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Abstract: In this study, a cross-linked sodium alginate-graft-poly(acrylic acid-co-polyvinyl
alcohol) (SA-g-poly(AAC-co-PVA)) hydrogel was successfully prepared through free-
radical polymerization and evaluated for its ability to remove Trypan Blue (TB) dye from
aqueous media. The samples were characterized using Fourier Transform Infrared
Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD),
Transmission Electron Microscopy (TEM), and Field Emission Scanning Electron
Microscopy (FESEM). They confirmed the formation of a porous hydrogel network with a
predominantly amorphous structure and adequate thermal stability. The adsorption
performance was systematically examined under different operational conditions, including
the effect of a 200 mg L' dye concentration on the adsorption of 0.07g of hydrogel at pH 7
and 30°C. The results showed a clear dependence on solution pH, where acidic environments
favored dye uptake due to reduced electrostatic repulsion between the anionic dye molecules
and the protonated hydrogel surface. A pronounced decline in both removal efficiency (E%)
and adsorption capacity (Qe) was observed with increasing pH solution. At pH 3, the
hydrogel exhibited excellent adsorption performance, achieving an E of 96% and a Qe of 480
mg g '. However, when the pH was increased to 11, these values dropped significantly to
41% and 210 mg g', respectively, indicating that acidic conditions strongly favor the
adsorption process. Increasing the adsorbent dosage increased overall removal efficiency,
although a decrease in adsorption capacity per unit mass was observed. Increasing the
hydrogel mass from 0.01 g to 0.10 g increased E% from ~50% to ~97%, whereas Qe
decreased from ~1500 mg g! to ~300 mg g'. The adsorption process proceeded rapidly,
achieving an equilibrium capacity of approximately 350 mg g~' within 25 min and reaching
about 410 mg g at longer contact times. Analysis of equilibrium data revealed that the
Freundlich isotherm model provided a better fit (R*> = 0.9883), indicating multilayer
adsorption on heterogeneous sites within the grafted polymer network. Regeneration
experiments demonstrated that the hydrogel retained nearly 60% of its initial removal
efficiency after five consecutive adsorption—desorption cycles, highlighting its potential for
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repeated use. Overall, the prepared hydrogel shows promise as an effective, reusable
adsorbent for removing Trypan Blue from wastewater.
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regeneration

1. Introduction

Water contaminated with dyes requires
treatment to remove them using various
adsorbents or techniques prior to discharge
into local drainage systems or natural water
bodies. Dyes are employed across numerous
industries, including textiles, cosmetics, ink,
plastics, paper, food, pharmaceuticals, pulp,
leather, printing, paints, and rubber, owing to
their high solubility in water and capacity to
impart intense color [1-3]. Trypan blue (TB)
is a water-soluble azo dye, classified as an
anionic acidic dye, with a molar mass of
960.81 g/mol and a chemical formula of
(C34H24N6Na4014S4). It is used in biological
staining, vitreoretinal surgery, cell viability
assessment, and food coloring processes.
However, Trypan Blue (TB) is cytotoxic to
cells. Empirical studies have demonstrated
that exposure of human retinal pigment
epithelial cells (ARPE-19) to TB in vitro
induces cellular toxicity and reduced
viability, with the severity of these effects
contingent on the dye concentration and
exposure duration. Furthermore, elevated TB
concentrations pose a threat to aquatic
organisms and the environment. The
discharge of untreated water contaminated
with this dye can adversely affect natural
water bodies, disrupt aquatic ecosystems, and
pose significant risks to human and enviro-
nmental health [4-6].

The release of untreated water contaminated
with this dye can adversely affect natural
water resources, disrupt aquatic ecosystems,
and pose significant health risks to humans,
including toxicity and carcinogenicity. To
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protect the environment from contamination,
it is imperative to eliminate TB discharges
from various industries in water sources. The
issue of dye pollution in water has led to the
development of numerous water treatment
methods, including advanced oxidation
processes, ion exchange, deep eutectic sol-
vents, coagulation-flocculation, adsorption,
electrocoagulation, wet oxidation, sedimen-
tation, arc discharge, membrane bioreactors,
phytoremediation, reverse osmosis, sequenc-
ing batch reactors, and membrane filtration.
Among these, adsorption is recognized as one
of the most commonly employed treatment
techniques because of its cost-effectiveness,
simplicity, high efficiency, and environ-
mental compatibility. Various adsorbents,
such as clay, hydrogels, activated carbon, and
graphene oxide, have been utilized [7,8].

Hydrogels, also known as superabsorbent
polymers, are considered innovative mate-
rials due to their versatility and Biocom-
patibility. They consist of three-dimensional
cross-linked polymer networks that are
water-soluble but swell upon contact with
water, enabling them to absorb water and
biological fluids without compromising their
structural  integrity.  This  absorption
capability is attributed to the presence of
hydrophilic groups, such as (-OH, — CONH,
—CONH;, —-COOH, and -SO3H) in the
polymer chain [9,10]. These hydrogels can
absorb additional biological fluids, and their
expanded state allows them to retain
substantial amounts of fluid. They have
garnered significant attention for their
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applications in biomedical, environmental,
energy, and engineering fields due to their
enhanced water absorption and Biocom-
patibility. Despite the development of vari-
ous types of hydrogels, there remains a need
for non-toxic, eco-friendly hydrogels that can
be easily prepared with the desired properties
[11-13].

Many inorganic clay minerals, such as
kaolin, bentonite, and attapulgite, along with
natural polymeric materials, including poly-
saccharides (sodium alginate, starch,
cellulose, and chitosan), have been employed
to develop eco-friendly organic—inorganic
superabsorbent composites to reduce
production costs and enhance performance.
Sodium alginate (SA), an anionic poly-
saccharide derived from brown seaweed, has
been extensively investigated because of its
non-toxic nature, biodegradability, and
ability to form gels in the presence of divalent
cations such as Ca*". SA is renowned for its
exceptional film-forming and gelation pro-
perties, rendering it widely utilized in
biomedicine, food packaging, and environ-
mental remediation [14,15].

2. Experimental Part

Materials

Sodium alginate (SA, purity 99%) was used
as the main biopolymer backbone, and
acrylic acid (AA, purity 98%) was employed
as the grafting monomer. Poly(vinyl alcohol)
(PVA, >99% purity) was used as a hydro-
philic polymer to enhance the mechanical
stability of the hydrogel network. Potassium
per sulfate (KPS, purity 97%) was used as a
free-radical initiator, and N, N’-methylene
bisacrylamide (MBA, purity 99%) was used
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Acrylic acid (AA), a synthetic monomer
bearing a carboxylic acid group, is commonly
used in hydrogel production due to its ability
to impart significant hydrophilicity to the gel.
When copolymerized with natural polymers,
such as sodium alginate, it enhances
mechanical strength and water-absorption
capacity while improving the hydrogel's
surface characteristics [16,17]. The resulting
hybrid or composite hydrogels integrate the
advantages of both natural and synthetic
materials, making them popular for
applications such as drug delivery, wound
dressing, biosensing, agriculture, and waste-
water treatment. Recently, SA/AA hydrogels
have demonstrated considerable potential as
effective adsorbents for removing organic
dyes and heavy metals from contaminated
water, particularly when modified with
nanoparticles or other functional fillers to
enhance their adsorption capacity and dura-
bility [18]. This study aims to develop and
evaluate a SA/AA hydrogel for the efficient
adsorption and regeneration-based removal
of trypan blue dye from aqueous solutions.
The research focuses on the hydrogel's
structural properties and its performance
across multiple cycles.

as a cross-linking agent. Trypan Blue (TB)
dye was selected as the model anionic dye for
the adsorption experiments. Hydrochloric
acid (HCI) and sodium hydroxide (NaOH)
solutions were used to adjust the pH of the
samples. All chemicals were of analytical
grade, purchased from Sigma-Aldrich, and
used as received without further purification.
Deionized water was used in all experiments.
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Preparation of SA-g-poly(AAC-co-PVA)
Hydrogel

The hydrogel was synthesized via free-
radical polymerization using sodium alginate
(SA), acrylic acid (AA), and poly(vinyl alco-
hol) (PVA) as monomeric components.
Initially, a 2 wt% SA solution was prepared
by dissolving 0.50 g of sodium alginate in 20
mL of deionized water under magnetic
stirring at 60°C until complete homoge-
nization. In parallel, 0.50 g of PVA was
dissolved in 30 mL of deionized water at
80°C to obtain a clear polymer solution,
which was subsequently cooled to room
temperature. The PVA solution was then
combined with the SA solution to form a
blended biopolymeric matrix. Separately, the
monomer mixture was prepared by diluting
10 mL of acrylic acid (AA; 0.14 mol) with 3
mL of deionized water, followed by the
addition of potassium persulfate (KPS; 0.05
g, 0.18 mmol) as the radical initiator and

Swelling Ratio

Water adsorption studies are critical for
evaluating the performance of hydrogel-
based adsorbents, as their swelling behavior
directly reflects their porosity, hydro-
philicity, and accessibility of active sites.
These studies quantify the material's ability
to uptake and retain water under controlled
environmental conditions, such as fixed
temperature, humidity, and immersion time.

(SR%) =
where w; is the weight of the swollen

hydrogel (g), and Wd is the weight of the
dry hydrogel (g).
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N,N'-methylene bisacrylamide (MBA; 0.05
g, 0.32 mmol) as the covalent cross-linker.
This mixture was stirred for 30 min to ensure
uniformity. The SA/PVA blend was
gradually added to the AA/KPS/MBA
solution under continuous stirring to ensure
complete dispersion of all components. The
final precursor mixture was cast into Petri
dishes and thermally polymerized at 60°C for
1-2 h, forming a cross-linked three-dimen-
ional hydrogel network. After gelation, the
hydrogels were removed, repeatedly washed
with deionized water to remove unreacted
species, and dried at 50-60°C to constant
mass. This preparation method yielded a
mechanically stable hydrogel with enhanced
structural integrity and high-water absorption
capacity, owing to the combined roles of SA,
PVA, and the covalently cross-linked AA
network.

The swelling behavior is commonly
expressed as the swelling ratio (SR), which
represents the percentage increase in mass of
the hydrogel due to water uptake. This
parameter provides a reliable measure of the
hydrogel’s water-holding capacity and
structural flexibility and is calculated using
the following equation (1) [19]:

s—Wd
4 100 (1)
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Study Gel Content

The gel content (Gc%) of the (SA-g-
poly(AAC-co-PVA)) hydrogel was deter-
mined to quantify the fraction of the hydrogel
network that remains insoluble in water.
Initially, the hydrogel samples were dried and

where Md represents the weight of the dried
sample after extraction, and Mo corresponds

Preparation of Trypan Blue Dye Solution
Figure 1 shows the chemical structure of

Trypan Blue dye is an anionic azo dye with
the molecular formula (Cs;4H24NsNa4O14S4)

weighed, then immersed in distilled water for
24 h at 25°C to extract the soluble com-
ponents. After extraction, the samples were
dried again and reweighed. The gel content
(Gc%) was calculated using equation 2:

(Ge%) =1 x 100 (2)

to the initial weight of the dried sample
before extraction.

and a molecular weight of 960.81 g.mol!
illustrates the chemical structure of the TB
dye.

Fig 1. Chemical Structure of Trypan Blue (TB)

A stock solution at 1000 mg L' was prepared
by dissolving 0.1 g of dye powder in 100 mL
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of distilled water. The maximum absorption
wavelength (Amax) was determined using a
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UV-Vis  spectrophotometer, and the
maximum absorbance peak was observed at
588 nm.

Adsorption Studies

Batch adsorption experiments were per-
formed to evaluate the removal efficiency of
Trypan Blue (TB) dye using the synthesized
SA-g-poly(AAC-co-PVA) hydrogel. All
experiments were conducted in 100 mL of
dye solution using a water bath shaker at 120
rpm and 30°C. To investigate the effect of
initial dye concentration, solutions at 50-500
mg L' were used with a fixed hydrogel
dosage of 0.07 g. The effect of adsorbent
dosage was studied by varying the hydrogel
amount (0.01-0.10 g) in a dye solution with

a constant concentration of 200 mg L™'. The
influence of solution pH was examined at
values of 3, 7, 8, and 10 by adjusting the pH
with 0.1 M HCI and 0.1 M NaOH solution.
After reaching equilibrium, the residual dye
concentration was determined using a UV-
Vis spectrophotometer at (Amax) of 588 nm.
The equilibrium adsorption capacity (Qe
mg.g") and removal percentage (R%) were
calculated using the following equations (3)
and (4):

Co—Ce)V
Q. = Lot (3)
Ry, = £=%100 (4)
Co

where Qe (mg. g'!) denotes the equilibrium
adsorption capacity; Co and Ce (mg. L) rep-
resent the initial and equilibrium concen-
trations of Trypan Blue dye, respectively; V

Characterization Techniques

The surface functional groups of the syn-
thesized SA-g-poly(AAC-co-PVA) hydrogel
were identified using Fourier Transform In-
frared Spectroscopy (FTIR) in the spectral
range of 4004000 cm™. The surface
morphology and porous structure were
examined using Field Emission Scanning
Electron microscopy (FESEM). To investi-
gate the internal structure and nanoscale
particle-size distribution, Transmission Elec-
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(L) refers to the solution volume of TB dye,
and W (g) indicates the mass of the dry
hydrogel.

tron Microscopy (TEM) was used. The crys-
talline nature of the prepared hydrogel was
analyzed by X-ray Diffraction (XRD) using
Cu-Ka radiation. Furthermore, the thermal
stability and degradation behavior of the
hydrogel were evaluated using thermograv-
imetric analysis (TGA) over a temperature
range of 25-600°C under a nitrogen atmo-
sphere.
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Adsorption Isotherm Models

Nonlinear isotherm adsorption models
effectively characterize the interaction
between the adsorbent and adsorbate. In this
study, the Freundlich and Langmuir isotherm

models are employed to examine adsorption.
The Freundlich isotherm model is calculated
using equation 5:

Q. = K:C,™" (5)

The Langmuir isotherm is primarily used to
describe the adsorption of dyes from aqueous

solutions. The Langmuir isotherm nonlinear
model is calculated from equation 6:

Qe — dmK1Ce (6)

where Qe: amount adsorbed per unit mass of
adsorbent at equilibrium (mg.g!), (mol.g™),
Ce:  equilibrium concentration (mg.L),
(mol.L"), and K. capacity factor or Freun-
dlich constant empirical (L.mg™).

I/n: Freundlich exponent, if the (n) value
reaches unity, the adsorption is linear; if the
n value is above unity, then the adsorption

3. Results and Discussion

Characterization of SA-g-poly (AAC-co-
PVA) Hydrogel

FTIR analysis before and after adsorption

The Fourier transform infrared (FTIR)
spectra of the SA-g-poly(AAC-co-PVA)
hydrogel before and after Trypan Blue
adsorption are illustrated in Figure 2. The
spectrum of the pristine hydrogel displays a
broad absorption band in the region of 3200—
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1+K[Ce

process is physical; if the “n” value is below
unity, the adsorption process is chemical.

Langmuir  constant empirical, which
represents maximum adsorption efficiency
(mg.g!), Ki: Langmuir constant (L/mg) or
the equilibrium constant of the adsorption
process [20].

3500 cm™, which is attributed to the stretch-
ing vibrations of hydroxyl (—OH) groups
associated with sodium alginate and
poly(vinyl alcohol), indicating strong hydro-
gen bonding interactions within the poly-
meric network [21].

Volume 97 Number 1 | The Chemist | page7



Fig 2. FTIR Spectra of the Synthesized Hydrogel Before and After Trypan Blue Adsorption

The absorption band observed around 1700—
1720 cm™ corresponds to the carbonyl (C=0)
stretching vibration of acrylic-based units,
confirming successful grafting and cross-
linking of the polymer chains. In addition, the
bands located near 1400-1450 cm™ are
assigned to the symmetric stretching
vibrations of carboxylate (—COO~) groups,
while the peaks appearing in the range of
1000-1100 cm™ are related to C—O and C—
O-C stretching vibrations of the poly-
saccharide backbone [22,23].

After adsorption of Trypan Blue, noticeable

Surface morphology analysis (FESEM)

The surface morphology of the prepared
hydrogel before and after Trypan Blue
adsorption was examined using field-
emission scanning electron microscopy
(FESEM), as shown in Figure 3a. The
FESEM image of the pristine hydrogel
reveals a highly porous, interconnected three-

© The AIC 2026. All rights reserved.

changes in the FTIR spectrum were observed,
including slight shifts and decreases in the
intensity of the —OH and —COO~ related
bands. These variations indicate the
involvement of hydroxyl and carboxyl
functional groups in the adsorption process
via electrostatic interactions and hydrogen
bonding. The preservation of the prominent
characteristic absorption bands after adsorp-
tion suggests that the hydrogel framework
remains structurally stable during dye uptake
[24,25].

dimensional network with irregular cavities
distributed throughout the surface. This
porous structure is typical of alginate-based
hydrogels prepared via free-radical graft
polymerization and provides numerous
accessible pathways that facilitate dye
diffusion and adsorption processes [26,27].
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Fig 3. FESEM Images of SA-g-poly (AAC-co-PVA) Hydrogel (a) Before and (b) After the
Adsorption Process

After adsorption (Figure 3b), the hydrogel
surface becomes denser and partially covered
by aggregated layers, indicating effective at-
tachment of Trypan Blue molecules to the
hydrogel matrix. The observed reduction in
visible pore openings indicates that dye
molecules occupy both internal pores and
active surface sites via a combination of
surface interactions and pore-filling mech-

Internal structure analysis (TEM)

anisms. Despite these morphological
changes, the three-dimensional network
framework remains largely preserved,
demonstrating sufficient mechanical stability
of the hydrogel during adsorption. This
structural integrity is a key factor in
maintaining regenerative capability and
enabling repeated adsorption cycles [28,29].

Fig 4. TEM Images of the Hydrogel's Internal Morphology at Different Magnifications

© The AIC 2026. All rights reserved.
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The internal morphology of the prepared
hydrogel was investigated using transmission
electron microscopy (TEM), as shown in
Figure 4. The TEM images reveal irregular
agglomerated regions containing nanoscale
features dispersed throughout the polymeric
matrix. These darker contrast areas cor-
respond to polymer-rich domains formed
during grafting and cross-linking and are
commonly observed in biopolymer-based
superabsorbent hydrogels [30].

At higher magnification, the hydrogel dis-
plays clustered internal domains with nonuni-

X-ray Diffraction (XRD) analysis

The X-ray Diffraction (XRD) pattern of the
prepared SA-g-poly (AAC-co-PVA)
hydrogel is presented in Figure 5. The dif-
fractogram is characterized by a broad amor-

form boundaries and a relatively compact
network. This structural appearance suggests
that acrylic-based grafting onto the alginate
backbone leads to the formation of dense
nanoscale regions embedded within the
swollen hydrogel network. Such features are
beneficial for adsorption, as they facilitate
dye diffusion and increase the number of
accessible interaction sites. In addition, the
absence of distinct crystalline lattice fringes
confirms the predominantly amorphous na-
ture of the hydrogel, which is advantageous
for adsorption applications and is consistent
with the XRD observations [31].

phous halo extending over the 20 range of
approximately 15-25°, while distinct cryst-
alline peaks are absent.

Fig 5. X-ray Diffraction (XRD) Pattern of the Prepared Hydrogel

This feature indicates that the synthesized
hydrogel predominantly possesses an
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amorphous structure. Such diffraction char-
acteristics are frequently reported for
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polysaccharide-based hydrogels obtained via
graft polymerization and cross-linking pro-
cesses, in which the introduction of synthetic

The suppression of crystalline features can be
attributed to the grafting of acrylic segments
onto alginate chains and to the physical
entanglement of PVA within the three-
dimensional cross-linked network. Such
structural rearrangements hinder long-range
crystalline order and result in a homogeneous
amorphous matrix, as reported for alginate-
and acrylic-based hydrogel nanocomposites.

Thermal stability analysis (TGA)

The thermal stability of the prepared
alginate—acrylic-PVA hydrogel was eval-
uated wusing thermogravimetric analysis
(TGA), as illustrated in Figure 6. The result-

polymer chains interferes with the regular
packing of the biopolymer backbone [32,33].

The predominance of the amorphous struc-
ture is favorable for adsorption processes
because it provides greater flexibility of the
polymer chains and improves the exposure of
functional groups, including hydroxyl (—OH)
and carboxyl (—COO”) moieties. Such
structural characteristics facilitate more
effective interactions between Trypan Blue
molecules and the available active sites
within the hydrogel network, thereby
enhancing adsorption performance [34].

ing TGA profile shows a stepwise weight-
loss pattern, which is commonly observed for
cross-linked polysaccharide-based grafted
hydrogels.

Fig 6. TGA Thermogram of the Alginate—Acrylic-PVA Hydrogel

An initial minor mass loss occurs below
approximately 120°C and is mainly related to
the release of physically adsorbed and
weakly bound water molecules within the

© The AIC 2026. All rights reserved.

hydrogel structure. A second degradation
stage is evident in the temperature range of
200-300°C and is attributed primarily to the
thermal decomposition of grafted acrylic
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components, as well as to the breakdown of
pendant functional groups formed during
grafting process [35,36]. At temperatures
exceeding 300°C, a more substantial weight
loss is observed, corresponding to the
degradation of the alginate and PVA
backbone chains and the progressive collapse
of the three-dimensional cross-linked
network. The overall degradation behavior,

Optimization of Reaction Parameters

The synthesis conditions of the SA-g-
poly(AAC-co-PVA) hydrogel were system-
atically optimized to maximize its swelling
performance. The effects of reaction time and
Effect of reaction time

The reaction time was varied from 2 to 4 h at
60°C. As shown in Figure 7a, the hydrogel
exhibited a maximum swelling ratio of 488%
at 2 h. Shorter reaction times limit polymer
chain growth and network formation, where-
as longer reaction times increase crosslinking

Effect of reaction temperature

The reaction temperature was varied from 55
to 75°C in 5°C increments (Figure 7b).
Swelling increased with temperature, reach-
ing a maximum of 530% at 75°C. The initial
increase is attributed to enhanced thermal
decomposition of the initiator (KPS), which
generates more free radicals and promotes
efficient grafting and network formation.

Effect of solvent volume

As shown in Figure 7c¢, the swelling
percentage initially increases with increasing

© The AIC 2026. All rights reserved.

together with the presence of a measurable
residual mass at higher temperatures,
suggests that the incorporation of acrylic
units and PVA chains contributes to im-
proving the thermal stability of native
alginate. This observation confirms the
formation of a structurally stable, cross-
linked hydrogel suitable for adsorption under
a range of thermal conditions [37].

temperature were evaluated while keeping
the concentrations of KPS (0.05 g), MBA
(0.05 g), and acrylic acid (0.14 mol L)
constant.

density by prolonging radical activity. This
excessive crosslinking reduces network
flexibility and pore size, restricting water
penetration and leading to decreased swelling
beyond the optimal time [38-40].

This results in a more open and porous
hydrogel structure that favors water uptake.
However, at temperatures above the opti-
mum, excessive radical activity increases
crosslink density and can lead to chain
termination, resulting in a more compact
network and reduced swelling [41,42].

solvent volume, reaches a maximum at 100
mL, and then declines.
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Fig 7. Effect of Several Parameters on the Highest Swelling Percentage of Hydrogel (a)
Reaction Time, (b) Reaction Temperature, (c) Solvent Amount

The initial enhancement in swelling is
attributed to improved dispersion of
monomers and initiator in a larger solvent
volume, which facilitates efficient free-rad-
ical generation and promotes uniform poly-
merization and network formation. This
results in a more open and porous hydrogel
structure that favors water uptake. However,
beyond the optimal solvent volume, exces-
sive dilution reduces the frequency of effect-
tive radical-monomer collisions, thereby

© The AIC 2026. All rights reserved.

lowering  crosslinking  efficiency and
weakening network formation, thereby
decreasing swelling capacity [43,44].
Overall, both reaction time and temperature
strongly influence the balance between
network formation and crosslinking density.
Optimal swelling is achieved when the
hydrogel network is sufficiently crosslinked
to maintain structural integrity while
remaining sufficiently flexible and porous to
maximize water absorption [45,46].
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Effect of Operational Parameters on
Trypan Blue Adsorption

Effect of solution pH

The role of solution pH in controlling Trypan
Blue adsorption onto the alginate—acrylic—
PVA hydrogel was examined across a pH
range of 3—11, as presented in Figure 8. A
clear decrease in both removal efficiency
(E%) and adsorption capacity (Qc) was
observed with increasing pH, At pH 3, the
hydrogel showed high adsorption perfor-

mance, with E = 96% and Q. = 480 mg g*
[47,48]. In contrast, at pH 11, both values
decreased markedly to E =41% and Q. =210
mg g', demonstrating the pronounced
decline in adsorption with increasing pH.
indicating that acidic conditions favor dye
uptake.

Fig 8. Effect of Solution pH on TB Dye Adsorption, Adsorption Conditions: 30°C, 200 mg
L' Dye, 0.07g Hydrogel

This behavior is associated with changes in
the surface charge of the hydrogel arising
from the ionization state of functional groups
within the alginate/PVA network, partic-
ularly carboxylic (—~COOH/-COQO~) and
hydroxyl (-OH) moieties. Under acidic con-
ditions, protonation converts —COO~ groups
into their neutral -COOH form, which lowers
electrostatic repulsion between the hydrogel
surface and the anionic sulfonate groups (—
SOs7) of the dye. As a result, adsorption is
enhanced through a combination of

© The AIC 2026. All rights reserved.

electrostatic ~ attraction and hydrogen-
bonding interactions. Similar pH-controlled
adsorption behavior has been reported for
polysaccharide- and acrylic-based hydrogel
adsorbents. In contrast, under alkaline
conditions, deprotonation increases the
density of —COO™ sites, thereby strength-
ening electrostatic repulsion against anionic
dye species and weakening adsorption,
consistent with charge-governed adsorption
observed for related hydrogel systems
[49,50].
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Point of zero charge (PZC)

Because the adsorption behavior of materials
is strongly governed by their surface charac-
teristics, determining the point of zero charge
(PZC) provides essential insight into surface
charge properties. In this study, the PZC of
the (SA-g-poly(AAC-co-PVA)) hydrogel
was determined using the pH drift method, a

reliable technique for surface character-
ization. The PZC is the pH at which the net
surface charge, including both internal and
external sites, is zero. Below pHpzc, the
hydrogel surface acquires a positive charge,
whereas above pHpzc it becomes negatively
charged.

Fig 9. Effect of PZC of the (SA-g-poly(AAC-co-PVA)) Hydrogel

As illustrated in Figure 9, the initial pH (pHi)
was plotted against the difference between
the initial and final pH (ApH) after
introducing a fixed amount of hydrogel into a
0.1 N NaCl solution. The pHpzc value was
determined to be 4.5, indicating that under
typical experimental conditions, the hydrogel

Effect of adsorbent dosage

The effect of adsorbent dosage on Trypan
Blue adsorption was examined by increasing
the hydrogel mass from 0.01 to 0.10 g (Figure
10). As the dosage increased, the removal
efficiency (E%) rose markedly, which is
mainly attributed to the higher availability of

© The AIC 2026. All rights reserved.

surface predominantly carries a negative
charge. This behavior suggests that the
functional groups along the polymer chains
play a key role in governing the surface
charge and, consequently, the adsorption
performance of the hydrogel [51,52].

adsorption sites and the larger effective
surface area provided by increasing amounts
of hydrogel in the solution. For example,
increasing the hydrogel mass from 0.01 g to
0.10 g increased E% from ~50% to ~97%
(Figure 10).
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Fig 10. Effect of SA-g-poly(AAC-co-PVA) Hydrogel Dosage on Trypan Blue Adsorption,
Adsorption Conditions: 30°C, 200 mg L! Dye, pH 7

In contrast, the adsorption capacity per unit
mass (Qe, mg g ') decreased with increasing
dosage. This behavior is commonly observed
for hydrogel-based adsorbents when a fixed
initial dye concentration is used, where many
adsorption sites remain unsaturated at higher
adsorbent dosages. Additionally, increasing
hydrogel mass may lead to partial

Effect of initial Trypan Blue concentration

aggregation of swollen polymer domains,
thereby reducing the accessibility of internal
adsorption sites and decreasing Qe despite
improved overall dye removal. Consistent
with this, Q. decreased from ~1500 mg g* at
0.01 g to ~300 mg g' at 0.10 g, confirming
the opposite trends of E% and Qe with
increasing hydrogel dosage [53,54].

Fig 11. Effect of Initial Trypan Blue Concentration on Adsorption Behavior of the SA-g-
poly(AAC-co-PVA) Hydrogel, Adsorption Conditions: 30°C, pH 7, 0.07g Hydrogel

© The AIC 2026. All rights reserved.
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The effect of the initial Trypan Blue
concentration on the adsorption performance
of the SA-g-poly(AAC-co-PVA) hydrogel
was examined over a concentration range of
50-500 mg L, as illustrated in Figure 11. An
increase in dye concentration  was
accompanied by a gradual reduction in
removal efficiency (E%), whereas the
adsorption  capacity (Q.) showed a
continuous increase. As shown in Figure 11,
increasing the initial Trypan Blue concen-
tration from 50 mg L™ to 500 mg L™ resulted
in a noticeable decrease in E, from about 98%
at 50 mg L' to nearly 62% at 500 mg L™,
while Q. increased significantly from
approximately 90 mg g to around 520 mg
g! over the same concentration range. At
lower concentrations, the abundance of avail-
able adsorption sites relative to the number of
dye molecules promotes more efficient up-

Effect of contact time

The effect of contact time on Trypan Blue
uptake by the SA-g-poly (AAC-co-PVA)
hydrogel is presented in Figure 12. The
adsorption capacity (Q.) increases rapidly
during the initial stage, reaching approx.-

take, thereby increasing removal efficiency.
With further increases in the initial
concentration, these sites become
progressively saturated, intensifying com-
petition among dye molecules and resulting
in a noticeable decline in E% [55].

In contrast, the continuous increase in Q. at
higher initial concentrations is attributed to
the steeper concentration gradient between
the bulk solution and the hydrogel surface,
which enhances the mass-transfer driving
force and allows greater dye accumulation
per unit mass of adsorbent. The opposite
trend between E% and Qe with increasing
initial dye concentration is characteristic of
hydrogel-based adsorbents and has been
reported for polysaccharide—acrylic hydrogel
systems used in dye adsorption studies
[56,57].

imately 350 mg/g after about 25 min, which
is attributed to the abundance of available
active sites and the high concentration
gradient between the solution and the
hydrogel surface.

Fig 12. Effect of Contact Time on Trypan Blue Adsorption by the Prepared Hydrogel,
Adsorption Conditions: 30°C, 200 mg L! Dye, 0.07g Hydrogel, pH 7

© The AIC 2026. All rights reserved.
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Beyond this period, the adsorption rate
gradually decreases, and equilibrium is
attained after approximately 40 min, with a
maximum Qe of approximately 410 mg/g.
This behavior is related to the progressive
occupation of adsorption sites and the

Adsorption Isotherm
The equilibrium adsorption data of Trypan

Blue onto the prepared hydrogel was eval-
uated using the Langmuir (monolayer) and

development of diffusion resistance within
the cross-linked hydrogel network. Similar
time-dependent adsorption profiles have
been widely reported for polysaccharide-
based hydrogels and bio-adsorbents used for
dye removal [58].

Freundlich (multilayer) isotherm models, as
shown in Figure 13.

Fig 13. Equilibrium Adsorption Isotherms of TB Dye onto the Prepared Hydrogel,
Showing Experimental Data and Fitting with Langmuir and Freundlich Models Under the
Studied Conditions

© The AIC 2026. All rights reserved.
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At the same time, the corresponding fitting
parameters are summarized in Table 1.

Table 1. Different Parameters of Isotherm Models for TB Dye Adsorption
onto the Prepared Hydrogel

Isotherm model Parameter Value
Freundlich Ks 437.76 £ 10.05
Q. = K:C,™" 1/n 0.251 + 0.017
R2 0.9838
Langmuir Qn 493.09 + 36.87 mg g™’
0., = QmKLCe KL 0.128 £ 0.050 L mg™
1+ K.Ce R? 0.8961

The fitting results indicated that the
Freundlich model provides a superior des-
cription of the experimental data, as evid-
enced by its higher correlation coefficient (R?
= 0.983) than the Langmuir model (R? =
0.896). This indicates that the adsorption
process predominantly follows a multilayer
mechanism on a heterogeneous hydrogel
surface rather than wuniform monolayer
coverage [59].

© The AIC 2026. All rights reserved.

The predominance of the Freundlich model
suggests that Trypan Blue molecules interact
with adsorption sites of different energies
distributed within the grafted polymeric
network of the hydrogel. Such adsorption
behavior is commonly reported for alginate-
and polysaccharide-based hydrogels and ref-
lects the structural complexity and non-
uniform surface characteristics inherent to
these materials [60,61].
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Regeneration Efficiency

The regeneration and reusability perfor-
mance of the prepared hydrogels was
evaluated over five consecutive adsorption—
desorption cycles, as illustrated in Figure 14.

The hydrogel exhibited an initial removal
efficiency of approximately 82%, which
gradually decreased with increasing regen-
eration cycles.

Fig 14. Effect of Regeneration Cycles on Adsorption Efficiency (E)

After the second cycle, the removal
efficiency changed little, remaining around
78%, indicating acceptable preservation of
the hydrogel framework and accessibility of
a considerable fraction of adsorption sites
[62,63]. From the third cycle onward, a more
pronounced decrease became evident, and
the efficiency dropped to approximately 60%
by the fifth cycle. This decline is likely
attributable to cumulative effects arising

Comparative Analysis with Existing
Adsorbents

To evaluate the adsorption efficiency of the
synthesized (SA-g-poly(AAC-co-PVA)) hy-
drogel for the removal of the anionic Trypan
Blue (TB) dye from aqueous solutions, a
comparative analysis was performed against
previously reported adsorbents. Although
direct comparisons are constrained by
differences in experimental parameters, in-
cluding operating conditions and adsorption

© The AIC 2026. All rights reserved.

from repeated wuse, including partial
obstruction of active sites, incomplete release
of adsorbed dye molecules during desorption,
and minor structural fatigue within the
crosslinked polymer network. Comparable
regeneration trends have been reported for
polysaccharide-based and grafted hydrogel
systems, supporting the feasibility of
employing such materials for multiple
adsorption—desorption cycles [64,65].

environments, the results summarized in
Table 2 indicate that the prepared hydrogel
exhibits a notably high maximum adsorption
capacity. These findings highlight the com-
petitive performance and potential appli-
cability of the synthesized hydrogel as an
effective adsorbent for removing anionic and
cationic dyes.
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Table 2. Adsorption Capacity of (SA-g-poly(AAC-co-PVA)) Hydrogel for

the Removal of Dyes
Sorbent/Hydrogel Dye Qe mg/g Ref
St-g-AA(H)-AAM MG 23.59 [66]
Hydrogel/Fe304 MB 9.76 [67]
BMEP-PVPA hydrogel MB 284.4 [68]
Chitosan/Fe304 MB 9.65 [69]
Alginate/PP beads ST 30.66 [70]
GG/bacterial cellulose ST 17.57 [71]
XG-cl-poly (MEMA)/TiO> Cv 160.33 [26]
Fly ash/TiO2 - chitosan MB 55.85 [72]
CMC-g-poly (AA-co-IA) IMMT ST 19.024 [73]
SA-g-poly(AAC-co-PVA) hydrogel B 493.33 In this study

The present study demonstrates that a cross-
linked SA-g-poly(AAC-co-PVA) hydrogel
can effectively remove Trypan Blue (TB)
from aqueous solutions. Spectroscopic and
microscopic characterizations (FTIR,
FESEM, TEM, and XRD) verified the
successful formation of a porous and mainly
amorphous hydrogel structure, which is
advantageous for adsorption processes. The
adsorption behavior was found to be highly
dependent on the experimental conditions.
Acidic media promoted dye uptake, and the
highest performance was observed at pH 3,
where the removal efficiency exceeded 93%,
owing to protonation of surface functional
groups and reduced electrostatic repulsion
with anionic dye species. The adsorption
process proceeded rapidly, reaching equil-
ibrium after approximately 40 min, at which
point a high Qe of 410mg/g was achieved,
reflecting the fast occupation of readily
accessible adsorption sites. Initial dye con-
centration also played a key role in

© The AIC 2026. All rights reserved.

controlling adsorption performance. The
highest removal efficiency was observed at
an initial concentration of 50 mg L™ (E% =
98%), whereas increasing the concentration
resulted in a gradual decrease in efficiency
due to saturation of active sites. Regarding
adsorbent dosage, increasing the hydrogel
mass improved dye removal, and an optimal
dosage of 0.10 g was identified, corres-
ponding to ~95% removal efficiency.
Beyond this dosage, the improvement in
efficiency became less pronounced due to
partial site underutilization.

Isotherm analysis revealed that the
adsorption data were better described by the
Freundlich model (R? = 0.983), indicating a
heterogeneous adsorption surface. Further-
more, the hydrogel retained nearly 60% of its
initial removal efficiency after multiple
regeneration cycles, confirming its reason-
able stability and potential for repeated use.
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