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Abstract: Amorphous calcium phosphate (ACP), one of the most important calcium-—
phosphorus compounds, is widely used in dentistry, orthopedics, and medicine, but is
rarely reported for fluoride removal from water. In view of this, sodium citrate-stabilized
amorphous calcium phosphate (Cit-ACP) and Cit-ACP calcinated at different temperatures
were successfully prepared for fluoride removal. The results showed that the adsorption
data of the Cit-ACP sample could be well described by the Langmuir model, and the
adsorption kinetic followed the pseudo-second-order model. The maximum adsorption
capacity was 27.48 mg/g at pH 7.0 when the fluoride concentration is 100 mg/L. The
thermodynamic parameters suggested that the adsorption of fluoride was a spontaneous
endothermic process. The XRD, XPS, and Zeta potential analysis of the Cit-ACP sample
before and after fluoride removal revealed that, owing to the core—shell structure of the
Cit-ACP nanoparticles, the fluoride ions in solution and the calcium ions in shell layer
of the Cit-ACP nanoparticles co-promoted the transformation of the core of the Cit-ACP
nanoparticles into fluorapatite. Given the simplicity of its preparation and effectiveness of
its fluoride removal properties, Cit-ACP would be a potentially economical, efficient, and
biocompatible adsorbent for fluoride removal.

Keywords: amorphous calcium phosphate; sodium citrate; fluoride removal; hydroxyapatite

1. Introduction

Fluorine is an essential trace element for human beings and animals. The presence of a
certain amount of fluoride in drinking water has beneficial effects on human health, such as
preventing tooth decay and strengthening tooth enamel [1]. However, if the fluoride concen-
tration exceeds 1.5 mg per liter, this will damage human health and lead to many diseases
such as dental/skeletal fluorosis, fetal cerebral function, and neurotransmitters [2,3].

Given the health hazards of excess fluoride in water, many technologies have been
developed to remove fluoride [3]: electrocoagulation [4-6], precipitation [7,8], ion ex-
change [9,10], membrane techniques [11,12], and adsorption [13,14]. Of these techniques,
adsorption has proven to be an effective, environmentally friendly, and economical method
for the removal of excess fluoride from drinking water [2,15]. Different adsorbents have
been successfully utilized for fluoride removal, such as hydroxyapatite [16,17], alumina-
based adsorbents [18,19], activated carbon [20,21], ion exchange resins [22], biopolymer-
based composites [23,24], clay-based materials [25,26], and mixed oxides [27,28]. However,
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to date, some problems associated with their applications are still unresolved, such as low
adsorption capacities and poor selectivity.

Amorphous calcium phosphate (ACP) [29-31], often found in the early stages of
biological hard tissue formation or synthetic hydroxyapatite, is often considered to be an
intermediate stable calcium—phosphorus compound with the typical chemical formula
[MyCaz(HPOy)sy (PO4)3y]-zHo0 [32]. Due to its excellent bioactivity, biocompatibility,
bioabsorbability, and non-toxicity, ACP is an important biomaterial that is of significant
interest in dentistry, orthopedics, and other biomedical fields [33-37].

Under the right temperature, pH, and humidity conditions, ACP can be rapidly
converted to other thermodynamically more stable calcium-phosphorus compounds
such as hydroxyapatite [38-40]. In order to prepare ACP, biomolecules or organic small
molecules are often used to assist in its formation, such as PEG2000, sodium citrate, casein,
etc. [34,41,42]. Of these, sodium citrate is one of the most popular [43]. Sodium citrate-
stabilized amorphous calcium phosphate (Cit-ACP) has a high specific surface area of
200-330 square meters per gram, compared to amorphous calcium phosphate (blank-ACP)
which has a specific surface area of only 60-160 square meters per gram. Cit-ACP dry
powder can be stored at room temperature for up to four years without any change. In
contrast, blank-ACP powders spontaneously convert to crystalline HA within a few hours
under ambient conditions. Moreover, the sodium citrate-stabilized ACP nanoparticles are
very sensitive to fluoride ions and can be rapidly converted to fluorapatite in a solution
environment where fluoride ions are present [44].

Combining the above characteristics, it is reasonable to infer that Cit-ACP nanopar-
ticles may be an efficient fluoride adsorbent. So far, there are few reports on Cit-ACP
nanoparticles in fluoride removal compared to the numerous reports on hydroxyapatite
in fluoride removal. In this work, the removal of fluoride by Cit-ACP nanoparticles as
an adsorbent was systematically investigated for the first time. The fluoride removal ca-
pacity, the adsorption thermodynamics, and the kinetics of Cit-ACP were studied. Then,
the effects of pH, initial fluoride concentration, and co-existing anions on the adsorption
performance of Cit-ACP were investigated. Finally, the adsorption mechanism of Cit-ACP
was illustrated.

2. Materials and Methods
2.1. Materials

Calcium chloride dihydrate (CaCly-2H,O, purity > 99.0%), sodium phosphate trib-
asic dodecahydrate (Na3PO4-12H;0, purity > 98.0%), sodium citrate tribasic dihydrate
(CeHsNaz07-2H,0, purity > 99.0%), sodium fluoride (NaF, purity > 97.0%), and sodium
hydroxide (NaOH, purity > 97.0%) were purchased from Shanghai Aladdin Reagent Co.,
Ltd. (Shanghai, China) All chemicals were used as received without further purification.
Deionized water was used throughout the study.

2.2. Preparation of Adsorbent

In a typical synthesis, an aqueous solution of sodium citrate (0.02 mol, 30 g H,O)
was slowly added to an aqueous solution of calcium chloride (0.02 mol, 30 g H,O) with
continuous stirring for 30 min. Then, an aqueous solution of sodium phosphate (0.012 mol,
40 g H,O) was slowly added to the mixture with vigorous stirring for 60 min. Afterwards,
the resulting product was purified by a two-round centrifugation—-wash process with
deionized water. Finally, the precipitate was freeze-dried, and the resulting powder was
used as an adsorbent, labeled as sample Cit-ACP-25. In order to compare the adsorption
properties, the sample Cit-ACP-25 was subjected to a two-hour calcination process at 200,
400, and 600 °C. The resulting adsorbents were labeled as sample Cit-ACP-200, Cit-ACP-
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400, and Cit-ACP-600, respectively. The preparation process is shown schematically in
Figure S1.

2.3. Batch Adsorption Experiments

In order to evaluate the adsorption performance of the prepared adsorbent on fluoride
ions in water, adsorption experiments were carried out. The sodium fluoride stock solution
was obtained by dissolving 4.421 g of sodium fluoride in 1000 mL of deionized water, at
which the concentration of fluoride ions was 2000 mg/L. The test solutions with different
fluoride ion concentrations required for the experiments were obtained by diluting the
sodium fluoride stock solution.

The adsorption isotherm was measured at a pH of 7.0 and an adsorbent addition of
1 g/L. A total of 30 mg of adsorbent was added to a polyethylene centrifuge tube containing
30 mL of a specific concentration of sodium fluoride test solution (5 to 100 mg/L) and then
the flasks were shaken at 100 rpm in a shaker at three different temperatures, viz., 25, 35,
and 45 °C for 24 h to reach adsorption equilibrium. After the completion of adsorption,
the solution was centrifuged at 8000 rpm for 5 min and its supernatant was used by a
fluoride ion selective electrode (PF-2-01, Leici, Shanghai, China) for the determination of
fluoride ion concentration. The relationship between the fluoride ion standard solution
concentration and the electrode potential values is shown in Figure S2.

All measurements were carried out at 25 °C and the adsorption capacity (qe, mg/g)
was calculated according to the following equation [45]:

go = =W )

m
where Cy and C, are the initial and final equilibrium concentrations (mg/L) of fluoride in
solution, respectively; V is the volume of sodium fluoride test solution (L); and m is the
mass of adsorbent added (g).

In the kinetic experiments, a series of polyethylene centrifuge tubes containing sodium
fluoride test solution (10 mg/L fluoride ion concentration) were added with 30 mg of
adsorbent and quickly placed in a constant temperature shaker at 100 rpm and 25 °C.
When a specific contact time was reached, one of the centrifuge tubes was quickly removed
for centrifugation and the fluoride ion concentration of the test solution after adsorption
was measured.

The effect of the initial pH of sodium fluoride test solution on the adsorption perfor-
mance of the adsorbent was carried out by changing the initial pH of the sodium fluoride
test solution using 0.1 M hydrochloric acid and 0.1 M NaOH, and the pH adjustment range
was from 3 to 11. In this experiment, the initial fluoride concentration was 10 mg/L, the
adsorption temperature was 25 °C, adsorption time was 24 h, and the adsorbent addition
was 1 g/L.

The effect of co-existing ions on the adsorption performance of the adsorbent was
carried out by adding different types (chloride, phosphate, sulfate, and bicarbonate ions)
and different concentrations (0.3 mM, 0.6 mM, 1.2 mM, 2.4 mM) of co-existing ions to the
sodium fluoride test solution. In this experiment, the initial fluoride concentration was
10 mg/L and the adsorbent dose was 1 g/L.

The experimental data were fitted using the Langmuir and Freundlich model with the
model equation shown below [46]:

C. 1 C,
qe Krgm qm @)

1
Ing, = InKp + ElnC,3 3)
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where g, is the adsorption capacity at adsorption equilibrium in mg/g; C, is the equilibrium
concentration of fluoride ions in mg/L; g5, is the maximum adsorption capacity of the
adsorbent for fluoride ions in mg/g; Ky is the Langmuir’s constant of the adsorption
process in L/mg; Kr is the Freundlich’s constant of the adsorption process; and 1/n is the
adsorption strength.

The equations for each of the two kinetic models are as follows [47]:

In(ge — q¢) = Inge — kyt 4)

t_ 1t
q kaq? o qe

where ¢; is the adsorption capacity of fluoride ion at any time ¢; g, is the adsorption capacity

(5)

of fluoride ions at the time of reaching adsorption equilibrium, in mg/g; k; is the rate
constant for the pseudo-first-order reaction in min~!; k; is the rate constant for the pseudo-
first-order reaction in min~!; and k; is the rate constant for the pseudo-second-order
reaction in g/(mg-min).

2.4. Characterization
2.4.1. Wide-Angle X-Ray Diffraction (XRD)

Powder X-ray diffraction was performed in Bragg-Brentano geometry with an
Empyrean nano-X-ray diffractometer (Panalytical, Almelo, The Netherlands) equipped
with a Cu K« radiation (0.15406 nm) source. Scans were performed from 10° to 80° with a
scan rate of 6° /min.

2.4.2. Field-Emission Scanning Electronic Microscopy (SEM)

The particle morphology of the samples was examined by scanning electron mi-
croscopy (SEM; Hitachi SU-8010, Hitachi High Technologies, Tokyo, Japan) using a sec-
ondary electron detector at 0° tilt angle and a working distance of 4 mm. Prior to SEM
observation, the samples were sputter-coated with gold for 30 s using an MSP-2S magnetron
sputter (Hitachi High Technologies, Tokyo, Japan) to enhance conductivity.

2.4.3. Zeta Potential Measurement

The zeta potential of Cit-ACP nanoparticles was measured using a Zetasizer Nano
Z590 (Malvern Instruments Ltd., Malvern, UK) at varying pH values. The nanoparticle
concentration in solution was maintained at 0.5 wt.% for all measurements. The data were
recorded and analyzed using Dispersion Technology Software v. 5.0 (Malvern Instruments).
The pH of sample solutions was adjusted using 0.1 M NaOH or 0.1 M HCI solution, which
was determined with a PB-10 pH meter (Sartorius AG, Goettingen, Germany) at 25 °C. No
additional electrolytes were added during the measurement.

2.4.4. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy analyses of the samples were collected on a thermos
ESCALAB 250 X-ray photoelectron spectrometer with Al Ka radiation.

2.4.5. Brunauer-Emmett-Teller Measurement (BET)

The Brunauer-Emmett-Teller specific surface and pore structure of the products were
calculated from N, adsorption-desorption isotherms at 77 K, and the plot of the pore size
distribution was determined using the Barett-Joyner—-Halenda (BJH) method from the
desorption branch of the isotherm by an ommishop 100CX surface area analyzer (Coulter
Inc., Brea, CA, USA).
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3. Results and Discussion
3.1. Characterization of Adsorbents

The characteristics of adsorbents, such as particle size, specific surface area, crys-
tallinity, and other relevant information, are useful in understanding the adsorption be-
havior of adsorbents. Figure 1 shows the XRD patterns of the prepared samples. The XRD
patterns of both samples Cit-ACP-25 and Cit-ACP-200 do not have typical characteristic
diffraction peaks, indicating that the samples are amorphous calcium phosphate. The XRD
patterns of the samples Cit-ACP-400 and Cit-ACP-600 display the following diffraction
peaks at 26.0°, 32.1°, 34.1°, 39.9°, 46.8°, 49.6°, 53.3°, and 64.1° which are correlated to the (h
k1) indices (002),(211),(202),(310),(222),(213),(004), and (3 04) planes, respectively.
All reflections are characteristics of the hexagonal phase of HA according to the standard
data (JCPDS No. 09-0432) [48] and reported studies [49].

ML—J lduhm Cit-ACP-600

Cit-ACP-400

Cit-ACP-200

WMM Cit-ACP-25

|I| Hydroxyapatite PDF# 09-0432

10 20 30 40 50 60 70 80
20 (degree)

Intensity (a. u.)

Figure 1. XRD pattens of the prepared samples.

In addition, as the sintering temperature was increased from 400 to 600 °C, the pro-
files of the diffraction peaks of the samples became more and more complete and sharp,
indicating that the increase in the sintering temperature not only transformed the samples
from amorphous calcium phosphate to crystallized hydroxyapatite but also increased the
crystallinity of the product.

Figure 2 are SEM images of the prepared samples. When not sintered, sample Cit-
ACP-25 presents as spherical particles with an average diameter around 33 nm. When the
sintering temperature was increased to 400 °C, the morphology of the sample particles
did not change significantly, but the size increased slightly, e.g., 50 nm (Cit-ACP-200) or
26 nm (Cit-ACP-400). When the sintering temperature is 600 °C, the morphology of the
sample particles changes from spherical to rod-like, and the size of the particles increases
dramatically, with an average length of 1.2 um and an average diameter of 311 nm.

The average crystallite size of the synthesized nanoparticles was estimated using the

Scherrer equation:
KA

B B cos

where D is the crystallite size (nm), K is the Scherrer constant (0.90 for spherical particles), A
is the X-ray wavelength (Cu Ko radiation, 0.15406 nm), § is the full width at half maximum
(FWHM) of the diffraction peak in radians, and @ is the Bragg angle. The (002) diffraction

(6)
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peak at 20 = 26.0°. Substituting the values, the crystallite sizes of samples Cit-ACP-400 and
Cit-ACP-600 were calculated to be approximately 6.04 nm and 49.52 nm, respectively.

Regulus8108%5.0kV 8.4rm x20.0k SE(UL) I B - uius8 100 5.0kV.8.5mm x20/0k SE(UL) ]

2.um 2% pm

Regullis8100 5.0kV 8.6mm x20.0k SE(UL) I I R it 2 100 5.0kVA@IBmmx20.0K SE(UL) I

Figure 2. SEM images of the prepared samples: (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400,
and (d) Cit-ACP-600.

Combined with the XRD results and SEM observation, it can be deduced that when
the sintering temperature is below 200 °C, it is mainly attributed to the changes brought
about by the loss of crystalline water from amorphous calcium phosphate. When the
sintering temperature rises above 400 °C, the amorphous calcium phosphate is transformed
into crystallized hydroxyapatite nanoparticles and continues to increase with temperature,
accompanied by austenitic ripening and recrystallization.

In order to analyze the specific surface area and pore structure distribution of the
samples, the samples were subjected to BET analysis as shown in Figure 3. The nitrogen
adsorption—desorption isotherms for all samples were typical of type IV and H4 hysteresis
loops, indicating the presence of mesoporous structures. The specific surface areas of
samples Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 were 113.32, 84.70,
75.50, and 3.38 m2/ g, and the average pore sizes were 17.69, 24.58, 23.18, and 55.13 nm,
respectively. The pore distribution curves further confirm the presence of mesoporous
structures in the samples.

From the above results, it can be seen that the samples without sintering have the
highest specific surface area. As the sintering temperature increases, the specific surface
area of the samples gradually decreases. Especially when the sintering temperature is
600 °C, the specific surface area of the sample is only a third of that of the unsintered
sample, which is consistent with the SEM observation.
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Figure 3. Nitrogen adsorption-desorption isotherms of the prepared samples: (a) Cit-ACP-25, (b) Cit-
ACP-200, (c) Cit-ACP-400, and (d) Cit-ACP-600. The inset is the pore size distribution curve of the
prepared samples.

3.2. Fluoride Ion Adsorption Behavior of the Samples
3.2.1. Adsorption of Time Dependence

Figure 4 shows the adsorption curves of the samples with time at an initial fluoride ion
concentration of 10 mg/L. The adsorption capacity of samples Cit-ACP-25, Cit-ACP-200,
Cit-ACP-400, and Cit-ACP-600 was rapidly increased in the time ranges of 360, 360, 300,
and 120 min, respectively, and then approached the adsorption equilibrium at 660, 600, 540,
and 200 min, respectively.

In order to better understand the effect of adsorption time on fluoride removal, the
experimental data were linearly fitted according to pseudo-first-order and pseudo-second-
order adsorption kinetic models, respectively [50]. The fitted pseudo-second-order results
and fitted pseudo-first-order results are shown in Figures S3 and 54, respectively, and the
associated model fitting parameters are summarized in Table 1. According to the pseudo-
first-order model fitting results, the theoretical adsorption amounts of samples Cit-ACP-25,
Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 were 8.11, 6.78, 7.19, and 9.28 mg/g, respec-
tively. Based on the pseudo-second-order model fitting results, the theoretical adsorption
amounts of samples Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 were 12.38,
10.38,9.70, and 2.94 mg/g, respectively. By comparing the correlation coefficients R? of the
two models, the R? values of the pseudo-second-order model are higher, and the theoretical
adsorption amounts calculated by the pseudo-second-order kinetic model are closer to



Nanomaterials 2025, 15, 621 8 of 22

those obtained from the experiments, which indicates that the pseudo-second-order kinetic
model can better describe the adsorption kinetic behavior of the samples.

10 10
(a) | (b) |
8 8
@ 6 - E‘n 6 -
D B D
é 4 - é 4 -
o =
2 2
! Cit-ACP-25 U Cit-ACP-200
L L L L LI ) P I n
=200 0 200 400 600 800 1000120014001600 =200 0 200 400 600 800 1000120014001600
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10 10
(c) - (d)_
8 8
b 6 CNE
=Y)] E =) ]
E 4] E 4
o ] =
2 2 - d—,_—’—l
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1T 17T 17T 17T 71T ™1 T 1T 17T 17T 7717 ™1

T T T T T T
-200 0 200 400 600 800 1000120014001600 -200 0 200 400 600 800 1000120014001600
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Figure 4. Adsorption kinetics of fluoride on prepared samples (initial fluoride concentration: 10 mg/L;

adsorbent dose: 1.0 g/L; temperature: 25 °C; pH: 7.0). (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-
400, and (d) Cit-ACP-600.

Table 1. Parameters for pseudo-first-order and pseudo-second-order kinetic models of fluoride
adsorption on the prepared samples.

Co e(exp) Pseudo-First-Order Pseudo-Second-Order
Sample /L (me/e) - 2 — 2
(mg ) g8 K;-10-3 Je(cal) R K;-10-3 Je(cal) R
Cit-ACP-25 9.50 2.97 8.11 0.852 0.26 12.38 0.980
Cit-ACP-200 9.78 248 6.78 0.903 0.92 10.38 0.993
Cit-ACP-400 10 9.32 1.69 7.19 0.952 0.84 9.70 0.990
Cit-ACP-600 1.71 0.39 9.28 0.661 0.63 2.94 0.771

3.2.2. Adsorption Isotherms

Then, in order to investigate the adsorption capacity of the samples, adsorption
isothermal experiments were carried out as shown in Figure 5. The experimental data
were linearly fitted using Langmuir model (Figure S5) and Freundlich model (Figure S6),
respectively. The calculated parameters of Langmuir and Freundlich models are listed in
Table 2.
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Figure 5. Adsorption isotherms of fluoride ions on the samples at different temperatures (adsorbent
dose: 1.0 g/L; time: 24 h; pH: 7.0; initial fluoride ion concentration range: 5-100 mg/L). (a) Cit-ACP-
25, (b) Cit-ACP-200, (c) Cit-ACP-400, and (d) Cit-ACP-600.
Table 2. Parameters for Langmuir and Freundlich models of fluoride adsorption on samples.
Langmuir Constants Freundlich Constants
T
Sample O qm(cal) Im(exp) KL R2 KF n R2
(mg/g) (mg/g) (L/mg) (mg!™-L"/g)
25 22.87 22.51 0.576 0.999 9.10 431 0.948
Cit-ACP-25 35 25.25 24.89 0.427 0.995 9.26 474 0.957
45 27.69 27.48 0.400 0.988 11.22 4.82 0.983
25 32.03 30.99 0.285 0.996 10.18 3.66 0.947
Cit-ACP-200 35 33.55 33.80 0.541 0.995 14.26 4.56 0.934
45 34.04 34.05 0.34 0.992 11.30 3.65 0.929
25 2441 23.87 0.50 0.998 9.07 3.90 0.955
Cit-ACP-400 35 29.74 30.47 0.34 0.987 12.72 5.12 0.904
45 2591 25.86 0.41 0.996 9.64 4.00 0.939
25 8.13 7.35 0.03 0.846 0.84 2.39 0.843
Cit-ACP-600 35 12.40 9.08 0.02 0.802 0.76 1.96 0.803
45 23.83 15.06 0.017 0.876 0.91 1.63 0.920

By comparing the linear fit correlation coefficients (R?) of the two models, it was found

that the adsorption behavior of the prepared samples was closer to that of the Langmuir

model, suggesting that the adsorption behavior of the samples should be a monomolecular

layer adsorption. The adsorption capacity of the prepared samples increased with increas-
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ing temperature and the initial concentration of fluoride ions. The maximum adsorption
capacity (qm) of samples Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 reached
27.48, 34.05, 25.86, and 15.06 mg/g at an initial fluorine concentration of 100 mg/L and a
temperature of 45 °C, respectively.

For comparison, the qn values of fluoride ions on the adsorbents of various calcium
phosphate compounds are presented in Table 3. It can be seen that sample Cit-ACP-25 has
a higher adsorption capacity than most of the calcium phosphate compound adsorbents
reported in the literature.

Table 3. Comparison of fluoride adsorption capacity on various calcium phosphate compound
adsorbents at 100 mg/L initial fluoride concentration.

Jde

Adsorbents (mg/g) pH Ref.
Sulfate-doped hydroxyapatite 28.3 7 [17]
Marble apatite 7.2 7 [51]
Cerium-containing bone char 9.1 7 [52]
Al-doped cow bone char 18.5 7 [53]
Non-calcined synthetic hydroxyapatite 7.5 5 [54]
Serpentine-loaded hydroxyapatite 5.7 7 [55]
Hydroxyapatite nanowires 29.8 7 [50]
Ag/MgO/HAP nanoparticles 6.9 7 [56]
Montmorillonite /hydroxyapatite nanocomposite 16.7 5 [57]
Hydroxyapatite decorated with carbon nanotube 11.05 6 [58]
Cubicaljshaped rods of pectin-hydroxyapatite 28.57 7 [59]
composite

Cit-ACP 27.48 7 This study

3.2.3. Adsorption Thermodynamic Parameters Analysis

Usually, whether an adsorption process is absorptive or exothermic or spontaneous or
non-spontaneous can be determined by calculating its thermodynamic parameters. The
thermodynamic parameters include standard enthalpy change (AH), standard entropy
change (AS), and standard free energy change (AG), which can be calculated based on
adsorption isotherm data at different temperatures.

The AG can be calculated from the following equation:

AG = —RTInK 7)

where K is the equilibrium constant in L/g, T is the absolute temperature in K, and R is
the ideal gas constant in J/(mol-K). The value of InK is obtained by first plotting InKd
(distribution coefficient K; = g./C.) versus Ce (Figure S7) and then extrapolating C. to zero,
with the value of the y-axis intercept being the value of InK.

The AH and AS were calculated from a linear plot (Figure S8) of InK versus 1/T for
fluoride adsorption on the samples using the following formula:

AH 1) AS

InK=——lzl+ %

(8)

The calculated thermodynamic parameters obtained for the samples during adsorption
are listed in Table 4.
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Table 4. The thermodynamic parameters for the adsorption of fluoride ions in water by samples.

Sample Temp. (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol-K)

298 —4.32

Cit-ACP-25 308 —4.56 24.87 97.18
318 —6.29
298 —5.96

Cit-ACP-200 308 —6.92 49.21 184.21
318 —9.68
298 —5.49

Cit-ACP-400 308 —6.32 50.24 185.69
318 —8.96
298 3.22

Cit-ACP-600 308 3.13 19.62 54.55
318 2.11

The AH values of samples Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600
are positive, indicating that the adsorption process is a heat absorption reaction. The AG
values of samples Cit-ACP-25, Cit-ACP-200, and Cit-ACP-400 are negative, indicating that
the adsorption process was spontaneous. While the AG value of samples Cit-ACP-600 is
positive, indicating that the adsorption process was non-spontaneous. With the increase
in adsorption temperature, the AG values of all samples decreased, indicating that the
increase in temperature increased the driving force of the adsorption process, which was
favorable for the adsorption of fluoride ions on the surface of the samples.

To further demonstrate the fact that physical or chemical adsorption, the value of
activation energy (E,) and the sticking probability (5*) were estimated using a modified
Arrhenius equation based on the experimental data [60]:

=1-=° 9)

* Ell
In(1-6) =InS*+ RT (10)
where 0 is the surface coverage, C, is the equilibrium concentration, Cy is the initial
concentration, and R is the gas constant.

The values of 5* of fluoride ions adsorption onto samples were 0, 0, 0, and 0.3, respec-
tively, indication that the adsorption was a chemical adsorption. The activation energies
of samples Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 were calculated as
33.57 kJ-mol 1, 69.34 kJ-mol~!, 87.21 k] -mol~, and 2.57 kJ-mol~?, respectively, from the
curve of In(C./Cp) versus 1/T (Figure S9), demonstrating that the samples Cit-ACP-25,
Cit-ACP-200, and Cit-ACP-400 were characteristic of chemical adsorption.

3.2.4. The Effect of pH and Co-Existing Ions

In practice, during the adsorption process for the treatment of fluoride-contaminated
water, the performance of the adsorbent is affected by the pH value of the water and the
co-existing ions in the water.

Figure 6 shows the effect of pH on the fluoride removal efficiency of the samples,
where the pH ranges from 3 to 11. Overall, the adsorption performance of all the samples
decreased as the pH increased from 3 to 11. The decreases in samples Cit-ACP-25, Cit-ACP-
200, and Cit-ACP-400 were small, e.g., the decreases in the removal rates were only 3-5%
in the pH range from 3 to 11, indicating that the samples Cit-ACP-25, Cit-ACP-200, and
Cit-ACP-400 could maintain high fluoride removal efficiencies over a wide range of pH
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values. However, the adsorption properties of sample Cit-ACP-600 were sensitive to pH,
e.g., the removal rate was 37.88% at pH 3 and 9.89% at pH 5.

FJcitacp2s | ()] ~ ] Cit-ACP-200

@) (b
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= ] e ]
S 40 S 40
F P
£ 20 = 204
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Initial pH Initial pH
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Figure 6. Effect of initial pH on fluoride adsorption (adsorbent dose: 1 g/L; Cy: 10 mg/L; adsorption
temperature: 25 °C; adsorption time: 24 h; initial pH of fluoride solution: 7.0). (a) Cit-ACP-25,
(b) Cit-ACP-200, (c) Cit-ACP-400, and (d) Cit-ACP-600.

This relationship between adsorption efficiency and solution pH may be related to
the citrate ions adsorbed on the surface of the nanoparticles. For samples calcined at low
temperatures (<600 °C), the surface of the particles binds to a large number of citrate ions or
partially decomposed citrate, resulting in a buffering effect on the solution pH. In contrast,
for the sample calcined at 600 °C, the adsorbed citrate ions on the surface of the particles
needed to be completely decomposed and dissipated in order to have a buffering effect on
the solution pH [44,61].

Figure 7 shows the effect of co-existing anions on the fluoride removal performance of
the samples. The removal of fluoride by the prepared samples was almost the same as that
of the blank samples, which was around 95% in the studied concentration ranges of chloride
and sulfate ions. When the bicarbonate ion concentration in water was increased from
0 mM to 2.4 mM, the fluoride removal efficiencies of samples Cit-ACP-25, Cit-ACP-200,
Cit-ACP-400, and Cit-ACP-600 decreased from 92.82%, 97.78%, 93.25%, and 17.09% to
79.26%, 73%, 61.34%, and 12.91%, respectively. When the phosphate ion concentration in
the water was increased from 0 mM to 2.4 mM, the fluoride removal efficiency of samples
Cit-ACP-25, Cit-ACP-200, Cit-ACP-400, and Cit-ACP-600 decreased from 92.82%, 97.78%,
93.25%, and 17.09% to 19.25%, 39.4%, 27.08%, and 0.98%, respectively.



Nanomaterials 2025, 15, 621 13 of 22

120 12
(a) [~ J0mmol [\ 0.3 mmol 0.6 mmol (b) L 1L J0mmol [\ 0.3 mmol[___]0.6 mmol
§100_Dj]12mm01@24mm01 B ;\? IOO_D:[]Imeolg;D24mmol
= o EE T = S0 A -
S sod (AN H [AHH N[ S 80— 1 H AL H -
: I AT {0 JAHH A il
2 60—- RN L] L ] 2 60—_ : || ] N L
w — — 1 - o Agn ] .
2 «f 0 H A HH 2 o0 H R0 afu
= MU A H T Hl s TIMHE sl
= HEN ] . = = [ — [ 1 [
—_ 20+ 1 L] || = 20+ || || Iy
[ ] HEn L =L R ] — mg .
0 T — T — T T T — 0 1 = 1 — 1 b T L
cr so,* PO*> HCO, cr S0, PO,  HCO;
Coexisting ions Coexisting ions
(c)120 (d)120
1L 40mmol N\ 0.3 mmol[___]0.6 mmol 1710 mmol [\ N 0.3 mmol[__]0.6 mmoll
~
\e 100 - D:ﬂlmeol@24mmol 2 100 AT 111.2 mmol [__]] 2.4 mmol
S oM H oNTH pe =
g 804 NH H NH < g 80 -
g {0 0 H N il g 60
= — - =
D 1 H [ I N = [ 1
2 a4Vl H L H . = 40
) ] = — ] u = ]
Ei H o ONH - S
LAY UIUAGH # Tin pvm A, A
0 T T T T T 0
Cr S0, PO HCO, so o PO 5
Coexisting ions Coex1st1ng ions

Figure 7. Effect of co-existing anions on fluoride adsorption (adsorbent dose: 1 g/L; Cyp: 10 mg/L;
adsorption temperature: 25 °C; adsorption time: 24 h; initial pH of fluoride solution: 7.0). (a) Cit-
ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400, and (d) Cit-ACP-600.

This indicates that both phosphate and bicarbonate ions have a significant reducing
effect on the fluoride removal efficiency of the samples in the concentration range studied,
especially phosphate ions. The effect of the presence of phosphate and bicarbonate on
the fluoride removal efficiency of the samples may be mainly attributed to the fact that
hydroxide ions are released from the hydrolysis of both anions in water, resulting in an
increase in the pH of the water, which affects the charging of the solid surface of the
adsorbent, especially when the pH of the water is higher than the isoelectric point of the
solid surface. Secondly, phosphate ions also tend to combine with calcium ions on the solid
surface, occupying adsorption sites and competing with fluoride ions for adsorption.

3.2.5. Adsorption Mechanism

In the previous section, we systematically evaluated the adsorption properties of the
prepared samples. From this, we can see that amorphous calcium phosphate shows better
adsorption performance compared to hydroxyapatite. The mechanism of fluoride removal
by hydroxyapatite is commonly reported, but the mechanism of fluoride removal by ACP
is rarely reported. In order to investigate the fluoride removal mechanism of ACP, we
compared the changes in Cit-ACP-25 before and after adsorption.

The XRD spectra and particle morphology changes in sample Cit-ACP-25 before and
after adsorption are given in Figure 8. Before adsorption, the XRD spectra (Figure 8a)
of sample Cit-ACP-25 had no observable characteristic diffraction peaks, indicating that
sample Cit-ACP-25 was amorphous before adsorption [35]. After adsorption, the diffraction
pattern of Cit-ACP-25 changed significantly with diffraction peaks at 26.00°, 32.07°, 33.23°,
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34.28°,47.03°, and 49.75°, which corresponded to the characteristic peaks <002>, <211>,
<300>, <102>, < 222>, and <213> of the Fluorapatite Standard Card (PDF # 77-0120). Other
than this, no other observable characteristic peaks were present. This indicates that Cit-
ACP-25 is converted from amorphous calcium phosphate to fluorapatite in the process of
fluoride removal and no other products, such as calcium fluoride, appear [62].

I
MWM I

[t st i,

Before adsorption

oA\

Adfter adsorption

S

CagF(PO,); PDF# 77-0120

¥
E | 1l I, i \HM\‘KHH\ e Y g 500 nm

10 20 30

40

20 (degree)

50 60 70 80

Regulus8100 5.0kV 8.4mm x100k SE(UL) 500nm Regulus8100 5.0kV 8.4mm x100k SE(UL)

Figure 8. XRD patterns (a) and SEM images of sample Cit-ACP-25 before (b) and after (c) fluoride
adsorption.

It has been reported that the rapid conversion of amorphous calcium phosphate to
fluorapatite can be achieved under mild conditions with the co-existence of fluoride ions
and citrate ions, which suggests that amorphous calcium phosphate is sensitive to fluoride
ions and is susceptible to immobilization by amorphous calcium phosphate [44]. Figure 8b,c
shows the changes in particle morphology before and after adsorption of Cit-ACP-25.
Before adsorption (Figure 8b), Cit-ACP-25 was mainly in the form of spherical particles of
uniform size with an average diameter of 33 nm. After adsorption (Figure 8c), Cit-ACP-25
still maintained a uniform spherical shape, but the average diameter decreased to 18 nm.
This may be attributed to the size contraction of amorphous calcium phosphate during
fluoride ion adsorption by transforming it into fluorapatite and releasing the structural
water from the original molecular structure [63].

Figure 9 shows the XPS patterns of Cit-ACP-25 before and after the adsorption of
fluoride ions. As can be seen from the total spectrum of Figure 9a, before adsorption, there
were no fluorine F1s peaks present on the spectrum, while fluorine F1s peaks clearly appear
on the sample after adsorption, which indicates that fluorine ions are adsorbed within the
material after defluorination of the two adsorbents. Figure 9b exhibits the F1s peak after
adsorption of Cit-ACP-25, which further proves the presence of fluoride ions.

Figure 9c¢,d represent the Ols peak splitting before and after the adsorption of fluoride
ions by Cit-ACP-25, and the specific data of the peak splitting are shown in Table 5. The
O1s profile can be divided into three peaks, which are 0%~ (530.5 eV), OH~ (531.3 eV), and
H,O (532.5 V) [50,64]. From Table 5, it can be seen that the content of O?~ of Cit-ACP-25
remained almost unchanged, while the H,O decreased from 20.2% to 18.4%, and the OH™
increased from 30.8% to 32.3%. This may be due to the crystallization of Cit-ACP during
defluoridation, which releases structural water and forms the more thermodynamically
stable fluorapatite or hydroxyapatite.
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Figure 9. (a) XPS spectra of Cit-ACP-25 before and after defluorination; (b) F1s spectra of Cit-ACP-25
after defluorination; (c) Ols spectra of Cit-ACP-25 before defluorination; (d) Ols spectra of Cit-
ACP-25 after defluorination; (e) C1s spectra of Cit-ACP-25 before defluorination; (f) Cls spectra of
Cit-ACP-25 after defluorination.

Table 5. O(1s) peak parameters of the Cit-ACP-25 before and after fluoride adsorption.

Sample Peak BE (eV) Percent (%)
0%~ 530.5 49.1
Cit-ACP-25 OH~ 531.3 30.8
H,0 532.5 20.2
02 530.3 492
Cit-ACP-F OH~ 531.3 32.3

H,O 532.3 18.4
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Figure 9e,f represent the Cls peak splitting before and after the adsorption of fluoride
ions by Cit-ACP-25, and the specific data of the peak splitting are shown in Table 6. The Cls
profile can be divided into two peaks, which are C-C (284.8 eV) and O-C=0 (288.64 eV) [65].
From Table 6, it can be seen that the content of the O-C=0 decreased from 20.4% to 10.74%,
the content of the C-C increased from 79.6% to 89.26%. This may be due to the release of
surface adsorbed citrate molecules during the crystallization of Cit-ACP.

Table 6. C(1s) peak parameters of the Cit-ACP-25 before and after fluoride adsorption.

Sample Peak BE (eV) Percent (%)
. C-C 284.8 79.6
Cit-ACP-25 0-C=0 288.64 20.4
. C-C 284.8 89.26
Cit-ACP-F 0-C=0 288.88 10.74

Figure 10 shows the variation in zeta potential values of Cit-ACP-25 nanoparticles at
different pHs. The surface of Cit-ACP-25 nanoparticles is negatively charged in the pH
range studied. The absolute zeta potential of Cit-ACP-25 gradually increases from 5 mV to
10 mV as the initial pH of solution increases from 3 to 11, indicating a gradual increase in
the charge on the surface of the particles. Even so, Cit-ACP-25 nanoparticles are still weakly
negative in solution. Fluoride ions are negatively charged in aqueous solution. If the initial
pH is maintained at neutral or weakly acidic, it is favorable to reduce the electrostatic
repulsive force and enhance the rapid binding of fluoride ions with the adsorbent. If the
initial pH value is maintained at weak base or alkaline, it will increase the electrostatic
repulsion force, making it difficult for fluoride ions to approach the solid surface of the
adsorbent, resulting in a decrease in the efficiency of fluoride removal.

0

24

44 A

J 0\
3 \
410 4 A\

-12 4 A

Zeta potential (mV)

Initial pH

Figure 10. Zeta potential of Cit-ACP-25 nanoparticles under different initial pH conditions (adsorbent
dose: 1.0 g/L; initial fluoride ion concentration: 10 mg/L; temperature: 25 °C; time: 24 h).

Figure 11 exhibits the change in pH of the solution before and after the adsorption.
Overall, the pH of the solution after adsorption was higher than before adsorption for
all the samples. There are also two points of concern. The first is that the pH difference
before and after adsorption increases as the initial concentration of the fluoride ion solution
increases. The second is that the pH difference in samples Cit-ACP-400 and Cit-ACP-600 is
much larger than that of samples Cit-ACP-25 and Cit-ACP-200.
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Figure 11. pH variation in the solution before or after fluoride adsorption.

These changes in solution pH may be attributed to two causes. One, for samples
Cit-ACP-25 and Cit-ACP-200, the adsorption of fluoride ions on the surface of the samples
converted the samples from ACP to fluorapatite, which resulted in the desorption of sodium
citrate molecules adsorbed on the surface of the samples into the solution, resulting in an
increase in the solution pH. Second, for the samples Cit-ACP-400 and Cit-ACP-600, since
they are mainly hydroxyapatite, the adsorption of fluoride ions in the samples is mainly
attributed to ion exchange with hydroxide ions in the crystals, resulting in the entry of
hydroxide ions into the solution, causing an increase in solution pH [50].

Based on the above analysis of the sample Cit-ACP-25 before and after the adsorption
of fluoride ions, the adsorption mechanism may be inferred as shown in Figure 12.

#

;%} Q{, 8

Initial stage Intermediate stage Final stage
A
Adsorption process ~
ACP amorphous calcium phosphate ° fluoride ions FHA fluorapatite

Figure 12. Proposed adsorption mechanism of sample Cit-ACP-25.

The XRD results demonstrate that Cit-ACP-25, prepared via sodium citrate-assisted
chemical precipitation at room temperature, exhibits a characteristic amorphous phase.
Remarkably, this amorphous nature persists even after calcination at 200 °C, indicating
the strong stabilizing effect of sodium citrate on amorphous calcium phosphate [43,66].
SEM and BET characterization reveal that Cit-ACP-25 consists of spherical nanoparticles
with an average diameter of 33 nm and a specific surface area of 113.32 m?/g. Notably, this
high surface area was achieved through a simple room-temperature preparation process
without complex procedures, representing a significant advantage over previously reported
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methods in the literature [2]. The adsorption performance of the Cit-ACP-25 sample could
be well described by the Langmuir model, and the adsorption kinetic followed the pseudo-
second-order model. The maximum adsorption capacity was 27.48 mg/g at pH 7.0 when the
fluoride concentration was 100 mg/L. The thermodynamic parameters suggested that the
adsorption of fluoride was a spontaneous endothermic process. Comparative studies reveal
that Cit-ACP-25 exhibits superior adsorption performance over most reported calcium
phosphate-based adsorbents [67,68]. Notably, its adsorption capacity also significantly
surpasses that of its calcined counterparts. By analyzing the physicochemical changes in Cit-
ACP-25 before and after adsorption, we elucidate the underlying adsorption mechanisms.

Unlike conventional hydroxyapatite adsorption through the mechanism of ion ex-
change between fluoride ions and hydroxide ions on the surface of hydroxyapatite crystals,
Cit-ACP nanoparticles are spherical with a core-shell structure, consisting of an amorphous
calcium phosphate as the core and a calcium citrate adsorption layer as the shell. When the
Cit-ACP nanoparticles come into contact with the fluoride ions in the solution, the fluoride
ions pass through the shell layer into the surface of the ACP core and come into contact
with the amorphous calcium phosphate, which leads to the rapid conversion of ACP to
fluorapatite. The fluorapatite transformation process proceeds from surface to surface, with
the ACP in the inner core gradually and completely transformed into fluorapatite. During
the transformation process, calcium ions from calcium citrate in the shell layer are involved
in the transformation of fluorapatite by ACP, while sodium citrate is formed and released
into solution. This is why Cit-ACP is insensitive to the pH of the adsorption environment
and can still maintain a high adsorption efficiency over a wide pH range.

The possible chemical reaction pathways are listed below:

3[Ca3(PO4)2'yCa3(Cit)2] + 2NaF = Calo(PO4)6F2 + 2/3Na3Cit + (3y — 1/3)Ca3(Cit)2 (11)
where Caz(POy);-yCa3(Cit); is the Cit-ACP.

4. Conclusions

In conclusion, Cit-ACP nanoparticles were successfully prepared at room temperature
based on sodium citrate-assisted chemical synthesis method, while the particles were sin-
tered at different temperatures for comparison. It was found that the products prepared
at room temperature were pure amorphous calcium phosphate with high specific surface
areas and that the sintering treatment reduced the specific surface areas of the products and
resulted in the gradual transformation from amorphous calcium phosphate to hydroxyap-
atite. Fluoride ion adsorption performance evaluation revealed that Cit-ACP had a high
fluoride ion adsorption capacity of 27.48 mg/g at an initial fluoride ion concentration of
100 mg/L at 45 °C. Isothermal adsorption studies and adsorption kinetic studies showed
that the fluoride ion adsorption behavior of Cit-ACP followed the Langmuir adsorption
isothermal model and the pseudo-second-order kinetic model. It was also found that
Cit-ACP has a wide pH and co-existing ion adsorption stability. By comparing the changes
before and after the adsorption of fluoride ions on Cit-ACP, the main adsorption mech-
anism is that fluoride ions and calcium ions in the shell layer of Cit-ACP promote the
transformation of amorphous calcium phosphate into fluorapatite.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano15080621/s1, Figure S1: Schematic illustration of samples
preparation; Figure S2: Standard curve of linear relationship between fluoride ion standard con-
centration and electrode potential, (pH = 7.0, Y = 60.13X — 12.36, R? = 0.999); Figure S3: The
pseudo-first-order kinetic plots for the adsorption of fluoride ions on the prepared samples, (a) Cit-
ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400, (d) Cit-ACP-600. (adsorbent dose: 1.0 g/L, temperature:
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25 °C, pH:7.0); Figure S4: The pseudo-second-order kinetic plots for the adsorption of fluoride ions
on the prepared samples, (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400, (d) Cit-ACP-600. (Ad-
sorbent dose: 1.0 g/L, temperature: 25 °C, pH:7.0); Figure S5: Langmuir isotherm models for fitting
of fluoride adsorption on the prepared samples, (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400,
(d) Cit-ACP-600. (Adsorbent dose: 1.0 g/L, time: 24 h, pH: 7.0); Figure S6: Freundlich isotherm
models for fitting of fluoride adsorption on the prepared samples, (a)Cit-ACP-25, (b) Cit-ACP-200,
(c) Cit-ACP-400, (d) Cit-ACP-600. (Adsorbent dose: 1.0 g/L, time: 24 h, pH: 7.0); Figure S7: Linear
fits of InKd and Ce for the adsorption of the samples for different fluoride ion concentrations at
different temperatures, (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400, (d) Cit-ACP-600; Figure S8:
Linear fits of InKO and 1/T for the samples, (a) Cit-ACP-25, (b) Cit-ACP-200, (c) Cit-ACP-400, (d) Cit-
ACP-600; Figure S9: Linear fits of In(1-68) and 1/T for the samples, (a) Cit-ACP-25, (b) Cit-ACP-200,
(c) Cit-ACP-400, (d) Cit-ACP-600.

Author Contributions: Conceptualization, R.S. and J.T.; Methodology, S.Z.; Validation, M.W.; Formal
analysis, R.S.; Investigation, R.S.; Data curation, Y.J.; Writing—original draft, R.S.; Writing—review &
editing, J.T.; Supervision, J.T.; Project administration, J.T.; Funding acquisition, J.T. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Natural Science Foundation of Hubei Province
(no. 2018CFB710), and Opening Fund of Hubei Provincial Key Laboratory of Green Materials for
Light Industry (no. 202107B07), Hubei University of Technology.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Mohammadi, A.A.; Yousefi, M.; Yaseri, M.; Jalilzadeh, M.; Mahvi, A.H. Skeletal fluorosis in relation to drinking water in rural
areas of West Azerbaijan, Iran. Sci. Rep. 2017, 7, 17300. [CrossRef]

2. Bhatnagar, A.; Kumar, E.; Sillanpdd, M. Fluoride removal from water by adsorption—A review. Chem. Eng. J. 2011, 171, 811-840.
[CrossRef]

3. Ahmad, S.; Singh, R.; Arfin, T.; Neeti, K. Fluoride contamination, consequences and removal techniques in water: A review.
Environ. Sci. Adv. 2022, 1, 620-661. [CrossRef]

4.  Kabay, N.; Arar, oF Samatya, S.; Yiiksel, U.; Yiiksel, M. Separation of fluoride from aqueous solution by electrodialysis: Effect of
process parameters and other ionic species. J. Hazard. Mater. 2008, 153, 107-113. [CrossRef]

5. Moussa, D.T.; El-Naas, M.H.; Nasser, M.; Al-Marri, M.]. A comprehensive review of electrocoagulation for water treatment:
Potentials and challenges. . Environ. Manag. 2017, 186, 24-41. [CrossRef]

6. Kobya, M.; Demirbas, E.; Ulu, F. Evaluation of operating parameters with respect to charge loading on the removal efficiency of
arsenic from potable water by electrocoagulation. J. Environ. Chem. Eng. 2016, 4, 1484-1494. [CrossRef]

7. Lacson, C.F.Z.; Lu, M.-C.; Huang, Y.-H. Fluoride-rich wastewater treatment by ballast-assisted precipitation with the selection of
precipitants and discarded or recovered materials as ballast. J. Environ. Chem. Eng. 2021, 9, 105713. [CrossRef]

8. Wang, Z,;Su,],; Ali, A.; Zhang, R,; Yang, W.; Xu, L.; Shi, ].; Gao, Z. Synergistic removal of fluoride from groundwater by seed
crystals and bacteria based on microbially induced calcium precipitation. Sci. Total Environ. 2022, 806, 150341. [CrossRef]

9. He, Y.; Huang, L.; Song, B.; Wu, B,; Yan, L.; Deng, H.; Yang, Z.; Yang, W.; Wang, H.; Liang, Z.; et al. Defluorination by ion exchange
of SO42— on alumina surface: Adsorption mechanism and kinetics. Chemosphere 2021, 273, 129678. [CrossRef]

10. Zeidabadi, FA.; Esfahani, E.B.; McBeath, S.T.; Mohseni, M. Managing PFAS exhausted Ion-exchange resins through effective
regeneration/electrochemical process. Water Res. 2024, 255, 121529. [CrossRef]

11.  Nunes-Pereira, J.; Lima, R.; Choudhary, G.; Sharma, PR.; Ferdov, S.; Botelho, G.; Sharma, R.K.; Lanceros-Méndez, S. Highly
efficient removal of fluoride from aqueous media through polymer composite membranes. Sep. Purif. Technol. 2018, 205, 1-10.
[CrossRef]

12. Han, M.J; Barofia, G.N.B.; Jung, B. Effect of surface charge on hydrophilically modified poly(vinylidene fluoride) membrane for
microfiltration. Desalination 2011, 270, 76-83. [CrossRef]

13.  Chen, J,; Yang, R;; Zhang, Z.; Wu, D. Removal of fluoride from water using aluminum hydroxide-loaded zeolite synthesized from
coal fly ash. |. Hazard. Mater. 2022, 421, 126817. [CrossRef]

14. Wang, Z; Su, J.; Hu, X; Ali, A.; Wu, Z. Isolation of biosynthetic crystals by microbially induced calcium carbonate precipitation

and their utilization for fluoride removal from groundwater. J. Hazard. Mater. 2021, 406, 124748. [CrossRef]


https://doi.org/10.1038/s41598-017-17328-8
https://doi.org/10.1016/j.cej.2011.05.028
https://doi.org/10.1039/D1VA00039J
https://doi.org/10.1016/j.jhazmat.2007.08.024
https://doi.org/10.1016/j.jenvman.2016.10.032
https://doi.org/10.1016/j.jece.2016.02.016
https://doi.org/10.1016/j.jece.2021.105713
https://doi.org/10.1016/j.scitotenv.2021.150341
https://doi.org/10.1016/j.chemosphere.2021.129678
https://doi.org/10.1016/j.watres.2024.121529
https://doi.org/10.1016/j.seppur.2018.05.015
https://doi.org/10.1016/j.desal.2010.11.024
https://doi.org/10.1016/j.jhazmat.2021.126817
https://doi.org/10.1016/j.jhazmat.2020.124748

Nanomaterials 2025, 15, 621 20 of 22

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

He, ].; Yang, Y.; Wu, Z.; Xie, C.; Zhang, K.; Kong, L.; Liu, ]. Review of fluoride removal from water environment by adsorption. J.
Environ. Chem. Eng. 2020, 8, 104516. [CrossRef]

Nie, Y.; Hu, C.; Kong, C. Enhanced fluoride adsorption using Al (III) modified calcium hydroxyapatite. . Hazard. Mater. 2012,
233-234,194-199. [CrossRef]

Chen, L.; Zhang, K.-S.; He, ].-Y,; Xu, W.-H.; Huang, X.-J.; Liu, J.-H. Enhanced fluoride removal from water by sulfate-doped
hydroxyapatite hierarchical hollow microspheres. Chem. Eng. . 2016, 285, 616—624. [CrossRef]

Chai, L.; Wang, Y.; Zhao, N.; Yang, W.; You, X. Sulfate-doped Fe304/AI203 nanoparticles as a novel adsorbent for fluoride
removal from drinking water. Water Res. 2013, 47, 4040-4049. [CrossRef]

Kumar, E.; Bhatnagar, A.; Kumar, U.; Sillanpad, M. Defluoridation from aqueous solutions by nano-alumina: Characterization
and sorption studies. J. Hazard. Mater. 2011, 186, 1042-1049. [CrossRef]

Dehghani, M.H.; Farhang, M.; Alimohammadi, M.; Afsharnia, M.; McKay, G. Adsorptive removal of fluoride from water by
activated carbon derived from CaCl2-modified Crocus sativus leaves: Equilibrium adsorption isotherms, optimization, and
influence of anions. Chem. Eng. Commun. 2018, 205, 955-965. [CrossRef]

Araga, R.; Soni, S.; Sharma, C.S. Fluoride adsorption from aqueous solution using activated carbon obtained from KOH-treated
jamun (Syzygium cumini) seed. J. Environ. Chem. Eng. 2017, 5, 5608-5616. [CrossRef]

Viswanathan, N.; Prabhu, S.M.; Meenakshi, S. Development of amine functionalized co-polymeric resins for selective fluoride
sorption. J. Fluor. Chem. 2013, 153, 143-150. [CrossRef]

Kaygusuz, H.; Coskunirmak, M.H.; Kahya, N.; Erim, E.B. Aluminum Alginate-Montmorillonite Composite Beads for Defluorida-
tion of Water. Water Air Soil Pollut. 2014, 226, 22571-22579. [CrossRef]

Jeyaseelan, A.; Viswanathan, N.; Kumar, I.A.; Ansar, S. Effective defluoridation using lanthanum-organic frameworks encapsu-
lated hydrotalcite based bio-hybrid beads. J. Solid State Chem. 2023, 328, 124301. [CrossRef]

Uddin, M.K,; Ahmed, S.S.; Naushad, M. A mini update on fluoride adsorption from aqueous medium using clay materials.
Desalination Water Treat. 2019, 145, 232-248. [CrossRef]

Nagaraj, A.; Pillay, K.; Kumar, S.K.; Rajan, M. Dicarboxylic acid cross-linked metal ion decorated bentonite clay and chitosan for
fluoride removal studies. RSC Adv. 2020, 10, 16791-16803. [CrossRef]

Oladoja, N.A.; Helmreich, B. Batch defluoridation appraisal of aluminium oxide infused diatomaceous earth. Chem. Eng. J. 2014,
258,51-61. [CrossRef]

Oladoja, N.A.; Chen, S.; Drewes, ].E.; Helmreich, B. Characterization of granular matrix supported nano magnesium oxide as an
adsorbent for defluoridation of groundwater. Chem. Eng. J. 2015, 281, 632-643. [CrossRef]

Dorozhkin, S.V. Amorphous calcium (ortho)phosphates. Acta Biomater. 2010, 6, 4457-4475. [CrossRef]

Combes, C.; Rey, C. Amorphous calcium phosphates: Synthesis, properties and uses in biomaterials. Acta Biomater. 2010, 6,
3362-3378. [CrossRef]

Wang, L.; Nancollas, G.H. Calcium Orthophosphates: Crystallization and Dissolution. Chem. Rev. 2008, 108, 4628-4669. [CrossRef]
[PubMed]

Habraken, W.; Habibovic, P.; Epple, M.; Bohner, M. Calcium phosphates in biomedical applications: Materials for the future?
Mater. Today 2016, 19, 69-87. [CrossRef]

Luo, Y.;; Zhao, J.; Zhang, X.; Wang, C.; Wang, T.; Jiang, M.; Zhu, Q.; Xie, T.; Chen, D. Size controlled fabrication of enzyme
encapsulated amorphous calcium phosphate nanoparticle and its intracellular biosensing application. Colloids Surf. B Biointerfaces
2021, 201, 111638. [CrossRef]

Ding, G.-].; Zhu, Y.-J.; Cheng, G.-F,; Ruan, Y.-J.; Qi, C.; Lu, B.-Q.; Chen, E; Wu, J. Porous Microspheres of Casein/ Amorphous
Calcium Phosphate Nanocomposite: Room Temperature Synthesis and Application in Drug Delivery. Curr. Nanosci. 2015, 12,
70-78. [CrossRef]

Safronova, T.V.; Mukhin, E.A.; Putlyaev, V.I.; Knotko, A.V.; Evdokimov, P.V,; Shatalova, T.B.; Filippov, Y.Y.; Sidorov, A.V,;
Karpushkin, E.A. Amorphous calcium phosphate powder synthesized from calcium acetate and polyphosphoric acid for
bioceramics application. Ceram. Int. 2017, 43, 1310-1317. [CrossRef]

Ding, G.-J.; Zhu, Y.-J.; Qi, C,; Lu, B.-Q.; Chen, F; Wu, ]J. Porous hollow microspheres of amorphous calcium phosphate: Soybean
lecithin templated microwave-assisted hydrothermal synthesis and application in drug delivery. J. Mater. Chem. B 2015, 3,
1823-1830. [CrossRef] [PubMed]

Shahrezaee, M.; Raz, M.; Shishehbor, S.; Moztarzadeh, F.; Baghbani, F.; Sadeghi, A.; Bajelani, K.; Tondnevis, F. Synthesis of
Magnesium Doped Amorphous Calcium Phosphate as a Bioceramic for Biomedical Application: In Vitro Study. Silicon 2017, 10,
1171-1179. [CrossRef]

Pan, H.; Liu, X.Y.; Tang, R.; Xu, H.Y. Mystery of the transformation from amorphous calcium phosphate to hydroxyapatite. Chem.
Commun. 2010, 46, 7415. [CrossRef]


https://doi.org/10.1016/j.jece.2020.104516
https://doi.org/10.1016/j.jhazmat.2012.07.020
https://doi.org/10.1016/j.cej.2015.10.036
https://doi.org/10.1016/j.watres.2013.02.057
https://doi.org/10.1016/j.jhazmat.2010.11.102
https://doi.org/10.1080/00986445.2018.1423969
https://doi.org/10.1016/j.jece.2017.10.023
https://doi.org/10.1016/j.jfluchem.2013.04.002
https://doi.org/10.1007/s11270-014-2257-6
https://doi.org/10.1016/j.jssc.2023.124301
https://doi.org/10.5004/dwt.2019.23509
https://doi.org/10.1039/D0RA00598C
https://doi.org/10.1016/j.cej.2014.07.070
https://doi.org/10.1016/j.cej.2015.07.007
https://doi.org/10.1016/j.actbio.2010.06.031
https://doi.org/10.1016/j.actbio.2010.02.017
https://doi.org/10.1021/cr0782574
https://www.ncbi.nlm.nih.gov/pubmed/18816145
https://doi.org/10.1016/j.mattod.2015.10.008
https://doi.org/10.1016/j.colsurfb.2021.111638
https://doi.org/10.2174/1573413711666150730204449
https://doi.org/10.1016/j.ceramint.2016.10.085
https://doi.org/10.1039/C4TB01862A
https://www.ncbi.nlm.nih.gov/pubmed/32262255
https://doi.org/10.1007/s12633-017-9589-y
https://doi.org/10.1039/c0cc00971g

Nanomaterials 2025, 15, 621 21 of 22

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Du, L.-W,; Bian, S.; Gou, B.-D,; Jiang, Y,; Huang, J.; Gao, Y.-X.; Zhao, Y.-D.; Wen, W.; Zhang, T.-L.; Wang, K. Structure of Clusters
and Formation of Amorphous Calcium Phosphate and Hydroxyapatite: From the Perspective of Coordination Chemistry. Cryst.
Growth Des. 2013, 13, 3103-3109. [CrossRef]

Lotsari, A.; Rajasekharan, A K.; Halvarsson, M.; Andersson, M. Transformation of amorphous calcium phosphate to bone-like
apatite. Nat. Commun. 2018, 9, 4170. [CrossRef]

Luo, J.; Qiu, S.; Zhou, X,; Lai, R.; Dong, P.; Xie, X. In situ grafting polyethylene glycol chains onto amorphous calcium phosphate
nanoparticles to improve the storage stability and organic solvent redispersibility. Colloids Surf. A Physicochem. Eng. Asp. 2014,
444, 81-88. [CrossRef]

Garcia, A.C.; Vavrusova, M.; Skibsted, L.H. Supersaturation of calcium citrate as a mechanism behind enhanced availability of
calcium phosphates by presence of citrate. Food Res. Int. 2018, 107, 195-205. [CrossRef] [PubMed]

Chatzipanagis, K.; Iafisco, M.; Roncal-Herrero, T.; Bilton, M.; Tampieri, A.; Kroger, R.; Delgado-Lépez, ].M. Crystallization of
citrate-stabilized amorphous calcium phosphate to nanocrystalline apatite: A surface-mediated transformation. Cryst. Eng.
Comm. 2016, 18, 3170-3173. [CrossRef]

Degli Esposti, L.; Adamiano, A.; Tampieri, A.; Ramirez-Rodriguez, G.B,; Siliqi, D.; Giannini, C.; Ivanchenko, P.; Martra, G.; Lin,
F.-H.; Delgado-Lépez, ] M.; et al. Combined Effect of Citrate and Fluoride Ions on Hydroxyapatite Nanoparticles. Cryst. Growth
Des. 2020, 20, 3163-3172. [CrossRef]

Lin, K.A,; Liu, Y.T.; Chen, S.Y. Adsorption of fluoride to UiO-66-NH2 in water: Stability, kinetic, isotherm and thermodynamic
studies. J. Colloid Interface Sci. 2016, 461, 79-87. [CrossRef]

Jimenez-Reyes, M.; Solache-Rios, M. Sorption behavior of fluoride ions from aqueous solutions by hydroxyapatite. J. Hazard.
Mater. 2010, 180, 297-302. [CrossRef]

Maity, J.P; Hsu, C.-M.; Lin, T.-J.; Lee, W.-C.; Bhattacharya, P.; Bundschubh, J.; Chen, C.-Y. Removal of fluoride from water through
bacterial-surfactin mediated novel hydroxyapatite nanoparticle and its efficiency assessment: Adsorption isotherm, adsorption
kinetic and adsorption Thermodynamics. Environ. Nanotechnol. Monit. Manag. 2018, 9, 18-28. [CrossRef]

Joshi, K.J.; Shah, N.M. Structural, morphological & optical studies of Hydroxyapatite microplates synthesized using hydrothermal
technique. Mater. Today Proc. 2023, in press. [CrossRef]

Tan, J.; Liu, Y,; Gong, J.; Jin, X.; Cheng, C.; Zhang, R.; Chen, M. Non-aqueous liquid crystals of hydroxyapatite nanorods. Acta
Biomater. 2020, 116, 383-390. [CrossRef]

He, J.; Zhang, K.; Wu, S.; Cai, X; Chen, K.; Li, Y,; Sun, B,; Jia, Y.; Meng, F; Jin, Z.; et al. Performance of novel hydroxyapatite
nanowires in treatment of fluoride contaminated water. J. Hazard. Mater. 2016, 303, 119-130. [CrossRef]

Mehta, D.; Mondal, P; Saharan, V.K.; George, S. In-vitro synthesis of marble apatite as a novel adsorbent for removal of fluoride
ions from ground water: An ultrasonic approach. Ultrason. Sonochemistry 2018, 40, 664—674. [CrossRef] [PubMed]
Zuniga-Muro, N.M.; Bonilla-Petriciolet, A.; Mendoza-Castillo, D.I; Reynel—Avila, H.E.; Tapia-Picazo, ].C. Fluoride adsorption
properties of cerium-containing bone char. J. Fluor. Chem. 2017, 197, 63-73. [CrossRef]

Rojas-Mayorga, C.K; Silvestre-Albero, J.; Aguayo-Villarreal, I.A.; Mendoza-Castillo, D.I.; Bonilla-Petriciolet, A. A new synthesis
route for bone chars using CO2 atmosphere and their application as fluoride adsorbents. Microporous Mesoporous Mater. 2015, 209,
38-44. [CrossRef]

Singh, S.; Khare, A.; Chaudhari, S. Enhanced fluoride removal from drinking water using non-calcined synthetic hydroxyapatite. J.
Environ. Chem. Eng. 2020, 8, 103704. [CrossRef]

Li, X; Yu, X;; Liu, L.; Yang, J.; Liu, S.; Zhang, T. Preparation, characterization serpentine-loaded hydroxyapatite and its
simultaneous removal performance for fluoride, iron and manganese. RSC Adv. 2021, 11, 16201-16215. [CrossRef]

Ayinde, W.B.; Gitari, WM.; Munkombwe, M.; Samie, A.; Smith, ].A. Green synthesis of AgMgOnHaP nanoparticles supported on
chitosan matrix: Defluoridation and antibacterial effects in groundwater. J. Environ. Chem. Eng. 2020, 8, 104026. [CrossRef]
Fernando, M.S.; Wimalasiri, A.K.D.VK.; Ratnayake, S.P,; Jayasinghe, ] M.A.R.B.; William, G.R.; Dissanayake, D.P.; de Silva,
K.M.N,; de Silva, R M. Improved nanocomposite of montmorillonite and hydroxyapatite for defluoridation of water. RSC Adv.
2019, 9, 35588-35598. [CrossRef]

Tang, Q.; Duan, T.; Li, P; Zhang, P,; Wu, D. Enhanced Defluoridation Capacity From Aqueous Media via Hydroxyapatite
Decorated With Carbon Nanotube. Front. Chem. 2018, 6, 104. [CrossRef]

Raghayv, S.; Sapna; Kumar, D. Cubical-Shaped Rods of Pectin-Hydroxyapatite Composite for Adsorption Studies of Fluoride by
Statistical Method and Adsorption Experiments. ACS Omega 2018, 3, 9675-9688. [CrossRef]

Horsfall Jnr, M.; Spiff, A L. Effects of temperature on the sorption of Pb2+ and Cd2+ from aqueous solution by Caladium bicolor
(Wild Cocoyam) biomass. Electron. J. Biotechnol. 2005, 8, 162-169. [CrossRef]

Jin, X,; Zhuang, J.; Zhang, Z.; Guo, H.; Tan, J. Hydrothermal synthesis of hydroxyapatite nanorods in the presence of sodium
citrate and its aqueous colloidal stability evaluation in neutral pH. . Colloid Interface Sci. 2015, 443, 125-130. [CrossRef] [PubMed]
Tan, J.; Jin, X. Monodisperse, colloidal and luminescent calcium fluoride nanoparticles via a citrate-assisted hydrothermal route. J.
Colloid Interface Sci. 2018, 531, 444-450. [CrossRef] [PubMed]


https://doi.org/10.1021/cg400498j
https://doi.org/10.1038/s41467-018-06570-x
https://doi.org/10.1016/j.colsurfa.2013.12.041
https://doi.org/10.1016/j.foodres.2018.02.020
https://www.ncbi.nlm.nih.gov/pubmed/29580478
https://doi.org/10.1039/C6CE00521G
https://doi.org/10.1021/acs.cgd.0c00038
https://doi.org/10.1016/j.jcis.2015.08.061
https://doi.org/10.1016/j.jhazmat.2010.04.030
https://doi.org/10.1016/j.enmm.2017.11.001
https://doi.org/10.1016/j.matpr.2023.01.411
https://doi.org/10.1016/j.actbio.2020.09.002
https://doi.org/10.1016/j.jhazmat.2015.10.028
https://doi.org/10.1016/j.ultsonch.2017.08.015
https://www.ncbi.nlm.nih.gov/pubmed/28946471
https://doi.org/10.1016/j.jfluchem.2017.03.004
https://doi.org/10.1016/j.micromeso.2014.09.002
https://doi.org/10.1016/j.jece.2020.103704
https://doi.org/10.1039/D1RA02028E
https://doi.org/10.1016/j.jece.2020.104026
https://doi.org/10.1039/C9RA03981C
https://doi.org/10.3389/fchem.2018.00104
https://doi.org/10.1021/acsomega.8b01330
https://doi.org/10.2225/vol8-issue2-fulltext-4
https://doi.org/10.1016/j.jcis.2014.12.010
https://www.ncbi.nlm.nih.gov/pubmed/25544318
https://doi.org/10.1016/j.jcis.2018.07.081
https://www.ncbi.nlm.nih.gov/pubmed/30053689

Nanomaterials 2025, 15, 621 22 of 22

63.

64.

65.

66.

67.

68.

Degli Esposti, L.; Markovic, S.; Ignjatovic, N.; Panseri, S.; Montesi, M.; Adamiano, A.; Fosca, M.; Rau, J.V.; Uskokovi¢, V.; Iafisco,
M. Thermal crystallization of amorphous calcium phosphate combined with citrate and fluoride doping: A novel route to produce
hydroxyapatite bioceramics. J. Mater. Chem. B 2021, 9, 4832-4845. [CrossRef]

He, ].; Chen, K,; Cai, X,; Li, Y.; Wang, C.; Zhang, K,; Jin, Z.; Meng, F.; Wang, X.; Kong, L.; et al. A biocompatible and novelly-defined
Al-HAP adsorption membrane for highly effective removal of fluoride from drinking water. J. Colloid Interface Sci. 2017, 490,
97-107. [CrossRef] [PubMed]

Chen, X.; Wang, X.; Fang, D. A review on Cls XPS-spectra for some kinds of carbon materials. Fuller. Nanotub. Carbon
Nanostructures 2020, 28, 1048-1058. [CrossRef]

Chen, Y.; Gu, W,; Pan, H; Jiang, S.; Tang, R. Stabilizing amorphous calcium phosphate phase by citrate adsorption. Cryst. Eng.
Comm. 2014, 16, 1864-1867. [CrossRef]

Kanno, C.M.; Sanders, R.L.; Flynn, S.M.; Lessard, G.; Myneni, S.C. Novel apatite-based sorbent for defluoridation: Synthesis and
sorption characteristics of nano-micro-crystalline hydroxyapatite-coated-limestone. Environ. Sci. Technol. 2014, 48, 5798-5807.
[CrossRef]

Wimalasiri, A.K.D.V.K,; Fernando, M.S.; Williams, G.R.; Dissanayake, D.P.; de Silva, KM.N.; de Silva, R.M. Microwave assisted
accelerated fluoride adsorption by porous nanohydroxyapatite. Mater. Chem. Phys. 2021, 257, 123712. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/D1TB00601K
https://doi.org/10.1016/j.jcis.2016.11.009
https://www.ncbi.nlm.nih.gov/pubmed/27870965
https://doi.org/10.1080/1536383X.2020.1794851
https://doi.org/10.1039/C3CE42274G
https://doi.org/10.1021/es405135r
https://doi.org/10.1016/j.matchemphys.2020.123712

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Adsorbent 
	Batch Adsorption Experiments 
	Characterization 
	Wide-Angle X-Ray Diffraction (XRD) 
	Field-Emission Scanning Electronic Microscopy (SEM) 
	Zeta Potential Measurement 
	X-Ray Photoelectron Spectroscopy (XPS) 
	Brunauer–Emmett–Teller Measurement (BET) 


	Results and Discussion 
	Characterization of Adsorbents 
	Fluoride Ion Adsorption Behavior of the Samples 
	Adsorption of Time Dependence 
	Adsorption Isotherms 
	Adsorption Thermodynamic Parameters Analysis 
	The Effect of pH and Co-Existing Ions 
	Adsorption Mechanism 


	Conclusions 
	References

