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ABSTRACT

In this paper, the mesoporous silica (denoted as Ms) was modified by cerium and the optimum
preparation conditions were investigated for cerium loaded mesoporous silica materials (denoted
as Ms-Ce). The Ms-Ce materials for the fluoride removal performance were characterized by using
SEM, XRD, FT-IR and TG-DTA. The Ms-Ce had good defluorination performance due to its large
surface area and good-dispersive effect. The results show that cerium is successfully loaded onto the
surface of the Ms and the structure of Ms did not change during the loading process. The defluorina-
tion loading by Ms-Ce can reach 75.54% under the optimum conditions (nNaHCOa/nCe =3.0,nCe/
nSi = 0.08 and 90°C drying temperature). The adsorption performance and capacities of Ms-Ce were
investigated through adsorption kinetics and adsorption isotherm tests. The maximum fluorine
removal efficiency on the loaded materials were that the adsorbent dosage, pH value and adsorp-
tion time. They were showed as 1.6 g/L, 3.0 and 240 min, respectively. Dynamics research results
showed that the fluoride removal process conformed to pseudo-second order kinetic model. Isother-
mal adsorption results showed that the fluorine ion adsorption process of Ms-Ce was accord with
the Langmuir isotherm adsorption model. The maximum adsorption capacity was 17.96 mg/g. The
mainly reaction showed that the active component of cerium carbonate has completed ion exchange

with fluoride ion to generate CeCO,F.
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1. Introduction

Fluoride is one of essential trace element owing to its
established role in biology and environmental science. With
therapid development of industry, the fluoride emissions are
also increasing. Excessive intake of fluoride will bring harm
to human body, it can result in fluorosis with “dental fluo-
rosis” in light and skeletal fluorosis in severe cases, such as
limb pain, joint stiffness, skeletal deformation, operational
difficulties, cancer, brain injury, thyroid secretion disorders
and even paralyzed death [1]. At present, there are many
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methods to remove fluoride from industrial wastewater,
such as adsorption, chemical precipitation, ion exchange,
membrane separation, electroagglomeration and so on [2].
Among them, the adsorption method has the advantages
of small secondary pollution, high efficiency, simple opera-
tion and safety, and is the most effective method for fluoride
removal. The adsorbents commonly used in water treatment
included activated carbon, ion exchange resin and silica gel
[3]. However, a single adsorbent can not completely remove
pollutants from water. Therefore, the adsorbents have good
adsorption effect becomes particularly important.
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Mesoporous silica (Ms) has uniform pore size, high spe-
cific surface area, good biocompatibility, easy modification
and good stability. It is widely used in photochemistry, elec-
trochemistry, biological materials, medicine, catalysis, adsorp-
tion, separation, other functional materials and other fields.
Rare earths are widely distributed in the earth’s crust, China’s
rare earth reserves top and rich variety in the world [4]. There-
fore, they can effectively remove inorganic ions in water, such
as fluoride, phosphorus, arsenic, ammonia nitrogen, chro-
mium, cadmium and other pollutants by adsorption.

In this paper, the co-precipitation method was used
to prepare the composite adsorbent material of Ms-Ce,
it has high adsorption rate and large adsorption capacity.
The effects of pH, temperature and adsorbent dosage on
the adsorption of F- were investigated, and the adsorption
kinetics and adsorption isotherms were studied. It pro-
vides some new ideas and theoretical support in the field of
studying fluoride ion adsorption.

2. Experiment
2.1. Materials and reagents

Hexon nitrate hexahydrate (Ce(NO,),-6H,0 98%) pur-
chasing from Tianjin Institute of Fine Chemical Indus-
try, China; Sodium fluoride (NaF 98%) purchasing from
Chengdu Chemical Reagent Factory, China; sodium bicar-
bonate (NaHCO,) and sodium nitrate (NaNO,) purchasing
from Tianjin Damao Chemical Reagent Factory, China; All
the reagents were analytical grade.

2.2. Preparation of Ms

Ms was synthesized using the method reported by Li, et
al. [5]. The surface area, total pore volume and average pore
size are 1363 m*/g, 0.876 cm?/g and 3.30 nm respectively.

2.3. Preparation of Ms-Ce

Cerium as a modifier of Ms, with a certain amount mole
ratio of Ce/Si, cerium was dissolved in silica dispersion solu-
tion, and then the precipitant of Na,CO, was slowly added to
the above mixed solutions under the stirring condition. After
continuously stirring for 10 h, it was filtered, washed and
dried, the Ms-Ce had been successfully prepared.

In order to study the effect of the NaHCO,/Ce molar
ratio on the adsorption performance, 0.3 g of Ms-Ce dis-
persed in 30 mL of deionized water, 0.1 molar ratio of Ce/
Si rare earth metal salts was added into the above solution
and dissolved in the mixed dispersion solution after stir-
ring, 30 mL of different molar ratios of NaHCO,/Ce (1.5,
2.0, 3.0, 4.0, 5.0 and 6.0) solution were added dropwise into
the above solution and stirred continuously for 10 h, then
filtered, washed and dried at 90°C in vacuum.

In order to investigate the molar ratio of Ce/Si on the
adsorption performance, 30 mL of different mole ratio of
Ce/Si (0.02, 0.04, 0.06, 0.08, 0.10, 0.08 and 0.10) solutions
were used to prepare Ms-Ce composites under optimum
preparation conditions.

In order to investigate the effects of calcination tempera-
ture on the adsorption performance, Ms-Ce composites pre-

pared under optimum conditions were calcinated (at 90°C,
200°C, 300°C, 400°C, 500°C, 600°C and 700°C) to obtain the
temperature effects on the removal of fluoride.

2.4. Evaluation method
2.4.1. Analysis method

The determination method for fluorine ion content is in
accordance with the “water and water quality monitoring
analysis method” (GB7484-1987) of the ion selective elec-
trode method [6].

2.4.2. Adsorption experiment

Adsorption experiments were carried out by batch
adsorption method in a condition of 25°C in a shaker at
200 rpm for 3 h. 0.1000 g of Ms-Ce was added into conical
flask. 50 mL of 10 mg/L fluoride ion solution (F~) was trans-
ferred in this bottle. After centrifugal separation, the resid-
ual concentration of fluoride ion in the supernatant fluid
was determined. The removal rate R (%) and adsorption
capacity Q (mg/g) were used to evaluate the performance
of Ms-Ce materials.

The removal rate of R (%) is:

Co_cz

R (%) =—""—%x100% (1)
Co
The adsorption capacity of Q (mg/g)
-1 (Co — Ct) xV
. = 2
Qlmg-8)="— =10 @)

The initial concentration of fluoride ion (mg/L) in the
wastewater is C,; the residual concentration of fluoride ion
(mg/L) in wastewater is C,; the adsorbent for fluoride ion
adsorption capacity (mg/g) is Q; the amount of fluoride ion
solution (mL) is V; the adsorbent amount (g) is M.

2.5. Characterization of the changes of the Ms-Ce before and
after adsorption

SEM, XRD, FT-IR, TG-DTA was used to investigate the
changes of the Ms-Ce before and after adsorp-
tion, and the adsorption mechanism was explained. Mop-
holopy of prepared materials were observed on scanning
electron microscopy (FEI-Nova, NanoSEM450, America).
The structures of the materials were characterized by XRD
(Rigaku, Japan) with Cu Ka radiation (45 KV, 250 mA) and
a continuous scan mode was employed with a scan rate of
10° min™. Fourier transform infrared spectroscopy (FI-IR)
were obtained by a spectrometer (NICOLETIS10) with the
powder samples embedded in KBr disks. The prepared
materials were analyzed by Thermogravimetric analyzer
(TG-DTA, STAA49F31, Germany)

2.6. Experimental study on static defluorination performance of
Ms-Ce

2.6.1. Effect of adsorbent dosage on fluoride adsorption

Adsorption experiments were carried out in a shaking
table in a condition of 25°C and the speed of 200 rpm for
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3 h. Different dosage (0.1-4.0 g/L) of Ms-Ce was added
into adsorption bottle, and 50 mL of 10 mg/L fluoride ion
solution (F-) was added to this bottle. After centrifugal sep-
aration, the residual concentration of fluoride ion in the
supernatant fluid was determined

2.6.2. Effect of adsorption time on the fluoride adsorption

The above optimal adsorbent dosage was added into
adsorption bottle, and transferred 50 mL of 10 mg/L flu-
oride ion solution (F") in this bottle. Adsorption experi-
ments were carried out at different times from 10 to 300
min, as well, by following the same steps mentioned
above.

2.6.3. Effect of initial solution pH on the fluoride adsorption

The above optimal adsorbent dosage was added into
adsorption bottle, and 50 mL of 10 mg/L of fluoride ion
solution (F") in this bottle whose range of pH was 2-12.
After centrifugal separation, the residual concentration of
fluoride ion in the supernatant fluid was determined.

2.7. Kinetic and adsorption isotherms studies

Adsorption experiments using a shaking table at dif-
ferent temperature conditions (25°C, 35°C, 45°C) and the
speed of 200 rpm for 3 h. The above optimal amount of
adsorbent was added into adsorption bottle, and trans-
ferred 50 mL of fluoride ion solution (F") in this bottle
whose concentration was 2-80 mg/L, as well, by following
the same steps mentioned earlier. The adsorption kinet-
ics were fitted and drawn by the quasi-first-order kinetic
and quasi-second-order kinetic adsorption models. The
adsorption isotherms were plotted and drawn by using
Langmuir adsorption model and Freundlich adsorption
model.

3. Results and discussion
3.1. Preparation conditions selection
3.1.1. The effect of precipitating agent on the adsorption of F-

In order to study the effect of precipitation agents on
the adsorption performance, Ms was modified by the pre-
cipitant of NaHCO,, NHHCO,, NH,-H,0O and Na,CO.,.
The modified fluorine removal rate is shown in Fig. 1. We
can see that the materials prepared by different precipi-
tation agents had great effect on the removal rate of flu-
oride ions. Especially, NH,-H,O as a precipitating agent,
the removal rate of less than 20%, while the other three
precipitant removal rate are more than 70%. The prepara-
tion process was not easy to control when Na,CO, was as
a precipitation agent, it easily produce alkali carbonate.
In addition, NHHCO, as precipitator, it can cause that
solution to be present NH,*, and then secondary pollu-
tion [7]. So finally NaHCO, was chosen as the precipitant,
and it can eliminate the effect of ammonia nitrogen pro-
duced by the precipitation process of ammonium bicar-
bonate..
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Fig. 1. Different precipitants on the effect of fluoride removal.

3.1.2. Effect of different nNaHCO /nCe molar ratio on the
adsorption of F-

In order to investigate the effects of different molar
ratios of NaHCQO,/Ce on the adsorption of F, the effect of
molar ratio of NaHCO,/Ce (1.5, 2.0, 3.0, 4.0, 5.0 and 6.0 )
on fluoride ion removal was investigated and the results
were shown in Fig. 2. It can be seen from the Fig. 2 that
nNaHCO,/nCe has little effect on the removal of fluoride
ions. The main reason may be that the rare earth Ce can
be completely precipitated when the molar ratio was more
than 3.0, however, the rare earth Ce cannot be completely
precipitated when the molar ratio was less than 3.0. And
therefore the molar ratio of Ce/Si was less than the theoret-
ical value of 0.1, it still has good effect to remove fluoride
ion. In order to ensure that Ce was precipitated completely
and have a better adsorption performance, the molar ratio
of NaHCO,/Ce was chose as 3.0.

3.1.3. Effect of different molar ratio of Ce/Si on the
adsorption of F-

The effect of the molar ratio of Ce/Si on the adsorp-
tion of F-is shown in Fig. 3. We can see that the removal
efficiency gradually increased when the molar ratio of Ce/
Si from 0.02 to 0.08, the removal rate was stable when the
molar ratio was 0.08, the removal rate has not changed sub-
stantially when the molar ratio was more than 0.08. If the Ce
content increased excessively, it led to its excessive overlay
on the Ms and existed alone [8], thus the Ce cannot be fully
utilized. The mole ratio of Ce/Si was chose as 0.08.

3.1.4. Effect of calcination temperature on the adsorption of F-

In order to study the effect of calcination temperature
on the adsorption of F-, the effect of calcination temperature
on the F~ removal is shown in Fig. 4. As can be seen from
Fig. 4, the removal rate can reach about 80% at the calcina-
tion temperature of 90°C, and then the calcination tempera-
ture continues to increase, the removal rate reduced sharply
to 30% and finally only 20%. It shows that the calcination
temperature has a great influence on the adsorption mate-
rial of Ms-Ce. The reason may be that the adsorption mate-
rial of crystal structure was destroyed at high temperature
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Fig. 2. Effect of mole ratio of NaHCO3 /La on the removal of
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Fig. 3. The molar ratio of Ce/Si on the removal of fluoride.
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Fig. 4. Effect of different calcination temperature on the removal
rate for fluoride.

[9], which leads to the decrease of adsorption performance.
In this study, the temperature was selected as 90°C.

Based on the above data analysis and discussion,
the optimum preparation conditions of adsorbent were:
NaHCQO, as precipitant, nNaHCO,/nCe = 3.0, nCe/nSi =
0.08, calcination temperature = 90°C in vacuum. The prepa-
ration process is as follows: the 0.375 g of Ms dispersed in
30 mL deionized water, adding a certain amount of cerium

nitrate, and stirred until it is fully dissolved, and then 20
mL of NaHCO, solution was dropped into the above solu-
tion, and stirred continuously for 10 h at speed of 200 rpm.
Then the adsorbent was filtered, washed and dried at 90°C
in vacuum overnight.

3.2. Characterization of Ms-Ce
3.2.1. SEM analysis

The SEM images of the different molar ratios of Ce/Si
(0.02, 0.08 and 0.20), pure-Ce,(CO,), and Ms-Ce at Ce/Si
ratio of 0.08 after adsorption is shown in Fig. 5. The SEM
images of pure-Ce,(CO,), can see from Fig. 5d, it is sheet
accumulation. According to Figs. ba—c, with the increase
of Ce/Si molar ratio, the sheet accumulation of material of
Ms-Ce continues to increase seriously. It can be seen that it
has a small amount of cerium carbonate on the surface of
Ms-Ce when the molar ratio of Ce/Si was 0.02 from Fig.
5a. Sheet material significantly increased on the surface of
Ms, and the degree of accumulation and deposition became
higher when the molar ratio of Ce/Si was 0.2 (Fig. 5c).
This is due to the fact that the cerium carbonate it cannot
be completely coprecipitated on the surface of Ms or into
the channels. Due to the degree of accumulation of Ms-Ce
too high, F~of solution cannot fully contact with the adsor-
bent, the active site of the adsorbent cannot be fully utilized
[10]. It can be reflected the effect of fluoride removal, with
the increase of the content of cerium carbonate, the effect
of removal F~ was lower. Compared with Fig. 5b and Fig.
5e, the shape of Ms-Ce after adsorption changed obviously,
the original small amount of sheet deposits basically disap-
peared, and small white particles were formed from Fig. Se.
This indicated that adsorption agents and adsorbates may
react in the adsorption process.

3.2.2. XRD analysis

The XRD patterns of the pure-SiO, carrier, pure-
Ce,(CO,), and the composite material (Ms-Ce) is shown in
Fig. 6. We can see that the Ms-Ce still remained the charac-
teristic diffraction peaks of Ce,(CO,), and had no shift. The
content of Ce,(CO,), was less, so peak intensity has been
reduced compared with pure-Ce,(CO,),. The reason may
be that some channels of Ms could have been blocked, and
crystal structure was also weakened, but the mesoporous
structure was not damaged during the preparation pro-
cess [11].

The XRD patterns of the Ms-Ce treated at different cal-
cination temperatures is shown in Fig. 7. We can see from
Fig. 7, the characteristic peaks of Ce,(CO,), disappeared
and new diffraction peaks appeared at 20 = 18.16°, 24.96°,
31.03°, 47.88°, 54.793°, etc correspond to the standard card
JCDP34-0394 when the calcination temperature of 200°C.
After that, the diffraction peak became stronger and stron-
ger with the increase of calcination temperature. It is no the
new diffraction peak and becoming steady at the calcina-
tion temperature of 500°C. This indicates that the material
has begun to decompose into CeO, at 200°C.

The XRD patterns of the material before and after
adsorption are shown in Fig. 8. It can be seen from Fig. 8
that the diffraction peak of the Ms-Ce obviously changed
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a:Ce/Si=0.02 b:Ce/Si=0.08; c:Ce/Si=0.20;d: Pure-Ce,(COs);;e: after adsorption(Ce/Si=0.08)

Fig. 5. SEM images of different La/Si molar ratio.
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Fig. 8. The XRD spectra of the adsorbent before and after ad-
sorption.

after adsorption, The major diffraction peaks located at 26
= 28.55°, 33.08°, 47.47° and 56.33° which coincides with the
standard card JCDP11-0340, indicating that the new mate-
rial Ce,(CO,)F was form after the adsorption, in addition
there was a new diffraction peak which showed that a small
amount of CeF, was generated [12].

3.2.3. FTIR analysis

The FTIR spectra of SiO, (a), Pure-Ce,(CO,),(d) and
S5i0,-Ce before (b) and after (c) adsorption is shown Fig. 9.
It can be seen that the adsorption peaks were mainly the
characteristic peaks of Ms at 545, 1081, 1640 and 3438 cm™!
from Fig. 9a, the characteristic peaks of Pure-Ce,(CO,), at
1440, 1081, 859, 741 and 681 cm™, in which the absorption
peak at 859 and 1081 cm™ was the frequency of the non-de-
generate vibration absorption of carbonate. And it gener-
ally indicates the presence of a non-equivalent carbonate
ion [13].

It can be seen that Ms-Ce before the adsorption still
retained the characteristic peaks of cerium carbonate
and silicon dioxide from Fig. 9b. The FITR spectra of the
composites of Ms-Ce changed small, the most significant
change was the enhancement absorption peak at 1440
cm™, the enhancement and broadening absorption peak at
1081 cm™, which was mainly caused by the introduction of
cerium carbonate. According to Fig. 9¢, the two characteris-
tic peaks of Ms-Ce before the adsorption at 1440-1081 cm™!
had changed into a peak after absorption [14].

The FITR spectra of the composite of Ms-Ce at differ-
ent calcination temperature treatments are shown in Fig. 10.
It can be seen that the calcined material still remained the
characterisic peak of Ms. There are no new absorption peak
in the FITR spectra of the material of Ms-Ce after the cal-
cination temperature of 300°, and the three strong absorp-
tion peak changed a wide peak at at 1440, 1081 and 860
cm™’. The main reason was that Ce(CO,), was generated
into Ce,0,CO, at high temperature. At temperatures above
500°C, the absorption peaks at 1081 cm™ are enhanced. The
reason was that the characteristic peaks of the carbonate
gradually disappeared with the temperature continued to
increase. Ce,(CO,), was generated into Ce,O, at high tem-
perature.
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Fig. 9. The FTIR spectra of SiO,, Pure-Ce,(CO,), and Ms-La
before and after the adsorption.
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Fig. 10. Infrared spectra of the adsorbent at different calcination
temperature.

3.2.4. TGDTA analysis

The TGDTA analysis of the composite of Ms-Ce before
fluorine removal is shown in Fig. 11. The content of cerium
carbonate was 23.47% in the Ms-Ce composite material. The
first stage of the weight loss ratio was 12.79%, which was the
loss of adsorbed water and crystal water. The second stage of
the weight loss ratio of 6.98%, Ms-Ce lost two CO, molecules
generated CeO,, and the weight loss ratio of 6.98% was con-
sistent with the theoretical value of 6.51%. The TGDTA analy-
sis of the composite of Ms-Ce after fluorine removal is shown
in Fig. 12. Compared with Figs. 11 and 12, the main process is
that CeCO,F decomposed into CeOF, and the weightlessness
rate was 5.87%. Due to the decrease of carbonate content, the
second weight loss stage after adsorption was smaller than
that of before adsorption [15].

3.3. Study on static adsorption properties of Ms-Ce
3.3.1. Effect of adsorbent dosage on fluoride adsorption

In the process of experiment, the fluoride ion removal
rate gradually increased as the dosage of adsorbent mate-
rial increased, the removal rate of F- increased rapidly with
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Fig. 12. TG-DTA analysis of Ms-Ce after the adsorption.

the increase of the dosage of Ms-Ce which was in the range
of 0.1-0.8 g/L. The removal rate was up to 80% when the
adsorbent dosage was 1.6 g/L, and then the removal rate
increased slowly and tended to be gentle. The change of
adsorbent dosage decreased slowly when adsorbent was
more than 2.0 g/L. Therefore, 1.6 g/L adsorbent dosage was
selected as optimal dosage.

3.3.2. Effect of adsorption time on fluoride adsorption

The effects of adsorption time and the initial F- concen-
tration of 10, 30 and 50 mg/L on adsorption performance of
Ms-Ce are shown in Fig. 13. We can see that the adsorption
process accelerated quickly in the first half, and adsorption
tended to be slow down in the second half. The reason is that
there were the higher concentration of F- and the more effec-
tive sites of adsorbent at the beginning of adsorption. As the
adsorption process went on, the concentration of F-gradually
decreased, the site was gradually occupied [16]. At different
initial concentrations, the adsorption capacity of fluoride
adsorbing on the adsorption material increased quickly at first,
and then tended to be stable at the initial stage of adsorption.
In order to that the adsorption process to reach the maximum
balance. Hence, the adsorption time was 240 min.

3.3.3. Effect of initial solution pH on fluoride adsorption

The effect of the initial solution pH on the F~ removal
is shown in Fig. 14, we can see that the material of Ms-Ce

Removal rate (%)

40
20} —o— 10mg/L
—o—20mg/L|
4 ——30mg/L
0 1 1 1 1
0 100 200 300 400

t/min

Fig .13. Effect of different concentrations of time.
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Fig. 14. Effect of initial solution pH on the removal of fluoride.

on the F- removal have a wide range from 2.0 to 9.0, the
removal rate of F-increased with the increase of pH in the
range of 2.0-3.0, The removal rate can reach to 92.94% and
the concentration of F-of solution was 0.71 mg/L in the pH
value of 3.0. The removal rate of F~gradually decreased
slowly When the pH value was higher than 3.0, it may
be that the increase of pH caused that the adsorbent sur-
face potential decreased and adsorption agent surface had
negatively charge [17], so it had repulsive effect on F- and
reduced fluoride removal effect. The removal rate gradually
decreased slowly with the increase of pH in the range of
5.0 ~ 9.0. The removal rate was about 60% in the pH value
of 9.0. As the pH value continues to increase, the removal
rate decreased sharply and only 10%, the main reason was
that under alkaline conditions, OH™ and F~formed compet-
itive adsorption, which reduced the number of active sites
adsorbing fluoride ions, resulting in the reduction of fluo-
ride removal efficiency [18]. Therefore, the pH value of 3.0
was selected as the optimal pH.

3.4. The analysis on the adsorption mechanism
3.4 .1. Study on the adsorption kinetics

In order to explore the mechanism of the adsorption
process, the adsorption kinetics was studied. There were
also a lot of dynamic adsorption models, but the most pop-
ular dynamic models are quasi-first-order and quasi-sec-
ond-order kinetic models [19].
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The pseudo-first-order kinetic equation is as follows:

log(Q, -Q,)=1logQ, —k;t (3)

The pseudo-second-order kinetic equation is as follow:

t 1
—_— + —_—
Qt Qe kZQez

Q, is the adsorption capacity at adsorption equilibrium
(mg/g); Q,is the adsorption capacity at t (min) of adsorption
time (mg/g); t is adsorption time (min); K, is the quasi-level
adsorption rate constant (min ' ); K, is quasi-secondary
adsorption rate constant [g/(mg/min)].

In the experiment, the experimental data at different
temperatures (25°C, 35°C and 45°C) and initial concentra-
tions (10, 30 and 50 mg/L) were fitted by two kinetic mod-
els [Egs. (1) and (2)] [20], and the results were shown in
Table 1. We can be seen from Table 1 that the linear fitting
correlation coefficient of quasi-second-order kinetic model
was greater than 0.9453, and was larger than that of qua-
si-first-order. This indicated that the quasi-second-order
kinetic model can better describe the adsorption behavior of
Ms-Ce on F- in water. The kinetic fitting results at different
temperatures showed that the correlation coefficient of the
adsorption process at different temperatures was greater
than 0.9891, it showed that the quasi-second-order kinetic
adsorption model can also better describe the adsorption
behavior.

(4)

Table 1

369

3.4.2. Adsorption isotherm

Langmuir model and Freundlich model are two com-
monly used models in most of the adsorption isotherm
studies to describe the adsorption thermodynamics of a lig-
uid-solid system [21]. The Langmuir adsorption isotherm
is as follows:

C 1 C
e e ®)
Qe KLQm Qm
The Freundlich adsorption isotherm is as follows:
Q. =K,C" (6)

Q,, is the saturated adsorption capacity (mg/g); Q, is
the capacity at equilibrium adsorption (mg/g); K, and Kf is
adsorption equilibrium constant, C, is the adsorption mass
concentration at adsorption equilibrium (mg/L) and # is
related to the temperature constant.

The experimental data at different temperatures is
shown in Table 2. The fitting results show that the adsorp-
tion process of Ms-Ce on fluoride ion was more consistent
with Langmuir isotherm model that of the Freundlich iso-
therm model, the correlation coefficient R was greater than
0.9890, the maximum adsorption capacity was 17.96 mg/g.
The comparison of Q  with some other adsorbents (Table 3)
also suggests that the Ms-Ce should be a good medium for
the treatment of fluoride contaminated water.

The correlation coefficients of quasi-first order kinetics equation and quasi-second order kinetics equation

Variable Measured Q, Quasi-first order kinetics equation Quasi-second order kinetics equation
(mg/g) Q,(mg /8) K, /min™! R? Q,(mg /8) K, /(g-mg'-min™) R?
C,-/(mg/L) 10 5.453 2.935 0.0109 0.8048 6.498 0.00243 0.9891
20 10.221 3.680 0.0094 0.7575 12.612 0.00099 0.9905
30 10.859 4.274 0.0103 0.8043 15.110 0.00051 0.9453
T/K 298 5453 2.935 0.0109 0.8048 6.498 0.00243 0.9891
308 5.766 2.932 0.0128 0.6920 6.319 0.00497 0.9984
318 5.595 1.469 0.0074 0.5899 5.811 0.01191 0.9990
Table 2
Isothermal adsorption model and its related fitting parameters
T/K  Langmuir isotherm model Freundlich isotherm model
Equation Q,..(mg/g) K, (L/mg) R? Equation 1/n K. R?
Q = 4.1098C, 3.598C 04248
298 * T 140.236C 6C. 17.397 0.236 0.9890 Q.=3. . 04248 3598  0.8774
Q= 5.8837C, 4248 0408
308 T 1+0328C, 17960 0.328 0.9922 Q, =4 . 0.4028 4248  0.8754
3.8837C, 04445
318 Q=T 17.027 0.222 0.9920 Q,=3.272C,~ 04445 3272 09266

©1+0.222C,
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Table 3
Comparative assessment of research and other fluoride
adsorbent

Adsorbent Adsorption Ref.
capacity (mg/g)
GAC 412 [22]
GAC-AA 9.23 [22]
GAC-PH 10.42 [22]
Cellulose 242 [23]
La-Ch 4.008 [24]
Chitosan-praseodymium complex 15.87 [25]
Zeolite fly ash(ZFA) 14.30 [26]
Ms-Ce 1796 This work

3.4.3. Adsorption mechanisms

Compared with Fig. 5b and Fig. 5e, the shape of Ms-Ce
after adsorption changed obviously, the original small
amount of sheet deposits basically disappeared, and small
white particles were formed from Fig. 5e. This indicated that
adsorption agents and adsorbate may react in the adsorp-
tion process, and a new material has formed. The material
was mainly cerium carbonate before adsorption, part of
the carbonate was replaced by F~ to form a new material
Ce(CO,F during the adsorption process. Mechanism of
fluoride removal by the Ms-Ce belongs to the typical ion
exchange adsorption [27,28], which may be expressed as
follows:

Ms-Ce,(CO,), + 2F = Ms-2CeCO,F + CO,* (7)

where Ms is a carrier of SiO,.

4. Conclusion

In conclusion, we have successfully prepared the
adsorption material of Ms-Ce by co-precipitation method.
Moreover, the optimization of preparation conditions of
Ms-Ce has been studied. It was found that the optimal
preparation conditions of nNaHCO,/nCe, nCe/nSi and
drying temperature were 3, 0.08, and 90°C, respectively,
and the removal rate of fluoride ion was up to 75.54%. The
results showed that rare earth elements are attached to the
mesoporous silica by cerium carbonate. The Ms has a large
specific surface area and rich channel, so it can improve the
dispersion of rare earth compounds and increase the active
points and effective contact area of Ms-Ce compared with
pure-Ce,(CO,),, The kinetic results showed that quasi-sec-
ond-order kinetic model can better describe the adsorption
behavior of fluoride on water. The results of isothermal
adsorption showed that the adsorption of Ms-Ce on flu-
oride ion was more in accordance with the Langmuir iso-
thermal adsorption model, the effect of temperature on
adsorption was small, so it can be used to remove F-from
water at room temperatures, the correlation coefficient was
greater than 0.9890 and the maximum adsorption capacity
was 17.96 mg/g. The Ms-Ce material can be further applied
to the removal of fluoride ions in the water.
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