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a b s t r a c t
In this paper, the mesoporous silica (denoted as Ms) was modified by lanthanum and the optimal 
preparation conditions were investigated for lanthanum loaded mesoporous silica materials (denoted 
as Ms-La). The Ms-La material was characterized by scanning electron microscopy (SEM), X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and Thermogravimetric analysis-
differential temperature analysis (TG-DTA). The results show that lanthanum is successfully loaded 
onto the surface of the Ms, and the structure of the Ms did not change during the loading process. 
The Ms-La had good defluorination performance due to its large surface area and good dispersive 
effect. The defluorination by the Ms-La can reach 81% before optimization and can reach 90% under 
optimum conditions (nNaHCO3/nLa = 3.0, nLa/nSi = 0.08 and 90°C drying temperature). The results 
of isotherm experiments showed that the maximum adsorption capacity was 19.85 mg/g, and the 
adsorption was in accordance with Langmuir isotherm adsorption model and the adsorption process 
was mainly based on the replacement of CO3

2– from La2(CO3)3 by F– to form La(CO3)F.
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1. Introduction

Fluorine is one of the trace elements in the human body 
and other biological species. But excessive intake of fluorine 
will bring harm to human body by the inhibition of biological 
activity and to plants by the inhibition of photosynthesis [1]. 
The World Health Organization regulates fluoride content in 
drinking water which must not exceed 1.5 mg/L. The fluoride 
content in drinking water in China shall not exceed 1.0 mg/L. 
Therefore, how to effectively reduce the fluorine content present 

in the industrial wastewater is an important livelihood issue [2]. 
At present, there are many methods to remove fluoride from 
industrial wastewater, such as adsorption, chemical precipita-
tion, ion exchange, membrane separation, electrical agglom-
eration, etc. [3–5]. Adsorption is the most effective method for 
the removal of fluoride because of the following advantages: 
(i) little secondary pollution, (ii) high removal efficiency and 
(iii) safe and simple operating procedures [6]. The adsorbents 
commonly used in water treatment process include activated 
carbon, ion exchange resin and silica gel. But single adsorbent 
cannot completely remove a particular pollutant present in the 
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water because of the existence of other pollutants in various 
formations. So it is necessary to explore complex adsorbents 
[7]. Mesoporous materials are the materials with pores with 
2–100 nm in size, which possess excellent characteristics such 
as regular pore channel and larger surface area and widely 
used in biological materials, photochemistry, electrochemis-
try, adsorption, catalysis, etc. [8,9]. Mesoporous silica is one of 
the most popular and effective mesoporous materials, which 
has high specific surface area, adjustable channel and can be 
modified easily. Mesoporous materials, especially those with 
ordered pore systems, endow huge interface to accommodate 
guest species as well as have feasibility for functionalization; 
which are necessary requirements for excellent adsorbents [10].

Rare earth metals are distributed in the earth’s crust, and 
China has the most rare earth reserves in the world [11]. Rare 
earth hydrated ferric oxide and rare earth salts have strong 
affinity to inorganic ions in aqueous solution such as fluorine, 
arsenate, phosphate and other inorganic anions. Therefore, 
they can effectively remove inorganic ions in water, such as flu-
oride, phosphorus, arsenic, ammonia nitrogen, chromium, cad-
mium and other pollutants by adsorption [12,13]. In this work, 
we intend to modify mesoporous silica (Ms) by the rare earth 
metal lanthanum to obtain lanthanum loaded mesoporous sil-
ica (Ms-La) and remove fluorine ion from water by adsorption.

2. Materials and methods

2.1. Preparation of Ms

Ms was synthesized using the method reported by Li 
et al. [14] where 21 mL of hexadecyltrimethylammonium bro-
mide (CTAB) was dissolved in 100 mL of distilled water. Then 
50 mL of ethanol was added to the solution and stirred with 
a magnetic stirrer until CTAB was dissolved fully. 12 mL of 
concentrated aqueous ammonia was added dropwise into the 
mixture. After stirring for 15 min, 3.5 mL of tetraethyl ortho-
silicate was added dropwise and a white precipitate appeared 
gradually. The white precipitate was kept stirred and allowed 
to settle for 2 h. Then the precipitate was filtered, washed and 
dried at 70°C in vacuum overnight, and finally calcined at 
550°C for 3 h to synthesize Ms (surface area = 1,363 m2/g, total 
pore volume = 0.876 cm3/g and average pore size = 3.30 nm).

2.2. Preparation of Ms-La composite

In the preparation process, sol-gel method was used to 
prepare rare earth metal doped Ms. A certain amount of 
prepared Ms was dispersed in deionized water, and then a 
corresponding amount of lanthanum carbonate according to 
La/Si molar ratio was added into it. The lanthanum carbonate 
was dissolved thoroughly in this dispersed solution. While 
stirring, NaHCO3 was added slowly to the above mixed solu-
tion as a precipitant. After further 10 h of stirring, the Ms-La 
composite was obtained. The Ms-La composite was washed 
and harvested with centrifugation/re-dispersion cycles and 
dried at 550°C for 3 h.

In order to study the effect of the NaHCO3/La molar ratio 
on the adsorption performance, 0.3 g of Ms-La dispersed in 
30 mL of deionized water; 0.1 molar ratio of La/Si rare earth 
metal salts was added into the above solution and dissolved 
in the mixed dispersion solution after stirring; 30 mL of 

different molar ratios of NaHCO3/La (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 La/Si on the 
adsorption performance, 30 mL of different mole ratio of 
La/Si (0.02, 0.04, 0.06, 0.08, 0.10, 0.08 and 0.10) solutions were 
used to prepare Ms-La composites under optimum prepara-
tion conditions.

In order to investigate the effects of calcination tempera-
ture on the adsorption performance, Ms-La composites pre-
pared under optimum conditions were calcinated (at 90°C, 
200°C, 300°C, 400°C, 500°C, 600°C and 500°C) to obtain the 
temperature effects on the removal of fluoride.

2.3. Adsorption experiment

The defluorination properties of the Ms-La composite 
were performed by monitoring changes of F– concentration 
in the solution. The typical procedure used was as follows: 
0.10 g of Ms-La was added into a conical flask. 50 mL of solu-
tion containing 10 mg/L of F– was transferred into this flask. 
Then the flask was shaken at 200 rpm for 3 h at 25°C. After 
that, the solution was centrifuged, and the concentration of F– 
in the supernatant was determined by GB7484-1987 analysis 
method (water and water quality monitoring analysis method) 
[15]. These were then repeated three more times. The removal 
percentage was used to evaluate the performance of rare 
earth modified Ms materials. Adsorption removal percentage 
can be expressed as (C0 – Ct)/C0 × 100%, where C0 (mg/L) and 
Ct (mg/L) are the initial and time t concentrations of the fluo-
rine, respectively. The adsorption capacity can be expressed as  
(C0 – Ct) × V/(m × 1,000) where V is the volume of the solution 
and m is the mass of the adsorbent, Ms-La composite.

2.4. Characterization

The morphology of Ms-La was observed on a field emis-
sion scanning electron microscope (FEI-Nova, NanoSEM450, 
USA). The crystallographic structures were characterized by 
XRD (Rigaku, Japan) with Cu-Kа radiation (45 kV, 250 mA) 
and a continuous scan mode was employed with a scan rate 
of 10 min–1 with 2θ ranging from 10° to 80°. FT-IR spectrum 
was obtained by a spectrometer (NICOLETIS10) with pow-
der samples embedded in KBr disks. The prepared materials 
were analyzed by the thermogravimetric analysis-differential 
temperature analysis (TG-DTA, STAA49F31, Germany).

3. Results and discussion

3.1. Adsorption

F removal with three adsorbents namely Ms (SiO2 car-
rier), Ms-La (SiO2-La) and pure La2(CO3)3 was measured. The 
results showed (Fig. 1) that the F– removal by Ms was only 
6.4% and by pure La2(CO3)3 was 59.5%. But the F– removal 
rate of Ms-La was up to 81%. The results indicate that the 
removal of F– by Ms-La has been enhanced significantly. The 
main reason may be that the dispersion of the active ingredi-
ents increased after loading, which was beneficial in making 
contact with fluorine ions [16,17].
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3.2. Characterization of Ms-La

3.2.1. SEM analysis

Adsorbents such as Ms-La under different molar ratios of 
La/Si (La/Si = 0.02, 0.08 and 0.20), pure La2(CO3)3, pure SiO2 
and La/Si = 0.08 after adsorption were observed under SEM 
in order to compare the morphologies (Fig. 2). According to 
Fig. 2, pure La2(CO3)3 material was similar to sheets arranged 
to form flakes (Fig. 2(d)). The SEM images (Fig. 2(f)) show the 

spherical shaped growth of SiO2 clearly. Compared with the 
pure La2(CO3)3 and pure SiO2, lanthanum had been success-
fully loaded on the Ms surface in Ms-La. There was a small 
amount of carbonate precipitation found on the surface of Ms 
when the molar ratio of La/Si was 0.02. Sheet material also 
increased on the surface of Ms, and the degree of accumula-
tion and deposition became higher with the increase in the 
molar ratio of La/Si. The reason was that lanthanum carbonate 
could not be completely co-precipitated on the surface of Ms 
or into the channels. Because of the degree of accumulation 
was too high, F– was unable to fully contact with the adsor-
bent, and therefore the utilization rate of adsorbent was low. 
This was reflected in the level of adsorption, which was not 
improved significantly after increasing the lanthanum content 
beyond a certain value [18]. According to Fig. 2(e), it can be 
seen that there was a small amount of lanthanum carbonate on 
the surface of Ms-La at the La/Si = 0.08 before the adsorption 
Fig. 2(b). Compared with that Fig. 2(b), the shape of Ms-La 
after adsorption changed and obviously the small amount of 
sheet deposits that were present originally disappeared, and 
small white particles were formed (Fig. 2(e)). This indicates 
that the adsorbents and the adsorbate had reacted fully.

3.2.2. XRD analysis

In order to investigate the crystal phase structure of pre-
pared materials, the XRD spectra of Ms (SiO2 carrier), pure 
La2(CO3)3 and Ms-La (SiO2-La) were obtained as shown in 
Fig. 3(a). It can be seen from Fig. 3(a) that the new diffraction 
peak coincided with the standard card JCPDS 29-0085, which 
illustrates that the new diffraction peak is SiO2. The Ms-La 
still retained the original La2(CO3)3 characteristics of diffrac-
tion peak; the peak position had no bias shift, and the meso-
porous structure had not been damaged. Since the content of 
La2(CO3)3 was low, the peak intensity diminished compared 
with pure Ms. The reason may be that some channels of Ms 
could have been blocked, and crystallinity was also weak-
ened, but the mesoporous structure had not been damaged.

In order to further investigate the effect of calcination 
temperatures on the crystal phase structure, the XRD spectra 
of Ms-La at different calcination temperatures were obtained 
as shown in Fig. 3(b). The diffraction peak of lanthanum car-
bonate was gradually weakened with the increase in calci-
nation temperature. There appeared new diffraction peaks 
when the calcination temperature was above 500°C, which 
coincided with the standard card JCDP48-1113. This illus-
trated that carbonate had been decomposed into La2O2CO3 at 
500°C. Some characteristic peaks coincided with the standard 
card JCDP54-0213 at 700°C. This indicates that the material 
has began to decompose into La2O3 at 700°C.

The XRD spectra of Ms-La before and after adsorption 
are shown in Fig. 3(c). When comparing the two curves 
(before and after adsorption), we can see that the diffraction 
peak obviously changed after adsorption, indicating that 
the nature of the adsorbent has changed significantly after 
the adsorption. The new diffraction peak coincided with the 
standard card JCDP41-0595, which illustrates that La(CO3)F 
has been formed after the adsorption. The adsorption process 
may be that the CO3

2– of La2(CO3)3 was partially replaced by 
the F– [19], At the same time there was a new diffraction peak 
which illustrates the formation of a small amount of LaF3 [20].
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Fig. 1. Effect of different absorbents on F– removal.
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Fig. 2. SEM images of different La/Si molar ratio (a) La/Si = 0.02; 
(b) La/Si = 0.08; (c) La/Si = 0.20; (d) pure La2(CO3)3; (e) La/Si = 0.08 
(after adsorption) and (f) pure SiO2.
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3.2.3. FTIR analysis

The FTIR spectra of Ms-La at different calcination tem-
perature are shown in Fig. 4. It can be seen that absorption 
peaks were mainly the characteristic peaks of Ms at 806, 1,089, 
1,637 and 3,450 cm–1 (Fig. 4(a)). From Fig. 4(b), it can be seen 
that Ms-La before the adsorption still retained the character-
istic peaks of lanthanum carbonate and silicon dioxide. The 
strong absorption peak at 3,450 cm–1 was generated by OH– of 
the sample anti-symmetric stretching vibration in the crystal 
water and adsorbed water. Two strong absorption peaks at 

1,300–1,600 cm–1 were stretching vibration of CO3
2– group of 

carbonate salt. Small absorption peaks at 861 cm–1 were bend-
ing vibrations of CO3

2– group of carbonate salt. Absorption 
peak at 1,089 cm–1 was the frequency of the non-degenerate 
vibration absorption of carbonate. With the increase of tem-
perature, the calcined material still retained the characteris-
tic peak of mesoporous silica, and the two strong absorption 
peaks of CO3

2– group at 1,361 and 1,480 cm–1 were shifted to 
change a wide peak [21]. The main reason was that La2(CO3)3 
was generated into La2O2CO3 at high temperature. At tem-
peratures above 500°C, the absorption peaks at 1,089 cm-1 are 
enhanced. The reason was that the characteristic peaks of the 
carbonate gradually disappeared as the temperature contin-
ued to increase. La2(CO3)3 was generated into La2O3 at high 
temperature.

3.2.4. TG-DTA analysis

According to Fig. 5(a), the decomposition process of car-
bonate lanthanum by heating can be divided into three stages: 
first, the surface adsorbed water and crystal water were 
removed at 50°C–350°C, and the weight loss rate was 4.84%, 
which was consistent with the theoretical value (the propor-
tion of water molecules in La2(CO3)3·H2O was 3.78%). Second, 
the weight loss rate was 18.41% at 350°C–600°C, and the two 
CO2 molecules might have been removed, which was consis-
tent with the theoretical basis of 18.48%. Third, the weight 
loss rate was 8.70% at 600°C–850°C and the sample lost a 
CO2 molecule that was consistent with the theoretical basis of 
9.24%. Therefore, the transformation of La2(CO3)3·H2O due to 
heating process was as follows:

La2(CO3)3·H2O → La2(CO3)3 → La2O2CO3 → La2O3	 (1)

It can be seen from Fig. 5(b) that the proportion of lan-
thanum carbonate was 23.4% in Ms-La. The first weight loss 
stage was that adsorbed water and lanthanum carbonate crys-
tal water, and the weight loss ratio was 10.55%. In the second 
stage, Ms-La lost two CO2 molecules, and the 5.24% weight 
loss was consistent with the theoretical value of 4.32%. In the 
third stage, the samples of lanthanum carbonate lost a CO2 
molecule, the 2.81% weight loss rate was consistent with the 
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theoretical value of 2.16%. From Fig. 5(c) it can be seen that Ms 
still has a small weight loss ratio after 550°C because a small 
amount of template decomposing agent remained in Ms.

3.3. Optimization of synthesizing conditions of Ms-La

3.3.1. The effect of precipitating agent on adsorption 
performance

In order to investigate the effect of precipitation agents 
on the adsorption performance, Ms was modified by 
NaHCO3, NH4HCO3, NH3·H2O and Na2CO3. The effect of 
fluorine removal was shown in Fig. 6(a). From Fig. 6(a), we 
can see that the materials prepared by different precipita-
tion agents had great effect on the removal rate of fluoride 
ions. The removal rate can reach 40%, 80%, 90% and 90% by 
using NH3·H2O, NH4HCO3, NaHCO3 and Na2CO3 as precip-
itant, respectively. The main reason may be that the prepa-
ration was not easy to control when Na2CO3 was used as a 

precipitation agent. It may produce alkali carbonate, and the 
removal rate of NH4HCO3 as precipitant was relatively low. 
So finally NaHCO3 was chosen as the precipitant.

3.3.2. Effect of molar ratio of NaHCO3/La on the adsorption 
of F–

The effect of molar ratio of NaHCO3/La (1.5, 2.0, 3.0, 4.0, 
5.0 and 6.0) on fluoride removal was studied and the results 
are shown in Fig. 6(b). From Fig. 6(b), we can see that the molar 
ratio of NaHCO3/La had less effect on removal percentage of 
fluorine. The main reason may be that rare earth element La 
can be entirely precipitated when the molar ratio was more 
than 3.0. However, when the molar ratio was less than 3.0, 
it cannot precipitate completely and therefore although the 
molar ratio of La/Si was smaller than the theoretical value of 
0.1, it still had a good ability to remove fluorine. Finally, in 
order to ensure that precipitation reaction was complete and 
the synthesized materials had good adsorption performance, 
the mole ratio of NaHCO3/La was selected as 3.0.

3.3.3. Effect of mole ratio of La/Si on the adsorption of F–

The effect of different molar ratio of La/Si on the fluoride 
removal is shown in Fig. 6(c). It can be seen that the adsorp-
tion began to increase rapidly when the molar ratio increased 
from 0.02 to 0.06, and then it tended to be stable when the 
mole ratio of La/Si was 0.08. It was mainly due to the opti-
mum deposition of La on Ms when the La content increased 
up to a certain amount. If the La content increased further, it 
led to its excessive overlay and existed alone. From the point 
of view on cost, the optimum mole ratio of La/Si was selected 
as 0.08 in this study.

3.3.4. Effect of calcination temperature on the adsorption of F–

The effect of calcination temperature on the F– removal 
is shown in Fig. 6(d). It can be seen from Fig. 6(d) that the 
effect was obviously with the increase of calcination tem-
perature. The highest removal can reach about 90% under 
dried conditions at the temperature of 90°C without calcina-
tion. While calcination temperature was increased to 300°C, 
the removal reduced to about 40%. This illustrates that the 
calcination has a great influence on adsorption performance. 
The following can be attributed to this observation: first, the 
carbonate salts were decomposed into Ms and crystal struc-
ture was destroyed at high temperature, so the capacity of 
ion exchange of Ms-La became deteriorated. Second, due to 
the loss of exchanged hydroxyl after material dehydration 
and the reduction in the number of adsorption active sites, 
adsorption declined. In this study, the temperature was 
selected as 90°C.

Based on the above data analysis and discussion, the 
optimal conditions for synthesizing Ms-La when NaHCO3 is 
selected as precipitant are: nNaHCO3/nLa = 3.0, nLa/nSi = 0.08 
and the drying temperature = 90°C in vacuum. The typical 
preparation process is as follows: 0.375 g of Ms was dispersed 
in 30 mL of deionized water. A certain amount of lanthanum 
nitrate was added into the solution, and stirred until it is fully 
dissolved. Then 20 mL of NaHCO3 solution was added drop-
wise into the above solution, and stirred continuously (at a 
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speed of 200 rpm) for 10 h. Then the adsorbent was filtered, 
washed and dried at 90°C in vacuum overnight.

3.4. Adsorption experiments

3.4.1. Adsorption isotherm

Langmuir model and Freundlich model are two 
commonly used models in most of the adsorption isotherm 
studies to describe the adsorption thermodynamics of a 
liquid–solid system. The Langmuir adsorption isotherm is as 
follows:

C
Q K Q

C
Q

e

e L m

e

m

= +
1 � (2)

The Freundlich adsorption isotherm is as follows:

Q K Ce f
n= e

1/
� (3)

where Qm (mg/g) is the adsorption capacity at satura-
tion; Qe (mg/g) is the adsorption capacity at equilibrium; 
KL and Kf are adsorption equilibrium constants, Ce is the 

adsorption mass concentration at adsorption equilibrium 
(mg/L) and n is an indication of how intense the absorption 
phenomenon is.

Under the optimum conditions, the effect of Ms-La mate-
rial on the fluorine adsorption at different temperatures is 
shown in Fig. 7. At different temperatures, the fluoride 
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adsorption capacity of the adsorbent increased with the ini-
tial concentration of fluoride in the solution. When the ini-
tial concentration was higher than 50 mg/L, the amount of 
adsorption tended to be the maximum, and at higher tem-
peratures we can see that the effect of temperature on the flu-
oride adsorption was small. The kinetic parameters obtained 
for Langmuir and Freundlich isotherm fittings are shown in 
Table 1. According to Table 1, the adsorption of fluoride by 
Ms-La was more consistent with Langmuir isotherm than that 
of the Freundlich isotherm. The maximum adsorption capac-
ity was 19.85 mg/g with a correlation coefficient of 0.9968. 
The comparison of Qm with some other adsorbents (Table 2) 
also suggests that the Ms-La should be a good medium for 
the treatment of fluoride contaminated water.

3.4.2. Adsorption mechanisms

It can be seen from the SEM images that the appearance 
of the adsorbent had changed greatly. A lot of powder frag-
ments had appeared in the adsorbed material, which shows 
that the material has changed during the adsorption pro-
cess and a new material has formed. The properties of the 
adsorbent were significantly changed as can be seen by the 
XRD analysis. The material was mainly lanthanum carbonate 
before adsorption, part of the carbonate was replaced by F– to 
form a new material La(CO3)F during the adsorption process. 
Mechanism of fluoride removal by the Ms-La belongs to the 
typical ion exchange adsorption, which may be expressed as 
follows:

Ms-La2(CO3)3 + 2F– = Ms-2LaCO3F + CO3
2–� (4)

where Ms is a carrier of SiO2.

4. Conclusion

In this study, mesoporous silica supporting lanthanum 
carbonate (Ms-La) with a good defluorination performance 
had been synthesized. The optimization experiments for syn-
thesizing Ms-La samples have been conducted in this study  
and the optimal conditions were found to be: nNaHCO3/nLa = 3,  
nLa/nSi = 0.08, drying temperature = 90°C, the removal rate 
of fluoride ion was up to 90% when the materials were pre-
pared via co-precipitation method. The Ms has a large spe-
cific 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-La. Compared with 
pure La2(CO3)3, Ms-La dispersed evenly which leads to its 
high utilization and capacity for the removal of F–; there are 
little changes on XRD diffraction peak and the mesoporous 
structure. The adsorption process of Ms-La material followed 
Langmuir isotherm adsorption model, and the effect of tem-
perature on adsorption was small, so it can be used to remove 
F– from water at room temperatures. The maximum adsorp-
tion capacity was 19.85 mg/g with a correlation coefficient of 
0.9968. The mechanism of La2(CO3)3 defluorination is mainly 
based on the replacement of CO3

2– by F– to form La(CO3)F.
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