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A B S T R A C T

This study evaluated the effectiveness of amorphous iron and aluminum mixed hydroxides in removing

fluoride from aqueous solutions. A series of mixed Fe/Al samples were prepared at room temperature by

co-precipitating Fe and Al mixed salt solutions at pH 7.5. The compositions (Fe:Al molar ratio) of the

oxides were varied as 1:0, 3:1, 2:1, 1:1 and 0:1 and the samples were characterized by XRD, BET surface

area and pHZPC. The XRD studies indicated the amorphous nature of the samples and Al(III) incorporation

on Fe(III) hydroxides. Batch adsorption studies for fluoride removal on these materials showed that the

adsorption capacities of the materials were highly influenced by solution pH, temperature and initial

fluoride concentration. The rate of adsorption was fast and equilibrium was attained within 2 h. The

adsorption followed first-order kinetics with intraparticle diffusion as the rate determining step for all

the samples. The experimental data fitted well to both Langmuir and Freundlich adsorption isotherms.

All samples exhibited very high Langmuir adsorption capacities; the sample with molar ratio 1 has

shown maximum adsorption capacity of 91.7 mg/g. The thermodynamic parameters were determined to

study the feasibility of the adsorption process.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Fluoride is a persistent and non-degradable poison that
accumulates in soil, plants, wild life and in humans. Fluoride
can be enriched in natural waters by geological processes; there
can also be formidable contributions from industries. High-
fluoride containing wastewaters are generated by thermal power
plants, rubber, fertilizer and semiconductor manufacturing, glass
and ceramic production and electroplating industries. Severe
chronic and cumulative over exposure can cause the incurable
crippling of skeletal fluorosis. The problem is more acute in rural
and small urban communities particularly in the third world
countries [1,2]. The dental and skeletal fluorosis is irreversible and
no treatment exists. The only remedy is prevention by keeping
fluoride intake within the safe limits. The WHO has set a optimum
fluoride level of 1.5 mg L�1 in drinking water for good health [3].

Various technologies such as adsorption, ion exchange,
precipitation, electro-dialysis and reverse osmosis have been
employed for fluoride removal from water [4–7]. Several conven-
tional and non-conventional adsorbents were studied for their
fluoride adsorption capacities [8–11]. Among these adsorbents,
activated alumina is the most widely used because of its
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availability and inexpensiveness. However, it requires frequent
regeneration because of its low adsorption capacity at neutral pH,
which results in increased difficulty for operation and it also leads
to increased dissolved aluminum in treated water [12].

In the recent years considerable attention has been devoted to
develop cost effective novel adsorbent with high adsorption
capacities. Iron and aluminum oxides are of great importance in
industrial and technological applications due to their unique
adsorptive properties for anions and cations and their occurrence
as weathering products. These oxides are ubiquitous constituents
of soils occurring both as discrete particles and as coatings on the
surfaces of other soil constituents [13]. Amorphous iron and
aluminum oxides demonstrate high specific surface areas and
couples with the reactive nature of their surface functional groups,
these components exhibit high capacity to retain heavy metal
contaminants [14,15]. The charge on these hydroxyl surface
functional groups is controlled by pH, at low pH, protonation will
encourage the formation of positively charged BBM–OH+ groups
while at high pH deprotonation will promote negative BBM–O�

groups. Although considerable work has been carried out on pure
systems of aluminum and iron oxides for water treatment, very
limited work has been reported on mixed oxyhydroxides of iron
and aluminum for water treatment. The influence of the iron/
aluminum molar ratio on heavy metal retention capacities,
arsenate and arsenite removal capacities have been reported
[16,17]. The iron based adsorbents prepared by sol–gel method
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Table 1
pHZPC and specific surface area values of the samples.

Adsorbent Molar

Fe/Al ratio

Zero point

of charge (pHZPC)

Specific surface

area (m2 g�1)

Fe:0 n.a. 4.8 231.6

3 Fe:Al 3 4.8 234.8

2 Fe:Al 2 5.1 245.6

Fe:Al 1 5.4 268.0

0:Al n.a. 6.1 108.0

Fig. 2. Effect of contact time on fluoride removal studies (adsorbent dose 0.5 g L�1,

initial fluoride concentration 20 mg L�1, temperature 30 8C and pH 4 for samples

(^) Fe, (&) 3 Fe:Al, (~) 2 Fe:Al, (�) Fe:Al and (&) Al).

M.G. Sujana et al. / Journal of Fluorine Chemistry 130 (2009) 749–754750
have shown considerable enhancement of the adsorption capa-
cities for fluoride [18,19]. The studies on crystalline mixed oxides
of Fe/Al and Fe/Zr prepared at 65 and 80 8C on fluoride removal
capacities were discussed and adsorption capacities of 17 and
8.2 mg g�1 respectively were reported [20–22]. So far, we have not
come across the literature on amorphous iron and aluminum
hydroxides with different molar ratios for fluoride removal. In the
present study, an attempt was made to develop high surface area
novel adsorbents based on Fe and Al content. The samples were
prepared at room temperature by simple co-precipitation method
and used for fluoride removal from aqueous solutions. This study
provides an insight into the effect of varying molar ratio of Fe/Al on
the physico-chemical properties and fluoride retention capacities.

2. Results and discussion

2.1. Characterization of materials

The XRD pattern of Fe:Al hydroxides is given in Fig. 1, the
amorphous nature of the materials was conformed by X-ray
diffraction patterns. Two broad peaks with d-values in the range of
2.54–2.57 and 1.47–1.48 corresponding to two line ferrihydrate
(JCPDS No. 77.0247) were observed in all the samples except for
pure aluminum hydroxide. The 3:1, 2:1and 1:1 samples have
almost identical XRD patterns to that of pure ferrihydrate (1:0). No
additional peaks corresponding to aluminum hydroxide were
observed due to the amorphous nature of the Fe/Al samples. The
pure Al sample showed four major XRD peaks for gibbsite phase
with corresponding d-values of 4.82, 3.73, 2.99, 2.61, 2.34, 2.17,
2.04 and 1.93 Å (JCPDS No. 76-1782). The pHPZC along with BET
surface area values of all the samples are given in Table 1. All the
samples have shown high specific surface area values, surface area
increased with the decrease of molar ratio. The sample with molar
ratio 1 has shown markedly high specific surface area of
268 m2 g�1. Similar observations were reported by other research-
ers for co-precipitated Fe/Al oxides with molar ratio = 1, and were
Fig. 1. XRD patterns of synthetic pure and mixed Fe/Al hydroxides (a) Fe, (b) 3 Fe:Al,

(c) 2 Fe:Al, (d) Fe:Al and (e) Al.
interpreted due to Al3+ species interference with the formation of
large iron oxide particles and there by increasing the total surface
area [15].

2.2. Effect of contact time

Fig. 2 shows the effect of contact time on fluoride sorption
capacity by different synthetic samples. It reveals that with a fixed
amount of adsorbent, the fluoride concentration in the solution
decreased with contact time and for all the samples the
equilibrium condition was around 2 h.

2.3. Sorption kinetics

The sorption rate constants of fluoride sorption on all five
samples were determined to understand the adsorption phenom-
ena in terms of the adherence of fluoride on the active sites of the
adsorbent as well as its intraparticle diffusion within the pores of
the adsorbent [26]. The time-dependent adsorption data have been
analyzed by the following widely used kinetic equations.

A simple kinetics of sorption may be described by the pseudo-
first-order equation which is in the form of [27]

dqt

dt
¼ k1ðqe � qtÞ (1)

Integrating Eq. (1) and applying the boundary conditions qt = 0
at t = 0 and qt = qt at t = t, gives

logðqe � qÞ ¼ log qe �
k1

2:303

� �
t (2)

where, qe and qt are the amount of fluoride adsorbed at equilibrium
and any time t (mg/g) respectively, and k1 is the rate constant of
pseudo-first-order sorption (time�1). The plot of log(qe � q) versus



Fig. 3. Lagergren plots for the removal of fluoride (data corresponding to Fig. 2).
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t (Fig. 3) at a fixed adsorbate, adsorbent dose, pH and temperature
results in a straight line, which indicates applicability of Lagergren
equation and first-order kinetics. The adsorption rate constant k1

values were calculated from the slope of the plots and found to be
2.99, 3.84, 2.94, 1.79 and 3.17 � 10�1 min�1for 1:0, 3:1, 2:1, 1:1
and 0:1 respectively.

Besides adsorption at the outer surface of the adsorbent, the
fluoride ions may also diffuse into the interior of the porous
adsorbent [28]. The intraparticle diffusion is the rate controlling
factor; uptake of the adsorbate varies with the square root of the
time. For the rate constant of intraparticle diffusion the equation
can be written as,

qt ¼ qi

ffiffi
t
p

(3)

where ki is the intraparticle diffusion rate constant (mg/(g min0.5))
and qt is the amount of fluoride adsorbed at any time t (mg/g). Fig. 4
shows the intraparticle diffusion plots for different samples, the
Fig. 4. Plots of amount of fluoride adsorbed versus square root of time for

intraparticle diffusion (data corresponding to Fig. 2).
linearized form of the plots representing the control of adsorption
by intraparticle diffusion. The ki values of different samples were
calculated from the slopes of the straight line portions of the
respective plots and were found to be 1.77, 1.81, 1.67, 1.76 and
1.97 mg/(g min0.5).

2.4. Effect of solution pH

Anions can be adsorbed on metal oxides through specific and/or
nonspecific adsorption. The specific adsorption, involves ligand
exchange reactions where the anions displace OH� and/or H2O
from the surface [29]. The nonspecific adsorption involves the
coulombic forces, and mainly depends on the pHpzc of the sorbent
[30]. The effect of solution pH on fluoride removal by different
synthetic materials was studied in the range of 2.5–10 and the
results are shown in Fig. 5. In all the cases, sorption passes through
maxima. Therefore, the pH-dependent interaction of fluoride on
hydrous metal oxides can be represented schematically as follows:

�MOHþHþ$ �MOHþ2 (4)

�MOHþ2 þ F�$ �MFþH2O (5)

which in combination gives

�MOHþHþ þ F�$ �MFþH2O (6)

This two step mechanism is favorable at acidic pH, at pH >6
fluoride ions are predominantly adsorbed by following mechanism

�MOHþ F�$ �MFþHO� (7)

where M represents metal ion (Fe or Al), MOH represents a surface
hydroxyl group and MF a surface site occupied by a fluoride ion.
Eqs. (4)–(6) represent the electrostatic interaction between
positively charged metal oxide surface and negatively charged
fluoride ions in the acidic pH range. The fluoride adsorption
capacity on metal oxide surface becomes pronounced in this pH
range. Eq. (7) represents the ligand exchange interactions
between the fluoride ion and hydroxyl groups that found to
occur at the neutral pH region. For the samples 1:0, 3:1 and 2:1
optimum pH range for fluoride removal was found to be around
Fig. 5. Effect of solution pH on fluoride removal by hydrous mixed and pure oxides

(adsorbent dose 0.5 g L�1, initial fluoride concentration 20 mg L�1, temperature

30 8C and contact time 2 h for samples (^) Fe, (&) 3 Fe:Al, (~) 2 Fe:Al, (�) Fe:Al and

(&) Al).



Fig. 7. Langmuir plots for adsorption of fluoride.
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4–5, whereas, for samples 1:1 and 0:1 wide optimum pH range for
fluoride removal was found (4–7.5), this may be due to both
specific and nonspecific adsorption on these surfaces. Further
decrease of adsorption in the alkaline pH may be due to the
competition of the hydroxyl ions with the fluoride for surface sites
or electrostatic repulsion of fluoride ion to the negatively charged
surface.

2.5. Isotherm study

The experimental data obtained for different initial fluoride
concentrations at constant temperature and pH was taken for
isotherm study. The two adsorption isotherms, namely the
Langmuir or Freundlich isotherms models were used to analyze
the adsorption data. The Langmuir and Freundlich isotherm
equations applied for the study are given below:

Ce

qe

¼ 1

Qob
þ Ce

Qo
(8)

log qe ¼ log KF þ
1

n
log Ce (9)

where Ce is equilibrium concentration (mg/L), qe is the amount
adsorbed at equilibrium (mg/g), Qo is adsorption capacity for
Langmuir isotherms and ‘b’ is an energy term which varies as a
function of surface coverage strictly due to variations in the heat of
adsorption. The constant, ‘n’ indicates the degree of favorability of
adsorption [31] and KF is the isotherm constant for Freundlich
model. Initial fluoride concentrations of fluoride from 10 to
100 mg L�1 were studied, Fig. 6 shows the adsorption isotherm
plots of equilibrium concentration versus fluoride adsorbed per
unit mass of adsorbent. The adsorption data of fluoride on all the
samples was fitted to both Langmuir and Freundlich isotherm
models as shown in Figs. 7 and 8. The calculated isotherm
parameters along with correlation coefficients are given in Table 2.
The magnitude of the Langmuir constant ‘b’ has small values
(0.033–0.061 L/mg), which indicates a low heat of adsorption. The
‘‘n’’ value increased with the increase of Al content in the samples,
which indicates the increase of bond strength between adsorbate
and adsorbent and it also indicates the adsorbent surface to be of
heterogeneous [32,33]. The Langmuir adsorption capacities of our
samples are much higher than the reported values for fluoride in
the literature (Table 3).
Fig. 8. Freundlich plots for fluoride adsorption.

Table 2
Calculated isotherm parameters for Langmuir and Freundlich models.

S. No. Langmuir isotherm Freundlich isotherm

R2 Qo (mg g�1) b R2 KF n

Fe 0.95 76.9 0.041 0.98 4.36 1.56

3 Fe:Al 0.95 78.1 0.041 0.98 6.76 2.04

2 Fe:Al 0.94 81.3 0.031 0.98 7.24 2.17

Fe:Al 0.99 91.7 0.061 0.99 12.59 2.27

Al 0.98 63.5 0.033 0.95 11.74 3.45

Fig. 6. Adsorption isotherms of hydrous mixed and pure oxides for different initial

fluoride concentrations (adsorbent dose 0.5 g L�1, pH 4, contact time 2 h and

temperature 30 8C for samples (^) Fe, (&) 3 Fe:Al, (~) 2 Fe:Al, (�) Fe:Al and (&) Al).
2.6. Effect of temperature

As adsorption process is associated with several thermody-
namic parameters, the temperature dependence was studied in the
range of 30–60 8C. The solution pH (4.1), concentrations of
adsorbate (20 mg L�1) and adsorbent (0.5 g L�1) were kept
constant and equilibrations were made for 2 h. For the samples
1:0, 3:1, 2:1 and 1:1 adsorption capacity increased with the



Table 3
Fluoride adsorption capacities of different sample.

S. No Adsorbent Langmuir adsorption

capacity (mg g�1)

Reference

1. Crystalline Fe/Al oxides 17.7 [21]

2. Aluminum type super

para-magnetic adsorbent

38 [9]

3. Magnetic chitosan particle 20–23 [10]

4. Hydrous ferric oxide 16.5 [35]

5. Fe:Al hydrous oxide 91.7 Present work

6. Fe(OH)3 76.98 Present work

Fig. 9. Effect of temperature on fluoride removal (initial fluoride concentration

20 mg L�1, adsorbent dose 0.5 g L�1, pH 4 and contact time 2 h for samples (^) Fe,

(&) 3 Fe:Al, (~) 2 Fe:Al, (�) Fe:Al and (&) Al).
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increase in temperature from 30 to 40 8C and increase in
temperature from 40 to 60 8C showed decreasing trend (Fig. 9).
Chemisorption and physisorption employed simultaneously in
these samples. Other researchers have reported that the fluoride
adsorption on crystalline Fe/Al mixed oxide increased with rise in
temperature from 10 to 40 8C [21]. Fluoride adsorption capacity of
pure aluminum hydroxide (0:1) decreased with the increase in
temperature, showing the exothermic nature of adsorption. In
order to study the feasibility of the process, the thermodynamic
parameters were obtained from the following equations

KC ¼
CAe

Ce
(10)

DGo ¼ �RTln KC (11)

log KC ¼
DSo

2:303R
� DHo

2:303TR
(12)

where Ce is the equilibrium concentration in solution in mg/L and
CAe is the equilibrium concentration on the adsorbent in mg/L and
Table 4
Thermodynamic parameters for the fluoride removal on pure and mixed Fe/Al

hydroxides.

Sample DGo (kJ/mol) DSo (J/(K mol)) DHo (kJ/mol)

Fe �0.27 �80.24 �25.34

3 Fe:Al �0.50 �96.07 �29.98

2 Fe:Al �0.90 �54.94 �17.793

Fe:Al �1.67 �62.80 �21.98

Al �0.10 �61.39 �18.45
KC is the equilibrium constant. The van’t Hoff plots (not shown) of
ln KC against 1/T were used to find out thermodynamic parameters.
The thermodynamic parameters obtained were given in Table 4.
The negative DGo values indicate that the adsorption of fluoride on
all the samples is favorable and spontaneous under standard
conditions. The negative DHo values confirm the adsorption to be
exothermic in nature for all the samples. Generally, adsorption
processes are associated with positive values of DSo, though
negative values of DSo for adsorption on some heterogeneous
materials have also been reported [34].

3. Conclusions

In this study, amorphous Fe/Al based novel adsorbents with
high specific surface areas were developed by simple co-
precipitation method at room temperature. The increase of Al
content in Fe(OH)3 matrix slightly increased the surface area and
pHZPC values. The fluoride adsorption on these materials is
encouraging, the equilibrium time data for all samples followed
first-order kinetics and was governed by intraparticle diffusion
model. The optimum pH range for fluoride adsorption was found to
be 4–5 for the samples 1:0, 3:1 and 2:1, whereas it is in the range of
4–7.5 for 1:1 and 0:1.The equilibrium data fitted to both Langmuir
and Freundlich isotherm models and showed high adsorption
capacities. The thermodynamic studies demonstrate that the
fluoride adsorption on these materials is thermodynamically
favorable, spontaneous and exothermic in nature.

4. Experimental

4.1. Synthesis of adsorbents and their characterization

Chemicals used in this work were procured from MERCK, India
Ltd. The stock solutions of Al(NO3)3 and Fe(NO3)3 were used to
prepare series of samples at different initial Fe:Al molar ratios. Five
combinations of amorphous oxides, which include pure iron and
aluminum hydroxides with Fe:Al ratio of 1:0, 3:1, 2:1, 1:1 and 0:1
were prepared by adding required 1 M KOH to a continuously
stirred solution of iron and aluminum with a total strength of
0.1 moles. The product pH was raised to 7.5 (�0.1) and stirring was
continued for 1 h and the suspension was then filtered and washed
repeatedly with warm double distilled water. The precipitates were
then dried at 60 8C in hot air oven, powdered and stored in an air tight
container for further use. The concentrations of iron and aluminum in
the samples were determined by digesting the sample in 5N HCl and
analyzing with a Perkin Elmer Atomic Absorption Spectrophot-
ometer. The amorphous nature and mineral phase compositions were
determined by X-ray diffraction (XRD) measurements which were
done over a range of 58–408 using Phillips Powder Diffractometer
(Model PW3710) with Mo Ka radiation at a scan speed of 1.28/min. All
the pH measurements were carried out by Consort digital pH meter
(231). The pHpzc of prepared samples were determined by solid
addition method [23]. The detailed procedure is described in our
earlier publication [24]. Fluoride analysis was carried out by
following SPADNS method [25] and the color absorbance was
measured at 570 nm on Thermo Water analysis Spectrophotometer
(Model AquaMate). The specific surface areas of samples were
determined using Quantasorb, Quantachrome Corporation, USA.

4.2. Adsorption experiments

Batch experiments were performed for determination of
equilibrium time and kinetics and to identify the isotherm. A
100 mg L�1 fluoride stock solution was prepared by dissolving
0.221 g of sodium fluoride in 1 L of double distilled water at room
temperature. The experimental solutions were prepared by
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appropriate dilutions of the above solution. Adsorption studies
were carried out at different conditions viz. contact time (05–
180 min), pH (2.5–10), initial fluoride concentrations (10–
90 mg L�1) and temperature (305–333 K). About 25 mg of the
sample was taken in a 100 mL polyethylene plastic vial and 50 mL
of fluoride solution of known concentration was added. The
contents (adsorbent/water 0.5 g L�1) were kept for constant
shaking in a temperature controlled water bath shaker for required
time and then the solids were separated by centrifuging at
3500 rpm on REMI centrifuge. The solutions were collected for
analysis and fluoride concentration in the solutions was deter-
mined. Each experiment was conducted three times and average
values are reported. The sorption capacity X (mg g�1) of the
adsorbent was calculated from the following equation

X ¼ Ci � Ce

CA

� �

where Ce is the residual concentration reached at equilibrium state,
Ci is the initial fluoride concentration and CA is the adsorbent
concentration.
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