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a b s t r a c t

A new material, ceramic adsorbent, has been developed and undertaken to evaluate the feasibility for
fluoride removal from aqueous environment. Batch experiments were performed to study the influ-
ence of various experimental parameters such as contact time (0–48 h), initial fluoride concentration
(20–100 mg/L), pH (2–12) and the presence of competing anions on the adsorption of fluoride on ceramic
eywords:
eramic adsorbent
luoride removal
orption isotherms
inetic modeling

adsorbent. The experimental data revealed that both the Langmuir and Freundlich isotherm models fit-
ted well with the fluoride sorption process. The maximum adsorption capacity of ceramic adsorbent
for fluoride removal was 2.16 mg/g. The optimum fluoride removal was observed between pH ranges of
4.0–11.0. The sorption process was well explained with pseudo-second-order kinetic model. The fluo-
ride adsorption was decreased in the presence of phosphate followed by carbonate and sulfate. Results
from this study demonstrated potential utility of ceramic adsorbent that could be developed into a viable

mov
technology for fluoride re

. Introduction

Fluoride has been known for centuries as a toxic element. The
ain source of fluoride in aqueous solution is fluoride-rich rocks

hrough which the water has percolated. Fluoride may also be
erived from mining or industrial activity in some areas [1]. Accord-

ng to the World Health Organization (WHO) guidelines, the upper
imit of fluoride concentration in drinking water is 1.5 mg/L [2].
igh level of fluoride in aqueous solution is a world-wide problem.
any people from North Africa, China, Mexico and India have been

uffering from fluoride poisoning [3,4]. In China, for example, more
han 1.34 million patients have suffered from skeletal fluorosis due
o high fluoride drinking water and another 30 million are exposed
o it [5,6].

The most commonly used methods for the defluoridation of
ater are adsorption, ion-exchange, precipitation, nano-filtration

nd electrodialysis [7–15]. Among these methods, adsorption has
een found to be superior to other techniques for fluoride removal
ased on initial cost, flexibility and simplicity of design, and ease
f operation and maintenance [16]. A large number of adsorbents

ave been studied for the removal of fluoride ions, including acti-
ated alumina, calcite, fly ash, charcoal, amberlite resin, layered
ouble hydroxides and spent bleaching earth [17–23]. Among these
dsorbents, activated alumina seems to be widely used because of

∗ Corresponding author. Tel.: +81 29 8534712; fax: +81 29 8537496.
E-mail address: tyou6688@sakura.cc.tsukuba.ac.jp (Z. Zhang).
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al from aqueous environment.
© 2010 Elsevier B.V. All rights reserved.

its efficiency and low cost [17]. However, the main disadvantage of
activated alumina is its residual aluminum and soluble aluminum
fluoride complexes, the generation of sludge and narrow available
pH range (5.0–6.0) [24–26]. In addition, most of these materials are
available only as fine powders that are difficult to separate from
liquid after adsorption.

This study has developed a novel ceramic adsorbent for removal
fluoride from aqueous solution in order to overcome these obsta-
cles. This ceramic adsorbent is the solid phase of a spherical shape,
with high fluoride removal efficiency and sufficient mechanical
strength to retain its physical integrity after long-time adsorption.
Ceramic adsorbents were prepared by cost-effective mixture mate-
rials consisting of Kanuma mud, which is widespread in Japan,
with zeolite, starch, and FeSO4·7H2O. The major objective of this
study was to develop and investigate the ceramic material as a
feasible fluoride adsorbent. Kinetic, equilibrium and effects of solu-
tion pH studies of fluoride removal by the optimized ceramic were
discussed in batch experiments.

2. Experimental

2.1. Preparation of ceramic adsorbent
Kanuma mud, a common, inexpensive deposit of volcanic ash,
was provided by Makino Store, Kiyosu, Japan. Kanuma mud was
sieved to obtain less than 100 �m and then dried at 105 ◦C for 2 h
to use for developing the ceramic adsorbent. Zeolite (the grain size
was less than 75 �m) was supplied by the Azuwan Cement Fac-

dx.doi.org/10.1016/j.jhazmat.2010.07.046
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Chemical analysis of Kanuma mud, zeolite and ceramic adsorbent by SEM–EDS test.

Composition (wt.%) SiO2 Al2O3 Fe2O3 MgO CaO MnO pHzpc

Kanuma muda 56.20 38.70 2.20 0.36 2.00 0.54 6.1b

Zeolite 63.48 28.79 1.33 2.81 1.24 2.35 –
Ceramic adsorbent 44.91 37.28 12.24 1.27 1.93 2.37 5.8 ± 0.2
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a The effect on LOI (600 ◦C) has been neglected.
b Information supplied by the manufacturer.

ory, Japan. Starch and FeSO4·7H2O were supplied by the Wako Pure
hemical Industries, Ltd, Japan. 4 g of Kanuma mud, 3 g of zeolite,
g of starch and 1 g of FeSO4·7H2O were mixed to homogeneity.
ltra pure water (resistivity18.2 M� cm at 25 ◦C) was then added

nto the mixture to make a paste and the granulation procedure
as carried out manually. The obtained granules were then dried

t 110 ◦C for 48 h and calcined at 600 ◦C for 1 h in a muffle fur-
ace. Finally, the developed ceramic material was allowed to cool
o room temperature in the furnace and then used for adsorption
xperiment.

.2. Characterization of ceramic adsorbent

The developed optimized ceramic adsorbent was analyzed in
rder to determine its physicochemical properties. The specific
urface area and pore-size distributions were determined with a
runauer–Emmett–Teller (BET) method by gas adsorption (Coulter
A3100, US). The morphological images were acquired by scan-
ing electron microscope (SEM) (JSM-6700F, JEOL, Japan). The
pot element analysis of the ceramic adsorbent was carried out
sing the energy dispersive X-ray spectroscopy (EDS) detector
SEM-EDS, JEOL, Japan). The mineralogy of supported metal-oxide
as characterized by powder XRD techniques (Rigaku RINT2200,

apan). Fluoride analysis was performed by a UV–visible spec-
rophotometer (Hitachi, DR/4000U, Japan). The determination of
eached iron and aluminum was carried out by an inductively
oupled plasma atomic emission spectrometer (ICP-AES, ICP-7500,
himadzu, Japan).

.3. Batch sorption studies

The adsorption of fluoride on ceramic adsorbent was studied
t room temperature (30 ◦C) by batch experiments. The adsorbent
sed for this study was sieved to obtain uniform particle size of
–3 mm. About 2 g ceramic adsorbent was added into 100 mL of
0 mg/L sodium fluoride solution with a desired pH value. The
ixture was shaken in a shaker at a speed of 100 rpm (Tai Tec,

hermo Minder Mini-80, Japan). The effect of contact time (0–48 h)
as examined at pH 6.9 ± 0.1 with initial fluoride concentration of

0 mg/L. The adsorption isotherm was studied by varying the initial
uoride concentration from 5 to 50 mg/L at pH 6.9 ± 0.1. The effect
f pH was investigated by adjusting solution pH from 2 to 12 using
.1 M HCl and 0.1 M NaOH under an initial fluoride concentration of
0 mg/L. The effect of competing anions (chloride, nitrate, carbon-
te, sulfate and phosphate) on fluoride adsorption was investigated
y performing fluoride adsorption under a fixed fluoride concen-
ration (10 mg/L), with initial competing anion concentrations of
0–200 mg/L at pH 6.9 ± 0.1 over 48 h.

.4. Sorption–desorption cycle
In order to test the regenerative ability of the ceramic adsorbent,
single sorption–desorption cycle was tested. Initially, the sorption
tudy was conducted using 20 g/L of ceramic adsorbent and 10 mg/L
f fluoride concentration (see Section 2.3). Then desorption of flu-
oride loaded on ceramic adsorbent was carried out with 0.1 M HCl
and 0.1 M NaOH as the eluent. After the regeneration, the ability
of ceramic adsorbent to remove fluoride from solution was again
tested in a sorption experiment, using a similar procedure to that
described in Section 2.3.

3. Results and discussion

3.1. Characterization of ceramic adsorbent

The surface morphology of the ceramic adsorbent was exam-
ined by SEM (Fig. 1a), clearly revealing a flocced and porous surface
texture, which indicates the adsorbents were highly porous, with
a high adsorption capacity. After extensive flow-through expo-
sure (for 48 h) during fluoride adsorption, the surface changed to
be smooth, polyhedron and stretched cubic structures (Fig. 1b).
Fluoride adsorption may not only occur at the surface of the
adsorbent but also inside of the pores. The EDS (Table 1) results
showed that the iron content of ceramic adsorbent accounted for
12.24%, comparing with Kanuma mud, the proportion increased
5.5 times due to the addition of FeSO4·7H2O. EDS (Fig. 1c) detec-
tion indicated that the adsorbent consisted mainly of Fe, O and
F, implying that the F was bound with iron oxide. The specific
surface area of ceramic adsorbent was found to be 80.94 sq m/g,
and the pore volume was 0.1176 mL/g. The pore-size distribu-
tions (Fig. 1d) revealed that the observed pore sizes mostly varied
between 6 and 80 nm (69.47%). The result also indicated that a
large percentage of the pores (17.86%) were under 6 nm. Accord-
ing to IUPAC classification, this ceramic adsorbent is a typical
mesoporous material. The XRD patterns of the ceramic adsor-
bents that contain Fe oxide are shown in Fig. 1e and f. It was
observed from Fig. 1e that diffraction peaks attributed to crys-
talline iron oxide and ferrimordenite. The peaks of Fe in Fig. 1e
were due to the sample support made in FeSO4·7H2O. The XRD
study reveals that the amorphous structure of adsorbent showed
significant changes after the fluoride adsorbed in Fig. 1f. The diffrac-
tion peaks are attributed to crystalline iron fluoride hydroxide
hydrate and iron zinc oxide fluoride. This suggests that the uptake
of fluoride ions by ceramic adsorbent is partly by chemical adsorp-
tion.

3.2. Sorption isotherms

The experimental data was validated using Fruendlich and Lang-
muir isotherm models. The linear forms of Freundlich and Langmuir
isotherm equation are as:

log qe = log Kf + 1
n log Ce

(1)

1
q

= 1
q

+ 1
Bq (1/C )

(2)

e m m e

where qe is the amount of fluoride ion adsorbed per unit mass of
the adsorbent and Ce is the amount of fluoride ion in liquid phase at
equilibrium. Kf, n, qm and B are Freundlich and Langmuir constants,
respectively. These equation are applied to correlate the amount of
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ig. 1. SEM images of (a) ceramic adsorbent and (b) fluoride-adsorbed cerami
Barrett–Joyner–Halenda) pore-size distribution of (d) ceramic adsorbent, powder X

he fluoride adsorbed per unit amount of the adsorbent and can be
alculated from slope and intercept.

Fig. 2a shows a plot of log qe versus log Ce. The constants 1/n
nd log Kf were calculated from the slope and intercept. From the
inear graph the correlation coefficient R2-value and minimum
orption capacity were found 0.95 and 0.53 mg/g respectively. The
xperimental data fit well to the Freundlich isotherm model. The
ondition for the validity of a Freundlich type adsorption model
s sorption on heterogeneous surfaces [27]. In Fig. 2b plot of 1/qe
ersus 1/Ce yields straight line which demonstrates that sorption
ata followed by Langmuir sorption model well. The value of qm

s 2.16 mg/g and the Langmuir constant B is 0.3946. The essen-
ial characteristic of the Langmuir isotherm can be denoted by the
imensionless constant called equilibrium parameter, RL, defined
rbent, EDS spectra of (c) fluoride-adsorbed ceramic adsorbent composite, BJH
atterns of (e) ceramic adsorbent and (f) fluoride-adsorbed ceramic adsorbent.

by:

RL = 1
1 + BC0

(3)

where B is the Langmuir constant and C0 is the initial adsor-
bate concentration (mg/L), RL value indicate the type of isotherm
to be irreversible (RL = 0), favourable (0<RL<1), linear (RL = 1) and
unfavourable (RL > 1) [28,29]. The value of RL 0.202 indicates
favourable sorption of fluoride onto the ceramic adsorbent.
3.3. Effect of solution pH

The results presented in Fig. 3 indicate that the percentage flu-
oride removal greatly depends on the solution pH. The optimal pH
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Fig. 2. Isotherm modeling of fluoride adsorption on the ceramic adsorbent (a) Freundlich i
contact time 48 h, initial pH 6.9 ± 0.1, and temperature 30 ◦C).
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anions which may compete with the sorption of fluoride. The

T
K

ig. 3. Effect of initial pH on fluoride removal and the equilibrium pH (pHfinal) by the
eramic adsorbent performed in batch study (initial fluoride concentration 10 mg/L,
quilibrium contact time 48 h, adsorbent dosage 20 g/L, and temperature 30 ◦C).

or fluoride uptake appeared to be pH 7, with a removal percentage
f 94.23%. The experimental data agree with the results obtained
y Solangi et al. [30]. The removal ability fluctuated slightly over
he pH range of 4–11, which means that this ceramic adsorbent can
dapt to a wide range of pH for fluoride adsorption from water and
s suitable for practical applications. The equilibrium pH (pHfinal)
alues were measured after 48 h sorption. It is clear that pHfinal
ncreases smoothly with increasing initial pH (Fig. 3). However, it

as observed that ceramic adsorbent had a significant capacity to
uffer highly acidic and alkaline solutions. The pH of zero point
harge (pHzpc) of ceramic adsorbent was 5.8 ± 0.2, estimated using
atch equilibrium techniques described by Chutia et al. [31]. The
harp decrease in the amount of fluoride adsorbed under alkaline
H conditions is probably due to competition for adsorption sites

etween fluoride and hydroxyl ions even though the oxide surface

s positively charge [7]. On the other hand, under acidic conditions,
he decrease may be attributed to the formation of weakly ion-
zed hydrofluoric acid [27] or the combined effects of chemical and

able 2
inetics constant for adsorption of fluoride onto ceramic adsorbent.

C (mg/L) Experiment qe,exp (mg/g) Pseudo-first-order

k1 (1/min) qe,cal (mg/g)

10.00 0.4721 0.0930 0.2389
sotherm; (b) Langmuir isotherm (initial fluoride concentration 10 mg/L, equilibrium

electrostatic interactions between the oxide surface and fluoride
ions.

3.4. Kinetic modeling

According to the kinetic data obtained from the experiment,
pseudo-first-order and pseudo-second-order mechanisms have
been used to elucidate the mechanisms of adsorption and potential
rate controlling steps [30,31].

log(qe − qt) = log qe − k1t

2.303
(4)

t

qt
= 1

k2q2
e

+ t

qe
(5)

where qt and qe are the amount of adsorbed fluoride (mg/g) at time
t and at equilibrium time, respectively. k1 and k2 are first-order and
second-order rate constants for adsorption.

Kinetic constants obtained from the pseudo-first-order and
pseudo-second-order models are given in Table 2. The value of
correlation coefficient (R2 = 0.9996) for the pseudo-second-order
sorption model is higher than that (R2 = 0.9463) obtained from
the pseudo-first-order kinetic. Additionally, theoretical and exper-
imental qe,exp (0.4721 mg/g) value is in a good accordance with
the calculated equilibrium adsorption capacity qe,cal (0.5020 mg/g).
Therefore, it is possible to suggest that the sorption of fluoride by
ceramic adsorbent followed the pseudo-second-order type reac-
tion kinetics.

3.5. Effect of competing anions

The fluoride-contaminated water may contain several other
adsorption studies were carried out in the presence of 20–200 mg/L
salt solutions of chloride, nitrate, sulfate, carbonate and phosphate
independently at an initial fluoride concentration of 10 mg/L. The
effects of these co-existing ions on fluoride removal are shown in

Pseudo-second-order

R2 k2 [g/(mg min)] qe,cal (mg/g) R2

0.9463 0.6464 0.5020 0.9996
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Table 3
Comparison between various adsorbents used for fluoride removal.

Name of sorbent Adsorption
capacity (mg/g)

Reference

AlFe650/C 13.64 [20]
Carbon slurry 4.86 [16]
Zn–Al layered double

hydroxides
4.14 [40]

Magnesia-amended
activated alumina

4.04 [24]

Activated alumina 2.41 [17]
Ceramic adsorbent 2.16 Present study
Activated carbon (Al-C300) 1.10 [39]
Calcite 0.39 [18]
Red mud 6.28 × 10−3 [41]
Charcoal 7.88 × 10−5 [42]
ig. 4. Effect of different concentrations of competing anions on fluoride adsorption
y the ceramic adsorbent performed in batch study (initial fluoride concentration
0 mg/L, equilibrium contact time 48 h, adsorbent dosage 20 g/L, and temperature
0 ◦C).

ig. 4. It was observed that fluoride removal slightly increased in
he presence of chloride and nitrate ions, which could be due to
n increase in the ionic strength of the solution or a weakening of
ateral repulsion between adsorbed fluoride ions. Similar observa-
ions have been reported by Eskandarpour et al. [32]. It was also
bserved that fluoride removal slightly decreased in the presence
f sulfate, and obviously decreased in the presence of carbonate
nd phosphate ions. Fluoride sorption slightly decreased by sulfate
on may be attributed to the high coulombic repulsive forces, which
educe the probability of fluoride interactions with the active sites
33,34]. Carbonate and phosphate ions had the greatest effect on
uoride sorption may be explained not only in terms of the com-
etition for the same active sites with fluoride, but also by the high
ffinity and capacity for carbonate and phosphate ions on ceramic
dsorbent. The results are in good agreement with similar work
one by Kagne et al. [35] for hydrated cement, where the fluoride
emoval efficiency is not significantly affected by chloride, nitrate
nd sulfate but is significantly affected by carbonate and phosphate.

.6. Possible mechanism

The mechanism of fluoride sorption on iron oxide surfaces can
e given as [36]:

Fe−OH + F− ↔ Fe–F + OH− (6)

e(OH)2+ + (aq) + F− ↔ FeF2+ + OH− (7)

Hiemstra et al. [37] investigated the adsorption of fluoride on
oethite and confirmed by IR analysis that the process mainly
ccurred through coordination to surface FeOH groups. They for-
ulated the formation of FeF−1/2 as:

e(OH)−1/2 + H+(aq) + F−(aq) ↔ FeF−1/2 + H2O (8)

It is expected that similar process occur on the present study
sing ceramic adsorbent. It has been reported that fluoride interacts
ith singly coordinated FeOH surface groups and the mechanism

f fluoride adsorption on iron oxide surfaces can be described as
n exchange reaction against OH− of surface groups. The OH/F
xchange further suggests that the fluoride ion can be considered
s fully located in the surface [37,38].
.7. Comparison of fluoride sorption with other adsorbents

A comparison has been made between ceramic adsorbent and
reviously reported adsorbents for fluoride removal. As can be seen
Fig. 5. Fluoride sorption–desorption cycle (initial fluoride concentration 10 mg/L,
equilibrium contact time 48 h, adsorbent dosage 20 g/L, and temperature 30 ◦C).

in Table 3, ceramic-supported iron oxide as adsorbent is better than
many other adsorbents in terms of defluoridation capacity. The
high fluoride adsorption capacity obtained in this work is mainly
due to the dispersion of Fe in the ceramic adsorbent. This ele-
ment has a strong affinity with fluoride ions. Therefore synthesized
ceramic adsorbent that is easy to implement is effective adsorbent
for removing fluoride from aqueous solution.

3.8. Sorption–desorption cycle

Water purification by adsorption technology is economical if
the adsorbent is regenerable. Moreover, reuse of adsorbent helps
reduce environmental impacts of disposing used adsorbents. Ini-
tially, fluoride removal on ceramic adsorbent was calculated to be
94.4% (see Fig. 5). Then, desorption of fluoride from the adsorbent
and regeneration of the ceramic adsorbent were done with 0.1 M
HCl and NaOH as eluent. The results (Fig. 5) showed that a reduction
in sorption efficiency occurred after the regeneration. At the end of
the forth cycle, the fluoride sorption efficiency was observed to be
80.2 and 34.7% using 0.1 M HCl and NaOH as eluent, respectively.
That may indicate the eluent with 0.1 M HCl was more suitable to be
used to regenerate the ceramic adsorbent. However, after the forth
sorption cycle, about 14.2% reduction in efficiency was observed
using the eluent with 0.1 M HCl. This reduction in sorption effi-
ciency may be attributed to the gradual dissolution of iron from the
ceramic adsorbent surface during vigorous washing of the sorbent.
4. Conclusions

In this study, a novel sorbent, ferrous-amended ceramic adsor-
bent has been prepared and examined for its potential in removing
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uoride from aqueous environment. Its granular structure, high
urface area and effective capacity of fluoride removal make the
dsorbent a highly potential media to be used in purification of
uoride from water. The adsorption capacity of ceramic adsor-
ent for fluoride was 2.16 mg/g at 30 ◦C. The sorption process
as fitted well with both the Langmuir and Freundlich isotherm
odels. Kinetic study results indicate that the adsorption process

ollowed a pseudo-second-order kinetic model. The optimum fluo-
ide removal was observed at pH ranges of 4.0–11.0 indicating that
he ceramic adsorbent has promising potential utility in practical
pplication. The fluoride adsorption was reduced in the presence
f carbonate, phosphate and sulfate and increased slightly in the
resence of chloride and nitrate ions. The ceramic adsorbent also
an be regenerated several times with 0.1 M HCl as eluent. There-
ore, the new ceramic adsorbent is a promising material for fluoride
emoval from water environment.
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