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ABSTRACT: The widespread use of malathion enhances
agricultural plant productivity by eliminating pests, weeds, and
diseases, but it may lead to serious environmental pollution and
potential health risks for humans and animals. To mitigate these
issues, environmentally friendly hydrogel adsorbents for malathion
were synthesized using biodegradable polymers, specifically
cellulose, β-cyclodextrin (β-CD), poly(vinyl alcohol) (PVA), and
biobased epichlorohydrin as a cross-linker. This study investigated
the effects of the cellulose-to-PVA ratio and epichlorohydrin
(ECH) content on the properties and malathion adsorption
capabilities of β-CD/cellulose/PVA hydrogels. It was found that
the gel content of the hydrogels increased with a higher cellulose-to
PVA and ECH ratio, whereas the swelling ratio decreased, indicating a denser structure that impedes water permeation. In addition,
various parameters affecting the malathion adsorption capacity of the hydrogel, namely, contact time, pH, hydrogel dosage, initial
concentration of malathion, and temperature, were studied. The hydrogel prepared with a β-CD/cellulose/PVA ratio of 20:40:40
and 9 mL of ECH exhibited the highest malathion adsorption rate and capacity, which indicated an equilibrium adsorption capacity
of 656.41 mg g−1 at an initial malathion concentration of 1000 mg L−1. Fourier transform infrared spectroscopy (FTIR), ζ-potential,
and X-ray photoelectron spectroscopy (XPS) and NMR spectroscopy confirmed malathion adsorption within the hydrogel. The
adsorption process followed intraparticle diffusion kinetics and corresponded to Freundlich isotherms, indicating multilayer
adsorption on heterogeneous substrates within the adsorbent, facilitated by diffusion.

1. INTRODUCTION
Pesticides are commonly used to enhance agricultural
productivity, prevent diseases, and minimize plant damage by
controlling pests, worms, insects, and weeds.1 However, the
use of pesticides can lead to serious environmental issues such
as ground and water contamination.2 Numerous pesticides
indeed exhibit hydrophobic characteristics, rendering them
challenging to eliminate. Organophosphate pesticides, the
most widely used class, have been applied worldwide in
significant quantities annually.3 These pesticides are consid-
ered a major environmental threat and a risk to human health.4

Malathion (MT), an organophosphate pesticide, has been
extensively used for over five decades. Human exposure to
malathion can occur through various routes, such as
agricultural application, consumption of treated produce, and
contaminated drinking water. Malathion interferes with
cholinesterase activity, leading to central nervous system
disorders.5 Its moderate water solubility and the ineffectiveness
of conventional treatment methods like sand filtration and
coagulation for its removal highlight the need for more efficient
techniques.6 Technologies such as photocatalysis, advanced

oxidation, ion exchange, and adsorption have been explored for
removing malathion from water, with adsorption being
preferred for its simplicity, effectiveness, safety, and cost
efficiency.7

Different adsorbents, including activated carbons,8 carbon
nanotubes,9 graphene oxides,10 metal−organic frameworks
(MOFs),11 resins,12 and biosorbents,13 have been used to
remove pesticide residues. These materials, however, often face
challenges such as high costs, low efficiency, decomposition
difficulties, separation issues from solutions, and sensitivity to
pH levels.14 Consequently, hydrogel is an alternative adsorbent
employed for the adsorption of pesticides.15 It was because
their three-dimensional polymeric composites are known for
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their porous structure and adsorption capability.16 They can be
engineered to meet specific needs. A diverse range of chemical
and natural polymers can be strategically manipulated to
achieve their desired properties.17,18 Different hydrogels, such
as poly(N-vinyl-2-pyrrolidone)/(acrylic acid-co-styrene) hy-
drogel,15 paramagnetic poly(styrene-co-acrylamide) hydrogel,19

Arabic gum-graf t-polyamidoxime/CuFe2O4 nanocomposite
hydrogel,20 and covalent organic frameworks functionalized
with graphene,10,21 have been reported for the remediation of
pesticides. Although several hydrogels are employed for
pesticide adsorption, investigations concerning the utilization
of raw cellulose-based hydrogels for the removal of pesticides,
such as malathion, have yet to be documented.
Cellulose is one of the most abundant polymers in nature.

Synthesizing a biodegradable hydrogel from raw cellulose with
minimal processing and chemical usage, while demonstrating
its excellent pesticide adsorption performance, can promote
the development of adsorption materials. Poly(vinyl alcohol)
(PVA), a synthetic biodegradable polymer, possesses favorable
attributes for hydrogel formation, including strong adhesion,
water solubility, and ease of binding to material surfaces.22

Chang et al.23 and Ban et al.24 synthesized cellulose/PVA
hydrogels. They observed that the addition of PVA enhanced
the swelling degree of cellulose hydrogels. β-cyclodextrin (β-
CD) has been investigated for creating hydrogels aimed at
encapsulating and controlling the release of active substances,
as well as for adsorption purposes. β-CD is characterized by its
doughnut-shaped ring structure, featuring a hydrophilic outer
surface to form hydrogen bonds, alongside a hydrophobic
central cavity for compound inclusion to enhance the
adsorption capacity. Zhang et al.25 synthesized β-CD/cellulose
hydrogels using epichlorohydrin (ECH) as the cross-linker.
Their results suggest that β-CD-containing hydrogels can
effectively encapsulate hydrophobic compounds. In addition,
Sharma et al.26 synthesized a biodegradable β-cyclodextrin/
poly(vinyl alcohol)/chitosan hydrogel, which showed a good
adsorption efficiency for bentazon pesticide. Thus, we
hypothesize that cross-linking β-CD with raw cellulose and

PVA can produce high-adsorption ability hydrogels with both
hydrophilic and hydrophobic domains, enhancing their
capacity to adsorb amphiphilic compounds like malathion.
In this study, environmentally friendly cellulose-based

hydrogels were synthesized and evaluated for malathion
adsorption. PVA and β-CD served as copolymers, with
biobased ECH as the cross-linker. The aim was to assess
how the cellulose-to-PVA ratio and the ECH content influence
the key properties of the hydrogels and their ability to adsorb
malathion. These properties include moisture content, gel
content, swelling ratio, density, and biodegradability. Analytical
techniques, such as Fourier transform infrared (FTIR)
spectroscopy, ζ-potential, X-ray diffraction (XRD), thermog-
ravimetric analysis (TGA), X-ray photoelectron spectroscopy
(XPS), nuclear magnetic resonance (NMR) spectroscopy, N2
sorption analysis, and field emission scanning electron
microscopy (FESEM), were employed to characterize the
hydrogels and substantiate the data on their properties and
adsorption capabilities.

2. RESULTS AND DISCUSSION
2.1. Properties of β-CD/Cellulose/PVA Hydrogels. The

synthesis and freeze-drying of β-CD/cellulose/PVA hydrogels
resulted in the products depicted in Figure 1, and their
properties are summarized in Table 1. The moisture content of
the hydrogels was not significantly affected by variations in the
cellulose/PVA ratio or the amount of ECH used. For instance,
the water activity of the CP1C sample was 0.307, below the
threshold of 0.6, suggesting microbial stability of the
synthesized hydrogel.27 An increase in the cellulose-to-PVA
ratio and ECH content led to a higher gel content, indicative of
a denser cross-linked structure.28,29 Correspondingly, this
result aligns with the observed increase in the density.
Conversely, the swelling ratio decreased with a higher
cellulose-to-PVA ratio and ECH content, attributed to the
more densely cross-linked structure limiting the expansion and
water adsorption capacity.28,29 Nonetheless, an increased PVA
content enhanced the swelling ratio, indicating the predom-

Figure 1. Photographs of β-CD/cellulose/PVA hydrogels (a) after curing and (b) after freeze-drying.

Table 1. Properties of the β-CD/Cellulose/PVA Hydrogelsa

sample β-CD/cellulose/PVA ratio (%) ECH content (Tomlin) moisture content (%) gel content (%) swelling ratio (%) density (g/mL)

CP1C 20:40:40 9 34.56 ± 2.67a 26.39 ± 0.81e 334.54 ± 1.51b 1.36
CP2C 20:50:30 9 34.09 ± 3.11a 27.89 ± 0.60de 325.73 ± 3.23c 1.39
CP3C 20:60:20 9 36.03 ± 3.53a 29.51 ± 0.11cd 285.15 ± 1.73d 1.43
CP4C 20:40:40 11 34.76 ± 2.80a 30.76 ± 0.86bc 276.45 ± 1.51e 1.45
CP5C 20:50:30 11 35.45 ± 2.45a 32.57 ± 0.89b 268.05 ± 2.28f 1.47
CP6C 20:60:20 11 36.56 ± 3.61a 36.43 ± 0.11a 259.27 ± 0.36g 1.51
CP7C 0:50:50 9 33.36 ± 3.94a 27.80 ± 0.33de 374.84 ± 2.19a 1.14

aValues in the same of column with different superscripts are significantly different (p < 0.05).
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inant effect of hydrophilicity of PVA over cellulose in this
context.23

Interestingly, the moisture content and gel content were
comparable between hydrogels with and without β-CD (CP1C
and CP7C, respectively). This suggests that the presence of β-
CD did not significantly alter these properties. However, a
marked difference was observed in the swelling ratio and
density between CP1C and CP7C samples; the hydrogel
without β-CD showed a higher swelling ratio, which can be
attributed to its lower density allowing for greater expansion
and swelling capacity.28,29 These findings indicate that β-CD
reduces the hydrophilicity of the hydrogels, affecting their
swelling behavior.

2.2. Structure of β-CD/Cellulose/PVA Hydrogels.
Figure 2a presents the FTIR spectra of β-CD, cellulose,
PVA, ECH, β-CD/cellulose/PVA hydrogels (CP1C−CP6C),
and the cellulose/PVA hydrogel (CP7C). The 2900 cm−1

peak, corresponding to the C−H bond stretching vibration,
was observed in both β-CD and cellulose, whereas the 1645
cm−1 peak associated with the H−O−H bending vibration was
also noted. The C−O−C and C−OH stretching vibrations
were identified at 1157 and 1028 cm−1, respectively, with a
broad peak at 3423 cm−1 attributable to the hydroxyl group
(OH) stretching vibration, present in β-CD, cellulose, and
PVA. These peaks confirmed the presence of β-CD, cellulose,
and PVA in the hydrogels.30,31 The absence of the 1028 cm−1

Figure 2. (a) FTIR spectra of cellulose, β-CD, PVA, ECH, and β-CD/cellulose/PVA hydrogels, (b) FTIR spectra of β-CD/cellulose/PVA hydrogel
(CP1C) before and after malathion adsorption, and (c) plausible adsorption mechanism of the adsorption.
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peak in the CP7C hydrogel indicated the lack of an β-CD. A
reduced intensity of the 3423 cm−1 peak in the hydrogels,
compared to pure β-CD and cellulose, suggests a decrease in
hydroxyl groups and hydrogen bonding, resulting from the
cross-linking reaction between ECH and the hydroxyl groups
of β-CD, cellulose, and PVA.18,30 After the adsorption of
malathion (MT), the sample was labeled CP1C-MT, as
depicted in Figure 2b. It was observed that the peaks of CP1C-
MT shifted compared to those of CP1C. The characteristic
peak of malathion at 1021 cm−1, associated with the vibration
of P-OCH3 group

32 and the band at 850 cm−1, indicating the
bond formation of S-OR group, was evident.33 These FTIR
results confirmed the adsorption of malathion on the hydrogel.
Additionally, the ζ-potentials of CP1C and CP7C hydrogels
before adsorption were found to be −10.61 ± 0.51 and −10.08
± 0.43 mV, respectively, while those after malathion
adsorption were −8.02 ± 0.32 and −8.98 ± 0.27 mV,
respectively. This observation indicated that the hydrogels
exhibited net negative charges on their surfaces before
adsorption, with the adsorption of malathion resulting in a
reduction of the net negative ζ-potential on the hydrogel
surface. These changes in ζ-potential between before and after
adsorption illustrate the occurrence of electrostatic interaction
between the hydrogel and malathion, with the hydrogel
containing β-CD (CP1C) showing a slightly higher electro-
static interaction than the hydrogel without β-CD (CP7C).
Figure 2c presents the plausible adsorption mechanism of
malathion. The adsorption possibly involved the formation of
covalent bonds between sulfur (S) atoms in malathion and
oxygen (O) atoms of β-CD, cellulose, PVA, and ECH on the
hydrogel.34 Additionally, the C�O groups in malathion could
form hydrogen bonds with the OH groups of β-CD, cellulose,
PVA, and ECH, while electrostatic interactions between the
C�O groups in malathion and hydrogen (H) atoms of
cellulose may occur.26 Furthermore, the hydrophobic groups
such as P-OCH3 and OC2H5 groups of malathion could be
trapped within the cavity of β-CD through hydrophobic
interactions.35 The presence of various functional groups on
the synthesized hydrogel contributed to its high adsorption
capacity for malathion.
Figure S1 depicts the XRD patterns of β-CD, cellulose, PVA,

and hydrogels. The crystalline nature of β-CD is indicated by
peaks at 2θ of 11° and 12.5°. Cellulose crystallinity is
represented by diffraction peaks at 2θ of 16°, 22.5°, and
34.2°, corresponding to the (010), (002), and (040) crystalline
planes, respectively. A peak at approximately 19.8° reflects the
crystallinity of PVA, associated with the (101) crystalline
plane, confirming PVA has semicrystalline nature. Notably, the
hydrogels did not exhibit any crystalline peaks for β-CD,
cellulose, or PVA. This absence is likely due to the chemical
cross-linking among the hydroxyl groups of β-CD, cellulose,
and PVA, which impedes the crystallization of these
components, resulting in amorphous hydrogel structures.23,36

The amorphous structure of hydrogels implies that they exhibit
swelling behavior and possess adsorption ability.37

Figure 3a illustrates the thermal degradation behavior of the
hydrogels showing two major mass loss regions. The first
degradation step, occurring between 180 and 330 °C, is
attributed to the pyrolysis of cellulose and the degradation of
PVA, primarily through dehydration reactions leading to
polyene formation.36,38 This phase accounts for approximately
60% of the mass loss. The second degradation step, beyond
330 °C, involves the decomposition of the carbon backbone

within the hydrogels.36,39 The mass residue percentage above
500 °C increased with a higher cellulose-to-PVA ratio and
ECH content, indicating enhanced thermal stability due to
increased intermolecular hydrogen bonding between PVA and
cellulose.36,40 Figure 3b shows the DTG degradation profiles of
hydrogel samples. It was found that the maximum peak, where
the greatest mass loss occurs, for all samples was at
temperatures close to 300 °C.
Figure S2a presents the XPS full spectra of the CP1C sample

before and after malathion adsorption, showing carbon (C)
and oxygen (O) as the main elements. Figure S2b details the
high-resolution scan of the C1S spectra for the CP1C sample,
revealing four Gaussian peaks corresponding to different
carbon-containing functional groups: C−C at 284.6 eV, C−
O at 285.8 eV, O−C−O at 286.6 eV, and C�O at 288 eV.
The intensities of the C−O and C�O peaks increased after
malathion adsorption, indicating an interaction with malathion
molecules.41,42 Figure S2c shows the O 1s spectrum of CP1C,
which can be split into three peaks representing C�O, C−
OH, and C−O−C bonds at 530.8, 532.2, and 533.3 eV,
respectively.43−45 Postadsorption, an increase in C�O and
C−O−C intensities and a decrease in C−OH intensities were
observed, suggesting that hydroxyl groups were replaced by
carbonyl and ether groups of malathion on the hydrogel
surface.41

Figure 3. (a) TG and (b) DTG curves of β-CD/cellulose/PVA
hydrogels.
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Figure S3 depicts the N2 adsorption−desorption curve of the
CP1C hydrogel. The CP1C hydrogel exhibited a type IV
isotherm with a hysteresis loop of type H1, as classified by
IUPAC. This indicated a mesoporous structure for the
hydrogel, with an average pore size of approximately 32.4
nm, a BET surface area of 3.80 m2 g−1, and a total pore volume
of 0.031 m3 g−1.46,47

Figure 4 illustrates the morphology of β-CD/cellulose/PVA
hydrogels prepared under CP1C and CP7C conditions. All
displayed hydrogels exhibited smooth surfaces with some
visible cellulose fibers. The pores were not observable by using
the SEM technique. The synthesized hydrogels could be
categorized as nonporous hydrogels, which have only small
pores that are typically in the range of tens of nm for the
alginate gel network.48 This finding was consistent with the
results obtained from the analysis of hydrogel pore size using
the N2-adsorption−desorption method. Jayaramudu et al.40
observed similar characteristics in PVA/cellulose hydrogels,
noting their smooth and nonporous surfaces. It is important to
acknowledge that while such biobased hydrogels like cellulose/
PVA may have less porous structures and potentially lower
adsorption capabilities compared to chemically synthesized
hydrogels, they offer the advantages of being more easily
degradable and environmentally friendly.49

Figure 5 presents the biodegradation profile of the CP1C
hydrogel through soil burial, revealing a rapid degradation rate
initially with a 64.75% mass loss in the first week. The
degradation continued over time, with the total mass loss

reaching about 80.55% after 4 weeks. The hydrogel exhibited
rapid degradation following malathion adsorption. After the
first cycle, it lost nearly 90% of its mass within the first week
and completely degraded within 4 weeks. Notably, the second
adsorption cycle further accelerated degradation. The hydrogel
lost nearly 95% of its mass within the first week and degraded
completely within just 3 weeks.
This indicates the high biodegradability of the biobased

materials used in the hydrogel, such as cellulose, β-CD, and
ECH, which serve as cross-linking agents, and PVA, a synthetic
polymer known for its biodegradable properties. The
combined use of these materials in hydrogel synthesis
contributes to its rapid natural decomposition.
2.3. Effect of Contact Time on Malathion Adsorption

Capability. The adsorption rate is a critical measure of an
adsorbent’s performance. Figure 6 illustrates the adsorption

capacities for malathion across all β-CD/cellulose/PVA
hydrogels (CP1C−CP7C) at an initial concentration of 50
mg L−1. As anticipated, the adsorption percentage of malathion
increased with longer contact times. However, hydrogels
synthesized under different conditions demonstrated varying
adsorption capacities. Those prepared with 9 mL of ECH
showed significantly greater adsorption capabilities than those
with 11 mL of ECH, due to the latter’s denser hydrogel
structures, which impeded adsorption. Similarly, an increase in

Figure 4. FESEM images of β-CD/cellulose/PVA hydrogels: (a) CP1C and (b) CP7C.

Figure 5. Biodegradation of CP1C sample in natural conditions by
the soil burial method for 4 weeks.

Figure 6. Adsorption capacities of malathion on CP1C−CP7C. 0.1 g
portion of dried β-CD/cellulose/PVA hydrogels, 70 mL of malathion
solution, and an initial malathion concentration of 50 mg L−1 were
used.

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

https://doi.org/10.1021/acsomega.4c00037
ACS Omega 2024, 9, 22635−22649

22639

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00037/suppl_file/ao4c00037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00037?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cellulose content reduced adsorption capacity, as higher
cellulose levels resulted in denser and less flexible hydrogels,
leading to decreased swelling ratios and adsorption capaci-
ties.28,29

The hydrogel with the highest malathion adsorption
capability was CP1C, closely followed by CP2C. Remarkably,
both of these hydrogels could completely adsorb malathion
within just 90 s. The CP7C sample, lacking β-CD, achieved
complete malathion adsorption in approximately 3 min. The
adsorption rate for malathion on CP7C was lower than on
CP1C, indicating that β-CD presence enhances the hydrogel’s
malathion adsorption rate. This enhancement is likely due to
the entrapment of malathion’s hydrophobic regions within the
hydrophobic cavity of β-CD, facilitating faster adsorption onto
the hydrogel.25

2.4. Effect of Adsorbent Dosage on Malathion
Adsorption Capability. Figure 7 illustrates the impact of

the adsorbent dosage on the malathion adsorption capacity of
the CP1C sample. The dosage was varied within the range of
0.025−0.125 g, utilizing an initial malathion concentration of
500 mg L−1. The adsorption experiments were conducted at
room temperature with continuous shaking for 10 min to
achieve equilibrium conditions. As observed, the percentage
removal of malathion increased with higher adsorbent dosages.
This result can be attributed to the introduction of more active
sites on the hydrogel surface, consequently enhancing the
adsorption of malathion.26,50

2.5. Effect of pH on Malathion Adsorption Capability.
The pH of the solution is a critical factor in the removal of
malathion,51 as it affects both the degradability of the
adsorbate and the adsorption capacity.14 Consequently,
understanding the impact of pH on malathion’s adsorption
capacity is essential. In the study, the pH range tested was
between 3 and 9, with adjustments made using 0.1 M NaOH
or 0.1 M HCl to achieve the desired pH levels. This
examination helps in determining the optimal pH conditions
for maximizing the malathion adsorption efficiency.

Figure 8 depicts the adsorption behavior of malathion by the
CP1C hydrogel sample across pH levels 3−9, with an initial

malathion concentration of 50 mg L−1 and a contact time of 30
s. To assess malathion’s stability under different pH conditions,
control experiments without hydrogel were performed. The
results showed that malathion degradation was higher in
solutions at pH 8−9, indicating rapid degradation under
alkaline conditions.52 The hydrogel adsorbents enhanced
malathion removal more effectively under alkaline conditions
than under acidic conditions. At a weakly acidic pH of 6, the
hydrogel significantly increased malathion removal from 10 to
70%, demonstrating its high adsorption efficiency. In contrast,
at pH 7, the adsorption capacity decreased, likely due to
diminished electrostatic interactions in neutral conditions.10 In
alkaline conditions, the hydrogel’s impact on malathion
removal was less marked, with the percentage removal
increasing from about 40−80% at pH 9. This is mainly
attributed to the considerable degradation of malathion in
alkaline environments, which left less of the compound
available for adsorption. Consequently, the difference in
malathion removal using the hydrogel was minimal under
these conditions, illustrating the complex interplay between the
chemical stability and adsorption efficiency in varying pH
environments.
2.6. Effect of Initial Concentration on Malathion

Adsorption. Figure 9 illustrates how the initial concentration
of malathion influences its equilibrium adsorption capacity and
percentage removal by using the CP1C hydrogel sample. The
study was conducted with initial malathion concentrations
ranging from 500 to 1000 mg L−1, and equilibrium was
achieved within a 10 min contact time. The equilibrium
adsorption capacities (qe) for malathion were found to be
337.45 mg L−1 at 500 mg L−1, 400.81 mg L−1 at 600 mg L−1,
467.19 mg L−1 at 700 mg L−1, 528.18 mg L−1 at 800 mg L−1,
and 656.41 mg L−1 at 1000 mg L−1 initial concentrations,
respectively. The qe value increased as the initial malathion
concentration rose, which can be attributed to the enhanced
concentration gradient serving as the driving force for mass

Figure 7. Effect of adsorbent dosage on malathion adsorption
capacity of β-CD/cellulose/PVA hydrogel (CP1C) at a contact time
of 10 min. 0.025−0.125 g of dried β-CD/cellulose/PVA hydrogel, 70
mL of malathion solution, and an initial malathion concentration of
500 mg L−1 were used.

Figure 8. Effect of pH on malathion adsorption capacity of β-CD/
cellulose/PVA hydrogel (CP1C) at a contact time of 30 s. 0.1 g of
dried β-CD/cellulose/PVA hydrogel, 70 mL of malathion solution,
and an initial malathion concentration of 50 mg L−1 were used.
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transfer. Conversely, the percentage of malathion removal
declined with increasing initial concentration, as the adsorption
sites approached saturation, limiting the capacity for additional
adsorption.53,54

2.7. Effect of Temperature on Malathion Adsorption.
Figure 10 depicts the impact of temperature on the percentage

removal of malathion by the CP1C sample at 30, 45, and 60
°C. The experiments were conducted with initial concen-
trations of 50 mg L−1 and contact times ranging from 0 to 10
min. Interestingly, the results indicated that the percentage of
removal of malathion remained consistent across different
temperatures. This suggests that the temperature has no effect
on the malathion adsorption capacity of the hydrogel.
2.8. Adsorption Isotherms of β-CD/Cellulose/PVA

Hydrogels. The malathion adsorption isotherms for β-CD/
cellulose/PVA hydrogels are illustrated in Figure 11a,b,
representing the Langmuir and Freundlich adsorption models,

respectively. The parameters for these models are listed in
Table 2. The adsorption behavior of malathion on β-CD/
cellulose/PVA hydrogels aligned more closely with the
Freundlich isotherm model, as evidenced by consistently
higher R2 values compared with those for the Langmuir model.
This suggests that the adsorption of malathion onto the
hydrogels involved a multilayer process on heterogeneous
adsorbent surfaces, characteristic of the Freundlich adsorption
isotherm model.55

2.9. Adsorption Kinetics of Malathion on β-CD/
Cellulose/PVA Hydrogels. The kinetics of malathion
adsorption on β-CD/cellulose/PVA hydrogels were analyzed
using pseudo-first-order, pseudo-second-order, and intra-
particle diffusion model equations, as shown in Figure 12a−
c, respectively. The parameters for these kinetic models are
detailed in Table 3. The adsorption kinetics of malathion on
the hydrogels aligned most closely with the intraparticle
diffusion model, as indicated by the high R2 values of 0.9346,
0.9944, and 0.9968 at initial malathion concentrations of 500,
800, and 1000 mg L−1, respectively. This suggests that the
adsorption process is likely governed by mass diffusion, with
the intraparticle diffusion model providing the best description
of the kinetics involved.55,56

2.11. Reusability Evaluation. Figure 13 shows the
malathion adsorption capacity of the CP1C sample across
the first and second adsorption−desorption cycles, revealing
that the reused hydrogel had a reduced adsorption capacity for
malathion. This reduction is likely due to structural changes or
denaturation occurring during the desorption and drying
processes, which are common limitations in biobased hydro-
gels.
Table 4 compares the maximum adsorption capacity (qm)

for malathion among various adsorbents reported in other
studies. The data highlight that the β-CD/cellulose/PVA
hydrogel showed superior malathion adsorption capacity, with
a qm of 1111.11 mg g−1. This illustrates that cellulose-based
hydrogel, functionalized with hydrophilic and hydrophobic
sites, can enhance the adsorption capacity of malathion.
However, the limitation of using this synthesized hydrogel was
due to its low reusability. Therefore, further improvement in
the stability of these biodegradable β-CD/cellulose/PVA
hydrogel can enhance its potential for practical application.

3. CONCLUSIONS
The β-CD/cellulose/PVA hydrogels were successfully synthe-
sized through cross-linking with biobased epichlorohydrin,
leading to significant changes in their physical properties. The
gel content and density increased, whereas the swelling ratio
decreased with a higher cellulose/PVA ratio and ECH content.
Hydrogels containing β-CD showed notably lower swelling
ratios than those without β-CD. The ECH content had a more
pronounced impact on both the gel content and the malathion
adsorption capacity compared to the cellulose-to-PVA ratio.
Additionally, the inclusion of β-CD enhanced the malathion
adsorption capacity of the hydrogels. The optimal formulation,
with a β-CD/cellulose/PVA ratio of 20:40:40 and 9 mL of
ECH (CP1C), achieved the highest adsorption efficiency,
completing malathion adsorption at an initial concentration of
50 mg L−1 within 90 s. The CP1C hydrogel showed an
equilibrium adsorption capacity of 656.41 mg g−1 at an initial
malathion concentration of 1000 mg L−1. The adsorption
process predominantly followed the Freundlich isotherms,
indicative of multilayer adsorption, and the intraparticle

Figure 9. Effect of initial malathion concentration on adsorption
capacity of β-CD/cellulose/PVA hydrogel (CP1C). 0.1 g of dried β-
CD/cellulose/PVA hydrogel and 70 mL of malathion solution were
used.

Figure 10. Effect of temperature on the adsorption capacity of β-CD/
cellulose/PVA hydrogel (CP1C). 0.1 g of dried β-CD/cellulose/PVA
hydrogel, 70 mL of malathion solution, and an initial malathion
concentration of 50 mg L−1 were used.
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Figure 11. Isotherms of malathion adsorption on β-CD/cellulose/PVA hydrogel (CP1C). (a) Langmuir isotherm and (b) Freundlich isotherm. 0.1
g of dried β-CD/cellulose/PVA hydrogel and 70 mL of malathion solution were used.

Table 2. Parameters of Isotherm Models for Malathion Adsorption Using the β-CD/Cellulose/PVA Hydrogel (CP1C)

Langmuir isotherm Freundlich isotherm

sample qm (mg g−1) b (L mg−1) R2 KF ((mg g−1)(L mg−1)1/n) 1/n R2

CP1C 1111.11 0.0225 0.9579 71.53 0.53 0.9864

Figure 12. Kinetic modeling results for malathion adsorption on β-CD/cellulose/PVA hydrogel (CP1C), showing (a) pseudo-first-order kinetic
model, (b) pseudo-second-order kinetic model, and (c) intraparticle diffusion model. Experiments were conducted using 0.1 g of the dried β-CD/
cellulose/PVA hydrogel and 70 mL of malathion solution.
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diffusion model best described the experimental adsorption
kinetics, suggesting a diffusion-dominant adsorption process.

4. MATERIALS AND METHODS
4.1. Materials. Food-grade cellulose powder (Vitacel LC

200) was obtained from Rama Production Co., Ltd., Bangkok,
Thailand. Biobased epichlorohydrin (ECH, 99%) was provided
by Advanced Biochemical (Thailand) Co., Ltd., Rayong,
Thailand. Sodium hydroxide (NaOH, 97%) and urea
(crystalline, 99%) were procured from Elago Enterprises Pty
Ltd., New South Wales, Australia. β-Cyclodextrin (β-CD, 98%)
was sourced from Chanjao Longevity Co., Ltd., Bangkok,
Thailand. Poly(vinyl alcohol) (PVA, 86−90% hydrolyzed) was
acquired from Chem-Supply Pty Ltd., Gillman, Australia.
Hydrochloric acid (HCl, 37%) was purchased from Qchemical
Co., Ltd. (QRC), New Zealand. Acetonitrile (ACN) and
methanol (MeOH) of high-performance liquid chromatog-
raphy (HPLC) grade (99%) were purchased from Honeywell
Co., Ltd., Seoul, South Korea. The malathion standard (MT,
98.33%) was procured from LGC Labor GmbH, Augsburg,
Germany.
4.2. β-CD/Cellulose/PVA Hydrogels Synthesis. Approx-

imately 4 g of cellulose powder was dispersed in 96 g of a
solution containing 6% NaOH and 4% urea (wt %). This
mixture was stirred for 5 min before being stored in a freezer at
−20 °C for 12 h. After being frozen, the cellulose solution was
thawed at room temperature until it became transparent. PVA
was dissolved in the same solvent mixture as cellulose to
achieve a 4 wt % concentration. 20 β-CD was dissolved in a
solution of 7% NaOH and 12% urea (wt %) to reach a 4 wt %
concentration. Solutions of β-CD, cellulose, and PVA were
prepared in various ratios, as detailed in Table 5, and each

mixture was stirred until becoming homogeneous. ECH was
then added to each solution, followed by continuous stirring at

Table 3. Parameters of Kinetic Models for Malathion
Adsorption Using the β-CD/Cellulose/PVA Hydrogel
(CP1C)

initial malathion concentration (mg L−1)

model parameter 500 800 1000

qe(exp.) 337.45 528.18 656.41

Pseudo-first-order
qe(calcd) (mg g−1) 236.56 508.77 590.16
k1 (s−1) 0.0023 0.0012 0.00092
R2 0.8835 0.9734 0.9719

Pseudo-second-order
qe(calcd) (mg g−1) 222.22 185.18 204.08
k2 (g mg−1 s−1) 1.45 × 10−5 2.32 × 10−5 6.37 × 10−5

R2 0.8517 0.9288 0.9659
Intraparticle Diffusion

kp (mg g−1 s−0.5) 7.0181 6.1426 6.2328
Ci −16.184 −10.142 35.988
R2 0.9346 0.9944 0.9968

Figure 13. Adsorption capacities of malathion on CP1C during the
first and second adsorption−desorption cycles using 0.1 g of dried β-
CD/cellulose/PVA hydrogels, 70 mL of malathion solution, and an
initial malathion concentration of 50 mg L−1.

Table 4. Comparison of the Maximum Adsorption Capacity (qm) for Malathion Adsorption on Different Adsorbents

adsorbents conditions
qm

(mg g−1) isotherm kinetic refs

β-CD/cellulose/PVA hydrogel time: 10 min, pH: 6 1111.11 Freundlich intraparticle diffusion this work
fly ash time: 90 min, pH: 4.5 0.726 Langmuir &

Freundlich
First-order rate (Singh et al., 2010)57

de-acidite FF-IP resin time: 40 min, pH: 6 3.50 Freundlich Pseudo-second-order (Naushad et al., 2013)34

rice husk (RH) time: 45 min, pH: 6 4.29 Langmuir Pseudo-second-order (Kumar et al., 2014)14

activated rice husk (ARH) time: 45 min, pH: 6 16.13 Langmuir Pseudo-second-order
powdered activated carbon (PAC) time: 45 min, pH: 6 21.74 Langmuir Pseudo-second-order
activated carbon time: 15 min, pH: 2.5 32.11 Pseudo-second-order (Habila et al., 2015)8

magnetic graphene oxide (MGO) time: 45 min, pH: 7 43.29 Langmuir Pseudo-second-order (Kalantary et al., 2016)58

sodium alginate/biosilicate/magnetite
(SABM)

time: 120 min, pH: 7 36.86 Freundlich Pseudo-second-order (Hosseini et al., 2019)5

chitosan-alginate (CS-SA) composite time: 20 min, pH: 7 98.0 Langmuir Pseudo-second-order (Sabbagh et al., 2021)59

chitosan-alginate (CS-SA) composite time: 15 min, pH: 7 58.08 Langmuir Pseudo-second-order (Sabbagh et al., 2023)60

Table 5. Reaction Conditions and Compositions of β-CD/
Cellulose/PVA Hydrogels

sample
β-CD solution
(g) (4 wt %)

cellulose
solution (g)
(4 wt %)

PVA solution
(g) (4 wt %)

volume of
ECH

(Tomlin)

CP1C 20 40 40 9
CP2C 20 50 30 9
CP3C 20 60 20 9
CP4C 20 40 40 11
CP5C 20 50 30 11
CP6C 20 60 20 11
CP7C 0 50 50 9
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30 °C for 2 h. The mixtures were then incubated at 60 °C for
12 h to facilitate gel formation. Each formed hydrogel was
soaked in distilled water for 48 h to leach out unreacted
materials, with the water’s pH adjusted to 7 using 0.1 M HCl.
Synthetic steps and a plausible cross-linking mechanism of the
hydrogel are displayed in Scheme 1. The hydrogels were cut
into 1 cm cubes, frozen at −20 °C, and subsequently
lyophilized in a freeze-dryer (Harvest Right, HRFD-P-M-SS,
Salt Lake City, UT) at −40 °C and 0.67 mbar for 24 h.
4.3. Moisture Content Determination. The moisture

content (on a dry basis) of each hydrogel sample was
determined according to the AOAC method 984.25.61

Moisture content measurements were conducted in duplicate,
and the average value is reported.

M M
M

moisture content (%) 100i f

f
= ×

(1)

where Mi is the mass of hydrogel prior to drying at 105 °C and
Mf is the mass of hydrogel after drying at 105 °C for 72 h.
4.4. Gel Content Determination. Approximately 0.5 g of

a hydrogel sample was soaked in 200 mL of distilled water at
room temperature for 48 h. The soaked hydrogel was then
dried at 105 °C for 24 h before being weighed. The gel content
(%) was calculated as follows:50

gel content (%)
mass of hydrogel after soaking (g)

mass of hydrogel before soaking (g)

100

=

× (2)

4.5. Swelling Determination. Approximately 0.1 g of a
hydrogel sample was soaked in 200 mL of distilled water at
room temperature for 6 h, and then it was weighed. The
swelling ratio (%) was calculated as follows:50

M M
M

swelling ratio (%) 100t d

d
= ×

(3)

where Mt is the mass of soaked hydrogel and Md is the mass of
hydrogel prior to soaking.
4.6. Density Determination. The density of a hydrogel

sample was determined using an automatic gas pycnometer
(Quantachrome, Ultrapyc 1200e, Boynton Beach, FL). Helium
gas (99.999% pure) at 21 °C was used for the determination.
4.7. Water Activity Determination. The water activity

(aw) of a hydrogel sample was determined by using a water
activity meter (Testo 650, Lenzkirch, Germany) to assess the
microbial stability of the sample.
4.8. FTIR Spectroscopy. Functional groups of different

hydrogel samples were identified using an FTIR spectrometer
(Bruker, Tensor 27, Karlsruhe, Germany). Each hydrogel
sample was mixed with KBr powder, and the mixture was
compressed into plates for FTIR spectroscopy analysis. The
FTIR spectra of the samples were recorded in the wavenumber
range of 400−4000 cm−1, with a resolution of 4 cm−1 and 64
scans per sample.
4.9. ζ-Potential. ζ-Potential measurements were employed

to monitor the surface electric potential of hydrogel samples in
both pre- and postadsorption tests to monitor the electrostatic
interactions between the hydrogel and malathion. The ζ-
potential determination was conducted by utilizing the
Zetasizer Nano ZSP instrument (Malvern Instruments,
Worcestershire, U.K.). Deionized water was used as a medium
for measuring the ζ-potential.
4.10. XRD Analysis. XRD was employed to evaluate the

crystalline or amorphous structure of the synthesized hydrogel.
XRD was measured using an X-ray diffractometer (Bruker, D8
Advance, Karlsruhe, Germany) with Cu Kα radiation (λ =
0.154 nm). The diffraction patterns were recorded in the 2θ
range of 4−40° at a scan rate of 1° min−1.

Scheme 1. Pictorial Recantation of the Synthesis and Plausible Adsorption Mechanism of the Adsorption
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4.11. TGA Analysis. The thermal stability of the hydrogel
was examined by the TGA technique, carried out using a TGA
instrument (Mettler Toledo, DSC 1 STARe, Greifensee,
Switzerland) under a nitrogen atmosphere at a flow rate of
50 mL min−1. For isothermal degradation analysis, the sample
was heated from 30 to 700 °C at a heating rate of 10 °C min−1.
4.12. XPS Analysis. XPS analysis was used to determine

the elemental composition on the surfaces of the hydrogel
samples. XPS measurements were conducted by utilizing an X-
ray photoelectron spectrometer (Kratos, Axis Ultra DLD, San
Diego, CA). The peak energies were calibrated by setting the
major C 1s peak at 284.5 eV and the O 1s peak at 531 eV.
4.13. Specific Surface Area and Pore Size Distribution

Determination. The specific surface area, pore size, and pore
volume of the CP1C hydrogel was measured by a sorption
analyzer (Micromeritics, 3Flex, Georgia) under a nitrogen
atmosphere. The sample was subjected to degassing at 105 °C.
4.14. NMR Analysis. 13C NMR spectroscopy was

performed to monitor the types of carbon atoms and their
bonding patterns using a spectrometer (BRUKER, AVANCE
III HD/Ascend 400 WB, Karlsruhe, Germany) operating at 6.0
kHz and 25 °C with a contact time of 6 ms and a pulse delay of
5 s to analyze the chemical groups in the samples.
4.15. FESEM. The morphological structure of each

hydrogel sample was examined by using a field emission
scanning electron microscope (FESEM, JSM-7600F, JEOL,
Tokyo, Japan). Initially, each sample underwent dehydration
using a graded ethanol solution. Dehydration involved
immersing the samples in ethanol solutions of varying
concentrations (30, 50, 60, 80, 95, and 99.8%) for 30 min at
each step.62 Subsequently, the samples were lyophilized by
using a freeze-dryer (Harvest Right, HRFD-P-M-SS, Salt Lake
City, UT) at −40 °C and 0.67 mbar for 24 h. Following
lyophilization, the samples were crushed into fine powder by
using a mortar and pestle, then coated with platinum, and
examined using SEM at 5000× magnification, with an
accelerating voltage of 1.0 kV.
4.16. Biodegradability Determination. Approximately

0.1 g of the hydrogel sample (dry mass) was buried in soil at a
depth of 10 cm and was regularly watered every 2 days to
maintain the soil moisture content. The potential for natural
landfill biodegradation was assessed by weighing the hydrogel
samples weekly for a duration of 4 weeks. At each stage, the
samples were rinsed with running tap water to remove any soil
residues. Subsequently, they were dried in an oven at 105 °C
for 72 h to eliminate all moisture. The biodegradability of the
hydrogel samples was determined by assessing the mass loss,
calculated as follows:63

M M
M

mass loss (%) 1000 1

0
= ×

(4)

whereM0 is the dry mass before the test andM1 is the dry mass
after the test at any time.
4.17. Adsorption Performance Determination. Batch

adsorption experiments were conducted in 100 mL Erlenmeyer
flasks. For each experiment, the concentration of the malathion
solution was maintained at 50 mg L−1, with a volume of 70 mL,
and the adsorbent dosage was 0.1 g of dry mass. The contact
time for malathion adsorption onto the CP1C−CP7C
hydrogel samples was varied between 0 and 600 s.
The effects of various relevant parameters, namely, pH,

hydrogel dosage, initial concentration of malathion, and

temperature on its adsorption were investigated using the
CP1C sample. This sample was selected due to its relatively
superior physicochemical properties and its highest malathion
adsorption rate and capacity among the samples. The effect of
pH was assessed by varying the pH of the malathion solution
between 3 and 9. The hydrogel dosage’s impact was examined
by varying it from 0.05 to 0.125 g dry mass. The initial
concentration’s effect was explored in the range of 500−1000
mg L−1. The effect of temperature was studied in the range of
30−60 °C. Each adsorbed malathion solution was analyzed by
high-performance liquid chromatography (HPLC) to deter-
mine the residual malathion content. The HPLC system
(Agilent, 1260 Infinity II, Santa Clara, CA) used a UV detector
and a C18 column (ACE Excel 5:250 × 4.6 mm ID, Avantor,
Radnor, PA), operated at a wavelength of 220 nm, a
temperature of 35 °C, and a runtime of 35 min. The mobile
phase was composed of 50% acetonitrile and 50% water (v/v)
with a flow rate of 0.7 mL min−1, and the injection volume was
20 μL.
The percentage of malathion removal (%), adsorption

capacity (q), and equilibrium adsorption capacity (qe) for
each β-CD/cellulose/PVA hydrogel were calculated as
follows:50

C C
C

percentage removal (%)
( )

100t0

0
= ×

(5)

where C0 is the initial concentration of malathion solution (mg
L−1) and Ct is the concentration of malathion solution at any
time during the adsorption (mg L−1).

q
V C C

m
( )t0=

(6)

where q is the adsorption capacity at any time during the
adsorption (mg g−1), C0 is the initial concentration of
malathion solution (mg L−1), Ct is the concentration of
malathion solution at any time during the adsorption (mg
L−1), V is the volume of the sample (L), and m is the mass of
the added hydrogel adsorbent (g).

q
V C C

m
( )

e
0 e=

(7)

where qe is the equilibrium adsorption capacity (mg g−1), C0 is
the initial concentration of malathion solution (mg L−1), Ce is
the equilibrium concentration of adsorbed malathion solution
(mg L−1), V is the volume of the sample (L), and m is the mass
of the added hydrogel adsorbent (g).
4.18. Adsorption Isotherms of β-CD/Cellulose/PVA

Hydrogels. Adsorption isotherms are typically determined to
elucidate the potential interactions between an adsorbent and
an adsorbate; these interactions are crucial in establishing the
optimal adsorption capacity of an adsorbent at a constant
temperature. Adsorption isotherms can be represented in
various mathematical forms; however, the chosen form must
align with the experimental data. Based on the equilibrium
adsorption data for malathion, two different adsorption
isotherms, namely, the Langmuir and Freundlich isotherms,
were deemed suitable. The Langmuir isotherm equation is
commonly utilized for modeling single-layer adsorption on a
homogeneous adsorbent surface; once a molecule occupies an
adsorption site, no further adsorption can occur at that site.
The linear form of the Langmuir isotherm was calculated as
follows:64,65
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where qe is the equilibrium adsorption capacity (mg g−1), Ce is
the equilibrium concentration of adsorbed malathion solution
(mg L−1), qm is the maximum adsorption capacity at the
saturation of a monolayer (mg g−1), and b is the Langmuir
constant (L mg−1).
The Freundlich isotherms represent multilayer adsorption

on a heterogeneous surface. The linear form of the Freundlich
isotherm can be expressed as follows:64,65

q K
n

Clog log
1

loge F e= +
(9)

where KF ((mg g−1)(L mg−1)1/n) and n (dimensionless) are
the constants of the Freundlich model.
4.19. Adsorption Kinetics of Malathion on β-CD/

Cellulose/PVA Hydrogels. Based on the adsorption data for
malathion, three adsorption kinetic models were evaluated: the
pseudo-first-order model, the pseudo-second-order model, and
the intraparticle diffusion model. As previously mentioned, the
initial concentration of malathion varied from 500 to 1000 mg
L−1. It is noted that the pseudo-first-order model is commonly
applied to analyze adsorption data of various adsorbates in
aqueous solutions. This model describes the adsorption rate as
proportional to the number of unoccupied binding sites on the
adsorbent. The pseudo-second-order model, on the other
hand, is an adsorption kinetic model that characterizes the
adsorption process where chemical bonds (interactions)
between the adsorbate and the functional groups on the
adsorbent’s surface play a significant role in adsorption. The
equations for the pseudo-first-order and pseudo-second-order
models are provided as eqs 9 and 10, respectively.66

q q q k tln( ) lne e 1= (10)

t
q

t
q k q

1

e 2 e
2= +

(11)

where qe (mg g−1) and q (mg g−1) are the amounts of
malathion adsorbed onto hydrogels at equilibrium and at any
time during the adsorption (s), respectively. k1 (s−1) and k2 (g
mg−1 s−1) are the kinetic rate constants of the pseudo-first-
order and pseudo-second-order models, respectively.
The intraparticle diffusion model elucidates the adsorption

mechanisms, focusing on the diffusion or solute transport from
a solution to the solid phase, and is expressed as follows:67

q k t Cp
0.5= + (12)

where kp is the intraparticle diffusion rate constant (mg g−1

s−0.5) and C is a constant for any experiment.
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