
INTRODUCTION

All water on earth contains different level fluoride between

trace level and several milligrams per litre. The major source

of fluoride in water is considered to be fluorine-bearing

minerals such as cryolite (Na3AlF6), fluorspar (CaF2), apatite

[Ca5(PO4)3F]. More than 40 countries, including India1,2,

Mexico3, China, America and British4, face high concentration

of fluoride in drinking water. The concentration of fluoride in

water varies in relation to many factors-geological type, tempe-

rature, pH value, solubility of fluoride bearing minerals and

complexed ions. Edmunds et al.5 gave a detail description for

fluoride in nature waters. Besides the natural geological

enrichment of fluoride in drinking waters, there can also be

formidable contributions from industries. High-fluoride waste-

waters can be generated by coal power plants, semiconductor

manufacturing, glass and ceramic production, electroplating,

rubber and fertilizer manufacturing. Fluoride concentration

in industrial effluents is generally higher than that found in

natural waters, ranging from tens to thousands of mg/L. A

moderate amount of fluoride intake is confirmed to benefit to

human health6, especially for the development tooth, dentin

and bones for children7. As many studies shown, low doses of

fluoride prevent from the development of bone and tooth, while

high doses may lead to dental and skeletal fluorosis, changes

of the skeleton, even other disorder such as parathyroid, kidney

and live8, respectively. The most amount of fluoride in-taken
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by human beings comes from drinking water, so World Health

Organization (WHO) guideline for fluoride concentration in

drinking water is 1.5 mg/L which complies with many UE

standards. The maximum allowable concentration for fluoride

in drinking water is 1 mg/L in China.

Various treatment technologies have been suggested for

applying to remove fluoride from drinking waters. These meth-

ods can be divided into two groups: precipitation methods9

based on the addition of chemicals to the water and sorption

methods10-15 in which the fluoride is removed by sorption or

ion exchange reactions on some suitable substrate, capable of

regeneration and reuse. Most methods for the fluoride removal

suffer from one of the following drawbacks: high initial cost,

lack of selectivity, low capacity and complicated or expensive

regeneration. Sorption methods are more effective in reducing

fluoride concentration than precipitation methods because of

its merits such as high efficient, low cost and easy regeneration,

etc. Except traditional adsorbent-activated alumina, in recent

years, researches have paid more attention to many other

adsorbents such as heat-treated soils, fly ash, silica gel, bone

charcoal, spent catalyst and zeolites16-21. Microporous and

mesoporous lanthanide oxide adsorbents have outstanding

merits for removing fluoride ion from drinking water.

Microporous and mesoporous materials have been identified

as suitable matrices for many active rare earth ions or transition

metal ions. Among microporous and mesoporous inorganic

solids (with pore diameters of ≤ 2 and 2-50 nm, respectively)



have been found to behave as catalysts and adsorption media

because of their large internal surface area. Mesoporous

materials with unique properties such as high surface area,

controlled pore structure and uniform pore size distribution

are of great interest for adsorption, ions selection.

In this paper, we selected P123 (EO20PO70EO20) as template,

to synthesized porous adsorbent for fluoride ion by sol-gel

and hydrothermal technologies. The adsorption process, structure

and grain sizes were systematically examined.

EXPERIMENTAL

Pluronic P123 (EO20PO70EO20), tetrabutyl titanate

[Ti(OCH4)4] are all analytically grade. Cerium nitrates were

prepared by dissolving CeO2 in concentrated nitric acid. The

synthesis of mesoporous TiO2/CeO2 was described in the

following: 1 g of surfactant poly (ethylene glycol)-block-poly

(propylene glycol)-block-poly (ethylene glycol) (P123) was

first dissolved in 7.5 mL of deionized water and then 30 mL

of dilute HCl solution (2.0 M) were added with stirring at

60 ºC until a clear aqueous solution was obtained. Appropriate

amounts of Ce(NO3)3 solution were added and mixed homo-

genously. Then the 3.4 g of tetrabutyl titanate was added

dropwise to the solution with stirring for 24 h and transferred

into a teflon bottle sealed in an autoclave, which was heated at

100 ºC for 24 h. The product was filtered, washed thoroughly

with deionized water and dried at 75 ºC. The as-synthesized

material was calcined from room temperature to 550 ºC at a

heating rate of 2-6 ºC/min for 5.5 h to remove the templates

and obtained mesopous materials.

Physical measurements: The particle size was charac-

terized by means of X-ray diffraction (XRD, Bruke, D8-

Advance, 40 kV and 20 mA, Cukα). The morphology and

microstructure were characterized with scanning electronic

microscope (SEM, Philips XL-30). Nitrogen adsorption/

desorption isotherms were measured at the liquid nitrogen

temperature, using a Nova 1000 analyzer. Surface areas were

calculated by the Brunauer-Emmett-Teller (BET) method and

pore size distributions were evaluated from the desorption

branches of the nitrogen isotherms using the Barrett-Joyner-

Halenda (BJH) model.

Adsorption experiments: Adsorption experiments were

carried out to determine the fluoride adsorption equilibrium

and capacities of the TiO2/CeO2 adsorbents. Fluoride standard

solutions with initial fluoride concentrations ranging from

1-30 mg/L were prepared by diluting a certain amount of a

fluoride standard stock solution of 1000 mg/L with deionized

water to a final volume of 100 mg/L. The pH of the standard

solutions was adjusted to 7 with 0.10M NaOH and 5 % ammonia

solution. For every experiment, 20 mL of the standard solution

was mixed with about 0.10 g of the adsorbent material in a

50 mL high density polyethylene plastic bottle. The bottle was

closed tightly and placed on an automatic shaker set at a shaking

speed of 85 rpm for 2 h. After removing the bottles from the

shaker, solution samples filtered and then 10 mL solution

sample mixed with 10 mL of a total ionic strength adjustment

buffer (TISAB III) and analyzed fluoride concentration. The

fluoride concentration in water was determined electrochemi-

cally (Thermo, Orion 4-Star Plus pH/ISE Meter).

RESULTS AND DISCUSSION

The XRD patterns for these adsorbents were measured

and showed the similar crystalline structure. Fig. 1 presented

the selected XRD patterns of the TiO2/CeO2 (4:1) and TiO2/

CeO2 (2:1) crystalline powders, respectively. The diffraction

patterns for them were found to be exactly the same as that of

TiO2 reported in JCPDS Card. With adding to the amount of

cerium ions, it presented some other crystal structure of CeO2

and CeTi21O38. The crystal size was estimated from the broad-

ening of the peaks by using the Scherrer formula:
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Fig. 1. XRD patterns of TiO2/CeO2 (4:1) and TiO2/CeO2 (2:1)
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where β(2θ) is the width of the pure diffraction profile in

radians, k is 0.89, λ is the wavelength of the X-rays (0.154056

nm), θ is the diffraction angle and Dhkl is the age diameter of

the crystallite. By fitting various peaks to this formula and

taking into account the instrumental broadening, it could be

found that the particles was about 20 nm.

We further used the scanning electron microscope (SEM)

to measure the TiO2/CeO2 (4:1) sample. Fig. 2 showed the

representative SEM micrograph for TiO2/CeO2 (4:1). It could

be seen that the product mainly consist of solid micron crysta-

lline structures, which exhibit an interpenetrating network

structures. The typical particle was estimated to be about 10 nm

in dimension. It was clear that most of the particles present

the spherical particles, mostly owing to the sol-gel treatment

as reported22. In the sol-gel process, the o/w macro-emulsion

is decisive and responsible for the final texture. The formation

of isolated sphere is attributed to the weak interactions between

the organic moieties such as van der Waals, London, or π-π
stacking, which are able to induce an organization23-25. Besides

this, the three-dimensional sizes of crystalline were very loose

to afford high diffusion it need to refer these powders with

high diffusion would be very useful for the application to obtain

high efficient adsorbents because these microcrystalline

materials can result in the huge surface area.

2662  Wu et al. Asian J. Chem.



Fig. 2. SEM of TiO2/CeO2 (4:1)

N2 adsorption-desorption isotherms were used as a macro-

scopic average measurement for exploring surface area, pore

diameter and pore volume of the material. The N2 adsorption-

desorption isotherm of samples TiO2/CeO2 (4:1) and TiO2/CeO2

(2:1) were shown in Fig. 3. In accordance with the IUPAC

classification26, they both display type IV isotherms with

H1-type hysteresis loops at relative pressure27,28. As shown in

Table-1, the specific area and the pore size were calculated by

employing Brunauer-Emmett-Teller (BET) and Barrett-Joyner-

Halenda (BJH) methods, respectively. After introducing Ce3+

ions, the absorbents exhibited a small specific area and pore

volume as increasing the amounts of doping Cerium ions. From

the Table-1, the results showed that incorporation of cerium

ions into TiO2 resulted in the reduction of the surface area

from 266.65 m2/g for the TiO2/CeO2 (4:1) to 76.13 m2/g for

the TiO2/CeO2 (2:1), suggesting that micro-environment of

mesopore template has moderately changed due to the intro-

duction of different ions.
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Fig. 3. N2 adsorption/desorption isotherms of TiO2/CeO2 (4:1) and TiO2/

CeO2 (2:1)

TABLE-1 

TEXTURAL DATA OF TiO2/CeO2 (4:1) AND TiO2/CeO2 (2:1) 

Samples SBET (m2/g) V (cm3/g) DBJH (nm) 

TiO2/CeO2 (4:1) 266.65 0.207 6.650 

TiO2/CeO2 (2:1) 76.13 0.282 8.606 

 

Fig. 4 showed the progression of adsorption reaction in

different initial concentration of fluoride by TiO2/CeO2 after

different contact times at a natural pH value of about 729. As

contact time increased, fluoride removal also increased

initially during the first contact time of 2 h, but then gradually

approached a more or less constant value. As there was no

increase in per cent fluoride removal between 2 and 6 h of

contact time, an equilibrium time of 2 h was chosen and this

was employed in all subsequent experiments. The rate of

removal of fluoride was high in the initial 1 h, but thereafter

the rate significantly levels off and eventually approaches zero,

i.e., equilibrium was attained. These changes might be due to

the fact that, initially, all adsorbent sites were vacant and the

solute concentration gradient was high. Afterwards, the fluoride

uptake rate by the adsorbent decreases significantly, due to

decrease in adsorption sites. A decreasing removal rate, parti-

cularly towards the end of the experiment, indicated a possible

monolayer of fluoride ions on the outer surface and pores of

adsorbent and pore diffusion onto the inner surface of adsorbent

particles through the film due to continuous agitation main-

tained during the experiment.
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Fig. 4. Fluoride adsorption as a function of reaction time

Freundlich and Langmuir isotherm models were carried

out to determine the fluoride adsorption equilibrium on TiO2/

CeO2 in this work because these two models provide useful

information for predicting the adsorption capacity of the

adsorbent materials at given feed concentrations. The distri-

bution of fluoride between the liquid phase and the solid phase

is a measure of the position of equilibrium in the adsorption

process and can be expressed by the Freundlich and Langmuir

equations. These two models are widely used30, the former

being purely empirical and the latter assumes that maximum

adsorption occurs when the surface is covered by the adsorbent.

The Freundlich model is an indicative of surface heterogeneity

of the sorbent and it is expressed as:

ee clog
n

1
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where qe (mg/g) is the amount of fluoride adsorbed per weight

of adsorbent at equilibrium and ce (mg/L) is the equilibrium

concentration of the adsorbate in the solution, k is the
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Freundlich constant representing the relative adsorption

affinity of the adsorbent toward the adsorbate molecules and

n represents the heterogeneity of the adsorbent. For the

adsorbent in this work, the value of k was 0.67 mg/g and 1/n

was 0.52.

The Langmuir equation, which is valid for monolayer

sorption onto a surface with a finite number of identical sites,

is given by the following equation:

0e0e q
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q
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where q0 (mg/g) represents the monolayer adsorption capacity,

b (L/mg) is the Langmuir constant that characterizes the

adsorbent-adsorbate interaction. The linear plot of 1/ce versus

1/qe (Fig. 5) indicated the applicability of Langmuir adsorption

isotherm. The values of Langmuir parameters, q0 and b were

0.27 mg/g and 0.47 L/mg, respectively.
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Fig. 5. Langmuir plot for the adsorption of fluoride

The capacity of fluoride removal by TiO2/CeO2 depended

on the doping concentration of cerium ions. The concentration

increase of the Ce3+ ions, however, the adsorbent capacity was

saturated and begins to decrease at over a critical maximum

volume. That is to say, if the ratios excess certain value,

phenomenon of adsorption capacity decreased occurred. As

shown in Table-2, it was obvious that the intensity of the

adsorption had constantly increased with the increase the concen-

tration of Ce3+ at the ratio of Ce to Ti being the range from 0.2

to 1.0. When Ce:Ti > 1, the fluoride removal decreased.

TABLE-2 

ADSORPTION VOLUME ON ADSORBENTS SYNTHESIZED 
WITH DIFFERENT RATIO OF Ti to Ce 

Samples 
TiO2/CeO2 

(4:1) 
TiO2/CeO2 

(2:1) 
TiO2/CeO2 

(1:1) 
TiO2/CeO2 

(2:3) 

Adsorption 0.41 mg/g 0.43 mg/g 0.53 mg/g 0.46 mg/g 

 

Conclusion

In summary, fluoride removal absorbents TiO2/CeO2 were

synthesized by sol-gel technology and hydrothermal methods

at 100 ºC. All physical measurements such XRD, SEM and N2

adsorption-desorption isotherms results indicated that these

adsorbents exhibited a novel crystalline with micrometer

dimension. The TiO2/CeO2 is a suitable adsorbent for the

removal of fluoride from water. The removal of fluoride from

aqueous solutions strongly depended on the contact time, the

ratio of Ti to Ce and adsorbent concentration. The adsorption

process fitted the Langmuir and Freundlich isotherms and TiO2/

CeO2 (1:1) presented the strongest adsorbate intensity in all

synthesis samples.
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