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Abstract High concentrations of fluoride in drinking
water is a public health concern globally and of critical
importance in the Rift Valley region. As a low-cost water
treatment option, the defluoridation capacity of locally
available iron ore was investigated. Residence time, pH,
agitation rate, particle size of the adsorbent, sorbent dose,
initial fluoride concentration and the effect of co-existing
anions were assessed. The sorption kinetics was found to
follow pseudo-first-order rate and the experimental equi-
librium sorption data fitted reasonably well to the Fre-
undlich model. The sorption capacity of iron ore for
fluoride was 1.72 mg/g and the equilibrium was attained
after 120 min at the optimum pH of 6. The sorption study
was also carried out at natural pH conditions using natural
ground water samples and the fluoride level was reduced
from 14.22 to 1.17 mg/L (below the WHO maximum
permissible limit). Overall, we concluded that iron ore can
be used in water treatment for fluoride removal in the Rift
Valley region and beyond.
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Introduction

Fluoride concentration in drinking water above the per-
missible level is well recognized globally as a public health
concern. About 200 million people from 25 countries rely
on water sources that contain excessive fluoride (Ayoob
and Gupta 2006). Many countries (e.g., USA, China, India,
Sri Lanka, Argentina, Mexico and many countries in
Africa) are listed with high-fluoride ground water prov-
inces (Edmunds and Smedley 2013). Particularly, elevated
fluoride concentrations above the World health Organiza-
tion (WHO) guideline of 1.5 mg/L in ground waters have
been reported in many parts of the Rift Valley regions. For
instance, in the main Ethiopian Rift Valley about 14 mil-
lion people rely on water sources that contain high con-
centrations of fluoride (Tekle-Haimanot et al. 20006).
According to the report by Tekle-Haimanot et al. (2006),
100 % of the hot springs, 75 % of the lakes, 54 % of the
shallow wells and 35 % of the bore holes characterized in
the main Ethiopian Rift Valley contain above 5.0 mg/L
fluoride. This study also revealed that the presence of
fluoride concentration above the guideline value outside
the Rift Valley region in Ethiopia.

Fluoride present in concentrations of 1.5-2.0 mg/L in
drinking water gives rise to mild dental fluorosis, while
values exceeding 2.0 mg/L may cause dental and skeletal
fluorosis (WHO 1994). The WHO guideline recommends
the fluoride content in drinking water to be in the range of
1.0-1.5 mg/L (WHO 2011). Therefore, treatment of all the
water sources containing fluoride above the acceptable
level is essential for potable purposes.

Ayoob et al. (2008) assessed the conceptual overview on
sustainability of different defluoridation technologies and
indicated that despite the fact that membrane and electro-
chemical techniques have high capacity of fluoride removal
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they are not widely used because they are costly and energy
intensive. Adsorption is considered an appropriate tech-
nique for small community water source defluoridation
compared to other techniques (Mohapatra et al. 2009). As a
result, adsorption is frequently used as a robust technique
to remove water soluble ions and an attractive method for
the removal of fluoride in terms of low cost, simplicity of
design, and operation (Tchomgui-Kamga et al. 2010a;
Miretzky and Cirelli 2011). Nevertheless, the applicability
of low-cost adsorbents is limited either due to their low
removal capacity or lack of public acceptance. For
instance, adsorption of fluoride using activated alumina
(Ghorai and Pant 2005), bone char (Leyva-Ramos et al.
2010), and clay materials (Meenakshi et al. 2008) was
investigated and none of them is used in household or
large-scale application. Therefore, it is still essential to
identify materials that are both effective and applicable in
low-income communities.

In recent years, scientists suggested composite metal
oxide as effective adsorbent for fluoride removal
(Tchomgui-Kamga et al. 2010a; Sun et al. 2011; Tomar
and Kumar 2013) and the U.S. Patent Trademark Office
approved such novel approaches (Yang et al. 2010).
Iron ore is a mixture of different metal oxides respon-
sible for the removal of fluoride and is one of the most
abundant and cheap materials available anywhere in the
Rift Valley. It may have a great potential for the
removal of fluoride. Consequently, the aims of this
research were (1) to characterize iron ore, (2) to eval-
uate its fluoride removal efficiency and (3) to determine
its optimum conditions.

Materials and methods

All the reagents and chemicals were used as obtained from
chemical sources (ACS or AR grade). A stock solution of
fluoride was obtained by dissolving 0.221 g anhydrous
sodium fluoride (99 % NaF) in 1,000 mL double distilled
and deionized water.

Preparation and characterization of the adsorbent

The samples of iron ore were crushed and dried in the
laboratory at room temperature (22 £ 2 °C) for 7 days.
Then, the dried sample was manually ground with
mortar and pestle. The ground sample was sieved using
a stack of sieves of 0.075, 0.425, 2.0 and 4.75 mm
openings according to the American society for testing
and materials (ASTM D 422) and soil textural classi-
fication system (Liu and Evett 2003). The sieved par-
ticles of different size were stored in air-tight plastic
bottles for analysis.
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The chemical compositions of iron ore were analyzed by
X-ray fluorescence (XRF) spectrometry at Geoscience
laboratory center of Ethiopian Geological Survey. The
physicochemical characteristics (pH, bulk density, particle
density and porosity) of the particle of size <0.075 mm of
the adsorbent were determined in the laboratory of Envi-
ronmental Health Science and Technology of Jimma
University.

Batch adsorption experiments

Series of batch adsorption experiments were carried out
using 200 mL solution of F~ with initial concentration of
10 mg/L. The adsorbent with a concentration of 5 g/L
iron ore was placed in the bottle and agitated on an
orbital shaker (Typ SM 30A). Alizarin red photometric
method of fluoride analysis was carried out using the
spectrophotometer at 570 nm wavelength following
standard methods as described in APHA (2005). All
experiments were performed in triplicate and the mean
values were reported.

The effect of contact time was investigated using 10 mg/
L F~ and 5 g/L iron ore with particle of size <0.075 mm at
pH 6. The solution samples were agitated at a rate of
150 rpm and the supernatant solution samples were col-
lected at different contact times (5-240 min). The effect of
pH (3-11), agitation rate (50-250 rpm), particle size
(0.075-0.475 mm), initial concentration of fluoride (2—
29 mg/L) and adsorbent dose (1-25 g/L) were also inves-
tigated by varying one parameter while keeping the others
constant. The effect of co-existing anions (CO%’, HCOy,
PO?[, Cl~, NO3 and SOZ’) was also investigated by
varying their concentrations (5-200 mg/L) at constant
initial fluoride concentration of 10 mg/L, 5 g/L iron ore, at
pH 6, agitation rate of 150 rpm and contact time of
120 min.

The percentage of fluoride adsorbed and the fluoride
adsorption capacity of iron ore were calculated using Eqgs.
(1) and (2), respectively (Sun et al. 2011).

C, — G

o

A% =

x 100 %, (1)

where A% is the percentage of F~ adsorbed, C, is initial
F~ concentration (mg/L), and C, is fluoride concentration
at time ¢ (mg/L).

(G, - C)
M

where ¢, is the F~ adsorption capacity of iron ore (mg/g),
C, is initial F~ concentration (mg/L), C, is F~ concen-
tration at time ¢ (mg/L), V is volume of the solution (L) and
M is mass of the iron ore used (g).

qt = X V7 (2)
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Desorption experiment

Desorption was investigated using 5 g/L iron ore of parti-
cle size <0.075 mm used for the adsorption of 10 mg/L F~
solution. The adsorbent was separated from the solution by
filtration using Whatman (45 pm) filter paper and washed
gently with distilled water to remove unadsorbed fluoride.
The F~ loaded iron ore was dried in an oven at 105° C
overnight and then soaked and shacked in NaOH solution
of different concentration range (0.01-0.5 M). Afterward,
the amount of desorbed F~ was measured and the
desorption ratio of F~ was calculated using Eq. (3).

A t of desorbed
Desorption ratio (%) = eri)ll(l)rllmi)a d:j:;ej x 100 (3)

Fluoride removal from natural groundwater

A natural groundwater sample with F~ concentration of
14.22 mg/L. was collected from Nazareth town which is
located in the Ethiopian Rift Valley. Using the ground
water sample without adjusting its pH, adsorption experi-
ments were carried out at different doses of iron ore
(5-20 g/L) with a particle size of <0.075 mm.

Results and discussion
Characterization of the adsorbent

It is indicated that iron is superior to other adsorbents for
removal of F~ (Qiao et al. 2014) and a mixture of metallic
oxides enhances F~ adsorption (Tomar and Kumar 2013).
The results revealed that iron ore contains relatively high
iron and silicon oxides. Iron ore was found to be a mixture
of SiO, (28.98 %), Fe,0O3 (38.50 %), Al,O3 (7.71 %),
MnO (1.76 %), CaO (1.52 %), K,O (0.60 %), TiO,
(0.43 %), MgO (042 %), Na,O (0.24 %) and H,O
(6.22 %). The loss on ignition (LOI) of iron ore is 12.10 %.
The pH of the adsorbent determined in water was 5.4. This
acidic pH might be due to the amphoteric properties of
some metallic oxides or other nonmetallic oxide gases that
are not analyzed and measured. The bulk and particle
densities of iron ore of particle size <0.075 mm were 0.53
and 0.71 g/cm®, respectively. The porosity of the adsorbent
determined from the bulk and particle densities was 25 %.

Effect of contact time and pH

The effect of contact time on fluoride adsorption was
investigated at ([F~]o = 10 mg/L, dose of iron ore = 5 g/
L, particle size <0.075 mm, agitation rate = 150 rpm and
pH = 6. The results are presented in Fig. 1a. The amount
of F~ adsorbed increases with time and reached its steady

state in 120 min at which the maximum adsorption effi-
ciency (86 %) and maximum adsorption capacity
(1.72 mg/g) were achieved (Fig. 1a). This is due to the fact
that initially all adsorbent sites were vacant and the solute
concentration gradient was high (Tchomgui-Kamga et al.
2010b). Nevertheless, increase in contact time beyond
120 min did not increase the adsorption efficiency, which
might be due to the presence of fewer adsorption sites and a
lower F~ concentration.

Effect of pH on fluoride adsorption was investigated at
[F~]o = 10 mg/L, dose of iron ore = 5 g/L, particle size
<0.075 mm, contact time = 120 min, agitation
rate = 150 rpm and contact time = 120 min. The results
are presented in Fig. 1b. The percentage of F~ adsorbed
and fluoride adsorption capacity progressively increased as
the pH of the solution increased from 3 to 6, respectively
(Fig. 1b). At pH below 6, the decrease in fluoride adsorp-
tion efficiency and fluoride adsorption capacity might be
due to the formation of hydrofluoric, which would reduce
the coulombic attraction between the oxides surface and
the F'~ (Kagne et al. 2009). At pH above 6, both adsorption
efficiency and adsorption capacity dramatically decreased.
This is due to the stronger competition for active sites
between fluoride and hydroxyl ions (Tembhurkar and
Dongre 2006).

Effect of agitation rate

Effect of agitation rate on fluoride adsorption was inves-
tigated at [F~]o = 10 mg/L, dose of iron ore =5 g/L,
particle size <0.075 mm, contact time = 120 min and
pH = 6. The results are presented in Fig. 1c. The fluoride
adsorption efficiency and fluoride adsorption capacity
increased as the agitation rate increased from 50 to
150 rpm (Fig. 1c). This is due to a better contact between
the adsorbent and adsorbate at a higher agitation rate
(Tembhurkar and Dongre 2006). However, with an agita-
tion rate of 150 rpm, the fluoride adsorption efficiency and
fluoride adsorption capacity slightly decreased. A similar
observation was also reported by Sahli et al. (2007).

Effect of particle size of the adsorbent

Effect of particle size of the adsorbent on fluoride
adsorption was investigated at [F~]o = 10 mg/L, dose of
iron ore =5 g/L, particle size <0.075 mm, agitation
rate = 150 rpm, contact time = 120 min and pH = 6. The
results are presented in Fig. 1d. The percentage of fluoride
adsorbed increased with a decrease in particle size of the
adsorbent from >4.75 to <0.075 mm (Fig. 1d). A smaller
particle size definitely improved the fluoride adsorption
efficiency by increasing the availability of more specific
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Fig. 1 a Effect of contact time. b Effect of pH. ¢ Effect of agitation rate and d effect of particle size on fluoride adsorption

surface areas on the adsorbent surface (Tembhurkar and
Dongre 2006).

Effect of adsorbent dose

Effect of adsorbent dose on fluoride adsorption was
investigated at [F~]o = 10 mg/L, dose of iron ore = 5 g/L,
particle size of iron ore <0.075 mm, agitation rate =
150 rpm, contact time = 120 min and pH = 6. Figure 2a
shows that the fluoride adsorption efficiency increased as
the dose of the adsorbent increased from 1 to 5 g/L. This
might be due to the increase in availability of active
sites resulting from an increase in dose of the adsorbent
(Gao et al. 2009). However, when the dose increases
beyond 5 g/L there was no significant change in fluoride
adsorption efficiency. It was also observed that 5 g/L iron
ore of particle size <0.075 mm reduced 10 mg/L fluoride
to a level below the maximum permissible limit (1.5 mg/L)
of fluoride in drinking water. Therefore, 5 g/L iron ore was
used as a minimum dose for maximum adsorption of
10 mg/L fluoride. On the contrary, it was observed that the
fluoride adsorption capacity decreased as the dose of the
adsorbent increased. This is due to the fixed initial fluoride
concentration.

If the surface is homogeneous, the K4 values at a given
pH should not change with adsorbent dose (Cengeloglu
et al. 2002). The distribution coefficient (Ky) value for
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fluoride adsorption on the adsorbent was calculated using
Eq. (4) (Chen et al. 2011).

2 (L),

K:
dCt

(4)
where ¢, is the concentration of F~ in the solid particles
(mg/g) and C; is the concentration of F~ in water (mg/L).

It was observed that the Ky progressively increased
with an increase in adsorbent dose at constant pH 6
indicating the heterogeneous nature of the surface of the
adsorbent.

Effect of initial fluoride concentration

Effect of initial F~ concentration on fluoride adsorption
was investigated at a dose of iron ore = 5 g/L, particle
size <0.075 mm, agitation rate = 150 rpm, contact
time = 120 min and pH = 6. It was observed that the
F~ adsorption efficiency decreases with an increase of
initial '~ concentration (Fig. 2b). This effect is due to
the increase of F'~ in the solution occupied more active
sites of the adsorbent that decreases percent removal
efficiency. To the contrary, the adsorption capacity was
increased which is due to the utilization of less acces-
sible or energetically less active sites. It is indicated that
the diffusivity and activity of F~ increase as its con-
centration increases (Gao et al. 2009).
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d Plot of the D-R isotherm
Adsorption isotherms

The Freundlich adsorption isotherm model, the multilayer
adsorption, is commonly used to describe adsorption
characteristics for heterogeneous surface. It is given by
Eq. (5) (Freundlich 1906).

1
qe = kth ) (5)

where ¢, is equilibrium adsorption capacity (mg/g), ky and
1/n are the Freundlich constants, related to minimum
adsorption capacity and adsorption intensity, respectively,
and C, is the equilibrium concentration (mg/L).

The Langmuir adsorption isotherm model (Langmuir
1916), the monolayer adsorption, was used to describe
adsorption characteristics for a homogeneous surface. It is
based on the assumption that the point of valance exists on
the surface of the adsorbent and that each of these sites is
capable of adsorbing one molecule. It is assumed that the
adsorption sites have equal affinities for molecules of
adsorbate and that the presence of adsorbed molecules at
one site will not affect the adsorption of molecules at an
adjacent site. The Langmuir equation, which is valid for
monolayer sorption onto surface, is given by Eq. (6)
(Langmuir 1916).

_ 9max bee

_ dmax0Ce 6
1+ bc.’ (6)

€
where ¢, is the equilibrium adsorption capacity (mg/g),
b and g, are the Langmuir constants, related to adsorp-
tion intensity (L/mg) and maximum adsorption capacity
(mg/g), respectively, and C, is the equilibrium concentra-
tion (mg/L).

To evaluate the feasibility of the adsorption process, we
used the Langmuir isotherm model, which is described in
terms of the dimensionless constant called separation factor
or equilibrium parameter (Ry) as shown in Eq. (7) (Lang-
muir 1916).

1

Rp=——
L1+ bc,

(7)
where b is a rate constant related to intensity of adsorption
and C, is the initial concentration of fluoride (mg/L).

There are four probabilities for the Ry value: for
favorable adsorption 0 < Ry < 1, for unfavorable adsorp-
tion Ry > 1, for linear adsorption Ry = 1 and for irre-
versible adsorption Ry = 0.

The distribution of fluoride ion between the liquid and
solid phase is a measure of the position of equilibrium in
the adsorption process which can be expressed by the
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Freundlich and Langmuir isotherm models. To identify the
adsorption equilibrium, we used both these models to
evaluate the equilibrium of the experimental data. The
condition for the validity of a Freundlich-type adsorption
model is adsorption on heterogeneous surfaces (Kagne
et al. 2009). The Freundlich isotherm fits with coefficient
of determination (R) and Chi-square value (}52) of 0.993
and 0.010, respectively (Fig. 2c). Hence, the process of
defluoridation using iron ore follows the Freundlich iso-
therm. The calculations of the Freundlich and Langmuir
model for the removal of F~ and the various constants of
the models are presented in Table 1. Although R* value
(0.983) of the Langmuir model is less than that of Fre-
undlich (R* = 0.993), it is near to unity (Fig. 2c). The
value of Ry (0.169) for the Langmuir model also indicates
favorable sorption of F~ onto the adsorbent (Langmuir
1916). Therefore, the equilibrium of adsorption processes
of deflouridation using iron ore can be determined by either
of the models.

We used the Dubinin and Radushkevich (D-R) isotherm
to distinguish between physical and chemical adsorption.
The linear form of this model is expressed by Eq. (8) (Chen
and Yang 1994).

In g = Ings — fe*, (8)

where ¢. is the amount of F~ adsorbed (mol/g), g is
monolayer sorption capacity (mol/g), f is the activity
coefficient related to mean sorption energy (mol*/kJ%) and &
is the Polanyi potential expressed in Eq. (9).

Table 1 Equilibrium isotherm parameters for the removal of fluoride
by iron ore ([F~]o = 10 mg/L, particle size iron ore <0.075 mm,
agitation rate = 150 rpm, contact time = 120 min, pH = 6 and
temperature = 22 £ 2° C)

Freundlich Langmuir D-R

Parameters Value Parameter Value Parameter Value

K¢ (mg/g) 1465  gmax (mg/g) 4433 g, (mg/g) 21.159
I/n 0420 b (L/mg) 0.490 E (kJ/mol) 10.206
R 0993 R? 0983 R’ 0.978

7 0010 ¥ 0.024

Table 2 The kinetics parameters for adsorption of fluoride onto iron
ore

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

Parameters Value Parameter Value Parameter Value
Ge exp (MZ/E) 172 G op (mg/g) 172 R? 0.960
e carc (Mg/g) 214 ge curc (L/mg) 336 K, (min'?)  0.0103
R? 0.882 R? 0.694
K, (min™")  0.024 K, (min™")  0.166
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g:RT<1+i>, )
Ce
where R is the gas constant (kJ/mol/K), T is the absolute
temperature (K) and c. is the equilibrium fluoride con-
centration (mol/L).

The mean sorption energy, E (kJ/mol) is calculated by
Eq. (10) (Chen and Yang 1994).

1
E=—rss (10)
where f is the activity coefficient related to mean sorption
energy (mol*/kJ?).

The D-R isotherm constants are presented in Table 1
and the plot of the D-R isotherm for fluoride adsorption
onto iron ore is presented in Fig. 2d. The monolayer
sorption capacity (gs) and mean sorption energy (E) were
found to be 21.159 mg/g and 10.206 kJ/mol, respectively.
The E value ranges from O to 8.0 kJ/mol for physisorption
and from 8.0 to 16 kJ/mol for chemisorption (Chen and
Yang 1994). The value of E, which is 10.206 kJ/mol,
suggests that the mechanism for the adsorption of fluoride
onto iron ore is dominantly chemisorption.

Adsorption kinetics of fluoride

The kinetic experimental data of F~ adsorption on iron ore
sorbent were simulated by the pseudo-first-order and
pseudo-second-order kinetic models (Ho and McKay 1999)
represented in Egs. (11) and (12), respectively.

t

log(ge — q1) = logge — “‘”m (11)
1 1
=—+ kot , (]2)
qe _Qt CIe

where g. and g, are the amount of fluoride adsorbed (mg/g)
at equilibrium and any time 1, respectively, and k; (min~")
and k, (min~") are rate constants of adsorption for pseudo-
first and pseudo-second order, respectively.

The coefficient of determination (Rz) for the pseudo-
first-order kinetic model (Fig. 3a) was found to be high
value (0.822). The estimated equilibrium adsorption
capacity (g.) with a value of 2.14 mg/g is approximately
similar with the experimental value of 1.72 mg/g (Table 2).
Therefore, the adsorption of F~ onto iron ore is best
described by the pseudo-first-order kinetic model and
implies that the adsorption process is controlled by mass
transfer. Other literature indicates that most adsorption
processes can be represented by pseudo-first-order rate
mechanism (e.g., Ho and McKay 1999).

The pseudo-first-order kinetic rate constant (k;), cal-
culated from the slope of the plot of log (g, — g,) versus
t was found to be 0.024 min~' for initial F~
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Fig. 3 a Plot of pseudo-first-order model and b Plot of intraparticle diffusion model for fluoride absorption onto iron ore at pH 6

concentration of 10 mg/L (Table 2). This adsorption rate
of iron ore was found to be lower when compared with
the value reported for bauxite (2.80 min~") for the same
concentration of F~ (Sujana and Anand 2011). However,
it is higher than the adsorption rate of natural stilbite
zeolite modified with Fe*™ (0.0085 min™") for 5.0 mg/L
F~ (Sun et al. 2011). This indicates that the diffusion of
F~ into the cavity of iron ore has a significant influence
on adsorption process.

Intraparticle diffusion of fluoride

Besides adsorption at the outer surface of the adsorbent, the
fluoride may also diffuse into the interior of the adsorbent
(Kemer et al. 2009). The intraparticle diffusion model
(Eq. 13) based on the theory proposed by Weber and
Morris (1963) was tested to determine if the particles’
diffusion is the rate-limiting step for the fluoride adsorption
onto iron ore.

qt = kpt(]'5 , (13)

where g, is the amount of fluoride adsorbed (mg/g) at a
given time ¢ (min) and k; (minfm) is the intraparticle
diffusion rate constant.

The intraparticle diffusion rate constant (k,) value
estimated from the slope of plot of g, versus square root
of time was found to be 0.0103 min'/? for the initial
fluoride concentration of 10 mg/L. If intraparticle dif-
fusion is a rate-controlling step, then the plots should be
linear and pass through the origin (Weber and Mortris
1963). As shown in Fig. 3b, though the plot is linear, it
is not passing through the origin. This indicates that the
fluoride adsorption onto iron ore is a complex process
and the intraparticle diffusion was not the only rate-
controlling step.

Concentration of added anion
P 5 mglL 10 mg/L XN 20 mg/l 30 mgiL
[ 40 mg/L B8 100 mg/L 1200 mg/L

S
AN\

S

Fluoride adsorbed (%)

T
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soZ
Competing anions

Fig. 4 Effect of different anion concentrations on fluoride adsorption
([F~]o = 10 mg/L, dose of iron ore = 5 g/L, particle size of iron ore
<0.075 mm, agitation rate = 150 rpm, contact time = 120 min and
pH = 6)

Effect of co-existing anions

It was observed that fluoride adsorption efficiency was
significantly (p < 0.05) affected by phosphate, carbonate
and bicarbonate within the concentration range tested
(5-200 mg/L). However, the presence of sulfate, nitrate
and chloride did not significantly (p > 0.05) affect fluoride
adsorption efficiency within the concentration range tested
(5-200 mg/L) as shown in Fig. 4. Therefore, to optimize
the use of iron ore for deflouridation technology, interfer-
ing anions of phosphate, carbonate and bicarbonate need to
be targeted.

Desorption experiment

The reusability of an adsorbent mainly depends on the ease
with which adsorbate is released from the spent adsorbent.
Ten milligrams per liter (10 mg/L) fluoride was allowed to
adsorb onto 5 g/L. iron ore for 120 min contact time at
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shaking speed of 150 rpm. The solid loaded with fluoride
was separated from the solution from the supernatant
solution by filtration and dried. Desorption study was then
carried out using the fluoride-loaded iron ore to investigate
the regenerability of the exhausted adsorbent. The regen-
erative properties of the fluoride-loaded iron ore was
investigated using NaOH solution of different concentra-
tions. Percentage of fluoride desorbed as a function of
NaOH concentration was tested using synthetic fluoride
solution [F~]o = 10 mg/L, for optimum conditions (dose
of iron ore = 5 g/L, particle size of iron ore <0.075 mm,
agitation rate = 150 rpm and contact time = 120 min). It
was observed that the percentage of fluoride desorbed
increased with the increase of the concentration of NaOH
from 0.01 to 0.5 M. Nevertheless, a detail regeneration
experiment should be conducted to determine the reus-
ability of the iron ore.

Removal of fluoride from ground water

Based on the optimum conditions (except pH) that were
determined by synthetic aqueous solution, we tried the
adsorption experiment of F~ onto iron ore using natural
ground water samples. The results revealed that the fluoride
removal efficiency from ground water with initial fluoride
concentration of 14.22 mg/L and 15 g/L of iron ore with
particle size of <0.075 mm was 89 %. This removal effi-
ciency reduced the initial fluoride in ground water to a
level of 1.17 mg/L which is within the permissible range of
WHO guidelines. Although it lowers the level of fluoride to
the acceptable limit, the natural ground water samples
consume high amount of iron ore. This is due to the pre-
sence of interfering anions [e.g., pOi’ (0.05 mg/L), CO%’
(20 mg/L)], and a relatively high pH value of 7.76.
Although it is possible to meet the guideline value with out
pH adjustment and pretreatment of interfering ions in these
natural water samples, it is advisable to adjust the pH level
to 6.0 and to remove the major interfering ions with
appropriate pretreatment methods.

Conclusions

The results of this study revealed the 86 % of fluoride
removal efficiency from aqueous solution with initial
concentration of 10.0 mg/L F~ using 5 g/L of iron ore. The
adsorption capacity of iron ore for fluoride was 1.72 mg/g
within equilibrium of 120 min at laboratory room tem-
perature (22 + 2 °C). The optimum fluoride removal was
observed at pH 6. Carbonate, bicarbonate and phosphate
showed significant negative effect on fluoride adsorption
efficiency. The adsorption process fit well to the Freundlich
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isotherm model indicating the heterogeneous distribution
of active sites on the surface of iron ore. Kinetic study
indicated that the adsorption process followed a pseudo-
first-order kinetic model which indicates that the adsorp-
tion process is predominantly controlled by mass transfer.
In addition, it was also proved that iron ore has a strong
removal efficiency of 89 % from natural water samples
with initial concentration of 14.22 mg/LL F~ using 15 g/L
of iron ore. Therefore, iron ore could be useful for tackling
the adverse public health impacts of high concentrations of
fluoride in drinking water. For large-scale application,
detail characterization of iron ore and further column
experiments needs to be conducted to determine the real
adsorption capacity and regeneration rate.
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