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ABSTRACT

Fluorine is one of the most active and electronegative elements of the periodic table that exists in
different amounts and sizes in water, soil, and plants. The excessive use of this substance can cause
many problems. The research work was an experimental laboratory study aimed to investigate the
fluoride removal from aqueous solutions by silica nanoparticles. The effect of different variables such
as pH (3-11), adsorbent dose (0.2-2 g/L), contact time (2-120 min), different concentrations of fluoride
(2-10 mg/L), and temperature (283, 293, 303, and 313 K) were determined in batch condition. Also,
kinetics, thermodynamics, and isotherms process were studied. The results of this study showed that
maximum adsorption capacity in optimum conditions (pH = 3, the adsorbent dose of 0.2 g/L, the
contact time of 10 min, and the initial concentration of 10 mg/L) was found to be 8.40 mg/g. Also,
the adsorption process was an endothermic and spontaneous as well as the Dubinin-Radushkevich
isotherm and pseudo-second-order kinetic is more consistent with adsorbing fluoride by the silica
nanoparticles. This study indicated that silica nanoparticles can be used in optimum conditions as
an effective, usable and inexpensive adsorbent for the fluoride removal in aqueous solutions which

values are higher than the standard level.
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1. Introduction

Today, one of the health concerns about the quality of
drinking water is the high amount of fluoride due to factors
such as contact with mineral stones containing fluoride
and its dissolution in water. In groundwaters, high fluoride
concentrations are due to the large and extensive belts asso-
ciated with granitic and volcanic rocks and fluoride minerals
[1]. The fluoride ion has a degree of oxidation (-1), it is pale
yellow and has a high toxicity and corrosion which due to
its high reactivity, it cannot be found freely in nature, and
is commonly found in a number of mineral compounds
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such as fluorescence (fluorite), cryolite (sodium fluoride and
aluminum), and fluorapatite [2—4].

The United States Public Health Organization has rec-
ommended an optimal concentration of fluoride in water
(1.2-0.7 mg/L), and the WHO has also stated a limit of
1-1.5 mg/L [3,5]. By human advancement and industrial
activity increases, more fluoride inters the environment.
Industries, such as electroplating, metal processing, glass
making and the production of semiconductors, and fertiliz-
ers, with the use of fluoride compounds, cause fluoride to
enter the environment through the disposal of wastewater [6].

Drinking water is the main source of fluoride entry into
the body, the concentration of fluoride in drinking water in
the lower than standard levels causes tooth decay and, in
excess of the standard, results in a decrease in calcium from
the tooth root and the formation of dental fluorosis and also
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leads to a change in DNA structure and damage to the endo-
crine, thyroid, liver, softening of the bones, bone tendons and
ligaments, reduced internal space between the spine and loss
of empowerment, infertility in women, Alzheimer’s disease,
and brain damage [3,7,8].

Fluoride contamination is a global problem, especially
in Africa, Asia, and the United States [9,10]. Studies have
shown that the concentration of fluorine in groundwater in
more than 22 developed and developing countries, including
Iran, is higher than the recommended values of the World
Health Organization [11]. Available statistics show that more
than 30 million people in China are seriously influenced
by fluorosis and another 100 million people are in danger
[12]. In some cities in Iran, the fluoride content of drinking
water is higher than 1.5 mg/L, which can lead to fluorosis
and other problems [13]. Due to the adverse health effects
of excessive fluoride in water the importance of removing
this ion from water sources is significant. Studies show that
various methods, such as adsorption process [14], chemical
deposition [15], ion exchange, electrode dialysis [16], reverse
osmosis [17], and nanofiltration [18-20], are used to remove
excess fluoride from water sources. Among these methods,
the adsorption process has been considered as a common,
easy, and economical way to remove fluoride from aquatic
environments [21,22].

In the study of Xiaotian X et al., manganese-coated ash in
fluoride removal, the highest adsorption capacity was 6 mg/g
at PH =3 and the adsorbent dose was 2.5 g/L [23]. In a study
of Vinitnantharat et al. [24] titled removal of fluoride ion in
aqueous solutions by adsorption on acid activated water
treatment sludge, reported that with an increase in adsorbent
dose from 5 to 50 g/L, the removal efficiency increased from
40% to 73%. And also the adsorption capacity is increased
at pH below 6.5 [24]. Nanoparticles have been widely used
as adsorbent in removing pollutants from aqueous solutions
due to its high surface area and adsorption capacity [25,26].
SiO, is structurally similar to the structure of the water mol-
ecule and it composed of two elements of silicon and oxygen
and. SiO, is a major component of soil that is used to grow
bacteria due to its lack of toxicity as a base material. Studies
have shown that SiO, nanoparticles can be used as adsor-
bents for the removal of natural contaminants and metal ions
[27,28]. Moriguchi et al. used modified silica nanoparticles
for the removal of humic acid and folic acid and pH =3 as
optimal pH under optimal were obtained. Also, adsorption
conditions with 2 mg/L adsorbent at 7.6 mg/L of humic acid
and folic acid solution, 97%-93% removal of humic acid and
80%-86% removal of folic acid were reported [29]. Syed et al.
in a study on the treatment of oily water using hydrophobic
nano-silica showed that silica nanoparticles were effective at
the natural pH of water and room temperature to remove
oil and gasoline [30]. In a study conducted by Banerjee et al.
[31], silica nanoparticles were reused as catalyst. The ultra-
sound method was also used for regeneration of carbon
nanotubes and grapheme nanoparticles [32,33]. So far, many
studies have been carried out on the removal of fluoride
from aqueous solutions by various adsorbents. However,
there were not many studies about removal of fluoride by
silica nanoparticles. The purpose of this study was to use
silica nanoparticles in water purification and removal of ion
fluoride and finally the effect of different factors (such as pH,

initial fluoride concentration, adsorbent amount and iso-
therm, kinetics, and thermodynamic studies) in batch flow
were investigated.

2. Materials and methods

This study was an experimental study that was
performed continuously on kinetic samples by changing a
parameter and maintaining other parameters. In this study,
silica nanoparticles with a 99.9% purity and a special surface
area of 200 m?/g applied as adsorbent. The NaF salt made by
the German company (Merck) with a purity of 98.5%-100.5%
was used to make stoke fluoride.

For this purpose, specific amount of salt was dissolved
in deionized water and then the synthetic fluoride solu-
tions were prepared by diluting the stock solution at initial
fluoride concentrations. The effect of parameters such as
pH (3, 5, 7, 9, and 11), adsorbent dose (0.2, 0.5, 1, 1.5, and
2 g/L), initial fluoride concentrations (2, 5, 8, and 10 mg/L),
contact time (2, 5, 10, 20, 40, 60, 90, and 120 min), and tem-
perature (283K, 293K, 303K, and 313K) on the removal of
fluoride by the adsorbent was investigated. The pH meter
(HACH made in America) was used to determine the pH
and the NB-101IMT was used to mixing samples. Also, for
the effect of temperature on the samples, a SI-100R incubator
shaker made in Korea was used. To adjust the acidity of 1
and 0.1 normal solution of NaOH and HCL was used. The
nanoparticles from the final specimens were separated by
acetate cellulose filter paper. To measure the residual fluo-
ride concentration, the DR6000 Spectrophotometer was used
according to Method 8029 guideline.

Finally, the adsorption capacity of silica nanoparticles
was calculated by Eq. (1) [34,35]:

Coice X
m=[ ¥ ]V M

where ¢ the adsorption capacity (mg/g), C,: initial concen-
tration of fluoride in solution (mg/L), C: fluoride equilibrium
concentration (mg/L), V: sample volume (L), and M: mass
of silica nanoparticles (g).

2.1. Adsorption process isotherms

The isotherm determines the relationship between the
amount of adsorbent material and the adsorbing material.
In this study, for the mathematical modeling of the fluoride
adsorption process, various nanoparticles of various silica
isotherms were investigated.

2.1.1. Freundlich isotherm model

The linear form of this isotherm shows by Eq. (2):
1
log g, =log K, +—1log C, 2
n

where C: equilibrium concentration (mg/L) and gq,: amount of
dye adsorbed on adsorbent (mg/g). n and K, are Freundlich
constants[36].



F. Masoudi, A. Naghizadeh / Desalination and Water Treatment 137 (2019) 125-133 127

2.1.2. Langmuir isotherm model

The linear model of Langmuir isotherm shows in Eq. (3):

T @
9. 9K 4,

where C equilibrium concentration (mg/L) and g, amount
of dye adsorbed on adsorbent (mg/g), q,: the maximum
amounts of fluoride adsorbed (mg/g), and K;: the Langmuir
isotherm constant (L/m) [20,36].

2.1.3. BET isotherm model

The Brunauer-Emmett-Teller (BET) equation is as follows:

C 1

e

K,-1 C,
= + X —&
qe (Cs - Ce ) Kquax thmax Cs

where C: the saturation concentration of the soluble matter
in mg/L, K;: the constant obtained through the equation of
the line, expresses the energy between the adsorbed mate-
rial and the surface of adsorbent and is directly related to
the adsorption energy; g, : the amount of adsorbed material
per unit mass of the adsorbent (g) to form a single molecular
layer on the adsorbent (mg/g) [36].

)

2.1.4. Temkin isotherm model

Temkin isotherm equation is as follows:
q,=BInA,+BInC, (5)

where B =RT/b,, R is the universal gas constant (8.31 J/K/muol)
and T is the absolute temperature (K).

Regarding to the isotherm curves, B and A are the slope
and intercept of the curve, respectively. A: the equivalent
constant of the bond associated with the maximum binding
energy (L/mg), b,: Temkin constant is proportional to the heat
of adsorption (J/mol) [37].

2.1.5. Dubinin—Radushkevich (D—-R) isotherm model

The linear equation of this isotherm is expressed as follows:

Ing, =Ing, - pe’ (6)
1

8=RTln(1+J 7)
C,

where T is the absolute temperature and R is the uni-
versal gas constant, g,: the amount of matter dissolved per
unit mass of adsorbent and g, : the capacity of single-layer
adsorption. The B coefficient (mol*/kJ?) is a constant that
is related to the average adsorption energy. The average
free energy of adsorption (E) in kJ/mol can be calculated as
follows [38]:

E=—n ®)

2.2. Kinetic studies of adsorption process

The kinetic equations study reaction speed and its
effective factors. In this study, pseudo-first-order and
Pseudo-second-order kinetic equations were used to analyze
data. The linear equations of the kinetics are as in Egs. (9)
and (10):

In(q,—q,)=In(q, - K,) ©)
to1 1
—= +—t (10)
a, Kag 4,

where ¢, the concentration of adsorbed fluoride at equilib-
rium. g, the amount of fluoride adsorbed at the adsorbent
surface at time t (mg/g), t is the time (min), K: constant of
pseudo-first-order equation (1/min), and K,: constant of
pseudo-second-order equation (g/mg/min) [39].

2.3. Intraparticle diffusion rate
2.3.1. Thermodynamics of the adsorption process

The following relation was used to study the thermody-
namics of the adsorption process (Eq. (11)).

AG=-RT(InK,) an

where (AG®) is the expression of Gibbs free energy (KJ/mol).
R is the universal gas constant (8.314 J/mol/K) and T
represents absolute temperature (K). The following rela-
tionships were used to calculate the standard enthalpy
(AH®), standard entropy (AS°) in the adsorption process
(Egs. (12) and (13)):

_AS° AH®

In K.
R RT

(12)

(13)

where K. (L/g): the ratio of the amount of adsorbed substance
per adsorbent (mg/g) to the amount of residue in solution

(mg/L) [40].

3. Results and discussion
3.1. Characterization of adsorbent

X-ray diffraction (XRD) pattern and scanning electron
microscope (SEM) image were used to study the adsorbent
properties. In the XRD pattern, XRD was used to determine
the crystalline and non-crystalline adsorption phase. The
crystalline phase, the nanoparticles SiO, glass (amorphous)
is that shown in Fig. 1.

The SEM image was also used to obtain information
about the particle surface morphology. According to the
image, the size of the nanoparticles is between 31 and 48 nm

(Fig. 2).
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Fig. 1. XRD spectra of silica nanoparticles.

Fig. 2. SEM image of silica nanoparticles.

3.2. The effect of solution pH

In the study, the effect of pH on fluoride removal effi-
ciency was determined by changing the acidity of the envi-
ronment at pH 3-11, shown in Fig. 3. According to the figure,
the highest fluoride removal capacity occurred at the pH =3
and the adsorbent capacity in these conditions is 0.56 mg/g.
And with increasing pH, fluoride adsorption by silica was
reduced. Therefore, pH of 3 was chosen as the optimum pH
for the next stages.

Observations indicate that the best pH for fluoride
removal is pH = 3, since the number of H"ions in the acidic
medium increases and, by attaching to the adsorbent surface

T T T T T T
50.00 525.00 B0.00 65.00 T0.00 7a.00 80.00

Zheta

0.1 4//

0
0 2 4 6 8 10 12
pH

Fig. 3. Effect of pH on removal of fluoride by silica nanoparticles
(adsorbent dose = 0.5 g/L, concentration of fluoride =1 mg/L, and
contact time = 60 min).

and inducing positive charge, causes more fluoride anions to
be adsorbed. Also, at the alkaline pH, OH7ion, as a compet-
itor causes electrostatic repulsion force between adsorbent
and the fluoride anions and the fluoride anions takes place
and occupies some adsorbent sites, and as a result, the fluo-
ride adsorption decreases [41,42]. In a study by Jagtap et al.
[43] on fluoride removal, adsorption of fluoride by adsorbent
in acidic environments was found to be superior to alkaline
[43]. In another study by Liang and Luo [44], SiO, adsorbent
used to remove humic acid, acidic pHs have higher removal
efficiency [44].
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3.3. Effect of adsorbent dosage

At this stage, the effect of different adsorbent doses
(0.2,0.5,1, 1.5, and 2 g/L) on the amount of fluoride removal
by silica nanoparticles was investigated. Fig. 4 shows the
effect of adsorbent doses, it is known that the maximum
adsorption capacity of silica is 0.2 g/L and decreases its
adsorption capacity by increasing the amount of adsorbent
dose. As a result, the optimum dose of adsorbent in this
study was 0.2 g/L with an adsorption capacity of 1.10 mg/g.

The results of the effect of the removal of fluoride by
various amounts of silica nanoparticles in Fig. 4 show
that the highest adsorption capacity of 0.2 g/L is 1.1 mg/g.
By increasing the adsorbent dose, the amount of fluoride
adsorbed per gram of adsorbing mass decreases due to the
lack of saturation of the active sites in the fluoride adsorp-
tion. This means that by increasing the adsorbent dose, the
total capacity of the active sites on the adsorbent is not used
and it reduces the amount of adsorption per gram of adsor-
bent [45]. The results of this study are in accordance with a
study by Naghizadeh et al. [3].

3.4. Effect of contact time and initial concentration of fluoride

The results of the effect of contact time and fluoride
concentration on removal of fluoride by silica nanoparticles
were investigated, and Fig. 5 shows the results of this stage.
For this purpose, various concentrations of fluoride (2, 5, 8,
and 10 mg/L) were prepared and experiment at contact times
of 2-120 min. As shown in this figure, with increasing flu-
oride concentration, the adsorption capacity has increased.
Also, fluoride was removed rapidly for 10 min, after which
the process of change was almost constant. The adsorption
capacity at 10 min for concentrations of 2, 5, 8, and 10 mg/L
was 1.55, 4.20, 7.7, and 8.05 mg/g, respectively.

Observations show that as the contact time increases by
up to 10 min, the adsorption capacity is ascending, and as
the contact time increases, the adsorption capacity remains
almost constant, which may be due to a decrease in the con-
centration of soluble fluoride and a decrease in adsorption
capacity, because in the initial stages adsorption of more
porosity and more porosity is available at the adsorbent

1.2

0 0.5 1 1.5 2 2.5
adsorbent dose (g/L)
Fig. 4. Effect of adsorbent dosage on removal of fluoride by silica

nanoparticles (pH = 3, concentration of fluoride = 1 mg/L, and
contact time = 60 min).

surface, resulting in a higher level of adsorbing material, and
over time, these spaces are occupied by fluoride molecules.

Also, the results of different concentrations of fluo-
ride show that increasing the fluoride concentration also
increases the adsorption capacity. Fig. 5 shows that at 10 min,
with increasing fluoride concentration from 2 to 10 mg/L
fluoride, the amount of adsorption capacity ranged from
1.55 to 8.05 mg/g. The reason for this is that with increasing
fluoride concentration, the fluoride ions around the adsor-
bent increased and the possibility of collision between the
adsorbent and fluoride molecules increased and, as a result,
increased adsorption of fluoride by adsorbent [46]. A study
conducted by Viswanathan and Meenakshi reported that flu-
oride removal was rapid in the first 40 min, followed by a
constant amount, and also reported an increase in fluoride
uptake by increasing fluoride concentration [47].

3.5. Adsorption isotherms

The results of the fluoride adsorption study on silica
nanoparticles from various isotherms are reported in Table 1.
As shown in this table, the process of removal fluoride by sil-
ica nanoparticles more than Dubinin—-Radushkevich, Temkin,
Langmuir, and Freundlich isotherms.

According to the results of Table 1, it is shown that
according to the low regression coefficient (R* = 0.9), fluo-
ride adsorption by silica nanoparticles is less than Langmuir
isotherm. Also in the Langmuir model, the maximum fluo-
ride adsorption capacity (q,, ) on silica nanoparticles 16 mg/g
is obtained, which differs greatly from the equilibrium capac-
ity obtained in the experiments. The amount of K, to adsorb
fluoride on silica nanoparticles is 0.05. K| is a constant value
that its size is directly related to the size of the adsorbent
molecules [34].

Also, fluoride adsorption behavior on silica nanoparti-
cles was investigated using a parameter (R,) derived from
the Langmuir model. If this parameter is equal to zero,
adsorption is irreversible and when the value of this param-
eter is located between zero and one, adsorption is desir-
able, and if R, is equal to 1, adsorption is linear, and if the
R, is greater than 1, adsorption is undesirable. According
to the results of the Langmuir isotherm for fluoride intake
R, on the adsorbent is located between 0 and 1 is therefore
desirable adsorption of fluoride on silica nanoparticles

10 ={=2(mg/L) =O=5(mg/L) =>=8(mg/L) ===10 (mg/L)
9
8
7
6
oo
> 5
£y
o
T 3
2
1
0 ]
0 20 40 60 80 100 120 140
time (min)

Fig. 5. Effect of fluoride initial concentrations and different
contact times on silica nanoparticles adsorption capacities
(pH =3 and adsorbent dose = 0.5 g/L).
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Table 1
Regression constants and coefficients of fluoride adsorption
isotherms by silica nanoparticles

Isotherms Constants Values
Langmuir q,.. (mg/g) 16.00
K, (L/mg) 0.05
R, 0.50
R? 0.90
Freundlich k, (mg/g) 1.06
1/n 1.01
n 0.99
R? 0.89
BET 1/A.Xm 19.26
(AY/(A.Xm) 25.29
A 488.20
Xm 19.30
R? 0.38
Temkin A, (L/mg) 0.86
b, 583.44
B 4.25
R? 0.96
Dubinin-Radushkevich B (mol?/kJ?) 0.00
E (kJ/mol) 0.57
q, (mg/g) 9.32
R? 1.00

[48,49]. Regarding the results obtained from the Freundlich
isotherm, the regression coefficient (R?) is 0.89, which is less
than R? in the Langmuir isotherm. The amount of K, in silica
nanoparticles is equal to 1.06 (mg/g) (mg/L)". The 1/n param-
eter decreases by increasing the adsorption capacity of the
adsorbent. The amount of 1/n in silica nanoparticles is 1.01.

The results from Table 1 show that the BET isotherm
regression coefficient is less than and equal to 0.38 for
Langmuir and Freundlich isotherms. As a result, the
adsorption of fluoride by adsorbent does not obey this isotherm.

According to Table 1, the regression coefficient for
isothermic admixture in fluoride adsorption by the sil-
ica nanoparticles is equal to 0.96, which is greater than the
regression coefficients of Langmuir, Freundlich, and BET
isotherms. As a result, this isotherm has a better description
of adsorbing fluoride by the desired adsorbent.

Table 2

The results of Table 1 show that the adsorption process
is based on the regression coefficient in the Dubinin-
Radushkevich isotherm equal to 1, which is higher than
other isotherms. Therefore, with regard to the correlation
coefficients, it can be concluded that the process of fluoride
adsorption by silica nanoparticles is entirely consistent with
the Dubinin—-Radushkevich isotherm. In a study by Kir et
al. [50], fluoride removal reported that adsorption behavior
was consistent with Dubinin—-Radushkevich and Freundlich
isotherms [50].

3.6. The kinetics of the adsorption process

Also, in the study, pseudo-first and pseudo-second-
order kinetics were investigated and the adsorption pro-
cess for this adsorbent is more correlated with quadratic
kinetics, the results of which are shown in Table 2 and
Figs. 6 and 7.

Kinetic studies in all adsorption processes are an import-
ant parameter in the design of experiments. Table 2 shows
the results of the study of the kinetic parameters of the study.
As shown in the table, the values of the regression coefficient
for fluoride in relation to the pseudo-second-order model
show that the adsorption of fluoride by silica nanoparticles
follows this model. As can be seen in the table, the experi-
mental adsorption capacity values (g, cal) calculated in the
pseudo-second-order model is closer to the test adsorp-
tion capacity values (g,exp) than the pseudo-first-degree
model. In a study by Ma et al,, it was reported that fluoride
removal on magnetic chitosan follows pseudo-second-degree
kinetics [51].

06 @ C0=2.15 mg/L C0=3.75 mg/L

0.4

02 A C0=7.65 mg/L X €0=10.55 mg/L
— O-O T T T T T 1
S 029 % 2 40 (>x<) 80 100 120
) 04 41 @ X % L 2 ¢
3 1%

0.6

L

0.8

-1.0 X

-1.2

Time, min

Fig. 6. Pseudo-first-order kinetic for the fluoride adsorption onto
silica nanoparticles.

Results of kinetic calculations for fluoride removal by silica nanoparticles

C, (mg/L) Pseudo-first-order Pseudo-second-order q,exp (mg/g)
K, (min™) g cal (mg/g) R K, (g/mg min) g.cal (mg/g) R

2.15 0.00 0.36 0.04 0.52 1.50 0.98 1.90

3.75 0.02 0.98 0.64 0.22 4.85 1.00 5.05

7.65 0.01 0.88 0.29 1.35 7.93 1.00 8.45

10.55 0.01 0.96 0.41 0.52 8.40 1.00 8.80
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Fig. 7. Pseudo-second-order kinetic for the fluoride adsorption
onto silica nanoparticles.

3.7. Intraparticle diffusion rate

The values of “a” and K, illustrate the adsorption mech-
anism and the adsorption factor, respectively [52]. Table 3
shows the values of intraparticle diffusion.

By increasing the initial concentration of fluoride, the
amount of c increases which indicates an increase in the
adsorption rate. Also, the value of “a” indicates the process is
better [53].

3.8. Effect of temperature process on removal of fluoride and
determination of thermodynamics parameters

The effect of the solution temperature on different tem-
peratures (283K, 293K, 303K, and 313K) on the efficiency of
fluoride removal by silica nanoparticles was investigated
by fixing other parameters. The results are shown in Fig. 8.

Table 4 shows the values obtained from the thermo-
dynamic studies of this study. According to the table, the
values of standard enthalpy AH° and standard entropy
AS° are positive and respectively, 38.41 (kJ/mol) and 130.3
(J/mol K). The positive values of these two parameters
indicate that the fluoride adsorption process was heated
by silica nanoparticles and that the reaction temperature
increased with increasing adsorption capacity. Also, the
negative trend of Gibbs free energy (AG°®) in this study
shows that the fluoride adsorption process is spontaneous
by silica nanoparticles. In a study by Jactab et al. was con-
ducted on a modified chitosan, enthalpy and entropy values
were standard and positive and the amount of free energy
was negative, which indicates spontaneous endothermic
process to remove fluoride[46].

Table 3
Intraparticle diffusion rate constants at different initial
concentrations

Table 4
Calculations of thermodynamics parameters for the fluoride
adsorption onto silica nanoparticles

C, (mg/L) K, (mg/g min®?) a

2.15 0.12 0.05
3.75 0.28 0.24
7.65 0.49 0.26
10.55 0.48 0.27

T(K) gq,(mg/g) Thermodynamics parameters
AG (KJ/mol)  AH (kJ/mol) AS (J/mol K)

283 45 1.72
293 9 -0.15
303 11.25 -0.86 3841 130.30
313 12.75 -1.31

0.80

0.60

*

0.40

0.20
% 0.00 ¢
- 0 9600310 0.00320 0.00330 0.00840 0.00350 0.00360

-0.40
-0.60

-0.80
T

Fig. 8. Effect of temperature and thermodynamics survey on
removal of fluoride by silica nanoparticles.

Table 5
Adsorption capacities of the studied adsorbents

Adsorbent Maximum adsorption References
capacity (mg/g)
Silica nanoparticle 8.05 This study
Bentonite 5.5 [3]
Montmorillonite 45 [3]
Actlvate.d Carbon. 0.3 [54]
(Morringa Indica)

Nanochitosan 9.4 [4]
Biomass 39.9 [55]
Graphene 17.65 [56]
Hydrous bismuth oxides 1.93 [57]

3.9. Comparison between silica nanoparticles used in the present
study with other adsorbents

The comparison of adsorption capacity of silica nanopar-
ticle with other adsorbent was shown in Table 5. Regarding
to this table, the adsorption capacity of biomass, graphene,
and nanochitosan was higher than the studied adsorbent and
the other adsorbents have the lower adsorption capacities.

4. Conclusion

This study showed that silica nanoparticles in optimum
conditions can be used as an effective, usable, and inexpen-
sive adsorbent for removal of fluoride ions from fluoride-
containing solutions, which have higher concentration than
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the standard values. In optimum conditions (pH = 3, the
adsorbent dose of 0.2 g/L, the contact time of 10 min, and
the initial fluoride concentration of 10 mg/L) the maximum
adsorption capacity (g, ) were found to be 8.40 mg/g. Also,
adsorption process follows the Dubinin—-Radushkevich iso-
therm and pseudo-second-order kinetics, and the reaction
was spontaneous endothermic.
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