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Chitosan-based hydrogels: bentonite supported
architectures explored for removal of cadmium(i)

from aqueous solution
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To maintain ecosystem integrity, the use of hydrogels as adsorbents is a straightforward and cost-effective

approach towards heavy metal removal from drinking water and wastewater. Heavy metal ions have lethal

effects on all life forms by entering the food chain through the waste disposal in water channels. Among

various metal ions, cadmium ion Cd(i) is at the top of the toxicity list. Herin, we report the synthesis and

Cd(n) removal efficiency of chitosan-based hybrid hydrogel CPAB {chitosan (C)/poly(vinyl alcohol) (P)/3-

aminopropyltriethoxysilane (A)/bentonite (B)}. Bentonite clay was used as a filler in four different amounts

in CPAB-15, CPAB-30, CPAB-45, and CPAB-60 compositions.

characterization

indicated structural,

FTIR, SEM and XRD, and TGA

surface, and morphological modifications and significant

enhancement in the thermal stability. Swelling analysis revealed that, in water, CPAB swells rapidly in the

presence of bentonite. A gradual increase was observed as a function of bentonite concentration. In

addition, these hydrogels showed better swelling in acidic pH. The prepared hydrogels were subjected to
batch tests and experimental evidence revealed that CPAB-15 is the best composition for Cd(i) removal
from water. The maximum percentage removal and equilibrium adsorption efficiency (ge) results
obtained from batch experiments are in-agreement and assured that 90 mg adsorbent dose adsorbed
25 mg of Cd(i) in 120 min at pH 6. Theoretical modelling indicated that the experimental data for Cd(i)

removal was well fitted to Langmuir isotherm and pseudo-second order kinetic models. The adsorption
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kinetics revealed chemisorption to be the most probable adsorption process, while the equilibrium

adsorption capacity (gmax) Of 354.61 mg g~ * evaluated from the Langmuir model was found to be much

DOI: 10.1039/d6ra00503a

rsc.li/rsc-advances

1. Introduction

Heavy metal contamination in water presents serious environ-
mental and health concerns, with Cd(i) ions being especially
toxic and persistent. Conventional methods for water purifica-
tion using various techniques such as membrane filtration, ion
exchange, reverse osmosis, electrodialysis, etc. are encumbered
with disadvantages involving high costs, inadequate efficiency,
and environmental hazards; however, adsorption has been
considered comparatively more advantageous than other used
water purification techniques.”™ The adsorbents used by this
technique have been reported not only for their cost effective
and environmentally friendly attributes but also for effective
and efficient removal of metal ions and other contaminants
from wastewater.® A variety of adsorbent materials have been
investigated in this scenario. Among them, hydrogels are
considered the most versatile due to their excellent adsorption
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greater than most of the reported chitosan-based hydrogels and endorsed the appropriateness of the
CPAB-15 hydrogel to be used as an efficient adsorbent system for Cd(i) removal from water.

capability associated with their large surface area, high porosity,
and the presence of functional groups which enhance their
adsorption capacity.® Hydrogels effectively adsorb both inor-
ganic and organic pollutants from water onto their surface
through physical and chemical interactions.” In addition to
adsorption, hydrogels can perform ion exchange with
surrounding solutions, capturing heavy metals and other ionic
pollutants through electrostatic interactions.*” This mecha-
nism is particularly significant for treating industrial waste-
water, where ionic contaminants are prevalent. Ion exchange
can enhance the selectivity of hydrogels for specific ions, opti-
mizing their effectiveness in various applications.?

Hydrogels are three-dimensional polymer networks capable
of holding large amounts of water, making them a promising
technology in water treatment applications due to their high
absorbency, adaptability, and the presence of hydrophilic sites
like -COOH, -OH, -NH,, -CONH,.*** Hydrogels are synthesized
from hydrophilic polymers, which imbibe significant amount of
water while maintaining their structural integrity.** This prop-
erty renders hydrogels particularly effective in absorbing and
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removing various contaminants from water like heavy metals,
dyes and organic pollutants that could bind with hydrogels due
to the availability of targeted hydrophilic sites.**™”

Based on their origin and composition, hydrogels are
majorly categorized as natural, synthetic, and hybrid."* Natural
hydrogels derived from biopolymers are mainly polysaccharides
and include, but are not limited to, cellulose, chitosan, alginate,
starch, hyaluronic acid, pectin, dextran, xanthan gum, agar etc.
These hydrogels are environmentally friendly and biodegrad-
able, making them an attractive option for sustainable water
treatment solutions.”'®" Synthetic hydrogels, made from
synthetic polymers like polyacrylamide, poly(vinyl alcohol), and
polyethylene glycol, offer tunable properties, high mechanical
strength, and stability under various environmental condi-
tions.”?* These characteristics allow for targeted applications
where specific pollutant removal is required.'* Hybrid hydrogels
combine both natural and synthetic polymers to harness the
advantages of both types and have been investigated frequently
for various applications.”** By integrating the biodegradability
of natural polymers with the customizable properties of
synthetic ones, hybrid hydrogels provide enhanced perfor-
mance in pollutant removal and improved mechanical
stability.>*

Chitosan is derived from the exoskeletons of crustaceans
such as pawn, crab, shrimp, green algae, and fungi.>® Chitin
serves as the parent polymer from which it is de-acetylated to
yield chitosan.? This is justified because chitosan contains two
-OH and one -NH, groups, which are responsible for its
swelling, hydration, biodegradation, and gelation.*” For this
reason, it has been immensely used in the preparation of
hydrogels, cryogels, and aerogels.*®** Chitosan-based hydrogels
are particularly effective in adsorbing heavy metals due to the
presence of amino and hydroxyl groups, which can chelate
metal ions.*® Synthetic polymers are preferred in hydrogel
systems because they are more easily processed, degradable,
modifiable, and have higher mechanical resilience. Hence,
structural alteration of biopolymers is performed by cross-
linking them with synthetic polymers to gain collective advan-
tages and improved physicochemical properties.** Among
various synthetic polymers, poly(vinyl alcohol), due to non-
carcinogenicity and desirable swelling properties in water, has
great importance in hydrogel synthesis.>* Furthermore, it has
excellent film-forming, adhesive, and emulsifying capabilities.*

The synthesis and performance of chitosan/poly(vinyl
alcohol) hydrogels are greatly influenced by crosslinking
agents. Glutaraldehyde and epichlorohydrin are widely used
crosslinkers in wastewater. Regardless of excellent metal ion
removal capabilities of hydrogels having these crosslinkers is
still a question mark because of their toxic nature and could not
be ignored while using them in water and living systems.** On
the other hand, 3-aminopropyltriethoxysilane is a powerful
silane coupling agent. It introduces amine groups that promote
network stability and covalent bonding between polymeric
matrices that enhance the structural and mechanical properties
of hydrogels to be used in various applications.>**

Despite the natural-synthetic polymer blending, hydrogels
are mechanically weaker and have limited in uptake of metallic
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ions.** However, the addition of a filler, like natural clay,
nanofiber, cellulose, graphene oxide, and metal oxide, increases
the overall surface of hydrogels and promotes their interaction
with metal ions.?”*® For instance, incorporation of bentonite
into hydrogel not only increases swelling capacity but also
enhances the sorption capability to remove contaminants from
wastewater and drinking water.*

Keeping in view the Cd(u) toxicity, an attempt is made in
current work to synthesize new chitosan/polyvinyl crosslinked
hydrogels by using varying amounts of bentonite clay as filler.
Subsequently, these hydrogels were characterized and further
investigated for Cd(u) adsorption.

2. Materials & methods

2.1. Chemicals

Following chemicals and reagents were used in current study.
Chitosan (CAS No. 9012-76-4; MW: 190 000-310,000 g mol %,
=75% deacetylation, bulk density 0.15-0.30 g cm™* and viscosity
> 200 centipoises), poly(vinyl alcohol) (CAS No0.9002-89-5; MW: 30
000-70,000), 3-aminopropyltriethoxysilane crosslinker (CAS No.
919-30-2, 99%), and bentonite clay (CAS No. 1302-78-9) from
Sigma-Aldrich, H,SO, (CAS No0.7664-93-9, M.W 98.08 g mol ),
CH,;COOH (CAS No 64-19-7, M.W 60.05 g mol %), and NaOH (CAS
1310-73-2, M.W 40 g mol " from Merck, standard solution of
cadmium (CAS No 7440-43-9, M.W 112.41 g mol ") from Scharlau,
CH;O0H (CAS No 67-56-1, M.W 32.04 ¢ mol ') from BDH, and
Whatman Filter Paper (CAT No. 1442) from Schleicher and
Schuell were purchased and used as received.

2.2. Synthesis of CPAB hydrogels

60 mL of 2% CH3;COOH was used to dissolve 1 g of chitosan. In
another breaker,1 g of poly(vinyl alcohol) was dissolved in 40 mL
of distilled water. Both solutions were then mixed and heated at
70 °C for 2 hours with continuous stirring. In the subsequent step,
0, 15, 30, 45, and 60 mg of bentonite was dissolved separately, in
5 mL of distilled water, sonicated for 1 hour, rested for one more
hour, then added dropwise into the polymeric mixture. Subse-
quently, mixture was blended for 2 hours at 70 °C. 60 uL of
crosslinker (3-aminopropyltriethoxysilane) was added in 10 mL of
methanol and continuous stirring of this solution was done for 30
minutes. This solution was added into the blending mixture and
stirred for another hour. The final mixture was poured in a Petri
dish and left to dry at room temperature. The dried cast hydrogels
were labeled with CPAB-0 (that lacks bentonite), CPAB-15, CPAB-
30, CPAB-45, and CPAB-60. The synthesis steps and prepared
hydrogels are provided in Fig. 1.

2.3. Characterizations - structure, morphology, and thermal
stability

FTIR, XRD, SEM, and TGA were the characterization techniques
used in this study. For structural analysis of synthesized
hydrogels, FTIR spectrometer (Thermo Fisher Scientific's
Nicolet iS10, Brookhaven, USA) was used. Initially, each sample
was vacuum-dried, and its spectrum was obtained at the reso-
lution of 2 ecm ™" in the range of 4000-400 cm ~'. The surface
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Fig. 1 Scheme for hydrogel synthesis and pictures of prepared CPAB hydrogels.

morphology was assessed using XRD (Xpert pro diffractometer,
PANalytical Almelo, Netherlands) and SEM (MIRA3 TESCAN,
Brno, Czech Republic). The Cu Ko radiations (A: 1.544 A), size of
scanning step size (0.025°), and working range (26; 5°-80°) were
used in XRD analysis. For SEM analysis, each hydrogel spec-
imen was coated with tungsten at 0.8 nm s ' for 92 second
using a sputter coater (Safematic CCU-010), then connected to
the carbon conductive tap, and examined at different magnifi-
cations. Thermal stability of each sample was checked by TGA
instrument (Newcastle, USA, model Q50). 5 mg of the sample
was placed in a Pt-pan and heated at 10 °C min™" up to 700 °C.
Nitrogen purging was done continuously at 40 mL min~ ' to
create an inert atmosphere.

2.4. Swelling analysis

To confirm the synthesized hydrogels' ability to swell, the
swelling analysis was done in distilled water. Swelling behavior
was observed, in triplicates, at room temperature. Initially, the
weight of 10 mg of each dried hydrogel sample was measured,

14218 | RSC Adv, 2026, 16, 14216-14232

then added into the distilled water, the weight of each swollen
hydrogel was recorded at predetermined time intervals. Prior to
weighing, excess solvent was cleaned with the help of tissue
paper. The swelling capacity of each hydrogel formulation was
calculated using the following eqn (1).

Ws_Wd
— X
d

Swelling (%) = 100 (1)
where Wy represents the weight of the hydrogel represent in its
dry state and Wy represents the weight of the hydrogels in
swollen state. Following the same procedure, the hydrogel's
swelling capabilities were further checked at the different pH
solutions (pH 2-12) and their swelling % were calculated by
using the same equation.

2.5. Adsorption studies

2.5.1. Preparation of stock solution. Adsorption studies
were carried out to investigate the adsorption capacity of
synthesized hydrogels for cadmium. The stock solution was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimization steps in batch adsorption experiment.

prepared from the cadmium-certified reference material (CRM)
of 1000 ppm; further dilution was made to prepare 100 ppm,
80 ppm, 60 ppm and 10 ppm solutions in 2% HNO; solution.

2.5.2. Batch experiments. The batch adsorption experi-
ments were performed at different pH, contact times, and
adsorbent doses. For the optimization of all parameters, the
study was conducted in a stepwise manner and shown in Fig. 2.
For bentonite concentration and pH optimization, 2 x 2 cm size
piece of each prepared hydrogel sample with a weight of
approximately 60 mg was placed in a 100 ppm cadmium stan-
dard solution for 20 min at pH 7 and at different pH (2-14),
respectively. For optimizing contact time (20-120 min), hydro-
gel of optimum pH, absorbent dose, and bentonite concentra-
tion are placed at different time intervals and then, to find the
most favorable metal concentration ion, place the hydrogels at
different concentrations (25 ppm to 150 ppm) using a stock
solution of cadmium. The equilibrium concentration of
cadmium was found by atomic absorption spectrometer AAS
(PerkinElmer Analyst 600) and the data was used in different
adsorption isotherms and kinetic models. The determination of
equilibrium adsorption capacity (g.) and percentage removal
(%) for all optimization parameters were calculated by using
eqn (2) and (3), where C; and C; are the initial and final
concentration of cadmium, W is the weight of hydrogel and V is
volume of the metal ion concentration.

o= (55w ©)

Percentage removal (%) = <¥) x 100 (3)
t

2.5.3. Adsorption isotherms and adsorption kinetics. The
two-adsorption isotherms models, Langmuir and Freundlich,
were studied for the cadmium metal ions concentration ranging
from 25-150 mg L' using the adsorbent dose of 90 mg/20 mL.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Mathematical forms of Langmuir (eqn (4) and 5) and Freund-
lich (eqn (6)) adsorption isothermal models are provided below.

C. 1 C.
+

Le_ 4
e GmaxD  Gmax )
1
R= 1556, ®)
1
log g. = log K; + ;log C. (6)

In Langmuir isotherm model equation, g. is the equilibrium
adsorption uptake of heavy metal ions, gmax is the maximum
adsorption capacity corresponding to the full monolayer
coverage, b is Langmuir constant and related to the adsorption
energy, Cp, is maximum starting concentration of heavy metal
ions, and Ry, is a dimensionless constant separation factor and
its value i.e., R;, = 0, >1, +1, and <1 represents that adsorption is
irreversible, adverse, linear, and favorable, respectively. In
Freundlich isotherm model equation, Ky and n are the two
constants that are related to adsorption capacity of adsorbate
and adsorption intensity, respectively.

The pseudo-first order and pseudo-second order models
were employed to describe the adsorption kinetics, and their
mathematical expressions are provided as eqn (7) and (8),
respectively.

k
log (ge—gq: ) =log qe—23103t (7)
t 1 t
_— 8
qt k. g (8)

where, g, is equilibrium adsorption capacity (mg g~ ") at time ¢,
k, and k, are pseudo-first order (min ") and is pseudo-second
order (g mg~ ' min~?) rate constants, respectively.

3. Results and discussion

3.1. Synthesis

Five hydrogels, CPAB-0, CPAB-15, CPAB-30, CPAB-45, and CPAB-
60, were prepared according to the scheme mentioned in Fig. 1
and the possible interactional mechanism is presented in Fig. 3.
3-Aminopropyltriethoxysilane was added at its optimal
concentration of 60 pL in 10 mL CH3zOH to cross link the
hydrogel components. This concentration of crosslinker was
found to be best, while brittle hydrogels were obtained at other
tried concentrations of 20-40 pL/10 mL CH3;OH. Only the vari-
ation in the filler (bentonite) was made in the hydrogels’
formulation. The components and their exact amounts used in
current hydrogels formulation are summarized in Table 1.
Chitosan, a polysaccharide of glucosamine and N-acetyl
glucosamine units, has hydroxyl (-OH) and amino groups (-
NH,) that establish intense hydrogen bonding with the hydroxyl
groups of poly(vinyl alcohol) to give a compatible and tough
polymer network.** Bentonite, as negatively charged layered
silicate sheets, electrostatically interacts with protonated amino
groups of chitosan to enhance network stability and adsorption
properties.** Likewise, 3-aminopropyltriethoxysilane, with both

RSC Adv, 2026, 16, 14216-14232 | 14219
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Table 1 CPAB hydrogels' compositions
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Composition
Hydrogels Chitosan (g) Poly(vinyl alcohol) (g) 3-Aminopropyltriethoxysilane (pL) Bentonite (mg)
CPAB-0 1.0 1.0 60 0.0
CPAB-15 1.0 1.0 60 15
CPAB-30 1.0 1.0 60 30
CPAB-45 1.0 1.0 60 45
CPAB-60 1.0 1.0 60 60

silane and amino groups, establishes covalent linkages with
bentonite through its silane units and interacts with chitosan/
poly(vinyl alcohol) through its amino group to additionally
crosslink the matrix.** Hydrogels of higher mechanical
strength, barrier property, and adsorption capability are ob-
tained through hydrogen bonding, covalent, and electrostatic
interactions to impart suitability for uptake of heavy metal.

3.2. Physical characterization

3.2.1. FTIR. The overlay of FTIR spectrum of formulated
hydrogels (CPAB-0, —15, —30, —45, —60) and a comparative

14220 | RSC Adv, 2026, 16, 14216-14232

FTIR overlay of metal adsorbed hydrogel (MCPAB) are provided
in Fig. 4(a and b). The FTIR region at 3265-3305 cm ™" indicated
the presence of hydroxyl and amine groups this range and
correlates to O-H and N-H stretching vibrations within chito-
san, bentonite and poly(vinyl alcohol). Potential hydrogen
bonding interactions inside the hydrogel are suggested by these
functional groups.* The region around 2919-2973 cm ' is
attributed to C-H stretching vibrations, which correspond to
aliphatic C-H bonds. Chitosan and poly(vinyl alcohol) have
been reported to contain methylene and methyl groups, which
contribute to the overall hydrophobic character of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a and b) FTIR overlay spectrum, (c) XRD patterns, and (d) TGA thermograms of prepared hydrogels before and after Cd(i) adsorption.

hydrogel.** Carbonyl groups responsible for the C=0 stretching
is observed within 1716-1733 em ™" range which are most likely
from poly(vinyl alcohol) or acetylated chitosan.*” This identifies
possible sites for cross-linking in the hydrogel network. C-O
and C-N stretching vibrations in the range of 1043 cm™" to
999 cm ™" are indicative of ether/alcohol (C-0) and amine (C-N)
groups.*® The presence of carbonyl groups interacting with
cadmium ions may be indicated by the peak at 1645 cm™* (C=0
stretching), which could indicate complexation or coordination
between the metal ion and the carbonyl oxygen. The very
common aliphatic C-H stretching in most organic compounds
appears as the peak positioned at 2923 cm™'. Its presence
demonstrates that, under conditions of adsorption, the
components of organic hydrogels may bind with cadmium ions.
The O-H stretching peak at 3438 cm ' is indicative of free
hydroxyl groups which can interact with cadmium ions during
adsorption via ionic or hydrogen bonding interactions.*”*®
3.2.2. XRD. XRD could help in assessing the structural
characterization of hydrogel-based adsorbents for the removal
of heavy metals from aqueous solutions. The XRD patterns are
provided in Fig. 4c and demonstrated the major phases asso-
ciated with bentonite, poly(vinyl alcohol), and chitosan. The

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

characteristic peaks of chitosan appeared at approximately 26 =
10° and 20°, while poly(vinyl alcohol) exhibited peaks at about
260 = 18° and 22°.* The incorporation of bentonite into the
hydrogel matrix was evidenced by the presence of well-defined
peaks at around 26 = 7.1° and 20°. The diffraction peak at 26
= 7.1° is indicative of interaction of hydrogel's constituents
with bentonite via intercalation into the layered structure of
bentonite,> while the peak at diffraction angle of 26 = 20°
represents a characteristic peak of bentonite which corresponds
to the plane (110).* The presence of discreet peaks within 26
range of 40-45° and 60-80° in the XRD patterns further indi-
cated crystallinity in the prepared hydrogels' structure.** Such
structural integrity is essential for the mechanical properties of
the hydrogels to be used in adsorption applications.> Interac-
tions of chitosan and poly(vinyl alcohol) reduce the overall
crystallinity by enhancing amorphous content through broad-
ening and decreasing of the intensity of its peaks, whereas
addition of bentonite increased the crystallinity and interlayer
spacing in a composite, resulting in enhanced peak intensity
and emergence of supplementary peaks in XRD pattern.>** This
enhancement may translate to improved heat stability and
mechanical properties.’® Adsorption of heavy metals hardly

RSC Adv, 2026, 16, 14216-14232 | 14221
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Fig. 5 SEM images of (a) CPAB-15, (b) CPAB-60, and (c) MCPAB at different magnifications.

affects the composite's crystallinity because the XRD patterns
indicate limited change after adsorption.®” It also suggests that
functional groups within the hydrogel matrix interacted with
cadmium ions. To enhance the binding capacity for cadmium
ions, this interaction may involve coordination or complexation
with hydroxyl or amino groups present in chitosan and
crosslinker.*®

3.2.3. TGA. Thermal stability of hydrogel-based adsor-
bents, for metal/other contaminants removal from wastewater,
is also an important factor and directly influences its structural
integrity and adsorption capability.” Thermograms of all
prepared hydrogels are provided in Fig. 4d. Thermogravimetric
analysis (TGA) showed almost 100% mass retention up to
around 100 °C, indicating low moisture content and good
thermal stability at lower temperatures. The control hydrogel
(CPA) started degrading at around 221.38 °C, thus providing
a baseline to compare the modified hydrogels (CPAB-15, CPAB-

14222 | RSC Adv, 2026, 16, 14216-14232

30, CPAB-45, and CPAB-60). Hydrogels containing different
amounts of bentonite displayed enhanced thermal resistance,
with the start of mass loss shifted to somewhat higher
temperatures with increased bentonite content. It may thus be
inferred that bentonite increases the thermal stability of the
hydrogel matrix. All (CPAB) samples showed a final mass
residue of about 16% at temperatures around 600 °C, suggest-
ing that after the thermal degradation process, a large part of
the material was retained. TGA indicated the degradation of
polymer chains and functional groups in chitosan and poly(-
vinyl alcohol) that occurred between 200 and 300 °C in CPAB-
0 hydrogel (control). The loss of such important functional
groups during the degradation process would obviously affect
the adsorption ability.®® However, the presence of bentonite in
modified hydrogels (CPAB-15 to 60) seems to counteract this
effect due to its structural durability, which may lead to an
improved adsorption capacity.®* The elevated breakdown

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature and mass retention confirmed that structural
changes, due to bentonite, enhanced the thermal stability of
CPAB hydrogels.®* The observed weight loss in CPAB hydrogels
at high temperature may be due to some breakdown in alkyl
chains in hydrogel's moieties that are covalently bonded to the
bentonite.®* The metal-adsorbed hydrogel (MCPAB) was found
to retain its mass constantly throughout the studied tempera-
ture range as compared to CPAB analogs. The elevated thermal
stability and mass retention in the MCPAB could be attributed
to metal ion interaction with the functional groups (e.g., -OH, -
COOH, -NH,), hence coordinated metal further strengthens the
hydrogel network.®

3.2.4. SEM. The SEM images at different magnification are
presented in Fig. 5. SEM images indicated that the hydrogels
exhibited uniform circular pores and channelized networks,
which are critical for applications requiring high porosity for
mass transfer adsorption processes. For the hydrogel sample
with a bentonite concentration of 15 and 60 mg, the measured
pore sizes were found to be approximately in the range of 16-21
and 14-15 um, respectively, Fig. 5(a and b). This suggested
a favorable porosity that can facilitate the adsorption of
contaminants from wastewater.®* The reduction in pore size
with increased bentonite concentration may indicate a denser
network formation that potentially enhanced the mechanical
stability but can minimize the surface area. Small pore size may
hinder the influx of larger molecules or ions to cause pore
clogging; hence making it less efficient for adsorption of
contaminants into the hydrogel linkages.®* While, with
comparatively large, even, and circular pore size, CPAB-15
sample showed a heterogeneous surface morphology and
multidimensional structural spots which are indicative of
expended surface area. This may channelize the network to
allow for easier diffusion and capture of metal ions such as
Cd(u). After cadmium metal loading, the hydrogel sample with
15 mg of bentonite showed a heterogeneous surface with tiny
round holes and multidimensional structural spots. Because it
expands the surface area accessible for contact with pollutants,
this heterogeneous morphology is advantageous for adsorption
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applications. This accessibility to trap metal ions results in
improving adsorption capacity diffusion rate of a hydrogel.*®

3.3. Swelling analysis

Hydrogels' swelling is a time dependent absorption process.
Swelling behavior relies on the ionic functional groups, cross-
linkers, monomeric entities, and porous hydrophilic networks
in hydrogels’ structures. Hydrogels with such characteristics
could be employed as excellent adsorbent for toxicant removal
from wastewater.”” Swelling of each prepared hydrogel was
checked in distilled water and at different pH values. The
evaluated percentage swelling of each hydrogel is graphically
represented in Fig. 6(a and b). The increase in swelling was
observed steeper during initial time intervals that gradually
slowed down till an equilibrium was reached. This swelling
behavior could be attributed to the porous and layered structure
of hydrogels due to which the swelling ratio increases longitu-
dinally and typically reaches a plateau as the network becomes
saturated.®®

The percentage of swelling in distilled water was noted at
various time points, Fig. 6a, which demonstrate that swelling
rises with time in all hydrogel formulations. A gradual increase
in swelling, in almost all the hydrogel samples, was observed by
120 minutes. However, observing 30 more minutes, the swelling
in CPAB-0, CPAB-15, CPAB-30, CPAB-45, and CPAB-60 was
found to increase from 133% to 769%, 294 to 1215%, 479
t01726%, 641 to 2046%, and 839 to 2459%, respectively. Based
on the results, the hydrogels with bentonite concentrations had
greater, while hydrogel without bentonite (CPAB-0) had lowest
swelling capacity at the end of the observation time. The huge
surface area and water-holding capacity due to bentonite's
layered structure are responsible for this improvement.*
However, among all CPAB hydrogels, CPAB-60 exhibited highest
swelling which indicated that swelling was strongly influenced
by the bentonite content in the hydrogel matrix.

Swelling behavior of prepared hydrogels at different pH
solutions are presented in Fig. 6b. For most of the hydrogels,
especially those with a higher bentonite content, the percentage
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Fig. 6 Swelling percentage of each prepared hydrogel in (a) distilled water with respect to time, and (b) at various pH values.
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swelling was observed to be comparatively higher at low pH
values. The maximal swelling was estimated to be 1753%,
2474%, 2143%, 1844%, and 2384% for CPAB-0, CPAB-15, CPAB-
30, CPAB-45, and CPAB-60, respectively, at pH 2. The swelling
rise at low pH values for chitosan/poly(vinyl alcohol) hydrogels
is largely a consequence of protonation of the amine groups (-
NH,) into ammonium groups (-NH;') in acidic
environment.””? These positive charges, via distribution along
polymeric backbone, opened-up its network and as a result
hydrogels’ hydrophilicity was boosted. Further, presence of (-
NH;") at low pH causes electrostatic repulsion and drop in the
osmotic pressure which led to increased swelling.” On contrary,
de-protonation of (-NH;') at high pH values decreased the
interactions within polymeric network and caused the polymer
chain to contract. Hence a more compact polymer network
restricted the chain mobility and water uptake and resulted in
decreased swelling in neutral and basic pH.”*” The presence of
bentonite's layered structure further helps to increase the ion
exchange capacity and surface area, which would enhance the
water absorption affinity.®””

3.4. Adsorption studies for Cd(u) removal

The adsorption studies for Cd(u) removal from water were
conducted via batch tests and effects of bentonite concentra-
tion, pH, adsorbent dose, contact time, and Cd(u) concentration
were investigated. The effect of bentonite concentration on
Cd(u) adsorption was observed by placing 60 mg piece of each
hydrogel (CPAB-0, —15, —30, —45, and —60) in cadmium stan-
dard 100 ppm solution, while keeping all other parameters
constant (i.e., pH 7; time 20 minutes). All bentonite-containing
hydrogels performed better than the bentonite-free CPAB-
0 hydrogel. Spectroscopic analysis revealed comparatively
better adsorption of Cd(u) on CPAB-15 hydrogel sample, while
further increases in bentonite (CPAB-30-CPAB-60) gradually
decreased both Cd(u) removal percentage (% adsorption) and
equilibrium adsorption capacity (g.). The reason being the more
porous structure of hydrogel matrix if bentonite concentration
is lower that may have provided better access to adsorption sites
and develop strong affinities for metal ions via amino and
hydroxyl groups.””® These functional groups present in the
hydrogel composite are envisaged to contribute remarkably to
metal adsorption.”” While excessive bentonite may result in
aggregation or diffusion limitations.

The effect of bentonite concentration on Cd(u) adsorption
can be explained with the support of SEM, XRD, and TGA
results. SEM studies (Fig. 5), showed that CPAB-15 has large,
evenly distributed circular pores (16-21 pum) with heteroge-
neous surface topography. In contrast, CPAB-60 had much
smaller pores (14-15 pm) and a more compact structure. This
morphological change has a direct effect on adsorption
capacity. Excess bentonite particles clog the interstitial spaces
of the polymer matrix, causing physical pore channel blocking
and thus decrease in accessibility of the cadmium ions. Liter-
ature also supported such findings where high clay content
causes particle aggregation and pore blocking and thereby
restricting diffusion channels for metal ions.”>”*”” Hence
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decreasing the effective surface area and low to moderate
bentonite loading may have maximized the availability of active
adsorption sites.®>”>’* At higher concentrations, bentonite
particles are prone to aggregation in the chitosan-based matrix
as obvious from XRD analysis. This affects the overall disper-
sion of clay platelets, resulting in a lower number of accessible
active sites and causes self-aggregation, which decreases the
interlayer distance for metal ion intercalation. The bentonite
peak at 26 = 7.1° indicates intercalation, but peak broadening
and changes in intensity at higher concentrations of bentonite
indicate possible stacking disorder and agglomeration. TGA
analysis (Fig. 4d), further revealed that higher concentrations of
bentonite improve thermal stability, indicating a more
compact, tightly cross-linked network. Although this is desir-
able for mechanical properties but makes it difficult for Cd(m)
ions to diffuse into the binding sites. Adsorption is then mostly
limited to the surface of the hydrogel, reducing overall equi-
librium capacity (ge)-

The pH effect was monitored by using a pH range of 2-14.
CPAB-15 hydrogel was placed, separately, in different pH
solutions for 30 minutes and Cd(u) concentration was
measured. Comparatively greater adsorption was measured in
acidic environment. It could be attributed to protonation of
amino (-NH,) groups on chitosan into -(NH;") and increased
porosity, surface area, and active adsorption sites of bentonite
that may have promoted the Cd(u) complexation with hydro-
gel's network.”®”® From swelling study (Fig. 6b), it is clear that
the CPAB hydrogels have a maximum swelling capacity at
acidic pH (up to 2474% for CPAB-15 at pH 2), which gradually
decreases with increasing pH values towards neutral and basic
regions. Simultaneously, from our batch adsorption studies
(Fig. 7b and Table 2), the maximum Cd(u) removal was
observed at pH 6. At low acidic pH values (pH 2-4), high degree
of electrostatic repulsion between the polymer chains results
in a swollen network structure because the H,O" ions are
abundant and very aggressively compete with Cd(u) ions for
the available binding sites on the negatively charged bentonite
surfaces. As a result, although the hydrogel is highly swollen,
the adsorption capacity is low due to the occupation of binding
sites by H;O" ions. A favorable equilibrium is achieved at pH 6
because the amine groups are partially deprotonated, reducing
electrostatic repulsion and hence the degree of swelling, which
is lower than that at pH 2. However, this pH is below the pK,
value of chitosan (~6.5), which means there is a sufficient
concentration of -NH;" groups to ensure network hydropho-
bicity and swelling, although H;O" competition is reduced.
This allows Cd(u) ions to interact with both the amine groups
of chitosan and the interlayer sites of bentonite.** This is
supported by our experimental results, which show that CPAB-
15 at pH 6 has high swelling (>1500%) and maximum ¢,
(98.89 mg g '). Conversely, at higher pH values, the -NH;"
groups are deprotonated to -NH,, which causes network
contraction and a consequent reduction in swelling, Fig. 6b.
Additionally, low adsorption of Cd(u) ions at high pH levels
could be associated with its precipitation and formation of
cadmium hydroxide where hydroxide ions compete with the
free Cd(u) ions for adsorption sites that decreases the removal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of (a) bentonite concentration, (b) pH, (c) adsorbent dose, (d) contact time, and (e) Cd(i) concentration and the evaluation of Cd(i)
removal percentage and equilibrium adsorption capacity.

Table 2 Adsorption parameters elucidated from batch experiments

Batch tests

Adsorption parameters Bentonite conc. (15 mg) pH (6) Adsorbent dose (90 mg) Contact time (120 min) Cd(u) conc.(25 mg)

% Adsorption 65 62.88 67.75 68.77 67.02
ge (mg g™ 98.89 98.89 101.62 103.15 103.14

percentage.®* The two mechanisms, therefore, contributed to Current results showed that CPAB-15 is specifically tailored for
the sharp decrease in removal efficiency above pH 8. Industrial this purpose: it has sufficient pH-dependent swelling to ensure
wastewater containing cadmium has a pH range of 5-8. an accessible network.
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Fig. 8 Graphical representations of (a) Langmuir adsorption isotherm and (b) Freundlich adsorption isotherm, (c) pseudo-first order, and (d)

pseudo-second order kinetic models.

15, 30, 60, 90, 120, and 150 mg pieces of CPAB-15 hydrogel
were socked in 100 ppm cadmium standard solution for 30
minutes at pH 6 to check the effect of adsorbent dose on Cd(u)
adsorption. The greater adsorption was observed above 60 mg
adsorbent dose which indicated the availability of more active
sites as adsorbent concentration goes higher. A slight decrease
in the g. values at higher doses (120, 150 mg) indicated that
hydrogel reached its saturation point up to 90 mg and an
equilibrium may be established between the adsorbent and free
ions that may have limited the overall adsorption process.*>**
This could further be attributed to the possibility of particles’
agglomeration at increased doses, thereby reducing the surface
area that is effectively available and leading to overlapping of
adsorption sites, leaving them inaccessible.** Effect of Cd(u)
concentration on removal efficiency and adsorption capacity
indicated a rise in g. but a slight drop in the removal efficiency
as Cd(u) concentration increased. This could be attributed to
the saturation of binding sites available on the surface of the
hydrogel and cannot accommodate more Cd(u) ions hence
reducing the percentage adsorption.*

The effect of bentonite concentration, pH, adsorbent dose,
contact time, and Cd(u) removal concentration of all prepared
hydrogels are shown in Fig. 7 (a-€), while maximum elucidated
% adsorption and g. values are provided in Table 2. Both
adsorption parameters obtained from each batch experiment
are almost unanimous and found to be in the ranges of 63-69%
and 99-103 mg g~ ', respectively.

14226 | RSC Adv, 2026, 16, 14216-14232

3.5. Isothermal and kinetic models' studies

The equilibrium data for Cd(u) removal from the CPAB-15
hydrogel were analyzed using Langmuir and Freundlich
isotherm models, which give valuable information about the
adsorption mechanism and capacity. The respective graphs and
data are provided in Fig. 8(a, b) and Table 3. Both models were
found to be well fitted with the data with comparatively more
pronounced value of regression (R*) obtained from Langmuir
model. Although both models are excellent, the slight advan-
tage of the Langmuir model, combined with physical validity,
makes it the better model.

The Langmuir model considers monolayer adsorption on
a surface with finite, equivalent, and evenly distributed binding
sites. The CPAB-15 hydrogel provides a heterogeneous surface
where Cd(u) ions selectively bind to carboxyl, hydroxyl, and
amine functional groups, as well as negatively charged inter-
layer regions of the exfoliated bentonite.*® The excellent Lang-
muir fit indicates a single-layer Cd(u) adsorption on these
unique sites without any additional multilayer formation in our
experimental setup. This is consistent with chemisorption (as
indicated by pseudo-second-order kinetics), where strong site-
specific interactions prevent additional layer formation due to
limited binding sites. The maximum adsorption capacity (¢max
= 354.61 mg g ) obtained from the Langmuir model repre-
sents a finite, saturable quantity—the total number of available
binding sites in the hydrogel. This is a physical explanation. In
contrast, the Freundlich constant (K§) is empirical, and its units
depend on the value of the exponent (1/n), making it more

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Adsorption isotherms and adsorption kinetics parameters for Cd(i) removal

Adsorption isotherms models

Langmuir Freundlich
Adsorbent CPAB-15 Jmax (Mg g7 Ky (L mg /Ry, R* Kp (mg g7") (L mg™ )" n R?
354.61 0.009/0.523 0.992 1.007 3.27 0.983
Adsorption kinetics models
Pseudo-first order Pseudo-second order
Adsorbent CPAB-15 Gmax (Mg g7) K¢ (min™) R* Gmax (Mg g7 1) K, (g mg~'.min) R
45.73 0.027 0.937 109.00 0.001 0.988

difficult to assign a physical explanation. The Freundlich model
describes surface heterogeneity with an exponential distribu-
tion of site energies, which is appropriate for natural sorbents
but less consistent with the engineered, cross-linked hydrogel
of CPAB-15. The favorability of adsorption is also confirmed by
the dimensionless separation factor R;, from the Langmuir
model. For CPAB-15, the R, factor between 0 and 1 indicates
a favorable adsorption process, providing additional thermo-
dynamic support to the Langmuir model selection.

The theoretically evaluated value of maximum adsorption
capacity (¢max) was found to be extremely high than that of
several reported chitosan-based adsorbents, as an example, the
gmax Of modified chitosan-coated bentonite, bentonite with
dispersed chitosan hydrogel, polyacrylic acid—chitosan hydro-
gel, surfactant-modified chitosan beads, graphene oxide-chi-
tosan-poly(vinyl alcohol) hydrogel, chitosan-itaconic acid
hydrogel, tripolyphosphate cross-linked chitosan, and natural
hydroxyapatite/bentonite composite were reported to be 217.4,
168.70, 234.84, 125, 172.00, 285.70, 109.89, and 125.47 mg g,
respectively, which are 137.21, 185.91, 119.77, 229.61, 182.61,
68.91, 244.71, and 229.14 mg g ' times lesser than that ob-
tained for current hydrogel (CPAB-15).7%78798587-90 Thijg
comparison underlines the suitability of CPAB-15 as an efficient
adsorbent for cadmium removal from aqueous solution. The
current findings suggest that the combination of poly(vinyl
alcohol) with chitosan increases mechanical stability and
introduces more hydroxyl groups, increasing active site density,
while the layered structure and surface functionalities of
bentonite within hydrogel network allow strong chemical
interactions with Cd(u), viz. surface complexation and ion
exchange through the -OH, -NH,, and PO,’” groups.”
Freundlich model parameter (n > 1) also suggested that
adsorption is a very favorable process.

To investigate the rate and mechanism of Cd(u) adsorption
onto the CPAB-15 hydrogel, experimental data was fitted into
pseudo-first order and pseudo-second order kinetic models.
The pseudo-first order kinetic theory assumes the adsorption
process takes place by physisorption, and the rate is determined
by the difference between the equilibrium and the current

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

instant adsorption capacity. The pseudo-second-order model
explains chemisorption comprising valence forces by electron
sharing or electron transfer and the rate is directly proportional
to the square of the difference from the equilibrium expression.
The respective graphs and parameters are provided in Fig. §(c,
d) and Table 3. The regression (R®) values obtained in both
models are found to be > 0.90, but with comparatively high
value for pseudo-second order, revealed it to be the best fitted
model and assured that the rate-limiting step is probably
chemisorption and involves valence forces through the sharing
or exchange of electrons between Cd(u) ions and functional
groups on the surface of the adsorbent.”** The maximum
adsorption capacity (¢max) evaluated by data fitting in pseudo-
first order model was found to be quite less than that ob-
tained from pseudo-second order model.

3.6. Selective sorption

Chitosan-based adsorbents have also shown remarkable selec-
tivity for Cd(u) ions compared to other co-existing metal ions
such as Pb(u), Ni(u), and others in complex aqueous environ-
ments due to their unique chelating properties. For example,
chitosan-methacrylic acid (CS-MAA) nanoparticles have shown
high selectivity for Cd(u), Pb(u), and Ni(un) ions in multi-ion
aqueous environments due to their high coordination
tendency.”® Similarly, guanidine-modified poly(AMPSG/AAc/
NVP/HEMA) hydrogels have also shown high selectivity for
Cd(n) in the presence of Hg(u), Pb(u), Au(m), and others in
aqueous environments, and their high capacity for efficient
monolayer adsorption was explained wusing Langmuir
isotherms, confirming the role of sulfonic and carboxylic
groups in the selective adsorption of Cd(u).* Likewise, chitosan-
Fe;0,4-fish bone charcoal composites have selectively adsorbed
Cd(n) ions from complex aqueous environments, and their
adsorption capacity was found to be 64.31 mg g~ ', which is 1.7
times higher than biochar, and this high selectivity was due to
their unique ion exchange, complexation, and electrostatic
properties, even in the presence of co-existing metal ions.”*
Hence, based on reported literature, it could be inferred that the
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modified chitosan-based hydrogel CPAB-15 in current studies
have high selectivity for Cd(u).

4. Conclusions

CPAB-15, CPAB-30, CPAB-45, and CPAB-60 were prepared from
pristine CPAB-0 hydrogel by varying bentonite concentration.
Bentonite has not only improved the structural, morphological,
and swelling properties of hydrogel but also extended its
adsorption capacity for Cd(u) removal from aqueous solution.
The structural integrity, surface morphology, crystallinity, and
thermal stability was assured by FTIR, SEM and XRD, and TGA
analysis and revealed appropriateness of current hydrogels to
be used as adsorbent. With increased bentonite concentrations,
the hydrogels showed remarkable swelling ratios of up to
2459%, demonstrating their ability to efficiently adsorb pollut-
ants. Adsorption tests indicated that after one hour of contact
time, hydrogels with lower bentonite concentrations (CPAB-15)
exhibited 67% of Cd(u) removal at pH 6. The adsorption
capacity (g.) is main adsorption parameter that was evaluated
both experimentally and by fitting the data in adsorption and
kinetic models. The experimental results agreed indicating that
at optimal conditions (15 mg bentonite, pH 6, 90 mg adsorbent
dose, 120 minutes contact time, and 25 ppm Cd(u) concentra-
tion), CPAB-15 hydrogel favored Cd(u) adsorption. Maximum
adsorption capacity (gmayx) Of 354.61 mg g ' is achieved for
CPAB-15 in current work via fitting the data in Langmuir
isotherm adsorption model. The dominance of the Langmuir
isotherm along with the pseudo-second order kinetic model
specified chemisorption as the major mechanism of Cd(u)
removal. The experimental and theoretical findings in terms of
efficiency, kinetics, and adsorption mechanism highlight the
effectiveness of current hydrogel system for Cd(u) adsorption.
The hybrid approach in current work represents a breakthrough
toward the development of cost-effective, environmentally
friendly adsorbents and may seek attention especially where
these materials are intended for practical use in water treat-
ment. Further work on reusability may help to ensure the full
characterization of explored hydrogel systems.
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