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In the present study the defluoridation capacities of some of the naturally occurring materials like low and
high iron containing lateritic ores, overburden from chromite mines of Orissa Mining Corporation (OMC)
and Tata Steel have been estimated. The various experimental parameters studied for fluoride sorption
from aqueous solutions were: time, pH, initial fluoride concentration, sorbent dose and temperature. The
three geomaterials, namely chromite overburden from Orissa Mining Corporation, both low and high iron
containing lateritic ores sorbed fluoride effectively. The sorption kinetics for these samples was found to
luoride
orption
eomaterials
inetics and isotherm

follow first order rate expression and the experimental equilibrium sorption data fitted reasonably well
to both Langmuir and Freundlich models. The negative values of �G◦ suggest the sorption of fluoride onto
three samples to be spontaneous and the exothermic nature of sorption is confirmed by the −�H◦ values.
The negative �S◦ values for these sorbents point towards decreased randomness at the solid/solution
interface. The sorption studies were also carried out at natural pH conditions for fluoride removal from
ground water samples and the fluoride level could be reduced from 10.25 to <1.0 mg L−1 by multistage
adsorption process using OMC and NH samples.
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. Introduction

High fluoride levels in drinking water has become one of the
ost critical health hazards of this century as it induces intense

mpact on human health including skeletal and dental fluorosis [1].
he occurrence of fluoride in ground and surface water in differ-
nt concentrations has been reported from almost all parts of the
orld [2]. In India, although water resources are high but there is

n acute shortage of safe drinking water due to acceptable water
uality. The incidence of high fluoride content in ground water
>1.5 mg L−1) is not uncommon in both shallow and deeper water
earing zones [3–5]. Fluoride is a persistent and non-degradable
oison that accumulates in soil, plants, wild life and in humans.
luoride can be enriched in natural waters by geological processes.
esides, there can also be formidable contributions from industries.
igh fluoride containing wastewaters are generated by thermal
ower plants, rubber, fertilizer and semiconductor manufacturing,

lass and ceramic production and electroplating industries. Accord-
ng to the WHO (1994) [6–7] guidelines and recommendations in
he areas with a warm climate, the optimal fluoride concentration
n drinking water should remain below 1 mg L−1, while in cooler

∗ Corresponding author. Tel.: +91 674 2581639; fax: +91 674 2581637.
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limates it could go up to 1.2 mg L−1. The differentiation derives
rom the fact that people perspire more in hot weather and conse-
uently drink more water [8]. The problem is more acute in rural
nd small urban communities particularly in the third world coun-
ries [9]. Severe chronic and cumulative over exposure can cause
he incurable crippling of skeletal fluorosis. The dental and skeletal
uorosis is irreversible and no treatment exists. The only remedy

s prevention by keeping fluoride intake within the safe limits.
Defluoridation is normally accomplished by sorption and pre-

ipitation processes [10–13]. The most commonly used sorbent for
uoride removal from drinking water is activated alumina. To find
ut cost effective alternatives for removing fluoride from waters,
ifferent geomaterials have been tested in recent years, which

ncludes zeolites, heat-treated soils, fly ash, bauxite, volcanic ash
nd limestone [14–17]. In the present study, fluoride removal stud-
es have been carried out by sorption onto naturally occurring, low
ost materials like low and high iron containing nickel laterites (NL
nd NH), overburden from chromite mines of Orissa Mining Cor-
oration (OMC) and Tata Steel (TS) from Orissa, India. All these
aterials have iron as the major component while nickel, cobalt,

anganese, calcium, magnesium, aluminium, chromium and sil-

ca as the other components. Though considerable research efforts
ave been made to for nickel and cobalt extraction [18–21] but till
ow these materials have not been commercially exploited due to

ow nickel content. The presence of high metal oxides especially

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mgsujana@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.03.062
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Table 1
Chemical analysis of various geomaterials

Element NH NL TS OMC

%Fe 46.29 28.56 43.75 40.0
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Fig. 2 shows the effect of contact time on the removal of fluoride
by different geomaterial samples. It shows that with a fixed amount
of sorbent, the fluoride concentration in the solution decreased
with time. For all the samples except the OMC, the equilibrium
M.G. Sujana et al. / Journal of Haz

ron in these materials may make them suitable for fluoride reme-
iation. The proximity of availability of these materials in Orissa,

ndia and presence of fluoride contaminated ground water in differ-
nt locations of this state make the present study very useful. In this
ontext, the above said materials were taken for fluoride removal
tudies from water and their applicability in fluoride containing
round water treatment systems.

. Materials and methods

The samples were crushed, ground and sieved to obtain
100 �m size (100% −150 B.S.S. mesh) and stored in airtight con-
ainers for further studies. The chemical analysis of the samples
as carried out by following the recommended analytical proce-
ures [22]. Sampling for analysis was done following quarter and
one method. One gram of each sample (in duplicate) was sub-
ected to tri-acid digestion for wet chemical analysis. Iron was
nalysed volumetrically by taking a known aliquot and first reduc-
ng it with stannous chloride followed by addition of saturated

ercurous chloride, 10% H2SO4 and phosphoric acid. The contents
ere titrated against standard potassium dichromate in presence

f BDAS (barium diphenyl ammine sulphonate) as an indicator. The
oncentrations of other metal ions were determined by Atomic
bsorption Spectrophotometer (PerkinElmer 2380) after proper
ilutions. The mineral phase compositions were determined by X-
ay diffraction (XRD), measurements were done over a range of
0–70◦ using Phillips Powder Diffractometer Model PW3710 with
o K� radiation at a scan speed of 1.2◦ min−1. The surface area was
easured by BET nitrogen sorption technique (Quantasorb 1750

nstrument).
All the chemicals used were of analytical reagent grade. Fluo-

ide analysis was carried out by following SPADNS method [23].
known volume of sample was taken in a 25 mL volumetric

ask and 5 mL of SPADNS reagent was added. The volume was
ade up to 25 mL using distilled water and the absorbance was
easured at 570 nm using PerkinElmer Lambda 35 UV/visible spec-

rophotometer. The pH of the solutions at the beginning and end
f the experiments were measured and the average values are
eported. All the pH measurements were carried out by an Sys-
ronic digital pH meter (Model 361) and the pH of the solutions
ere adjusted by HCl and NaOH solutions of appropriate strength.

he pH was measured by dipping the electrode in the solution.
he pHpzc of prepared sample was determined by solid addition
ethod adopted by Balistrieri and Murray [24]. Accordingly, to
series of well-stoppered 125 mL polyethylene bottles contain-

ng 40 mL of 0.01 M KNO3 electrolyte solution, different volumes
f either 0.1 M HCl or 0.1 M NaOH solution were added to obtain
ide-ranging pH values from 2 to 8. The total volume of solu-

ion in each bottle was made up to 50 mL by addition of distilled
ater. After 2 h of equilibration the pH values (pHi) were noted

nd 0.2 g of sample was added. After 72 h of equilibration at room
emperature (305 ± 3 K) with intermittent shaking, the pH value
f the supernatant liquid in each bottle was noted (pHf). The dif-
erence between pHi and pHf (�pH) were then plotted against
Hi, The solution pH at which �pH = 0 is “the pHpzc” of the sam-
le. In a similar way pHpzc of all the samples was determined
25].

A 100-mg L−1 fluoride stock solution was prepared by dissolv-
ng 0.221 g of sodium fluoride in 1 L of double distilled water at
oom temperature. The experimental solutions were prepared by

ppropriate dilutions of the above solution. Batch sorption stud-
es were carried out different conditions, viz. effect of contact time
15–300 min), pH (2.5–10), sorbent dose (2–10 g L−1), fluoride con-
entrations (10–50 mg L−1) and temperature (305–335 K). 0.1 g of
he sample was taken in a 100 mL polyethylene plastic vial and
Ni 1.15 0.71 0.79 0.74
Co 0.07 0.05 0.08 0.09
Mn 1.06 0.27 0.60 0.15
Zn 0.01 0.02 0.02 0.05

0 mL of fluoride solution of known concentration was added. The
ontents (adsorbent/water 2 g L−1) were kept for constant shaking
n a temperature controlled water bath shaker for required time and
hen the solids were separated by centrifuging at 3500 rpm on REMI
entrifuge. The solutions were collected for analysis and fluoride
oncentration in the solutions was determined. Each experiment
as conducted three times and average values are reported. The

orption capacity X (mg g−1) of the sorbent was calculated from
he following equation:

= Ci − Ce

CA
(1)

here Ce is the residual concentration reached at equilibrium state,
i the initial fluoride concentration and CA is the sorbent concen-
ration.

. Results and discussion

.1. Chemical composition and characterization

The chemical composition of various sample are given in Table 1
hows that the major component is iron oxide in all samples. The
RD patterns (Fig. 1) of the samples show presence of goethite and
ematite in all the samples. The 100% RI peaks corresponding to
ematite are observed for samples OMC, TS and NL whereas for NH
00% RI peak corresponds to goethite. The pHpzc of samples NH,
L, OMC and TS were 6.9, 6.7, 6.7 and 6.5, respectively. The specific

urface area of the samples were determined by BET method and
ere found to be 74, 68, 44 and 51 m2 g−1, respectively.

.2. Effect of contact time
Fig. 1. XRD patterns of various geomaterials (a) NH, (b) OMC, (c) TS and (d) NL.
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ig. 2. Effect of contact time on fluoride removal. Conditions: sorbent dose, 2 g L−1;
nitial fluoride concentration, 10 mg L−1; temperature, 303 K; pH 5.

onditions appeared at 4 h. In case of OMC sample, residual flu-
ride concentration decreased up to 4.5 h. The order of removal of
uoride from the aqueous solution is: OMC > NH > NL > TS. These
esults indicate that the adsorption is neither dependent on the
ron content of the geomaterials nor on the surface area. It is diffi-
ult to indicate the exact active adsorption sites in such materials as
hese constitute a number of oxides such as magnesium, calcium,
ilica, alumina and chromite along with iron. Further studies were
arried out with the three materials that exhibited higher removal
apacity, namely, OMC, NH and NL samples.

.3. Sorption kinetics

The time data generated was used to determine the rate con-
tants. The sorption rate constants of fluoride on NH, OMC and
L were determined to understand the adsorption phenomena in

erms of the adherence of fluoride on the active sites of the sorbent
s well as its intra-particle diffusion with in the pores of the sor-
ent [26]. The sorption rate constants for fluoride were calculated
y using the following Lagergren equation [27]:

og(qe − q) = log qe − kad

2.303
t (2)

here qe and q are the amount of fluoride sorbed (mg g−1) at equi-

ibrium and at any time t (min), respectively. The sorption rate
onstant kad was determined from the slops of the linear plots of
og(qe − q) vs. t for three geomaterials (Fig. 3). The values of kad for
uoride on OMC and NH were found to be 3.9 and 9.2 × 10−3 min−1,

ig. 3. Lagergren plots for the removal of fluoride on geomaterials (data correspond-
ng to Fig. 2).

e
w
2
p
p

F
d
t

ig. 4. Intra-particle diffusion of fluoride on surfaces of geomaterials (data corre-
ponding to Fig. 2).

espectively. In case of NL two distinct regions were marked, one up
o 90 min and another one from 90 to 180 min with rate constants as
.0 × 10−3 and 2.3 × 10−2 min−1, respectively. This could be prob-
bly due to different available surface sites with time resulting in
ariation of rate constants. However, further studies are required
o outline the mechanism.

Besides the sorption at the outer surface of the sorbent, the sor-
ate molecules may also diffuse into the interior of the porous
orbent [16]. This was studied by plotting the amount of the flu-
ride sorbed vs. the square root of time (Fig. 4), a straight line
epresenting the control of sorption by intra-particle diffusion. The
olute ions diffuse within the pores and capillaries of the metal
xides, as these provide available sites for sorption. The values of
ntra-particle diffusion rate constants Kp were calculated from the
lopes of the plots from Fig. 4 and are found to be 13.0, 12.0 and
0.0 × 10−2 mg g−1 min0.5 for OMC, NH and NL samples, respec-
ively.

.4. Effect of pH

Anions can be sorbed on sorbents through specific and/or non-
pecific sorption. The specific adsorption, involves ligand exchange
eactions where the anions displace OH− and/or H2O from the sur-
ace [28]. Where as nonspecific adsorption involves the coulombic
orces, and mainly depends on the pHpzc of the sorbent [29]. The
ffect of solution pH on fluoride removal by different geomaterials

as studied by fixing the pH of the working solutions in the range of
.5–10 and the results are shown in Fig. 5. In all the cases, sorption
asses through maxima. The results show for NH and OMC sam-
les, the maxima occurs at pH range of 5–6, whereas for NL sample

ig. 5. Effect of solution pH on fluoride removal by geomaterials. Conditions: sorbent
ose, 2 g L−1; initial fluoride concentration, 40 mg L−1; temperature, 303 K; contact
ime, 4 h.
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Fig. 7. Plot of distribution coefficient vs. sorbent dose. Conditions: initial fluoride
concentration, 40 mg L−1; temperature, 303 K; contact time, 4 h.
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�G◦ = −RT ln Kc (8)

log Kc = �S◦

2.303R
− �H◦

2.303TR
(9)

Table 2
Thermodynamic parameters for the fluoride removal on geomaterials

Sample �G◦ (kJ mol−1) �S◦ (J mol−1 deg−1) �H◦ (kJ mol−1)
ig. 6. Effect of sorbent dose of fluoride removal. Conditions: initial fluoride concen-
ration, 40 mg L−1; temperature, 303 K; pH 5; contact time, 4 h.

he maxima is in the pH range of 3–5 for fluoride removal. As these
eomaterials are combination of hydrous metal oxides like Fe, Al
nd Si, in humid environment hydroxylated surfaces of these metal
xides develop charge on the surface of aqueous solution. There-
ore, the specific sorption of fluoride by these oxide species may be

odeled as a two-step ligand exchange reaction:

SOH + H+ ↔≡ SOH+
2 (3)

OH+
2 F− ↔≡ SF + H2O (4)

The over all reaction can be written as

SOH + H+ + F− ↔≡ SF + H2O (5)

here SOH represents a surface hydroxyl group and SF a surface
ite occupied by a fluoride ion. The minimum sorption in acidic
ange for the geomaterials can be attributed to the formation of
eak hydrofluoric acid. The decrease of sorption in the alkaline pH

>7) range may be due to the competition of the hydroxyl ions with
he fluoride for surface sites on sorbent or electrostatic repulsion of
uoride ion to the negatively charged surface. These geomaterials
re attractive sorbents because of their broad pH range of 4–8 for
orption of fluoride.

.5. Effect of sorbent dose

The effect of sorbent dosage on fluoride removal at fixed pH and
nitial fluoride concentration is shown in Fig. 6. It is evident that the
ercent of fluoride removal increased with the increase of the sor-
ent concentration which is due to the fact that a greater amount of
orbent implies a greater amount of available binding sites. There-
ore, percent sorption increased with increase of sorbent dose. The
istribution coefficient (KDC) generally used to define the partition-

ng of an element in a system [30] is expressed by the following
quation:

DC = anionads

aniondiss

1
Cp

(6)

here Cp is the sorbent concentration in kg L−1 and KDC is the dis-
ribution coefficient in L kg−1. The distribution coefficient KDC of
uoride for sorbents (NL, NH and OMC) at constant pH increased
ith increase of sorbent dose (Fig. 7). A distribution coefficient

eflects the binding ability of the surface for an element. If the sur-

ace is homogeneous, the KDC values at a given pH should not change
ith particle concentration but in the present study for all the sor-

ents, KDC increases thereby indicating the heterogeneous nature
f the surfaces.

N
N
O
R
B

ig. 8. Effect of temperature on fluoride removal. Conditions: initial fluoride con-
entration, 40 mg L−1; sorbent dose, 2 g L−1; pH 5; contact time, 4 h.

.6. Effect of temperature

The effect of temperature on the extent of fluoride sorption was
nvestigated in the solution temperature range from 305 to 335 K
or selected agitation time and initial solute concentrations. The
ata shown in Fig. 8 reveals that rise in solution temperature has
n adverse effect on fluoride sorption on NL, NH and OMC. This
ay be happening because the rise in temperature increases the

scaping tendency of the molecules from the interface and there by
iminishes the extent of sorption (decrease in sorption capacity).
nd it also shows that the interaction between fluoride ion and
orbent is exothermic in nature and confirms the physical sorption
f fluoride on NL, NH and OMC surfaces.

In order to study the feasibility of the process, the thermody-
amic parameters were obtained from the following equations:

c = CAe (7)
H −14.65 −94.4 −27.59
L −15.82 −105 −30.13
MC −15.9 −101 −28.37
ed soil [16] −6.09 −46.62 −2.02
auxite [17] −5.76 −29.28 −0.078
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Fig. 11. Freundlich plots for fluoride sorption by geomaterials (data corresponding
to Fig. 9).

Table 3
Calculated isotherm parameters for Langmuir and Freundlich models

S. no. Langmuir isotherm Freundlich isotherm

r2 Q◦ (mg g−1) b r2 KF n

N
N
O

F
p
s
c
a
t
h
a
1
o
a
[
b

3

p
A

ig. 9. Sorption isotherms of geomaterials for different initial fluoride concentra-
ions. Conditions: sorbent dose, 2 g L−1; pH 5; contact time, 4 h; temperature, 303 K.

here Ce is the equilibrium concentration in solution in mg L−1 and
Ae the equilibrium concentration on the sorbent in mg L−1 and Kc is
he equilibrium constant. The van’t Hoff plot of In Kc against 1/T was
ound to be linear (not shown). The values for the thermodynamic
arameters were obtained from the slope and intercept of the plot
Table 2). The negative values of �G◦ indicates spontaneous nature
f sorption while the negative �H◦ values confirm the sorption to
e exothermic in nature. Generally, adsorption processes are asso-
iated with positive values of �S◦. In contrast, negative values of
S◦ for adsorption on some heterogeneous materials are reported

31]. The negative values of �S◦ suggest decreased randomness
t the solid/solution interface and points towards no significant
hange occurring in the internal structure of the sorbent through
orption.

.7. Isotherm study

The sorption data usually follow Langmuir or Freundlich
sotherms models. The experimental data obtained for different
nitial fluoride concentration at constant temperature and pH were
lotted (Fig. 9) in a linearised form of Langmuir and Freundlich
orption isotherms

Ce

qe
= 1

Qob
+ Ce

Qo
(10)

og qe = log KF + 1
n

log Ce (11)

here Ce is the equilibrium concentration (mg L−1), qe the amount
−1
orbed at equilibrium (mg g ), Qe the sorption capacity for Lang-

uir isotherms and ‘b’ is an energy term which varies as a
unction of surface coverage strictly due to variations in the heat
f adsorption. The constant ‘n’ indicates the degree of favora-
ility of adsorption [32] and KF is the isotherm constants for

ig. 10. Langmuir plots for sorption of fluoride (data corresponding to Fig. 9).

f
d
t
D
b
7
q
t

T
C

p
C
C
M
C
S
P
N
N
T
F

H 0.925 15.02 0.04 0.996 0.84 1.66
L 0.967 12.30 0.02 0.959 0.36 1.28
MC 0.939 15.17 0.04 0.935 0.97 1.66

reundlich model. The sorption data of fluoride on all the sam-
les followed both Langmuir and Freundlich isotherm models as
hown in Figs. 10 and 11(correlation coefficient > 0.9 for all). The
alculated isotherm parameters along with correlation coefficients
nd are given in Table 3. It was observed that the data fits well
o both the models. The magnitude of the Langmuir constant ‘b’
as small values (0.02–0.04 L mg−1), which indicates a low heat of
dsorption [33,34]. The ‘n’ should have values lying in the range of
–10 for classification as favorable adsorption [35]. A smaller value
f ‘n’ indicates a weaker bond between adsorbate and adsorbent
nd also it indicates the adsorbent surface to be of heterogeneous
36,37], while a lower value for KF indicates that the rate of adsor-
ate removal is low [38].

.8. Fluoride removal from ground water sample

In Orissa (India), there are many locations where fluoride is
resent in excess of acceptable limits (>1 mg L−1) in ground water.
typical ground water sample was collected from Khurda district

or the present study. Chemical analysis is given in Table 4. The
ata generated on various geomaterials for fluoride removal shows
hat at a pH of >6% adsorption of fluoride decreased considerably.
ue to the presence of other anions such as sulphate and chloride

esides fluoride and the high pH of the ground water sample (pH
.75), it is expected that the amount of adsorbent required would be
uite high. Therefore, the adsorption studies were carried out under
he following conditions: 14 g L−1 adsorbent dose (NH or OMC), pH

able 4
haracteristics of water sample

H 7.75
onductivity 1061
alcium (mg L−1) as Ca2+ 9.61
agnesium (mg L−1) as Mg2+ 11.66

hloride (mg L−1) as Cl− 269.42
ulphate (mg L−1) as SO4

2− 148.89
hosphates (mg L−1) as PO4

3− 0.0429
itrate (mg L−1) 0.085
itrite (mg L−1) 0.012
otal hardness (mg L−1) as CaCO3 72
luoride (mg L−1) 10.25
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.75 and time 4 h, room temperature (303 K). The fluoride content
educed to 7.85 and 8.0 mg L−1 by OMC and NH samples, respec-
ively. Simulating a counter current removal of fluoride, the filtrate
as taken and treated with fresh adsorbent (10 g L−1) in two more

tages, the fluoride content was reduced to 0.25 and 0.37 mg L−1 for
MC and NH, respectively. The final solution was analysed for other
ompeting anions and it was observed that chloride was reduced
o 212 and 194.7 mgL−1 while sulphate concentration was reduced
o 76.8 and 57.6 mgL−1, respectively with OMC and NH samples.
hese results show a very high uptake of chloride and sulphate
long with fluoride ions resulting in high requirement of adsor-
ent.

. Conclusions

This study has demonstrated that iron containing lateritic ores
NL and NH) and chromite overburden (OMC of India) can be used
s effective adsorbents for fluoride removal from aqueous solu-
ions. The degree of removal was dependent on initial fluoride
oncentration, pH, sorbent dose and reaction temperature. Max-
mum adsorption of fluoride on OMC, NH and NL at pH of 5.0,
.16 and 3.6 were 52.6, 48 and 33.8%, respectively. The time data
or three materials followed first order kinetics and was governed
y intra-particle diffusion model. The equilibrium data fitted well
o both Langmuir and Freundlich isotherms with the increase in
emperature from 308 to 338 K, percent adsorption of fluoride on
ll materials decreased indicating physio adsorption process. The
valuation of thermodynamic parameters showed that the adsorp-
ion process was thermodynamically favorable, spontaneous and
xothermic in nature. The negative entropy values for all the sam-
les indicate decreased randomness at the solid solution interface.
luoride could be successfully removed from ground water samples
y multistage adsorption process.
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