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Securing platinum-group metals (PGMs) for low-carbon technologies requires recycling routes that are
both efficient and deployable near the source of waste. We report a fully electrified, modular flowsheet
that couples microwave-assisted leaching (MWAL) with gas-diffusion electrocrystallization (GDEx) to
recover and upcycle PGMs from spent automotive catalysts. Using 1.5 M HCl + 1.5 M NaCl at up to 200 °
C and L/S = 10, MWAL achieves =90% PGM leaching while suppressing matrix dissolution at lower L/S.
The resulting multielement leachates are treated at room temperature by GDEx (10-200 mA cm™2),
which selectively converts dissolved PGMs into ~5 nm alloy nanoparticles of ~83-91 wt% purity with
>95% metal conversion. The as-recovered nanoparticles act directly as electrocatalysts for the methanol
oxidation reaction, delivering MA = 241.7 mA mge; %, SA = 0.42 mA cm™2, and ~85% activity retention
after 1000 cycles. Closed-loop leachate reuse between GDEx and MWAL preserves PGM extraction
while progressively reducing matrix co-leaching. Life-cycle assessment identifies MWAL electricity as the
primary hotspot (~half of the average impacts), followed by GDEx effluent neutralisation. A 30% heat

recovery in MWAL and low-carbon electricity reduces burdens (up to 60% in climate change). A techno-
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Accepted 14th May 2026 economic assessment at 50 L h™* treatment capacity indicates robust viability (operating margin 13.9%,

NPV = 9.08 M€, IRR = 45.1%, 4 year payback), with further gains from scale-up and valorising the
DOI: 10.1038/d6su00190d nanoparticle product. The MWAL-GDEXx route thus offers a scalable, decentralisation-ready, electrified

rsc.li/rscsus pathway that recovers PGMs with high efficiency and directly upgrades them into functional catalysts.

Sustainability spotlight

This work advances sustainable chemistry by establishing a fully electrified, low-temperature, modular route to recover platinum-group metals from spent
automotive catalysts and directly upcycle them into functional electrocatalysts. By coupling microwave-assisted leaching with gas-diffusion electro-
crystallization, the process supports circular use of critical raw materials, reduces reliance on primary mining and centralised smelting, and lowers fresh reagent
demand through effluent recirculation. Integrated life-cycle and techno-economic assessment provides evidence-based evaluation of sustainability performance
and identifies realistic improvement levers, including heat recovery and low-carbon electricity. This work aligns primarily with UN SDG 12 (Responsible
Consumption and Production), and also contributes to SDG 9 (Industry, Innovation and Infrastructure) and SDG 13 (Climate Action).

Introduction

“Material and Chemistry Unit (MatCh), Flemish Institute for Technological Research 1
(VITO), Boeretang 200, 2400 Mol, Belgium. E-mail: luisfernando_leonfernandez@
yahoo.es; xochitldb@gmail.com The security of supply of critical and strategic metals is now
a global policy priority: governments are pivoting from fragile,
concentrated primary supply chains towards circularity. Across
major economies—including the G7, which launched a Critical
Mineral Action Plan—this shift is being underpinned by strat-
egies, legislation, and targets that elevate secondary sourcing."

Platinum-group metals (PGMs), including platinum (Pt), palla-
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dium (Pd), and rhodium (Rh), are essential catalysts in trans-
portation and industry.”> Due to their economic significance and
potential supply interruption risks, the European Union, United
States, United Kingdom, Canada, Australia, Japan, South Korea,
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and India classify them as critical raw materials (CRMs).**
PGMs are overwhelmingly imported, with demand dominated
by automotive catalysts."* With primary supply concentrated in
South Africa and Russia—which together account for >80% of
global production—accelerating secondary recovery is
strategic.?

Secondary PGM streams are typically higher-grade and less
energy-intensive than primary ores.'* Yet, only ~35% of global
PGM supply was met by recycling in 2024 (mainly from spent
automotive catalysts),”> underscoring the need for more effi-
cient and sustainable recovery technologies.'* This shortfall
reflects a system built around a few centralised pyrometallur-
gical hubs (e.g., Umicore, Johnson Matthey, Heraeus, and
BASF—predominantly located in Western Europe). By contrast,
collection and pre-treatment are highly fragmented. End-of-life
(EoL) vehicles are transferred from dismantlers to automotive-
catalyst aggregators for decanning (removal of the ceramic
monolith), milling/crushing, and independent sampling and
analysis to produce a homogenised composite, before long-haul
shipment to a smelter/refinery. Significant material losses are
linked to this value chain structure.

Each hand-off—introduced to satisfy regulatory require-
ments (e.g., EoL vehicle transport, hazardous waste shipping,
permits, chain-of-custody), technical and safety requirements,
and settlement needs (verified PGM content for payment,
hedging, and metal accounting between seller and refiner)—
adds distance, delay, and leakage risk. Additional losses arise
from overlooked low-grade PGM sources (e.g., low-loading
catalysts, diesel particulate filters, industrial residues) that are
uneconomic for central facilities but could be captured by
smaller, local units. Moreover, a substantial share of PGM-
bearing material never enters the chain at all. Uncollected
catalytic converters, unreturned homogeneous catalysts (fine
chemicals/pharma), under-recovered material from established
sources (petroleum-reforming catalysts, nitric-acid gauzes,
glass bushings/equipment, dental alloys, lab sweepings, plating
baths/sludges), and heterogeneous catalysts from emerging
processes (advanced chemical loops, biomass processing,
electrolysers, power-to-X technologies), depress the available
recycling feed. There are no harmonised global statistics; as
a conservative assumption, the lost recovery opportunity could
be on the order of ~10-20% of annual PGM demand (see SI-I for
basis and sensitivity).

Shifting to more sustainable, localised processing (e.g.,
modular, electrified hydrometallurgical systems) can minimise
transport costs, simplify supply chains, reduce handling-
induced losses, lower environmental impacts, and bring
currently overlooked low-grade streams into the spotlight.*®
Provided that (i) local units comply with permitting, safety, and
wastewater limits; (ii) selectivity and yields remain acceptable
across mixed feeds; (iii) unit economics are viable at the
intended scale; (iv) electricity costs are compatible with low-
carbon, electrified operation; and (iv) siting near dismantlers
reduces logistics burdens, these systems offer a credible
pathway to decentralised PGM recovery, substantiated by the
evidence presented in the present work.

2730 | RSC Sustainability, 2026, 4, 2729-2747

View Article Online

Paper

Conventional PGM recovery, particularly pyrometallurgy, is
energy-intensive and emission-heavy.'* By contrast, hydromet-
allurgical routes operate at lower temperatures and offer high
metal selectivity, reducing environmental impacts.” In this
context, microwave (MW) heating has emerged as a promising
intensification strategy, accelerating reaction kinetics, lowering
energy demand, and shortening processing times.'**® Coupled
with downstream electrochemical recovery, this could enable
fully electrified PGM flowsheets.

The EU H2020 PLATIRUS project developed a microwave-
assisted leaching (MWAL) process (TRL 5) for PGM extraction
from spent automotive catalysts. Extraction efficiencies of
91.8% Pd, 96.0% Pt, and 89.9% Rh were achieved using a single
step (10 min) in 6 M HCI with 10 vol% H,0,, at 150 °C. In the
same study it was demonstrated that the in situ generation of
Cl, further removed the need for an external oxidising agent
(e.g., Hy0,), as high PGM extraction efficiencies were achieved
(93.9 £ 0.7% for Pd, 98 £ 3% for Pt, and 70.7 & 0.4% for Rh) for
a spent automotive catalyst (SAC), using 6 M HCl alone.> When
applied to unground catalyst monoliths (~3 x 3 x 3 c¢m), the
process also delivered >95% Pt and Rh recovery using only 6 M
HCI, without oxidants.*® Compared with traditional leaching,
MWAL shortens processing time and requires less concentrated
acid solutions.”” Further details on the development and vali-
dation of this process can be found in prior PLATIRUS
publications.’?%**

The subsequent EU H2020 PEACOC project scaled and
optimised MWAL (TRL 7), including lowering HCI concentra-
tion below 6 M and partial substitution with NaCl as a low-cost
chloride source.”® These advances support cost-effective and
scalable leaching of PGMs under milder, less corrosive condi-
tions. Building on this, the present study validates MWAL at
a larger scale and assesses its integration with a suitable
downstream PGM recovery and upcycling step—gas-diffusion
electrocrystallisation (GDEX).

GDEx, which was also developed in the PLATIRUS project
(TRL 5) and upscaled in the PEACOC project (TRL 7), is an
emerging electrochemical technology that enables the recovery
of metals as (hydr)oxides®*** or in the zero-valent metallic form
as nanoparticles (NPs).>**® The process utilises a gas diffusion
electrode (GDE) as the cathode, enabling the percolation and
electrochemical reduction of a gas supplied within its porous
structure. GDEx can operate through different embodiments
depending on the gas, electrolyte composition, and target metal
species. In the CO,-fed mode used for PGM recovery, CO,
reduction can generate CO, while hydrogen evolution predom-
inantly arises from proton reduction (in acidic conditions).>**

Previous GDEx studies have shown that these electro-
generated species can contribute to the reduction of PGM
chloride complexes (e.g., [PtClg]>, [PACLJ*", [RhCI¢*),
promoting the formation of metallic nanoparticles. However,
their relative contributions depend on the electrolyte compo-
sition, applied current density, gas transport, and local inter-
facial conditions.”*?® In addition, dissolved CO,/HCO;™
provides local buffering, which helps suppress metal hydroxide
precipitation and favours controlled nucleation and growth of
metallic PGM NPs. The applied current, therefore, affects both

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the generation rate of reducing species and the local supersat-
uration conditions. Additionally, CO may adsorb onto nascent
NP surfaces, thereby limiting particle growth and promoting the
formation of nanosized metallic particles.*®*” A schematic
overview of the GDEx mechanism for PGM reduction and
nanoparticle formation is presented in Fig. S1 (SI-II), along with
the corresponding thermodynamic equations (SI-III).

In previous work, using a model solution representative of
MWAL leachates, we showed that GDEx could selectively
precipitate PGMs from complex aqueous matrices.”® Here, we
validate GDEx with real MWAL-derived leachates and integrate
MWAL-GDEXx to achieve a fully electrified operation. Applied to
PGMs, GDEx operates under mild processing conditions (room
temperature and ambient pressure), consuming only CO, and
electricity, making it an attractive and sustainable method.?***
Beyond recovery, the resulting PGM NPs enable functional
reuse. While conventionally recycled PGMs return mainly to
automotive catalysts," the ongoing transition towards electri-
fication and decarbonisation is increasing demand for PGMs in
electrolysers and fuel cell technologies.*" In this context, GDEx-
derived PGMs can be directly used as unsupported (electro)
catalysts, e.g., for the oxygen reduction reaction (ORR)** or the
methanol oxidation reaction (MOR).>*

In this work, we establish a fully electrified and circular value
chain for the extraction, recovery, and upcycling of PGMs from
spent automotive catalysts by coupling MWAL and GDEXx. This
integrated approach enables selective leaching and recovery of
PGMs through nanoparticle formation, entirely powered by
electricity, providing a scalable, low-carbon alternative to
conventional metallurgical routes. The electrified coupling of
MWAL and GDEx demonstrates the feasibility of closing the
PGM loop within a decentralised, modular framework that
aligns with future net-zero and circular economy targets.
Recovered PGMs are directly upcycled as high-performance
electrocatalysts for methanol oxidation, showcasing the func-
tional reuse of critical metals. The process is further evaluated
through life-cycle assessment (LCA) and a techno-economic
analysis (TEA), confirming its potential to deliver sustainable,
cost-competitive, and industrially viable PGM recycling.

2. Materials and methods

2.1. Materials for MWAL

The feedstock sample used in this study, consisting of a mixture
of spent three-way automotive catalysts, was provided by
MONOLITHOS Catalyst Ltd. (Athens, Greece). It was delivered
as a powder with a particle size <2 mm. The moisture content of
the as-delivered sample, determined at 40 °C, was 0.4 wt%. No
further pre-treatment was applied prior to MWAL. A detailed
explanation of the analytical methods used to characterise the
samples is provided in the SI (SI-II, Section 2.1).

As a leaching media, different mixtures of aqueous HCI
solutions (fuming, 37% analytical grade, Merck) and NacCl
(>99.5% analytical grade, Merck) were employed in various
ratios. All solutions were prepared with Milli-Q water.

2.1.1. MWAL optimisation experiments. The optimisation
of MWAL was performed using a 1 L single-chamber MW

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reactor (Milestone® SynthWave). The reactor configuration
involved mono-mode MW irradiation at 2.45 GHz with
a maximum power of 1500 W. In each experiment, 50 g of
automotive catalyst sample were utilised, with leaching solution
volumes set at 500 mL, 350 mL, or 250 mL, resulting in liquid-
to-solid (L/S) ratios of 10, 7, or 5, respectively. The leaching
solutions included 1.5 M HCI + 1.5 M NaCl (optimised previ-
ously) or 6 M HCl (used as a reference).® Mechanical stirring at
50% intensity (295 rpm) was maintained throughout the
experiments. The heating time was set to 15 minutes, with
a dwell time of 5 minutes, leading to a total MWAL treatment
duration of 20 minutes. Temperatures of 150 °C, 180 °C, and
200 °C were tested. Following the dwelling at the selected
temperature, the reactor was cooled down for approximately 30
minutes. Monitoring the power used during leaching facilitated
the estimation of energy consumption, a parameter essential for
LCA calculations.

The downstream operations of MWAL were carried out in
a fume hood, including vacuum Biichner filtration with 0.45 pm
Whatman filter paper. The filtrates were collected and their
volumes quantified. Subsequently, the solid residues were
washed over the filter with 250 mL Milli-Q water, and the
washing waters were collected and quantified. Leachates and
washing water were analysed by ICP-OES after pH and ORP
measurements. Solid residues were also analysed by ICP-OES
after acid digestion.

2.2. Gas-diffusion electrocrystallization (GDEX)

The expanded materials and methods employed for GDEX
investigations are presented in the SI (SI-II, Section 2.2). Briefly,
the electrochemical reactor consisted of an ElectroCell (EC)
Micro Flow Cell, using a three-compartment configuration
(Fig. S1a, SI-II, Section 2.2): anolyte, catholyte, and gas chamber
in which CO, (99.99%, Air Liquide) was supplied. In the cathode
chamber, a VITO CoRE® activated-carbon-based gas-diffusion
electrode (GDE) was used as the cathode, with a projected
geometric surface area of 10 cm®. The specifications of VITO
CoRE® GDEs can be found in previous works.** No electro-
catalysts were incorporated into this electrode. A leak-free Ag/
AgCl (3 M KCl) reference electrode (eDAQ) was placed near
the GDE (~1 mm). The anode was a Pt-coated Ta plate (5 mm
thick with a 10 pm thick Pt coating), with a projected geomet-
rical surface area of 10 cm®. A reinforced Zirfon® ion-permeable
separator (Pearl UTP 500) was used between the two electrolyte
compartments. All current densities mentioned within this
work refer to the projected geometric surface area of the GDE.
Catholyte and anolyte were pumped to the electrochemical cell
from external cathodic and anodic reservoirs, respectively, at
a liquid flow rate of 100 mL min ", in an experimental system
analogous to the one reported in our previous works on GDEx.>*
In the present research, the electrolyte was recirculated in each
corresponding loop (external reservoir-electrolyte compartment
in the cell-external reservoir), thus operating in batch mode
with recirculation. Magnetic stirring at around 600 rpm was set
in the cathodic and anodic external reservoirs outside the
electrochemical reactor. Experiments were conducted at room
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temperature (approximately 22 °C). The anolyte consisted of
a 250 mL 0.5 M NaCl aqueous solution. Conversely, the cath-
olyte consisted of a 100 mL aqueous solution containing the
PGM-containing leachate sample from the MWAL unit. Chro-
nopotentiometric (CP) experiments were carried out in batch
mode at 10 mA cm %, 40 mA cm > or 200 mA cm > using
a Biologic VSP3 Potentiostat. The pH, charge and potential were
monitored on-line. For most experiments, two replicates were
conducted per experiment. The plotted results are replicate
averages. The product characterisation techniques and the
electrocatalytic activity testing are described in the SI (SI-II,
Section 2.2 and 2.3).

2.3. Life-cycle assessment (LCA)

The LCA was conducted in accordance with the ISO 14040/
14044 (2006) standard, which provides a structured method-
ology for evaluating the environmental impacts associated with
all stages of a product's life cycle. This includes the extraction,
processing, and transport of raw materials, as well as emissions,
energy use, and waste generation. The LCA followed the stan-
dard four-stage approach: goal and scope definition, life cycle
inventory (LCI), impact assessment (LCIA), and interpretation.*

2.3.1. Goal and scope. This analysis screens the environ-
mental performance of a new route for recovering PGMs from
automotive catalysts, based on laboratory data. These prelimi-
nary findings are expected to help identify potential hotspots of
the new technology, thereby providing essential information for
optimising the process when further scaled (e.g., to TRL 7).

The functional unit (FU) is 1 g of recovered PGMs.

2.3.2. System boundaries. A grave-to-gate boundary was
applied for the PGMs MWAL-GDEX route using the EoL auto-
motive catalysts content (LCA grave boundary) as feedstock.
This route (Fig. 3a) includes a first stage in which the manual
separation of PGM-bearing ceramic monoliths from spent
automotive catalysts is performed, followed by size reduction
through ball milling. The PGM-bearing powder is directed to
the refining stage, which combines the two described technol-
ogies. First, the novel hydrometallurgical technology based on
MWAL is used for the extraction of PGMs from the automotive
catalyst powder. GDEx then processes the resulting PGM-
bearing leachate to selectively recover the PGMs into a mixed
slurry (LCA gate boundary). Transport between milling and
refining stages is not included, as it is not representative of
a potential wupscaled solution and could lead to
misinterpretation.

PGMs resulting from the GDEx process can have different
fates. Mixed PGM slurries can be sent for refining in a smelter,
which is the baseline case considered in the TEA. This would
also be the standard practice when recycling is carried out via
centralised pyrometallurgical hubs. Otherwise, the GDEx-
produced PGM-bearing slurries can be redissolved (e.g.,
nitric acid) for re-manufacturing of catalytic converters.
Although the latter case was validated throughout the PLATI-
RUS project,*® it is not the highest value strategy. When using
the conditions described in the present paper, the product of
GDEx is a mix of PGM NPs (slurry)—a high-value product. Due
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to the gate boundary imposed for the LCA, the use-phase and
end-of-life phase (aka fate) of the mixed PGM slurry is irrele-
vant (cut-off model), and system expansion is not used to
estimate avoided impacts. The estimation of avoided
impacts—such as those resulting from substituting primary
extraction of PGMs with recovery from waste is considered out
of scope for the present assessment. This is different for the
TEA, where fate determines profitability. Thus, the TEA
compares the lowest and highest fate scenarios: (i) baseline
recycling (slurry sent to a smelter/refinery), and (ii) functional
upcycling (slurry used as PGM nanoparticles for direct
applications).

2.3.4. Life cycle inventory assessment (LCI). The fore-
ground (primary) data was collected at the laboratory scale with
a current density of 200 mA cm ™ and NaCl conditions for GDEx
and L/S of 5 for MWAL. This latter L/S ratio was found, in the
experimental work, to offer improved selectivity, reduced mass
loss, and lower energy demand in the MWAL stage, as well as
high recovery rates and decreased energy demand in GDEXx;
therefore, a sensitivity analysis of this parameter was deemed
unnecessary. The background data, encompassing energy and
consumables production, as well as emissions and waste
treatment, were obtained from specific LCA databases (Ecoin-
vent v3.11). The data used are representative of Europe.

The LCI for the recovery of 1 g of PGMs from the automotive
catalyst is summarised in Table S2 (SI-II, Section 2.4). SimaPro
9.5 was used to model the process and calculate potential
environmental impacts.

2.3.5. Life cycle impact assessment (LCIA). The selection of
impact categories was based on a materiality analysis that
combined evidence from scientific literature with expert input
from the PEACOC project consortium. The impact categories
identified as significant are: Climate Change (CC), ozone layer
depletion (OD), photochemical ozone formation (POF), partic-
ulate matter formation (PMF), human toxicity—cancer (HTc),
human toxicity—non-cancer(HTnc), acidification (AC), eutro-
phication (EP), freshwater ecotoxicity (ETX), water footprint
(WF), abiotic resource depletion of elements (ADe), abiotic
resource depletion fossil fuels (ADff), and cumulative energy
demand (CED).

2.3.6. Assumptions and limitations. The LCA results pre-
sented in this study are based on laboratory-scale data, which
introduces inherent limitations when extrapolating to
industrial-scale performance. In particular, reagent and energy
consumption at lab scale are typically not optimised and may
not reflect industrial efficiencies, where process integration is
expected to reduce environmental burdens. Conversely, poten-
tial losses in recovery yields and additional process steps (such
as logistics) at larger scale may increase impacts per functional
unit. Therefore, the results should be interpreted as a prelimi-
nary or screening-level LCA and future work will include
scenario analysis at industrial scale. The LCA model already
incorporates selected scale-up assumptions, including a 30%
recovery of process heat and the recirculation of effluent
streams (from GDEx to MWAL and within MWAL, Fig. 5). These
measures aim to better approximate expected industrial
conditions and partially account for process integration

© 2026 The Author(s). Published by the Royal Society of Chemistry
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strategies that will be implemented at a larger scale. Trans-
portation between stages (MWAL-GDEx) was not included;
although inter-stage transport did take place in the present
experimental research, it is not representative of scaled up
practice, where these stages will be integrated within a single
facility, avoiding intermediate transport. For the GDEXx effluent
treatment, only NaOH dosing for neutralisation and precipita-
tion of dissolved metal ions was considered, based on the
measured effluent composition and the product solubility
products (Kyp) of the corresponding metal hydroxides. The
resulting precipitate was represented as inert waste as a proxy.
This simplified approach does not account for potential co-
precipitation phenomena, incomplete separation or the pres-
ence of complexing agents that may affect removal efficiency. In
addition, downstream treatment steps (e.g., solid-liquid sepa-
ration, sludge conditioning or potential recovery of valuable
metals from the precipitate) were not included. As a result, the
environmental impacts associated with effluent management
may not be accurate and should be refined in future work using
more detailed process data. The European average electricity
mix from Ecoinvent v3.11 was used for all three stages (milling,
MWAL, and GDEXx).

2.4. Techno-economic assessment

A TEA was conducted to evaluate the financial viability of the
integrated MWAL-GDEx process for recovering PGMs from
spent automotive catalysts. This assessment focused on key
financial metrics, including the net present value (NPV), which
was calculated to determine the profitability of the process by
measuring the difference between the present value of cash
inflows and outflows over the project's lifetime. The discount
rate, r, is used in the NPV calculation to convert future (after-
tax, pre-financing) project cash flows to present value. The
discount rate is typically assumed to be equal to the weighted
average cost of capital (WACC) under standard financial
conditions. The WACC reflects the average rate of return
required by all investors to finance the company's assets and
serves as a critical threshold for investment decisions. A
project yielding a positive NPV, particularly when calculated
with a discount rate equal to the WACC, indicates its ability to
generate returns exceeding its capital costs, thus showcasing
its economic viability. The WACC was calculated according to
standard financial formulas, ensuring an accurate reflection of
the cost of equity and debt involved in the project. Accumu-
lated cash flows were also determined, involving the projection
of net cash inflows and outflows over time, discounting them
to present value, and summing them to evaluate overall
financial performance over the project duration. Additionally,
the operating profit margin (also known as Earnings Before
Interest and Taxes, EBIT) was assessed to evaluate the effi-
ciency of the process in converting revenue into profit after
covering operating expenses. The return on investment (ROI)
was calculated to measure the profitability relative to the cost
of investment. The complete TEA methodology including the
formulas for WACC, NPV, EBIT, and ROI determination are
provided in the SI (SI-II, Section 2.5).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Results

3.1. Characterisation of the initial sample

XRD analysis identified the main crystalline phases in the spent
automotive catalyst powder as cordierite (Mg,Al;Sis04g), taz-
heranite ((Zr,Ti,Ca)O,), cerianite (CeO,), and corundum (Al,O3).
The PGM content, determined by ICP-OES after acid digestion,
was 1700 mg per kg Pd, 943 mg per kg Pt, and 272 mg per kg Rh
based on the monolith-powder composition. The full elemental
composition is presented in Table S3 (SIIV, Section 4.1).
Particle size distribution (Fig. S3, SI-IV, Section 4.1) indicates
that more than 50 wt% of the sample consists of particles with
sizes <0.5 mm.

3.2. Microwave-assisted leaching (MWAL) optimisation

Fig. 1a, presents the extraction efficiencies of PGMs using
MWAL in the two leaching systems at three temperatures. A
clear positive correlation is observed between leaching
temperature and the extraction efficiencies of Pt and Rh in
both leaching systems. At 200 °C, the highest efficiencies were
obtained: 95 + 1% Pd, 102 + 7% Pt, and 107 4+ 18% Rh with
6 M HCI, and 90 + 1% Pd, 96 + 1% Pt, and 93 + 18% Rh with
1.5 M HCI + 1.5 M NaCl. These results are consistent with
previous reports.** Extraction efficiencies exceeding 100% are
most likely due to a combination of sample heterogeneity and
analytical uncertainties. Material heterogeneity can lead to
differences in metal distribution between the aliquots used for
initial characterisation and leaching experiments. In addition,
ICP-OES signals may be slightly affected by matrix effects (6 M
HClvs. 1.5 M HCI + 1.5 M NaCl). The relatively large error bars
observed for Rh reflect its low concentration in the sample,
where small absolute deviations translate into pronounced
relative variability between initial sample and leachates
analyses. Therefore, values exceeding 100% should be inter-
preted as near-complete extraction within experimental
uncertainty.

Although PGM extraction was slightly lower with the diluted
HCI + NaCl system (see Tables S4 and S5; SI-IV, Section 4.1), this
leaching medium demonstrated superior selectivity toward
PGMs, significantly reducing the co-extraction of matrix
elements such as Al, Ce, and Mg. As shown in Fig. 1b, the
enhanced selectivity resulted in nearly 50% lower mass loss
compared to the 6 M HCI system.

From an industrial perspective, the liquid-to-solid (L/S) ratio
is a crucial parameter that influences throughput and down-
stream processing. As shown in Fig. 1c, reducing the L/S ratio
from 10 to 5 caused only a marginal decrease in PGM extraction
efficiency, while generating a more concentrated leachate
(detailed composition in Table S6; SI-IV, Section 4.1). Fig. 1d
confirms improved selectivity at lower L/S, and Fig. 1e high-
lights the corresponding decrease in mass loss and energy
demand. The latter is attributed to the reduced solution volume
per unit mass of catalyst, decreasing the energy required to heat
the leaching medium. These findings underscore the potential
for resource and energy efficiency gains through optimisation of
the L/S ratio.
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The PGM-rich leachates obtained under these optimised
MWAL conditions were subsequently subjected to GDEx for the
selective recovery of PGM.

3.3. Gas-diffusion electrocrystallization (GDEx) optimisation

Following MWAL, the GDEx process was employed to recover
the PGMs from leachates generated using two different leaching
systems: 1.5 M HCI + 1.5 M NaCl and 6 M HCI, both conducted
at 200 °C and a L/S ratio of 10.

The comparative performance of the GDEx process under
both leaching systems is summarised in Table 1, with a detailed
visual representation provided in Fig. 2 for the 1.5 M HCI +
1.5 M NaCl leachate. The results demonstrate the high effi-
ciency and selectivity of GDEx for the recovery of PGMs from

2734 | RSC Sustainability, 2026, 4, 2729-2747

complex multielement leachates. These solutions contained
more than 27 different chemical elements, with major matrix
components including Al, Fe, Ce, La, Zn, Mg, Ca, Sr, and Nd.
Some matrix element concentrations, particularly Al, reached
values as high as 11 g L' (Tables S4-S6; SI-IV, Section 4.1),
whereas PGM concentrations ranged from 20 to 270 mg L.
Despite the compositional complexity and the large excess of
matrix elements relative to PGMs, the GDEx process consis-
tently achieved near-complete PGM removal, with yields
approaching 100% metal conversion efficiency (solution-to-
solid phase) across all tested current densities (10 mA cm > to
200 mA cm ).

The high selectivity can be rationalised by the marked
difference in thermodynamic reducibility between PGM

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 GDEx metal extraction performance for the different MWAL leaching solutions at different current densities

Leaching solution: 1.5 M NaCl + 1.5 M HCl

Leaching solution: 6 M HCI

Conditions 10 mA cm ™2 40 mA cm 2 200 mA cm 2 10 mA cm 2 40 mA ecm ™2 200 mA cm >
Metal removal (%) Pd: 100 Pd: 95.5 Pd: 100 Pd: 98.7 Pd: 96.9 Pd: 96.2
Pt: 98.7 Pt: 99.2 Pt: 100 Pt: 86.4 Pt: 88.1 Pt: 94.0
Rh: 98.5 Rh: 95.5 Rh: 100 Rh: 50.9 Rh: 31.6 Rh: 39.4
Average removal rate 0.18 £ 0.03 0.25 £ 0.03 0.57 £ 0.07 0.10 0.22 0.48
(mg L' min~! em™?)
Final pH <0 0.14 + 0.02 0.42 £+ 0.02 <0 <0 <0
Cathode potential (VAg/Agcl) —0.29 £+ 0.02 —0.35 + 0.02 —0.60 £+ 0.05 —0.25 £+ 0.02 —0.36 = 0.04 —0.49 £+ 0.02
Cell voltage (V) 1.44 £+ 0.03 1.62 + 0.2 3.45 + 0.11 1.38 £ 0.03 1.48 £+ 0.02 2.94 + 0.04
Charge density (C mgpgy %) 32.1£0.1 97.2 + 0.1 205 + 0.1 58.2 107.1 247.9
Energy (kWh kgpanm ) 15+2 4447 202 + 3 23 44 203
a) Volume charge density (C L) b) Volume charge density (C L) c) Volume charge density (C L)
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Fig.2 GDEx treatment of the MWAL leachates under different current densities: (a—c) evolution of Pd, Pt, and Rh concentrations in the 1.5 M HCl
+ 1.5 M NaCl MWAL leachate during GDEXx at (a) 10 mA cm™2, (b) 40 mA cm™2, and (c) 200 mA cm™2, with corresponding SEM and TEM images of
the recovered nanoparticles and pie charts showing their elemental composition.

chloride complexes and the major matrix elements present in
the leachates. Under CO,-fed GDEx conditions, electro-
generated H, and CO act as mild reducing agents. For PGM
chloro-complexes, reduction to the metallic state by H, and/or
CO is thermodynamically favourable, as indicated by the
negative Gibbs free energy values calculated by the corre-
sponding reactions (SI-III). In contrast, analogous reduction
reactions involving main matrix elements are not thermody-
namically favourable under the same conditions. Selectivity is

© 2026 The Author(s). Published by the Royal Society of Chemistry

further reinforced by the GDEx operating environments. Gas
evolution and mass-transport limitations at the gas-diffusion
electrode suppress conventional electrodeposition of less
noble metals, while CO,/HCO; buffering and the acidic bulk
pH limit hydroxide precipitation of matrix elements.

While the thermodynamic framework explains the prefer-
ential recovery of PGMs over the matrix elements, the extent and
rate of PGMs removal are governed by the applied operating
conditions. As shown in Fig. 2, increasing the current density
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accelerates the precipitation and removal efficiencies of PGMs.
This is attributed to the enhanced in situ generation of reducing
gases (H, and CO), which promote faster reaction kinetics as
their concentration in the electrolyte bulk increases. However,
this also leads to a higher energy consumption per unit mass of
recovered metal (Table 1), suggesting that a significant fraction
of the electrogenerated gases remains unreacted and is thus lost
from the system. These findings underscore the need for
a balanced optimisation approach that maintains high recovery
efficiency while minimising energy input. Critical process
parameters, such as current density, gas utilisation, and elec-
trode surface area, must be carefully tuned in relation to the
target processing capacity and operational constraints to iden-
tify the most energy- and resource-efficient operating condi-
tions. The broader implications for process design and energy
demand are further discussed in the following sections.

Table 1 shows that both the 6 M HCI and the 1.5 M HCI +
1.5 M NaCl leachates achieved similar PGM precipitation effi-
ciencies and energy consumption, enabling complete and
selective metal recovery. However, under the more aggressive
6 M HCI conditions, Rh recovery was slightly less effective.
Moreover, the highly acidic environment led to significant
corrosion of the stainless-steel mesh used in the GDE, as evi-
denced by the increased concentrations of Fe, Ni, Cr, and Mn
compared to their initial values in the leachate (Table S7; SI-IV,
Section 4.2). Although GDE corrosion was mitigated at 200 mA
em ? due to enhanced cathodic protection, it remained
substantial. In contrast, minimal corrosion was observed when
using the 1.5 M HCI + 1.5 M NacCl system. The colour change of
the leachates during GDEx (Fig. S4, SI-IV, Section 4.2) further
supports these findings: the 1.5 M HCI + 1.5 M NaCl leachate
turned transparent upon PGM removal, while the 6 M HCI
solution turned green, indicating GDE corrosion.

The products recovered from the treatment of the 1.5 M HCI
+ 1.5 M NaCl leachate via the GDEx process were further char-
acterised, as shown in Fig. 2. The materials consisted of NPs of
approximately 5 nm in size (TEM images), which tended to
agglomerate into larger clusters (SEM images). The chemical
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composition of the three precipitates (pie charts and Table S8;
SI-IV, Section 4.2) was highly similar, with PGMs accounting
between 83% and 91% of the total mass, with Cu and Pb
identified as the primary impurities. XRD analysis confirmed
their metallic nature (Fig. S5, SI-IV, Section 4.2), and STEM-
EDXS analysis (Fig. S6 and Table S9; SI-IV, Section 4.2)
revealed a homogenous distribution of Pt, Pd, and Rh within
the NPs, indicating the formation of a ternary alloy.

After assessing the effects of current density and leachate
composition, additional operational parameters were evaluated
to optimise GDEx for PGM recovery. These included the CO, gas
flow rate, cathode material, application of sonication, anolyte
composition, and L/S ratio during the leaching process. The
base case for comparison, detailed in Table S10 (SI-IV, Section
4.2), employed a CO, gas flow rate of 200 mL min ', an applied
current density of 40 mA cm 2, 5 M NaCl as anolyte, and a GDE
incorporating a stainless-steel mesh. The corresponding
leachate was produced using a L/S ratio of 10 during the MWAL
step. These conditions were chosen to investigate strategies for
maximising PGM recovery, minimising energy consumption,
and improving system stability.

As shown in Table 2 and Fig. S7 (SI-IV, Section 4.2), several
key findings emerged. Reducing the CO, gas flow rate from 200
to 20 mL min~" did not compromise PGM recovery or increase
energy consumption (Fig. S7b; SI-IV, Section 4.2), implying
a more efficient gas utilisation. Transitioning to a flow-through
(FT) gas regime and applying sonication, either individually or
in combination, further enhanced PGM recovery rates (Fig. S7c
and d; SI-IV, Section 4.2), likely due to improved mass transfer
and reduced diffusion limitations. However, sonication signif-
icantly increased energy consumption, reaching 545 kWh per kg
of PGMs. Notably, the FT configuration also reduced CO, usage
to as low as 5 mL min~ ", Substituting the 5 M NaCl anolyte with
3 M Na,S0, had no adverse effect on PGM recovery (Fig. S7e; SI-
IV, Section 4.2) but eliminated chlorine gas formation,
addressing a key environmental concern.

Two strategies were investigated to mitigate cathode corro-
sion, particularly affecting the stainless-steel mesh used in the

Table 2 GDEx metal extraction performance at different operating conditions (CO, flow regime and flow rate, sonication, anolyte composition,
and GDE material). Default conditions: 40 mA cm™2, flow-by (200 mL min™?), VITO-CoRE® GDE with stainless steel mesh, and liquid-to-solid
ratio (L/S) of 10 in the leaching process. The catholyte and anolyte volumes were 100 and 250 mL, respectively, and the electrolyte recirculation

flow rate was 100 mL min~! for all cases

Default CO, - 20 mL min™* Anolyte GDE-Ti
Conditions conditions (FB) CO, - FT Sonication Na,SO, mesh L/S=5
Metal removal at Pd: 95.5 Pd: 95.8 Pd: 100 Pd: 100 Pd: 100 Pd: 100 Pd: 100
¢t =120 min (%) Pt: 99.2 Pt: 93.6 Pt: 100 Pt: 100 Pt: 100 Pt: 98.7 Pt: 100
Rh: 95.5 Rh: 87.5 Rh: 100 Rh: 89 Rh: 96.8 Rh: 94.9 Rh: 100
Average removal rate 0.25 0.21 0.33 0.33 0.26 0.27 0.72
(mg L™ min™" em™?)
Cathode potential (V) —0.35 £ 0.02 —0.42 + 0.02 —0.40 £ 0.02 —0.38 +0.01 —0.51 £0.02 —0.43 £0.02 —0.66
Anode potential + S(IR) (V)  1.27 £0.01  1.89 & 0.05 1.22 £ 017  1.31 + 0.01 242 +£0.09 124 40.02 1.24
Cell voltage (V) 1.62 £ 0.2 2.31 £ 0.06 1.62 £ 0.17 1.69 £ 0.02 2.93 £ 0.11 1.67 £ 0.03 1.90
Charge density (C mgpgy ') 97.2 115.2 72.3 73.0 91.0 89.0 33.3
Energy GDEx (kWh kgpgy 1) 44.4 74.5 32.4 34.0 73.9 41.4 17.5

2736 | RSC Sustainability, 2026, 4, 2729-2747
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GDE. As previously noted, increasing the current density
provides cathodic protection, thereby reducing corrosion.
However, this approach entails higher energy consumption and
reduced operational flexibility. To address this, the replacement
of the stainless-steel mesh with Ti was evaluated. Ti offers
superior corrosion resistance in harsh environments, including
acidic and brine solutions, making it a promising alternative.*®
Although it is intrinsically less active toward hydrogen evolu-
tion, its electrochemical performance and chemical stability
can be significantly enhanced with a carbon-based coating, as
implemented in this study. This strategy was validated by the
results shown in Fig. S8 (SI-IV, Section 4.2), which demonstrated
comparable hydrogen evolution performance between Ti and
stainless steel meshes. Significantly, replacing stainless steel
with Ti in the GDE effectively prevented corrosion without
compromising PGM recovery (Table 2 and Fig. S7f; SI-IV,
Section 4.2), thereby enhancing electrode durability.

Additionally, different L/S ratios during MWAL were evalu-
ated for their impact on the subsequent GDEx process. A lower
L/S ratio of 5, previously shown to yield leachates with higher
metal concentrations, also significantly impacted GDEx
performance. As shown in Table 2, it led to higher recovery rates
and reduced energy consumption. However, the increased
metal content also elevated the resulting leachate pH (0.61 vs.
—0.13 for L/S = 10), raising the risk of co-precipitating non-
targeted matrix elements during GDEx. Given that the electro-
chemical generation of H, and CO further increases the cath-
olyte pH, processing L/S = 5 leachates could result in pH values
exceeding 2 (Fig. S9; SI-IV, Section 4.2), triggering the precipi-
tation of elements such as Al, Fe, Si, and Ce (Table S11; SI-IV,
Section 4.2). To prevent this, a continuous pH adjustment
protocol was implemented to maintain the pH below 1,
ensuring selective PGM recovery as illustrated in Fig. S10 (SI-IV,
Section 4.2).

3.4. MWAL-GDEXx integration for leachate reuse

The integration of MWAL with GDEX, illustrated in Fig. 3a, was
explored as a strategy to enhance the sustainability of the
proposed PGM recovery pathway. This approach involved
reusing the GDEx effluent (i.e., the PGM-depleted leachate) as
the leaching solution (lixiviant) in subsequent MWAL steps. The
goal was to reduce water and reagent consumption (HCI and
NaCl), minimise waste generation, and potentially improve the
selectivity for PGMs. All tests were conducted at a L/S ratio of 10.

As shown in Fig. 3b and c, the recycled leachate achieved
PGM extraction efficiencies (relative deviation of <15%)
comparable to those obtained using fresh leaching solutions,
even after three consecutive MWAL-GDEX cycles. To maintain
consistent leaching performance, the pH of the recycled lix-
iviant was adjusted with 3% v/v HCI (0.36 M) to match that of
the original solution (1.5 M HCI).

Fig. 3b and c also reveal a gradual decrease in the dissolution
of matrix elements (i.e., Al, Ce, Fe, and Mg) over successive
cycles. This corresponds with a decline in the overall mass loss
of the automotive catalyst material (Fig. 3c), suggesting that the
leachate becomes progressively saturated with non-PGM

© 2026 The Author(s). Published by the Royal Society of Chemistry
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elements. As the solubility of their chloride species is
approached, the leaching yield of these matrix elements
diminishes. In contrast, PGM extraction remains stable owing
to the higher stability and solubility of their chloro-complexes
in the lixiviant.

Finally, Fig. 3d highlights the robustness of the GDEx
process in selectively recovering PGMs from the recycled
leachates, consistently achieving metal conversion efficiencies
above 95% for all three PGMs, across all three cycles. These
findings demonstrate the technical feasibility of closed-loop
leachate reuse and its potential to reduce the environmental
impact of the overall recovery process.

3.5. Electrocatalytic application of GDEx-Recovered PGM
nanoparticles in methanol oxidation

One of the distinguishing features of the GDEx process is that
the PGMs are recovered as nanoparticles (NPs). To explore
value-added applications beyond metal recovery, the GDEx-
recovered PGM NPs were directly evaluated as electrocatalysts
for fuel cell reactions, with a focus on the methanol oxidation
reaction (MOR). Direct methanol fuel cells (DMFCs) are attrac-
tive for powering portable electronics, with Pt being the
benchmark catalyst for MOR. However, Pt suffers from
poisoning by adsorbed CO (CO.qs), a key intermediate in MOR,
which hinders its commercial viability.** Alloying Pt with other
metals has been proposed as a strategy to improve CO tolerance.
Multimetallic Pt-based alloys, such as Pt-Pd-Rh alloy NPs,
similar in composition to the GDEx-recovered NPs, have
demonstrated enhanced MOR activity compared to their mono-
or bimetallic counterparts due to synergistic effects.?”

The electrochemical properties of the GDEx-recovered PGM
NPs, obtained from MWAL leachates (1.5 M HCI + 1.5 M NaCl
with L/S ratio of 10) at 10 mA cm ™2, 40 mA cm ™2, and 200 mA
cm ™2, were characterised in Ar-saturated 0.5 M H,SO, at room
temperature. For comparison, a commercial 20 wt% Pt/C cata-
lyst was used as a benchmark. The cyclic voltammograms (CVs)
(Fig. S11, SI-IV, Section 4.3) exhibited the characteristic
hydrogen adsorption-desorption region (between 0.050 and
0.350 V vs. RHE), confirming Ptlike surface behaviour.
Electrochemical surface area (ECSA) values, normalised to Pt
and total PGM content, are presented in Table 3. Notably, the
ECSA increased with higher GDEx current density, which also
correlates with a higher Pt content at the nanoparticle surface
(Table S9), resulting in more electrochemically active sites for
hydrogen adsorption. This behaviour likely arises from differ-
ences in the reduction mechanisms of the PGM precursors
during GDEX, although a detailed mechanistic analysis lies
beyond the scope of this work.

MOR activity was evaluated in Ar-saturated 0.5 M H,SO, +
1.0 M methanol; the current density at the peak potential was
normalised to the Pt or total PGM loading to calculate the mass
activity (MA) and to the ECSA to determine the specific activity
(SA), as shown in Table 3 and Fig. S12 (SI-IV, Section 4.3). As the
same metal loading term is used in both the MA and ECSA
calculations, this factor cancels out in the expression for SA (See
SI-II, Section 2.3); consequently, the specific activity is

RSC Sustainability, 2026, 4, 2729-2747 | 2737
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Table 3 Electrochemical active surface area (ECSA), mass activity (MA), and specific activity (SA) for methanol oxidation of the PGM NPs
recovered with the GDEx process from spent automotive catalyst leachates

Normalised to Pt content

Normalised to PGM content

Sample ECSA (m* g™ ) MA (mA mg ™) ECSA (m* g™ ) MA (mA mg ™) SA (mA cm?)
10 mA cm > 17.2 £ 1.8 56.0 + 9.3 3.1+0.3 10.2 £ 1.7 0.33 + 0.05
40 mA cm ™2 48.5 + 9.0 96.6 + 15.7 9.1+ 1.7 18.1 £ 2.9 0.20 + 0.03
200 mA cm > 57.3 £5.5 241.7 £ 32.1 114+ 1.1 48.1 + 6.4 0.42 4+ 0.06
Pt-Carbon 479 + 1.2 340 + 26.0 — — 0.71 + 0.06

independent of whether Pt or total PGM loading is applied, and
only a single value is reported. Among the GDEx-recovered
materials, the NPs produced at 200 mA cm > exhibited the

2738 | RSC Sustainability, 2026, 4, 2729-2747

highest overall catalytic performance toward MOR, with both
MA (247.1 mA mgp, ') and SA (0.42 mA cm™?) reaching their
maximum values. Although this activity remained lower than
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that of commercial Pt/C, which showed an MA of 340 mA mgp, *
and SA of 0.71 mA cm™ >, the GDEx recovered NPs displayed
clear activity without additional purification or post-synthesis
optimisation. The improved performance of the 200 mA cm >
sample is consistent with its larger ECSA and is associated with
the higher Pt surface content (Table S9; SI-IV, Section 4.3),
which enhances the number and intrinsic activity of accessible
catalytic sites.”®*

Accelerated durability was assessed over 1000 CV cycles
(Fig. S12c, SI-IV, Section 4.3). For the NPs produced at 10 mA
cm 2 and 40 mA cm 2, the current density increased during the
initial ~100 cycles, whereas the sample obtained at 200 mA
em > reached its peak around 400 cycles. This initial
enhancement is attributed to progressive surface cleaning or
dynamic restructuring of the NP surface.*®* Beyond this peak,
all samples exhibited a gradual decline in activity. After 1000
cycles, the MA of the 200 mA cm 2 sample retained approxi-
mately 85% of its maximum value, while the other two materials
maintained around 50%. In contrast, commercial Pt/C retained
only 26% of its activity after the same durability protocol,
indicating that the GDEx-recovered multimetallic NPs, although
less active initially than Pt/C, exhibit superior stability under the
tested MOR conditions. When benchmarked against literature,
the 200 mA cm > GDEx-recovered NPs showed comparable
activity to selected pure Pt nanomaterials, such as Pt NP
assemblies (MA = 239 mA mgp, )* and high-surface-area Pt
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nanotubes (MA = 200 mA mgp, ').** Their activity was lower
than that of commercial Pt/C and literature-reported Pt-Pd-Rh
catalysts deliberately engineered for MOR, including Pt-Pd-Rh
mesoporous nanospheres (SA = 1.41 mA cm ™ ?)*” and Pt-Rh-Pd
alloy nanochains (SA of 1.48 mA cm ™ ?).*> Nevertheless, their
higher durability compared with Pt/C highlights a potential
advantage of the GDEx-recovered multimetallic composition.
Importantly, these results were obtained without additional
pretreatment (e.g., milling to reduce agglomeration), suggesting
potential for further performance improvements. These find-
ings do not aim to establish the GDEx-recovered materials as
state-of-the-art MOR catalysts but rather provide proof of
concept that GDEx can recover PGMs directly as functionally
active electrocatalytic nanoparticles. This demonstrates
a potential upcycling pathway beyond conventional recycling
routes based solely on producing enriched PGM intermediates
for further refining.

3.6. Life cycle assessment (LCA)

This section presents the potential environmental impacts of
PGM recovery from automotive catalysts via the combined use
of sample milling, MWAL, and GDEx technologies (Fig. 4).
Tables S12-S14 (SI-IV, Section 4.4) summarise the impacts by
process stage (base case), disaggregated contributions, and
scenario comparisons (base case vs. alternative scenarios). We
complemented the deterministic results with a Monte Carlo

a) 100 b) 100 DAir emission (GDEx)
| O Waste supernatant (GDEx)
80 80
OWaste anolyte (GDEx)
60 - 60 DOTap water (GDEx)
X 40 BCO, (GDEx)
40 X ENaCl (GDEx)
| 20 DElectricity (GDEx)
20 4
OWaste (MWAL)
0 55 EHCI (MWAL)
U A & v v U a X & ¥ o o &
S 882 £ E <Y Es35 38 BElectricity (MWAL)
B Milling B MWL B GDEx 40 WElectricity (Milling)
C) 100
X80
60 - =
cc oD POF PM HTnc HTc AC EP ETX WF ADff Ade CED

M200 mAcm2and NaCl [E40 mAcm2and NaCl [E200 mA cm 2 and Na,SO,

Fig. 4 Environmental performance of the integrated MWAL-GDEXx process. (a) Contribution of each process stage to total environmental
impacts under the base case scenario (200 mA cm~2 and NaCl electrolyte). (b) Disaggregated environmental impacts across all categories for the
base case scenario. (c) Comparison between the base case and alternative scenarios across impact categories. The y-axis is truncated (60-100%)
to emphasise relative differences among impact categories. Impact categories include: climate change (CC), ozone layer depletion (OD),
photochemical ozone formation (POF), particulate matter formation (PMF), human toxicity-cancer (HTc), human toxicity-non-cancer (HTnc),
acidification (AC), eutrophication (EP), freshwater ecotoxicity (ETX), water footprint (WF), abiotic resource depletion-elements (ADe), abiotic
resource depletion-fossil fuels (ADff), and cumulative energy demand (CED).

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2026, 4, 2729-2747 | 2739


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6su00190d

Open Access Article. Published on 14 kvtna 2026. Downloaded on 24.06.2026 3:24:23.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

uncertainty analysis. As expected for attributional LCA, which
draws on heterogeneous datasets, uncertainty is higher for ETX,
HT-c, HT-nc, and WF. These impact categories are therefore
interpreted qualitatively/indicatively, while the hotspot diag-
nosis and scenario ranking rely primarily on categories with
lower relative uncertainty (e.g., CC, CED, and AC). A hotspot
analysis was conducted to identify opportunities for improve-
ment (Table S12; SI-IV, Section 4.4).

Based on the results shown in Fig. 4a, MWAL exhibits the
highest contribution to the overall impact, accounting for an
average of 70.7%, both in total and across individual impact
categories. GDEx ranks as the second-largest contributor, rep-
resenting an average of 27.4%, while the impact of sample
milling is negligible.

To further understand the sources of environmental impact,
the results were disaggregated by input/output contributions
(Fig. 4b). This indicates that electricity consumption in MWAL
is the single largest contributor, responsible for approximately
49.2% of the total average impact. In contrast, the second-
largest contributor is the HCI used in the MWAL process,
averaging 20.7% of the impacts, followed by the neutralisation
and precipitation treatment modelled for the GDEx waste
supernatant, which represents 16.8% of the total impact.

The environmental assessment highlights energy
consumption as the primary contributor. Therefore, improving
energy efficiency must be the primary focus for future devel-
opments. While laboratory-scale experiments inherently
demand more energy, upscaling offers significant opportuni-
ties, as larger systems are typically more energy-efficient than
laboratory equipment. In the LCA simulation, a heat
exchanger—proposed in the pilot-scale design of the PEACOC
project—was integrated to recover heat from the outgoing
leachate of the MW reactor, allowing pre-heating of the
incoming feed and achieving an estimated 30% reduction in
heating demand. Further research could evaluate additional
heat recovery strategies at pilot scale, as well as other energy-
saving measures, to lower overall energy requirements. Using
renewable electricity instead of the European electricity mix—
which includes fossil sources—results in an average reduction
of 43% across all impact categories, and a 60% reduction
specifically in the CC category.

The second major contributor to the process is HCI
consumption in MWAL. Reducing the use of this reagent—
through process adjustments and potential partial substitu-
tion—was already an objective during the laboratory phase, and
LCA results were obtained under the laboratory scale optimised
conditions. Nevertheless, the full potential should be further
investigated and validated during process scale-up.

In addition to these two key aspects, improvements already
tested at laboratory scale, such as the use of lower chemical
concentrations and shorter reaction times, also contributed to
reducing the footprint. These combined strategies substantially
enhance the sustainability of the MWAL process on an indus-
trial scale.

For GDEx, additional impact reductions may require alter-
native treatment approaches, as effluent recirculation is already
optimised within the process. Nonetheless, further mitigation
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could be achieved by exploring alternative waste treatment
strategies, particularly to minimise the impacts associated with
the neutralisation and precipitation steps.

From an experimental standpoint, several strategies were
tested to optimise the GDEx base case scenario in terms of both
environmental and technoeconomic performance. First, the
effect of reducing the current density from 200 mA cm™2 to 40
mA cm > was evaluated. This adjustment led to decreased
energy consumption but required a higher CO, flow rate and an
increased number of unit cells (from 6 to 16) as discussed in the
TEA. As shown in Fig. 4c, this scenario offered a modest envi-
ronmental improvement, reducing the average overall impact
by approximately 2.6%.

Second, the substitution of NaCl in the anolyte with Na,SO,,
aimed at eliminating Cl, gas formation, was also assessed.
While this approach avoided Cl, emissions, the overall average
impact increased by 2.4% compared to the base case, except for
ETX, which decreased by 15.3% due to the elimination of
chlorine gas. However, given the high uncertainty shown in this
impact category, this specific result should be regarded as
indicative rather than conclusive. This increase is attributed to
higher power consumption and the greater quantities of Na,SO,
required, along with its associated environmental impact.

In essence, these findings highlight two main levers (i) the
importance of targeting energy efficiency (equipment and heat
integration) in the MWAL step and (ii) GDEx effluent manage-
ment to improve the overall sustainability of the process. While
alternative configurations provided modest gains, combining L/
S optimisation, closed-loop leachate reuse, reagent optimisa-
tion, and low-carbon electricity offers the most significant
pathway to footprint reduction.

3.7. Techno-economic assessment (TEA)

A TEA was conducted to evaluate the scalability and profitability
of the integrated MWAL-GDEx process for PGM recovery,
aligned with the PEACOC project KPIs. The model considered
the treatment of 50 L h™" of leachate, based on laboratory-
optimised parameters: a L/S ratio of 5 in MWAL (with leach-
ing efficiencies of Pt: 92.2 £ 3.0%; Pd: 84.8 £ 8.3% and Rh: 84.2
+ 9.1% according to experimental results), a flow-through CO,
regime, and 200 mA cm ™~ in the GDEx unit. This setup corre-
sponds to a feed of 7.4 spent automotive catalysts per hour
(monolith-only mass approximately 1.5 kg each; total: 11.1 kg
h™") and an annual PGM-NP yield of approximately 224 kg. The
assumed product purity of approximately 90% w/w is based on
the GDEx product composition shown in Fig. 2 and quantified
in Table S8 (SI-IV, Section 4.2). Although smaller than central-
ised pyrometallurgical facilities, this scale reflects modular
deployment near dismantling hubs, with potential replication
advantages. The complete list of assumptions for the TEA is
shown in Table 4. A full mass and energy balance of the opti-
mised and integrated process was carried out and is presented
in Fig. 5a, aiming to minimise waste streams and reduce feed-
stock consumption (e.g., water and NaCl, as indicated by
crossed-out streams in Fig. 5a). Additionally, the recirculation
of the PGM-depleted solution back to the MWAL stage was
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Table 4 Assumptions considered in the techno-economic assessment

View Article Online

RSC Sustainability

Parameter

Value/description

Operation duration

Time horizon (years)

Process flow rate (L h™")

Anolyte flow rate (L h™)

PGM content in in spent automotive catalyst monolith (mg kg™*)
PGM leaching efficiency in MWAL step, L/S = 5 (%)

PGM recovery efficiency, GDEx (%)

PGM settling-washing efficiency (%)

PGM purity in product after GDEx step (wt%)

Current density in the GDEx stack (mA cm ™ ?)

Input feed cost (€ per spent automotive catalytic converter)
Average catalyst monolith mass per automotive catalyst unit (kg per unitc)
Electricity cost (€ per MWh)

FT-CO, gas flow regime (L per h per cell)

PGM market price (€ per kg)

Selling price (to smelter) of PGM-NP product (€ per kg)

Lang factor for CAPEX

Uncertainty factor applied to CAPEX and OPEX (%)

General maintenance (contribution to OPEX) (%)

330 days per year

10

50

20

Pt: 943, Pd: 1700, Rh: 272

Pt: 92.2, Pd: 84.8, Rh: 84.2

95 (based on dissolved PGM fraction)
95

90

200

172.8

1.5

200

7.8

Pt: 68485, Pd: 52195, Rh: 283 574
67231

3

20

10% of preliminary OPEX (excluding spent AC cost)
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Fig. 5 Techno-economic performance of the integrated MWAL-GDEX process. (a) Mass and energy balance of the integrated process (MWAL
operated at liquid-to-solid ratio, L/S ratio = 5; GDEx at 200 mA cm™2). (b) Breakdown of the capital (CAPEX) and operational (OPEX) expenditures.
(c) Cumulative cash flow and net present value (NPV) of the integrated process.
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considered to enhance resource efficiency, with its technical
feasibility demonstrated in Section 3.4.

Based on the GDEx product composition and average
January 2026 PGM prices (Pt: 2448 $ per troy oz or 68,49 k€ per
kg; Pd: 1866 $ per troy oz or 52,20 k€ per kg; Rh: 10 138 per troy
oz or 283.57 k€ per kg), the gross (theoretical) metal value of the
recovered PGM blend is 70.77 k€ per kg. In the base scenario,
the GDEx product was assumed to be sold to a smelter/refinery,
representing a conservative and realistic lower-bound valor-
isation route. This assumption accounts for the fact that PGM-
containing intermediates are generally not paid at their full
theoretical metal value, because further assay, refining,
recovery, handling, and commercial deductions are required.
This base case therefore does not include any additional value
associated with the demonstrated nanoparticle nature and
electrocatalytic functionality of the GDEx product (which is
considered separately in the favourable selling-price scenario).
Accordingly, the selling price of the PGM blend product to
a smelter was estimated at 67.23 k€ per kg, which includes a 5%
deduction applied to the gross PGM value to account for typical
refining fees for a high-grade PGM concentrate (e.g., 90% w/w
PGM content).*

Whole (as-received, canned) end-of-life automotive catalyst
converters are typically traded at 40-50% of their contained PGM
value, depending on PGM loading, vehicle type/age, and market
fluctuations in PGM prices. This discount accounts for sampling/
assaying, logistics, processing losses, and recycler/refiner
margins. Based on a 1.5 kg monolith containing 4.37 g PGMs
(1.41 g Pt, 2.55 g Pd, 0.41 g Rh; Section 3.1), we assumed a feed
cost of 172.8 € per unit, corresponding to ~50% of the contained
PGM value, which is a conservative estimate in line with reported
market values for Euro V-VI passenger-vehicle catalysts.** The
decanning, milling and homogenisation steps prior to leaching
are explicitly included in the process mass and energy balance
and in the TEA (Fig. 5a, Tables S15 and S16 in the SI-IV).

Based on 2025 data, European industrial electricity prices
commonly range 100-200 € per MWh; we fix 200 € per MWh in
the base case to capture potential volatility.*®

The upscaled integrated process comprises seven semi-batch
MWAL reactors in the base case. Each MWAL reactor was
assumed to have a total volume of 1.5 L, with an effective filling
volume of 1.2 L. Reactor sizing was based on the complete
filling-to-filling operating cycle, including filling, microwave
heating, dwelling, emptying, and preparation for the next cycle.
This cycle was assumed to take approximately 8 min, corre-
sponding to an effective treatment capacity of about 9 L h™" per
reactor. Therefore, seven MWAL reactors provide sufficient
installed capacity for the nominal 50 L h™" case, while thirteen
reactors are required for the 100 L h™" case. The detailed sizing
assumptions and corresponding CAPEX/OPEX breakdown are
provided in the SI-IV, Section 4.5.

The MWAL step is followed by filtration to separate the non-
leached monolith residue, mainly ceramic matrix material,
from the PGM-bearing leachate. The filtered solid is washed to
recover residual leachate retained in the wet residue, including
remaining dissolved PGMs. To minimise fresh-water make-up,
washing is performed using recirculated process streams,
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including PGM-depleted supernatant after GDEx/settling and
spent wash water from downstream PGM-NP washing. The
resulting wash streams are recirculated within the integrated
process to reuse acidic/chloride-containing liquor in the
leaching step (refer to Fig. 5). The clarified PGM-bearing
leachate is then fed to the continuous GDEX unit.

The GDEx unit employs a six-cell stack, with each cell
featuring electrodes with a surface area of 325 cm”. This
configuration is based on extrapolated performance data at
a current density of 200 mA cm™?, corresponding to a charge
requirement of 25 252 C L™, as determined experimentally. To
optimise material and energy efficiency, the reactor design
incorporates shared anodes and gas chambers between adja-
cent cells. A mixed series-parallel electrical configuration is
employed to balance voltage control and current distribution
across the stack, ensuring a stable power supply during
operation.

Capital and operational expenditures (CAPEX and OPEX)
were estimated using a Lang Factor of 3, appropriate for pro-
cessing plants with accounted construction, instrumentation,
and indirect costs; and a 20% contingency to cover potential
overruns. Under the baseline conditions (200 mA cm™2), the
CAPEX was estimated at 1.41 M€, OPEX at 13.00 M€ per year,
and with annual revenues at 15.08 M€ per year, resulting in
a 13.9% operating profit margin (Fig. 5b and c). A detailed cost
breakdown is provided in Tables S15-S18 (SI-IV, Section 4.5).
Notably, spent automotive catalyst feed accounts for ~94.4% of
OPEX and represents an exogenous factor. An alternative
configuration of operating GDEx at 40 mA cm > (Fig. $13; SI-1V,
Section 4.5) required 16 GDEXx cells to deliver the 14400 C L™"
needed for PGM recovery at this current density, compared to
the 200 mA cm ™ six-cell stack baseline. This configuration
leads to a modest increase in CAPEX (1.49 M€) and OPEX (13.08
M<€ per year), mainly due to the larger number of unit cells in
the electrochemical stack and peripherals, and higher CO,
demand (140 L h™" vs. 47 L h™%), despite lower per cell power
input, respectively. In addition, the 200 mA cm 2, six-cell
configuration shows a lower environmental footprint (see LCA
section) and is therefore adopted as the reference case.

The net present value (NPV) was used to assess the economic
viability of the integrated MWAL-GDEX process, representing
the difference between the present value of expected cash
inflows and outflows over the project's lifetime. A positive NPV
indicates returns that exceed capital costs. The analysis, based
on the assumptions in Table S19 (SI-IV, Section 4.5), included
CAPEX, OPEX, and projected revenues over a 10 year period,
with a 3% annual inflation rate applied to adjust financial flows.
The invested funds comprise the initial CAPEX at year 0 (start of
the project) and the working capital requirement at year 1 (start
of operations), taken as 20% of sales. At the end of the operating
period (year 10), a residual value equal to 10% of CAPEX and the
recovery of working capital were included, as summarised in
Table S19 and reflected in the cash-flow structure reported in
Table S20. The discount rate (r), equated to the weighted
average cost of capital (WACC), was calculated at approximately
7% (refer to SI-II Section 2.5), which reflects the moderate to
high-risk profile typical of the recycling sector. Under these
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assumptions, the projected cumulative cash flows (Fig. 5¢ and
Table S20 in SI-IV) yielded an NPV of 9.08 M€, a return on
investment (ROI) of 645.0%, an internal rate of return (IRR) of
45.1%, and a four-year payback period, confirming the financial
robustness and profitability potential of the proposed value
chain. At break-even (NPV = 0), the base-case requires a PGM
product price of 59.24 k€ per kg (13.29 M€ per year revenues)
and limits the EoL converter cost to 197.86 € per unit.

Three alternative scenarios were evaluated to assess the
economic sensitivity of the integrated MWAL-GDEX process
(Table 5). These scenarios target the main economic drivers
identified from the OPEX breakdown: spent automotive catalyst
cost, treatment capacity, and product selling price. Electricity
price variation was not selected as a primary TEA scenario
because electricity contributes <0.5% of total OPEX under the
present assumptions. A 10% increase in spent automotive cata-
lyst cost (from 172.83 to 190.12 € per unit) raised the annual
OPEX to 14.22 M€, reducing the IRR to 18.3% and ROI to 199.8%,
and extended the payback period to eight years, indicating strong
sensitivity to feedstock pricing. Doubling the treatment capacity
to 100 L h ™" increased CAPEX to 1.80 M€ and OPEX to 25.37 M€
per year, respectively, but substantially improved financial
performance, with revenues reaching 30.16 M€ per year, an IRR
of 62.5% and an NPV of 21.65 M€, highlighting the benefits of
scale-up. Lastly, a +10% selling-price scenario for the synthesized
PGM-NPs (from 67.23 to 73.96 k€ per kg) was evaluated to
represent a potential functional-product pathway beyond the
conservative smelter/refinery route. This scenario was included
because product value directly affects profitability and because
the GDEx product is a high-PGM-content Pt-Pd-Rh nanoparticle
material with demonstrated electrocatalytic functionality, which
may justify higher-value applications compared with conven-
tional PGM-containing intermediates. The premium is bracketed
by two bounds: the refiner netback in the base case (lower bound,
PGM market value minus assay, homogenization, and refining
charges as previously described) and (ii) the value of an
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application-grade catalyst product (upper bound). A 10% uplift is
justified because the GDEx product meets key performance and
specification criteria—~90 wt% PGM, ~5 nm alloyed Pt-Pd-Rh
nanoparticles, and demonstrated electrocatalytic activity for
niche market applications (e.g;, methanol oxidation with stable
cycling, Section 3.5)—allowing direct use or minimal finishing
and avoiding dissolution/refining steps. Under this conservative
(=10%) premium, the metrics improve to IRR = 78.5%, NPV =
16.71 M€, and ROI = 1187.8%. Among the scenarios evaluated,
this case yields the highest break-even feedstock price (218.92 €
per unit), ie., the greatest tolerance to increases in EoL converter
cost.

Overall, the TEA demonstrates that the integrated MWAL-
GDEx process is economically robust under conservative
assumptions, with profitability primarily driven by feedstock
costs and the market valuation of nanoparticle products. While
smaller in scale than existing pyrometallurgical operations, the
modular and electrified nature of the process provides resil-
ience against feedstock volatility and an opportunity to target
high-value catalytic applications.

2.5. Policy and regulatory trajectory for decentralised
recovery

The results presented in this study not only validate the tech-
nical feasibility of a fully electrified MWAL-GDEX route but also
align with ongoing policy debates on critical raw materials,
recycling targets, and industrial resilience. The security of
supply of PGMs is already a global policy priority, with govern-
ments advancing circularity strategies and regulatory frame-
works to mitigate dependence on fragile, concentrated primary
supply sources. Within the EU, instruments such as the critical
raw materials act,*® the end-of-life vehicle (ELV) directive,*” and
the waste shipment regulation®® define strict requirements for
the collection, handling, and cross-border transport of PGM-
bearing materials. These rules ensure environmental

Table 5 Financial results of different scenarios alongside the base case (GDEx-leachate treatment flow rate of 50 L h™?, spent automotive
catalyst (AC) cost of 172.83 € per unit, and selling price of 90% w/w purity PGM product of 67.23 k€ per kg). Alternative scenarios include: (1) 10%
higher cost of the automotive catalyst (190.12 € per unit), (2) 100 L h~* treatment capacity, and (3) 10% higher selling price of PGM product (73.96
k€ per kg, by targeting a suitable market that acknowledges the higher added value of synthesizing nanoparticles, e.g., methanol fuel cells).
CAPEX stands for capital expenditure, OPEX for operational expenditure, NPV for net present value, IRR for internal rate of return and ROI for
return on investment. “Break-even product price” and “break-even feedstock price” denote, respectively, the minimum PGM selling price and
maximum end-of-life (EolL) automotive catalyst (AC) cost at NPV = 0

(1) Spent AC cost

(2) Treatment capacity:

(3) Selling price

Base case 190.12 € per unit 100Lh™! 73.96 k€ per kg
CAPEX/M<€ 1.41 1.41 1.80 1.41
OPEX/M<€ per year 13.00 14.22 25.37 13.00
Revenues/M<€ per year 15.08 15.08 30.16 16.59
NPV/M€ 9.08 2.81 21.65 16.71
IRR/% 45.1 18.3 62.5 78.5
ROI/% 645.0 199.8 1203.7 1187.8
Operating profit margin/% 13.9 5.8 16.0 21.7
Payback period/year 4 8 3 2
Break-even product price/k€ 59.24 64.76 57.70 59.24

per kg

Break-even feedstock price/

€ per unitgerac

(13.29 M€ per year)
197.86

(14.52 M€ per year)
197.86
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safeguards and traceability. However, they also lock the system
into large, centralised facilities and multi-actor logistics chains,
where leakages and inefficiencies persist.

Taken with our LCA, the case for modular, electrified hydro-
metallurgical units is conditional rather than universal. While
sitting close to dismantlers or pre-treatment centers can reduce
transport distances, hand-offs, and leakage risk, our hotspot
analysis shows that MWAL electricity demand and GDEx effluent
neutralisation dominate the impacts. Decentralised deployment,
therefore, improves sustainability only if (i) units are energy-
efficient (optimised L/S, heat management, microwave duty-
cycling), (ii) low-carbon, competitively priced electricity is avail-
able (grid or on-site renewables), and (iii) closed-loop leachate
reuse/pH control minimises neutralisation burdens. Under these
conditions—demonstrated in our scenarios with reduced energy
per kg PGM and effluent recirculation—local units can remain
fully compliant (permitting, wastewater, chain-of-custody, safety)
and still deliver system benefits by capturing low-grade or
dispersed streams that central facilities often miss. Absent these
conditions (e.g., carbon-intensive power, poor effluent manage-
ment), decentralisation may shift rather than reduce impacts.
Accordingly, policy that facilitates low-carbon power access,
proportionate permitting for small plants, and clear custody/
settlement rules would enable decentralised MWAL-GDEXx to
complement—not replace—central hubs.

Positioned within this regulatory and policy landscape,
decentralised MWAL-GDEX units represent a trajectory for
reconciling critical-material security with environmental
protection and industrial competitiveness. By bridging the gap
between fragmented collection and centralised refining, such
mobile or satellite systems could complement existing infra-
structure and help deliver on circular economy objectives.

4. Conclusions

This work demonstrates a fully electrified and modular route for
recovering and upcycling platinum-group metals (PGMs) from
end-of-life automotive catalytic converters by coupling
microwave-assisted leaching (MWAL) with CO,-fed gas-
diffusion electrocrystallization (GDEXx).

MWAL operated with 1.5 M HCI + 1.5 M NaCl (T =< 200 °C, L/S
= 10) achieved =90% PGM leaching while limiting matrix co-
dissolution at lower L/S. The subsequent GDEx step, run at
room temperature over 10-200 mA cm >, delivered >95%
solution-to-solid conversion of dissolved PGMs into ~5 nm Pt-
Pd-Rh nanoparticles with ~83-91 wt% PGM purity. Power
consumption varied from 15 to 202 kWh kg ', increasing with
current density. Optimising the L/S ratio improved recovery
kinetics and helped reduce energy input.

Recirculating the PGM-depleted GDEx effluent as MWAL lix-
iviant (L/S = 10) maintained PGM extraction efficiency after
minor pH readjustment (pH = —0.18). Over three cycles, leaching
became progressively more selective to PGMs, with reduced
matrix dissolution as the recycled leachate became enriched in
these species, while GDEx consistently delivered >95% conver-
sion of Pt, Pd and Rh. This supports leachate recirculation as
a practical lever to reduce reagent use, water demand, and waste.
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As-recovered PGM nanoparticles acted directly as MOR
electrocatalysts, reaching MA = 241.7 mA mgp, = (or 48.1 mA
mgpeym ), SA = 0.42 mA cm ™%, and ~85% retention after 1000
cycles—showing that the process upcycles PGMs into value-
added catalytic materials without post-treatments.

LCA identified MWAL electricity as the dominant hotspot
(~half of average impacts), followed by GDEx effluent neutral-
isation. Modelled 30% heat recovery and the use of low-carbon
electricity markedly reduces burdens (up to 60% in Climate
Change). Additional improvements include optimised L/S,
closed-loop leachate/pH control, and minimising Cl, genera-
tion via Na,SO, anolyte where appropriate.

At a modular scale of 50 L h™' leachate throughput, TEA
indicates economic viability under conservative assumptions
(operating margin 13.9%, NPV = 9.08 M€, IRR = 45.1%, 4-year
payback). Scaling up to 100 L h™" and/or valorisation of the
nanoparticle product further strengthens returns, while profit-
ability is sensitive to feedstock costs—typical for the sector.

Overall, MWAL-GDEx delivers a scalable, electrified route
that closes the PGM loop while directly upgrading recovered
metals into functional materials—linking circularity with
decarbonisation and creating a credible pathway for compliant,
decentralised recovery.
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