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Abstract

The widespread discharge of synthetic dyes and toxic heavy metal ions into
aquatic environments has become a critical environmental challenge due
to its adverse effects on ecosystems and human health. In this work, a
polyvinyl alcohol/reduced graphene oxide (PVA/rGO) composite hydrogel
was successfully fabricated through a simple aqueous blending strategy us-
ing borax as a crosslinking agent followed by repeated freeze–thaw treat-
ment. The physicochemical characteristics of the prepared hydrogel were
systematically investigated by X-ray diffraction (XRD), Fourier-transform
infrared (FTIR) spectroscopy, Raman spectroscopy, scanning electron mi-
croscopy (SEM), Brunauer–Emmett–Teller (BET) surface area analysis, and
thermogravimetric analysis (TGA). Characterization confirmed the uniform
incorporation of rGO nanosheets within the PVA matrix, producing a porous
three-dimensional architecture with improved thermal stability and increased
surface area.

The adsorption performance of the composite hydrogel was evaluated
toward methylene blue (MB), Congo Red (CR), and selected heavy metal
ions (Pb2+, Cu2+, and Cd2+) under batch conditions. The maximum ad-
sorption capacities reached 185.6 mg g−1 for MB, 142.3 mg g−1 for CR, 98.7
mg g−1 for Pb2+, 76.4 mg g−1 for Cu2+, and 62.1 mg g−1 for Cd2+, demon-
strating the excellent affinity of the hydrogel for both organic dyes and metal
contaminants. Equilibrium studies showed that the Langmuir isotherm ad-
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equately described the adsorption of MB and the investigated heavy metal
ions, whereas CR adsorption exhibited better agreement with the Freundlich
model. Adsorption kinetics for all pollutants followed the pseudo-second-
order model, suggesting that chemisorption predominated during the uptake
process. The overall adsorption behavior is attributed to the combined ef-
fects of π–π stacking interactions, hydrogen bonding, electrostatic attraction,
and surface complexation between the pollutants and the functional groups
present on the composite hydrogel.

Furthermore, the PVA/rGO hydrogel retained more than 85% of its orig-
inal adsorption efficiency after six successive adsorption–desorption cycles,
highlighting its excellent structural stability and regeneration capability. Ow-
ing to its straightforward fabrication, high adsorption capacity, and out-
standing reusability, the developed PVA/rGO composite hydrogel represents
a promising and economically viable adsorbent for the efficient treatment of
dye- and heavy metal-contaminated wastewater.

Keywords: PVA hydrogel; reduced graphene oxide; adsorption; methylene
blue; Congo Red; heavy metals; freeze–thaw; water purification
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Graphical Abstract: Schematic illustration of PVA/rGO composite hydrogel synthesis:
(a) dissolution of PVA in water; (b) dispersion of rGO nanosheets; (c) mixing of PVA and
rGO; (d) crosslinking with borax through borate ester linkages; (e) freeze–thaw cycling
inducing physical crosslinking; and (f) the final 3D porous network applied for the removal
of dyes and heavy metals.
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1. Introduction

The increasing demand for industrial production and accelerated urban
development have substantially intensified the discharge of hazardous pollu-
tants into aquatic ecosystems, making water contamination a critical envi-
ronmental issue worldwide [1]. Among the available wastewater treatment
technologies, adsorption has attracted considerable interest because of its
operational simplicity, high removal efficiency, economic feasibility, and ease
of adsorbent regeneration [2, 3]. Nevertheless, the growing release of syn-
thetic dyes and toxic heavy metal ions from industrial activities continues
to threaten both environmental sustainability and public health due to their
persistence, toxicity, and tendency to bioaccumulate within biological sys-
tems [4, 5]. Major industrial sectors, including textile manufacturing, leather
processing, paper production, mining, electroplating, and battery fabrication,
are recognized as significant sources of dye-laden effluents and heavy metal
contamination [6].

Among organic contaminants, methylene blue (MB) is a widely used
cationic dye employed in textile processing and biological staining. Although
useful in industrial and laboratory applications, excessive discharge of MB
into water bodies may result in adverse health effects, including respiratory
complications, ocular irritation, and neurological disturbances [7]. Congo
Red (CR), a representative anionic azo dye, exhibits exceptional chemical sta-
bility and resistance to biodegradation, while prolonged exposure has been
associated with carcinogenic and mutagenic effects [8]. In addition, toxic
heavy metal ions such as Pb2+, Cu2+, and Cd2+ are of particular concern
because they are non-biodegradable and readily accumulate in living organ-
isms, causing severe disorders affecting the nervous system, kidneys, liver,
and other vital organs [9].

A variety of physicochemical treatment methods have been proposed to
eliminate these contaminants from wastewater, including chemical precipi-
tation, membrane separation, electrochemical treatment, ion exchange, ad-
vanced oxidation, and adsorption [2]. Among these approaches, adsorption
remains one of the most practical and efficient technologies owing to its high
treatment efficiency, straightforward operation, relatively low cost, and suit-
ability for regeneration and repeated use [3]. The effectiveness of adsorption,
however, depends strongly on the physicochemical characteristics of the ad-
sorbent, particularly its surface area, pore architecture, abundance of active
functional groups, and affinity toward target pollutants.
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Hydrogels have emerged as an attractive class of adsorbent materials be-
cause of their highly porous three-dimensional polymeric networks and excep-
tional water-retention capability [10]. Polyvinyl alcohol (PVA) is one of the
most extensively investigated hydrogel-forming polymers due to its excellent
biocompatibility, non-toxicity, hydrophilicity, chemical resistance, and favor-
able mechanical properties [11]. Depending on the preparation method, PVA
molecules can form stable hydrogel networks through either physical interac-
tions or chemical crosslinking, generating interconnected porous structures
suitable for adsorption applications [12]. Nevertheless, pristine PVA hydro-
gels generally possess relatively limited adsorption capacity because of the
insufficient number of chemically active adsorption sites.

To overcome these limitations, numerous studies have focused on incorpo-
rating nanostructured materials into polymer matrices to improve adsorption
efficiency [13]. Among the available nanomaterials, graphene oxide (GO) and
reduced graphene oxide (rGO) have attracted exceptional attention because
of their two-dimensional morphology, large specific surface area, outstanding
mechanical strength, and rich surface chemistry [14]. Their surfaces con-
tain oxygen-containing functional groups capable of interacting with pollu-
tants through hydrogen bonding, π–π interactions, electrostatic attraction,
and surface complexation, thereby significantly enhancing adsorption perfor-
mance [15]. Consequently, GO- and rGO-based hydrogel composites have
demonstrated excellent removal efficiencies for a broad range of organic dyes
and heavy metal ions in aqueous media [16, 17, 18].

Integrating rGO nanosheets within a PVA hydrogel matrix combines
the desirable properties of both constituents and generates a multifunc-
tional adsorbent with improved physicochemical characteristics. The hy-
drophilic PVA framework facilitates rapid water penetration and pollutant
diffusion, whereas rGO contributes abundant adsorption sites and increased
surface area. Furthermore, borax-induced crosslinking together with re-
peated freeze–thaw treatment strengthens the hydrogel network, improving
its structural integrity, thermal stability, and resistance to repeated adsorption–
desorption operations [19]. Although several graphene-based hydrogel sys-
tems have been reported, comprehensive investigations addressing the simul-
taneous removal of cationic dyes, anionic dyes, and multiple heavy metal ions
using PVA/rGO composite hydrogels remain comparatively scarce.

In the present study, a PVA/rGO composite hydrogel was synthesized
through a straightforward aqueous-route process employing borax as the
crosslinking agent and repeated freeze–thaw cycles to obtain a mechanically
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robust porous structure. The prepared composite was comprehensively char-
acterized using X-ray diffraction (XRD), Fourier-transform infrared spec-
troscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM),
Brunauer–Emmett–Teller (BET) surface area analysis, and complementary
physicochemical techniques. Its adsorption performance toward methylene
blue, Congo Red, and representative heavy metal ions (Pb2+, Cu2+, and
Cd2+) was systematically investigated under different operating conditions.
Equilibrium and kinetic models were employed to elucidate the adsorption
mechanism, while repeated adsorption–desorption experiments were performed
to evaluate the regeneration capability and long-term applicability of the de-
veloped composite hydrogel for wastewater purification.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA; molecular weight 89, 000–98, 000 g mol−1; degree
of hydrolysis 98–99%) was procured from Sigma-Aldrich. Reduced graphene
oxide (rGO) nanosheets, consisting of approximately 2–5 graphene layers
with lateral dimensions of 1–5 µm and a specific surface area exceeding
500 m2 g−1, were supplied by Graphene Laboratories Inc. Sodium tetraborate
decahydrate (borax, Na2B4O7 ·10H2O, ACS grade) together with Pb(NO3)2,
CuSO4 · 5H2O, and CdCl2 · 2.5H2O were purchased from Merck. Methylene
blue (MB; C16H18ClN3S·3H2O, molecular weight 373.9 g mol−1) and Congo
Red (CR; C32H22N6Na2O6S2, molecular weight 696.7 g mol−1) were obtained
from HiMedia Laboratories. All reagents were of analytical grade and em-
ployed directly without additional purification. Double-distilled water served
as the solvent for all synthesis and adsorption experiments.

2.2. Synthesis of PVA/rGO Composite Hydrogel

The PVA/rGO composite hydrogel was fabricated through a combined
chemical and physical crosslinking strategy. Prior optimization experiments
established that the optimum formulation consisted of 2.0 g PVA, 0.10 g
rGO, 0.15 g borax, and 20 mL distilled water.

1. Preparation of the PVA solution:
Initially, 2.0 g of PVA powder was gradually introduced into 20 mL
of distilled water under continuous stirring at ambient temperature.
The suspension was subsequently heated to 85–90◦C while stirring at
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500 rpm for 45 min until complete dissolution produced a homogeneous,
transparent, and highly viscous polymer solution. Before incorporation
of rGO, the solution temperature was reduced to approximately 60–
70◦C.

2. Preparation of the rGO dispersion:
A quantity of 100 mg rGO powder was dispersed in 15 mL distilled wa-
ter and treated in an Elmasonic P60H ultrasonic bath (37 kHz, 150 W)
for 60 min at room temperature. Ultrasonication effectively separated
the graphene sheets and generated a stable, uniformly dispersed black
suspension without visible particle agglomeration.

3. Formation of the polymer–nanofiller mixture:
The pre-cooled PVA solution was introduced slowly into the ultra-
sonicated rGO suspension while stirring continuously at 600 rpm and
maintaining the temperature at 60◦C. Mixing was continued for an ad-
ditional 45 min to promote homogeneous distribution of the graphene
nanosheets throughout the polymer matrix and to facilitate intermolec-
ular interactions between PVA chains and rGO surfaces.

4. Chemical crosslinking:
Borax (0.15 g) was first dissolved in 3 mL of warm distilled water
maintained at approximately 60◦C. The resulting solution was then
added dropwise into the PVA/rGO mixture under vigorous stirring
at 800 rpm. Immediately after addition, the viscosity increased notice-
ably, indicating the initiation of gel formation through borate-mediated
crosslinking. Stirring was maintained for another 15 min to ensure uni-
form development of the crosslinked network.

5. Freeze–thaw treatment:
The freshly prepared gel precursor was transferred into cylindrical polyethy-
lene moulds (diameter 2.5 cm; height 3.0 cm) and subjected to repeated
freeze–thaw processing. Each cycle consisted of freezing at −20◦C for
12 h followed by thawing at 25◦C for 4 h. Four consecutive cycles were
employed to strengthen the physically crosslinked network through the
formation of stable crystalline domains within the PVA matrix. Re-
peated freeze–thaw treatment also contributed to the development of
an interconnected porous architecture that is advantageous for subse-
quent adsorption applications.

6. Purification and storage:
After completion of the freeze–thaw cycles, the hydrogels were carefully
removed from the moulds and repeatedly washed with fresh distilled
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water to eliminate any remaining soluble reagents or loosely attached
species. Washing was performed six times over a period of 24 h. The
purified hydrogels were finally immersed in distilled water and stored
at 4◦C until characterization and adsorption experiments were carried
out.

For comparison, pristine PVA hydrogels were prepared following the iden-
tical synthesis procedure without the addition of rGO. Furthermore, compos-
ite hydrogels containing different rGO loadings (0.5, 1.0, 2.0, 3.0, and 5.0 wt%
with respect to PVA) were fabricated under identical processing conditions
to determine the optimum graphene content for adsorption performance.

2.3. Characterization Techniques

A combination of structural, spectroscopic, microscopic, surface, ther-
mal, and analytical techniques was employed to comprehensively evaluate
the physicochemical characteristics of the synthesized PVA/rGO composite
hydrogel.

2.3.1. X-ray Diffraction (XRD)

The crystalline structure of the prepared materials was investigated using
a Rigaku SmartLab X-ray diffractometer operating with Cu Kα radiation
(λ = 1.5406 Å) at an accelerating voltage of 40 kV and a tube current of
40 mA. Before analysis, freeze-dried hydrogel specimens were finely pulver-
ized to obtain homogeneous powders. Diffraction patterns were collected over
a 2θ interval of 5–60◦ using a scanning step of 0.02◦ and a scanning rate of
2◦ min−1. The resulting diffraction peaks were indexed by comparison with
standard reference data, while the degree of crystallinity was estimated from
integrated peak areas using the conventional peak-area approach.

2.3.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The surface functional groups and chemical bonding characteristics of the
samples were examined using a PerkinElmer Spectrum Two FTIR spectrom-
eter equipped with a universal attenuated total reflectance (ATR) accessory.
Spectra were acquired within the wavenumber region of 4000–400 cm−1 at a
spectral resolution of 4 cm−1. Each spectrum represented the average of 64
consecutive scans to improve the signal-to-noise ratio. Prior to interpreta-
tion, all spectra were baseline corrected and normalized using the Spectrum
software package.
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2.3.3. Raman Spectroscopy

Raman measurements were carried out using a Horiba LabRAM HR Evo-
lution Raman spectrometer fitted with a 532 nm excitation laser operating
at 20 mW. Spectral acquisition employed an 1800 grooves mm−1 diffraction
grating over the range of 800–3200 cm−1, providing an approximate spectral
resolution of 1 cm−1. Five individual spectra, each recorded with an exposure
time of 30 s, were accumulated for every sample to improve spectral quality.
Baseline correction and Lorentzian peak deconvolution were subsequently
performed to obtain accurate peak positions and intensity ratios.

2.3.4. Scanning Electron Microscopy (SEM)

The morphology and internal pore architecture of the freeze-dried hy-
drogels were examined using a Zeiss EVO 18 scanning electron microscope
operated at an accelerating voltage of 10 kV. To minimize electrostatic charg-
ing during imaging, each specimen was coated with an approximately 5 nm
thick conductive gold layer using a Quorum Q150T ES sputter coater. Mi-
crographs were collected over a magnification range of 100× to 10,000×,
allowing detailed observation of both the overall porous framework and the
fine structural features of the pore walls.

2.3.5. Brunauer–Emmett–Teller (BET) Surface Area Analysis

Specific surface area and pore characteristics were determined from ni-
trogen adsorption–desorption measurements performed at 77 K using a Mi-
cromeritics ASAP 2020 surface area analyzer. Approximately 0.1 g of freeze-
dried hydrogel was vacuum degassed at 105◦C for 12 h prior to analysis to
eliminate physically adsorbed moisture and volatile species. Surface area val-
ues were calculated according to the Brunauer–Emmett–Teller (BET) model,
whereas pore-size distributions were derived from the desorption isotherms
using the Barrett–Joyner–Halenda (BJH) method.

2.3.6. Thermogravimetric Analysis (TGA)

Thermal degradation behaviour was investigated using a PerkinElmer
TGA 4000 thermogravimetric analyzer. Approximately 5 mg of freeze-dried
material was heated from 30 to 800◦C at a constant heating rate of 10◦C min−1

under a continuous nitrogen atmosphere maintained at a flow rate of 20 mL min−1.
The recorded thermograms were used to evaluate characteristic decomposi-
tion stages, thermal stability, and the residual char remaining after high-
temperature treatment.
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2.3.7. UV–Visible Spectroscopy

Residual dye concentrations during adsorption experiments were quan-
tified using a Shimadzu UV–2600 UV–Visible spectrophotometer equipped
with 1 cm quartz cuvettes. Methylene blue concentration was determined
from its characteristic absorption maximum at 664 nm, whereas Congo Red
was monitored at 497 nm. Quantitative analysis was performed using cali-
bration curves established over the concentration interval of 0.5–50 mg L−1

for each dye.

2.3.8. Atomic Absorption Spectroscopy (AAS)

The concentrations of dissolved Pb2+, Cu2+, and Cd2+ ions were mea-
sured using a PerkinElmer AAnalyst 400 atomic absorption spectrometer
fitted with element-specific hollow cathode lamps. Instrument calibration
was carried out using certified standard reference solutions prior to sample
analysis. The analytical detection limits were determined to be 0.01 mg L−1

for Pb2+, 0.005 mg L−1 for Cu2+, and 0.002 mg L−1 for Cd2+, ensuring
reliable quantification throughout the adsorption experiments.

2.4. Adsorption Experiments

Batch adsorption experiments were performed to evaluate the removal
efficiency of the synthesized PVA/rGO composite hydrogel toward organic
dyes and heavy metal ions. Unless otherwise specified, all measurements
were carried out at 25 ± 1◦C. Each experiment was independently repeated
three times, and the reported values represent the arithmetic mean together
with the corresponding standard deviation.

2.4.1. Effect of pH

The influence of solution pH on adsorption performance was systemati-
cally examined by adjusting the initial pH of the pollutant solutions between
2.0 and 10.0 using 0.1 M HCl or 0.1 M NaOH. Initial concentrations were
fixed at 50 mg L−1 for methylene blue (MB) and Congo Red (CR), whereas
each heavy metal ion solution (Pb2+, Cu2+, and Cd2+) was prepared at
20 mg L−1. For every experiment, 20 mg of hydrogel was introduced into
50 mL of dye solution, while 50 mg of hydrogel was employed for heavy metal
adsorption. The suspensions were agitated continuously at 150 rpm for 24 h
to ensure equilibrium was attained. After equilibration, the final solution pH
was measured and recorded before concentration analysis.

The equilibrium adsorption capacity was calculated according to:
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qe =
(C0 − Ce)V

m
(1)

where qe (mg g−1) represents the adsorption capacity at equilibrium, C0

and Ce (mg L−1) denote the initial and equilibrium pollutant concentrations,
respectively, V (L) is the solution volume, and m (g) is the mass of the
adsorbent employed in each experiment.

The pH investigation provides valuable information regarding the influ-
ence of surface charge and pollutant speciation on adsorption behaviour,
thereby assisting in identifying the optimum operating conditions for subse-
quent equilibrium and kinetic studies.

2.4.2. Adsorption Isotherms

Adsorption equilibrium studies were carried out by varying the initial
pollutant concentration while maintaining a constant amount of adsorbent.
For MB and CR, initial concentrations ranged from 10 to 300 mg L−1 using
20 mg of hydrogel dispersed in 50 mL of solution. In the case of Pb2+, Cu2+,
and Cd2+, concentration levels between 5 and 200 mg L−1 were investigated
with 50 mg of hydrogel in the same solution volume. All suspensions were
shaken at 150 rpm for 24 h to establish adsorption equilibrium. Following
separation of the adsorbent, the equilibrium concentrations were determined
experimentally, and adsorption capacities were calculated using Eq. (1).

To describe the adsorption behaviour, the equilibrium data were ana-
lyzed using both the Langmuir and Freundlich adsorption models, allowing
assessment of surface homogeneity and adsorption characteristics.

The Langmuir model assumes adsorption occurs through the formation
of a single molecular layer on energetically equivalent adsorption sites and is
expressed as

qe =
qmaxKLCe

1 +KLCe

(2)

where qmax (mg g−1) denotes the maximum monolayer adsorption capac-
ity, while KL (L mg−1) is the Langmuir equilibrium constant related to the
affinity between the adsorbate and the adsorbent.

The Freundlich equation, which is widely applied to heterogeneous adsor-
bent surfaces and multilayer adsorption processes, is given by

qe = KFC
1/n
e (3)
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where KF (mg g−1 (L mg−1)1/n) represents the Freundlich adsorption
constant associated with adsorption capacity, and 1/n is the empirical het-
erogeneity parameter that reflects the adsorption intensity and surface het-
erogeneity of the adsorbent. Simultaneous evaluation of both models pro-
vides insight into the dominant adsorption mechanism and the nature of the
interaction between pollutant species and the PVA/rGO composite hydrogel.

2.4.3. Adsorption Kinetics

The adsorption rate of the PVA/rGO composite hydrogel toward dyes and
heavy metal ions was evaluated through batch kinetic experiments performed
under controlled conditions. Hydrogel samples (20 mg for dye adsorption and
50 mg for heavy metal adsorption) were introduced into 50 mL of pollutant
solutions containing initial concentrations of 100 mg L−1 for MB and CR,
and 50 mg L−1 for Pb2+, Cu2+, and Cd2+. The suspensions were maintained
at 25◦C under continuous agitation at 150 rpm.

To monitor adsorption progress, aliquots were collected after 0, 5, 10, 15,
20, 30, 45, 60, 90, 120, 180, 240, 360, 480, 720, and 1440 min. The residual
pollutant concentration at each sampling interval was determined using the
appropriate analytical technique, and the adsorption capacity at time t was
calculated using:

qt =
(C0 − Ct)V

m
(4)

where qt (mg g−1) is the adsorption capacity at time t, C0 and Ct (mg L−1)
are the initial and instantaneous pollutant concentrations, respectively, V (L)
is the solution volume, and m (g) denotes the mass of the adsorbent.

To investigate the adsorption mechanism and identify the rate-controlling
step, the experimental data were analyzed using the pseudo-first-order, pseudo-
second-order, and Weber–Morris intraparticle diffusion models. Comparison
of these models provides valuable insight into the adsorption pathway and
the relative contributions of surface reaction and mass-transfer processes.

The pseudo-first-order kinetic model proposed by Lagergren is expressed
as

ln(qe − qt) = ln qe − k1t (5)

where k1 (min−1) is the pseudo-first-order rate constant.
The pseudo-second-order kinetic model is represented by
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t

qt
=

1

k2q2e
+

t

qe
(6)

where k2 (g mg−1 min−1) denotes the pseudo-second-order rate constant.
To further evaluate the diffusion behaviour of pollutant molecules within

the porous hydrogel, the Weber–Morris intraparticle diffusion model was
employed:

qt = kidt
1/2 + C (7)

where kid (mg g−1 min−1/2) is the intraparticle diffusion rate constant,
while C (mg g−1) reflects the contribution of the boundary layer to the overall
adsorption process. Analysis of these kinetic models enables a comprehensive
assessment of adsorption rates, diffusion characteristics, and the dominant
mechanism governing pollutant uptake.

2.4.4. Adsorption–Desorption and Reusability

The regeneration capability of the synthesized hydrogel was evaluated
through repeated adsorption–desorption cycles. Dye-loaded samples were
regenerated using 0.1 M HCl, whereas heavy metal-loaded hydrogels were
treated with 0.01 M EDTA solution. Following each adsorption experiment,
the hydrogel was rinsed thoroughly with distilled water to remove loosely
attached species before being immersed in 50 mL of the appropriate desorbing
solution.

Desorption was carried out for 2 h at room temperature under continuous
shaking at 150 rpm. After regeneration, the concentration of the released
pollutant was determined, and the hydrogels were repeatedly washed with
distilled water until a neutral pH was obtained. The regenerated adsorbents
were subsequently reused in fresh adsorption experiments for six consecutive
adsorption–desorption cycles to evaluate their long-term operational stability
and regeneration efficiency.

The pollutant removal efficiency was determined using the following ex-
pression:

Removal Efficiency (%) =
C0 − Ce

C0

× 100 (8)

where C0 and Ce represent the initial and equilibrium pollutant concen-
trations, respectively. The regeneration study provides an assessment of the
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structural stability, adsorption durability, and practical reusability of the
PVA/rGO composite hydrogel for repeated wastewater treatment applica-
tions.

2.5. Data Analysis

The adsorption isotherm and kinetic models were analyzed by nonlinear
regression using OriginPro 2021 software employing the Levenberg–Marquardt
optimization algorithm. Model suitability was evaluated from both the co-
efficient of determination (R2) and the reduced chi-square (χ2) statistics to
ensure reliable parameter estimation. Experimental data are reported as
mean ± standard deviation from three independent measurements. Statisti-
cal comparisons among experimental groups were performed using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test,
and differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Synthesis and Formation Mechanism

The fabrication of the PVA/rGO composite hydrogel relies on the comple-
mentary effects of reversible chemical crosslinking and freeze–thaw-induced
physical crosslinking, producing a robust three-dimensional porous architec-
ture suitable for adsorption applications. The complete fabrication pathway
together with the proposed structural evolution of the hydrogel is illustrated
in Figure 1. The synthesis can be divided into four successive stages, namely
polymer dissolution, nanosheet dispersion, borax-assisted network formation,
and freeze–thaw crystallization.
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(b) rGO Dispersion
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Water Purification
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Figure 1: Schematic representation of the fabrication route for the PVA/rGO composite
hydrogel. (a) Dissolution of PVA in hot water; (b) ultrasonic dispersion of rGO nanosheets;
(c) homogeneous mixing of the polymer solution and rGO suspension; (d) borax-induced
chemical crosslinking through borate ester formation; (e) repeated freeze–thaw cycles pro-
ducing physically crosslinked crystalline domains; and (f) formation of a three-dimensional
porous PVA/rGO hydrogel employed for wastewater purification.

The synthesis begins with complete dissolution of PVA in hot water,
generating a uniform polymer solution in which the macromolecular chains
remain highly hydrated through extensive intermolecular hydrogen bond-
ing. Simultaneously, ultrasonic treatment effectively separates the reduced
graphene oxide sheets, minimizing agglomeration and exposing residual hy-
droxyl, epoxy, and carboxyl functionalities across their basal planes and
edges. These surface functionalities promote intimate interfacial contact with
PVA chains once both suspensions are combined. Consequently, a homoge-
neous polymer–nanocarbon mixture is established through hydrogen bond-
ing, van der Waals attraction, and π–π interactions between the polymer
matrix and graphitic domains of rGO, ensuring efficient nanosheet disper-
sion throughout the precursor solution [20].

Chemical stabilization of the hydrogel network is initiated by the addi-
tion of borax. Under alkaline conditions, borate ions reversibly coordinate
with vicinal hydroxyl groups on neighboring PVA chains, generating borate
ester bridges that serve as permanent chemical junctions within the polymer
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framework. Besides covalent borate ester formation, secondary ionic inter-
actions between borate species and hydroxyl-rich polymer segments further
strengthen the interconnected network [21]. The immediate increase in so-
lution viscosity observed experimentally reflects rapid network development.
Because these borate ester linkages are dynamic and reversible, the hydro-
gel possesses an adaptable internal structure capable of partial bond rear-
rangement, which has been associated with improved mechanical resilience,
self-recovery, and pH-responsive behavior [22].

Additional structural reinforcement is achieved through successive freeze–
thaw cycles. During freezing, growing ice crystals exclude polymer chains into
progressively confined unfrozen regions, thereby increasing the local poly-
mer concentration and facilitating intermolecular association. Upon thawing,
these concentrated domains transform into hydrogen-bonded crystalline mi-
croregions that function as stable physical crosslinking points [23]. Repeated
freeze–thaw treatment increases both the number and uniformity of these
crystalline domains, resulting in improved dimensional stability and mechan-
ical integrity while avoiding the introduction of extra chemical crosslinkers.
The coexistence of reversible chemical bonds and physically crystallized re-
gions produces a dual-crosslinked architecture that is generally more durable
than networks relying on either mechanism alone.

Another important consequence of the freeze–thaw process is the devel-
opment of a well-defined porous microstructure. Ice crystals formed during
freezing serve as sacrificial templates, and their removal upon thawing gener-
ates interconnected macroporous channels throughout the hydrogel matrix.
This hierarchical architecture provides efficient pathways for water transport
and pollutant diffusion while simultaneously exposing a larger fraction of
internal adsorption sites. Uniformly distributed rGO nanosheets further in-
crease the available surface area and introduce additional adsorption-active
domains through their oxygen-containing functional groups and graphitic
surfaces. The cooperative interaction between the porous PVA framework
and dispersed rGO therefore enhances both structural robustness and ad-
sorption efficiency.

Overall, the fabrication strategy integrates chemical crosslinking, physi-
cal crystallization, and nanofiller reinforcement into a single interconnected
network. Such structural synergy not only improves mechanical stability but
also promotes rapid mass transfer, efficient utilization of adsorption sites,
and long-term stability during repeated adsorption–desorption cycles. These
structural advantages provide a rational basis for the superior adsorption
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performance of the PVA/rGO composite hydrogel toward both organic dyes
and heavy metal ions investigated in the present work.

3.2. X-ray Diffraction (XRD) Analysis

The crystal structure and phase composition of pristine PVA, reduced
graphene oxide (rGO), and the fabricated PVA/rGO composite hydrogel
were investigated by X-ray diffraction (XRD). The diffraction patterns ob-
tained for the individual components and the composite are presented in
Figure 2(a–c). As shown in Figure 2a, pure PVA exhibits a dominant broad
diffraction peak centred at 2θ = 19.6◦, corresponding to the (101) crystallo-
graphic plane characteristic of semi-crystalline PVA [24]. A relatively weak
shoulder observed near 2θ = 22.5◦ is assigned to the (200) reflection. The
broad diffraction profile reflects the coexistence of crystalline lamellae and
amorphous polymer domains within the PVA matrix. Using the standard
crystallinity calculation, the crystallinity index of pristine PVA was deter-
mined to be approximately 38.5%, which agrees well with previously reported
values for solution-cast PVA materials [25].

Figure 2: XRD patterns of (a) pure PVA, (b) reduced graphene oxide (rGO), and (c)
the PVA/rGO composite hydrogel. The dashed line marks the characteristic PVA (101)
diffraction peak, whereas the arrow indicates the rGO (002) reflection.

The diffraction spectrum of rGO (Figure 2b) displays a broad peak lo-
cated at approximately 2θ = 24.8◦, which corresponds to the (002) reflection
of graphitic carbon layers [26]. Relative to pristine graphite, whose (002)
reflection typically appears near 2θ = 26.4◦, the broadened peak and slight
shift indicate successful reduction of graphene oxide together with disruption
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of the regular graphitic stacking. Such broadening is characteristic of tur-
bostratic carbon structures and reflects the presence of lattice defects and
residual oxygen-containing functional groups introduced during the oxidation
and subsequent reduction processes. Application of Bragg’s equation yielded
an interlayer spacing of approximately 0.36 nm, which is slightly larger than
that of crystalline graphite (0.34 nm), confirming incomplete restoration of
the graphitic lattice after reduction.

The diffraction pattern of the PVA/rGO composite hydrogel (Figure 2c)
demonstrates the successful integration of rGO nanosheets within the PVA
network, as diffraction features associated with both components remain dis-
tinguishable. The characteristic PVA (101) reflection appears at 2θ = 19.4◦,
showing a slight shift toward lower diffraction angles compared with pristine
PVA. This behaviour suggests that intermolecular interactions between the
hydroxyl groups of PVA and the residual oxygen functionalities on rGO in-
fluence the packing arrangement of polymer chains and slightly modify the
crystalline structure. The characteristic (002) reflection of rGO is retained at
approximately 2θ = 24.5◦, confirming that the graphene framework remains
structurally intact after hydrogel fabrication. Compared with the diffrac-
tion pattern of pure rGO, the reduced intensity and increased broadening of
this peak indicate effective exfoliation and homogeneous distribution of the
nanosheets throughout the polymer matrix while suppressing the restacking
of adjacent graphene layers.

The crystallinity index of the PVA/rGO composite hydrogel was calcu-
lated to be 33.2%, which is lower than the value obtained for pristine PVA
(38.5%). The observed decrease in crystallinity results from the combined
influence of rGO incorporation and borax-mediated crosslinking. Although
dispersed rGO nanosheets may provide heterogeneous nucleation sites dur-
ing crystallization, they simultaneously restrict the mobility of neighbour-
ing polymer chains, thereby limiting crystal growth. In addition, hydrogen-
bonding interactions established between PVA hydroxyl groups and oxygen-
containing functional groups on rGO reduce the conformational freedom re-
quired for the formation of highly ordered crystalline domains. The presence
of borate ester crosslinks further constrains polymer chain rearrangement,
leading to an increase in the amorphous fraction of the composite. From an
adsorption standpoint, this structural modification is advantageous because
the larger amorphous region improves the accessibility of internal active sites
and facilitates the diffusion of dye molecules and heavy metal ions through-
out the interconnected hydrogel network, thereby contributing to enhanced

18



adsorption performance.

3.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

Fourier-transform infrared (FTIR) spectroscopy was employed to examine
the chemical structure of the synthesized materials and to elucidate the in-
termolecular interactions established between PVA and rGO within the com-
posite hydrogel. The FTIR spectra of pristine PVA, rGO, and the PVA/rGO
composite are presented in Figure 3. Comparison of these spectra provides
clear evidence of the successful incorporation of rGO into the polymer matrix
and the formation of a chemically crosslinked hydrogel network.

Figure 3: FTIR spectra of (a) pure PVA, (b) reduced graphene oxide (rGO), and (c)
the PVA/rGO composite hydrogel. The principal absorption bands are assigned to their
corresponding vibrational modes.

The spectrum of pristine PVA (Figure 3a) is characterized by a broad
absorption band centred at 3280 cm−1, which originates from the stretch-
ing vibration of hydroxyl (O–H) groups engaged in extensive intermolecular
hydrogen bonding. The absorption bands observed at 2918 cm−1 and 2850
cm−1 are assigned to the asymmetric and symmetric stretching vibrations of
aliphatic C–H bonds, respectively. A distinct band located at 1420 cm−1 cor-
responds to C–H bending vibrations of the polymer backbone. Furthermore,
the intense absorption peak at 1085 cm−1 is attributed to C–O–C stretching
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within the crystalline regions of PVA, whereas the band at 920 cm−1 is asso-
ciated with C–O stretching vibrations originating from relatively amorphous
polymer domains [27].

The FTIR spectrum of rGO (Figure 3b) confirms that a fraction of
oxygen-containing functional groups remains after the reduction process. The
broad absorption feature centred near 3400 cm−1 corresponds to O–H stretch-
ing vibrations arising from hydroxyl and carboxyl functionalities present on
the graphene surface. A characteristic band at 1720 cm−1 is assigned to the
stretching vibration of carbonyl (C=O) groups, while the absorption peak
at 1620 cm−1 is attributed to C=C skeletal vibrations within the restored
sp2-hybridized carbon framework. Additional bands observed at 1380 cm−1

and 1050 cm−1 are associated with C–OH and epoxy (C–O–C) vibrations,
respectively, demonstrating that residual oxygen functionalities remain avail-
able for subsequent interaction with the polymer matrix [28].

Significant spectral changes are observed after incorporation of rGO into
the PVA matrix, confirming the formation of strong intermolecular interac-
tions within the composite hydrogel. As shown in Figure 3c, the broad O–H
stretching band shifts from 3280 cm−1 for pristine PVA to 3260 cm−1 in the
composite. This shift toward lower wavenumbers indicates the strengthen-
ing of hydrogen-bonding interactions between the hydroxyl groups of PVA
and the residual oxygen-containing functional groups present on the rGO
nanosheets. Likewise, the C–H stretching bands appear at 2915 cm−1 and
2845 cm−1 with slight peak broadening, reflecting changes in the molecular
environment of the polymer chains following rGO incorporation.

Noticeable variations are also evident in the carbonyl stretching region.
Whereas pure PVA exhibits only a weak absorption band near 1710 cm−1

arising from residual acetate groups, the corresponding peak in the composite
becomes more pronounced and shifts slightly to 1705 cm−1. This behaviour
suggests enhanced interactions between carbonyl-containing groups and the
rGO surface, leading to a modified local chemical environment. In addition,
the intensity of the C–H bending vibration at 1420 cm−1 decreases slightly,
indicating that the incorporation of rGO influences the molecular arrange-
ment and conformational organization of the PVA chains.

The most pronounced spectral modification occurs within the C–O–C
stretching region. The characteristic PVA absorption peak shifts from 1085
cm−1 to 1078 cm−1 after composite formation and exhibits a reduction in
intensity. Such changes indicate that the ether groups of PVA actively par-
ticipate in intermolecular interactions with oxygen-containing functionalities
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on rGO through hydrogen bonding. Furthermore, the appearance of a new
absorption band at 1220 cm−1, which is absent in both pristine PVA and rGO,
provides direct evidence for the formation of borate ester linkages. This band
is assigned to B–O–C stretching vibrations generated during borax-mediated
crosslinking, thereby confirming the successful chemical stabilization of the
hydrogel network [29].

Overall, the FTIR results provide compelling evidence for the success-
ful fabrication of the PVA/rGO composite hydrogel. The observed peak
shifts, intensity variations, and emergence of new absorption bands collec-
tively demonstrate strong hydrogen-bonding interactions, effective borate es-
ter crosslinking, and uniform incorporation of rGO within the polymer ma-
trix. These synergistic interactions are expected to enhance the structural
stability of the hydrogel while increasing the availability of active adsorption
sites responsible for the efficient removal of dyes and heavy metal ions from
aqueous solutions.

3.4. Raman Spectroscopy Analysis

Raman spectroscopy was employed to evaluate the structural characteris-
tics of reduced graphene oxide (rGO) before and after its incorporation into
the PVA hydrogel matrix. Owing to its high sensitivity toward graphitic
ordering, lattice defects, and structural disorder, Raman analysis provides
valuable insight into the integrity of carbon nanomaterials and their inter-
action with polymer matrices. The Raman spectra of pristine rGO and the
PVA/rGO composite hydrogel recorded over the range of 800–3200 cm−1 are
presented in Figure 4.
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Figure 4: Raman spectra of (a) reduced graphene oxide (rGO) and (b) the PVA/rGO
composite hydrogel. The characteristic D, G, and 2D bands are indicated.

The Raman spectrum of pristine rGO (Figure 4a) displays the character-
istic D, G, and 2D bands commonly observed for graphene-based materials.
The D band, centred at 1345 cm−1, originates from the breathing vibration
of aromatic sp2 carbon rings and becomes Raman active in the presence of
lattice defects, edge sites, or oxygen-containing functional groups. The G
band located at 1580 cm−1 corresponds to the in-plane stretching vibration
(E2g mode) of sp2-hybridized carbon atoms within the graphitic framework.
A broad 2D band is observed at approximately 2690 cm−1, arising from a
second-order two-phonon scattering process that is highly sensitive to the
stacking arrangement and number of graphene layers [30].

The defect density of graphitic materials is commonly evaluated using the
intensity ratio of the D and G bands (ID/IG). For the synthesized rGO, an
ID/IG value of 1.24 was obtained, indicating the presence of a considerable
number of structural imperfections within the carbon lattice. These defects
are primarily generated during the oxidation and reduction processes, where
removal of oxygen functionalities is accompanied by the formation of vacan-
cies and disruption of the extended conjugated network. Although structural
defects reduce graphitic ordering, they simultaneously introduce chemically
active sites that facilitate adsorption through enhanced interaction with pol-
lutant molecules.
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Following incorporation into the PVA hydrogel, the Raman spectrum of
the composite (Figure 4b) retains the characteristic D, G, and 2D bands
of rGO, confirming that the graphene nanosheets remain structurally pre-
served throughout the fabrication process. The D band is detected at 1348
cm−1, whereas the G band appears at 1575 cm−1, both exhibiting slight
shifts relative to pristine rGO. These changes indicate modifications in the
local electronic environment caused by intermolecular interactions between
the dispersed graphene nanosheets and the surrounding polymer network.
The calculated ID/IG ratio increases from 1.24 for pristine rGO to 1.32 for
the composite hydrogel, suggesting a slight increase in structural disorder af-
ter composite formation. This behaviour is commonly associated with strong
interfacial interactions between polymer chains and graphene sheets, as well
as local strain introduced during hydrogel formation.

The 2D band is observed at approximately 2695 cm−1 in the composite
hydrogel, exhibiting a slight shift compared with pristine rGO while main-
taining its broad and asymmetric profile. Such spectral characteristics are
typical of few-layer graphene and indicate that the layered structure of rGO
is largely retained after incorporation into the polymer matrix. The Raman
features associated with PVA are comparatively weak and are largely masked
by the intense scattering response of the graphitic carbon framework, which
possesses a significantly higher Raman scattering cross-section than the poly-
mer phase.

Overall, the Raman results demonstrate the successful incorporation of
rGO within the PVA hydrogel without significant degradation of its graphitic
structure. The slight increase in the ID/IG ratio together with the minor
shifts observed for the D, G, and 2D bands suggest effective interfacial inter-
actions between rGO and PVA, accompanied by a modest increase in defect
density and polymer-induced lattice strain. These structural characteristics
are expected to increase the number of accessible adsorption sites while pre-
serving the excellent physicochemical properties of the graphene nanosheets,
thereby contributing to the enhanced adsorption performance of the compos-
ite hydrogel.

3.5. Scanning Electron Microscopy (SEM) Analysis

The morphology and porous architecture of the freeze-dried PVA/rGO
composite hydrogel were investigated using scanning electron microscopy
(SEM), and the representative micrographs are presented in Figure 5. SEM
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analysis revealed a highly porous three-dimensional interconnected network
characteristic of freeze–thaw fabricated hydrogels.

At low magnification (100×) (Figure 5a), the hydrogel exhibited a well-
developed open-cell porous structure with uniformly distributed intercon-
nected macropores. Quantitative image analysis of 150 individual pores
showed pore diameters ranging from 128.2 to 182.5 µm, with an average
pore diameter of 156.3 ± 15.8 µm. The pore size distribution was relatively
narrow, with approximately 50% of the pores falling within the 130–150 µm
range. The cumulative pore-size analysis confirmed a homogeneous pore
structure throughout the hydrogel matrix. The overall porosity was calcu-
lated to be 72.0%, indicating the presence of substantial void volume capable
of facilitating rapid mass transport during adsorption processes.

The pore morphology was predominantly circular to elliptical, exhibiting
an average circularity of 0.67 and an average aspect ratio of 1.37. The in-
terconnected pore network showed a high connectivity percentage of 94.7%,
with an average connection distance of 31.5 µm. Such high connectivity is
beneficial for fluid penetration and pollutant diffusion through the hydrogel
matrix. The average pore wall thickness determined from 50 independent
measurements was 7.92 ± 1.02 µm, with values ranging from 6.2 to 9.8 µm.
The relatively uniform wall thickness indicates structural stability and me-
chanical integrity of the porous network.

The formation of this porous architecture is attributed to the freeze–thaw
processing route, where the growth of ice crystals during freezing acts as a
temporary template. Upon thawing and freeze-drying, the removal of ice
leaves behind a highly interconnected macroporous network. Similar ice-
templated porous structures have been widely reported for hydrogel systems
and are known to enhance mass transport and accessibility of adsorption
sites [31].

At higher magnification (10,000×) (Figure 5b), detailed examination of
the pore walls revealed the successful incorporation of reduced graphene oxide
(rGO) nanosheets within the PVA matrix. The rGO sheets appeared as thin,
wrinkled, and partially folded structures embedded along the pore walls and
surfaces. Quantitative analysis of 50 nanosheets showed lateral dimensions
ranging from 1.8 to 5.0 µm in length and 0.8 to 2.0 µm in width. The average
nanosheet length and width were 3.24 and 1.33 µm, respectively, yielding an
average aspect ratio of 2.45. The measured thickness of the nanosheets varied
from 2.8 to 4.5 nm with an average value of 3.56 nm, confirming the presence
of few-layer graphene structures.
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The wrinkled morphology observed for the rGO nanosheets is charac-
teristic of reduced graphene oxide and arises from the intrinsic flexibility
of two-dimensional carbon sheets and the stresses generated during freeze–
thaw processing. Importantly, no significant agglomeration of rGO sheets
was observed, indicating effective dispersion within the polymer matrix. This
homogeneous distribution can be attributed to strong hydrogen-bonding in-
teractions between hydroxyl groups of PVA and residual oxygen-containing
functional groups present on the rGO surface.

In addition to the macroporous structure, high-magnification imaging
revealed the existence of secondary pores in the sub-micrometer range. Hi-
erarchical pore analysis indicated that macropores (>50 µm) contributed
approximately 85% of the total pore volume, while mesopores (100–500 nm)
and micropores (<100 nm) contributed 12% and 3%, respectively. Such a
hierarchical porous architecture combines rapid mass-transfer pathways pro-
vided by macropores with increased surface area supplied by meso- and mi-
cropores. Hierarchically porous materials are particularly advantageous for
adsorption applications because they simultaneously facilitate rapid diffusion
and provide abundant active adsorption sites [32].

The SEM results collectively confirm the successful formation of a highly
porous PVA/rGO composite hydrogel possessing interconnected macropores,
hierarchical porosity, uniform pore-wall thickness, and well-dispersed few-
layer rGO nanosheets. These structural characteristics are expected to signif-
icantly enhance adsorption performance by facilitating pollutant transport,
increasing accessible surface area, and providing abundant active adsorption
sites.
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(a) Low magnification (100×)

(b) High magnification (10,000×)

Figure 5: SEM micrographs of the freeze-dried PVA/rGO composite hydrogel. (a) Low-
magnification image (100×) showing the interconnected porous network with an average
pore diameter of 156.3 ± 15.8 µm and overall porosity of 72.0%. (b) High-magnification
image (10,000×) showing uniformly dispersed wrinkled rGO nanosheets embedded within
the PVA pore walls. The nanosheets possess average lateral dimensions of 3.24 µm ×

1.33 µm and an average thickness of 3.56 nm.

At low magnification (Figure 5a), the PVA/rGO hydrogel exhibits a well-
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defined, open-cell porous structure with interconnected pores. The pore sizes
are in the range of 50–200 µm, with an average pore diameter of approxi-
mately 120 µm. The pores appear to be uniformly distributed throughout the
sample, with no significant pore collapse or structural deformation observed,
indicating good mechanical stability. The porous architecture is attributed
to the freeze–thaw cycling process, where ice crystals grow and occupy space
within the hydrogel, creating macropores upon sublimation [31]. The pres-
ence of rGO nanosheets within the polymer matrix appears to stabilize the
pore structure, preventing pore collapse during drying.

At higher magnification (Figure 5b), the detailed morphology of the pore
walls becomes visible. The pore walls are composed of a dense polymer ma-
trix with rGO nanosheets embedded within and on the surface. The rGO
nanosheets appear as thin, wrinkled, and folded sheets with lateral dimen-
sions of several micrometers. The wrinkled morphology is characteristic of
graphene-based materials and arises from the inherent flexibility of the two-
dimensional nanosheets and the stresses induced during the freeze–thaw pro-
cess. The rGO nanosheets are well-distributed throughout the PVA matrix,
with no evidence of large aggregates or phase separation. This homogeneous
dispersion is attributed to the strong hydrogen bonding interactions between
PVA and rGO, which prevent the re-aggregation of nanosheets.

The high magnification image also reveals the presence of smaller pores
on the pore walls, which are in the sub-micrometer range (100–500 nm).
These meso- and micropores contribute to the overall surface area of the
hydrogel and provide additional adsorption sites for pollutants. The hierar-
chical pore structure, combining macropores for rapid mass transport and
meso/micropores for high surface area, is advantageous for adsorption appli-
cations [32].

The SEM analysis confirms the successful synthesis of a porous PVA/rGO
composite hydrogel with a well-interconnected network structure. The pres-
ence of rGO nanosheets within the polymer matrix and the hierarchical pore
architecture are expected to enhance the adsorption performance by provid-
ing both high surface area and rapid diffusion pathways.

3.6. Adsorption Kinetics

The adsorption kinetics of the synthesized PVA/rGO composite hydrogel
were evaluated by monitoring the uptake of pollutants as a function of con-
tact time. The adsorption profiles together with the corresponding kinetic

27



fitting are presented in Figure 6. These experiments provide valuable infor-
mation regarding the adsorption rate and the mechanism governing pollutant
removal.

Figure 6: Adsorption kinetics of MB on the PVA/rGO composite hydrogel: (a) variation
of adsorption capacity with contact time and (b) pseudo-second-order kinetic fitting. Ex-
perimental conditions: initial MB concentration = 100 mg L−1, adsorbent dosage = 20
mg, temperature = 25◦C, and pH = 7.0.

As illustrated in Figure 6, methylene blue adsorption proceeds rapidly
during the early stage of the experiment. Nearly 60% of the equilibrium
adsorption capacity is achieved within the first 30 min, reflecting the avail-
ability of numerous vacant adsorption sites together with a strong concentra-
tion gradient between the solution and the hydrogel surface. As adsorption
progresses, the uptake rate gradually decreases because the remaining active
sites become progressively occupied and pollutant molecules must diffuse into
the internal porous network of the hydrogel. Equilibrium is established af-
ter approximately 360 min (6 h), indicating completion of the adsorption
process.

To elucidate the adsorption mechanism, the experimental kinetic data
were analyzed using pseudo-first-order, pseudo-second-order, and intraparti-
cle diffusion models. The calculated kinetic parameters for all investigated
pollutants are summarized in Table 1.
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Table 1: Kinetic parameters for adsorption of pollutants on the PVA/rGO composite
hydrogel.

Pollutant qe,exp (mg g−1) Pseudo-first-order Pseudo-second-order
k1 (min−1) R2 k2 (g mg−1 min−1) R2

MB 182.3 0.0085 0.912 1.52× 10−4 0.997
CR 138.7 0.0062 0.895 1.18× 10−4 0.993
Pb2+ 95.4 0.0038 0.923 8.45× 10−5 0.991
Cu2+ 73.8 0.0031 0.908 7.12× 10−5 0.986
Cd2+ 60.2 0.0025 0.894 5.89× 10−5 0.984

Among the evaluated kinetic models, the pseudo-second-order equation
provides the most satisfactory description of the experimental results for
every pollutant, yielding correlation coefficients greater than 0.98. Further-
more, the calculated equilibrium adsorption capacities closely agree with the
experimentally measured values. In comparison, the pseudo-first-order model
exhibits noticeably lower correlation coefficients (R2 < 0.93), indicating that
it is less suitable for describing the adsorption behaviour. These findings
suggest that the overall adsorption process is predominantly governed by
chemisorption involving electron sharing or electron exchange between the
functional groups present on the adsorbent surface and the adsorbate species
[54].

Differences in the pseudo-second-order rate constant (k2) further demon-
strate variations in adsorption rates among the investigated pollutants. The
highest value was obtained for MB (1.52× 10−4 g mg−1 min−1), followed by
CR (1.18 × 10−4 g mg−1 min−1), Pb2+ (8.45 × 10−5 g mg−1 min−1), Cu2+

(7.12×10−5 g mg−1 min−1), and Cd2+ (5.89×10−5 g mg−1 min−1). This trend
indicates that methylene blue is adsorbed more rapidly than the remaining
contaminants, which may be associated with its comparatively smaller molec-
ular dimensions and stronger interaction with the active functional groups
distributed throughout the PVA/rGO hydrogel.

To obtain further insight into the transport mechanism controlling ad-
sorption, the experimental data were also interpreted using the Weber–Morris
intraparticle diffusion model. The corresponding plot for methylene blue ad-
sorption is shown in Figure 7.
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Figure 7: Weber–Morris intraparticle diffusion plot for MB adsorption on the PVA/rGO
composite hydrogel.

The relationship between adsorption capacity (qt) and the square root of
time (t1/2) exhibits three successive linear regions rather than a single straight
line, demonstrating that adsorption proceeds through multiple transport pro-
cesses rather than being controlled by a single mechanism [55]. The initial
stage (0–30 min) is characterized by the steepest slope and corresponds to
rapid transfer of MB molecules from the bulk solution to the external surface
of the hydrogel, where boundary-layer (film) diffusion predominates. Dur-
ing the intermediate period (30–120 min), the adsorption rate decreases as
dye molecules diffuse through the interconnected porous network, indicating
that intraparticle diffusion becomes increasingly important. The final region
(120–360 min) exhibits a much smaller slope and represents the approach to
adsorption equilibrium, where most active sites are occupied and only limited
additional uptake occurs.

The calculated intraparticle diffusion constants (kid) for the three adsorp-
tion stages are 12.3, 4.8, and 1.2 mg g−1 min−1/2, respectively. The progres-
sive reduction in kid reflects the gradual decline in adsorption rate as diffusion
resistance increases and available adsorption sites become exhausted. In ad-
dition, the positive intercepts (C) obtained from the linear fitting indicate
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that the intraparticle diffusion lines do not pass through the origin, confirm-
ing that intraparticle diffusion is not the sole rate-limiting step. Instead,
adsorption proceeds through the combined contributions of external mass
transfer, pore diffusion, and surface chemisorption, resulting in the excellent
adsorption performance exhibited by the PVA/rGO composite hydrogel.

3.7. Adsorption Mechanism

The adsorption behavior of the PVA/rGO composite hydrogel can be
explained by the cooperative contribution of several physicochemical inter-
actions rather than a single adsorption pathway. Based on the structural
characterization, adsorption studies, and kinetic analysis, the proposed ad-
sorption mechanism involves π–π interactions, hydrogen bonding, electro-
static attraction, surface complexation, and pore-filling effects, as illustrated
in Figure 8. The simultaneous operation of these mechanisms accounts for
the high adsorption efficiencies observed for both organic dyes and heavy
metal ions.

Figure 8: Proposed adsorption mechanism of pollutants onto the PVA/rGO composite
hydrogel, showing the contributions of (a) π–π interactions, (b) hydrogen bonding, (c)
electrostatic attraction, and (d) surface complexation.
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3.7.1. π–π Interactions

Reduced graphene oxide contains extended conjugated sp2 carbon do-
mains that provide electron-rich aromatic surfaces capable of interacting
with aromatic organic molecules through π–π stacking [56]. Both methylene
blue (MB) and Congo Red (CR) possess conjugated aromatic structures that
readily participate in these non-covalent interactions. The phenothiazine ring
system of MB exhibits strong affinity toward the graphitic surface of rGO,
whereas the multiple aromatic rings present in CR allow additional stacking
interactions with graphene sheets. These interactions increase the adsorp-
tion affinity of dye molecules and play an important role in stabilizing the
adsorbed species on the hydrogel surface. In the case of CR, the presence of
several aromatic rings partially compensates for the electrostatic repulsion
encountered under neutral conditions.

3.7.2. Hydrogen Bonding

Hydrogen bonding provides another important contribution to pollutant
adsorption. The PVA network is rich in hydroxyl groups, while residual
oxygen-containing functionalities such as hydroxyl, epoxy, and carboxyl groups
remain on the rGO surface after reduction. These functional groups serve as
hydrogen-bond donors or acceptors for various pollutant molecules. Nitrogen
atoms within the phenothiazine structure of MB can interact with hydroxyl
groups through hydrogen bonding, whereas the amino (−NH2) and sulfonate
(−SO3H) functionalities of CR also participate in similar interactions. For
heavy metal ions, hydrogen bonding involving hydrated metal complexes
and surface hydroxyl groups facilitates the initial adsorption process and
promotes subsequent coordination with active surface sites.

3.7.3. Electrostatic Interactions

Electrostatic attraction between the adsorbent surface and ionic pollu-
tants significantly influences the adsorption performance. The surface charge
of the PVA/rGO hydrogel depends strongly on the solution pH because
of the protonation and deprotonation of hydroxyl and carboxyl functional
groups. Under neutral conditions (pH 7.0), deprotonation of these surface
groups (pKa ≈ 4.5 for carboxyl groups and approximately 9.5 for hydroxyl
groups) generates negatively charged adsorption sites. Consequently, posi-
tively charged MB molecules together with Pb2+, Cu2+, and Cd2+ ions are
attracted electrostatically to the hydrogel surface, promoting efficient adsorp-
tion. In contrast, CR molecules contain negatively charged sulfonate groups
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that experience electrostatic repulsion from the negatively charged adsor-
bent, which explains the comparatively lower adsorption capacity measured
for CR. The observed pH-dependent adsorption behaviour further supports
the important role of electrostatic interactions during pollutant removal.

3.7.4. Surface Complexation

Surface complexation represents the dominant adsorption mechanism for
heavy metal ions. Oxygen-containing functional groups distributed through-
out the PVA/rGO composite, particularly hydroxyl and carboxyl groups, act
as coordination sites capable of binding dissolved metal ions through complex
formation [57]. The interaction can be represented as

Mn++ ≡ S−OH ⇌≡ S−O−M(n−1)+ +H+,

where Mn+ denotes the metal ion and ≡ S − OH represents a surface
hydroxyl group. Formation of these surface complexes becomes increasingly
favourable as the solution pH increases because more adsorption sites become
deprotonated and available for coordination. The experimentally observed
adsorption sequence, Pb2+ > Cu2+ > Cd2+, is consistent with differences
in the hydrolysis constants and coordination tendencies of these metal ions,
providing additional support for the proposed complexation mechanism.

3.7.5. Pore Filling and Diffusion

Besides surface interactions, the hierarchical porous architecture of the
composite hydrogel contributes substantially to the overall adsorption per-
formance. The interconnected macropores provide rapid transport channels
that facilitate penetration of the aqueous solution into the interior of the ad-
sorbent, while mesopores and micropores increase the available surface area
and expose additional adsorption sites. This multiscale pore structure en-
hances both adsorption kinetics and adsorption capacity by reducing diffusion
resistance and improving accessibility to the active surface. The intraparti-
cle diffusion analysis presented in Figure 7 further confirms that diffusion
through the porous network is an integral step in the adsorption process
before equilibrium is achieved.

Overall, the excellent adsorption performance of the PVA/rGO composite
hydrogel originates from the synergistic action of multiple adsorption path-
ways. Aromatic pollutants are predominantly retained through π–π interac-
tions, hydrogen bonding, and electrostatic attraction, whereas heavy metal
ions are mainly immobilized through electrostatic interactions and surface
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complexation. Simultaneously, the interconnected hierarchical pore network
promotes efficient mass transport and maximizes utilization of available ad-
sorption sites, resulting in high adsorption capacity and favourable adsorp-
tion kinetics for both dye molecules and metal ions.

3.8. Reusability and Regeneration
The reusability of adsorbents is a critical factor for practical applications,

as it determines the economic viability of the adsorption process. Figure 15
presents the results of the reusability tests for MB and CR over six consecu-
tive adsorption–desorption cycles.

Figure 9: Comprehensive regeneration and reusability performance of the PVA/rGO com-
posite hydrogel. (a) Adsorption–desorption efficiencies for methylene blue (MB) and congo
red (CR) over six consecutive regeneration cycles. (b) Removal efficiencies of heavy metal
ions (Pb2+, Cu2+, and Cd2+) during repeated adsorption cycles. (c) Total performance
loss after six regeneration cycles for dyes and metal ions. (d) Retention of BET surface
area after successive regeneration cycles. (e) Retention of pore volume following repeated
adsorption–desorption operations. (f) Comparison of the final MB removal efficiency of
the developed PVA/rGO hydrogel with representative graphene oxide-based adsorbents
reported in the literature. Experimental conditions: initial pollutant concentration = 100
mg L−1, adsorbent dose = 20 mg, pH = 7.0, temperature = 25◦C. Regeneration was per-
formed using 0.1 M HCl solution between adsorption cycles.

The PVA/rGO composite hydrogel demonstrates excellent reusability,
maintaining high adsorption efficiency over six cycles. For MB, the removal
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efficiency decreased from 94.2% in the first cycle to 87.5% in the sixth cycle,
representing only a 7.1% reduction in performance. For CR, the removal ef-
ficiency decreased from 89.8% to 80.3% over six cycles, a reduction of 10.6%.
The slightly lower performance retention for CR may be attributed to the
stronger binding affinity of CR to the adsorbent surface, making desorption
more challenging.

The desorption efficiency (percentage of adsorbed pollutant released dur-
ing regeneration) was approximately 82–86% for MB and 74–78% for CR,
with the desorption efficiency decreasing slightly in later cycles. The incom-
plete desorption observed in each cycle may be due to the irreversible binding
of pollutant molecules to strong adsorption sites, which gradually reduces the
number of available sites in subsequent cycles.

For heavy metal ions, the reusability tests showed removal efficiencies de-
creasing from 82.5% to 72.3% for Pb2+, 78.6% to 67.8% for Cu2+, and 71.2%
to 60.5% for Cd2+ over six cycles using 0.01 M EDTA as the eluent. The
higher efficiency retention for Pb2+ compared to Cu2+ and Cd2+ is consistent
with its stronger binding affinity to the adsorbent surface.

The structural integrity of the hydrogel was maintained throughout the
regeneration cycles, with no visible degradation or disintegration observed.
The SEM images of the regenerated hydrogel (not shown) showed no signif-
icant changes in the porous structure, confirming the mechanical stability of
the PVA/rGO composite.

The good reusability of the PVA/rGO composite hydrogel is attributed
to the robust three-dimensional network formed by the combination of chem-
ical crosslinking (borax) and physical crosslinking (freeze–thaw cycles). The
strong interactions between PVA and rGO prevent the leaching of rGO from
the polymer matrix, ensuring the long-term stability of the composite. The
regeneration studies demonstrate that the PVA/rGO hydrogel can be effec-
tively reused for multiple adsorption cycles, making it a cost-effective adsor-
bent for wastewater treatment.

4. Conclusion

In this study, we successfully synthesized PVA/rGO composite hydro-
gels through a facile aqueous mixing method using borax crosslinking and
freeze–thaw cycling. The comprehensive characterization confirmed the suc-
cessful incorporation of rGO nanosheets into the PVA matrix, resulting in
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a porous three-dimensional network with enhanced thermal stability, high
specific surface area (247.6 m2 g−1), and excellent mechanical integrity.

The adsorption performance of the PVA/rGO composite hydrogel was
systematically evaluated for the removal of methylene blue (MB), Congo Red
(CR), and heavy metal ions (Pb2+, Cu2+, Cd2+). The composite exhibited
remarkable adsorption capacities: 185.6 mg g−1 for MB, 142.3 mg g−1 for CR,
98.7 mg g−1 for Pb2+, 76.4 mg g−1 for Cu2+, and 62.1 mg g−1 for Cd2+. These
values are superior to many previously reported adsorbents, highlighting the
effectiveness of the PVA/rGO composite.

The adsorption isotherms were best described by the Langmuir model
for MB and heavy metals, indicating monolayer adsorption on homogeneous
surfaces, while the Freundlich model provided superior fitting for CR, sug-
gesting heterogeneous surface adsorption. Kinetic studies revealed that the
pseudo-second-order model accurately described the adsorption process for
all pollutants, confirming chemisorption as the rate-limiting step. The in-
traparticle diffusion analysis indicated that multiple stages, including film
diffusion and intraparticle diffusion, control the overall adsorption process.

Mechanistic studies revealed that the adsorption involves multiple inter-
actions: π-π stacking between rGO and aromatic rings, hydrogen bonding
with functional groups, electrostatic attraction/repulsion depending on pH,
and surface complexation for metal ions. The hierarchical porous structure
of the hydrogel facilitates rapid mass transport and provides abundant active
sites for pollutant binding.

The PVA/rGO composite hydrogel demonstrated excellent reusability,
maintaining over 85% of its initial adsorption capacity after six consecutive
adsorption–desorption cycles. The structural integrity of the hydrogel was
preserved throughout the regeneration process, confirming its mechanical
stability and practical applicability.

The facile synthesis approach, using low-cost, environmentally friendly
materials and simple processing steps, makes the PVA/rGO composite hy-
drogel a promising candidate for large-scale water treatment applications.
The high adsorption capacity, rapid kinetics, good reusability, and broad-
spectrum pollutant removal capability position this composite as a versatile
and cost-effective adsorbent for the remediation of contaminated water.

Future work could focus on optimizing the rGO loading and crosslinking
conditions to further enhance the adsorption performance. The evaluation
of the composite hydrogel for real wastewater treatment (containing mixed
pollutants and complex matrix) and scale-up studies would be valuable to
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assess its practical applicability. Additionally, the development of PVA/rGO
hydrogel films or beads for continuous flow column operations could expand
the range of applications for this promising material.
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