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This study investigated the adsorption behaviour of fluoride ions from fluorine-containing solutions at 
a defined concentration using Ce3+ and hydrogen peroxide. The influences of adsorption time, solution 
pH, adsorbent dosage, initial fluoride ion concentration, and coexisting ions on adsorption efficiency 
were systematically assessed. The results demonstrated that the adsorbent exhibited high adsorption 
performance at ambient temperature, achieving a saturated adsorption capacity between 114.47 and 
118.43 mg/g. The synergistic action of Ce3⁺ and H₂O₂ provided dual adsorption–precipitation pathways, 
in which thermodynamically stable CeF₃ formed through ion exchange while surface Ce4⁺–OH sites 
produced by oxidation further captured fluoride via ligand exchange. The adsorption kinetics conform 
to the pseudo-second-order model, and the equilibrium data fit both the Langmuir and Freundlich 
isotherm models. Sulphate ions promoted fluoride removal, whereas chloride and nitrate ions had 
little effect; however, bicarbonate and carbonate ions strongly inhibited this process. These findings 
demonstrate that the Ce3⁺/H₂O₂ system offers a robust, cost-effective, and regenerable approach with 
good tolerance to coexisting anions. Overall, this work not only elucidates the dual mechanism of Ce-
based defluoridation but also provides a practical strategy for developing rare-earth-based adsorbents 
for sustainable and high-efficiency water purification.
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Fluoride pollution poses a persistent threat to global drinking water safety and ecosystems. While trace amounts 
of fluoride are essential for human health, long-term excessive intake can cause serious diseases such as dental 
and skeletal fluorosis1. To protect public health, the World Health Organization(WHO) has set the maximum 
permissible fluoride concentration in drinking water at 1.5 mg/L2. Exceeding this threshold has been directly 
linked to the onset of dental and skeletal fluorosis, which poses long-term health risks3. For industrial wastewater, 
China has stipulated discharge limits for fluoride in the national Integrated Wastewater Discharge Standard (GB 
8978-1996), requiring concentrations not to exceed 10–20 mg/L depending on the discharge category4. Industries 
such as metallurgy, electronic manufacturing, electroplating, and semiconductors are major sources of fluoride-
containing wastewater, and their discharge is one of the important reasons for groundwater contamination5. It 
is estimated that about 200 million people worldwide are exposed to fluoride-contaminated water, and in China 
the number of people affected by endemic fluorosis is very large6,7. This issue has already become a serious 
obstacle to the sustainable use of water resources8. These finding indicate that fluoride control is not only an 
environmental problem, but also a challenge to public health and industrial regulation.

At present, the common techniques for fluoride removal include chemical precipitation, ion exchange, 
membrane technologies, electrodialysis, the Nalgonda method, and adsorption9. Chemical precipitation 

1School of Mining and Coal, Inner Mongolia University of Science and Technology, Baotou 014010, China. 2School 
of Energy and Environment, Inner Mongolia University of Science and Technology, Baotou 014010, China. 3Inner 
Mongolia Key Laboratory of Mining Engineering, Baotou 014010, China. email: lklk@imust.edu.cn

OPEN

Scientific Reports |        (2025) 15:42709 1| https://doi.org/10.1038/s41598-025-26780-w

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-26780-w&domain=pdf&date_stamp=2025-11-11


is suitable for high-concentration fluoride wastewater, but it requires large doses of reagents and may cause 
secondary pollution10. Ion exchange is effective but relies on expensive resins, and the regeneration process 
produces waste liquid that limits its large-scale use. Membrane technology can remove fluoride efficiently, but it 
has a high cost, complicated operation, and also removes beneficial minerals6. Electrodialysis is not widely used 
because of high energy consumption, electrode passivation, and scaling problems11,12.The Nalgonda method 
is simple and low-cost, but the treated water often shows large pH changes13. In general, each technology 
has its own advantages and disadvantages, but the problems of cost, energy, and secondary pollution limit its 
wide application. Compared with these methods, adsorption has remarkable advantages because of its simple 
operation, high efficiency, and relatively low cost.

Among the many adsorbents, rare-earth-based materials have attracted great attention because of their 
special high affinity for fluoride ions through Lewis acid–base interactions14. Significant progress has been made 
in exploring the use of rare earths such as Ce3⁺ and La3⁺ for fluoride removal. Japanese researchers reported the 
effective coordination of multivalent rare-earth ions with fluoride15, whereas Raichur et al. demonstrated that 
rare-earth oxides efficiently remove fluoride without significant interference from common ions16. Gonzales 
et al. Reported that cerium chloride could remove nearly 90% of fluoride from wastewater, even under high-
fluoride conditions, with sulphate and phosphate ions enhancing the adsorption, whereas nitrate had little 
effect17. Zuniga-Muro et al. further reported that Ce4⁺-modified bone charcoal exhibited superior chemical 
stability and antibacterial properties compared to Ce3⁺-modified bone charcoal, although its adsorption capacity 
was relatively modest18. Previous studies have also demonstrated the effectiveness of Mg–Ce–La composites19, 
La/Ce-modified alumin20, and mixed rare-earth oxides16 for fluoride removal. These findings confirm the great 
potential of rare-earth-based adsorbents for fluoride remediation.

In recent years, researchers have developed more practical rare-earth sorbents. For example, composites of 
rare earth elements with carbon nanomaterials21 or biopolymers22 have been designed to increase the dispersion 
and stability of active sites. In addition, controlling the morphology and defect structure of cerium oxides can 
significantly improve adsorption capacity and kinetics23. Progress in characterization techniques such as X-ray 
photoelectron spectroscopy (XPS) and electron microscopy has further provided molecular-level insights into 
adsorption mechanisms and structure–property relationships21,23. Despite these advances, the widespread 
application of rare-earth sorbents faces four critical challenges: (1) the complex and costly synthesis of many 
high-performance materials; (2) an insufficient understanding of their long-term stability and regenerability; 
(3) a lack of validation in real wastewater matrices with competing anions and organic matter; and (4) an 
underexplored environmental footprint across their full life cycle. These issues represent major bottlenecks 
hindering the translation of laboratory findings into practical engineering applications.

To address these challenges, this study proposes a novel adsorption system based on the synergistic effect 
of Ce3⁺ and hydrogen peroxide (H₂O₂). The novelty of this system is threefold: First, in terms of cost, it utilizes 
inexpensive, commercially available precursors under ambient conditions, avoiding energy-intensive synthesis. 
Second, in performance, it achieves a high adsorption capacity surpassing that of conventional Ce3⁺-only 
systems. Third, with respect to reliability, it maintains high efficiency across a broad pH range and exhibits strong 
resilience against common coexisting anions. The adsorption behavior was systematically investigated. To verify 
these merits, the adsorption behavior was systematically examined with respect to the solution pH, adsorbent 
dosage, initial fluoride concentration, and the presence of competing anions, and the underlying mechanism 
was further clarified using advanced characterization techniques (SEM, EDS, FTIR, and XPS). Overall, this 
study aims to clarify the adsorption mechanism and provide new insights into the development of efficient and 
sustainable defluoridation technologies.

Materials and methods
Materials
The rare earth nitrate used in this study (99.99% purity; Sinopharm Chemical Reagent Co., Ltd., China) had a 
cerium content in the rare earth nitrate was 322.7 g/kg. This material was received in the form of crystal particles 
and used as an adsorbent. The chemical reagents utilised in this study included sodium fluoride, sodium chloride, 
sodium carbonate, sodium bicarbonate, sodium sulphate, sodium nitrate, sodium hydroxide, and hydrochloric 
acid, all of which were of analytical grade. pH adjustments were performed using diluted 1 mol/L HCl or 1 mol/L 
NaOH solutions. Deionised water was used throughout the experimental procedures. A synthetic high-fluoride 
water sample was prepared by dissolving sodium fluoride in deionised water to simulate fluoride-contaminated 
water conditions.

Adsorption experiment
A total of 2.2 g of anhydrous sodium fluoride was dissolved in deionised water and then diluted to 1000 mL in a 
volumetric flask to prepare a fluoride stock solution. The stock solution was stored in a polytetrafluoroethylene 
bottle for future use. The stock solution was diluted as needed to prepare fluoride solutions of different 
concentrations. All fluoride removal experiments were conducted in 250 mL polypropylene conical flasks. pH 
adjustment was performed using 0.1 mol/L hydrochloric acid and 0.1 mol/L sodium hydroxide solutions. Except 
for the experiments investigating the effects of initial fluoride concentration and isothermal adsorption, all the 
other experiments were conducted with an initial fluoride concentration of 100 mg/L and a constant shaking 
speed of 150 rpm. For fluoride ion concentration measurements using a fluoride ion-selective electrode, a total 
ionic strength adjustment buffer (TISAB) was added at a 1:1 volume ratio. Each experiment was conducted in 
triplicate to ensure reproducibility. While maintaining all other parameters were held constant, the following 
variables were systematically altered: initial pH (5–8), adsorbent dosage (0.5–2.5  g/L), contact time (0–
120 min), initial fluoride concentration (5–150 mg/L), presence of competitive ions (Cl −, NO3

−, SO4
2−, CO3

2−), 
and adsorption temperature (20 °C, 30 °C, and 40 °C). A specified amount of cerium nitrate hexahydrate and 
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30% hydrogen peroxide solution (to oxidise cerium ions in the solution) was added, followed by shaking in a 
thermostatic water bath shaker for a designated duration. The solution was then filtered, and the filtrate was used 
to determine the fluoride ion concentration. After each adsorption cycle, the spent adsorbent was regenerated 
with 0.1  mol L⁻1 NaOH solution for 30  min under stirring, followed by washing and reuse under identical 
conditions. The adsorption capacity (qₑ) and removal efficiency (η) were calculated according to Eqs. (1) and (2), 
following the methods described in Refs24 and Refs6, respectively.

	
qe = (C0 − C) × V

W
� (1)

	
η (% ) = (C0 − C)

C0
× 100� (2)

where qe represents the adsorption capacity (mg/g), and C0 and C represent the concentration of F− before 
adsorption and the fluoride ion concentration at equilibrium (mg/L), respectively. V represents the volume of 
the reaction mixture (L), and W represents the dry weight of the adsorbent (g).

Characterisation and analysis methods
The fluoride ion concentrations were determined using a fluoride ion-selective electrode (PXSJ-216F, Shanghai). 
The surface structure of the adsorbent was characterised by scanning electron microscopy (SEM; Thermo 
Scientific Axia ChemiSEM, USA), and elemental composition analysis was conducted using energy-dispersive 
X-ray spectroscopy (EDS). The functional groups were identified through Fourier transform infrared (FTIR) 
spectroscopy (Thermo Nicolet IS5, USA) within the spectral range of 400–4000 cm−1. For FTIR measurements, 
the adsorbent was ground with an agate mortar, blended with KBr, and compressed into pellets using a 
mechanical press. The crystalline phases of the samples before and after fluoride adsorption were analysed 
via X-ray diffraction (XRD; Bruker D8 Advance, Cu Kα radiation, 40 kV, 40 mA, 2θ = 10°–80°). Surface zeta 
potential was measured using a Zetasizer Nano ZS90 (Malvern Instruments, UK) to determine the point of zero 
charge (pHₚzc) and evaluate the effect of surface charge on adsorption. The Ce content of the adsorbent before 
and after fluoride adsorption was quantified by inductively coupled plasma optical emission spectrometry (ICP–
OES; PerkinElmer Optima 8300, USA) after acid digestion, to assess the participation of Ce species during the 
defluoridation process. To elucidate the fluoride removal mechanism, X-ray photoelectron spectroscopy (XPS; 
Thermo Fisher Escalab 250Xi, USA) was employed.

Statistical Analysis
All adsorption experiments were carried out in triplicate, and the mean values were reported. The standard 
deviations (error bars) in the figures represent the variability among the three independent measurements. The 
same batch of adsorbent was used for repeated tests to ensure reproducibility.

 Adsorption kinetic and isotherm parameters, as well as correlation coefficients (R2), were obtained using 
Origin 2021 software through nonlinear least-squares fitting of the corresponding model equations.

Results and discussion
Characterisation studies
SEM and EDS analyses
SEM was used to observe the surface morphology of the adsorbent before and after fluoride adsorption, and the 
corresponding images are presented in Fig. 1. As shown in Fig. 1a and c, the unloaded adsorbent has a rough 
and heterogeneous surface with visible pores and irregular aggregates, providing many potential active sites for 
fluoride uptake. After fluoride adsorption (Fig. 1b and d), the surface become denser and smoother, indicating 
that fluoride species have been successfully deposited on the adsorbent surface.

The surface composition of the adsorbent before and after fluoride adsorption was further examined by 
EDS, as shown in Fig. 1e–f. Before adsorption, the surface mainly contained oxygen (76.5 at.%) and cerium 
(23.5 at.%), suggesting the presence of Ce–O compounds. After adsorption, a clear fluorine peak appeared, and 
the atomic percentage of fluorine reached 58.7 at.%, whereas that of oxygen decreased to 18.3 at.% and that of 
cerium remained almost unchanged (23.0 at.%). These changes indicate that fluoride ions were successfully 
attached to the surface and replaced part some of the oxygen species.

The calculated Ce/O and Ce/F ratios (0.307 and 0.391, respectively) further support the formation of Ce–F 
bonds on the surface. This result agrees well with the SEM observations, which showed that the surface became 
smoother and denser after adsorption. Together, the SEM and EDS results confirmed that fluoride was effectively 
captured on the adsorbent through chemical interactions rather than simple physical attachments.

FTIR studies
To evaluate the functional groups of the adsorbent before and after fluoride removal, FTIR spectral analysis 
was conducted (Fig. 2).The Ce–O bond exhibits a stretching vibration peak at 844 cm−1, which decreases in 
intensity following fluoride ion adsorption, suggesting the involvement of cerium in the adsorption process25. A 
prominent OH stretching vibration peak is detected at 3418 cm⁻126, and its increased intensity after adsorption 
reflects the migration of hydroxyl groups, confirming their role in fluoride binding. The peak corresponding to 
Ce-OH at 1051 cm−1 also shows a reduced intensity, whereas the metal–oxygen band within the 400–600 cm−1 
range weakens, indicating electrostatic interactions between Ce4+ ions and fluoride ions27,28. Furthermore, after 
fluoride adsorption, the peaks at 844  cm−1 and 1051  cm−1 shifted to 854  cm−1 and 1062  cm−1, respectively, 
indicating structural modifications in the oxide framework upon fluoride incorporation29.
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Fig. 2.  FTIR results for unadsorbed fluoride and after fluorine adsorption.

 

Fig. 1.  (a) SEM image of (a) unadsorbed fluorine at 10 µm (b) fluoride adsorption at 10 µm(c) unadsorbed 
fluorine at 4 µm (d) fluoride adsorption at 4 µm(e) EDS energy spectrum of unadsorbed fluoride(f) EDS 
energy spectrum after fluoride adsorption.
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XRD studies
The XRD pattern of the solid product after fluoride adsorption (Fig.  3) shows two crystalline phases: CeF₃ 
(PDF#97-005-6773) and cubic fluorite-type CeO₂ (PDF#97–016-9031).

The appearance of CeF₃ peaks indicates that fluoride ions reacted with Ce3⁺ species to form a stable fluoride 
compound, confirming that chemical precipitation was one of the main mechanisms of fluoride removal. 
Moreover, the presence of residual CeO₂ suggested that a portion of Ce remained in the oxidized state, and its 
surface hydroxyl groups (Ce–OH) participated in ligand exchange with fluoride ions. Quantitative analysis using 
ICP–OES further supported these findings. A slight decrease in the Ce content of the solid phase was detected 
after adsorption, which corresponds well with the formation of CeF₃ identified by XRD.

Therefore, the overall defluoridation process involves a combination of Ce3⁺–F⁻ precipitation and Ce4⁺–
OH surface complexation, which together ensure both high removal efficiency and strong binding stability of 
fluoride on the adsorbent surface.

XPS studies
To further investigate the mechanism of fluoride ion removal, XPS characterisation was performed on samples 
before and after fluoride ion adsorption (Fig. 4). The overall spectrum shows that fluoride ions are effectively 
adsorbed. By observing the peak shapes in the XPS Ce 3d spectra before and after fluoride ion adsorption, 
different oxidation states can be distinguished and attributed (Fig. 4a). The peaks at 880, 885, 898, and 903 eV 
correspond to the Ce3+ state, whereas the peaks at 882, 888, 899, 901, 908, and 917 eV correspond to the Ce4+ 
state30,31. XPS data confirmed that the adsorbent used in this study contained both Ce3+ and Ce4+ before and 
after fluoride ion adsorption. Owing to the high electronegativity of F−, its binding with Ce reduces the electron 
density and increases the binding energy. Therefore, the Ce 3d peaks shift toward higher binding energies after 
adsorption. Analysis of the O 1 s spectrum revealed four distinct peaks corresponding to C–O, C = O, Ce3+–O, 
and Ce4+–O species (Fig. 4b). The dominant peak at a binding energy of 529 eV is attributed to Ce4+–O, whereas 
the peak at 530 eV corresponds to Ce3+–O32,33. Given the close similarity in ionic radii between F⁻ (0.133 nm) 
and OH⁻ (0.140 nm) ions34, it is likely that fluoride ions substituted for hydroxide ions on the adsorbent surface 
through ion exchange. Post-adsorption, the emergence of an F 1  s peak at 684.5  eV (Fig.  4c) confirms the 
chemical binding of fluoride ions, indicating successful adsorption. The strong electronegativity of fluoride 
results in a reduction in electron density upon bonding with cerium, leading to a shift of the Ce 3d peak toward 
higher binding energy values.

Effect of solution pH
The pH of the reaction medium is one of the main factors affecting the adsorption capacity. Therefore, the 
influence of the initial pH on the adsorption of F– by the adsorbent was investigated. The dosage of the fluoride 
mixture was 0.2 g, the volume of the reaction mixture was 200 mL, the reaction time was 30 min, and the initial 
concentration of F– was 100.0 mg/L. The influence of pH on the adsorption capacity was studied within the pH 
range of 5.0–8.0, and the results are shown in the Fig. 5a. The adsorption capacity and removal rate both decrease 
gradually with increasing pH. The fluoride removal efficiency remained above 90% between pH 5.0 and 6.0, 
indicating favorable conditions for adsorption within this range. This can be attributed to strong electrostatic 
attraction between the positively charged surface (Ce–OH₂⁺) and fluoride ions, as well as to complexation and 
precipitation of CeF₃. When the pH increases above 6.5, the adsorption capacity decreases due to increasing 
competition from hydroxyl ions and the gradual reduction in the positive surface. Nevertheless, the adsorbent 
still maintains good performance at pH values between 7.0 and 8.0, highlighting its broad adaptability and 
stability under near-neutral conditions.

Fig. 3.  XRD pattern after fluorine adsorption.
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Zeta potential analysis demonstrated that pH influences the adsorption capacity by regulating the surface 
charge of the adsorbent (Fig.  5b). As the pH increases, the surface charge shifts from positive to negative, 
crossing the isoelectric point (IEP) at pH 6.9. The high stable adsorption capacity observed within the pH range 
of 5.0 to 6.0 corresponds precisely to a state of strongly positive zeta potential. This state promotes favorable 
electrostatic attraction between the adsorbent and fluoride ions (F⁻), thereby enhancing adsorption mechanisms 
such as complexation and CeF₃ precipitation. Conversely, the progressive decline in adsorption capacity 
between pH values of 6.9 and 8.0 correlates directly with the zeta potential shifting to negative values. Within 
this range, F⁻ ions induce electrostatic repulsion, while the competitive effect of OH⁻ ions intensify35. Crucially, 
the maintenance of significant adsorption capacity even when the zeta potential becomes negative indicates that 
the adsorption process is not solely governed by electrostatic interactions. Throughout the entire pH range, the 

Fig. 4.  XPS spectra of the adsorbent before and after fluoride adsorption: (a) Ce 3d, (B) O 1 s, (c) F 1 s, (d) 
Total survey spectrum. The spectra labelled “Deionized water” and “Fluoride solution” represent the samples 
before and after fluoride adsorption, respectively. The purple line in Ce 3d corresponds to the oxidation state of 
Ce4+, and the blue line represents Ce3+
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synergistic effects of electrostatic attraction, complexation, and precipitation demonstrate the broad adaptability 
and formidable practical application potential of this material.

Effect of dosage
The influence of adsorbent dosage on the fluoride removal rate is shown in the Fig. 6. The fluoride removal rate 
of the 0.5–2.5 g/L adsorbent increased from 42.22% to 97.55%. However, when the dosage of the adsorbent 
exceeded 2.0  g/L, there was no significant change in the removal rate of fluoride. Considering the removal 
efficiency and financial cost, in all subsequent experiments, an adsorbent dosage of 2.0  g/L was used as the 
optimal dosage.

Effect of initial fluoride concentration
The adsorption of fluoride by rare earth elements was studied. The initial fluorine concentration was 5–150 mg/L, 
the optimal adsorbent dosage was 1.0 g/L, the temperature was 303 K, and the contact time was 30 min. The 
results are shown in Fig. 7. The fluoride removal rate gradually increasing with initial fluoride concentration. The 
fluorine adsorption capacity increases with increasing initial fluorine concentration. Gonzales J M et al. reported 
a similar trend17.

Effect of interfering ions
Typically high-fluoride water contains not only fluoride ions but also other anions such as chloride (Cl−), nitrate 
(NO3

−), bicarbonate (HCO3
−), sulphate (SO4

2−), and carbonate (CO3
2−). To evaluate the potential interference 

from coexisting anions, solutions containing fluoride (initial fluoride ion concentration = 100 mg/L, adsorbent 

Fig. 6.  Effect of solution adsorbent dosage.

 

Fig. 5.  (a)Effect of solution pH(b) zeta potential of adsorbent (adsorbent dose 1 g/L, contact time 30 min, 
initial concentration 100 mg/L).
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dosage = 1 g/L) were supplemented with Cl⁻, NO₃⁻, CO₃2⁻, and SO₄2⁻ at a concentration of 200 mg/L to assess 
the adsorbent’s interference resistance. The corresponding results are presented in Fig.  8.The blank removal 
was 81.16%. In the presence of SO₄2⁻, removal increased to 95.86% (promotion). Cl⁻ and NO₃⁻ caused only 
minor changes (80.85% and 79.15%, respectively). In contrast, HCO₃⁻ and CO₃2⁻ markedly suppressed removal 
(57.18% and 33.24%, respectively).

Overall influence: SO₄2⁻ (promotion) ≫ Cl⁻ ≈ NO₃⁻ (minor) > HCO₃⁻ > CO₃2⁻ (strong inhibition).
This pattern is consistent with the ion properties and surface chemistry of Ce-based sorbents: SO₄2⁻ can compress 

the electrical double layer/bridge particles and thus facilitates F⁻ uptake; Cl⁻ and NO₃⁻ are weakly coordinating 
monovalent anions and show little competition; carbonate species hydrolyze (CO₃2⁻ + H₂O ⇌ HCO₃⁻ + OH⁻), 
raise the OH⁻ level and compete with F⁻ (and can form surface carbonate species), consequently depressing 
fluoride adsorption36.

Fig. 8.  Effect of coexisting anions on the fluoride adsorption capacity (qₑ). Adsorbent dose = 1 g L⁻1, contact 
time = 30 min, initial fluoride concentration = 100 mg L⁻1, and coexisting anion concentration = 200 mg L⁻1.

 

Fig. 7.  Effect of initial fluoride concentration.
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Adsorption isotherm studies
To analyse the equilibrium behaviour in the adsorption process, the Langmuir and Freundlich isotherm models 
were used to fit the experimental data of the adsorption of F-by the adsorbent. The fitting results are shown in 
Fig. 9 and Table 1. The experimental data for F− adsorption yielded correlation coefficients (R2) greater than 
0.939 for both models, demonstrating that each provides a satisfactory representation of the adsorption process. 
This suggests that the fluoride adsorption behaviour aligns well with the assumptions of both isotherm models. 
Furthermore, an RL of 0.597 ranging from 0 to 1 indicates that this adsorption behaviour is spontaneous and is a 
type of preferential adsorption. n > 1, R2 > 0.94, and the fitting correlation is good, indicating that this adsorption 
process is an adsorption mode that combines monolayer coverage and multilayer adsorption. When the 
temperature is increased, the saturated adsorption capacity decreases, indicating that increasing the temperature 
is not conducive to the adsorption reaction. The observed inverse relationship unequivocally indicates that 
fluoride adsorption constitutes an exothermic process, wherein desorption under elevated temperatures has a 
greater thermodynamic advantage relative to adsorption. The calculated standard enthalpy change ΔH° yields a 
negative value further corroborating the exothermic nature of this process.

Comparison of adsorption performance with reported adsorbents
To further evaluate the competitiveness of the Ce3⁺/H₂O₂ adsorbent, its fluoride removal capacity was compared 
with that of other adsorbents reported in the literature (Table 2).

A comparison of the maximum adsorption capacities (Qm) of different fluoride adsorbents reported in the 
literature is shown in Table 2. The Ce3⁺/H₂O₂ adsorbent developed in this study had a Qm of 118.43 mg g⁻1, 

Adsorbent pH Qm(mg/g) References

Magnetic bone biochar37 8.0 5.23 (Zhou et al., 2019)

Fe-La composite38 3.8–7.1 27.42 (Wang et al., 2018a)

MCH-La39 7.0 136.78 (Dong et al., 2016)

Al-Zr-La tri-metal hydroxide40 3.0 90.48 (Zhou et al., 2018)

Zirconium-impregnated Camellia seed biochar41 3.0–11.0 11.04 (Mei et al., 2020)

Mg-Al-La tri-metal oxide42 4.0–10.0 31.72 (Wang et al., 2017a)

PPBC-La43 6.5 19.86 (Wang et al., 2017b)

Calcined kaolin/hydroxyapatite21 3.0 126.56 (El Messaoudi et al., 2024)

This study 5.0–7.0 118.43 This study

Table 2.  Comparison of the fluoride adsorption capacities of various adsorbents reported in the literature.

 

T(°C)

Langmuir Freundlich

Qmax(mg/g) KL R2 RL KF n R2

20 118.43 0.107 0.998 0.058651 18.943 1.986452 0.946

30 114.47 0.093 0.991 0.06689 16.901 2.01001 0.94

40 110.535 0.067 0.974 0.090498 14.264 2.199881 0.941

Table 1.  Adsorption isotherm parameters.

 

Fig. 9.  Adsorption isotherm model (a) Langmuir (b) Freundlich.
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which is close to that of high-performance materials such as MCH–La (136.78 mg g⁻1) and calcined kaolin/
hydroxyapatite (126.56  mg g⁻1). However, most of these adsorbents work well only under strongly acidic 
conditions (around pH 3.0), whereas the Ce3⁺/H₂O₂ adsorbent maintains high removal efficiency over a wider 
and more practical pH range of 5.0–8.0.

Compared with many biomass-based or tri-metallic materials, the Ce3⁺/H₂O₂ system also shows better 
stability and reusability, which makes it more suitable for real wastewater treatment. This combination of 
high capacity, broad pH adaptability, and good recyclability suggests that the Ce3⁺/H₂O₂ adsorbent has strong 
potential for real-world fluoride removal.

Kinetics studies
The Fig. 10 shows that during the initial stage of F− adsorption, the data exhibit good linearity, suggesting that 
the pseudo-first-order kinetic model is applicable at the early phase of the process. However, as adsorption 
progresses, deviations from linearity become evident, indicating that this model does not accurately describe 
the entire adsorption behaviour. The corresponding Table  3 confirms this observation, as the pseudo-first-
order model yields a relatively low correlation coefficient (R2) and a calculated qe value that deviates from 
the experimentally measured value. In contrast, the pseudo-second-order kinetic plot for F− adsorption 
demonstrated a strong fit across the entire time range. The kinetic parameters summarised in the Table  3 
show that the correlation coefficients (R2 > 0.99) and close agreement between the calculated and experimental 
adsorption capacities indicate that the pseudo-second-order model best describes the process, suggesting that 
chemical adsorption involving valence forces or electron exchange dominates the fluoride uptake. Combined 
with the Langmuir isotherm fit, which reflects monolayer adsorption on a homogeneous surface, these results 
point to a mechanism governed by Ce–F complexation and CeF₃ precipitation, which is consistent with the 
findings from the XRD and XPS analyses. Therefore, the kinetic evidence provides quantitative support for 
the proposed dual defluoridation mechanism illustrated, in which both precipitation and surface complexation 
contribute synergistically to fluoride removal.

Thermodynamic treatment of the fluoride sorption process
The thermodynamic parameters associated with the adsorption, standard free energy change(ΔG°), standard 
enthalpy change(ΔH°) and standard entropy change (ΔS°) were calculated as follows.

The free energy of the sorption process, considering the sorption equilibrium coefficient Ko, is given by the 
Eq. (3)

	 ∆G◦ = −RT ln K0� (3)

where ΔG° is the standard free energy of sorption (kJ/mol), T is the temperature in Kelvin and R is the universal 
gas constant(8.314 J mol−1 K−1). The sorption distribution coefficient Ko, was determined from the slope of the 
plot of ln(qe/Ce) against Ce at different temperatures and extrapolated to zero Ce according to method suggested 

K(g/mg·min) qe(mg/g) R2

Pseudo-first-order 0.02273 80.623 0.9614

Pseudo-second-order 0.01377 81.699 0.9996

Table 3.  Adsorption kinetics parameters.

 

Fig. 10.  Adsorption kinetics: (a) Pseudo-first-order and (b) Pseudo-second-order models.
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by Khan and Singh44, The sorption distribution coefficient may be expressed in terms of ΔH° and ΔS° as a 
function of temperature:

	
ln K0 = ∆S◦

R
− ∆H◦

RT
� (4)

whereΔH° is the standard enthalpy change (kJ/mol) and ΔS° is the standard entropy change (kJ/mol K). The 
values of ΔH° and ΔS° can be obtained from the slope and intercept of a plot of lnK0 against 1/T*100035.The 
calculated values of thermodynamic parameters are shown in Table 4 and Fig. 11. The slope and intercept of 
the lnK₀ versus 1/T plot were used to determine ΔH° and ΔS°. The obtained values (Table 4) reveal that all ΔG° 
values are negative, confirming that fluoride adsorption on the Ce–H₂O₂ system is spontaneous. The negative 
ΔH° (− 3.82 kJ·mol⁻1) indicates an exothermic process, whereas the negative ΔS° (− 6.42 J·mol⁻1·K⁻1) suggests 
that the adsorbent surface becomes more ordered after fluoride attachment.

Overall, the adsorption process is spontaneous and thermodynamically favorable, and is driven mainly by 
chemical interactions between Ce species and fluoride ions.

Regeneration and reusability study
The practical application of an adsorbent is highly dependent on its regeneration capability and reusability. 
To evaluate this, the adsorbent was subjected to three consecutive adsorption–desorption cycles. The fluoride 
removal performance across these cycles is compared with that of the initial cycle in Fig. 12.

The fresh adsorbent exhibited an initial adsorption capacity of 80.6 mg/g. After three regeneration cycles, 
the capacity was maintained at 50.6 mg/g, corresponding to a retention of approximately 63% of its original 
efficiency. The observed decline in capacity can be primarily attributed primarily to two factors: (1) the 
irreversible chemisorption of a fraction of fluoride ions onto strongly binding sites, rendering them unavailable 
for subsequent cycles; and (2) the inevitable physical loss of adsorbent mass during the filtration and washing 
steps of the regeneration process.

Despite the gradual decrease, the fact that the adsorbent retains significant adsorption capacity after multiple 
cycles demonstrates a satisfactory level of stability and reusability. This regenerative performance underscores 
the potential for repeated use of the adsorbent, which is a crucial factor for reducing operational costs and 
enhancing the economic feasibility of the adsorption process in practical wastewater treatment applications.

Defluoridation mechanism
The primary mechanisms underlying fluoride removal by Ce include electrostatic interactions, complexation, 
and ion exchange, as illustrated in the accompanying Fig. 13. Both Ce3+ and Ce4+ interact with fluoride ions 
through complexation and electrostatic interaction mechanisms45. Additionally, the presence of OH− within 
the cerium structure facilitates fluoride removal via ion exchange, wherein OH− ions are substituted by fluoride 

Fig. 11.  (a) lnqe/Ce against Ce (b) lnK0 against 1/T*1000.

 

Thermodynamic parameters Parameters of adsorbent

ΔG°(kJ mol−1)

293K − 0.79

303K − 0.75

313K − 0.69

ΔH°(kJ mol−1) − 3.82

ΔS°(J mol−1 K−1) − 6.42

Table 4.  Thermodynamic parameters of the adsorbent.
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ions46. These mechanisms were confirmed through FTIR and XPS analyses. On the basis of the adsorption 
behaviour, FTIR and XPS data, we propose that the process of fluoride removal by the adsorbent can be divided 
into two steps. First, a portion of Ce3+ reacts with F− to form CeF3, whereas the remaining Ce3+ is oxidised to Ce4+ 
by hydrogen peroxide. Ce4+ undergoes hydrolysis to generate Ce4+–OH, and some fluorides are electrostatically 
adsorbed (outer complexation). Then, fluoride replaces OH– and binds itself to Ce.

Conclusions
This study demonstrated that the adsorbent system utilizing Ce3⁺ and H₂O₂ is a high-performance, cost-
effective, and robust solution for water defluoridation, achieving a high adsorption capacity (up to 118.43 mg/g), 
maintaining efficiency over a wide pH range (5.0–8.0), and good resistance to coexisting anions.

The characterization results revealed two complementary defluoridation mechanisms: precipitation of 
thermodynamically stable CeF₃ and H₂O₂-induced oxidation,which results in the formation of Ce4⁺–OH surface 
sites that capture residual fluoride through ligand exchange. XRD and XPS analyses confirmed the coexistence 
of the CeF₃ and CeO₂ phases, verifying this dual mechanism.

Thermodynamic studies indicated that the adsorption process was spontaneous and exothermic, and 
regeneration tests revealed ed that the material retained more than 60% of its capacity after three cycles, 
demonstrating good reusability. This simple, ambient-conditions synthesis using inexpensive precursors 
highlights the practical potential of the Ce3⁺/H₂O₂ system for sustainable fluoride removal.

In addition to reporting a highly effective adsorbents, this work provides a deeper mechanistic understanding 
and introduces a new strategy for designing rare-earth-based materials for sustainable water purification. These 

Fig. 13.  Mechanism of fluoride adsorption.

 

Fig. 12.  Reusability of the adsorbent through three consecutive adsorption–desorption cycles (initial pH = 6.5, 
initial fluoride concentration = 100 mg L⁻1, adsorbent dosage = 1 g L⁻1, contact time = 120 min).
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insights not only advance the scientific basis of fluoride adsorption but also guide the development of next-
generation, high-performance, and low-cost defluoridation technologies. In future work, this system will be 
further optimized for continuous-flow operation and tested with real fluoride-containing industrial effluents to 
evaluate its field applicability. Additionally, efforts will focus on improving regeneration efficiency and extending 
the mechanism to other rare-earth-based adsorbents for multi-ion removal.

Data availability
All data generated or analyzed during this study are included in this article and its supplementary information 
files.
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