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ABSTRACT

The removal of cadmium ions (Cd?") from aqueous media was systematically investigated using two commercial chelating ion-exchange resins: Puromet MTS9300,
functionalized with iminodiacetic acid groups, and Puromet MTS9500, containing aminophosphonic acid groups. The effects of resin dosage, solution pH,
temperature, and contact time on Cd*" removal were evaluated through batch experiments. The results revealed that both resins exhibited high Cd*" removal
efficiencies, achieving complete removal under optimized conditions. Ion exchange performance was strongly influenced by solution pH, as both resins possess
weakly acidic functional groups that undergo protonation in acidic media, thereby reducing Cd*" uptake. Kinetic data fitted well to the pseudo-second-order model.
The equilibrium data correlated closely with the Langmuir model, with maximum exchange capacities of 201.33 mg/g for MTS9300 and 191.44 mg/g for MTS9500
at 30 °C. Thermodynamic analysis confirmed the spontaneous nature of Cd*" removal for both resins, with AG® values ranging from —26.37 to —30.09 kJ/mol.
MTS9500 exhibited an endothermic exchange process, while MTS9300 displayed exothermic behaviour. Regeneration experiments demonstrated excellent reusability
with both HCI and H,SO; solutions, maintaining nearly 100% regeneration efficiency. These findings highlight the high potential of MTS9300 and MTS9500 resins
as efficient, regenerable materials for the removal of cadmium ions from contaminated water.
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1. INTRODUCTION

Cadmium is a highly toxic heavy metal pollutant of global environmental and
public health concern, owing to its non-biodegradable nature and strong
bioaccumulation potential in living organisms [1]. It is commonly introduced
into aquatic environments through anthropogenic activities such as battery
manufacturing, electroplating, mining, agricultural runoff, and sewage sludge
application [2-4]. Although cadmium is industrially valuable in batteries and
pigments, its environmental persistence and accumulation in the food chain pose
severe ecological and health risks [1,5].

Once absorbed by living organisms, cadmium disrupts enzymatic activity and
causes significant organ dysfunction, particularly in the kidneys, lungs, and
reproductive system [6]. It is a non-essential element with no known biological
role, and the World Health Organization limits its concentration in drinking water
to 3 ng/L [7]. Beyond human exposure, cadmium contamination impairs plant
growth, decreases crop productivity, and accumulates in animal tissues,
subsequently transferring through the food chain [8]. Owing to its persistence,
solubility, and carcinogenicity, the removal of cadmium from industrial effluents
prior to discharge is essential [9].

A range of physicochemical and biological methods have been applied for Cd?**
removal from aqueous media. Among conventional techniques, chemical
precipitation remains widely used due to its simplicity and low cost, involving
the formation of insoluble Cd(OH): or CdS precipitates. Adsorption is another
efficient method, transferring metal ions from the aqueous phase to solid surfaces
via physicochemical interactions [10-12]. Numerous adsorbents—including
mineral clays, agricultural wastes, and activated carbon—have been evaluated,
and adsorption is favored for its simplicity, high efficiency, and cost-
effectiveness [13,14]. Ion exchange processes are also extensively employed, in
which Cd?* ions are replaced by other ions bound to an insoluble matrix, using
materials such as Purolite resins, zeolites, or fly ash [10,11]. Membrane
separation processes, including reverse osmosis, nanofiltration, and
ultrafiltration, achieve high cadmium removal efficiencies. However, membrane
fouling and limited durability under variable conditions restrict their large-scale
application. Solvent extraction provides an alternative for the selective recovery
of metal ions from concentrated. In parallel, biological methods, such as
bioremediation and biosorption, employ microorganisms, fungi, seaweeds, and
agricultural residues to remove Cd*" in an environmentally benign manner.
Despite their diversity, most of these techniques face challenges including high
operational cost, complex regeneration, and reduced efficiency at low metal
concentrations [10-12,15].

Recent studies have focused on developing sustainable sorbents and
nanostructured materials for cadmium remediation. Mahmoud et al. synthesized
green copper oxide nanoparticles that achieved an 18 % Cd removal efficiency
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at pH 6, with a maximum adsorption capacity (qm) of 15.60 mg/g at 0.33 g/L
sorbent dose. Adsorption followed pseudo-second-order kinetics, reached
equilibrium within 60 min, and conformed to the Freundlich isotherm, indicating
a heterogeneous adsorption surface [16]. Kayranli (2021) investigated cadmium
adsorption using recycled lignocellulosic biomass from pistachio, peanut, and
almond shells, where removal occurred via electrostatic interaction, ion
exchange, complexation, and physical adsorption. The maximum adsorption
capacities (qe,max) Were 51.28 mg/g for pistachio, 62.11 mg/g for peanut, and
78.74 mg/g for almond at pH 5. Adsorption kinetics followed the pseudo-second-
order model, and equilibrium data fitted the Langmuir isotherm [17].

Abdel-Ghani et al. (2008) reported the use of Eucalyptus camaldulensis leaves
for cadmium removal from synthetic wastewater, achieving 45 % efficiency at
equilibrium. Maximum adsorption occurred within a pH range of 4.5-6.5,
equilibrium was reached after 120 min, and the Temkin isotherm provided the
best fit [18].

Among available technologies, ion exchange resins stand out for their
efficiency and operational versatility in removing heavy metals such as
cadmium. They offer advantages including high selectivity, efficient metal
recovery, minimal sludge generation, and compliance with stringent discharge
standards [19,20]. The process is characterized by rapid kinetics, high capacity,
and suitability for a wide concentration range of metal ions. lon exchange can
eliminate most cationic and anionic pollutants, making it a reliable approach for
large-scale wastewater treatment [15]. Moreover, the method is easy to operate
and maintain, providing precise control over treatment parameters [13]. When
utilized as catalyst supports, ion exchange resins further offer advantages of
recyclability, reproducibility, and straightforward characterization [21].

Building upon this framework, the present study investigates the performance
of two commercial chelating ion exchange resins, Purolite MTS9300 and
Purolite MTS9500, functionalized with iminodiacetic acid (IDA) and
aminophosphonic acid groups, respectively, for the efficient removal of Cd** ions
from aqueous solutions. These resins are specifically designed to provide high
selectivity toward divalent metal cations through coordinated ion exchange
mechanisms. Comprehensive experiments were performed to evaluate the
influence of key operational parameters, including solution pH, resin dosage,
contact time, and temperature, on Cd*" exchange performance. Kinetic and
thermodynamic analyses were conducted to elucidate the controlling
mechanisms and the nature of the ion exchange process. Furthermore,
regeneration studies were carried out to assess the operational stability and
economic feasibility of the resins. This work provides a comparative evaluation
of IDA- and aminophosphonic-functionalized chelating resins and offers
valuable insights into their potential application in the sustainable treatment of
cadmium-contaminated waters.
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2. EXPERIMENTAL
2.1. Materials and reagents

Two commercial chelating cation-exchange resins—Purolite MTS9500 and
Purolite MTS9300—were obtained from Purolite (Tiirkiye). The MTS9500 resin
contains aminophosphonate functional groups, whereas the MTS9300 resin is
functionalized with iminodiacetate groups. Cadmium sulfate octahydrate
(3CdSO,4-8H,0, Merck) was dissolved in deionized water to prepare Cd(Il) ion
solutions used in batch ion exchange experiments. Ammonia (NHs, Sigma-
Aldrich) and sulfuric acid (H,SO4, Carlo Erba) hydrochloric acid (HCI, Carlo
Erba) and sodium chloride (NaCl, Merck) solutions were utilized. For resin
regeneration studies, hydrochloric acid (HCI, Carlo Erba) and sodium chloride
(NaCl, Merck) solutions were utilized. The physical and chemical properties of
Purolite MTS9300 and Purolite MTS9500 resins, as provided by the
manufacturer, are summarized in Table 1.

Table 1. Physico-chemical properties of resins

Properties MTS9300 MTS9500
Functional group Iminodiacetic Aminophosphonic
Polystyrene Polystyrene
Matrix crosslinked with crosslinked with
divinylbenzene divinylbenzene
Polymer structure Macroporous Macroporous

Moisture retention

52% - 60% (Na* form)

60% - 68% (Na* form)

Reversible  swelling,

0, 0,
(H" — Na* max) 35% 0%
Specific gravity 1.18 1.13
Temperature limit 80 °C (176,0 °F) 80 °C (176,0 °F)
Capacity 50 g-Cu/L (1.57 eq/L) 1.3 eq/L

2.2 Conditioning of the Ion-Exchange Resin

The Puromet MTS9500 and MTS9300 resins were conditioned prior to use to
remove manufacturing impurities, activate their functional groups, and prevent
possible experimental errors. A 100 mL portion of wet resin was placed in a 500
mL plastic container, and 250 mL of 2 M NaCl solution was added. The mixture
was shaken at 25 °C for 24 h, then filtered and washed thoroughly with deionized
water. The resins were dried in an oven at 50 °C until constant weight was
achieved. Particle size analysis was then performed, and resin particles within
the 500-750 pm range were selected for the experiments.

2.3 Analyses

Metal ion concentrations were determined using a flame atomic absorption
spectrometer (VARIAN SpectrAA 220). Analysis was performed with an
acetylene-air mixture at a wavelength of 228.8 nm. Solution pH was determined
using a Mettler Toledo FG2 pH Meter. The chelating ion-exchange resin was
dried to a constant mass in a Heraous RT350 oven before use. Sorption
equilibrium studies were conducted in a DLAB SK-0330-Pro Orbital Shaker.
Kinetic experiments utilized a WiseBath water bath with a Biosan mechanical
stirrer. Thermodynamic studies were performed in a Niive ST402 shaking water
bath.

2.4 Ton Exchange Studies

Batch ion exchange experiments were carried out using 25 mL Cd** solutions
(5 mg/L) with varying amounts of Puromet MTS9300 and MTS9500 resins
(0.025,0.05, 0.1, and 0.2 g).

J. Chil. Chem. Soc., 70, N°4 (2025)

The mixtures were agitated at 400 rpm for 24 h at 25 °C (room temperature). To
evaluate Cd** removal efficiency and determine the pH Range, experiments were
also performed at different pH values (1, 2, 3, 4, and 6) using 0.2 g of Puromet
MTS9300 and 0.025 g of Puromet MTS9500 on an orbital shaker. After
equilibration, the residual Cd** concentrations were measured by AAS

For the kinetic experiments, 1 g of Puromet MTS9500 resin was contacted with
1000 mL of 5 mg/L Cd?* solution at pH 6, while 8 g of Puromet MTS9300 resin
was contacted with 1000 mL of 5 mg/L Cd?* solution under identical conditions.
The mixtures were agitated in a thermostatic water bath at 30 °C and 400 rpm.
At predetermined time intervals (0, 1, 3, 5, 15, 30, 60, 90, 120, 180, 240, 360,
and 1440 min), 10 mL aliquots were withdrawn and analyzed for Cd** content.

Equilibrium ion exchange (isotherm) experiments were conducted using the
optimum amounts of Puromet MTS9300 and MTS9500 resins with 25 mL Cd**
solutions of varying concentrations (100-600 mg/L) at different temperatures
(30, 40, and 50 °C). The samples were agitated in a shaking water bath at 400
rpm for 24 h to reach equilibrium. After equilibration, the resins were separated
by filtration, and both initial and equilibrium Cd** concentrations were
determined by (AAS).

All experiments were conducted in duplicate, and average values were used
for data analysis and graphical representation. The equilibrium ion exchange
capacity of the resin for Cd*" (q., mg/g) was calculated using Equation (1), and
the Cd** removal efficiency (R, %) was determined using Equation (2):

_ (Co—=Ce)xV
m

R(%) =2 100 ... )
0
where Cy and C. are the initial and equilibrium Cd?* concentrations (mg/L), V
is the volume of solution (L), and m is the mass of the ion-exchange resin used

(-
3. RESULTS AND DISCUSSIONS.
3.1 Effect of resin dosage

The variation in Cd*" removal efficiency as a function of resin dosage is
presented in Figure 1. When the MTS9300 resin was employed, 88% removal
was achieved at a resin dose of 0.025 g, increasing to 99% at 0.2 g. The increase
in resin dosage enhanced the number of available active sites for Cd** ion
exchange from the aqueous phase [22]. In contrast, the MTS9500 resin achieved
nearly complete Cd** removal even at the lowest dosage (0.025 g), indicating its
higher affinity for Cd*" ions. The difference in ion-exchange performance
between the two resins arises from their distinct functional groups: MTS9300
contains iminodiacetate groups that provide carboxylate donor sites, whereas
MTS9500 contains aminophosphonate groups with hydroxyl functionalities that
offer stronger chelating interactions with Cd*" ions.

100 .
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=
g
g 40
: —=—MTS 9300
~
© 20 1 MTS 9500
0 4 ‘ . : :
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Resin dose ( g/2SmL of solution)
Figure 1. Effect of resin dosage on Cd** removal from aqueous solutions

([Cd**]: 5 mg/L, volume of solution 25 mL; pH: 6; shaking speed: 400 rpm;
temperature: 25 °C).

6408



3.2 Effect of solution pH

The effect of initial solution pH on Cd*'removal by Purolite MTS9500 and
MTS9300 resins is illustrated in Figure 2. For both resins, Cd*" removal
efficiency increased markedly with increasing pH. When MTS9500 was used,
only 26% of Cd** was removed at pH 1, whereas removal efficiency rose to 88%
at pH 2 and reached nearly complete removal (<99%) at pH 3 and above.

In contrast, the MTS9300 resin exhibited only 3% removal at pH 1 but
achieved complete Cd** removal from pH 2 onward. Both resins possess weakly
acidic functional groups that undergo protonation under strongly acidic
conditions, converting into their molecular (non-ionized) forms and thereby
reducing the number of active sites available for Cd*" exchange. In the case of
the iminodiacetate functional groups of MTS9300, both carboxylic groups and
the nitrogen atom become protonated in solutions with pH values around 2 or
lower, leading to diminished complexation ability toward Cd** ions [23]. As the
pH increases, these groups progressively deprotonate, enhancing their capacity
to coordinate Cd*" through bidentate or tridentate complex formation. For the
aminophosphonic acid functional groups of MTS9500, two bonding sites—one
at the phosphonic acid group and one at the nitrogen atom—are available for
coordination with Cd*" ions [24].
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Figure 2. Effect of initial solution pH on Cd*" removal ([Cd*']: 5 mg/L,
volume of solution 25 mL; shaking speed: 400 rpm; temperature: 25 °C, resin
dosage MTS9300: 0.2 g; MTS9500: 0.025 g).

3.3 Contact time

The effect of contact time on Cd** removal by Purolite MTS9300 and
MTS9500 resins is presented in Figure 3. For both resins, the ion-exchange rate
increased rapidly during the initial contact period and gradually approached
equilibrium as time progressed. In the case of MTS9300, approximately 74% of
Cd*" was exchanged within the first 15 minutes, and equilibrium was reached
after 180 minutes with 94% removal, ultimately achieving complete removal
(99%) after 24 hours. For MTS9500, the ion-exchange rate was slower at the
early stages, with 28% removal after 15 minutes and 69% after 180 minutes,
reaching equilibrium at 360 minutes. The faster kinetic behavior of MTS9300
may be associated with its higher ion-exchange capacity (1.57 eq/L) compared
to MTS9500 (1.30 eq/L), which provides a greater number of active functional
sites for Cd** uptake.

The kinetic data were analyzed using pseudo-first-order and pseudo-second-
order models [25,26]. The fitting results (Table 2) demonstrated that the pseudo-
second-order equation provided an adequate description of the experimental data
within the studied range.

Table 2. Calculated kinetic parameters for Cd** sorption onto MTS9300 and
MTS9500 resins

Kinetic model Parameter MTS9300 MTS9500
ki (min™") 0.0490 0.0062
Pseudo-first-order q. (mg/g) 1.7719 2.5458
R? 0.8699 0.7710
k, (g/mg min) 3.2575 0.0003
Pseudo-second-order 9 (mg/g') 0.0620 13.6528
h (mg/gmin) 0.6582 0.9803

R? 0.9990 )
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Figure 3. Removal of Cd*" versus time.
3.4 Sorption isotherm

The equilibrium behaviour of Cd*" ion exchange onto MTS9300 and MTS9500
resins at different temperatures (30, 40, and 50 °C) is illustrated in Figure 4 and
5. The equilibrium capacity (Q.) of both resins initially increased with increasing
equilibrium concentration (C.) and then approached a plateau, indicating
monolayer-type saturation of the available functional sites. For the MTS9300
resin, the maximum ion-exchange capacity was recorded as approximately 201
mg/g at 30 °C, 169 mg/g at 40 °C, and 126 mg/g at 50 °C. This gradual decrease
with increasing temperature suggests that the ion exchange of Cd*" on the
iminodiacetate groups is an exothermic process, where higher temperatures
slightly reduce Cd*" binding affinity.

In contrast, the MTS9500 resin exhibited relatively stable and slightly
increasing capacities with temperature, reaching ~191 mg/g at 30 °C, ~211 mg/g
at 40 °C, and ~231 mg/g at 50 °C. This trend implies a weakly endothermic nature
of Cd** exchange onto the aminophosphonic functional groups.

The equilibrium ion-exchange data obtained at 30, 40, and 50 °C were
analyzed using the Langmuir and Freundlich models [27,28] to describe the
interaction of Cd*" ions with the functional groups of the Puromet MTS9300 and
MTS9500 resins and calculated isotherm model parameters are summarized in
Table 3. The resulsts indicated that the Langmuir model adequately represented
the ion-exchange behavior. This suggests that the exchange occurs on a
homogeneous surface with a finite number of identical active sites.
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Figure 4. Sorption isotherm form MTS9300 resin.
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Figure 5. Sorption isotherm form MTS9500 resin.
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Table 3. Adsorption isotherm parameters for sorption of Cd** ions onto ion
exchange resins

Resin Temperature 30 °C 40 °C 50 °C
K
115127 | 3479 | 94.48
: 1/n
g‘;"s't‘::tcsh flmg/g)(u m)™" | 074 | 390 | 2324
R? 0.9903 | 0.9934 | 0.6131
MTS9300
.| Qu(mglg) 201.33 | 163.74 | 124.19
gz‘l‘lf;‘::g b (L/g) 03154 | 026 | 020
R? 0.9994 | 0.9974 | 0.9979
Ke 161.85 | 183.60 | 209.48
. " . . .
g‘;“s‘t‘:;‘tcsh img/g)(L/mg) 3620 | 4378 | 60.41
e 0.7415 | 0.8442 | 0.9080
MTS9500
.| Qu(mg/g) 19141 | 211.14 | 231.88
Langmuir "/, 057 | 061 | 066
Constants
R? 0.9999 | 0.9999 | 0.9999

Table 4. Cd** sorption capacities of different ion exchange resins and
comparison with MTS9300 and MTS9500.

. . Capacity for

Name of Resin Functional group Cd* (mglg) Reference
MPX-310 Phosphine oxide 48.78
MPX-317 Phosphine oxide thiourea 106.38 [29]
TP-214 Thiourea 116.28
D-401 Iminodiacetate 224,82 [30]
C—-150 Sulfonic acid 281.04 31]
S-930 Iminodiacetic 171.99
G-26 Sulphonic acid 78.125 [32]
MTS9570 Phosphonic and Sulfonic Acid 50.02
IRA 900 Trimethylammonium 68.97 [33]
Amberjet 1200 H [Sulphonic acid 26.7 [34]
Amberlyst 15 Sulphonic acid 121 [35]
MTS9300 Iminodiacetic 201.33 This work
MTS9500 Aminophosphonic 191.44

The ion-exchange capacities of different resins for Cd*" removal reported in
the literature are summarized in Table 4. As seen, the maximum Cd** capacities
vary significantly among resins, ranging from 26.7 mg/g for Amberjet 1200 H
(sulfonic acid) to 224.82 mg/g for D-401 (iminodiacetate). Such variations
primarily arise from the nature of the functional groups, the degree of
crosslinking within the polymer matrix, and the accessibility of the active sites
to hydrated Cd*" ions. Resins bearing chelating functional groups such as
iminodiacetate, aminophosphonic, or thiourea generally exhibit higher exchange
capacities due to their strong coordination ability toward divalent metal ions.

The newly investigated Puromet MTS9300 (iminodiacetic) and MTS9500
(aminophosphonic) resins demonstrated high Cd*" capacities of 201.33 mg/g and
191.44 mg/g, respectively, which are comparable to or even higher than most
commercial resins listed. This superior performance can be attributed to the
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efficient chelation between Cd*" and the oxygen- and nitrogen-donor atoms of
these weakly acidic functional groups. Furthermore, variations in resin porosity
and crosslink density influence ion diffusion and site accessibility, thereby
affecting overall capacity. It is also noteworthy that under certain conditions,
Cd* can form negatively charged chloro-complexes (e.g., [CdCl4]*) in chloride-
containing media, enabling partial uptake by anion-exchange resins through
electrostatic interaction. Hence, both the chemical nature of the functional group
and the solution chemistry play crucial roles in determining Cd** exchange
efficiency. The comparative data emphasize the importance of tailoring resin
functionality and structure to optimize ion-exchange performance for cadmium
removal from aqueous environments.

3.5 Thermodynamic study

Temperature significantly influences ion-exchange performance by altering
the energy and mobility of solute species as well as the interaction strength
between metal ions and functional groups. To elucidate the effect of temperature
on Cd* removal, experiments were performed at 30, 40, and 50 °C (Figures 4
and 5). The corresponding thermodynamic parameters—Gibbs free energy
change (AG®), enthalpy change (AH®), and entropy change (AS°)—were
calculated from Equations (3—6) [36] and are presented in Table 5.

0 _ (1000><Kg><malecular weight of adsorbate)x[Adsorbate]U

K¢ - (3)

AG® = —RTLn(K?) ...... @)
AGO = AH® — T X AS° ...... )

—AH® | ASO

+5 .0

RXT R

Ln(k)) =

Table 5. Thermodynamic parameters for Cd*" sorption onto MTS9300 and
MTS9500 resins.

Thermodynamic

parameters MTS9300

MTS9500

2637 (303K)
-26.60 (313 K)

-27.88 (303 K)

AG® (kJ/mol) -28.99 (313 K)

26.83 (323K) -30.09 (323 K)
AH® (kJ/mol) -19.32 5.61
AS° (J/mol.K) 2327 110.56

For both resins, the negative AG® values at all studied temperatures confirm that
the Cd*" ion-exchange process occurs spontaneously. The magnitude of AG®
slightly increased with rising temperature, indicating that higher thermal energy
favors Cd*" uptake. The MTS9300 resin exhibited a negative AH® value (~19.32
kJ/mol), suggesting an exothermic ion-exchange process, whereas the positive
AH?® value (5.61 kJ/mol) for MTS9500 indicates an endothermic nature, likely
due to enhanced ion mobility and swelling of the resin matrix at elevated
temperatures. The positive AS® values for both resins (23.27 J/mol. K) for
MTS9300 and 110.56 J/mol. K for MTS9500) reflect an increase in randomness
at the solid—solution interface during Cd** exchange.

3.6 Regeneration of exhausted resins

Efficient regeneration of ion-exchange resins is essential for their practical
application and economic viability in water treatment. The regeneration
performance of the MTS9300 and MTS9500 resins was evaluated using various
concentrations of HCI, H,SO,, and NaCl solutions, and the corresponding
efficiencies are summarized in Table 6. Both resins exhibited excellent
regeneration performance with acidic eluents, achieving nearly 100% recovery
across all HCI and H,SO4 concentrations tested. This high efficiency indicates
that Cd?" ions are effectively displaced by H' ions, confirming the reversible
nature of the ion-exchange process and the chemical stability of the resin
matrices. In contrast, NaCl solutions showed markedly lower regeneration
efficiencies, increasing gradually from 12-57% for MTS9300 and 10-48% for
MTS9500 as the NaCl concentration increased from 0.1 to 2.0 M. These results
demonstrate that both MTS9300 and MTS9500 resins can be efficiently
regenerated using dilute acid solutions.
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Table 6. Regeneration performance of solutions

Regeneration efficiency (%)
Regeneration solution MTS9300 MTS9500
0.1 M HC1 >99 >99
0.5 M HC1 >99 >99
1.0 M HC1 >99 >99
2.0 M HC1 >99 >99
0.1 M H,SO, >99 >99
0.5 M H,S0, >99 >99
1.0 M H,SO,4 >99 >99
2.0 M H,SO, >99 >99
0.1 M NaCl 12 10
0.5 M NaCl 32 27
1.0 M NaCl 44 38
2.0 M NaCl 57 48

CONCLUSIONS

Both Puromet MTS9300 and MTS9500 chelating ion-exchange resins showed
excellent Cd*" removal efficiency. The ion-exchange behavior depended strongly
on pH due to the weakly acidic nature of their functional groups, which become
protonated in acidic media and limit Cd*" uptake. Kinetic data were well fitted
by the pseudo-second-order model, while equilibrium data followed the
Langmuir isotherm, indicating monolayer ion exchange with maximum
capacities 0f201.33 and 191.44 mg/g for MTS9300 and MTS9500, respectively.
Thermodynamic analysis revealed spontaneous exchange for both resins, with
exothermic behavior for MTS9300 and endothermic for MTS9500. Regeneration
tests confirmed nearly complete recovery using dilute HCl or H,SOs,
demonstrating the resins’ high reusability and stability. Overall, both materials
are promising candidates for efficient and sustainable Cd** removal from
aqueous systems.
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