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Selective recovery of Pd from chloride-rich hydrometallurgical leachates, such as those derived from automotive
catalytic converters, remains challenging due to the chemical similarity of PGMs and the stability of their chloro-
complexes. Here, we report a green, selective sorbent (TA@Si) prepared by covalently grafting the naturally
occurring disulfide ligand, thioctic acid, onto mesoporous silica via silane chemistry. In multi-metal batch ex-
periments, TA@Si exhibited excellent selectivity for Pd over Pt, Rh, and base metals (Fe, Zn, Ce) across a wide
acidity range (0.05-10 M HCI). The process was endothermic and entropy-driven, remaining thermodynamically
favorable under strongly acidic conditions, and adsorption followed pseudo-second-order kinetics, best described
by Sips and Temkin isotherm models, reaching a maximum capacity of (49.5 + 12.4) mg-g ! at 0.2 M HCL. XPS,
Raman spectroscopy and SEM-EDS analyses indicate that Pd(II) coordinates to disulfide-derived sulfur sites of
TA, forming stable surface-anchored Pd-S/Cl complexes. Adsorbed Pd (along with minor Pt) was quantitatively
recovered using thiourea in dilute HCI, and the sorbent maintained performance over at least five adsorption-
desorption cycles. Fixed-bed column studies demonstrated that this selectivity translates to continuous opera-
tion, with delayed Pd breakthrough, minimal co-adsorption of competing metals, and efficient Pd recovery
through continuous thiourea-assisted desorption.

This work introduces an acid-stable thioctic-acid-functionalized silica adsorbent for selective Pd recovery from
chloride-rich PGM leachate simulants, demonstrating the combined advantages of TA-disulfide coordination
chemistry, broad HCI tolerance, multi-metal Pd selectivity, regenerability, and fixed-bed compatibility.

1. Introduction

Platinum group metals (PGMs), particularly Pd, Pt, and Rh, have
various applications, including in jewelry, catalysts, and high-tech de-
vices. Among these, automotive catalytic converters (ACCs) are the
dominant consumer of PGMs, accounting for ~65% of global PGM de-
mand [1,2]. Despite ongoing advances, global PGMs recycling perfor-
mance from end-of-life ACCs remains modest, and according to the U.S.
Geological Survey report [3], in 2021, only about 28% of the total global
PGMs supply came from recycling. Notably, recycling requires only
1-1.5% of the energy consumed by primary mining [4,5], offering a
more sustainable approach to meet future PGMs demand.

Recovery of these metals from secondary resources is carried out
primarily through pyrometallurgical and hydrometallurgical methods.

* Corresponding authors.

While pyrometallurgical processes are effective, they are highly ener-
gy-intensive and generate significant emissions, limiting their sustain-
ability [6]. In contrast, hydrometallurgical approaches require less
energy, milder operating conditions, and safer waste management [7].
In hydrometallurgical PGM recovery, the initial step is typically HCIl-
based acid leaching, which dissolves Pt, Pd, and Rh from the solid
catalyst into the liquid phase as stable anionic chloro-complexes [8].
Under these conditions, Pt, Pd, and Rh are converted into stable anionic
chloro—complexes, predominantly [PdCl4]2’, [PtClﬁ]z’, and [RhC16]3’
[9-11]. These species coexist with a range of co-dissolved elements,
including base metals (e.g., Fe, Zn) and rare earth elements (e.g., Ce)
originating from the catalyst washcoat and substrate. The subsequent
separation from cationic impurities is straightforward but achieving
intra-PGMs separation remains a significant challenge due to their
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closely related chemistries and the stability of their chloro-complexes.

An important insight for designing selective PGMs separation pro-
cesses is the strong affinity of Pd and Pt for sulfur-containing ligands.
Both Pd(II) and Pt(II/IV) are “soft” Lewis acid centers that form very
stable complexes with soft base donor atoms such as sulfur [12]. As a
result, sulfur-bearing extractants and adsorbents are extensively
employed in hydrometallurgical systems for the recovery of these metals
from chloride media [13]. In particular, sulfur-functionalized materials,
including thiols, dithioethers, and thiourea-based resins demonstrated
high binding capacities [14-16]. However, despite their effectiveness,
these systems generally exhibit limited selectivity as both metals
interact strongly with sulfur donors under chloride conditions. This
often results in the co-extraction of Pd and Pt, hindering efficient
intra-PGMs separation. The challenge is further compounded by the
similar coordination environments and comparable thermodynamic
stability of Pd and Pt chloro-complexes. Consequently, ligand systems
that exploit differences in coordination kinetics are required for selec-
tive Pd/Pt separation.

Among the sulfur-bearing molecules, those containing disulfide
bonds (-S-S-) are of particular interest owing to their specific interac-
tion pathways with these metals. Pd and Pt can both interact with
disulfides either by directly coordinating to the intact -S-S— bond,
yielding mono- or binuclear adducts, or by promoting cleavage of the
disulfide linkage through oxidative addition, disproportionation, or
polarization processes [17]. In chloride media, Pd, being more kineti-
cally labile, shows a higher tendency to form S,S-binuclear Pd(II)
complexes that can be accompanied by partial disulfide bond scission,
leading to the formation of Pd-thiolate species [18-21]. By contrast, Pt
is frequently present as the more inert [PtClg]?>~ complex, which exhibits
slower ligand substitution and more limited ability to participate in
coordination or redox interactions with disulfides [20-22].

A representative disulfide-bearing ligand is thioctic acid (TA) - also
known as a-lipoic acid, a naturally occurring organosulfur compound.
TA is commercially available in high purity, readily photodegradable
and biodegradable, non—persistent in the environment, and exhibits low
toxicity, making it an environmentally benign candidate for industrial
applications [23,24]. Its strained 1, 2-dithiolane ring provides a soft
S—donor framework that, upon coordination or mild reductive opening,
can enable the formation of strong chelates with Pd in preference to
other metals. These structural features enable TA to preferentially
interact with soft metal ions such as Pd(II) and to bind strongly to soft
metal surfaces. Consequently, TA was widely investigated as a capping
or stabilizing ligand for soft metal nanoparticles (e.g., Pd, Au, and Ag),
as well as for biomedical nanocarriers [25-28]. Nevertheless, its po-
tential for selective PA(II) recovery in complex, multi-metallic hydro-
metallurgical leachates received limited attention.

To the best of our knowledge, the most closely related study is that of
Trieu et al. [29], which reported Pd and Au adsorption on
TA-functionalized ZrO,. This work demonstrated the potential of TA for
Pd adsorption but was limited to simplified single— or binary-metal
systems and did not examine realistic multi-metallic ACC leachates or
intra-PGMs selectivity. Moreover, the TA immobilization in that study
relied on carboxylate linkages, which proved highly susceptible to hy-
drolytic cleavage in strongly acidic media (HCI > 1 M) [29]. Even when
a phosphonate intermediate (alendronic acid) was introduced to
improve anchoring, concerns about long-term hydrolytic stability
persist under the highly acidic, chloride-rich conditions typical of in-
dustrial hydrometallurgical processes [30].

In previous works on sulfur-functionalized adsorbents, most re-
ported systems suffer from limited selectivity between Pd and Pt and are
typically evaluated under mild acidity or simplified metal compositions.
Their performance under strongly acidic, chloride-rich environments
representative of PGM hydrometallurgical leachates remains largely
unexplored. Furthermore, continuous—flow validation is rarely
addressed, limiting assessment of practical applicability. In this work,
these limitations are addressed by developing a robust
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TA-functionalized adsorbent via silane-mediated immobilization on a
silica support. This approach enables stable covalent attachment and
improves resistance to hydrolytic degradation under strongly acidic
conditions. The material was evaluated for selective Pd(II) adsorption
from HCl-based multi-metallic solutions representative of ACC leach-
ates under industrially relevant conditions (high acidity, elevated
chloride, and competitive matrices) in both batch and continuous
modes. Unlike most previous studies, which were limited to single-
—metal or mild systems, this work demonstrates selective Pd recovery
under realistic hydrometallurgical conditions, providing a more appli-
cation-oriented assessment of TA-based adsorbents.

2. Materials and methods

Detailed information on the reagents and characterization tech-
niques used for the adsorbent is provided in the “Methodology” section
of the Supporting Information.

2.1. Thioctic acid immobilization on silica gel

Immobilization of TA onto silica gel was carried out as outlined in
Fig. 1 and described below:

2.1.1. Step 1. Amino functionalization with APTMS

One gram of pretreated silica (overnight in concentrated HCI) was
dispersed in 100 mL of dry toluene (dried over 4 A molecular sieves) in a
round-bottom flask. Subsequently, 2 mL of (3-aminopropyDtrime-
thoxysilane (APTMS) was added dropwise under continuous stirring.
The mixture was refluxed under a nitrogen atmosphere, then sealed and
stirred at room temperature for 24 h. The resulting APTMS-function-
alized silica (Si-NH>) was filtered, washed four times with toluene fol-
lowed by absolute ethanol, and dried at 60 °C overnight.

2.1.2. Step 2. Activation of TA and coupling with Si-NH,

TA (1.25 g, 6 mmol) was dissolved in 125 mL of dry dichloromethane
(DCM) (dried over 3 A molecular sieves). N,
N'—dicyclohexylcarbodiimide (DCC) (1.65 g, 8 mmol) was added directly
to the DCM solution. In parallel, N-hydroxysuccinimide (NHS) (0.925 g,
8 mmol) was dissolved in 5 mL of dry acetonitrile and slowly added to
the solution under stirring. The mixture was stirred in the dark at room
temperature for 60 min to activate the carboxyl group and form the NHS
ester.

The NHS-activated TA solution was mixed with the Si—-NHj prepared
in Step 1. The mixture was stirred at room temperature for 24 h in the
dark. The product was recovered by filtration and extensively washed
with DCM, methanol, and ethanol to remove unreacted species and
byproducts. The final product, TA@Si, was dried at 60-80 °C in an oven.

2.2. Batch adsorption—desorption studies

Batch adsorption tests were conducted in 2 mL Eppendorf tubes
containing 1.8 mL of a synthetic multi-metal solution containing Fe, Zn,
Ce, Pt, Pd, Rh, each at (20 & 2) 1'ng-L’1 prepared in either 0.2 or 3 M HCI,
with an adsorbent dosage of 1 g-L 1. The suspensions were agitated at
1500 rpm at 303 K for 3 h using an Eppendorf ThermoMixer. All ex-
periments were performed in duplicate, unless specified otherwise. A
control sample without TA@Si, with the same number of replicates, was
included in all tests to account for non-adsorptive losses. The influence
of HCI molarity on PGMs adsorption was examined by varying HCIL
concentration from 0.05 to 10.00 M. Kinetic adsorption experiments
were conducted in parallel using identical Eppendorf tubes over a 24 h
period. At each predefined time interval, two tubes were withdrawn as
replicates for metal analysis. The effect of initial metal concentration
was studied by performing adsorption studies in multi-metallic solu-
tions containing 5.0 + 0.4,10 £ 1,20+ 2,30 £ 2,40 + 3,60 £+ 4, 80 +
5 and (100 & 7) mg-L’1 of Pd, Pt, Rh, Ce, Zn, and Fe. Temperature
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Fig. 1. The synthesis route of thioctic acid functionalized silica gel.

effects were studied at 303, 313, 323, and 333 K under otherwise
identical conditions.

For batch desorption studies, TA@Si loaded with Pd and Pt obtained
under optimized adsorption conditions (0.2 M HCl, 303 K, 3 h contact
time) was used. Desorption was carried out using different eluents,
including HCI (1.0, 2.0, and 4.0 M), NaSCN (0.2, 0.5, and 1.0 M), and
thiourea (0.2, 0.5, and 1.0 M in 0.5 M HCI). Experiments were conducted
in triplicate at 303 K with agitation at 1500 rpm for 3 h. After treatment,
samples were filtered, and the metal concentrations were determined.

Successive adsorption—desorption cycles were performed using the
same TA@Si. Each adsorption cycle was carried out with a fresh mul-
ti-metallic solution, while desorption was performed using the same 1 M
thiourea (TU) + 0.5 M HCI solution throughout all cycles. In all exper-
iments, the solid—to-liquid ratio was maintained at 1 g-L™L.

2.3. Continuous—flow fixed-bed column studies

To evaluate the scalability and dynamic selectivity of TA@Si, con-
tinuous—flow fixed-bed column experiments were performed. A plastic
syringe (internal diameter 0.5 cm) was packed with 0.5435 g of TA@Si
(with average particle size of 0.2-0.5 mm), corresponding to a bed
height of 4 cm (bed volume ~ 0.785 cm3), and used as the column. Both
ends of the packed bed were secured with glass wool to prevent material
loss and ensure uniform flow. Prior to operation, the column was pre-
conditioned with 0.2 M HCI to fully wet the sorbent bed and remove
trapped air. The column was placed in a thermostatic water bath
(ME-18 V Visco-Thermostat, Julabo) maintained at 30 °C (& 0.01 °C) to
ensure constant operating conditions (Fig. S1).

A synthetic multi-metallic solution containing (50 + 5) mg-L™! of
Fe, Zn, Ce, Pt, Pd, and Rh in 0.2 M HCl was pumped upward using a
peristaltic pump at a constant flow rate of 1 mL-min~! (empty-bed
contact time ~ 0.785 min). The experiment was conducted for 10 h
(total processed volume = 600 mL, ~ 764 bed volumes). Following
column saturation, desorption was carried out in the same setup using a
stepwise elution strategy with eluents of increasing complexation
strength. The column was sequentially treated with 0.01 M TU in 0.5 M
HCl and 1 M TU in 0.5 M HCL all at a flow rate of 1 mL-min~'. The
desorption stage was conducted for 4 h (total processed volume = 240
mL, ~ 306 bed volumes). Effluent samples were collected at 10 min
intervals throughout the column operation (including both adsorption
and desorption stages) and analyzed by ICP-OES.

3. Results and discussion
3.1. Structural and spectroscopic characterization of TA@Si
To confirm the successful covalent immobilization of TA on silica,

FTIR, Raman, solid-state 13C NMR spectroscopy, and CHNS elemental
analysis were performed. FTIR spectra of silica (Si), silica with APTMS

linker (Si-NHj), and TA-functionalized silica (TA@Si) are presented in
Fig. 2-A. The spectrum of TA@Si exhibited two characteristic peaks at
1553 and 1649 cm ™}, corresponding to the amide I (N—H bending and
C—N stretching) and amide I (C=O stretching) vibrations, respectively.
These peaks confirm the successful immobilization of TA onto Si-NH,
[31,32]. A peak at 1632 cm ™, assigned to the bending vibration of
physisorbed water, was observed in the spectra of both bare Si and
Si-NH; [33]. All samples retain the silica framework bands at 1080, 811,
and 510 cm™! (Si-O-Si asymmetric stretch, Si-O-Si symmetric stretch,
and Si—O bend).

Raman spectroscopy (Fig. 2-B) further corroborates the successful
TA grafting. Bare silica is essentially featureless, whereas Si-NH; shows
aliphatic C—H stretching bands in the region 2850-2960 cm™!
(centered ~2931 cm™1), attributed to the propyl linker [34]. Upon TA
coupling (TA@Si), these C—H bands intensify, and TA—characteristic
sulfur modes appear: the 1, 2-dithiolane ¥(S—S) near ~510 cm™! and
Y(C—S) bands within ~630-700 cm’l, absent in Si-NHj, and matching
the fingerprint of pure TA. In addition, a band at ~1440 cm™* (8(CHy)
scissoring vibration) grows from Si-NHj; to TA@Si, indicating increased
aliphatic content from the TA layer. In the carbonyl region, TA@Si
shows an amide I band at approximately 1650-1670 em™}, consistent
with amide formation between TA and surface amines [35,36] and in
agreement with FTIR results.

The functionalization was further confirmed by solid-state 13C
CP-MAS NMR spectroscopy. Fig. 2-C displays the spectra of pure TA,
Si-NHjy, and TA@Si. The presence of the APTMS linker on the silica
surface is clearly evidenced by three characteristic signals assigned to
the propyl chain methylene carbons, observed at 7.39 ppm (C1), 25.60
ppm (C2), and 39.31 ppm (C3), consistent with literature values
[31,37]. In the spectrum of pure TA, a distinct peak at 163.98 ppm
corresponds to the carbonyl carbon (C=0) of the carboxylic acid group
[38]. Upon conjugation to the Si-NHj surface, this peak shifts to 160.10
ppm, reflecting a change in the chemical environment of the carbonyl
and indicating the formation of an amide bond between the terminal
amine of APTMS and the carboxylic group of TA. In the aliphatic region
(20-45 ppm), the pure TA spectrum exhibits three peaks assigned to
methylene carbons within the eight-membered ring and side chain,
including those adjacent to the disulfide bridge (-CH-S-S—CH»-) [38].
In the TA@Si spectrum, this region shows broader features. This
increased multiplicity and line broadening are expected for organic
molecules immobilized on heterogeneous silica surfaces, where
restricted mobility and varied local binding geometries lead to slightly
different 13C chemical environments [39]. Notably, the peak at 39.31
ppm, which originates from the CHy group adjacent to the -NH; in
APTMS, likely overlaps with methylene signals from TA, particularly
those near the disulfide linkage.

CHNS elemental analysis (Table S1) of TA@Si showed the presence
of ~3% N, confirming the incorporation of the APTMS linker, while
2.4% S was attributed to the dithiolane ring of TA, providing direct
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Fig. 2. Characterization of silica gel (Si) before and after functionalization with APTMS (—NH;) and thioctic acid (TA): (A) FTIR spectra, (B) Raman spectra, (C)
solid-state '3C CP-MAS NMR spectra, (D) N2 adsorption—desorption isotherms, (E) TGA curves, and (F) DSC heat-flow curves.

evidence of its attachment. The elevated carbon and hydrogen contents
are consistent with the added organic layers.

The Ny adsorption-desorption isotherms of Si, Si-NHy, and TA@Si
showed Type IV behavior, confirming the mesoporous nature of all
samples (Fig. 2-D). The marked increase in adsorbed volume at inter-
mediate relative pressures is attributed to capillary condensation within
mesopores [40,41]. As shown in Table S2, surface functionalization with
APTMS and TA results in a progressive decrease in BET surface area and
total pore volume, reflecting partial pore blocking and reduced pore
accessibility arising from the grafted organic layers. Despite this
reduction, the overall isotherm shape and pore-size distribution remain
characteristic of mesoporous materials, indicating that the silica
framework is preserved after functionalization [42].

Finally, TGA profiles (Fig. 2-E) further confirm the successful
organic functionalization of silica. Bare Si showed only a small mass
decrease, mainly associated with adsorbed water and surface silanol

condensation, whereas Si-NH; and TA@Si exhibited progressively
higher mass losses due to the decomposition of grafted APTMS and TA
organic moieties. The larger mass loss observed for TA@Si confirms the
increased organic loading after TA immobilization. The DSC curves
(Fig. 2-F) show broad thermal events below ~150 °C, mainly related to
moisture/solvent removal and surface-bound species. No major thermal
events were observed below 300 °C, consistent with the thermal stability
observed by TGA.

3.2. Metal adsorption tests

Following the successful immobilization of TA on silica gel, the
prepared material was evaluated as an adsorbent for the selective uptake
of metals from HCl-based synthetic multi-metallic solutions, designed
to simulate chloride leachates relevant to hydrometallurgical
processing.
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3.2.1. Effect of HCI concentration and metal adsorption kinetics

The effect of HCI concentration on metal uptake by TA@Si was
evaluated over a wide acidity range (0.05-10 M HCI). As shown in
Fig. 3-A, the adsorption of both Pd and Pt is strongly dependent on HCl
concentration. Maximum uptake for both metals was observed at the
lowest acidity tested (0.05 M), followed by a progressive decrease with
increasing HCI concentration. This decrease in adsorption is attributed
to the stabilization of Pd and Pt chloro-complexes by excess chloride
ions, which shifts the equilibrium toward fully chlorinated anionic
species ([PdCl4]2’ and [PtCls]Z’) and reduces their susceptibility to
ligand exchange with the sulfur donor groups on the TA@Si surface
[43]. The adsorption mechanism and the origin of the observed Pd
selectivity are discussed in further detail in Section 3.3.2. At higher
acidities, Pt adsorption remains negligible, while Pd retains measurable
uptake even at 10 M HCI, giving a separation factor opq,/p; > 28 (Eq. S1)
for HCl acidities above 4 M due to the suppression of Pt uptake
(Fig. 3—-A). This difference reflects their distinct solution speciation and
kinetic behavior. Pt is predominantly present as the kinetically inert
[PtClG]Z_ complex, which resists ligand exchange, whereas Pd exists
mainly as more substitution-labile [PdCl4]?~ species, allowing Pd
adsorption to persist under highly acidic conditions [17,20,21]. In
contrast, Rh and the base metals (Fe, Zn, Ce) showed negligible
adsorption across all HCI concentrations tested.

The chemical stability of TA@Si in acidic media was assessed by
immersing the material in 0.2 and 3 M HCI solutions and stirring for
seven days. The acid-pretreated samples were then directly used for
metal adsorption from multi-metallic solutions prepared at the same
respective HCl concentrations and compared in parallel with fresh
TA@Si (Fig. S2). The results show that prolonged exposure to the tested
acidic environments does not compromise the material's metal adsorp-
tion performance.

Furthermore, the adsorption kinetics of metals from a 0.2 M HCI
solution onto TA@Si (1 g-L’l) were evaluated over a 24 h period. Both
Pd and Pt exhibited rapid adsorption within the first 30 min, followed by
a slower approach to equilibrium, which was reached at ~180 min
(Fig. 3-B). Kinetic modelling further supported these trends (Table S3).
For Pd, the experimental and calculated adsorption capacities (qe,exp =
15.28 mg-g~; Gecal = 15.20 mg-g 1) were in close agreement under the
pseudo-second order (PSO) model (Eq. S3), with a high correlation
coefficient (R? = 0.96). In contrast, the pseudo-first order (PFO) model
(Eq. S2) gave a poorer correlation (R? = 0.71). Similarly, Pt adsorption
kinetics were better described by the PSO model R? = 0.99), with
calculated g values in closer agreement than for PFO. These results
indicate that chemisorption is the dominant mechanism, suggesting
specific interactions between Pd/Pt chloro-complexes and sulfur donor

—e—Fe
—e—Rh

—e—7n

A —o—Ce
o—Pt

ISERNAN I

HCI molarity

Opg/pt
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sites of TA@Si [44,45]. Moreover, the rate-limiting step of Pd and Pt
adsorption is the chemical complexation process itself, involving ligand
substitution and activation of the disulfide bond to form Pd—S or Pt—S
coordination species, rather than mass transfer or diffusion [19,22].

3.2.2. Isotherm studies

Adsorption isotherms for the different metals on TA@Si were
measured at 0.2 M and 3 M HCI. In both media, Pd adsorption capacity
increased progressively with the initial concentration (Fig. 4-A, C),
while Pt adsorption exhibited only a modest increase with concentration
(Fig. 4-B, D). Notably, no measurable uptake was observed for the other
tested metals (Rh, Fe, Zn, and Ce).

Equilibrium adsorption data for Pd and Pt on modified silica were
fitted to Langmuir (Eq. S4), Freundlich (Eq. S5), Sips (Eq. S6), and
Temkin (Eq. S7) isotherm models (Fig. 4-A-D, Table S4). The Sips model
provided the best fits (R2 = 0.99). For Pd, the maximum adsorption
capacity (gmax) decreased from (49.51 + 12.37) mg-g~* at 0.2 M HCl to
(29.02 + 1.74) mg-g~! at 3 M HCI (Table S4). The Sips heterogeneity
exponent (n = 0.72-0.83) deviates from unity, indicating apparent en-
ergetic heterogeneity, which in this system is attributed to variations in
site accessibility and adsorption strength induced by solution acidity,
metal speciation, and surface coverage [46]. The Temkin model also
provided an excellent fit for Pd (R2 = 0.99); its constant bt rose from
0.33 to 0.48 kJ mol ! with increasing acidity, consistent with the
Temkin framework, in which the apparent adsorption energy varies with
coverage and solution conditions [46,47]. The Langmuir model yielded
inferior fits (R® = 0.97-0.99) (Table S4), indicating minor deviations
from ideal monolayer adsorption on energetically homogeneous sites.
The Freundlich model gave the poorest fit (R? < 0.93). For Pt, the Sips
model again provided the best fit (R2 = 0.96-0.97), with gmax decreasing
from (7.06 + 1.87) mg-g~* at 0.2 M HCl to (2.06 + 0.56) mg-g ™' at 3 M.
The heterogeneity parameter (n = 0.80 at 0.2 M) indicates moderate
energetic heterogeneity of the adsorption sites. The elevated value ob-
tained at 3 M HCl (n = 2.59) should be interpreted with caution, as the
very low Pt adsorption capacity under these conditions reduces the
reliability of the fitted parameter and may artificially inflate the het-
erogeneity exponent [46] (Fig. 4-C, D, Table S4).

The superior Sips and Temkin fits and the acidity-driven drop in gmax
indicate apparent energetic heterogeneity arising from acidity— and
coverage-dependent interactions. This behavior is consistent with
competitive adsorption and modulation of binding strength by solution
conditions, as captured by these models [46,47].

Importantly, the maximum Pd adsorption capacity closely correlates
with the TA loading estimated from elemental analysis, indicating that
adsorption is primarily governed by the availability of TA-derived sulfur
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Fig. 3. (A) Influence of HCl concentration on the adsorption of different metals from synthetic multi-metallic solutions by TA@Si (contact time of 180 min). (B)
Adsorption kinetics of Pd and Pt by TA@Si with nonlinear pseudo—first-order (PFO) and pseudo-second-order (PSO) model fits. Experimental conditions: TA@Si
dosage of 1 g-L"1, temperature at 303 K, multi-metallic solution containing (20 + 2) mg-L~! of each metal in 0.2 M HCL
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and Sips models. Results obtained in 0.2 M HCI are shown for (A) Pd and (B) Pt, while those obtained in 3 M HCI are shown for (C) Pd and (D) Pt. Experimental
conditions: TA@Si dosage of 1 g-L !, temperature at 303 K, and contact time of 180 min.

sites. Based on the sulfur content in Table S1 (2.41 wt%), approximately
0.376 mmol of TA is present per gram of material, while the maximum
Pd uptake at 0.2 M HCI reaches 49.51 mg-g~! (~0.465 mmol-g ™). The
near one-to-one correspondence between these values suggests high
utilization of active sulfur sites, with Pd binding occurring predomi-
nantly at TA-derived functionalities. The slightly higher Pd uptake
relative to TA loading further indicates that multiple coordination
modes, including mono- and bidentate Pd—S interactions, contribute to
the overall adsorption capacity, consistent with the proposed mixed
Pd-S/Cl coordination environment [17,19].

3.2.3. Comparative evaluation of adsorption performance under acidic
chloride conditions

The performance of TA@Si was benchmarked against reported ad-
sorbents under comparable conditions (Table 1). From a kinetic
perspective, TA@Si exhibits substantially faster uptake than most re-
ported systems. For example, Zhang et al. [48] reported high Pd selec-
tivity over Pt (apq/pt = 64.5) using sulfur—functionalized cellulose under

Table 1

mild acidic conditions (pH 0-3, <1 M HCl); however, equilibrium was
reached only after prolonged contact times (~12-24 h), likely due to
diffusion limitations and restricted site accessibility. Similarly, thio-
I-functionalized mesoporous silica systems required ~7 h to reach
equilibrium for both Pd and Pt adsorption, more than twice the time
observed in this study [14]. In our previous work, Pd adsorption onto
disulfide-rich feathers required ~6 h to reach equilibrium, attributed to
intraparticle diffusion limitations within the dense keratin matrix,
where mass transfer governed the overall rate [49]. In contrast, the ki-
netics observed here are comparable to those reported for TA-modified
ZrO,, where equilibrium was achieved within ~200 min for Pd and Au
adsorption [29].

The stability and effectiveness of sulfur-based functionalities in
acidic media were not sufficiently evaluated in the literature, as many
studies are limited to simple-metal systems or to mild acidity (typically
<1 M HCI) [13,29,48,50,51], thereby limiting their applicability to real
hydrometallurgical streams. Even when tested in chloride media,
selectivity is often inadequate (Table 1). For instance, thiourea-based

Comparison of Pd and Pt adsorption performance of TA@Si with reported sorbents in acidic chloride media, including adsorption capacity (ge) and selectivity (qe,pa/q.,
po) under comparable conditions.

Functional group/ Support Feed Medium/ qe (mg-g™) Gmax, Qpd/pt Ge,pd/ Equilibrium Ref.
active site composition condition pd Pt Pd Ge,pt time (h)
0.2 M HCl 15.4 2.8 49.5 5.6 5.5
Pd, Pt, Rh, F Thi
Thioctic acid disulfide Mesoporous silica Zi’ CE:’ Rh, Fe, 3 M HCL 11.1 0.5 29.0 23.6 22.2 3 wolrsk
? 10 M HCI 5.2 0.2 - 31.2 26
Thioctic acid disulfide ZrO, nanoparticles Pd, Au 3 M HCI 6.3 — 6.3 - — ~3 [29]
Pd, Pt, b
2-aminothiophenol Cellulose mdf;talts’: ase pH 1.0 1632 198 1632 645 ~636  ~12-24 [48]
Bis—(2-picolyl)amine Polymeric resin Pd, Pt, Rh, 3 M HClL 0.5 0.5 - ~20 ~1.2 >9 [43]
- Mesoporous Carbons Pd, Pt, Au 1 M HCI 35 58.5 95.8 - ~0.6 18 [56]
Very
2-aminophenyl disulfide Mesoporous silica Pd, Pt 0.5 M HCl - - 26.6 high ~5.4 0.1 [53]
(NR)

3-mercaptopropyl Mesoporous silicas Pd pH 1.0 190 - 190 - - 3 [54]
Sulfur heteroatoms modified  crosslinked polymer

. Pd, Pt 6 M HCI 177.7 66.3 212 - ~2.7 6-12 [571

crown ether resin

Dichloro-thioamide Polyethyleneimine idét::lts’ Aw base g 886 1021 886 - ~09  ~20 [55]
Thiol Mesoporous silica Pd, Pt pH 4 10.4 17.9 170 - ~0.6 ~8 [14]
Phosphine oxide Macroporotis P;,Pd, Rh, Cu  Notreported 286  30.3 286 - ~0.94  ~2 58]

polyacrylic resin
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ion-exchange resins exhibit limited Pd/Pt discrimination, resulting in
significant co-adsorption in multi-metallic solutions across a wide
acidity range (0.1-9 M HCI) [43]. Similarly, thiol-functionalized silica
shows negligible selectivity between Pd and Pt [14], while electro-
static-based adsorbents lose effectiveness at high acidity due to
competitive binding with chloride ions [52].

In terms of adsorption capacity and selectivity, TA@Si falls within
the upper range reported for disulfide-based systems. Disul-
fide—functionalized silica materials, such as 2-aminophenyl disulfide,
typically exhibit capacities of 10-26 mg-g~! [53], while TA-modified
ZrO, shows a lower capacity of ~6.3 mg-g~* under acidic conditions
(pH ~ 0.3) [29]. Although higher selectivity toward Pd over Pt has been
reported in some cases, such as the work by Losev et al. [53], the
evaluation of selectivity under competitive and strongly acidic condi-
tions remains limited. In contrast, thiol-functionalized adsorbents
generally achieve substantially higher capacities, including 163 mg-g~!
for 2-aminothiophenol-functionalized cellulose [48], ~190 mg-g~! for
thiol-modified silica [54], and up to 886 mgg ' for dichlor-
o-thioamide—functionalized polyethyleneimine [55]. However, this
apparent advantage is often accompanied by poor selectivity, as thiol
groups exhibit strong but non-specific affinity toward multiple PGMs,
particularly Pd and Pt.

As summarized in Table 1, most reported studies were conducted
under relatively mild conditions and do not reflect the behavior of ad-
sorbents under strongly acidic environments relevant to hydrometal-
lurgical processing. In contrast, TA@Si maintains high selectivity and
stability toward Pd across a wide range of HCI concentrations. Although
the adsorption capacity decreases with increasing acidity, the selectivity
remains consistently high, highlighting the robustness of the material
under industrially relevant conditions.

3.3. Adsorption mechanism

3.3.1. Thermodynamics
The thermodynamics of metal adsorption onto TA@Si were investi-
gated by measuring adsorption efficiencies in 0.2 and 3 M HCI at 303,
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313, 323, and 333 K. As shown in Fig. 5-A and B, increasing the tem-
perature enhanced the adsorption capacities of Pd and Pt at both acid
concentrations. In contrast, adsorption of the base metals (Ce, Fe, Zn)
remained negligible, while only a slight increase was observed for Rh.
However, the temperature-induced increase was more pronounced for
Pt, likely because higher temperature facilitates desolvation and ligand-
substitution processes for the kinetically inert Pt chloro-complexes. As a
result, Pd/Pt selectivity decreased at higher temperatures, indicating
that lower adsorption temperatures are more favorable for selective Pd
recovery.

The thermodynamic parameters obtained from the van't Hoff anal-
ysis (Eq. S8) provide insight into the nature of Pd and Pt adsorption onto
TA@Si; the corresponding plots are shown in Fig. 5-C and D and the
extracted values are summarized in Table 2. The positive enthalpy
values (25-26 kJ-mol ! for Pd and 37-57 kJ-mol ! for Pt) indicate that
the adsorption process is endothermic. This is consistent with specific
chemical interactions (beyond simple physisorption) between the metal
chloro-complexes and the sulfur donor sites of TA@Si [59]. The large
positive entropy changes (~88-92 J-mol™1.K™! for Pd and 109-160
J-mol 1.K™! for Pt) indicate a gain in disorder, most likely from the
release of hydration water and chloride ions upon metal binding,
consistent with previous reports on Pd(II) sorption via sulfur donor li-
gands [60,61]. For Pd, the combination of a moderate AH and a favor-
able AS results in consistently negative Gibbs free energy (Eq. S11)
values across the studied range, confirming a spontaneous process
whose thermodynamic driving force increases with temperature. In
contrast, Pt adsorption exhibits larger enthalpic barriers and thus only
marginal spontaneity, with a positive AG decreasing toward zero at
higher temperatures, which explains the experimentally observed in-
crease in uptake. For Pt, increasing the HCI concentration from 0.2 to 3
M magnifies both AH and AS, reflecting stronger stabilization of metal
chloro—complexes in solution and higher desolvation requirements,
which, overall, reduce adsorption efficiency. These thermodynamic
trends confirm that Pd adsorption is thermodynamically more favorable
than Pt adsorption under strongly acidic conditions, rationalizing the
observed selectivity of TA@Si.
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Fig. 5. Effect of temperature on Pd and Pt adsorption from solutions containing (A) 0.2 M HCl and (B) 3 M HCL. Van't Hoff plots for the thermodynamic analysis of
PGMs adsorption by TA@Si from (C) 0.2 M HCl and (D) 3 M HCl solutions. Experimental conditions: TA@Si dosage of 1 g-L’l, multi-metallic solution containing (20

+2) mg-L’l of each metal, and contact time of 180 min.
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Table 2
Apparent thermodynamic parameters under optimized experimental conditions for Pd and Pt adsorption on TA@Si at varying temperatures.
0.2 M HCl1 3 M HCI
Metal Pd Pt Pd Pt
R? 0.99 0.96 0.98 0.92
AH (kJ.mol 1) 25.00 + 2.49 37.28 + 1.96 25.97 + 2.49 56.62 + 11.92
AS (J.mol LK) 9212+ 7.85 109.36 + 6.19 87.88 + 7.85 160.441 + 37.57
303 K —2.78 + 3.44 4.04 £ 2.72 —0.57 + 3.44 8.59 + 16.48
1 313K —3.98 £+ 3.50 3.19 £ 2.76 —1.59 £+ 3.50 5.72 £16.72
AG (kJ.mol %)
323K —4.83 £+ 3.55 2.00 £+ 2.80 —2.60 £+ 3.55 4.32 £17.01
333K —5.55 + 3.61 0.78 + 2.85 —-3.14 £+ 3.61 3.81 £17.28

3.3.2. Spectroscopic and structural analyses

To better rationalize the adsorption behavior and notable selectivity
of TA@S:i for Pd over Pt, TA@Si was equilibrated with single-metal Pd or
Pt solutions at (100 + 2) mgL™! and subsequently characterized,
ensuring sufficiently high surface loading for spectroscopic analysis.
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FTIR spectra of TA@Si before and after Pd or Pt adsorption showed
only minor changes (Fig. S3), likely because key metal-sulfur and
metal—chloride vibrations occur below ~400 cm™?, outside the reliable
mid-IR range. Raman spectra (Fig. 6-A) revealed the appearance of new
bands and shifts in existing vibrations after metal binding. In the Raman
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Fig. 6. (A) Raman spectra of TA@Si before and after Pd or Pt adsorption. (B) SEM-EDS elemental mapping and (C) corresponding EDS spectra of TA@Si after Pd
adsorption. STEM imaging of TA@Si, (D-F) before and (G-I) after Pd adsorption. Experimental conditions: TA@Si dosage of 1 g~L‘1, single-metal solutions of (100 +

5) mg-L’1 in 0.2 M HC], contact time of 180 min, and temperature at 303 K.
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spectrum of Pd-loaded TA@Si, two new bands appeared at approxi-
mately 298 and 368 cm™!, which can be assigned to y(Pd—S) and
v(Pd—Cl), respectively [62-64]. The first corresponds to the coordina-
tion of PA(II) to the sulfur atoms of TA, while the second reflects the
retention of chloride ligands in the coordination sphere. The simulta-
neous observation of v(Pd—S) and v(Pd—Cl) bands suggests that Pd(II)
retains part of its chloride coordination sphere upon adsorption, sup-
porting a partial ligand-exchange mechanism rather than complete
substitution by sulfur donor groups. For Pt-loaded TA@Si, a new band
at ~318 cm ™! was observed (Fig. 6-B). This band lies within the typical
range of Pt—S stretching vibrations (~300-320 cm’l) as reported for
thiolate-Pt species [63,65], but it also overlaps with the region of Pt—Cl
stretches observed in cis—[Pt(NH3),Cly] complexes (312-322 em™ b
[66,67]. Thus, the band may arise from either Pt—S coordination, re-
sidual Pt—Cl vibrations, or both, consistent with a scenario in which Pt
retains its chloro-complex structure and interacts (weakly) with sulfur
donor sites. Moreover, after adsorption of both metals, the band at 507
cm! shifts to lower wavenumbers (Fig. 6-A). This band corresponds to
the disulfide v(S—S) mode, whose frequency is sensitive to the local
bonding environment and decreases when the S—S bond is weakened by
electron density redistribution upon metal coordination [68,69].
Importantly, the v(S—S) band remains clearly observable after Pd
adsorption, although shifted to lower wavenumbers. This behavior in-
dicates weakening and polarization of the disulfide bond rather than its
complete cleavage. Such metal-sulfur coordination weakens the S—S
bond electronically while preserving its integrity, leading to partial
metal-thiolate character and asymmetric S—S bonding without ring
opening [21,69]. If extensive S—S bond scission had occurred, a sig-
nificant decrease or disappearance of this vibrational mode would be
expected. This observation is consistent with reported coordination
modes of Pd(II) with disulfides in chloride media, where mono- or
binuclear disulfide complexes can form without requiring full S—S bond
cleavage, while thiolate formation typically involves more pronounced
structural changes [69]. This interpretation is further supported by the
stable adsorption performance observed over multiple adsorp-
tion-desorption cycles (see Section 3.4), indicating that Pd and Pt
chloro—complexes interact with the disulfide moiety of TA through co-
ordination rather than bond cleavage. The presence of a minor fraction
of thiolate-type species arising from partial S—S cleavage cannot be fully
excluded on the basis of Raman data alone. Nevertheless, overall, the
spectroscopic evidence supports a coordination-induced activation of
the disulfide bond, in which Pd(II) forms mixed Pd-S/Cl complexes
while preserving the integrity of the S—S linkage, rather than pro-
ceeding via complete reductive cleavage to thiolate species.

The XRD patterns of TA@Si before and after Pd adsorption (Fig. S4)
showed no discernible changes, with both displaying only a broad
reflection characteristic of amorphous silica centered around 20 ~ 22°.
No additional peaks corresponding to Pd or Pd—containing crystalline
phases were detected. The absence of characteristic metallic Pd re-
flections (20 =~ 40°, 46°, 68°) indicates that Pd is not reduced during
adsorption but remains highly dispersed, consistent with its coordina-
tion as ionic or complex species with surface sulfur donors. SEM-EDS
mapping revealed a uniform spatial distribution of S, Cl, and Pd across
the TA@Si surface, indicating homogeneous functionalization by TA
and uniform Pd uptake (Fig. 6-C, D). Furthermore, STEM images
(Figs. 6-D-I) support the preservation of the morphology and porous
texture of TA@Si after functionalization and Pd adsorption, with no
obvious structural collapse or degradation observed after the adsorption
process. The corresponding normalized surface atomic ratios obtained
by SEM-EDS (Table S5) show comparable Pd:S (~1:1) and Pd:Cl
(~1:1.23) values, qualitatively indicating that Pd is coordinated by
sulfur donor groups from TA while retaining chloride ligands in its co-
ordination sphere. These ratios further support the Raman spectra
analysis, namely that Pd(II) is immobilized as surface-bound mixed S/Cl
complexes formed by partial substitution of chloride ligands from the
[PdCl4]2’ precursor.
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Finally, XPS spectra of TA@Si before and after Pd adsorption were
further analyzed to elucidate the adsorption mechanism and clarify the
involvement of TA-derived sulfur sites in Pd uptake (Fig. 7, Table S6).
The simultaneous detection of Pd 3d peaks at 338.25 and 343.60 eV,
assigned to Pd(II) (Fig. 7-B), together with the Cl 2p doublet, with the Cl
2p3,/2 component at 198.45 eV (Fig. 7-A, Table S6), suggests that Pd is
primarily retained as a surface-bound Pd(II)-chloride species. In the
high-resolution S 2p spectrum of TA@Si before Pd loading (Fig. 7-D),
the dominant S 2p3,2 component appeared at 164.15 eV, corresponding
to disulfide sulfur from the 1,2-dithiolane ring of TA along with a minor
low-binding-energy component at 160.95 eV, attributed to reduced or
ring-opened thiolate-like sulfur species [70]. The latter likely arises from
partial opening of the strained dithiolane ring during synthesis,
handling, or unavoidable light exposure [71]. After Pd adsorption, the
disulfide S 2p3,2 component shifted from 164.15 eV to 164.88 eV, while
the low-binding-energy component shifted from 160.95 eV to 162.41
eV. The relative intensities of both components did not change sub-
stantially (Table S6), indicating that the disulfide bond underwent little
to no cleavage upon Pd adsorption. The upward shifts are instead
attributed to redistribution of electron density upon coordination with
Pd(II), and polarization of the intact S—S bond and formation of surface-
anchored mixed Pd-S/Cl complexes. This is supported by the persistence
(with shift) of the S—S Raman band after adsorption (Fig. 6-A) and
aligns with Pd(I)-disulfide coordination behavior in chloride media,
where partial ligand exchange predominates without full reductive
cleavage [19,21,72]. Extensive S—S cleavage is not expected under
these conditions because cleavage/disproportionation requires a favor-
able S/S-binuclear geometry, strong S57-S6~ charge separation, and
nucleophilic attack, whereas the immobilization of TA on silica restricts
conformational freedom and the acidic chloride medium suppresses
extensive thiolate formation [19]. Were extensive disulfide cleavage to
occur during adsorption-desorption operation, the resulting thiol/thio-
late species would be expected to interact strongly with both Pd and Pt,
thereby reducing the Pd selectivity observed for the intact TA-
functionalized material.

Minor changes in the N 1s spectra after Pd adsorption suggest that N-
containing groups may contribute secondarily to metal uptake. The most
pronounced change was observed in the peak associated with amine
groups (Fig. 7-C), likely originating from unreacted amine functional-
ities remaining after TA immobilization. Protonation of these groups
under acidic conditions can result in electrostatic interaction with
negatively charged Pd/Pt chloro-complexes, providing non-specific
adsorption sites that may partly explain the minor co-adsorption of Pt.
The C 1s and O 1s spectra also indicate changes in the organic surface
environment after Pd uptake (Table S6). The increased contribution of
carbonyl/amide-related carbon and the dominant O 1s component at
531.07 eV suggest perturbation of the amide/carboxylate environment
after Pd binding, consistent with the sensitivity of C 1s/0 1s XPS signals
to oxygenated organic groups and metal-carboxylate bonding, as well as
the reported ability of Pd(II) to interact with amide carbonyl oxygen
[73,74]. However, these changes should be interpreted as secondary
effects, since the main mechanistic evidence arises from the redistribu-
tion of the S 2p components and the presence of Pd(Il) together with
chloride.

Taken together, these findings support a sulfur-assisted ligand-ex-
change mechanism for Pd uptake. This interpretation is consistent with
molecular Pd(II)-disulfide studies in chloride media, which provide a
mechanistic basis for the preferential interaction of Pd with TA-derived
sulfur sites. In acidic chloride media, Pd(II) is mainly present as square-
planar [PdCl4]2’, which can undergo associative chloride-to-sulfur
substitution to yield species of the type [PdCl,(L-S)n,] depending on
ligand denticity and geometry. This is supported by Pd(II)-disulfide
model systems, where [PdCl4]2_ forms S-coordinated complexes
through chloride displacement; for L-cystine, a monodentate Pd—S
complex was reported with log K; ~ 3.3, AH = —27 kJ-mol !, and Ea =
66 + 4 kJ-mol !, without detectable S—S bond fission under strongly
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Fig. 7. (A) Wide-scan XPS survey spectra. High-resolution XPS spectra of (B) Pd 3d, (C) N 1s, and (D) S 2p regions. Each panel shows spectra of TA@Si before (top)

and after Pd adsorption (bottom).

acidic conditions [72]. More generally, DFT calculations on several
disulfides show that Pd(II) can stabilize S/S-coordinated binuclear in-
termediates, with calculated log p values of 5.22-9.83 for representative
S/S-Pd disulfide complexes, depending on ligand structure and the
density functional used [19]. In addition, computational studies indicate
that Pt-disulfide interactions proceed through substantially greater S—S
bond elongation, with calculated transition-state S—S distances of
approximately 2.42-2.54 A compared with 2.07-2.18 A for Pd, indi-
cating a significantly higher structural reorganization requirement for Pt
coordination [21]. Pt is therefore less efficiently adsorbed because it is
stabilized in the leaching medium mainly as the octahedral,
substitution-inert complex. Thus, the preferential uptake of Pd does not
arise from sulfur affinity alone, since Pt can also interact with sulfur
donors, but from the greater ligand-exchange lability of [PdCl4]2_ and
the lower structural reorganization required for Pd(II) coordination to
TA-derived disulfide sulfur sites compared with the more chloride-
stabilized and kinetically resistant Pt chloro complexes.

3.4. Desorption

Desorption experiments were conducted to identify and optimize an
effective eluent for the separation of Pd and Pt adsorbed onto TA@Si.
Different concentrations of HCI (1, 2, and 4 M), NaSCN (0.2, 0.5, and 1
M), and thiourea (TU) (0.2, 0.5, and 1 M in 0.5 M HCI) were evaluated

10

(Fig. 8-A). All tested HCI solutions exhibited poor desorption perfor-
mance for both metals. NaSCN solutions showed moderate desorption
efficiencies, with a clear preference for Pd over Pt (Fig. 8-A). Pd
desorption reached approximately 60% at both 0.5 and 1 M NaSCN,
whereas Pt desorption remained limited to about 20-23%. This may be
attributed to the greater ligand lability of Pd(II) chloro-complexes
compared with the Kkinetically inert Pt(IV) chloro-complexes,
rendering Pd—S bonds more susceptible to competitive ligand ex-
change and metal release into solution [9]. However, the highest
desorption efficiencies were obtained using TU in 0.5 M HCL Pd
desorption approached 100% only at the highest TU concentration
tested, whereas Pt desorption was nearly quantitative at all concentra-
tions (Fig. 8-A). Consequently, 1 M TU in 0.5 M HCl was selected as the
optimal desorption solution. The high desorption efficiency observed
with thiourea indicates that PA(II) remains accessible for ligand ex-
change, consistent with coordination to surface sulfur sites rather than
irreversible binding.

To assess the operational stability and reusability of TA@Si, the
material was subjected to five successive adsorption-desorption cycles
and monitored for any loss of adsorption capacity during repeated use.
In each cycle, adsorption was conducted using a fresh HCl-based mul-
ti-metallic solution, while desorption was performed with 1 M thiourea
in 0.5 M HCI (Fig. 8-B). The results showed that the adsorption capacity
of TA@Si remains stable over at least five cycles. Although a slight
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Fig. 8. (A) Desorption efficiency of Pd and Pt from TA@Si using different desorption agents and concentrations, for initial loadings of (15.87 + 0.41) mg-g ! Pd and
(3.30 + 0.05) mg-g ' Pt. (B) Adsorbed and desorbed amounts of Pd and Pt (mg-g~' of TA@Si) over successive adsorption-desorption cycles, with adsorption

performed from a multi-metallic solution (20 + 2) mg-L~
concentrations in the eluate over five cycles corresponding to Fig. 8-B.

decrease in desorption efficiency was observed when the same desorp-
tion solution was reused (Fig. 8-B), the concentrations of Pd and Pt in
the eluate increased almost linearly with the number of cycles, reaching
approximately (74.18 + 1.41) mg-L ™! for Pd and (15.22 + 0.11) mg-L~!
for Pt after five cycles (Fig. 8-C), while the concentrations of the other
metals in the eluate remained negligible.

Compared to Trieu et al. [29], who reported a sharp drop in
adsorption efficiency (down to ~20% by the 4th cycle) for carbox-
ylate-linked TA on ZrO, due to hydrolytic instability, and only moderate
improvement (~80% retention) with a phosphonate intermediate,

! of each metal in 0.2 M HCl and desorption using 1 M thiourea +0.5 M HCl. (C) Cumulative metals

TA@Si maintained stable Pd adsorption capacity over five cycles in 0.2
M HCI with excellent reusability. The robust silane-mediated covalent
attachment (Si—C and amide bonds) provides superior acid stability,
making TA@Si more suitable for practical hydrometallurgical
applications.

The reversible adsorption-desorption behavior observed supports a
mechanism in which Pd(II) interacts with a polarized disulfide motif
through coordination, rather than undergoing complete reductive
cleavage to form permanently bound thiolate species. While minor
formation of thiolate-type species during adsorption cannot be
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Fig. 9. (A) Breakthrough curves for PGMs adsorption onto TA@Si in a fixed-bed column, using a multi-metallic feed solution containing (50 + 5) mg-L~

1 of each

metal in 0.2 M HCl; (B) desorption profiles obtained from the loaded column using two different eluents. Photographs of the column before (left), after adsorption
(middle), and after desorption (right) illustrate changes in bed appearance. Experimental conditions: flow rate of 1 mL-min~!, bed mass = 0.5435 g, bed radius =

0.25 and height = 4 cm (bed volume ~ 0.785 cm?®), temperature at 303 K.
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excluded, the absence of performance degradation over repeated cycles
suggests that such processes do not dominate under the studied
conditions.

3.5. Continuous—flow fixed-bed column evaluation

Breakthrough curve analysis is essential for the design and scale-up
of fixed-bed adsorption systems for industrial applications. Accord-
ingly, a preliminary fixed-bed column experiment was conducted
(Fig. 9-A) to evaluate the practical applicability and dynamic selectivity
of TA@Si under continuous-flow conditions. The experiment was per-
formed at a flow rate (Q) of 1 rnL~rnin’1, using a multi-metal solution
with individual metal concentrations of (50 + 5) mgAL’l. The column
was packed with 0.5435 g of adsorbent, with a bed height of 4 cm and a
radius of 0.25 cm (total volume of adsorbent of 0.785 cm®).

The breakthrough curves for Pd, Pt, and Rh are presented in Fig. 9-A,
with the remaining metals shown in Fig. S5. Pt and Rh exhibited rapid
breakthrough, with C/Cy rising sharply and approaching 1 within the
first hour (Pt reached C/Cy =~ 0.17 after 20 min, while Rh reached =~ 0.8
after only 10 min). Consistent with the batch experiments, limited Pt and
Rh uptake was observed, while no measurable removal of the remaining
metals was detected. In contrast, Pd exhibited a markedly delayed
breakthrough, with C¢/Cy = 0.05 reached at 195 min (248 bed volumes),
and exhaustion (C¢/Cy > 0.90) occurring only after 580 min (Fig. 9-A).
The extended plateau region reflects strong and selective adsorption of
Pd during continuous operation. The dynamic adsorption capacity was
determined by numerical integration of the breakthrough curve using
the trapezoidal rule, according to the following equation, over the C/Cy
range of 0.05-0.90 (Q = 0.001 L-min’l; m = 0.5435 g).

qdyn (mggil) = <% X /0 (CO _Ct)dt

The dynamic capacity increased from 18.10 mg-g~! at 5% break-
through to 34.14 mg-g~* at exhaustion. Moreover, bed utilization was
quantified as the ratio of dynamic adsorption capacity to the equilibrium
capacity obtained under batch conditions (qqyn/qeq), Serving as a metric
for adsorbent efficiency under continuous-flow operation [75]. The
results indicate ~36.5% utilization at breakthrough and ~ 69% at
exhaustion relative to the equilibrium capacity for Pd obtained under
batch conditions.

Based on the batch isotherm results, which were well described by
Langmuir-type models, the nonlinear form of the Thomas model [76]
was applied to describe the Pd breakthrough behavior using the
following equation:

C 1

Co v
® 1+exp (%*‘ (grnm — CoQt) )

The model parameters (kr, and grn) were obtained by direct
nonlinear least-squares fitting to the experimental breakthrough data.

The Thomas model provided an excellent fit to the experimental data
(R? = 0.99), yielding a maximum adsorption capacity of 36.70 mg-g*,
in good agreement with the experimental dynamic capacity (Fig. 9-A;
Table S7). The relatively low Thomas rate constant (kt, = 2.15 X 1075
mL-mg’l-min’l) indicates that, under continuous—flow conditions, the
overall adsorption rate is significantly influenced by mass transfer lim-
itations. This observation agrees with the batch kinetic results, where
the pseudo-second-order model showed that chemisorption (ligand
exchange with TA's disulfide groups) is the intrinsic rate-limiting step in
well-agitated systems. The apparent difference arises because intense
mechanical stirring in batch experiments largely eliminates external
film and intraparticle diffusion resistances, revealing the true surface
reaction kinetics. In contrast, the fixed—bed column operates under
much shorter residence times (~0.785 min), where external film diffu-
sion, intraparticle diffusion, and axial dispersion become relevant and
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govern the overall breakthrough behavior.

To further analyze the initial region of the breakthrough curves, the
Bohart-Adams model was applied, which describes the adsorption ki-
netics based on surface reaction theory and is particularly suitable for
the early stage of column operation [77]. The model assumes that the
adsorption rate is proportional to both the adsorbent residual capacity
and the adsorbate concentration. The nonlinear form of the
Bohart-Adams equation is expressed as equation below:

C Z
C_(t) = exp (kBACOt - kBANOE)

where kga is the Bohart-Adams kinetic constant (L-mgmin*l), Ny is the
saturation concentration (mg~L_1), Z is the bed height (cm), and u is the
linear velocity (cm-min~1).

The Bohart-Adams model was fitted to the initial region of the
breakthrough curve (Ci/Cy from 0.05 to 0.5), where the model's as-
sumptions are valid. Data points beyond this region were excluded due
to deviations from ideal plug flow behavior and increasing influence of
axial dispersion. This model provided a moderate fit (R? = 0.88) to the
initial breakthrough region (0.05 < Ci/Cyp < 0.50). The derived pa-
rameters (kpy = 3.19 x 10* LAmg’lmin’1 and Ny = 2.20 x 10*
mg~L’1) are consistent with the Thomas model and batch results, con-
firming high capacity and transport-limited behavior during early col-
umn operation (Table S7).

Furthermore, the breakthrough data were fitted using the nonlinear
Yoon-Nelson model [78], expressed as:

G 1
Co  1-+expkyn(t—t)

where t is time, kyy is the Yoon—Nelson rate constant, and 7 is the time
for 50% breakthrough.

The Yoon-Nelson model provided an excellent fit to the experi-
mental breakthrough data (R? = 0.99), indicating that the model
adequately describes the dynamic adsorption behavior of Pd under the
studied conditions. The rate constant (kyy = 0.01 min 1) is indicative of
a gradual breakthrough profile, consistent with strong Pd-TA@Si in-
teractions and possible mass transfer limitations within the column. The
characteristic time parameter (r = 376.38 min), corresponding to 50%
breakthrough, further confirms the delayed saturation of the column
and highlights the material's high affinity for Pd.

The mass transfer zone (MTZ) length was calculated from the
breakthrough and exhaustion times using the following equation:

MTZ = L x to.o0 — to.os

to.90

where L is the bed height, and t; o5 and t( 99 correspond to Ci/Cy = 0.05
and 0.90, respectively. The value of tpg9 was used as a practical
approximation of exhaustion, as the breakthrough curve did not reach a
higher conversion within the experimental timeframe (Table S7). For
Pd, the MTZ length was estimated to be 2.42 cm, corresponding to
approximately 61% of the total bed height. This relatively broad MTZ
indicates that adsorption occurred over a substantial portion of the fixed
bed, suggesting the influence of mass transfer limitations under the
applied flow conditions.

After completion of the adsorption cycle and establishment of the
breakthrough profile, desorption experiments were performed to eval-
uate metal recovery and assess the feasibility of stepwise Pd/Pt frac-
tionation. The total metal loading on the column was 36.32 mg of Pd and
5.22 mg of Pt. A sequential elution strategy employing eluents of
increasing complexation strength was applied: 0.01 M TU in 0.5 M HCl
and 1 M TU in 0.5 M HCI (Fig. 9-B). Initial elution with 0.01 M TU in 0.5
M HCI for 40 min (=51 bed volumes) resulted in the co-elution of both
Pd and Pt, with a slightly higher normalized release of Pt (expressed as
C¢/Ctotal)- During this stage, 3.02 mg of Pd and 1.26 mg of Pt were
recovered, leading to partial enrichment of Pd on the adsorbent. A



A. Nobahar et al.

pronounced increase in desorption was observed upon introduction of 1
M TU in 0.5 M HCI (from 50 min onward), where strong ligand exchange
facilitated rapid metal release. The normalized concentration (C¢/Ciotal)
reached >0.97 for Pd at 100 min, while Pt reached 0.93. Within the
50-100 min interval, approximately 91% of the total Pd was recovered,
and the Pd fraction in the eluate reached ~94%, demonstrating the
potential of fractionated elution to enhance Pd purity in the recovered
stream. No detectable levels of other metals, including Rh, were
observed in the eluate fractions.

From a process perspective, the sustained Pd selectivity, extended
breakthrough behavior, and effective fractionated desorption demon-
strate that TA@Si is well-suited for continuous fixed-bed operation,
enabling selective Pd recovery from complex chloride leachates prior to
downstream refining [75, 79]. The high number of treated bed volumes
and the stable performance under strongly acidic conditions further
support its potential integration into industrial hydrometallurgical cir-
cuits, where efficiency, selectivity, and reliable column operation are
critical design criteria.

3.6. Scalability, cost considerations, and solvent management

The grafting protocol used in this work, involving amino-silanization
of the silica surface followed by DCC/NHS-mediated coupling of TA, is a
mature and widely adopted bioconjugation strategy, contributing to the
reproducibility and reliability of the resulting surface functionalization.
However, from a preliminary economic perspective, the current syn-
thesis should therefore be considered a proof-of-concept route rather
than an optimized preparation method. The main advantage of the
protocol is that the support and key reagents, including silica gel,
APTMS, and TA, are commercially available, and the resulting silane/
amide anchoring provides the acid stability required for repeated
operation in chloride-rich media. Nevertheless, the present laboratory
protocol uses excess APTMS, TA, DCC, and NHS relative to the final
sulfur loading of the adsorbent. In addition, the DCC/NHS step generates
stoichiometric dicyclohexylurea (DCU) as a by-product, whose removal
at larger scale can complicate purification [80].

Furthermore, the current synthesis relies on dry organic solvents
(toluene for silanization and DCM/acetonitrile for TA activation and
coupling) generating substantial solvent waste. At larger scale, solvent
recovery and reuse will be essential to improve economics and reduce
environmental impact. In the silanization step, optimization should
focus on lowering the APTMS/toluene ratio, recovering toluene after
filtration, and evaluating vapor-phase aminosilane deposition as a
lower-solvent alternative [81]. For TA activation and coupling, reducing
DCM/acetonitrile volumes, recovering reusable fractions, and screening
water-compatible carbodiimide or aqueous-alcoholic media (where
compatible with TA solubility) would decrease chlorinated solvent use
and simplify by-product handling [82]. Washing streams should be
segregated by composition to enable recovery of DCM, ethanol, and
methanol fractions, with dedicated treatment reserved for streams
containing DCU or residual coupling reagents. While distillation remains
the standard recovery approach, organic solvent nanofiltration and
pervaporation may offer more energy-efficient options for selected
dehydration or purification steps [83,84].

Finally, adsorbent durability and reusability are critical for practical
implementation and economic viability, particularly under the strongly
acidic hydrometallurgical conditions. The covalent immobilization of
TA through silane and amide linkages conferred high chemical stability
on TA@Si, enabling the adsorbent to maintain its performance over at
least five adsorption—desorption cycles in acidic chloride media without
observable loss of adsorption capacity. This repeated-use capability is
important from an economic perspective, since the initial material
preparation and associated capital costs can be amortized over multiple
operating cycles rather than assigned to a single adsorption run. More-
over, the economics of Pd recovery are favored by the high intrinsic
value of Pd and by the low operational intensity of the separation step,
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which is performed under mild conditions and mainly requires solution
pumping/contacting and regeneration, without external heating or
energy-intensive phase-change operations. Furthermore, the favorable
breakthrough behavior and efficient regeneration observed under fixed-
bed operation demonstrate that the material retains its functionality
under dynamic flow conditions. Consequently, these characteristics
position TA@Si as a promising candidate for integration into chloride-
based Pd recovery flowsheets, provided that the grafting chemistry is
further optimized for reagent economy and solvent management.

4. Conclusions

This study demonstrates that thioctic acid—functionalized meso-
porous silica (TA@Si) is an effective and robust adsorbent for the se-
lective recovery of PA(II) from chloride-rich multi-metal systems. The
material exhibits high selectivity over Pt, Rh, and base metals across a
wide acidity range, while maintaining rapid adsorption kinetics and
stable performance during repeated adsorption-desorption cycles.
Spectroscopic analyses indicate that Pd(II) adsorption proceeds via co-
ordination to disulfide sulfur atoms, forming mixed Pd-S/Cl complexes
with no evidence for extensive S—S bond cleavage. Continuous—flow
column experiments further confirm that this selectivity is preserved
under dynamic conditions, with delayed Pd breakthrough and high bed
utilization, demonstrating the practical applicability of the material.
Efficient Pd recovery using thiourea solutions highlights the reversible
nature of the adsorption process in both batch and continuous systems.

This work introduces an acid-stable thioctic-acid—functionalized
silica adsorbent for selective Pd recovery from complex chloride-rich
PGMs leachate simulants, demonstrating the combined advantages of
disulfide-based coordination chemistry, broad HCI tolerance, multi-
—-metal selectivity, regenerability, and continuous-flow compatibility.
These results highlight the potential of disulfide-functionalized mate-
rials as selective, process-relevant alternatives to conventional sul-
fur-based adsorbents in hydrometallurgical applications.
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