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The removal of boron from wastewater is essential for protecting environmental health and supporting
sustainable urbanization by preventing toxic accumulation in ecosystems. Existing adsorption
technologies face challenges such as limited capacity, slow kinetics, high regeneration costs, and
reduced efficiency due to adsorbent saturation. This study develops an eco-friendly adsorbent (CGCNF
beads) by modifying chitosan nanofibers with b-(+)-glucono-1,5-lactone (GL) to enhance boron
removal. The adsorbents were characterized by *H NMR, Cosy NMR, SEM, BET, TGA, FTIR, and colloidal
titration. Notably, the hydroxyl functional groups grafted onto chitosan nanofibers (49.5%) were found to
be three times higher than those on chitosan flakes (16.4%). The CGCNF beads followed the Langmuir
model and pseudo-second-order model with a maximum boron adsorption capacity of 6.05 mg g7,
surpassing commercial Amberlite IRA-743 resin (5.73 mg g—3). The adsorption process of CGCNF beads
was much faster, reaching equilibrium in 120 minutes, compared to 720 minutes for adsorbent-based
chitosan flakes. The adsorption capacity is significantly enhanced by either elevating the pH levels or
introducing salts such as NaCl, KCl, CaCl,, or MgCl,. The beads showed robust regeneration, maintaining
65.1% of their adsorption capacity after 20 cycles. The developed CGCNF beads also demonstrate
simultaneous high-efficiency removal of B(i) and As(in) ions from local wet flue gas desulfurization (FGD)
wastewater at rates of 94.5% and 100%, respectively, providing a sustainable solution for wastewater

rsc.li/rsc-advances contamination.

1 Introduction

Boron naturally occurs in compounds such as boric acid and
borates found in rocks, soils, and water sources, and is released
through both natural processes and human activities like
mining, agriculture, and industrial emissions. While boron is
essential for plant growth, excessive concentrations in irrigation
water can lead to toxicity, particularly in sensitive crops,
reducing agricultural yield and quality." Overexposure to boron
through contaminated water and food can also pose health
risks to humans, highlighting the need for regulated levels.” As
a result, organizations such as the WHO have set guidelines for
safe boron concentrations of 2.4 mg L ™" for drinking water, with
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some countries implementing even stricter standards to protect
public health.?

Various methods have been suggested for the removal and
recovery of boron, encompassing adsorption,® membrane
filtration,® precipitation,® coagulation,” electrocoagulation,® and
phytoremediation.” Among these approaches, adsorption using
an adsorbent stands out as an economical and efficient tech-
nique for eliminating dissolved boron from water and waste-
water. This preference is attributed to its simplicity in operation
and the limited production of secondary pollutants.’* The
adsorption technique offers a practical and cost-effective solu-
tion, making it a favorable choice in addressing the challenge of
boron removal while minimizing environmental impact.
Various adsorbents, including activated carbon,'* fly ash,*
bentonite," sepiolite,'* illite,* magnesite,'® kaolinite,"” zeolite,"®
waste calcite,'® and red mud,*® have been investigated for boron
separation from aqueous solutions. However, these materials
often exhibit limitations in terms of effectiveness, stability, and
regeneration. To address these shortcomings, researchers have
explored alternative adsorbents aiming to enhance perfor-
mance with non-biodegradable materials such as synthetic
polymers,* silica,* or nylon fiber.>* Despite their effectiveness,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the non-biodegradable nature of these synthetic polymer
adsorbents poses environmental concerns.

Chitosan, a natural polymer abundantly available (second
only to cellulose), stands out for its popularity and afford-
ability.>* Notably, it is inherently biodegradable and releases
non-toxic elements.” Derived from the deacetylation process of
chitin, a major component in the exoskeletons of crustaceans
like shrimps, prawns, crabs, and the cellular walls of fungi,*®
chitosan holds a key position in natural resources. Its compo-
sition includes hydroxyl groups (-OH) and amino groups (-NH,)
that serve as reactive sites and primary sites for chemical
modification. These features make chitosan widely applicable
for various environmental applications, particularly in the
removal of heavy metals and other pollutants. The combination
of its abundant availability, biodegradability, and versatility in
chemical modification underscores chitosan's significance as
an eco-friendly and effective material for diverse applications in
pollution control and remediation processes.”” Although chi-
tosan owns excellent properties, the high crystallinity, low
porosity and limited surface areas of its usual forms such as
flakes and powder can decrease the mass transfer and the
adsorption efficiency.”® Modifying and optimizing the func-
tional groups of chitosan nanofibers can significantly enhance
porosity and surface functionality, eliminate the step of acid
dissolution, and improve adsorption efficiency.” Moreover,
crosslinking augments the stability, acid resistance, and reus-
ability of the material, surpassing the performance of tradi-
tional adsorbents.

Here, an eco-friendly adsorbent, the crosslinked gluconated
chitosan nanofiber (CGCNF) beads, specifically designed for
highly effective boron removal from aqueous solutions is
prepared. The streamlined and simplified preparation process
of CGCNF beads sets it apart, requiring fewer reagents
compared to conventional methods employing chitosan flakes.
This distinctive combination of utilizing chitosan nanofibers
and the simplified synthesis process constitutes the unique
contribution and novelty of our study in the realm of boron
removal adsorbents. Characterization of the resulting CGCNF
beads is thoughtfully conducted using '"H NMR, Cosy NMR,
SEM, BET, TGA, FTIR, and colloidal titration. Boron adsorption
isotherms, kinetics, and potential adsorption mechanisms are
explored under various conditions, including initial pH, initial
boron concentration, contact time, and the presence of chloride
salts including NacCl, KCl, CaCl,, and MgCl,. This work also
delves into the regeneration and reusability of the CGCNF
beads. Furthermore, the adsorption capacity of CGCNF beads
for Se(v), As(m), As(v), Cr(mi), and Cr(v1), as well as the adsorption
of ions in wastewater from a wet flue gas desulfurization (FGD)
system in a coal-fired power plant, were investigated. This work
aims to contribute to sustainable water treatment and envi-
ronmental remediation practices by introducing CGCNF beads
as a versatile and efficient adsorbent. The overarching vision is
to address global challenges related to water quality and envi-
ronmental pollution with eco-friendly materials, offering
a scalable solution that extends beyond specific applications to
promote a broader impact on environmental sustainability and
human well-being.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 Experimental

2.1. Materials and reagents

Chitosan nanofibers 2% (wt%, 20-50 nm average diameter)
were sourced from Sugino Machine Ltd., Japan. Chitosan flakes,
GL (Ce¢H100¢), and ethylene glycol diglycidyl ether (EGDE)
(purity > 99.8%) were supplied by Tokyo Chemical Industry Co.,
Ltd, Japan. Boron standard solution (1000 mg L") and boric
acid (H3BOs;, purity > 99.5%) for preparing boron stock solu-
tions were purchased from Kanto Chemical Co., Inc., Japan.
Sodium chloride (NaCl, purity > 99%), potassium chloride (KCl,
purity > 99.5%), calcium chloride (CaCl,, purity > 95%),
hydrochloric acid (HCl, purity: 35-37%) and sodium hydroxide
(NaOH, purity > 99.5%), and magnesium chloride hexahydrate
(MgCl,-6H,0, purity > 99%), were supplied by Kanto Chemical
Co., Inc., Japan. The dialysis membrane (14 000 molecular
weight cut-off) was provided by Thermo Fisher Scientific Inc.,
USA. Toluidine blue indicator solution (C;5H;6CIN3S, 0.5%,
pH = 7.0) and N/400 potassium polyvinyl sulfate solution were
purchased from FUJIFILM Wako Pure Chemical Corporation,
Japan. Commercial resin Amberlite IRA-743 (particle size
500-700 um, water retention capacity: 48-54%) was
purchased from Dow Inc., USA. These chemicals and reagents
were used directly without further purification. Mili-Q water
(18.25 MQ cm) system purchased from Direct-Q UV3, Merck
Millipore, USA was used throughout all synthesis, adsorption,
and characterization processes.

2.2. Preparation of adsorbents

2.2.1. Preparation of crosslinked gluconated -chitosan
(CGC) particles. Gluconated chitosan (GC) particles using chi-
tosan flakes were synthesized according to our previous work
with some modifications.*® Accordingly, the mixture of 10 g of
chitosan flakes and 1000 mL of acetic acid solution 1% (v/v) was
stirred at room temperature. GL was added to the chitosan
solution with the mole ratio of chitosan : GL (1: 5). The mixture
was refluxed and stirred at 115 °C for 24 h. The mixture was left
to cool to room temperature, and then 1 M NaOH solution was
added to form the particles. The mixture of particles and NaOH
solution was centrifuged. The particles were added to acetone
and then collected by filtration. The impurities of the GC
particles were removed by dialysis against Mili-Q water using
dialysis membrane. The GC particles were crosslinked in Mili-Q
water with a 0.025 M EGDE solution at 50 °C for 6 h. After the
reaction was completed, the mixture was cooled to room
temperature, and the CGC particles were washed thoroughly
with Mili-Q water. The CGC particles were finally dried in
a freeze-dryer and crushed for homogeneity.

2.2.2. Preparation of CGCNF beads. Gluconated chitosan
nanofiber (GCNF) beads were synthesized by blending a 2% (v/v)
solution of chitosan nanofibers with GL in a molar ratio of 1: 5.
The mixture underwent continuous reflux and stirring at 115 °C
for 24 h to achieve a homogeneous solution. Following cooling
to room temperature, dialysis against Mili-Q water using
a dialysis membrane was employed to remove residual
unreacted GL for 5 days. The purified solution was concentrated
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Fig.1 Preparation procedure of the CGCNF beads (A: acetylated unit,
D: deacetylated unit, G: gluconated unit).

to form a gel through rotary evaporation at 35 °C. The gel was
then dropwise introduced into a 0.1 M NaOH solution, resulting
in the immediate formation of beads. Subsequently, these
beads were suspended in a 0.1 M NaOH solution for one day
and thoroughly washed with Mili-Q water until reaching neutral
pH. The GCNF beads were immersed in a 0.025 M EGDE solu-
tion, and this mixture underwent mechanical stirring at 50 °C
for 6 h to facilitate crosslinking. Finally, the resulting CGCNF
beads were filtered, extensively washed with Mili-Q water, dried
in a freeze dryer for 12 h, and stored in a desiccator. The
pictures of CGCNF beads before and after freeze-drying are
shown in Fig. S1.f The synthesis process of CGCNF beads is
presented in Fig. 1.

2.3. Characterization

2.3.1. Proton nuclear magnetic resonance (‘"H NMR) and
Cosy NMR. In this work, chitosan nanofibers and GCNF beads
were characterized by using 'H NMR (Proton Nuclear Magnetic
Resonance). "H NMR was selected since it provides a unique
insight into the molecular structure of chitosan-based parti-
cles.®* It allows precise identification and quantification of
individual protons in the chitosan polymer, offering a compre-
hensive understanding of its composition, branching, and
degree of acetylation. This capability makes "H NMR particu-
larly valuable for elucidating the molecular intricacies of
chitosan-based particles, complementing the information ob-
tained from other analytical techniques. In this study, chitosan
nanofibers and GCNF beads were dissolved in trifluoroacetic
acid (CF;COOH) 2% (v/v) solution with the solvent of deuterium
oxide (D,0) while GL was dissolved in D,O. "H NMR data and
'H-'H Cosy NMR data were recorded by JNM-ECZ400S, Jeol,
Japan which was operated at 400 MHz.

2.3.2. Colloidal titration. The determination of the degree
of deacetylated units (DD%) of chitosan flakes, chitosan nano-
fibers, GC particles and GCNF beads was performed by colloidal
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titration. In this experiment, 0.1 g of material, 8.6 mL of 3 M
acetic acid solution and Mili-Q water were added fully into
200 mL volumetric flask. The mixture was titrated by N/400
PVSK using toluidine blue as the indicator. The titration
process finished when the colour of the mixture transformed
from blue to purple-pink (Fig. S2). The titration study was
carried out in quintuplicate.

2.3.3. Scanning electron microscope (SEM). FE-SEM model
Hitachi S-4700, Japan was examined to observe the morpho-
logical structure of chitosan nanofibers, CGC particles, and
CGCNF beads after freeze-drying.

2.3.4. BET. The specific surface areas of CGCNF beads and
CGC particles were determined by using ASAP 2020, Micro-
meritics, USA. The samples were degassed at 70 °C for 6 h before
the measurements. The Brunauer-Emmett-Teller (BET)
method was used to calculate the specific surface areas.

2.3.5. TGA. Thermogravimetric analysis (TGA) of the
prepared samples was conducted using a computer-
programmed TGA/DSC-1 instrument (STA 6000, PerkinElmer,
USA). Each analysis utilized 5 mg samples placed in alumina
crucibles. The samples were heated from 35 to 820 °C at a rate of
10 °C min™~" under an air purge with a flow rate of 40 mL min .

2.3.6. Fourier transform infrared spectra (FTIR). All
samples were initially finely ground using a mortar and pestle.
1.0-2.0 mg amount of each sample was then blended with
200 mg of potassium bromide (KBr), which had been thor-
oughly dried in microfuge tubes via lyophilization. The
mixtures underwent further drying for 2 h in the same micro-
fuge tubes. Subsequently, the KBr-based mixtures were
compressed into thin discs under a pressure of (5-10) x 10’ Pa.
ATR measurements were conducted with a FTIR spectrometer
(VERTEX 70). The pellets were scanned at a resolution of
4 cm™ ", performing 100 scans within the spectral range of 4000~
500 cm™ " at ambient temperature. Dry air was continuously
flowed through the sample compartment to avoid interference
from water vapor. Band positions were determined based on the
center of mass, with spectra from the same experimental groups
being baseline corrected, normalized, and averaged.

2.3.7. Stability of GC particles, CGC particles, GCNF beads
and CGCNF beads. The stability of adsorbents is a crucial key
for the regeneration and practical operation. In this experiment,
0.2 g of each material was immersed in 20 mL of different
solutions including Mili-Q water, 0.1 M NaOH, 6 M NaOH, 0.1 M
HCl and 6 M HCI for 1 month and observed the adsorbents.

2.4. Batch adsorption experiments

2.4.1. Effect of different pH values. A total of 0.8 g of
CGCNF beads were introduced into a 20 mL solution containing
400 mg L™ of boric acid, with pH values ranging from 2.03 to
12.03. Initial pH adjustments were made using 0.1 M HCI and
0.1 M NaOH solutions, monitored by a pH meter (F-52, Horiba,
Japan). The samples were then subjected to shaking in a water
bath at 25 °C for 24 h and subsequently filtered through
Whatman 50 filter paper (2.7 um particle retention) to obtain
the filtrate. To assess boron adsorption efficiency at various pH
levels and compare these results with CGC particles, identical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experiments were conducted following the same procedures
outlined above.

2.4.2. Boron adsorption isotherms. For the adsorption
isotherms, 0.8 g of CGCNF beads were immersed in 20 mL of
boric acid solution, with initial boron concentrations ranging
from 10 to 400 mg L™, within polypropylene bottles. The initial
pH solutions were at 5.45. These mixtures were subjected to
shaking in a water bath at 25 °C for 24 h to attain equilibrium,
followed by filtration through Whatman 50 filter paper to
separate CGCNF beads from the filtrate. To benchmark the
efficiency of CGCNF beads, the boron adsorption capacities of
CGC particles and the commercial resin Amberlite IRA-743 were
also investigated under the same conditions. The experimental
data were then simulated using the Langmuir, Freundlich, and
Temkin models.

2.4.3. Boron adsorption kinetics. In this experiment, 0.8 g
of CGCNF beads were suspended in 20 mL of boric acid solution
with an initial boron concentration of 400 mg L™ ". The samples
were agitated in a water bath at 25 °C for durations ranging
from 15 min to 24 h. All experiments were conducted at a boric
acid pH of 5.56. The same experiment was conducted for CGC
particles. Filtrate samples were collected using the filtration
method, and the experimental data for boron adsorption were
simulated using the pseudo-first order, pseudo-second order,
and intra-particle diffusion models.

2.4.4. Effect of foreign ions on boron adsorption. To assess
boron uptake capacity in the presence of competitive ions,
additional adsorption experiments were conducted in boron
solutions containing NaCl, KCl, CaCl,, or MgCl,. Specifically,
0.8 g of CGCNF beads were immersed in 20 mL of boric acid
solution with an initial boron concentration of 400 mg L™ " in
the presence of NaCl, KCl, CaCl,, or MgCl,. The ion strengths
were set at 1.0, 2.0, 3.0, and 4.0 mol L™* for Na*, K, and Ca*",
and 0.5, 1.0, 1.5, and 2.0 mol L™" for Mg>", respectively. All
samples were shaken at 25 °C for 24 h to achieve adsorption
equilibrium. At the conclusion of the experiment, filtrate was
collected by filtration for the measurement of boron
concentrations.

2.4.5. Adsorption efficiency of various metals and metal-
loids on CGCNF beads. To assess the adsorption efficiency of
various metals and metalloids on CGCNF beads, 0.8 g of the
beads were introduced into 20 mL solutions containing sepa-
rately Se(vi), As(m), As(v), Cr(m), or Cr(vi). The initial concentra-
tions of 5 samples were set at 400 mg L™, and the experiments
were conducted at 25 °C for 24 h. The experiment for CGC
particles was performed following the same procedures. After
filtration, the concentrations in the samples were determined
using an inductively coupled plasma-atomic emission spec-
trometer (ICP-AES). All the experiments of boron adsorption
were carried out in duplicate to ensure accurate results.

2.5. Reusability studies

For the reusability studies, CGCNF beads obtained from the
filtration step of boron adsorption were washed multiple times
with Milli-Q water. Subsequently, the beads were suspended in
50 mL of a 0.1 M HCI solution in a polypropylene bottle and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shaken at 25 °C for 24 h. Afterwards, the CGCNF beads under-
went several washes with Milli-Q water. To reactivate the
adsorbent, the beads were introduced into 50 mL of a 0.1 M
NaOH solution, followed by shaking at 25 °C for 12 h. Finally,
the beads were dried in a freeze dryer for 12 h for the next
adsorption-desorption cycle. The reusability study of CGC
particles was carried out the same procedure with 5 cycles.

Blank samples were also conducted for each batch test. The
boron concentration in the samples was measured using a UV/
VIS/NIR spectrophotometer through the Azomethine-H
method. The determination of boron concentration was
carried out at a wavelength of 415 nm. The removal efficiency of
boron (H) and boron adsorption capacity (g.) can be calculated
as follows:

= S C, 100(%) (1)
C
G — C. _
Qo= —77— % V(mgg™) (2)

where C, and C. (mg L") represent the initial and equilibrium
concentrations of boron in the solution, respectively, M (g) is
the weight of dry adsorbent and V (L) is the volume of solution.

3 Results and discussion
3.1. 'H NMR and Cosy NMR analysis

Fig. 2 presents the "H NMR spectra of the solvent CF;COOH in
D,0, GL in D,0, chitosan nanofibers, and GCNF beads in CF;-
COOH/D,0. The spectra clearly show the overlap of the signal of
H1 in acetylated units and deacetylated units with the solvent
CF;COOH in D,O. This finding is similar to the result of other
studies.** The internal standard applied for assigning the
chemical shifts of the protons was D,O/CF;COOH, which
developed as a peak at 4.79 ppm. Proton assignments for chi-
tosan nanofibers, as reported in our previous work, include 63 1
correlated to H2 (deacetylated units), 6,0, related to three

o
ocl~d

H2 - HE (A)
HY - H11

e’ &

H3 - HB (D) Ho——
"
o

H8 y
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Fig. 2 H NMR spectra of different samples (a) CFsCOOH/D,O
[2%, vIvl, (b) GL in D,O, (c) chitosan nanofibers in CFsCOOH/D,O
[2%, v/v] and (d) GCNF beads in CFsCOOH/D,0 [2%, v/Vv].
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Fig. 3 Cosy NMR spectrum of GCNF beads.

methyl H atoms (acetylated units), and 05 ¢5_3.4 assigned to ring
protons from H3 to H6 (deacetylated units) and ring protons
from H2 to H6 (acetylated units). Proton assignments for GL
were reported as follows: 044, Was attributed to H7, and 0410
corresponded to H8.** Chitosan nanofibers were chemically
functionalized with GL through the reaction of amine groups
and gluconated groups. The chemical grafting of gluconated
units onto the chitosan nanofibers skeleton was confirmed by
the "H NMR spectrum, revealing various small peaks (Fig. 2d).
The structure of GCNF beads was further elucidated by
detailed 2D COSY, specifying the positions of diverse protons on
the chitosan nanofibers backbone and protons on gluconated
units (Fig. 3). Coupling reactions between H2 and H3, and
between H7 and H8, were observed. The new signal of GCNF
beads, 0,3, was identified as H7. Notably, the new signals at
04.08 and 03 ¢g were attributed to H8, both coupled to H9, indi-
cating that H8 was split by H9. In addition, the results of GC
particles using chitosan flakes from 'H NMR and 2D COSY
analysis were similar to GCNF beads using chitosan nano-
fibers.*® The appearance of protons H7 and H8 provides further
evidence that gluconated groups were successfully grafted onto
chitosan flakes and chitosan nanofibers. However, these
methods may not be able to determine the degree of gluconated
groups on GC particles and GCNF beads. Therefore, colloidal
titration (presented in the next section) was carried out to
ascertain the degree of gluconated units and the level of grafted
gluconated units on both GC particles and GCNF beads.

Table 1 Characteristics of chitosan and modified chitosan®
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3.2. Colloidal titration

The presentation of the degree of acetylated units (DA%), DD%,
and the degree of gluconated units (DG%) in the structure of
chitosan nanofibers and GCNF beads is depicted in Fig. S3.7
Table 1 presents the characteristics of chitosan and modified
chitosan. In a previous study, the DD% of chitosan flakes and
chitosan nanofibers was determined to be 84.65% and 88.11%,
respectively.’® Based on these values, the calculated DG% for GC
particles and GCNF beads was found to be 13.88% and 43.60%,
respectively. Details of the calculation are shown in ESI
(eqn (S1)—(S4)).t Additionally, the level of grafted gluconted
units (LGG%) for GC particles and GCNF beads was 16.4% and
49.5%, respectively. Notably, the level of gluconated units
introduced in chitosan nanofibers was observed to be three
times higher than in chitosan flakes. This enhancement in the
level of gluconated units in GCNF beads is attributed to the high
porosity, strong interconnection, small inner fibrous pore size,
and adjustable surface functionality (free amine groups) within
the structural network of chitosan nanofibers.

3.3. The stability of GC particles, CGC particles, GCNF beads
and CGCNF beads

The solubility test results for all adsorbents are presented in
Table S1.f GC particles and GCNF beads demonstrate insolu-
bility in neutral and alkaline environments, while they readily
dissolve in acidic solutions. This property limits the reusability
of GC particles and GCNF beads, as the desorption process
requires the use of an acid solution to release boron. Following
crosslinking with EGDE, CGC particles and CGCNF beads were
subjected to suspension in 0.1 M HCl and 6 M HCI solutions for
one month. Notably, these adsorbents did not dissolve in
different HCI solutions (Fig. S47). It is suggested that the
crosslinking step enhances the chemical durability and
mechanical stability of adsorbents in acidic solutions.*
Consequently, CGC particles and CGCNF beads can be effec-
tively applied for desorption in acidic media.

3.4. SEM analysis and BET surface area

The SEM images in Fig. 4 depict chitosan nanofibers, CGC
particles, and CGCNF beads after freeze-drying at various
magnifications. The surface morphology of chitosan nanofibers
reveals a dense network of fibers (Fig. 4a). In the meanwhile, the
CGC sample displays a less porous morphology (Fig. 4b).
Following physical and chemical modification, CGCNF beads
display a porous and rough morphology (Fig. 4c), contributing

Sample DD (%) DG (%) LGG (%) Ref.
Chitosan flakes 84.65 £+ 0.63 n.a n.a 30
Chitosan nanofibers 88.11 £+ 0.45 n.a n.a 30

GC particles 70.77 + 0.33 13.88 + 0.71 16.4 £+ 0.85 This work
GCNF beads 44.51 + 0.27 43.60 £+ 0.69 49.5 + 0.82 This work

“ n.a: not applicable.
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Fig. 4 SEM images of chitosan nanofibers (a), CGC particles (b), and
CGCNF beads (c) after freeze-drying at different magnifications.

to a substantial specific surface area and an increased number
of active binding sites. This unique structural characteristic
enhances the boron adsorption capacity of CGCNF beads.

In the meanwhile, the N, adsorption-desorption isotherms
of both the CGC particles and CGCNF samples exhibit type III
behavior, indicating nonporous adsorbents with a H4 type
associated with narrow slit pores (Fig. S57).

The BET surface area of the CGC particles was measured at
3.4 £ 0.3 m” g~ with a total volume pore of 4.1 x 107> 4+ 4.0 x
10~ * em® g, while that of the CGCNF beads was significantly
higher at 20.9 + 2.1 m* g~ with total volume pore of 1.6 x 10>
+ 1.4 x 107° em® g~". Therefore, the chemical interactions
between boron and CGCNF involve dominantly chemical
bonding rather than physical adsorption, which will be dis-
cussed in the next section. The pore size distribution of CGCNF
sample is also presented in Fig. S6,T confirming its nonporous
materials. The irregularity of the bead surface observed in SEM
images (Fig. 4) contributes to the larger specific surface area of
the CGCNF beads. However, despite this irregularity, the
porosity may be reduced due to the more compact chemical
structure caused by cross-linking. Additionally, the blockage of
internal chitosan pores by gluconated molecules could be
another probable reason for the observed low in porosity.

3.5. TGA

Fig. S71 presents the TGA results of the prepared samples. The
initial sharp reduction in the mass of CGCNF beads and CGC
particles observed within the first 150 °C of the TGA
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experiments is attributed to the evaporation of moisture and
humidity. Following this initial loss, the CGCNF beads exhibi-
ted stability up to 250 °C, whereas the CGC particles showed
a sharp decline. This result aligns well with the N, adsorption-
desorption isotherm data, indicating that CGC particles have
larger surface areas, which leads to greater moisture absorption
and its continuous evaporation as the temperature increases.
From 250 °C onwards, both samples showed a continuous
weight decrease with increasing temperature. The CGCNF
beads were completely decomposed by 820 °C, whereas the CGC
particles retained about 20% of their weight at this temperature.
The TGA results indicate that CGCNF beads and CGC particles
behave differently under thermal conditions due to differences
in their physical properties. The slightly larger surface area of
CGC particles leads to higher moisture absorption, causing
a more gradual mass loss compared to CGCNF beads. The
CGCNF beads' stability up to 250 °C suggests better thermal
resistance in this range, while the complete decomposition by
820 °C reflects their overall lower thermal stability compared to
CGC particles, which retain residual mass due to potentially
more stable components or structures within the material. The
stability of CGCNF beads up to 250 °C and their mass loss
starting at a higher temperature is not an issue for the boron
removal experiment; in fact, it is a desirable property. This
indicates that the CGCNF beads are suitable for boron removal
from wastewater, as the process is typically performed at room
temperature, well below 250 °C, both in laboratory settings and
practical applications. In contrast, CGC particles display
continuous weight loss within this temperature range, making
CGCNF beads a more promising adsorbent for boron removal
for future development and applications.

3.6. FTIR

The FTIR spectra of chitosan nanofibers, GC particles, and
CGCNF beads are shown in Fig. 5. Key peaks for chitosan
nanofibers include 3439 em™' (N-H and O-H stretching),
2925 em™ ' (CH; symmetric stretch), 1666 cm ™' (C-O stretch),
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Fig. 5 FTIR of chitosan nanofibers, GC particles, and CGCNF beads.
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and 1073 ecm ™' (C-OH stretch). In the case of chitosan nano-
fibers and GC particles, the N-H stretching overlaps with the
broad O-H peak, making it difficult to distinguish them clearly.
However, for CGCNF beads, the N-H and O-H peaks are well-
separated and distinct. This distinction occurs due to the
crosslinking process, which alters the molecular structure and
strengthens the separation between these two functional
groups, resulting in sharper, more defined peaks. In CGCNF
beads sample, shifts are observed: the N-H and O-H stretch
moves from 3439 to 3417 cm™ !, CH; stretch from 2925 to
2937 cm !, C-O stretch from 1666 to 1645 cm ™', C-N stretch
from 1438 to 1406 cm ', and C-OH stretch from 1073 to
1037 cm ™. These results align with prior studies,*** suggesting
that the presence of -OH functional groups could promote
boron adsorption. Such -OH groups could form strong stable
complexes with boron species.

3.7. Effect of initial pH values on boron adsorption

PH is a critical parameter that significantly influences the
adsorption efficiency of adsorbents. Fig. 6 illustrates the impact
of pH values on the boron adsorption capacity of CGCNF beads
and CGC particles, and the inset figure exhibits the final pH
after boron adsorption. The pH investigation for boron
adsorption covered a range from 2.03 to 12.03. It is evident that
the boron adsorption capacity of both CGCNF beads and CGC
particles gradually increased as the initial pH of the solution
rose from 2.03 to 10.01, and it significantly increased between
initial pH values of 10.01 and 12.03. At the optimal pH of 12.03,
the highest boron adsorption capacity reached 6.63 and 5.02 mg
g~ !, with maximum boron removal efficiencies of 65.61% and
49.66%, using CGCNF beads and CGC particles, respectively
(Fig. S8t). Notably, CGCNF beads and CGC particles exhibited
superior performance for boron removal at higher pH values.
This phenomenon can be attributed to the surface charge of the

8
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Fig. 6 Effect of initial pH solution on boron adsorption by using
CGCNF beads and CGC particles. Inset graph shows the final pH after
boron adsorption using CGCNF beads (initial concentration of boron:
400 mg L™% mass of adsorbent: 0.8 g, initial pH solution: 2.03-12.03,
solution volume: 20 mL, contact time: 24 h and temperature: 25 °C).
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adsorbents. As the initial pH of the solution increased, the
higher adsorption efficiency at alkaline conditions is attributed
to the presence of excess hydroxyl ions in gluconated groups.
These hydroxyl ions can react with boron, forming strong borate
complexes. Furthermore, boric acid B(OH); exists mainly in
aqueous solution at pH < 6 while polyborate species such as
[B;03(OH)4] ™, [B4Os(OH),]*~ and [BsO¢(OH),]” are predomi-
nantly formed in the range of pH value from 6 to 10. When pH is
higher than 10, [B(OH),]  ion exists chiefly in aqueous solu-
tion.*® All B(OH);, polyborate species and [B(OH),]~ ions could
generate complexes with vis-diols; however, tetrahedral boron
coordination structure created by vis-diols and [B(OH),]  is
much stronger than B(OH);.*” The enhancement in boron
adsorption efficiency with increasing pH can be attributed to
the intensified interaction between vis-diols on the adsorbent
surface and boron. The rise in pH promotes this interaction.
Conversely, as the initial pH decreases, the positively charged
surfaces of CGCNF beads and CGC particles increase due to
protonation. This leads to the formation of repulsive forces
between functional groups on the adsorbent surface and boron,
resulting in decreased adsorption efficiency. The findings
suggest that the adsorbents can be activated by immersion in an
alkaline solution before the adsorption process and can be
regenerated through acid treatment. Analyzing the trend
depicted in Fig. 6, it becomes apparent that raising the pH
beyond 12 has the potential to enhance boron adsorption
capacity. However, it is crucial to emphasize the practical
considerations relevant to wastewater treatment applications.
The use of NaOH for pH adjustment, particularly at higher pH
levels, raises safety concerns due to its corrosive nature, posing
risks not only to human eyes, skin, and respiratory systems but
also to pipeline systems upon contact. Additionally, it may
contribute to the creation of secondary toxic contaminants.
Striking a balance between achieving effective boron removal
and ensuring the safety and practicality of the treatment
process is imperative in practical applications.

3.8. Boron adsorption isotherm

Isotherm data is significant for predicting the adsorption
mechanism and adsorption capacity of a variety of adsorbents.*®
In this study, the experimental data were simulated via Lang-
muir, Freundlich, and Temkin adsorption isotherm models.
The non-linear form of Langmuir isotherm equation is repre-
sented as follows:

_ quax Ce

T 1+bC, (3)

qe

The linear form of Langmuir isotherm equation is described
as follows:
C. 1 1
—= +—=C. 4
qe quax [ )

Qmax

where gp.y is the highest adsorption capacity (saturation value)
(mg g~ ' adsorbent), g. is the amount of adsorbed boron at
equilibrium in the solution (mg g~ " adsorbent), C. is the boron
concentration at equilibrium in solution (mg L"), and b is the
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Langmuir constant involved in energy of adsorption (L mg "
adsorbent).

The non-linear form of Freundlich isotherm equation is as
follows:

ge = KFCel/n (5)

The linear form of Freundlich isotherm equation is given as
follows:

log ¢. = log K¢ + % log C. (6)

where Ky is the Freundlich constants and 7 is the equilibrium
coefficient, respectively.

The non-linear form of Temkin isotherm equation is as
follows:

g = BIn(41C,) (7)

The linear form of Temkin isotherm equation can be
expressed as follows:

ge = BIn(At) + BIn(C,) (8)
and
B = RT/br ©)

where by is the constant of Temkin isotherm (k] g mol ), R is
the ideal gas constant (8.3145 J mol ' K™ '), T'is thermodynamic
temperature (K), and A represents the constant of equilibrium
binding corresponding to the maximum binding energy (L g™ %).

The calculated parameters and fitted results of these three
isotherm models are given in Table S21 and Fig. 7, respectively.
The plots of Ce/q. versus Ce, log(q.) versus log(Ce), and g. versus

7
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Experimental data_CGCNF beads
Langmuir model_CGC particles
----------- Freundlich model_CGC particles
= Temkin_CGC particles
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Fig. 7 Fitting of boron adsorption isotherm models onto CGCNF
beads and CGC particles (initial concentration of boron: 10—
400 mg L™! mass of adsorbent: 0.8 g, initial pH solution: 5.45, solution
volume: 20 mL, contact time: 24 h and temperature: 25 °C).
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In(C,) for the adsorption of boron onto CGCNF beads and CGC
particles formed according to the linear forms of Langmuir,
Freundlich, and Temkin isotherms are shown in Fig. S9 and
S10,7 respectively.

As can be seen from Table S2,} the R* value of Langmuir
adsorption isotherm of CGCNF beads is 0.9976, which is higher
than 0.9441 of Freundlich, and 0.9687 of Temkin adsorption
isotherm models. The findings suggest that Langmuir adsorp-
tion isotherm model is well-suited to describe the boron
adsorption onto CGCNF beads. These results imply that the
adsorption process follows a monolayer and homogeneous
mechanism. Additionally, the use of the dimensionless sepa-
ration factor Ry, in Langmuir isotherm aids in predicting the
favorability of the boron adsorption process by CGCNF beads.*
The equation for the determination of R; is presented as
follows:

1

Ro= ——
LT 116G,

(10)
where C, is the initial boron concentration in the solution (mg
L™Y). Ry, refers to boron adsorption types including favorable (0
<Ry, <1), unfavorable (R, > 1), linear (R, = 1) and irreversible (R,
= 0). As shown in Table S2, the values of Ry, in the range of
0.027-0.513 less than 1 suggest that the adsorption process of
boron onto CGCNF beads is favorable.

A list of the maximum adsorption capacities for boron onto
CGCNF beads and other adsorbents reported in previous work
is shown in Table 2. According to Langmuir adsorption
isotherm, the ¢pax of CGCNF beads (¢max = 6.05 mg g ') for
boron removal from this work is higher than CGC particles
(¢max = 4.13 mg g~ ') and other adsorbents. In order to assess
the practicability of CGCNF beads in this work, the boron
adsorption process using commercial resin Amberlite IRA-743
was performed under the same conditions. Interestingly, the
max 0f CGCNF beads is higher than that of this commercial
resin (5.73 mg g~ *). Thus, CGCNF beads adsorbent is a suitable
and promising material for the removal of boron from aqueous
solution since it possesses higher adsorption capacity than
other adsorbents.

3.9. Boron adsorption kinetics

Prediction of the adsorption rate for boron removal plays an
important role in designing treatment equipment in the prac-
tice.** The dynamic adsorption of boron onto CGCNF beads was
conducted by pseudo-first order, pseudo-second order, and
intra-particle diffusion models.

The pseudo-first order kinetic model is written as the
following equation:

kit
toe(a: ~ ) = tog(a: ~ 3375 (1)

The non-linear form of pseudo-first order model is expressed
as follows:

q: = qe(1 — exp(—k1)) (12)
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Table 2 Comparison of maximum adsorption capacities of boron onto various adsorbents

Adsorbent Gmax (Mg g™ 1) Experimental conditions Ref.

Granular activated carbon 0.85 Co =5-60 mg L™, pH = 7, 25 °C, 4 h, dose = 0.5 g/50 mL 11

Granular activated carbon modified 1.50 Co =5-60 mg L', pH = 8.5, 25 °C, 4 h, dose = 0.5 g/50 mL

with mannitol

Granular activated carbon modified 1.45 Co =5-60 mg L', pH = 8.5, 25 °C, 4 h, dose = 0.5 g/50 mL

with xylitol

Granular activated carbon modified 1.04 Co =5-60 mg L', pH = 8.5, 25 °C, 4 h, dose = 0.5 g/50 mL

with sodium gluconate

Calcined alunite 3.39 Co =5-250 mg L', pH = 10, 25 °C, 48 h, dose = 1 g/25 mL, 40
140 rpm

Rice hulk 5.00 Co = 50-300 mg L™, pH = 5-10, 25 °C, 8 h, dose = 1 g/100 mL, 11
90 rpm

Chelating resins with pyrocatechol 4.54 Co =22-108 mg L', 25 °C, 24 h, dose = 1 g/100 mL 42

functional group

T;O,-chitosan beads 4.12 Co = 0.5-20 mg L', pH = 4, 25 °C, 5 min, dose = 1 g/20 mL 43

Cr,0;-chitosan beads 3.66 Co = 0.5-20 mg L™, pH = 4, 25 °C, 5 min, dose = 1 g/20 mL

Fe;0,-chitosan beads 4.38 Co = 0.5-20 mg L', pH = 4, 25 °C, 5 min, dose = 1 g/20 mL

Fe(OH);-chitosan beads 11.10 Co = 0.5-20 mg L™, pH = 4, 25 °C, 5 min, dose = 1 g/20 mL

Chitosan particles — Co = 10-400 mg L’j, pH = 5.45, 25 °C, 24 h, dose = 0.8 g/20 mL This work

Chitosan nanofibers beads — Cop = 10-400 mg L™, pH = 5.45, 25 °C, 24 h, dose = 0.8 g/20 mL

Amberlite IRA-743 5.73 Co = 10-400 mg L', pH = 5.45, 25 °C, 24 h, dose = 0.8 g/20 mL

CGC particles 4.13 Co = 10-400 mg L™ !, pH = 5.45, 25 °C, 24 h, dose = 0.8 g/20 mL

CGCNF beads 6.05 Co = 10-400 mg L', pH = 5.45, 25 °C, 24 h, dose = 0.8 g/20 mL

The pseudo-second order kinetic model is given as follows:

LI (13)
@ kg qe

The non-linear form of pseudo-second order model is pre-
sented as follows:
quezt

= —— 14
1 1+k2¢Ie[ ( )

The intra-particle diffusion model can be expressed by the

following equation:

4= Kgr 1" + C (15)
where ¢, is the adsorbed amounts of boron onto adsorbent (mg
g~ ! adsorbent) at time ¢, . is the adsorbed amounts of boron
onto adsorbent at equilibrium (mg g~ * adsorbent), k; (min ™) is
the rate constant of pseudo-first order model, k, (g mg™ " min™")
is the rate constant of the pseudo-second order model, Ky is
the diffusion rate constant (mg g~* min~"?), and C is intra-
particle diffusion constant intercept of the line (mg g™ ).

The plots of the pseudo-first-order, pseudo-second-order,
and intra-particle diffusion kinetics of boron adsorption and
kinetics parameters are shown in Fig. S11, S12 and Table S3.f
It is found that the correlation coefficient R> of CGCNF beads
obtained from the pseudo-second order kinetic model (R* =
1.0000) was higher than that obtained from the pseudo-first
order kinetic model (R* = 0.9958) and intra-particle diffusion
(R* = 0.3860). The findings suggest that the adsorption of boron
ions onto CGCNF beads is likely controlled by chemical
adsorption through the exchange of boron ions and vis-diol

7098 | RSC Adv, 2025, 15, 7090-7102

functional groups. As depicted in Fig. 8, the kinetic curve for
boron onto CGCNF beads indicates rapid initial adsorption,
reaching equilibrium after 120 minutes.

In contrast, CGC particles obtained the adsorption equilib-
rium time after 720 minutes. These results highlight the crucial
role of the structural properties of modified chitosan nano-
fibers, including surface area and porosity, in enhancing the
adsorption rate compared to modified chitosan flakes.

g, (mg/g)

0 T T T T T T T T T

1000
Time (min)

— — = Pseudo-first order_CGCNF beads
——————— Pseudo-second order_ CGCNF beads
— - — Intra-particle diffusion_ CGCNF beads

®  Experimental data_CGCNF beads
— - - — Pseudo-first order_CGC particles
Pseudo-second order_CGC particles
----------- Intra-particle diffusion_CGC particles

Fig. 8 Fitting of boron adsorption kinetic models onto CGCNF beads
and CGC particles (initial concentration of boron: 400 mg L%, mass of
adsorbent: 0.8 g, initial pH solution: 5.56, solution volume: 20 mL,
contact time: 0—-24 h and temperature: 25 °C).
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3.10. Effect of foreign ions on boron adsorption

In order to examine the interference of competitive ions on
boron adsorption, experiments were conducted in the presence
of Na*, K, Ca®" and Mg*". The effect of foreign ions on boron
adsorption is given in Fig. 9 and S13.f Boron adsorption
capacity of CGCNF beads slightly increased, and the highest
boron adsorption capacity was achieved at 6.49 and 6.21 mg g~
in the presence of Na" and K', respectively, comparing boron
adsorption capacity at 5.53 mg g~ ' without foreign ions. The
maximum boron removal efficiency was 62.2 and 59.9% with
the addition of Na' and K'. Furthermore, the rapid enhance-
ment in boron adsorption capacity was observed in the presence
of Ca®>" and Mg>" ions. The peak boron adsorption capacity
reached 6.96 and 7.07 mg g ', with maximum removal effi-
ciencies of 66.1% and 70.8%. This improved performance is
likely attributed to the salting-out effect, as documented in
previous studies.***® The significant increase in boron adsorp-
tion in the presence of Ca>* and Mg>" ions is attributed to two
hydroxyl groups bonding to Ca** and Mg>' ions playing as
vis-diol groups, which can form stable complexes with boron in
aqueous solution. In addition, similar observations have been
reported in previous works.*”

Based on the experimental results discussed above, we
propose a potential boron adsorption mechanism as presented
in Fig. 10. Under acidic conditions, where most boron exists as
H;BO;, protonation of amine and hydroxyl groups weakens
chelation, hampering adsorption. Boric acid's molecular form
changes with aqueous pH, impacting adsorption. As mentioned
earlier, boric acid B(OH); exists mainly in aqueous solution at
pH < 6 while polyborate species such as [B;O3(OH)4],
[B4O5(OH),]>~ and [BsO6(OH),]~ are predominantly formed in
the range of pH value from 6 to 10, enhancing polyhydroxyl
group coordination. When pH is higher than 10, [B(OH),] ion
exists chiefly in aqueous solution and increased solution

mg B/g adsorbent
O =2 N W s OO N

mg B/g adsorbent
O =2 N W s OO N ®

15 2 25
Cu (mol/L)

ONa* BK' Eca* OMg*

Fig. 9 Effect of ions Na*, K*, Ca®>* and Mg>* on boron adsorption
capacity by using (a) CGCNF beads and (b) CGC particles.
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Fig. 10 Schematic diagram of the synthesis of CGCNF beads and
feasible boron adsorption.

alkalinity weakens adsorption due to electrostatic repulsion
between negatively charged CGCNF bead's surface and
[B(OH),] . The presence of more hydroxyl ions competes with
boron for adsorbent sites, challenging boron complexation.
However, boron -OH- competition is less pronounced, as
complexed boric acid resists desorption in alkaline eluents. It is
noteworthy that wastewater from wet FGD system of coal-fired
power contains high concentration of cations (Ca>*, Mg*",
Na‘, and K').*»** Commonly employed in FGD, wet scrubbers
use limestone (CaCOj;) or lime (Ca(OH),) as adsorbents to
capture and transform SO, gases. Given this, CGCNF beads
emerge as a fitting adsorbent for boron removal applicable in
FGD wastewater, brine, or seawater, containing diverse salts like
Nacl, KCl, CaCl,, and MgCl,.

3.11. Adsorption efficiency of various metals and metalloids
on CGCNF beads and CGC particles

The selective capture properties of CGCNF beads and CGC
particles were evaluated through batch experiments examining
the adsorption efficiency of various metals and metalloids
prevalent in the wastewater from FGD system of coal-fired
power plants, including Se(vi), As(m), As(v), Cr(m), and Cr(vi).*°
Notably, Fig. S147 reveals limited effectiveness in removing
Se(vi), As(v), and Cr(vi) by CGCNF beads and CGC particles in
aqueous solution. In contrast, the CGCNF beads showcases
significant adsorption capacities, specifically 3.50 mg g~ * for
As(m) and 4.87 mg g~ * for Cr(m), and results of CGC particles
were 1.55 mg g for As(m) and 3.38 mg g~ for Cr(u) at an initial
concentration of 400 mg L™ ". These outcomes underscore the
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selective capture properties, indicating the formation of stable
tetrahedral structures through the binding of trivalent cations
and [B(OH),]” ions, resulting in robust complexes. This
distinctive phenomenon enhances the adsorption of trivalent
cations on vis-diol grafted-CGCNF beads, thereby exemplifying
the ability of CGCNF beads to selectively and effectively remove
trivalent metals and metalloids, including B(m), As(m), and
Cr(m), from aqueous solutions.

3.12. Regeneration and reusability of CGCNF beads and
CGC particles

Desorption and reusability are pivotal considerations for prac-
tical applications, impacting operational costs. To assess the
potential for practical use, the adsorption-desorption-regen-
eration cycles were performed 20 times for CGCNF beads and 5
times for CGC particles. The recovery of adsorbents involved
using a 0.1 M HCI solution, followed by reactivation using
a 0.1 M NaOH solution. This robust performance highlights the
efficiency and recyclability of the adsorbents, contributing to
cost-effective water treatment solutions. The obtained findings
are illustrated in Fig. S15.F

The boron adsorption percentage of CGCNF beads dimin-
ishes with increasing cycles but remains above 91.6% after 4
cycles, and over 84.8% after eight cycles, gradually decreasing to
65.1% after 20 cycles. The results obtained in our study
exhibited comparative performance with previous findings
from other researchers (Table S41), who have reported a similar
trend of boron adsorption decreasing sharply after 6-7 cycles.
This consistency across studies underscores the importance of
our findings and highlights the reproducibility of the observed
phenomenon. This work, therefore, contributes to the body of
knowledge in this field by providing further evidence and
insights into the behavior of boron adsorption over multiple
cycles. The boron adsorption capacity drops from 5.53 to
3.60 mg g '. CGCNF beads exhibit exceptional reusability,
maintaining high efficiency through multiple cycles. The 2 to
4 mm bead diameter streamlines filtration, eliminating the
need for fine-pore filter paper. Overall, these results highlight
the efficiency of CGCNF beads as a reliable adsorbent for sus-
tained boron removal.

3.13. Practical application: efficient removal of boron from
local wastewater using CGCNF beads and CGC particles

A wastewater sample was collected from FGD system of the local
coal-fired power plant (Thanh Hoa province, Viet Nam) and
used as influent wastewater to investigate the adsorption effi-
ciency in practice. The samples were filtered through filter
paper (0.45 pum pore size) to remove total suspended solids
(TSS). In the adsorption experiment, 0.8 g of each adsorbent was
added to 20 mL of FGD wastewater. Details of the parameters of
FGD wastewater are shown in Table S5.f The mixture was
shaken at 25 °C for 24 h. B(m) and As(m) concentrations were
analyzed by ICP-AES. After the adsorption process using CGCNF
beads, the concentration of boron was decreased from
133.29 mg L' to 7.28 mg L™, and the final concentration of
As(m) was not detected (Fig. 11). The removal efficiency of B(im)
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Fig. 11 Adsorption efficiency of B(i) and As(i) from FGD wastewater
of coal-fired power plants by CGCNF beads and CGC particles
(equilibrium concentration of CGCNF beads sample: lower limit of
detection).

and As(m) was 94.5% and 100% using CGCNF beads, and 74.8%
and 85.5% using CGC particles, respectively. The high concen-
trations of ions Na', Ca®" and Mg”" in the FGD wastewater may
raise the adsorption capacity of B(m) and As(m). The results
demonstrate that CGCNF beads are an effective adsorbent for
the removal of B(m) and As(m) from FGD wastewater of coal-
fired power plants.

4 Conclusions

This work of hydroxyl-functionalized CGCNF beads represents
a promising advancement in water treatment, particularly for
targeted metal removal. The irregular and porous morphology
of these beads enhances the surface area, leading to high boron
adsorption capacity supported by Langmuir isotherm and
pseudo-second order kinetics. Optimal adsorption occurs at pH
12.03, achieving equilibrium within 120 minutes. Demon-
strating robust reusability with 65.1% adsorption retention
after 20 cycles underscores their practicality. Both experimental
and theoretical findings validated our hypothesis that cross-
linking chitosan nanofibers with enhanced -OH groups offer
significant advantages, such as direct modification without acid
dissolution and improved resistance to acids for prolonged
reuse. The -OH groups play a pivotal role in boron removal by
forming robust coordination complexes with boron ions,
thereby boosting adsorption capacity and selectivity. Beyond
boron, CGCNF beads effectively remove As(m) and Cr(u) from
aqueous solution, positioning them as promising candidates
for broader environmental remediation. Future research should
focus on optimizing crosslinking strategies and integrating
CGCNF beads into practical water treatment systems to maxi-
mize their sustainable impact.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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