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a b s t r a c t

A novel adsorbent (Fe/γ-Al2O3) was successfully synthesized by ferrous sulfate impregnating γ-Al2O3 
under ultrasonic condition to remove fluoride from aqueous solutions. The adsorbent was character-
ized by the X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy 
and Brunauer–Emmett–Teller. The fluoride adsorption behavior of Fe/γ-Al2O3 was studied with the 
help of different process parameters vs. contact time, initial fluoride concentration, initial pH and 
other co-ions effect. Maximum magnitude of fluoride was adsorbed from aqueous solution at initial 
pH 5.5. Coexistence of SO4

2–, NO3
– and Cl– did not affect fluoride adsorption, and high concentra-

tions of HCO3
– or PO4

3– only led to partial inhibition of fluoride adsorption. Adsorption kinetic study 
revealed that the adsorption process followed pseudo-second-order model. Adsorption data were 
fitted to Langmuir isotherm model, and the adsorption capacity was found to be 1.65 mg g–1. A 
high desorption efficiency of 96.7% was achieved by treating fluoride loaded Fe/γ-Al2O3 with 0.50 
M NaOH solution. In addition, the adsorption mechanism analysis revealed that the pH variation 
during the adsorption of fluoride was mainly resulted from that the hydroxyl groups on the surface 
of the Fe/γ-Al2O3 with amphoteric behavior in solution reacted with fluoride anions.

Keywords: �Supported Fe/γ-Al2O3 adsorbent; Ultrasonic wave; Fluoride; Adsorption isotherms; 
Adsorption kinetics

1. Introduction

Fluoride is a persistent and non-degradable toxin that
accumulates in soil, plants, water, wildlife and humans 
[1]. Elevated fluoride concentrations in the groundwater 
were found in various parts of the world [2]. Groundwa-
ter is a major source of human intake of fluoride. Besides 
the natural geological sources (e.g., geochemical reactions 
and volcanic emissions), industries discharges (e.g., semi-
conductor, electroplating, steel and fertilizer industries) 
are also major sources of fluoride pollution in groundwa-
ter [3,4]. 

Excess fluoride in drinking water causes harmful effects 
such as dental and skeletal fluorosis, and it can also inhibit 
the regenerative functions of animals and the growth 
of plants [5,6]. The World Health Organization has set a 
guidance value of 1.5 mg L–1 for fluoride in drinking water, 
and the corresponding Chinese drinking water standard 
is 1.0 mg L–1. The Chinese wastewater first-level effluent 
standard for fluoride has been specified as 10 mg L–1 [7–9]. 
For these reasons, the removal of the excess fluoride from 
waters and wastewaters is important in terms of protecting 
public health and environment.

Many methods have been developed for fluoride removal 
from water, such as precipitation, membrane processes, ion 
exchange and adsorption processes [10,11]. Adsorption is 
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one of the most useful and economical techniques for the 
removal of pollutant with low concentrations [3,12]. Among 
all of the defluoridation adsorbents, activated alumina 
is the most commonly used one due to its large specific 
surface area, abundance of surface functional groups, wide 
pore size distribution and good mechanical robustness [13]. 
Nevertheless, when activated alumina is applied for fluo-
ride removal, its low adsorption capacity necessitates the 
use of large quantities and frequent regeneration, which 
causes high operating cost [14,15]. 

In recent years, considerable attention has been devoted 
to the development of effective fluoride removal materials. 
In this context, alumina has been modified by using vari-
ous materials to improve the fluoride removal efficiency [3]. 
Iron ion is classified into a hard acid ion which has strong 
affinity toward fluoride ion and is often used to remove flu-
oride. Therefore, the composite of iron and aluminum with 
more active site show considerable enhancement of fluoride 
adsorption capacities [1]. However, to the best of our knowl-
edge, these composite of iron and aluminum were mainly 
prepared by common dipping method, co-precipitation 
method and sol-gel method. Studies of the behavior of sup-
ported γ-Al2O3 adsorbents obtained by sonication-assisted 
synthesis in the presence of fluoride ion are limited. With 
sonication-assisted precipitation, both dispersion and size 
of the particles can be tailored. It has been confirmed in the 
synthesis of materials [16,17]. Therefore, the iron supported 
γ-Al2O3 adsorbent obtained by sonication-assisted synthesis 
seems to be an alternative for efficient fluoride removal due 
to its better dispersion of iron particles. 

In the present study, we have successfully developed a 
new adsorbent by impregnation of γ-Al2O3 with iron salts 
at sonication-assisted condition to remove fluoride from 
aqueous solution. Batch studies were conducted using 
these novel adsorbents with optimization of various exper-
imental conditions, including contact time, adsorbent dose, 
initial pH and co-existing ions in solutions. The nature and 
morphology of the adsorbents were therefore discussed 
on the basis of X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), transmission electron microscopy 
(TEM) and Brunauer–Emmett–Teller (BET) studies. The 
Langmuir and Freundlich isotherm models were used to 
explain the mechanism of fluoride removal by this novel 
adsorbent. Various kinetic models were also included to 
describe the adsorption process.

2. Materials and methods

2.1. Materials and preparation of adsorbent

The plain γ-Al2O3 (particle size was less than 3 mm) was 
obtained from Ruilong Wastewater Treatment Materials 
Company (China), and FeSO4·7H2O (reagent grade) was pro-
vided by Shanghai Chemical Reagents Company (China).  
10 g of plain γ-Al2O3 particles were dispersed in a ferrous sul-
fate solution (250 mL, 72 mmol L–1) under ultrasonication with 
the ultrasonic wave power of 250 W for 15 min. The resulting 
solid particles were separated from the solution with a filter 
method and washed with distilled water for several times 
until no iron ion was tested and vacuum-dried at 105°C for 24 
h. The samples were then naturally cooled to room tempera-
ture, and the resulting products were denoted as Fe/γ-Al2O3. 

The plain γ-Al2O3 and Fe/γ-Al2O3 were characterized by XRD 
(model XD-2, Beijing, China), TEM (JEOL2010, Japan) and XPS 
(KRATOS XSAM-800, Japan) analyses. The surface area of the 
new the plain γ-Al2O3 and Fe/γ-Al2O3 were measured by BET 
surface area analyzer (Micromeritics TriStar Surface Area and 
Porosity Analyzer, nitrogen absorption apparatus, America).

2.2. Adsorption experiments

Stock solution of 100 mg L–1 fluoride concentration was 
prepared by dissolving 0.221 g NaF in 1 L distilled water. 
Experimental solutions of the desired concentrations were 
obtained by successive dilution of the stock solution. 

The effect of initial pH on fluoride adsorption was inves-
tigated by adjusting the initial solution pH from 1 to 11 using 
0.1 mol L–1 HCl and 0.1 mol L–1 NaOH with an initial fluoride 
concentration of 30 mg L–1 and with 50 g L–1 of adsorbent. 
The experiments were carried out in polypropylene flasks 
containing 100 mL of fluoride solution and 5 g of adsorbent, 
and then, the mixed suspensions were shaken at 150 rpm in 
a shaker at ambient temperature (25±1°C) for 24 h; after the 
above steps, the adsorbent was separated from the solution 
by centrifugation, and the residual fluoride concentration 
in solution was measured by the fluoride ion selective elec-
trode (Rex Electric Chemical, pF-1)

The effects of co-existing anions (PO4
3–, SO4

2–, HCO3
–, 

NO3
– and Cl–) on fluoride removal were performed with an 

adsorbent dose of 50 g L–1 and an initial fluoride concentra-
tion of 30 mg L–1. The co-existing anions were set at fixed 
concentration of 100 mg L–1, respectively. Other procedures 
were as same as the steps of study for pH effect.

The adsorption isotherm experiments were carried out 
at pH of 6.0. The initial fluoride concentration was varied 
from 10 to 200 mg L–1. In each test, 5 g adsorbent was added 
into 100 mL fluoride solutions with different initial con-
centrations. The solution pH was controlled as constant by 
adjusting a certain amount of HCl and/or NaOH during 
the adsorption process. Other procedures were as the same 
as the steps of study for pH effect. 

In the kinetics study, the volume of the solution was 
300 mL, and the initial fluoride concentrations were 30 mg L–1. 
The adsorbent dose was 15 g, and the solution pH value 
was controlled at 6.0. During the experiment, the water 
samples were taken at different time intervals for the deter-
mination of fluoride concentrations. Other procedures were 
as the same as the steps of study for pH effect.

In the regeneration study, the spent adsorbent was first 
separated through centrifuge and washed by deionized 
water for several times. 26.5 mg of fluoride bearing sample 
was taken into polypropylene bottles with 30 mL of NaOH 
solution. Different concentrations NaOH solution were cho-
sen as an elution solution, and desorption time was 6 h. The 
adsorption study was as the same as the above. 

The amount of fluoride adsorbed per unit weight of 
adsorbent at time t, qt (mg g–1) and fluoride removal effi-
ciency, R, were calculated as follows:

q
C C V

Mt
t=

( )0 − × � (1)

R
C C

C
t=

− ×( )0

0

100
� (2)
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where C0 is initial concentrations of fluoride, Ct is concen-
tration of fluoride at any time, M is the mass of adsorbent 
(g) and V is the volume of the solution (L).

3. Results and discussion

3.1. Characterization of materials

The adsorbent was characterized to study its surface area 
and pore volume. It was found that the main pore volumes 
of Fe/γ-Al2O3 and plain γ-Al2O3 were 0.341 and 0.356 cm3 g–1, 
respectively, while their BET surface areas were found to be 
about 304.3 and 320.0 m2 g–1, respectively. The lower specific 
surface area of Fe/γ-Al2O3 may be due to the severe aggrega-
tion of iron oxide layers. 

The surface morphology of γ-Al2O3 and Fe/γ-Al2O3 was 
characterized by TEM. As shown in Fig. 1(a), γ-Al2O3 has 
a regular form. The Fe/γ-Al2O3 sample was opaque, and 
some amorphous particles scattered on the surface of Fe/γ-
Al2O3 (Fig. 1(b)) was probably due to the presence of iron 
compounds on the γ-Al2O3. 

The XRD patterns of Fe/γ-Al2O3 and plain γ-Al2O3 in 
Fig. 2 confirmed the amorphous nature of the Fe/γ-Al2O3 
material. The pattern of pure γ-Al2O3 with many sharp 
peaks was due to the framework ordering. The framework 
peaks of γ-Al2O3 in the XRD pattern of Fe/γ-Al2O3 were 
diminished due to the coverage by iron compounds on 
its surface. No additional peaks corresponding to ferrous 
oxide were observed indicating the amorphous nature of 
the Fe/γ-Al2O3 samples.

A high-resolution XPS spectrum of Fe/γ-Al2O3 and its 
iron XPS spectrum are shown in Fig. 3. According to the ratio 
of the element peak area to the total peak area, the mass per-
cent of Fe, Al and O were estimated to be 0.54%, 29.96% and 
69.56%, respectively. Peaks at 710.02 and 720.74 eV in the 
iron XPS indicated the presence of Fe2O3 [18,19], while 
the peak at 712.03 eV probably implied the presence of 
FeOOH [20].

3.2. Effect of initial pH

The initial pH of solution is an important parameter 
that can significantly affect fluoride adsorption. Fluoride 
adsorption behavior of Fe/γ-Al2O3 under different ini-
tial pH was investigated to understand the mechanism of 
fluoride removal and determine the optimal pH for fluo-
ride removal. The fluoride removal efficiency is shown in 
Fig. 4, with the pHzpc analysis of Fe/γ-Al2O3 particles. As 
can be seen from Fig. 4, when the initial solution pH (pHi) 
increased from 1.5 to 5.5; the fluoride removal efficiency 
increased from 40.82% to 80.66%. A reduction in fluoride 
removal efficiency from 77.62% to 51.97% was observed 
with the increase of initial pH from 8.5 to 10.5. The maxi-
mum fluoride removal efficiency was observed at the initial 
pH of 5.5. However, it was interesting to find that fluoride 
removal efficiency remained almost constant in the initial 

(a)

 

(b)

	 (a) TEM image of γ-Al2O3	 (b) TEM image of Fe/γ-Al2O3

Fig. 1. TEM images of γ-Al2O3 and Fe/γ-Al2O3.

Fig. 2. XRD patterns of γ-Al2O3 and Fe/γ-Al2O3.
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pH range of 4.5–8.5, which is consistent with the pH of nat-
ural water environments and beneficial to the application 
of Fe/γ-Al2O3.

Fig. 4 demonstrated the variation of equilibrium pH 
(pHf) from the pHi during adsorption process. Horizontal 
portion at pHf ranged 7.95–8.05 should be the pHzpc of pre-
pared adsorbent [3]. Therefore, the surface characteristic of 
the Fe/γ-Al2O3 was (i) positive at pHf < 7.95, (ii) neutral at 
pHf = 7.95–8.05 and (iii) negative at pHf > 8.05.

It is clear that the Fe/γ-Al2O3 exhibited good perfor-
mance on fluoride removal at pH 4.5–8.0. This can be due 
to the fact that at pHi < pHzpc, the sorbent surface acquires 
positive charge which in turn attracts more negatively 
charged fluoride ion by means of electrostatic interaction. 
The minimum fluoride removal efficiency at pH < 4.5 can 
be attributed to the formation of HF and the Al dissolution 
in the acidic condition due to the complexation of Al and 
F, which reduced the columbic attraction between fluoride 
and the adsorbent surface [21,22]. The decrease in fluoride 
removal efficiency at pH > 8.5 was probably caused by 

the strong competition of hydroxide ions to the active sites 
of Fe/γ-Al2O3 and also the strong electrostatic repulsion of 
anionic fluoride by the negatively charged Fe/γ-Al2O3 sur-
face. The competition between hydroxyl ions and fluoride 
for surface sites was also reported with other adsorbent 
[23–25], such as Fe–Mg–La triple-metal composite [26], 
Fe/Al mixed hydroxides [1] and Al-doping chitosan–Fe(III) 
hydrogel [27]. It was also observed from Fig. 4(b) that the 
pH of the equilibrated solution slightly increased in the 
acidic pH range while it slightly decreased when the initial 
solution was alkaline. The reason for this was discussed in 
the following section.

The above results indicate that the reason for the fluo-
ride removal remaining almost constant in the pH range of 
4.5–8.5 can be: (i) Fe/γ-Al2O3 had high pHzpc of 7.95–8.05, 
and the protonation at pH below pHzpc created positively 
charged surfaces that benefited the removal of fluoride;  
(ii) in Fe/γ-Al2O3, the stability of Al species in acidic and 
alkaline solutions was increased. It is well known that 
γ-Al2O3 can be dissolved to form soluble Al species in either 
low or high pH conditions. The formation of these soluble 
Al species decreased the amount of available active sites 
for fluoride adsorption. Hence, the γ-Al2O3 supported by 
iron changed the Al species distribution on adsorbent and 
increased the stability of Al species in the range of 4.5–8.5 
solutions, which reduced the effect of pH on its removal 
behaviors toward fluoride. Meanwhile, further research 
will be carried out to confirm this deduction.

3.3. Effect of co-existing anions

The fluoride-contaminated water may contain several 
other anions, viz., PO4

3–, SO4
2–, HCO3

–, NO3
– and Cl–. It was 

possible that these anions would compete with fluoride 
ions during the adsorption process. Therefore, the effects 
of these co-existing anions on fluoride adsorption by the 
Fe/γ-Al2O3 adsorbent were examined, and the results 
were given in Fig. 5. It showed that the presence of SO4

2–, 
NO3

– and Cl– had no significant impact on fluoride adsorp-

Fig. 3. XPS survey of Fe/γ-Al2O3 and the spectrum of Fe2p (inset). 

Fig. 4. Effect of initial pH (pHi) variation on fluoride removal 
and the variation of final pH (pHf) against initial pH (pHi).  (ad-
sorbent dose 50 g L–1, initial fluoride concentration 30 mg L–1, 
equilibrium contact time 24 h and room temperature (25 ± 1°C).

Fig. 5. Effect of co-existing anions on fluoride removal (adsor-
bent dose 50 g L–1, initial fluoride concentration 30 mg L–1, equi-
librium contact time 24 h and temperature 25 ± 1°C).



Y. Liu et al. / Desalination and Water Treatment 100 (2017) 67–74 71

tion. On the other hand, HCO3
– and PO4

3– showed some 
adverse effect. The presence of HCO3

– decreased fluoride 
removal efficiency was probably due to the increase of 
pH after the addition of HCO3

–. PO4
3– had the most nega-

tive effect on the fluoride removal efficiency, which indi-
cated that both the F– and PO4

3– competed for the same 
active sorption sites of sorbents and Fe(III) or Al(III) on 
the adsorbent with higher affinity capacity for P. Similar 
result has been reported for fluoride removal studies by 
iron-based materials [3,28,29].

3.4. Adsorption isotherm

The experimental data was obtained at different initial 
fluoride concentrations and at room temperature. Fig. 6 
shows the plots of equilibrium concentration (Ce) vs. fluo-
ride adsorbed per unit mass of adsorbent (qe).

An adsorption isotherm can be used to acquire the inter-
actional information between adsorbent and adsorbate. The 
Langmuir and Freundlich isotherm models [30,1] are often 
used to describe equilibrium adsorption isotherms. 

The equilibrium data acquired from isothermal adsorp-
tion experiments were analyzed by Langmuir isotherm 
model and Freundlich isotherm model. The parameters 
obtained from the analysis of equilibrium data according 
to Langmuir and Freundlich isotherm models were listed 
in Table 1. The correlation coefficient (R 2) values of Lang-
muir isotherm model was higher than those of Freundlich 
isotherm model, which implied that the isotherm data of 
the fluoride adsorption on Fe/γ-Al2O3 were well fitted to the 
Langmuir isotherm model. It indicated that a monolayer 
adsorption was formed on the surface of Fe/γ-Al2O3 adsor-
bent. In the case of fluoride adsorption on plain γ-Al2O3, the 
Freundlich isotherm model gave a higher correlation (R 2 > 
0.9975) than the Langmuir isotherm model (R 2 > 0.9390). 
This indicated that multilayer adsorption was involved 
in the process of fluoride removal by plain γ-Al2O3 with 
heterogeneous surfaces [31].

The Freundlich isotherm model can be adopted to 
roughly evaluate the adsorption capacity and affinity of an 
adsorbent toward fluoride. High values of k indicate that 

an adsorbent has a high adsorption capacity and affinity 
for fluoride ions. Compared with plain γ-Al2O3, the higher 
value of k was observed for Fe/γ-Al2O3 indicating that the 
former one exhibited higher adsorption capacity for flu-
oride. The Q0 values calculated from the Langmuir iso-
therm model of plain γ-Al2O3 and Fe/γ-Al2O3 were 1.15 and 
1.65 mg g–1, respectively. This suggested that when plain 
γ-Al2O3 was modified with iron, the adsorption capacity 
for fluoride was improved to a remarkable extent. This 
can be attributed to the presence of amorphous Fe2O3 and 
FeOOH on the Fe/γ-Al2O3 surface that increased the affin-
ity between the Fe/γ-Al2O3 surface and fluoride. This was 
also proved by the results of XRD and XPS analysis. 

3.5. Adsorption kinetics 

In this study, the fluoride adsorption kinetic was con-
ducted to investigate the adsorption rate. The timing of 
fluoride adsorption on adsorbent is shown in Fig. 7. It can 
be seen that fluoride adsorption exhibited an initial rapid 
uptake within the first 8 h (nearly 80% removal of fluoride); 
with a further increase in contact time, only a marginal 
increase of adsorption was observed. After the subsequent 
8 h, the fluoride concentration remained constant.

In order to determine the kinetics of fluoride adsorp-
tion on the Fe/γ-Al2O3 and γ-Al2O3 particles, two kinetic 
models, namely the pseudo-first-order model and the 
pseudo-second-order model [32,33], were applied to 
fit the experimental data and explain the solid/liquid 
adsorption.

The kinetic parameters were obtained from a straight-
line fitting of a plot of log (qe–qt) against t or a plot of 
t/qt against t (Table 2). It was found that for Fe/γ-Al2O3, 
the pseudo-second-order model produced a higher cor-
relation coefficient (R 2 > 0.998) than the pseudo-first-order 
model, which implied that the adsorption of fluoride onto 
Fe/γ-Al2O3 obeyed the pseudo-second-order model for the 
whole adsorption period, and that the adsorption was a 
chemically controlled process. It can also be seen that the 
rate of adsorption for Fe/γ-Al2O3 was much faster than that 
of the plain γ-Al2O3. 

In adsorption studies, it is necessary to determine the 
rate-limiting step. Therefore, the results obtained from the 
experiments were used to study the rate-limiting step in 
the  adsorption process. The amount of fluoride adsorbed 
per unit mass of adsorbent, qt at time t, was plotted as a 
function of square root of time (Fig. 8). 

Due to stirring, there is a possibility of transport of flu-
oride species from the bulk into pores as well as adsorption 
at the outer surface of adsorbent. It is evident from Fig. 8 

Fig. 6. Adsorption isotherms of γ-Al2O3 and Fe/γ-Al2O3 for dif-
ferent initial fluoride concentrations (adsorbent dose 50 g L–1, 
pH 6, contact time 24 h and temperature 25 ± 1°C).

Table 1
Parameters of the Freundlich and Langmuir adsorption 
isotherm models for fluoride adsorbed by γ-Al2O3 samples

Adsorbent Freundlich Langmuir

kF n R 2 Q0  (mg 
g–1)

b R 2

γ-Al2O3 0.0744 1.687 0.9975 1.15 0.0359 0.9390
Fe/γ-Al2O3 0.2163 2.268 0.9596 1.65 0.0863 0.9948
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that the plot has the features of an initial curved portion and 
a linear portion. The initial curved portion was attributed 
to boundary layer diffusion while the linear portion corre-
sponds to intra-particle diffusion [31]. The linear portions 
of the curves did not pass through the origin in Fig. 8. This 
indicated that the process of fluoride removal by Fe/γ-Al2O3 
was complex; both surface adsorption and intra-particle 
diffusion contributed to the rate-determining step. 

3.6. Adsorbent regeneration

The regeneration of exhausted adsorbent is a crucial 
factor in any sorption process for improving the process 
economics. In the present study, NaOH solution was used 
to regenerate the spent adsorbents since its effectiveness 
has been confirmed by many previous studies [2,11,34]. It 
was found that the percentages of released fluoride from 
the exhausted adsorbents were 52.5, 75.8, 81.0, 87.0 and 
96.7, when the NaOH solution concentrations of 0.01, 0.05, 
0.10, 0.25 and 0.50 M were used to wash the exhausted adsor-
bents, respectively. The NaOH concentration of 0.50 M was 
chosen as the optimum desorption reagent for adsorbent 
regeneration, which can make the 96.7% fluoride release to 
the solution. The adsorption study was then carried out by 
using 50 g L–1 fluoride-desorbed adsorbents with the ini-
tial fluoride concentration of 30 mg L–1. The results showed 
a sharp decrease in fluoride adsorption efficiency after 
the regeneration, which may be attributed to the covering 
of hydroxyl ion on the adsorbent surface during vigorous 
washing of the adsorbent. Hence, a new recycle protocol 
was developed to recoat the exhausted adsorbent before 
reuse. For this, after desorption process using 0.50 M NaOH, 
the fluoride-desorbed adsorbent was removed from the 
solution and then washed with weak HCl solutions until 
the pH value of effluent was neutral. The mixture were 
dried at 105°C and used for the next adsorption cycle. After 
the adsorption experiment, it was found that the fluoride 
adsorption efficiency of regeneration adsorbent was not 
reduced.

3.7. Proposed mechanism

XRD analysis and XPS analysis have already con-
firmed that much of amorphous iron oxides were existed 
on the surface of Fe/γ-Al2O3. Surface hydroxyl groups were 
existed on the surface of amorphous iron oxide [1,27,35] 
and γ-Al2O3 [36]. Therefore, it is speculated that surface 
hydroxyl groups may be existed on the surface Fe/γ-Al2O3 
which was composed of hydrated iron oxide and γ-Al2O3. 
The hydrated surface of Fe/γ-Al2O3 exhibits an amphoteric 
behavior in water, which can adsorb or evolve protons. The 
pH variation during the adsorption of fluoride performed 
in the effect of solution pH study suggests that surface 
hydroxyl groups can react with fluoride ion. Combined 
experimental results and literature, a multiple mechanism 
for the adsorption of fluoride by Fe/γ-Al2O3 was proposed.

The reactions of ionization of the surface hydroxyl 
groups depend on the solution pH. When the solution is 
acidic or close to the neutralization, the surface sites of 
Fe/γ-Al2O3 adsorb protons and then show positive charge. 
The fluoride ions interchange with the surface protonated 
hydroxyls by the following reactions with the formation of 
ion pairs with the Bronsted acid site of Fe/γ-Al2O3; other-
wise, the reaction proceeds with the formation of a complex 
on the Lewis acid site by ligand exchange.

≡MOH + H+ = ≡MOH2
+ (pH < pHZPC)� (3)

≡MOH2
+ + F– = ≡MOH2F

 � (4)

≡MOH2
+ + F– = ≡MF + H2O� (5)

Table 2
Kinetic parameters obtained from straight-line fitting of data 
for the adsorbents

Adsorbent Pseudo-first-order 
equation

Pseudo-second-order 
equation

k1 (1 h–1) R 2 k2 (g mg–1·h–1) R 2

γ-Al2O3 0.2975 0.9817 0.7927 0.9637
Fe/γ-Al2O3 0.2529 0.9395 1.5284 0.9988

Fig. 7. Effect of contact time the amount of fluoride adsorbed  
(adsorbent dose 50 g L–1, initial fluoride concentration 30 mg L–1, 
temperature 25 ± 1°C and pH 6).

Fig. 8. Plots of amount of fluoride adsorbed vs. t0.5 for intra-
particle diffusion of fluoride.
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where M represents metal ion (Fe or Al); ≡MOH represents 
a surface hydroxyl group and ≡MF a surface site occupied 
by a fluoride ion.

At pH higher than the pHPZC, the fluoride adsorption 
on the negative surface of the sample can also be explained 
by the formation of hydrogen bonds [36] through the inter-
action with uncharged ≡MOH groups that exist in equi-
librium with negative ≡MO– groups, as can be seen from 
Eqs. (6) and (7). At pH above 11, the electrostatic repulsion 
between the negatively charged surface and fluoride ions 
exceeds the interaction caused by the formation of hydro-
gen bonds, which make the adsorption become signifi-
cantly retarded. The competition between hydroxyl ions 
and fluoride for the formation of hydrogen bonds on the 
surface sites may be another reason for the decrease in the 
adsorption capacity of fluoride. 

 ≡MOH = ≡MO– + H+ (pH > pHZPC)� (6)

≡MOH + F– = ≡MOH···F– � (7)

The amphoteric behavior of surface hydroxyl groups 
of Fe/γ-Al2O3 can also explain the phenomenon of the pH 
variation during the adsorption of fluoride. At pH < pHPZC, 
the protons were adsorbed from solution to the surface of 
Fe/γ-Al2O3 because of the protonation reactions, which 
increased the pH of solution. At basic pH, the decrease 
in pH of the solution after adsorption was due to surface 
hydroxyl groups undergoing deprotonation reaction and 
releasing proton in the aqueous solution.

Compared with γ-Al2O3 adsorbent, Fe/γ-Al2O3 with 
higher adsorption capacity and faster adsorption rate 
can be due to more hydroxyl groups and metal centers 
with strong affinity toward fluoride ion on the surface of 
Fe/γ-Al2O3.

4. Conclusions

A novel Fe/γ-Al2O3-based adsorbent was prepared by 
a simple Fe(II) impregnation and ultrasonic wave-assisted 
oxidation method. The BET, TEM, XRD and XPS analysis 
and the batch adsorption experiment were carried out. The 
obtained results indicated that the amorphous Fe2O3 and 
FeOOH on the surface of the Fe/γ-Al2O3 adsorbent reduced 
the specific surface area of the adsorbent, but it played an 
important role in the fluoride adsorption. The prepared 
absorbent also showed good defluoridation performance. 
The adsorption capacity calculated from the Langmuir 
isotherm was 1.65 mg g–1, which was much higher than 
that of the plain γ-Al2O3. For Fe/γ-Al2O3, kinetic data were 
well fitted to a pseudo-second-order kinetic model and the 
fluoride adsorption rate of Fe/γ-Al2O3 which was much 
faster compared with that of the plain γ-Al2O3. The opti-
mum fluoride removal was observed at pH in the range of 
4.5–8.5. The presence of bicarbonate and phosphate ions 
performed extremely negative influence on the fluoride 
removal while the effect of nitrate ion, chloride and sul-
fate ions can be negligible. The ultrasonic wave-assisted 
oxidation method used in this study was proved to be an 
effective mean to obtain Fe/γ-Al2O3 adsorbent with high 
fluoride removal capacity.
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