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Synthesis and characterization of Fe-Al-Ni ternary composite metal oxides as
highly efficient adsorbent for fluoride removal from water
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ABSTRACT

The Fe-Al-Ni composite oxide was synthesized through a simple coprecipitation method. The adsor-
bent was characterized by using scanning electron microscopy, X-ray diffraction, Fourier transform
infrared spectroscopy, zeta potential, and energy dispersive analysis of X-rays, and its defluorida-
tion properties were investigated. Adsorption kinetics fitted well the pseudo-second-order model.
The fluoride adsorption isotherm was well described by the Freundlich model. Moreover, when
the initial fluoride concentration was 200 mg/L, the maximum adsorption capacity was calculated
as 59.5 mg/g from the Langmuir model. It was found that the maximum removal rate was 93.6%
at pH = 7, with an initial fluoride concentration of 10 mg/L. The co-existing anions indicate that
chloride, sulfate, and nitrate don’t have much effect on F- adsorption, but phosphate and carbonate
show a significant effect on F~ removal. It shows that the efficacy of the adsorbents still maintains
high as being reused, indicating that the spent adsorbent is suitable for regeneration.
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1. Introduction

Groundwater is one of the most important water
sources for basic requirements. Fluoride naturally occurs
in groundwater from different natural sources, usually
weathering/leaching of fluoride-rich rocks of aquifer [1].
Fluoride-contaminated groundwater is a worldwide prob-
lem because fluoride is considered to be a very harmful
pollutant in drinking water. The excessive ingestion of flu-
oride causes dental/skeletal fluorosis, neurological dam-
age, and thyroid disorders. The World Health Organization

* Corresponding author.

(WHO) reported that approximately 748 million people
globally were forced to consume contaminated drinking
water, which could cause high mortality rates [2]. Over the
years, the presence of fluoride in drinking water above
permissible limits has attracted public health interest.
Efforts are therefore being made to reduce fluoride con-
centration within the permissible limit of 1.5 mg/L in accor-
dance with the WHO [3]. China has been suffering from
endemic fluorosis in drinking water, there are still about
70 million people using excessive fluoride water, especially
in northeast, north, and northwest China [4]. The production
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of industry, such as metal smelting, fluorine ore mining,
chemical fertilizers, and pesticides, would produce high
fluoride wastewater. Therefore, it is necessary to study the
economical and efficient method of removing fluoride.

Nowadays, there were many methods to remove fluo-
ride ions from drinking water, including nanofiltration [5],
sedimentation [6], electrocoagulation [7,8], electrodialysis
[9], reverse osmosis [10], adsorption [11], and ion exchange
[12]. Compared to the others, adsorption is the most effec-
tive due to its environmentally friendly, inexpensive, easy
to operate, simple to design, and highly efficient when the
selected adsorbent material is suitable for fluoride removal
[13]. The most widely used adsorbents for defluoridation
are compounds or materials inhering aluminum, calcium,
and magnesium. Aluminum is neurotoxic in nature, and
residual aluminum in drinking water has been reported
by researchers [14]. Zhao et al. [15] prepared a new type of
magnetic nano adsorbent, which used hydrated alumina
containing Fe,O, nanoparticles (Fe,O,@Al(OH), NPs) as
the adsorbent. The adsorption capacity calculated by the
Langmuir equation was 88.5 mg/g at pH =6.5. Chai et al. [16]
developed a new type of adsorbent by using sulfur-doped
Fe,O0,/ALO, nanoparticles as adsorbent. Langmuir model
was used to calculate that the fluoride adsorption capac-
ity was 70.4 mg/g at pH = 7.0. Mukhopadhyay et al. [17]
reported the synthesis of Ce(IV)-incorporated hydrous
Fe(Ill) oxide (CIHFO) and its application for fluoride
adsorption from water at neutral pH.

In the presented study, a granular Fe-Al-Ni adsor-
bent (FAN) was prepared by a simple coprecipitation
method. This adsorbent was characterized by scanning
electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), zeta
potential, and energy dispersive analysis of X-rays (EDS).
Adsorption kinetics and adsorption isotherm of adsor-
bent were investigated. Moreover, the effect on pH and
co-existing anions were optimized to provide a suitable
condition for F- removal through batch tests. In compar-
ison with conventional F- adsorbents, the prepared FAN
exhibited a high adsorption capacity at pH = 7, showing
potential applications.

2. Experimental
2.1. Reagents and instruments

The reagents used in the experiment mainly include
magnesium sulfate heptahydrate, sodium carbonate, sodium
fluoride, acetic acid, sodium chloride, trisodium citrate, and
sodium hydroxide; Anhydrous ethanol, analytical purity,
Xilong Scientific Co., Ltd., (China). Deionized water was
prepared by FST-TOP-A24 super pure water mechanism,
Shanghai FuShiTe Instrument Equipment Co., Ltd., (China).

The instruments used in the experiment mainly include
TG16K-II Table high-speed centrifuge, Shanghai ZhaoDi
biotechnology Co.,Ltd., (China). RCT basic magnetic
stirrer, EKA Instrument Equipment Co. Ltd. (China).
DHG-9023A air drying box, Shanghai YiHeng Scientific
Instrument Co., Ltd., (China). PHS-3C conductivity meter,
Shanghai Instrument Co., Ltd., (China). CSB-F-2 fluoride
ion-selective electrode, Chengdu RuiXin instrument Co.,
Ltd., (China). 9XL-1008 muffle furnace, Shanghai JingHong

Experimental Equipment Co., Ltd., (China). PHB-3 digital
pH meter, Shanghai SanXin Instrument Factory, (China).
The XRD patterns of the adsorbents were performed on
a D/MaxIIIA X-ray diffractometer (Rigaku Co., Japan), by
using Cu Ko (AK , =1.5418 A) as the radiation source in the
range of 5°-80°. SEM image of the adsorbent was obtained
with an FEI Quanta 200 FEG field emission scanning
electron microscopy. The EDS spectrum and elemental
mapping were performed on a Zeiss Auriga microscope
(Germany) equipped with an Oxford Inca X-Max 50 detec-
tor. The FT-IR spectra of the adsorbents before and after
adsorption were recorded with a NEXUS-870 FT-IR spec-
trometer (Thermo Fisher Scientific in USA) in the range of
4,000-400 cm™. The zeta potentials of the adsorbent before
and after adsorption were analyzed on a zetasizer nano
zeta potential analyzer (Malvern Instruments Ltd., Britain).

2.2. Preparation of adsorbent

In this paper, the Fe/Al/Ni composite oxide were pre-
pared by coprecipitation method with the characteristics of
simple operation, short reaction time, and excellent product
performance. FeCl,:6H,0, AlCl,-6H,0, and NiCl,-6H,0 were
uniformly mixed with the molar ratio of n(Fe):n(Al):n(Ni)
as 1:1:1, and 1 mol/L sodium hydroxide solution was
added drop by drop to adjust the pH of the solution to 7
and produced precipitation. The final FAN composite
was then washed several times alternately with deionized
water and anhydrous ethanol, and finally freeze-dried and
ground for sieving.

2.3. Batch adsorption experiments

In this study, the fluoride ion-selective electrode
method commonly used in the laboratory was used for
determination. According to the Nernst equation, the
obtained experimental data were used to draw the stan-
dard curve of InC; (mg/L)~E (mV). To obtain a concentra-
tion of 1,000 mg/L fluorides standard solution. Dissolved
2.21 g of NaF in a beaker with 100 mL of ultra-pure water,
and transferred it into a 1 L volumetric flask. All the solu-
tions for fluoride removal experiments and analysis were
prepared by diluting the stock solution to a given concen-
tration with ultra-pure water. The calibration curve was
calculated by the potential of the standard sodium flu-
oride solutions (1-50 mg/L) at pH = 7. The pH value was
adjusted by using 0.1 mol/L HCI and NaOH solution.

The adsorption capacity, removal rate, and distribu-
tion coefficient (K) of fluoride ions were calculated by
Egs. (1)—(3), respectively.
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where C; and C, represent the initial and equilibrium fluo-
ride concentration (mg/L) respectively, V (mL) is the vol-
ume of solution, m (g) is the amount of the adsorbent, and
W (g) is the mass of the adsorbent.

In the isothermal adsorption experiment of the adsor-
bent on fluoride, the adsorbent was added to the 50 mL
plastic centrifugal tube, and a 20 mL standard solution of
sodium fluoride of different concentrations was added to
the centrifugal tube, respectively. The pH of the solution
was adjusted to 7.0, with an adsorbent dosage of 1 g/L
and the solution was placed in a thermostatic shaking
machine to oscillate at 25°C and 150 rpm rotation speed
for 24 h. The residual concentration of fluoride in the solu-
tion was measured by the fluoride ion-selective electrode.
The kinetics studies were carried out under the condi-
tion of 25°C and 150 rpm in a constant temperature shak-
ing table for 24 h, with an adsorbent dose of 1 g/L. The
200 mL of fluoride standard solution with the concentra-
tion of 10 mg/L was adjusted at pH = 7 and moved into
250 mL of the conical flask. With 0.1 M HCI and NaOH
solution to 10 mg/L of sodium fluoride standard solution
pH adjustment to a certain gradient range (2.0~11.0) to
provide different pH conditions at 25°C and an adsorbent
dose of 1 g/L. The experiment of the interference adsorp-
tion effect of co-existing ions was carried out. Sodium
chloride, sodium nitrate, sodium sulfate, sodium bicar-
bonate, and sodium phosphate at three kinds of concen-
trations (0.1, 1.0, and 10 mol/L) were added to the sodium
fluoride solution of 10 mg/L at pH = 7, the temperature
of 25°C, and an adsorbent dose of 1 g/L. And the deflu-
orination efficiency of co-existing ions of various concen-
trations was calculated. For evaluating the regeneration
of adsorbents, fluoride-adsorbed FAN was soaked into
sodium hydroxide solution (3 wt.%) for use again. Six con-
secutive adsorption—desorption cycles were performed to
explore the regeneration of the FAN adsorbent.

3. Results and discussion
3.1. Sample characterization

The crystal structures of the final products were ana-
lyzed by powder X-ray diffractometric analysis shown in
Fig. 1. It shows that the peaks at the 20 of 31.79°, 45.53°, and
66.36° can be attributed to (220), (400), and (440) planes of
the ALLNiO, (JCPDS card no. 01-073-0239), and the peaks
at the 20 of 56.56° and 75.37° can be indexed to (333) and
(444) planes of magnetic Fe,O, (JCPDS card no. 01-086-1352).
Obviously, the Fe-Al-Ni composite metal oxide was suc-
cessfully prepared and the characteristic peak strength was
high, indicating that the crystallinity of the crystal in the
sample was good.

The morphology of FAN nanoparticles can be obtained
by SEM, as shown in Fig. 2. Figs. 2a and b are SEM
images of FAN metal complex grown by coprecipitation,
and Figs. 2c and d are SEM images of the material after
fluoride adsorption. The surface of each adsorbent parti-
cle is covered with a tiny volume crystal, which basically
presents a block-like structure similar to that of a cube.
The growth of the crystal is relatively uniform, which size
is about 0.2-0.6 um. The adsorbent has good dispersibility,

_ @ ALNiO4
S S & Fe,0,

;.\ - <

£} ° ®

g 2 - 3

£ 83
g WMW g

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

Fig. 1. XRD pattern of FAN composite oxide.

clear particles, and no obvious agglomeration. Small flat
crystals on the surface of FAN particles increased the sur-
face area of each particle. After defluorination, the crystal
structure on the surface of the particles disappeared, parti-
cles showed irregular in size.

As shown in Fig. 3, EDS scanning was conducted to
study the elements composition of FAN particles sur-
face after saturated adsorption and whether the material
has the ability to absorb F-. Table 1 shows that the sample
n(Fe):n(Al):n(Ni) = 1.6:1.5:1, which verifies that the molar
ratio is close to the previously experimental molar ratio
of 1:1:1. After saturated adsorption, the surface contains a
large number of fluoride elements, indicating that fluo-
ride elements have been evenly distributed on the adsor-
bent surface, and can be separated from the solution with
the adsorbent.

FT-IR can provide molecular and structural informa-
tion about organic and inorganic materials [18]. The result
of the Fourier transform infrared spectrogram (FT-IR)
study of FAN composite oxide before and after fluoride
adsorption is shown in Fig. 4. It shows sharp peaks at 620;
707; 1,336; 1,429; 1,558; 1,625; and 2,958 cm™. After fluo-
ride adsorption, there is a slight shift of peaks at 435; 622;
711; 1,334; 1,425; 1,564; 1,629; and 2,960 cm™. The peak at
435 cm™ was assigned to hydrous metal oxides [19]. The
peak at 622 cm™ is related to the tensile vibration of the
Fe-O bond in materials [20], and the peak at 711 cm™ can
be attributed to the bending vibration of the AI-O bond.
The emerging band at 1,334 cm™ is attributed to the vibra-
tion of F~. A general slight shift of frequency is attributed
to F~ions adsorbed to FAN [21]. The peak at 1,629 cm™ cor-
responds to O-H bending vibration [22], while the peak at
2,960 cm™ is caused by C-H stretching vibration. The FT-IR
study confirmed that the F~ ion has a strong binding ability
with the surface of the FAN composite oxide adsorbent.

To study the zero point pH ,_of FAN composite oxide,
zeta potentials of adsorbent before and after adsorption of
fluorine at different pH were measured. As shown in Fig. 5,
pHPZC of FAN composite oxide before adsorption is 8.60.
When adsorbing fluorine ions, the adsorbent surface with a



246 B. Sun et al. / Desalination and Water Treatment 229 (2021) 243-251

Fig. 2. SEM images of FAN composite oxide: (a and b) before adsorption and (c and d) after adsorption.

Fig. 3. EDS pattern of FAN composite oxide after adsorption.

Table 1
Elemental composition of the synthesized FAN composite oxide
after adsorption

Elements FK Fe K AlK Ni K Total
Weight% 0.29 0.43 0.22 0.30 243
Atomic% 13.7 6.93 7.47 4.63 32.7

positive charge is more favorable for adsorption. When pH
is 2~4, the zeta potential value of the adsorbent surface is
higher, and the potential value also transits from positive

value to negative value during the subsequent change of pH
from low to high. Because fluoride ion is negatively charged,
the attraction of FAN composite oxide gradually turns to
repulsion. This phenomenon also explains the high fluoride
removal efficiency of adsorbents in an acidic environment
and the significant decrease in fluoride removal efficiency in
an alkaline environment in the study of the effect of pH on
FAN adsorption. It can be concluded that the adsorption of
fluoride ions by FAN is based on a higher zero-point poten-
tial, so that it has a strong electrostatic attraction to fluoride
ions in the aqueous solution, combined with the hydroxyl
exchange effect, to achieve a good fluoride removal effect.
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Fig. 4. FT-IR spectra of FAN composite oxide before and after
fluoride adsorption.

40

30

Zeta potenial (mV)
o 3 8
1 |
/
S

&
<)
1

)
o
1

&
<)
1

pH

Fig. 5. Zeta potential of FAN composite oxide before and after
defluorination at different pH.

3.2. Adsorption isotherm

To investigate the adsorption performance and the
adsorption mechanism, the adsorption isotherms experi-
ments were conducted. There are four commonly used iso-
therm models namely Langmuir (4), Freundlich (5), Temkin
(6), and Dubinin-Radushkevich (7) were used in the pre-
sented study.
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Fig. 6. Isotherm of fluoride adsorption by FAN composite oxide.
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removal and (b) pseudo-second-order kinetic fitting of fluoride
adsorption.
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where C, (mg/L) is the fluorine concentration after equilib-
rium adsorption; g, (mg/g) is the amount of defluoridation
on per weight of the adsorbent after equilibrium; g, (mg/g)
is the maximum adsorption capacity calculated according
to Langmuir equation; K, (L/mg) is the Langmuir adsorp-
tion constant; K, (mg/g), and n are Freundlich adsorption
constant. The K, represents the Temkin isotherm constant
(L/g) and B, is binding energy constant (J/mol); T is the tem-
perature, R is the universal gas constant (8.314 J/kmol), K,
is the D-R isotherm constant (mol*/k]?), € represents the
Polanyi potential (¢ = RTIn[1 + 1/C]), and E is the so-called
1

V 2I<DR

The experimental adsorption results fitted by Langmuir,
Freundlich, Temkin and D-R models are shown in Fig. 6.
The corresponding parameters of the four models are sum-
marized in Table 2. It suggested that the adsorption of fluo-
ride on FAN was fitted well with the Freundlich model based
on the values of correlation coefficient (R?). When the initial
fluoride concentration was 200 mg/L, the maximum adsorp-
tion capacity was 55.2 mg/g and the g, value was calculated
as 59.5 mg/g from the Langmuir model. The fitting results
were consistent with the Freundlich model, indicating that

characteristic energy of adsorption ( E =

) [23,24].

Table 2
Parameters of Langmuir, Freundlich, Temkin, and D-R adsorp-
tion isotherm model

Isotherm model Parameters Value
K, (L/mg) 0.142
Langmuir 9., (Mg/g) 59.5
R? 0.872
n 1.56
Freundlich K, 5.67
R? 0.931
B, (J/mol) 14.1
Temkin K, (L/mg) 9.83
R? 0.803
9, (mg/g) 48.3
D-R E (kJ/mol) 10.3
R? 0.834
Table 3

Comparison on adsorption capacity of different adsorbents

the adsorbent was multilayer adsorption with uneven dis-
tribution of adsorption sites. The Langmuir and Freundlich
isotherm models can’t fully explain the adsorption mecha-
nism, so Temkin and D-R isotherm models were fitted into
the experimental data [25-27]. The binding energy found
from the Temkin isotherm model indicates the electrostatic
attraction between the adsorbent and the adsorbate. In this
study, the E-value is 10.3 kJ/mol, and the adsorption pro-
cess can be considered as chemical adsorption. Finally, there
are several comparisons of adsorption capacity with various
adsorbents are summarized in Table 3.

3.3. Kinetic study

An adsorption kinetic model, usually applied for estima-
tion of adsorption rate, provides valuable insights into the
mechanism of adsorption reaction. The experimental data
of adsorption kinetics are usually simulated by pseudo-
first-order kinetics (8) and pseudo-second-order kinetics (9)
models, respectively.

In(q, -q,)=Ing, —kt ®)
t 1 t
e ©)
9. kg q,

where g, and g, are the amount of fluoride adsorbed (mg/g)
at equilibrium and at any time, respectively; ¢ (min) is the
adsorbed time. The k; (1/min) is the rate constant for a
pseudo-first-order reaction. The k, (g/(mg min)) is the rate
constant for pseudo-second-order reaction.

The corresponding parameters of the two models are
calculated from the plot of In(q, — ¢q,) vs. t and (t/q,) vs. t,
respectively. Table 4 shows a higher value of correlation
coefficients for the pseudo-second-order compared to the
first-order-kinetic, which gives a better fit to the experimen-
tal data for F~ adsorption onto the FAN. According to the
pseudo-second-order model shown in Fig. 7, the equilib-
rium adsorption capacity (qelml) was calculated as 3.27 mg/g
when the initial fluoride concentrations were 10 mg/L,
with an adsorbent dose of 1 g/L, pH = 7, the temperature
of 25°C, which is closer to the corresponding experimen-
tal values (qu) of 2.95 mg/g than the pseudo-first-order.
It shows that the pseudo-second-order kinetics is able to
demonstrate the adsorption kinetic behavior, indicating
that there is a strong electrostatic interaction between the
adsorbent and fluoride.

Adsorbents pH Temperature (°C) Adsorption capacity (mg/g) Ref.
Fe-Ti oxide 7 25 31.2 [28]
Mg-Al bimetallic oxides 6 25 89.3 [29]
CeO,-ZrO, nanocages 4 25 175 [30]
CTAB assisted mixed iron oxide 5 25 404 [31]
Zirconium-modified-Na-attapulgite 4.13 50 24.6 [32]
Trititanate nanotubes (TNT) 2 80 58 [33]
FAN 7 25 59.5 Present work
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Table 4
Parameters of pseudo-first and second-order kinetics model

Kinetics model Pseudo-first-order

Pseudo-second-order

k, (1/min) q, (mg/g) R k, (g/(mg min)) q, (mg/g) R
100 100
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Fig. 9. Effect of co-existing anions on fluoride adsorption.

3.4. Effect of pH on fluoride adsorption

To investigate the defluorination properties of FAN
adsorbent by pH. The variation of pH on fluoride adsorp-
tion were studied by using 10 different samples having
a pH range of 2-11. As shown in Fig. 8, it was found that
the maximum removal rate was 93.6% at pH = 7, with an
initial fluoride concentration of 10 mg/L. In the acidic pH
range, weak hydrofluoric acid (HF) is present in the exper-
iments that may affect defluoridation [34]. However, in the
strongly alkaline range, there is a sharp drop in adsorption,
which may be due to the competition of more hydroxyl ions

0 1 2
Regeneration times

W
n
(9,

Fig. 10. Regeneration test of adsorbent.

with the fluoride and the electrostatic repulsion from the
surface of the adsorbent [35].

3.5. Effect of co-existing anions

To explore the relationship between the fluoride
removal efficiency of FAN adsorbent and the types and con-
centrations of co-existing ions in water, the co-existing ions
of chloride, sulfate, nitrate, phosphate, and bicarbonate were
studied by the batch method. As shown in Fig. 9, chloride,
sulfate, and nitrate don’t have much effect on F~ adsorption,
but phosphate and carbonate show a significant effect on
F- removal. Both phosphate and carbonate show a signifi-
cantly higher reduction in F~ adsorption efficiency due to
change in pH, as well as the competing effect of this co-ion
for the active site of the adsorbent [22,36,37]. The affinity
sequence for the anion adsorption on this adsorbent is phos-
phate > bicarbonate > nitrate > sulfate > chloride. Calculating
the distribution coefficient according to Eq. (3), which is ben-
eficial for understanding the affinity of adsorbents to adsor-
bate molecules [38]. The K, values for the fluoride-loaded
FAN composite oxide are in the range of (0.8-3.5) x 10* mL/g.
The higher K, value of the FAN composite indicates
that the material has a strong affinity for fluoride.

3.6. Regeneration and reuse of the adsorbent

As shown in Fig. 10, the desorption and regeneration of
FAN adsorbent were investigated for six times adsorption—
desorption cycles with the initial fluoride concentration of
10 mg/L, pH =7, the temperature of 25°C, and adsorbent dose
of 1 g/L. The removal rates of adsorbents are 93.5%, 92.8%,
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89.8%, 86.5%, 84.6%, and 83.6%, respectively. It shows that
the efficacy of the adsorbents still maintains high as being
reused repeatedly, indicating that the spent adsorbent is
suitable for regeneration.

4. Conclusion

The FAN composite oxide was synthesized by the
coprecipitation method with a simple preparation pro-
cess. The adsorbent was characterized by using SEM,
XRD, FT-IR, zeta potential, and EDS, and its defluoridation
properties were investigated. Adsorption kinetics fitted
well the pseudo-second-order model. The fluoride adsorp-
tion isotherm was well-demonstrated by the Freundlich
model. Moreover, when the initial fluoride concentration
was 200 mg/L, the maximum adsorption capacity was calcu-
lated as 59.5 mg/g from the Langmuir model. It found that
the maximum removal rate was 93.6% at pH = 7, with an
initial fluoride concentration of 10 mg/L. The co-existing
anions indicate that chloride, sulfate, and nitrate don’t
have much effect on F~ adsorption, but phosphate and car-
bonate show a significant effect on F- removal. It shows
that the efficacy of the adsorbents still maintains high as
being reused, indicating that the spent adsorbent is suit-
able for regeneration. These research results indicate that
the adsorbent of FAN composite oxide can be potentially
suitable materials used in fluoride removal.
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