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a b s t r a c t

In this study, a waste iron oxide material (BT3), which is a by-product of the fluidized-bed Fenton reaction
(FBR-Fenton), was thermally treated between 200 and 900 ◦C and was used as an efficient adsorbent for
the removal of fluoride ions in an aqueous system. The highest fluoride adsorption capacity occurred at the
termination of the BT3 goethite dehydroxylation phase at about 300 ◦C calcination where both the volume
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of nanopores formed by dehydroxylation and the specific surface area reached their maximum values.
Above 300 ◦C, BT3 transformed to the hematite phase in which fluoride adsorption capacity decreased as
calcination temperature increased. On the other hand, the effect of pH on the fluoride adsorption capacity
of BT3 for various initial fluoride concentrations was examined. The optimum pH value was found to be
about 4. After that efficiency decreased as pH became more alkaline. Finally, coexisting anions affected

pacit

oethite
anopores
ematite

the fluoride adsorption ca

. Introduction

Fluoride is known to have both beneficial and detrimental
ffects on human health. A small amount of the principal mineral
onstituent, Ca5(PO4)3F, can strengthen human teeth (specifically
he enamel) and bones. However, prolonged exposure to high levels
f fluoride will lead to permanent bone and joint deformations and
ental fluorosis [1]. The World Health Organization has set a guid-
nce value of 1.5 mg L−1 for fluoride in drinking water [2] (Taiwan’s
rinking water standard for fluoride is 0.8 mg L−1). Consequently,
he treatment of fluoride is an important subject around the world.

Among conventional methods for removing fluoride from water,
uch as ion exchange, precipitation, and electrolysis, precipita-
ion using chemical agents is the most economical [3]. However
he precipitation method requires the use of large amounts of
gents, which results in serious problems of sludge disposal. Over
he last decade several new treatment methods, such as reverse
smosis, nanofiltration, electrodialysis, and Donnan dialysis, have
een proposed in the literature [4–7]. These processes, however,
lso all have inherent disadvantages that need to be overcome.
any researchers consider adsorption to be the most efficient and

pplicable technology for fluoride removal from wastewater [8].

ecently, interest in low cost, high surface area metal oxides with
istinguished properties has been growing. Numerous researchers
ave used iron oxide as an adsorbent to treat heavy metals, anions,
nd hazardous elements in wastewater [9–13].
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y of BT3 at pH 3.9 ± 0.2 in this order: PO4
3− > SO4

2− > Cl− > NO3
−.

© 2010 Elsevier B.V. All rights reserved.

The iron oxide BT3 is a byproduct of the novel non-seeded FBR-
Fenton process where a poorly crystallized goethite phase with
extreme purity is derived via Fe3+ catalysis. The process not only has
high COD removal efficiency, but also reduces a large amount of the
Fe sludge produced [14,15]. However, the iron oxide taken out of
the FBR-Fenton reactor after an extended reaction is a waste prod-
uct. In our previous studies, iron oxide BT3 was used for treating
wastewater from leather plants in Taiwan. We successfully applied
BT3 as an adsorbent for the removal of copper (Cu2+) and lead (Pb2+)
from aqueous solutions [11,13]. Furthermore, the Langmuir and
Freundlich equations have been used to evaluate the thermody-
namics and kinetics of the F− adsorption of the BT3 adsorbent [16].
This absorbent has been found to be a prominent material, which
could provide economical and efficient fluoride removal.

The effect of calcination at various temperatures on single adsor-
bents being used for fluoride adsorption is seldom discussed in
the literature. In this study, iron oxide BT3 adsorbent is thermally
treated for testing the relationship between the specific surface
area that is thermally changed and fluoride removal efficiency in
aqueous solutions. The influences of pH and species of coexisting
anions on adsorption capacity are also investigated.

2. Materials and methods
2.1. Materials

The BT3 adsorbent used for F− adsorption in this study was
obtained using the following procedure [17]: iron oxide was packed
as a carrier in a 25 m3 (1.9 m-˚ × 9 m-H) FBR-Fenton reactor in a

dx.doi.org/10.1016/j.jhazmat.2010.12.025
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Table 1
BET surface area and pore characteristics of BT3 calcined at various temperatures.

BT3 Calcination temperature
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area decreases from 124.7 m2/g to 39.5 m2/g. According to the pore
size distribution, the thermal-induced atomic diffusion causes the
nanopores to penetrate out and assemble into larger pores, leading
to a decrease in surface area.
200 300 400 500 600 700 800 900

Surface area (m2/g) 105.0 109.3 124.7 116.8 59.7 39.5 15.7 7.2 2.1
Pore vol. (cm3/g) 0.04 0.06 0.13 0.12 0.10 0.16 0.16 0.17 0.17

astewater treatment plant. By controlling the internal circulation,
he superficial up flow velocity was maintained at 40 m/h with a
0% bed expansion. H2O2 (Union Chemical) and FeSO4 (technical
rade) with a molar ratio of 2:1 were fed into the reactor bottom
ontinuously. The pH of the solution was controlled at 3.5 to pre-
ent Fe(OH)3 precipitation. The BT3, a poorly crystallized goethite
hase, was then homogeneously nucleated to be a by-product of
he FBR-Fenton reaction. An aqueous stock solution of sodium flu-
ride (NaF, Riedel-de Haen) was prepared using deionized water
Millipore Milli-Q) to simulate the F−-contaminated wastewater.

.2. Methods

The iron oxide-BT3 sample collected from the FBR-Fenton reac-
ion was heated at various calcination temperatures. The pore size
istribution and specific surface area of calcined BT3 were then
etermined using the N2 adsorption–desorption method. A struc-
ural and thermal analysis was performed to characterize the phase
ransition of the BT3 using a powder diffractometer (Rigaku RX III)
ith Cu Ka radiation and DTA/TG.

1 g/L of BT3 adsorbent was added to each of the various solutions
ith various initial F− concentrations. These samples were then
ounted on the Jar Test apparatus for 48 h at room temperature.

he solutions’ pH levels were controlled by adding dilute HNO3 or
aOH solutions throughout the experiment. The suspensions were
ltered using a 0.45 mm syringe filter made of poly-(vinylidene flu-
ride) membrane, and the filtrates were immediately measured
sing ion-exclusion chromatography with a 4.6 mm ID 250 mmL
etrosep A SUPP 1 column (Metrohm, USA). The adsorption capac-

ty was determined as the difference between the initial and the
quilibrium F− concentrations.

. Results and discussion

.1. Characterization

The BET specific surface areas and pore volumes of the
00–900 ◦C thermally treated BT3’s are presented in Table 1. Obvi-
usly, the specific surface area of BT3 is significantly changed by
alcination. As the temperature was increased from room temper-
ture up to 300 ◦C, the BET surface area increased from 105.0 m2/g
o 124.7 m2/g, and was accompanied by an increase in the pore
olume. Calcination above 300 ◦C resulted in a decrease in the spe-
ific surface area due to grain coarsening. Fig. 1 reveals the DTA/TG
hermal analysis of BT3. The thermal event associated with the
ransformation from goethite to hematite is exothermic, as given
n Fig. 1 (at 261 ◦C) and in [18]:

FeOOH → �-Fe2O3 + H2O (1)

The dehydroxylation reaction accompanying the
oethite–hematite transformation was observed through XRD
Fig. 2). The original BT3 was a poorly crystallized goethite
FeOOH) phase, which is characterized by the broadening of XRD

ines, and its transformation to the poorly crystallized hematite
�-Fe2O3) phase at 300 ◦C alludes to the result of the DTA/TG
nalysis. As calcination temperatures increased from 300 to 900 ◦C,
iffraction peaks gradually sharpened, which suggest that this
hase converts into well-crystallized hematite at about 700 ◦C.
Fig. 1. DTA/TG analysis of the BT3 sample.

Porosity is one of the characteristics observed as a result of the
loss of water in the dehydroxylation reaction [19,20]. There is no
measurable porosity in the original BT3 as shown in Fig. 3. Calci-
nation up to 300 ◦C results in the formation of nanopores. From
300 to 600 ◦C, the pore volume increases while the specific surface
Fig. 2. X-ray diffraction patterns of BT3 and 200–900 ◦C calcined samples.
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Fig. 3. Pore size distribution of BT3 and 200–900 ◦C calcined samples.

.2. Effect of calcination temperature of BT3 on fluoride
dsorption

The slight increase in the adsorption capacity of the calcined
T3 coincided with the threshold of the dehydroxylation (∼200 ◦C)
Fig. 4). The maximum of adsorption capacity, 27 mg/g, occurred
t about the same time as the termination of dehydroxylation
Fig. 1), when the calcination temperature reached about 300 ◦C.
t is rational to believe that the number of adsorption sites for flu-
ride depends on the surface area and on the nature of the surface.
he number of adsorption sites increases correlatively with the for-

ation of nanopores when FeOOH transforms to �-Fe2O3. Above

00 ◦C, a shrinkage of nanopores occurs (Fig. 3) and is accompa-
ied by the decrease of the specific surface area (Table 1) and of
he number of adsorption sites. Similar results were reported by

ig. 4. Effect of calcination temperature on fluoride adsorption of BT3. (Initial conc.:
mM, solid loading: 1 g L−1, pH = 4.)
Surface area (m /g)

Fig. 5. Relationship between fluoride adsorption capacity and BET surface area of
BT3. (Initial conc.: 6 mM, solid loading: 1 g L−1, pH = 4.)

Mandal and Mayadevi [21] for the adsorption of fluoride in Zn–Al
LDHs.

The adsorption capacity depends on the surface area (mea-
sured using the BET method). We observed a positive relationship
between them. The results of this fitting data are shown in Fig. 5.
The coefficient for the linear method’s r2 was 0.98. The fluoride
adsorption capacity increased very linearly with BET surface area.
Similar results were found by Batzias et al. [22] who used acid
hydrolyzed lignocellulosic material to enhance the exhibition of
advanced adsorption properties and found that the BET surface area
increased linearly with the percentage of removed polysaccharides.

3.3. Effects of pH and coexisting anions on the fluoride adsorption

The most important factor that controls the adsorption of ions
on the oxide surface is the pH of the aqueous solution. Since anion
adsorption is coupled with a release of OH− ion, the adsorption of
the fluoride on the BT3 surface is probably favored at low pH values.
The specific adsorption of fluoride on metal oxide was modeled as
a two-step ligand-exchange reaction [23]:

SOH + H+ → SOH2
+ (2)

SOH2
+ + F− → SF + H2O (3)

which combined gives

SOH + H+ + F− → SF + H2O (4)

where S represents the exposed metal ion of the adsorbent.
Fig. 6 shows the effects of pH on the fluoride adsorption capacity

of BT3 using 1.5, 3, and 6 mM initial fluoride concentrations. The pH
values ranged from 2 to 12. The adsorption capacity of BT3 shows a
similar tendency, which rises with increases in the initial fluoride
concentration. The adsorption of fluoride increases in the acidic
pH range and reaches a maximum near pH 4, and then decreases

as pH increases. The maximum adsorption capacity for 1.5, 3, and
6 mM initial fluoride concentrations were 12.0, 17.3, and 20.4 mg/g,
respectively. The lower fluoride adsorption of BT3 below pH 4 may
be attributed to the competition between adsorption behavior and
the formation of hydrofluoric acid. According to the fluoride spe-
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ig. 6. Effect of pH on fluoride removal using BT3 (solid loading: 1 g L−1) for various
nitial fluoride concentrations.

iation, hydrofluoride was predominant in pH condition less than
.18 [24].

The surface potential theory suggests that the sharp decrease
n fluoride adsorption above pH 4 may be due to the decrease in
urface charges of BT3 at varying pH values [25]. The pHzpc of BT3
ested in our previous study was about 4.10 [16]. Above pHzpc, the
ron oxide surface became negative charged. The surface charge
inders fluoride adsorption but never eliminates fluoride removal
ntil the pH values are increased to 8, where capacities hover below
mg/g. In other words, electrostatic adsorption was probably not

he main mechanism causing fluoride transfer to the BT3.
A variety of anions are generally present in fluoridated water. In

his study, the effects of PO4
3−, SO4

2−, Cl− and NO3
− were exam-

ned at pH = 3.9 ± 0.2. The initial concentration of fluoride was 6 mM

n all experiments, whereas concentrations of other anions var-
ed from 0.6 to 60 mM. Fig. 7 shows that the fluoride adsorption
atio decreased from 99 to 18% when the PO4

3− concentration was
ncreased from 0 to 60 mM. Fluoride adsorption also decreased sub-

ig. 7. Effects of co-existing anions on fluoride removal. (Initial fluoride conc.: 6 mM,
H: 3.9 ± 0.2, solid loading: 1 g L−1.)

[

[

[

[

[

Materials 186 (2011) 1355–1359

stantially when sulfate was present in the system. Cl− and NO3
− had

less impact on fluoride adsorption, as compared to sulfate tests.
Cl− and NO3

− are low-affinity ligands. Their adsorption mecha-
nism occurs via weaker bonds of outer-sphere complexation with
the active sites, while SO4

2− forms both outer-sphere and inner
sphere complexes with the active sites in aqueous systems [26].
Therefore, the depression of coexisting anions on fluoride adsorp-
tion follows this order: PO4

3− > SO4
2− > Cl− > NO3

−. This indicates
that anions with lower ionic potentials tend to be less preferably
adsorbed by BT3, and also reflects the relatively competitive and
inhibitive effects of these anions on the fluoride adsorption of BT3
[27,28].

4. Conclusions

Continuing our previous work [15], we investigated in this study
the effects of the calcination of BT3 iron oxides on fluoride adsorp-
tion capacity. Before the transformation to hematite was fully
achieved, the dehydroxylation of goethite–BT3 left nanopores and
enhanced the fluoride adsorption capacity. When the calcination
temperature was increased from 300 to 900 ◦C, the transition of
poorly to well-crystallized hematite phase dominated. Then, the
adsorption capacity decreased with the specific surface area; this
is probably due to the shrinkage of the nanopores into larger ones.
Furthermore, the fluoride adsorption capacity of BT3 varied with
different pH values and reached a maximum at about pH 4. The
maximum of capacity increased from 12.0 mg/g to 20.4 mg/g as the
initial fluoride concentration increased from 1.5 mM to 6.0 mM. The
adsorption capacity of BT3 decayed above pH 4, where the iron
oxide surface inverted from a positive to a negative charge, sug-
gesting that the adsorption mechanism is substantially hindered
by electrostatic force. Finally, the effect of coexisting anions was
examined using PO4

3−, SO4
2−, Cl− and NO3

− at pH = 3.9 ± 0.2. The
anions ability to hinder BT3’s fluoride adsorption followed this
order: PO4

3− > SO4
2− > Cl− > NO3

−.
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