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Heavy metals in water bodies pose a significant threat to both ecology and human well-being. Therefore, the
development of green and sustainable adsorbents for water remediation is essential. This study presents a
crosslinked chitosan composite structure with multiple layers, which was generated by adjusting the ratio of
chitosan to wheat straw—derived magnetic biochar in the composite. The adsorption behavior of the composite
under different conditions was revealed by varying the Cr(VI) concentration, pH, and temperature. The com-
posite exhibited a maximum adsorption of 121.8 mg g~! for Cr(VI) in water, which was 11.9 times higher than

that of magnetic biochar. It maintained a residual performance of 78.6 % after seven cycles, higher than most
chitosan-based composites. The reusability was improved via hydrochloric acid protonation of functional groups
and layer-by-layer exposure of the composite structure. This study provides new insights into the application of
composites derived from chitosan and wheat straw, an agricultural waste, as sustainable adsorbents.

1. Introduction

Water is an invaluable resource for human survival, with water
quality playing a pivotal role in both domestic and industrial applica-
tions. Three major properties of water that support its release of heavy
metals and other hazardous waste into water bodies as mentioned by
Cao et al. (2022), Saleem et al. (2022), and Wang et al. (2023b) are
solubility, polar nature, buoyancy and density. In particular, chromium
(Cr), with Cr(VI) being the more perilous form due to its high solubility
and bioavailability, is extensively discharged into water environments
during various industrial activities, including metallurgy, tannery op-
erations, and electroplating (Xu et al., 2019; Chin et al., 2022; Zhao
et al., 2022). Prolonged exposure to heavy metals has been associated
with adverse effects on the human body, including skin dermatitis, liver
and kidney damage, and hair loss. Hence, the elimination of Cr(VI) from
wastewater is of critical importance (Langard and Costa, 2015). How-
ever, conventional removal methods are costly and inefficient; there-
fore, the development of a cost-effective, efficient, easily recoverable,
and reusable adsorbent has become a new challenge.

Current approaches for extracting heavy metals from water mainly
consist of biological treatment (Zhu et al., 2022), advanced oxidation

techniques (Ma et al., 2020), chemical precipitation (Grimshaw et al.,
2011), membrane separation (Teng et al., 2023), and adsorption (Islam
et al.,, 2023), among which the latter offers many adsorption has a
number of advantages, including cost-effectiveness, efficiency, and ease
of operation (Wang et al., 2023a). Biochar, a solid substance formed by
the pyrolysis of biomass under anaerobic or anoxic conditions, can be
used as an adsorbent to eliminate pollutants from wastewater based on
the diffusion of pollutants into the pores of biochar, where they are
effectively fixed through physical and chemical interactions (Zhang
et al., 2022a; Wang et al., 2020). Moreover, the surface functional
groups of biochar can effectively remove heavy metals from water and
transform them into less bioavailable forms via chelation, precipitation,
chemisorption, and conversion mechanisms. Straw is a promising pre-
cursor for producing biochar because it is inexpensive, widely sourced,
and nontoxic. However, the powdered nature of straw-derived biochar
poses challenges in terms of recycling. To circumvent this issue, mag-
netic modification of straw-derived biochar stands out as a promising
approach. Magnetic materials have various applications in environ-
mental remediation, such as the recovery of adsorbents, and in
biomedicine, such as the immobilization of proteins. This is due to their
superparamagnetic properties, high magnetization, high
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biocompatibility, and unique physicochemical properties. Among the
various magnetic materials, Fe3s04 magnetic particles are widely used
because of their small size and low toxicity (Wang et al., 2023c). The
combination of biochar and Fe304 enhances the magnetic selectivity and
facilitates the separation of solid and liquid phases. Nevertheless, simple
Fe304 magnetic particles tend to aggregate, leading to poor stability and
scarcity of functional groups (Zhao et al., 2023). The aggregation of
magnetic particles can be prevented by loading them onto the biochar
surface as a uniform dispersion, which also exposes more active centers
(Wu et al., 2022). There exist various methods for loading magnetic
particles, such as calcination (Mo et al., 2020), co-precipitation (An
et al., 2022), and liquid phase reduction methods (Zhao et al., 2020).
However, many of these methods require multiple preparation processes
and expensive raw materials. Moreover, the magnetic particles easily
shed from the material. Therefore, there is a need to design a rational
structure to encapsulate the magnetic particles and reduce their loss
during the reuse process.

Chitosan, also known as deacetylated chitin, is a nontoxic, renew-
able, and biodegradable biopolymer derived from natural sources (Lee
et al., 2023). The presence of abundant amino and hydroxyl groups in
chitosan enables its effective complexation and coordination with heavy
metals and composite biochar (Chen et al., 2019). However, the use of
chitosan is constrained by its inadequate mechanical robustness, insta-
bility, and challenges associated with water-based recycling. Chitosan
has been used to crosslink the biochar surface, thus obtaining additional
adsorption sites with good stability (Gao et al., 2022). However, the
limited reusability of the material hinders its practical application. The
adsorption capacity decreases dramatically with the depletion of active
sites. In addition, during the regeneration process of the adsorbent, the
eluent may cause further shedding of the active material on the surface.
Therefore, it is essential to develop a strategy to reduce the loss of active
sites on the material surface. Moreover, many chitosan-based compos-
ites involve expensive raw materials with complex preparation pro-
cesses. In this context, we were interested in investigating the
preparation of chitosan-based composites using wheat straw, an
economical raw material that is expected to meet or even exceed the
performance of existing adsorbents. To the best of our knowledge, the
synthesis of chitosan-based composite adsorbents using wheat straw has
not been reported.

The design of specific material structures for diverse applications
attracts considerable research attention. For example, nanostructures
can effectively promote good ion transport properties (Yedluri and Kim,
2019), two-dimensional porous structures contribute to achieve good
mechanical stability and electrochemical activity (Kumar et al., 2023a),
and two-phase crystalline materials with near-spherical structures help
reduce the impedance between the material interface and the electrolyte
solution (Ramachandran et al., 2023b). Most of the studies confirm that
the rational design of the structure of the material has a non-negligible
positive enhancement of the material properties (Anil Kumar and Kim,
2018a). Consequently, designing a material that can provide efficient
pollutant removal performance in terms of reusability and effectively
retain the active sites during adsorption has become a major challenge
for water management. Several studies have inspired us to synthesis of
specific structures by adjusting the proportions of the phases in a com-
posite (Anil Kumar et al., 2020; Hegazy et al., 2023; Ramachandran
et al., 2023a).

Herein, we synthesized a composite material (MWSBC-C) consisting
of wheat straw-derived magnetic biochar and chitosan. It was used as an
adsorbent for the removal of Cr(IV) from water. Wheat straw, being one
of the agricultural wastes with huge production, is a very attractive
solution as a carbon precursor for magnetic biochar in order to enhance
its added value. By adjusting the optimal ratio of chitosan to magnetic
biochar, a stable and dense cross-linking structure unique to MWSBC-C
was successfully constructed, which significantly improved its adsorbent
regeneration performance. The materials were characterized and sub-
jected to batch adsorption experiments using various tools to determine
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the role and mechanism of their structural and functional group prop-
erties in the adsorption process. We hope that wheat straw can be a
potentially economical option for the preparation of efficient and sus-
tainable green adsorbents. In addition, this study aims to provide a
theoretical basis for improving the performance of chitosan-based
composites during reuse.

2. Experimental section
2.1. Materials and chemicals

Wheat straw (WS) was acquired from Changchun, Jilin Province,
China. All reagents were of analytical grade and required no further
purification (Yedluri and Kim, 2018; Kumar et al., 2024b; Anil Kumar
and Kim, 2018b). Adsorption experiments, washing, and sample prep-
aration were conducted using deionized water obtained in the labora-
tory. A real water sample with a temperature of 291 K was extracted
from a lake at Jilin Agricultural University in China.

2.2. Preparation of magnetic biochar by one-pot impregnation method

The WS sample was cleaned and dried at 333 K for 48 h and then
finely crushed and sifted through a 60-mesh sieve. To enhance the
impregnation effect, WS was subjected to alkaline pretreatment by
immersing 10 g of WS in 1 L of a 5 % NaOH solution followed by
magnetic stirring for 3 h. Then, the pretreated WS sample was thor-
oughly rinsed with water and immersed in a solution comprising 300 mL
of FeS0O4-7H,0 with a concentration of 0.25 mol/L and FeCl3-6H20 with
a concentration of 0.5 mol/L (molar ratio of 1:2) (Huang et al., 2021).
After adjusting the pH to 10, the system was subjected to ultrasonic
treatment for 20 min and left to age for 12 h. The resulting sample was
washed until neutral and dried at 333 K for 48 h. Subsequently, the
sample was heated in a nitrogen-protected horizontal tube furnace, at a
heating rate of 10 K min~! and maintained at 673 K for 2 h. After cooling
to room temperature, the sample was ground and washed with deion-
ized water to remove soluble carbonates. The obtained sample was
denoted as MWSBC. For comparison, another biochar sample, which
was denoted as WSBC, was prepared by heating WS at 673 K for 2 h
under a nitrogen atmosphere.

2.3. Preparation of the chitosan/biochar/FesO4 composite

The chitosan loading was conducted using the crosslinking method
with glutaraldehyde as the crosslinking agent (Scheme 1). In brief, 0.5 g
of chitosan was dissolved in 33 mL (2.0 wt%) of acetic acid solution
under mechanical stirring until all air bubbles disappeared. To this
chitosan solution, 15 mg of MWSBC was added. The mixture was then
sonicated for 20 min before adding 466 pL (25 wt%) of glutaraldehyde
dropwise. Strong stirring at 313 K for 3 h was performed, followed by
drying at 333 K for 12 h. Excess chitosan was removed by repeatedly
washing with 2 wt% acetic acid solution and deionized water, and a final
drying at 333 K for 24 h was performed. The resulting product was
crushed and ready for use. Samples of magnetic biochar of chitosan with
different chitosan dosages (0.25, 0.5, 0.75, and 1 g) were denoted as
MWSBC-C, where C represents the chitosan dosage. For comparison, a
WSBC-loaded chitosan sample (WSBC-C) and Fe3O4 nanoparticles
loaded with chitosan (Fe304-C) were prepared. The loading conditions
of WSBC and MWSBC were optimized on the basis of the chitosan
dosage. The results are depicted in Fig. S1 (Supporting Information).
Considering that increasing the amount of chitosan beyond 0.5 g did not
significant enhance the performance of MWSBC-C in Cr(VI) removal,
0.5 g was selected as the optimal condition for subsequent character-
ization and adsorption experiments for cost-saving reasons.
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Scheme 1. Schematic diagram of the preparation process of MWSBC-0.5.

2.4. Characterization and adsorption experiments

More details of the characterization and adsorption experiments are
available in the Supporting Information.

3. Results and discussion
3.1. Sample characterization

To enhance comprehension of the surface morphology and chemical
composition of MWSBC-0.5, a series of characterizations were con-
ducted. The microscopic morphology of the samples after loading chi-
tosan was observed via scanning electron microscopy (SEM), and the
results are shown in Fig. 1. As demonstrated in Fig. la and 1b, the
surface of biochar displayed a coarse fibrous structure and formed un-
even folds resembling snowflakes, indicating its amorphous carbon na-
ture. This characteristic can be attributed to the high-temperature

carbonization process. In contrast, after the incorporation of chitosan
and magnetic particles, some changes were observed in the amorphous
structure of WSBC, with certain parts appearing smoother (Fig. 1c and
1d), indicating that a dense chitosan structure was formed via cross-
linking. Transmission electron microscopy revealed MWSBC with Fe3O4
nanoparticles with distinct edges to the peripheral chitosan (Fig. S2,
Supporting Information) (Ramachandran et al., 2023c; Kumar et al.,
2023b). Furthermore, the diffraction signals in the selected area electron
diffraction pattern are weakened owing to the chitosan coating,
although the crystal surface remains clearly identifiable. (Kumar et al.,
2023b). The elemental composition of the WSBC and MWSBC-0.5 was
analyzed using energy dispersive spectroscopy (EDS) as shown in Fig. S3
and Table S1 (Supporting Information). According to the EDS data,
MWBC-0.5 exhibited a higher proportion of N, Fe, and O elements
compared with WSBC. This suggests that the presence of magnetic
particles and chitosan not only conferred magnetic properties to the
material but also introduced additional N and Fe elements (Qu et al.,

H o

Fig. 1. SEM images of WSBC (a and b), MWSBC-0.5 (c and d).
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2022).

The specific surface area (SSA) and porosity of the samples were
analyzed, and the resulting data are provided in Table S2 (Supporting
Information). The SSA of MWSBC (3.01 m? g™ 1) obtained via a one-step
process was lower than that of WSBC (8.80 m? g™1), which was directly
prepared by carbonizing WS. This decrease in SSA may be attributed to
the in situ Fe doping process (Kumar et al., 2020; Durga et al., 2024). As
the temperature gradually increases, Fe3O4 magnetic particles are
formed within the material and adhered to the biochar. Simultaneously,
the introduction of internal magnetic particles increases the total
micropore volume (Vp;.) of MWSBC (0.0020 cm? g’l) compared with
that of WSBC (0.0015 cm® g~1). Moreover, following the chitosan
loading, the SSA further decreases to 0.91 m? g’1 (Xiao et al., 2019),
indicating the strong crosslinking of chitosan with glutaraldehyde and
its tight bonding with the MWSBC backbone (Kumar et al., 2024a).
Along with the decrease in SSA, the lower pore volume confirms that the
composites possess a compact crosslinked spatial structure, which is
consistent with the SEM observations.

The crystal structure of the material at different stages was analyzed
via X-ray diffraction (XRD). The results are shown in Fig. 2a. The
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presence of peaks at 17° and 23° indicates that lignocellulose is the main
constituent of WS (Morcillo-Martin et al., 2022). Upon carbonization,
the diffraction peaks of WSBC become broader and lower, suggesting a
reduction in the cellulose crystallinity and transformation into amor-
phous carbon. In the XRD pattern of MWSBC, characteristic peaks cor-
responding to the (220), (311), (400), (511), and (440) facets of
Fe304 are observed at 30.31°, 35.64°, 43.38°, 57.51°, and 62.99°,
respectively (Liu et al., 2023), which supports the successful synthesis of
magnetic carbon (MWSBC) via carbonization. However, the intensity of
the Fe304 peak in MWSBC-0.5 decreased after the loading of chitosan.
The surface functional groups and chemical bonds of WSBC, MWSBC,
and MWSBC-0.5 were characterized using Fourier transform infrared
spectroscopy (FT-IR). As shown in Fig. 2b, a wide absorption peak cor-
responding to the stretching vibration of O-H bonds appeared at 3424
em ™!, and absorption peaks attributable to the stretching vibration of
C-H bonds (Yang et al., 2020), were observed at 2969 and 2877 em L.
An absorption peak located at 1624-1627 cm™! corresponds to the
stretching of C=0 bonds in the aromatic ring, and that at 1043-1058
em~! is due to the stretching vibration of the C-O bond (Wang et al.,
2022; Su et al., 2021). In the spectra of WSBC and MWSBC, the
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Fig. 2. (a) XRD patterns of WS, WSBC, MWSBC and MWSBC-0.5, (b) FT-IR spectra of WSBC, MWSBC and MWSBC-0.5, (c) XPS spectra of MWSBC-0.5 and after

adsorption, (d) VSM curves of MWSBC and MWSBC-0.5.
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stretching vibrations of the C-OH bonds produced absorption peaks in
the range of 1159-1161 cm™'. Upon magnetic loading, an absorption
peak due to the stretching vibrations of the Fe-O groups appeared at
618 cm ™! (Azari et al., 2017). For MWSBC-0.5, absorption peaks as-
cribable to the stretching vibration of the N-H bond within the -NH
amide bond II were observed around 1487 and 1521 cm™'. Finally, a
weak absorption peak at 1217 cm™! confirmed the presence of a C-N
(amino) bond, suggesting the successful glutaraldehyde crosslinking
(Wu et al., 2022).

X-ray photoelectron spectroscopy (XPS) of the samples was per-
formed to elucidate the surface chemical and electronic states of the
composites before and after the adsorption of Cr(VI), and the results are
presented in Fig. 2c. The XPS spectra revealed that the MWSBC-0.5
surface primarily comprised C, N, and O elements, which aligned well
with the elemental analysis results. In addition, the Cr signal increased
after adsorption, confirming that Cr was successfully adsorbed on the
sample surface (Sun et al., 2023). According to the elemental analysis
and XPS data (Table S3 and Table S4, Supporting Information), the
content of chitosan, biochar, and Fe304 in the composite was estimated
to be 77.22 %, 19.45 %, and 3.33 %, respectively. The high chitosan
content substantially increases the number of available adsorption sites
during the adsorption process. The magnetic properties of the samples
were evaluated (Fig. 2d), finding that the saturation magnetization in-
tensity of MWSBC was 14.78 emu g~ !, whereas that of MWSBC-0.5
decreased to 0.57 emu g~! because of the inclusion of chitosan. This
corresponded to the smaller characteristic peak of Fe observed in the
XRD patterns. Although the reduction in magnetic properties slightly
extended the duration of the magnetic recovery, they were still adequate
for recovery.
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3.2. Batch adsorption experiments

3.2.1. Comparison of Cr(VI) adsorption performance between different
adsorbents

The adsorption capacity of the samples during each stage of the
preparation process was examined, and the findings are illustrated in
Fig. 3a. The adsorption capacity of WSBC for Cr(VI) without chitosan
and magnetic particles was merely 6.3 mg g~ !. In contrast, the intro-
duction of magnetic particles increased the adsorption capacity of
MWSBC to 10.2 mg g~ *. The Cr(VI) adsorption capacities of the chito-
san/biochar composite WSBC-0.5 and the chitosan/Fe3O4 composite
Fe304-0.5 were determined to be 107.6 and 101.2 mg g’l, respectively,
revealing no remarkable improvement compared with that of pure
chitosan. This lack of improvement can be attributed to the depletion of
certain functional groups upon crosslinking and to the agglomerated
nature of Fe3O4, which are detrimental to the adsorption capacity.
However, the composite strategy involving chitosan/biochar/Fe304
effectively mitigated the loss caused by crosslinking and maximized the
utilization of the biochar and Fe3O4 magnetic particles, considerably
enhancing the adsorption capacity to 121.8 mg g~ '. Furthermore, the
combination of chitosan and magnetic biochar increased the number of
active sites and the variety of functional groups, facilitating the
adsorption process. The synergistic effect of the composite containing
chitosan, biochar, and Fe3O4 arose from the integration of the properties
of the diverse components, resulting in superior adsorption capacity
compared with the individual components (Qiu et al., 2024).

3.2.2. Effect of different adsorbent dosages

The Cr(VI) adsorption capacity of MWSBC-0.5 at different dosages is
shown in Fig. 3b. The Cr(VI) removal efficiency of MWSBC-0.5 increased
gradually from 12.7 % to 78 % as the adsorbent dosage was gradually
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Fig. 3. (a) Adsorption capacities of WSBC, MWSBC, chitosan and MWSBC-0.5, (b) different adsorbent dosages of MWSBC-0.5, (c) the pHpzc of MWSBC-0.5, (d) effect

of pH on the adsorption capacities of MWSBC-0.5.
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increased from 10 to 80 mg. Nonetheless, the adsorption capacity
gradually decreased from 121.8 to 97.7 mg g~ *. Previous studies indi-
cated that the removal efficiency increases with the adsorbent dosage
and number of available adsorption sites, whereas the reduction in
adsorption capacity is primarily attributed to the aggregation and
overlap of adsorption sites (Wang et al., 2020).

3.2.3. Effect of pH

The pH value significantly influences the charge on the adsorbent
surface, ionization degree, and morphological aspects of metal ions.
Fig. 3d illustrates the adsorption capacity of MWSBC-0.5 for Cr(VI) at
various pH values (1-7). The adsorption capacity was the highest at pH 1
(216.6 mg g~ 1) and then gradually decreased with increasing pH until
reaching a value of 35.9 mg g~! at pH 7. Normally, Cr(VI) exists in
different forms depending on the pH value. Specifically, it exists mainly
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as HCrO, and Cr,02" at pH < 6.5 and as CrOZ~ and Cr,0% at pH > 6.5.
The adsorption free energy for HCrOj is lower than that for Cr,02~ and
CrOﬁ’, indicating an easier removal for HCrO, (Liu et al., 2023; Luo
et al., 2022). In addition, the point of zero charge (pHpzc) value of
MWSBC-0.5 is 4.91. When the pH value was smaller than the pHpzc
value, the charge of the adsorbent surface was positive due to proton-
ation, resulting in the electrostatic attraction of HCrO; and Cr,02~,
further increasing the adsorption performance. When the pH value was
larger than pHpyc value, the adsorbent surface was negatively charged,
causing electrostatic repulsion that could decrease the adsorption ca-
pacity. For practical reasons, the pH value used in the subsequent
adsorption experiment was that measured at the time of configuration
(pH 5) and was not further adjusted.
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Fig. 4. The adsorption kinetics of MWSBC-0.5 at (a) 50 mg/L (b) 100 mg/L and (c) 150 mg/L. Adsorption isotherms at (d) 288 K (e) 303 K and (f) 318 K.
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3.2.4. Adsorption kinetics

The adsorption kinetics of MWSBC-0.5 for Cr(VI) were examined at
various concentrations (50, 100, 150 mg/L) to determine the relation-
ship between the adsorption capacity and the duration of contact be-
tween the adsorbent and different initial concentrations. The results are
presented in Fig. 4a, 4b, and 4c. Similar trends were observed for the Cr
(VI) adsorption capacity of MWSBC-0.5 at different concentrations. At
50 mg/L, the adsorption capacity experienced a rapid increase within
the first 60 min, followed by a gradual increase until reaching a plateau.
At 100 and 150 mg/L, the rapid adsorption stage persisted for 120 min.
Eventually, the adsorption equilibrium was achieved at approximately
1200 min.

The adsorption behavior of Cr(VI) on MWSBC-0.5 was evaluated on
the basis of the nonlinear fitting of experimental data using several ki-
netic models. The obtained kinetic model parameters are shown in
Table 1. The pseudo-first-order kinetic model exhibited higher correla-
tion coefficient (R?) values ranging from 0.959 to 0.984 than the pseudo-
second-order kinetic model for all concentrations, and the calculated
equilibrium adsorption capacity (Qe cat) value was closer to the experi-
mental value. This indicated that the Cr(VI) adsorption on MWSBC-0.5
was a chemical adsorption process in which electrons were transferred
and shared (Zhang et al., 2022b). To further analyze the adsorption
process, an intraparticle diffusion model was employed. We successfully
obtained at least two fitted lines, each with an R? value of 0.94 or higher.
This demonstrates that the adsorption process comprised multiple
stages. The first stage is a rapid adsorption stage, where a large number
of available sites on the surface come into transient contact with Cr(VI),
thus immobilizing Cr(VI) ions. The second stage is the main rate-limiting
stage of the adsorption process, i.e., a gradual adsorption stage. At this
stage, the Cr(VI) ions gradually diffuse from the outer surface of the
adsorbent toward the inner contact. The final stage is the adsorption
saturation stage. The adsorption of Cr(VI) on the adsorbent reaches
saturation, and a dynamic equilibrium is attained between the adsorbent
and the pollutant. However, the fitted line does not extend through the
origin; therefore, intraparticle diffusion may not be the only rate-
limiting step and other effects, such as membrane diffusion, may
affect the adsorption process (Chen et al., 2021).

Table 1
Adsorption kinetic parameters of MWSBC-0.5.

Sample Kinetic Parameter Cr (VI) concentration Cyp (mg L'l)
models
50 100 150
Q. (mgg™ 107.27 125.76 154.96
MWSBC-  Pseudo-first-  k; (min™') 0.057 0.092 0.015
0.5 order Qe.cat (Mg 86.69 101.22 140.60
gh
R? 0.922 0.835 0.870
Pseudo- ko (g mg™? 0.0007 0.0003 0.0004
second- min~ 1)
order Qe.cat (Mg 95.47 118.35 149.77
g
R? 0.984 0.963 0.959
Intra- Kp1 (mg g " 12.91 10.24 10.83
particle min~%%)
diffusion (e} 2.07 6.49 10.08
R? 0.978 0.956 0.962
Kpz (mg g~ " 1.59 1.30 2.19
min’o's)
Cy 64.02 89.02 90.94
R? 0.948 0.958 0.968
kps (mg g~ ! 0.0015 0.002 0.226
min’o's)
Cs 107.22 125.68 143.85
R? 0.608 0.608 0.776

Experimental parameters: Temperature 303 K and experiment repeated three
times.
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3.2.5. Adsorption isotherm

The adsorption isotherms were examined to investigate the changes
in the adsorption capacity and equilibrium concentration throughout
the adsorption process (Fig. 4d, 4e, and 4f). The adsorption isotherms at
288, 303, and 318 K were analyzed and fitted using Langmuir,
Freundlich, Sips, and Dubinin-Radushkevich models. The corresponding
parameters are shown in Table 2. The adsorption gradually reached
equilibrium with increasing concentration of Cr(VI) at different tem-
peratures. The isotherm model fitting data suggested that the Langmuir
isotherm exhibited R? values ranging from 0.96 to 0.99, indicating a
monolayer adsorption. Using the obtained data, the Ry, values, which
represent unfavorable adsorption (R, > 1), linear adsorption (Ry, = 1),
and favorable adsorption (R, < 1), were calculated. The Ry, values of
MWSBC-0.5 fell within the range of 0-1, suggesting its favorable
adsorption nature. To further understand the monolayer adsorption
process, the Sips model was utilized, which is a three-parameter model
suitable for monolayer adsorption. It proved that the adsorption process
could be monolayer adsorption. In addition, the presence of an adsorbed
molecule at the 1/ng adsorption site of MWSBC-0.5 illustrates its surface
heterogeneity (Wang and Guo, 2020). The ng value corresponds to the
curvature of the adsorption isotherm, which is related to the homoge-
neity and energy distribution of the adsorption process. The ng values
that vary with temperature in the fitted data are actually influenced by
thermodynamics. Temperature can affect the interaction between
adsorbent and adsorbate, which can alter the energy distribution of
adsorption. An increase in temperature may increase the thermal
movement of the adsorption sites, facilitating the penetration of Cr(VI)
ions into these sites. The increase in the ng value indicates that the
adsorption process on the surface of MWSBC-0.5 is heterogeneous,
which confirms the structural complexity of MWSBC-0.5.

3.2.6. Adsorption thermodynamics

The influence of temperature on the Cr(VI) adsorption efficiency of
MWSBC-0.5 was examined by performing adsorption experiments at
different temperatures (288, 303, and 318 K), and the results are
depicted in Fig. 5a. As the temperature increased from 288 K to 318 K,
the Cr(VI) adsorption capacity of MWSBC-0.5 increased from 114.52 to
130.36 mg g !. Thermodynamic equations were employed to analyze
the parameters, and the results are presented in Table 3. The different
temperatures yielded negative Gibbs free energy values of —0.47,
—0.68, and —0.88 kJ mol ., respectively, implying that the adsorption
was spontaneous. Meanwhile, a positive AH value of 3.503 kJ mol ™~ was
obtained, indicating that the adsorption process was endothermic. The
AS value (13.78 Jmol ' K1) was positive, indicating that the interfacial
randomness gradually increased (Qu et al., 2023).

3.2.7. Coexisting cations and ionic strength

Adsorbents used in practical applications are often influenced by
background electrolytes and coexisting ions, which can affect the
adsorption capacity of the adsorbent to different extents. In this study,
several monovalent and divalent ions were selected to investigate their
effects on the Cr(VI) adsorption capacity, and the results are shown in
Fig. 5b. The effects on the adsorption capacity followed the order of
S0} > K > Zn?* > Mg?>* >NO; > CI7, demonstrating that higher
valence anions such as SO?{ have a considerable impact on the Cr(VI)
adsorption capacity of MWSBC-0.5. In general, higher valence cations
interact more readily with the adsorbent surface because their covalent
bonds and hydration are weaker. Consequently, the Cr(VI) adsorption
capacity was reduced. Meanwhile, anions compete with cations (e.g.,
NH3") on the adsorbent surface, decreasing the number of available
interaction sites for Cr(VI) adsorption. Zhang et al. (2020) conducted an
earlier study supporting these findings. The SO~ ion substantially
decreased the Cr(VI) adsorption capacity of MWSBC-0.5, while C1~ and
NOj3 ions decreased it slightly. The SO?~ and Cr,02~ ions have similar
molecular structures and negative charges; thus, their competition was
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Table 2
Adsorption isotherms parameters of MWSBC-0.5.
Sample Isotherm types Constants
288 K 303 K 318K
MWSBC-0.5 Langmuir Qm (mgg™) 116.91 125.15 136.17
K, (L/mg) 0.38 0.58 0.36
RL 0.02-0.11 0.017-0.07 0.02-0.12
R? 0.991 0.998 0.960
Freundlich Kg (mg g~ 1(L/mg)/™) 75.61 90.83 95.17
ng 10.49 14.67 9.67
R? 0.937 0.889 0.691
Sips Qum (mg g™ 123.09 129.63 144.31
Ks (L™ mg ™) 0.198 0.234 0.048
n 1.33 1.46 2.02
R? 0.990 0.995 0.998
D-R Qum (mgg™» 112.27 121.73 130.11
€ 0.0008-0.0569 0.0008-0.0674 0.0008-0.0752
Kpr(mol? kJ~2) 3.38 2.18 3.12
R? 0.938 0.98 0.997

Experimental parameters: The initial concentration of Cr(VI) was 100 mg/L and the experiment was repeated three times.

more obvious. Finally, cations such as K* and Zn?* may coordinate with
anionic chromates such as CrO3~ and Cr,02~ according to the Lewis
acid-base theory, which may further affect the Cr(VI) removal effect.
Fig. 5¢ shows the effect of NaCl ionic strength on the Cr(VI) removal by
MWSBC-0.5. As the ionic strength increased from 0.001 to 0.5 M, the Cr
(VD) removal efficiency of MWSBC-0.5 decreased from 96.8 % to 47.8 %,
which can be attributed to the competition and interaction between ions
and the available adsorption sites.

3.2.8. Reusability experiments

Reusability is an important factor for evaluating the cost-
effectiveness and environmental friendliness of an adsorbent. The re-
sults in Fig. 5d show that hydrochloric acid (HCl) is a good eluent for
regeneration because it can protonate the functional groups of MWSBC-
0.5 in addition to desorbing Cr. HCl can desorb Cr ions from composites
by interacting with functional groups on the adsorbent, leading to
dissociation or protonation of the functional groups by H* (Dhal et al.,
2018). After the first cycle, the Cr(VI) removal efficiency of MWSBC-0.5
was 94.8 %, which was higher than the initial removal (zero cycle) of
82.5 % (Fig. 5e). This indicates that the protonated functional groups
successfully increased the adsorption performance. Additionally, the
residual performance indicators of the adsorbents were compared.
Taking the zero cycle as a reference point of 100 %, the removal rate and
residual performance were maintained at 51.9 % and 78.6 %, respec-
tively, after seven cycles (Fig. 5f). In contrast, a decreasing trend in the
removal rate and residual performance of both WSBC-0.5 and Fe304-0.5
was observed in the sixth cycle, especially for Fe304-0.5. The HCl elution
caused the leaching of some agglomerated Fe3O4 nanoparticles, which
decreased the activity, removal rate, and residual performance. More-
over, the regeneration of chitosan-based modified materials consider-
ably decreases with increasing number of reusability cycles, which can
be attributed to the loss of adsorption sites and the hydrolysis of poly-
saccharides (da Silva Alves et al., 2021). However, the decrease in both
the removal rate and residual performance of MWSBC-0.5 was minimal.
This result demonstrates the success of the composite strategy, which
can be mainly attributed to the following reasons:

1. The presence of Fe3O4 attached on biochar effectively prevents the
agglomeration phenomenon and significantly reduces the loss of Fe
during elution

2. Although the regeneration of the adsorbent causes the hydrolysis of
chitosan and a reduction in the number of adsorption sites, the
tightly crosslinked network of MWSBC-0.5 exposes new adsorption
sites layer by layer, compensating the loss in adsorption capacity.

3. The combination of chitosan and magnetic biochar exhibits a bene-
ficial synergistic effect. The introduction of magnetic biochar

facilitates the recovery of the composite material by applying an
external magnetic field. Chitosan effectively encapsulates the mag-
netic biochar, preventing the detachment of magnetic nanoparticles
from the carrier during adsorption and subsequent reuse. Further-
more, chitosan, biochar, and magnetic nanoparticles are effective in
adsorbing heavy metal ions. As a result of this design, the prepared
composite material exhibits high adsorption capacity and good
recyclability.

The adsorption capacity of MWSBC-0.5 is notably influenced by its
positively charged surface (Zang et al., 2024). Treatment with HCI so-
lution remarkably reduced the pHpzc value of MWSBC-0.5 from 4.91 to
2.27, indicating an increased protonation of the amino and hydroxyl
groups on the surface, which becomes more positively charged. This
substantially boosts the electrostatic attraction. Furthermore, MWSBC-
0.5 can lower the pH value of the adsorption environment. The adjust-
ment of pH is crucial as it converts more of the Cr ions in solution to
HCrOy, thus enhancing the electrostatic attraction on MWSBC-0.5. In
the later cycles, the exposed surfaces of the crosslinked chitosan and
magnetic biochar were protonated because of the gradual hydrolysis of
chitosan. The synergistic effect of altering the surface charge and
regulating the pH value of the environment is essential for improving the
reusability of MWSBC-0.5. This dual-action approach not only enhances
its performance but also ensures its consistency and effectiveness during
repeated cycles of use. Thus, the tightly crosslinked composite structure
plays a key role in the regeneration of the adsorbent. In summary, to
ensure an optimal performance, the adsorbent should be regenerated
less than seven times.

3.2.9. Removal of low concentrations of Cr(VI)

To accurately mimic the elimination of Cr(VI) in a natural setting,
the capability of MWSBC-0.5 to remove low concentrations of Cr(VI)
was investigated by simulating lake water conditions. The results are
presented in Fig. 5g. Without any external factors, MWSBC-0.5 reduced
the concentration of Cr(VI) in deionized water to below the World
Health Organization discharge standards after 113 min. However, it
took 235 min to achieve the same outcome using the simulated lake
water. Therefore, in practice, depending on the complexity of the water
matrix, the removal of Cr(VI) by the composites may require more than
113 min. In complex water matrices, the primary factors affecting the Cr
(VI) removal rate were the extent of contact between the adsorption sites
and contaminants, the pH of the solution, and the presence of coexisting
ions (Wan et al., 2023). Consequently, the removal time increased by
2.07 times. However, the ability of MWSBC-0.5 to treat contaminated
complex water matrices is noteworthy.
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Table 3
Adsorption Thermodynamics parameters of MWSBC-0.5.

Adsorbent T (K) AG (kJ/mol) AH (kJ/mol) AS (Jmol 1K1
288 —0.47

MWSBC-0.5 303 —0.68 3.50 13.78
318 —0.88

Experimental parameters: The initial concentration of Cr(VI) was 100 mg/L and
the experiment was repeated three times.

3.2.10. Fixed-bed column experiment

We conducted a brief simulation of fixed-bed column experiments to
investigate the potential of MWSBC-0.5 for industrial applications. The
breakthrough curve of MWSBC-0.5 for Cr(VI) is depicted in Fig. Sh. The
assessment of the adsorption process penetration and saturation was
based on the time it took for the ratio of C;/Cy to reach 0.2 and 0.8. As
the duration of the adsorption experiment increased to 370 min, the
ratio of Cy/Cy reached 0.8. However, the adsorption process did not
reach completion until approximately 720 min. This suggests that
MWSBC-0.5 possesses a considerable number of adsorption sites, which
further prolonged the adsorption time. By fitting the Yoon-Nelson
model (Table S5, Supporting Information), a relatively good R? value of
0.926 was obtained. This result implies that the adsorption character-
istics of MWSBC-0.5 in the mobile phase can be elucidated by the
diminished likelihood of adsorption for an individual adsorbent mole-
cule (Cr), which is connected to both the breakthrough of the adsorbent
(MWSBC-0.5) and its adsorption probability (Zoroufchi Benis et al.,
2023).

3.2.11. Comparison with other chitosan-containing adsorbents

The structure of MWSBC-0.5 is critical for its excellent adsorption
and reusability performance. Some recent studies on Cr(VI) adsorption
and chitosan-based adsorbents are listed in Tables 4 and 5, respectively.
The adsorption capacity of MWSBC-0.5 was considerably higher than
those of previously reported adsorbents. In particular, MWSBC-0.5
exhibited better adsorption efficiency and performance during several
cycles, outperforming other adsorbents in the same cycle. This com-
parison proves the effectiveness of the improved structure based on
layer-by-layer exposure, which retains the rich chemical surface of
chitosan for an efficient Cr(VI) removal. The layer-by-layer exposure
also avoids the one-time loss of active sites, effectively enhancing the
reusability. Furthermore, studies in this field generally focus on
adsorption processes within a specific pH range, thus overlooking the
variable pH values in real environments. Several studies have under-
scored the relevance of maintaining a low pH for an effective Cr(VI)

removal. Notably, MWSBC-0.5 exhibited superior adsorption
Table 4
Comparison of adsorption capacity of MWSBC-0.5 with other adsorbents.
Adsorbent Cr(VD) pH Qmax Reference
concentration value (mg
(mg/L) g
CSG@AAB 10 4.0 5.0 (El Kaim
Billah et al.,
2024)
MnFe,04 @Fh-EDA - 5 51.36 (Shen et al.,
2023)
Fe,03/Fe304/WBC 100 - 55 (Bai et al.,
2021)
CoFe,04@Ui0O-66- - 2 96.2 (Liu and Hu,
NH,-PDA/B-CD- 2023)
TEPA
PPy/DT 50 2.0 99.43 (Mazkad et al.,
2024)
MAF-LDOs 100- 3 122.85 (Mo et al.,
2023)
MWSBC-0.5 100 1 216.6 This study
5 121.8
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performance compared with other adsorbents at pH 5 and 1, demon-
strating its overall superiority. Furthermore, the composites created
using this construction of special structures are anticipated to provide
more stable performance in drug delivery and energy storage in com-
parison to other materials, owing to their improved stability.

3.3. Possible adsorption mechanism

Surface functional groups play a crucial role in the adsorption pro-
cess. Consequently, the Cr(VI) removal by MWSBC-0.5 induced changes
in the surface functional groups, according to the FT-IR results (Fig. 6a).
The O-H band near 3424 cm ™! underwent a redshift after the adsorption
of Cr(VI), suggesting that O-H strongly interacts with Cr(VI). Moreover,
the attenuation of the C = O, N-H, and C-N peaks at 1624, 1479, and
1201 em™}, respectively, suggests the active participation of these
groups in the adsorption procedure, while -NH,, ~OH, and other func-
tional groups can form complexes with Cr(VI).

The adsorption mechanism was further explored by analyzing the
high-resolution XPS spectra of MWSBC-0.5 before and after the
adsorption of Cr(VI), as depicted in Fig. 6b, 6¢, 6d, 6e, and 6f. The Cls
spectrum of MWSBC-0.5 after adsorption exhibits a novel peak at 288.3
eV, which corresponds to a new complex, namely Cr(CO)g (Zhang et al.,
2015). Notably, the C=0 peak at 286.4 eV and the C-N peak at 287.9 eV
are substantially diminished due to complexation and reduction, among
other effects. In the N1s spectrum, peaks attributable to amino and
protonated amino groups on the MWSBC-0.5 surface were observed at
399.6 and 402.1 eV, respectively. A remarkable reduction in the peak
area corresponding to O-H at approximately 533.1 eV in the Ols spec-
trum strongly indicates that O-H groups serve as primary active sites for
Cr(VI) adsorption. This observation aligns well with the FT-IR results. In
addition, influenced by the pH value of the solution, the amino groups
and O-H not only play a crucial role in the complexation and reduction
processes but also undergo protonation. Owing to this protonation, the
adsorbent surface becomes positively charged, which enhances the
electrostatic attraction of the material. This could be an ancillary yet
important mechanism in the adsorption dynamics. Another benefit of
the nitrogen-containing moiety is the increased hydrophilicity of the
MWSBC-0.5 surface, which increases the probability of contact between
Cr(VI) ions and the internal pores and active sites of MWSBC-0.5 in the
liquid-phase environment, thereby facilitating the Cr(VI) adsorption
(Yuan et al., 2023).

After the Cr(VI) adsorption, two additional peaks, namely Cr2ps,,
and Cr2p; /o, become prominent in the Cr2p spectrum of MWSBC-0.5.
These peaks can be further deconvoluted into two peaks at 587.3 and
578.07 eV, corresponding to Cr(VI), and two peaks at 586.4 and 576.8
eV, corresponding to Cr(III) (Kuang et al., 2023). These findings align
with earlier descriptions and provide evidence of the occurrence of a
reduction process during the adsorption of Cr(VI) on MWSBC-0.5.
Furthermore, the intensities of the O-H peak at 533.1 eV and the
Fe-O peak at 533.8 eV in the Ols spectrum decrease because of reduc-
tion. The presence of certain functional groups such as C-O and Fe(II)
ions on the MWSBC-0.5 surface facilitates this reduction process. After
reduction, both Cr(III) and Cr(VI) cations are present in the solution.
These cations may undergo cation exchange with Fe(Il) and Fe(IIl),
which are also present on MWSBC-0.5 (Wang et al., 2023d). The XPS
analysis showed that the weakening of the Fe(II) ion signal on MWSBC-
0.5 could be caused by both reduction and cation exchange processes,
whereas the Cr(IIl) signal after adsorption could be caused by multiple
reactive processes, including electrostatic attraction, cation exchange,
and complexation.

In general, the process of Cr(VI) removal on MWSBC-0.5 is not
dictated by a singular mechanism; instead, it involves a combination of
physical and chemical mechanisms (Fig. 7). The principal adsorption
mechanisms can be categorized into four types: reduction, complexa-
tion, cation exchange, and electrostatic attraction.
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Table 5
Comparison of maximum adsorption capacity and reusability efficiency of different chitosan-loaded materials for Cr(VI) removal.
Adsorbent Cr(VI) concentration (mg/L) pH value Qmax Number of cycles Remaining performance (%) Reference
(mg g™
CMLB 40 3.0 30.14 3 72 % (Xiao et al., 2019)
0CS-160 100 3.0 83.6 5 Less than 40 % (Luo et al., 2022)
FSBC(1:1:1) 4.5 101.38 5 69.5 % (Yang et al., 2021)
CMPBC 5 3.0 14.6 - - (Perera et al., 2023)
Ch-ASC400 55 1.5 37.48 - - (Altun et al., 2021)
MWSBC-0.5 50 5 80.79 7 78.6 % This study
Experimental parameters: Temperature 303 K and experiment repeated three times.
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Fig. 7. Schematic of adsorption mechanism.
4. Conclusion

A MWSBC-0.5 composite consisting of chitosan and magnetic bio-
char was prepared, and a tightly interconnected structure was success-
fully constructed by adjusting the proportion of chitosan.
Characterization confirmed that the material was rich in functional
groups and adsorbed 121.8 mg g ! of Cr(VI) in water, which was further
enhanced to 216.6 mg g~ ! at pH = 1. The pseudo-second-order kinetic
and Sips isotherm models revealed the heterogeneous chemisorption
behavior of MWSBC-0.5. The experiments on reusability confirmed a
retention rate of 78.6 % after seven cycles. The performance in the fixed-
bed column experiment and real water simulation was also satisfactory.
Several potential adsorption mechanisms were proposed, including
electrostatic attraction, cation exchange, complexation, and reduction.
In conclusion, this study provides valuable insights into the design and
preparation of high-performance adsorbents from agricultural waste
such as WS to address sustainability challenges.
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