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Summary: The widespread discharge of carcinogenic dyes from industrial effluents poses serious
health and environmental hazards, necessitating efficient remediation strategies. In this study, hybrids
(3a-h) of modified sodium bentonite, guar gum and chitosan were synthesized and employed for
organic dyes adsorption. The confirmation of prepared hybrids was accomplished by FTIR, XRD,
SEM and EDX analysis. The thermochemical treatment of bentonites resulted in improved crystalline
structure that was more pronounced in hybrids. The surface roughness and porosity was increased in
prepared hybrids and more visible in 3g hybrid. These results were further supported by chemical
composition where high carbon and oxygen contents were observed. Among the synthesized hybrids,
sample 3g exhibited high adsorption capacity for both Congo red (CR) (95.5%) and methylene green
(MG) dye (76%). Adsorption behaviour was systemically evaluated by varying the pH, temperature,
contact time and adsorbent dosage. The best results were achieved at ambient temperature in 120
minutes, at an adsorbent dosage of 0.05 mg.g' and pH 8 for Methyl green. The same hybrid
demonstrated maximum adsorption under identical conditions, except at an acidic pH of 2 with contact
time at 150 min for Congo Red. The data fit both Langmuir and Freundlich isotherm models, indicating
monolayer and heterogeneous multilayer adsorption. Kinetic studies supported pseudo second order
reaction mechanism, suggesting chemisorption dominance. Thermodynamic analysis revealed that
MG adsorption was spontaneous and exothermic, whereas CR showed a non-spontaneous behavior
due to electrostatic repulsion. Molecular logic gates were constructed to demonstrate the intelligent
sensing capability of the synthesized hybrids by varying pH and temperature. The synthesized hybrid
composites demonstrated promising potential for sustainable wastewater treatment applications with

high adsorption capacity, selectivity and cost-effectiveness.
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Introduction

Effluents from textile, paint and food
industries are posing severe risks to both human health
and aquatic life. Among these mainly textile industries
release about 5 to 15% of dyes in waste water during
the process of coloration which cause many health and
environmental damages due to their complex structure
and carcinogenic nature [1]. The toxic and persistent
dyes like Congo red (anionic) and Methylene green
(cationic) can cause serious problems to human health
such as skin irritation, dermatitis, allergy, and cancer.
Therefore, there must be legal action taken to restrict
the discharge of these colored effluents into the
receptor bodies [2]. As consequence, many water
treatment methods have been successfully utilized to
eliminate these dyes from aqueous media such as
adsorption,  filtration,  ozonation,  biosorption,
photocatalysis, and electrochemical treatment [3].
Among these, adsorption is considered as most
promising and competitive technique to treat
contaminants due to its low cost, high efficiency and
ease of operation.

Nowadays, several natural, synthetic and
hybrid materials have been utilized in adsorption field
for displacement of dye pollutants from the aqueous
medium. Chitosan, a pseudo-natural polymer due to its
affordability, efficiency, biodegradability and presence
of hydroxyl and amino groups which are potential
adsorption sites is extensively used for this purpose.
Since, Chitosan has less surface area and low
mechanical resistance, therefore it is not efficient for
cationic dyes [4]. Consequently, to overcome all these
drawbacks, clay and clay minerals are of great interest
due to their layered structure, chemical composition
and electric charge that results in high cation exchange
ability and adsorption rate. Among clays, bentonite
more commonly composed of montmorillonite has
been used as an adsorbent in many environmental
application for different organic pollutants. It is a
phyllosilicate and interacts with cationic species in
aqueous media through tetrahedral sheets of silicon
oxide and octahedral site of aluminium oxide for
cationic dye removal [5].
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Bentonite-based biopolymer composites
have attracted increasing attention owing to their
environmental compatibility and low toxicity. These
composite materials are widely studied for removing
organic dyes from water, however, few reports are
available on methylene green and Congo red
adsorption studies. Functionalization with polymers,
biopolymers, and nanoparticles significantly enhances
adsorption capacity, surface area and active site
availability. The immobilization of magnetic bentonite
nanoparticles on alginate beads for Pb*" ions removal
achieved up to 98% efficiency, with Freundlich
isotherm fitting suggesting heterogeneous surface
interactions and multilayer adsorption [6]. Among
these, bentonite—chitosan composites are widely
reported, primarily due to chitosan’s cationic nature
and strong affinity toward negatively charged clay
surfaces. Previous studies have demonstrated effective
polymer intercalation of chitosan within bentonite
layers, resulting in enhanced adsorption capacity for
Pb*" ions, attributed to electrostatic interactions and
chelation mechanisms [7]. Similarly, bentonite—
chitosan nanocomposites have shown high removal
efficiencies for reactive red 195 and crystal violet,
indicating their versatility toward both anionic and
cationic dyes [8]. Hydrogels based on chitosan—
carboxymethyl cellulose were combined with
bentonite have been reported for efficient removal of
Rose Bengal and Malachite Green dyes [9].

However, these systems often suffer from
limited mechanical stability and swelling control
under aqueous conditions, which restricts their
practical applicability. To address these limitations,
multi biopolymeric systems have been explored.
Composites combining bentonite, chitosan, and
calcium alginate have exhibited improved structural
cohesion and surface functionality, highlighting the
synergistic role of polysaccharides in stabilizing clay
frameworks and enhancing heavy metal ion
sequestration [10]. The presence of multiple functional
groups (-NHz, -COOH, —OH) improves adsorption
through cooperative binding mechanisms, although
increased synthesis complexity and cost remain
notable challenges. Chitosan-modified composites
have attracted significant attention due to their
abundant functional groups and biodegradability.
Chitosan-modified Azadirachta indica leaves powder
and kaolinite clay nanocomposite has been
synthesized and demonstrated promising adsorption
performance for the removal of Congo red and
methylene blue from water [11]. Hydrogel-based
composites further extend the performance of
bentonite—biopolymer systems. A hydrogel adsorbent
composed of bentonite, sesbania gum, and acrylic
acid/acrylamide demonstrated efficient adsorption of
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methylene blue and malachite green, benefiting from
high water retention, interconnected porosity due to
abundant active sites [12]. The synthetic monomers
enhance mechanical strength, however, partially
compromises the green character of the system.

Guar gum hydrogels were also reported for
the waste water treatment contaminated with organic
dyes and heavy metals. Recently, Guar Gum-
montmorillonite composites were studied for removal
of methylene blue, crystal violet and safrin from textile
effluents [13]. Chemically modified Guar gum (GG),
was combined with FesOs/Ni—Al layered double
hydroxide nanocomposites followed by addition of
N,N'-methylene bis-acrylamide as cross linker, for
improved adsorption capacity of methylene blue (MB)
from aqueous solutions [14]. Guar gum grafted by
acrylic acid and polyacrylamide copolymer adsorbent
was synthesized via free-radical polymerization using
potassium persulfate as the initiator and N,N'-
methylene diacrylamide as the cross linker, and was
successfully applied for the removal of Methyl Violet
dye from aqueous solutions [15]. In parallel, guar
gum-based composites have been extensively
investigated in combination with materials other than
bentonite, featuring its versatility as a biopolymeric
scaffold. For instance, a guar gum—polyvinyl alcohol—
zeolite (ZSM-5) bioadsorbent unveiled effective
removal of Congo red and rhodamine B, influencing
the high surface area of zeolite and the film-forming
ability of guar gum [16]. Similarly, copolymerization
of guar gum and polyacrylamide, supported by erbium
oxide nanoparticles, resulted in a nanocomposite with
high adsorption efficiency toward Nile blue dye,
although the use of rare-earth oxides may raise cost
and sustainability concerns [17]. Guar gum-activated
carbon nanocomposites were employed for the
quenching Congo red following exothermic
adsorption at slightly high temperature [18]. Further
advancements include guar gum-—collagen hydrogels
incorporated with varying amounts of magnesium,
calcium, and zinc metal-organic frameworks (MOFs),
which demonstrated multifunctional adsorption of
dyes and heavy metals due to enhanced porosity and
tunable surface chemistry [19]. Additionally, guar gum
based hydrogels combined with titanium dioxide
formed macroporous structures capable of efficient
methylene blue removal, promoting increased surface
roughness and photocatalytic synergy [20]. A simple
system employing guar gum and borax also showed
effective methylene blue adsorption, may pose
environmental and toxicity concerns at higher dosages
[21]. Some modified guar gum composites were also
explored for sequestration of Congo red dye. For
instance, the calcium—guar gum  benzoate
nanomaterial exhibited a maximum adsorption
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capacity for Congo red and phosphates [22].
Polyacryl-amide grafted guar gum and silica
nanocomposites were explored for removal of Congo
red and Reactive blue 4 dyes from wastewater [23].
Collectively, these studies establish bentonite—
biopolymer composites as a robust and adaptable
platform for wastewater remediation. While guar gum-
based materials provide superior feasibility and
structural tunability. Nevertheless, no reports exist on
blended systems integrating bentonite with both guar
gum and chitosan for dyes adsorption studies. This gap
highlights the need for developing fully biopolymeric,
mechanically stable, and high performance bentonite
guar gum chitosan composites, with optimized
interfacial interactions and enhanced adsorption
efficiency for diverse pollutants.

The aim of this study is to assess the impact
of physical, chemical, and thermal modifications on
adsorption capacity and dye removing performance of
bentonite based hybrids composites incorporated with
guar gum and chitosan. This study investigates the
adsorption performance of synthesized hybrid
materials for the removal of carcinogenic anionic and
cationic dyes under varying conditions such as pH,
temperature, and initial dye concentration. The
research also explores the role of chemothermal
treatments to modify the structural and chemical
properties of these hybrids, and how these alterations
influence their adsorption behavior. Furthermore, the
swelling characteristics of these hybrids are examined
along with key thermodynamic parameters including
enthalpy (AH), entropy (AS), and Gibbs free energy
(AG), to understand the nature of dye interaction and
its relation to adsorption efficiency. Therefore, In this
study a hybrid materials using modified sodium
bentonite with polymers like guar gum and chitosan
were synthesized, with high adsorption capacity, good
selectivity, and cost-effectiveness. These modified
bentonite hybrids showed promising potential for use
in sustainable applications in wastewater treatment.
These hybrid composites were not explored previously
from sodium bentonite, guar gum and chitosan,
specifically to the best of our knowledge. In this work,
a novel, eco-friendly hybrid adsorbents are
synthesized which are capable of adsorbing both
cationic and anionic dyes in aqueous system. The
distinctive combination of natural polymers with clay
offers a sustainable alternative to conventional
adsorbents with cost effectiveness. Moreover, the
incorporation of intelligent molecular logic gates
revealed the stimuli responsive nature of the prepared
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adsorbents demonstrating their potential for smart and
adaptive environmental remediation applications.

Experimental
Materials

Commercially available analytical grade
solvents and reagents were used. Guar gum (GG)
(purity 95%), chitosan (CS) (purity 93%), sodium
bentonite (purity 99.9%), acetic acid (CH3;COOH)
(purity 99%), sodium hydroxide (NaOH) (purity
99%), and Congo red (analytical grade) were obtained
from Sigma-Aldrich, USA. Hydrochloric acid (HCI)
(purity 37%) and sulfuric acid (H2SOa, 98%) were
sourced from Merck, Germany. Methylene green
(purity 99%) was obtained from Sigma-Aldrich, USA.

Formulation and Characterization of Hybrids
Chemical Modification of Sodium Bentonite

Raw sodium bentonite was initially ground,
soaked in deionized water for 24 hours, decanted at
60° C, and then passed through an 80-mesh screen to
yield a uniform sodium bentonite (1) in powder form.
The bentonite 1 was modified through various
physical and chemical treatments to enhance its
absorption capacity. It was thermally modified in a
muffle furnace at 200 and 300° C for 30 minutes to
obtain samples 2a and 2b respectively. Each raw
sample 1 (20 g) was subjected to constant mechanical
stirring in H2SO4 solution (0.1 N) and HCI (0.1 N)
solution in a separate flask for 3 hours at 90° C,
respectively, to afford samples 2¢ and 2d. The sample
2c¢ was also subjected to thermal processing at the 200
and 300°C for 30 minutes to yield 2e and 2f,
respectively. Similarly, 2d modified with H.SO.
solution (0.1 N), was also treated at 200° C to afford
2g and heating at 300° C obtained sample 2h.

Preparation of Bentonite-Polymer Hybrids

GG (0.5 g) was dissolved in deionized water
(50 mL), and CS (0.5 g) was dissolved in 2% acetic
acid solution (50 mL) at 45° C separately. Then, both
solutions were mixed and stirred until homogenize at
same temperature. The unmodified (1) and modified
(2a-h) sodium bentonite samples (1 g) were dispersed
into a combined polymer solution, further heated at
65° C for 3 hours to obtain their respective
homogenized solutions and casted on a petri dish to
achieve hybrids (3a-h) in a dried form (Table 1).
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Table-1: Activation conditions of Sodium Bentonite and composition of GG hybrids (1a, 3a-h).

Activated Sodium Bentonite

Hybrids (Bentonite + Polymers)

Sample Activation Conditions Sample Guar Gum (g) Chitosan(g)
1 Untreated sodium bentonite la
2a 200° C 3a
2b 300° C 3b
2c H:SOs (0.1N) 3c
2d HCI (0.1N) 3d 0.5 0.5
2e H:S0s (0.1N) + 200° C 3e
2f H:SOs (0.1N) +300° C 3f
29 HCI (0.1N) +200° C 3g
2h HCI (0.1N) + 300° C 3h
Characterization

The unmodified (1) and modified (2a-h)
sodium bentonite samples were dispersed into a
combined GG/CS polymer solution to get hybrids (1a,
3a-h). The hybrid and bentonite samples were then
subjected to chemical, structural, and morphological
characterization. FTIR analysis was performed by
using IR Shimadzu FTIR spectrometer with a
Diamond ATR (Attenuated Total Reflectance)
accessory with scanning range 4000-400cm™. The IR
Tracer-100 offers high sensitivity with a signal to noise
ratio of 1:16. X-ray diffraction (XRD) analysis was
carried out using a D8 Discoverer diffractometer
equipped with Cu-Ko radiation (A = 1.54 A). The
scanning was performed over a 26 range of 5-80°.
Scanning electron microscopy (SEM) was performed
using a ZEISS EVO LS 10 microscope with a
resolution range of 3-20 nm and a magnification
capability of up to 1,000,000%. The instrument
operated under thermionic emission with a chamber
pressure range of 10-3000 Pa.

Swelling Behavior

Sodium bentonite sample (0.2 g) (1, 2a-h)
and 0.03 g of each hybrid (1a, 3a-h) were individually
immersed in deionized water for 24 hours to study
their swelling behavior. The degree of swelling (%)
was used as a quantitative measure for this parameter
[24].

Ws -wd
wd

Degree of swelling % = x100 eq 1

where Wy and Wy are weight of swollen and dry
states of all samples, expressed in grams respectively.
The swelling studies were carried out in triplicates for
each sample and standard deviation was calculated to

€Xpress error.

Adsorption Calculations

Each hybrid film (3a-h) was assessed for its
adsorption capacity of cationic dye (methylene green,
MG) and anionic dye (Congo red, CR). The adsorption
capacity, qe (mg.g”") of MG (50 ppm) and CR (10
ppm) was calculated using the mass balance in the
following equation.

(Co-Ce)V
== eq?2
where C, is the initial and C. is the equilibrium
concentrations of both dyes in (mg.L") [20]. V is the
volume of solution in (mL), and W is the weight of
adsorbent in (g). At a wavelength of 615 nm (MG) and
495 nm (CR), a UV-Vis spectrophotometer (V-730,
scanning speed of 10-400 nm.min™') was used to
determine the concentration of dye solutions.

Whereas the percent (%) removal of the adsorbent was
calculated using the following equation [24].

_ (Co-Ce)

0,
R% o X 100 eq3
The effects of temperature, contact time, pH,
and dye concentration on the adsorption capacity of
best best-performing hybrids were studied to have an

optimized adsorption process.
Results and Discussion

The first step involved the activation of
Sodium bentonite (Na-Bentonite) using chemical,
thermal and chemo-thermal, methods. Then these
samples were used to prepare blends using guar gum
and chitosan in various concentrations (Scheme 1).
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Scheme-1: Preparation of Bentonite-guar gum Hybrids.

An in-depth analysis confirms the bentonite-
guar gum hybrids formation by interpretation of FTIR
spectra that showed intermolecular interactions
between polymer/bentonite. The surface morphology
was studied by XRD and EDX Spectra and SEM
micrographs.

FTIR Analysis

The variations in stretching and bending
vibrations were observed in the bentonite samples (2a-
h) when compared with unmodified bentonite (1) after
thermal and chemical modifications. A minor decrease
in -OH stretching peak in thermally modified 2a (3630
cm!) and 2b (3630 cm™!) indicated slight dehydration
in the bentonite structure [25]. In chemically treated
sample, marked increase in -OH stretch of 2¢ (3649
cm™) and 2d (3632 cm™') was observed as compared
to 1 (3631 cm™) reflects the formation of new
hydroxyl sites. However, lower frequency of 2d
suggested possible neutralization effects caused by
acid on hydroxyl functionality. Chemo-thermally
modified samples 2e and 2f showed -OH stretch (3630
cm™) like those of thermally modified 2a and 2b. This

behavior reflected the dominance of thermal treatment,
which might have stabilized the structural adjustments.

The -OH bending frequencies (1657-1651 cm™)
remained unaffected after modifications. In sample
(2a), a slight decrease in -Si-O stretch (1069 cm™) at
low temperature suggested minor structural
deformations due to dehydration [10]. However, 2b
showed an increased stretching of Si-O (1070 cm™)

with increase in temperature due to rearrangement. A
slight decrease in absorption frequency (1067 cm™) in
HCI-modified 2d indicated the formation of -Si-OHz"
groups and subsequent hydrolysis of -Si-O-Si bonds.
However, the extent of hydrolysis becomes more
pronounced in H.SO4 modified 2¢ (1063 cm™) due to
the Si-O-SOj; formation.

Si-O-Si + H2SOs-=> Si-O-SO;H+H,0O
Si-O-SOsH~> Si-O-SO5;+H"

Thermal treatment showed a notable decrease
in -Si-O stretching frequency of 2e (1061 cm™) and 2f
(1060 cm™) compared to raw bentonite 1 (1069 cm™),
whereas H.SO. modification at different temperature
resulted in minor changes in 2g (1068 cm™) and 2h
(1069 cm™). In 2a, -Al-O stretch experienced a shift
of (879 cm™) as compared to 2b (868 cm™), possibly
due to the restructuring in the bentonite lattice. The 2¢
showed increase in absorption frequency (889 cm™)
and 2d (887 cm™) as compared to 1 (879 cm™)
indicates the formation of stabilized -Al-O bonds. The
HCI1 (0.1 N) modification of bentonite under high
temperatures led to a slight decrease (2e, 876 cm™)
and a moderate increase (2f, 883 cm™) in -Al-O stretch
frequency, respectively. Whereas H2SOs (0.1 N)
modification under 200 and 300° C temperature
resulted in a decrease of -Al-O absorption bands
observed in 2g (868 cm™) and 2h (867 cm™). The
FTIR spectra of bentonite samples and hybrids are
shown in Fig 1.
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Fig. 1: FTIR spectra of samples (a) 1, 2a-2h and (b) 1a, 3b-3h.

FTIR spectra of hybrids (1a, 3a-h) show
characteristic ~ bands  ascribed to  different
functionalities (Fig 1). A band in the range of 3319-
3300 cm™! for all samples corresponds to OH stretch
vibration which indicates the presence of absorbed
water molecules. The appearance of C-N stretching
vibration (1415-1407 cm™) suggests successful
incorporation of CS into hybrids. Si-O (1070-1060
cm!) and Al-O (889-867 cm™) stretching vibrations
indicate that structural characteristics of bentonite are
remain preserved. The bands of 1,4 linkage of
galactose and mannose subunits (889-867 cm™)
suggest successful interactions between GG and
bentonite. The variation in absorption frequency
across different modifications implies that
hydrochloric acid treatment is substantially effective
for the stability of samples, hence providing the
structural integrity is necessary for efficient dye
adsorption [ 24, 25].

The intermolecular forces are primarily
determined by hydrogen bonding between bentonite,
guar gum, and chitosan (Fig 2). Hydroxyl (-OH) as
well as amino (—NH:) groups of biopolymers (guar
gum as well as chitosan) serve as active hydrogen
bond donors and acceptors. Chitosan exhibits amino as
well as hydroxyl functionalities, capable of
undergoing hydrogen bonding with bentonite layer
surface-bound silanol groups (Si—~OH) as well as
aluminol groups (Al-OH). Accordingly, hydroxyl
group rich guar gum participates in hydrogen bonding
with oxygen atoms of bentonite Si—O—Si as well as Al—
O-Si bridges. The FTIR spectra, also showed a broad

O-H stretching band at 3631 cm™!, Si-O, Al-O
vibrations at 1069 cm™ and 879 cm™, that is evident
of successful amalgamation of the bentonite and
polymers. Such bands indicated the formation of
hydrogen bonding responsible for structural strength
as well as homogeneity of a composite material.

Crystallographic and Morphological Studies

The characteristic 20 and d-spacing values
for raw bentonite, GG and CS reflected their
respective natural layered structure and semi-
crystalline regions (Fig 3). The crystallographic data
for modified bentonites (2a, 2e and 2g) was analysed
to observe changes in interlayer spacing (d). The d-
spacing values for 2a (20 = 8.04, 12.76; d = 10.99,
6.92) was higher and 2g (20 = 8.36, 12.56; d = 10.57,
7.04) was slightly smaller compared to raw bentonite
(20=18.28, 12.24, 14.12; d = 10.67, 7.23, 6.26). These
values highlighted the slight expansion or
rearrangement of bentonite layers due to thermal and
chemical treatments. Whereas 20 for 2e (20 = 12.16,
13.08; d = 7.27, 6.76) shifted to higher value,
indicating lower d-spacing value compared to raw
bentonite. These results supported the successful
bentonite treatments as evident in slight variations in
20 and d values 2a, 2e and 2g. The XRD spectrum for
3g showed peaks around 26 =~ 10-30°, confirming the
formation of less ordered structure, reflecting the
successful synthesis of a hybrid by integration of
chemically modified bentonite with guar gum and
chitosan.
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The SEM micrograph of pure bentonite
displayed smooth, dense, and plate-like morphology, as
compared to modified bentonite (Fig 4a). This limited
surface morphology might lead to decreased dye
adsorption, which was later confirmed in adsorption
studies. On the contrary, the SEM image of bentonite 2g
(0.IN HCI activated at 200°C) exhibited increased
porosity and a rough texture due to removal of impurities
and exchangeable cations (Fig 4c). The SEM image for
3g showed the highest irregularity, roughness, and
porosity (Fig 4e). These improvements indicate the
enhanced dye adsorption potential into the hybrid. All
morphological changes in activated bentonite samples to
their respective hybrids are supported by the adsorption
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studies in section 3.2. The EDX analysis of 2g and 3g was
carried out to study the elemental compositions (Fig 5)
and compared with pristine bentonite (1) (Fig 4a and b).
The Wt % values for raw bentonite showed (O 45.82%,
Si 26.31%, Al 9.14%, Ca 6.05%, Na 3.74%) and
activated bentonite 29 comprised of (O 21.56%, Al
30.81%, Si 26.61%, Na 12.12%) suggested the presence
of oxides/hydroxides. The Wt % values for 3g (C
43.25%, O 44.38%, Si 6.4%, Al 4.07%, Na 1.42%)
indicated the signals for Si and Na were likely masked by
a high carbon content due to polymer encapsulation.
Whereas the signals for Al, Si and Na confirmed the
aluminosilicate framework of bentonite.

si

| Element | Weight% | Atomic% | Error% |

2 5

3 4
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Fig. 4: SEM micrographs with EDX spot analysis and spectra (a, b) Raw bentonite (c, d) 2g and (e, f) 3g



Anam llyas et al.,

Swelling Study

Swelling percent was determined for
bentonites (1, 2a-h) and hybrids (1a, 3a-h) to find a
sample with the least water absorption, which is
important for their practical application in dye
adsorption in a aqueous system. The dry states of both
bentonites and hybrids were characterized by a
compact and rigid structure. However, the samples
became less structured and more gelatinous after
swelling (Fig 5). A marked decrease in swelling was
observed in 2a (92.875%) and 2b (115.99%)
compared to unmodified bentonite (1, 238.66%). The
dehydration and consequent decrease in interlayer
spacing due to thermal treatment is explained by the
decrease in swelling percent. However, in sample 2b,
activation at 300° C led to a minor increase in swelling
(124.3 %), due to structural reorganization. Acid-
modified 2¢ (57.84%) and 2d (115.8%) also showed
low swelling percent due to minor structural changes.
However, these changes became more pronounced

Dry States
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with hydrolysis and sulphate complex formation in 2c,
leading to a notable swelling decrease.

Chemo-thermal treatment in 2e (0.1N, H2SOa4
at 200° C) caused a significant decrease in swelling
while moderate increase observed in 2f (0.1N, H2SOa4
at 300° C). This interesting behaviour indicated that
elevated temperatures might have offset the structural
collapse [15, 16]. However, both temperature
conditions led to a more significant drop in swelling of
2g (30.968%) and 2h (53.061%) in the presence of
HCI. Thus, thermal treatment at 200° C is the most
favourable condition for stable structure of all
modified bentonites [25]. Furthermore, the swelling
behavior of all hybrids (3a-h) were also assessed, and
their swelling (153.07-883.38%) was comparatively
higher than the respective bentonites. This was due to
the presence of water-absorbing moieties of polymers,
GG and CS (Fig 6) used to form hybrids, where hybrid
3g showed lowest swelling (153.07%).

Wet States

e h__“' 5.1 b -
|

-

e -,

Fig. 5: Dry and swelled states of (a) bentonites and (b) hybrids.
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Comparative Adsorption Efficiency of Modified
Bentonites and Hybrids

All bentonite (1, 2a-h) and hybrids (3a-h) were
assessed for adsorption capacity of cationic dye
(methylene green, MG) and anionic dye (Congo red,
CR). Thermally modified samples 2a (ge = 15 mg.g’!,
R% = 60%) and 2b (ge = 12 mg.g™!, R% = 48%) showed
enhanced adsorption of MG as compared to 1 (ge = 2.5
mg.g~', R% = 10%) due to an increase in the number of
adsorption sites. Whereas H.SOs-modified 2d (ge = 19.2
mg.g”!, R% = 76.8%) was more effective than 2c (ge =
15.75 mg.g!, R% = 63.6%) due to the combined effect of
structural modification in Si-O/Al-O and the formation of
more OH sites [26]. The chemo-thermally modified
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= 66.8%), 2f (0e = 16.3 mg.g"!, R% = 65.2%), 29 (ge =
20 mg.g', R% = 80%), and 2h (ge = 15.1 mg.g”', R% =
60.4%). Among them, 2g most effectively removed MG
due to an expanded surface of sample, where new
functional moieties were created by chemical treatment,
thus creating accessible adsorption sites for MG. The
trends in the adsorption capacity (10.3-19 mg.g™") and
percent removal (41.2-76%) of dyes for hybrids (1a, 3a—
h) were mostly consistent with respective bentonites (1,
2a-h). Sample 29 showed best performance for CR
removal among other bentonites (1, 2a-h) (qe = 0.04—
159 mgg'!, R% = 4.2-31.89%) with maximum
adsorption (ge = 1.59 mg.g”', R% = 31.89%). Similarly,
hybrid 3g showed the best adsorption performance for
MG (ge = 19 mg.g”, R% = 76%) and CR (qge = 4.775

samples showed adsorption for 2e (qe = 16.7 mg.g’,R%  mg.g"', R% = 95.5%) among other hybrids (Fig 6 and 7).
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Adsorption Capacity and Percent Removal trends (a) bentonites and (b) hybrids.



Anam llyas et al.,

J.Chem.Soc.Pak., Vol. 48, No. 04,2026 427

Congo red removal

Methyl green removal

Fig. 8: Visual Demonstration of Dye Removal Efficiency of Hybrid 3g.

Table-2: Descriptive Statistics.

2 g £ £ Y e

5 E £ — = g s e ®

< 85~ = 0) [ b ~ 2 3

2 8% I s o ) g 8 g

& € E 2 = = 3 g I ]

s o = S T I <] 38 g Q

S o 5 = o a a 5 £

D

Y] O O 14 [ i

b o = O (O] 14

o = o

N (Valid Cases) 8 8 4 4 5 5 3 3
Mean 18.50 16.87 13.82 5.12 17.03 3.32 18.79 3.94
Median 18.94 16.94 14.22 511 17.10 3.24 18.80 3.99
Mo_de 16.48 14.48 5.84 224 13.90 2.80 16.56 3.05

(multiple)

Std. Deviation 151 1.93 6.22 2.50 215 047 2.23 0.87
Skewness 0.37 -0.08 -0.37 0.01 -0.59 0.54 -0.01 -0.26
Std. Error of Skewness 0.75 0.75 101 101 0.91 0.91 1.23 1.23
Kurtosis -2.10 -1.61 149 -1.61 -0.11 0.76 -2.10 -1.61
Std. Error of Kurtosis 1.48 1.48 2.62 2.62 2.00 2.00 2.00 2.00

Independent Parameter Effects on the Adsorption
Behaviour of Hybrid 3g

Effect of Contact Time

Hybrid 3g was studied for various contact
intervals for the adsorption of dyes at constant
adsorbent dosage (0.05 g.L'!), temperature (30° C),
and dye concentrations (50 ppm for MG and 10 ppm
for CR) to identify the optimal duration for adsorption.
A swift rise in the adsorption capacity of the hybrid for
both dyes in the initial phase (up to about 85 minutes)
was attributed to the high concentration gradient
between the dye and the adsorbent (3g) (Fig 11a). The
strong electrostatic interactions of negatively charged
bentonite with cationic MG and hydrogen bonding due
to polymers (CS and GG) facilitated this rapid
adsorption. The progression towards equilibrium has

slowed down after 85 minutes, eventually reaching
equilibrium at 150 minutes due to saturation of the
most accessible active sites. The limited availability of
these sites might have required longer diffusion
periods for the dyes to reach intricate pores and
interlayers of sodium bentonite. From 180 to 210
minutes, the adsorption capacity for MG (19.9 mg.g™)
and CR (18.9 mg.g"") remained steady. The saturation
of the active sites is due to the state of a dynamic
equilibrium. Both dyes displayed relatively flat
distributions (platykurtic) as evident in their quite
consistently small variability (standard deviations).
However, a slight negative skew (-0.37, -0.59 and -
0.01) in Methylene green adsorption suggested a
tendency toward higher adsorption values (Table 2).
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Effect of pH

The effect of different pH values (2,4,6,8,10)
on the adsorption capacity of hybrid 3g at constant
adsorbent and dye concentrations was studied. The
results showed great pH affect on the adsorption
capacity due to protonation or deprotonation of
hydroxyl, silanol, and aluminol groups. The maximum
adsorption for MG at pH 8.40 (21.02 mg.g")
suggested that less protonated surface of 3g has
effectively interact with the cationic MG molecules
(Fig 11b). The decreased adsorption at low (2.17) and
high pH (10.37) was attributed to extensive
protonation and deprotonation of surface functional
groups, respectively. CR adsorption was highest at pH
2.24 (4.78 mg.g™') as surface protonation strengthened
attraction to the anionic dye. However, equilibrium
adsorption capacity (qe) was lowered with a further
rise in pH due to lowering of surface charge density on
bentonite and polymers (Fig 9).

The slightly negative skew for MG
adsorption capacity suggested that distribution was
leptokurtic, whereas the adsorption capacity for CR
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showed that distribution was symmetric (platykurtic
kurtosis) (Table 2).

Effect of Adsorbent Dosage

The effect of varying adsorbent dosage (0.01-
0.05g) was assessed for MG and CR solutions at
optimum pH and contact time (Fig 10c). The
adsorption capacity of MG increased from 13.9 mg.g"
1(0.01g) to 19.44 mg.g"' (0.05g) due to more active
sites on bentonite and polymer surfaces. Similarly, a
rise in the adsorption capacity for CR was observed
from 2.8 mgg!' (0.01g) to 3.99 mg.g! (0.05g).
However, the CR adsorption was generally lower than
that of MG due to weak electrostatic interactions with
the negatively charged adsorbent.

The positive skew for both dyes with
moderate (MG) and low (CR) variability show an
increasing trend with adsorbent dosage. The near-zero
kurtosis for MG and platykurtic kurtosis for CR
implied that distribution was normal and flatter,
respectively.

Maré Contact Time
-Basic pH -
Low temperature

More Gonftact Time |
; Acidic pH
. Low temperature

High Adsorbent dosage
5 oH

Protonation OH :
: o

Fig. 9:

Schematic representation of optimized adsorption parameters and the proposed intermolecular

interactions within the bentonite-based hybrid composite
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Effect of Temperature

The adsorption capacity decreased with
increase in temperature (303, 313 and 323K) at optimum
condition of pH, adsorbent dosage and contact time (Fig
10d). MG adsorption was highest at 303K (21.02 mg.g™)
but declined at 313K (18.8 mg.g') and 323K (16.56
mg.g™"). This behaviour suggested that high temperature
might have weakened the electrostatic interactions
between MG and 3g. Similarly, CR adsorption (4.78
mg.g ') was highest at 303K and decreased (3.99 mg.g™!)
at 313 and 323K. The decrease in adsorption with
increase in temperature (higher kinetic energy) resulted
due to weakened electrostatic interactions indicating
exothermic adsorption process. The slightly negative
skewness for both dyes confirmed the inverse
relationship between temperature and adsorption
capacity (Table 2). This negative trend in skewness
indicated a small tendency for values to cluster toward
the higher side at lower temperatures.

Adsorption Models

Langmuir and Freundlich models were used to
explain the layer adsorption of dyes on the surface of 3g.

Langmuir Isotherm Analysis was performed by
assuming the adsorption surface is homogeneous, where
all sites are equally available (Fig 11a-c). Following
linear Langmuir isotherm was used to perform further
calculations:

dm K1 .Ce

1+(KL, Co) eq 4

Qe =

where ge represent the amount of mass adsorbed per
gram of adsorbent (mg.g'). gm is the maximum
adsorption capacity of an adsorbent that can be obtained
by the slope of graph. Langmuir constant is represented
by K. (L/mg) and the favourability of model depends on
the separation factor (R.). The significantly higher q., for
MG (gm=138.31 mg.g™") implied 3g is more efficient in
removal of cationic dyes compared to anionic dyes (Table
6). This high removal efficiency was ascribed to the
strong electrostatic interactions between the positively
charged MG molecules and the negatively charged
surface of 3g. The K. (0.01 for MG and 0.076 for CR)
and R values (0.92 for MG and 0.96 for CR) indicated
for the affinity of the dye for the adsorbent. However, the
lower Ry value for MG suggested that its adsorption is
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more efficient compared to CR. Furthermore, R? values
(0.92 for MG and 0.945 for CR) suggested a strong

correlation, indicating the good fit of the Langmuir model.

The Freundlich isotherm model was used to
explain the multilayer adsorption phenomenon, where
different adsorption sites possess varying binding
energies (Fig 11d-e). The calculation for Freundlich
isotherm model were performed by using following
equation:

Inge= InKeg + 1/n. In (Ce) eqsS

Here, Kr is Freundlich constant indicating
adsorption capacity. The value of K¢ for both MG (1/n =
0.313) and CR (1/n = 0.464) was less than 1, supporting
the presence of a heterogeneous adsorption surface.
However, the higher Kr value for MG (0.475 mg.g™)
suggested that its adsorption is more efficient compared
to CR. The R? values for the Freundlich model were
higher than those observed for the Langmuir model,
implying that adsorption on 3g is not uniform and
involves multiple interactions.
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Adsorption Kinetics

The Pseudo-First-Order Model (Lagergren
equation) has been used to explore kinetics of adsorption
considering the direct relationship between the rate of
adsorption and the number of available adsorption sites.
The linear equation for Pseudo-First-Order Model
(Lagergren equation) is represented as following.

k
IOg (qe'qm ) :IOQ qe -Kggt eq 6

Here, qt and ge (Mg.g™") represent the amount of
dye adsorbed at time t and at equilibrium, respectively,
and k1 (min™) is the rate constant.

The calculated value of k; from the plot (Fig 12)
CR (0.0627 min*) was slightly higher than MG (0.0612
min™1), implying that MG reaches equilibrium slightly
slower than CR. The R2 value for MG (0.99145) was
closer to 1 than CR, suggesting it follows the pseudo-
first-order kinetic model. The model fit is an indication
that adsorption of MG onto the surface of 3g is based on
physisorption  (physical adsorption) rather than
chemisorption.
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Fig. 11: (a) Langmuir isothermal plot of 3g for MG and CR, (b) MG adsorption using the Langmuir model, (c)
CR adsorption using the Langmuir model, (d) MG adsorption using the Freundlich model, and (¢) CR

adsorption using the Freundlich model.
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Fig. 12: Pseudo-First-Order model plot for (a) CR and (b) MG.

The Pseudo-Second-Order Model was
applied assuming that chemisorption controlled
adsorption involves electron sharing or covalent
bonding between the 3g and dyes. The model is
presented as:

The pseudo-second-order model has a higher
R?value (0.9989) for MG compared to that in pseudo-
first-order model (0.9942) (Fig 13). Similarly, for CR,
pseudo-second-order model has a higher R? value
(0.9956) for MG compared to that in pseudo-first-
order model (0.9474), the close theoretical and
experimental qe values for both MG (20.55 mg.g™")
and CR (19.82 mg.g!) further validated pseudo-
second-order model. The high R? values affirmed that
chemisorption-based dye adsorption mechanism.

(a)

—=— MG
Linear Fit

gt (mg/g)

T T T T
0 50 100 150 200 250

Contact Time (min)

Fig. 13:

(b)

Thermodynamic Study

The thermodynamic study on the adsorption
of MG and CR on 3g to identify the nature of the
adsorption process by analyzing Gibbs free energy
(AG), enthalpy (AH), and entropy (AS). The ratios of
the adsorbed dye concentration to the remaining dye
in solution were calculated to determine the
equilibrium constant (K). This constant and Van’t Hoff
plot (Fig 14) was then used to calculate enthalpy and
entropy using Van’t Hoff equation

eq 8

The negative AG values affirmed that
chemisorption of MG was a spontaneous process
(Table 3). However, spontaneity decreased with
increase in temperature, as suggested by the less
negative AG values.

—=— CR
Linear Fit

gt (mg/g)

T T T
100 150 200 250

Contact Time (min)

Pseudo-Second-Order model plot for (a) MG and (b) CR.
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Table-3: Thermodynamic Parameters for MG and CR dyes

Temperature AG\Delta
Dyes 1/T (K1) ge (mg.g") Ce(mg.L") K=qe/Ce InK

(K) (kJ.mol-")

303 0.003300 21.02 5.0 4.204 1.436 -3.62

MG 313 0.003194 18.80 6.8 2.765 1.017 -2.65

323 0.003096 16.56 9.2 1.800 0.587 -1.58

303 0.003300 4.78 8.5 0.562 -0.576 145

CR 313 0.003194 3.99 9.7 0.411 -0.889 2.31

323 0.003096 3.05 11.5 0.265 -1.327 3.56

On the contrary, the positive AG for CR
indicated  that its  adsorption @~ was  not
thermodynamically favoured, most likely due to
electrostatic repulsion between the anionic dye and the
negatively charged sites on 3g surface. The negative
AH value (MG =-34.49 kJ/mol and CR=-30.51 kJ/mol)
suggested that the spontaneous chemisorption of dyes
was exothermic process. The exothermic nature of the
process suggested that the lower temperatures should
be preferred for maximal dye removal. The negative
AS value (MG-101.85 J/mol-K and CR=-105.29
J/mol-K) implied that exothermic adsorption process
led to decrease in disorder due to increased
interactions between dye molecules and 3g surface.
The increased interactions restricted the movement of
molecules thus lowering the AS value.

Logic Gates
To evaluate selective adsorption properties of

hybrid composite (sample 3g), adsorption efficiency
of Methylene green (MG) and Congo red (CR) dyes

were tested with varying pH and temperature using a
logic gate framework. This approach interprets
experimental inputs (pH and temperature) as binary
variables that control adsorption performance, thus
mimicking the binary decision-making process found
in digital logic systems. We assigned input 1 to
adsorption preferred conditions (pH 8.0 and 30 °C)
and 0 to conditions other than that.

The adsorption response was further
translated into a binary output, where a value of “1”
was assigned dye removal exceeded a defined
threshold (15 mg g! for methylene green and 4 mg g™!
for Congo red), and “0” otherwise. This binary
classification allowed input—output relationships and
logic gate patterns. Methylene green (MG) showed an
AND gate pattern with notable adsorption only when
both pH and temperature were optimum. In contrast,
Congo red showed a NAND gate pattern where
maximum adsorption occurred when not both inputs
were simultaneously optimum, likely due to
electrostatic repulsion at higher pH levels combined
with thermal instability (Fig 15).

= MG .
e CR
| |
b
=
8
(2
T T T T T
0.00310 0.00315 0.00320 0.00325 0.00330
1T (K™)

Fig. 14:

Van't Hoff Plot for MG and CR.
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(a)
A

(b)
A
B

(pH) (Temperature) (qe > 15 mg/g)
A B 0 0 0
0 1 0
1 0 0
1 1 1

Input A Adsorption Output

(pH) (Temperature) (qe > 15 mg/g)
- 0 0 1
0= A.B 0 1 1
1 0 1
1 1 0

Fig. 15:

Table-4: Literature Comparison of adsorption study for various bentonite composites.

Logic gate symbol and truth table (a) MG (b) CR on the basis of pH and temperature.

% Absorption / Adsorption

Clay-Polymer Composites Batch Adsorption Parameters h L References
Capacity (qm) (mg.g™")
Guar gum & activated carbon pH 2-9, T: 303-313 K, contact time 180 min, -
nanocomposite initial conc.: 50-500 mg L! Congo Red, g ~831.8 (18]
Calcium—guar gum benzoate nano- pH 3-10, T: 25-30 °C, contact time 240 min, -
biohybrid initial conc.: 25-300 mg L Congo Red, qm =333.3 (221
s s . pH 7, T: 25 °C, contact time: 60 min -
Bentonite — Chitosan composite initial dye conc.: 500 mg.L" Methyl Orange qm ~117 [27]
Bentonite — Chitosan pH 3-5, T: 25 °C, contact time: ~ 20 min, initial Reactive Red 195 ~99.4%; Crystal 30]
Nanocomposite dye conc.: 50 mg. ! Violet ~99.8%
Bentonite — Guar Gumcomposite pH 5-7.6, T: 25 °C, contact time: 240-300 min Crystal Violet qm ~166—182 [31]
Chitosan/i-carrageenan + pH 4, T: 50 °C, contact time: 200 min Methylene Blue ~98% 132]
activated bentonite
Bentonite-Sodium Alginate pH ~6.5; T: ~24 °C; contact time: 120 min Methylene Blue ~1237 28]
pH 10 (MB), pH 2 (AR 27), 298 K, contact time;
. . ~250 min Methylene Blue (MB), ~513.98
Chitosan/clay adsorbent composite MB initial dye conc.; ~4.79 mg. L Acid Red 27 (AR 27), ~349.29 (291
AR 27 initial dye conc.; ~ 8.01 mg. L!
Bentonite — Guar Gum — Chitosan pH 7, T: 25°C, contact time: 120 min, initial dye Methylene Green 76%, Congo Red Present Stud
Hybrid conc.: 50 ppm (50 mg. L) 95.5% Y
Conclusions heterogeneous and monolayer adsorption. Adsorption

This study successfully demonstrated the
synthesis of new bentonite-guar gum hybrids. The
structure confirmation showed that chemothermal
modification of sodium bentonite improved the
physicochemical properties, structural stability, and
increased adsorption efficiency towards Methylene
green and Congo red dyes. Among all prepared
hybrids, 3g showed the highest adsorption
performance, attributed to its improved porosity, and
synergistic interactions among bentonite and
biopolymers. Adsorption kinetics for methylene green
and Congo red followed the pseudo-second-order
kinetic model inferred by correlation with
experimental data, indicating chemisorption behavior.
The adsorption isotherms were best described by the
Freundlich model for both dyes suggesting

efficiency was significantly influenced by pH,
adsorbent dosage, contact time, and temperature.
Thermodynamic analysis revealed that the adsorption
process was spontaneous and exothermic for
Methylene green accompanied by randomness at the
solid—solution interface, contrasting with the less
favorable behavior for Congo red. These findings
highlighted the significance of chemothermal treated
bentonite and polymer combination to afford hybrids
in enhance adsorption performance. The synthesized
hybrids provide a promising, eco-friendly, and
economically viable approach for the efficient removal
of toxic dyes from wastewater. It is implicated to better
simulate industrial effluents with mixed-contaminant
systems and evaluate selectivity under competitive
conditions.
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