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Abstract
The multi-network hydrogel synthesized using a novel combination of acrylamide and sodium vinyl sulfonate as monomers, 
along with N,N′-methylene bisacrylamide as a crosslinking agent, exhibits promising potential for applications in wastewater 
treatment and drug delivery systems. In addition to evaluating the chemical and thermal properties, the swelling behavior 
of the hydrogels was examined. Furthermore, the findings from the study of paracetamol adsorption onto the multi-network 
hydrogel were examined utilizing a variety of adsorption isotherms and kinetic models. The results demonstrate that the 
hydrogel with a swelling equilibrium value of 265.78 g H2O/g dry gel has considerable potential for the removal of par-
acetamol from aqueous solution, with the pseudo-second-order kinetic model offering an outstanding fit to the experimental 
data. This work contributes to the development of potential and sustainable materials for environmental and biomedical 
applications.

Keywords  Hydrogels · Vinylsulfonic acid sodium salt · Acrylamide · Adsorption · Paracetamol · Drug delivery · 
Wastewater treatment · Multi-network

Introduction

Hydrogels are a type of polymer material that can absorb 
and hold large amounts of water without losing their struc-
ture [1–3]. The interconnected pores formed by the polymer 
chains that make up hydrogels allow water to flow in and 
out freely, while the polymer chains themselves swell and 
expand as they absorb water [1, 4]. This property creates 
a sponge-like substance capable of holding many times its 
weight in liquid. The unique properties of hydrogels make 
them valuable in a range of industries, including medicine, 
agriculture, and environmental engineering [5–8].

In medicine, hydrogels are used as scaffolds for tissue 
engineering, wound dressings, and drug delivery systems 
[9–11]. The ability of hydrogels to gradually release drugs 

over time can increase their effectiveness and reduce side 
effects [12, 13]. In agriculture, hydrogels can be applied 
to soil to improve water retention and nutrient availability. 
They can also help reduce the amount of water needed for 
irrigation, making them a sustainable option for farming. 
In environmental engineering, hydrogels can be utilized to 
filter toxins out of water and soil, providing a solution for 
water purification and soil remediation [14–16]. Particularly 
in the biomedical industry, hydrogels have demonstrated 
their potential as scaffolds for tissue engineering [17, 18], 
controlled release systems for drugs [19, 20], and wound 
dressings [19, 21]. By mimicking the natural environment 
of cells, hydrogels can support cell growth and regeneration, 
making them a promising material for tissue engineering 
applications. Overall, the versatility and unique properties of 
hydrogels make them a valuable material with broad appli-
cations in various industries [22].

The swelling theories of hydrogels aim to explain the 
behavior of hydrogels during the process of swelling and 
deswelling by considering the chemical and physical inter-
actions between the hydrogel and its environment [23–25]. 
In addition, modeling nonlinear flexibility is an important 
research topic that helps to better understand the mechanical 
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behavior of hydrogels produced under different loading 
conditions [26]. These concepts are particularly important 
for pH and temperature-responsive hydrogels, as they may 
exhibit reversible changes in their physical and chemical 
properties, such as swelling and deswelling, in response to 
changes in temperature and pH levels [27–29]. The develop-
ment of several biomaterials, in particular controlled drug 
release systems, has benefited greatly from the use of these 
hydrogels. Hydrogels can be used for drug delivery by modi-
fying their chemical composition in response to changes in 
temperature or pH. This allows for precise control over the 
rate of drug dissolution and dosage [30, 31]. For example, 
a hydrogel can be designed to swell at specific pH levels 
and release drugs that are encapsulated within it. Further-
more, these hydrogels can respond to changes in tempera-
ture, enabling further control of the drug release rate. The 
capacity of hydrogels to carry drugs is directly correlated 
with their adsorption abilities. Drugs can be released from 
hydrogels with high drug delivery capacity in a controlled 
and prolonged route, improving therapeutic effectiveness 
and minimizing side effects. By improving their solubility 
and stability, hydrogels can also enhance their bioavailabil-
ity and protect pharmaceuticals from degradation. In recent 
years, the demand for effective and economical materials 
for environmental and medicinal applications has increased 
dramatically. Due to their unique characteristics, including 
high water content, biocompatibility, and excellent capacity 
for medication delivery and pollutant removal, hydrogels 
have become recognized as a promising class of materials.

The hydrogel's versatile multi-network structure renders 
it highly advantageous for a range of applications, including 
swelling hydrogels and wastewater treatment. This structure 
seamlessly integrates the favorable properties of a highly 
crosslinked hydrophilic network, such as superior water 
absorption and retention, with the swelling capacity and 
selective permeability offered by a less crosslinked hydro-
phobic network. By combining functionality and versatil-
ity, this hydrogel exhibits tremendous potential for diverse 
applications. In this study, a versatile multi-network hydro-
gel of acrylamide (AAm), sodium vinyl sulfonate (SVS), and 
N,N′-methylene bisacrylamide (MBAA) was synthesized 
and characterized, with potential applications in wastewa-
ter treatment and drug delivery systems. The hydrogel’s 
chemical and thermal characteristics were evaluated, and 
the swelling behavior was examined.

Paracetamol, a commonly used drug for alleviating pain 
and reducing fever, raises concerns when found in wastewa-
ter and the environment due to its possible negative impacts 
on aquatic ecosystems and human well-being. Traditional 
methods of treating wastewater often prove insufficient in 
eliminating paracetamol, resulting in its continued pres-
ence and persistence in the environment. Hydrogel shows 
great promise for addressing the issue of paracetamol 

contamination in wastewater and the environment. In this 
study, we examined the capacity of hydrogel to adsorb par-
acetamol using different adsorption isotherms and kinetic 
models. The findings revealed that the hydrogel exhibited 
significant potential for effectively removing paracetamol 
from aqueous solutions, with the pseudo-second-order 
kinetic model demonstrating a strong fit to the experimen-
tal data. These results have significant implications for the 
development of sustainable materials in the fields of biomed-
icine and environmental conservation, offering a potential 
solution to mitigate the adverse effects of paracetamol on 
aquatic ecosystems and human health.

Material and Methods

Material

Acrylamide (AAm) (purity: 98% and molecular weight: 
71.08 g/mol), cerium(IV) sulfate tetrahydrate (purity: 98% 
and molecular weight: 404.3 g/mol), sulfuric acid (H2SO4) 
(purity: 98% and molecular weight: 98.08 g/mol), and eth-
ylene diamine tetraacetic acid tetra sodium salt (EDTANa4) 
(molecular weight: 380.17  g/mol) were obtained from 
Merck Company (Germany). N,N′-methylene bisacrylamide 
(MBAA) (purity: 99%, molecular weight: 154.17 g/mol) 
were obtained from Fluka Company (Germany). Mercap-
tosuccinic acid (MSA) (purity: 99% and molecular weight: 
150.15 g/mol), sodium vinyl sulfonate (SVS) (purity: 99% 
and molecular weight: 130.10 g/mol), and Paracetamol (Par, 
British pharmacopoeia reference standard and molecular 
weight: 151.163 g/mol) were obtained from Sigma Aldrich 
Company (Germany). All chemicals were analytical grade 
and used as received without further purification. By utiliz-
ing distilled water in the swelling experiments, the potential 
for changes in water composition was effectively minimized, 
enabling a more controlled and reliable assessment of the 
hydrogel’s swelling behavior. This deliberate choice aimed 
to eliminate any interference from impurities or other extra-
neous factors, ensuring that the observed swelling properties 
could be accurately attributed solely to the inherent charac-
teristics of the hydrogel.

Preparation of Hydrogels

The multi-network hydrogel, synthesized using a novel com-
bination of acrylamide (AAm) and sodium vinyl sulfonate 
(SVS) as monomers, along with N,N′-methylene bisacryla-
mide (MBAA) as a crosslinking agent, exhibits promising 
potential for applications in wastewater treatment and drug 
delivery systems. The synthesis process involved several 
steps: initially, 1.415 g of cerium(IV) sulfate tetrahydrate 
salt was added to 1.4 mL of H2SO4, and the volume was 
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increased to 100 mL with distilled water. Subsequently, a 
solution containing 4.308 g of AAm, 7.806 g of 25% SVS, 
0.1168 g of MBAA, 0.0225 g of MSA, and 0.225 g of 
EDTANa4 salt was dissolved in 100 mL of distilled water. 
Finally, 2 mL of the cerium solution was added, resulting in 
the formation of the versatile multi-network hydrogel com-
posed of AAm, SVS, and MBAA.

Characterizations

Fourier transform infrared spectroscopy (FTIR) is a tech-
nique used to analyze the chemical composition of a sam-
ple by measuring the absorption or transmission of infrared 
radiation. In this case, the hydrogel samples were analyzed 
using a Thermo Scientific Nicolet 380 spectrometer in the 
frequency range of 400–4000 cm−1. The KBr disk method 
involves mixing a small amount of the hydrogel sample with 
powdered KBr and compressing it into a disk for analysis. 
Thermal gravimetric analysis (TGA) is a technique used to 
study the thermal behavior of a material by measuring its 
weight as it is heated or cooled under controlled conditions. 
In this study, the prepared hydrogel samples were dried, 
ground to a powder, and placed in a platinum crucible. The 
sample was heated from 0 to 600 °C under nitrogen gas with 
a heating rate of 10 °C/min, and the changes in mass of the 
samples were recorded. The resulting data can be used to 
determine the thermal stability of the hydrogel, which can 
help assess its potential for various applications. Scanning 
electron microscopy (SEM) ((FEI QUANTA 450 Model) 
was employed to characterize both the hydrogel and par-
acetamol-loaded hydrogel, providing detailed insights into 
their morphological characteristics. The SEM analysis was 
performed at a working distance of 6–10 mm, a pressure 
range of 0–130 Pa, and an applied voltage of 7–10 kV under 
low vacuum conditions.

Calculation of Swelling Kinetic Model Parameters

Hydrogels are known for their ability to swell and absorb 
large amounts of water. To better understand this behavior, 
a study was conducted to investigate the swelling kinetics 
of hydrogels through gravimetric measurement [32]. Meas-
urements were conducted at various time intervals, ranging 
from 2 to 48 h, using dried hydrogels to ascertain the swell-
ing rate of the hydrogel. The swelling experiments on the 
hydrogel were conducted three times, resulting in consistent 
and reliable results. The study also examined the effects of 
crosslinker concentrations at different temperatures on the 
swelling properties of the hydrogels. Swelling ratios were 
calculated using two equations, with St and Seq values rep-
resenting the swelling at a specific time and at equilibrium, 
respectively (Eqs. 1–2) [33]. This calculation provides valu-
able insights into the swelling behavior of hydrogels, which 

could have potential applications in various fields such as 
adsorption and drug delivery systems.

The properties of hydrogels, which are materials that 
can absorb considerable amounts of water, vary depend-
ing on how much water they absorb in. Initially developed, 
hydrogels are frequently in a dehydrated or “dry”structure. 
The variable mo represents the dry mass of a hydrogel sam-
ple and is used as a standard for calculating the hydrogel’s 
water uptake. The mass of the hydrogel grows as water is 
absorbed, and at a specific time point (t), the swelling mass 
of the hydrogel is indicated by the variable mt. The variable 
meq stands for the swelled mass of the hydrogel at equi-
librium, or the point at which the hydrogel can no longer 
absorb any more water. Swelling ratios, such St and Seq, are 
used to describe the amount of water the hydrogel is hold-
ing at various periods. While Seq denotes the quantity of 
water contained by 1 g of dry hydrogel at equilibrium, St 
denotes the amount of water held by 1 g of dry hydrogel at 
a certain time point (t). These ratios are crucial indicators 
of the hydrogel's capacity to take in and retain water, and 
they can be beneficial in applications including the deliv-
ery of drugs, tissue engineering, and wound healing. The 
developed hydrogels' swelling kinetic models confirmed 
their water absorption abilities and provided evidence for 
applying the Voigt kinetic model (Eq. 3) in the presence of 
deionized water to identify the process of water absorption 
into the hydrogel. Equation (4) provided the Voigt model's 
linear graph. The slope of the linear graph, represented as 
(− 1/τ), was calculated with the intention of determining the 
kinetic rate parameter (τ) [32].

By understanding the kinetic and diffusion properties of 
the hydrogel, researchers can optimize its design for bio-
medical applications.

Calculation of Adsorption of Paracetamol

Paracetamol is a widely used pain reliever commonly found 
in pharmaceutical formulations. In recent years, there has 
been increasing interest in using hydrogels as adsorbents 
for paracetamol due to their unique physical and chemical 

(1)St =
mt − mo

mo

(2)Seq =
meq − mo

mo

(3)St = Seq(1 − e
−

t

τ )

(4)Ln(1 −
St

Seq
) = −

1

τ
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properties. In this study, the adsorption mechanism of par-
acetamol using a versatile multi-network AAm/SVS/MBAA 
hydrogel was investigated by calculating its kinetic models, 
isotherms, and thermodynamic properties. Thermodynamic 
parameters such as kinetic model parameters, enthalpy, 
entropy, and Gibbs free energy change were calculated to 
explain the adsorption process and to understand the nature 
of adsorption. This study showed that the adsorption of 
paracetamol to hydrogels is a complex process influenced 
by various factors such as temperature, pH, and concen-
tration. Overall, the development of effective paracetamol 
adsorption systems using hydrogels has the potential to offer 
a promising alternative for the removal of this drug from 
aqueous solutions. Table 1 summarizes the kinetic models, 
isotherms, and thermodynamic calculations used in this 
study [34–38].

Co represents the initial concentration (mg/L) of paraceta-
mol solution, while Ce represents the equilibrium concentra-
tion (mg/L) of paracetamol after adsorption. V represents 
the volume (ml) of the solution and m represents the amount 
of absorbent used. Kd represents the distribution coefficient.

For the measurement of paracetamol on the hydrogel, 
0.05 g of dry hydrogel was weighed for each adsorption 
experiment and allowed to swell in distilled water for 1 week 
until it reached the equilibrium swelling value. In the par-
acetamol adsorption process on the hydrogel, each swollen 
hydrogel was mixed with 10 mL of a solution containing 
different concentrations of paracetamol. The effects of vari-
ous paracetamol concentrations, adsorption time, and tem-
perature on the adsorption measurements of paracetamol 
from aqueous solutions were investigated. Spectrophoto-
metric measurements were used to measure the absorbance 

R = 8.314 J∕(K ⋅mol)

values at 243 nm before and after adsorption. The adsorp-
tion parameters and adsorption energy were determined by 
applying the adsorption data obtained at different paraceta-
mol concentrations to the Freundlich, Langmuir, and Dub-
ninin-Radushkevich (D-R) isotherms. The suitability of the 
adsorption data obtained over time was investigated using 
the modified Freundlich, Elovich, pseudo-first order kinetic, 
and pseudo-second order kinetic models, and the adsorp-
tion rate parameters were determined. The thermodynamic 
parameters (∆H0, ∆S0, and ∆G0) were calculated using the 
adsorption data obtained at different temperatures.

Results and Discussion

Characterization of Multi‑Network SVS‑AAm‑MBAA 
Hydrogel

The results of the FTIR analysis for the hydrogels showed 
the characteristic functional groups of the hydrogel multi-
networks. FT-IR spectra of hydrogels synthesized with 
AAm: 0.06 mol, SVS: 0.015 mol, and MBAA: 7.5 × 10–4 mol 
(red line) and AAm: 0.075 mol, SVS = 0 mol, and MBAA: 
7.5 × 10–4 mol (blue line) hydrogels were shown in Fig. 1, 
with the characteristic functional groups identified.

For the AAm-MBAA hydrogel, the FTIR spectra 
showed absorption peaks at 3500–3300 cm−1 (stretching 
bands of N–H and O–H bonds), 2918 cm−1 (–CH3 groups), 
2926 cm−1 (–CH2 groups), and 1649 cm−1 (amide I) [39, 
40]. For the SVS-AAm-MBAA hydrogel, the FTIR spectra 
showed absorption peaks at 3500–3300 cm−1 (stretching 
bands of N–H and O–H bonds), 2918 cm−1 (–CH3 groups), 
2926 cm−1 (–CH2 groups), 1649 cm−1 (amide I), 1400 cm−1 
(SO3 asymmetric stretch), and 1036 cm−1 (sulfonate group).

Table 1   Kinetic models, isotherms, and thermodynamic calculations

Model Equation Parameters

Freundlich isotherm qe = KFC
1∕n
e

qe: Amount of adsorbed paracetamol (mmol/g), KF: Freundlich 
adsorption constant, Ce: Equilibrium concentration (mol/L), and n: 
Freundlich adsorption exponent

Langmuir isotherm Ce∕qe = 1∕
(

b qmax

)

+ Ce∕qmax
b: Langmuir adsorption isotherm constant

Dubinin-Radushkevich isotherm � = R T ln(1 + 1∕Ce) ε: Polanyi potential
Modified freundlich kinetic model ln qt = ln a + b Int a and b: Modified Freundlich rate constants
Elovich kinetic model q = (1∕�) ln(��) + (1∕�) ln(t) α: Initial adsorption rate, β: Desorption constant
Pseudo-first order kinetic model ln

(

qe−qt
)

= ln qe−kt)

Pseudo-second order kinetic model t

qt
=

1

kq2
e

+
1

qe
t k: Pseudo-second order rate constant

Kd =
C0−Ce

Ce

×
V

m

ln Kd = −
ΔH0

RT
+

ΔS0

R

ΔG0 = ΔH0 − TΔS0
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Figure  2 shows the TGA curves of the synthe-
sized hydrogels, including (a) AAm-MBAA hydro-
gel (AAm = 0.075  mol, SVS = 0  mol, and MBAA: 
7.5 × 10–4 mol; represented by the blue line), (b) multi-net-
work SVS-AAm-MBAA hydrogel (AAm: 0.06 mol, SVS: 
0.015 mol, and MBAA: 7.5 × 10–4 mol; represented by the 
red line). Additionally, SEM images of the pure AAm/SVS/
MBAA hydrogel and the paracetamol-loaded AAm/SVS/
MBAA hydrogel are presented. The results presented in 
Fig. 2.e show the UV–Visible spectrum of a 20 ppm par-
acetamol aqueous solution (pH 6.6).

Thermogravimetric analysis (TGA) is a technique that 
analyzes the change in weight of a material as a function 
of temperature or time, conducted under controlled set-
tings. In this study, the thermal stability of two hydrogels, 
namely AAm-MBAA and SVS-AAm-MBAA hydrogel, 
was examined using TGA results. Figure 2a, b illustrates 
the TGA curves for both hydrogels, depicting the varia-
tion in weight as the temperature increases. Through the 
examination of these TGA curves, the thermal stability 
of the hydrogels across a wide temperature range of 20 
to 800 °C can be determined. The TGA study of the pre-
pared AAm-MBAA and SVS-AAm-MBAA hydrogels was 
shown in Fig. 2a, b as a percentage weight loss versus 
temperature. The TGA graph of the AAm-MBAA hydrogel 
demonstrates weight reduction occurring in three distinct 
phases (Fig. 2a). The weight loss during the first stage, 
which ranged from 0 to 149 °C, amounted to 11.4%, pri-
marily attributed to the elimination of absorbed water. In 
the second stage, spanning from 149 to 447 °C, a weight 
loss of 66.3% was observed, indicating intermolecular 

dehydration processes taking place. In the third stage, 
which occurred between 447 and 669  °C, a weight 
loss of 22.3% was observed, indicating the breaking of 
crosslinks between various polymer chains. Conversely, 
the TGA graph of the multi-network SVS-AAm-MBAA 
hydrogels exhibited a similar three-stage weight loss pro-
cess (Fig. 2b). The first stage, spanning from 0 to 152 °C, 
resulted in a 12.8% weight reduction. In the second stage, 
which occurred between 152 and 424 °C, a weight loss of 
56.6% was observed. The third stage, ranging from 424 
to 698 °C, resulted in a weight loss of 30.6%. These find-
ings demonstrated that there are three distinct phases of 
weight loss, occurring between 0 and 149 °C (elimination 
of absorbed water), 149 °C and 447 °C (intermolecular 
dehydration processes), and 447 °C and 669 °C (breaking 
of crosslinks between polymer chains), respectively. The 
prepared AAm-MBAA and SVS-AAm-MBAA hydrogels 
displayed similar three-stage breakdown patterns, yet the 
SVS-AAm-MBAA hydrogels exhibited a higher weight 
loss compared to the AAm-MBAA hydrogels, along with a 
slightly higher thermal decomposition temperature. These 
TGA results provided clear evidence of the exceptional 
thermal stability of the multi-network SVS-AAm-MBAA 
hydrogels, as indicated by the low percentage of weight 
loss. Furthermore, Khosravi et al. conducted an extensive 
investigation into the thermal properties of chitosan-g-
poly(acrylic acid-co-acrylamide) hydrogel in literature, 
emphasizing its potential as a highly efficient matrix for 
drug delivery [41]. Through a comparison of the TGA 
thermogram of the hydrogel with our findings, it became 
apparent that the decomposition process exhibited distinct 
weight loss zones: the first zone (30–190 °C) resulted in a 
7.1% loss attributed to moisture and volatiles, the second 
zone (190–321 °C) displayed a 20.7% loss, and the third 
zone (321–500 °C) showed a 29.4% loss, representing the 
loss of grafted chains and fragmentation of the backbone, 
respectively. In conclusion, the experimental findings 
established the hydrogel’s high thermal stability, empha-
sizing its suitability for a wide range of applications.

The SEM technique was employed to study the surface 
morphology of both the pure AAm/SVS/MBAA hydrogel 
and the paracetamol-loaded AAm/SVS/MBAA hydrogel. 
The SEM images (Fig. 2c) provided visual evidence of a par-
tially smooth surface in the hydrogel, indicating its overall 
homogeneity in terms of structure. The SEM results provide 
clear evidence that paracetamol adsorption alters the surface 
properties of the AAm/SVS/MBAA hydrogel (Fig. 2d). A 
distinct difference in surface roughness is observed between 
the paracetamol-loaded hydrogel and the pure hydrogel in 
the SEM images. In contrast to the relatively smooth sur-
face of the pure hydrogel, the presence of the drug induces 
changes that lead to a coarser or textured surface. This obser-
vation suggests an interaction between the drug molecules 

Fig. 1   FT-IR spectra of hydrogels synthesized with a multi-network 
SVS-AAm-MBAA hydrogel (AAm: 0.06  mol, SVS: 0.015  mol and 
MBAA: 7.5 × 10–4  mol (red line)) and b AAm-MBAA hydrogel 
(AAm: 0.075  mol, SVS = 0  mol and MBAA: 7.5 × 10–4  mol (blue 
line))
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and the hydrogel matrix, potentially resulting in surface 
adsorption.

Swelling Profiles of Multi‑Network SVS‑AAm‑MBAA 
Hydrogel

To determine the effect of different experimental condi-
tions on the swelling properties of monomer/crosslinker 
ratio (AAm/MBAA: 25, 50, 100, 250, 1000 and 2000) 
and MBAA concentrations (3 × 10–3 mol, 1.5 × 10–3 mol, 
7.5 × 10–4 mol, 3 × 10–4 mol, 7.5 × 10–5 mol, 5 × 10–5 mol 

and 3.75 × 10–5 mol) were investigated. In Fig. 3, swell-
ing behavior of multi-network SVS-AAm-MBAA hydro-
gel with different crosslinker compositions (nT/nMBAA): 
(a) nAAm: 0.075 mol and nSVS: 0, (b) nAAm: 0.069 mol, 
nSVS: 0.006 mol nT: 0.075 mol and nSVS/nAAm: 0.087, (c) 
nAAm: 0.065 mol, nSVS: 0.010 mol, nT: 0.075 mol, and nsvs/
nAAm: 0.154, (d) nAAm: 0.060 mol; nSVS: 0.015 mol; nT: 
0.075 mol, and nsvs/nAAm: 0.250, (e) nAAm: 0.050 mol, 
nSVS: 0.025 mol, nT: 0.075 mol, and nsvs/nAAm: 0.500, (f) 
nAAm: 0.040 mol, nSVS: 0.035 mol, nT: 0.075 mol, and nsvs/
nAAm: 0.875, and (g) nAAm: 0.035 mol, nSVS: 0.040 mol, 

Fig. 2   TGA curves of syn-
thesized with a AAm-MBAA 
hydrogel (AAm = 0.075 mol, 
SVS = 0 mol and MBAA: 
7.5 × 10–4 mol (blue line)), 
b multi-network SVS-AAm-
MBAA hydrogel (AAm: 
0.06 mol, SVS: 0.015 mol and 
MBAA: 7.5 × 10–4 mol (red 
line), SEM images of c pure 
hydrogel, d drug loaded hydro-
gel, and e UV–Visible spectrum 
of 20 ppm parasetamol aqueous 
solution (Color figure online)
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nT: 0.075  mol, and nsvs/nAAm: 1.143, respectively (T: 
SVS + AAm) was given.

As seen from Fig. 3a, it was observed that the equi-
librium swelling values of the hydrogels increased as the 
nAAm/nMBAA ratio increased. When the nAAm/nMBAA molar 
ratio was increased from 25 to 2000, it was observed that 

the equilibrium swelling value of the synthesized hydrogel 
in distilled water increased from 10.05 g H2O/g gel value 
to 69.57 g H2O/g gel value. In the polymerization reac-
tion, different amounts of crosslinker (nT/nMBAA: 25–2000 
ratios) were used to synthesize SVS-AAm copolymers at 
room temperature using the MSA-Ce(IV) initiator system, 

Fig. 3   Swelling behavior of 
multi-network SVS-AAm-
MBAA hydrogel with different 
compositions (nT/nMBAA): a 
nAAm: 0.075 mol and nSVS:0, 
b nAAm: 0.069 mol, nSVS: 
0.006 mol, nT: 0.075 mol and 
nSVS/nAAm: 0.087, c nAAm: 
0.065 mol, nSVS: 0.010 mol, 
nT: 0.075 mol, and nsvs/nAAm: 
0.154, d nAAm: 0.060 mol; 
nSVS: 0.015 mol; nT: 0.075 mol, 
and nsvs/nAAm: 0.250, e nAAm: 
0.050 mol, nSVS: 0.025 mol, 
nT: 0.075 mol, and nsvs/nAAm: 
0.500, f nAAm: 0.040 mol, nSVS: 
0.035 mol, nT: 0.075 mol, and 
nsvs/nAAm: 0.875, and g nAAm: 
0.035 mol, nSVS: 0.040 mol, nT: 
0.075 mol, and nsvs/nAAm: 1.143 
(T: SVS + AAm)

(a) (b)

(c) (d)

(e) (f)

(g)
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with 0.069 mol of AAm and 0.006 mol of SVS. The time-
dependent swelling curves of the obtained hydrogels in 
distilled water and their equilibrium swelling values are 
examined. In summary, the experimental results showed 
the relationship between the nAAm/nMBAA ratio and the 
equilibrium swelling values of hydrogels. It also provided 
details about the optimization design of SVS-AAm copoly-
mers with different amounts of crosslinker and their swell-
ing behavior in distilled water. In Fig. 3b, an increase in 
the nT/nMBAA ratio of the synthesized hydrogels from 25 to 
2000 resulted in an increase in the equilibrium swelling 
value from 16.38 to 1510.39 g H2O/g gel. In the polymeri-
zation reaction, different amounts of crosslinker (nT/nMBAA 
ratios of 25–2000) were used by taking 0.065 mol of AAm 
and 0.010 mol of SVS. Different amounts of crosslinking 
agent (nT/nMBAA: 25–2000 ratios) were used with AAm 
amount of 0.060 mol and SVS amount of 0.015 mol to 
synthesize SVS-AAm copolymers. The swelling equi-
librium values of the obtained hydrogels over time in 
distilled water were shown and the swelling equilibrium 
values were given in Fig. 3c. When the nT/nMBAA ratio of 
the synthesized hydrogels increased from 25 to 2000, 
the swelling equilibrium value increased from 15.53 to 
1341.54 g H2O/g gel. As seen in Fig. 3d, it was observed 
that the equilibrium swelling value of the synthesized 
hydrogels increased from 16.35 to 2063.61 g H2O/g gel. 
According to the experimental results (Fig.  3e), the 
equilibrium swelling value of the synthesized hydrogels 
increased from 11.84 to 866.92 g H2O/g gel value. Simi-
larly, as seen in Fig. 3f, the equilibrium swelling value 
of the synthesized hydrogels increased from 17.42 to 
312.18 g H2O/g gel value. Additionally, as observed from 
Fig. 3g, the equilibrium swelling value of the synthesized 
hydrogels increased from 14.45 to 81.47 g H2O/g gel value 
as the nT/nMBAA ratio of the hydrogels increased from 25 
to 100. The results shown in Figs. 3a–g indicates that 
there was a noticeable decrease in the equilibrium swell-
ing values as the amount of crosslinker increased while 
maintaining the monomer concentration constant. This is 
due to the fact that a higher density of crosslinks inside 
the gel is generated by a higher crosslinker concentration, 
which in turn reduces the distances between copolymer 
chain gaps. Because of this, the network structure can-
not expand as easily, which makes it difficult for water to 
enter and decreases the amount of water that the gels can 
absorb. This phenomenon can be explained through the 
fact that a higher crosslinker concentration results in a 
more tightly bonded polymer network with a smaller size, 
which restricts the diffusion of water molecules into the 
polymer gel matrix [42, 43].

In Fig. 4, swelling behavior of multi-network SVS-AAm-
MBAA hydrogel with different SVS compositions (nT/
nMBAA): (a) nMBAA: 3 × 10–3 mol, (b) nMBAA: 1.5 × 10–3 mol, 

(c) nMBAA: 7.5 × 10–4 mol, (d) nMBAA = 3 × 10–4 mol, (e) 
nMBAA = 7.5 × 10–5 mol, (f) nMBAA: 3.75 × 10–5 mol and nT: 
0.075 mol, respectively (T: SVS + AAm) was presented.

As seen in Fig.  4, the equilibrium swelling val-
ues of the synthesized gels increased from 44.71 to 
2063.60 g H2O/g gel in distilled water with the increase of 
nSVS/nAAm ratio, which corresponds to the increase in the 
amount of SVS in the gel. When the nSVS/nAAm ratio was 
0.087, the pure water equilibrium swelling value of the gel 
was 1510.39 g H2O/g gel, and when this ratio increased to 
0.154, which means an increase in the SVS content in the 
gel, the swelling equilibrium value of the gel was observed 
to be 1341.54 g H2O/g gel. Upon examining Fig. 4a–e, it was 
observed that while the amount of SVS increased, there was 
a decrease or no significant change in the swelling values and 
equilibrium swelling values of the gels synthesized using a 
high amount of crosslinker. The reason for the decrease in 
swelling values or lack of significant change is interpreted as 
the irregular network structure of the crosslinked polymers 
synthesized using a high amount of crosslinker. When exam-
ining experimental results, it can be seen that as the amount 
of SVS in the hydrogel increased, the equilibrium swelling 
values also increased. This can be explained by the increase 
in the number of ionic groups in the gel, which increases the 
interchain expansion and results in higher swelling values 
for the multi-network SVS-AAm-MBAA hydrogel.

Swelling Kinetic Models of the Multi‑Network 
SVS‑AAm‑MBAA Hydrogel

Figures 5 and 6 provide information regarding the swell-
ing kinetic models of SVS-AAm-MBAA hydrogel, which 
is composed of multiple networks. The graph exhibits the 
changes in hydrogel swelling over time, which are influenced 
by the concentration of MBAA and the ratio of SVS/AAm 
to crosslinker (MBAA). Different lines on the graph cor-
respond to various combinations of these factors. By exam-
ining the data presented in Figs. 5, 6, we can gain a better 
understanding of how changes in the key parameters, namely 
monomer/crosslinker ratios (AAm-MBAA: 25–2000) and 
MBAA concentrations (3 × 10–3  mol–3.75 × 10–5  mol), 
affect the swelling kinetics of the multi-network SVS-AAm-
MBAA hydrogel. In Fig. 5, the Voigt model graphs of SVS-
AAm-MBAA hydrogel at various AAm-MBAA ratios at 25, 
50, 100, 250, 1000, 1500, and 2000. In Fig. 6, Voigt model 
graphs of SVS-AAm-MBAA hydrogel with varying SVS-
AAm ratios: 0.087, 0.154, 0.250, 0.500, 0.875, and 1.143.

In Tables 2, 3, Voigt model parameters of hydrogels 
containing different amounts of cross-linker and SVS were 
given, respectively.

The findings from Tables 2, 3, obtained through cal-
culations using the Voigt kinetic model parameters, have 
provided ineresting insights into the behavior of the 
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SVS-AAm-MBAA hydrogel. The data clearly demonstrate 
that the hydrogel exhibited varying τ values depending on 
the AAm-MBAA and SVS ratios. Moreover, a distinct cor-
relation emerged between these ratios and the swelling rate 
of the hydrogel. Specifically, an increase in both the AAm-
MBAA and SVS ratios resulted in a gradual reduction in 
the hydrogel’s swelling rate. In simpler terms, higher AAm-
MBAA and SVS ratios were associated with a slower rate 
of swelling. These findings significantly enhance our under-
standing of the intricate relationship between the AAm-
MBAA and SVS ratios and their impact on the hydrogel's 
swelling behavior, as elucidated by the Voigt kinetic model.

Removal of Paracetamol by Multi‑Network 
SVS‑AAm‑MBAA Hydrogel

To investigate the effect of prepared hydrogels on the 
removal of paracetamol from an aqueous solution, vary-
ing amounts of copolymer (ranging from 0.02 to 0.15 g) 

were used in the experiment. To ensure the accuracy and 
reliability of the results, various factors that could affect 
the outcome of the experiment, such as the volume of 
the solution (10 mL), the concentration of paracetamol 
in the solution (20 ppm), temperature (293 K), and agi-
tation time (60 min.) were controlled. By changing the 
amount of copolymer and keeping the other factors con-
stant, the capacity of the hydrogel to remove paracetamol 
from the solution was evaluated by calculating kinetic 
model parameters, isotherm constants, and thermodynamic 
parameters. The experimental methodology used in this 
study was thorough and systematic, providing valuable 
insights into the performance of hydrogels with differ-
ent copolymer amounts for the removal of paracetamol. 
To determine the most effective copolymer composition 
for the hydrogel, various hydrogels were prepared with 
different amounts of nMBAA, nAAm, and nSVS/nAAm. The 
hydrogel with the highest swelling potential was chosen 
for the adsorption study, which involved weighing the dry 

Fig. 4   Swelling behavior of 
multi-network SVS-AAm-
MBAA hydrogel with differ-
ent SVS compositions (nT/
nMBAA): a nMBAA: 3 × 10–3 mol, 
b nMBAA: 1.5 × 10–3 mol, 
c nMBAA: 7.5 × 10–4 mol, 
d nMBAA = 3 × 10–4 mol, e 
nMBAA = 7.5 × 10–5 mol, f 
nMBAA: 3.75 × 10–5 mol and nT: 
0.075 mol (a) (b)

(c) (d)

(e) (f)
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gel at varying adsorbent amounts and measuring the % 
adsorption values of the adsorbents after being exposed 
to a 20 ppm paracetamol solution for 1 h in a shaker. The 
spectrophotometric measurement of the filtrate before and 
after absorption at a wavelength of 243 nm enabled accu-
rate determination of the absorption values. The results 
were presented in Fig. 7, which clearly shows the effect of 
changing the adsorbent dose on the % adsorption values.

The results in Fig. 7a demonstrate that increasing the 
amount of adsorbent leads to an increase in % adsorp-
tion values until equilibrium is reached at 0.05  g of 
adsorbent. Thus, future studies investigating the effects 
of temperature, time, and paracetamol concentration 
should use 0.05 g of adsorbent. Figure 7b illustrates the 
adsorption performance of the prepared hydrogel at dif-
ferent drug concentrations ranging from 0.0331 mmol/L 

Fig. 5   Voigt model graphs of 
SVS-AAm-MBAA hydrogel 
with varying AAm+SVS-
MBAA ratios: 25(1), 50(2), 
100(3), 250(4), 1000(5), 
2000(6), and 1500(7). Black 
square (1), black circle (2), 
black triangle (3), black 
down-pointing triangle (4), 
black diamond suit (5), black 
left-pointing triangle (6), black 
right-pointing triangle (7)

(a) (b)

(c) (d)

(e) (f)

(g)



174	 Journal of Polymers and the Environment (2024) 32:164–181

1 3

to 0.1984  mmol/L. The % adsorption value increased 
by 25.79% and 51.04% respectively, indicating a higher 
adsorption capacity at higher drug concentrations. A math-
ematical model known the Freundlich isotherm is used to 
explain how solutes adsorb to the surfaces of adsorbents. 
The experimental results showed that the adsorption pro-
cess followed the Freundlich isotherm model, with a KF 
value of 1.248 mmol/g and an “n” value of 1.757 indicat-
ing successful adsorption (Fig. 7c). However, plotting the 
Ce/qe values against Ce in Fig. 7d did not result in a linear 
relationship, indicating that the values obtained using the 
hydrogel as an adsorbent and varying paracetamol concen-
trations did not fit the Langmuir isotherm. In Table 4, the 
calculated results of parameters of isotherm, kinetic and 
thermodynamic equations for the adsorption paracetamol 
on hydrogel from aqueous solutions were given.

The adsorption energy for paracetamol adsorption onto 
the hydrogel at 30 °C was found to be 6 kJ/mol, indicat-
ing an active adsorption mechanism that is close to the 
chemical adsorption value of 8 kJ/mol (Fig. 7e). Based on 
these observations, it can be concluded that the adsorption 
process is primarily a chemical adsorption. The graph in 
Fig. 7f shows that as the duration of paracetamol adsorp-
tion onto the hydrogel increases, the adsorption rate ini-
tially increases rapidly. Subsequently, the rate of increase 
slows down in the second stage, and equilibrium values 
are reached within 30–60 min. The adsorption value at 
60 min is considered as the equilibrium adsorption value. 
We evaluated the experimental results and applied the 
modified Freundlich kinetic model. The kinetic equation 
constants were calculated as a: 9.11 × 10–3 and b: 0.0968 
(Fig. 7g). However, the low correlation coefficient was 

Fig. 6   Voigt model graphs of 
SVS-AAm-MBAA hydrogel 
with varying SVS-AAm ratios: 
0.087(1), 0.154(2), 0.250(3), 
0.500(4), 0.875(5) and 1.143(6). 
Black square (1), black circle 
(2), black triangle (3), black 
down-pointing triangle (4), 
black diamond suit (5), black 
left-pointing triangle (6)

(a) (b)

(c) (d)

(e) (f)
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observed, indicating that the model did not fit well with 
the experimental data. Later, we tried to fit the modi-
fied Freundlich kinetic model obtained over time, and 
found that R2 was 0.945, which is a relatively high value 

indicating a good fit between the model and the experi-
mental data over time. According to results (Fig. 7h), 
the hydrogel's initial adsorption rate was determined to 
be A = 8.1 × 106, and the adsorption constant was found 

Table 2   Voigt model parameters of hydrogels containing different amounts of cross-linker

nAAm+SVS/nMBAA �(h) R2

nAAm: 0.075 mol and nSVS: 0 mol
 25 2.54 0.964
 50 2.95 0.861
 100 2.86 0.957
 250 4.88 0.961
 1000 15.06 0.982
 1500 26.04 0.979
 2000 21.93 0.981
nAAm: 0.069 mol, nSVS: 0.006 mol, nT: 0.075 mol, and nSVS/nAAm: 0.087
 25 4.95 0.952
 50 6.03 0.979
 100 3.47 0.987
 250 8.43 0.982
 1000 25.13 0.966
 2000 172.41 0.953
nAAm: 0.065 mol, nSVS: 0.010 mol, nT: 0.075 mol, and nSVS/nAAm: 0.154
 25 3.20 0.965
 50 2.64 0.974
 100 3.28 0.994
 250 1.17 0.947
 1000 33.46 0.977
 2000 64.52 0.940

nSVS+AAm/nMBAA �(h) R2

nAAm: 0.060 mol, nSVS: 0.015 mol, nT: 0.075 mol, and nsvs/nAAm: 0.250
 25 2.43 0.984
 50 3.08 0.981
 100 3.75 0.944
 250 17.61 0.938
 1000 70.42 0.946
nAAm: 0.050 mol, nSVS: 0.025 mol, nT: 0.075 mol, and nsvs/nAAm: 0.500
 25 2.14 0.968
 50 2.55 0.987
 100 5.50 0.979
 250 37.74 0.966
 nAAm: 0.040 mol, nSVS: 0.035 mol, nT: 0.075 mol, and nsvs/nAAm: 0.875
 25 3.94 0.935
 50 1.85 0.986
 100 12.59 0.977
 250 32.05 0.992
nAAm: 0.035 mol, nSVS: 0.040 mol, nT: 0.075 mol, and nsvs/nAAm: 1.143
 25 3.11 0.987
 50 4.13 0.996
 100 5.95 0.979
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to have the value B = 1 × 10–3. The resulting correla-
tion coefficient values, however, were found to be poor 
when the adsorption data obtained through time was fit-
ted to the Elovich kinetic model. The equilibrium initial 
adsorption rate increased with an increase in the initial 
paracetamol concentration, according to the analysis of 
the effect of the starting paracetamol concentration on 
the adsorption process. This implies that the hydrogel 
can absorb paracetamol at higher starting concentrations 
with greater efficiency. The rate at which paracetamol is 
absorbed onto the hydrogel is represented by the adsorp-
tion rate constant, which decreases with increasing starting 

concentration. This decline suggests the possibility that 
the hydrogel's ability to adsorb substances at greater 
concentrations may have been constrained or saturated, 
which would explain the decreased rate of adsorption. 
In order to maximize the adsorption process, a balance 
must be found between the initial paracetamol concen-
tration and the hydrogel's capacity for adsorption. As a 
result, when the paracetamol adsorption data obtained 
over time on hydrogel were applied to the pseudo-first-
order kinetic rate model, the rate constant was found to be 
k = 0.224 L/min and the amount of paracetamol adsorbed 
onto the hydrogel was qe = 3.69 × 10–3 mmol/g. However, 

Table 3   Voigt model parameters of hydrogels containing different amounts of SVS

nSVS/nAAm �(h) R2

nMBAA: 3 × 10–3 mol and nT: 0.075 mol
0.087 4.95 0.952
0.154 3.20 0.965
0.250 2.43 0.984
0.500 2.14 0.968
0.875 3.94 0.935
1.143 3.11 0.987
nMBAA: 1.5 × 10–3 mol and nT: 0.075 mol
0.087 6.03 0.979
0.154 2.64 0.974
0.250 3.08 0.981
0.500 1.85 0.981
0.875 2.55 0.986
1.143 4.13 0.987
nMBAA: 7.5 × 10–4 mol and nT: 0.075 mol
0.087 3.47 0.986
0.154 3.28 0.994
0.250 3.71 0.944
0.500 5.50 0.979
0.875 12.59 0.977
1.143 15.95 0.979

nSVS+AAm/nMBAA �(h) R2

nMBAA: 3 × 10–4 mol and nT: 0.075 mol
0.087 8.43 0.982
0.154 11.72 0.947
0.250 17.61 0.938
0.500 37.74 0.957
0.875 32.05 0.992
nMBAA: 7.5 × 10–5 mol and nT: 0.075 mol
0.087 25.13 0.966
0.154 34.60 0.977
0.250 70.42 0.946
nMBAA: 3.75 × 10–5 mol and nT: 0.075 mol
0.087 172.41 0.952
0.154 64.52 0.940
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when the time-dependent adsorption data was applied to 
the pseudo-first-order kinetic model, a very good correla-
tion coefficient (R2 = 0.989) value was not obtained (in 
Fig. 7i). The t/qt graph drawn against time in the appli-
cation of the adsorption data to the pseudo-second-order 
kinetic model is given in Fig. 7j. The adsorption rate con-
stant obtained from the slope and intercept values of the 

graph was k = 129.81 g/mmol min and the equilibrium 
adsorption capacity value was qe = 1.23 × 10–2 mmol/g. 
Upon examination of the results, it can be observed that 
the correlation coefficient obtained by applying the time-
dependent adsorption data to the pseudo-second-order 
kinetic model is quite high (R2 = 0.999). Therefore, it 
can be said that the adsorption kinetics fits much better 

Fig. 7   The effect of a adsorbent dose, b drug concentration, Isotherms c Freundlich, d Langmuir, e D-R, f the effect of contac time, g modified 
Freundlich, Kinetic model h Elovich, i pseudo-first-order, j pseudo-second-order, k effect of temperature, l 1/T-ln Kd graph
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to the pseudo-second-order kinetic model than to other 
models. Thermodynamic parameters related to paraceta-
mol adsorption onto hydrogel was given. The temperature 
dependence of paracetamol adsorption onto the copolymer 
was examined to calculate the thermodynamic parameters 
of adsorption. ∆H°, ∆G°, and ∆S° values were calculated. 
The ∆H° value was found to be − 56.37 kJ/mol, the ∆S° 
value was − 0.162 kJ/mol K, and the ∆G° values were 
calculated as − 103.9 kJ/mol at 283 K, − 105.6 kJ/mol at 
293 K, and − 107.2 kJ/mol at 303 K. As the ∆H° value of 
the reaction is negative, it is an exothermic reaction. When 
the data is examined, the reaction takes place spontane-
ously at values where ∆G° and ∆S° are less than zero.

In literature Safarzadeh et al. reported the adsorption abil-
ity evaluation of the poly(methacrylic acid-co-acrylamide)/
cloisite 30B nanocomposite hydrogel as a new adsorbent for 
cationic methylene blue (MB) dye removal [44]. In another 
study, Zhao et al. developed novel acrylamide/acrylic acid 
cellulose hydrogels for the adsorption of heavy metal ions 
(Cu (II), Pb (II) and Cd (II) ions) [45]. Dave et al. investi-
gated metformin hydrochloride drug removal performance 
of the gum ghatti-cl-poly(N-isopropyl acrylamide-co-
acrylic acid)/CoFe2O4 nanocomposite hydrogel [46]. In 
the research papers reported in the literature, the adsorption 
capacity of various hydrogels for different pollutants was 
investigated. Our investigation of a copolymer's adsorption 
behavior for removing paracetamol, a widely used phar-
maceutical substance, from aqueous solutions, however, is 
novel in this study. Our research offers crucial light on the 
thermodynamics of paracetamol adsorption onto the pro-
duced hydrogel, which showed a high capacity for paraceta-
mol adsorption.

The redox reaction between MSA and Ce(IV) dissolved 
in a sulfuric acid solution leads to the formation of radicals 

through one-electron transfer. The radical formation reac-
tion between MSA and Ce(IV) in an acid-aqueous medium 
was previously described in studies [47, 48]. The chemical 
mechanisms for the formation in the crosslinking copolym-
erization of SVS-AAm-MBAA are shown in Fig. 8.

The multi-network SVS-AAm-MBAA hydrogel has the 
potential to create effective adsorbent materials for phar-
maceutical uses, particularly removing paracetamol from 
contaminated water sources. However, as with any new 
material, there are potential limitations that need to be 
addressed before it can be widely used in practical applica-
tions. In addition to the long-term durability and stability 

Table 4   The calculated results of parameters of isotherm, kinetic and thermodynamic equations for the adsorption paracetamol on hydrogel from 
aqueous solutions

Freundlich Isotherm log qe = log 
Kf + nlog Ce

C0 (mmg/L) KF (mmol/g) n R2

5, 10, 15, 20, 30 1.248 1.757 0.990
Duninin Radushkevich (D-R) Isotherm 

ln qe = ln qm − Kɛ2
C0 (mmg/L) qm (mmol/g) E = (− 2 K)1/2 (kJ/mol) R2

5, 10, 15, 20, and 30 38.59 6 0.992
Modified Freundlich kinetic equation ln 

qt = ln a + b ln t
C0 (mmg/L) a b R2

20 9.11 × 10–3 0.0968 0.945
Elovich kinetic equation qt = (1/B) ln 

(AB) + (1/B) ln t
C0 (mmg/L) A B R2

20 8.10 × 106 1 × 103 0.950
Pseudo-first order kinetic equation C0 (mmg/L) qe (mmol/g) k1 (min−1) R2

ln(qe–qt) = ln qe − kt 20 0.224 3.69 × 10–3 0.989
Pseudo-second order kinetics equation 

t/qt = 1/kqe
2 + (1/qe) t

C0 (mmg/L) qe (mmol/g) k2 (g/mmol min) R2

20 1.23 × 10–2 129.81 0.999
Thermodynamic parameters ln 

KD = ∆S0/R − ∆H0/RT, Δ�0 = Δ�0

− T Δ�0

C0 (mmg/L) ∆H° (kJ/
mol)

∆S° (kJ/mol K) ∆G°283 (kJ/mol) ∆G°293 (kJ/
mol)

∆G°303 (kJ/mol)

20 − 56.37 − 0.162 − 103.9 − 105.6 107.2

Fig. 8   Product formation mechanism of SVS-AAm- MBAA hydrogel
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of the hydrogel under different environmental conditions, 
it is important to consider any potential negative impacts 
on water quality. Despite these limitations, this study pro-
vides important insights into the potential of the SVS-AAm-
MBAA hydrogel as an efficient adsorbent for pharmaceuti-
cal chemicals. By acknowledging and addressing potential 
drawbacks, we can work towards optimizing the use of 
hydrogels in water treatment and creating environmentally 
sustainable water filtration techniques. Overall, this study 
contributes to our understanding of creating efficient and 
sustainable water treatment methods, which is crucial for 
addressing the global challenge of water pollution.

Conclusion

In conclusion, we showed that the multi-network SVS-AAm-
MBAA hydrogel was successfully synthesized employing 
the Ce(IV)-MSA initiator system, leading to an increase 
in water absorption capacity. The experiment also showed 
that lowering the cross-linker concentration increased the 
swelling equilibrium values in AAm hydrogels begun using 
Ce(IV) sulfate-mercaptosuccinic acid without SVS. Addi-
tionally, the hydrophilic groups on SVS caused an increase 
in swelling values following its addition to the copolymeric 
system up to a point. SEM analysis evaluated the surface 
morphology of the pure AAm/SVS/MBAA hydrogel and 
paracetamol-loaded AAm/SVS/MBAA hydrogel, confirming 
their structural homogeneity and partial smoothness. Sig-
nificant changes in surface properties were observed due 
to paracetamol adsorption, with noticeable differences in 
surface roughness between the drug-loaded and pure hydro-
gels. These findings suggest an interaction between the drug 
molecules and the hydrogel matrix, potentially leading to 
surface adsorption. The study demonstrates the synthetic 
copolymer's potential as an efficient adsorbent for removing 
paracetamol from aqueous solutions, suggesting possibilities 
for water treatment. However, several factors, including raw 
material accessibility, synthesis approach, and contaminant 
removal effectiveness need to be considered to establish the 
viability of producing hydrogels on a wide scale for water 
treatment. All these factors can be considered in future 
study, which will then perform a cost–benefit analysis to 
determine whether making hydrogels for water treatment is 
economically feasible. This study highlights the potential 
of high-performance copolymers to address environmental 
issues including water pollution and advances the develop-
ment of these materials for a variety of materials science 
applications.
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