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ABSTRACT: Zeolite-A was synthesized successfully from kaolinite and hybridized with two species of biopolymers (chitosan (CH/
Z) and β-cyclodextrin (CD/Z)). The obtained hybridized forms were assessed as potential adsorbents of Congo red synthetic dye
(CR) with enhanced affinities and elimination capacities. The synthesized CD/Z and CH/Z hybrids demonstrated uptake capacities
of 223.6 and 208.7 mg/g, which are significantly higher than single-phase zeolite-A (140.3 mg/g). The integrated polymers change
the surface area, surface reactivity, and number of free active receptors that are already present. The classic isotherm investigations
validate Langmuir equilibrium behavior for ZA and Freundlich properties for CD/Z and CH/Z. The steric parameters validate a
strong increase in the existing active receptors after the incorporation of CD (CD/Z) to be 98.1 mg/g as compared to 83 mg/g for
CH/Z and 60.6 mg/g for ZA, which illustrate the detected uptake behaviors. Moreover, the CR dye was adsorbed as several
molecules per single site, reflecting the vertical uptake of these molecules by multimolecular mechanisms. The energetic assessment,
considering both Gaussian energies and adsorption energies (<40 kJ/mol), validates the dominant impact of the physical mechanism
during the sequestration of CR (dipole binding interactions (2−29 kJ/mol) and hydrogen bonds (<30 kJ/mol)), in addition to the
considerable effect of ion exchange processes. Based on the thermodynamic parameters, the CR molecules were adsorbed by
exothermic and spontaneous reactions.

■ INTRODUCTION
The main risk confronting the modern world is the
contamination of drinking water, along with the security of
its citizens.1,2 The World Health Organization (WHO)
released an urgent warning that, as early as 2025, half of the
globe’s inhabitants would face a significant shortage of water.2,3

The rapid expansion of industry in the last century has led to
serious environmental problems, including water pollution and
its detrimental impact on both humans and marine
ecosystems.1,4 Industrial operations emit a range of water
contaminants, such as microorganisms, insecticides, toxic
metals, medicinal residues, fertilizer, and dyes.5 Artificial dyes
are a diverse group of aromatic chemicals that are widely used
as essential coloring materials in many sectors, such as plastic,
paper, leather, and textiles.6,7 Consequently, an approximate

quantity of more than 700,000 tons of the produced dyes was
discharged throughout the neighboring regions and aquatic
habitats each year.8

Most chemically produced dyes are poisonous and
bioresistant compounds, which can exert detrimental effects
on the natural environment and human well-being.3,8 Congo
red, also known as amino-1-aminonaphthalene sulfonic, is a
widely used type of acidic azo dye. It is frequently
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implemented in printing, leather production, the manufacture
of paper, the polymer industry, and textile dyeing.9,10

Nevertheless, the migration of CR toward crucial drinking
water resources as solution-soluble organic contaminants poses
significant toxicity and severe environmental consequen-
ces.10,11 The dissolved CR results in a decrease in the oxygen
content within the water supplies and disrupts the normal
functioning of the photosynthesis mechanism, resulting in
negative effects on the marine ecosystem.4 The accidental
release of CR dye into lakes and rivers has a significant
negative impact on the well-being of people and aquatic life
owing to its very limited biodegradability and the mutagenic
and carcinogenic properties of its converted benzidine form.
This might result in symptoms that include diarrhea, nausea,
allergies, vomiting, and digestive irritation in humans.12−14 The
azobenzene constituent of CR has been recognized to have a
possible carcinogenicity factor of 1.08 × 10−1 (mg/kg/day) if
consumed orally.15

Various methods have already been established to eliminate
the dye pollutants, based on the earlier mentioned health and
environmental issues. These methods include ozonation,16

photocatalytic degradation,17 coprecipitation,18 flocculation/
coagulation,19 adsorption,20 and ion exchange21 technologies.
The cost-effective value of the adsorbing approach, along with
its ability to efficiently remove dyes, including Congo red,
renders it a highly endorsed elimination technique. This
approach offers advantages such as excellent eliminating
capacity, wide applicability, simplistic recovery and recycling
capacity, and affordable manufacturing practices.22,23 There-
fore, various types of mono and hybrid structures have been
explored to develop effective adsorption agents against
dyes.2,3,24 Nevertheless, the key considerations in selecting
the most appropriate adsorbents are their manufacturing
expenses, natural abundance, rapid kinetic rates, retention
effectiveness, adsorption specificity, and reuse and recovery
values.25

Subsequently, multifunctional and hybrid frameworks
comprising different organic/inorganic reacting functional
groups derived from naturally occurring precursors have
been investigated as enhanced affordable adsorbents for
organic compound purification.26,27 The latest studies highlight
the promise of using synthetically produced zeolite/biopol-
ymers as cost-effective and multifunctional adsorption agents.
These materials possess outstanding adsorption performances,
regeneration possibilities, ion exchange efficiency, biodegrad-
able characteristics, and ecological advantages.28,29 The
prepared variations of zeolite were widely highlighted for
their exceptional physical, chemical, and textural qualities.
These forms can be successfully blended with different
components to establish a hybrid framework that exhibits
enhanced properties.28,30 Synthetically produced zeolite-A
possesses significant structural versatility, surface area,
chemical stability, nontoxicity, adsorption efficiency, and
biological compatibility.31,32 An important limitation during
the qualification and application of zeolite-A is its strong
hydrophilicity, which negatively impacts its ability to interact
with organic chemicals existing within water.33 To mitigate
this, several approaches were employed to modify the exterior
of zeolite through different types of polymers, organic
compounds, and organic surfactants. This can enhance the
affinity of zeolite for organic compounds and increase its
reactivity. Additionally, this could enhance the arrangement of

pore sizes within the structure and, in turn, its measured
surface area.34,35

Chitosan is a well-established biopolymer that is frequently
employed in many applications.36,37 It is derived by facile
methods using chitin, which is prevalent in several biological
resources and has notable commercial advantages.38 It
possesses notable biological activity, safety, and biodegrad-
ability, along with excellent adsorption qualities.36 β-cyclo-
dextrin (β-CD) polymer is also a frequently utilized and
important biopolymer that was thoroughly examined as a vital
constituent for multiple blends with distinct inorganic
ingredients for various uses.39,40 This was assigned for its
great availability, notable chemical resistance, nontoxic nature,
and valuable adsorption properties.41,42 β-CD comprises a
cyclic glucopyranose composed of up to seven glucose units
that are connected to one another by various types of (1→ 4)
glycosidic linkages.34,40 The β-CD’s basic units have a highly
polar external surface, whereas the inner structure exhibits
hydrophobic properties.36 This significantly promotes its
integration into hybrids containing inorganic components
and enhances the capacity of synthesized structures to
accommodate soluble organic compounds.41,43

The hybridization of chemically produced zeolite-A using
chitosan and β-CD chains was speculated to yield a novel
hybrid structure. These structures were intended to have
improved adsorption properties and a greater number of active
sites corresponding to the inserted chemical groups. The
objective of this enhancement was to enable better elimination
of CR dye in contrast to employing synthetic zeolite alone.
The current investigation focused on developing and
evaluating CH/Z and CD/Z hybrids as more effective
adsorbents for acidic Congo red dye in water-based solutions.
This entailed a thorough examination of the manner in which
the incorporation of polymers affects the adsorption behaviors,
quantity of existing active sites, occupation performances, and
textural characteristics of ZA, energetic qualities, and regulating
mechanisms. This analysis investigated the frequently exam-
ined kinetic and isotherm mathematical models, together with
advanced equilibrium investigations utilizing statistical physics
theory alongside the corresponding steric and energetic factors.

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

synthesized zeolite integrated into the two blends has the
typical X-ray diffraction (XRD) pattern of ZA (Figure 1). The
distinct peaks have been observed around specific angles of
7.20, 10.32, 12.60, 16.2, 21.83, 26.20, 27.20°, 30.90, 33.39, and
34.30°, as reported by ref 45 (Figure 1A). In terms of the
detected pattern of incorporated chitosan, it resembles the
semicrystalline features of marketable chitosan, comprising two
wide peaks approximately around 9.91 and 20.22°38 (Figure
1B). The observed pattern of the fabricated CH/Z indicates a
remarkable interaction among the two constituents of the
blend. Multiple distinct peaks of zeolite exhibited significant
reduction, along with a noticeable shift in their locations
(15.48, 21.65, 25.52°, 27.11, and 30.6°) (Figure 1C). The
marked pattern corresponding to β-CD exhibits the distinctive
peaks of commonly utilized crystallized β-CD (6.8, 10.83,
12.57, 12.8, 13.0, 18.9, 21.90, 23, 27.34, and 34.90°) (Figure
1D). For the blended zeolite-A together with β-CD, the
evaluated pattern confirms the presence of complex peaks
corresponding to both components although there are obvious
shifts in the locations (Figure 1E). The remaining peaks of
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zeolite-A have been identified at certain angles: 7.25, 10.26,
12.50, 21.75, 26.70, 27.2, 30.0, 30.96, and 32.66°. Additionally,
other persistent peaks of CD have been observed at angles of
8.94, 10.26, 18.83, and 26.19° (Figure 1E).

The synthesized zeolite used in the study displays the
distinctive cubic shape common to zeolite-A (Figure 2A). The
acquired scanning electron microscopy (SEM) photos confirm
significant alterations in the exterior geometry of the CH/Z as
compared to the ZA (Figure 2B,C). The ZA granules exhibited

a significant coating of the chitosan matrix (Figure 2B,C). The
high-magnified views reveal the presence of interlocked rod-
like particulates, comprising another nanoporous network
(Figure 2B,C). The high-resolution transmission electron
microscopy (HRTEM) photos of CH/Z exhibit congruence
with the distinct geometries observed in the SEM photos
(Figure 2D,E). The cubic granules of ZA have been detected as
entrapment fractions inside the framework of the chitosan
(Figure 2D). Furthermore, the intersecting of the chitosan rod-
like particulates is clearly discernible, as is the development of a
porous matrix (Figure 2E). Similar changes in morphology
have been detected for CD/Z; the resulting particulates exhibit
significant aggregation characteristics (Figure 2F,G). The ZA
granules inside the aggregated CD/Z particulates display
considerable random realignment, leading to notable rough
surface characteristics (Figure 2F,G). The marked granules
noticed in the SEM magnified photos had bent platelet shapes
at the nanoscale, and their interlocking resulted in flower-like
patterns with noticeable pores in between (Figure 2G). The
HRTEM photos demonstrate that the ZA granules have a
random distribution throughout the blocky framework of β-
CD (Figure 2H). Furthermore, the flower-like structures are
clearly visible in the inspected photos (Figure 2I).

The blending processes also significantly affected the surface
area of the final-yield composites. The starting surface area of
ZA, measured at 423 m2/g, was significantly increased to 446.7
and 457.2 m2/g after undergoing hybridization with CH (CH/
Z) and β-CD (CD/Z), respectively (Table 1). The increased
surface area facilitates a highly interactive contact between the
CH/Z and CD/Z and the soluble dye molecules. The results
also revealed a slight rise in the overall pore volume of ZA
(0.382 cm3/g), with values of 0.412 cm3/g for CH/Z and
0.433 cm3/g for CD/Z. Additionally, there was a rise in the
mean pore dimension to 23.6 nm for CH/Z and 20.4 nm for

Figure 1. XRD patterns of zeolite-A (A), chitosan (B), CH/Z
composite (C), β-cyclodextrin (D), and CD/Z composite (E).

Figure 2. SEM image of zeolite-A (A), SEM images of the prepared CH/Z composite (B, C), HRTEM images of the prepared CH/Z composite
(D, E), SEM images of the prepared CD/Z composite (F, G), and HRTEM images of the prepared CH/Z composite (H, I).
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CD/Z instead of 11.6 nm for ZA (Table 1). The observed
textural characteristics mostly resulted from significant changes
in the geometrical characteristics of ZA particulates following
the incorporation of the polymer compounds, as well as the
presence of further pores corresponding to the framework of
polymers along with the interlocking of their particles.

The Fourier transform infrared (FT-IR) spectrum (Figure
3) effectively revealed the key chemical structures of ZA. This

comprises Si−O (452 and 705 cm−1), Si−O−Al (555 and 630
cm−1), Si−OH (3612 cm−1), Si−O−Si (990 cm−1), Al−OH
(3422 cm−1), zeolitic water (1475 cm−1), and OH stretching
(1650 cm−1) (Figure 3A).46,47 The key chemical groups of CH
have also been identified clearly, including C−N (1402 cm−1),
N−H (1547 cm−1), C−H (2925 and 1336 cm−1), OH (3423
cm−1), C−O (1040 cm−1), and C�O (1637 cm−1)36,38

(Figure 3B). The CH/Z spectrum reveals the effective
combining and synergy between CH and the ZA chemical
structures (Figure 3C). The key functional groups of both CH
(C−O (1059 cm−1), N−H (1582 cm−1), and C−H (1416
cm−1)) and ZA (Si−O−Si (938 cm−1), zeolitic water (1475
cm−1), Si−O (298 cm−1), and Si−O−Al (671 cm−1)) were
reported during the evaluation of the spectrum of their blend.
These groups were seen at varying places in the spectrum.

The β-CD spectrum exhibited well-defined peaks at specific
positions corresponding to O−H (3376 cm−1), −CH/CH2
bonds (2926 cm−1), C−C or H−O−H deformation (1666
cm−1), C−OH (1482 cm−1), C�O or OH (1636 cm−1),
glycosidic C−O−C (1158 cm−1), C−O (1000 cm−1), and C−
O−C (1200 cm−1) (Figure 3D).36,39 The recognized spectrum
of CD/Z clearly indicates the successful development of

hybrids comprising both β-CD and ZA particles (Figure 3E).
The fundamental chemical groups of β-CD have been
recognized as C−OH (2930 cm−1), glycosidic C−O−C
(1152 cm−1), and C−OH (1578 cm−1). Additionally, the
fundamental chemical groups of ZA have been recognized as
Si−O−Si (1030 cm−1), Al−OH (3388 cm−1), Si−O−Al (695
cm−1), zeolitic water (1415 cm−1), and Si−O (858 cm−1)
(Figure 3E).
2.2. Adsorption Studies. 2.2.1. Effect of pH. The pH

variable plays an essential function throughout the adsorption
process as it influences both the exterior charges of the
adsorbent and the ionizing activity of soluble contaminants
within the water-based solutions. The study examined the
adsorption properties of ZA, CH/Z, and CD/Z for the
elimination of CR. The investigation included a pH range of 3
to 8, while keeping other factors consistent at the following
selected levels: an initial volume of 100 mL, a level of
concentration equal to 100 mg/L, a duration of 120 min, a
mass of 0.4 g/L, and testing at 20 °C. According to the results
obtained by measuring the quantities of CR adsorbed
employing ZA, CH/Z, and CD/Z, it is evident that there
was a significant decrease in the absorption of CR whenever
the pH level of the examined contaminated solutions shifted
beyond pH 3 (Figure 4). The uptake characteristics decreased

from 65.3 mg/g (ZA), 80.4 mg/g (CH/Z), and 87.3 mg/g
(CD/Z) at pH 3 down to 11.9 mg/g (ZA), 38.6 mg/g (CH/
Z), and 45.4 mg/g (CD/Z) at pH 8 (Figure 4). The zero
points of charge’s pH (pH(ZPC)) values are 5.1 for ZA, 4.5 for
CH/Z, and 3.8 for CD/Z, which are consistent with prior
findings about the dominance of negative charges beyond these
values.

Consequently, the assessed structures could be considered
suitable to be implemented as successful adsorbents for
practical treatment procedures for CR, according to the pH
range of industrial effluent specified through the US EPA (pH
6 to 9) alongside the observed performance of the assessed
structures at different pH levels.48 The ionizing behavior of CR
dye alongside the prevailing surface charges across the
frameworks of ZA, CH/Z, and CD/Z may be used to illustrate
the reported variations in the uptake behaviors. Regarding the
ionizing properties of CR, the acidic CR molecules with their
negative charges exhibit strong electrostatic attraction toward

Table 1. Textural Properties of ZA, CH/Z, and CD/Z

sample
specific surface area

(m2/g)
total pore volume

(cm3/g)
average pore size

(nm)

ZA 423 0.382 11.6
CH/Z 446.7 0.412 23.6
CD/Z 457.2 0.433 20.4

Figure 3. FT-IR spectra of zeolite-A (A), chitosan (B), CH/Z
composite (C), β-cyclodextrin (D), and CD/Z composite (E). Figure 4. Impact of the solutions pH on the adsorption efficiencies of

CR dye by ZA, CH/Z, and CD/Z (volume: 100 mL; concentration:
100 mg/L; duration: 120 min; mass: 0.4 g/L; temperature: 20 °C).
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the positively charged functional groups of ZA, CH/Z, and
CD/Z at low pH conditions (acidic environment).11,48−50

2.2.2. Kinetic Studies. 2.2.2.1. Effect of Contact Time. An
experiment has been conducted to investigate how the time
frame of CR removal affects the characteristics of ZA, CH/Z,
and CD/Z. The examination was completed in a time frame
that spanned from 30 to 900 min. The specified levels of time
were evaluated after maintaining the other essential factors,
including CR level (100 mg/L), pH (3), volume (100 mL),
temperature (20 °C), and mass (0.4 g/L). The effectiveness of
ZA, CH/Z, and CD/Z during the uptake process of CR
demonstrates significant improvement in the actual removal
rates along with the established quantity of CR adsorbed.
Moreover, it is essential to realize that the time frame of the

examinations has a significant controlling impact on the
confirmed increments in the uptake behaviors described before
(Figure 5A). The CR uptake patterns are significantly
improved by utilizing ZA and CH/Z for 360 and 600 min
for CD/Z. Following the prescribed periods of interaction,
there had been no noticeable changes or improvements either
in the rates of CR elimination or in the amounts of CR
retained. Based on prior investigation, it can be concluded that
ZA, CH/Z, and CD/Z adsorbents established their levels of
stability following the previously mentioned durations, which
correspond to the intervals of the equilibrium stages
throughout the CR retention (Figure 5A). The equilibrium
retention capacities of CR on ZA, CH/Z, and CD/Z have been
established to be 80.5, 120.1, and 131.4 mg/g, respectively

Figure 5. Experimental impact of uptake duration on the adsorption of CR dye by ZA, CH/Z, and CD/Z (CR level (100 mg/L), pH (3), volume
(100 mL), temperature (20 °C), and mass (0.4 g/L)) (A). The intraparticle diffusion curves of the CR adsorption (B) and fitting of the CR
adsorption results with the classic kinetic model (ZA (C), CH/Z (D), and CD/Z (E)).

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

https://doi.org/10.1021/acsomega.4c01134
ACS Omega 2024, 9, 21204−21220

21208

https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 5A). The initial stages of the testing associated with
the presence of an extensive number of reactive and free
binding sites or receptors throughout the frameworks of ZA,
CH/Z, and CD/Z led to strong improvements and increases in
the rates of CR removal and the amounts of CR adsorbed.42

Extended durations of testing lead to a significant decrease in
the quantity of unoccupied receptors. This is mostly caused by
the prolonged adsorption of CR, which subsequently results in
the occupation of these receptors and a reduction in the
availability of free or empty receptors. Consequently, the rates
of CR adsorption exhibited a substantial drop after a particular
time frame. Also, the bindings of CR by ZA, CH/Z, and CD/Z
displayed stable properties or exhibited minimal enhancement.
Whenever all receptors or possible interaction sites are

occupied by CR, the equilibrium states of ZA, CH/Z, and
CD/Z have been established, and more dye molecules can be
achieved.51

2.2.2.2. Intraparticle Diffusion Behavior. The evaluation of
CR uptake behaviors utilizing ZA, CH/Z, and CD/Z could
theoretically be analyzed by assessing their intraparticle
diffusion trends. The displayed curves exhibit three distinct
segments characterized by different slopes (Figure 5B). The
continuing investigation indicates that the observed curves are
not consistent with their initial points, indicating the presence
of various additional adsorption mechanisms in addition to the
diffusion paths of CR.52,53 The operated mechanisms might
generally encompass three crucial phases: (1) the interaction
between CR and the unoccupied receptors distributed

Table 2. Mathematical Parameters of the Addressed Kinetic Models

models parameters ZA CH/Z CD/Z

pseudo-first-order K1 (1/min) 0.0095 0.008 0.008
Qe(Cal) (mg/g) 83.2 123.4 132.59
R2 0.926 0.97 0.98
χ2 2.25 0.97 0.74

pseudo-second-order k2 (g/(mg·min)) 9.14 × 10−5 5.09 × 10−5 5.15 × 10−5

Qe(Cal) (mg/g) 100.27 150.84 160.77
R2 0.89 0.95 0.96
χ2 3.26 1.95 1.48

Figure 6. Experimental impact of starting CR concentration on the uptake capacities of ZA (A), CH/Z (B), and CD/Z (C).
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throughout the external interfaces of ZA, CH/Z, and CD/Z
(boundary); (2) the layered uptake of CR and the diffusion
behaviors of the CR; (3) the influence of saturated state and
stabilization situations.54 The initial outcomes of these
investigations indicate that the main mechanisms responsible
for anchoring CR to the exterior surfaces of ZA, CH/Z, and
CD/Z (external adsorption) were the most influential paths
recognized during the entire investigation (Figure 5B). The
effectiveness of CR adsorbing throughout this phase is
dependent upon the total amounts of receptors located across
the interaction surfaces of ZA, CH/Z, and CD/Z.55 Extending
the duration enhanced the identification of the subsequently
developed mechanistic phase and emphasized the efficacy of
further layered adsorption processes after the full consumption
of all of the exterior receptors (Figure 5B).25,55 Moreover,
these supplemental mechanisms include the implications of CR
diffusion activities. As ZA, CH/Z, and CD/Z eventually
attained equilibrium with respect to CR binding, the final
mechanistic phases exhibited a substantial influence. This
indicates that the entire quantity of CR molecules that have
been effectively adsorbed has occupied all of the available
binding sites.36,56 The elimination of CR throughout this phase

involves molecular interactions and interionic attraction
mechanistic paths.36

2.2.2.3. Kinetic Modeling. The traditional kinetic theories of
pseudo-first-order (P.F.) as well as pseudo-second-order (P.S.)
mathematical models were used to examine the kinetic aspects
of CR reduction mechanisms using ZA, CH/Z, and CD/Z.
The fitness levels of the CR sequestration processes and kinetic
concepts with respect to the two theories have been evaluated
by employing nonlinear fitting variables according to the
respective equations and estimated through the use of the
coefficient of determination (R2) in addition to the Chi-
squared (χ2) (Table 2; Figure 5C,D,E). The R2 values
accomplished, in conjunction with the χ2 data, reveal that
the kinetic characteristics as well as the concepts of the P.F.
model provide a more precise match for the adsorption
behaviors of CR utilizing ZA, CH/Z, and CD/Z, in
comparison to the evaluated P.S. hypothesis. The experimental
findings for ZA (80.5 mg/g), CH/Z (120.1 mg/g), and CD/Z
(131.4 mg/g) during equilibrium levels closely corresponded
to the values derived from theoretical computations utilizing
the P.F. model (ZA (83.2 mg/g), CH/Z (123.4 mg/g), and
CD/Z (132.6 mg/g)) (Table 2). The observed agreement
further confirms the previously reported results emphasized in

Figure 7. Fitting of the CR adsorption results with the classic Langmuir isotherm model (ZA (A), CH/Z (B), and CD/Z (C)), classic Freundlich
model (ZA (D), CH/Z (E), and CD/Z (F)), and classic D−R model (ZA (G), CH/Z (H), and CD/Z (I)).
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the kinetic assessment about the better fitness of the P.F.
model (Table 2). The P.F. hypothesis posits that the
sequestration of CR onto ZA, CH/Z, and CD/Z is primarily
influenced by physical processes, including van der Waals
forces or electrostatic attraction.57,58 The analyzed uptake
properties also show significant conformity with the P.S.
hypothesis; however, the P.F. modeling offers greater favorable
agreement. Previous studies have demonstrated that frequently
encountered chemical implications, including hydrogen
bonding, complexing, and hydrophobic interactions, have the
potential to either improve or have a minimal impact on the
elimination of CR via ZA, CH/Z, and CD/Z.53,57 Successive
CR adsorbed layers can be developed via physical methods
utilizing the previously formed chemically binding CR layer as
a foundation.59

2.2.3. Equilibrium Studies. 2.2.3.1. Effect of Cd (II)
Concentrations. The investigation aimed to define the upper
limits of ZA, CH/Z, and CD/Z’s uptake capacities and
establish their equilibration settings within the evaluated range
of 50 to 350 mg/L by examining the impact of initial CR
contents. The other parameters affecting elimination were
maintained steady at specified values, including an entire
volume equal to 100 mL, a period equal to 24 h, a mass of 0.4
g/L, and a temperature range from 293 to 313 K. The notable
enhancement in the quantity of CR adsorbed across ZA, CH/
Z, and CD/Z might be attributable to the elevated
concentrations of CR (Figure 6A−C). The elevation in the
concentration of CR inside a specific volume resulted in a
substantial improvement in the dispersing, driving forces, and
diffusion behaviors of these soluble compounds. This enabled
interactions with a greater quantity of the functioning receptors
that existed in ZA, CH/Z, and CD/Z. Therefore, the CR
retention activities performed by ZA, CH/Z, and CD/Z
displayed significant increases in effectiveness in terms of the
evaluated CR contents.60 A strong correlation has been
established between the starting concentrations and the
quantifiable quantity of CR removal; however, this interaction
can only be detected up to certain limitations. Furthermore,
expanding the starting level of CR appears to have little impact
on the uptake of CR onto ZA, CH/Z, and CD/Z. The
distinction between the states of equilibration facilitates
determining the specific maximal retention capacity of CR.
The CR retention capacities of ZA are 134.5 mg/g at 293 K,
109.4 mg/g at 303 K, and 87.5 mg/g at 313 K (Figure 6A).
The equilibration capacities of CR for CH/Z are 205.8 mg/g
at 293 K, 178.6 mg/g at 303 K, and 151 mg/g at 313 K (Figure
6B). The CR sequestration capacities for CD/Z at different
temperatures are as follows: 219 mg/g at 293 K, 191.5 mg/g at
303 K, and 164.3 mg/g at 313 K (Figure 6C). The better
uptake characteristics exhibited by CH/Z and CD/Z as
opposed to ZA might be attributed to three factors: (1) the
increased surface area; (2) the substantial enhancement in the
organophilic properties of CH/Z and CD/Z in comparison to
the hydrophilic zeolite; (3) a substantial boost in the overall
number of binding sites caused by the incorporation of CH
and CD. The observed decrease in CR uptake when utilizing
ZA, CH/Z, and CD/Z at various temperatures suggests that
the analyzed processes exhibit exothermic properties.
2.2.3.2. Giles’s Classification. The isotherm trends of CR

adsorption, using ZA, CH/Z, and CD/Z, were classified
according to the specifications provided in Giles’ classifications.
The study indicated that the assessed curves exhibited an L-
type equilibrium class (Figure 6A−C). The isotherm proper-

ties of the L-type equilibrium demonstrate the notable effects
resulting from intermolecular attractive interactions that occur
during the removal activities of CR using ZA, CH/Z, and CD/
Z (Figure 6A−C). The aforementioned behaviors are
enhanced by the intense interactions of CR, which occur
across the very reactive interfaces of ZA, CH/Z, and CD/Z.61

Based on the specifications of the L-type class, it was expected
that ZA, CH/Z, and CD/Z particulates had entire layers of
sequestrated CR formed on their exteriors.62 Additionally, the
detected isothermal state reveals that the ZA, CH/Z, and CD/
Z particles have an extensive variety of significant and efficient
sites for adsorption. Also, the binding sites demonstrate
significant affinities toward the CR molecules, especially if the
initial CR levels are low.
2.2.3.3. Classic Isotherm Models. The Langmuir (Figure

7A−C), Freundlich (Figure 7D−F), and Dubinin−Radushke-
vich (D−R) (Figure 7G−I) equilibrium principles have been
employed to assess the isotherm specifications of CR
sequestration behaviors using ZA, CH/Z, and CD/Z. These
theories and their illustrated nonlinear equations are shown in
Table 3. The degree of agreement between the reported
equilibrium hypotheses of the aforementioned models and the
experimentally inspected CR sequestrated behaviors was
assessed by employing nonlinear fitting methods that use the
corresponding equations for such models. The evaluation
included analyzing the coefficient of determination (R2) paired
with the Chi-squared (χ2) results. The findings obtained from
the analysis of R2 and χ2 indicate that the ZA particles exhibit
CR retention characteristics that are better compatible with
Langmuir’s concepts than the Freundlich hypothesis. This
isothermal behavior reflects the uniform or homogeneous
binding tendency of CR across the unoccupied and reactive
receptors of ZA particles in a single or monolayer
formation.57,58 The uptake characteristics of CR through
CH/Z and CD/Z might possibly be elucidated by employing
the concepts of equilibrium, as outlined through the
Freundlich formula, and implementing the supplied fitting
variables. This indicates that the binding of CR across the CH/
Z and CD/Z hybrids is accomplished with a heterogeneous
approach, with the adsorbed molecules being dispersed across
the interfaces of the blends in multilayered forms. Moreover,
studies have demonstrated that ZA, CH/Z, and CD/Z
particulates have CR-retaining behaviors with RL (separation
factor) values below 1, confirming the favorable characteristics
of these processes.55,56 The greatest adsorption qualities
(Qmax) of CR for ZA at different temperatures, as determined
by mathematical calculations, are 140.3 mg/g at 293 K, 110
mg/g at 303 K, and 89.6 mg/g at 313 K (Table 3). The
computed values of CH/ZA are 208.7 mg/g at 293 K, 177 mg/
g at 303 K, and 148.9 mg/g at 313 K (Table 3). The results
achieved by utilizing the CD/Z method are as follows: 223.6
mg/g at 293 K, 193.3 mg/g at 303 K, and 164.5 mg/g at 313 K
(Table 3).

The equilibrium aspects of the D−R theories offer a
comprehensive understanding of the energetic variations
demonstrated by ZA, CH/Z, and CD/Z particles throughout
CR sequestration activities, irrespective of the structure’s
degree of homogeneity or heterogeneity.63 Examining the D−
R model findings is essential for ascertaining the Gaussian
energy (E) and comprehending the underlying mechanisms
(chemical or physical) responsible for retaining CR. Prior
studies have verified that adsorption processes display E levels
less than 8 kJ/mol, between 8 and 16 kJ/mol, and higher than
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16 kJ/mol that primarily reflect physical, essentially weakened
chemical-based, or a combination between chemical and
physical, and essentially powerful chemical-based processes,
respectively.56 The values detected of E for the CR retention
by ZA fall within the limits of determined energy levels for
physical mechanisms (<8 kJ/mol) and the span of zeolitic ion
exchange mechanisms (0.6−25 kJ/mol), as supported by the
theoretical findings from the kinetic examinations (Table 3).53

The determined E parameter for CR retention behaviors
through CH/Z and CD/Z aligns with the outlined energies for
cooperative processes involving both chemical and physical
interactions (8−16 kJ/mol) (Table 3).
2.2.3.4. Advanced Isotherm Modeling. The employing of

statistical physics principles for equilibrium modeling of
adsorption behaviors has the capacity to offer a deep
understanding of the distinctive characteristics of adsorption
reactions. These mathematical models assess the interactions
involving soluble pollutants and the external groups through-
out the interfaces of solid adsorption agents. The mathematical
models implemented in this study include several computing
functions that effectively illustrate the basic mechanisms,
involving energetic and steric aspects. The steric factors that
are established by the models are the numbers of CR that filled
each receptor site (n), the total number of sites filled with CR
across the ZA, CH/Z, and CD/Z interfaces (Nm), and the
highest possible uptake efficiency of CR by ZA, CH/Z, and
CD/Z after their fully saturated conditions (Qsat). The
energetic parameters include internal energy (Eint), entropy
(Sa), uptake energy (E), and enthalpy (G). The assessment of
such concepts, which were used to analyze the elimination
activities of CR, encompassed the utilization of nonlinear
regression analysis employing the illustrated equations
developed for the respective models. The analysis mentioned
above was adequately conducted by using multivariable
nonlinear regression analysis in conjunction with the
Levenberg−Marquardt iterative approach. The established
degrees of fitness were afterward employed to evaluate and
describe the adsorption behaviors of CR via ZA, CH/Z, and
CD/Z using a monolayer model with a single energetic site.
Table 4 as well as Figure 8 display the calculated parameters
together with fitting variables.

2.2.3.4.1. Steric Properties
2.2.3.4.1.1. Number of Adsorbed CR (n(CR)) per Each Site
The numerical results of the n(CR) parameter strongly reveal

the orientation properties of the retained CR molecules across
the outermost surfaces of ZA, CH/Z, and CD/Z (either
vertically or horizontally), in addition to their significance with
regard to the affecting mechanisms (either multidocking or
multi-interactions). Activities that have the greatest impact
through multianchorage or multidocking functions include the
retention of a single CR ion through several retention sites.
Retaining reactions that possess values smaller than 1 are
correlated to the horizontal arrangement of these retained ions.
On the other hand, the operations that exhibit values greater
than 1 suggest the retention of CR in nonparallel forms and a
vertical position. The uptake reactions in these systems are
most significantly impacted by multimolecular mechanisms,
where numerous dye ions have been captured by just one
site.64 The calculated values of n during the sequestration of
CR by ZA (n(CR) = 2.31−3.17) are higher than 1 (Figure 9A−
C; Table 4). The total number of retained CR molecules by
one site across the outermost layers of CH/Z (n(CR) = 2.51−
3.54) and CD/Z (n(CR) = 2.28−2.8) was similarly detected atT
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levels higher than 1 (Figure 9A−C; Table 4). Consequently,
the CR dye was adsorbed by a multimolecular mechanistic
pathway. Each retention site throughout ZA, CH/Z, and CD/
Z had the capacity to accept several ions that were arranged in
vertical arrangements with nonparallel features. Each receptor
over the outermost layer of ZA and CH/Z has the capacity to
accept a maximum of 4 CR ions, but every single receptor
across the exterior of CD/Z is able to accept only 3 ions. This
indicates substantial modifications in the surface characteristics
of ZA during the hybridization process. The n(CR) estimations
for ZA, CH/Z, and CD/Z in terms of the testing temperature
effects reveal a remarkable increase with temperature from 293
to 313 K. The observed behavior was frequently ascribed to
the assumed enhancement in the CR aggregating properties
whenever it was adsorbed by ZA, CH/Z, and CD/Z at higher
temperatures.60 This also demonstrates the existence of
thermal activation processes before the sequestration of CR
using ZA, CH/Z, and CD/Z.65,66

2.2.3.4.1.2. Occupied Active Sites Density (Nm)
The densities of CR-consumed receptors (Nm (CR)) for ZA,

CH/Z, and CD/Z are a valid indicator of the total number of
unbound and effective adsorbing receptors over the surfaces of
their particulates throughout the entire reaction (Figure 9D−
F; Table 4). According to ZA’s estimation, the Nm (CR)
quantities at different temperatures are 60.67 mg/g (293 K),
34.66 mg/g (303 K), and 29.43 mg/g (313 K) (Figure 9D;
Table 4). The levels encountered a substantial rise following
the combination of ZA with CH (CH/Z), attaining 83.15 mg/

Table 4. Mathematical Parameters of the Addressed
Advanced Isotherm Model (Monolayer Model of One
Energy)

steric and energetic parameters

293 K 303 K 313 K
ZA R2 0.998 0.998 0.999

RMSE 0.048 0.086 0.0137
n 2.31 3.045 3.17

Im (mg/g) 60.67 34.66 29.43
QSat (mg/g) 140.3 110.04 89.6
C1/2 (mg/L) 58.8 69.57 75.38
ΔE (kJ/mol) −9.38 −13.9 −16.49

CH/Z R2 0.999 0.998 0.998
RMSE 0.0413 0.0948 0.100
n 2.51 2.89 3.54

Nm (mg/g) 83.15 61.85 42.57
QSat (mg/g) 208.73 178.74 151.54
C1/2 (mg/L) 46.89 47.28 51.33
ΔE (kJ/mol) −13.06 −13.48 −13.71

CD/Z R2 0.996 0.993 0.995
RMSE 0.151 0.203 0.122
n 2.28 2.48 2.80

Nm (mg/g) 98.08 77.96 58.75
QSat (mg/g) 223.6 193.36 164.50
C1/2 (mg/L) 42.16 42.80 46.31
ΔE (kJ/mol) −13.32 −13.73 −13.98

Figure 8. Fitting of the CR adsorption results with the advanced Monolayer model with one site of energy (ZA (A), CH/Z (B), and CD/Z (C)).
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g at 293 K, 61.85 mg/g at 303 K, and 42.57 mg/g at 313 K
(Figure 9E; Table 4). The increase in performance was also
noticed after the incorporation of β-CD, with values of 98.1
mg/g (293 K), 77.9 mg/g (303 K), and 58.75 mg/g (313 K)
(Figure 9F; Table 4). These findings strongly confirm an
enormous rise in the number of present receptors following the
binding of CH and β-CD. The boost in surface area, along with
the insertion of actively functioning chemical groups into the
blends, results in an enhanced reaction or contact interface
involving the soluble dye ions and the blends’ surfaces. The
Nm (CR) quantities for ZA, CH/Z, and CD/Z exhibit
temperature-dependent reversibility in terms of their response
to temperature (Figure 6E−H; Table 4). This matches the
reported behaviors of n(CR), considering that the increase in the
aggregating affinities leads to a reduction in the total quantity
of filled receptors, alongside the influence of temperature on
the prevailing activity of the reacting active receptors.65,67

2.2.3.4.1.3. Adsorption Capacity at the Saturation State of
(Qsat)

The saturated adsorption characteristics of ZA, CH/Z, and
CD/Z (Qsat) reveal the expected value of the maximal

sequestration capacity with the highest acceptability. Two
key factors control the quantities of Qsat: the established
densities of the filled receptors (Nm) and the number of CR
ions acquired by one receptor (n). ZA, being a possible
adsorbent of CR, exhibits Qsat levels of 140.3 mg/g at 293 K,
110.04 mg/g at 303 K, and 89.6 mg/g at 313 K (Figure 9G;
Table 4). The use of CH/Z demonstrates expected saturated
capacities of 208.7 mg/g (at 293 K), 178.7 mg/g (at 303 K),
and 151.54 mg/g (at 313 K) (Figure 9H and Table 4). The
use of CD/Z hybrids exhibited enhanced efficacy with values
of 223.6 mg/g at 293 K, 193.36 mg/g at 303 K, and 164.5 mg/
g at 313 K (Figure 9; Table 4). The exothermic characteristics
of CR retention activities using ZA, CH/Z, and CD/Z are
detected by the negative impact of temperature. This also
suggests that as adsorbing temperature increases, the impact of
thermal collisions becomes more pronounced, leading to a
reduction in the efficiency of CR binding.64 Moreover, the
observed features of Qsat that arise from the variation in
temperature indicate a similarity to the designated behaviors of
Nm rather than n. This suggests that the efficacy of CR

Figure 9. Change in the steric parameters during the uptake of CR involving the number of adsorbed CR molecules into single uptake site (ZA
(A), CH/Z(B), and CD/Z (C)), occupied sites density (ZA (D), CH/Z (E), and CD/Z (F)), and saturation uptake capacities (ZA (G), CH/Z
(H), and CD/Z (I)).

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

https://doi.org/10.1021/acsomega.4c01134
ACS Omega 2024, 9, 21204−21220

21214

https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01134?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01134?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


retention is influenced by the active sites present rather than
the potential of each individual active site.

2.2.3.4.2. Energetic Properties
2.2.3.4.2.1. Adsorption Energy
The energy changes (ΔE) associated with the uptake

processes of CR can reliably indicate the underlying
mechanisms; they correspond to either physical or chemical
operations. The physical reactions possess energies below 40
kJ/mol, but the chemical pathways possess energies over 80
kJ/mol. The adsorption energy levels are employed to classify
various types of physically existing mechanistic events. Such
physical interactions described encompass coordination
exchange (40 kJ/mol), hydrogen bonds (<30 kJ/mol), dipole
binding interactions (2−29 kJ/mol), van der Waals inter-
actions (4−10 kJ/mol), and hydrophobic binding (5 kJ/
mol).60,68 The CR eliminating energies (ΔE) had been
theoretically determined utilizing eq 1, which incorporates
the solubility metrics of CR within the water-based solution
(S), gas constant (R = 0.008314 kJ/mol·K), CR levels during
the half-saturation settings of ZA, CH/Z, and CD/Z, and
absolute temperature (T).69

E RT S
C

ln= i
k
jjj y

{
zzz (1)

The calculated energy metrics for CR retention by ZA and
CH/Z fluctuate between −9.38 to −16.49 kJ/mol and −13 to
−13.7 kJ/mol, respectively (Table 4). The assumed values of
CD/Z ranged from −13.3 to −13.9 kJ/mol (Table 4).
Therefore, the main mechanisms contributing to the
adsorption of CR by ZA, CH/Z, and CD/Z comprised
physical reactions, particularly dipole binding interactions (2 to
29 kJ/mol) and hydrogen bonds (<30 kJ/mol) for CH/Z and
CS/Z. For ZA, the previous mechanism in addition to van der
Waals forces (4 to 10 kJ/mol) significantly affects the uptake of
CR dye. Furthermore, the reported negative signs of the
assumed values of E throughout the sequestration of CR by
ZA, CH/Z, and CD/Z align with the previously reported
experimental data about the exothermic nature of these
processes.

2.2.3.4.3. Thermodynamic Functions
2.2.3.4.3.1. Entropy

Figure 10. Change in the thermodynamic parameters during the uptake of CR involving entropy (ZA (A), CH/Z (B), and CD/Z (C)), internal
energy (ZA (D), CH/Z (E), and CD/Z (F)), and free enthalpy (ZA (G), CH/Z (H), and CD/Z (I)).
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The entropy (Sa) corresponding to the CR retention
processes by ZA, CH/Z, and CD/Z provides an obvious
illustration of the order and disorder characteristics of the
outermost surfaces of their nanostructures when subjected to
different levels of dye ions, in addition to the specified reaction
temperature. The Sa characteristics were illustrated by
implementing the results obtained from eq 2, including the
previously established measurements of Nm and n, in addition
to the predicted contents of CR throughout the half-saturation
states of ZA, CH/Z, and CD/Z (C1/2).
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Based on the displayed curves, the entropy levels (Sa)
decrease dramatically when CR is adsorbed into ZA, CH/Z,
and CD/Z, particularly when the CR contents are very high
(Figure 10A−C). This trend demonstrates a significant
reduction in the disorder features of the interfaces of ZA,
CH/Z, and CD/Z whenever the tracked CR levels increase.
The entropy functions further support the effective docking of
CR into the ZA, CH/Z, and CD/Z vacant and active
interacting receptors, even if low quantities of dye molecules
are present.67,69 The highest levels of entropy have been
detected during the capture of CR by ZA at equilibration
concentrations of 67.8 mg/L (293 K), 74.6 mg/L (303 K), and
80.5 mg/L (313 K) (Figure 10A). The equilibration values for
maximum entropy throughout the removal of CR through
CH/Z are as follows: 51.9 mg/L at 293 K, 55.3 mg/L at 303 K,
and 60.5 mg/L at 313 K (Figure 10B). The use of CD/Z
reveals maximum entropy at CR levels of 47.4 mg/L (at 293
K), 50.9 mg/L (at 303 K), and 56.5 mg/L (at 313 K) (Figure
10C). These equilibrium values closely resemble the
concentrations expected throughout the half-saturation phases
of ZA, CH/Z, and CD/Z. Consequently, more CR ions lack
the ability to dock at the still-available sites. Further, the
significant reductions in the observed entropy levels indicated a
substantial drop in the number of available sites along with a
notable decline in the CR ions’ mobility and diffusion
properties.70

2.2.3.4.3.2. Internal Energy and Free Enthalpy
The study assessed the internal energy (Eint) correlated with

the binding reactions of ZA, CH/Z, and CD/Z, alongside the
qualities of free enthalpy (G) and the manner in which they are
affected by changes in dye contents and operating temperature.
The evaluation was conducted using values obtained from eqs
3 and 4, which were computed using the earlier established Nm,
n, and C1/2, along with the translation partition (Zv).66
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The calculated values of Eint with respect to CR retention
processes via ZA, CH/Z, and CD/Z possess negative signs,
and these findings reveal a significant decrease whenever the
temperature is increased from 293 to 303 K (Figure 10D−F).
This validates the spontaneous alongside exothermic character-
istics of the CR elimination processes via ZA, CH/Z, and CD/
Z. Similar behaviors and properties have been identified for the
described levels and behaviors of enthalpy. The G results have
negative signs and demonstrate a reversible correlation with
the practical retention temperature (Figure 10G−I). This
suggests a decrease in the feasibility features and confirms the
spontaneity and exothermic behaviors of the CR sequestration
using ZA, CH/Z, and CD/Z.
2.2.4. Recyclability. The ability of CH/Z and CD/Z hybrids

to be successfully used as adsorbents for CR has been
examined, emphasizing their recyclability, which is a key
consideration in evaluating their suitability for commercial and
practical uses. The CH/Z and CD/Z nanostructures were
extensively washed using distilled water for a duration of 10
min, and this procedure was repeated five times. The CH/Z
and CD/Z were then subjected to drying at a temperature of
60 °C over a duration of 10 h in order to facilitate their
potential utilization in additional CR decontamination rounds.
The recyclability studies were conducted with specific
parameters: pH 3, a mass of 0.40 g/L, a period of 24 h, a
volume of 100 mL, CR concentrations of 350 mg/L, and a
temperature of 293 K. The results of the five experimental
rounds conducted to assess the recycling of CH/Z and CD/Z
as adsorbents demonstrate consistent and remarkable efficacy
in adsorbing CR, with remarkable stability and adequate
recyclability properties (Figure 11). The CH/Z material

demonstrated significant recyclable qualities that resulted in a
removal efficiency of 205.8 mg/g (Cycle 1), 201.3 mg/g
(Cycle 2), 196.5 mg/g (Cycle 3), 188.4 mg/g (Cycle 4), and
180.4 mg/g (Cycle 5). The decontamination process of CR
yielded eliminating capacities of 219 mg/g (Cycle 1), 217.8
mg/g (Cycle 2), 211.5 mg/g (Cycle 3), 203.2 mg/g (Cycle 4),
and 195.2 mg/g (Cycle 5) during the recycling of CD/Z.

Figure 11. Recyclability properties of CH/Z and CD/Z composites
during the elimination of CR dye.
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3. CONCLUSIONS
Synthetic zeolite-A was successfully hybridized with two types
of polymers, including chitosan and β-cyclodextrin. The
influence of the two polymers on the adsorption performances
of zeolite-A during the elimination of Congo red dye was
evaluated in a synergetic manner. The hybridized products
achieved higher performances (223.6 mg/g (CD/Z) and 208.7
mg/g (CH/Z)) than the single zeolite-A phase (140.3 mg/g).
This enhancement impact was assigned to the enhancement in
the organophilic properties of the zeolite surface in addition to
the surface area and the quantities of existing adsorption
receptors. This was supported by the findings of advanced
isotherm modeling and related steric factors. While the zeolite
particles exhibit an active site density of 60 mg/g, the
integration of CH and CD induces values of 83 and 98 mg/g,
respectively. The Gaussian energies as well as the adsorption
energies validate the uptake of CR into CD/Z and CH/Z
hybrids by physical mechanisms, mainly dipole bonding (2−29
kJ/mol) and hydrogen bonding (<30 kJ/mol). These
mechanisms had exothermic and spontaneous properties.

4. EXPERIMENTAL WORK
4.1. Materials. The kaolinite powdered fractions that have

been implemented in the zeolite synthesis process have been
directly supplied through the Central Metallurgical and
Development Institute in Egypt. The β-cyclodextrin (>85%),
acetic acid (99.8%), ethanol (95%), and chitosan (MW
120,000; 85%) had been purchased through Sigma-Aldrich
Egypt as high-purity items to be employed throughout the
hybridization operations. Solutions of NaOH, HNO3, and
N4OH with specified concentrations have been employed in
the various fabrication and adjusting procedures without
performing purification. The adsorption testing had been
accomplished using Congo red synthetic dye (Sigma-Aldrich)
as the primary source of synthetic dye contaminants.
4.2. Synthesis of Chitosan/Zeolite-A (CH/Z) and β-

Cyclodextrin/Zeolite-A (CD/Z). The zeolite-A-synthesizing
procedures were conducted following the methodology
outlined by Shaban et al.44 The kaolinite flour underwent
thermal activation to produce metakaolinite (MK) through a
4-h heating step at a temperature of 750 °C. Subsequently, the
MK output was subjected to dispersion throughout a NaOH
solution over a duration of 12 h with continuous stirring at an
approximate weight proportion of MK to NaOH equal to 1:2.
The aluminosilicate gel obtained after this step was then
transferred into a Teflon-lined stainless steel autoclave and
subjected to hydrothermal processing at a temperature of 150
°C over a duration of 4 h. The synthesized product underwent
filtration, followed by washing to neutralize the zeolite
particulates, and was then dried at a temperature of 70 °C
for 12 h.

The chitosan/zeolite-A hybrid (CH/Z) was produced
following the methodologies described by Jiang et al.36 A
total of 4 g of zeolite particulates were evenly distributed
throughout 100 mL of distilled water while exposed to 180 min
of ultrasound treatments. It was then combined with the
formerly produced chitosan colloid solution (CH (0.4 g) was
dissolved in acetic acid (100 mL; 0.1 M)). The resulting slurry
then underwent homogenization utilizing a highly successful
mixing technique that involved 12 h of ultrasound treatment
and magnetic stirring at 800 rpm. Subsequently, the product
has undergone filtration, careful rinsing to mitigate the adverse

consequences of any residual acetic acid, and gradual drying at
a temperature of 60 °C for a duration of 12 h. The blend that
had been produced was designated as CH/Z and was saved to
perform the additional testing.

To produce the β-cyclodextrin/zeolite-A hybrid form, 4 g of
developed zeolite was mixed well with distilled water using an
ultrasound generator (240 W) alongside a magnetic stirrer for
a duration of 60 min. In an equivalent test, 4 g of β-CD had to
be dissolved in 100 mL of ethanol before being well mixed over
60 min. Following that, a 240 W ultrasonic generator was used
to mix the β-CD solutions with the ZA slurry. The resulting
mixture was then stirred for a duration of 24 h. After the
blending time, the CD/Z particles were isolated from the
remaining solutions using centrifugation at a speed of 3000
rpm over 15 min. Following a systematic rinse utilizing distilled
water, the resulting material was then dried at a temperature of
60 °C for a duration of 12 h. Ultimately, the end result was
designated as CD/Z and was employed in the subsequent
experimental procedures.
4.3. Analytical Techniques. The crystallization levels

along with crystal forms were determined using a PANalytical-
Empyrean X-ray diffractometer, which detected patterns
throughout the span of 0 to 70°. The chemical frameworks
of ZA, CH/Z, and CD/Z have been identified utilizing a
Fourier transform infrared spectrometer (FTIR8400S; Shi-
madzu) over a frequency range of 400 to 4000 cm−1. Scanning
electron microscopy (SEM) images were acquired promptly
after applying thin gold films to ZA, CH/Z, and CD/Z,
employing a Gemini Zeiss Ultra 55 microscope. These images
were applied to follow the anticipated alterations in the
morphological characteristics of ZA following the two distinct
modifying procedures. Furthermore, the internal properties of
ZA, CH/Z, and CD/Z were further examined using HRTEM
images acquired by a transmission electron microscope (JEOL-
JEM2100) at a voltage of acceleration of about 200 kV. The
surface area and porosity of ZA, CH/Z, and CD/Z have been
assessed by implementing a Beckman Coulter SA3100 surface
area analyzer alongside the corresponding N2 adsorption and
desorption isotherms.
4.4. Adsorption Studies. The adsorption potential of ZA,

CH/Z, and CD/Z as adsorbents for Congo red (CR) dye has
been examined using several cycles of batch retention
experiments. The study included many influencing factors,
including pH levels ranging from 2 to 7, initial dye
concentrations ranging from 50 to 400 mg/L, and retention
durations ranging from 30 to 1440 min. The total volume of
polluted solutions and the mass of Z, CH/Z, and CD/Z had
been maintained constant at 100 mL and 0.4 g/L, respectively;
however, the uptake temperature fluctuated between 293 and
313 K throughout the entire study. The adsorption data has
been averaged based on the testing outcomes in triplicate, with
standard deviations less than 2.9%. After the completion of all
examinations, the remaining dye was analyzed employing a
UV−vis spectrophotometer (V-760, JASCO International Co.;
Japan) at a determination wavelength of 450 nm. The
concentrations of dyes were measured to calculate the
adsorbed capacities of CH/Z and CD/Z. This was done
using eq 5, based on the treatment volume (V (L)),
composites dose (m (g)), starting concentration (Co (mg/
L)), and residual concentration (Ce (mg/L)).

Q
C C V

m
( )

e(mg/g)
O e=

(5)
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4.5. Theoretical Traditional and Advanced Equili-
brium Studies. The adsorption behaviors have been
simulated employing traditional kinetic, conventional isotherm,
and modern isotherm (according to statistical physics
assumptions) models (Table S1). The kinetic and conven-
tional equilibrium modeling was performed employing non-
linear fitting approaches, applying the theoretical formulations
of those models. The resulting outcomes for the coefficient of
determination (R2) (eq 6) and Chi-squared (χ2) (eq 7) have
been employed in the analysis. The appropriateness of the
adsorption behaviors with the assessed advanced equilibrium
models has been established via the coefficient of determi-
nation (R2) alongside the root-mean-square error (RMSE) (eq
8). The letters m′, p, Qi,cal, and Qi,exp denote the experimental
findings, studied parameters, anticipated CR uptake, and
verified adsorption efficiency, respectively.
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