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polysaccharide through the copolymerization of methacrylic acid (MAA) 
and crotonic acid (CA) monomers via free-radical grafting in the presence 
of functionalized single-walled carbon nanotubes (SWCNTs-COOH). The 
resulting hydrogel composite, designated as SA-g-poly(MAA-co-CA)/
SWCNTs-COOH, was prepared using N,[N′-methylene bis-acrylamide 
(MBA) as the crosslinker and potassium persulfate (KPS) as the initiator. 
The primary objective was to develop a novel adsorbent exhibiting 
enhanced adsorption capacity, superior swelling behavior, and improved 
reusability for the efficient removal of Safranin-O dye from aqueous 
solutions. The structural and surface characteristics of the composite, 
along with its adsorption interactions, were systematically analyzed using 
FTIR, XRD, FESEM, and TGA. The composite exhibited a point of zero 
charge (pHpzc) of 3.4 and a swelling capacity of up to 3950% at neutral 
pH (pH 7). The influence of various operational parameters—including 
adsorbent dosage, pH, temperature, contact time, and ionic strength—was 
thoroughly investigated at an initial dye concentration of 200 mg/L. Under 
optimal conditions (30 °C, pH 7, 0.05 g adsorbent, and 90 min equilibrium 
time), the hydrogel achieved a maximum removal efficiency of 99.20%. 
Increasing ionic strength was found to reduce adsorption efficiency. The 
adsorption process followed the Freundlich isotherm model and was 
best described by pseudo-second-order kinetics, with the maximum 
adsorption capacity determined as 366.34 mg/g. Thermodynamic studies 
indicated that the adsorption was spontaneous and endothermic in nature. 
Furthermore, the hydrogel composite demonstrated excellent reusability, 
maintaining an adsorption efficiency above 81.4% after five successive 
cycles.
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INTRODUCTION
Pollution of the waters is the most important 

ecological problem since there is a scarcity of 
drinking water [1]. Water contamination puts 
both human and other living creatures’ health at 
danger. A recent problem that needs to be handled 
immediately in order to preserve the planet and 
its people for future generations is the rapidly 
growing global contamination of natural resources 
[2-3]. Among the several forms of organic 
and inorganic pollutants that are concerning 
due to their high persistence, capacity to bio 
accumulate in organisms, and harmful effects on 
the environment are drugs, organic dyes, steroid 
hormones, pesticides, and toxic metals [4]. The 
most widely utilized molecules globally are 
synthetic dyes [5]. Due to many different kinds of 
manufacturing processes, the dyes are released 
into water. examples involve printing purposes 
coloring fabric, pigmented ink and other related 
industries. [6]. SF dye may result in negative health 
outcomes as nasal asthma, allergic reactions, and 
retinal feeling uncomfortable [7]. Wastewater 
from these companies, especially in rural locations, 
is discharged into agricultural fields or aquatic 
bodies. Safranin-O dyes are utilized for coloring. 
Consequently, it contaminated agricultural lands 
and drinking water supplies [8]. Safranin-O dye 
is nonvolatile and highly dissolves in water. It is a 
cationic dye of the imine group and has a red hue 
[9]. It is carcinogenic and hazardous7. Flocculation, 
reverse osmosis, filtering via membranes, photo 
degradation, biological removal, adsorption, and 
precipitation with chemicals were the primary 
techniques used to treat dyes [10]. Although these 
treatment techniques offer certain options for dye 
wastewater when compared to adsorption, they 
also have disadvantages such as low effectiveness, 
high poisoning of breakdown products, and high 
cost [11]. The most common of these chemical 
techniques for treating water is adsorption, which 
offers benefits including ease of use, high process 
efficiency, reusability of adsorbent materials, 
and the absence pollution Hydrogel products are 
composed of polymer components that have 
the ability to hold a large amount of water in 
their three-dimensional natural networks due 
to their hydrophilic composition [13]. Hydrogels 
made of natural polymers, such as proteins and 
polysaccharides that are obtained from plants or 
animals are essential for encasing pesticides [14]. 
Sodium alginate and sodium ions can create stable 

networks for regulated pesticide release [15]. 
Chitosan, which is formed from chitin, responds to 
pH changes by expanding and mixing with other 
polymers to regulate release levels [16-17]. Smart 
hydrogels, which combine the functionalities of 
polymers that act as a skeleton to extend the basic 
functional properties of hydrogels, have recently 
attracted more attention. These hydrogels have 
stimuli sensitivity to a variety of environments, 
including temperature, light, electricity, pressure, 
CO2, and pH. This composite hydrogel’s different 
components allow it to exhibit a range of properties 
[18]. Composite hydrogels are able to perform a 
variety of tasks by combining different polymers. 
Several neutral, cationic, and anionic monomers 
are combined to generate a composite polymer 
hydrogel [19]. Numerous thorough evaluations 
of the mechanical and other characteristics of 
composite hydrogels, as well as their uses, have 
been published. Hydrogels made from natural 
polymers have advantages as primary ingredients 
because of their molecular binding ability, 
biocompatibility, biodegradability, tenability, 
and bioactive properties. The hydrogel synthesis 
uses natural polymers, such as polysaccharides, 
which are found in nature. Hydrogel can be made 
from polysaccharides. For example, alginate, 
collagen, and gelatin have all been used in the 
production of biomaterials. Natural-source 
hydrogels are more favorable because polymer 
hydrogels have been limited in their application 
for numerous sustainability and safety concerns 
due to their biodegradability and probable 
toxicity [20]. nanomaterial’s exhibit exceptional 
physicochemical characteristics, primarily because 
of their high specific surface area elevated 
reactivity, which facilitate efficient molecular 
interactions and improve functional performance. 
These inherent properties have made it possible 
for the synthesis of sophisticated nanocomposites 
through the integration of diverse functional 
additives. Such additives encompass an extensive 
variety of inorganic compounds both naturally 
derived and synthetically produced including clay 
minerals like silica, bentonite, montmorillonite, 
and kaolinite [21]. Additionally, carbon-based 
nanostructures, Particularly, carbon nanotubes 
with one or more walls (SWCNTs and MWCNTs) 
are frequently included due to their unique 
morphology and physicochemical stability [22]. 
Organic materials, particularly natural polymers, 
are also employed to further tailor the properties of 
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the resulting composites. The primary motivation 
behind the incorporation of these constituents 
lies in enhancing the adsorption properties of 
the composite materials. Thanks to their porous 
nature and complex structural configurations, 
nanomaterial is capable of strong interactions with 
a wide array of substances, particularly organic 
pollutants. This structural advantage leads to 
improved adsorption performance and increased 
effectiveness in pollutant removal applications. 
Carbon nanotubes serve as a prominent example 
within this class of materials [23]. Their distinctive 
structural and surface characteristics that make 
them very efficient.in augmenting the adsorption 
capacity of composites and participate significantly 
to the efficient reduction of pollutant from 
aqueous environments molecules by staking with 
π–π [24]. In this study, the SA grafted poly (MAA-
co-CA-) SWCNTs-COOH acid hydrogel adsorbent 
shown exceptional adsorption capability and was 
able to adsorb Safranin O dyes simultaneously. 
Nevertheless, the adsorption mechanism in this 
investigation differed from other findings, during 
adsorption mechanisms. Through the Safranin O 
dye electrostatic interaction, physical adsorption 
was achieved. Chemisorption relied on the 
hydrogel adsorbent’s carboxyl, amino, and dye 
molecules chelating with one another.

MATERIALS AND METHODS
Chemicals

Before to use, neither of the chemicals 

undergone any more purification, the Sodium 
alginates. Provided Merck, located in) Darmstadt, 
Germany (and cheap tubes USA supplied SWCNTs- 
COOH that has a length of 5–20 um, an outside 
diameter of less than 8 nm, an internal diameter 
of 2–5 nm, and a purity > 95%. crotonic acid (AA, 
99%) was supplied by CDH Chemical Co. in India. 
Macklin Biochemical Co., Ltd. provided Methacrylic 
acid (MAA, 99%). Macklin Biochemical Co., Ltd., 
Shanghai, China, provided the initiator potassium 
per sulphate (KPS, 99%) and N, N’-methylene bis-
acrylamide (MBA, 99%). The source safranin-O 
(SF)  dye C20H19ClN4 was Sigma Aldrich Chemical 
Company. We purchased CaCl2, NaCl, NaOH, and 
HCl from Merck. 

Synthesis of Sodium Alginate Grafted Poly (MAA-
co-CA acid)-SWCNT-COOH Hydrogel

A quantity of 0.05 g of carboxyl-functionalized 
single-walled carbon nanotubes (SWCNTs–COOH) 
was dispersed in 10 mL of deionized water using 
ultra sonication for 30 minutes to ensure uniform 
dispersion. The resulting suspension was then 
gradually added to a pre-prepared solution of 
sodium alginate (0.5 g dissolved in 30 mL of 
deionized water) under continuous stirring. The 
mixture was subsequently heated to 60 °C under 
a nitrogen atmosphere to prevent oxidative 
degradation. following thermal equilibration, 
0.7 g of acrylic acid and 0.7 g of methacrylic acid 
each previously dissolved in 5 mL of deionized 
water were introduced into the reaction mixture 

 

  

Fig. 1. Diagrammatic illustration of the synthesis pathway for sodium alginate-g-poly(MAA-co-CA) incorporated with SWCNTs-COOH.
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along with 0.05 g of N,N’-methylenebisacrylamide 
(MBA) as a crosslinking agent. The entire mixture 
was stirred at ambient temperature for 30 
minutes to achieve homogeneity. The prepared 
solution was then carefully transferred into test 
tubes and subjected to a water bath at 70 °C for 2 
hours to initiate and complete the polymerization 
process. Upon completion, the former hydrogel 
composite rods were extracted from the test tubes 
and sectioned into uniform disc shapes using a 
sharp-edged blade. To eliminate any unreacted 
monomers or impurities, the discs were washed 
in a water–ethanol solution for 30 minutes. The 
washing solution was replaced periodically until a 
neutral pH was reached, ensuring the removal of 
residual contaminants. Finally, the hydrogel discs 
were thoroughly dried in an oven at 60 °C to obtain 
the final product. The procedures for preparing 
hydrogel composites are depicted in Fig. 1.

Characterization
Infrared spectrum employing Fourier transform 

(FT-IR) was carried out employing Shimadzu 
instrument (Japan) over the range of frequencies 
400–4000 cm⁻¹ at a resolution of 8400 s⁻¹ to 
investigate the functional groups present in the 
hydrogel composite both before and after the 
adsorption of Safranin-O (SF) dye. This analysis 
aimed to elucidate the chemical interactions and 
potential changes in surface functionalities due 
to the adsorption process. The morphology of 
surface and microstructural characteristics of the 
hydrogel composite were investigated using (SEM, 
MIRA3, Tescan, Czech Republic, Iran) ran at an 
accelerating voltage of 25 kV, enabling superior 
resolution imaging of the nanocomposite surface. 
Crystallinity and phase composition of the hydrogel 
composite were assessed using X-ray diffraction 
(XRD) analysis with a Shimadzu XRD-6000 diffract 
meter (Japan). Cu Kα radiation (λ = 1.5406 Å) was 
used as the X-ray source, and diffraction patterns 
were recorded over a 2θ range of 10°–80°, allowing 
the identification of structural changes induced by 
composite formation or dye interaction. Thermal 
stability and decomposition behavior of the 
synthesized hydrogel composite were evaluated 
using a thermo gravimetric analyzer (TGA 4000, 
PerkinElmer), providing insights into the thermal 
resistance and degradation profile of the material 
under controlled heating conditions. UV–Vis 
spectroscopic analysis of the SF dye adsorption 
process and associated parameters was employed 

a double-beam UV-Vis spectrophotometer (UV-
1800, the Shimadzu company, Japan) for the 
purpose. This analysis facilitated the monitoring 
of dye concentration changes and adsorption 
efficiency under varying experimental conditions. 

Swelling Ratio dependence on pH
The pH-responsive behavior of the synthesized 

hydrogel composite was evaluated through 
systematic swelling studies. dried hydrogel 
samples, each with a known weight of 1 g, were 
immersed in 100 mL Solutions of buffer with 
varying the pH readings are 1.2, 5.0, 7.4, and 10.0 
at ambient temperature to simulate different 
physiological and environmental conditions. 
At certain intervals of time, specimens were 
removed from the swelling media, gently blotted 
with filter paper to remove surface moisture, and 
immediately weighed using a precision electronic 
balance. This procedure was carried out repeatedly 
until no further weight increase was observed, 
indicating that the hydrogel had reached its 
equilibrium swelling state. Equation was utilized 
to compute the swelling percentage (%).

Swelling ratio (%) =  WS − Wd
Wd

× 100 

  

              

                                                                                       (1)

Where: Wd is the dry hydrogel composite’s 
initially weight., Wt is the hydrogel’s weight at a 
specific moment following swelling [25].

Point of Zero Charge (pzc)
The point of zero charge (pHpzc) of the 

synthesized hydrogel composite was determined 
using the pH drift method. A series of 150 mL conical 
flasks were prepared, each containing 50 mL of 
deionized water. The initial pH values (pHi) of the 
solutions were adjusted within the range of 2–11 
using 0.1 M NaOH and 0.1 M HCl. Subsequently, 
0.05 g of the dried hydrogel composite was added 
to each flask. The suspensions were shaken at 130 
rpm for 24 h at ambient temperature to achieve 
equilibrium. After the contact period, the final 
pH values (pHf) were recorded. The difference 
between the initial and final pH values (ΔpH = pHi 
− pHf) was calculated, and a plot of ΔpH versus pHi 
was constructed. The point at which ΔpH equals 
zero was identified as the pHpzc of the composite, 
representing the neutral surface charge condition 
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[26].

Adsorption study
At a fixed the starting concentration was 100 

mg.L⁻¹. Safranine (SF) dye, a systematic optimization 
of critical adsorption parameters was conducted 
to elucidate factors governing the adsorption 
performance of the hydrogel composite. The 
investigated variables encompassed adsorbent 
dosage (0.01–0.11 g), adsorption, and contact 
duration (1–200 min) temperature (10–45 °C), and 
solution pH (2–10). The pH of the SF dye solutions 
was precisely adjusted via titration using 0.1 M 
NaOH and 0.1 M HCl. In each batch adsorption 
experiment, the hydrogel composite weighed 
0.05 g was introduced into 50 mL Flasks made by 
Erlenmeyer that contain 15 mL of SF dye solution 
at the predefined initial concentration. The flasks 
were incubated on a shaker of orbit operating at 
130 rpm until the equilibrium of adsorption was 
reached. Subsequent to the adsorption period, 
the suspensions were subjected to centrifugation 
at 5000 rpm for 10 minutes to separate the 
hydrogel composite from the solution phase. The 
supernatant’s remaining SF dye concentration 
was quantified by UV–Vis. spectrophotometry at 
the dye’s absorption maximum (λmax = 519 nm). 
Equations (2) and (3) were used to calculate the 
equilibrium adsorption capacity (qe) and adsorption 
efficiency (R %), respectively. Enabling quantitative 
evaluation of the hydrogel composite’s sorption 
performance towards SF dye [27].

Adsorption Kinetic 
Kinetic analyses provide critical understanding 

of the rate-determining steps, equilibrium 
behavior, and overall adsorption dynamics. 
The experimental findings in this work were 
interpreted using pseudo-first-order and pseudo-
second-order kinetic models. The fictitious initial 
order model of kinetics, originally developed by 
Laguerre, is represented by Eq. 2.

ln (qe − qt) = ln qe − K1. t                       

  

                                  (2)

Where qe represents the dye adsorbed quantities 
upon the hydrogel equilibrium composite in 
(mg/g), qt represents the drug adsorbed amounts 
upon the hydrogel time-composite (mg/g), as well 
as First-order adsorption rate constant (min−1) 
is denoted by k1. The intercept and slope of the 
linear graph of ln(qe-qt) and t were utilized to 

find the computed qe value, the coefficient of 
correlation (R2), and the rate constant of the first 
order (k1) as demonstrated in Fig. 7a. The kinetic 
model of pseudo-second order was applied. For 
further analyzing the data related to kinetics[28] 
This model is laid out in Eq. 3:

t
qt

= 1
K2 .qe2

+ 1
qe

. t                                                       (3)

The rate constant for second-order adsorption 
(g/mg min) is represented by k2, while the amounts 
of SF dye adsorbed into the hydrogel composite at 
equilibrium (mg/g) are shown by qe and k2 were 
the equilibrium adsorption values.

Adsorption Isotherm
The isotherms of adsorption of SF dye were 

investigated in order to clarify the potential 
for adsorption of hydrogel composite during a 
variety of temperatures (15, 25, 30, and 35°C), 
with a dosage of adsorbent 0.05 g, pH of 7, and 
contact time of 90 min. The amount of adsorbed 
dye was studied using dye concentrations ranging 
from 50 to 500 mg/L. At a given concentration, 
the amount of adsorbed dye increased with a 
rising primary concentration until equilibrium was 
reached. To describe the experimental data in the 
present research, two linear isotherms were used: 
Langmuir and Freundlich, Fig. 7b represents the 
outcomes of the experiment. Additionally, (Table 
2) offers isotherm parameter values. In accordance 
Adsorption using a Langmuir isotherm model 
happens on a single-layer or a fixed amount of 
adsorption locations, each of which has an equal 
energy, and the adsorbent structure is assumed to 
be homogenous. The Langmuir isotherm’s linear 
illustration can be described as follows Eq. 4:

Ce
qe

= 1
qmax . KL

+ ( 1
qm

) . Ce 

  

                                   (4)

The adsorbate’s equilibrium concentration 
(mg/L), Langmuir adsorption constant (L/mg), 
equilibrium adsorption amount (mg/g), and 
predicted maximum adsorption capacity of the 
monolayer (mg/g) are represented by the variables 
Ce, qe, and KL. Drawing Ce⁄qe vs. Ce will reveal the 
Langmuir variables, as shown in Fig. 8a.

The Freundlich isotherm clarifies an adsorption 
mechanism with a heterogeneous surface as well 
as multilayered structure[29]. Eq. 5 defines the 
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Freundlich isotherm:

logqe = logKf +   1  
n logCe 

  

                                    
                                                                                        (5)

Freundlich parameters associated with 
adsorption strength are denoted by n, and The 
Freundlich adsorption constant (mg/g) is Kf. The 
intercept and slope were used to determine the 
Kf and n values, respectively., via plotting logqe 
against log Ce.

Thermodynamic Behavior 
By calculating several thermodynamic variables, 

such as standard change in entropy (ΔS°), standard 
change in enthalpy (ΔH°), and standard change in 
free energy (ΔG°), the efficacy of SF dye removal 
over the hydrogel composite is investigated. 
Temperatures ranging from 15 to 35°C were used 
for the experiments. The direction and viability 
of SF dye adsorption utilizing The hydrogel-
based composite was evaluated by means of the 
thermodynamic coefficients. The thermodynamic 
coefficients for the adsorption process were 
determined using the following formulas (Eqs. 6-8) 

[30].

∆G0 = −RTlnKd 

  

                                            (6)

lnKd = ∆S0

R −  ∆H0

RT  

  

                                     (7)

Kd =   qe    
Ce

                                                        (8)

Where T is the operating temperature in 
Kelvin (K), R is the gas equilibrium constant 
(8.314 J/mol.K), and Kd is the equilibrium of 
thermodynamics constant. We will compute the 
free energy change (ΔG°) using Equation (8). The 
Van’t Hoff plots of lnKd vs 1/T (Fig. 9) were used 
to measure the changes in entropy (ΔS°) and 
enthalpy (ΔH°). The slop (-∆H°/R) and intercept 
(∆S°/R) [31].

RESULTS AND DISCUSSION
Analysis of FTIR

Before and after dye adsorption, an FTIR study 

 

  
Fig. 2. FTIR spectra of (A) hydrogel composite, (B) SO dye and (C) hydrogel composite After SO dye 

adsorption.
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was performed on the sodium alginate-g-poly 
(MAA-co-CA) hydrogel weight ratio (1.295%). The 
study’s findings indicated the existence of many 
different organic functions, with the majority of 
oxygen, containing functional grouping such OH, 
COOH, and C-OH. The peak of the broad band 
of  at 3560 cm−1, 3350 cm−1, and 3412cm−1 due 
to the stretching vibrations of the hydroxyl (OH) 
group. Conversely, peaks in the 2939cm−1 region 
show that -CH2 asymmetric stretching is present. 
Additionally, the peaks at 1744cm−1, 1732cm−1 

correspond to the carbonyl group’s (C=O) 
vibrations of the carboxylic acid group. The peaks 
in 1665 cm−1 due to C=N whereas1612 cm−1 due 
to (C=C) in SF dye. the peaks 1732 cm−1 and 1616 
cm−1 due to C=O and C=C respectively of hydrogel 
with SF dye indicate take place adsorption [32,33]. 
The peaks at 1531 cm−1, 1442.40 cm−1 and 1412 
cm−1 certify the presence of carbon-to-carbon (C-
C) bending vibrations, while the peaks at 1332 
cm-1 indicate the existence of carbon-to-nitrogen 
(C-N) bond vibrations in SF dye. Additionally, the 
aromatic rings -OH stretching vibrations were 
observed at wave numbers 1192cm−1, 1162cm−1, 
and 1152 cm−1. Additionally, At 1016 cm−1 and 1032 

cm−1, the tiny peaks represent the aliphatic C-O 
stretching vibrations. ratio of net hydrogel weight 
(1.295%) occurs, which is evident from the bands 
that showed up at 3473 cm-1 after dye adsorption. 
Furthermore, the height and intensity of the 
bands that first formed at 1732cm−1 also changed. 
The peak in 622 cm-1 due to Na-O. In contrast to 
the C-N band of the raw Sodium alginate-g-poly 
(MAA-co-CA), which emerged at 1452cm−1, the 
band at 1447 seemed modest. The adsorption of 
safranin O dye may involve the hydroxyl, carboxyl, 
and amine groups. According to these differences 
in the peaks identified as show Fig. 2 [34-36].

XRD pattern analysis
The x-ray pattern of the generated the hydrogel 

composite is shown in Fig. 3, and its amorphous 
nature is evident. due to the absence of any 
noticeable peaks of diffraction other than a wide 
band between 2θ =15° and 45°. The XRD Pattern 
low peaks intensity indicates the hydrogel 
overlapping with SF dye [37].

FESEM analysis
The surface morphology of the safranin O dye-

 

  

Fig. 3. a- SA-g-poly (MAA-Co-CA) SWCNT-COOH hydrogel composite, b- SA-g-poly(MAA-Co-CA)-SWCNT-
COOH hydrogel composite/SF dye.
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loaded hydrogel composite, hydrogel composite, 
and hydrogel composites with safranin O dye was 
investigated using SEM; the resulting pictures are 
displayed in Fig. 4a showed particles of hydrogel 
composite medication that were rougher on the 
surface and more agglomerated. Prior to SF dye 
adsorption, A rough, even surface with a few 
fissures that could serve as solvent entry points 
for dye loading and swelling was displayed by the 
hydrogel composite’s surface structure. Following 
SF dye adsorption, the hydrogel composite surface 
morphology showed a rough, uneven surface 
with several holes, and the dye particles tended 
to aggregate. These modifications imply that the 
SF medication was successfully adsorbed onto the 
hydrogel composite (Fig. 4b) [38,39].  

Analysis of TGA
TGA is an essential technique used to evaluate 

the polymeric materials’ thermal stability by 
monitoring a sample’s weight decrease in relation 
to temperature (Fig. 5). The curve of TGA of the 
synthesized hydrogel composite, recorded over a 
range of temperatures between 40°C and 800 °C, 
is presented in Fig. 5. The thermal degradation 
process is characterized by multiple distinct stages 
of weight loss. The first degradation, occurring 

200 °C, is due to the evaporation of moisture 
content from the composite hydrogel, resulting in 
a weight loss of approximately 12%. The second 
degradation stage was noticed 400 °C and is 
associated, through the breakdown of functional 
groups like carboxyl (COOH), amine (NH), and 
carbonyl groups, leading to a weight reduction of 
50%. The third stage, extending from 200 to 500 °C, 
showed a further weight loss of 70%. This stage 
corresponds to the thermal degradation of the 
saccharide rings, cleavage of C–O–C linkages within 
the sodium alginate backbone, degradation of side 
chains and branches of the grafted copolymer, 
breakdown of the MAA/CA (methacrylic acid/
citric acid) chains, and decomposition of the cross-
linked polymer network. Previous studies have 
reported that Single-walled carbon nanotubes 
with carboxyl functionalization (SWCNTs–COOH) 
exhibit high thermal stability, with minimal mass 
loss (~2.7%) attributed to the decomposition of 
surface carboxyl groups within the 100–800 °C 
range. Therefore, the residual mass following 
the final decomposition stage is predominantly 
attributed to the thermally stable SWCNTs. 
Additionally, the dye-adsorbed polymer composite 
hydrogel demonstrated enhanced thermal stability 
compared to the pristine polymer hydrogel. This 

 
  

a b 

Fig. 4. a- hydrogel composite b- Hydrogel composite packed with SF dye.
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increased stability is likely due to the formation 
of intermolecular interactions between the 
polymer matrix and dye molecules. As illustrated 
in Fig. 5b, the total mass loss up to 1000 °C was 
approximately 85% for the polymer composite 
hydrogel and 66% for the dye-loaded hydrogel, 
indicating a significant improvement in thermal 
resistance upon dye adsorption [40].

Swelling Ratio dependence on pH
The synthetic hydrogel composite’s pH-

responsive swelling mechanism was systematically 
evaluated in buffer solutions of varying pH, 
with the results presented in Figs. 6a and 6b. 
The hydrogel exhibited significantly enhanced 
swelling at pH 7.4 and pH 5, while markedly 
lower swelling ratios were observed at pH 1.2 

 

  

 

 

  

Fig. 5. TGA curves for the hydrogel composite (A) before to SF dye adsorption and (B) after SF dye 
adsorption.

Fig. 6. a- shows how pH affects the hydrogel composite’s swelling ratio, b- provides photographic pictures showing how the hydrogel 
composite swells at various pH levels.
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and pH 10, indicating a clear dependence of the 
hydrogel’s swelling properties on the surrounding 
pH environment. At pH 1.2, the reduced swelling 
can be ascribed to the carboxylate functional 
groups’ protonation (-COO⁻), converting them into 
carboxylic acid groups (-COOH). This protonation 
disrupts the electrostatic repulsion typically 
present among negatively charged groups within 
the polymer network, leading to a collapse of the 
hydrogel matrix. Furthermore, hydrogen bonding 
interactions between the protonated carboxylic 
acid groups contribute to additional network 
contraction, thereby restricting the ingress of water 
molecules and diminishing the swelling capacity. 
Conversely, under physiological pH conditions 
(pH 7.4), the carboxylic acid moieties undergo 
ionization to form carboxylate anions (-COO⁻). 
The accumulation of like-charged groups within 
the hydrogel matrix induces strong electrostatic 
repulsion, resulting in an increase in osmotic 
pressure. This phenomenon facilitates expansion 
of the polymer network, promoting enhanced 
water uptake and a substantial increase in the 
swelling ratio. At pH 10, the observed reduction 
in swelling can be ascribed to the counter-ion 
shielding effect. In alkaline media, the existence 
of of excess (Na⁺) ions leads to the formation of 
carboxylate salts (-COONa), which neutralize the 

charges on the polymer chains and significantly 
reduce electrostatic repulsion. This charge 
neutralization diminishes the network’s ability 
to expand, thereby inhibiting further swelling, as 
illustrated in Figs. 6a and 6b [41].

The hydrogel composite’s point zero charge
It was found that the hydrogel composite’s 

point of zero charge (pHpzc) was 3.4, as depicted 
in Fig. 7. This result indicates that at pH values 
below 3.4, the surface of the hydrogel composite 
is predominantly positively charged. Conversely, at 
pH values exceeding the pHpzc, the surface charge 
transitions to negative, as further illustrated in Fig. 
7 [42].

Adsorption condition optimization
The influence of pH on safranin-O dye adsorption 
onto hydrogel composite

The pH of the solution is a critical parameter 
influencing adsorption phenomena, as it 
modulates both the adsorbent and adsorbate 
species’ surface charges, thereby affecting 
intermolecular interactions and adsorption 
efficiency. Consequently, pH variations can 
significantly alter the adsorption behavior of 
hydrophobic molecules such as Safranin-O (SF) 
dye. This study examined how pH affected SF’s 

 

  
Fig. 7. Point zero charge in a hydrogel composite.
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ability to adsorb substances. onto the hydrogel 
composite was systematically investigated by 
adjusting the pH of the solution between 3 and 10, 
while keeping the other experimental parameters 
constant: 100 mg/L of dye at the beginning, 
0.05 g of adsorbent, 90 minutes of contact time, 
and 40 °C. The results indicate that pH exerts a 
relatively moderate influence on the adsorption 
process. Specifically, the removal efficiency of 
SF increased from approximately 68% at pH 2 to 
a maximum of 85% at pH 10 (Fig. 8a). Notably, 
substantial dye uptake (~70%) was observed even 
at the lowest pH values, reflecting the availability 
of active adsorption sites on the hydrogel matrix. 
Adsorption of the cationic SF dye is favored at pH 
values exceeding. The pHpzc of the hydrogel (3.58) 
is its point of zero charge, where functional groups 
such as hydroxyls (-OH) are deprotonated, leading 
to electrostatic interaction between the positively 
charged dye molecules and the negatively charged 
adsorbent sites. In contrast, under highly acidic 
conditions (pH < pHpzc), the hydrogel surface is 
positively charged, causing electrostatic repulsion 
with the cationic SF dye and thus lower adsorption 
efficiencies. Moreover, the protonation state of the 
SF dye itself plays a crucial role. The amino group 
(-NH₂) of Safranin-O becomes protonated in acidic 
media (pKa ≈ 11), which diminishes the capacity 
for hydrogen bonding interactions with the 
hydrogel composite[43,44].At elevated pH values, 
the dye predominantly exists in its deprotonated 
form, which also reduces the potential for 
specific interactions between dye molecules and 
adsorbent surfaces Given this behavior, pH values 
above 10 were not investigated as dye removal 
efficiencies are expected to decline beyond this 
point, consistent with the observed trend in Fig. 
8a.

Effect of solution Temperature 
The influence of temperature on the adsorption 

efficiency of Safranin-O dye by the temperature 
range used to evaluate the hydrogel composite 
was 15 °C to 50 °C. Results indicate a decline in 
adsorption capacity as temperature increases 
[45]. The highest adsorption value, approximately 
97.26 mg/g, was recorded at the lowest tested 
temperature of 15 °C after 90 minutes of contact. 
At 50 °C, the adsorption capacity decreased slightly 
to 96.53 mg/g, reflecting a reduction in dye uptake 
with rising temperature. This trend suggests that 
lower temperatures favor the adsorption process, 

likely due to stronger interactions between the 
dye molecules and the hydrogel matrix at cooler 
conditions. Furthermore, the capacities measured 
at 15 °C and 25 °C were nearly identical (97.26 
mg/g and 97.09 mg/g, respectively), showing that 
25 °C can be considered the optimal temperature 
for adsorption. The reduction in adsorption 
capacity at elevated temperatures may be related 
to changes in the thermodynamic parameters 
governing [46] the system, where increased 
thermal energy potentially diminishes the affinity 
between the adsorbent and adsorbate molecules 
show as Fig. 8C.

The influence of ionic strength
To investigate the impact of ionic strength on 

the adsorption capacity (mg/g) for safranin O dye 
removal using a sodium alginate-g-poly(MAA-co-
CA)-SWCNTs-COOH composite, three salts-NaCl, 
and CaCl₂ were introduced at concentrations 
between 0 and 0.2 g/L. The findings revealed a 
decrease in adsorption capacity with increasing 
salt concentrations (Fig. 8e). This trend aligns with 
observations, noted that elevated ionic strength 
can diminish dye adsorption due to competition 
between dye cations and salt cations on the surface 
of the adsorbent for adsorption sites.Additionally, 
the compression of the electrical double layer 
surrounding the adsorbent particles, as reported, 
further contributes to this reduction in adsorption 
capacity. Moreover, the presence of divalent metal 
cations like Ca²⁺ has a more pronounced effect on 
dye adsorption capacity compared to monovalent 
cations such as Na⁺. For instance, when NaCl 
concentration increased to 0.2 g/L, the capacity 
for adsorption for safranin O dye decreased from 
39.66 mg/g to 34.45 mg/g. Similarly, the presence 
of calcium salt (CaCl2) caused a more significant 
decrease, with the adsorption capacity dropping 
from 39.66 mg/g to 28.71 mg/these results 
underscore the importance of considering ionic 
strength in optimizing conditions for dye removal 
processes, as higher ionic strengths can impede 
the adsorption efficiency of composite materials 
(Fig. 8E) [47-49].

Influence of Contact Time
Concerning removing of dyes from aqueous 

solutions, the adsorption kinetics of Safranin O 
dye using sodium alginate-based nanocomposites 
have been extensively studied. For instance, a 
study on sodium alginate-g-poly(AA-co-MAA) 
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SWCNTs-COOH nanocomposite demonstrated 
that as the contact time increased from 1 minute 
to 90 minutes, the percentage removal of Safranin 
O dye rose from 89.70% to 99.18%, with the 
adsorption capacity (qe) increasing from 17.94 
mg/g to 19.836 mg/g. Beyond 90 minutes, the 
percentage removal and qe remained relatively 
constant, indicating the attainment of equilibrium. 
This trend is consistent with findings from other 
studies on similar nanocomposites. For example, 
research on sodium alginate-g-poly (AAM-co-

CA) SWCNT-COOH nanocomposite reported that 
the adsorption capacity and percentage removal 
of Safranin O dye increased with contact time, 
reaching equilibrium within approximately 90 
minutes. The equilibrium data from these studies 
were best described by the pseudo-second-order 
kinetic model, which implies that valence forces 
are involved through electron sharing or exchange 
and that the adsorption process is chemisorption-
controlled. These findings underscore the 
importance of contact time in optimizing the 

 

 

 

  

Fig. 8. The effect of adsorption factors on removing of SO dye: (A) ionic strength, (B) adsorbent dosage, (C) 
contact duration, (D) temperature, and (E) pH.
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adsorption process for dye removal. The rapid 
initial adsorption followed by a slower rate leading 
to equilibrium suggests that the majority of dye 
molecules are adsorbed in the early stages, with 
the remaining sites becoming occupied more 
slowly. Understanding this kinetics is crucial 
for designing efficient adsorption systems for 
wastewater treatment applications [50].

Effect of Concentration of adsorbate
The influence of the initial concentration 

of Safranin O dye on its adsorption by sodium 
alginate-g-poly (AAM-co-CA) SWCNTs-COOH 
nanocomposite was investigated over a 
concentration 10–500 mg/L in the 308, 318, and 
328 K temperature range. Experimental conditions 
were maintained at pH 4, 0.25 g of adsorbent, 
and 45 minutes of contact time. According to Fig. 
8b, Initially, when the dye concentration rose, 
the adsorption capability increased, reaching a 
plateau beyond a certain threshold. This behavior 

is attributed to the saturation of available active 
sites on the adsorbent surface, limiting further 
uptake. The diffusion of dye molecules to the 
adsorbent surface is improved by increasing dye 
concentrations because they increase the driving 
force for mass transfer. Nevertheless, after the 
active sites are occupied, more dye molecules 
cannot be adsorbed, leading to stabilization in 
the uptake capacity. In summary, the adsorption 
of Safranin O dye by sodium alginate-based 
nanocomposites exhibits concentration-
dependent behavior, with uptake capacity 
increasing up to a certain concentration before 
stabilizing due to saturation of the adsorbent 
surface’s active site (Fig. 8C) [51].

Adsorbent dose effect
Optimization of adsorbent dosage is a critical 

parameter in adsorption studies, as it directly 
influences both cost-effectiveness and adsorption 
efficiency. In this work, different amounts of 

 

  

T(K) ∆Go (kJ/mol)  ∆Ho (kJ/mol) ∆So (kJ/K.mol) 

287 5.384  36.594 145.697 

298 6.799  - - 

303 7.521  - - 

308 8.316  - - 

 
  

Fig. 9. Thermodynamic models for the adsorption of SF dye onto hydrogel composite.

Table 1. Adsorption of SF dye onto hydrogel composite using thermodynamic parameters.
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adsorbent, ranging from 0.005 to 0.15 g, were 
added separately into 10 mL dye solutions with 
an initial concentration of 200 mg/L, adjusted 
to pH 7. The mixtures were stirred continuously 
for 90 minutes at 35 °C to ensure equilibrium.  
As presented in Fig. 10, the removal efficiency 
increased with increasing adsorbent dosage, 
which can be attributed to the greater availability 
of active adsorption sites. However, beyond a 
certain dosage, the removal efficiency reached 
a plateau, indicating equilibrium despite the 
presence of additional binding sites. This 
stabilization may be related to osmotic pressure 
effects at higher adsorbent levels.  Furthermore, 
the adsorption capacity of Safranin-O dye per unit 
mass of adsorbent was found to decrease as the 
dosage increased. This decline can be explained 
by the aggregation or overlapping of particles, 
which reduces the effective surface area available 
for adsorption. Additionally, at higher dosages, 
the limited number of dye molecules becomes 
insufficient to occupy all active sites, resulting in 

reduced dye uptake per unit mass of adsorbent, as 
illustrated in Fig. 8b [52].

Thermodynamic parameters
The thermodynamic parameters of Safranin-O 

(SF) adsorption were evaluated using the Van’t 
Hoff equation (Eq. 6, Fig. 9) to determine the 
changes in entropy (ΔS°) and enthalpy (ΔH°), while 
the Gibbs free energy change (ΔG°) was calculated 
accordingly. The calculated thermodynamic values 
are summarized in Table 1. The results provide 
several important insights: (i) The positive entropy 
change (ΔS° ≈ 0.146 kJ/mol·K) suggests an increase 
in randomness at the solid–liquid interface during 
SF adsorption. (ii) The positive enthalpy change 
(ΔH°=36.596 kJ/mol) confirms the endothermic 
nature of the adsorption process. (iii) The negative 
Gibbs free energy values (ΔG°) across all studied 
temperatures demonstrate that the adsorption is 
spontaneous and thermodynamically favorable. 
(iv) The increasing adsorption with temperature is 
further evidenced by higher distribution coefficient 

 
  

Fig. 10. Models of adsorption kinetics for the adsorption of SF dye onto hydrogel composite. The first pseudo-order (A) and the 
second pseudo-order (B).

 
  

Kinetic models Parameters Values 

First-order pseudo  

qe, (exp) 
qe, (cal) 

K1 
R2 

39.683 
3.3850 
0.0370 
0.5827 

Pseudo-second- order 

qe, (exp) 
qe, (cal) 

K2 
R2 

39.683 
39.936 
0.0299 
1.0000 

Table 2. Adsorption kinetics of SF dye onto hydrogel composite.
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(Kd) values and progressively more negative ΔG° 
values. The magnitude of ΔG° values, ranging from 
–5.384 to –8.316 kJ/mol, falls within the typical 
range for physisorption (0 to –20 kJ/mol), whereas 
chemisorption generally exhibits ΔG° values 
between –80 and –400 kJ/mol. Similarly, the ΔH° 
values (22.27–34.54 kJ/mol), being lower than 
40 kJ/mol, further support that the adsorption of 
SF onto the prepared hydrogel-based adsorbents 
occurs predominantly via physisorption [53,54].

Kinetic Study
To further elucidate the adsorption mechanism, 

the experimental data were analyzed using the 
pseudo-first-order, pseudo-second-order, and 
Elovich kinetic models (Fig. 10 and Table 2). The 
pseudo-first-order model, commonly applied to 
heterogeneous adsorption systems, assumes that 
adsorption occurs through physical interactions, 
with each active site binding a single adsorbate 
molecule. In contrast, the pseudo-second-
order model attributes the rate-limiting step to 

chemisorption, where adsorption is governed by 
chemical interactions between the adsorbent and 
the adsorbate. The Elovich model also supports 
chemisorption as the predominant process, 
describing adsorption on a heterogeneous surface 
and considering the gradual increase in activation 
energy over time. The fitting curves of adsorption 
capacity versus time, illustrated in Fig. 10, confirm 
the applicability of these models in describing the 
adsorption behavior [55,56].

Isotherm of Adsorption
The isotherms are illustrated in the graphical 

representations in Fig. 11, while In Table 3, the 
isotherm parameters are displayed. Favourable 
adsorption of the safranin dye onto the hydrogel 
composite is indicated by a separation factor R 
value between 0 and 1. The R value was calculated 
based on different dye concentrations. According 
to the Model of Freundlich isotherms the value 
of 1/n is less than one, which suggests that the 
adsorption process is favorable. Furthermore, as 

 

  

Fig. 11. Adsorption isotherm models for SF dye adsorption onto 

Values Parameters Isotherm models 
0.0965 
183.15 
0.8645 

KL 
qmax 
R2 

 
Langmuir 

16.931 
1.336 

0.9909 

KF 
n 
R2 

Freundlih 

 
  

Table 3. Isotherm model constants for the hydrogel composite’s adsorption of SF dye.
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the temperature rises, the values of the Freundlich 
constants decrease, indicating that adsorption 
predominantly occurs at lower temperatures and 
that the process is fundamentally exothermic. 
The correlation coefficient R² for the Langmuir 
isotherm is 0.8645, while it is 0.99 for the 
Freundlich isotherm. This suggests a better fit 
of the experimental data with the Freundlich 
model. It is worth noting that The foundation of 
the Langmuir model is the idea that monolayer 
adsorption occurs on a uniform surface. Since the 
Freundlich constant is higher than the Langmuir 
constant, this further confirms the occurrence 
of dye adsorption onto the hydrogel’s surface 
composite. Additionally, the value of n in the 
Freundlich model is greater than one, which 
implies surface heterogeneity and supports the 
suitability of the adsorption conditions. This aligns 
with the multilayer adsorption behavior of the dye 
on the surface of the hydrogel composite [57, 58].

Regeneration surface
The evaluation of an adsorbent’s reusability 

is a critical factor in assessing its economic 
feasibility and practical applicability. In this study, 
deionized water at 60 °C was utilized as the eluent, 

while hydrochloric acid 0.1M (HCl) served as the 
regeneration solution during the adsorption-
desorption cycles. The hydrogel composite 
demonstrated exceptional reusability, maintaining 
over 95% of its initial adsorption capacity after 
five consecutive cycles [59, 60]. This sustained 
performance is attributed to the hydrogel’s 
structural integrity and mechanical stability, which 
are essential for its repeated use in removing both 
cationic and anionic dyes from contaminated 
textile wastewater (Fig. 12).

Mechanism of Adsorption 
Safranin-O is a cationic dye capable of 

interacting with the hydrogel composite. The 
carbonyl oxygen atoms’ lone electron pairs 
within the composite enable binding with the 
SF molecules. It is expected that electrostatic 
attractions occur between the positively charged 
SF dye and the adsorbents negatively charged 
polar groups. Additionally, weak interactions 
like π-π stacking and van der Waals forces occur 
between the hydrogel composite and the aromatic 
rings of Safranin-O. The potential physical 
interaction mechanisms include: (1) molecules of 
dye diffusing into the pores of the composite; (2) 

 

  
Fig .12. Adsorption–Regeneration Cycles of Hydrogel Composite for SFDye Removal.
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hydrogen bonding involving direct carboxyl and 
hydroxyl group interactions of the composite and 
the nitrogen atoms in the −NH2 groups of the dye; 
(3) π-π interactions across aromatic systems; and 
(4) certain bond-related π-π interactions between 
the positively charged nitrogen (N⁺) in the dye and 
the aromatic rings of the composite[61,62], as 

illustrated in Fig. 13.
 

Comparative Analysis of Safranin-O Adsorption 
Capacities

The adsorption performance of the synthesized 
SA-g-poly(MAA-co-CA)/SWCNTs-COOH hydrogel 
composite was compared with previously reported 

 

 

 
Adsorbents Adsorption conditions qmax(mg/g) References 

bentonite/pectin-g-poly(AA-co-CA) 
 

C, 120min , pH 7, dose o25
0.05g 23.115 64 

SDS/RM C, 45min , pH 4, dose o35
0.25g 89.4 65 

MSep nanocomposite C, 30min , pH 7, dose o25
0.07g 18.48 66 

MCM-41 C, 120min , pH 7, dose 1go30 68.8 67 

CS-CIT/ZrO2 
C, 90min , pH 10, dose o25

0.05g 280.14 68 

Pineapple Peels C, 80min , pH 6, dose 1go20 26.08 69 

CHI/OP-H2SO4 
C, 59.5min , pH 9.9, dose o25

0.055g 321.2 70 

SA-g-poly(MAA-co-CA)/ 
SWCNTS-COOH 

C, 90min , pH 7, dose o30
0.05g 189.15 This study 

Table 4. Comparing the safranin-O dye’s adsorption conditions on various adsorbents.

Fig. 13. SF dye and hydrogel composite adsorption mechanisms.
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adsorbents for Safranin-O removal (Table 4). The 
maximum adsorption capacity of the present 
composite reached 189.15 mg/g under neutral 
conditions (pH 7, 30 °C, 0.05 g adsorbent, 90 min). 
This value is significantly higher than those obtained 
with natural or conventional adsorbents such as 
bentonite/pectin-g-poly(AA-co-CA) (23.115 mg/g), 
MSep nanocomposite (18.48 mg/g), pineapple 
peels (26.08 mg/g), and MCM-41 (68.8 mg/g). It 
also surpassed SDS/RM (89.4 mg/g), highlighting 
the enhanced adsorption ability imparted by 
the incorporation of SWCNTs and the synergistic 
interaction between sodium alginate and the 
grafted monomers.  Although higher adsorption 
capacities were reported for CHI/OP-H₂SO₄ (321.2 
mg/g) and CS-CIT/ZrO₂ (280.14 mg/g), these 
materials required strongly alkaline conditions 
(pH ≈ 10) to achieve optimal performance, which 
may limit their applicability in real wastewater 
treatment due to the need for pH adjustment. In 
contrast, the current hydrogel composite exhibits 
excellent adsorption at neutral pH, which is closer 
to natural environmental conditions and therefore 
more practical for large-scale applications. Overall, 
these findings demonstrate that the developed 
SA-g-poly(MAA-co-CA)/SWCNTs-COOH hydrogel 
composite provides a competitive adsorption 
capacity while maintaining operational feasibility 
under mild conditions, making it a promising and 
environmentally sustainable candidate for the 
removal of cationic dyes from aqueous media 
(Table 4).

CONCLUSION
The article reports the effective production of a 

new hydrogel composite reinforced with carboxyl-
functionalized single-walled carbon nanotubes 
(SWCNTs-COOH) based on sodium alginate-
grafted poly (methacrylic acid-co-crotonic acid). 
prepared via free radical copolymerization. The 
resulting hydrogel composite demonstrated 
pronounced pH sensitivity, exhibiting maximum 
swelling behavior at neutral pH (pH = 7). Batch 
adsorption experiments confirmed the hydrogel’s 
effectiveness in removing Safranin-O SF dye from 
aqueous solutions. Under optimized conditions 
0.05 g of adsorbent, pH 7, a temperature of 35 °C, 
and an equilibrium time of 90 minutes. A maximum 
removal capacity of 99.20% was attained by the 
composite. An ionic strength study revealed 
that divalent calcium ions (CaCl2) considerably 
reduced adsorption efficiency compared to 

monovalent sodium ions (NaCl), highlighting 
the influence of competing ions.  The Freundlich 
isotherm model provided the best description of 
the adsorption equilibrium data. while the kinetic 
behavior followed a pseudo-second-order model, 
suggesting chemisorption as the rate-controlling 
step. Thermodynamic analysis indicated that the 
adsorption process is spontaneous, endothermic, 
and primarily driven by physisorption. Mechanistic 
insights suggest that multiple interactions n–π, 
interactions, π–π stacking, hydrogen bonding, 
and electrostatic attractions govern the binding of 
SF dye to the hydrogel composite. Furthermore, 
regeneration studies demonstrated that the 
composite retained high performance over 
five consecutive adsorption–desorption cycles, 
indicating strong reusability. Overall, this hydrogel 
composite offers a cost-effective, efficient, and 
environmentally friendly solution for cationic dye 
removal, with promising potential for industrial-
scale water treatment and environmental 
sustainability initiatives.
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