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Abstract: The contamination of water by heavy metals poses an escalating risk to human health
and the environment, underscoring the critical need for efficient removal methods to secure safe
water resources. This study evaluated the performance of four cationic exchange materials (labeled
“PS—DVB”, “PA—DVB”, “TFSA”, and “OGL") in removing or harvesting metals such as copper,
silver, lead, cobalt, and nickel from aqueous solutions, several of which are precious and/or classified
as Critical Raw Materials (CRMs) due to their economic importance and supply risk. The objective
was to screen and benchmark the four ion exchange materials for water treatment applications by
investigating their metal sequestration capacities. Experiments were conducted using synthetic
solutions with controlled metal concentrations, analyzed through ICP-OES, and supported by ki-
netic modeling. The adsorption capacities (qe) obtained experimentally were compared with those
predicted by pseudo-first-order and pseudo-second-order models. This methodology enables high
precision and reproducibility, validating its applicability for assessing ion exchange performance.
The results indicated that PS—DVB and PA—DVB resins proved to be of “wide range”, exhibit-
ing high efficacy for most of the metals tested, including CRM-designated ones, and suggesting
their suitability for water purification. Additionally, the second-life Nafion-based “TFSA” material
demonstrated commendable performance, highlighting its potential as a viable and technologically
advanced alternative in water treatment. Lastly, the lignin-based material, “OGL”, representing the
most innovative and sustainability apt option, offered relevant performance only in selected cases.
The significant differences in performance among the resins underscore the impact of structural and
compositional factors on adsorption efficiency. This study offers valuable insights for investigating
and selecting new sustainable materials for treating contaminated water, opening new pathways for
targeted and optimized solutions in environmental remediation.

Keywords: ion-exchange resins; sustainable materials; ICP-EOS; adsorption

1. Introduction

The secure and sustainable supply of raw materials has become a fundamental pillar
of economic and global development. Metallic elements like copper, lead, cobalt, and
nickel are increasingly critical due to their essential roles across numerous sectors, notably
in lithium-ion battery production and electric vehicles. Excluding lead, these metals are
classified among the 32 raw materials designated as Critical Raw Materials (CRMSs) in
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Europe, as they are scarce or difficult to source locally and securely [1]. Noteworthy, for
example, China dominates global rare earth production [2], while the Democratic Republic
of Congo controls around 70% of cobalt supply [3]. This geographical localization of
ores/mines and the increasing demand by the industry have the potential to disrupt supply
chain and spur significant price volatility, underscoring the need to harvest, reclaim, and
reuse these materials [4]. While not presently included on the European CRM list, lead is
also a crucial energy material and its recovery is crucial to aid in sustaining the booming
battery industry driven by electric mobility and the battery energy storage system (BEES).

On the other hand, the presence of the same metals in industrial wastewater is a real
threat and major environmental challenge. Therefore, there is a twofold opportunity to
pursue the sequestration of relevant metals to safeguard environment and health, while
recovering them for reuse in industry. Significant quantities of precious metals are estimated
to be lost to the environment each year through industrial wastewater [5-8]. The sustainable
management of this resource requires an integrated approach, one that mitigates water
pollution and simultaneously meets the demand to recover valuable materials, thus aligning
with sustainable development goals and circular economy principles.

Technological advances in heavy metal recovery from aqueous solutions have evolved
considerably in recent years, striving for greater efficiency and sustainability, while mini-
mizing environmental impact.

Among the various methodologies developed to counteract heavy metal pollution,
flotation is widely employed. This technique relies on the generation of air bubbles to
separate metals from the aqueous matrix [9]. Over time, several variants of this process
have been developed, including dissolved air flotation, ionic flotation, and precipitation
flotation. In the case of dissolved air flotation, the operating principle is based on the
creation of bubbles. The success of this technique depends on various factors, such as
the bubble generation method, their size, and the characteristics of the particles to be
removed. The ionic variant uses surfactants to bind to metal ions, forming hydrophobic
complexes that adhere to air bubbles and are removed as surface foam. This approach offers
advantages in terms of energy consumption, ease of management, and operational costs
by using surfactants with charges opposite to the target metals. Regarding precipitation
flotation, it utilizes specific precipitating agents that combine with the target ions, causing
their precipitation [10].

White flotation has proven effective in specific scenarios; other techniques such as ion
exchange resin (IER) technology have garnered particular attention for their effectiveness in
heavy metal sequestration in water treatment applications [11,12]. Ion exchange processes
allow for the selective removal of ions from the aqueous medium, and specific resins enable
selectivity based on ion charge and size. These methods have proven especially effective
for removing metals such as lead, copper, nickel, silver, and others [13-17].

Conventional resins are often based on polymer matrices functionalized with sulfonic
and/or carboxylic groups for cation exchange and amine groups for anion exchange. Their
removal efficiency can vary significantly depending on operating conditions, such as pH
value, temperature, and metal competition in the treated water [18]. Selectivity for specific
metals is often suboptimal, requiring multiple treatment cycles to achieve the desired
purification standards. These limitations have spurred research into alternative approaches,
focusing on innovative materials that can deliver superior performance while maintaining
economic and environmental sustainability.

Cation exchange resins modified with sulfonic groups show remarkable adsorption
capacity and selectivity toward various cations present in aqueous solutions, making
them valuable tools in water treatment [19]. The cation exchange process with resins
functionalized with carboxylic groups plays a crucial role in determining ion exchange
properties. The presence of these groups allows for widespread use in water treatment
applications. Carboxylic-group-loaded cation exchange resins have proven effective in
capturing metals such as copper (Cu), iron (Fe), and manganese (Mn) under controlled pH
conditions [20].
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In this context, exploring and benchmarking alternative ion exchange materials is
essential. This study covered four material options. The first material was Nafion, the
brand name for a popular ionomer consisting of sulfonated tetrafluoroethylene-based
fluoropolymer—copolymer. While not an obvious choice from a sustainability standpoint,
the novelty lies in its second life reuse: the Nafion included in this study was recovered
and recycled at ENEA and Nanofaber through physical methods [21], demonstrating an
innovative approach to valorize the sophisticated and expensive material within a circular
economy framework. This represents a significant advancement in the sustainable use of
advanced polymers for engineering applications. The high cation exchange capacity and
ionic conductivity make Nafion ideal for water purification applications [22,23]. Nafion’s
chemical structure, featuring highly hydrated sulfonic groups, facilitates rapid interactions
with metal cations in wastewater. This polymer can form cationic complexes, enabling the
adsorption of heavy metals such as Ni(Il), Co(Il), Pb(II), Cu(Il), and Ag(I) [24].

The second candidate included in this study was lignin, a natural and highly sustain-
able biopolymer. It is not only an abundant industrial by-product, but also offers unique
chemical properties that can be tailored for enhanced performance. Its use as a metal getter
represents a novel and ambitious choice for the application at hand, aligning strongly with
the principles of circular economy. Lignin’s abundant availability and its intrinsic envi-
ronmental sustainability make it an impactful biomaterial in the transition toward greener
technologies. Lignin’s chemical structure, rich in functional groups such as phenolic, hy-
droxyl, and carbonyl groups, promotes various interactions—ion exchange, complexation,
and electrostatic interactions—that are essential for heavy metal adsorption [25,26]. In
particular, lignin fractionated via the Organosolv process possesses a heterogeneous surface
chemistry with a high density of functional groups that can attract highly charged metal
ions [27]. The ion exchange process in lignin involves the substitution of mobile hydrogen
ions from the carboxylic and phenolic groups with metal cations [28], enabling effective
heavy metal removal from wastewater. A critical advantage of lignin is its versatility, as it
can undergo chemical modifications, such as grafting functional groups or forming compos-
ites with other materials, to significantly enhance its adsorption capacity and selectivity for
specific metal ions [29]. These transformations not only improve lignin’s performance, but
also expand its applicability, positioning it as a highly adaptable and promising alternative
to conventional, less sustainable ion exchange resins. Moreover, its biocompatibility and
environmental friendliness further reinforce its appeal as a green material for advanced
water treatment technologies.

The first and second cation exchange materials in this preliminary study are reference
systems represented by commercially available engineered resins.

In this work, we present an innovative comparative analysis of the performance of
four cation exchange materials: two commercially available resins based on poly-styrene-
divinylbenzene (PS—DVB) and polyacrylic-divinylbenzene (PA—DVB), and two materials
not conventionally used for this application, consisting of a sulfonated tetra-fluoroethylene-
based material (TFSA) derived from recovered Nafion and Organosolv lignin (OGL),
recognized as a sustainable and naturally sourced material. The analysis focuses on metal
removal efficiency, selectivity, and adsorption kinetic parameters, providing a detailed
overview of the potential and limitations of these materials for the purification of water
contaminated with heavy metals of interest, such as Cu?*, Pb?*, Co?*, and Ni?* (additional
results on Ag™ are reported in the Supplementary Materials). The ion exchange capacities
of the different metal-resin pairs were evaluated through batch experiments, quantifying
the metal sequestration via ICP-OES analysis and correlating the results with an analysis
of the kinetic parameters. This experimental study serves as a fundamental starting point
for understanding the actual potential of the tested materials. The findings suggest ample
opportunities for optimization, paving the way for their application in both industrial and
environmental contexts, with a particular focus on the recovery of critical resources in
alignment with circular economy principles.
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2. Materials and Methods
2.1. Materials

Sodium chloride, nickel (II) sulphate hexahydrate, cobalt (II) sulphate heptahydrate,
lead (II) nitrate, and copper (II) sulphate pentahydrate were provided by Sigma Aldrich,
and silver sulphate was provided by BDH Chemicals Limited (Poole, England). The
Multielement standard solution I for ICP was provided by Merck (Merk Life Science S.r.1.,
Milan, Italy). The commercial resins Resinex™ KW-8 and Resinex™ KW-H Na were
provided by Poirino srl (Buttigliera d"Asti, Italy) in partnership with Nanofaber (Nanofaber
S.rl. Rome, Italy), Nafion was recovered using a technology developed by Enea (ENEA,
Rome, Italy) in partnership with Nanofaber, and the Organosolv lignin was produced
in-house at Fraunhofer CBP (Leuna, Germany). A representative photograph of the resins
is shown in Figure 1.

T o

%‘f? '

Figure 1. Photographic images of the ion exchange materials utilized: (A) polystyrene—
divinylbenzfene resin (PS-DVB), (B) polyacrylic—divinylbenzene resin (PA-DVB), (D) regenerated
Nafion granules (TFSA), and (D) lignin-based powder material (OGL).

2.2. Methods
2.2.1. Preparation of Synthetic Solutions with a Known Concentration

For each ion exchange material, five monometallic solutions with specific ionic concen-
trations were prepared, using Milli-Q water to ensure purity. Specific concentrations were
prepared for each metal salt to obtain single-metal solutions with known concentrations,
specifically 600 ppm of Cu?*, 4000 ppm of Pb%*, 2100 ppm of Co?*, 1200 ppm of Ni?*, and
2000 ppm of Ag™.

2.2.2. Adsorption Test and Instrumental Analysis Using ICP-EOS

For the adsorption tests, 20 batch experiments were conducted, pairing each synthetic
monometallic solution with each ion-exchange resin. In each experiment, 0.4 g of resin
was used, placed in contact with 20 mL of a solution at a known concentration. The PS-
DVB and PA-DVB resins did not require any pretreatment, as they were already loaded
with Na* ions, while the TFSA and OGL resins were pretreated overnight in a 15% (w/v)



Separations 2024, 11, 357

50f 14

NaCl solution. To assess metal adsorption by the materials/resins, solution aliquots were
taken at intervals of 5, 10, 20, and 40 min. The aliquots were diluted and filtered using
syringe filters with a pore size of 0.22 um, and the resulting samples were analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES Agilent 5800 ICP-
EOS, Santa Clara, CA, USA). Calibration curves were previously prepared for each metal,
starting from a multi-element standard solution assessing adsorption based on specific
wavelengths (A).

2.2.3. Evaluation of Cation Exchange and Adsorption Kinetics

The data obtained by analyzing sample aliquots at defined time intervals provided, for
each metal-resin pair, the quantity of the metal ions remaining in solution. From these data,
the percentage of removal after 40 min can be determined using the following Formula (1):

Removal (%) = @ x 100 (1)
where Ci represents the initial concentration of metal ions in the bulk of the solution at time
zero, and Cf is concentration of metal ions in the bulk at equilibrium.

These results enabled a study on the adsorption kinetics and ion exchange capacity.
Generally, the adsorption data obtained for most metal-resin combinations can be ade-
quately described through empirical mathematical models. Numerous investigations have
attempted to elucidate the correlation between experimental data and pseudo-first-order
(PFO) or pseudo-second-order (PSO) models, focusing on the specific type and dynamics
of the adsorption processes involved. Some experimental observations, reported in the
literature, indicate that at high initial solute concentrations, the adsorption process pre-
dominantly follows first-order kinetics. Conversely, at lower initial concentrations, the
experimental data exhibit superior conformity to the pseudo-second-order model [30].

An alternative interpretation of model preference is predicated on the chemical char-
acteristics of the phenomenon. Specifically, adsorption processes that conform to the PFO
model are typically associated with physical adsorption (physisorption), primarily gov-
erned by the availability of vacant sites on the material /resin surface. Conversely, processes
following the PSO model are attributed to chemical adsorption (chemisorption) [31], charac-
terized by specific chemical interactions between the metal ions and the functional groups
present on the material/resin matrix.

In this work, Lagergren’s pseudo-first-order (PFO) (Formula (2)) and pseudo-second-
order (PSO) equations (Formula (3)) were applied to model the kinetic data:

log(qt — ge) = logqe — K1t/2.303 ()

t 1 t
ﬁ_K2xqe2+q76 ®)
These equations allow for the determination of the equilibrium adsorption capacity
ge calc. (in mg of metal per g of material/resin), which can then be compared with the
experimentally (ge exp.) obtained value to estimate the error on ge (Error ge).

3. Results and Discussions

The results obtained for each material under consideration focus on their ion exchange
capacities, metal removal efficiencies, selectivity, and adsorption kinetics. These aspects
are evaluated to understand the performance and suitability of each material system for
specific metal ions, providing insights into their potential applications and limitations. For
convenience and readability purposes, all four materials will be referred to as “resins” in
the remainder of the discussion, although only the two commercial materials are actual
resins. The following paragraphs detail the observed adsorption behaviors, highlighting
differences in resin efficiency and kinetic properties across various combinations of metal—
resin pairs.
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3.1. Metal Removal Efficiency and Resin Selectivity

Figure 2 shows the removal trends of four metal ions (Cu?*, Pb2*, Co?*, and Ni?*)
using the four different cation exchange resins over a contact period of 40 min, with the
results for Ag* available in the Supplementary Materials. Looking at the Cu?* in Figure 2,
we can observe an initial Cu** concentration of approximately 600 ppm across all resins.
PS—DVB proved to be the most effective resin, reaching concentrations of approximately
200 ppm in the first 5 min and achieving near-complete removal (<50 ppm) within 40 min.
PA—DVB showed moderate efficiency, reducing the concentration to 230 ppm by the end
of the treatment. TFSA exhibited similar but slightly better performance compared to
PA—DVB, reaching approximately 400 ppm. OGL demonstrated the poorest performance,
maintaining consistently high concentrations throughout the treatment period.

E —e—PS-DVB PA-DVB —e—TFSA —e—OGL ——PS-DVB PA-DVB —=—TFSA —e—OGL
T 800 E 3000
a 700 g
a £ 2500
— 600 - «./—’—\.
O 500 ;9_. 2000 f
E~ ©
© 400 5 1500
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§ 200 & ¢ 1000
S 100 8 s00
3 o S o
0 10 20 30 40 0 10 20 30 40
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—e—PS - DVB PA-DVB —e—TFSA —e—OGL El —e—PS - DVB PA-DVB —e—TFSA —e—0OGL
E 5000 E 1400
Q Q
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g 1000 8 200 /
g o Z o
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Figure 2. Time-dependent concentration of the available metal ions (Cu?*, Pb**, Co%* and Ni?*)
in bulk solution (ppm) examined by ICP-EOS. Each panel shows the remaining concentration of
a specific metal ion over time (0, 5, 10, 20, and 40 min): (A) Cu?* concentration in bulk, (B) Pb%*
concentration in bulk, (C) Co?* concentration in bulk, and (D) Ni?* concentration in bulk.

In relation to Pb?*, we started with an initial solution concentration at 4000 ppm.
PS—DVB demonstrated effective removal, reaching a concentration of 150 ppm in 40 min.
The removal achieved by PA—DVB was good but more gradual, reaching 850 ppm. TFSA
plateaued after 5 min around 2500 ppm, while OGL showed minimal removal capacity,
maintaining concentrations close to the initial levels. In the case of Co?*, the individual
performance was quite limited, except for the PS—DVB resin, which showed good ad-
sorption within 5 min and remained constant up to 40 min. The removal pattern for Ni2*
showed more interesting features. Starting from solutions at concentrations of 1200 ppm,
all resins showed a rapid initial removal within the first 10 min. PS—DVB and TFSA
reached similar final concentrations of 170 and 176 ppm, respectively, while PA—DVB
showed some concentration fluctuations before stabilization.

Nafion has proven to be an excellent material for water treatment due to its unique
chemical structure, characterized by the presence of polar groups such as sulfonic acids.
These functional groups not only enable specific interactions with metal cations, but also
provide the material with exceptional water and ion management capabilities. The study
conducted by Mashio et al. [32] offers valuable insights into the crucial role of sulfonic
groups in ionic interactions. These functional groups are pivotal for cation exchange
activity, as they attract metal cations through strong electrostatic interactions. The research
highlights how Nafion promotes the formation of hydrophilic clusters that facilitate ion
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transport. Although the study primarily focuses on proton transport, it can be inferred
that metal cations, due to their positive charge, are effectively captured by the material’s
sulfonic groups. Nafion’s ability to modulate its degree of hydration and the internal
distribution of water is an additional factor that enhances both the mobility and adsorption
of metals.

Unlike Nafion, OGL has a completely different chemical structure, which results in
significantly distinct behavior. Lignin is a heterogeneous and branched polymer, rich in
hydrophobic aromatic units and functional groups such as methoxyl and hydroxyl groups,
which limit its compatibility with aqueous environments. This inherent hydrophobicity can
hinder its interaction with water, a crucial factor in systems relying on efficient cation ex-
change. Consequently, lignin’s reduced hydration capacity may compromise the formation
of hydrophilic domains necessary for ion mobility and adsorption. Although lignin con-
tains some polar functional groups, such as phenolic hydroxyls and carboxylic acids, their
lower density and accessibility compared to the sulfonic groups of Nafion further reduce
its efficiency in the exchange of metal cations in solution. These characteristics highlight
the challenges associated with using lignin in applications requiring strong water affinity,
making its chemical engineering essential to transform it into a competitive material.

3.2. Kinetic Models for the Absorption of Heavy Metals

The kinetic analysis of the adsorption processes for different metal-resin systems
allowed for the identification of characteristic models underlying the interactions between
metal cations and the functional groups of the resins investigated (Table 1). The use of
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models helped explain the
main mechanisms and specific kinetic features of each system. For many metal-resin com-
binations, the PSO model showed a strong fit to the experimental data, with determination
coefficients (R?) ranging from 98% to 100%.

Table 1. Summary of the kinetic model fitting results for various metal-resin pairs. For each
combination, the best-fitting kinetic model (PSO or PFO) is indicated, along with the corresponding
correlation coefficients R? for the PFO and PSO models, and kinetic constants K1 for PFO (in min~1)
and K2 for PSO (in g/(mg*min)). The table highlights the adsorption behavior and model accuracy
for each metal-resin pair, showing which kinetic model best describes the ion exchange process.
Blank entries indicate cases where data were not available or where the model did not adequately
describe the adsorption process.

Metal-Resin Best Model R2? (%) (PFO) R2 (%) (PSO) K1 (min—1) K2 (g/mg*min)
Cu?*—PS—DVB PSO 99.9 0.002
Cu?*—PA—DVB PSO 98.6 0.00033

Cu?*—TFSA PFO 98.0 0.0704

Cu?*—OGL
Pb%*—PS—DVB PSO 99.5 0.00021
Pb?*—PA—DVB PFO 98.3 0.0377

PbZ*—TFSA PSO 99.5 0.0008

Pb%*—OGL
Co**—PS—DVB PSO 99.7 0.000576
Co?*—PA—DVB PFO 97.8 0.127

Co?*—TFSA PSO 99.8 0.0605

Co?*—OGL
Ni2*—PS—DVB PSO 98.3 0.00079
Ni2*—PA—DVB PFO 97.8 0.126

Ni?*—TFSA

Ni2*—OGL
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The PS—DVB resin proved to be very versatile and particularly efficient in the ad-
sorption of various metal cations, predominantly following the second-order kinetic model
(PSO). This suggests that the adsorption process involves specific chemical interactions
between the active sites of the resin and the metal ions. For Cu?*, it showed a PSO
R2- value of 99.9%, suggesting very good fit and chemical adsorption, despite K2 being
relatively low (0.002 g/(mg*min)). This suggests moderate kinetics for copper on PS—
DVB. For Pb?*, PS—DVB fit the PSO model well (R? = 99.5%), but the K2 was relatively
low (0.00021 g/(mg*min)), indicating slow adsorption kinetics for this metal. For Co?*,
the PS—DVB resin showed a good fit to the PSO model (R? = 99.7%), with a K2 con-
stant of 0.000576 g/(mg*min), indicating moderate adsorption kinetics. Finally, for nickel
(Ni?*), the PSO model also fit well (R? = 98.3%), although the K2 constant was lower
(0.00079 g/ (mg*min)), indicating a slow adsorption rate. We can, therefore, conclude that
PS—DVB proved to be an effective resin for the removal of the tested metals.

The PA—DVB resin exhibited a different behavior, fitting both the second-order (PSO)
and first-order (PFO) models depending on the target metal, suggesting the possibility of
mixed adsorption mechanisms. For Cu?*, PA—DVB fit the PSO model better (R2 =98.6%),
with a K2 constant of 0.00033 g/(mg*min), indicating slower adsorption kinetics than the
PS—DVB resin for this metal. For Pb%*, PA—DVB showed a better fit with the first-order
(PFO) model, with an R? value of 98.3% and a K1 constant of 0.0377 min~!. In the case of
cobalt (Co?*), PA—DVB showed a good fit to the PFO model, with an R? value of 97.8%
and a K1 constant of 0.127 min~!. For Ni?*, the PFO model was the best (R? = 97.88%),
with a K1 constant of 0.126 min~!. In conclusion, the trends obtained using the PA—DVB
resin seem to be better explained by the PFO model for some metals, such as Pb2*, Co?*,
and Ni%*, while for Cu?*, it seemed to be better explained using the PSO model.

With the use of the TFSA resin, Cu fit better to the PFO model, with an R? value of
98% and a rate constant K1 of 0.07047 min~!, suggesting faster adsorption. For Pb?*, the
PSO model fit well (R? = 99.5), with a rate constant K2 of 0.0008 g/(mg*min), suggesting
moderate adsorption kinetics.

Finally, the OGL resin showed limited data for most metals, indicating poor affinity or
limited adsorption capacity. The lack of data may suggest that OGL is unable to significantly
adsorb metals or that its structure is not particularly suitable for these applications. This
makes this particular OGL less versatile compared to the other resins tested, and potentially
useful only for highly specific or selective applications. However, further physical-chemical
modification of lignin may alter its properties to strengthen the adsorption of metal ions.
For certain metal-resin pairs, it was not possible to calculate the statistical parameters (R?)
and kinetic constants (K1 and K2). This occurs when the experimental data do not follow
the trends predicted by either the pseudo-first-order (PFO) or pseudo-second-order (PSO)
kinetic models. When this happens, it can be inferred that no significant chemical-physical
interactions develop between the resin and the specific metal, making the adsorption
process inefficient.

In other cases, such as the Ni?*~OGL pair, where the graph shows a clear reduction
in Ni concentration, the experimental data did not fit well with either of the selected
kinetic models. Careful observation shows that for both the OGL and TFSA resins, the
adsorption and desorption phenomena occurred within the observed time range, which
may complicate the application of kinetic models that better describe this type of process.
Further investigations will be conducted to explore this behavior.

However, some researchers argue that the pseudo-first-order (PFO) model is particu-
larly suited for describing the initial phases of adsorption kinetics but fails to adequately
represent the entire process, which is more comprehensively described by the pseudo-
second-order model [33]. Nevertheless, this interpretation does not explain the superior
fit of one model over another, and these empirical models cannot provide mechanistic
insights into the adsorption phenomena. Adsorption kinetics are governed by multiple
concurrent mechanisms, encompassing both diffusive and chemical processes, and the
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pseudo-first and pseudo-second-order models alone are insufficient to identify all the
involved mechanisms [34,35].

While empirical kinetic models are widely employed to describe resin adsorption
processes, it is crucial to acknowledge their interpretative limitations. A comprehensive
understanding of the adsorption process necessitates an integrated approach that considers
both mass transport phenomena (external diffusion, intraparticle diffusion) and specific
chemical interactions between the adsorbate and adsorbent. Only through this broader
perspective can an accurate description of the governing mechanisms be achieved, thereby
enabling optimization of the system’s operational parameters.

3.3. Cation Exchange Capacity

The experimental and theoretical adsorption results for the different metal-resin com-
binations are reported in Table 2, which compares the experimental value of equilibrium
adsorption capacity (ge exp.), the calculated value (ge calc.), the associated percentage error,
and the metal removal percentage from the solution.The PS—DVB resin showed excellent
removal capacities for all the tested metals, with ge exp. values very close to those pre-
dicted by kinetic models, as indicated by the low percentage errors. In the case of Cu?",
it achieved a ge exp. of 184.85 mg/g with an error of 6.07% and a removal rate of 98.8%,
demonstrating particular effectiveness. The performance was also remarkable for Pb?*,
with a capacity of 1994.8 mg/g, a minimal error of 0.26%, and a removal rate of 96.49%.
For Ni?*, PS—DVB maintained a good result, showing very low ge errors (5.99%) and a
removal percentage equal to 66.02%. Only for Co?* did the removal rate reduce to 51.18%,
though still maintained a low ge error of 1.93%. Overall, this resin demonstrated exceptional
removal capacity for almost all the tested metals.

Table 2. Experimental and theoretical adsorption results for metal-resin pairs. For each metal (Cu?*,
Pb%*, Co%*, Ni%*) and resin (PS—DVB, PA—DVB, TFSA, OGL), the table shows the calculated qe
(ge calc.) value (equilibrium adsorption capacity in mg/g), the experimental ge (ge exp.) value, the
percentage error of ge (error ge), and the metal removal percentage from the solution. Blank entries
indicate the absence of available data or low affinity of the resin for the specific metal. The table allows
for a comparison of adsorption efficiency and the accuracy of kinetic models for each metal-resin

combination.

Metal-Resin ge calc. (mg/g) qe exp. (mg/g) Error ge (%) Removal (%)
Cut*—PS—DVB 196.07 184.85 6.07 98.8
Cu**—PA—DVB 158.73 109.64 4478 61.32

Cu**—TFSA 74.11 68.78 7.75 36.47

Cu™*—OGL -—- -— - 7.05
Pb**—PS—DVB 2000 1994.8 0.26 96.49
Pb**—PA—DVB 1595.5 1642.31 2.85 79.44

Pb**—TFSA 833.33 797.31 452 38.57

Pb**—OGL 6.16
Co**—PS—DVB 833.33 817.57 1.93 51.18
Cot*—PA—DVB 704.04 485.07 45.14 30.36

Co**—TFSA 181.82 179.41 1.34 10.78

Cot*—OGL -— -—- - -
Nit*—PS—DVB 434.78 462.48 5.99 66.02
Nit*—PA—DVB 704.04 598.48 17.64 85.44

Ni**—TFSA 84.86

Nit*—OGL -—- -— - 78.58

The PA—DVB resin showed varying performance depending on the metal ion in
solution. For Cu?*, the ge exp. (109.64 mg/g) was lower than that of PS—DVB, with a
relatively high error of 44.78% and a removal rate of 61.32%. For Pb*, it obtained a ge exp
of 1642.31 mg/g, an error of 2.85%, and a removal rate of 79.44%, showing good efficiency,



Separations 2024, 11, 357

10 of 14

though lower than PS—DVB. For Co?* and Ni%*, the removal rates were 30.36% and 85.44%,
respectively, suggesting variable selectivity for different metals.

The TFSA resin generally showed lower removal capacities compared to the previous
resins for almost all the tested metal ions. For Cu®*, it reached a ge exp of 68.78 mg/g, an
error of 7.75%, and a removal rate of 36.47%, indicating low affinity. Pb?>" removal was
also reduced, with a ge exp of 797.31 mg/g, an error of 4.52%, and a removal rate of 38.57%.
For Co?*, it showed a low ge exp of 179.41 mg/g, an error of 1.34%, and a removal rate of
10.78%. The lack of data for Ni**further limited the overall assessment.

Data for the OGL resin were not available for any of the considered metals, making it
impossible to perform a comparative analysis of its performance relative to the other resins
under the tested conditions.

The examination of our experimental results indicates that the PS—DVB and PA—
DVB resins exhibited (expectedly) high ion exchange capacities against the tested metals,
with PS—DVB showing superiority in this panel, both in terms of removal effectiveness
and accuracy of the inferred kinetic models. On the other hand, the TFSA resin boasted
a mix of interesting performances and significant limitations in applications requiring
efficient ion exchange. Lastly, OGL performed well vs. Ni?*, which represents a novel
observation and cannot be compared to any prior experimental data in the literature. The
inferiority of the novel materials (i.e., TFSA-Nafion and OGL-lignin) did not come as a
surprise in a comparison against highly optimized materials. Even though the PS—DVB
resin provided an excellent short-term option in demanding water applications, such as the
mining industry, our results also clearly demonstrated the ion exchange properties of TFSA-
Nafion and OGL-lignin, which can be further engineered to formulate more sustainable
next-generation resins that can bridge the gap with the current filtering technology in terms
of performance and recyclability.

Nafion is an ionomeric polymer widely used in various industrial fields and recently
investigated for applications in water treatment. In the literature, Nafion is primarily em-
ployed in the energy sector, specifically in fuel cells and hydrogen electrolyzer production,
thanks to its exceptional proton conduction properties. However, alternative applications
are emerging, including the sequestration of metal cations from aqueous solutions.

Nasel et al. [24] conducted a study on the recovery of the same metal cations studied
by us using Nafion™ 117, demonstrating the material’s effective behaviour in capturing
such species. The results highlight that most of the sequestration occurs in the first few
minutes of exposure, with a plateau reached within 30 min; specifically, the most significant
absorption was recorded within the first 15 min. Similarly, in our experiments, we observed
that the primary absorption occurred even more rapidly, in some cases within 5 min,
with complete saturation reached around 30 min. Nasel’s study also showed a strong
affinity of Nafion for various metal cations, with a particular preference for Ni?*, a result
also confirmed in our experiments. Another relevant aspect is that the experimentation
conducted at room temperature produced results comparable to those obtained by Nasel
in a temperature range between 25 °C and 65 °C, confirming that temperature does not
significantly influence sequestration performance.

A further promising application area for Nafion is the recovery of heavy metals from
water through electrodialysis, using the material in membrane form rather than resin, in
the presence of an electric field. The work by Tzanetakis et al. [36] demonstrated how
Nafion, integrated into an electrodialysis system, allows for the separation and recovery of
Ni%* and Co?* ions from sulphate-containing solutions. In this context, the focus was not
on permanent ion sequestration, but on their temporary capture and subsequent efficient
transfer through the membrane during the electrodialysis process. This study highlights
Nafion’s high affinity for the analyzed metals, further supporting the idea that it could be a
highly promising material for the separation and treatment of ionic species.

Unlike Nafion, lignin offers a significantly broader range of applications. However,
compared to our study, in which we used untreated lignin to evaluate its absorption
performance in its natural form, the scientific literature shows a preference for the chemical
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treatment of lignin. These treatments allow for the introduction of new functional groups
and improve the accessibility of existing ones, thus enhancing its adsorbent properties.

For example, in the work by Xu et al. [37], amine groups were introduced through
the Mannich reaction, resulting in a significant improvement in copper ion chelation
and adsorption capacity. For lead ions, Li et al. [38] added -CSS groups, increasing the
complexation capacity with this metal. Another example is the work by Zhang et al. [39],
which produced a doubly modified lignin with -CSS and -COOH groups, creating a highly
effective material for lead adsorption. In Wysokowski et al. [40], Kraft lignin was combined
with chitin, after modification with a 15% hydrogen peroxide solution. This combination
produced a material enriched with available functional sites, such as phenolic OH and
-COOH groups, thus increasing the number of active sites on the surface.

Regarding cobalt sequestration, Budnyak et al. [41] used Kraft lignin subjected to
aminomethylation for the introduction of amine groups, useful for subsequent interactions
with silica. This composite material demonstrated the coordination and adsorption capacity
of cobalt ions in aqueous solution three times higher than the starting materials.

In conclusion, the results obtained from this study demonstrate the effectiveness
of various cation exchange resins in treating contaminated water and recovering critical
materials. Traditional resins such as PS—DVB and PA—DVB, with their high capacity for
removing heavy metals, are particularly well-suited for established industrial applications,
such as the treatment of industrial and mining wastewater. These resins provide an
immediately implementable option in existing treatment systems, enhancing efficiency and
ensuring compliance with environmental regulations. The innovative material TFSA, based
on recycled Nafion, has shown good removal capabilities for metals such as Cu, Pb, Ni?*,
and Ag™, although with a generally lower performance compared to commercial resins.
Nevertheless, TFSA represents a sustainable and technologically advanced alternative,
particularly interesting for the selective recovery of critical metals and for applications
where sustainability is a key factor. OGL, derived from lignin, offers an ecological and
renewable solution, with particular effectiveness for nickel, although it requires further
optimization to achieve performance comparable to traditional resins. It is important to
emphasize, however, that any chemical modification of lignin to enhance its properties,
such as the introduction of -CSS functional groups through the use of carbon disulfide
(CSy), must be approached with utmost responsibility. CS; is highly toxic, and its use poses
a significant risk to human health and the environment. For this reason, the development of
lignin-based materials must adopt an approach that balances innovation and sustainability,
promoting eco-friendly and low-impact processes. These innovative materials pave the way
for the next generation of ion exchange resins, combining high performance, environmental
sustainability, and targeted applications. As such, the recovery of Critical Raw Materials
(CRMs) from industrial wastewater would not only reduce dependence on primary sources,
but would also contribute to mitigating the risks associated with global supply chains,
while promoting more sustainable water treatment technologies.

4. Conclusions

In this study, we evaluated the metal adsorption efficiency of four cation exchange
resins (PS—DVB, PA—DVB, TFSA, and OGL) from single-metal aqueous solutions, with a
particular focus on Critical Raw Materials (CRMs) such as Cu?*, Co?*, NiZ+, Ag*,and Pb%+.
The investigation focused on removal kinetics and adsorption performance parameters.

The results demonstrated that PS-DVB showed superior removal efficiency across
all metals, with pseudo-second-order adsorption kinetics. PA-DVB’s efficiency was more
variable, achieving 85.44% removal for Ni?* in particular. The TFSA resin displayed an
overall lower adsorption capacity but demonstrated specific selectivity for certain metals,
especially Ni?* (84.86% removal). The lignin-derived OGL resin, despite showing lim-
ited overall removal capacity under experimental conditions, exhibited notable selectivity
for Ni%*, with a removal efficiency of 78.58%. This suggests potential applications in
sustainable and selective Ni2* recovery processes, although further optimization studies
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are warranted to enhance its broader applicability. Therefore, while conventional resins
(PS—DVB and PA—DVB) remain highly effective for broad-spectrum metal removal in
current industry, innovative materials like TFSA show potential for selective metal recovery
applications, especially if further developed and engineered for specific applications. This
selectivity could be particularly valuable for targeted CRM recovery in industrial processes.
The results of this work are relevant to both water treatment and Critical Raw Material
recovery. The proposed approach may provide valuable guidance for selecting appropri-
ate materials for specific metal removal applications, contributing to both environmental
protection and resource recovery objectives. Future research should focus on (i) investi-
gating the performance of these ion exchange materials under competitive multi-metal
conditions, (ii) developing enhanced Nafion-based and lignin-based matrix materials, and
(iii) optimizing operational parameters for selective metal recovery. Additionally, studies
on resin material regeneration, life cycle, and economic viability assessment for large-scale
applications will be crucial for industrial implementation.
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