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Herein, the synthesis of a novel eco-friendly hydrogel composite was 
carried out using sodium carboxymethyl cellulose (SCMC) and methacrylic 
acid (MAA) as major monomers to produce free radical polymerization 
combined with modified bentonite. Both PMAA added functional groups 
and increased the density of functional groups on the surface for more 
efficient reaction kinetics with AAP, while sodium-modified bentonite also 
significantly improved BET surface area, cation-exchange capacity (CEC), 
and structural integrity – all contributing to a clearly defined porous structure 
containing abundant active sites. FTIR, XRD, BET, FE-SEM and TGA were 
used to characterize the composite and confirm its structural, chemical and 
morphological properties. The influence of varying adsorbent dosage, contact 
time, solution pH and temperature were evaluated through batch adsorption 
tests for its removal on the crystal violet (CV) dye. Through optimization of 
parameters such as pH (pH = 8) and equilibrium time (t = 72 h), a maximum 
adsorption capacity of the hydrogel was reached, equal to 140.56 mg·g⁻¹, 
whereas the optimal removal efficiencies towards toxic metals were computed 
at T = 5°C. Results obtained from adsorption data fitted the Langmuir 
isotherm and suggested monolayer chemisorption on a homogenous surface. 
Thermodynamic calculation indicated ΔS° = −9.108 J·mol⁻¹·K⁻¹, ΔG° = +2.523 
kJ·mol⁻¹ and ΔH° = −10.485 kJ·mol⁻¹ that presented the moderate spontaneity 
and exothermic reaction stage during the crystallization process. The PMAA/
SCMC/modified bentonite hydrogel shows a good structural property and an 
exceptional adsorption stability for CV dye, as proved by above mentioned 
findings. In summary, this composite exhibited a potential clean adsorbent for 
high performance wastewater treatment.

INTRODUCTION
Water pollution by means of industrial 

activities is still one of the biggest environmental 
issues globally. Among other potential sources, 
wastewater from textile, printing and dyeing 

industries is particularly problematic due to 
the high levels of synthetic dyes it may carry (of 
which many are chemically stable and resistant in 
degradation). They are released into the aquatic 
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systems, often without sufficient treatment that 
aims to minimize negative ecological implications 
such as attenuating light penetration, interfering 
with photosynthesis processes, and demonstrating 
toxic effects on aquatic organisms. Additionally, 
the persistent nature of such pollutants in water 
bodies represents a direct danger to human health 
through bioaccumulation and chronic exposure 
[1]. Crystal violet (CV) Fig. 1(A), a frequently applied 
cationic dye in the textile, biological, and medical 
fields, has been regarded as one of the most 
hazardous dye pollutants. Its chemical structure 
confers high stability with respect to light, heat 
and microbial degradation and as a result there is 
significant limitation on its natural removal from 
the environment. Its occurrence in water systems 
is of significant concern due to its reported toxic, 
mutagenic and carcinogenic effects even at low 
concentrations. The potential for CV to endanger 
human health in this way underscores the need 
for effective and sustainable treatment options, 
as the continuous build-up of CV in water sources 
places an added burden on ecological systems 
[2]. Physicochemical and biological techniques 
including membrane filtration, advanced oxidation 
processes, ion exchange, coagulation–flocculation, 
and biodegradation have thus been proposed to 
facilitate the removal of dyes from wastewater. 
Techniques for pollutant removal that have been 
proposed include adsorption on active carbon, 
ozonation or chlorination, and low-pressure 
ultraviolet treatment. Although these techniques 
can be effective in controlling pollution, most of 
them have limitations such as high operational cost 
and generation of secondary pollutants, complex 
processing conditions, or limited efficiency at low 
contaminant concentrations. In this context, one 
notable technique that has garnered attention for 
dye removal is adsorption; due to its simplicity, 
high efficiency and cost-effectiveness, as well 
as adaptability to a variety of pollutants [3]. 
The adsorption process can be affected by the 
characteristics of adsorbent material and its 
surface area, porosity, and functional groups. 
Polymers hydrogels have received great attention 
as advanced adsorbent materials for wastewater 
treatment in recent years. Hydrogels are three-
dimensional crosslinked polymer networks that 
can hold a considerable amount of water without 
dissolving due to hydrophilic functional groups 
and ordered structures. These materials have 
several advantages, including tunable porosity and 

high swelling capacity, as well as many functional 
groups (like hydroxyl (-OH) and carboxy (-COOH)) 
that allow strong interaction with the pollutants 
[4]. Specific adsorption mechanism in hydrogels 
often includes electrostatic attraction, hydrogen 
bond, ion exchange and coordination interactions 
in certain cases. These unique traits make hydrogels 
highly suitable for the removal of ionic dyes such as 
crystal violet. Nevertheless, some drawbacks still 
exist in the pure polymeric hydrogels such as low 
mechanical properties or adsorption capacities 
in certain cases. To address the limitations, 
large amounts of research have been focused 
on developing composite hydrogels through 
combination of inorganic materials into polymer 
matrix. Of these, bentonite is one type of naturally 
existing clay mineral that has drawn much interest 
owing to its specific structural and physicochemical 
properties [5]. Bentonite is primarily composed 
of montmorillonite and is characterized by a 
layered structure, high specific surface area, and 
excellent cation exchange capacity. These features 
enable it to effectively adsorb cationic pollutants, 
including dyes and heavy metal ions. However, 
the direct application of bentonite in wastewater 
treatment is often hindered by issues such as 
particle aggregation, low mechanical stability, 
and difficulty in separation after adsorption. To 
address these challenges, bentonite is frequently 
modified and incorporated into polymer matrices 
to form composite hydrogels. This approach 
enhances the dispersion of clay particles within 
the polymer network, improves mechanical 
strength, and increases the number of available 
active adsorption sites [6]. This synergism of 
interaction between the polymeric chains and 
clay layers leads to a marked improvement in the 
adsorption property of the composite. The most 
essential process that occurs is the transformation 
of bentonite from its natural calcium form into 
sodium bentonite using acids. Sodium-assimilated 
bentonite has a greater swelling volume, superior 
diffusive capacity in water medium, and a higher 
ion-exchanging capability than calcium-based that 
are either similar or type. Such improvements lead 
to better interaction of the dye molecules and 
facilitate their removal from aqueous solutions. 
On the polymer side, acrylic-based materials have 
been widely applied in hydrogel synthesis owing 
to their availability and functional versatility. In 
contrast, Fig. 1 (B) polymethacrylic acid (PMAA) 
emerges as a promising substitute of regular 
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polyacrylic acid (PAA), recently acknowledged 
through several studies. PMAA has more methyl 
groups than AA, and therefore achieves an 
altered polymer chain configuration that enables 
changes in porosity, surface reactivity, and 
overall network structure. Moreover, the rich 
carboxylic groups existing in PMAA is beneficial 
for interacting with various positively charged 
pollutants through electrostatic attraction and 
ion exchange mechanisms [7,8]. The addition 
of sodium carboxymethyl cellulose (SCMC), a 
biodegradable and hydrophilic polysaccharide, 
enhances the property of hydrogel composites. 
SCMC also leads to improved water retention, 
higher flexibility and the occurrence of additional 
functional groups taking a part in physicochemical 
adsorption processes [9]. The interaction between 
SCMC, PMAA and sodium-modified bentonite 
results in a highly interconnected network with 
favorable mechanical properties, even distribution 
of active sites and high adsorption efficiency. In 
this respect, the present paper describes design 
and synthesis of novel bentonite-based hydrogel 
composites for adsorption of crystal violet dye 
from aqueous media. This clearly explains the 
synergistic interaction of sodium-modified 
bentonite, SCMC and different acrylic monomers 
(e.g. methyl acrylic acid, methacrylic acid) to 
produce materials of enhanced adsorptive ability. 
In this work systematic study on adsorption 
behaviour under various operating conditions 
such as contact time, influence of initial dye 
concentration and temperature specifically is 
focused to establish a clear perspective regarding 
adsorption mechanism and efficiency for the 
fabricated composites. The new structures are 

contrasted against more traditional approaches 
used in designing and altering ionic acrylic polymer 
networks wherein modern ION based polymer 
compositions are substituted with alternative, 
more suitable monomers. The findings will pave 
the way for new and inexpensive, sustainable and 
eco-friendly materials to treat dye-laden waste 
water, which is an urgent requirement in modern 
day environmental engineering.

MATERIALS AND METHODS
Materials

Sodium carboxymethyl cellulose (SCMC) and 
N, N′-methylene bisacrylamide (MBA) were 
supplied by China National Pharmaceutical Group 
Chemical Reagent Co., Ltd., while calcium-based 
bentonite (industrial grade) was obtained from 
Guangxi Tiandong Weiye Bentonite Co., Ltd. . 
Anhydrous ethanol and potassium persulfate 
(KPS) were provided by Guangdong Guanghua 
Chemical Technology Co., Ltd., and Methacrylic 
Acid (MAA) was purchased from Tianjin Damao 
Co., Ltd. Sodium hydroxide (NaOH, M.wt = 40 
g·mol⁻¹, purity > 98%) was supplied by Loba 
Chemicals, India, and hydrochloric acid (HCl) was 
obtained from BDH. The adsorbate, crystal violet 
(CV, C25H30N3Cl, 99.9%), was supplied by Merck 
Pharmaceutical Company, and deionized water 
was used to prepare all solutions. Except for 
bentonite, all reagents were of analytical grade 
and used without further purification.

Synthesis of the Bent-SCMC-poly (methacrylic acid) 
hydrogel
Pretreatment of Bentonite

Calcium-based bentonite (20 g) was first 
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 Fig. 1. (A) Crystal violet (CV) dye structure, (B) Methacrylic acid structure
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treated with 100 mL of hydrogen peroxide for 24 
hours to remove contaminants. The bentonite was 
then heated at 70 °C for 2 hours to decompose any 
remaining peroxide, followed by filtration, drying, 
grinding, and sieving to obtain pure bentonite. For 
modification, 15 g of the purified bentonite was 
combined with 0.6 g of sodium carbonate and 80 
mL of deionized water. The suspension was stirred 
in a water bath at 50 °C for 1.5 hours, centrifuged 
at 500 rpm for 10 minutes, and washed repeatedly 
with deionized water. The final product was dried 
at 70 °C until constant weight, ground, and passed 
through a 250-mesh sieve to obtain uniformly 
sized modified bentonite suitable for hydrogel 
incorporation [10].

Synthesis of Hydrogel
For hydrogel synthesis, 10 g of methacrylic acid 

(MAA) and 0.2 g of sodium carboxymethyl cellulose 
(SCMC) were initially introduced into a beaker, 
followed by the addition of 50 mL of distilled 
water. The solution was placed in a water bath 
of 80 °C temperature for stirring until complete 
dissolution. Then, the degree of neutralization was 
adjusted to 70% using slow addition of 40 wt% 
sodium hydroxide solution under ice-water bath 
conditions. Then, 2 g of the pretreated bentonite, 
0.004 g N, N′-methylene bisacrylamide (MBA) 

as a crosslinking agent, and 0.08 g potassium 
persulfate (KPS) as an initiator were poured into 
the reaction system one after another. The mixed 
solution was sonicated to make all the ingredients 
uniformly dispersed. Finally, the solution was 
transferred into a microwave synthesis reactor and 
submitted to microwave irradiation at 75 °C with 
70 W power for 1 h to continue polymerization 
and form hydrogel. After completion, the hydrogel 
was cooled to room temperature, washed several 
times with deionized water, cut into pieces, and 
dried in an oven at 60 °C until a constant weight 
was reached [10]. The overall synthesis process is 
illustrated in Fig. 2.

Characterization
The functional groups and chemical bonding of 

the Bent-SCMC-PMAA hydrogel were characterized 
by Fourier Transform Infrared Spectroscopy (FTIR) 
using a (Tensor II spectrometer, Bruker, Germany). 
Spectra were measured in the 500–4000 cm⁻¹ 
range using KBr as a reference background. X-ray 
Diffraction (XRD) with a PANalytical diffractometer 
using Cu Kα radiation (λ = 1.5406 Å), at 40 kV and 
30 mA was used to study the crystalline character 
of the composite hydrogel and its structural 
organization. X-ray diffraction data were collected 
at room temperature over the 2θ range of 5–80° 

 
 

Fig. 2. Synthesis pathway of the Bent-CMC-poly (methacrylic acid) hydrogel.
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with a step increment of 0.05° and a scanning time 
of 1 s per step. The textural properties, such as the 
surface area and pore structures, were obtained 
by N₂ adsorption–desorption measurement with 
a Tristar II 3020 analyzer (Micromeritics, USA). 
The BET method was employed to calculate the 
specific surface area of the hydrogel. The surface 
morphology and microstructural features were 
analyzed by Field Emission Scanning Electron 
Microscopy (FE-SEM) (MIRA, TESCAN). Imaging 
was conducted at 15 kV with a magnification 
of 150,000×, a working distance of 4.353 mm, 
and a scale bar of 200 nm, using an in-beam 
detector. Thermal properties were investigated by 
Thermogravimetric Analysis (TGA) using an SDT 
Q600 instrument (TA Instruments). Approximately 
3.256 mg of the sample was heated from 25 to 800 

°C at a heating rate of 20 °C·min⁻¹ under a nitrogen 
atmosphere to evaluate its thermal stability.

Batch adsorption experiment
Batch adsorption experiments for the 

methacrylic acid–based hydrogel composite was 
conducted by adding 0.02 g of the adsorbent to 50 
mL of a crystal violet (CV) aqueous solution with an 
initial concentration of 50 ppm. The experiments 
were carried out over a pH range of 4–10 in a 
temperature-controlled water-bath shaker at 
temperatures of 5–45 °C, with a fixed shaking 
speed of 150 rpm. The solution pH was adjusted 
to the desired value using 0.01 mol·L⁻¹ HCl or 
NaOH solutions before initiating the adsorption 
experiments. Following adsorption, the remaining 
concentration of CV was measured using a dual-

 
 

Fig. 3. A) Calculating the CV dye’s maximum wavelength (λmax), B) CV calibration curve.
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beam UV–Vis spectrophotometer (TU-1901, 
Beijing Purkinje General Instrument Co., Ltd.) at 
a wavelength of 587 nm. The adsorption capacity 
(Qe) of the methacrylic acid–based hydrogel 
composite was determined according to Eq. 1.

Qe = (Co−Ce)V
m  

 

                                                            (1)

Here, V is the volume of the solution employed 
(L), Qe corresponds to the adsorption capacity 
at reaction time t (mg·g⁻¹), C₀ and Ce represent 
the initial concentration and concentration at 
reaction time t of crystal violet (CV) dye (mg·L⁻¹), 
respectively, and m is the mass of the adsorbent 
used (g).

The removal efficiency of Crystal Violet (CV) dye 
using the Bent-SCMC-PMAA hydrogel composite 
was calculated in accordance with Eq. 2.

Removal % = ( Co−Ce
Co  )*100 

 

                                 (2)

The adsorption behavior of the composite and 
its effectiveness in decolorizing water solutions 
containing Crystal Violet dye were investigated 
using the equation.

2.5 Calculating the maximum wavelength 
(λmax)

To evaluate the λmax of CV for methacrylic acid–
based composite, we also performed a similar 
experiment and found the maximum absorption 
wavelength (λmax) was determined subsequently 
using 12 mg·L⁻¹ dye solution. As exhibited in Figu. 
3A, UV–Vis spectra were acquired in the region of 
200–800 nm, which showed an intense absorption 
peak at 587 nm. This wavelength was used for 
all later CV concentration determinations in the 
adsorption studies.

Calibration curve of CV dye
The CV calibration curves were similarly 

constructed with the methacrylic acid–based 
composite using standard solutions ranging from 
1 to 12 mg·L⁻¹. UV–Visible spectroscopy was 
used to measure the absorbance at λmax = 587 
nm. The calibration curve Fig. 3B was obtained 
from the linear relationship between absorbance 
and concentration, which was later employed 
to quantify CV removal in adsorption assays of 
methacrylic acid–based hydrogel.

Adsorption isotherms 
Adsorption isotherms are crucial to determine 

the affinity and distribution of adsorbate 
molecules across adsorbent surfaces. These 
models give a logical way to handle the procedure 
of whether adsorption is helpful for one monolayer 
coverage or formation of multilayers and will also 
help in estimating maximum adsorption ability 
from isotherm models like Langmuir, Freundlich 
and Temkin. Isotherm analysis offers significant 
insight into the role of surface functional groups 
and textural properties in the dye–adsorbent 
interactions and saturation behavior for Bent-
SCMC-PMAA hydrogel composites. This knowledge 
is crucial for the rational design and optimization 
of effective adsorbents for wastewater treatment. 
Consequently, the suitable model (Eqs. 3-5) 
might be used to represent quantitatively the 
corresponding adsorption process provided 
[11,12].

Langmuir: Ce
Qe = 1

Qm Ce + 1
Qm∗KL 

 
                              (3)

Freundlich: log Qe = log Kf + 1n log Ce  

 
                (4)

Temkin: Qe = RT
b  ln KT + RT

b  ln Ce  
 

                           (5)

Adsorption kinetics
Kinetic studies for Bent-SCMC-PMAA hydrogel 

are thus helpful in better understanding the 
adsorption rate, processes and time required 
to achieve equilibrium. This kind of study is 
specifically relevant to the effect of PMAA 
functional groups and it’s combined with sodium-
modified bentonite action in respect to the dye 
uptake behavior. The adsorption kinetics was 
well described by the classical kinetic models 
summarized in Eqs. 6 and 7 [13,14]. 

Pseudo-first order:

Log (qe – qt) = log qe - k1
2.303 t 

 
                                (6)

Pseudo-second order: 

t
qt = 1

K2 qe2 +  1
qe  t 

 
                                                       

(7)

The thermodynamics of the adsorption 
of Crystal Violet onto the Bent-SCMC-PMAA 
hydrogel were also performed according to Eqs. 
8-10 (as shown by The Gibbs free energy(ΔG⁰), 
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enthalpy(ΔH⁰), entropy(ΔS⁰)). The thermodynamic 
data offered a comprehensive characterization 
of the adsorption through spontaneous degree, 
energetic costs and molecular disorder transition 
on the hydrogel-solution interface. Study findings 
confirmed and demonstrated the applicability as 
well as goodness of adsorption process and the 
efficiency of methacrylic acid functional group 
in addition with bentonite synergistic effect on 
Crystal Violet removal [15]. 

ΔG⁰ = - RTlnKc 

 
                                                         (8)

Kc = CoCe 
 

                                                                       (9)

ΔG⁰ = ΔH⁰- TΔS⁰                                                     (10)

where T is the absolute temperature, (R) is the 
general gas constant (8.314 J.K-1.mol-1), (Kc) is the 
equilibrium constant, and (ΔG) is the change in 
free energy.

RESULTS AND DISCUSSION
FTIR Analysis

The successful synthesis of the Bent-SCMC-
PMAA composite hydrogel (the FTIR spectrum of 
which is displayed in Fig. 4A was verified by carrying 
out Fourier transform infrared spectroscopy (FTIR). 
construction of a coherent organic–inorganic 
framework. An intense broad absorption band at 
3432.91 cm⁻¹ is due to O–H stretching vibrations 
of the carboxymethyl cellulose hydroxyl groups, 
–OH structural intermolecular hydrogen bonded 
water molecules, suggesting far more extensive 
intermolecular hydrogen bonding within the 
hydrogel matrix [16]. 2925.76 and 2855.01 cm⁻¹ 
peaks are related with asymmetric and symmetric 
stretching vibrations of aliphatic C–H groups 
derived from the polymer backbone, respectively. 
The presence of a weak band at 2221.19 cm⁻¹ 
can be attributed to overtone or combination 
bands that are sometimes observed in crosslinked 
polymer systems [17]. The peaks at 1567.02, 
1445.55, 1413.97, and 1385.49 cm⁻¹ are attributed 
to the asymmetric and symmetric stretching 
vibrations of carboxylate (–COO⁻) groups from 
methacrylic acid units and partially ionized 
carboxylic functionalities of SCMC confirming 
successful chemical attachment of PMAA unit on 
the SCMC chain resulting in crosslinked polymer 
network formation [18]. The absorption at the 
bands 1266.93–1116.51 cm⁻¹ assigned to C–O 

stretching vibrational modes of SCMC indicated 
the structure of polymeric network specific to 
them. The prominent peak observed at 1042.89 
cm⁻¹ and other peaks appeared to be observed 
at 939.25, 860.94, and 775.01 cm⁻¹, which are 
all attributed to Si–O–Si and Si–O–Al stretching 
vibrations that are characteristic of unaltered 
bentonite layers in the composite before 
incorporation indicating that bentonite did not lose 
its structural functionality after addition. Lastly, 
the bands at 659.69, 619.13, 528.32 and 472.07 
cm⁻¹ correspond to Si–O vibration deformation 
bond and the lattice vibration of bentonite [19], 
serving as an additional indicator that clay is 
incorporated into the hydrogel matrix. In sum, 
the FTIR is indicative of successful preparation of 
a methacrylic-acid-based composite hydrogel with 
expected functional groups.

XRD Analysis
As it can be seen in the XRD pattern of Bent-

SCMC-PMAA composite hydrogel, its structure is 
semi-crystalline which can be attributed to the 
presence of both amorphous polymeric network 
and crystalline bentonite domains. Fig. 4B the 
basal reflection observed at 2θ = 9.15° (d = 9.67 Å) 
is characteristic of bentonite layers and indicates 
an expansion of the interlayer spacing, suggesting 
effective intercalation of polymethacrylic acid and 
SCMC chains within the clay galleries [20]. The 
broad diffraction peak centered at 2θ = 19.80° (d = 
4.48 Å) is associated with the amorphous nature of 
the grafted polymer matrix [21]. The most intense 
peak at 2θ = 26.83° (d = 3.32 Å) corresponds to 
silicate structures and residual crystalline domains 
of cellulose, confirming the structural contribution 
of both bentonite and SCMC [22]. Additional 
weaker reflections in the range 44.41–62.17°, 
with d-spacings between 2.04 and 1.49 Å, are 
attributed to aluminosilicate phases of bentonite 
[23]. With this broadening of the diffraction peaks 
(see enhanced FWHM) a decrease in crystallite 
size as well as an increase structural disorder 
can be deduced following graft polymerization. 
Overall, the XRD results confirm the preparation 
of an organically–inorganic integrated hydrogel 
composite with meet expectation for adsorption 
applications.

FESEM Analysis
The FESEM micrograph of the Bent-SCMC-

PMAA hydrogel composite (Fig. 4C) also 
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manifest a porous, rough, and non-homogenous 
surface morphologies with an irregularly 
agglomerated structure. Such surface feature 
reflects the efficient loading and uniform 
distribution of bentonite particles into the 
polymeric hydrogel matrix, leading to an 
increased roughness and structural diversity 
[24]. The presence of connected porous regions 
indicates the formation of a 3D network structure, 
which is beneficial to enhance the availability 
of active adsorption sites [25]. In addition, no 
smooth or dense surface feature are present and 
interconnected pore structure indicates micro- to 
nano-scale porosity in the composite matrix [26]. 
Such porous structure of the hydrogel allows the 
easy access and deeper diffusion of dye molecules 
through the interior of the hydrogel leading to 
improved mass transfer and adsorption kinetics 
[27]. Accordingly, the synergistic effect of the 
ion-exchange ability of bentonite and functional 
groups such as –COOH, –OH in the polymer 
network could greatly improve the adsorptive 
efficiency for cationic dyes [28]. Clearly, the FESEM 
results confirm that this Bent-SCMC-PMAA 
hydrogel composite was nanoparticles with highly 
porous and heterogeneous morphology, which 
could support for its potential prospects as a good 
adsorbent material in wastewater treatment.

TG Analysis
Three characteristic decomposition stages are 

observed in the thermogram of the Bent-SCMC-

PMAA composite (Fig. 5A). Stage I (25–220 °C) is 
a mass loss of (21.97%, 1.504 mg), ascribing to the 
physically adsorbed water and interlayer water in 
hydrogel–clay matrix [29]. Stage II (220–550 °C) 
feature the largest mass loss (38.95%, 2.666mg), 
which is attributed to decarboxylation of PMAA/
SCMC side groups in sequence with its polymer 
backbones decomposition [30]. Stage III (550–
800 °C) displays an incremental weight loss (%) 
dominated by (17.34%, 1.187mg), corresponding 
to the carbon organic matter oxidation and 
further dehydroxylation reaction of bentonite 
layers [31]. At 800 °C, the composite remains 
about (78.26%, 5.356mg) of its weight, which 
confirms that bentonite plays an important role 
in promoting thermal stability in a heat-resistant 
skeleton of the composites core-shell structure.

BET Analysis
As shown in [Fig. 5B], the isotherms of the Bent-

SCMC-PMAA hydrogel composite belong to type 
IV “I“shape with hysteresis loop, typical of those 
observed for mesoporous substance [32,33]. This 
BET linear range, obtained in the relative pressure 
interval P/P₀ = 0.05–0.30, is clear evidence of the 
validity of the surface area measurement. The 
specific surface area of the composite is also higher 
than that of the acrylic acid–based hydrogel (53.87 
m²·g⁻¹), indicating enhanced accessibility to more 
pores. According to the result of [Fig. 5C], the total 
pore volume was determined 0.412cm³·g⁻¹ and 
the average pore size was around 31.2nm, also 

 
 
  

 

Fig. 4. A) Bent-SCMC-PMAA hydrogel Fourier-transform infrared spectra, B) X-ray diffraction patterns of the Bent-SCMC-PMAA 
hydrogel, C) Scanning electron microscopy for the Bent-SCMC-PMAA hydrogel.
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demonstrating that predominant of mesoporous 
structures. Also, a broader hysteresis loop indicates 
better developed and connected pores that 
could be due to the presence of methyl groups 
on the polymethacrylic acid backbone [34,35]. 
These –CH3 groups decrease the packing density 
of polymer chains, increase the free volume and 
facilitate to create a more open porous network, 
and hence better adsorption toward bulky dye 

molecules such as Crystal Violet.

The adsorption capability of the Bent-CMC-PMAA 
hydrogel
Effect of the Adsorbent Mass 

The surface morphology and functional 
groups available for the adsorption of CV dye 
are crucial in Bent-SCMC-PMAA hydrogel. The 
pH effects The effect of adsorbent dose was 

 
 

Fig. 5. A) Thermogram of the Bent-SCMC-PMAA hydrogel, B) DES, (C) BET of the Bent-SCMC-PMAA hydrogel.
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studied by using different quantities (0.02-0.1 
g) of the prepared hydrogel keeping initial dye 
concentration constant. The removal efficiency 
was slightly improved from 96.6% to 97.2%, as 
shown in Figs. 6A and B. The enhancement is 
explained by an increase in the total surface area 
and thus adsorption site number. On the contrary, 
with an increase of dosage, the Qe decreased. 
This phenomenon is generally attributed to 
the high amount of active sites covered and 
functional groups partially exposed due to 
particles aggregation at higher adsorbent loading. 
This aggregation reduces the effective surface 
area per unit mass and restricts access to internal 
porosity which in turn leads to lower adsorption 
capacities. In lower dose (0.02g) operation, the 
high ratio of dye molecules to binding cites causes 
an effective occupation of the sites resulting in 
higher value of Qe values [36-38]. 

Effect of the Contact Time of CV
The effect of the contact time for Crystal Violet 

(CV) adsorption was studied using a range from 

1 to 76 h with an initial dye concentration of 20 
mg·L⁻¹, temperature at 25 °C, and pH at 7 (Fig. 6C). 
The adsorption was fast in the beginning due to the 
high surface area of Bent-SCMC-PMAA hydrogel, 
which offered plenty potential active adsorption 
sites for dye molecules uptake [39,40]. Moreover, 
because of the existing functional groups on 
hydrogel face, interacting with cationic dye was 
effectively resulted in improved removing action. 
With time, the rate of adsorption decreased and 
equilibrium was achieved at about 72 h with Qe = 
92.46 mg. g⁻¹. Overall, the contact time increased 
adsorption capacity until equilibrium values were 
attained [41]. 

Effect of pH
The pH of the solution is an important parameter 

affecting adsorption performance, it determines 
surf ace charge of adsorbent and ionization state of 
discolored molecules. The present work illustrated 
the pH influence on adsorption of Crystal Violet 
(CV) onto Bent-SCMC-PMAA hydrogel (Fig. 7A); 
for those different values of pH=4,6,7,8 and 10. at 

 
 

Fig. 6. (A) Effect of mass of the Bent-SCMC-PMAA hydrogel on removal of Crystal Violet dye. (B) Removal rate of crystal violet dye, C) 
Effect of CV dye contact time.
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pH 8, respectively, followed by pH 7 > pH 6 >pH 
10>pH 4. It is likely that the enhanced electrostatic 
interaction between negatively charged hydrogel 
surfaces and positively charged CV molecules in 
a slightly alkaline to near-neutral environment 
would further lead to more active adsorption 
sites available, promote the enhanced adsorption 
phenomenon [42,43]. At low pH (pH 4), there is 
protonation of carboxyl and hydroxyl groups, 
decreasing a net negative load on the surface, 
causing decreased electrostatic attraction and 
lower adsorption potential. However, at highly 
competitive adsorption (pH 10) with hydroxide 
ions and possibly changes in the swelling behavior 
of hydrogel may limit dye uptake. This observation 
also accounts the critical role of pH in regulating 
surface charge and adsorption behavior in 
polymer-clay hydrogel system [44,45]. 

Effect of the Temperature’s 
The temperature effect of the adsorption of 

Crystal Violet (CV) on Bent-SCMC-PMAA hydrogel 
was studied in the 5–45 °C region, with pH at 
optimum value of 8. As the temperature rose, the 
adsorption capacity decreased; and maximum 
removal efficiency was found at 5 °C (Fig. 7B), 
indicating that the adsorption was an exothermic 
reaction. It was concluded that thermodynamically 
this type of reaction is spontaneous as evidenced 
by its negative enthalpy charge (ΔH⁰ = -10.48 kJ.
mol-1) confirm the exothermic character of the 
interaction. Moreover, the adsorption process 
was energetically favorable with a negative 
entropy change (ΔS⁰ = −9.11 J.mol⁻¹. K⁻¹), which 
indicated a decline in the randomness at the solid-
liquid interface due to an increase in orderliness 
of dye molecules upon adsorption on hydrogels 

 
 Fig. 7. A) The effect of pH on the removal of CV dye, B) Effect of temperature on CV adsorption, (C) Plot of LnK against reciprocal 

absolute temperature for adsorption of CV.
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[46]. The positive values of Gibbs free energies 
(ΔG⁰ = +2.52 kJ. mol⁻¹) in all range of temperature 
considered, which indicate that adsorption is 
non-spontaneous at the experimental conditions, 
meaning that an external driving force such as 
mixing or agitation should be considered to assist 
in this process. The thermodynamic parameters 
were determined ln K versus 1/T linear plot (Fig. 
7C) showed that we critical temperature for that of 
the adsorption dependent on mechanism [47]. In 
summary, these results confirm the fact that the at 
low temperatures, Bent-SCMC-PMAA hydrogel has 
a better capacity for dye removal as in accordance 
with along with an exothermic physisorption.

Effect of the Ionic strength
Of these, the ionic strength is an important 

parameter that affects the adsorption 
performance of CV on Bent-SCMC-PMAA hydrogel 
because dissolved ions can alter electrostatic 
interactions and accessibility of active sites. 
The ionic strength effect was furthermore 
studied under the following constant conditions: 
temperature of 5 °C, adsorbent dosage of 0.02 g, 
pH at 8 and contact time of 72 h; sodium chloride 
(NaCl) and calcium carbonate (CaCO₃) were 
selected as representatives mono- and divalent 
salts respectively [48]. As shown in Fig. 8 (e.g. 
both salts), the presence of these two solutes 
produced slight inhibition on CV adsorption. 

For NaCl, this observed decrease in adsorption 
efficiency with increasing salt concentration arises 
from the competitive interactions between Na⁺ 
ions and CV molecules for negatively charged 
sites on the hydrogel surface. Likewise, the 
presence of CaCO₃ showed a weak inhibitory 
effect; whereas an increase in Qe was noted at 
higher salt concentrations and this may be due 
to compression of the electrical double layer 
and therefore increase of dye diffusion toward 
hydrogel network [49]. All in all, the data show 
that Bent-SCMC-PMAA hydrogel possesses good 
tolerance to ionic strength and simultaneous 
addition of both monovalent or divalent ions 
only slightly suppresses adsorption maintaining 
relatively high values of Qe within the tested range 
of concentration. 

Adsorption isotherms
Crystal violet (CV) adsorption onto the 

surface of hydrogel at constant temperature is 
characterized by an adsorption isotherm, which 
relates the amount adsorbed to the equilibrium 
concentration in aqueous solution. In order 
to understand the adsorption behaviour, the 
experimental equilibrium data were fitted with 
respect to Langmuir, Temkin and Freundlich 
isotherm models [50]. From (Table 1), It can 
be seen that the Langmuir model provided the 
best fit for the experimental adsorption data 
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with a coefficient of determination R² value of 
(R²= 0.9976). This indicates that CV adsorption 
takes place principally as monolayer coverage 
on a relatively homogeneous surface in which 
adsorption sites are independent and of equal 
energy. The Temkin model provided a lower 
correlation (R² = 0.9720), suggesting the existence 
of moderate adsorbate–adsorbent interactions 
and that the adsorption heat decreases with 
surface coverage. On the contrary, the Freundlich 
model has yielded a lower correlation coefficient 

(R²= 0.9635), indicating less strength of surface 
heterogeneity in adsorption process. The isotherm 
plots in Figs. 9 A–C further confirm that monolayer 
adsorption as described by the Langmuir model is 
the main mechanism at play controlling CV uptake 
under the conditions explored [51,52].

Adsorption kinetics
The kinetic study of the crystal violet (CV) 

absorption on this hydrogel indicates that CV takes 
a significant time to reach at equilibrium, with 

 
 

 

Langmuir equation Freundlich equation Timken equation 

KL Qm R2 KF n R2 KT b R2 

-2.875 108.696 0.9976 147.367 -6.807 0.9635 0.000432 -131.0815 0.9720 

Table 1. Using the parameters of the Langmuir, Freundlich, and Timken equations, the composite Bent-SCMC-PMAA hydrogel was 
shown to absorb crystal violet dye.

Fig. 9: Adsorption isotherms for Crystal Violet dye adsorption under ideal conditions on the surface of a composite Bent-SCMC-PMAA 
hydrogel A) Langmuir isotherm, B) Freundlich isotherm, C). Temkin isotherm.
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most CV being taken up during the initial period. 
The rapid adsorption seen in the beginning can be 
explained by a large number of active sites available 
on the adsorbent surface, and most of these active 
sites become occupied with the passage of time 
[53]. The pseudo-first-order and pseudo-second-
order kinetic models were employed to analyze 
the experimental kinetic data in order to clarify 
the controlling adsorption mechanism. Linear 
relationships were achieved for both kinetic 
models as seen in Figs. 10A and B. The R² value 
of the pseudo-second-order model (R² = 0.9890) 

was significantly higher than that of the pseudo-
first-order model (R² = 0.9356), confirming that CV 
dye adsorption onto the hydrogel nanocomposite 
is best described by a second order kinetic process 
[54]. From the comparison between pseudo-first 
order and pseudo second order, it shows that the 
process of adsorption is mainly controlled by active 
sites available for adsorption and the interaction 
between dye molecules and functional groups 
on hydrogel. These interactions may include 
electrostatic attraction as well as ion-exchange 
mechanisms. Thus, the pseudo-second-order 

 Fig. 10. A) Kinetic model for the adsorption of Crystal Violet dye due to the surface composite Bent-SCMC-PMAA hydrogel at optimum 
condition (temp 5°C, pH = 8, Adsorbing surface weight 0.02 g and concentration of the dye solution 20 mg. L−1). Pseudo-first-order 
kinetic model B) pseudo-second-order kinetic model C) Bent-SCMC-PMAA hydrogel reusability research up to seven desorption/

adsorption cycles at (adsorption condition: Time: 72 h, pH: 8, concentration: 20 mg L-1, temperature: 5 °C.
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kinetic model can be concluded as most suitable 
to describe the adsorption process of crystal 
violet on synthesized hydrogel nanocomposite 
confirming efficient adsorption behavior and 
stable kinetics [55].

Reusability of regenerated Bent-SCMC-PMAA 
hydrogel

As shown in [Fig. 10C], the reusability of the 
Bent-SCMC-PMAA hydrogel was evaluated over 
seven successive adsorption–desorption cycles 
for crystal violet removal. The results indicate a 
gradual decline in removal efficiency from 91.24% 
in the first cycle to 84.71% in the seventh cycle. 
This slight decrease suggests that the hydrogel 
retains a high proportion of its active binding 
sites and maintains acceptable structural stability 
even after repeated regeneration processes. The 
reduction in performance may be attributed to 
partial blockage or limited loss of active functional 
groups during successive cycles. Overall, the 
Bent-SCMC-PMAA hydrogel demonstrates good 
reusability and stability, highlighting its potential 
applicability as a sustainable and cost-effective 
adsorbent for wastewater treatment applications 
[56-58].

CONCLUSION
A new kind of hydrogel composite based on 

Bent–SCMC–PMAA was synthesized in this study, 
and was studied as an efficient adsorbent for the 
removal of Crystal Violet (CV) dye from aqueous 
solutions. This composite was formed from 
sodium carboxymethyl cellulose (Na-SCMC) and 
poly (methacrylic acid) (PMAA) arranged within 
the framework of a crosslinked hydrogel network 
with modified bentonite. This combination was 
aimed to take advantage of the complementary 
characteristics of inorganic clay and functional 
polymers for improving adsorptive performance. 
The achieved results indicate definitively that the 
synthesized composite is an effective adsorbent 
material with appropriate structural stability 
and ready adaptability with variable operating 
conditions thus can be exploited for waste water 
treatment. The adsorption efficiency of Bent–
SCMC–PMAA hydrogel toward Crystal Violet 
reached an impressive 97.2% removal under 
optimum conditions (i.e., contact time, pH 8, and 
temperatures of 5 °C with a slurry concentration 
of adsorbent dosage = 0.02 g, and CV initial 
concentration = 20 mg·L⁻¹ for a period up to72 h). 

The improved adsorption performance is mainly 
ascribed to the synergistic effect of composite 
constituents: On one hand, due to PMAA will 
produce a large number of carboxylic groups 
(–COOH/–COO⁻), these strong electrostatic 
interaction with cationic dye molecules. Na-
SCMC improved the hydrophilicity and swelling 
properties of the hydrogel, implying this could 
help facilitate dye molecules diffusion to internal 
adsorption sites. These traits, alongside the advent 
of new energetic sites as a result of the addition of 
modified bentonite that improve surface area and 
porosity or mechanical strength finally increase 
comprehensive sorption capacities. Adsorption for 
this composite was relatively less affected by NaCl 
and CaCO₃, showing good ionic strength tolerance, 
thus suggesting the suitability of the composite 
in real wastewater systems. Thermodynamic 
parameters indicated that the adsorption process 
is exothermic (ΔH⁰ < 0) and associated with a 
loss in randomness at the solid–liquid interface 
(ΔS⁰ < 0), but positive ΔG⁰ values implied that 
the process is non-spontaneous under studied 
conditions. Isotherm and kinetic analyses revealed 
that the adsorption process conformed to both 
Langmuir (R² = 0.9976) model with monolayer 
adsorption on a relatively homogeneous surface, 
best describe the kinetic behavior was pseudo-
second-order model supporting chemisorption 
via interactions of active sites. Longer studies are 
suggested from these implications to address the 
practical deployment of this hydrogel composite. 
Future studies should be aimed towards assessing 
regeneration and reusability of the adsorbent 
for several adsorption–desorption cycles to 
evaluate long-term performance and economic 
viability. Moreover, the adsorption behavior 
towards a diverse range of contaminants, 
especially heavy metals and multicolor dyes 
system, facilitates understanding its effectiveness 
in complex wastewater mixture matrices. It is 
also necessary to test the composite under real 
industrial wastewater conditions, to ensure that 
its efficiency is not affected by competing ions and 
organic matter. Structural modifications including 
the introduction of nanomaterials or functional 
dopants can also enhance their adsorption 
capacity and selectivity. Ultimately, scale-up 
of synthesis and cost–benefit analyses will be 
important steps towards bringing this material 
from lab-based research to actual environmental 
applications.



3255J Nanostruct 16(3): 3240-3256, Summer 2026

H. Hadi , and F. Karam / Adsorption of Crystal Violet by Modified Bentonite Hydrogel

ACKNOWLEDGMENT
The authors would like to express their sincere 

appreciation to the College of Science, University 
of Al-Qadisiyah, for their continuous support and 
valuable assistance throughout the completion of 
this research.

CONFLICT OF INTEREST
The authors declare that there is no conflict 

of interests regarding the publication of this 
manuscript.

REFERENCES 
1. Alkhaldi HS, Baata M, Alhajri F, Elbasiony AM, Almoiqli MS, 

Madani M, et al. Recent progress in the preparation and 
environmental applications of functionalized adsorbent 
hydrogel: a review. RSC Advances. 2026;16(8):7287-7336.

2. Abu Elella MH, Mohamed RR, Pandey M, López‐Maldonado EA, 
Abu‐Thabit NY, Amar N, et al. Gelatin‐based adsorbents for 
efficient adsorptive removal of toxic pollutants in wastewater: 
A step towards environmental sustainability. Polym Int. 2026.

3. Al-Heety L, Hassan O, Hassan K. Biopolymer-based hydrogels for 
the remediation of heavy metals and dyes from wastewater. 
Journal of University of Anbar for Pure Science. 2026;20(1):9-
28.

4. Mirmomen M, Sereshti H. Double network hydrogel 
based on cellulose nanofibers and acrylic terpolymer for 
enhanced methylene blue removal: Kinetic, isotherm, 
and thermodynamic analysis. Int J Biol Macromol. 
2026;361:151919.

5. Obsa AL, Shibeshi NT, Mulugeta E, Workeneh GA. Eco-friendly 
composite hydrogel based on cellulose and bentonite 
for removal of lead (II): Kinetics and isotherm studies. 
Carbohydrate Polymer Technologies and Applications. 
2025;9:100637.

6. Ruiz-Fresneda MA, González-Morales E, Gila-Vilchez C, Leon-
Cecilla A, Merroun ML, Medina-Castillo AL, et al. Clay–
polymer hybrid hydrogels in the vanguard of technological 
innovations for bioremediation, metal biorecovery, and 
diverse applications. Materials Horizons. 2024;11(22):5533-
5549.

7. Khan Z, Mansoori B, Khan MK. Hydrogel Applications in Heavy 
Metal Adsorption from Wastewater. Advances in Wastewater 
Research: Springer Nature Singapore; 2026. p. 147-169. 
http://dx.doi.org/10.1007/978-981-95-1598-1_7

8. Zahid MU. Functional Prominence of Natural Gum‐Based 
Crosslinked Hydrogels for Wound Healing and Dye Degradation 
Applications. J Appl Polym Sci. 2025;143(5).

9. Farhath MM, Kandanapitiye MS, Manatunga DC, Dassanayake 
RS, Vithanage M. Recent developments in polysaccharide-
based technologies for phosphorus removal and recovery 
from wastewater: a review. Environmental Science: Water 
Research and Technology. 2026;12(2):349-370.

10. Li W, Zhang L, Su T, Luo X, Xie X, Qin Z. Carboxymethyl cellulose 
sodium/bentonite composite adsorbent for Cd(II) adsorption 
from wastewater. Advanced Composites and Hybrid Materials. 
2025;8(1).

11. Abbas Alwan K, F. Karam F. Adsorption of Indigo Carmine Dye 
on Chitosan Grafted Poly (Methyl Methacrylate). Baghdad 
Science Journal. 2024.

12. Hashemian PS, Renani BS, Beygi H, Javanbakht V. Magnetic 
polyaniline nanocomposite modified by multi-walled carbon 

nanotube for efficient adsorptive removal of methyl orange 
from aqueous solutions. Desalination and Water Treatment. 
2026;326:101711.

13. Abudiwayiti A, Sawut A, Simayi R, Cheng L. Preparation of 
citric acid-modified β-cyclodextrin/poly (acrylic acid-co- 
acrylamide) composite hydrogel for enhanced methylene 
blue adsorption. Springer Science and Business Media LLC; 
2026. 

14. Aliyev AR, Hasanova UA, Israyilova AA, Gakhramanova 
ZO, Ahmadova AB. Advanced Microstructural Insights into 
Bentonite-Based Antibacterial Nanocoatings for Surgical Mesh 
Applications. Azerbaijan Chemical Journal. 2025;0(1):101-
110.

15. Kudekar VP, Rane BR, Jain AS, Kothawade SN. Characterization 
Techniques for Polymer Nanocomposites. Polymer 
Nanocomposites: Springer Nature Switzerland; 2026. p. 139-
159. 

16. Nunes MABS, Rojas OJ, Petri DFS. Influence of composition 
and drying method of cellulose/bentonite/CTAB composite 
on the BPA removal. Colloids Surf Physicochem Eng Aspects. 
2026;735:139499.

17. Ebrahim SA, Mosaad MM, Othman HA, Hassabo AG. Clay 
Minerals in Textile Engineering: Synthesis, Characterization 
and Applications of Polymer-Clay Nanocomposites for 
Enhanced Fabric Performance. Egyptian Journal of Chemistry. 
2025;0(0):0-0.

18. Pandey A, Kalamdhad AS, Sharma YC. Sustainable magnesium 
doped nanofibrillated cellulose/bentonite composite for 
enhanced phosphate removal: process optimization and 
mechanistic insights. RSC Advances. 2026;16(5):4602-4617.

19. Radhakrishnan K, Kumar JV, Suriyaprakash R. Biodegradability, 
life cycle assessment, toxicity, recycling and disposal, 
environmental and health impact of polyurethane 
nanocomposites. Polyurethane Nanocomposites: Elsevier; 
2026. p. 1071-1103. 

20. Bhat AH, Al Rahbi AS, Doss V, Kaur B, Bhawani SA, Devi G. 
Composite Nanoclay Materials for Removal of Ions from 
Water. Smart Nanomaterials Technology: Springer Nature 
Singapore; 2026. p. 37-54. 

21. Kumar P, Kaur J, Rahul, Kaur P, Malik S. Nanomaterials in 
Water Purification: From Pathogens to Microplastics and 
Heavy Metals. Nanotechnology in Environmental Science and 
Healthcare: Springer Nature Singapore; 2026. p. 55-82. 

22. Marković M, Daković A, Ožegović M, Obradović M, Krajišnik 
D, Pantić M, et al. Bentonite–Chitosan–Surfactant Composite 
with Antimicrobial, Antioxidant, and Mycotoxin Adsorption 
Properties. Minerals. 2026;16(1):118.

23. Khapre M, Vithalkar S, Bambal A, Jugade R, Khapre D. Response 
Surface Methodology for Detoxification of Malachite green 
using Crosslinked Chitosan Bentonite composite. Chemical 
Papers. 2025;80(1):165-178.

24. Ahnin C, Bounab L, Douhri H, Chraka A, Draoui K, Hadri M. 
Natural and modified clays for wastewater treatment: a 
review of adsorption of dyes and heavy metals. Environmental 
Geochemistry and Health. 2026;48(6).

25. Shahi F, Moshiri H, Kamran F, Afshar H. Superabsorbent 
Polymers: Emerging Functionalities and Their Role in 
Advancing Technologies. Polymer Engineering and Science. 
2025;66(3):1520-1549.

26. Aljeboree AM, Mhammed AA, Essa S, Abd S, Alsultany 
FH, Radia ND, et al. TiO2-embedded κ-carrageenan-based 
copolymer hydrogel: synthesis, characterization and pH-
responsive dye adsorption applications. Iranian Polymer 
Journal. 2026.

27. Yoon S, Chen B. Biomimetic Elastomer–Clay Nanocomposite 
Hydrogels with Control of Biological Chemicals for Soft Tissue 

http://dx.doi.org/10.1039/d5ra07905e
http://dx.doi.org/10.1039/d5ra07905e
http://dx.doi.org/10.1039/d5ra07905e
http://dx.doi.org/10.1039/d5ra07905e
http://dx.doi.org/10.1002/pi.70115
http://dx.doi.org/10.1002/pi.70115
http://dx.doi.org/10.1002/pi.70115
http://dx.doi.org/10.1002/pi.70115
http://dx.doi.org/10.37652/juaps.2025.161090.1413
http://dx.doi.org/10.37652/juaps.2025.161090.1413
http://dx.doi.org/10.37652/juaps.2025.161090.1413
http://dx.doi.org/10.37652/juaps.2025.161090.1413
http://dx.doi.org/10.1016/j.ijbiomac.2026.151919
http://dx.doi.org/10.1016/j.ijbiomac.2026.151919
http://dx.doi.org/10.1016/j.ijbiomac.2026.151919
http://dx.doi.org/10.1016/j.ijbiomac.2026.151919
http://dx.doi.org/10.1016/j.ijbiomac.2026.151919
http://dx.doi.org/10.1016/j.carpta.2024.100637
http://dx.doi.org/10.1016/j.carpta.2024.100637
http://dx.doi.org/10.1016/j.carpta.2024.100637
http://dx.doi.org/10.1016/j.carpta.2024.100637
http://dx.doi.org/10.1016/j.carpta.2024.100637
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1039/d4mh00975d
http://dx.doi.org/10.1007/978-981-95-1598-1_7
http://dx.doi.org/10.1007/978-981-95-1598-1_7
http://dx.doi.org/10.1007/978-981-95-1598-1_7
http://dx.doi.org/10.1007/978-981-95-1598-1_7
http://dx.doi.org/10.1002/app.58154
http://dx.doi.org/10.1002/app.58154
http://dx.doi.org/10.1002/app.58154
http://dx.doi.org/10.1039/d5ew00812c
http://dx.doi.org/10.1039/d5ew00812c
http://dx.doi.org/10.1039/d5ew00812c
http://dx.doi.org/10.1039/d5ew00812c
http://dx.doi.org/10.1039/d5ew00812c
http://dx.doi.org/10.1007/s42114-024-01185-x
http://dx.doi.org/10.1007/s42114-024-01185-x
http://dx.doi.org/10.1007/s42114-024-01185-x
http://dx.doi.org/10.1007/s42114-024-01185-x
http://dx.doi.org/10.21123/bsj.2024.10316
http://dx.doi.org/10.21123/bsj.2024.10316
http://dx.doi.org/10.21123/bsj.2024.10316
http://dx.doi.org/10.1016/j.dwt.2026.101711
http://dx.doi.org/10.1016/j.dwt.2026.101711
http://dx.doi.org/10.1016/j.dwt.2026.101711
http://dx.doi.org/10.1016/j.dwt.2026.101711
http://dx.doi.org/10.1016/j.dwt.2026.101711
http://dx.doi.org/10.21203/rs.3.rs-8874053/v1
http://dx.doi.org/10.21203/rs.3.rs-8874053/v1
http://dx.doi.org/10.21203/rs.3.rs-8874053/v1
http://dx.doi.org/10.21203/rs.3.rs-8874053/v1
http://dx.doi.org/10.21203/rs.3.rs-8874053/v1
http://dx.doi.org/10.32737/0005-2531-2026-1-101-110
http://dx.doi.org/10.32737/0005-2531-2026-1-101-110
http://dx.doi.org/10.32737/0005-2531-2026-1-101-110
http://dx.doi.org/10.32737/0005-2531-2026-1-101-110
http://dx.doi.org/10.32737/0005-2531-2026-1-101-110
http://dx.doi.org/10.1007/978-3-032-00365-2_5
http://dx.doi.org/10.1007/978-3-032-00365-2_5
http://dx.doi.org/10.1007/978-3-032-00365-2_5
http://dx.doi.org/10.1007/978-3-032-00365-2_5
http://dx.doi.org/10.1016/j.colsurfa.2026.139499
http://dx.doi.org/10.1016/j.colsurfa.2026.139499
http://dx.doi.org/10.1016/j.colsurfa.2026.139499
http://dx.doi.org/10.1016/j.colsurfa.2026.139499
http://dx.doi.org/10.21608/ejchem.2025.403329.12031
http://dx.doi.org/10.21608/ejchem.2025.403329.12031
http://dx.doi.org/10.21608/ejchem.2025.403329.12031
http://dx.doi.org/10.21608/ejchem.2025.403329.12031
http://dx.doi.org/10.21608/ejchem.2025.403329.12031
http://dx.doi.org/10.1039/d5ra08609d
http://dx.doi.org/10.1039/d5ra08609d
http://dx.doi.org/10.1039/d5ra08609d
http://dx.doi.org/10.1039/d5ra08609d
http://dx.doi.org/10.1016/b978-0-443-29904-9.00025-6
http://dx.doi.org/10.1016/b978-0-443-29904-9.00025-6
http://dx.doi.org/10.1016/b978-0-443-29904-9.00025-6
http://dx.doi.org/10.1016/b978-0-443-29904-9.00025-6
http://dx.doi.org/10.1016/b978-0-443-29904-9.00025-6
http://dx.doi.org/10.1007/978-981-95-6079-0_3
http://dx.doi.org/10.1007/978-981-95-6079-0_3
http://dx.doi.org/10.1007/978-981-95-6079-0_3
http://dx.doi.org/10.1007/978-981-95-6079-0_3
http://dx.doi.org/10.1007/978-981-95-6714-0_4
http://dx.doi.org/10.1007/978-981-95-6714-0_4
http://dx.doi.org/10.1007/978-981-95-6714-0_4
http://dx.doi.org/10.1007/978-981-95-6714-0_4
http://dx.doi.org/10.3390/min16010118
http://dx.doi.org/10.3390/min16010118
http://dx.doi.org/10.3390/min16010118
http://dx.doi.org/10.3390/min16010118
http://dx.doi.org/10.1007/s11696-025-04348-2
http://dx.doi.org/10.1007/s11696-025-04348-2
http://dx.doi.org/10.1007/s11696-025-04348-2
http://dx.doi.org/10.1007/s11696-025-04348-2
http://dx.doi.org/10.1007/s10653-026-03163-2
http://dx.doi.org/10.1007/s10653-026-03163-2
http://dx.doi.org/10.1007/s10653-026-03163-2
http://dx.doi.org/10.1007/s10653-026-03163-2
http://dx.doi.org/10.1002/pen.70333
http://dx.doi.org/10.1002/pen.70333
http://dx.doi.org/10.1002/pen.70333
http://dx.doi.org/10.1002/pen.70333
http://dx.doi.org/10.1007/s13726-026-01605-3
http://dx.doi.org/10.1007/s13726-026-01605-3
http://dx.doi.org/10.1007/s13726-026-01605-3
http://dx.doi.org/10.1007/s13726-026-01605-3
http://dx.doi.org/10.1007/s13726-026-01605-3
http://dx.doi.org/10.1021/acsabm.4c01944
http://dx.doi.org/10.1021/acsabm.4c01944


3256

H. Hadi , and F. Karam / Adsorption of Crystal Violet by Modified Bentonite Hydrogel

J Nanostruct 16(3): 3240-3256, Summer 2026

Engineering and Wound Healing. ACS Applied Bio Materials. 
2025;8(3):2492-2505.

28. Erol İ, İsmail İ, Hazman Ö, Khamidov G, Efe E, Yurdakal S. 
Structural, dielectric, thermal, antioxidant activity, and 
antibacterial efficiency of electrospun PVA/PVP/TiO2-GO 
nanocomposites. J Mol Liq. 2026;448:129360.

29. Ganguly S. Fundamentals of aging and degradation of 
polymer nanocomposites. Aging and Degradation of Polymer 
Nanocomposites: Elsevier; 2026. p. 39-63. http://dx.doi.
org/10.1016/b978-0-443-28864-7.00011-6

30. Al-khuder ZHA, Karam FF. Synthesis and characterization of 
a quaternary composite based on RGO/MWCNTs/choline 
chloride + malonic acid for methyl orange dye adsorption. 
Results in Chemistry. 2025;15:102133.

31. Bernet T, Canu C, Jackson G. Revisiting the Classification of 
Physisorption Isotherms with Classical Density Functional 
Theory. The Journal of Physical Chemistry B. 2026;130(6):1933-
1949.

32. Kalpokaitė-Dičkuvienė R. Nitrogen Adsorption Measurement 
for Pore Structure Characterisation of Cement–Oil Shale 
Ash Composite Exposed to an Aggressive Salt Environment. 
Materials. 2026;19(4):772.

33. Machado VD, Lima-Tenório MK, Tenório-Neto ET. 
Understanding the Swelling Behavior of Polysaccharide-Based 
Hydrogels through a Kinetic Modeling. ACS Polymers Au. 
2026;6(2):634-644.

34. Cansado IPdP, Mourão PAM, Castanheiro JEF, Geraldo PF, 
Suhas, Suero SR, et al. Review on Treatment Pathways and 
Adsorptive Approaches for Dye-Contaminated Wastewater. 
Processes. 2026;14(6):898.

35. El Messaoudi N, Miyah Y, Benjelloun M, Bahend K, Georgin 
J, Franco DSP, et al. Recent developments and prospects for 
the use of carboxymethyl cellulose-based nanocomposites in 
wastewater dye removal. Polym Bull. 2025;83(1).

36. Applications of Polymer Clay Nanocomposites. Introduction 
to Polymer-Clay Nanocomposites: Jenny Stanford Publishing; 
2015. p. 309-355. 

37. Bendrihem AS, Tiar C, Merir R, Kecir I, Guellal M, Bourzami R, 
et al. Experimental and theoretical studies of the interaction 
of cationic dye in halloysite nanotubes. Reaction Kinetics, 
Mechanisms and Catalysis. 2025;139(1):531-559.

38. Ben Salah A, Antxustegi MM, Corro E, González Alriols M. 
Apple Pruning-Derived Activated Biochar and Hydrochar for 
Efficient Dye Adsorption: Response Surface Methodology-
Guided Optimization, Kinetic Analysis, and Mechanistic 
Modelling. Recycling. 2026;11(3):50.

39. Panic VV, Velickovic SJ. Removal of model cationic dye by 
adsorption onto poly(methacrylic acid)/zeolite hydrogel 
composites: Kinetics, equilibrium study and image analysis. 
Sep Purif Technol. 2014;122:384-394.

40. Das B, Borah ST. Advances in pH‐Sensitive Luminescent 
Transition Metal Complexes for Theranostic Applications. 
Chemistry – An Asian Journal. 2026;21(3).

41. Dua S, Gupta S, Parveen S, Arfin N. Dopamine-modified 
zein–laponite complexes for gentamicin delivery: A study on 
transition from dynamic to static self-assembly and efficacy 
against E. coli. J Mater Res. 2025;40(22):3241-3254.

42. Saengdet PM, Ogawa M. Polymer‐clay nanocomposite 
hydrogels with multiple responses to multiple stimuli. 
Responsive Materials. 2025;3(3).

43. Mishra M, Patel PK. Advances in Hydrogel-Based Materials 
for Efficient Dye Sorption and Remediation. Advances in 
Wastewater Research: Springer Nature Singapore; 2026. p. 
171-200. 

44. Li Y, Lee D, Min B-C, Kim TW, Choi JY, Park S-H, et al. Size-

selective adsorption and multi-cycle treatment performance 
of hierarchical pitch-derived activated carbon for real textile 
effluent. Desalination. 2026;627:119975.

45. Chadha M, Berry S. A Comprehensive and Comparative 
Analysis of Cationic and Anionic Dyes Removal From Waste 
Water Using Pineapple Peels Waste as Adsorbent: Adsorption 
Isotherms and Kinetic Models. Water, Air, and Soil Pollution. 
2026;237(8).

46. Kohila N, Subramaniam P, Sathiyaseelan K. Investigation and 
efficiency on polymeric hybrid exchangers for the removal of 
methylene blue and methyl violet dyes in textile wastewater. J 
Dispersion Sci Technol. 2026:1-24.

47. Gazdagli I, Isik B, Ugraskan V. Adsorptive removal of toxic 
methyl orange textile dye from aqueous solutions using 
polypyrrole/graphitic carbon nitride composite. Fullerenes, 
Nanotubes and Carbon Nanostructures. 2025;34(3):224-242.

48. Zhang M, Zhang Y, Yuan A, Feng M, Mu J. Metal sulfide-based 
composite flocs integrated with an improved accumulative 
countercurrent adsorption process for efficient removal of 
Cs+, Sr2+, and Co2+. Science China Technological Sciences. 
2026;69(4).

49. Alenezi H, Albrahim JS, Saleh AK. Multifunctional bio-
inorganic cellulose nanofiber/silica/silver-nanoparticle 
composite polymer: characterization, anionic and cationic dye 
absorption and antimicrobial assessments. Journal of Polymer 
Research. 2026;33(3).

50. Feng Q, Zeng Y, He X, Li C, Zhu J, Fu H, et al. Tuning the 
polymerization degree of 3-aminophenol-formaldehyde for 
photocatalytic degradation of methylene blue. Journal of 
Hazardous Materials: Organics. 2026;3:100021.

51. El Alouani M, Saufi H, Aouan B, Bassam R, Ben Tourtit M, 
Bassam A, et al. A Comprehensive Review on Green Synthesis 
and Characterization of Plant-Based Nanoparticles for Water 
Treatment Applications: Adsorption and Photodegradation 
of Organic and Inorganic Pollutants. Sustainability. 
2026;18(6):2721.

52. BÜYÜKÜStÜN AD, Erişir E, GÜMÜŞKaya E. Swelling Capacity 
in Carboxymethylcellulose-Cellulose Hybrid Hydrogels: 
The Effects of Oxidation with Zinc Chloride and Refining on 
Cellulose Used as Reinforcement. Drewno Prace Naukowe, 
Doniesienia, Komunikaty = Wood Research Papers, Reports, 
Announcements. 2025.

53. Keskin ZS, Şenol ZM. Bioremoval of crystal violet dye from 
aqueous solutions using Physalis Peruviana calyx: mechanism, 
biosorption isotherms, kinetic modeling, and thermodynamic 
analysis. Biomass Conversion and Biorefinery. 2026;16(2).

54. Alanazi AH, Al Zbedy AS, Atta A, Moustafa SMN, Ahmed 
SH, Alotaibi NF, et al. Multifunctional Biogenic Silver/
Hydroxyapatite Nanocomposite: Photocatalytic Crystal Violet 
Removal, Antihemolytic Performance, and Broad-Spectrum 
Antimicrobial Activity. Catalysts. 2026;16(2):124.

55. Kumar A, Pal D. Bioflocculants-Based Hydrogels for Wastewater 
Management. Advances in Wastewater Research: Springer 
Nature Singapore; 2026. p. 293-320. 

56. Mudau FH, Mahlangu OT, De Kock LA, Motsa MM. Poly 
(methacrylic acid) / starch incorporated low-pressure 
polyethersulfone (ultrafiltration) membranes for 
slaughterhouse wastewater treatment intended for reuse. Int 
J Environ Sci Technol (Tehran). 2026;23(3).

57. Afsheen, Shah LA, Salman SM, Yoo H. Quick catalytic 
degradation of methylene blue using gellan gum-co-
polymethacrylic acid hydrogel supported Ni-Cu bimetallic 
composite. Materials Science and Engineering: B. 
2026;323:118690.

http://dx.doi.org/10.1021/acsabm.4c01944
http://dx.doi.org/10.1021/acsabm.4c01944
http://dx.doi.org/10.1016/j.molliq.2026.129360
http://dx.doi.org/10.1016/j.molliq.2026.129360
http://dx.doi.org/10.1016/j.molliq.2026.129360
http://dx.doi.org/10.1016/j.molliq.2026.129360
http://dx.doi.org/10.1016/b978-0-443-28864-7.00011-6
http://dx.doi.org/10.1016/b978-0-443-28864-7.00011-6
http://dx.doi.org/10.1016/b978-0-443-28864-7.00011-6
http://dx.doi.org/10.1016/b978-0-443-28864-7.00011-6
http://dx.doi.org/10.1016/j.rechem.2025.102133
http://dx.doi.org/10.1016/j.rechem.2025.102133
http://dx.doi.org/10.1016/j.rechem.2025.102133
http://dx.doi.org/10.1016/j.rechem.2025.102133
http://dx.doi.org/10.1021/acs.jpcb.5c08129
http://dx.doi.org/10.1021/acs.jpcb.5c08129
http://dx.doi.org/10.1021/acs.jpcb.5c08129
http://dx.doi.org/10.1021/acs.jpcb.5c08129
http://dx.doi.org/10.3390/ma19040772
http://dx.doi.org/10.3390/ma19040772
http://dx.doi.org/10.3390/ma19040772
http://dx.doi.org/10.3390/ma19040772
http://dx.doi.org/10.1021/acspolymersau.5c00208
http://dx.doi.org/10.1021/acspolymersau.5c00208
http://dx.doi.org/10.1021/acspolymersau.5c00208
http://dx.doi.org/10.1021/acspolymersau.5c00208
http://dx.doi.org/10.3390/pr14060898
http://dx.doi.org/10.3390/pr14060898
http://dx.doi.org/10.3390/pr14060898
http://dx.doi.org/10.3390/pr14060898
http://dx.doi.org/10.1007/s00289-025-06118-2
http://dx.doi.org/10.1007/s00289-025-06118-2
http://dx.doi.org/10.1007/s00289-025-06118-2
http://dx.doi.org/10.1007/s00289-025-06118-2
http://dx.doi.org/10.1201/b18716-9
http://dx.doi.org/10.1201/b18716-9
http://dx.doi.org/10.1201/b18716-9
http://dx.doi.org/10.1007/s11144-025-02933-w
http://dx.doi.org/10.1007/s11144-025-02933-w
http://dx.doi.org/10.1007/s11144-025-02933-w
http://dx.doi.org/10.1007/s11144-025-02933-w
http://dx.doi.org/10.3390/recycling11030050
http://dx.doi.org/10.3390/recycling11030050
http://dx.doi.org/10.3390/recycling11030050
http://dx.doi.org/10.3390/recycling11030050
http://dx.doi.org/10.3390/recycling11030050
http://dx.doi.org/10.1016/j.seppur.2013.11.025
http://dx.doi.org/10.1016/j.seppur.2013.11.025
http://dx.doi.org/10.1016/j.seppur.2013.11.025
http://dx.doi.org/10.1016/j.seppur.2013.11.025
http://dx.doi.org/10.1002/asia.70635
http://dx.doi.org/10.1002/asia.70635
http://dx.doi.org/10.1002/asia.70635
http://dx.doi.org/10.1557/s43578-025-01739-9
http://dx.doi.org/10.1557/s43578-025-01739-9
http://dx.doi.org/10.1557/s43578-025-01739-9
http://dx.doi.org/10.1557/s43578-025-01739-9
http://dx.doi.org/10.1002/rpm.20250014
http://dx.doi.org/10.1002/rpm.20250014
http://dx.doi.org/10.1002/rpm.20250014
http://dx.doi.org/10.1007/978-981-95-1598-1_8
http://dx.doi.org/10.1007/978-981-95-1598-1_8
http://dx.doi.org/10.1007/978-981-95-1598-1_8
http://dx.doi.org/10.1007/978-981-95-1598-1_8
http://dx.doi.org/10.1016/j.desal.2026.119975
http://dx.doi.org/10.1016/j.desal.2026.119975
http://dx.doi.org/10.1016/j.desal.2026.119975
http://dx.doi.org/10.1016/j.desal.2026.119975
http://dx.doi.org/10.1007/s11270-026-09168-y
http://dx.doi.org/10.1007/s11270-026-09168-y
http://dx.doi.org/10.1007/s11270-026-09168-y
http://dx.doi.org/10.1007/s11270-026-09168-y
http://dx.doi.org/10.1007/s11270-026-09168-y
http://dx.doi.org/10.1080/01932691.2026.2614659
http://dx.doi.org/10.1080/01932691.2026.2614659
http://dx.doi.org/10.1080/01932691.2026.2614659
http://dx.doi.org/10.1080/01932691.2026.2614659
http://dx.doi.org/10.1080/1536383x.2025.2527216
http://dx.doi.org/10.1080/1536383x.2025.2527216
http://dx.doi.org/10.1080/1536383x.2025.2527216
http://dx.doi.org/10.1080/1536383x.2025.2527216
http://dx.doi.org/10.1007/s11431-025-3182-6
http://dx.doi.org/10.1007/s11431-025-3182-6
http://dx.doi.org/10.1007/s11431-025-3182-6
http://dx.doi.org/10.1007/s11431-025-3182-6
http://dx.doi.org/10.1007/s11431-025-3182-6
http://dx.doi.org/10.1007/s10965-026-04767-z
http://dx.doi.org/10.1007/s10965-026-04767-z
http://dx.doi.org/10.1007/s10965-026-04767-z
http://dx.doi.org/10.1007/s10965-026-04767-z
http://dx.doi.org/10.1007/s10965-026-04767-z
http://dx.doi.org/10.1016/j.hazmo.2026.100021
http://dx.doi.org/10.1016/j.hazmo.2026.100021
http://dx.doi.org/10.1016/j.hazmo.2026.100021
http://dx.doi.org/10.1016/j.hazmo.2026.100021
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.3390/su18062721
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.53502/wood-199710
http://dx.doi.org/10.1007/s13399-025-06944-4
http://dx.doi.org/10.1007/s13399-025-06944-4
http://dx.doi.org/10.1007/s13399-025-06944-4
http://dx.doi.org/10.1007/s13399-025-06944-4
http://dx.doi.org/10.3390/catal16020124
http://dx.doi.org/10.3390/catal16020124
http://dx.doi.org/10.3390/catal16020124
http://dx.doi.org/10.3390/catal16020124
http://dx.doi.org/10.3390/catal16020124
http://dx.doi.org/10.1007/978-981-95-1598-1_12
http://dx.doi.org/10.1007/978-981-95-1598-1_12
http://dx.doi.org/10.1007/978-981-95-1598-1_12
http://dx.doi.org/10.1007/s13762-026-07061-z
http://dx.doi.org/10.1007/s13762-026-07061-z
http://dx.doi.org/10.1007/s13762-026-07061-z
http://dx.doi.org/10.1007/s13762-026-07061-z
http://dx.doi.org/10.1007/s13762-026-07061-z
http://dx.doi.org/10.1016/j.mseb.2025.118690
http://dx.doi.org/10.1016/j.mseb.2025.118690
http://dx.doi.org/10.1016/j.mseb.2025.118690
http://dx.doi.org/10.1016/j.mseb.2025.118690
http://dx.doi.org/10.1016/j.mseb.2025.118690

	Synthesis, Characterization and Adsorption of Crystal Violet (CV) Dye from Aqueous Solutions by Modi
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Synthesis of the Bent-SCMC-poly (methacrylic acid) hydrogel
	Pretreatment of Bentonite
	Synthesis of Hydrogel
	Characterization
	Batch adsorption experiment
	Calibration curve of CV dye
	Adsorption isotherms
	Adsorption kinetics

	Results and discussion
	FTIR Analysis
	XRD Analysis
	FESEM Analysis
	TG Analysis
	BET Analysis
	The adsorption capability of the Bent-CMC-PMAA hydrogel
	Effect of the Adsorbent Mass
	Effect of the Contact Time of CV
	Effect of pH
	Effect of the Temperature’s
	Effect of the Ionic strength
	Adsorption isotherms
	Adsorption kinetics
	Reusability of regenerated Bent-SCMC-PMAA hydrogel

	CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES

