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Abstract

In this study, a bio-based adsorbent, quaternary ammonium-modified cationic chitosan
fibers (CCFs), were developed and systematically evaluated for fluoride removal from
low-concentration aqueous medium, with particular emphasis on adsorption performance,
regeneration behavior, practical applicability, and adsorption mechanisms. The results
demonstrate that the fluoride adsorption capacity of CCFs is approximately 15.8 times
higher than that of unmodified chitosan fibers (CFs). Furthermore, CCFs exhibit supe-
rior fluoride adsorption capacity and remarkably rapid kinetics relative to previously
reported chitosan-based adsorbents in the literature. The adsorption process fits well with
the pseudo-second-order kinetic model and reaches equilibrium within 10 min. Adsorp-
tion isotherm data are well described by both Langmuir and Freundlich models, with
a maximum adsorption capacity of 28.5 mg/g. CCFs also show excellent regeneration
performance, achieving efficient fluoride desorption within 3 min using a 0.02 mol/L NaCl
solution, with no noticeable loss in adsorption capacity after five consecutive adsorption—
desorption cycles. The adsorption performance remains effective in natural surface water
containing competing ions. Mechanistic investigations reveal that fluoride adsorption
is dominated by electrostatic attraction between quaternary ammonium groups (R4N*)
on the CCFs surface and fluoride ions, accompanied by ion exchange with chloride ions.
Owing to their high efficiency, rapid kinetics, metal-free nature, and facile regeneration, the
CCFs developed in this study represent a promising bio-based adsorbent for the advanced
purification of low-concentration fluoride-containing water.
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1. Introduction

Fluoride contamination in water is a globally recognized environmental and public
health concern, primarily arising from the dissolution and complexation of fluoride-bearing
minerals in ores and aquifers. This phenomenon has caused widespread drinking water
safety issues in countries such as India, Pakistan, China, and Germany [1]. Fluoride is
an essential trace element for human health, as appropriate intake contributes to bone
strengthening and the prevention of dental caries. However, long-term exposure to ex-
cessive fluoride can lead to serious health problems, including dental fluorosis, skeletal
fluorosis, and neurological disorders. Consequently, stringent regulations have been
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established worldwide to control fluoride levels in drinking water. The World Health
Organization (WHO) recommends a maximum fluoride concentration of 1.5 mg/L, while
China has adopted a stricter limit of 1.0 mg/L [2]. Industrial activities such as coal com-
bustion, ceramic manufacturing, phosphorus chemical production, and metal smelting
discharge substantial amounts of fluoride into aquatic environments, representing the
primary sources of inorganic fluoride pollution [3]. In recent years, the rapid expansion of
strategic emerging industries, including photovoltaic power generation, semiconductor
manufacturing, and lithium-ion battery production, has led to a continuous increase in
fluoride-containing wastewater discharges, further intensifying the risks posed by inorganic
fluoride to water environmental safety and public health [4]. Therefore, the development
of efficient, cost-effective, and environmentally friendly technologies for deep fluoride
removal is of critical importance.

A variety of treatment technologies have been applied for fluoride removal from
water, including chemical precipitation [5], coagulation [6], membrane separation [7], ion
exchange [8], and adsorption [9]. Among these, the removal of low-concentration fluoride
remains particularly challenging due to the small ionic radius and high electronegativity
of fluoride ions (F~). For example, the calcium hydroxide precipitation method, which is
widely used in industry, is effective for high-fluoride wastewater but exhibits significantly
reduced efficiency when fluoride concentrations fall below 8-10 mg/L. In addition, this
method generates large quantities of fluoride-containing sludge, resulting in high disposal
costs and operational challenges [10]. In contrast, adsorption has emerged as a promising
approach for low-concentration fluoride removal owing to its operational simplicity, high
efficiency, and low risk of secondary pollution [11].

To date, extensive research has been conducted on adsorbent materials for fluoride
removal, including metal-based materials, natural minerals, carbon-based materials, and
nanomaterials [12]. Metal-based adsorbents, such as aluminum-based and rare-earth-based
materials, often exhibit high fluoride adsorption capacities but suffer from drawbacks
including high cost, narrow pH applicability, and potential metal ion leaching [2,13]. Nat-
ural minerals, such as zeolites and clays, are abundant and inexpensive; however, their
adsorption capacities and selectivity for fluoride are generally limited [14]. Carbon-based
materials possess large specific surface areas, but effective fluoride adsorption typically
requires surface modification, such as metal oxide loading [15]. Although emerging nano-
material adsorbents show excellent performance, their large-scale application is hindered by
difficulties in solid-liquid separation, potential secondary pollution, and high production
costs [16]. Overall, most existing fluoride adsorbents suffer from one or more limitations,
including slow adsorption kinetics, insufficient performance at low fluoride concentrations,
strong pH dependence, or poor regenerability.

In recent years, bio-based adsorbents have attracted increasing attention due to their
renewability, low toxicity, and ease of functionalization. Chitosan, the second most abun-
dant natural polysaccharide, exhibits excellent biocompatibility, biodegradability, abundant
functional groups (e.g., -NH, and —OH), and high modifiability, making it a promising
candidate for environmental remediation applications. Previous studies have demonstrated
that metal-modified chitosan materials can achieve effective fluoride removal; however,
these systems often suffer from narrow pH range, susceptibility to interference from coex-
isting ions, and secondary pollution caused by metal leaching [17].

Based on our previous studies, chitosan fibers modified with quaternary ammonium
groups have exhibited outstanding adsorption performance for various anionic pollutants,
including diclofenac and gold—cyanide complexes, characterized by exceptionally high ad-
sorption capacities and rapid kinetics [18,19]. Moreover, the fibrous morphology provides
distinct advantages in solid-liquid separation and regeneration. These features suggest
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that quaternary ammonium-functionalized chitosan fibers, possessing abundant surface
cationic sites, may serve as highly efficient adsorbents for fluoride removal. Accordingly,
this study aims to systematically investigate the adsorption performance and mechanisms
of cationic chitosan fibers (CCFs) for fluoride ions in aqueous systems, with a particular
focus on low-concentration fluoride removal under complex ionic conditions. The findings
are expected to provide both a material basis and mechanistic insights for the development
of advanced fluoride removal technologies applicable to industrial wastewater treatment,
drinking water safety, and groundwater remediation.

2. Results and Discussion

2.1. Adsorption Studies
2.1.1. Single-Point Assessment for Fluoride Adsorption

Chitosan possesses abundant amino and hydroxyl groups on its surface, which enable
fluoride adsorption through hydrogen bonding or electrostatic interactions with protonated
amino groups [20]. However, the fluoride adsorption capacity of pristine chitosan fibers
(CFs) was very limited, reaching only 1.6 mg/g (Figure S1). In contrast, under the same
conditions, cationic chitosan fibers (CCFs) prepared by quaternization modification exhib-
ited a significantly enhanced fluoride adsorption capacity of 25.3 mg/g, approximately
15.8 times higher than that of CFs. The point of zero charge (pHp,c) of CCFs was found to
be 10.40 [19], indicating a positively charged surface in the studied pH range. This remark-
able improvement can be attributed to the introduction of abundant positively charged
quaternary ammonium groups, which promote fluoride uptake through strong electrostatic
attraction, thereby substantially increasing the number of effective adsorption sites.

2.1.2. pH Effect

Solution pH is a critical parameter governing fluoride adsorption, as it simultaneously
affects the surface charge of the adsorbent and the speciation of fluoride ions in solution [21].
The effect of solution pH on the adsorption of fluoride by cationic chitosan fibers (CCFs)
was investigated within the pH range of 1.5 to 10. As shown in Figure 1a, acidic conditions
were favorable for adsorption, with an adsorption capacity of 49.3 mg/g at pH 1.5. As the
pH increased to 3.5, the adsorption capacity increased to 66.6 mg/g. This enhancement
is attributed to the gradual conversion of neutral HF species into negatively charged F~
ions with increasing pH (Figure 1b), which strengthens electrostatic interactions with the
positively charged surface of CCFs. With further increases in pH, the adsorption capacity
gradually decreased, primarily due to the reduction in surface positive charge density on
CCFs under alkaline conditions, which weakens electrostatic attraction toward F~ [22].

Fluoride-containing wastewater (e.g., from semiconductor [5] and photovoltaic in-
dustries [23]) after pretreatment, as well as surface water used as drinking water sources,
typically exhibits a near-neutral pH range (approximately 6-8). To better simulate practical
application, subsequent adsorption kinetics and isotherm experiments in this study were
conducted under the inherent pH (about 6.5) of the sodium fluoride solution.
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Figure 1. Adsorption performance of CCFs for fluoride: (a) effect of pH, and (b) fluoride species at
different pH values.

2.1.3. Adsorption Kinetics

The adsorption kinetics of fluoride ions on CCFs under the conditions of an initial flu-
oride concentration of 100 mg/L, an adsorbent dosage of 1 g/L, and a temperature of 25 °C
are shown in Figure 2a. A rapid adsorption behavior was observed, with approximately
83.7% of the equilibrium adsorption capacity (20.33 mg/g) achieved within the first minute.
The uptake increased to 92.5% within 3 min, and the adsorption equilibrium was reached
within approximately 10 min.
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Figure 2. Adsorption performance of CCFs for fluoride: (a) adsorption kinetics, (b) liquid film
diffusion model, (c) Weber-Morris intraparticle diffusion model, and (d) adsorption isotherms,
(e) effect of temperature, and (f) absorption thermodynamic.
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To further elucidate the kinetic characteristics, the pseudo-first-order kinetic (Equation (1))
and pseudo-second-order kinetic models (Equation (2)) were applied to the experimental data.
The fitted parameters and correlation coefficients (R?) are presented in Table 1.

qt = q1(1 — exp(—kit)) 1)
2
qzkzi’
_ 2
1= T3 gokot @)

where g; represents the adsorption amount by CCFs at t times (mg/g). k1 (L/min) and k;
(g/(mg-min)) are the pseudo-first-order and pseudo-second-order adsorption rate constants.
g1 (mg/g) and g, (mg/g) are the equilibrium fluoride adsorption quantities calculated by

the pseudo-first-order and pseudo-second-order models.

Table 1. Parameters of kinetics and isotherms.

Models Parameters Values
qe (mg/g) 20.33 +0.92
k1 (L/min) 2.09 +0.32
Pseudo-first-order q1 (mg/g) 19.12 £ 0.52
Kinetics R? 0.95
k> (g/mg-min) 0.18 = 0.03
Pseudo-second-order g2 (mg/g) 20.24 +£0.53
R? 0.97
b (L/mg) 0.024 + 0.003
: Gmax (mg/g) 285+ 14
Langmuir R2 0.98
ered 0.92
Isotherm kr
2.44 +0.29
((mg/g)(L/mg)!/™)
Freundlich n 223 4+0.13
R? 0.98
Xred 1.04
25°C —-13.4
AG® (kJ/mol) 35°C —-14.3
Thermodynamic 45°C —15.3
AH°® (k]/mol) 15.0
AS° (k] /mol-K) 0.095

Although both models reasonably describe the adsorption process, the pseudo-second-
order model provides a superior fit (R? = 0.97) compared with the pseudo-first-order model
(R? = 0.95). In addition, the calculated equilibrium adsorption capacity (g = 20.24 mg/g)
closely matches the experimental value (20.33 mg/g), indicating that fluoride adsorption
onto CCFs is better described by the pseudo-second-order kinetic model. Further analysis
using the liquid film diffusion (Equation (3)) and Weber—-Morris intraparticle diffusion
(Equation (4)) models (Figure 2b,c) shows that neither model yields a single linear relation-

ship passing through the origin.

—1n< —‘7f>:kLt+cL 3)
e
qr = kw—_mt? + cw_m (4)

where ¢y, and cy_p denote the intercept terms for liquid film diffusion and the Weber—
Morris intraparticle diffusion model, and k. (min™1) and ky_pm (mg/ (g~min1/ 2 are the
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corresponding rate constants for liquid film diffusion and Weber-Morris intraparticle
diffusion model, respectively.

The presence of multilinear behavior and non-zero intercepts indicates that fluoride
adsorption onto CCFs is not solely controlled by physical diffusion. Rather, it is more likely
governed by surface kinetic processes, primarily influenced by the interactions between
the adsorbent’s active sites and the fluoride ions.

2.1.4. Adsorption Isotherms

The adsorption isotherms of fluoride on CCFs at 25 °C, with an adsorbent dosage
of 1 g/L, an initial fluoride concentration range of 5 to 200 mg/L, and at neutral pH, are
shown in Figure 2d. At low equilibrium concentrations, the adsorption amount increases
rapidly, indicating the presence of abundant high-affinity sites on the adsorbent surface. As
concentration continues to increase, the curve gradually approaches a plateau, suggesting
progressive saturation of available surface sites. The isotherm data were fitted using the
Langmuir (Equation (5)) and Freundlich (Equation (6)) models [24], and the corresponding
parameters are listed in Table 1.

o CImabee
e = 1+bc, ®)
ge = kc;" (6)

where ¢, (mg/L) and g, (mg/g) are the equilibrium concentration and adsorption capacity,
respectively. b (L/mg) and gy (mg/g) are the Langmuir constants and the maximum
adsorption capacity; kr ((mg/g)/(L/ mg)l/ ") and n are Freundlich constants related to
adsorption capacity and intensity.

Both models exhibit excellent fitting performance, with correlation coefficients (R?)
of 0.98. To further compare the goodness of fit, the reduced chi-square OCred) reported by
Origin’s nonlinear fitting was used. The Langmuir model gave a lower X2red (0.94) than
the Freundlich model (1.04), indicating a slightly better fit for the Langmuir model. The
Freundlich constant n (2.23 &£ 0.13) exceeds 1, indicating favorable adsorption and strong
affinity of CCFs for F~, particularly at low concentrations. The maximum adsorption
capacity derived from the Langmuir model reaches 28.5 £+ 1.4 mg/g, highlighting the
strong fluoride uptake capability of CCFs. The comparable fitting quality of the two models
suggests that the adsorption process may involve a composite mechanism, combining
features of monolayer coverage and surface heterogeneity.

2.1.5. Adsorption Thermodynamic

Solution temperature serves as a critical parameter influencing adsorption processes.
Furthermore, given the inherent variability in industrial wastewater discharge temperatures
and the seasonal and regional fluctuations of surface water, evaluating the impact of
temperature on fluoride ion adsorption by CCFs in aqueous solutions is of substantial
significance for both deepening the understanding of their adsorption behavior and guiding
their practical applications.

Adsorption experiments of fluoride ions in aqueous solutions by CCFs were performed
at 25, 35, and 45 °C. The resulting adsorption capacities are depicted in Figure 2e, clearly
indicating that the adsorption of fluoride onto CCFs enhances with rising temperature,
demonstrating that higher temperatures are favorable for the adsorption process.

To further investigate the thermodynamic nature of this adsorption process, the Gibbs
free energy change (AG®), enthalpy change (AH®), and entropy change (AS°) were derived
and computed using Equations (7) and (8) [25]. These thermodynamic parameters are
summarized in Figure 2f and Table 1.
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The negative AG® values indicate spontaneous adsorption. Furthermore, as tempera-
ture increases, the magnitude of —AG® gradually rises, suggesting that higher temperatures
enhance the spontaneity of the adsorption process. Considering that AH® > 0 and AS° >0,
the adsorption process is primarily an entropy-driven phenomenon, resulting from the
synergistic action of physisorption and weak chemisorption. The positive AS° value indi-
cates that the adsorption process leads to an increase in the overall disorder of the system.
This is primarily because the migration of adsorbate ions from the aqueous phase to the
solid-liquid interface disrupts their hydration shells, releasing bound water molecules into
the bulk solvent. Such release increases the degrees of freedom and configurational entropy
of the solvent, resulting in a net positive change in total entropy [2].

A@:—Mh? @)
e

0 0
e _ AS° AH

Ce R R ®

X
=l

2.1.6. Comparison of Adsorption Performance

A comparison between CCFs and previously reported chitosan-based fluoride ad-
sorbents is summarized in Table 2. As shown, CCFs exhibit distinct comprehensive ad-
vantages in terms of both adsorption capacity and adsorption kinetics. Under mildly
acidic conditions (pH = 3.5), the fluoride adsorption capacity of CCFs reaches 66.6 mg/g.
Under near-neutral conditions, the maximum adsorption capacity (gmax = 28.5 mg/g) is
comparable to that of high-performance chitosan—metal composite adsorbents, such as
zirconium/lanthanum co-modified chitosan/polyvinyl alcohol (30.73 mg/g) [26], and
significantly exceeds that of most single-metal-modified chitosan materials, which typically
exhibit adsorption capacities in the range of 8-20 mg/g. Notably, the high adsorption
performance of CCFs is achieved through non-metallic quaternary ammonium functional-
ization, fundamentally eliminating the risk of secondary pollution associated with metal
ion leaching. This characteristic represents a critical advantage over metal-based chitosan
adsorbents, particularly for applications involving drinking water treatment.

In terms of adsorption kinetics, CCFs demonstrate an even more pronounced ad-
vantage. Fluoride adsorption reaches equilibrium within approximately 10 min, which
is substantially faster than that of most reported chitosan-based adsorbents, for which
equilibrium times typically range from 30 to 480 min. The pseudo-second-order rate con-
stant (k; = 0.18 g/(mg-min)) ranks among the highest values reported for similar materials,
while the pseudo-first-order rate constant (k; = 2.09 L/min) is markedly higher than those
of the comparative adsorbents listed in Table 2, confirming the exceptionally rapid initial
adsorption rate of CCFs.

Overall, CCFs integrate high adsorption capacity, ultrafast adsorption kinetics, and
metal-free environmental safety. Compared with conventional modification strategies
that rely heavily on metal loading or complex material architectures, the present fiber-
based cationic modification strategy offers a simple, efficient, and environmentally benign
pathway for the development of next-generation bio-based defluoridation adsorbents.
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Table 2. The fluoride adsorption performance of various chitosan-based adsorbents.

T Im Equilibrium k1 k>

Adsorbents Q) pH (mg/g) Time (min) (Lmin) (g/mgmin) 1o
Chitosan/FeOOH/ AIOOH 35 35 71.9 300 0.01 0.01 [27]
beads
Zirconium/lanthanum
modified chitosan/polyvinyl 25 7 30.7 15 0.02 2.32 [26]
alcohol
Lanthanum/chitosan/polyvinyl 25 7 8.7 15 0.022 107 [26]
alcohol
chitosan/aluminum
hydroxide bead 25 / 23.1 90 0.04 <0.01 [28]
Zirconium modified
chitosan/polyvinyl alcohol 25 7 20.8 15 0.02 0.07 [26]
Chitosan@Zirconium 25 7.0 17.0 60 0.04 0.02 [29]
chitosan-praseodymium 27 7 15.9 60 0.02 0.01 [30]
complex
La(Ill) incorporated
carboxylated chitosan 30 neutral 11.99 40 0.18 0.01 [31]
zirconium (IV)-magnetic
chitosan GO 25 4 8.7 180 0.17 0.04 [32]
La(IlI)-loaded
bentonite/chitosan beads 30 5 8.5 480 / <0.01 [33]
Eco-magnetic
nano-hydroxyapatite chitosan 30 neutral 82 30 / / 2]
Protopated cross.-hnked / 7 81 40 / / [34]
chitosan particles
Zr(IV) impregnated
dithiocarbamate chitosan / 7 73 40 0.15 0.02 [35]
Chitosan supported La(III)
and Zr(IV) 30 neutral 6.4 40 / / [36]
Ionic 11qu1djfunct1onahzed 25 4 59 / / / [37]
chitosan
Nano-
hydroxyapatite/chitosan 30 neutral 2.0 30 0.21 0.15 [38]
Hydrotalcite/ chitosan 30 neutral 1.9 30 0.09 0.19 [39]
composite
Chitosan encapsulated
tricalcium phosphate 30 / 1.6 30 0.12 0.17 [40]
Aluminum based
chitosan/zeolite molecular 20 7 1.3 480 0.01 0.16 [41]
sieve composite
25 ~7 28.5 10 2.09 0.18 Thi
Cationic Chitosan Fibers o5 35 66.6 / / / stuclisy

2.1.7. Regeneration and Reusability

Regeneration and reusability are critical indicators for evaluating the economic fea-
sibility and practical applicability of adsorbents. The regeneration performance of CCFs
was systematically investigated through regenerant screening, regenerant concentration
optimization, desorption kinetics, and cyclic adsorption—desorption experiments, as shown
in Figure 3a—d. Initially, fluoride-loaded CCFs were treated with 0.50 mol/L HCI, NaOH,
and NaCl solutions to evaluate desorption efficiency. As shown in Figure 3a, NaCl solu-
tion exhibited the highest desorption efficiency, achieving a fluoride desorption rate of
92.7%. Further optimization of NaCl concentration (Figure 3b) revealed that increasing
the NaCl concentration from 0 to 0.02 mol/L resulted in a sharp increase in desorption
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efficiency from 22.4% to 90.2%. A further increase to 0.50 mol/L produced only a marginal
improvement. Therefore, 0.02 mol/L NaCl was selected as the optimal regenerant for
subsequent experiments.

~
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Figure 3. Evaluation of the desorption performance of CCFs: (a) regenerant screening, (b) optimiza-
tion of NaCl concentration, (c) desorption kinetics, and (d) adsorption—desorption cycling.

Desorption kinetics using 0.02 mol/L NaCl (Figure 3c) show that approximately
81.1% of the adsorbed fluoride was released within the first minute, and over 90% des-
orption was achieved within 3 min, indicating rapid and efficient regeneration. After
five consecutive adsorption—desorption cycles (Figure 3d), no significant decrease in fluo-
ride adsorption capacity was observed, demonstrating excellent cyclic stability of CCFs.
These results indicate that CCFs possess not only high adsorption capacity but also fast
regeneration kinetics and robust reusability, which are essential for sustainable water
treatment applications.

2.1.8. Fluoride Adsorption from Low-Concentration Real Water

High-fluoride wastewater is typically treated using chemical precipitation or floccula-
tion, whereas adsorption is more suitable for the removal of low-concentration fluoride [10].
To assess the performance of CCFs under realistic conditions, five surface water samples
collected from the Yangtze River, Han River, East Lake, South Lake, and Liangzi Lake
were spiked to an initial fluoride concentration of 10 mg/L and subjected to adsorption
experiments. The sampling locations, background anion concentrations, and total organic
carbon (TOC) levels are summarized in Table 3, and the corresponding adsorption results
are shown in Figure 4a.
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Table 3. Anion and organic matter concentrations in the surface water samples.

Sample Longitude Latitude F- Cl- NO;~ PO43~ SO42- HCO3~ TP TOC
East Lake 114.3605 30.5549 0.304 28.4 0.164 ND 36.3 195 0.13 9.19
Han River 114.2588 30.5720 0.192 10.7 1.260 ND 254 146 0.09 4.92

Liangzi Lake 114.4659 30.2514 0.242 8.33 0.342 ND 12.9 79 0.05 5.26
South Lake 114.3973 30.4939 0.329 28.8 0.268 0.040 34.3 110 0.15 8.56
Yangzi River 114.3115 30.5907 0.186 18.4 1.550 ND 32.0 153 0.13 6.67
The concentrations in this table are reported in mg/L; ND indicates not detected.
(@), — (b)
o : g 61 Liangzi Lake
N :
80 F on ] Han River
% s g - Yangtze River
> ) B South Lake
L o60t 2
) 6.1 53.1 >6-L 8 4r East Lake
E 46.7 | O
Q —
~ 40 | ‘§
2 =P
o n 1.5 mg/L
5 20¢ e o Y il v Inlalintinlintly
O - - mos S -
— |
| e
3 0 [ il
DIW Liangzi Han Yangtze South East 0.125mg 0.25mg 0.4mg
Lake River River Lake Lake CCFs Dosage

Figure 4. Adsorption performance in low-fluoride real surface water: (a) fluoride removal efficiency
at an adsorbent dosage of 0.01 g, and (b) effect of adsorbent dosage.

At a fixed adsorbent dosage of 0.01 g, fluoride removal efficiencies in the surface
water samples ranged from 46.7% to 69.8%, which were consistently lower than that
observed in deionized water (90.4%). This reduction can be attributed to the presence
of coexisting inorganic anions and dissolved organic matter in natural waters, which
compete with fluoride ions for adsorption sites on the CCFs surface. Analysis of anion
compositions (Table 3) reveals a clear correlation between fluoride removal efficiency and
the concentrations of competing anions. Liangzi Lake, which contained the lowest levels of
Cl~,HCO;~, and SO42~, exhibited the highest fluoride removal efficiency (69.8%), whereas
East Lake, with the highest concentrations of these anions, showed the lowest removal
efficiency (46.7%). Although South Lake contained lower HCO3™ concentrations than the
Yangtze and Han rivers, its relatively higher C1~ and SO42~ levels resulted in comparable
fluoride removal efficiencies. Increasing the dosage of CCFs (Figure 4b) led to a gradual
decrease in residual fluoride concentration in all surface water samples. At a dosage of
0.25 g per 10 mL, the effluent fluoride concentration in all samples met the WHO drinking
water standard (<1.5 mg/L). Further increasing the dosage to 0.4 g reduced the fluoride
concentration below 1.0 mg/L, satisfying the Chinese drinking water standard.

2.2. Characteristics of CCFs and Adsorption Mechanisms Studies
2.2.1. Morphology

The morphology of original and fluoride-loaded CCFs was examined by scanning
electron microscopy (SEM), as shown in Figure 52. The CCFs exhibit irregular fibrous mor-
phologies, with individual fibers appearing ribbon-like or helically coiled and diameters
ranging from approximately 50 to 200 um. The fiber surfaces are continuous and intact,
displaying slight undulations and micro-scale roughness generated during the spinning
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and modification processes. No significant fiber agglomeration or structural collapse is
observed. After fluoride adsorption, no noticeable changes in fiber morphology, diameter,
or surface texture are detected. The structural integrity of the fibers remains well preserved,
indicating that fluoride adsorption does not disrupt the overall fiber structure. This mor-
phological stability is beneficial for repeated adsorption—desorption cycles and practical
water treatment applications.

2.2.2. DFT Calculations

Based on the molecular structure of CCFs and the electronic characteristics of fluoride
ions, two primary interaction pathways may contribute to fluoride adsorption: (i) hydrogen
bonding between fluoride ions and hydroxyl or amino groups on the chitosan backbone,
and (ii) electrostatic interactions between fluoride ions and positively charged quaternary
ammonium groups on the fiber surface. To evaluate the relative thermodynamic favorability
of these interactions, density functional theory (DFT) calculations were conducted to
determine the adsorption energies of fluoride ions at different active sites, as illustrated in
Figure 5.

Analysis of adsorption mechanisms based on DFT calculation

Ecere™-1033.43 Ha

©

Ep=~-99.85 Ha

Potential mechanism # 1: Hydrogen bond
F~1s adsorbed via hydrogen bond between F~ and C-OH at CCFs

Eads

~-283.17 kJ/mol

EF_-Ioaded CCFs ~-1133.39 Ha

F~ is adsorbed via hydrogen bond between F~ and -NH- at CCFs

—_— aas~ -316.83 kJ/mol

H ¢ )
EF_ -loaded CCFs: -1133.39 Ha

Potential mechanism # 2: Electrostatic attraction
F~ is adsorbed via electrostatic attraction between F~ and R,N* on CCFs

' —> E,4,~-260.73 kJ/mol
)\ W

EF_-loaded CCFs: -1133.38 Ha
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Figure 5. DFT calculated adsorption energies (Eads) of F~ on CCFs.

The calculated adsorption energies indicate that fluoride exhibits the most negative
adsorption energy when interacting with amino groups (—316.83 kJ/mol), followed by
hydroxyl groups (—283.17 k] /mol), while interaction with quaternary ammonium groups
results in a comparatively less negative adsorption energy (—260.73 kJ/mol). From a
thermodynamic perspective, more negative adsorption energies correspond to more ener-
getically stable adsorption configurations, suggesting that hydrogen bonding interactions
with amino or hydroxyl groups are thermodynamically favorable under the idealized
computational conditions.
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However, it should be emphasized that DFT calculations represent isolated and ideal-
ized interaction scenarios, which do not fully account for competitive solvation effects, ion
hydration, and site accessibility in aqueous systems. Therefore, while hydrogen bonding in-
teractions may be energetically favorable at the molecular level, their effective contribution
to fluoride adsorption under experimental conditions must be evaluated in conjunction
with experimental evidence.

2.2.3. FTIR

Fourier transform infrared (FTIR) spectroscopy was employed to investigate changes
in surface functional groups of CCFs induced by fluoride adsorption. The corresponding
spectra are presented in Figure 6, and characteristic absorption bands are summarized in
Table S1 [42]. After fluoride adsorption, minor spectral changes were observed. Specifically,
the stretching vibration bands associated with hydroxyl and amino groups shifted slightly
from 3276 to 3271 cm ! and from 1650 to 1645 cm ™!, respectively, accompanied by a slight
decrease in peak intensity. In addition, the characteristic vibration band of quaternary
ammonium groups (R4N*) exhibited a marginal shift from 970 to 967 cm .

After adsorption

1650

3276
Before adsorption

4000 3000 2000 1000
Wavenumber (cm ™)

Figure 6. FTIR of CCFs before and after fluoride adsorption.

These subtle peak shifts indicate local perturbations in the chemical environment of the
corresponding functional groups following fluoride adsorption. However, the magnitude
of these changes is insufficient to independently quantify the relative contribution of
hydrogen bonding versus electrostatic interactions. Therefore, FTIR results alone cannot
conclusively establish the dominant adsorption mechanism and must be interpreted in
combination with other analytical techniques.

The slight shifts in these peak positions within the FTIR spectrum are insufficient
to independently confirm the role of hydroxyl/amino groups in the adsorption process
or the precise contribution of quaternary ammonium groups [27,43,44]. Comprehensive
verification requires integration with other characterization methods.

2.24. XPS

To further clarify the adsorption mechanism, XPS analysis was performed on CCFs
before and after fluoride adsorption (Figure 7). After fluoride adsorption, a distinct F 1s
peak appears at 684.6 eV, which is absent in the pristine CCFs, providing direct evidence of
successful fluoride uptake.
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Figure 7. XPS spectra of CCFs before and after fluoride adsorption: (a) F 1s, (b) Cl 2p, and (c) N
1s spectra.

The N 1s spectrum of pristine CCFs consists of two components at 399.2 eV and
402.5 eV, corresponding to amino groups (-NH-/-NH;) and quaternary ammonium groups
(R4N*), respectively. Following fluoride adsorption, the binding energy of the amino-
related peak remains essentially unchanged, whereas the R4N* peak shifts slightly from
402.5 to 402.6 eV, accompanied by a decrease in peak intensity. This change indicates
that quaternary ammonium groups are directly involved in fluoride adsorption, while
the participation of amino groups is not clearly supported by XPS evidence. The Cl 2p
spectrum of pristine CCFs displays two peaks at 197.5 and 199.1 eV, corresponding to
Cl 2p3/, and Cl 2p; /; of chloride ions associated with R4yN™* groups [19]. After fluoride
adsorption, the binding energies remain unchanged, but a pronounced decrease in peak
intensity is observed, suggesting that fluoride adsorption proceeds via an anion exchange
process between fluoride and chloride ions.

2.2.5. Calculation of Ion Exchange Between F~ and Cl1~

To further verify the anion exchange mechanism, DFT calculations were conducted
to compare the electrostatic adsorption energies of fluoride and chloride ions on the R4N*
groups of CCFs (Figure S3). The adsorption energy of fluoride (—260.73 k] /mol) is substan-
tially more negative than that of chloride (—143.99 kJ/mol), indicating that replacement of
chloride by fluoride on quaternary ammonium sites is thermodynamically favorable.

Experimental quantification of ion exchange further supports this conclusion. When
the fluoride adsorption capacity reached 25.3 mg/g, the fluoride concentration in solution
decreased by 1.33 mmol/L, while the chloride concentration increased by 1.37 mmol/L.
In contrast, control experiments conducted in deionized water under identical conditions
showed a background chloride release of only 0.04 mmol/L. After correction for this back-
ground release, the net increase in chloride concentration closely matches the decrease
in fluoride concentration, both amounting to 1.33 mmol /L. This near-stoichiometric rela-
tionship provides compelling quantitative evidence that fluoride adsorption by CCFs is
governed by anion exchange with chloride ions.

2.2.6. Summary of Adsorption Mechanism

In summary, DFT calculations suggest that hydrogen bonding between fluoride ions
and hydroxyl or amino groups on chitosan is thermodynamically feasible under idealized
conditions. FTIR spectra reveal minor perturbations of these functional groups follow-
ing fluoride adsorption, indicating possible secondary interactions. However, pristine
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chitosan fibers exhibit an extremely low fluoride adsorption capacity (1.6 mg/g), demon-
strating that hydrogen bonding alone is insufficient to drive effective fluoride removal in
aqueous systems.

In contrast, quaternary ammonium-functionalized CCFs exhibit a 15.8-fold increase in
fluoride adsorption capacity, accompanied by clear XPS evidence of R4N* involvement and
quantitative stoichiometric correlation between fluoride uptake and chloride release. These
results demonstrate that electrostatic attraction between fluoride ions and quaternary am-
monium groups, followed by anion exchange with chloride ions, constitutes the dominant
mechanism governing fluoride adsorption on CCFs. Hydrogen bonding interactions likely
play a secondary or auxiliary role.

3. Conclusions

In this study, quaternary ammonium-functionalized cationic chitosan fibers (CCFs)
were successfully developed and demonstrated to be highly efficient adsorbents for the
removal of fluoride from aqueous systems, particularly under low-concentration conditions.
The adsorption of fluoride onto CCFs proceeds rapidly, reaching equilibrium within 10 min,
and the process is well described by the pseudo-second-order kinetic model. Adsorption
isotherm analysis based on the Langmuir model yields a maximum fluoride adsorption
capacity of 28.5 mg/g under near-neutral pH conditions. CCFs exhibit excellent regenera-
tion performance and cyclic stability. Efficient fluoride desorption can be achieved within
3 min using a mild NaCl solution (0.02 mol/L), and the adsorption performance remained
stable after five consecutive adsorption—desorption cycles. These features highlight the
practical feasibility and economic attractiveness of CCFs for repeated use in water treatment
applications. The practical applicability of CCFs was further validated using five natural
surface water samples collected from lakes and rivers. Despite the presence of competing
ions and natural organic matter, increasing the CCFs dosage to 0.25 g per 10 mL reduced
the effluent fluoride concentration below the WHO drinking water guideline (<1.5 mg/L),
while a dosage of 0.4 g achieved fluoride levels below 1.0 mg/L, meeting the Chinese
drinking water standard. These results demonstrate the robustness of CCFs under complex
water matrices.

Mechanistic investigations combining DFT calculations, FTIR spectroscopy, XPS anal-
ysis, and quantitative ion balance experiments reveal that fluoride adsorption is dominated
by electrostatic attraction between fluoride ions and quaternary ammonium groups (R4N*)
on the CCFs surface, accompanied by anion exchange with chloride ions. Although hydro-
gen bonding interactions with hydroxyl or amino groups may occur, they play a secondary
role in the overall adsorption process. The introduction of quaternary ammonium function-
alities is therefore the key factor responsible for the remarkable enhancement in fluoride
adsorption performance. Overall, the CCFs developed in this study integrate high adsorp-
tion efficiency, ultrafast kinetics, excellent regenerability, and a metal-free, environmentally
benign composition. These advantages make CCFs a promising bio-based adsorbent for
advanced purification of low-concentration fluoride-containing water, with potential appli-
cations in drinking water treatment, industrial wastewater polishing, and groundwater
remediation. Future research can involve packing CCFs into adsorption columns to system-
atically assess their performance, stability, and regeneration in dynamic continuous flow,
yielding key design parameters and process data for practical water treatment applications.

4. Materials and Methods
4.1. Materials

Chitosan, with a viscosity of 200-220 cP at 20 °C and a deacetylation degree of 85.9%,
was obtained from YBBio Co., Ltd. (Yeongdeok, Republic of Korea). Epichlorohydrin (ECH,
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>99.5%), acetic acid (>99.7%), hydrochloric acid (~36 wt.%), sodium hydroxide (>98%), (3-
chloro-2-hydroxypropyl)trimethylammonium chloride solution (CHTAC, 60 wt.% in water),
sodium fluoride (>98%), sodium bicarbonate (>99.5%), sodium phosphate monobasic
dihydrate (>99.6%), sodium sulfate (>99.0%), sodium chloride (>99.5%) and sodium
nitrate (>99.5%) were all purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Humic acid (>99%) was got from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). All other chemicals used were analytical grade and were used
without further purification.

4.2. Preparation of Cationic Chitosan Fibers

Cationic chitosan fibers (CCFs) were prepared following the same process as described
in our previous article [19]. Briefly, chitosan fibers (CFs) were prepared via the wet spin-
ning method using 1.0 mol/L NaOH solution as the coagulation bath. To enhance the
chemical stability and introduce functional groups, the obtained CFs were cross-linked
with epichlorohydrin (ECH) solution at pH 11, followed by reaction with CHTAC solu-
tion, resulting in cationic chitosan fibers (CCFs). The product was thoroughly rinsed with
deionized water and freeze-dried at approximately —40 °C for subsequent use.

4.3. Adsorption Experiments

The fluoride stock solution (200 mg/L) was prepared by dissolving 0.2 g of sodium
fluoride in 1000 mL of deionized water and then diluted to the required concentrations for
subsequent experiments. Batch adsorption was conducted at 25 °C in 50 mL polyethylene
centrifuge tubes containing 0.01 g CCFs and 10 mL of fluoride solution. To investigate the
effect of initial pH on fluoride adsorption, the pH of the fluoride solution was adjusted
from 1.5 to 10.0 before adding CCFs. The mixtures were then shaken at 150 rpm for 2 h in
a temperature-controlled shaker at 25 °C. Adsorption kinetics and isotherm experiments
were performed using fluoride solutions at their inherent pH (unadjusted, near-neutral).
The reusability of CCFs was evaluated using NaOH, HCIl, and NaCl solutions as desorbing
agents. The fluoride removal rate (R, %), adsorption capacity (g, mg/g), and desorption
efficiency (%) were calculated using Equations (9)—(11), respectively:

9= (a=er)xe Z> e (10)

A fF~
Desorption efficiency (%) = AESEE: zf = :;:zi};zj x 100 (11)

where ¢; and ¢ are the fluoride ion concentrations (mg/L) before and after adsorption,
respectively. v is the adsorption liquid volume (L); m is the amount of adsorbent (g).

4.4. DFT Calculation Method

Quantum chemistry calculations were performed to elucidate the atomic-level fluo-
ride adsorption mechanism on CCFs, employing the DMol® module in Materials Studio
(Version 2020, Accelrys Software Inc., San Diego, CA, USA). Electronic structures were
obtained by solving the Kohn-Sham equation under self-consistently unrestricted spin
conditions. Exchange—correlation interactions were modeled using the Perdew—Burke—
Ernzerh generalized gradient approximation, incorporating DFT Semi-core pseudopods
and double numerical polarization functions. Van der Waals forces were accounted for
via the DFT +D method (Tkatchenko—-Scheffler scheme). Convergence was accelerated by
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a Fermi smearing of 0.005 Ha [25,45]. Adsorption energy (E,;s, k] /mol) was determined
according to Equation (12).

Enas = (EF*or Cl~loaded CCFs — EF*or cr ECCFS) X 2625.5 (12)

where Ep- . |- 1oaded CCFs 18 the total energy after equilibrium (Ha); Ep- . - and Eccrs
represent the energies of F~ or C1~ and CCFs, respectively (Ha).

4.5. Adsorbents Characterization

Fluoride concentration was determined using ion chromatography (ICS-6000, Thermo
Fisher, Waltham, MA, USA). Changes in CCFs surface functional groups, pre- and post-
adsorption, were characterized by Fourier transform infrared spectroscopy (FT-IR, Nicolet
iS5, Thermo Fisher, USA) using the attenuated total reflection (ATR) technique over the
400-4000 cm~! range. Chemical state changes on the surface of CCFs before and after fluo-
ride adsorption were recorded by X-ray Photoelectron Spectroscopy (XPS, Nexsa, Thermo,
Waltham, MA, USA). Additionally, the XPS test data were analyzed using XPSPEAK41
software based on the C-C/C-H characteristic peak at 284.8 eV.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/gels12030195/s1, Figure S1: Adsorption of fluoride ions by CFs
and CCFs; Figure S2: SEM images of CCFs: (a,b) before F-loading (<1500, x100), and (c,d) after
F-loading (%1500, x100); Figure S3: DFT calculated adsorption energies (Eads) of F~ and C1~ on
CCFs; Table S1: FT-IR peak assignments for CCFs and F-loaded CCFs.
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