peroxide, bromine, nitrogen oxides, among others [54,57,58]. Despite highly acidic media
are often used in metal leaching, kinetics, and activation energy to strip Pt from the used
catalyst or material are important barriers to overcome an energy viable process. In this
sense, it has been demonstrated that complexing agents like C1~ or CN ™ drops the potential
energy barrier enough to perform a feasible leching process [59].

Aqua regia, which is a 3:1 mixture of HCl and HNOs3, is one of the most used leaching
agents for Pt recycling. In this system, C1~ acts as a complexing agent and the different
oxidizing species generated strip Pt from spent catalysts. Massucci et al. [60] summarized
the reactions taking place between Pt and the aqua regia environment. Pt in aqua regia
media can undergo reaction (1) with the formation of the hexachloroplatinate complex
and releasing toxic NO gas. In the same way, this reaction media can evolve into other
hazardous gas products like NO,, NOCI, and Cl; (reactions 2—4).

3Pt + 18HCl + 4HNO3 +— 3[PtClg]*~ + 6H" + 4NO + 8H,0 (1)

Pt + 4NO; ™~ + 8H" — Pt** + 4NO, + 4H,0 ()
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HNO; + 3HCI <—— NOCI + Cl, + 2H,O )
2NOCl 4 — 2NO ¢ + Cly @)

The treatment of catalysts or other Pt sources with aqua regia or other acidic oxidant
media generates a metallic-containing solution that needs further treatment to separate Pt
from other metallic species. Solvent extraction followed by Pt salt precipitation or direct Pt
salt precipitation are the most common techniques used due to their simplicity and low cost.

Tyson et al. proposed a kinetic expression empirically determined for Pt leaching in
aqua regia using a defined particle size of material. They also found that the leaching ratio
was over 90% [61]. On the other hand, the recycling of a catalyst from the petrochemical
industry was investigated by Jafarifar et al. [62]. They investigated two innovative methods,
in the first one the sample was refluxed, and in the second one, it was irradiated using
a 150 W microwave energy, both with aqua regia as leaching agent. They found 96-98%
recovery rates after ionic separation of Pt, precipitated as the ammonium salt. Schreier
et al. [63] recycled Pt scraps from the glass industry, along with other scarcest metals like
Ir, Rh, or Pd. They investigated how different parameters, like HCI concentration and
precipitation temperature of Pt salt affect the global yield of the process. In this sense, it has
been demonstrated that to obtain high purity Pt (99.99% Pt powders are obtained) from the
leached liqueur, the recovery yield is diminished and vice-versa.

Other authors tried to avoid the environmental problems of using aqua regia by
employing other leaching solutions in the presence of chloride as a Pt complexing agent.
Kizilaslan et al. proposed using an HyO, oxidizing agent in combination with HCI at
a 1:10 rate obtaining 95% of Pt recovery at mild temperatures (45 °C) [64]. They also
studied the influence of temperature and agitation rate, and concluded that while at high
temperatures (more than 80 °C) aqua regia was more effective to strip Pt from the sample,
at mild temperatures the mixture HyO,:HCl worked better. Shams et al. [65] recovered Pt
from a spent dehydrogenation catalyst using cyanide solution and obtained 85% of the
recovery. They found that both pH and temperature strongly affect the outcoming recovery
rate and stating the optimum sodium cyanide: catalyst weight ratio in 2:1. Other authors
like Zanjani et al. [66] tried to use iodide as a complexing agent, however, and despite
obtaining promising results, the kinetics of the process is sluggish, and more aggressive
conditions than CI™ system is needed. More recently, Robinson et al. [67] used ozone
in a concentrated chloride solution and obtained a promising 90% recovery rate for Pt.
Furthermore, they calculated the apparent activation energies for the process that found to
be 44 kJ/mol for Pt.

In the last years, all the efforts in the hydrometallurgical field were focused on making
the process cleaner and environmentally friendly. In this sense, Nguyen et al. claimed an
innovative solvometallurgical process using inorganic lixiviants like FeCl3 /CH3CN sys-
tem [68]. An 80% Pt leaching was obtained without using aggressive media or generating
corrosive liquid/gas wastes. Hideaki et al. [69] used Zn vapor deposition over Pt samples
to enhance its leaching rate, allowing authors to employ diluted aqua regia solutions, and
thus, working with a considerably less harmful environment. Suoranta et al. [70] used mi-
crowave radiation to assist the leaching process, making it faster and, thus, less expensive
than conventional hydrometallurgical leaching. They not only obtained over 90% recovery
of Pt, but also leached the supporting alumina phase, which can be further recovered.

2.2. Alternative and Novel Technologies

Traditional pyrometallurgy and hydrometallurgy produce hazardous gaseous and
liquid waste and consume a large amount of energy. Due to the upcoming climate and
ambiental problems, new environmentally friendly technologies are required to optimize
and minimize energy consumption and environmental impact. Furthermore, these novel
technologies that focus on the recovery of Pt also allow recycling of other relevant materials,
for instance support materials or reactor membranes.
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2.2.1. Selective Electrochemical Dissolution

Platinum is the state-of-art and most frequently used element as an electrocatalyst in
emerging technologies like PEMFCs or hydrolyzers, among others [71]. However, some
current challenges such as material availability and extraction cost have slowed his commer-
cialization in the last few years. In this sense, platinum electrochemical dissolution appears
to be a suitable method to recover platinum from PEMFCs, and thus minimizing the need
for expensive primary production. On one hand, a mixture of primary and secondary
production using pyrometallurgy is a common practice to recover platinum, especially
from spent auto-catalysts. Nevertheless, pyrometallurgy is not suitable for treating large
volumes of fuel cell membrane electrode assembly (MEA) recycling, owing to the presence
of fluorine compounds. Incineration of the fluoropolymers from carbon support with
Teflon® causes the formation of extremely harmful hydrogen fluoride (HF) [72]. On the
other hand, the hydrometallurgy process has also been used for MEA recycling, but a high
concentration of strong acids and oxidants used, such as HCl, H,SO4, HNO3, and H,O»,
can react with fluorinated compounds and end with highly toxic vapors [73].

During the last years, Pt electrochemical dissolution has been thoroughly studied by
different groups to understand the degradation mechanisms of Pt electrocatalysts [73-82].
Pourbaix diagram (see Figure 3 [83]) suggests that platinum dissolves when exposed to
an anodic polarization at potential above 1 V (vs RHE) in strong acidic electrolytes. The
platinum dissolution window in the E-pH diagram expands for chloride containing acidic
electrolytes because the formation of PtCly 2~ and PtClg 2~ complexes significantly drops
the necessary potential to strip the metallic Pt from catalyzers (0.65 V versus RHE).

1.2

' PICl,2 ~~o _
0.8 |
PtCI,2
04 -
>
~— -
w
0 =+ _
0.4 T~
0.8 T T T T T T =
0 2 4 6 8 10 12 14

Figure 3. Pourbaix diagram. E vs pH in an electrolyte containing 0.5 M HCI. The solid lines demarcate
the stability regions of varius Pt species, whereas the dashed lines separate the stability regions of
water. From Ref. [82].

One of the most significant contributions in this area is potentiodynamic dissolution
through both anodic and cathodic sweeps [76,81,82]. Latsuzbaia et al. [84] investigated
the influence of chloride ions and oxygen in the dissolution of Pt from a fuel cell electrode
by electrochemical potential cycling between 0.5-1.1 V in 0.1 M HCl to recover Pt from
Pt nanoparticles. They achieved dissolution rates of 22.5 ng cm~2 per cycle and in a
relatively short dissolution timescale of 3-5 h for a 0.35 mg cm~2 Pt loading of on carbon.
Kanamura et al. [85] established a recovery method for Pt and Ru from MEAs by square
wave potential cycling in dilute acids, leading to a 93.2% of Pt dissolution. They suggested
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1.4 V as an optimal upper potential for Pt dissolution. Hodnik et al. [86] demonstrated
a complete dissolution of metallic Pt by induced surface potential alteration (transient
dissolution). More in detail, they used a cyclic oxidative process, followed by treatment
by successive oxidative (ozone) and reductive (carbon monoxide) gases. This treatment
triggers a repetitive change in platinum surface oxidation state and ends with Pt dissolution.
Raghunandan Sharma et al. [73] developed a highly efficient and environmentally friendly
platinum recycling method through potentiodynamic cycling in dilute acidic solutions
from fuel cell electrodes. They employed a potential window between 0.4-1.6 V vs. RHE to
recover 30 ug Pt/cycle with a scan rate of 100 mV /s in 1 M HCl. Potential cycling instead
of pulsed anodic potential seems to be the suitable way to strip Pt from the electrodes,
avoiding the formation of refractory Pt oxides.

Our group has studied an environmentally friendly method to recover Pt in acidic
chloride solutions from MEAs used in the SO, depolarized electrolysis cell employed in
Westinghouse Cycle for hydrogen production using a commercial catalyst with a 40% Pt
content on Vulcan carbon (Pt loading of 0.7 mg Pt cm~2) [87,88]. Spent Pt/C electrocatalyst
was dissolved by electrochemical treatment under mild conditions to form a Pt-complex
in an acidic solution. Electrochemical dissolution of Pt was performed through potential
cycling (2500 cycles) between 0.4-1.6 V vs Ag/AgCl at 100 mV /s scan rate in 1 M HCl
electrolyte. Figure 4 shows the first cyclic voltammogram of the electrode used in the
Westinghouse process (black line), where platinum oxidation and reduction occurs between
1.0-1.6 V. After 2500 cycles, the current decreases, thus showing that platinum has been
dissolved (red line). On the other hand, the black line in Figure 5 shows the XRD pattern
of the electrode used in the MEA of the electrolyzer for the SO, depolarized oxidation for
hydrogen production of the Westinghouse process (related to the 1st cycle of the voltametric
treatment in Figure 4) and the red line shows the same electrode after 2500 cycles of
voltametric treatment (related to the red line in Figure 4). More in detail, the Pt electrode
used in the electrolyzer of the Westinghouse cycle (black line in Figure 5) presents platinum
characteristic peaks of Pt (111), Pt (200), Pt (220), and Pt (311), while Pt signals completely
disappeared after 2500 voltametric cycles (red line in Figure 5), and only carbon signals
are still present. After the 2500 cycles, the solution was analyzed by UV-vis spectroscopy
to quantify the total amount of platinum-complex formed the through electrochemical
dissolution process, obtaining that Pt can be recovered from a spent electrode in the
Westinghouse cycle in a 60-80% rate.

0104 — 1Cycle
— 2500™ Cycle
0.08 4
0.06 4

0.04 4

0.02 4

Current (A)

0.00 4

-0.02 4

-0.04 4

1MHC

-0.06

T T ¥ T T T T T T

—_— .
0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Potential (V)

Figure 4. Voltametric profiles of Pt/C 40/60 electrode former used in a Westinghouse process. Black
line corresponds to the 1st and red line to the 2500th cycle in a 1M HCl. Scan rate of 100 mV/s.
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Figure 5. XRD patterns of Pt/C 40/60 electrode former used in Westinghouse process. Black lines
correspond to the electrode before electrochemical dissolution process and red line to the treated
electrode (2500 voltametric cycles between 0.4 and 1.6 V).

In summary, electrochemical dissolution allows the recovery of high purity Pt cat-
alyst at mild conditions in terms of pH, temperature, and voltage, offering a suitable
techno-environmental performance. The main challenge from the end-of-life electrode in
PEMEFCs recycling is the complete recycling of all components of the MEAs, Pt catalyst,
carbon support, and ionomer used for both membrane and catalyst layer [73,89]. Further
efforts are needed to optimize this relatively unexplored recovery process, which gives the
opportunity to recover Pt at a small scale and affordable cost for many research groups
using Pt materials.

2.2.2. Bioleaching

Bioleaching is a biometallurgical process that uses microorganisms, mainly bacteria,
to extract metallic ions (Pt, Rh, Pd, among others) from solid samples. Two different ap-
proaches, depending on the type of bacteria used, can be held to perform a bioleaching pro-
cess. On one side, mesophilic bacteria, like Acidithiobacilus ferrooxidans or Acidithibacilus
thiooxidans, can leach metallic ions in presence of Fe or sulfur species. These bacteria
are autotrophic and chemolithotroph and have been used, not only in precious metal
recovery, but also in bio-mining purposes. On the other hand, a second approach using
heterotrophic bacteria has been recently developed. It consists in take advantage of the
bio-generated cyanide by oxidative decarboxylation of different substrates to leach precious
metal ions [90]. Chromobacterium violaceum has been used in this second approach to
effectively recover precious metals [91]. This bio-generated cyanide can mobilize precious
metallic ions from VCC’s, metallic scraps, or even mining ores, with a significative lower en-
vironmental impact due to soft reaction conditions and a lower reactant consumption [92].
Bacteria can be added to the metal-containing sample at the beginning of the process, that
is one-step bioleaching [93,94], or rather be cultivated apart and further mixed with the
metal source (two-step bioleaching) [95]. Bacteria used in bioleaching require friendly
environment to grow and outcome as an efficient leaching agent, but in its process some
factors must be considered. In the first place, pH is a key factor because not only affects
the bacteria population growing, but also determines the leaching rate, for instance, with
cyanide as a leaching agent. In this sense, a compromise must be reached to perform a
good bioleaching process [96]. On the other hand, the feedstock chemicals used to grow
bacteria control the population and the leaching agent generated. For instance, glycine is a
good precursor to generate cyanide with a minimal amount of side products [97]. Finally,
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dissolved oxygen also plays a double-sided role because is needed for the development of
the cyanide producer bacteria and as an oxidant in the leaching process, therefore, precisely
controlling the amount of oxygen is mandatory [98].

Bioleaching is still in its first steps and more research is needed to fully understand
all the parameters, and thus achieve as good results as more studied pyro and hydromet-
allurgical processes. One of the first breaking-through studies was performed by Brandl
et al. in 2008 [90] where they recovered Pt from spent VCC’s up to 0.2 % after 10 days. This
study, far from the numbers of other techniques served as proof of concept to develop a
new method to recover Pt in a sustainable way. More recently, Shin et al. [99] developed a
biological system for the production and accumulation of cyanide. This system was able
to recover 92.1 % of Pt from a spent VCC, closing the gap between bioleaching and other
techniques and demonstrating that the accumulation of biogenic cyanide in operating
concentrations is possible. This recovery was possible due to the high cyanide concen-
tration reached during the experiment (up to 6594.5 mg/L) and was tested at different
temperatures. Karim et al. [100] combined an ultrasound pre-treatment with a two-step
bioleaching with Pseudomonas fluorens and Bacilus megaterium to extract Pt and other
PGM from a used VCC obtaining a 38% of Pt recovery at pH 9, and thus demonstrating
that a noble metal recovery is possible under mild conditions and low-waste generation.

2.2.3. Other Techniques

In the last decade, numerous techniques have been introduced as more environmen-
tally affordable Pt recovery methods [101]. Taninouchi et al. used magnetic separation
to concentrate Pt before its further leaching treatment through Ni electro-less or FeCl,
vapor deposition [102,103]. Pt and other PGM were successfully alloyed forming magnetic
compounds that were separated from the rest of the catalyst, in this way, the quantity
of the sample that has to be further treated diminishes and the energetic and reagent
consumption do so. Moving to the pyrometallurgy field, Martinez et al. proposed an alter-
native chlorination method for VCCs [104]. They used molten salts as a solvent to achieve
good recovery rates (up to 40-50%) keeping the temperature lower than the conventional
methods, and in this case, despite lowering the energy consumption of the process, the
environmental hazardous chlorine derivates still represent a serious problem. In the same
scope of lowering the temperature, Ding et al. [105] used a highly efficient iron collector in
which Fe-Pt alloys are formed at 1300-1400 °C instead of traditional 2000 °C by adjusting
the slag composition and obtaining a Pt recovery of 99.25%. Morcali lowered even more
the working temperature to 950 °C, and thus avoiding the use of plasma furnace, by using
a flux composed of B,O3, Na;O, and FeS, and achieving a 99% of Pt recovery [106]. This
method represents an advantage from the environmental point of view, not only for the
lower energy consumption, but also for using less hazardous chemicals, however, the high
cost of some reactants must be considered. Sasaki et al. alloyed Pt in VCCs with Zn as a
pretreatment to further be leached in acidic media [69,107]. Pt and Zn form alloys that are
easily dissolved in aqua regia and, thus, enhancing recovery rate (near 100%), lowing the
time to perform the process, and minimizing the quantity of oxidant needed. They also
demonstrated that diluted aqua regia worked as effectively as the undiluted one in the
extraction of Pt in a Zn-treated sample.

Although microwaves have been traditionally used in the metallurgical field to per-
form controlled and more efficient heating [62], some authors recently used microwaves
to assist or pretreat the sample before Pt extraction (for example in VCCs). Suoranta
et al. [70] performed leaching experiments with HCl and aqua regia at different tempera-
tures (90-210 °C) in a microwave and a traditional oven. They found that, in the microwave
oven, both HCl and aqua regia were able to leach and further recover up to 91% Pt of the
sample in a shorter time than in a regular oven and thus, becoming a more energy efficient
process. A local superheating mechanism is proposed to explain the better performance
of microwave-assisted leaching, furthermore, Pt and other PGM particles could be selec-
tively heated due to the properties of the microwaves over regular heating. Spooren et al.
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used microwaves to roast the VCC in the presence of different oxidants (NaHSO4-H,O or
KHSO, and NaClO3) to convert the Pt in the VCC into a Pt** and Pt** [108]. Subsequently,
a microwave-assisted acidic leaching process with HCl 1M was performed turning into
an 85% Pt recovery in only 30 min, that is, a relatively good performing minimizing ener-
getic consumption and the use of aggressive (and hazardous) leaching agents. From the
industrial point of view, the VITO company and other partners of the PLATIRUS project
upgraded microwave assisted leaching process to the pre-pilot stage and are now ready
to prove its viability in a prototype [109]. Other authors like Chen et al., Trinh et al., or
Nogueira et al. tried to achieve a greener leaching process by switching to other leaching
agents that produce less hazardous fumes and wastes like NaClO3 or CuCl, [110-112]. This
is possible due to the use of pre-treatments like oxidations cycles or roasting. In particular,
Trinh et al. stepped further and performed a complete recycling of all components of a
spent VCC by roasting-assisted leaching.

3. Conclusions and Outlook

Platinum recovery is a crucial process to allow a sustainable shift to greener technolo-
gies. Tons of Pt are held in VCC’s that will be gradually substituted by electric or fuel
cell/hydrogen vehicles. Due to the high environmental impact and tremendous resource
consumption of traditional Pt mining, reinsert most of the Pt of spent VCC’s and other Pt
sources in the economy is the only way to move into Pt circular economy, and thus allow
the bloom of new and promising technologies that need Pt to work.

In this review, traditional-and most used in industry- recovery technologies are dis-
cussed, and it has been stated that they require high energy input and produce large
amounts of solid, liquid, and gaseous hazardous waste. In latest years, numerous alter-
native technologies are proposed to perform a greener Pt recovery, either substituting
the existent technologies, like bioleaching or selective electrochemical dissolution, or
on the other hand, minimizing energy consumption and/or waste generation of Pyro-
Hydrometallurgical approaches. Table 1 groups different Pt recovery processes using
traditional and new technologies and focusing on their energy consumption and waste
generation. From the authors point of view, a compromise must be held between benefit
from the existent Pt recovery plants and improving the processes with environmentally
friendly modifications. To achieve this compromise, both public and private resources
must point in the same direction and join efforts. Although some green approaches to Pt
recovery are shown along with this text, not all are suitable for every type of scrap. In this
regard, while selective electrochemical dissolution is a promising technology for recycling
Pt from many sources, especially from the catalyzers of the PEMFCs, more aggressive
hydrometallurgical methods are best suited to retrieve Pt from VCCs due to its refractory
support material.

Table 1. Comparison of different Pt recovery technologies in terms of Pt recovery rate (%), TRL (Technology Readiness Level

from 1-9), energy consumption (being red, yellow and green a high, moderate and low, respectively) and waste generation

(being red high volume and toxicity, yellow, moderate volume and toxicity and green, low or negligible waste generation).

Pt Recovery Energy Con- Waste

Process Technology Rate (%) TRL sumption Generated Reference
Commercial Pt process. Any type of waste Pyro-hydrometallurgy 99.95 9 ° . [113]
Copper smelting collection process Pyrometallurgy 99 9 ° ° [42]
Cyanide leaching of industrial catalyst Hydrometallurgy 85 5 ° [65]

Zn-vapor pretreatment for acid leaching
of VCCs Hydrometallurgy >95 3 [69]
Chlorination assisted leching Pyro-hydrometallurgy 95.9 4 [34]
Microwave assisted leaching Hydrometallurgy 91 4 ° [70]
Electroless Nld(e} plat_mg and Physical concentration 50-100 3 ° [103]
magnetic separation

Biogenic cyanide leaching Biohydrometallurgy 92.1 4 ° ° [99]
Total VCC recycling by NaOH Hydrometallurgy 97.5 5 [111]

roasting-assisted hydrometallurgy
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Table 1. Cont.

Pt Recovery Energy Con- Waste
Process Technology Rate (%) TRL sumption Generated Reference
Microwave assisted roasting and leaching Hydrometallurgy 80-90 5 ° [108]
Electrochemical dissolution of Selective electrochemical
. - . 25-60 3 ° ° [73]
Pt nanoparticles dissolution
Electrochlorination of VCCs Electrochlorination 97 6 ° [114]
Induced surface potential alteration Selective chemical 100 4 ° o [86]

dissolution

In conclusion, despite having promising initial results, some of the environmentally
friendly technologies shown in this review are unmatured, so more efforts and funding are
necessary to scale them up and substitute the existing commercial technologies. The scale
up process needs to be as fast as possible due to the upcoming substitution of combustion
vehicles to other technologies. On the other hand, Pt selective electrochemical dissolution
will be a key process in the recycling of emerging technology like PEMFCs and may allow
keeping Pt as a catalyst in many devices and electrochemical processes.
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