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Elevated fluoride levels in drinking water pose a significant challenge to human health, necessitating
affordable and effective adsorbents for fluoride removal. This study presents the synthesis of a Ce—Al
binary metal oxide composite adsorbent supported on activated carbon (Ce—-Al-O/AC) for the
The adsorbent, employing the synergistic bimetallic effect,
demonstrates robust fluoride removal performance across a wide pH range of 4-10. It is worth
highlighting that the equilibrium adsorption capacity reaches 17.97 mg g~ at 298 K and pH 6 within 2 h,
utilizing an adsorbent dose of 0.5 g L™t in an initial 10 mg L™ fluoride solution. The phosphate exerts the
most significant influence on the defluoridation efficiency. The adsorption kinetics and isotherms align

defluoridation of drinking water.

with the pseudo-second-order kinetics model and Langmuir isotherm model, respectively. Moreover,

the defluoridation process is characterized as spontaneous and endothermic, with a maximum
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Accepted 25th April 2025 adsorption capacity of 31.65 mg g~ at 298 K. Further experimental and theoretical evidences reveal that
fluoride adsorption is primarily driven by electrostatic interactions and ion exchange. The dynamic

DOI: 10.1039/d5ra00397k adsorption tests coupled with economic analyses highlight the promise of Ce—Al-O/AC as a cost-
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1. Introduction

Elevated fluoride levels in drinking water is a serious regional
issue around the world. Excessive intake over time can lead to
detrimental effects such as dental fluorosis, skeletal fluorosis,
and diseases of the neurological and endocrine systems."* So
far, fluoride-induced human poisoning has affected over 50
countries around the world, with more than 260 million people
suffering from fluorosis, including 22 to 45 million people in
China.? Therefore, China has stipulated a drinking water stan-
dard whereby the fluoride concentration should not exceed
1.0 mg L', making the strict control of fluoride concentration
in drinking water a critical issue.
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effective and efficient adsorbent for practical drinking water defluoridation.

A variety of techniques have been developed to remove
fluoride from water, including chemical precipitation,*
membrane separation,® ion exchange® and adsorption.” Among
these techniques, adsorption stands out as an economical and
efficient method, noted for its low cost, simplicity, and high
removal efficiency.®* Many different adsorbents have been
investigated for their ability to remove fluorides, such as
biomaterials,® natural minerals,”*® metal materials,"* carbon
materials,> and metal-organic frameworks (MOFs).**** Carbon
materials,*>'® especially activated carbon, are favored for their
cost-effectiveness, high surface area, and well-developed pore
structure.'” However, the use of activated carbon alone for the
removal of inorganic anions like fluoride is not effective, and
modification with various additives is also required.’> Metal
oxides and hydroxides exhibit a strong affinity for fluoride ions,
prompting extensive research on the modification of activated
carbon with various metal compounds such as calcium,®
aluminum,” iron,” magnesium,”»*" stannum,* zirconium?>
and lanthanum® to enhance their defluoridation capacities.
Previous studies have shown that bimetallic oxides exhibit
superior fluoride removal abilities compared to their single
metal oxide counterparts owing to the synergistic effects.”
Notably, aluminum oxide is a commonly used and effective
fluoride remover," and among rare earth metal oxides, cerium
oxide is relatively inexpensive and readily available compared to
lanthanum oxide. Particularly, cerium oxide possesses distinct
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and favorable properties, such as variable oxidation states and
higher ionic size.** Moreover, previous studies have demon-
strated that the incorporation of Ce in composite adsorbents
can promote the formation of hydroxyl groups, which are
beneficial for fluoride adsorption.>”?*

Therefore, a Ce-Al-O/AC composite adsorbent for drinking
water defluoridation was synthesized in this study. Key effect
factors included solution pH, initial fluoride concentration,
coexisting ions, adsorption time, and temperature on fluoride
removal efficiency were thoroughly studied as well as the rules
of adsorption kinetics, adsorption isotherm, and thermody-
namics were also explored. Combined with the results of char-
acterization, static adsorption experiments, and DFT
calculations, the defluoridation mechanisms of Ce-Al-O/AC
were comprehensively elucidated. In addition, its practical
application viability was certified by dynamic adsorption test
and economic analysis. The results indicate that it serves as an
economical and effective adsorbent for practical application in
drinking water defluoridation.

2. Materials and methods

2.1. Chemicals

All chemicals in this study were obtained from commercial
sources and were not further purified. The activated carbon (AC)
was purchased from Lvzhiyuan Co., Ltd. Cerium nitrate
(Ce(NO;3)3-6H,0) was purchased from Sinopharm Chemical
Reagent Co., Ltd. Aluminum chloride (AICl;-6H,0) and
ammonia (NH;-H,0) were purchased from Xilong Science Co.,
Ltd.

2.2. Adsorbents preparation

The composite adsorbent was synthesized by the co-
precipitation method. To determine the optimization of metal
molar ratio in bimetallic oxides, samples with different Al/Ce
molar ratios were prepared. The preparation of activated
carbon supported Ce-Al oxides was similar to bimetallic oxides.
The preparation and optimization preparation conditions for
defluoridation of adsorbents were recorded in the ESI.T More-
over, as Ce salts are relatively more expensive than Al salts,
considering performance comparison and economic factors,
the adsorbents were synthesized in the same way at calcined at
203 °C for 200 min with n(Al)/n(Ce) = 0:0, 0:1, 14: 3, respec-
tively. The adsorbents above were denoted as AC, Al-O/AC, and
Ce-Al-O/AC, respectively. And the Ce-Al-O/AC after adsorption
was denoted as Ce-Al-O/AC-F.

2.3. Characterization methods

The surface morphology and element distribution of AC, Al-O/
AC, Ce-Al-O/AC, and Ce-Al-O/AC-F were gained by scanning
electron microscope (SEM, Regulus 8100, Japan) equipped with
an energy dispersive spectroscopy (EDS, Octane elect plus, USA).
The specific surface area and pore size distribution of the
adsorbents were measured by the surface area and porosity
analyzer (BET, BELSORP-Mini II, Japan). The structural char-
acteristics of carbonaceous materials can be characterized by
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a Raman spectrometer (Raman, Thermo Scientific, USA). The
crystallinity and phase structure of materials were determined
by X-ray diffraction (XRD, D8 Advance, Germany). The surface
functional groups of AC, Al-O/AC, Ce-Al-O/AC, and Ce-Al-O/
AC-F were analyzed qualitatively by Fourier transform infrared
spectroscopy (FT-IR, Nicolet iS10, USA). The binding energy,
elemental composition, and oxidation state of the adsorbents
were determined by an X-ray photoelectron spectrometer (XPS,
ESCALAB 250, USA).

2.4. Adsorption experiment

Under the conditions of 10 mg adsorbent dosage, 298 K
temperature, and 120 min adsorption time in 20 mL fluorine-
containing solution, the defluoridation performances of the
aforementioned adsorbents were investigated; key parameters
included different pH values, initial fluoride concentration, and
the influence of coexisting ions on fluoride removal efficiency.
All adsorption experiments were performed in a shaker at
150 rpm. For kinetics studies, 10 mg of Ce-Al-O/AC was intro-
duced to 10 mg L' fluoride solution. For thermodynamics
studies, 10 mg of Ce-Al-O/AC was added to fluoride solution
with varying initial fluoride concentrations (10 mg L' to
80 mg L") at different temperatures (288 K, 298 K, 308 K, and
318 K).

In addition, the fixed-bed experiments were conducted by
adding 3.0 g of Ce-Al-O/AC respectively within dynamic
adsorption plastic columns (12.8 mm in inner diameter and
115 mm in length). The fluoridated drinking water (water
quality shown in Table S1) was injected at different constant
flow rates by the peristaltic pump (BT100S-1, China).

The fluoride concentration in the solution was determined
by the fluoride ion electrode method. All experiments were
performed in duplicate. The fluoride equilibrium adsorption
capacity g. (mg g~ ') and the removal rate 7. (%) are calculated
as follows:

g (G=CIV a

m

Ne = (G-C) % 100% (2)

G
Here, C, (mg L") and C. (mg L") are the initial and equilib-
rium concentrations of fluoride before and after adsorption.
The m (mg) and V (mL) represent the weight of the adsorbents

and the volume of the solution, respectively.

2.5. Computational details

The density functional theory (DFT) based theoretical calcula-
tions of the adsorption configurations were implemented in the
QuantumWise Atomistix ToolKit (Quantum ATK) package.”
The GGA-PBE functional with a linear combination of atomic
orbitals (LCAO) norm-conserving PseudoDojo pseudopoten-
tial** was employed to deal with the electron exchange and
correctional interactions. The valence electrons were expanded
using a numerical atomic-orbital basis set of double-zeta
polarization (DZP) for all atoms.*® To prevent interaction

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between adjacent layers, a vacuum space of 20 A was inserted
along the z direction. The cutoff energy of 125 hartree and the
Monkhorst k-point mesh of 3 x 3 x 1 were applied to the
calculations of optimization and the calculations of adsorption
energy. The ion adsorption configurations took the DFT-D3
correction method into account.®*** The convergence criterion
of the force was set to 0.02 eV A",

3. Results and discussion

3.1. Defluoridation performance of different absorbents

The defluoridation capacity of metal oxides at different Al/Ce
molar ratios is displayed in Fig. 1(a). It can be observed that
the fluoride removal performance of Ce oxide is inferior to that
of Al oxide. The defluoridation of Ce-Al bimetallic oxides with
different Al/Ce ratios is superior to that of Ce oxide and Al oxide
alone, with the optimal fluoride removal performance at an Al/
Ce ratio of 4:1. Thus, it can be speculated that a synergistic
effect occurs between Ce oxide and Al oxide and the specific
structure facilitated for defluoridation is formed in the Ce-Al
bimetallic oxides composites. These results are consistent with
other studies.**

Based on this foundation, activated carbon supported Ce-Al
oxides were prepared, and the preparation process was opti-
mized by the response surface methodology (RSM) method. The
results of the interaction of the preparation conditions are
presented in Fig. S1.T The optimal preparation conditions were
determined to be the calcination temperature of 203 °C, the
calcination time of 3.33 h, and the Al/Ce molar ratio of 14:3.
The composite absorbent prepared under these optimal
conditions was designated as Ce-Al-O/AC. The fluoride removal
performance of AC, Al-O/AC, and Ce-Al-O/AC is shown in
Fig. 1(b). It indicates that the Ce-Al-O/AC achieves an adsorp-
tion capacity of 17.97 mg g~', which is notably higher—twice
and sixteen times than those of Al-O/AC composite materials
and AC alone, respectively. This significant enhancement in
defluoridation ability owing to their synergistic effect of
aluminum and cerium oxides supported on activated carbon.
Therefore, an in-depth investigation into the characterization
and defluoridation influencing factors of Ce-Al-O/AC is
necessary.
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3.2. Characterization of materials

The SEM images and EDS images of materials are shown in
Fig. 2. It can be found that Al-O/AC, Ce-Al-O/AC, and Ce-Al-O/
AC-F all retain the porous structure characteristic of activated
carbon. By contrast, more abundant irregular particles, identi-
fied as metal oxides resulting from high-temperature calcina-
tion of the composite samples, are observed on the surfaces and
within pores of AI-O/AC and Ce-Al-O/AC.* EDS analysis of Ce-
Al-O/AC (Fig. 2(e-i)) and EDS data comparisons with AC and Al-
O/AC (Table S27), confirm the successful adherence of cerium
and aluminum on its surface, with O distribution coinciding
with that of Ce and Al, and some overlap between Ce and Al.
Furthermore, from the EDS images of Ce-Al-O/AC-F (Fig. 2(j-
n)), it can be seen that F overlaps highly with O. Considering the
relationship between O and Ce, Al reflected by the EDS of Ce-Al-
O/AC, it is evident that the Ce-Al bimetallic oxide system plays
a synergistic role in the fluoride adsorption process.

N, adsorption-desorption isotherms and BJH desorption
pore size distributions for AC, Al-O/AC, and Ce-Al-O/AC are
depicted in Fig. 3. According to the IUPAC classification, the N,
adsorption isotherms for these materials exhibit both Type I
and IV characteristics, indicating the coexistence of micropores
and mesopores. Besides, their hysteresis loops, classified as
type H4, lack distinct saturated adsorption plateaus, illustrating
irregular slit-like pore structures. The specific surface area, pore
volume, and pore diameter of the AC, AI-O/AC, and Ce-Al-O/AC
are summarized in Table S3.1 Notably, while Ce-Al-O/AC has
a reduced specific surface area (330.50 m”> g~ ') compared to AC
(487.07 m> g ') and Al-O/AC (470.41 m”> g™ "), it shows superior
defluoridation performance in the previous test. It suggests that
chemical adsorption may be more influential than physical
adsorption in Ce-Al-O/AC's fluoride uptake, a hypothesis that
needs further confirmation.

In Fig. 4(a), the peaks near 1340 cm ' and 1590 cm™ ' are
both observed in the Raman spectra of AC, AI-O/AC, and Ce-Al-
O/AC, which correspond to the D and G bands respectively.*®
According to the strength ratio (Ip/Ig) of the D and G bands
recorded in Table S4,} the Ip/I; values of AI-O/AC and Ce-Al-O/
AC are relatively larger, indicating the greater degree of struc-
tural defects compared to AC. Previous studies*® have

(b)
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Fig. 1 The defluoridation capacity of (a) metal oxides at different Al/Ce molar ratios, (b) AC, Al-O/AC and Ce—~Al-O/AC (dose = 0.5g L% Co =

10 mg L%, t = 120 min, T = 298 K).
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Fig.2 SEM images of (a) AC, (b) Al-O/AC, (c) Ce—-Al-O/AC, and (d) Ce—

demonstrated that the defect structures of carbonaceous
materials and the supported metal oxides could be acted as
active sites for adsorbents, which results in the superior
defluoridation performance of AI-O/AC and Ce-Al-O/AC.
Additionally, the D and G bands in the Raman spectrum of
Ce-Al-O/AC are broader than those of AI-O/AC. It suggests that
the Ce-Al-O/AC composite adsorbent is not a mere mixture of
Ce oxide and Al oxide on activated carbon, but possesses
a higher density of defects and a lower degree of graphitization,
which can lead to enhancing chemical adsorption.

As shown in Fig. 4(b). The XRD pattern of AC exhibits a broad
diffraction peak of amorphous structure.?” In the XRD spectrum
of Ce-Al-O/AC, characteristic peaks of CeO, are observed at 26
positions of 28.542°, 33.075°, 47.475°, 56.332°, and 76.685°
(JCPDS: 01-081-0792), corresponding to crystal planes (111),

View Article Online
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Al-O/AC-F, EDS images of (e—i) Ce—Al-O/AC and (j—n) Ce-Al-O/AC-F.

aluminum oxides are displayed in the XRD pattern of Ce-Al-O/
AC and Al-O/AC, indicating that most of the aluminum oxide
compounds are present in an amorphous state on the surface of
absorbents.*" In the XRD spectrum of Ce-Al-O/AC-F, the char-
acteristic peak intensity of CeO, is significantly reduced. It can
be inferred that CeO, is involved in the process of adsorbing
fluoride.*

The FTIR spectra of AC, AI-O/AC, Ce-Al-O/AC, and Ce-Al-O/
AC-F are shown in Fig. 4(c). All samples display broad peaks at
1080 cm ™' and 3430 em ™', indicating the stretching vibrations
of the C-O bond and -OH from interlayer water molecules (H-
O-H).® The weaker peaks at 2920 cm™ " and 1580 cm ™' are
assigned to the stretching vibrations of the -CH,— and C=C
bonds.* In comparison with AC, the FTIR spectrum of Al-O/AC
and Ce-Al-O/AC reveal three new peaks at 1390 cm™*, 700 cm ™,

(200), (220), (311), and (331).*** Whereas, no crystalline and 580 cm ', corresponding to the bending vibration of
(a) & 240 (b) & 200 (C)&‘
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Fig. 3 N, adsorption—desorption isotherms and BJH pore size distribution curves of (a) AC, (b) Al-O/AC, and (c) Ce—-Al-O/AC.
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Fig. 4
spectra of AC, Al-O/AC, Ce-Al-O/AC, and Ce—-Al-O/AC-F.

hydroxyl groups and the bending and symmetric stretching
vibration of Al-O-Al metal bonds, respectively.** Additionally,
another distinctive peak at 910 cm ™" in Ce-Al-O/AC is assigned
to the Ce-O bond.***® Interestingly, after adsorption, the peak
intensities of Ce-Al-O/AC-F at 1390 cm ' and 910 em ™"
markedly decrease, indicating that the fluoride adsorption by
Ce-Al-O/AC involves interactions with hydroxyl groups and
cerium oxides.

3.3. Adsorption study of Ce-Al-O/AC

Fig. 5(a) illustrates that Ce-Al-O/AC exhibits relatively high
fluoride adsorption efficiency across a wide pH range of 4-10,
demonstrating its adaptability for drinking water conditions.
The adsorption efficiency reaches the peak at a solution pH of 6,
while the pH,,. of Ce-Al-O/AC is 10.98 (Fig. S27), suggesting
that electrostatic adsorption is not the sole defluoridation
pathway. The low adsorption efficiency observed at pH 3-4 is
ascribed to the gradual conversion of F~ to HF in highly acidic
solutions (Fig. S31), which reduces the ease of removal by either
electrostatic adsorption or substitution by OH on the adsorbent
surface.*® Conversely, as the pH increases from 6 to 10, the tiny
reduction in positive surface charge hinders the absorption of
F~ onto the active sites and emerges competitive chemisorption

(a) Raman spectra of AC, Al-O/AC, and Ce-Al-O/AC, (b) X-ray patterns of AC, Al-O/AC, Ce—Al-O/AC, and Ce—Al-O/AC-F, (c) the FTIR

between hydroxide ions and F~. At a solution pH of 11, the Ce-
Al-O/AC surface carries a negative charge, resulting in electro-
static repulsion with F~ and increased competition for
adsorption with hydroxyl ions in the solution.*®

As shown in Fig. 5(b), with the increase of initial fluoride
concentration from 10 to 80 mg L', the fluoride removal
capacity of Ce-Al-O/AC increases from 17.97 mg g~ " to 31.03 mg
g~ ', but the fluoride removal efficiency decreases from 89.16%
to 19.39%. That can be due to an increase in the adsorption
driving force and a decrease in the resistance of adsorption at
high fluoride initial concentrations.*” This trend aligns with
findings from other studies.*®

The competitive effect of co-existing anions on the removal
performance of fluoride is shown in Fig. 5(c). The influence of
these ions on fluoride is ranked as follows: PO,*~ > CO;>~ >
SO,>~ > NO;~ > Cl~, mirroring results from other studies.*® In
particular, PO,*>~ exerts the greatest effect on fluoride removal.
The results reveal that multivalent anions, characterized by
higher charge densities, are preferentially adsorbed onto posi-
tively charged adsorbent surfaces than monovalent anions.*

As shown in Fig. S4(a),t the fluoride adsorption of Ce-Al-O/
AC reaches equilibrium after 2 h, but the adsorption capacity at
15 min is up to 17.04 mg g~ ', which is 94.8% of the equilibrium
adsorption capacity. The fast adsorption rate of Ce-Al-O/AC in

[ | Qe 0 mmol/L
25 e I 711 mmol/L
20 10 mmol/L
%‘z = = = L = =
EIs x ) -
< -
10 A1
[ -
34 5 6 7 8 9 1011 10 20 40 60 80 CI' NOjy SO42" CO32' PO43'
pH C, (mg/L) Co-existing anions

Fig.5 Effect of (a) solution pH (dose =0.5g L%, Co=10mg L%, t =120 min, T =298 K), (b) initial fluoride concentration (dose = 0.5g L™}, pH =
6, t =120 min, T=298 K) and (c) co-existing anions (dose = 0.5g L%, Co =10 mg L™, pH = 6, t = 120 min, T = 298 K) on fluoride removal by Ce-

Al-O/AC.
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Fig.6 (a) Fluoride adsorption isotherms of Ce—Al-O/AC at different temperatures (dose = 0.5g L%, pH =6, t =120 min, Co =10-80 mg L™}, (b)

Langmuir, (c) Freundlich, and (d) DR isotherms of fluoride adsorption.

the first 15 min is mainly due to the large number of adsorption
sites in the initial stage. Subsequently, the active sites are
progressively occupied until they reach the adsorption capacity
saturation.”® To study the adsorption kinetics, pseudo-first-
order, pseudo-second-order, and intra-particle diffusion
models (recorded in the ESIT) were used to fit with the experi-
mental data (shown in Fig. S4(b)-(d)f). Comparing the
summarized parameters of the tree models in Table S5 shows
that the pseudo-second-order model (R> = 0.9999) is much
better fitted with the adsorption process than the pseudo-first-
order model (R* = 0.8248) and intra-particle diffusion model
(R* = 0.8811-0.9967), suggesting that the chemisorption would
be the main process of fluoride adsorption by Ce-Al-O/AC.>*>'

Fig. 6 illustrates the adsorption results of Ce-Al-O/AC for
fluoride ions at different temperatures and fluoride

concentrations. According to Fig. 6(a), as the temperature
increases from 288 K to 318 K, the saturated adsorption capacity
(ge) of Ce-Al-O/AC for fluoride gradually rises from 28.98 mg
g 'to34.37 mg g ', demonstrating that the adsorption reaction
is an endothermic process. Fig. 6(b—d) illustrate the analysis of
the g. of defluoridation by Ce-Al-O/AC at different tempera-
tures using Langmuir, Freundlich, and Dubinin Radushkevich
(D-R) isotherm models. All fitting parameters are presented in
Table S6.1 Compared with the Freundlich model (R* = 0.9213-
0.9902) and the D-R model (R* = 0.9027-0.9870), the Langmuir
model (R* = 0.9991-0.9997) shows a better fit with the experi-
mental data, reflecting that the adsorption process of Ce-Al-O/
AC is attributed to mono-layer adsorption.” In addition, the
max defluoridation capacity of Ce-Al-O/AC calculated by the
Langmuir model is 31.65 mg g~ ' at ambient temperature. The

Table 1 Comparison of maximum adsorption capacities of different adsorbents

Adsorbents Gmax (Mg g™ React condition Dose (g L) References
Ce-Al-O/AC 31.65 Cp-=10-80 mg L™}, pH=6,T=298K,t=2h 0.5 This work
AC-CMCSL 2.01 Cp-=2-25mgL Y, pH=7,T=298K,t=1.67h 10 18
AC-Al 13.03 Cp-=5-30mg L™, pH=6.15,T=298K,t=1h 1.5 19
AIAABC 21.1 Cp-=5-30mg L™, pH=7,T=298K,t=3h 0.8 20
MPCC 26.6 Cp-=10-35mgL ', pH =7, T =298 K, t = 70 min 2.0 21
Sn0,-AC 4.56 Cp-=2-10mgL Y, pH=6,T=293K,t=24h 0.28 22
Zr-ACF 28.50 Cp-=10-80mg L™} pH=7,T=298K,t=6h 2.0 23
MAC-La 12.178 Cp- = 1-48 mg Lfl, T=298K,t=24h 1.2 24
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parameter Ry, in the Langmuir model is between 0 and 1, and
the parameter n in the Freundlich model is greater than 1,
which indicates that the fluoride adsorption process is advan-
tageous.” The free energy (E) values calculated via the D-R
model at various temperatures all exceed 16 k] mol*, indi-
cating that the adsorption of fluoride by Ce-Al-O/AC is
predominantly chemical adsorption.*> Thermodynamic
parameters are summarized in Table S7,} with fitting results
depicted in Fig. S5.f The negative AG values across the tested
temperatures confirm the spontaneity of fluoride adsorption.
The positive AH (11.5385 k] mol ') and AS (0.1614 kJ mol %)
values reveale that the adsorption process is endothermic and
increases the disorder of the system.'*°

3.4. Defluoridation performance evaluation of Ce-Al-O/AC

Table 1 shows the comparison of defluoridation performance of
Ce-Al-O/AC with other adsorbents in previous studies. It can be

View Article Online
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seen that the maximum defluoridation capacity of Ce-Al-O/AC
is up to 31.65 mg ¢, which is much higher than other adsor-
bents with lower dosages. This indicates the superiority of its
defluoridation performance.

3.5. Mechanism analysis

The defluoridation mechanism can be elucidated through the
XPS spectra analysis of Ce-Al-O/AC and Ce-Al-O/AC-F. Fig. 7(a)
confirms the presence of Ce, Al, O, and C in the composite
adsorbent, and the successful capture of fluoride ions, evi-
denced by the emergence of a new F 1s orbital peak appears at
686 eV after adsorption." Fig. 7(b-e) displays the XPS spectra of
F, Al, O, and Ce, respectively. In the F 1s XPS spectrum of Ce-Al-
O/AC-F (Fig. 7(b)), two peaks at 685.55 eV and 686.50 eV
correspond to Ce-F and Al-F respectively, and the higher rela-
tive area ratio of Al-F (71.92%) compared to Ce-F (28.08%) is
attributed to the Al/Ce ratio of 14 : 3 in the material. Besides, the

(a)

e Ce-Al-O/AC-F
e Ce-Al-O/AC

O1s

Cls

1200 900 600 300 0
Binding Energy (eV)
(b) (c)
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ALOH (38.67%)
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ALF 51L.1%) A
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il
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Fig. 7

(a) XPS spectra of Ce—Al-O/AC and Ce—Al-O/AC-F, (b) F 1s XPS spectra of Ce—Al-O/AC and Ce—Al-O/AC-F, (c) Al 2p XPS spectra of

Ce-Al-O/AC and Ce-Al-O/AC-F, (d) O 1s XPS spectra of Al-O/AC, Ce—-Al-O/AC and Ce—-Al-O/AC-F, (e) Ce 3d XPS spectra of Ce—-Al-O/AC

and Ce-Al-O/AC-F.
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binding energies of Ce-F and Al-F exceed that of the NaF peak
(684.5 eV), illustrating that fluoride ions undergo complexation
with Ce and Al.*** The Al 2p spectra of Ce-Al-O/AC (Fig. 7(c))
exhibit two peaks at 73.7 eV and 74.45 eV, corresponding to Al-
O and Al-OH, respectively. Moreover, the Al 2p spectra of Ce-Al-
O/AC-F reveal a new peak at 75.4 eV attributed to Al-F, further
corroborating the interaction between fluoride ions and
aluminum in the composite adsorbent. In Fig. 7(d), the O 1s
spectra of Ce-Al-O/AC can be classified into three peaks at
531.18, 532.43, and 533.3 eV, representing M-O, M-OH, and
H,O0 (where M denotes Ce and Al), respectively.?® In particular,
compared to the spectra of Ce-Al-O/AC, the relative area of M-
OH decreases from 57.52% to 36.97% in Ce-Al-O/AC-F. It
strongly indicates the participation of hydroxyl groups in
defluoridation through the ion exchange process,*® which is
consistent with the FTIR results. Furthermore, the relative area
of M-OH is larger in the spectra of Ce-Al-O/AC than Al-O/AC,
which speculates that the doping of Ce-Al bimetallic
increases the hydroxyl content of the adsorbent and exhibits
better performance for fluoride removal. As shown in the Ce 3d
spectra of Ce-Al-O/AC (Fig. 7(e)), the peaks at 916.80, 907.59,
901.04, 898.66, 888.90 and 882.90 eV are attributed to Ce(wv), the
peaks at 904.77 and 885.94 eV are related to Ce(m).**- As the Ce—
Al-O/AC composite was synthesized via a hydrothermal process
at 203 °C in a nitrogen atmosphere tube furnace. The exposure
to high temperature and low oxygen partial pressures facilitated
the desorption of oxygen from the CeO, surface into the gas
phase, thereby generating intrinsic oxygen vacancies and
releasing electrons, which subsequently reduce Ce(w) to the
Ce(m) oxidation state.® After fluoride adsorption, the binding
energies of the Ce 3d XPS spectra slightly shift, which indicates
that the hydroxyl groups on the surface of Ce participated in the
fluoride adsorption.> Furthermore, the relative area of Ce(wv) is
decreased from 64.82% to 58.63%, while the relative area of
Ce(m) is increased from 35.18% to 41.37%. It indicates a slight
change reemerged in the CeO, lattice, resulting in an increase
number of activated oxygen vacancies (defects) and facilitating
the reduction of Ce(iv) to Ce(m)." The elevated proportion of
Ce(m) implies a higher density of active center sites for the
reaction,* which in turn facilitates the formation of -OH groups
on the surface, and subsequently promotes the efficiency of ion
exchange with fluoride ions. These findings are in accordance
with the other studies."?>?¢

To reach a further understanding of the adsorption mecha-
nism, DFT calculations were performed to investigate the
adsorption of F~ and OH™ on the surface of Ce-Al-O/AC as well
as Al-O/AC, as shown in Fig. 8 and S6.f The highlighted
adsorption energy (E.q) can be described as follows:*

Ead = Etotal - Eion - Esub (3)
where E. is the total energy of the adsorbed configurations,
Eion and Eg,p, represent the total energies of adsorbed ion and
substrate materials, respectively. From Fig. 8(a) and (b), the
calculated E,q (—6.71 eV) for F~ adsorbed on the top of AI-O/AC,
which is more negative than the obtained E.q (—5.82 €V) for
OH" adsorbed on Al-O/AC. The more negative E,4 value implies

14370 | RSC Adv, 2025, 15, 14363-14374
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E,=-6.98 eV

E,=-6.07¢eV

Fig. 8 The top and side views of absorption configurations for (a) F~
and (b) OH™ adsorbed on Al-O/AC. (c) F~ and (d) OH™ adsorbed on
Ce—-Al-O/AC. E,q represents the adsorption energy.

the fact that Al-O/AC shows greater adsorption properties of F~
than OH . Moreover, from Fig. 8(c) and (d), the calculated E.q
(—6.98 eV) for F~ adsorbed on Ce-Al-O/AC, which is also more
negative than the calculated E,q (—6.07 eV) for OH™ adsorbed
on Ce-Al-O/AC. These results reveal that Ce-Al-O/AC hold good
adsorption performance for F~ than OH™. Therefore, the more
negative E,q values for F~ adsorption indicate that ionic
exchange from OH™ to F~ is likely to occur for both the Al-O/AC
and Ce-Al-O/AC case. On the other hand, the calculated E,4 for
F~ adsorbed on Ce-Al-O/AC is more negative than that of Al-O/
AC, revealing that Ce-Al-O/AC possesses better fluoride
absorption performance. Additionally, the energy difference of
E.q between F~ and OH™ is —0.89 eV for AI-O/AC and —0.91 eV
for Ce-Al-O/AC, respectively, revealing that the replacing of
OH™ with F~ is more easily to occur on the surface of Ce-Al-O/
AC. Furthermore, as demonstrated by XRD, the Ce-Al oxides
loaded on activated carbon exhibit structures where Ce oxide
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Fig.9 Schematic of the mechanism of fluoride removal by Ce—-Al-O/
AC.
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Fig. 10
defluoridation from fixed-bed columns with the testing drinking water.

and Al oxide are separately on the activated carbon. The
possible adsorption forms of F~ and OH™ by these structures
are depicted in Fig. S6.7 In conjunction with Fig. S6,1 further
calculations reveal that the energy difference of E,q between (a)
and (d), (b) and (d), and (c) and (d) are —16.71 eV, —3.3 eV, and
—4.42 eV, respectively, which are more negative than the energy
difference of E,q between F~ and OH  for Al-O/AC. These
phenomenons indicate that Ce-Al-O/AC demonstrates better
fluoride removal performance by ion exchange between fluoride
ions and hydroxyl groups than Al-O/AC, which is consistent
with our experimental results.

Therefore, the results of the above experimental and theo-
retical analysis show that the mechanism of fluoride removal is
mainly electrostatic interaction and ion exchange (shown in
Fig. 9), involving the following chemical reactions:

Ion exchange: (MO)-OH + F~ — (MO)-F + OH™ (4)
Electrostatic interaction: (MO)-OH + H" + F~ —
(MO)-OH, — F (5)

where, M = Ce*", Ce*" and AI**.

3.6. Dynamic adsorption test and economic analysis

The viability of Ce-Al-O/AC for practical application depends on
its efficacy in treating fluoridated drinking water and its
economic feasibility. As depicted in Fig. 10(a), the defluor-
idation efficiency of fixed-bed columns exhibits a slight decline
with increasing water treatment flow rate, yet consistently
remains above 91%. This implies that the dynamic system has
a rapid adsorption rate and strong resistance to fluctuations in
water volume. Considering treatment efficiency and flow rate,
subsequent tests on the fixed-bed columns were further con-
ducted at a treatment flow rate of 0.42 mL min~"-to assess the
potential fluoride removal capacity (Fig. 10(b)). Fig. 10(b) illus-
trates that the effluent fluoride concentration progressively
increases with operational time. After 240 hours, the average
effluent fluoride concentration approaches 1.0 mg L7,
approximating the threshold for drinking water standard.
Consequently, the effective treatment volume of drinking water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The defluorination rates of fixed-bed columns with the testing drinking water at different flow rates, (b) breakthrough profiles of

is approximately 6048 mL. For a household of three with an
annual drinking water consumption of 2 m?, 1.0 kg of such
adsorbent would be required. To evaluate the economic
performance of Ce-Al-O/AC, the energy consumption and
resource costs associated with its preparation (Table S8t) were
calculated based on previous studies.>* When Compared with
the costs of conventional household water purifier cartridges
(Table S9%), the total expense of utilizing Ce-Al-O/AC for
treating 2 m® of drinking water amounts to £2.45, representing
about 10% of the cost of water purifier cartridges and drastically
reducing the water treatment cost. Therefore Ce-Al-O/AC
emerges as a cost-effective and efficient adsorbent for prac-
tical drinking water defluoridation.

4. Conclusions

The Ce-Al-O/AC composite adsorbent, synthesized via the co-
precipitation method, has been effectively applied to reme-
diate fluoridated drinking water. Static adsorption studies
reveal its superior defluoridation performance with a maximum
sorption capacity of 31.65 mg g ' at 298 K. The composite
adsorbent maintains high efficiency across a wide pH range of
4-10, demonstrating its robustness for various environmental
conditions. Phosphate anions were identified as an interference
with the defluoridation process. The rapid defluoridation rate,
achieving 94.8% of the equilibrium adsorption capacity within
15 minutes, underscores its potential for practical applications.
The adsorption kinetics and isotherm data align well with the
pseudo-second-order kinetic model and Langmuir isotherm
model, respectively. The thermodynamic analysis confirms that
the adsorption reaction is a spontaneous and endothermic
process. Experimental and theoretical analysis indicate that
electrostatic interactions and ion exchange as the primary
mechanisms underlying the defluoridation by Ce-Al-O/AC.
The development of the Ce-Al-O/AC composite adsorbent
provides an efficient and economical solution for fluoride
removal from drinking water. The adsorbent's ability to func-
tion effectively over a wide pH range and its rapid defluor-
idation rate enhance its suitability for real-world applications.
The economic analysis, demonstrating lower cost compared to
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conventional drinking water purification methods, further
emphasizes its potential for widespread adoption. Future
research should focus on scaling up the production of Ce-Al-O/
AC and evaluating its long-term performance in various
drinking water conditions to fully realize its environmental and
public health benefits.
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