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ABSTRACT: Synergistic studies were conducted to evaluate the retention
potentiality of exfoliating bentonite (EXBEN) as well as its methanol
hybridization derivative (Mth/EXBEN) toward Cd(II) ions to be able to
verify the effects of the transformation processes. The adsorption
characteristics were established by considering the steric and energetic
aspects of the implemented advanced equilibrium simulation, specifically the
monolayer model with a single energy level. Throughout the full saturation
states, the adsorption characteristics of Cd(II) increased substantially to
363.7 mg/g following the methanol hybridized treatment in comparison to
EXBEN (293.2 mg/g) as well as raw bentonite (BEN) (187.3 mg/g). The
steric analysis indicated a significant rise in the levels of the active sites
following the exfoliation procedure [retention site density (Nm) = 162.96
mg/g] and the chemical modification with methanol [retention site density
(Nm) = 157.1 mg/g]. These findings clarify the improvement in the potential of Mth/EXBEN to eliminate Cd(II). Furthermore,
each open site of Mth/EXBEN has the capacity to bind approximately three ions of Cd(II) in a vertically aligned manner. The
energetic investigations, encompassing the Gaussian energy (less than 8 kJ/mol) plus the adsorption energy (less than 40 kJ/mol),
provide evidence of the physical sequestration of Cd(II). This process may involve the collaborative impacts of dipole binding forces
(ranging from 2 to 29 kJ/mol) and hydrogen binding (less than 30 kJ/mol). The measurable thermodynamic functions, particularly
entropy, internal energy, and free enthalpy, corroborate the exothermic and spontaneous nature of Cd(II) retention by Mth/
EXBEN, as opposed to those by EXBEN and BE.

1. INTRODUCTION
Chemical pollution of water bodies, together with the ensuing
negative consequences for people’s wellness and environmental
systems, are critical challenges that constitute an urgent risk to
humanity’s future well-being.1,2 The main causes and
contributing aspects to the current issue of polluted water
supply and its related environmental side effects are the
uncontrolled, broadly distributed, and continuous discharge of
polluted effluents that result from mining, agriculture, and
manufacturing activities.3,4 The potential existence of hazard-
ous metals within aquatic environments, whether in the form
of soluble ions or chemical compounds bound to additional
chemicals, displays a substantial threat to both the aquatic
ecosystem and the health of humans.3,5 The aforementioned
chemicals have been categorized as highly toxic, non-
biodegradable, and carcinogenic agents with a propensity for
bioaccumulation in humans as well as animal organisms.6−8

The presence of soluble heavy metals at concentrations
greater than 0.05 mg/L has a malignant influence on the liver,
lung, and kidneys by ingesting 1 L of polluted water every
day.9,10 Moreover, these metals demonstrate deleterious effects
on the red blood cells, nervous system, and skin.10,11 The
frequent detection of Cd(II) contamination in water bodies
can be primarily attributed to the disposal of effluents from

various industrial activities, including smelting, cadmium−
nickel battery fabrication, metal plating, pigment production,
and alloy manufacturing.4,12 The Cd(II) as soluble chemical
ions has been categorized as a malignant and highly poisonous
ion, necessitating its presence in water to be maintained at a
level below about 0.003 mg/L.13,14 Furthermore, the presence
of Cd(II) contaminants has been found to result in several
adverse health consequences, including acute disorders,
pulmonary edema, itai−itai illness, chronic disorders, liver
failure, emphysema, hypertension, osteomalacia, testicular
atrophy, and kidney failure.12,15 The inhibitory influence of
Cd(II) ion on the leaf productivity of plants and seed
germination, in addition to plant length and root elongation,
has also been reported as having environmental side impacts.16

Furthermore, the intrusion of elevated levels of Cd(II) has
been found to have significant detrimental impacts on aquatic
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organisms and their ecosystems, as well as the commercial
value of fish.14,17

Therefore, it is of the highest priority to address the issue of
minimizing the level of Cd(II) within drinking water supplies
given the established adverse effects on the natural environ-
ment and human health. Numerous investigations have advised
the employment of both synthetic and natural adsorbents for
adsorption-mediated elimination of soluble metal ions such as
Cd(II). This approach is regarded as a simple, reliable, and
cost-effective elimination method.14,18,19 Nevertheless, the
investigation of appropriate adsorbents remains a compelling
area of study, implementing crucial criteria for selection
including material accessibility, manufacturing expenses,
recycling potential, adsorption capacity, equilibrium behavior,
and kinetic rates.7,20,21 The utilization of raw materials from
nature as well as their modified varieties and hybrids for the
elimination of metals has been recognized as the most efficient
method of purification, considering some essential factors such
as availability, affordability, scalability, and environmental
concerns.22,23

Bentonite and related derivatives have received a great deal
of attention as exceptionally efficient adsorbents.24,25 Bentonite
is a frequently employed geological term that refers to a kind of
sedimentary rock that primarily consists of smectite clay
minerals, specifically montmorillonite, along with other
varieties of clay minerals. Additionally, it may contain other
nonclay contaminants in its mineralogical composition.26−28

Further investigation has been conducted to enhance the
surface properties and physicochemical attributes of untreated
bentonite, with a specific focus on its application as a possible
adsorbent of both inorganic and organic molecules.25,29,30

Various methods have been employed to modify or hybridize
bentonite, including thermal treatment, alkaline modification,
acid activation, metallic pillaring, metal oxide integration,
scrubbing, polymer intercalation, and organic hybridizing using
chemicals such as CTAB and starch.25,29−31

Recent studies have established methoxy-modified clay-
based frameworks as advanced forms of tailored clay, exhibiting
enhanced adsorption properties.32,33 Through the utilization of
environmentally friendly grafting techniques, the hydroxyl
groups present on the innermost surface of natural clay can
undergo intercalation by alcohol molecules that exist under
ambient conditions.33−35 Previous studies have focused on
investigating the technical aspects of methoxy-kaolinite, but
there is a dearth of research on the properties of methoxy-
bentonite.32,36 The strategy of methoxy-kaolinite synthesis
necessitates a preliminary treatment phase to mitigate the
influence of hydrogen bonding present within the crystalline
structure of kaolinite. This entails the utilization of additional
chemicals and a number of experimental approaches.32,37 In
contrast to kaolin, montmorillonite exhibits a higher level of
hydroxyl layer interchangeability, enabling the insertion of
alcohol molecules within its layered structure. This character-
istic facilitates the binding of methanol with no need for extra
pretreatment steps.32,38 Therefore, it was hypothesized that the
incorporation of methanol into bentonite-layered subunits
would result in the formation of a multifunctional hybrid
framework with enhanced physicochemical properties.36

Moreover, during the past several decades, substantial
advancements have been made in the field of the
morphological transformation processes of clay, particularly
in the area of separating or exfoliating the layered clay
structures into discrete silicate sheets that possess two-

dimensional geometrical structures.39,40 The utilization of
this approach has led to beneficial effects in the production
of innovative nanostructures comprised of clay minerals, which
demonstrate significant characteristics including considerable
biological activity, adsorption potential, oxidation properties,
surface reactivity, surface area, and dispersion properties.38,41,42

Therefore, the formation of methoxy forms of the exfoliated
bentonite nanosheets will result in highly promising adsorbents
for a variety of soluble water pollutants.
Unfortunately, there has been a lack of sufficient

implementation of thorough research on the properties of
exfoliated bentonite, as well as its methoxy derivatives, as
remarkably effective adsorbents for heavy metal ions. There-
fore, the objective of this study is to assess the efficacy of
synthesized exfoliated bentonite (EXBE) and methoxy
exfoliated bentonite (Mth/EXBEN) in the retention of
cadmium ions (Cd(II)), in contrast to that of raw bentonite.
The experimental examinations were performed with particular
emphasis on the Cd(II)/adsorbent interfaces. The accomplish-
ment of this has been obtained based on the experimental
findings and mathematical variables derived from advanced
equilibrium approaches developed based on statistical physics
theory involving both the steric and energetic aspects.

2. RESULTS AND DISCUSSION
2.1. Characterization of the Used Adsorbents. The X-

ray diffraction (XRD) pattern of the bentonite specimen under
investigation revealed an elevated content of montmorillonite,
which was identified as the principal clay component. This was
evident from the presence of distinctive peaks at about 6.55,
19.85, 25.10, and 28.35° (Figure 1A) (corresponding to cards

00-058-201 and no. 00-003-0010). Following the exfoliation
activities, the patterns of the clay specimen appeared as a broad
peak without substantial evidence supporting the presence of
crystalline components (Figure 1B). The effective exfoliation
as well as delamination of the investigated montmorillonite
multilayered units was evidenced by their separation and the
breakdown of the lattice structure given the amorphous
materials (Figure 1C). The structural influence of methanol
molecules upon the scrubbed bentonite sheets is not evident,
and the resulting Mth/EXBEN product maintains its non-
crystalline properties.

Figure 1. XRD patterns of bentonite (A), exfoliated bentonite
(EXBEN) (B), and synthetic methoxy exfoliated bentonite (Mth/
EXBEN) (C).
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The bentonite particulates were detected in the scanning
electron microscopy (SEM) photos as aggregated sheets that
were densely packed on top of one another, resulting in the
formation of clumps of agglomerated particles with massive
outlines (Figure 2A). The noticeable tiny chunks observed

across the exteriors of the bentonite plates might be attributed
to the presence of mineral impurities instead of the different
species of clay minerals (Figure 2A). The high-resolution
transmission electron microscopy (HRTEM) photo clearly
revealed the identifiable multilayered unit structures of
montmorillonite, which is the basic constituent of bentonite
(Figure 2B). The image depicted the characteristic multi-
layered configuration of the mineral, which is commonly
referred to as the lattice finger structure (Figure 2B). Following
the exfoliation operations, HRTEM photos of the bentonite
revealed successful separation of the densely packed mont-
morillonite layers, resulting in the formation of distinct and
isolated aluminosilicate sheets (Figure 2C). This process
significantly enhanced the surface reactivity as well as
improved the surface area. The HRTEM photos of the
developed methoxy exfoliated bentonite (Mth/EXBEN) reveal
the separation of the condensed, layered bentonite into distinct
individual layers (Figure 2D). Additionally, the photos display
irregular parts of dark gray, which can be attributed to the
presence of functionalized alcohol molecules and their reaction
with the surface of EXBEN (Figure 2D).
The exfoliating and alcohol modification result in a notable

increase in the surface area, with values of 141.4 and 143.2 m2/
g observed for EXBEN and Mth/EXBEN, respectively,
compared to the initial surface area of 91 m2/g for bentonite
(Table 1). Regarding the porosity, the modification processes
resulted in a significant increase in the microporosity as
compared to mesoporosity, which signifies the reduction in the
interstitial pores between the BEN particles and the exposure
of the structural pores of the silicate sheets or the common
lenticular pores that relate to the cornflake structures of the
exfoliated bentonite sheets (Table 1). The integration of
methanol exhibits slight effect either of the surface area or the
porosity properties of the EXBEN particles and this slight
impact might be assigned to the dissolution of some of the
existing organic impurities.

The FT-IR spectra analysis revealed that the natural
bentonite sample had prominent peaks corresponding to its
specific functional groups, including structural OH, interca-
lated water molecules, structural Si−O, and functional Al−O
(Figure 3A). These functional groups were identified by

absorption bands noticed at wavenumbers of 3400, 1640,
1000.2, and 918.3 cm−1, respectively (Figure 3A).25,26

Furthermore, the discernible attenuated peaks within the
spectral region spanning roughly 400 to 1000 cm−1 may be
attributed to the characteristic bands associated with Si−O−Al
and Si−O−Mg in addition to Mg−Fe−OH (Figure 3A).26,43

The spectra of EXBEN exhibit absorbance bands that are
similar to those reported in unprocessed bentonite but with
notable differences in their precise locations, reduced
intensities, and the disappearance of smaller bands (Figure
3B). This illustrates the possible destruction of the functional
alumina octahedron and silica tetrahedron units of starting
bentonite, as well as the efficient dispersion of these units into
discrete or singular sheets.40,44 Upon treatment of EXBEN
with methanol, the resulting FT-IR spectrum reveals a
reduction in the intensity of the characteristic bands associated
with the inner surface-hydroxyl-bearing functioning groups.
This demonstrates the interaction effect of the Al−OH
chemical groups within the bentonite multilayered units
through the alcohol modification process (Figure 3C).32,33

Meanwhile, the observed bands at 2951 and 2860 cm−1 can be
attributed to the bending vibrations of the methanol chemical
groups that have been grafted onto the sample (Figure
3C).33,35 The aforementioned findings, together with the

Figure 2. SEM of starting bentonite (A) and the HRTEM images of
starting bentonite (B), EXBEN structure (C), and synthetic Mth/
EXBEN structure (D).

Table 1. Textural Properties of BEN, EXBEN, and Mth/
EXBEN

sample

surface
area

(m2/g)

micropores
volume
(cm3/g)

mesopores
volume
(cm3/g)

total
volume
(cm3/g)

average
pore

diameter
(nm)

BEN 91 0.013 0.262 0.312 10.4
EXBEN 141.4 0.246 0.143 0.389 4.6
Mth
/EXBEN

143.2 0.248 0.144 0.392 4.3

Figure 3. FT-IR spectra of bentonite (A), synthetic EXBEN structure
(B), and synthetic Mth/EXBEN (C).
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evident displacement of the respective bands associated with
the aluminosilicate chemical and structural groups that
construct various layers of bentonite, indicate the effective
interaction between the EXBEN reactive groups and the
alcohol molecules, resulting in the development of a methoxy-
modified form of exfoliating bentonite (Mth/EXBEN).
2.2. Adsorption Studies. 2.2.1. Effect of pH. The current

investigation analyzes the influence of pH values spanning 2 to
7 on the adsorption capacity of Cd(II) utilizing the three
different adsorbents (BEN, EXBEN, and Mth/EXBEN). It was
decided to set the maximum limit at pH 7 to prevent the
potential formation of hydroxide species of Cd(II) as a
precipitate at higher pH settings. All of the experiments
mentioned earlier were completed with strict regulation of the
key factors at specified values. These variables included a
Cd(II) level of 100 mg/L, a solid dosage of 0.2 g/L, a volume
of 100 mL, a temperature of 20 °C, and a period of 60 min.
The retention capacities of Cd(II) using BEN, EXBEN, and
Mth/EXBEN show notable improvements as the pH of the
impure solutions being tested increases from pH 2 (4.7 mg/g
(BE), 10.3 mg/g (EXBEN), and 18.3 mg/g (Mth/EXBEN))
to pH 7 (58.6 mg/g (BEN), 77.2 mg/g (EXBEN), and 83.2
mg/g (Mth/EXBEN)) (Figure 4). Therefore, these materials

have the potential to be used as effective adsorbents in the
actual treatment procedures, aligning with the range of pH
levels of 6 to 9, as advised by the US Environmental Protection
Agency (EPA) for the purification of industrial effluents.45 The
presented behaviors demonstrate a significant association
between the pH and the ionization properties of Cd(II)
ions, in addition to the charges across the exterior surfaces of
BEN, EXBEN, and Mth/EXBEN.46 Cadmium occurs as
positive cations (Cd2+) throughout the pH range tested, and
above pH 8, it forms hydroxide precipitates ([Cd(H2O6)]2+).
As alkaline levels of Cd(II) solutions expanded, the reactive
functional groups of BEN, EXBEN, and Mth/EXBEN became
more and more deprotonate, which resulted in their outer
surfaces being totally submerged with negative charges.47 The
negatively charged outer interfaces of BEN, EXBEN, and Mth/
EXBEN play a crucial role in facilitating the electrostatic
interactions between Cd(II) and its positively charged state.48

2.3. Kinetic Studies. 2.3.1. Effect of Contact Time. An
investigation was conducted to examine the influence of the
period of Cd(II) adsorption on the experimentally determined

qualities of BEN, EXBEN, and Mth/EXBEN within a time
range spanning from 20 to 300 min. This was achieved
following the manipulation of other significant variables to
predetermined values [Cd(II) concentration: 100 mg/L; pH:
7; volumes: 100 mL; temperature: 20 °C; solid material
dosage: 0.2 g/L]. The considerable rise in the detected uptake
rates, as well as the estimated quantities of retained Cd(II) in
mg/g, demonstrate the enhancement in the effectiveness of BE,
EXBEN, and Mth/EXBEN in terms of the expansion in the
testing uptake duration (Figure 5A). Furthermore, it is worth
noting that the duration of testing has a regulatory influence on
the observed increments. The increased impact of Cd(II)
retention activities using BE, EXBEN, and Mth/EXBEN can be
easily noticed over a period of 120 min (BE) and 160 min
(EXBEN and Mth/EXBEN) (Figure 5A). Following the
designated duration of the interaction, there were no
observable changes or enhancements in the retention rates of
Cd(II) or the sequestrated quantities. This indicates that their
uptake systems established a state of stability after these
intervals, which was recognized as the point of adsorption
equilibrium (Figure 5A). The measured Cd(II) equilibrium
retention levels of the BE, EXBEN, and Mth/EXBEN particles
were 112.7 (BEN), 131 (EXBEN), and 154.7 mg/g (Mth/
EXBEN) (Figure 5A). The preliminary periods of the
accomplished experiments indicated that the existence of
numerous free and structurally reactive sites or sequestration
receptors across the outermost surfaces of BE, EXBEN, and
Mth/EXBEN resulted in significant enhancements with regard
to the speed of Cd(II) uptake alongside the quantities of
Cd(II) retained.37 The prolonged time frame for testing led to
a considerable reduction in the availability of the binding sites
of BE, EXBEN, and Mth/EXBEN due to the continual
retention of Cd(II) and subsequent occupancy of these sites,
depleting their availabilities. As a result, following a
predetermined time frame, the rates at which Cd(II) was
absorbed displayed a notable decrease, and the retention
properties of BE, EXBEN, and Mth/EXBEN remained
unchanged or exhibited negligible improvement. The equili-
brium states of BE, EXBEN, and Mth/EXBEN were
successfully determined following the full occupancy of
receptors or empty reaction sites by Cd(II).3

2.3.2. Intra-Particle Diffusion Behavior. Intraparticle
diffusion curves can be used to describe how Cd(II) is taken
up by BEN, EXBEN, and Mth/EXBEN. These curves display
three particular segments that have various slopes. The curves
obtained in the current study demonstrate a lack of observable
crossings with the beginning points, suggesting the coexistence
of various adsorption processes alongside Cd(II) diffusion
pathways (Figure 5B).46,49 The operational procedure consists
of several essential stages.50 These stages include: (A) the
retention of Cd(II) through the receptors distributed on the
exteriors of BEN, EXBEN, and Mth/EXBEN (external or
boundary); (B) intraparticle diffusion; and (C) the operating
reactions encompassing saturation alongside stability states.
The first findings of this study suggest that the primary
mechanisms involved in the experimental process were the
external adsorption activities of Cd(II) (Figure 5B). The
efficacy of the Cd(II) retention process during this phase relies
on the total number of unfilled receptors on the surface of
BEN, EXBEN, and Mth/EXBEN.51 The identification of newly
formed phases was enhanced by prolonging the time,
showcasing the effectiveness of many additional processes
known as layered adsorption approaches (Figure 5B).17,50

Figure 4. Influence of the pH on the retention of Cd(II) by BEN,
EXBEN, and Mth/EXBEN.
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Furthermore, these supplementary procedures additionally
incorporate the influence of Cd(II) diffusion activities. It has
been shown that the final three stages demonstrate a dominant
presence whenever the equilibrium states of BEN, EXBEN,
and Mth/EXBEN are attained (Figure 5B). This finding
suggests that the interaction binding sites have been entirely
filled by the Cd(II) ions that were effectively retained.3,7 The
elimination of Cd(II) during this stage is subject to several
variables, such as molecular interactions and interionic
attraction mechanistic pathways.47

2.3.3. Kinetic Modeling. The kinetic properties of Cd(II)
retention operations using BEN, EXBEN, and Mth/EXBEN
were explained using the standard kinetic assumptions of the
pseudo-first-order (P.F.) and pseudo-second-order (P.S.)
theoretical models. The level of agreement that existed
between the Cd(II) retention processes and the kinetic
concepts of the two distinct models has been examined
through the use of defined nonlinear fitting parameters, as
denoted by the corresponding equations and determined from
the correlation coefficient (R2) together with the Chi-squared
(χ2) information (Table 2 and Figure 5C,D). The established
levels of R2, alongside χ2, suggest that the kinetic characteristics
and suggestions of the P.F. model have a better correlation
with the adsorption processes of Cd(II) using BEN, EXBEN,
and Mth/EXBEN in comparison with the assessed P.S. model.
The results gathered from the tests carried out on BE, EXBEN,
and Mth/EXBEN under a state of equilibrium [112.7 mg/g
(BEN), 131 mg/g (EXBEN), and 154.7 mg/g (Mth/
EXBEN)] were observed to exhibit a high level of agreement
with the results derived from computational calculations based
on the P.F. model [121.6 mg/g (BEN), 143.3 mg/g (EXBEN),

and 166.1 mg/g (Mth/EXBEN)]. This agreement provides
further support for the previous results obtained in the kinetic
analysis (Table 2). According to the basic assumptions of the

Figure 5. Influence of the contact time on the retention efficiencies of Cd(II) by BEN, EXBEN, and Mth/EXBEN (A), intraparticle diffusion
curves for the retention of Cd(II) (B), fitting of the determined retention results with pseudo-first order model (C), and fitting of the determined
retention results with pseudo-second order model (D).

Table 2. Mathematical Parameters of the Studied Kinetic
Models

material model parameters values

BEN pseudo-first-order K1 (1/min) 0.0058
Qe(Cal) (mg/g) 121.6
R2 0.90
χ2 4.6

pseudo-second-order k2 (mg/g min) 1.3 × 10−5

Qe(Cal) (mg/g) 265.5
R2 0.87
χ2 6.2

EXBEN pseudo-first-order K1 (1/min) 0.99
Qe(Cal) (mg/g) 143.3
R2 0.89
χ2 5.3

pseudo-second-order k2 (mg/g min) 1.9 × 10−5

Qe(Cal) (mg/g) 158.6
R2 0.85
χ2 7.4

Mth/EXBEN pseudo-first-order K1 (1/min) 0.0086
Qe(Cal) (mg/g) 166.07
R2 0.93
χ2 3.4

pseudo-second-order k2 (mg/g min) 2.1 × 10−5

Qe(Cal) (mg/g) 279.9
R2 0.91
χ2 5.3
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P.F. theory, it is proposed that the key factors impacting the
retention of Cd(II) using BEN, EXBEN, and Mth/EXBEN
were physical mechanisms, specifically the forces of van der
Waals and/or electrostatic attractions.52,53 Although the P.F.
model’s formula for elimination of Cd(II) by BEN, EXBEN,
and Mth/EXBEN is verified to be better compatible compared
to the presented equation of the P.S. model, the analyzed
retention features still exhibit notable agreement with the
proposed kinetics of the P.S. theory. Previous studies have
demonstrated that various weak chemical effects, such as
chemical-based complexing, hydrophobic bonds, hydrogen
binding, and electron-based sharing, are likely to play a role in
either enhancing or having minimal effects on the removal of
Cd(II) by BEN, EXBEN, and Mth/EXBEN.46,52 Following the
formation of a chemically bound Cd(II) layer, a physically
adsorbed Cd(II) layer was developed, using the previous layer
as a basis.54

2.4. Equilibrium Studies. 2.4.1. Effect of Cd(II)
Concentrations. The impact of varying starting concentrations
of Cd(II) was examined in order to determine the best
capacities of BEN, EXBEN, and Mth/EXBEN, in addition to
the corresponding equilibrium states, within the systematically
determined range of 25−250 mg/L. The remaining retention
factors have been chosen to be at predefined values [the
dosage is set at 0.2 g/L, the duration is set at 24 h, the volume
is set at 100 mL, the pH is set at pH 7; and the temperature
tested from 293 to 313 K]. The quantities of Cd(II) that were
retained using BEN, EXBEN, and Mth/EXBEN showed a
significant increase when the concentrations of Cd(II)

increased (Figure 6A−C). The increased concentrations of
Cd(II) ions within a given volume led to a noticeable
improvement in their transfer, migration, and driving forces,
thereby promoting interaction as well as collision potential
with a greater number of accessible and functional receptors
situated on the exteriors of BEN, EXBEN, and Mth/EXBEN.
As a result, the effectiveness of the Cd(II) adsorption activities
carried out by BEN, EXBEN, and Mth/EXBEN significantly
increased.55 The observed levels of Cd(II) adsorption
demonstrate a proportional rise in relation to the higher
starting concentration until certain thresholds. Following this,
an increase in the initial concentration of Cd(II) does not have
a discernible impact on the amount of ions retained using
BEN, EXBEN, and Mth/EXBEN. As a result, the equilibrium
stages of these materials can be distinguished, allowing for the
determination of their respective maximum adsorption
capacities for Cd(II) ions. At concentrations exceeding 200
mg/L, equilibrium conditions established in the existence of
BEN yield adsorption capacities of 141.6 mg/g (293 K), 154.7
mg/g (303 K), and 164.5 mg/g (313 K) (Figure 6A). The
experimental results indicate that the equilibrium efficiencies of
EXBEN, when subjected to a concentration of 200 mg/L
Cd(II), are 255.8 mg/g at a temperature of 293 K, 269.6 mg/g
at 303 K, and 285.4 mg/g at 313 K (Figure 6B). The
equilibrium level of Cd(II) that corresponds to Mth/EXBEN
will be assumed to be 200 mg/L. The relevant capacities at
different temperatures are as follows: 361.3 mg/g at 293 K,
321.4 mg/g at 303 K, and 301.4 mg/g at 313 K (Figure 6C).
The enhanced performance of EXBEN and Mth/EXBEN in

Figure 6. Influence of the Cd(II) concentration on the retention efficiencies of Cd(II) [(A) BEN, (B) EXBEN, and (C) Mth/EXBEN], fitting of
the retention behaviors of Cd(II) with classic Langmuir isotherm [(D) BEN, (E) EXBEN, and (F) Mth/EXBEN], fitting of the retention behaviors
of Cd(II) with classic Freundlich isotherm [(G) BEN, (H) EXBEN, and (I) Mth/EXBEN], and fitting of the retention behaviors of Cd(II) with
classic D−R isotherm [(J) BEN, (K) EXBEN, and (L) Mth/EXBEN].
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the elimination of Cd(II) when compared to BE particles can
be attributed to the significant improvement of surface area
coupled with the reactivity properties of the separated
aluminosilicate single layers. These layers possess semicrystal-
line attributes and an extensive number of chemically reactive
sites, most notably the siloxane groups. Moreover, the
methanol treatment steps result in the significant incorporation
of additional active hydroxyl groups as effective uptake centers.
The observed decrease in the adsorption effectiveness of
Cd(II) by Mth/EXBEN with increasing temperature indicates
that the mechanisms of adsorption are characterized by
exothermic behavior in contrast to BE and EXBEN, which
display endothermic behaviors, and their adsorption perform-
ances are enhanced with the testing temperature.
2.4.2. Giles’s Classification. The criteria specified by Giles’

categorization were used to classify the Cd(II) equilibrium
curves employing BEN, EXBEN, and Mth/EXBEN. The
analysis determined that the observed curves demonstrated an
L-type state of equilibrium (Figure 6A−C). The equilibrium
characteristics of the L-type demonstrate the significant

impacts that arise from the intermolecular attraction
interactions involved in the adsorption mechanisms of Cd(II)
by BEN, EXBEN, and Mth/EXBEN. The aforementioned
impacts are also enhanced by the powerful interactions that
exist between Cd(II) ions and the chemically reacting
structures of BEN, EXBEN, and Mth/EXBEN.56 According
to the characteristics of the L-type isotherm, it has been
feasible to predict the complete formation of Cd(II)
monolayers over the outer surfaces of BEN, EXBEN, and
Mth/EXBEN particles.57 Furthermore, the outlined isothermal
pattern suggests the formation of BEN, EXBEN, and Mth/
EXBEN particulates with diverse and substantial activated and
free uptake sites. The binding sites exhibit notable affinity
toward Cd(II) ions throughout the course of the adsorption
procedure, particularly under conditions of low starting
concentrations.
2.4.3. Classic Isotherm Models. This work investigates the

adsorption behavior of Cd(II) on BEN, EXBEN, and Mth/
EXBEN particulates under the equilibrium conditions. The
Langmuir, Freundlich, and Dubinin−Radushkevich (D−R)

Table 3. Mathematical Parameters of the Studied Classic Isotherm Models

293 K 303 K 313 K

BEN Langmuir model Qmax (mg/g) 207.7 216.05 218.8
b (L/mg) 0.0114 0.0138 0.017
R2 0.974 0.979 0.975
χ2 0.79 0.65 0.76

Freundlich model 1/n 0.52 0.48 0.44
kF (mg/g) 9.17 12.27 16.48
R2 0.92 0.92 0.91
χ2 2.28 2.3 2.5

D−R model β (mol2/kJ2) 0.022 0.014 0.011
Qm (mg/g) 130.6 141.16 150.12
R2 0.859 0.857 0.0.84
χ2 0.4 0.05 0.1
E (kJ/mol) 4.76 5.97 6.74

EXBEN Langmuir model Qmax (mg/g) 328.06 337.9 341.2
b (L/mg) 0.023 0.028 0.039
R2 0.92 0.93 0.94
χ2 4.26 3.6 3.16

Freundlich model 1/n 0.42 0.4 0.34
kF (mg/g) 30 37.5 51.3
R2 0.83 0.83 0.82
χ2 10.02 9.97 9.7

D−R model β (mol2/kJ2) 0.012 0.011 0.0084
Qm (mg/g) 249.2 262.9 273.5
R2 0.98 0.97 0.93
χ2 0.73 1.25 3.47
E (kJ/mol) 6.45 6.74 7.71

Mth/EXBEN Langmuir model Qmax (mg/g) 463.6 422.002 408.48
b (L/mg) 0.027 0.023 0.019
R2 0.9 0.92 0.94
χ2 8.6 5.9 4.22

Freundlich model 1/n 0.42 0.44 0.47
kF (mg/g) 43.6 35.5 27.3
R2 0.8 0.83 0.86
χ2 18.2 13.8 10.5

D−R model β (mol2/kJ2) 0.0095 0.011 0.018
Qm (mg/g) 356.8 313.25 299.5
R2 0.97 0.95 0.96
χ2 2.05 3.67 3.3
E (kJ/mol) 7.25 6.74 5.27

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08592
ACS Omega 2024, 9, 11534−11550

11540

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


isotherm hypotheses are employed to analyze the adsorption
process. The level of concordance between the equilibrium
hypotheses of each given model and the experimentally
measured Cd(II) retention behaviors was evaluated using
nonlinear regression analysis, employing the corresponding
equations of the various models. The assessment was
formulated based on the use of the correlation coefficient
(R2) and the Chi-squared (χ2) quantities, as depicted in Table
3 and Figure 6D−L. The findings derived from the
examination of R2 and χ2 demonstrate that the Cd(II)
retention characteristics exhibited by BEN, EXBEN, and
Mth/EXBEN particulates are in greater agreement with the
principles of the Langmuir isotherm hypothesis (Table 3 and
Figure 6D−F) as opposed to the underlying assumptions of
the Freundlich hypothesis (Table.3 and Figure 6G−I). The
Langmuir isotherm model is utilized to explain the
homogeneous adsorption behavior of Cd(II) ions on the
vacant and active binding positions of BEN, EXBEN, and
Mth/EXBEN particulates in a monolayer configuration.52,53

Moreover, the retention properties of BEN, EXBEN, and Mth/
EXBEN particulates toward Cd(II) are characterized by RL
values beneath 1, suggesting the favorable nature of these
processes.7,51 The postulated upper limit of adsorption
capacity (Qmax) for Cd(II) by BEN at a variety of temperatures
varies as follows: 207.7 mg/g (293 K), 216 mg/g (303 K), and
218.8 mg/g (313 K). The computed values obtained for
EXBEN are 328 mg/g at a temperature of 293 K, 337.9 mg/g

at 303 K, and 341.2 mg/g at 313 K. The assumed maximum
capacities (Qmax) for the capture of Cd(II) by Mth/EXBEN at
various temperatures are 463.2 mg/g at 293 K, 422 mg/g at
303 K, and 408.5 mg/g at 313 K (Table.3).
Regardless of whether the structure of the system is

heterogeneous or homogeneous, the isotherm-based concepts
of the D−R model (Figure 6J−L) provide an in-depth analysis
of the energy differences exhibited by BEN, EXBEN, and Mth/
EXBEN particulates across the course of Cd(II) retention. One
of the most important derived parameters obtained from the
D−R assessment findings is the Gaussian energy (E) that is
employed to determine the particular Cd(II) uptake
mechanisms (chemical or physical). Adsorption activities
with E values beneath 8 kJ/mol, between 8 and 16 kJ/mol,
and over 16 kJ/mol, respectively, indicate the existence of
primarily physical effects, fairly weak chemical reactions, or a
mix of physical and chemical effects, and strong chemical
processes.7,58 The E factor corresponding to the Cd(II)
retention reactions by BEN, EXBEN, and Mth/EXBEN
computed is consistent with the theoretical energies that are
hypothesized for physical processes (8 to 16 kJ/mol) (Table
3).
2.4.4. Advanced Isotherm Modeling. Most recent advances

in equilibrium mathematical models, which rely on the
fundamentals of statistical physics hypotheses, possess the
potential to offer substantial new insights into the distinctive
attributes of adsorption operations, especially with regard to

Figure 7. Fitting of the retention behaviors of Cd(II) with advanced Monolayer with single energy site isotherm [(A) BEN, (B) EXBEN, and (C)
Mth/EXBEN], change in the number of adsorbed Cd(II) ion per single site [(D) BEN, (E) EXBEN, and (F) Mth/EXBEN], change in the
occupying active sites density during the uptake of Cd(II) [(G) BEN, (H) EXBEN, and (I) Mth/EXBEN], and change in the saturation adsorption
capacity with temperature [(J) BEN, (K) EXBEN, and (L) Mth/EXBEN].

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08592
ACS Omega 2024, 9, 11534−11550

11541

https://pubs.acs.org/doi/10.1021/acsomega.3c08592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08592?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the adsorbent-Cd(II) solution interfaces and the exterior
features of these solid adsorbents. The statistical parameters
obtained from these models, including steric and energy
factors, may be used to clarify the mechanisms. Three primary
parameters comprised the steric elements: the entire number
of Cd(II) ions existing at each site (n(Cd(II))); the total quantity
of sites occupied by Cd(II) along the outside of BEN, EXBEN,
and Mth/EXBEN (Nm(Cd(II))); and the maximum capacity of
BEN, EXBEN, and Mth/EXBEN for capturing Cd(II)
following full saturation (Qsat(Cd(II))). Internal energy (Eint),
free enthalpy (G), entropy (Sa), and Cd(II) eliminating energy
(E) were the factors that were evaluated during the assessment
of the energetic characteristics. The Cd(II) retention behaviors
were analyzed by using a statistical model that was established.
The model’s illustrative equations were fitted nonlinearly to
evaluate the degree of agreement with the model. Multivariable
nonlinear regression computation was used in combination
with the Levenberg−Marquardt iterative process to complete
the fitting process. A monolayer model with a single energetic
site was successfully used to investigate and characterize the
adsorption processes of Cd(II) by BEN, EXBEN, and Mth/
EXBEN on the basis of the provided levels of fitness (Table.3
and Figure 7A−C).
2.5. Steric Properties. 2.5.1. Number of Adsorbed MP

(n(Cd(II))) per Each Site. The numerical results for the n(Cd(II))
factor significantly indicate the orientation (horizontal or
vertical) of the cadmium ions that have been retained on the
BEN, EXBEN, and Mth/EXBEN interfaces. These findings
have further consequences regarding the determination of the
underlying mechanistic processes, specifically the differ-
entiation between multidocking and multi-ionic. One Cd(II)
ion is maintained by several sites of adsorption throughout
horizontal arrangements in systems that are subject to multiple
anchoring or multiple docking operations. A number of Cd(II)
ions might be captured via a single site of binding across
nonparallel and vertical orientations during activities with
values greater than one; multi-ionic mechanistic operations are
the primary cause of these retention characteristics.7,59 The
derived values of n(Cd(II)) for BEN (n(Cd(II)) = 1.33−1.4),
EXBEN (n(Cd(II)) = 1.8−2.2), and Mth/EXBEN (n(Cd(II)) =
1.9−2.4) are more than 1 (Table 4 and Figure 7D−F). As a
result, the Cd(II) ions were captured through multi-ionic
processes. Each adsorbent retention site could hold up to two
ions by BEN and three ions by EXBEN and Mth/EXBEN,
which were then distributed vertically in a nonparallel manner.
The reactivity of each site rose from 2 ions by BEN to 3 by
EXBEN and Mth/EXBEN, confirming the noteworthy impact
of the morphological modifications and methanol treatment on
the binding affinity and reactivity of the existing active sites.
The dramatically elevated reactivity of Mth/EXBEN may be
due to their improved dispersion characteristics, contact
interface, and surface reactivity that contribute to metal ion
aggregation during their uptake by dominant active chemical
groups. In terms of temperature effects, the computed n(Cd(II))
values for BEN, EXBEN, and Mth/EXBEN display remarkable
declination. This declared a significant diminishment in the
aggregation behavior of Cd(II) ions during their adsorp-
tion.2,60

2.5.2. Occupied Active Sites Density (Nm). The density of
cadmium-filled sites (Nm(Cd(II))) of BE, EXBEN, and Mth/
EXBEN may be used to estimate the total number of binding
sites that are accessible across the surfaces of these particulates
during the course of the process. As shown in Figure 8G, the

Nm(Cd(II)) levels determined for BEN are 115.7 at 293 K, 130.6
at 303 K, and 140.9 at 313 K (Figure 7G and Table 3). After
exfoliation alterations (EXBEN) were applied, the results
showed a slight improvement, reaching values of 115.4 mg/g
(293 K), 132.6 mg/g (303 K), and 162.9 mg/g (313 K)
(Figure 7H and Table 4). Furthermore, the availability of the
active sites rose dramatically to 150.3 mg/g (293 K), 156.9
mg/g (303 K), and 157.1 mg/g (313 K) after the methanol
modification of the exfoliating bentonite layers (Mth/EXBEN)
(Figure 7I and Table 4). The findings confirm a significant
increase in the total number of reactive sites after the
exfoliating modification from 140.9 to 162.9 mg/g at the
best temperature alongside the effect of the alcohol functioning
stage which induces the active site density to 157 mg/g.
Increased surface area, extended exposure of the chemically
reactive siloxane groups, and the entrapment of various
hydroxyl functional groups during the methanol implementa-
tion step, along with the silicate surface’s increased reactivity
due to its conversion into semicrystalline or amorphous
materials, are the main factors causing this enhancement effect
on the dominant adsorption sites. These modifications
promote the establishment of an interactive contact across
the exterior surfaces of Mth/EXBEN and EXBEN and the
Cd(II) bearing solutions. Concerning the effect of temper-
ature, the behaviors that were observed and the established
filled active site density (Nm) by the retained cadmium ions
show a general increase with increasing evaluating temperature
utilizing BE, EXBEN, and Mth/EXBEN (Figure 7G−I).
Regarding the temperature influence, this behavior is in
excellent accord with the previously established patterns for
the n parameter. The total number of filled adsorption sites
significantly decreased as a consequence of the rise in
aggregation activities throughout the adsorption of Cd(II)
over the exteriors of BEN, EXBEN, and Mth/EXBEN.2,61

Moreover, the high temperature conditions induce the ion

Table 4. Mathematical Parameters of the Studied Advanced
Isotherm Model

advanced isotherm model

steric and energetic parameters

293 K 303 K 313 K

BEN R2 0.987 0.989 0.984
χ2 0.47 0.4 0.57
n 1.4 1.36 1.33
Nm (mg/g) 115.17 130.6 140.9
Qsat (mg/g) 161.23 177.6 187.39
C1/2 (mg/L) 53.1 47.9 41.7
ΔE (kJ/mol) 9.03 8.78 8.44

EXBEN R2 0.997 0.999 0.988
χ2 0.17 0.06 0.78
n 2.22 2.06 1.8
Nm (mg/g) 115.4 132.6 162.9
Qsat (mg/g) 256.2 272.7 293.22
C1/2 (mg/L) 24.33 22.08 18.5
ΔE (kJ/mol) 7.13 6.89 6.46

Mth/EXBEN R2 0.995 0.992 0.997
χ2 0.47 0.72 0.25
n 2.42 2.1 1.97
Nm (mg/g) 150.3 156.9 157.1
Qsat (mg/g) 363.7 329.4 309.4
C1/2 (mg/L) 20.2 24.3 28.2
ΔE (kJ/mol) −6.68 −7.13 −7.49
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exchange properties within the bentonite structure or the free
ions within the interlayer water molecules, which provide extra
active sites during the uptake processes.3

2.5.3. Adsorption Capacity at the Saturation State of
(Qsat). The evaluation of Cd(II) retention characteristics of
BEN, EXBEN, and Mth/EXBEN during the saturated state
(Qsat) provides the potential to attain the most precise
estimation of their maximal adsorption capacities. The results
of Qsat are notably impacted by the determined densities of the
occupied sites (Nm(Cd(II))) and the overall number of Cd(II)
ions that filled each site (n(Cd(II))). Bentonite, as a potential
adsorbent for Cd(II), showed Qsat values of 161.2 mg/g at 293
K, 177.6 mg/g at 303 K, and 187.4 mg/g at 313 K (Figure 7J
and Table 3). The exfoliate product (EXBEN) has better
retention characteristics across various temperature conditions.
At a temperature of 293 K, the adsorption capacity reached a
maximum value of 256.2 mg/g. The adsorption capacity at a
temperature of 303 K has been measured as 272.7 mg/g,
whereas at a temperature of 313 K, it has been determined to
be 293.2 mg/g (Figure 7K and Table 4). The observed
improvement significantly rose after the modification of the
separated layers with methanol molecules (Mth/EXBEN),

leading to quantities of 363.7 mg/g (293 K), 329.4 mg/g (303
K), and 309.4 mg/g (313 K) (Figure 7L and Table 4). The
adverse effects of temperature ultimately indicate that Mth/
EXBEN demonstrates exothermic behavior during the Cd(II)
adsorption. This demonstrated how an elevated temperature
accelerates the thermal collision features of the metal retention,
lowering the efficacy of Cd(II) binding.59 The uptake behavior
of BEN and EXBEN displays a reverse effect as its saturation
capacity of Cd(II) enhances notably with raising the level of
the testing temperature; i.e., exhibits endothermic behavior.
Moreover, the observed capabilities of Qsat of BEN and
EXBEN in relation to changes in retention temperature
demonstrate a noteworthy agreement with the outlined
characteristics of Nm(Cd(II)) when compared to n(Cd(II)). This
implies that the efficacy of Cd(II) retention is mostly
influenced by the abundance of active sites rather than the
potential capacity of each of the existing active sites throughout
BEN and EXBEN. The reverse can be detected for the Qsat of
Cd(II) by Mth/EXBEN following the trend with temperature
that appears to be dependent essentially on the reactivity and
docking capacity of each active site rather than the overall
quantities.

Figure 8. Change in entropy properties of Cd(II) adsorption with temperature [(A) BEN, (B) EXBEN, and (C) Mth/EXBEN]; change in the
internal energy properties of Cd(II) adsorption with temperature [(D) BEN, (E) EXBEN, and (F) Mth/EXBEN]; and change in enthalpy
properties of Cd(II) adsorption with temperature [(G) BEN, (H) EXBEN, and (I) Mth/EXBEN].
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2.6. Energetic Properties. 2.6.1. Adsorption Energy. The
inspection of the energy variations (ΔE) corresponding to the
elimination processes of Cd(II) might provide significant
knowledge on the fundamental mechanisms involved,
irrespective of whether they are influenced by physical or
chemical aspects. Chemical pathways often have levels of
energy beyond 80 kJ/mol, while physical processes normally
maintain energies lower than 40 kJ/mol. Depending on the
levels of retention energies, mechanistic activities that take
place throughout physical processes can generally be
categorized into a number of categories. The mechanisms
being examined include hydrogen bonds, the effect of van der
Waals forces, dipole−dipole reactions, coordination exchange,
and hydrophobic bonds. These mechanisms have varying
energy ranges, with hydrogen binding having a range of fewer
than 30 kJ/mol, coordination exchange having a maximum
energy of 40 kJ/mol, van der Waals spanning 4 to 10 kJ/mol,
dipole−dipole having energies varying from 2 to 29 kJ/mol,
and hydrophobic bonds having an energy of 5 kJ/mol.55,62 The
calculation and measurement of the uptake energy levels (ΔE)
for Cd(II) have been successfully accomplished through
utilization of eq 1. This equation necessitates various factors,
including the established solubility of Cd(II) within the water-
based solution being tested (S), the gas constant (R =
0.008314 kJ/mol K), the soluble Cd(II) concentrations across
the half saturation states of BE, EXBEN, and Mth/EXBEN, as
well as the actual temperature (T).61
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The established energies associated with the sequestration of
Cd(II) using BEN and EXBEN lie within the ranges 8.4 to 9.3
and 6.4 to 7.13 kJ/mol, respectively. Conversely, the estimated
values for Mth/BE extend from −6.6 to −8.49 kJ/mol.
Therefore, the sequestration of Cd(II) using BEN, EXBEN,
and Mth/EXBEN mostly occurred via physical processes that
include dipole−dipole interactions (ranging from 2 to 29 kJ/
mol), van der Waals forces (ranging from 4 to 10 kJ/mol), and
hydrogen bonds (less than 30 kJ/mol). Furthermore, the
positive values of ΔE seen in the Cd(II) capture processes by
BEN and EXBEN align with the results obtained from the
experiments performed on the endothermic characteristics of
these processes. However, the negatively signed values for the
obtained energies using Mth/EXBEN demonstrate the
elimination of Cd(II) by exothermic processes.
2.7. Thermodynamic Functions. 2.7.1. Entropy. The

entropy (Sa) pertaining to the removal of Cd(II) using BEN,
EXBEN, and Mth/EXBEN offers valuable insights into the
order and disorder characteristics that characterize their
particle surfaces under different Cd(II) concentrations and
temperature settings. The Sa features have been highlighted
using the earlier computed Nm and n values in conjunction
with the Cd(II) levels at BEN, EXBEN, and Mth/EXBEN
(C1/2) half-saturation conditions according to eq 2.

( )
( )

S
K

N C
C

n C
C

ln 1
ln

1

n n C
C

C
C

n
a

B
m

1/2 1/2

1/2

1/2

= +
+

l
m
oooooo

n
oooooo

i

k
jjjjjj

i
k
jjjjj

y
{
zzzzz

y

{
zzzzzz

i
k
jjjjj

y
{
zzzzz

|
}
oooooo

~
oooooo
(2)

The obtained findings demonstrate a notable decrease in the
entropy magnitudes (Sa) upon the uptake of Cd(II) with BEN,

EXBEN, and Mth/EXBEN, especially at elevated levels of
Cd(II). As the concentrations of Cd(II) ions rise, the trends
show a considerable reduction in the disorder properties that
characterize the BEN, EXBEN, and Mth/EXBEN interfaces
(Figure 8A−C). The entropy observations also support the
effective docking and binding of Cd(II) ions into the
functioning active sites of BEN, EXBEN, and Mth/EXBEN,
as well as the empty binding receptors, at low concentrations
of cadmium ions.61,63 During the investigation of the retention
of Cd(II) by BEN, it was observed that the highest degrees of
entropy could be obtained at equilibrium concentrations of
58.6 mg/L (293 K), 56.2 mg/L (303 K), and 53.7 mg/L (313
K). The equilibrium values of maximum entropy for EXBEN
have been established to be 23.88 mg/g at 293 K, 22.6 mg/g at
303 K, and 20.9 mg/g at 313 K. The maximum entropy
degrees observed throughout the use of Mth/EXBEN as an
adsorbing material for Cd(II) ions are 19.6 mg/L (at a
temperature of 293 K), 22.2 mg/L (at a temperature of 303
K), and 23.9 mg/L (at a temperature of 313 K). The
equilibrium values exhibit a strong correlation with the
predicted concentrations of Cd(II) under the conditions that
are required for half-saturations of BEN, EXBEN, and Mth/
EXBEN. As a result, the binding positions of Cd(II) ions
became inaccessible for subsequent docking. Furthermore, the
empirical findings prove a significant decrease in entropy
values, suggesting a considerable decline in the number of
vacant sites as well as a noticeable decrease in the attributes of
freedom and migration provided by the Cd(II) ions.64

2.7.2. Internal Energy and Free Enthalpy. The present
investigation intends to analyze the internal energy (Eint)
corresponding to the retention of Cd(II) ions using three
different materials: BE, EXBEN, and Mth/EXBEN. Further-
more, this research investigates the impact of fluctuations in
the levels of Cd(II) on the free enthalpy (G) as well as the
influence of temperature during testing. The evaluation is
performed employing the parameters specified in eqs 3 and 4,
which rely on the pre-established values of Nm, n, and C1/2,
together with the translation partition (Zv).
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The computed internal energy (Eint) results for the removal
processes of Cd(II) by BE, EXBEN, and Mth/EXBEN
demonstrate negatively signed values (Figure 8D−F). The
findings of the present investigation demonstrate a significant
decrease in internal energy (Eint) when the operational
temperature is increased from 293 to 313 K for Mth/
EXBEN while the reverse occurs for BE and EXBEN. As a
result, the adsorption procedures of Mth/EXBEN for Cd(II)
exhibit spontaneous and exothermic behaviors within the
assessed experimental ranges while the uptake by BE and
EXBEN displays spontaneous and endothermic behaviors.
Comparable behaviors and characteristics have been found for
the predetermined enthalpy values. The G values demonstrate
a downward trend and show reversible correlations with the
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tracked temperature for Mth/EXBEN and enhance with
temperature for BE and EXBEN (Figure 8G−I). This suggests
a decline in the feasibility features with temperature for the
Mth/EXBEN adsorption system for Cd(II) and enhancement
in the feasibility and freedom properties of the BE and EXBEN
adsorption systems. The aforementioned finding provides
support for the inherent spontaneity and exothermicity of the
uptake of Cd(II) by Mth/EXBEN and the endothermicity for
BE and EXBEN.
2.8. Recyclability. The key objective of conducting the

reusability experiments was to evaluate the appropriateness of
the developed EXBEN and Mth/EXBEN for application in
economic- and industrial-scale activities. The EXBEN and
Mth/EXBEN particles were regenerated using a washing
technique including immersion in a diluted NH4Cl solution (1
moL) for a period of 10 min. The elution process as well as the
desorption of the capturing Cd(II) ions was facilitated by using
a magnetic stirrer. Following this, the tiny particles were
separated via the process of filtration and then underwent an
additional washing procedure using distilled water for a period
of 10 min. Subsequently, the particles were subjected to a
drying process lasting 12 h at a temperature of 65 °C in
preparation for their further use in the reuse of adsorption
cycles. The reuse experiments were carried out for five
repetitions, considering the removal effectiveness of Cd(II)
ions. The experimental variables that were manipulated were
the solid dosage (0.2 g/L), duration (24 h), volume (100 mL),
concentration (100 mg/L), and temperature (293 K).
According to the experimental results on the elimination
performance of Cd(II) ions, Mth/EXBEN and EXBEN show
high stability and significant potential for recycling as
adsorbents. Regarding the reusing of EXBEN during the
capture of Cd(II) ions, it was observed that the material had an
elimination capacity of more than 250.2 mg/g during two
cycles, surpassing 240 mg/g during three cycles, and beyond
225 mg/g during the course of five cycles (Figure 9). During

the process of eliminating Cd(II) ions, the recyclable potential
of Mth/EXBEN has been observed. The documented
elimination capabilities have been shown to exceed 352.4
over the course of two cycles, beyond 335 mg/g over three
cycles, and above 300 mg/g over five cycles (Figure 9). The
decrease in the efficiency of Cd(II) ion removal using EXBEN
and Mth/EXBEN materials, seen via a linear fall, may be
explained by the continuous formation of complexes between

adsorbed Cd(II) ions and reactive groups that are found
throughout the structure of EXBEN and Mth/EXBEN. This
effect becomes more pronounced with a rise in the number of
recyclable and reuse rounds. The establishment of these
complexes results in a reduction in the quantity of available
vacant sites during adsorption.
2.9. Comparison Study. The existing capabilities of BEN

and EXBEN were assessed compared with the Cd(II)
adsorption qualities of other examined adsorbents in the
literature. The measured effectiveness of BEN and EXBEN
exceeded the stated values of several adsorbents that have been
examined before such as clay (vermiculite, attapulgite,
bentonite), CNTs (maghemite/MWCNTs, oxidized CNTs,
and MnO2/MWCNTs), activated carbon, graphene oxide,
biochar, mesoporous silica (MCM-41/thioglycolic acid, SBA-
15, MCM-48, Ti-MCM-48), zeolite (β-cyclodextrin/zeolite
and zeolite/zerovalent iron), hydroxyapatite, and chitosan
adsorbents (Table.5).

3. CONCLUSIONS
The natural bentonite (BE) was effectively scrubbed into
individual silicate sheets (EXBE) and subsequently modified
with methanol, resulting in methoxy exfoliating bentonite
(Mth/EXBEN). These modified materials demonstrate
improved adsorption properties for Cd(II) metallic ions. The
Cd(II) retention qualities have been studied in a synergetic,
comprehensive investigation implementing both steric and
energetic characteristics. The Mth/EXBEN structure demon-
strates a greater capacity (363.7 mg/g) compared with EXBEN
(293.2 mg/g) and BEN (187.3 mg/g), indicating that the
exfoliating and methanol-functioning operations have benefi-
cial effects on the physicochemical and surficial aspects of
bentonite. The modification activities led to an increase in
surface area, as well as the integration of extra empty and active
sites. This finding was corroborated by the computed density
of active sites (Nm). The respective values of Nm were
determined to be 157.1 (Mth/EXBEN), 162.9 (EXBEN), and

Figure 9. Recyclability properties of EXBEN and Mth/EXBEN as
adsorbents for Cd(II) ions.

Table 5. Comparison Study for the Adsorption Capacities of
the Synthetic Structure and Other Studies’ Adsorbents

adsorbent Qmax (mg/g) refs

maghemite/MWCNTs 78.18 65
magnetic MCM-48 114.08 66
MCM-41/thioglycolic acid 91.3 67
amino functional SBA-15 93.3 68
Fe3O4-chitosan@bentonite 62.1 69
zeolite/zerovalent iron (Z-NZVI) 62.02 70
graphene oxide 23.9 71
MnO2/MWCNTs 41.6 72
oxidized CNTs 92.59 73
Ti-MCM-48 83.57 74
Canna indica based biochar 140.01 75
composite chitosan biosorbent 108.7 76
β-cyclodextrin/zeolite 93.06 77
MCM-48 79.3 78
attapulgite/CoFe2O4@SiO2-chitosan/EDTA 127.79 79
activated carbon 26.36 80
chitosan/vermiculite 58.48 81
magnetic chitosan-phenylthiourea resin 120 82
BEN 363.7 this study
EXBEN 293.2 this study
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140.9 mg/g (BEN). The obtained energetic results,
encompassing Gaussian energy (less than 8 kJ/mol) as well
as retention energy (less than 40 kJ/mol), indicate that there
were no substantial alterations detected in the physical
adsorption pathways (specifically, dipole forces along with
hydrogen binding) after the different modification steps. The
evaluated mechanism occurred spontaneously with exothermic
characteristics using Mth/EXBEN and endothermic character-
istics using BEN and EXBEN.

4. EXPERIMENTAL WORK
4.1. Materials. The specimens of the bentonite precursor

were collected from a naturally occurring bentonite quarry
located in the Western Desert of Egypt. The composition of
the samples is as follows: 54.82% SiO2, 2.5% MgO, 9.5%
Fe2O3, 17.56% Al2O3, 2.4% CaO, 2.6% Na2O, 1.45% TiO2, and
9.2% LOI. The ingredients utilized in the various production
protocols include sodium fluoride (NaF), sodium hexameta-
phosphate ((NaPO3)6), dimethyl sulfoxide (DMSO), and
methanol. All of the chemicals utilized in the exfoliating
operations and methanol modification phases were of
laboratory standards and had been obtained from Sigma-
Aldrich, Egypt. The adsorption experiments employed a
standard solution of Cd(II) with a proven concentration of
1000 mg/L that was procured from the Sigma-Aldrich
Company in Egypt.
4.2. Synthesis of Methoxy Exfoliated Bentonite. The

typical exfoliation approaches for bentonite were carried out
using the liquid-phase stripping method. Initially, a quantity of
10 g of finely powdered bentonite was thoroughly mixed with a
solution of sodium fluoride (0.4 g) in 200 mL of water. This
mixture was subjected to continuous stirring at a rate of 500
rpm for a duration of 90 min while maintaining the external
temperature at approximately 80 °C. The slurry that had
resulted earlier was further reinforced with (NaPO3)6 (0.05 g)
and thereafter subjected to ultrasonic irradiation for a duration
of 120 min at a power level of 240 W. After the sonication
process, the resulting supernatant was allowed to settle at
ambient temperature for a duration of 24 h prior to undergoing
centrifugation at a high speed for a period of 30 min (at 5000
rpm). This centrifugation step aimed to isolate the bentonite-
like colloidal flakes, which represent the exfoliating material
(EXBEN). Subsequently, the rinsed EXBEN was mixed with
100 mL of methanol for 48 h inside a glass autoclave at
ambient temperature. The process of blending EXBEN with
methanol was accomplished using a magnetic stirring
apparatus operating at a speed of 500 rpm and an ultrasonic
source with a power output of 240 W. Consequently, the
product was extracted from the residual solutions and
afterward underwent an extensive washing procedure. Sub-
sequently, the sample was subjected to a delicate drying
process at a temperature of 50 °C for 12 h. Following this, it
was appropriately labeled as Mth/MXBEN in order to facilitate
its integration into further stages of characterization and
investigation.
4.3. Analytical Techniques. The levels of crystallization

and phase recognition of crystals have been evaluated using a
PANalytical-Empyrean X-ray diffractometer. This instrument
has a measurement range spanning from 0 to 70° and was
utilized to analyze the XRD patterns obtained. The nature of
the chemical groups found in EXBEN and Mth/EXBEN was
determined by the utilization of a Fourier transform infrared
spectrometer (FTIR8400S; Shimadzu) that has a detectable

wavelength spectrum spanning from 400 to 4000 cm−1. This
analysis allowed for a comparison of these functional groups
with those present in raw bentonite prior to the modifications.
Through the study of SEM photos, the morphological
characteristics of EXBEN and Mth/EXBEN were investigated
in comparison with those of starting bentonite. The images
were acquired using the scanning electron microscope
(Gemini, Zeiss-Ultra 55) subsequent to the implantation of
very thin films of gold onto the outside surfaces of EXBEN and
Mth/EXBEN. Furthermore, an evaluation has been carried out
on the intrinsic properties through the examination of their
HRTEM photographs. The images were obtained with a
JEOL-JEM2100 transmission electron microscope that was
operated at an accelerating voltage of 200 kV. A surface area
analyzer (Beckman Coulter SA3100) was employed to
measure the porosity and surface area of EXBEN and Mth/
EXBEN. This was achieved by examining the N2 adsorption as
well as desorption isotherms specific to each material at −196
°C after degassing step at 90 °C for 12 h.
4.4. Adsorption Studies. Adsorption procedures for

eliminating cadmium ions (Cd(II)) employing BE, EXBEN,
and Mth/EXBEN were implemented in the batch testing. The
research used established experimental variables, such as pH
levels spanning from 2 to 7, retention durations ranging from
20 to 300 min, and varying concentrations of Cd(II) ranging
from 25 to 250 mg/L. Furthermore, the experimental
conditions included the manipulation of the evaluating
temperature, which was systematically altered between the
values of 293 and 313 K. In addition, the remaining key testing
factors were meticulously chosen and consistently upheld at
predetermined values throughout the duration of the study
[volume: 100 mL; solid dosage: 0.2 g/L]. The setups of the
experiment have been analyzed three times, utilizing the mean
values of all determined concentrations in addition to any
subsequent calculations or inspections. After the adsorption
trials reached a state of equilibrium, the solid particulates of
BE, EXBEN, and Mth/EXBEN were separated from the
Cd(II) solutions using Whatman filter papers. The level of
Cd(II) left in the treated solutions was determined using
inductively coupled plasma mass spectrometry (ICP-MS)
equipment supplied by PerkinElmer. The Cd(II) standard
utilized in the analysis has been validated by the National
Standard & Technology Institute (NIST), whereas the
reference standard was purchased through Merck Company
(Germany). The calculation of the adsorption capacities (Qe)
of Cd(II) ions via BE, EXBEN, and Mth/EXBEN was
accomplished in mg/g employing eq 5. The computation
considered many factors, including the solutions, volume (V)
in milliliters, and dosages of BE, EXBEN, and Mth/EXBEN
(m) in mg, the initial level of Cd(II) (Co) in mg/L, and the
residual content of Cd(II) (Ce) in mg/L.

Q
C C V

m
(mg/g)

( )
e

o e=
(5)

4.5. Theoretical Traditional and Advanced Equili-
brium Studies. The adsorption tests have been modeled
using several approaches to modeling, including normal
kinetic, standard isotherm, and more advanced equilibrium
models. These models were developed based on assertions
adapted from the theories of statistical physics (Table S1).
Nonlinear regression methodologies were employed to
simulate the kinetic and classical equilibrium models. The
analysis adopted the mathematical formulas of the previously
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described models. The main markers of the fitting levels were
derived according to correlation coefficients (R2) (eq 6)
alongside Chi-squared (χ2) (eq 7). The evaluation of the
alignment between the uptake activities’ matching levels and
the evaluated advanced equilibrium models was conducted
across the assessment of the coefficient of correlation (R2) and
the root-mean-square error (RMSE) (eq 8). The number of
experimental results is denoted by the letter m′, the number of
studied parameters that were analyzed is denoted by p, the
predicted sequestration of Cd(II) is denoted by Qical, and the
confirmed capacity for Cd(II) sequestration is denoted by
Qiexp.

R
q q

q q
1

( )

( )
2 e,exp e,cal

2

e,exp e,mean
2=

(6)

q q
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