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a b s t r a c t
Fluoride contamination in drinking water is one of the major problems worldwide imposing a 
serious threat to human health. For fluoride removal, the superparamagnetic Fe3O4 nanoparticles 
(Fe3O4 NPs) were successfully synthesized in a non-aqueous medium through a simple and facile 
hydrothermal reduction route. These nanoparticles had a mesoporous structure with a specific 
surface area of 70.14 m2 g−1. Fluoride adsorption behavior was investigated and the optimization 
of several experimental parameters was explored. The adsorption properties of the sample were 
excellent. The adsorption capacity could reach up to 70.64 mg g−1 at 25°C when the initial fluoride 
concentration was 200 mg L−1. Kinetic data were consistent with the pseudo-second-order model 
and also indicated the adsorption process was limited by the pore diffusion. The adsorption iso-
therms were found fitting well with the Freundlich model. The presence of bicarbonate, carbon-
ate, and phosphate adversely affected the adsorption of fluoride. The revelation of the adsorption 
mechanism was based on Fourier transform infrared spectroscopy, X-ray photoelectron spec-
troscopy analysis, and zeta potential study. The results showed the surface hydroxyl groups and 
sulfate anions played important roles in the fluoride removal. In the magnetic hysteresis curves, 
the Fe3O4 nanoparticles exhibited a superparamagnetic characteristic with a saturation magneti-
zation of 29.86 emu g−1, which was beneficial for magnetic separation.
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1. Introduction

Classified as one of the abundant trace elements in the 
Earth’s crust with an average concentration of 625 mg kg−1, 
fluoride is primarily enriched in such minerals as fluorite, 
cryolite, fluorapatite, topaz, biotites, villiaumite, and cer-
tain clays [1]. Natural processes, combined with biologi-
cal activity and anthropogenic activity allow the release 
of fluoride into water resources, causing many districts 

worldwide with more than 250 million people still suffer-
ing from fluoride contaminated water [2,3]. Due to its high 
toxicity, the long-term and excessive ingestion of fluoride 
have great adverse effects on human health, which should 
be responsible for various diseases [4,5]. The epidemiolog-
ical studies reveal that continuous consumption of drink-
ing water with heightened fluoride concentrations can 
lead to the incidence of dental caries, brain damage, thy-
roid disorder, and infertility [6]. Thus, the World Health 
Organization (WHO) has specified the guideline value 
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of fluoride content of drinking water as 1.5 mg L−1 [7,8]. 
Undoubtedly, it is urgently needed to develop economical, 
reliable, and eco-friendly techniques for water purification. 
Among the various technologies available for fluoride 
removal, the adsorption process is generally accepted as 
the cheapest and most effective method compared with ion 
exchange, membrane separation, and others [9]. A signifi-
cant variety of adsorbents have been investigated to remove 
fluoride and the adsorbents include clays, minerals, acti-
vated carbon and nanotubes, rare oxides, and polymeric 
materials [10]. It is reported that the existence of high-va-
lency metal ions like iron (III), manganese (II, IV), lantha-
num (III), aluminum (III), zirconium (IV), or titanium (IV) 
can significantly increase fluoride adsorption capacity 
[11,12]. However, when it comes to chemical stability, low 
cost, large storage, high affinity, and environmental friend-
liness, iron-based materials seem to be the most promis-
ing adsorbents. Indeed, these adsorbents have attracted 
increasing attention and have been applied successfully 
for fluoride remediation. The group of Kumar evaluated 
the feasibility of granular ferric hydroxide [13]. Mohapatra 
and colleagues developed magnesium-doped nanoferri-
hydrite for defluoridation [14]. Mohapatra and coworkers 
investigated the fluoride adsorption behavior of Hexadecyl 
trimethyl ammonium Bromide (CTAB) mediated Mg-doped 
nano Fe2O3 [15]. Poursaberi et al. reported the synthesis of 
zirconium (IV)-metalloporphyrin grafted Fe3O4 nanoparti-
cles [16]. Bhaumik’s team published a study of polypyrrole/
Fe3O4 magnetic nanocomposite to remove fluoride [17]. 
As a common iron oxide, magnetite (Fe3O4) nanoparticles 
are popular in adsorbents mainly because of their unique 
and tunable magnetic properties which contribute signifi-
cantly to solid−liquid phase separation. Here, it should 
be pointed out that magnetic separation appears to be a 
very outstanding method for separation, considering its 
prominent advantages of effective control, high speed, accu-
racy, and simplicity over centrifugation or filtration [18].

However, it was also well-known that the properties 
of Fe3O4 based materials strongly depended on their struc-
ture and morphology [19]. The different selections of iron 
sources and chemistry-based synthetic methods lead to a 
wide variety of morphologies [20,21]. Though Fe3O4 just 
acts as a carrier material at the most times applied for mag-
netic separation in fluoride removal, it is still challenging 
to develop a simple, low-cost, and environmentally friendly 
green route for synthesizing Fe3O4 nanoparticles for defluo-
ridation [16,22,23]. To overcome these limitations and cater 
for better industrial application, our interest is to develop 
a Fe3O4 adsorbent with excellent fluoride removal proper-
ties. Herein, drawing inspiration from the previous work of 
natroalunite microtubes [24], we successfully synthesized 
superparamagnetic Fe3O4 nanoparticles in a non-aqueous 
medium via a simple and facile hydrothermal reduction 
route using a single iron precursor, Fe2(SO4)3. Furthermore, 
the fluoride adsorption performances were investigated. 
A series of adsorption experiments including adsorption 
kinetics, adsorption isotherm, and impact of pH value and 
co-existing anions, were conducted to examine the adsorp-
tion behavior. The results showed that the adsorption 
performances of superparamagnetic Fe3O4 nanoparticles 
toward fluoride were incredibly wonderful. In addition, 

X-ray photoelectron spectroscopy (XPS), Fourier transform 
infrared spectroscopy (FT-IR) and zeta potential study 
revealed the key roles of the surface hydroxyl groups and 
sulfate anions in the adsorption process.

2. Experimental section

2.1. Materials and synthesis

All reagents involved in the study were analytical 
grade, purchased from Shanghai Chemical Reagents 
Company and used without further purification. The 
Fe3O4 nanoparticles were prepared in a facile hydrother-
mal reduction route. 0.3 g of poly(vinylpyrrolidone) (PVP, 
K30) was dissolved into 100 mL ethylene glycol (EG) with 
stirring. After the solution turning clear, 3.0 g of iron(III) 
sulfate was added into the above solution. When iron(III) 
sulfate was dissolved completely, 3.69 g of sodium ace-
tate anhydrous was put into the mixture. The solution 
was under vigorous stirring for another 6 h, then sealed 
in a Teflon-lined stainless steel autoclave and heated at 
180°C for 12 h before cooled naturally to room tempera-
ture. The residues were centrifuged and thoroughly 
washed with distilled water and absolute ethanol, and 
finally dried in a vacuum to form a black powder.

2.2. Characterization

Powder X-ray diffraction (XRD) analyses were carried 
out to identify the mineralogical phases and crystallinity 
of the samples. The Raman spectrum was obtained with a 
Raman microscopy spectrometer (Lab RAM HR, HORIBA 
Scientific, Japan). Transmission electron microscope (TEM) 
was operated to observe the particle size and morphol-
ogy. X-ray photoelectron spectroscopy (XPS) studies were 
undertaken for quantitative estimation of chemical ele-
ments of the adsorbents before and after adsorption. 
Fourier transform infrared spectra (FT-IR) were collected 
on a NEXUS-870 spectrometer. The specific surface area 
was determined by the low-temperature N2 adsorption- 
desorption technique using a micrometrics surface area 
analyzer with a degassing temperature of 80°C. The mag-
netic properties were measured using a Quantum Design 
MPMS XL-5 superconducting quantum interference device.

2.3. Adsorption experiments

A fluoride ion stock solution (200 mg L−1) of sodium 
fluoride was prepared in deionized water and stored in a 
polyethylene bottle. The test solutions were made by sub-
sequent dilution of the fluoride solution to a certain con-
centration. A series of experiments on fluoride uptake was 
performed, involving adsorption isotherms, adsorption 
kinetics, and the effects of other parameters. The adsorp-
tion isotherm experiments were carried out in 15 mL con-
ical-bottom polypropylene tubes at pH 7.0. The initial 
fluoride concentration was varied from 5 to 200 mg L−1. 
In each of 15 mL polyethylene tubes, 10 mg of adsorbent 
was mixed with 10 mL of fluoride solutions that had dif-
ferent initial concentrations. The mixtures were shaken 
on an orbit shaker at 150 rpm for 24 h at 25°C, 35°C, 
and 45°C, respectively. At the end of the experiment, the 
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samples were filtered by a membrane filter with 0.22 μm 
pore size. The fluoride concentration of the filtrate 
was determined by a fluoride meter.

An adsorption kinetics experiment was conducted 
with an initial fluoride concentration of 2.5 mg L−1. Herein, 
300 mg of adsorbent and 300 mL of predetermined fluo-
ride solution were contained in a 500 mL polypropylene 
bottle and stirred at 25°C with pH controlled at 7.0. At a 
fixed preselected interval time from 0.1 to 360 min, about 
4 mL of suspension was withdrawn and filtered for anal-
ysis. To determine the chemical condition at which flu-
oride ions are effectively adsorbed, optimization of the 
main factors was explored, namely adsorbent dosage, pH 
value, and coexisting anions. The impact of the adsor-
bent dosage in fluoride removal was tested by vary-
ing the amount of the adsorbent from 5 to 200 mg while 
other parameters have remained the same. To evaluate 
the influence of pH value on fluoride adsorption, the ini-
tial solution pH was adjusted from 3 to 11 with dilute HCl 
or NaOH solution. And then, the fluoride solutions with 
different concentrations were mixed with 100 mg adsor-
bent, respectively, and shaken continuously in an incubator 
for 24 h at 25°C. Afterward, approximately 4 mL of sus-
pension was sampled for analysis to obtain the residual  
fluoride concentration.

For the investigation of the competitive effects of various 
coexisting anions on fluoride removal, competing anions 
solutions (chloride, nitrate, sulfate, bicarbonate, carbonate, 
and phosphate) were prepared with concentrations ranging 
from 0 to 200 mg L−1. As the experiments performed, 100 mg 
adsorbent was contacted with solutions containing both 
fluoride and coexisting anions for 24 h. Then, the samples 
were extracted and centrifuged to collect the supernatant 
liquid for analysis.

Each adsorption experiment was performed in tripli-
cate to reap reproducible results with an error of less than 
5%. The residual fluoride concentration of the clear liquid 
samples obtained during the above tests was measured 
with a fluoride ion-selective electrode (PF-202-CF) by uti-
lizing a total ionic strength adjustment buffer (TISAB) 
solution to eliminate the interference of complexing ions. 
The amount of fluoride adsorbed (qe in mg g−1) was deter-
mined by Eq. (1) and the fluoride removal efficiency (RF) was 
calculated according to Eq. (2) [25,26]:

q C C V
me e� �� �0  (1)

R
C C
CF

e�
�� �

�0

0

100%  (2)

where V is the total solution volume (mL), m is the mass of 
adsorbent (mg); C0 and Ce are the fluoride concentration in the 
liquid phase at initial and equilibrium (mg L−1), respectively.

3. Results and discussion

3.1. Characterization

An X-ray diffraction pattern of the obtained prod-
uct can seen in Fig. 1a. There were six diffraction peaks 

observed, which were corresponding to the (220), (311), 
(400), (422), (511), and (440) planes of Fe3O4 (JDPCS card 
number 19-0629). No characteristic peaks from impurities 
were detected. However, it is well known that the XRD 
pattern of Fe3O4 was almost the same as that of γ-Fe2O3. 
Thus, the structure of the obtained products cannot be dis-
criminated by XRD alone. To further confirm the structure 
of the products, the obtained products were characterized 
by Raman microscopy, and the results are shown in Fig. 1b. 
The Raman peak around 670 cm−1 was observed that was 
the typical characteristic of Fe3O4. While for γ-Fe2O3, three 
strong peaks are generally found at 352, 500 and 695 cm−1, 
respectively [27]. To further confirm the XRD results, the 
oxidation states and composition of the products were 
examined by XPS. The XPS survey spectrum of the sam-
ple displayed in Fig. 1c showed the predominant signals of 
carbon, oxygen, and iron. The Fe 2p spectrum was seen in 
Fig. 1d, which revealed the presence of Fe3+ and Fe2+. The 
peak around 710.4 eV was assigned to a FeIII3/2 configura-
tion. The other spin-orbit component, Fe 2p1/2, appearing 
at 724.4 eV, was corresponding to Fe(III) and Fe(II) states. 
Another two weak peaks at 719.3 eV and 732.6 eV were 
the Fe2+ shaking up satellite peaks [28,29]. So, the results 
confirmed that the obtained products were Fe3O4. 

The as-synthesized Fe3O4 was further characterized 
by TEM, and the results are shown in Fig. 2. In Fig. 2a, it 
was noted that the product has consisted of a large num-
ber of nanoparticles and the particle size was mostly below 
100 nm with an average value in the range 70~80 nm. 
To be precise, the nanoparticles were sphere-like rather 
than spherical as illustrated in Fig. 2b. Interestingly, it was 
also found these nanoparticles were the agglomerates of 
smaller particles, suggesting that the sample might have 
a mesoporous structure.

As an important factor affecting the adsorption behav-
ior, the BET surface area of the Fe3O4 NPs was measured 
before the adsorption experiments, the results are revea-
led in Fig. 3. According to the IUPAC classification, the 
N2 adsorption-desorption isotherm in Fig. 3a was a typ-
ical type IV isotherm with a H1 hysteresis loop, confirm-
ing the mesoporous structure of Fe3O4 NPs. The BET sur-
face area was 70.14 m2 g−1, which was larger than those of 
some other adsorbents [30,31]. The corresponding BJH 
pore size distribution curve is presented in Fig. 3b. It was 
worth noticed that two different pore sizes emerged in the 
graph. One with an average pore diameter at 3.6 nm whose 
pore volume was 0.211 cm3 g−1, and the other at 34 nm [32]. 
The former was from the internal structure of Fe3O4 NPs 
and the latter was caused by the aggregation of Fe3O4 NPs.

The magnetic properties of the Fe3O4 nanoparticles 
were investigated. Fig. 4 shows the magnetic hysteresis 
curves measured at 300 K, with the field sweeping from 
−60,000 to 60,000 Oe. With a saturation magnetization of 
29.86 emu g−1, the Fe3O4 nanoparticles exhibited a super-
paramagnetic characteristic [33,34]. It was reported that 
there were many factors such as particle size, crystallinity, 
surface disorder, and surface ligands, which could affect the 
magnetic properties of nanoparticles. The Fe3O4 nanoparti-
cles in this work embraced a high saturation magnetization. 
The magnetic property made the adsorbent easy to retrieve 
from the solution using an external magnetic field (Fig. S1). 
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Fig. 1. XRD pattern (a), Raman spectroscopy (b) and XPS survey(c), Fe 2p spectra (d) of the obtained product.

Fig. 2. Low-magnification (a) and high-magnification (b) TEM images of Fe3O4 nanoparticles.
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This feature further pushed the application of Fe3O4 NPs 
adsorbent under the spotlight for fluoride removal.

3.2. Adsorption studies

3.2.1. Adsorption kinetic studies

Adsorption kinetics is one of the most important 
characters which represent adsorption efficiency. The 
fluoride adsorption performance of the obtained Fe3O4 
NPs was investigated and its results are displayed in 
Fig. 5. Obviously, adsorption was rapidly improved at 
the initial stages within 60 min. To further research the 
process of adsorption with time, these experimental 
data were dealt with the pseudo-first-order and pseudo- 
second-order kinetic models, respectively, and shown in 
Table 1. It could be observed the coefficient (R2 > 0.999) 
of the pseudo-second- order was much higher than that of 

Fig. 3. Nitrogen adsorption−desorption isotherm (a), and the pore-size distribution curve (b) of Fe3O4 nanoparticles.

Fig. 4. Magnetization curves of Fe3O4 nanoparticles.

Fig. 5. Adsorption kinetics (a) and the pseudo-second-order kinetics plot (b) for fluoride adsorption on Fe3O4 NPs. (C0 = 2.5 mg L−1, 
temperature = 25°C, adsorbent dose = 1 g L−1, pH = 7.0)
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the pseudo-first-order model. The time required to reach 
adsorption equilibrium was 180 min [35].

Pseudo-first-order kinetic model: 

ln lnq q q k te t e�� � � � 1  (3)

Pseudo-second-order model: 

t
q k q

t
qt e e

� �
1

2
2  (4)

where k1 and k2 are the rate constants (in g mg−1 min−1) of 
the pseudo-first-order and pseudo-second-order models, 
qt is the amount of fluoride adsorbed at any time (mg g−1), 
qe is the equilibrium adsorption capacity (mg g−1).

Additionally, Bangham’s equation has been used to 
describe pore diffusion during the adsorption process. 
The mathematical representation of the pore diffusion 
model was expressed as follows [36]:

Bangham’s equation: 

loglog
C

C C q
K C

V
t

s t

b s0

0 2 303�

�

�
��

�

�
�� �

�

�
�

�

�
� �log

.
log�  (5)

where Cs is the weight of adsorbent (g L−1), (α < 1) and Kb 
are constants calculated separately from the intercept and 
slope of the straight-line plots which are shown in Fig. 6. 
Bangham’s plot was found linear with a good correlation 
coefficient of 0.997 indicating the adsorption kinetics was 
limited by the pore diffusion.

3.2.2. Adsorption isotherm analysis

Furthermore, to understand the effect of tempera-
ture on the removal of fluoride on Fe3O4 NPs, the fluoride 
adsorption experiments were conducted at three different 
temperatures namely 25°C, 35°C and 45°C, and the adsorp-
tion isotherms are shown in Fig. 7. The results revealed 
that the adsorption properties of the Fe3O4 NPs declined 
with the increasing temperature. A good adsorption capac-
ity of 70.64 mg g−1 can be achieved at 25°C. Two isotherm 
models of Langmuir and Freundlich were used to fit the 
experimental adsorption equilibrium data. These models 
are represented mathematically as follows [37]:

Freundlich isotherm: 

ln ln lnq
n
C Ke e F� �

1  (6)

Langmuir isotherm: 

C
q q K

C
q

e

e m L

e

m

� �
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where Ce (mg L−1) is the concentration of fluoride at equi-
librium, qm (mg g−1) is the maximum amount of fluoride 
adsorbed per mass of adsorbent; KL (L mg−1) is the equilib-
rium adsorption constant related to the affinity of binding 
sites; KF (mg1−(1/n) L1/n g−1) and 1/n are the Freundlich con-
stants related to the adsorption capacity and intensity, 
respectively. It had been reported that the Freundlich 
model was generally adopted to describe the adsorption 
process on a heterogeneity surface while the Langmuir 
model was appropriate to simulate a monolayer adsorp-
tion process on a homogenous surface. The results of fit-
ting Freundlich and Langmuir equations to isotherm curves 
are summarized in Table 2. Regression coefficients R2 of 
Freundlich model for different conditions were all over 
0.99, which were larger than those of Langmuir model, 
indicating that Freundlich model fitted reasonably bet-
ter with the fluoride adsorption. Moreover, the KF value 
decreased gradually with the elevation of temperature, 
suggesting the defluoridation process was exothermic. 

For comparison, the adsorption properties of diverse 
adsorbents toward fluoride are listed in Table 3. Compared 
with many other adsorbents, like ferric hydroxide, boeh-
mite, basic oxygen furnace slag and calcite, the Fe3O4 
NPs in this work embraced more outstanding adsorption 
capacity. Though inferior to those adsorbents removing 
fluoride better, the Fe3O4 NPs had advantages in sev-
eral aspects such as simple in design and synthesis, eco-
friendly and low-cost.

Table 1
The characteristics of kinetic models of fluoride for fitting of the experimental results

Temperature (°C) q (mg g−1) First-order Second-order

k1 R2 qe (mg/g) k2 R2 qe (mg/g)

25 1.312 0.0058 0.926 0.855 0.094 0.999 1.310

Fig. 6. Diffusion-based model for adsorption of fluoride onto 
Fe3O4 NPs.
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3.2.3. Effect of the adsorbent dosage

The effect of adsorbent dosage (5−200 mg) on the 
removal of fluoride was investigated with two differ-
ent initial fluoride concentrations namely 2.5 mg L−1, 
5.0 mg L−1. The percent removal of fluoride was increased 
with the adsorbent dosage rising and reached up to its 
maximum at 100 mg of Fe3O4 NPs. No further elevation 
of removal rate was observed by increasing the adsorbent 

dose. Therefore, 0.1 g of the adsorbent was considered as 
the optimum dose when the initial fluoride concentration 
was not very high.

3.2.4. Effect of the pH value

The pH value is an important water chemistry param-
eter and could be significantly interfered with in the 
fluoride removal process. Fluoride adsorption behavior 

Table 3
Comparison of the fluoride adsorption properties of various metal oxides

Adsorbents pH Fluoride (mg g−1) Ref.

Ferric hydroxide 7 7.0 [13]
Iron(III)−tin(IV) mixed oxide 6.5 10.47 [38]
Magnetic-chitosan 7 3.0−17 [39]
PPy/Fe3O4 6.5 17.6−22.3 [17]
2-line ferrihydrite 7 23.89 [40]
Activated carbon 3.5 2.5 [41]
Sulfate-doped Fe3O4/Al2O3 7 70.4 [31]
Fe−Al−Ce 7.0 178 [42]
Al2O3/CNTs 6 28.7 [43]
Fe3O4 NPs 7 70.64 This work

Table 2
Langmuir and Freundlich constants for the adsorption of fluoride on Fe3O4 NPs at different temperatures

Temperature (°C) Langmuir constants Freundlich constants

qm (mg g−1) KL (L mol−1) R2 1/n KF (mg g−1) (L mg−1)1/n R2

25 684.93 0.0008 0.5849 0.9597 0.6340 0.9990
35 232.56 0.0020 0.6990 0.9027 0.6018 0.9975
45 154.32 0.0025 0.7975 0.8874 0.5037 0.9986

Fig. 7. Langmuir isotherms (a) and Freundlich isotherms (b) models of fluoride adsorption on Fe3O4 NPs (contact time = 24 h, 
adsorbent dose = 1 g L−1, pH = 7.0).
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of the Fe3O4 NPs was explored under different pH con-
ditions (3~11) to assess the influence of pH to determine 
the pH region of maximum performance presented in 
Fig. 9. The removal rate was highest at pH 7, decreas-
ing slowly in the enhanced acid condition while rapidly 
with the increased alkalinity. In an alkaline medium, 
the hydroxyl groups would compete with fluoride ions 
in the active sites of the adsorbent, which might be the 
cause for the decline of the defluoridation efficiency.

The influence of the pH on the zeta potentials of the 
adsorbent is shown in Fig. 10. The point of zero charges 
(pHPZC) of the Fe3O4 NPs was about pH 7.38. After flu-
oride removal, the surface charges were decreased in 
the pH range of 3~11, especially in acidic conditions. 
When pH was lower than 7.38, the surface of adsorbents 
was positively charged, leading to the fluoride removed 
mainly through electrostatic attraction. Contrarily, as 
pH was higher than 7.38, the surface of adsorbents was 

negatively charged, tending to repel the fluoride ions 
via electrostatic repulsion. In this condition, the fluoride 
removal might be primarily based on hydroxyl exchange. 

3.2.5. Effect of competing anions

Drinking water usually contains several anions like 
chloride, nitrate, sulfate, phosphate, bicarbonate and 
carbonate. Consequently, they will compete with fluo-
ride anions for the adsorption sites. The effect of coex-
isting anion was evaluated at different concentrations 
(0~200 mg L−1) and results are depicted in Fig. 11. There 
was no obvious change in the fluoride removal percent-
age when the concentration of chloride, nitrate and sul-
fate varied from 0 to 200 mg L−1. For these three kinds of 
anions, the removal rates all exceeded 90%. The presence 
of bicarbonate, carbonate, and phosphate ions slightly 
reduced the fluoride adsorption that was consistent with 
the previously reported adsorbents.

3.3. Desorption and reusability of adsorbents

Desorption studies of spent adsorbent are essential 
for the economy and sustainability. In this work, NaOH 
was chosen as the desorption reagent for the recovery of 
fluoride ions from the Fe3O4 NPs shown in Fig. 12a. The 
fluoride desorption efficiencies of the adsorbent using 
NaOH solution of 1, 10, and 20 mM were 25.5%, 80.3%, 
and 95.4%, respectively, indicating that the highest 
recovery was obtained by using NaOH 20 mM solution. 
The reusability efficiency of the Fe3O4 NPs was investi-
gated for five successive adsorption/desorption cycles 
recovered by using NaOH 20 mM solution, indicating 
that the adsorbent had a high regeneration efficiency 
(Fig. 12b). After 5 recycles, over 75% of the initial adsorp-
tion capacity was recovered, indicating the adsorbent had  
high reusability for the long term.

3.4. Fluoride removal mechanism

In order to clarify the fluoride removal mechanism, 
the mesoporous Fe3O4 NPs before and after fluoride 

Fig. 9. The pH influence on the removal efficiency of flu-
oride (C0 = 2.5−5.0 mg L−1, temperature = 25°C, amount of 
adsorbent = 100 mg).

Fig. 10. Zeta potential of the Fe3O4 NPs in the absence and 
presence of fluoride as a function of pH.

Fig. 8. Effect of the Fe3O4 NPs dosage on the fluoride removal 
(C0 = 2.5 mg L−15.0 mg L−1, temperature = 25°C, pH = 7.0).
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adsorption were analyzed by FT-IR shown in Fig. 13. 
The broad band at 3,422 cm−1 can be assigned to the 
stretching vibration of the adsorbed water, while the 
peak at 1,634 cm−1 is associated with flexural vibrations of 
hydroxyl groups [44]. The band observed at 1,127 cm−1 is 
attributed to the SO4

2− [45]. The band at 1,046 cm−1 belongs 
to hydroxo bridges bonds of the type Fe−(OH)2−Fe [46]. 
Besides, the ν3 vibration of SO4

2− can also lead to the appear-
ance of a peak at 1,046 cm−1 [47]. Two peaks at 440 and 
590 cm−1 can be attributed to Fe−O [48]. After the adsorp-
tion of fluoride, the intensity of the peak at around 1,121 
and 1,046 cm−1 on the adsorbent significantly weaken. 
As surface active groups, both the sulfate and hydroxyl 
were reported in many literatures that they could make a 
great difference in the fluoride removal process. The FT−IR 

results indicated that the removal mechanism was based 
on the ion-exchange between sulfate groups, hydroxyl 
groups, and fluoride anions.

The Fe3O4 NPs before and after fluoride removal were 
characterized by XPS to further clarify the fluoride removal 
mechanism, and the results are presented in Fig. 14. After 
fluoride adsorption, the fluoride characteristic peak at 
684.5 eV is observed as shown in Fig. 14a, confirming the 
adsorption of fluoride on the adsorbent [49]. In Fig. 14b, 
the O1s spectrum of the virgin adsorbent can be divided 
into three component peaks at 529.9, 531.15, and 533.0 eV, 
respectively. These peaks can be assigned to metal oxide 
(Fe−O), hydroxyl group bonded to metal (Fe−OH) and the 
adsorbed water (H2O) in the adsorbent [50−52], respec-
tively. After fluoride adsorption, the relative area ratio 
for the peak attributed to Fe−OH decreases from 29.15% 
to 28.36%. Moreover, it is noted in Fig. 14c that the peak 
of S2p significantly decreases in the spectrum of fluo-
ride-loaded adsorbents. In a word, its decreases indicated 
that sulfate and hydroxyl groups on the adsorbent surface 
obviously participated in the fluoride adsorption, which is 
in good agreement with the FT-IR results.

4. Conclusions

In summary, we presented a simple, environmentally 
friendly hydrothermal method to obtain Fe3O4 nanoparti-
cles in a non-aqueous medium, which was confirmed by 
XRD, Raman spectroscopy, and XPS spectra. The adsorp-
tion properties toward fluoride were excellent with a good 
adsorption capacity of 70.64 mg g−1. Experimental data 
exhibited that the fluoride removal process was well fitted 
with the Freundlich model and pseudo-second-order rate 
kinetic model. Optimization of the experimental parame-
ters indicated a high removal rate could be reached at pH 
7.0 under an adsorbent dosage of 100 mg, even in the exis-
tence of some competing anions. The study of FT-IR, XPS, 
and zeta potential revealed definitely that the surface 

Fig. 11. Effect of competing anions on fluoride adsorption (a) C0 = 2.5 mg L−1 and (b) C0 = 5.0 mg L−1, temperature = 25°C, amount of 
and adsorbent = 100 mg).

Fig. 12. FT-IR spectra of the Fe3O4 NPs before and after fluo-
ride removal.
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sulfate anions and hydroxyl groups played a vital role in 
the removal processes of fluoride. The perfect magnetic 
properties, along with outstanding adsorption capacity, 
undoubtedly spotlighted the practical application of Fe3O4 
nanoparticles for defluoridation.
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