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INTRODUCTION

Pollution of the natural world has become more prominent
as the economy has expanded. Most industrial activities, such
as metal smelting, metal surface cleaning, pesticides, metall-
urgy, electronics industry, etc. discharged large amounts of
fluorine containing wastewater every year. If these fluorine
containing wastewater is directly discharged without treatment,
it will not only pollute the water resources, but also seriously
threaten human health [1]. Therefore, these industrial waste-
water with excessive fluoride should be treated to make them
meet the requirements of the discharge standards.

At present, the technologies of fluoride removal mainly
include adsorption, ion exchange, membrane separation, coag-
ulation sedimentation, electrochemical, etc. [2-8]. Due to its
simple operation, stable adsorption effect and low cost, the
adsorption method is considered to be the most ideal fluoride
removal technology. Commonly adsorbents, such as activated
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carbon, biological adsorbents, natural mineral adsorbents and
rare earth oxide adsorbents have been widely used in the treat-
ment of fluoride containing wastewater [9-11].

The defluorination properties of several natural minerals,
e.g. diaspore, bentonite, zeolite, kaolin had also been reported
in the literature [12-14]. Corral-Capulin et al. [15] investigated
the influence of chemical and thermal treatments on the fluoride
removal from water by three minerals. Metallic species interact
with minerals by coordination with hydroxyl groups or precipi-
tation on minerals surfaces. Compared with aluminum modified
materials for water treatments by precipitation on minerals
surfaces, iron-modified materials were the better options for
fluoride removal from aqueous solutions by coordination with
hydroxyl groups. Onyango et al. [16] investigated the effect
of Al3+ and La3+ modified Na+ combined zeolite on fluoride
removal. Aluminum exchanged zeolite was more effective than
lanthanum-exchanged zeolite. Nagaraj et al. [17] prepared
mineral (Al3+, La3+, Ce3+)-substituted hydroxyapatite (mHAp)
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composite for the fluoride removal from drinking water and
the best fluoride removal efficiency of mHAp adsorbent reached
93%.

In previous study [18], the results of fluoride removal were
satisfactory and the concentration of fluorine ion is reduced
from 30 mg/L to 3.08 mg/L using La3+-modified gibbsite, but
the adsorption capacityof natural and modified gibbsite towards
fluorine is not satisfactory. In this experiment, the effects on
fluoride adsorption capacity of gibbsite calcined at different
temperature were investigated. The influence factors, such as
calcination temperature, calcination time, initial fluoride ion
concentration and dosage of adsorbent, reaction time and temp-
erature were also optimized.

EXPERIMENTAL

The natural gibbsite was provided by a mineral company
in Yunnan Province, P.R. China. In this work, the details of the
chemicals used, supplier information, purities and CAS numbers
are given in Table-1.

Characterization: In this study, a German X-ray diffrac-
tometer (XRD) manufactured by Bruker AXS Co., Ltd., model
Da Vinci, was utilized. The test conditions were operating voltage
40 kW, operating current 200 mA, Cu target, diffraction angle
2θ =10-80º at the scanning speed of 12º/min. Thermogravimetric
analysis and differential scanning calorimetry (TGA/DSC)
(SDT Q-600, TA Instruments-water LLC, heating rate 20 min–1

in flow air); field emission scanning electron microscopy (SEM)
(Ametekoctane Plus, operated at 10 kV). Nitrogen adsorption–
desorption measurements for the adsorbents were performed
using a Micromeritics ASAP 2020M+C instrument and Barrett-
Emmett-Teller (BET) was used to calculate the specific surface
area, the as method was used to calculate the corresponding
pore volumeand the external surface area of adsorbent, etc.

Batch defluoridation experiments: The factors affecting
the fluorine removal efficiency of gibbsite, which was calcined
at different temperatures, were investigated. Fluoride removal
experiments were carried out at different calcination temper-
ature, calcination time, initial fluoride ion concentration, the
dosage, reaction time and temperature to explore the influence
of various factors on the performance of fluoride removal.The
experimental results of fluoride removal were analyzed by the
fluorine removal rate R(%), the adsorption of the fluoride ion
capacity qe (mg/g) at equilibrium and the adsorption of fluoride
ion capacity qt (mg/g) at time t. The parameters viz. R(%), qe

(mg/g), qt (mg/g) were calculated by the following equation:
where C, Ct and Ce are the initial state, time t and equilibrium
fluoride ion concentration (mg/L), respectively; V is the volume
(L) of fluoride ion solution, and M is the mass of gibbsite.

tC C
R (%) 100

C

−= × (1)

e e

V
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M
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M
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RESULTS AND DISCUSSION

Effect of calcination temperature on fluoride removal:
In order to explore the effect of calcination temperature on
the performance of fluoride removal, 3 g/L of natural gibbsite
or gibbsite calcined at different temperatures viz. 523, 548,
573, 598, 623, 723, 823, 923 and 1023 K were added at the
initial concentration of 30 mg/L fluoride ion solution at room
temperature to carry out the fluoride removal experiment and
agitated for 120 min. The fluorine removal rate of natural
gibbsite was 11.23% and its the adsorption capacity was found
to be 1.1230 mg/g (Fig. 1). As the calcination temperature
increased from 523 K to 1023 K, the fluoride removal rate
increased from 49.07% to 78.02% at first and then decreased
to 70.12%, whereas the adsorption capacity increased from
4.9067 to 7.8017 mg/g and then decreased to 7.0117 mg/g.
Therefore, the optimal calcination temperature for fluoride
removal by gibbsite calcined was 573 K.
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Fig. 1. Effect ofcalcination temperature on fluoride removal

Effect of calcination time: In order to explore the influence
of calcination time on the performance of fluoride removal, 3
g/L of gibbsite calcinated at 573 K for 0.5, 0.75, 1, 1.5, 2 and
2.5 h was added to the initial concentration of 30 mg/L fluoride

TABLE-1 
CHEMICAL NAMES, SUPPLIER INFORMATION, PURITIES AND CAS NUMBERS FOR ALL CHEMICALS USED 

Chemical name m.f. m.w. Supplier Purity (%) CAS number 
Sodium fluoride NaF 41.99 Fuchen 98.0 7681-49-4 

Sodium hydroxide NaOH 40.00 Fuchen 96.0 1310-73-2 
Sodium chloride NaCl 58.44 Hengshan AR 7647-14-5 
Trisodium citrate C6H5Na3O7·2H2O 294.10 Hengshan 99.0 6132-04-3 
Glacial acetic acid CH3COOH 60.05 Fuchen 99.5 64-19-7 
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ion solution at room temperature and the experiment data was
recorded until the adsorption reached approximately equili-
brium. As the calcination time increased from 0.5 h to 2.5 h,
the adsorption capacity increased from 7.9257 to 8.3470 mg/g
and then decreased to 7.3880 mg/g, whereas the fluorine removal
rate increased from 79.26% to 83.47% and then decreased to
73.88% (Fig. 2). Therefore, the optimal calcination time of
gibbsite was 0.75 h.
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Fig. 2. Effect of calcination time on fluoride removal

Effect of adsorbent dosage: In order to investigate the
effect of dosage of calcined gibbsite on the performance of
fluoride removal, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 g/L of calcined
gibbsite at 573 K for 0.75 h were added to the initial concen-
tration of 30 mg/L fluoride ion solution at room temperature
and the experiment data was recorded until the adsorption
reached approximately equilibrium. When the amount of calcined
gibbsite was 1 g/L, the fluorine removal rate was 41.09% and
its adsorption capacity was 12.327 mg/g. With increasing dosage
of calcined gibbsite, the fluorine removal rate increased signifi-
cantly. When 9 g/L calcined gibbsite was added, the fluoride
removal rate reached 93.85% and its adsorption capacity was
3.1282 mg/g (Fig. 3). The residual fluoride ion concentration
in the solution was 1.84 mg/L. Compared with previous experi-
mental results that the concentration of fluorine ion was reduced
from 30 mg/L to 3.08 mg/L by adding 40 g/L La3+-modified
gibbsite [18], the fluorine removal effect of calcined gibbsite
was better. When the dosage increased to 10 g/L, the fluoride
removal rate was 93.97% and only increased 0.13% than that
of 9 g/L dosage. Therefore, the optimal dosage of calcined
gibbsite was 9 g/L.

Effect of initial fluoride concentration: In order to inves-
tigate the effect of initial fluoride ion concentration on fluoride
removal performance, 9 g/L of gibbsite calcined at 573 K for
0.75 h was added to the initial concentration of 10, 20, 30, 40,
50, 70, 100 mg/L fluoride ion solution at room temperature and
the experiment data was recorded until the adsorption reached
approximately equilibrium. When the initial fluoride concen-
tration was 10 mg/L, the fluoride removal rate was 95.63%
and the fluorine removal rate gradually decreased as the initial
fluoride ion concentration increased (Fig. 4). When the initial
fluoride ion concentration reached 100 mg/L, the fluoride
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Fig. 3. Effect of adsorbent dosage on fluoride removal
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Fig. 4. Effect of initial fluoride concentration on fluoride removal

removal rate decreased to 85.23%. As the initial fluoride ion
concentration increased, the adsorption capacity increased
significantly from 1.0625 mg/g to 9.4700 mg/g.

Effect of reaction time: Gibbsite (9 g/L) calcined at 573
K for 0.75 h was added to the initial fluoride concentration of
10 and 30 mg/L at room temperature. The first 20 min was the
rapid fluorine removal process.The adsorption capacity and
the fluorine removal rate of calcined gibbsite reached 0.9629
mg/g and 89.99% respectively in 10 mg/L initial fluoride con-
centration solution and that reached 2.7948 mg/g and 89.12%,
respectively in 30 mg/L initial fluoride concentration solution
(Fig. 5). As the adsorption time continued to prolong, the fluorine
removal rate slowly increased. When the reaction reached 120
min, the fluorine removal rate separately reached 95.63% and
93.85% in 10 and 30 mg/L initial fluoride concentration solution
and their corresponding adsorption capacities were 1.0625 mg/g
and 3.1282 mg/g, respectively. Compared with calcined gibbsite,
the adsorption capacitiesof natural gibbsite were 0.2020 mg/g
and 0.5182 mg/g under the same reaction condition in previous
study. As observed from Fig. 5, when the adsorption time is
120 min, the adsorption capacities remained unchanged and
the adsorption basically reached equilibrium in 10 and 30 mg/L
initial fluoride concentration solution, hence the optimal reaction
time determined was 120 min.
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Fig. 5. Effect of reaction time on fluoride removal

Effect of reaction temperature: Optimizing the above
mentioned parameters, the effect of reaction temperature on
the performance of fluorine removal was also investigated.
With the increase of the reaction temperature, the adsorption
capacity reduced from 3.1282 mg/g to 2.9250 mg/g and the
fluorine removal rate decreased from 93.85% to 87.75% (Fig.
6). As a result, the optimal fluorine removal temperature is
298 K (room temperature).
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Fig. 6. Effect ofreaction temperature on fluoride removal

Effect of Co-coexisting anions: If wastewater contains
other coexisting ions, the fluoride removal efficiency may be
greatly influenced. The effects of the coexisting ions, such as
Ca2+, Mg2+, NO3

–, SO4
2–, Cl– and HCO3

– were studied. Calcined
gibbsite were added to the solution containing 30 mg/L F– ion
and 60 mg/L coexisting ion. The influences of different coexis-
ting ions on the fluoride adsorption capacity of calcined
gibbsite are different. Comparing with co-ions, Mg2+ and Ca2+

ions slightly enhanced the F– adsorption, while NO3
– and Cl–

ions negligible hindered the F– adsorption. However, SO4
2– and

HCO3
– ions have strong restriction effects on the F– adsorption.

Corresponding to in the presence of SO4
2– and HCO3

– ions, the
fluoride adsorption capacity of calcined gibbsite decreased to
77.3% and 63.8%, respectively (Fig. 7). As a result, the fluoride

removal experiment couldn’t be accomplished until the
coexisting SO4

2– and HCO3
– ions were eliminated.
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Fig. 7. Effect of Co-coexisting anions on fluoride removal

Morphological studies: The scanning electron microscope
(SEM) results of gibbsite uncalcined and calcined at 573 K
for 0.75 h are shown in Fig. 8. It can be seen that gibbsite was
in block and flaky irregular shape with void structure, which
can be used as an adsorbent. The calcined gibbsite particles
appeared agglomerated with each other and the surface was
loose. Due to extensive dehydration, which resulted in the
formation of cracks, fine grains and larger gaps between the
grains, the adsorption performance was improved.

TGA/DSC analysis: DSC curve (Fig. 9) showed a weak
endothermic peak from room temperature to 70 ºC, which was
in agreement with the loss of mass (1.25 wt.%) in the TGA
curve. This was due to the evaporation of water adsorbed on
the surface of gibbsite. The next  endothermic peak in DSC curve
at 250-380 ºC corresponds to the loss of mass (14.37%). This
was mainly due to the partial Al(OH)3 decomposition and the
corresponding chemical reaction equations are Al(OH)3/AlOOH
+ H2O and AlOOH → χ-Al2O3 + H2O. The weight of the sample
decrease since some of the water evaporated. The third relati-
vely weak endothermic peak in DSC curve at 400-570 ºC corres-
pond to the loss of mass (3.35%) in TGA curve, which is due
to the partial AlOOH decomposition and the corresponding
reaction equation was AlOOH → γ-Al2O3 + H2O. After that a
steady drop of the thermogravimetric curve was mostly caused
by the decomposition reaction of sample.

XRD studies: The gibbsite calcined at different temper-
atures were characterized by XRD and the results are shown
in Fig. 10, whereas the XRD images of gibbsite calcined for
0.75 h and 2 h (time) are shown in Fig. 10a. From Fig. 10a,
the characteristic peaks of gibbsite calcined at 523 K are
basically consistent with that of uncalcined gibbsite. The
d-values of diffraction peaks at 4.8633, 4.3879, 4.3350, 3.3666,
2.4687, 2.4565 and 2.3897 nm; corresponding to 2θ  18.227º,
20.221º, 20.470º, 26.453º, 36.362º, 36.549º and 37.609º are
the Al(OH)3 characteristic peaks. When the gibbsite calcined
at 573 K and 623 K, the characteristic diffraction peaks at
14.457º, 28.197º, 38.490º appeared, which corresponded to
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Fig. 8. SEM image of natural gibbsite and calcined gibbsite at 573 K for 0.75 h (a and b - natural gibbsite; c and d - calcined gibbsite)
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Fig. 9. Curves of thermogravimetric and differential thermal analysis of
gibbsite

AlOOH characteristic peaks. At the same time, the χ-Al2O3

characteristic diffraction peak at 41.182º also appeared and
the characteristic diffraction peak of Al(OH)3 become weakened,
which is consistent with the description of the TGA-DSC curve.
When gibbsite calcined at 723-1023 K, the characteristic
diffraction peaks of Al(OH)3 disappeared, while the character-
istic diffraction peaks of γ-Al2O3 at 2θ of 38.451º, 42.582º
and 67.019º appeared. The XRD images of gibbsite calcined

at 573 K for 0.75 h (the optimal fluorine removal effect) and
that calcined at 573 K for 2 h are shown in Fig. 10b. As the
calcination time increased, the highest characteristic peak of
Al(OH)3 disappeared and the residual amount of Al(OH)3

dropped sharply. Therefore, the dehydroxylation of gibbsite
had significant effect on the material surface area and even-
tually leaded to the effect of fluoride removal.

BET surface studies: The nitrogen adsorption-desorption
isotherms of natural gibbsite and calcined gibbsite at 573 K
for 0.75 h are shown in Fig. 11 and their corresponding pore
structure parameters are shown in Table-2. It can be seen that
the adsorption-desorption isotherms of natural and calcined
gibbsite were of type IV isotherm. After calcination, the
specific surface area of gibbsite greatly increased from 29.4808
to 224.4474 m2/g and the corresponding pore volume increased
from 0.03612 to 0.1309 cm3/g. The average pore size of gibbsite
decreases from 9.9693 nm to 3.9447 nm and the shrinkage of
pore may be due to the decomposition of aluminum hydroxide.
As a result of its dramatically increased specific surface area,
calcined gibbsite is capable of providing more adsorption sites
and a more effective means of removing fluoride from water.
Compared with before and after calcination of gibbsite, the
change of fluoride adsorption capacity is basically consistent
with that of specific surface area. Therefore, the significant
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Fig. 11. 77 K Nitrogen adsorption–desorptionisotherms of naturalgibbsite
and calcined gibbsite at 573 K for 0.75 h

improvement of fluoride removal efficiency of calcined gibbsite
may be attributed to the increase of specific surface area after
calcination.

After gibbsite calcined at 573 K for 0.75 h, the phase com-
positions were AlOOH, χ-Al2O3, Al(OH)3 by XRD analysis
and TGA/DSC analysis also was consistent with this result.
Calcined gibbsite particles appeared to be agglomerated with
each other and their surfaces become loosen as evidenced from
the SEM images. The specific surface area and pore volume
of gibbsite after calcination sharply increased by BET analysis.
Due to the changes in the phase composition after calcination,
the atomic space structure and surface properties of gibbsite
is different, which results in the adsorption performance and
ion exchange capacity of F–. Aluminum oxyhydroxide can have
good adsorption performance by transitional alumina in some

studies, which was consistent with the present experimental
result [19].

Adsorption kinetics: Adsorption kinetics experiments
were carried out with 10, 30, 50 mg/L fluoride ion solution
and 8, 9, 10 g/L gibbsite calcined at 573 K for 0.75 h, the
adsorption kinetics process was described and analyzed by
pseudo-first-order model and pseudo-second-order model.

The linear form of pseudo-first-order kinetics and pseudo-
second-order kinetics are represented by the following eqns.
4 and 5:

1

t e e

k1 1

q q t q
= + (4)

2
t 2 e e

t 1 1
t

q k q q
= + (5)

where k1, k2 are the separation rate constant of pseudo-first-
order adsorption and pseudo-second-order adsorption,
respectively. The qe and k1 respectively were obtained from
the slope and intercept of the linear plot of 1/qt to 1/t, while
the qe and k2 respectively were obtained from the slope and
intercept of the linear plot of t/qt to t (Fig. 12).

As observed from Table-3, the pseudo-second-order
model linear fit of calcined gibbsite is better. The correlation
coefficient R2 has a mean value of 0.99, hence the pseudo-
second-order kinetic model can better describe the fluorine
removal process of calcined gibbsite.

Adsorption isotherms: The fluorine removal isotherm
of calcined gibbsite were conducted at 298, 308 and 318 K by
performing adsorption isotherm experiments with the initial
concentrations of 10, 20, 30, 40, and 50 mg/L fluoride ion
solution. Two models, the Langmuir and the Freundlich adsor-
ption isotherms, were used to define and study the adsorption
isotherm process.
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TABLE-2 
TEXTURAL PARAMETERS OF GIBBSITE AND CALCINED GIBBSITE AT 573 K FOR 0.75 h 

Sample Specific surface area (m2/g) Average pore size (nm) Total pore volume (cm3/g) Micropore volume (cm3/g) 
Gibbsite 29.4808 9.9693 0.03612 0.006010 

Calcined gibbsite at 573 K 224.4474 3.9447 0.13090 0.024200 
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on calcined gibbsite [a,c - different initial fluoride concentration; b,d- different adsorbent dosage]

TABLE-3 
PARAMETERS OF PSEUDO-FIRST-ORDER AND PSEUDO-SECOND-ORDER KINETICS MODEL 

Pseudo-first-order model Pseudo-second-order model 
CF- (mg/L) Gibbsite (g/L) 

qe k1 R2 qe k2 R2 
10 9 3.0670 0.4418 0.95239 1.0664 0.8283 0.99986 
30 9 5.0105 0.5948 0.97635 3.1446 0.3302 0.99996 
50 9 1.0325 0.4180 0.92797 5.1287 0.1795 0.99996 
30 8 0.3822 0.5088 0.93805 0.3966 1.8739 0.99982 
30 9 0.3507 0.4180 0.92797 0.3622 2.4388 0.99986 
30 10 0.3186 0.3844 0.91202 0.3280 3.1493 0.99996 

 
The linearized Langmuir isotherm and the Freundlich

isotherm models are represented by using eqns. 6 and 7:

e m m e

1 1 1

q q q bC
= + (6)

e f e

1
logq logK logC

n
= + (7)

where Ce and qe are respectively the equilibrium concentration
(mg/L) and equilibrium adsorption capacity (mg/g). B and qm

are Langmuir adsorption constants and saturation adsorption
capacity (mg/g). The values of b and qm were obtained from

the slope and intercept of the linear plot of 1/qe to 1/Ce. n and
Kf are empirical constants of Freundlich isotherm model. The
n and Kf respectively are obtained from the slope and intercept
of the linear plot of log qe to log Ce (Fig. 13). Since, the linear
fit of the Langmuir adsorption isotherm model was better than
the Freundlich model as can be deduced from the values of the
isotherm parameters given in Table-4.

Adsorption thermodynamics: The thermodynamic para-
meters for the adsorption process including Gibbs free energy
change (∆Gº), enthalpy change (∆Hº), entropy change (∆Sº)
can be calculated by the following eqns. 8-11:
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e
0

e

q
K

C
= (8)

0G RT lnK∆ ° = − (9)

G H T S∆ ° = ∆ ° − ∆ ° (10)

0

H S
lnK

RT R

∆ ° ∆ °= − + (11)

where Ko is the adsorption equilibrium constant; qe is the adsor-
ption capacity of fluoride ion at equilibrium (mg/g); Ce is the
fluoride ion concentration at equilibrium (mg/L); R is the gas
constant (8.314 J mol-1 K-1); T is the absolute temperature (K).
The values of ∆Hº and ∆Sº can be determined by the slope
and intercept of the linear plot of ln K0 versus 1/T.

From Table-5, the ∆Gº at different temperatures was
negative indicated that the spontaneous F– adsorption process
of gibbsite. Thus, at lower temperature, the degree of spontaneity
will be greater. Adsorption is an exothermic reaction, as shown
by the enthalpy change (∆Ho < 0), which is in agreement with
the results of the Langmuir adsorption isotherm studies. When
the temperature of the reaction is increased, the fluoride removal
process becomes less effective.

TABLE-5  
ABSORPTION THERMODYNAMIC DATA OF  
HIGH TEMPERATURE CALCINED GIBBSITE 

Temp. (K) ∆G° (KJ mol-1) ∆H° (KJ mol-1) ∆S° (J mol-1 K-1) 
298 -5.06 
308 -2.31 
318 -1.70 

-16.44 -46.18 

 

Mechanism of fluorine removal of calcined gibbsite:
After calcination, the defluoridation ability of gibbsite was
greatly improved. Compared with before and after calcination
of gibbsite, the surfaces of calcined gibbsite became loose,
cracks and fine grains, which promoted the greatly increasing
specific surface area and enhanced the F– adsorption capacity.
On the other hand, the radii and charges of F– and OH– are
similar, so F– will exchange the hydroxyl groups in the AlOOH
of calcined gibbsite obtained by decomposition in the removing
fluoride process. Therefore, F– may be transformed into AlF2+,
AlF3, AlF4

–, AlF5
2–, etc. and finally achieves the purpose of

fluorine removal.

Conclusion

In this work, the fluorine removal efficiency rate of gibbsite
after calcination is greatly improved. The fluorine removal
rate of gibbsite calcined at 573 K for 0.75 h can reach 93.85%
and the concentration of fluoride ion in the solution is reduced
from 30 mg/L to 1.84 mg/L. Compared with before and after
calcination of gibbsite, the change of fluoride adsorption capa-
city is basically consistent with that of specific surface area.
Therefore, the significant improvement of fluoride removal
efficiency of calcined gibbsite may be attributed to the increase
of specific surface area after calcination. The fluorine elimi-
nation process of calcined gibbsite was clearly explained by
the pseudo-second-order kinetic and the Langmuir adsorption
isotherm models.
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TABLE-4 
PARAMETERS OF LANGMUIR ADSORPTION ISOTHERM MODEL AND FREUNDLICH ADSORPTION ISOTHERM MODEL 

Langmuir Freundlich 
Temp. (K) 

qm b R2 Kf n R2 
298 8.5837 0.3216 0.99928 1.9737 1.4249 0.99451 
308 7.2711 0.3202 0.99857 1.6758 1.5157 0.99404 
318 7.9246 0.2308 0.99823 1.4496 1.4465 0.99411 
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