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Abstract

Pt and Pd, essential in diverse technologies yet limited in natural supply, necessitate sustainable
recovery from secondary resources. Metallurgical approaches using deep eutectic solvents (DESs) offer
greener and more selective routes for their extraction from acidic leachates. This study presents an
integrated computational and experimental approach with new non-ionic DESs for the mutual
separation of Pt(IV) and Pd(ll) from model solutions via solvent extraction. New tri-n-octylphosphine
oxide:carvacrol (TOCA) and lidocaine:carvacrol (LICA) DESs were developed. COSMO-RS predictions as
well as DSC, and FT-IR characterisation confirmed the strong hydrogen-bonding interaction and non-
ideal behaviour between the constituents of the mixtures. Extraction efficiency and selectivity in Pt
and Pd separation were optimised under varying conditions (DES type and composition, and HCI
concentration in the aqueous phase). TOCA demonstrated excellent selectivity for Pt(1V), with Xtgpg =
0.40, achieving 79.23% Pt and 18.74% Pd extraction efficiencies from 2 mol. L™! HCl, with a separation
factor of 19.21. Conversely, LICA with X; ;4 = 0.50 selectively extracted Pd (nearly complete) from 0.25
mol. L"YHCI, with only 26.43% Pt co-extraction. FT-IR, UV-visible, and pH measurements suggested a
neutral ion-pair association mechanism facilitated by proton co-extraction. Efficient back-extraction of
metals using ethylenediaminetetraacetic acid for TOCA and acidified thiourea for LICA systems enabled
solvent recyclability. TOCA maintained performance over five cycles, while LICA showed lidocaine
leaching, indicating the need for rebalancing its composition to retain selectivity. These findings
underscore the remarkable potential of carvacrol-based DESs as efficient media to close the loop of

greener Pt and Pd separations.

Keywords: Platinum group metals; hydrometallurgy; DES; recyclability; metal separation; extraction

mechanism, critical raw materials.



1. Introduction

Platinum group metals (PGMs), particularly platinum (Pt) and palladium (Pd), are indispensable in
cutting-edge technologies owing to their high thermal and chemical stability, resistance to corrosion
and oxidation, as well as superior catalytic efficiency in many reactions. Their widespread applications
include three-way catalytic converters [1], diesel oxidation catalysts (DOC) [2], diesel particulate filter
(DPF) [3], fuel cells [4], electrolysers [5], medical devices [6], and relevant industrial chemical reactions
[7]. However, the global supply of PGMs is highly constrained, with the majority of known natural
reserves concentrating in only a few countries, notably South Africa, Russia, Canada, and the United
States [8]. In addition to the geopolitical implications deriving from their distribution, the extraction
yields from natural ores are typically only a few grams per tonne [9], hence leading to the classification
of PGMs as critical raw materials (CRMs) [10]. The forecasted demand for CRMs over the next two
decades suggests 45% and 5% increases in Pd and Pt consumption, respectively, intensifying concerns
about their long-term availability [11] and market price, currently surpassing $1,707/troy oz for Pt [12]
and $1,277/troy oz for Pd [13].

At the same time, the environmental footprint of conventional mining practices, including hazardous
waste generation and intensive solvent use, underscores the need to diversify sourcing strategies
through urban mining by recovering PGMs from secondary resources, such as e-waste and industrial
residues [14,15]. These waste streams offer a promising pathway for sustainable resource recovery
while supporting material circularity [16], which companies including Umicore, BASF, Johnson
Matthey, and Nippon PGM, are currently exploiting, although mainly based on conventional metal
separation techniques [17]. Separation methods include conventional pyrometallurgy and
hydrometallurgy, as well as more innovative approaches such as biometallurgy and solvometallurgy
[18,19]. Pyrometallurgy shows severe disadvantages related to energy efficiency and hazardous
chemical use and generation [20]. Biometallurgy capitalises on the metabolic activity of
microorganisms, yet kinetic limitations are a notable constraint [21]. In contrast, hydrometallurgy,
primarily involving sequential leaching and purification stages including solvent extraction (SX),
effectively addresses the aforementioned limitations, showing good ability to process low-grade or
complex waste streams, making it an efficient approach for PGM separation [22]. As part of SX
operations, liquid-liquid extraction (LLX) in PGM refining typically involves the partitioning of metal
ions from an acidic aqueous leachate into an organic phase, typically volatile organic solvents with
almost no selectivity. Among these, alkyl sulfoxides, organophosphorus compounds, chloroform,
hexane, and pyridine have been used, associated with significant environmental, health and safety
(EHS) concerns [23]. These limitations underscore the need for more sustainable and selective solvents

in PGM extraction technologies.



The development of solvometallurgy, a subfield of extractive metallurgy that employs non-aqueous or
minimally aqueous solvents, has garnered increasing attention as a platform for selective metal
separation [24]. Within this context, deep eutectic solvents (DESs) have emerged as versatile solvent
systems, whose performance is governed by their composition and the nature of specific
intermolecular interactions. DESs are increasingly recognised as chemically tunable solvent media, as
their physicochemical characteristics, such as polarity, hydrogen-bonding ability, and solvation
behaviour, can be tuned by varying the chemical nature and molar ratio of the hydrogen bond acceptor
(HBA) and hydrogen bond donor (HBD) components [25-27]. In contrast to conventional organic
diluents, DESs can accommodate substantially higher metal concentrations without solubility
limitations or third-phase formation, thereby allowing through increased metal loading and reduced
solvent-to-feed ratios. Furthermore, DESs eliminate the need for further diluents and complexing
agents, while relying on simple component mixing rather than new chemical synthesis. This intrinsic
design flexibility not only improves metal purity and extraction efficiency but also simplifies solvent
regeneration and recyclability, supporting the development of more sustainable and scalable metal

separation processes [28-30].

DESs have also shown promising applications in hydrometallurgy, where they have been used as
extraction solvents for PGM recovery from aqueous leachates through LLX, as summarised in Table S1a
[29], with comparable extraction performance indicators compared to ionic liquids and commercially
implemented extractants, as shown in Table S1lb. For instance, DESs composed of quaternary
ammonium salts, such as trioctylmethylammonium chloride, combined with saturated carboxylic acids
or alcohols (e.g., hexanoic acid, 1-hexanol) enabled the extraction of Pd(Il) from highly acidic model
solutions comprising common impurities (e.g., Cu, Ni, Fe, and Cr). The results showed that the
enhanced Pd(Il) extraction at low pH values was attributed to the predominance of [PdCl,]? species
[31]. Similarly, a tetraoctylammonium bromide:octanoic acid (1:2) DES achieved almost complete
extraction of Pt(IV) (99.9%) and Pd(Il) (99.7%) from wastewater, with minimal co-extraction of other
metals, demonstrating high selectivity toward Pt and Pd over impurities [32]. Recently, a new class of
DESs composed of non-ionic components has been highlighted due to their more favourable
characteristics. These include lower viscosity, thereby facilitating better mass transport, lower water
solubility, and superior phase disengagement, all of which are especially advantageous in LLX [29,33].
Tri-n-octylphosphine oxide (TOPO)-based DESs exemplify this trend, with systems such as TOPO:1-
butanol (1:1) achieving up to 98.7% extraction efficiency (EE) for Pt(IV) from 1 mol. L™ hydrochloric
acid (HCI) solution. The DES also demonstrated recyclability over 4 cycles with efficient metal back-
extraction using sodium hydroxide [34]. Further studies using TOPO:thymol (1:1) DES for selective

separation of Pt(IV) and Pd(ll) from chloride media consisting of various transition metal impurities



highlighted the tunability of extraction performance by acid concentration. Their findings revealed that
while high acidity levels resulted in the highest EE, the greatest selectivity for PGMs over transition
metal impurities was achieved at lower acidity. Additionally, selectivity toward Pt over Pd was
observed, prompting subsequent studies focused solely on the individual separation of PGMs, which
is a difficult task due to their similar properties and strong resistance to chemical transformation [33].
Vargas et al. investigated the selective separation of Pt(IV) from Pd(ll) by optimising both experimental
parameters and DES compositions. Under the identified conditions, the process achieved an EE of
63.10% for Pt(IV), while Pd(ll) extraction remained low at 4.26%, demonstrating the potential of DESs
for Pt—Pd discrimination [35]. Nevertheless, the extraction efficiency of the target metal (Pt) remained
below 80%, indicating substantial Pt losses associated with achieving selectivity. Lidocaine (Lid)-based
DESs have also shown effectiveness in precious metal recovery. A Lid:thymol (1:1) DES system
extracted Au(lll), Pd(ll), and Pt(IV) from acidic leachate. Metal selectivity was strongly influenced by
HCI concentration in the aqueous phase: at 2-3 mol.L™! HCI, selective extraction of Au (97.8%) was
achieved, while reduced HCI concentration (0.25-0.5 mol. L™ HCI) favoured Pd and Pt extraction, with
EE of 64.6% and 74.1%, respectively [36]. However, despite these promising recoveries, no selective

separation between Pt and Pd was achieved, which is a key aspect.

Despite the promising progress in DES-based solvent extraction for PGM recovery, particularly using
non-ionic DESs, most existing studies have primarily focused on the selective extraction of PGMs from
base metals. In contrast, the more demanding task of achieving selective separation among individual
PGMs, such as Pt and Pd, has received considerably less attention. This is commonly due to the
chemical similarity of PGM chlorometalate species and the inherent difficulty of discriminating
between them using conventional solvent systems [29]. Moreover, in the limited number of studies
that report Pt—Pd selectivity, this improvement has often been accompanied by a reduction in
extraction efficiency, resulting in low recovery of the target metal. Such compromised efficiency
implies non-negligible losses of desired metal, highlighting a significant limitation for the practical
application of current DES-based extraction systems. To date, only a limited number of studies have
explored Pt-Pd selectivity using DESs, and these have typically addressed a single extraction
preference, either favouring Pt over Pd or, less commonly, Pd over Pt under fixed conditions with low
extraction efficiency [35,37]. However, no work has demonstrated mutual selectivity, the capability to
preferentially extract Pt over Pd under one set of conditions, and conversely, to favour Pd over Pt under

another set, while simultaneously maintaining high extraction efficiency for the target metal.

In addition, the extraction mechanisms governing Pt and Pd separation in DESs remain insufficiently
understood. Most DES formulations have been developed empirically, without detailed mechanistic

insight into the molecular-level interactions responsible for metal extraction and selectivity [29]. Such
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understanding is essential for the rational design of DES compositions capable of discriminating
between Pt and Pd chlorometalate species based on structure—interaction relationships rather than

trial-and-error optimisation.

Comprehensive thermodynamic characterisation of DESs, including solid-liquid equilibrium (SLE)
phase diagram, is of great importance for rational solvent design and extraction optimisation. In this
regard, the Conductor-like Screening Model for Real Solvents (COSMO-RS) [38] provides a powerful
tool to predict the SLE behaviour of non-ionic DESs, yielding high consistency with experimental
measurements and offering great value for the design of new DESs [39]. Advancing individual PGM
separation using DESs should also be accompanied by the development of reusable DESs to realise

environmentally benign metallurgical processes.

Based on aforementioned gaps in the existing body of knowledge, this study investigates the design of
novel DESs based on carvacrol (Carv), a biobased compound, particularly TOPO:carvacrol (TOCA) and
lidocaine:carvacrol (LICA), supported by modelling and experimental analysis to develop efficient and
selective systems for the mutual separation of Pt(IV) and Pd(Il) from model hydrochloric acid solutions.
These proposed systems eliminate the use of traditional organic solvents and complexing additives. A
thorough characterisation of the DESs, including SLE phase diagrams and intermolecular interactions
between constituents, is given. The key operating variables dictating extraction performance are
systematically examined. Additionally, thermodynamic insights into the nature of the DES-metal
interactions are given together with spectroscopic measurements to elucidate the extraction
mechanisms. Finally, with an eye on solvent reuse to achieve circularity of prospective PGM recovery
processes, a solvent regeneration strategy based on the back-extraction of Pt and Pd from the metal-

loaded DESs is presented together with the reutilisation over multiple extraction—stripping cycles.
2. Methodology
2.1. Materials

Platinum(IV) chloride (CAS: 13454-96-1, 99%), Palladium(ll) chloride (CAS: 7647-10-1, 99.995%),
hydrochloric acid (CAS: 37 7647-01-0, 37%), thiourea (CAS: 62-56-6, 99%), ethylenediaminetetraacetic
acid (EDTA, CAS: 60-00-4, 99%), and potassium thiocyanate (KSCN, CAS: 333-20-0, 299 %) were
purchased from Sigma-Aldrich. DESs were prepared using tri-n-octylphosphine oxide (CAS: 78-50-2,
>95%) from TCl and lidocaine (CAS: 137-58-6, 99%) from Bioserv as HBAs, and carvacrol (CAS: 499-75-
2, 98%) supplied by Sigma-Aldrich as the HBD. A certified transition metal standard solution (Mix 3,
100 mg.L™" in 10% HCI) for ICP analysis was sourced from Supelco. Milli-Q water (resistivity

18.2 MQ-cm) was used in all experiments. All reagents were utilised as received, except tri-n-



octylphosphine oxide, which was vacuum-dried (20 °C, 50 mbar) overnight due to its moderate

hygroscopicity.
2.2.Computational methods

Determining the SLE phase diagram is a fundamental step in the judicious design of new DESs. Section
S2 presents a short theoretical background on the thermodynamics behind the SLE of DESs. Herein,
COSMO-RS was applied to predict the SLE behaviour of TOCA and LICA. The first step prior to COSMO-
RS calculation was geometry optimisation and surface charge density calculations for TOPO, Carv, Pt-
and Pd-chloro complexes with TmoleX2021 software using DFT level of theory with the BP86
functional, def2-TZVPD basis set, and the COSMO solvation model with FINE cavity [40]. Vibrational
frequency analysis confirmed the stability of the optimised geometries. COSMOthermX software
(version 18.0.2) and COSMObase database (version 15.0) were used to estimate the chemical potential
(u;) of each component and finally conduct SLE predictions, assuming the availability of the melting
point (Tm,) and enthalpy of fusion (A,,H;) for each precursor [41,42]. Where melting property data
were unavailable, the values were experimentally measured. The overall modelling workflow is

illustrated in Fig. S1.
2.3. DES preparation

Binary mixtures of TOCA and LICA were prepared at various molar ratios, encompassing the entire
molar composition range from 0.10 to 0.90 in increments of 0.10, as well as the commonly reported
stoichiometric ratio of 0.33. All mixtures were prepared by mass using a Mettler Toledo New Classic
MS analytical balance (standard uncertainty: u(m) = 0.0001g). The components were introduced into
glass vials, which were immediately sealed with parafilm to minimise the potential of sublimation,
evaporation, or moisture uptake. Each mixture was heated on a hot plate (IKA®, RCT basic) to a
temperature above the melting point of the higher-melting precursor under continuous stirring of 500
rpm until a homogeneous liquid phase was created. The solvent was then stirred for one additional
hour to ensure the formation of hydrogen bonds between the components. Following this, the
mixtures were transferred to a dry heating block set at 25 °C and allowed to cool. The samples were
then left undisturbed for 24 hours to assess their physical stability, confirming that no precipitation of

any components in the mixture was observed.

2.4. DES characterisation

SLE phase diagrams were measured using differential scanning calorimetry (DSC 2500, TA instrument)
under atmospheric pressure. Whenever glass transition temperatures were observed rather than

melting points, the latter were visually determined by immersing the vial containing the mixture and



a stir bar in liquid nitrogen until complete solidification. The vial was then placed on a stirrer plate
while continuously monitoring the temperature with a thermometer (Brannan -100/50 °C, standard
uncertainty: u(T) = 0.1 °C). The moment when the stir bar began to move was considered the onset of
melting [43]. Each measurement was conducted in triplicate, reporting the average value. FT-IR was
employed to characterise the prepared DESs and their individual components, using a Bruker Vertex
70 spectrometer, to confirm the hydrogen-bonding interactions between the constituents.

Experimental protocols are detailed in S, section S3.1. and S3.2.
2.5. Metal extraction
2.5.1. LLX procedure

Stock solutions of HCl with varying concentrations (0.25—-8 mol.L™!) were prepared volumetrically.
Metal stock solutions were obtained by dissolving Pt(IV) chloride or Pd(ll) chloride in water. To prepare
mono- or bimetallic acidic feed solutions, the respective metal stock solutions were diluted in HCl to
achieve a final metal concentration of 5 mmol. L™, representing the typical concentration of metal
investigated in the literature [29,44] and allowing its analytical quantification, and the desired HCI
concentration. The resulting mixture was homogenised in an ultrasonic bath to ensure complete
dissolution and uniform distribution. For LLX experiments, mono- or bimetallic acidic feed solutions
were contacted with the selected DESs. The biphasic systems were prepared in centrifuge tubes at
solvent-to-feed (S/F) ratios of 0.5 (mL.mL™1), unless stated otherwise. Each sample was subjected to
mechanical mixing using a Labnet Vortemp 1550 shaker at 900 rpm and 25 °C (unless varied) for 60
min to ensure complete mass transfer. The different experimental conditions were then systematically

varied to optimise extraction performance from single-metal solutions.

Subsequent phase separation was achieved by centrifugation at 5000 rpm for 10 min (Labnet
Spectrafuge). The upper and lower phases were then separated and kept in a dry heating block (Labnet
Accublock) set at a fixed temperature for sample analysis. The concentrations of Pt(IV) and Pd(ll) in
aqueous phase (raffinate) were determined using inductive coupled plasma with optical emission
spectroscopy (ICP-OES) on a PlasmaQuant PQ 9000 Elite instrument (Analytik Jena, Germany), and the
amount of metal in the DES phase (extract) was calculated by mass balance. All experiments were
conducted in triplicate, and mean values with standard deviation (o) were reported. ICP-OES

measurement is detailed in Sl, section S3.3.
2.5.2. Evaluation of extraction performance

Extraction efficiency (EE), distribution ratio (D), and separation factor (SF) as performance indicators

were calculated utilising the following equations:



total mass of metal in extract phase

04) = X
EEM ( /0) total mass of metal in initial aqueous phase 100 (1)
__ concentration of metal in extract phase (2)
M ™ Concentration of metal in raffinate phase
Dy = EEMO/0 Vraffinate phase (3)
M=
100 — EEMO/0 Vextract phase
D1
SFm1/M2 = Do (4)
M2

where the subscripts M; refer to the metal being analysed, and V denotes the volume.
2.5.3. Extraction mechanism determination

To investigate the extraction mechanism and potential interactions between DES components and
metal species, post-extraction samples were analysed using FT-IR and UV-visible spectrophotometry.
FT-IR analysis was performed following a similar procedure outlined in SI, section S3.2, with spectra
collected for the metal-loaded DES phases to evaluate shifts in functional group vibrations associated
with metal-ligand interactions. UV-visible spectroscopy was employed to examine the coordination
environment and speciation of Pt(I1V) and Pd(ll) complexes in both the initial agueous phase and the
post-extraction DES phases using a Shimadzu UV-2700 instrument. The protocol is detailed in SI,

section S3.4.
2.6. Back-extraction and solvent recycling

Solvent regeneration through back-extraction was conducted to recover Pt and Pd from the metal-
loaded DESs using various stripping reagents, including 0.2 mol.L™! KSCN, 0.0005 mol.L™! EDTA,
0.1mol.L™! thiourea in 0.5mol.L™! HCl (acidified thiourea), and Milli-Q water (resistivity
18.2 MQ-cm). For the stripping process, the metal-loaded DES phases were mixed with each stripping
reagent at a fixed extract-to-strip volumetric phase ratio of 0.5 (mL. mL™!) and agitated at 900 rpm for
60 min at 25 °C to facilitate complete metal transfer. Following the stripping step, the resulting aqueous
phases (strip phases) were analysed by ICP-OES. The effectiveness of each stripping agent was

evaluated based on the stripping efficiency (SE%), defined by equation (5):

total amount of metal in strip phase
SEm (%) = . ——— x 100 (5)
total amount of metal in extract phase before stripping

To evaluate the potential for long-term regeneration and reutilisation of the DESs, a series of
extraction—stripping cycles were conducted under optimised conditions. Each experiment was

performed in triplicate to confirm reproducibility. Additionally, the chemical integrity of regenerated



DESs was examined by FT-IR spectroscopy to verify structural stability of the solvents. The overall

experimental procedure for this study is visualised in Fig. 1.
2.7. Mass-driven green metrics assessment

The transition toward environmentally responsible chemical design has led to the adoption of green
chemistry principles, which aim to minimise or eliminate the use and generation of hazardous
substances. Central to this approach is the use of green metrics, quantitative magnitudes that enable
the systematic evaluation and comparison of the greenness of various extraction processes [45]. In
this study, mass-based green metrics including process mass intensity (PMI), environmental factor (

E — factor), solvent intensity (S/), and mass productivity (MP %) were calculated using equations (6) —

(12).
mass of acidic metal feed solution + mass of DES phase
PMIp;pg = . (6)
total mass of Pt(IV) and Pd(II) in extract phase
mass of acidic metal feed solution + mass of DES phase
PMIp, = : )
total mass of Pt(IV) in extract phase
mass of acidic metal feed solution + mass of DES phase
PMlpq = . ®
total mass of Pd(II) in extract phase
total mass of Pt(IV) and Pd(II) in raffinate phase
E — factor = _ ()
total mass of Pt(IV) and Pd(II) in extract phase
mass of DES phase
(10)

SI =
total mass of Pt(IV) and Pd(II) in extract phase

MP (%) = total mass of Pt(IV) and Pd(II) in extract phase < 100 1
(%) = mass of acidic metal feed solution + mass of DES phase an

Repeat steps 3 - 5 to back- |
* Regenerated DES | extract metals and recycle DES

1. DES preparation
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2. Metal solution measurement
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Fig. 1. Schematic of the experimental procedure for metal extraction and solvent recycling.



3. Results and Discussion
3.1. DES characterisation
3.1.1. Molecular optimisation of the precursors

A thorough evaluation of the SLE is critical to verify DES formation and to determine their practical

liquid-phase operating range [46].

DFT calculations were conducted to optimise the molecular geometries of pure constituents (TOPO,
Lid, and Carv), considering multiple conformers to identify the most energetically stable structure. The
resulting o-surfaces and o-profiles, presented in Fig. 2(a), provided detailed information regarding the
charge distribution on each molecule’s surface: regions where o < —-0.0082 e.A2 correspond to HBD
character, 0 > 0.0082 e.A2 indicates HBA character, and —0.0082 < ¢ < +0.0082 e.A2 reflect non-polar
character [47]. Analysis of o-profiles indicated that TOPO and Lid exhibited prominent peaks only in
the HBA region, reflecting the absence of hydrogen bond donor functionality and confirming their
prominent role as HBA components in the DES formulation. In contrast, Carv displayed peaks in both
the HBA and HBD regions but showed a stronger HBD capability, attributed to electron delocalisation
and resonance effects of the oxygen of the hydroxyl group (—-OH) (see Fig. 2(b)). This electronic
configuration makes the oxygen atom a weaker hydrogen bond acceptor, thereby promoting hydrogen

atom interactions with TOPO or Lid as HBA components of the proposed DESs [48].

75 T T
b
HBD region i Non-polar region ! HBA region
70
65 B
(a) ¢
697 Q. (b)
& d I ! PeTalnt i
L e h
£ 51 4 N —TOPO [c0]_FINE
‘a ) £ B -
= 20 ( 5 e - H_Z Y H_ o~
1 : i o \O L( \O
15 - 4 & B
—— Carv [c0]_FINE A O 5
10 -
— Lid [cO]_FINE
5 .
0 r f . T T ' :
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
o (e.A?)

Fig. 2. (a) o-surfaces and o-profiles of the most stable conformer of TOPO (in red), Lid (in blue), and Carv (in
green) using basis set of def2-TZVPD and COSMO solvation model with FINE cavity for DFT calculation; (b)

Resonance structure of Carv.
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3.1.2. SLE prediction by COSMO-RS and experimental validation

The SLE phase diagrams for TOCA and LICA were predicted using the COSMO-RS method. The obtained
diagrams, depicted in Fig. 3, revealed clear eutectic points substantially lower than the ideal eutectic
points and the individual component melting points, indicating strong negative deviations from
thermodynamic ideality, which supports the formation of DESs rather than an eutectic solvent [49].
Distinct eutectic points were identified at xpgpg = 0.31, T =-57.84 °C for TOCA and at x;,;q=0.46, T =
—98.42 °C for LICA. The yellow-shaded region in Fig. 3 denotes the concentration range where the DESs
remained liquid at room temperature (25 °C). This broad liquidus window enables precise adjustment

of the physicochemical properties of DESs, facilitating metal extraction optimisation.

To validate COSMO-RS predictions, DSC was employed to experimentally assess the melting behaviour
of mixtures across the full composition range. The melting properties of pure components (Carv, TOPO,
and Lid) were also measured (Fig. S2(a), S2(l) and S2(w)) and compared with literature data (Table 1),
confirming the accuracy of the DSC characterisation. From Fig. 3, a strong agreement was observed
between COSMO-RS modelling and experimental measurements (DSC data and visual measurements),
underscoring COSMO-RS as an effective predictive tool for the rational design and validation of new
DESs.

Table 1. Comparison of experimentally determined melting properties of pure TOPO, Carv, and Lid with literature
values at atmospheric pressure.

Ty (°C) A H; (KJ.mol™1)
Compound
this work literature this work literature
TOPO 52.56 52.75[33] 44.84 58.02[33] and 39.00[43]
Carv 0.08 1.05[50] 10.59 11.49[50]
Lid 67.55  67.0[51]  14.74 15.30[51]
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Fig. 3. SLE phase diagrams for (a) TOCA, (b) LICA. The yellow region indicates the liquidus range of the solvent at
25°C.

The DSC thermograms (Fig. S2) indicated that mixtures with xtgpg = 0.10-0.40 (Fig. S2(b)-S2(f)) for
TOCA and xpiq = 0.10-0.60 (Fig. S2(m)-S2(s)) for LICA exhibited single endothermic events upon
heating from —90 °C to 80 °C. However, within these composition ranges, the peak temperatures
showed minimal variation, raising questions regarding whether these peaks represented true melting
points or glass transitions [52]. Therefore, visual melting point determination was conducted to clarify
this ambiguity, and the results are listed in Table S2. For instance, visual melting observations revealed
that the DSC peak at —83.46 °C for the xtgpg = 0.40 mixture corresponded more closely to a glass
transition rather than an actual melting event, as the visual melting occurred at —25°C. Furthermore,
no crystallisation peaks (exothermic events) were observed upon cooling back to —90 °C for these

mixtures in DSC thermograms, suggesting metastable polymorph formation, a phenomenon
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commonly encountered in non-ionic DESs, such as menthol-based systems, wherein annealing DSC or

visual methods are recommended for accurate phase characterisation [48,50].
3.1.3. Analysis of the hydrogen-bonding interactions

To confirm the DES nature of TOCA and LICA solvents, the presence of intermolecular hydrogen
bonding between HBA and HBD components is essential. Accordingly, FT-IR was employed to
investigate hydrogen-bonding interactions of the DESs and their individual precursors. The FT-IR
spectra of TOCA and TOPO and Caryv, as shown in Fig. 4, exhibited no additional peaks for the prepared
solvent compared with its pure components, suggesting that no chemical reaction occurred during its

formation.

Characteristic vibrational bands of pure TOPO were identified (Fig. 4(a)) and found to be consistent
with literature values [34]. Specifically, the P=0 stretching vibration was observed at approximately
1144 cm™1, accompanied by characteristic alkyl vibrations: —CHs (2952 cm™1), —CH, asymmetric (2915
cm™1), —CH, symmetric (2847 cm™1), and -CH, scissoring (1466 cm™1). Likewise, pure Carv exhibited
distinct characteristic bands of its functional groups (Fig. 4(b)), including the broad phenolic O-H
stretching band around 3358 cm™?! and a bending vibration at about 813 cm™!. Additionally, bands
corresponding to aromatic —CH stretching (3023 cm™1), aliphatic —CH,/—CHs stretching (2955, 2926,
and 2868 cm™1), aromatic C=C stretching (1589 cm™1), C-O stretching (1262 cm™1), aliphatic —CHs
bending (1290 cm™1), and aromatic —CH bending (808 cm ™) were clearly observed and closely aligned

with literature values [53].

Upon DES formation, a notable red shift with peak broadening in the O—H stretching band of Carv
(from 3358 to 3161 cm™ 1), as well as a slight red shift in the P=0 stretching vibration of TOPO (from
1144 to 1139 cm™1) was observed (Fig. 4(c)). These spectral changes indicated the formation of strong
hydrogen bonding between the phenolic hydroxyl group of Carv and the phosphoryl oxygen of TOPO.
The subtle shift in P=0 vibration can be rationalised by the relatively rigid and strong dipole-dipole
interaction in the P=0 bond, limiting its susceptibility to vibrational displacement. In contrast, the
prominent shift in the O—H stretching band is due to the longer bond, allowing hydrogen to vibrate

easily and faster.
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Fig. 4. FT-IR spectra of (a) pure TOPO, (b) pure Carv, and (c) TOCA mixture with Xtqpg = 0.40.

Similarly, FT-IR characterisation of the LICA mixture and its pure components (Lid and Carv) revealed
no additional vibrational bands, supporting the absence of any chemical reaction between Lid and
Carv (see Fig. 5). In the FT-IR spectrum of pure Lid (Fig. 5(b)), the characteristic stretching vibrations of

the N—H and C=0 functional groups were observed at 3247 and 1661 cm ™!

, respectively. Additional
bands corresponding to C—H stretching of the —CH, group (2967 cm™1), aromatic C—H stretching (2918
and 2802 cm™1), aromatic C=C stretching vibrations (1495 cm™1!), and C-N stretching (1595 cm™?)
were also present, in good agreement with literature data [54]. To investigate the formation of
hydrogen bonding between Lid and Carv, particular attention was given to changes in the O—H, N-H,
and C=0 stretching vibrations. In pure Lid, intramolecular hydrogen bonding exists between the N-H
and C=0 groups. Upon DES formation, the phenolic O—H group of Carv preferentially interacted with
the C=0 group of Lid. This can be attributed to the higher electronegativity of oxygen (in the O-H
group) compared to nitrogen (in the N—H group), making Carv a stronger HBD. This new O—H::-:0=C
bond weakened the O—H bond in Carv, as electron density was partially drawn toward the C=0 group,
resulting in a pronounced red shift and broadening of the O—H stretching band (Fig. 5(c)). Concurrently,
the amide C=0 stretching band in Lid remained largely unchanged (from 1661 to 1662 cm™?),

suggesting that it is still engaged in strong hydrogen bonding, predominantly with carvacrol’s O-H

group rather than lidocaine’s own N—H. As a result, the N—H bond is less involved in hydrogen bonding,
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restoring more of its intrinsic bond strength, as reflected by a blue-shift of its stretching band (from

3247 to ~3273 cm™). In addition, a red-shift of the Carv O—H indicates stronger hydrogen bonding to
Lid.

Overall, the combined evidence from FT-IR characterisation and SLE phase behaviour analysis

confirmed the formation of true DESs in both TOCA and LICA mixtures.
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Fig. 5. FT-IR spectra of (c) pure Cary, (b) pure Lid, and (c) LICA mixture with x;;4 = 0.50.

3.2. Optimisation of metal extraction
3.2.1. Effect of DES nature and molar composition

To assess the effect of the changing properties of DESs with composition on extraction performance,
a systematic investigation was conducted on the extraction efficiency and selectivity of Pt(1V) and Pd(ll)

from single-metal model solutions, employing Carv-based DESs formulated with TOPO and Lid as HBAs

and different HBA:HBD molar ratios.

As depicted in Fig. 6, TOPO-based DESs consistently favoured the extraction of Pt(lV), whereas Lid-
based systems achieved nearly complete extraction of Pd(ll). These contrasting trends can be

interpreted qualitatively using Pearson’s Hard and Soft Acid and Base (HSAB) principle, where, in
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simple terms, hard acids show a higher tendency to bind with hard bases and soft acids with soft bases.
Thus, the HSAB theory relates the preferential stabilisation of metal-extractant associations to the
relative hardness/softness of the metal centre and the interacting donor sites [55]. In concentrated
chloride media, Pt and Pd are present predominantly as the chlorometalate complexes [PtCl4]?>~and
[PAC1,]?~, respectively, which differ in coordination geometry, charge density, and hydration strength.
While both metals are classified as soft Lewis acids within Pearson’s concept, Pd(ll) is generally
regarded as the softer and more polarisable centre, whereas Pt(IV) exhibits a higher effective charge
and a more compact coordination environment [56]. In the present DES systems, metal extraction
proceeds predominantly via protonation-assisted outer-sphere ion-pairing, further discussed in
Section 3.3. From this perspective, the HSAB concept provides a qualitative guideline for
understanding the preferential stabilisation of the respective chlorometalate complexes. The tertiary
amine nitrogen of lidocaine, which is adjacent to an aromatic/amide group, is a borderline donor, with
a partially delocalised lone pair; this gives it a relatively soft character and its association with the more
polarisable Pd chlorometalate in the LICA system. In contrast, TOPO provides a strongly polar
phosphoryl (P=0) group with hard acceptor character, which can more effectively stabilise the Pt
chlorometalate ion pair environment in the TOCA DES, resulting in a higher apparent affinity for Pt(IV)

under the investigated conditions [57,58].
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Fig. 6. Effect of HBA:HBD molar ratio on EE and selectivity (SF) for Pt(IV) and Pd(ll) using (a) TOCA and (b) LICA.
Conditions: Cpyl = 5 mmol.L™! ; Cp? = 5mmol. L™t in Cy¢; = 2 mol. L™ for extraction with TOCA and Cjd, =
0.25 mol. L™ for extraction with LICA; at S/F = 0.5 (mL. mL™1); stirring speed (w) = 900 rpm; t = 5 min; T =
25 °C. All data in the figures are presented as mean values from three independent experiments (n=3), with
error bars denoting the standard deviation (xc). Error bars are included for all data; however, in some cases they

are too small to be visually distinguished.

In the TOCA-based biphasic system, increasing the TOPO mole fraction (xtgpg) from 0.30 to 0.50
resulted in a significant improvement in the EE of both Pt and Pd, rising from 5.18% to 96.0% and from
0.02% to 93.1%, respectively. In contrast, when extracting with LICA, increasing the mole fraction of
Lid (x1,q) led to a notable decrease in Pt EE, from 70.78% at xy;q = 0.33 t0 26.43% at X} ;q = 0.50, while
Pd extraction remained consistently high (>92%) across all molar ratios examined. This contrasting
behaviour highlights the non-linear and system-dependent influence of HBA:HBD molar stoichiometry,
which can be attributed to the differences in eutectic composition and hydrogen-bonding

environments between the two DES systems.

17



To clarify the role of Cary, its direct contribution to extraction performance was examined. Under fixed
experimental conditions, pure Carv exhibited negligible metal partitioning (EEp: < 2% and D value of
0.01), suggesting that the extraction capability of DESs arises predominantly from the HBAs (TOPO or
Lid). Nevertheless, the pronounced effect of varying the HBA:HBD molar ratio indicates that Carv
exerts a significant indirect influence by modulating the Carv—HBA hydrogen-bonding network, which
in turn governs key physicochemical properties of the DES phase, including polarity, microstructural
organisation, and the ability to accommodate protons and metal-chloro complexes. This
interpretation is supported by the SLE phase diagrams (Fig. 3), which show that xtgpg =0.30 for TOCA
and Xpiq = 0.50 for LICA are the closest experimentally investigated compositions to the predicted
eutectic points. At these compositions, the hydrogen-bonding interactions between the HBA and HBD
are at their strongest, favouring the formation of structurally robust DES phases and avoiding third-
phase generation even under harsh acidic conditions. This is a notable advantage, as third-phase
formation commonly limits non-ionic extractants in conventional SX systems [35,59]. However, such
rigidity in the DES network limits the structural rearrangements required for proton incorporation and
effective coordination with metal-chloro complexes, creating higher energetic barriers and thereby
diminishing extraction performance. This behaviour reflects a mechanistic antagonism between the
strength of intermolecular interactions within the DES phase and the efficiency of SX, a relationship

previously proposed by Vargas et al., further discussed in Section 3.3 [35].

To assess extraction selectivity, the conventional separation factor (SF) was employed. For the TOPO-
based DESs, the highest SFpy/pgq value (250.78) was observed at xtgpo = 0.30; however, the
corresponding extraction efficiencies for both Pt and Pd were extremely low (EE <5 %). This highlights
the inherent limitations of SF in capturing (i) operationally practical extraction efficiency of desired
metal, and (ii) greater difference between the extraction efficiencies of a target metal and its
competing counterparts. These limitations become particularly evident when the D values of both
metals are either very low (close to zero) or extremely high (near-complete extraction) [35]. In such
cases, SF may be artificially amplified or suppressed because it is defined as a ratio of D values, while
D itself is a non-linear function of EE, as described in equation (3). More specifically, the high SFp/pg
obtained at xtgpg = 0.30 arises from very low D values for both Pt and Pd (Dp; = 0.109 and Dpq =
0.0004). Under these conditions, small absolute differences in D can lead to disproportionately large
SF values, even though the corresponding EEs are extremely low and of limited practical relevance
(EEp; = 5.18% and EEpgq = 0.02%). Therefore, in this study, selectivity was evaluated by jointly
considering SF, the absolute extraction efficiency of target metal, and the magnitude of the difference

between EEp; and EEpg4. On this basis, xrgpg = 0.40 was identified as the optimal composition for
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the TOCA system, offering high Pt selectivity with operationally relevant Pt extraction efficiency

(79.23%).

A similar behaviour was observed for the LICA system. The highest SFp;/pq (163.05) was obtained at
XLig = 0.33 due to the near-complete extraction of Pd (EEpg = 99.75%), corresponding to a very high
Dpq (792.43), although this composition also yielded the highest Pt extraction efficiency among the
studied compositions (EEp; = 70.78% and Dp; = 4.86). Accordingly, x;;q = 0.50 was selected as the
optimal composition for the LICA system, as it provides superior Pd separation performance by
achieving high Pd recovery ( EEpg = 98.03% and Dpgq = 103.03) while effectively suppressing Pt co-
extraction (EEp; = 26.43%).

These results also highlight a trade-off between extraction efficiency and selectivity [35,60]. In the
TOCA system, Xtopo = 0.50 yielded the highest EE for both Pt and Pd, but with poor selectivity.
Conversely, XTopo = 0.40 offered a more balanced outcome, substantial Pt extraction with minimal Pd
co-extraction. A comparable pattern was observed in Lid-based systems, where x; ;q = 0.33 facilitated

greater extraction of both metals, while x; ;4 = 0.50 favoured Pd selectivity.

Overall, these results underscore the importance of carefully optimising the DES compositions to tailor
solvent structure and function, either to maximise EE or enhance selectivity, depending on the desired
separation outcome. Accordingly, TOCA with Xtgpo = 0.40 and LICA with xp ;4 = 0.50 were identified as

the optimal DESs and compositions for the efficient and selective extraction of Pt and Pd, respectively.
3.2.2. Effect of aqueous HCI concentration

Hydrochlorination, involving dissolution in HCI with an oxidising agent, is among the most common
methods for leaching platinum-bearing ores and secondary resources. Accordingly, Pt and Pd
extraction from HCl solutions represents a relevant and practical model system [32]. The aqueous HCI
concentration plays a pivotal role in determining metal speciation and governing the metal—extractant
complexation, both critical to achieving efficient extraction. To explore this effect, the extraction
behaviour of Pt and Pd from separate single-metal HCl solutions was examined over the concentration

range of 0.25 to 8 mol. L™, commonly employed in hydrochlorination [61].

In the TOCA system (Fig. 7(a)), increasing the HCI concentration up to 6 mol. L~ markedly enhanced
the EE of both metals. Pt EE increased sharply from 36.26% to 95.47%, while Pd showed a gradual
increase from 11.75% to 37.75%. However, further increasing the HCl concentration to 8 mol.L™?!
resulted in a slight decrease in Pt EE to 92.29% and a more pronounced decline in Pd EE to 29.94%,
respectively. These results indicate that relatively high proton activity initially promotes extraction by

facilitating metal—extractant complexation, whereas excessively high HCl concentrations can hinder
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extraction, which is most likely due to competition between free chloride ions and PGM-chloro
complexes for coordination with the extractant. Prior work reported a comparable trend, where
extraction suppression was observed upon increasing HCl concentration. To further confirm the
competitive effect of chloride anion in that study, NaCl was also introduced into the initial aqueous

phase over the same concentration range as HCl, yielding a similar suppression pattern [36].

To determine the optimum HCI concentration for achieving the greatest selectivity toward Pt over Pd
using TOCA (xtopo = 0.40), SFpy/pq Was calculated over the studied range of HCl concentrations. It was
shown that the SFp(/pq peaked at 34.77 at cid =6 mol.L™1. However, considering environmental
impact, industrial practicality and, most importantly, the maximum difference in EE between Pt and
Pd, a concentration of C¢, =2 mol.L™! was identified as optimal for the efficient and selective

recovery of Pt over Pd using TOCA.

A similar trend was observed for LICA (x;q = 0.50) (Fig. 7(b)). Increasing HCl concentration up to 2
mol. L™ significantly boosted Pt EE from 26.43% to 94.61%, followed by a decrease to 81.3% at Cyj¢; =
6 mol.L™1. In contrast, Pd EE remained nearly complete and constant up to 1 mol. L™, after which it
gradually declined to 61.33% at C;¢, = 6 mol. L. Notably, the highest selectivity (SFpq/py = 125.35)
was achieved at low acidity (C;¢, = 0.25 mol. L™1), where Pd was extracted approaching completion,
while Pt EE remained below 30%. Hence, Cj;4, = 0.25 mol.L™! was identified as the optimal acidity

level for achieving efficient and selective extraction of Pd over Pt using LICA.

These findings indicate that increasing C,¢, initially enhances the extraction of Pt(IV) and Pd(ll) by (i)
stabilising their speciation in aqueous phase, predominantly as the anionic chlorometalate complexes
([PtCl¢]?~and [PdCl,]?7), and (ii) facilitating metal-extractant complexations through acid co-
extraction. Proton transfer into the DES modifies its structure and hydrogen-bond network to provide
the counter-ions needed for the extraction of these anionic chlorometalate complexes. However, at
higher Cj;4,, the rising chloride activity introduces competitive interactions that reduce the affinity of

the extractant for the target metal complexes, diminishing overall extraction performance [62,63].

Among the studied metal complexes, [PtCls]?>~displayed consistently high extraction performance
across a broad range of HCl concentrations, owing to its high chemical stability and low susceptibility
to hydrolysis. Its extraction declined only under extremely low or excessively high HCl concentrations.
In contrast, [PdCl,]?~was more sensitive to variations in acidity and chloride concentration, reflecting
its moderate hydrolysis tendency and stronger competition with free chloride ions. This greater

sensitivity led to a more pronounced decrease in Pd EE under harsh acidic conditions [64].
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Collectively, these observations underscore the importance of fine-tuning both the C;;#, and the DES

composition to achieve efficient mutual separation of Pt and Pd.

100 - 1 100 5= 160
(a) F'y \‘\‘-\;‘n (b)
80 1 ’ 1 IR
. \ N L 30 80 1 4 .- L 120
EEP% \
’_.60 8 i =50 1 e
- - 0,
S i *EEPA% 50 | | & 8 L
w & | w 3 &
w40 4 - U S . A SFPt/Pd 2l | 40 g
Q » RO [Ta =
/ - A . - - EEPd% v
20 p - 10 0" 40
- ’ A ‘
é/,i i A SFPd/Pt
0 T T T T T 0 0 T & & L T & 0
0 2 g A .6 8 10 0 1 2 49 3,4 6
Cyt (mol. L71) Cyci(mol. L)

Fig.7. Effect of aqueous HCl concentration on EE and selectivity (SF) for Pt(1V) and Pd(ll) using (a) TOCA (Xtopo =
0.40) and (b) LICA (x.iq = 0.50). Conditions: Cpy = 5 mmol.L™* ; o4 = 5 mmol.L™%; S/F =0.5 (mL.mL™?);
w =900 rpm; t = 5min; T = 25 °C. The symbols represent experimental data points, while the dashed lines
are provided solely as visual guides. All data points in the figures are presented as mean values from three
independent experiments (n=3), with error bars denoting the standard deviation (to). Error bars are included

for all data points; however, in some cases they are too small to be visually distinguished.
3.2.3. Effect of solvent-to-feed volumetric phase ratio

The volume of DES used as the extractant is a key parameter in metal recovery processes, influencing
not only economic considerations such as solvent cost, but also environmental sustainability and
resource utilisation. It also influences the enrichment factor, defined as the ratio of the target metal
ion concentration in the extract phase to that in the initial feed, crucial for recovering trace metals
from low-grade secondary resources [32,65]. In light of this, the effect of solvent-to-feed volumetric
phase ratio (S/F) on Pt(1V) and Pd(ll) extraction performance was examined. As illustrated in Fig. 8(a)
and 8(b), increasing S/F enhanced the overall EE of both metals, but significantly reduced system
selectivity. This trend can be attributed to the increased availability of extractant molecules at higher
DES loads, which increases the number of accessible coordination sites for metal complexation. As a
result, the competition between metal ions for binding sites is reduced, facilitating more efficient
transfer of both metals into the DES phase. More specifically, in the TOCA-based biphasic system,
increasing S/F from 0.5 to 1 and 2 (mL. mL™?) resulted in a slight increase in Pt EE (approximately 5%),
whereas Pd EE increased sharply from 18.74% to 26.78% and 34.99%, respectively. This led to a
substantial decline in the SFpy/p4, dropping to 11.25 (Fig. 8(a)). A similar trend was observed when
separating with LICA, where rising S/F to 1 and 2 mL. mL™! reduced the SFpq,pt from 125.35 to 72.90

and 45.69, respectively, due to a near two-fold increase in Pt EE (reaching 49.56%), while Pd extraction
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remained largely unaffected by volumetric phase ratio variation in LICA-based systems, as shown in

Fig. 8(b).

Given environmental considerations, such as minimising solvent consumption, and recognising that
increasing the DES volume provided only marginal improvements in the EE of the target metal while
substantially compromising selectivity, an S/F of 0.5 mL. mL™ was selected as the optimal condition
for further investigations. This approach aligns with the first and second principles of green chemistry,
namely the prevention of waste and the maximisation of material efficiency, by reducing excess DES
use and ensuring more effective incorporation of input materials into the desired extraction process

[66].
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visually distinguished.

Moreover, the effect of contact time, ranging from 5 to 480 min, on Pt and Pd extraction efficiencies
using TOCA and LICA was evaluated under the controlled laboratory operating conditions employed in
this study. As shown in Fig. S3, thermodynamic equilibrium was achieved within 5 min for both
systems, and EE remained stable over time, indicating the absence of mass transfer limitations under

these experimental conditions.
3.2.4. Effect of temperature and thermodynamic assessment

The influence of temperature on the extraction behaviour and partitioning of Pt(IV) and Pd(ll) in both
Carv-based DESs was examined over the range of 15°C to 50 °C, remaining below the onset
degradation temperatures. As illustrated in Fig. 9(a), increasing the temperature when extracting with

TOCA led to a pronounced decline in EE for both metals. Specifically, Pt EE dropped from 83.09% at
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15 °Cto 61.40% at 50 °C, while Pd EE declined from 19.01% to 10.06%. The selectivity to Pt, expressed
by SFpy/pq, also decreased from 20.98 to 14.14, indicating a temperature-induced reduction in
extraction preference for Pt over Pd. Although the highest Pt EE and selectivity were observed at 15 °C,
a temperature of 25 °C was selected for subsequent experiments due to the associated energy
requirements to cooling and the relatively minor performance difference between 15 °C and 25 °C.
Operating at 25 °C also aligns with the sixth principle of green chemistry, which advocates for the
design of processes under ambient conditions to reduce energy consumption related to heating or

cooling, thereby enhancing the overall sustainability of the extraction system.

In contrast, the LICA-based system showed an opposite trend (Fig. 9(b)). At 15 °C, the extract phase
formed an emulsion-like mixture, making phase disengagement very difficult. Rising the temperature
from 25 °C to 50 °C resulted in only a slight decline in Pd recovery, from 98.03% to 94.84%, but more
than a two-fold increase in Pt EE. However, this improvement in Pt recovery came at the expense of
selectivity; the SFpq/p; dropped dramatically from 125.35 to 14.24. Therefore, 25 °C was selected as
the optimal operating temperature for Pd extraction using LICA, offering a balance between extraction

efficiency, selectivity, and phase stability.

To gain further insight into the thermodynamic driving forces underlying these trends, the standard
Gibbs free energy change (AG°), standard enthalpy change (AH°), and standard entropy change (4S°)
were calculated using the van 't Hoff approach (equations (12) — (14)) based on the temperature

dependence of the distribution ratio [64].

In(D) = i + As 12
=R TR 12
AG’ = —RT In(D) (13)
AG" = AH® — TAS® (14)

where D is the distribution ratio, T stands for temperature (K), and R is the universal gas constant
(8.314 J.mol~1.K™1). The corresponding thermodynamic parameters are visualised in Fig. 9(c) and

9(d), with the calculated values in Table S3.

Using TOCA for extraction, the AG° values for Pt were consistently negative across the tested
temperature range, indicating a spontaneous Pt extraction process. In contrast, AG° values for Pd were
positive, confirming the thermodynamically unfavourable nature of Pd extraction under the same
experimental conditions. Both Pt and Pd exhibited negative AH° and AS° values, implying that the

extraction is exothermic and accompanied by a decrease in system entropy, consistent with the
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formation of more ordered metal-extractant complexes. These findings align with the observed

decrease in EE at elevated temperatures.

Conversely, in the LICA system, Pt extraction was characterised by a positive AH° (41.87 kJ.mol™") and
AS° (0.14 kl.mol™.K™), indicating an endothermic process. While AG® for Pt was slightly positive at
298 K, it decreased with increasing temperature, supporting the experimentally observed
enhancement in EE. Pd extraction, on the other hand, showed negative AG° (-11.47 kl.mol™) and AH"®
(—27.88 kl.mol™), confirming a spontaneous and exothermic Pd extraction process. These results

further validate the greater efficiency and selectivity of Pd extraction by LICA at moderate

temperatures.
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Fig. 9. Effect of temperature on EE and selectivity (SF) for Pt(IV) and Pd(Il) using (a) TOCA (xtopo = 0.40) and (b)
LICA (xpiq = 0.50); corresponding van ‘'t Hoff plots for (c) TOCA (Xtopo = 0.40) and (d) LICA (x1;4 = 0.50).
Conditions: Cpf = 5mmol.L™! ; Cpd = 5mmol. L™t in C;d; = 2 mol. L™ for extraction with TOCA and Cjd, =
0.25 mol. L1 for extraction with LICA; S/F = 0.5 (mL.mL™1); w = 900 rpm; t = 5 min; The symbols represent
experimental data points. Dashed lines in (a) and (b) serve solely as visual guides, while those in (c) and (d)
represent the linear regression fittings. All data points in the figures are presented as mean values from three
independent experiments (n=3), with error bars denoting the standard deviation (+ao). Error bars are included for

all data points; however, in some cases they are too small to be visually distinguished.
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To complement the experimental thermodynamic analysis, COSMO-RS modelling was employed using
guantum-chemically optimised molecular structures of each molecule and their respective metal
cavities. This approach was used to estimate the excess Gibbs free energy (Gf) and excess enthalpy
(HE) associated with the solvation of the metal chloro-complexes in the aqueous and DES phases. These
excess properties quantify deviations from ideal behaviour and therefore provide insights into the
relative stabilisation of the solutes in each solvent environment. In this framework, more negative H®
values suggest stronger solute—solvent interactions, while more negative Gt values show the
spontaneity of the process and reflect more thermodynamically favourable incorporation of the
anionic metal complex into the solvent phase [47]. Accordingly, Hf and G* values were estimated for
[PtClg]2~and [PdCl,]?~ in both DES and aqueous phases at 25 °C, assuming a solute mole fraction of

0.001 to ensure no precipitation effects are involved (Table 2).

For TOCA, [PtCl¢]?~exhibited slightly more favourable interaction with the DES phase than [PdCl,]?~,
as indicated by a marginally more negative AG® (—4.6065 vs. —4.5853 k]. mol™!) and AH® (—-8.6813 vs.
-8.6623 k]. mol™1), consistent with the experimental preference for Pt(IV). Conversely, using LICA,
[PACl, )% displayed a slightly more negative AGE (-3.0200 kJ.mol™!) than [PtClg]? (-
3.0193 kJ. mol™1), suggesting preference for Pd(ll) extraction. These thermodynamic trends align with
experimental observations, highlighting the reliability of COSMO-RS in predicting metal-solvent

interactions and extraction selectivity.

Table 2. COSMO-RS predictions of excess enthalpy (H%) and excess Gibbs free energy (G%) for [PtCl;]*>~ and

[PdCl,]?" in Carv-based DESs and aqueous HCI solutions at solute mole fraction of 0.001 and 25 °C.

HE G*
System
(kJ.mol™1) (kJ.mol™ 1)

[PtClg]?~ @ TOCA (xropo = 0.40) -9.4736 -4.9144
[PtClg]*~ @ Cid, = 2 mol. L™ HCl -0.7922 -0.3079
[PACl,]?~ @ TOCA (xropo = 0.40) -9.4753 -4.9141
[PACl,]*~ @ ¢, =2 mol. ™! Hcl -0.8129 -0.3289
[PtClg]?~ @ LICA (xiq = 0.50) -7.1800 -3.2497
[PtClg]*~ @ ¢4, =0.25mol. L™t HCl  -0.2966 -0.2304
[PdCl4]?~ @ LICA (xiq = 0.50) —7.2048 -3.2713
[PACL]*" @ ¢, =0.25mol. L™ HCI  -0.3165 -0.2513
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3.2.5. Comparative analysis of single-metal and binary-metal solutions

Several studies have demonstrated that PGM extraction behaviour can vary with matrix complexity
(i.e., single-metal, binary-metal, or multi-metal solutions). For instance, Ru(lV) has been reported to
modify the coordination environment of Ir(1V), thereby enhancing its affinity toward Cyanex® 923 [67].
To evaluate the applicability and robustness of the studied DESs under more realistic conditions,
particularly given the well-documented challenge of separating Pt and Pd due to their similar
physicochemical properties, a systematic comparison was conducted between the extraction
behaviour of Pt(IV) and Pd(ll) in mono- and bimetallic solutions. As shown in Fig. 10(a), introducing a
second metal when TOCA is used for extraction had no appreciable effect on extraction efficiency or
the separation factor, suggesting no mutual interference between Pt and Pd. These results indicate
that the extraction performance observed in single-metal systems is transferable to more complex
matrices. Accordingly, the consistent extraction efficiency and Pt selectivity observed in binary Pt—Pd

solutions corroborate the reliability of TOCA (xtgpg = 0.40), even in the presence of equimolar Pd.

In contrast, LICA (x4 = 0.50) exhibited a clear deviation in selectivity when transitioning from single-
metal to bimetallic feeds (Fig. 10(b)). Although the EE of Pt and Pd were largely unchanged, the SFpq /p¢
notably decreased in the binary system. This reduction is attributed to the partial leaching of DES
components into the aqueous phase (Table S4), which perturbs the distribution equilibrium and alters
metal partitioning. Despite this reduction, the selectivity for Pd over Pt remained sufficiently high to
support its preferential extraction. These findings underscore the importance of evaluating extractant
performance not only in simplified single-metal systems but also under more representative multi-

component conditions.
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Fig. 10. Comparison of Pt(IV) and Pd(ll) extraction from mono- and bimetallic solutions using (a) TOCA (Xtopg =
0.40) and (b) LICA (xiq = 0.50). Conditions: Cp/ = 5 mmol.L™*; Cp9 = 5 mmol.L™%; S/F = 0.5 (mL.mL™?);
w =900 rpm; t = 5min; T = 25 °C. Open symbols denote single-metal data; solid symbols indicate binary-

metal data. Lines are visual guides. All data points in the figures are presented as mean values from three
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independent experiments (n=3), with error bars denoting the standard deviation (+c). Error bars are included

for all data points; however, in some cases they are too small to be visually distinguished.

From the analysis of the different operating conditions for the extraction of Pt and Pd in single metal and binary
metal solutions presented throughout Section 3.2, the values of the extraction performance indicators EE, D and
SF achieved are comparable or improve in some cases those in previous works with DESs and other solvents as

extractants, as shown in Tables S1a and Sib.

3.3. Extraction mechanism elucidation

The extraction behaviour of PGMs in DESs is primarily governed by the metal speciation in the aqueous
phase and the intermolecular interactions between the extractant and metal complexes within the
DES component network [29]. Accordingly, FT-IR and UV-visible spectroscopies were employed to

clarify the extraction mechanisms of Pt(IV) and Pd(ll) using TOCA and LICA.

Fig. 11(a) and 11(b) show the FT-IR spectra of TOCA before and after Pt(IV) extraction. The spectra
revealed distinct changes in key functional groups involved in hydrogen bonding and metal
coordination. The O-H stretching vibration of Carv, initially observed at 3161 cm™? in fresh DES, shifted
to 3198 cm™! and became sharper after contact with the acidic Pt solution. This shift and band
sharpening are consistent with a weakening and partial reorganisation of the hydrogen bond between
the phenolic O—H and the phosphoryl oxygen of TOPO, implying partial disruption of the hydrogen-
bonding network between TOPO and Carv in the Pt-loaded DES phase. Concurrently, the P=0
stretching band of TOPO red shifted from 1139 to 1117 cm™%, reflecting the protonation of the
phosphoryl oxygen and formation of TOPO---H* adducts, as widely reported within the literature
[34,35]. These protonated TOPO species are responsible for stabilising the [PtCl4]?~complex through
outer-sphere ion-pairing, maintaining charge neutrality and promoting solvation in the DES phase
[33,68]. Overall, the FT-IR results support the mechanism in which Pt(IV) extraction with TOCA is
facilitated by protonated TOPO, which act as the primary binding sites for [PtCl4]?~. Simultaneously,
acid co-extraction perturbs the internal hydrogen bonding between TOPO and Carv, causing a partial

reorganisation of the TOCA structure.
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Fig. 11. FT-IR spectra of DESs before and after metal extraction from single-metal model solution (a) TOCA after

Pt(IV) extraction, (b) fresh TOCA, (c) LICA after Pd(ll) extraction, (d) fresh LICA.

The FT-IR spectra of LICA before and after Pd(Il) extraction offers valuable insights into the molecular
interactions underlying the Pd extraction process (Fig. 11(c) and 11(d)). In fresh LICA, characteristic
bands appeared at 3273 cm™! (amide N-H stretch) and 1662 cm™?! (amide C=0 stretch). Following Pd
extraction from aqueous solution, the N-H band shifted progressively to lower wavenumber (3254
cm™1), suggesting protonation of the tertiary amine and disruption of potential intramolecular
hydrogen bonding between amide N-H and lone pair on tertiary amine. Simultaneously, the C=0
stretch shifted from 1662 to 1681 cm™?, consistent with the electron-withdrawing effect of the
protonated amine, which strengthens the C=0 bond. These spectral changes strongly support that
Pd(ll) extraction proceeds via neutral ion-pair association between [PdCl,]?>"and the protonated

tertiary amine (RsN...H*) of Lid, confirming the key role of Lid as the active extracting component [36].

To examine metal speciation, the UV-visible spectra of Pt(IV) and Pd(ll) in their respective initial acidic
single-metal aqueous phases and the post-extraction DES phases were analysed. As illustrated in Fig.
12(a), Pt(IV) exhibits two characteristic absorption bands at ~205 nm and 262 nm, corresponding to
the characteristic of [PtClg]?™ in chloride-rich acidic media [34,69,70]. After Pt(IV) extraction into
TOCA (xTopo = 0.40), the phase displayed bands at ~205.5 nm and 275 nm. This spectral shift from
262 to 275 nm reflects the solvatochromic effects and coordination between [PtCl;]?~and TOPO---H*,
as also supported by FT-IR analysis, suggesting that Pt remained as [PtCl4]?~ in TOCA phase [34,71].

Additionally, shoulders near 220 nm and 279.5 nm align with the known absorbance of free Carv [72],
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suggesting the partial dissociation of Carv from the TOCA hydrogen-bond network, also evidenced by

FT-IR.

For Pd(ll) in ngl = 0.25 mol. L%, absorption bands at ~223 nm and 280 nm confirmed [PdCl,]?~
speciation, as depicted in Fig. 12(b) [73,74]. Following Pd extraction into LICA (xy;q = 0.50), the post-
extraction DES showed relatively similar absorption features, with slight shifts to ~222 nm and 275.5
nm, indicating minor changes in the solvation environment, while Pd remained as [PdCl,]?~ during
extraction into the LICA phase. A weak shoulder near ~279 nm, overlapping with the Pd(ll) band, was
also observed and attributed to unbound carvacrol, consistent with the partial disruption of LICA
network and partial leaching of Lid molecules to the raffinate phase [72,75], as further revealed and

discussed in Section 3.4.
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Fig. 12. UV-visible spectra of (a) Pt(IV) in ngl = 2 mol.L™? (blue line) and in the post-extraction TOCA (Xropo =
0.40) phase (red line), (b) Pd(Il) in ngl = 0.25 mol. ! (blue line) and in the post-extraction LICA (x;q = 0.50)

phase (red line).

To further support the proposed proton-mediated extraction mechanism, the pH of the aqueous phase
was measured before and after metal extraction. For Pt(IV) extraction from ngl = 2 mol.L™?! using
TOCA, the pH increased from —0.3 to —0.1, while for Pd extraction from ngl = 0.25 mol. L™ with
LICA, the pH rose from 0.6 to 5.72. These notable increases in pH reflect a significant reduction in

aqueous acidity, consistent with the co-extraction of protons into the DES phase.

Overall, the combined results from FT-IR, UV-visible, and pH measurements strongly support the
proposed mechanism, in which Pt(1V) and Pd(Il) extraction using TOCA and LICA proceeds via a neutral
ion-pair association pathway, coupled with proton co-extraction, as depicted in Fig. 13. The co-
extracted protons not only facilitate the electrostatic pairing with the negatively charged metal chloro-
complexes, enabling their transfer into the DES phase, but also contribute to structural reorganisation
within the DES network. It should also be noted that the location of chlorometalate-DES association,

whether occurring at the aqueous-organic interface or within the bulk DES phase, remains unresolved.
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Addressing this question would necessitate specialised microscopic and interface-sensitive
techniques, such as tensiometry, X-ray reflectivity, or fluorescence-based methods, to directly probe

interfacial adsorption and complexation phenomena [76].
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Fig. 13. Schematic illustrating the proposed neutral ion-pair association mechanism for [PtCl ]~ extraction using

TOCA.
3.4. Pt and Pd back-extraction and DES Recycling

In view of the circularity of prospective SX processes, the regeneration of the DESs as the extracting
phase is essential owing to economic and environmental sustainability considerations. This is

approached here through back-extraction (stripping) of Pt(IV) and Pd(Il) from the loaded DES phases.

Fig. 14(a) shows the stripping efficiency (SE) of Pt and Pd from post-extraction TOCA using various
stripping reagents. Despite previous reports on effective PGM back-extraction using 0.2 mol. L™ KSCN
[36], it proved completely ineffective in this study, achieving only 6.62% Pt stripping and no detectable
Pd removal. In contrast, water showed moderate stripping performance, recovering 88.27% of Pt and
65.27% of Pd. While this highlights its potential as a green stripping medium, incomplete metal
recovery may limit its practical applicability in closed-loop systems. The use of 0.0005 mol.L™! EDTA
markedly improved stripping efficiency, with SE of both Pt and Pd exceeding 90%, attributed to the
strong chelating nature of EDTA that promotes metal-ligand exchange [77]. Notably, nearly complete
stripping of both metals was accomplished with 0.1 mol. L™ thiourea in 0.5 mol. L™ HCI, consistent

with previous studies [32,62,78,79].
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On the basis of the above results, EDTA and acidified thiourea were chosen for a series of successive
extraction-striping tests to evaluate the long-term reusability of TOCA (xtgpo = 0.40). As shown in
Fig. 14(b), with acidified thiourea, Pd EE progressively increased over successive cycles, from 19.80%
(fresh DES) to 27.93 % and 31.53 % after the first and second regenerations, respectively, and SFpt/pd
decreased substantially. This trend suggests that thiourea was partially partitioned into the TOCA
phase, leading to the formation of TOPO-thiourea eutectic-type adducts that enhanced Pd
complexation and, consequently, diminished selectivity, consistent with a previous report on
TOPO:N,N’-dihexylthiourea eutectic systems [78]. In contrast, EDTA-regenerated TOCA maintained
constant EE and selectivity over five successive cycles (Fig. 14(c)), demonstrating operational

robustness and suitability for long-term reuse.

To further confirm the chemical stability of TOCA, FT-IR spectra were recorded for the regenerated
solvent after the first (R1_TOCA) and fourth (R4_TOCA) cycles (Fig. 14(d). No detectable band shifts or
new bands were observed, suggesting that the molecular structure of the solvent remained intact
despite repeated exposure to acidic and chelating environments. These results affirm that EDTA-
regenerated TOCA is chemically stable, reusable, and maintains selectivity over multiple cycles.
Accordingly, it constitutes a sustainable and industrially relevant extractant for the selective recovery

of Pt(IV) over Pd(Il) from real leachate.
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Fig. 14. (a) SE of Pt(IV) and Pd(Il) from metal-loaded TOCA (Xpopo = 0.40) using various stripping agents.
Conditions: extract-to-strip volumetric phase ratio of 0.5 mL.mL™; w = 900 rpm; t = 60 min; T = 25 °C; (b,
c) Evaluation of Pt(IV) and Pd(ll) EE and SFp/pq using TOCA (xropo = 0.40) over successive extraction-stripping
cycles under optimised extraction conditions: ngl = 2mol.L"}; S/F = 0.5 (mL. mL‘l); t =5min; T = 25°C)
using TOCA regenerated with (b) 0.1 mol. L™ thiourea in 0.5 mol. L"*HCl and (c) 0.0005 mol. L™ EDTA; (d) FT-
IR spectra of fresh and EDTA-regenerated TOCA after the first and fourth separation cycles. All data in figures (a)-
(c) are presented as mean values from three independent experiments (n=3), with error bars denoting the
standard deviation (+a). Error bars are included for all data; however, in some cases they are too small to be

visually distinguished.

Similarly, the back-extraction of Pd(ll) and Pt(IV) from metal-loaded LICA (xpiq = 0.50) was tested
using those prepared stripping agents. Given that Pd extraction into the LICA phase was predominant,
demonstrated by a high distribution ratio of 69.08 and EE of 96.55%, while Pt exhibited significantly
lower extraction performance (Dp: = 0.82; EEp: = 25.74%), it was found that all stripping reagents,
except 0.1 mol. L™ thiourea in 0.5 mol. L™ HCI, exhibited negligible effectiveness in Pd recovery (Fig.
15(a)). To evaluate the recyclability of regenerated LICA by acidified thiourea, multiple extraction-

stripping cycles were performed. Notably, after the first regeneration and reuse, the LICA-rich extract
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phase exhibited a distinct colour change to black (see Fig. 15(b)), suggesting that chemical reactions
within the DES phase occurred. This observation aligns with previous reports on thiourea degradation
in the presence of oxidising agents or even atmospheric oxygen, resulting in the formation of
formamidine disulfide, a reactive intermediate known to trigger side reactions in the DES phase [80—
82]. To mitigate such degradation and remove residual thiourea from the recycled LICA, a water-
washing step was performed as a scrubbing process following the stripping stage, as previously
recommended [29,83]. Experimental validation confirmed the effectiveness of this step, with no
detectable signs of chemical degradation or side reactions, as depicted in Fig. 15(b). Consequently, a
series of extraction-stripping-water washing cycles was conducted. As shown in Fig. 15(c), Pt EE sharply
surged from 26.21% to 78.63% after the first cycle and reached near-complete extraction by the third
cycle (EEp; = 99.85%), with a drastic decline in SFpq p, from 82.82 to 5.29.

Visual inspection revealed a gradual reduction in the volume of the LICA phase over consecutive
extraction cycles (Table S4), indicating some leaching of the DES into the aqueous phase, calculated to
be between 8.15% and 20.31% of LICA phase. This observation, together with previous reports of
partial Lid leaching into the raffinate phase [75], suggests that the enhanced Pt extraction performance
may stem from a shift in the HBA:HBD molar ratio, resulting in a lower Lid mole fraction in the
regenerated LICA. This aligns with earlier findings on the impact of HBA:HBD molar ratios on Pt and Pd
extraction performance using LICA systems (Section 3.2.1). To confirm the Lid loss, FT-IR
characterisation was performed on aqueous Pd solutions before and after extraction with LICA (X1iq =
0.50). The spectra (Fig. 15(d)) displayed new peaks at 1547 and 1473 cm™?! in raffinate phase,
corresponding to C—N and C=C stretching vibrations, respectively, thus confirming the partial migration
of Lid into the aqueous phase. Such Lid leaching into the aqueous phase likely contributes to an
increase in the pH value of the aqueous phase observed after Pd extraction with the LICA system
compared with that seen for Pt extraction with TOCA. Therefore, an additional step to replenish the
Lid lost during extraction is recommended to maintain a consistent DES molar composition, ensuring
stable extraction performance and recyclability, both of which are critical for industrial-scale

implementation.

33



100 {(@) ~ ~ (b)
O SEPt% -
80 - B SEPd%
60 4 —> LICA-rich
9 phase
w40 -
@ raffinate
20 - phase
1%t extraction 3 extraction
0 o cycle without cycle with
KSCN . Water EDTA Acidified thiourea water-washing water-washing
Stripping reagent type
| OEEPt% mEEPd% A SFPd/Pt | ( d) Raffinate phase
100 4 (C) — ] r 200 —— Initial aqueous phase
80 - - 160
g
__60 r 1204 8
X 2 g
= w
&40 L 80 ¥ E ~ on
£ T~
© n <
c -
20 A - 40 g
’—x—‘ = —-ﬁ\ m
0 T r ) \\ // \ / \
Cycle 0 Cycle 1 Cycle 2 Cycle 3 \ / \/ \
Cycle no. \ \
\ \
./ \
\
\
T T T T T T

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™1)

Fig. 15. (a) SE of Pt(IV) and Pd(Il) from metal-loaded LICA (x;;q = 0.50) using various stripping agents. Conditions:
extract-to-strip volumetric phase ratio of 0.5 mL.mL™, w = 900 rpm; t = 60 min; T = 25 °C; (b) schematic
visualisation of LICA degradation; (c) Evaluation of Pt(IV) and Pd(ll) EE and SFp/pgq Over successive extraction-
stripping-water washing cycles using LICA (xp;q = 0.50) regenerated with 0.1 mol.L™ thiourea in
0.5 mol. L"*HCl under optimised extraction conditions: Cg¢, = 0.25mol.L™%; S/F = 0.5 (mL.mL™), w =
900 rpm; t = 5min; T = 25 °C; (d) FT-IR spectra of aqueous phase before and after Pd(ll) extraction using LICA.
All data in figures (a) and (c) are presented as mean values from three independent experiments (n=3), with error
bars denoting the standard deviation (o). Error bars are included for all data; however, in some cases they are

too small to be visually distinguished.
3.5. Comparative assessment of mass-based green metrics for Pt and Pd extraction using DESs

A comparative assessment using mass-based green metrics was conducted to evaluate the
performance of the developed carvacrol-based DESs for the extraction of Pt and Pd. The results were
benchmarked against previously reported DES-based systems for Pt and Pd recovery, with a focus on
four mass-balance-based key green chemistry metrics: PMI, E — factor, SI, and MP (%), with the

results summarised in Table 3 following the definitions in equations 6-11.
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Table 3. Comparison of mass-based green metrics for Pt and Pd extraction using DESs.

DES PMIp,py PMIp, PMIp; E SI  MP (%) Ref.

— factor

TOCA (x10r0=0.40) 1678.2 1905.2 14082.2 0.716 512.9 0.060 this

study
LICA (x.i¢=0.50) 1936.3 5762.0 2916.2 0.961 639.3 0.052 this
study
TOPO:thymol 5756.9 5968.9 162073.2 1.362 1764.7  0.017 [33]

(Xror0=0.40)

TOPO:decanoic acid 5676.1  7683.4 21726.5 1.350 1705.1  0.018 [35]
(XT0r0=0.40)

Lid:decanoic acid 6297.4 9301.0 19501.1 0.859 202.7 0.016 [36]
(x1i¢=0.50)

PMI serves as a key indicator of material efficiency, representing the total mass of materials used per
unit mass of recovered Pt and Pd [84]. Among the studied systems, TOCA and LICA DESs exhibited the
lowest PMIp; py values at 1678.2 and 1936.3, respectively. These results suggest superior material
efficiency for the carvacrol-based DES systems, particularly when compared to TOPO:thymol,

TOPO:decanoic acid, and Lid:thymol solvents [33,35,36].

Notably, a system composed of Lid:decanoic acid (1:2) DES diluted in n-heptane has previously been
reported as highly selective for Pd extraction, achieving EE of 100% for Pd and only 7.63% for Pt, with
a notably low PMIp; p,4 of 1445.7 [37]. However, due to the poor environmental profile of n-heptane,
assigned an environmental hazard score of 7 according to the CHEM21 solvent selection guide [85],

this system was excluded from the comparative greenness assessment.

To further assess solvent selectivity and its relevance to green metrics, PM/ values were calculated
separately for Pt and Pd. The TOCA system demonstrated the lowest PMIp; (1905.2), while the LICA
system showed the lowest PMIp; (2916.2), aligning well with the selectivity trends observed in the

LLX experiments.

The E — factor, which quantifies the amount of waste generated relative to the mass of Pt and Pd
obtained as products from the separation, further supports the green credentials of the proposed
systems. A lower E — factor indicates a cleaner process. TOCA exhibited the lowest E — factor at
0.716, while LICA and a previously reported Lid:thymol (1:1) system also achieved values below 1

(0.961 and 0.859, respectively), highlighting their environmentally favourable profiles [45,84].
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Sl 'is another commonly used green metric which quantifies the amount of solvent consumption per
unit mass of recovered Pt and Pd. The Lid:thymol (1:1) system recorded the lowest S/ at 202.7, which
corresponds to its low S/F = 1:30 (g. mL™1) in LLX experiments. However, when an S/F of 0.5 (mL. mL™1)
was applied for the consistency with the rest of extraction systems, the S/ of the Lid:thymol system
increased significantly to 1719.1 (approximately 8 times greater value). This suggests that TOCA and
LICA systems exhibit relatively lower S/ values at a fixed S/F of 0.5, with values of 512.9 and 639.3,
respectively. Notably, the E — factor of the Lid:thymol system was considerably improved at a S/F =
0.5, highlighting the significant influence of process conditions on green performance. MP was found
to follow the same trend as PMIp; pg, further reinforcing the comparative advantages of TOCA and

LICA.

Overall, the integrated assessment of PMI, E — factor, SI, and MP clearly indicates that the carvacrol-
based DESs developed in this study, namely TOCA and LICA, show good green prospects for the
selective extraction of Pt or Pd. Their lower material consumption, reduced waste generation, and
improved solvent utilisation offer promising advantages over previously reported systems under

similar experimental conditions.
4. Conclusions

In this study, novel non-ionic DESs comprising TOPO and Lid as HBAs and Carv as the HBD (TOCA and
LICA, respectively) were designed for the selective separation of Pt and Pd. This design comprised of
SLE curve predictions using COSMO-RS with experimental validation through DSC and visual
measurements. The formation of hydrogen bonds was confirmed by FT-IR spectroscopy, corroborating

the DES nature of LICA and TOCA.

Separation studies of Pt and Pd using TOCA and LICA identified optimum operational conditions, with
HBA:HBD ratio (TOCA at Xtgpo = 0.40 and LICA at xp;q4 = 0.50) and the aqueous HCI concentration
(Chd; = 2mol.L™ and C;;¢; = 0.25 mol. L™ for extractions with TOCA and LICA, respectively) being
determinant. TOCA displayed a strong preference for Pt extraction, whereas LICA favoured Pd
extraction. It was observed that there is a correlation between the composition of the DES relative to
its proximity to its eutectic point and the extraction efficiency of Pt and Pd. As such, the greater the
hydrogen bond interaction within the DES at hand, the lower the ability to extract metals from the
aqueous solutions. This highlights a critical trade-off between structural stability and functional

flexibility in DES performance.

The extraction behaviour of Pt and Pd is strongly governed by the interplay between acidity, metal

speciation, and chloride activity. While moderate HCI concentration promotes extraction by stabilising
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anionic chlorometalate species and enabling proton-assisted coordination within the DES phase,
excessive HCl concentration introduce competitive effects between Cl”and anionic PGM-chloro
complexes that hinder metal—extractant interactions. This effect was more pronounced for [PdCl,]?~,

which is more susceptible to hydrolysis and chloride competition than the more stable [PtCl¢]?".

Supported by FT-IR, UV-visible, and pH measurements, the extraction was proposed to proceed via a
neutral ion-pairing association mechanism, mediated by the co-extraction of protons, leading to the
formation of HBA...H" adducts that serve as counter-ions for the anionic PGM-chloro complexes. In
terms of thermodynamics, extraction with TOCA is exothermic for both metals, with the process being
spontaneous for Pt but non-spontaneous for Pd. In contrast, the use of LICA showed exothermic and

spontaneous behaviour for Pd extraction, but endothermic and non-spontaneous for Pt.

Pt and Pd back-extraction and DES regeneration could be achieved using 0.0005 mol. L™ EDTA from
metal-loaded TOCA, and 0.1 mol.L ! thiourea in 0.5 mol.L~! HCl from metal-loaded LICA. TOCA
(xTopo = 0.40) exhibited excellent recyclability, maintaining consistent extraction performance and Pt
selectivity over five extraction—stripping cycles with no significant change in structure or performance
attaining EEp, = 79.07% with the fresh solvent and EEp, = 77.53% after the fourth recycle. LICA
(xrig = 0.50) retained high Pd extraction efficiency (EEpq = 99.97% at the third cycle); however, its
selectivity for Pd over Pt declined over successive cycles, with the SFpq,p; decreasing from 82.82 (fresh
LICA) to 5.29 after three cycles. This loss of selectivity was attributed to Lid leaching into the aqueous
phase. To mitigate this, incorporating a make-up stream prior to reuse is recommended to restore the

1:1 HBA:HBD composition of the DES LICA, thereby sustaining both extraction efficiency and selectivity.

Finally, an assessment considering mass-based green metrics showed very promising results for the
use of these carvacrol-based DESs for the separation of Pt and Pd, particularly in terms of E-factor (<1),

reduced process mass intensity and high mass productivity compared to previous efforts.

Overall, the promising outcomes from both mono- and bimetallic model systems highlight the
significant potential of TOCA and LICA as environmentally benign, tunable media for the efficient and

selective LLX of Pt and Pd, respectively.
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Highlights

e The DESs TOCA and LICA are proposed for selective Pt and Pd extraction

e TOCA and LICA are characterised with thermal, chemical and spectroscopic techniques
e TOCA showed a strong preference for Pt extraction, whereas LICA favoured that of Pd
e The extraction mechanism is based on a neutral ion-pair association

e TOCA shows outstanding recyclability whilst LICA undergoes some leaching
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