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bstract

The present study was carried out to investigate the potential of cement hydrated at various time intervals for the removal of excess F−

rom aqueous solution by using batch adsorption studies. The influence of different adsorption parameters, viz. effect of adsorbent dose, initial
oncentration, pH, interfering ions and contact time were studied for their optimization. It was observed that the adsorbent exhibited reasonably
ignificant F− removal over a wide range of pH. The presence of carbonate and bicarbonate ions in aqueous solution were found to affect the F−

emoval indicating that these anions compete with the sorption of F− on adsorbent. The equilibrium adsorption data were fitted well for both the
reundlich and Langmuir isotherms and the adsorption capacities were calculated. Comparative studies for F− removal in simulated and field water

how relatively higher F− removal in simulated water. XRD and SEM patterns of the hydrated cement were recorded to get better insight into the
echanism of adsorption process. From the experimental results, it may be concluded that HC was an efficient and economical adsorbent for F−

emoval.
2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well documented that trace elements are essential and
eneficial to human health in minute concentrations, as they
lay a significant role in many metabolic processes and act as
ofactors. However, exceeding their permissible intake is known
o be toxic and has adverse effects on general body metabolism.
ne such trace element, which is ubiquitously distributed in soil,

arth and water is fluoride [1]. Fluoride (F−) in drinking water
ay be beneficial or detrimental depending on its concentration

nd total amount ingested [2]. Fluoride is beneficial especially
o young children (below 8 years of age) when present within
ermissible limits of 0.5–1.5 mg/L for the calcinations of den-
al enamel and bone formation [3]. Concentrations higher than
his not only affects teeth and skeleton but also cause several

eurological damages in severe cases [4].

Higher concentrations of F− in groundwater is a global prob-
em, occurring in many continents and affecting millions of
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eople. According to a UNICEF report, fluorosis is endemic
n at least 25 countries across the globe. In India alone, excess
f F− in drinking water is prevalent in 150 districts of 17 states of
he country [5]. According to the Department of Drinking Water
upply under the Ministry of Rural Development, India, rural
upply is, to a large extent dependent on groundwater (85%).
ence, it becomes necessary to reduce the F− concentration
ithin permissible limit of 1.5 mg/L according to Indian stan-
ards. The limit also varies among countries and the age of the
eople exposed [5].

Various treatment procedures have been reported for the
emoval of excess F− from water. These can be broadly classi-
ed into three categories namely, precipitation, adsorption and
embrane based. Precipitation involves the addition of soluble

hemicals to water. Fluoride is removed either by precipita-
ion, co-precipitation or adsorption onto the formed precipitate.
dsorption involves the passage of contaminated water through

n adsorbent bed, where F− is removed by physical, ion-

xchange or surface chemical reaction with adsorbent [6]. Other
efluoridation methods include membrane processes, nanofiltra-
ion, electrodialysis, etc. These processes are effective and can
emove F− to a suitable level but they are expensive and require
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requent regeneration of beads or membrane and cleaning of the
caling and fouling [7]. Among them adsorption is still widely
ccepted pollution removal technique because of its ease of oper-
tion and cost-effectiveness. Recently, researchers have devoted
heir study on different types of low-cost but effective materials
7–10].

Portland cement, a low-cost fine-powdered building material
sually consists of four main components such as tricalcium sili-
ate, dicalcium silicate, tricalcium aluminate, and a tetracalcium
luminoferrite. Portland cement was mixed with water to get
ydrated cement. The main advantage of using hydrated cement
or F− removal over other chemical treatment methods is that
t does not produce sludge, abundant availability and low-cost
aterial. So, the main objective of this study was to investigate

he F− removal potential of hydrated cement under different
mpirical conditions by batch adsorption studies.

. Materials and methods

.1. Materials

Cement used for this study was obtained from local commer-
ial sources. All other chemicals used in the present study were
f analytical grade purchased from E-Merck India Ltd., Mum-
ai, India. A stock solution of F− and Ca2+ was prepared by
issolving known weight of sodium fluoride and calcium chlo-
ide in distilled water and desired working F− and Ca2+ solution
as prepared from stock solution by appropriate dilution.

.2. Preparation of adsorbent

Preliminary studies were carried out by using cement
ydrated for various time intervals of 24–120 h, respectively.
mong them, cement hydrated for 72 h showed better results and

t was used for further study. The detailed procedure for its prepa-
ation is as follows. About 1000 g (1 kg) of the commercially
vailable Portland cement was taken in a vessel and the required
mount of the distilled water (500 mL) was added to it. The pH
f the cement in distilled water was about 9. Then, it was kept
or 72 h at room temperature for hydration. After hydration/air-
rying, the hydrated cement which is usually obtained in the
orm of clinkers was broken into small granules of ∼1.4–3 mm
ize. The entire procedure for preparation of hydrated cement
HC) was shown in Scheme 1.

.3. Batch adsorption studies

Hundred milliliters of the desired F− solution was taken
nto a 250 ml of Tarson conical flask and known weight of
he adsorbent was added to it and then shaken (150 rpm) on

horizontal rotary shaker (Model No.CIS-24, Remi Instru-
ents, Mumbai, India) for 24 h in order to attain equilibrium.
he conical flasks were removed from the shaker and then

llowed to stand for 2 min for settling the adsorbent. All the
atch adsorption studies were conducted at room temperature
30 ± 2 ◦C). Similar procedure was followed to determine the
ptimum conditions and to study the effect of initial concen-

b
(
c
c

cheme 1. Schematic diagram for the preparation of hydrated cement as an
dsorbent.

ration, pH, adsorbent dose, interfering ions, etc. The specific
mount of F− adsorbed was calculated from the following
quation:

e = C0 − Ce

W
× V (1)

here qe is the adsorbate loading (mg/g) in the solid (HC) at
quilibrium; C0, Ce are the initial and equilibrium concentrations
f F− (mg/L) respectively; V the volume of the aqueous solution
L) and W is the mass (g) of adsorbent used in the experiments.

The effect of pH on F− removal was studied by adjusting the
H of solution using 0.1N HCl and NaOH solution. In case of
ach sample, pH was recorded by using Orion Model 920A+,
H meter (Thermo Electron Corporation, Waltham, MA).

.4. Methods of analysis

After attaining equilibrium, the experimental samples were
ltered through Whatman No. 42 filter paper and filtrate was
nalyzed for residual F− concentration by using fluoride ion
elective electrode (Orion number 9409 on a Sargent Welch
H/activity meter model PAX 900). Heavy metals if any released
y inductively coupled plasma-atomic emission spectroscopy
ICP-AES, Model OPTIMA-4100DV) method. Similar pro-
edure was used for experiments on effect of anions, initial
oncentration, pH, etc.
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Table 1
X-ray diffraction data for the HC before and after treatment with fluoride ions

d-Spacing (Å) Relative intensity (%) Angle, 2θ (◦) Peak height (counts)

Before adsorption
2.6233 100.00 34.18 425
4.8949 94.64 18.12 402
3.0299 87.21 29.48 371
2.7700 52.17 32.32 222
1.9244 40.03 47.23 170
3.1034 28.62 28.77 122
1.7946 23.39 50.88 99
3.3364 16.68 26.72 71
2.2847 15.54 39.44 66
2.8768 14.49 31.09 62

After adsorption
3.0195 100.00 29.58 1001
4.8649 18.58 18.24 186
2.2760 16.48 39.60 165
1.8713 16.07 48.66 161
1.9073 14.42 47.68 144
2.0885 14.20 43.32 142
2.7632 11.83 32.40 118
2
2
2

0 S. Kagne et al. / Journal of Haz

.5. Physical characterization

The HC before (untreated) and after (treated) batch adsorp-
ion experiments was characterized using XRD and SEM. A
epresentative experiment was carried out under the given
onditions: 30 ◦C, initial F− concentration = 50 mg/L, shak-
ng speed = 150 rpm and contact time = 6 h respectively, for the
reparation of XRD and SEM samples. The X-ray diffrac-
ion patterns were recorded using X-ray diffractometer, Model
Phillips, ‘X’ Pert). The sample was scanned for 2θ range from
0◦ to 60◦. The SEM analysis was carried out using Jeol,
XA-840 A, Electron probe microanalyser, Japan, with differ-
nt magnifications. The results were obtained in the form of
icrograph on a 35 mm B/W film. In order to know the chemi-

al composition, chemical analysis of hydrated cement was also
arried out by weight percentage, which is expressed in terms
f oxides.

. Results and discussion

.1. Adsorbent characterization

The XRD and SEM patterns of the HC before (untreated) and
fter treatment (treated) with F− ions are shown in Figs. 1 and 2

nd the XRD data are given in Table 1. It is evident from the
RD studies (Fig. 1a and b) that the crystal structure of the
C showed significant changes after the adsorption of F− ions.
his also suggests that the uptake of F− ions by HC was due to

Fig. 1. (a) XRD of untreated HC and (b) XRD of treated HC.
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.6358 10.75 34.01 108

.6173 10.69 34.26 107

.4842 10.20 36.16 102

hemisorption and precipitation, in the form of calcium and alu-
inum salts (F−), with the alteration in the crystal structure of
C [7,11]. The possibility of calcium fluoride formation by reac-

ion of fluoride with soluble or exchangeable calcium present in
oil at near neutral pH has also been reported [12].

In order to see the surface of HC before and after adsorption,
canning electron microscope (SEM) images for the untreated
nd treated samples were recorded. It is evident from Fig. 2a
hat the SEM micrographs of the HC before treatment of F−
hows irregularly shaped particles with surface agglomerates of
mall size particles adhered on bigger particles while the SEM
icrographs (Fig. 2b) of the HC after treatment of F− shows

early octahedral and stretched cubic structures which may be
ormed by the precipitation of aluminum and calcium salts (F−)
13–15]. In order to know the chemical composition, chemical
nalysis of HC was carried out by weight percentage which is
xpressed in terms of oxides as Al2O3 (3.70%), Fe2O3 (3.65%),
iO2 (17.44%), CaO (51.21%), and MgO (0.73%).

.2. Effect of adsorbent dose

The effect of adsorbent dose on F− removal at a fixed initial
− concentration of 5.9 mg/L, pH 6.7, shaking speed = 150 rpm
nd contact time = 24 h is shown in Fig. 3. It was observed that
ercentage removal of F− increased from 47.46% to 92.37%
ith increase in adsorbent dose of 2–20 g/L of HC. However,

fter a dosage of 10 g/L, there was no significant change in the
ercentage removal of F− and also it was required to bring down
he F− level to 1 mg/L which is also the maximum permissible

imit for F− in drinking water [16]. It may be due to the over-
apping of active sites at higher dosage as well as the decrease
n the effective surface area resulting in the conglomeration of
xchanger particles [17]. So, 10 g/L was used for further study.
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Fig. 2. SEM of (a) untreated

Fig. 3. Effect of adsorbent dose for fluoride removal (pH 6.7, initial concentra-
tion = 5.9 mg/L, shaking speed = 150 rpm, contact time = 24 h).
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HC and (b) treated HC.

.3. Effect of initial concentration

The effect of initial F− concentration on the percentage
emoval of F− was studied at different initial F− concentra-
ions by keeping all other parameters constant such as adsorbent
ose = 10 g/L, pH 6.7, shaking speed = 150 rpm and contact
ime = 24 h. The effect of initial F− concentration on F− removal
s shown in Fig. 4. It was noticed that with increase in initial F−
oncentration, the percentage removal of F− decreases. It may be
ecause at higher adsorbate concentration, the binding capacity
f the adsorbent approaches saturation, resulting in a decrease
n overall percent removal.
.4. Effect of pH

The pH of the medium is one of the important parameters that
ignificantly affect the extent of F− adsorption. Fluoride removal
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ig. 4. Effect of initial F concentration for fluoride removal (pH 6.7,

e = equilibrium adsorption capacity, dose = 10 g/L, shaking speed = 150 rpm
nd contact time = 24 h).

y the adsorbent was studied over the pH range of 3–12 with an
dsorbent dose = 10 g/L, initial concentration = 5.37 mg/L, shak-
ng speed = 150 rpm and contact time = 24 h as shown in Fig. 5. It
as evident from the results that the adsorbent exhibited reason-

bly significant fluoride removal over a wide range of pH. Even,
he defluoridation capacity of the adsorbent was appreciable in
cidic range which may be due to the presence of alumina. How-
ver, at highly alkaline pH, the defluoridation capacity drops
harply. It may be because of the competition between hydroxide
nd F− ions in this pH range [11].

.5. Effect of co-ions

Originally, fluoride contaminated water contains several
ther ions which can equally compete in the adsorption
rocess. In order to investigate the effect of interfering
ons on F− removal, adsorption studies were carried out in
he presence of 0.01 M salt solutions of chloride, sulfate,

itrate, carbonate, and bicarbonate independently at an ini-
ial concentration = 5.9 mg/L, adsorbent dose = 10 g/L, shaking
peed = 150 rpm and contact time = 24 h, respectively. The effect
f these co-existing ions on F− removal are shown in Fig. 6.

ig. 5. Effect of pH for fluoride removal (initial fluoride concentration =
.37 mg/L, dose = 10 g/L, shaking speed = 150 rpm and contact time = 24 h).
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ig. 6. Effect of interfering ions for fluoride removal (initial concentra-
ion = 5.9 mg/L, dose = 10 g/L, shaking speed = 150 rpm and contact time = 24 h).

rom the results, it was observed that carbonate and bicarbon-
te showed negative effect while chloride, nitrate, and sulfate
eally did not affect the F− removal. This may be due to the
hange in pH as well as competing effect of these co-ions for
he active sites of the adsorbent. The pH of the F− solutions
ere 7.9, 7.0, 6.97, 8.26, and 10.9, respectively, for Cl−, SO4

2−,
O3

−, HCO3
−, and CO3

2− while the pH of the F− solution
as 6.7 without addition of salt/anions. It was also confirmed

rom our experiments on the effect of pH (Section 3.4) that the
− removal decreases in highly alkaline pH as also explained.
ven, the effect of calcium ion on F− removal was studied by
arying its concentration from 100 to 800 mg/L, respectively.
t was observed that the F− removal increased with increas-
ng Ca2+ concentration till 400 mg/L and thereafter remained
onstant.

.6. Adsorption modeling

The distribution of F− between the liquid and solid phase
s a measure of the position of equilibrium in the adsorption
rocess and can be expressed by the Freundlich and Langmuir
quations. The Freundlich isotherm, which is an indicative of
urface heterogeneity of the adsorbent, is given below

e = KFC1/n
e (2)

The linearized Freundlich isotherm is given below

og qe = log KF + 1

n
log Ce (3)

here KF and 1/n are Freundlich constants, related to adsorption
apacity and adsorption intensity (heterogeneity factor), respec-
ively. The values of KF and 1/n were obtained from the slope
nd intercept of the linear Freundlich plot of log qe versus log Ce

nd were found to be 0.07419 mg/g and 0.8986 respectively, with
egression coefficient (R2) of 0.97. Since the value of adsorption
ntensity (heterogeneity factor) is less than unity, it indicates that
ystem shows favorable adsorption [18].
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5.31, 9.5, and 14.8 mg/L, respectively. It was also observed from
Fig. 8 that all the plots have common general features (initial
curved and subsequent linear portion). The initial curved por-
tion reflects film or boundary layer diffusion effect while the
S. Kagne et al. / Journal of Haz

The Langmuir equation, which is valid for monolayer sorp-
ion onto a surface is given below

e = q0bCe

1 + bCe
(4)

r

1

qe
= 1

q0b
× 1

Ce
+ 1

q0
(5)

here q0 is the maximum amount of the F− ion per unit weight of
C and b is the equilibrium constant of HC at equilibrium which

ndicates the affinity of the F− towards the HC. qe and Ce are the
quilibrium adsorption capacity and equilibrium concentration
f F− in solution.

The values of Langmuir parameters, q0 and b were calculated
rom the slope and intercept of the linear plots of 1/qe versus 1/Ce
nd were found to be 2.6788 mg/g and 0.6013 l/mg respectively,
ith regression coefficient (R2) of 0.95.
In order to predict the adsorption efficiency of the process, the

imensionless quantity (r) was calculated by using the following
quation [8]:

= 1

1 + bC0
(6)

here C0 and b are the initial concentration of F− and Langmuir
sotherm constant.

If the value of r < 1 represent favorable adsorption and greater
han 1.0 represent unfavorable adsorption. The value of r for an
nitial F− concentration of 5.9 mg/L was found to be 0.22. It
ndicates that our system is favorable for adsorption.

.7. Adsorption kinetics

The adsorption kinetics was studied to explain the F− removal
echanism in the HC. It was noticed that the F− removal

ncreased with the lapse of time. However, sorption of F− onto
C was rapid in the first 6 h after which the rate slowed down as

he equilibrium approached. The results obtained from the exper-
ments were used to study the rate-limiting step. Kinetic models
re used to examine the rate of the adsorption process and poten-
ial rate-controlling step. The capability of the pseudo-first-order
inetic model was examined in this study. The pseudo-first-order
quation of Lagergren is generally expressed as follows [19]:

dq

dt
= k1(qe − q) (7)

here k1 is the rate constant of pseudo-first-order sorption
min−1). Integrating this equation for boundary conditions
= 0–t and q = 0–qe gives

og (qe − q) = log qe − Kadt

2.303
(8)

here qe and q (both in mg/g) are the amount of F− adsorbed per

nit mass of adsorbent at equilibrium and time “t”, respectively
nd Kad is the rate constant (min−1).

The adsorption rate constant (Kad) for F− sorption was cal-
ulated from the slope of the linear plot log(qe − q) versus time
Fig. 7. Lagergren plot for fluoride removal (pH 6.7).

t) as shown in Fig. 7. The values of adsorption rate constants
Kad) were found to be 0.0323, 0.0113, and 0.0055 min−1 for
nitial F− concentrations of 5.31, 9.5, and 14.8 mg/L, respec-
ively. However, in case of strict surface adsorption, a variation
f adsorption rate should be proportional to the first power of
oncentration. But when pore diffusion limits the adsorption pro-
ess, the relationship between initial solute concentration and
he rate of adsorption is no longer linear. So, the possibility was
tudied in terms of a graphical relationship between the amount
f F− adsorbed and square root of time as shown in Fig. 8.

In order to test the contribution of intraparticle diffusion on
he adsorption process, the rate constant for intraparticle diffu-
ion was obtained by using following equation:

= Kpt
1/2 (9)

For calculating the intraparticle diffusion rate constant Kp
mg g−1 min−1/2) the amount of F− adsorbed per unit mass of
dsorbent, q at any time t, was plotted as a function of square of
ime, t1/2. The Kp values were obtained from the slope of the lin-
ar portions of the curves and were found to be 0.0149, 0.0049,
nd 0.0121 mg g−1 min−1/2 for the initial F− concentration of
Fig. 8. Intraparticle mass transfer curves for fluoride removal (pH 6.7).
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Table 2
Detailed characteristics of the field water before and after treatment with HC

Parameters Values of field
water before
treatment of HC

Values of field
water after
treatment with HC

Turbidity (NTU) 0.60 3.0
Total hardness as CaCO3 (mg/L) 56.00 152
Chloride as Cl (mg/L) 140.00 160
Fluoride as F (mg/L) 13.2 1.95
Sulfate as SO4 (mg/L) 56.96 130
Alkalinity as CaCO3 (mg/L) 44.00 120
Total dissolved solids (mg/L) 510.00 724
pH 7.78 10.38
Cadmium (mg/L) <0.01 <0.01
Chromium (mg/L) <0.05 <0.05
Lead (mg/L) <0.01 <0.01
Manganese (mg/L) <0.1 <0.1
Zinc (mg/L) 0.06 0.07
Iron 0.11 <0.3
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rsenic (mg/L) <0.01 <0.01
luminum (mg/L) <0.03 <0.03

inear portion attributes for the intraparticle diffusion effect. It
s also evident from Fig. 8 that the linear portion of the curve does
ot pass through origin, which indicates that mechanism of F−
emoval by HC is complex and both surface adsorption and intra-
article diffusion contribute to the rate-determining step [20].

.8. Comparison of fluoride removal in simulated and field
ater

The applicability of the adsorbent was tested by treating
round water sample (field water) collected from F− affected
reas of Dhar, Madhya Pradesh, Central India. The detailed
omposition of the field water before and after treatment of HC
s given in Table 2. It was found that the percentage removal
f F− in simulated water (prepared by dissolving NaF in dis-

illed water) was higher than that of the field water as shown
n Fig. 9. This could be due to two reasons: (i) higher pH of
he field water and (ii) due to the presence of different types of
ations and anions in the field water. It was also confirmed that

ig. 9. Comparison of fluoride removal in simulated (SW) and field water
FW) (initial concentration = 13.2 mg/L, shaking speed = 150 rpm and contact
ime = 24 h).

[

[

s Materials 154 (2008) 88–95

o heavy metals were released from the adsorbent into the filtrate
fter the equilibrium studies by estimating it with the ICP-AES
ethod.

. Conclusion

Hydrated cement (HC) a low-cost building material, has con-
iderable potential for the removal of excess F− from aqueous
olution. One of the major advantages of using HC for F−
emoval over other chemical treatment methods is that it does
ot produce any chemical sludge. It was found that the HC
hows significant F− removal over a wide range of pH (3–10).
he experimental data generated from batch adsorption exper-

ments fitted well into the linearly transformed Freundlich and
angmuir isotherms. The value of equilibrium parameter, “r”
uggests that F− removal by HC system is favorable. XRD and
EM studies suggest that F− uptake by HC is due to chemisorp-

ion and precipitation. The fluoride removal by the adsorbent
rom simulated water was relatively higher than field water, it
ay be because of the presence of different types of ions and

lso higher pH of the field water. No significant leaching of the
eavy metals was observed from the adsorbent into the filtrate
fter the equilibrium studies.

cknowledgements

The financial support from United Nations Children Funds
UNICEF) is gratefully acknowledged. Thanks are also to Jawa-
arlal Nehru Aluminium Research Development and Design
entre (JNARDDC), Nagpur for material characterization.

eferences

[1] S.K. Gupta, R.D. Deshpande, Depleting groundwater levels and increas-
ing fluoride concentration in villages of Mehsana, Project Report, Gujarat,
India, 1998.

[2] E.J. Underwood, Trace Elements in Human and Animal Nutrition, Aca-
demic Press, New York, NY, 1997, 545 pp.

[3] WHO (World Health Organization), Fluorine and Fluorides, Environmental
Health Criteria, Geneva, 1984, 36 pp.

[4] A.K. Susheela, Treatise on Fluorosis, Fluorosis Research and Rural Devel-
opment Foundation, India, 2001.

[5] S.M. Maliyekkal, A.K. Sharma, L. Philip, Manganese-oxide-coated alu-
mina: a promising sorbent for defluoridation of water, Water Res. 40 (2006)
3497–3506.

[6] V.S. Chauhan, P.K. Dwivedi, L. Iyengar, Investigations on activated alu-
mina based domestic defluoridation units, J. Hazard. Mater. B 139 (2007)
103–107.

[7] Oguz, Adsorption of fluoride on gas concrete materials, J. Hazard. Mater.
B 117 (2005) 227–233.

[8] M. Mahramlioglu, I. kizilicikii, I.O. Bicer, Adsorption of fluoride from
aqueous solution by acid treated spent bleaching earth, J. Fluorine Chem.
115 (2002) 41–47.

[9] D. Mohapatra, D. Mishra, S.P. Mishra, G.R. Chaudhary, R.P. Das, Use of
oxide minerals to abate fluoride from water, J. Colloid Interface Sci. 275
(2004) 355.
10] W.H. Kang, E.I. Kim, J.Y. Park, Fluoride removal capacity of cement paste,
Desalination 202 (2007) 38–44.

11] V. Gopal, K.P. Elango, Equilibrium, Kinetics and thermodynamic studies
of adsorption of fluoride onto plaster of paris, J. Harzard. Mater. 141 (2006)
98–105.



ardou

[

[

[

[

[

[

[

[

S. Kagne et al. / Journal of Haz

12] K. Rai, M. Agarwal, S.R. Shivastava, S. Das, Fluoride: diffusive mobility
in soil and some remedial measures to control its plant uptake, Curr. Sci.
79 (2000) 1370.

13] A. Le Bail, C. Jacoboni, M. Lebalc, H. Depape, J.L. Fourquet, Crystal
structure of the metastable form of aluminum trifluoride �-AlF3 and the
gallium and indium homologs, J. Solid State Chem. 77 (1988) 96.

14] C. Alonso, A. Morato, F. Medina, F. Guirado, Y. Cesteros, P. Salagre, J.E.
Suireas, Preparation and characterisation of different phases of aluminum

trifluoride, Chem. Mater. 12 (2000) 1148–1155.

15] G.L. Miessler, D.A. Tarr, Inorganic Chemistry, 3rd ed., Pearson/Prentice
Hall Publisher, Upper Saddle River, NJ, 2004.

16] S. Meenakshi, N. Viswanathan, Identification of selective ion-exchange
resin for fluoride sorption, J. Colloid Interface Sci. 308 (2006) 438–450.

[

s Materials 154 (2008) 88–95 95

17] M. Islam, S.K. Swain, P.C. Mishra, R.K. Patel, Evaluation of removal
efficiency of fluoride from solution using quick lime 143 (2006) 303–
310.

18] S. Ghorai, K.K. Pant, Investigations on the column performance of fluoride
adsorption by activated alumina in a fixed bed, Chem. Eng. J. 98 (2004)
165–173.

19] D.P. Das, J. Das, K. Parida, Physicochemical characterization and adsorp-
tion behaviour of calcined Zn/Al hydrotalcite-like compound (HTLc)

towards removal of fluoride from aqueous solution, J. Colloid Interface
Sci. 261 (2003) 213–220.

20] A.K. Yadav, C.P. Kaushik, A.K. Haritash, A. Kansal, N. Rani, Defluorida-
tion of groundwater using brick powder as an adsorbent, J. Hazard. Mater.
128 (2005) 289–293.


	Hydrated cement: A promising adsorbent for the removal of fluoride from aqueous solution
	Introduction
	Materials and methods
	Materials
	Preparation of adsorbent
	Batch adsorption studies
	Methods of analysis
	Physical characterization

	Results and discussion
	Adsorbent characterization
	Effect of adsorbent dose
	Effect of initial concentration
	Effect of pH
	Effect of co-ions
	Adsorption modeling
	Adsorption kinetics
	Comparison of fluoride removal in simulated and field water

	Conclusion
	Acknowledgements
	References


