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a b s t r a c t

The present work is concerned with the defluoridation capacities of activated (ATFS) and MnO2-coated
Tamarind Fruit Shell (MTFS), using batch and column sorption techniques. In the batch technique, the
dynamics of fluoride sorption, with respect to pH, [F]o and sorbent dose, was studied. The applicability
of pseudo-first order for ATFS and Ritchie-second order for MTFS was observed. The kinetics data were
found to fit well with Temkin isotherm for ATFS and Langmuir for MTFS. The interaction of co-ions in
the defluoridation capacity of the sorbent was studied. Column experiments were carried out under
eywords:
efluoridation
ctivated Tamarind Fruit Shell
anganese oxide-coated Tamarind Fruit

hell
TIR

a constant fluoride concentration of 2 mg/l, flow rate and different bed depths. The capacities of the
breakthrough and exhaustion points increased with increase in the bed depth for ATFS unlike MTFS. The
Thomson model was applied to the column experimental results. The characterization of the sorbents,
ATFS and MTFS, was done using the FTIR, SEM and XRD techniques.

© 2009 Elsevier B.V. All rights reserved.
EM
RD

. Introduction

Fluoride in drinking water may be beneficial or harmful to
ealth, depending on its concentration. The optimum fluoride level

n drinking water for general good health set by WHO, is consid-
red to be between 0.5 and 1.0 mg/l. A concentration higher than
his can lead to fluorosis. Fluorosis, a serious health problem for the
eople, is caused by an excess ingestion of fluoride. It affects the
eeth and the bones and its accumulation for a long period of time
an alter the DNA structure [1,2]. Several methods like adsorption
3,4], Precipitation [5], ion-exchange [6], electro-dialysis [7,8] and
lectro-chemical methods [9], were developed to remove the fluo-
ide from water. In recent years, many efforts were made and, as a
esult more cost-effective F− sorbents like fly ash [5], silica gel [10],
one char [11], spent catalyst [12] and zeolites [13] were devel-
ped. Among the existing techniques, adsorption is regarded as
n important cost-effective technique in the developing countries

here the impact of this issue is maximum. This technique is most
idely used for the removal of excess fluoride from the aqueous

olution. The successful and cost-effective removal of contaminants
rom wastewater, by adsorption techniques, demands the optimal

∗ Corresponding author. Tel.: +91 452 2482240 41; fax: +91 452 2483427.
E-mail address: vsivasankar@tce.edu (V. Sivasankar).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.091
operation of the adsorption units. To optimize the study, the design
parameters must be obtained through adsorption equilibrium and
kinetic results. After the equilibrium data are generated through a
simple batch experimental set up, it is common practice to validate
the various isotherm models to choose a model (or models) that
gives the best experimental results. Popuri et al. [14] studied the
biosorption of chromium(VI) using Tamarind (Tamarindus indica)
Fruit Shell and suggested it as a good sorbent. Similarly, Bhar-
gava and Sheldarkar [15] attempted the sorption of phosphate onto
unrinsed and rinsed-tamarind-nutshell-activated-carbons and the
sorption kinetics was found to fit with the pseudo-second order
and Elovich models with high correlation coefficient values. Srira-
machari [16] and Maruthamuthu and Venkatanarayanareddy [17]
reported the binding of fluoride by tamarind in vitro. Huang and
Huang [18] stated that the pre-treatment of biomass removes the
surface impurities on the biosorbents and exposes the available
binding sites for sorption [19]. Venkata Mohan et al. [20] discussed
the results pertaining to the adsorptive studies of fluoride onto
algal biosorbent (Spirogyra IO2). Kemer et al. [21] have reported
the removal of fluoride by waste mud from copper mine indus-

try and Karthikeyan et al. [22] have discussed the fluoride removal
from aqueous solution by conducting polypyrrole. Onyango et al.
[23] achieved the removal of fluoride using surface-tailored zeolite
in a fixed bed column. Fluoride removal was also reported using
spray coating of adsorbent with polymer latex on sand particles

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:vsivasankar@tce.edu
dx.doi.org/10.1016/j.jhazmat.2009.12.091
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Nomenclature

qt amount of adsorbate sorbed on the adsorbent at
time t (mg/g)

qe amount of adsorbate removed from aqueous solu-
tion at equilibrium (mg/g)

kad equilibrium constant of pseudo-first order sorption
(min−1)

k Ritchie-second order rate constant
˛ initial adsorption rate (mg/g/min)
ˇ desorption constant (g/mg)
kid intraparticle diffusion rate constant (mg/g/min1/2)
C thickness of the boundary layer
Qe equilibrium adsorption capacity (mg/g)
Q◦ monolayer surface coverage (mg/g)
b equilibrium adsorption constant (l/mg)
KF and n Freundlich constants
RL dimensionless separation factor
qB capacity at the breakthrough point (mg/g)
VB volume of the solution passed through break-

through point (l)
qE capacity at the exhaustion point (mg/g)
m mass of the adsorbent (g)
H bed depth (cm)
f symmetry of the breakthrough curve
� linear flow rate (cm3/cm2 min)
hz mass transfer zone
kT rate constant (l/mg/min)

b
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qT total sorption capacity (mg/g)
� flow rate (ml/min)

y Wu et al. [24]. In the very recent years, fluoride removal was
ttempted using various adsorbents like hydrated cement [25],
rick powder [26], magnetic-chitosan particle [27], magnesium
xide [28] and calcined Mg–Al–CO3 layered double hydroxides
29]. The present study has been attempted to evaluate the deflu-
ridation potential of Activated Tamarind Fruit Shell (ATFS) and
anganese oxide-coated Tamarind Fruit Shell (MTFS). The sorption

rocess was conducted by the batch and continuous mode column
echniques. Attempts have also been made to understand the sorp-
ion kinetics and mechanism of sorption. The experimental results
f MTFS were compared with those of ATFS, which was the base
aterial for the MTFS preparation.

. Materials and methods

Raw tamarind fruit shell was collected from a local village of
iruchirappalli District and washed with distilled water and, dried
nd the pre-treatment was carried out as follows. All other chem-
cals used in the present study were of analytical grade purchased
rom E-Merck India Ltd., Mumbai, India.

.1. Sorbent

.1.1. Pre-treatment of Tamarind Fruit Shell (TFS)
The waste tamarind fruit shell was initially washed with 0.01N

Cl followed by 0.01N NaOH. Then the sorbent was washed thor-
ughly using distilled water and dried by exposing it to sunlight.
he dried TFS was sieved for 600 �m in size.
.1.2. Characterization of Tamarind Fruit Shell (TFS)
The pretreated TFS was characterized for moisture (%), ash (%),

H and matter soluble in water and acid.
us Materials 177 (2010) 719–729

2.1.3. Preparation of activated Tamarind Fruit Shell (ATFS)
About 30 g of TFS of 600 �m was soaked in 600 ml of 1% CaCl2

solution, for 24 h. Then the soaked TFS was washed with distilled
water and dried at 110 ± 5◦ C in an air oven for 2 h.

2.1.4. Preparation of MnO2-coated Tamarind Fruit Shell (MTFS)
About 27 g of KMnO4 was dissolved in 21 ml of distilled water

in a beaker and kept in a water bath at 90 ◦C for 15 min. To this,
24 g of TFS was added and the suspension was mixed gently and
heated in a water bath for 10 min. Then 300 ml of 2 M HCl was added
to the suspension and mixed thoroughly, followed by water bath-
heating for 30 min. After the completion of the reaction, the solid
was cooled and washed with distilled water and 0.05 M perchloric
acid until the run-off was clear.

2.2. Sorption studies

Sorption studies of fluoride were carried out by batch and col-
umn techniques. The batch equilibration method was carried out
in such a way that 1 g of ATFS and MTFS was fixed as the opti-
mum dosage for various initial fluoride concentrations, with a
solution volume of 50 ml. The contents were shaken thoroughly
using a shaker, rotating at a speed of 125 rpm at room temper-
ature (30 ± 2 ◦C). Then the solution was filtered and the fluoride
ion concentration was measured. In addition to the defluoridation
capacities, the influence of variables like contact time for maximum
defluoridation, dosage, pH of the medium and co-anions were also
investigated. The sorption of fluoride ions on ATFS and MTFS was
also studied at different initial concentrations (2–5 mg/l).

The column technique was performed using a glass column of
0.5 mm diameter and of 250 mm of length. The operation was done
by the continuous flow technique and the defluoridation study was
carried out with a fluoride solution of 2 mg/l for various bed depths
of 6, 9, 12 and 15 cm.

2.3. Characterization of ATFS and MTFS

The surface morphology of ATFS and MTFS before and after
the treatment with fluoride was visualized by SEM with the JEOL
JSM 5610 microscope. The possible morphological changes may
be examined using this technique for ATFS and MTFS, before and
after the treatment process. The powdered diffractorgrams of the
samples were obtained using the Phillips X’Pert PRO diffractometer
(PANalytical make) coupled to a copper-anode X-ray tube. The FTIR
patterns were recorded using the JASCO-460 plus model at ambient
conditions, using KBr as diluent to determine the functional groups
on the sorbents.

2.4. Methods of analysis

The fluoride determination was done by the SPADNS [30] pho-
tometric method, at 570 nm using the UV–vis spectrophotometer
(UV–vis-8500, Techcomp Ltd, Hong Kong). The pH measurements
were done with the pH meter of the LI613 Elico model.

Computations were made using the Microcal Origin (Version
6.0) software. The fitness of models was discussed using regression
correlation coefficients (r2).

3. Results and discussion
3.1. Characterization of ATFS

The physico-chemical characterization of ATFS was carried out.
The moisture, ash, soluble matter in water and soluble matter in
acid were found to be 7.55%, 74.04%, 3.9% and 10.9%, respectively.
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Fig. 1. FTIR spectra

he pH of ATFS was recorded with 6.3 ± 0.3. The pore volume, den-
ity and porosity were reported to be 0.2053 cm3, 4.869 g/cm3 and
0.85%, respectively [14].

In order to characterize ATFS/MTFS, the FTIR, XRD and SEM
nalyses were carried out. The FTIR spectra (Fig. 1) show that the
eaks at 3416 and 3409 cm−1, are associated to the stretching fre-
uency of –OH or–NH2 groups for ATFS and MTFS, respectively. The
eaks at 1735 and 1733 cm−1 exhibit the stretching frequency of
C O group of an aromatic ester for ATFS and MTFS, respectively.
n assignment at 782 cm−1 for ATFS, due to the presence of aro-
atic ortho disubstituted heterocyclic molecules, is not observed

or MTFS. This indicates that there is a possibility of ring cleavage
fter the coating of MnO2. An intense peak at 534 cm−1 indicates
he stretching of Mn–O bond for MTFS. A similar work was carried
ut by Popuri et al. [14] for chromium sorption.

Scanning electron micrographs (Fig. 2) have depicted the sorp-
ion of fluoride onto the sorbent after the defluoridation process.

EM images are observed to be irregular clumps and the surface
orphological change before and after the defluoridation process

onfirms the sorption of fluoride onto ATFS and MTFS. The energy-
ispersive analysis of X-rays was used to analyze the elemental
onstituents of ATFS and MTFS. Figs. 3 and 4 represent the pres-

ig. 2. Scanning Electron Micrograph (A) ATFS before fluoride sorption, (B) ATFS after fluor
ATFS and (B) MTFS.

ence of fluoride in small amounts in the spectrum along with the
principal elements C and O and minor elements like Mn. The Mn
peak is observed due to the coating of manganese dioxide on ATFS.
Presence of a minor peak for fluoride in Figs. 3 and 4 indicate
that fluoride is superficially adsorbed on the surface of ATFS and
MTFS.

Fig. 5 shows the XRD pattern of ATFS and MTFS sorbents. The
material is poorly crystalline with some broad peaks especially
between 20◦ and 25◦. Similarly Shihabudeen et al. [31] and Eskan-
darpour et al. [32] observed the poorly crystalline nature of the
sorbents in their study for the removal of fluoride in aqueous solu-
tion.

3.2. Effect of contact time

In the batch studies, it was observed that a maximum concentra-

tion of fluoride removal was attained within 30 min and thereafter,
it almost remained static for both ATFS and MTFS. The period of
contact time of 30 min for further studies was fixed. The fluoride
removal capacity was 1990 mg F−/kg of both ATFS and MTFS at a
pH value of 6.5.

ide sorption, (C) MTFS before fluoride sorption and (D) MTFS after fluoride sorption.
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Fig. 3. EDAX for ATFS (A) before fluoride sorption and (B) after fluoride sorption.
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Fig. 4. EDAX for MTFS (C) before fluor

.3. Effect of dosage

In order to fix the minimum dosage for maximum fluoride
emoval, experiments, as a function of dosage, were carried out.

he percentage removal of fluoride for both ATFS and MTFS at dif-
erent dosages (0.2–1.0 g) was measured. It was observed as shown
n Fig. 6B that the percentage removal increased with respect to the
ncreased dosage and then remained constant after 0.8 g of both
TFS and MTFS. Hence the sorbent dosage was optimized to be 1 g

Fig. 5. XRD pattern of (A)
rption and (D) after fluoride sorption.

for further experimental studies. The increase in sorption capacity
with increase in dosage is apparent, because any adsorption process
depends upon the number of active sites. The above justification
holds good for both ATFS and MTFS.
3.4. Effect of pH

The removal of fluoride ions from aqueous fluoride solution was
highly dependent on the solution pH in many cases, as it altered

ATFS and (B) MTFS.
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Fig. 6. Influence of (A) pH and (B) dosage of a

he surface charge on the sorbents [33]. Tamarind shells are a rich
ource of protein and amino acids [34]. Some functional groups,
uch as amines, are positively charged when protonated and may
lectro-statistically bind with negatively charged species. At a pH
alue of 6.5, for both ATFS and MTFS, the maximum removal effi-
iency was observed at the initial value of 6.5 (Fig. 6A). However,
bove the pH of 6.5, the removal was slightly reduced for ATFS,
ut the removal was greater for MTFS than ATFS. The increase in
he pH value decreases the sorption of fluoride, as the deproto-
ation on the sorbent commences. This results in decreasing the
lectrostatic force of attraction between the sorbent and sorbate
ons. A sharp decrease in fluoride removal may be due to the for-

ation of the weakly ionised HF (pKa = 3.2) at low pH values and
ue to the competitiveness of the OH− and F− ions in the bulk, at
igh pH values [35]. To understand the fluoride sorption behaviour
nder different pH values, the following reactions are considered
36,37]:

F ↔ H+ + F−

SOH + H+ ↔ SOH2
+

SOH + OH− ↔ SO− + H2O

SOH2
+ + F− ↔ SF + H2O

SOH + F− ↔ SF + OH−

here SOH, SOH2
+ and SO− are the neutral, protonated and

eprotonated sites on ATFS and MTFS and SF is the active
ite–fluoride complex (S = ATFS/MTFS).

.5. Effect of co-ions: binary component system

In this study, the individual effects of co-existing ions, which
nclude CO3

2−, HCO3
−, SO4

2−, Cl− and NO3
−, usually present in the

roundwater samples, have been investigated through batch stud-
es. The initial concentration of fluoride was maintained as 2 mg/l.

he initial pH was maintained at 6.5 ± 0.2. Though both ATFS and
TFS follow the same trend, ATFS has greater fluoride removal effi-

iency than MTFS. Our experimental results revealed that there was
significant influence on the fluoride removal capacity for both
TFS and MTFS. The influence of the co-ions on the defluoridation
ent on Fluoride sorption for ATFS and MTFS.

capacity is depicted in Fig. 7A and B, which show that the fluo-
ride sorption due to HCO3

− (140 mg/l) was decreased by 63.5% for
ATFS whereas it decreased by 98% for MTFS. A similar interfering
role on the fluoride removal was earlier reported in the defluorida-
tion property of MnO2-coated activated alumina [38]. This may be
attributed to the competition of bicarbonate ions with the fluoride
ions at the active site, on the surface of the sorbents. The selec-
tive nature of the fluoride by the sorbent depends on size, charge,
polarizability, electronegativity difference, etc. The preference of
the sorption of anions by ATFS and MTFS may be in the following
order, F > HCO3

− > CO3
2− > SO4

2− > Cl− > NO3
−.

4. Sorption dynamics

To understand the sorption mechanism, such as mass trans-
fer and chemical reaction processes, two types of models, viz.,
reaction-based and diffusion-based models, were applied, to test
the fitness of the experimental data. Table 1 represents the val-
ues of the constants of the kinetic models like pseudo-first order,
Ritchie-second order and Elovich, for the sorption of fluoride on
ATFS and MTFS.

In order to investigate the sorption mechanism of fluoride
removal, pseudo-first order and Ritchie-second order kinetic mod-
els have been used at different experimental conditions.

4.1. Pseudo-first order model

A simple pseudo-first order kinetic model [39] is represented
as:

log(qe − qt) = log qe − kad

2.303(t)
(1)

where qt (mg/g) is the amount of fluoride sorbed on the surface of
the sorbents ATFS and MTFS at time t, and kad is the equilibrium
rate constant of pseudo-first order sorption (min−1). The straight
line plots of log(qe − qt) against t for different experimental condi-
tions will give the value of rate constants (kad). The linear plots of

log(qe − qt) against t give straight line which indicates the applica-
bility of the Lagergren equation(Fig. 8A and B). The values of kad
and the correlation coefficient (r2) computed from these plots are
given in Table 1. The pseudo-first order model (Eq. (1)) seems to be
viable for both ATFS and MTFS.
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.2. Ritchie-second order model

In addition, the Ritchie-second order model [40] is also used.
he kinetic model can be expressed as

qe

qe − qt
= 1 + k2t (2)

here qt and qe (mg/g) are the amounts of fluoride sorbed on the
urface of ATFS and MTFS at any time, t and at equilibrium, k is
he Ritchie-second order rate constant is obtained from the slope
f the linear plots of qe/qe − qt against t, for different experimental
onditions. The plot of qe/qt versus t, gives a straight line with high
orrelation coefficient r2 values, which indicate the applicability of
he Ritchie-second order model (Eq. (2)) whose data are shown in
able 1.

.3. Elovich model
The Elovich equation [41] is generally expressed as follows:

Dqt

dt
= ˛ exp(−ˇqt) (3)

Fig. 8. Pseudo-first order kinetic model for (A) ATFS a
ption by (A) ATFS and (B) MTFS.

where qt is the sorption capacity at time t (mg/g), ˛ is the initial
sorption rate (mg/g/min) and ˇ is the desorption constant (g/mg)
during any one experiment.

To simplify the Elovich equation, Chien and Clayton [42]
assumed ˛ˇ � 1, and by applying the boundary conditions qt = 0
at time t = 0 and qt = qt at t = t, Eq. (3) becomes [43]:

qt = ˇ ln(˛ˇ) + ln(t)

Thus, the constants can be obtained from the slope and the intercept
of a straight line plot of qt against ln t. A high positive correlation
may be an indication of fluoride sorption on ATFS and MTFS and
the obtained b values approve the ability of sorbents to hold the
fluoride ions through chemisorption (Fig. 9A and B).

4.4. Intraparticle diffusion model

In this model [44,45], the adsorbate moves from the solution

phase to the surface of the adsorbent particles, in several steps.
The overall adsorption process may be controlled by one or more
steps (e.g., film or external diffusion, pore diffusion surface diffu-
sion and adsorption on the pore surface, or a combination or more
than one step). In a rapidly stirred batch process of adsorption,

nd (B) MTFS at various fluoride concentrations.
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Fig. 9. Elovich model for (A) ATFS and (

he diffusive mass transfer can be related by an obvious diffusion
oefficient, which will fit experimental adsorption rate data. Nor-
ally, a process is diffusion-controlled if its rate is dependent on

he rate at which components diffuse toward each other. The possi-
ility of intraparticle diffusion was explored using the intraparticle

iffusion model:

t = kidt1/2 + C (4)

here kid is the intraparticle (pore) diffusion rate constant
mg/g/time1/2) and C is the intercept that gives an idea about the

able 1
inetic models for UCTS and MCTS at various fluoride concentrations.

Pseudo-first order model

[F]o UCTS MCTS

k1 qe R2 k1 qe R2

2.0 3.35 1.60 0.9721 9.34 1.43 0.9352
2.5 5.95 1.24 0.9575 3.96 1.50 0.9634
3.0 2.19 1.83 0.9161 7.32 1.29 0.9541
3.5 1.6 1.61 0.9895 2.29 1.36 0.9415
4.0 2.88 1.68 0.9270 3.94 1.70 0.9585

Intraparticle diffusion model

ki C R2 ki C R2

2.0 0.25 0.65 0.9416 0.43 0.79 0.9800
2.5 0.32 0.45 0.9809 0.34 0.65 0.9576
3.0 0.31 1.36 0.9106 0.58 1.29 0.9592
3.5 0.66 1.52 0.9513 0.48 1.06 0.9125
4.0 0.64 0.10 0.9794 0.79 1.75 0.9129

Elovich model

a b R2 a b R2

2.0 0.42 0.45 0.9630 1.25 0.82 0.9569
2.5 0.19 0.57 0.9599 0.37 0.61 0.9474
3.0 1.04 0.58 0.9663 1.73 1.03 0.9177
3.5 3.64 1.70 0.9735 1.36 0.83 0.9206
4.0 0.54 1.12 0.9674 1.85 1.23 0.9168

Ritchie model

K R2 k R2

2.0 0.47 0.9256 0.25 0.9149
2.5 0.44 0.9267 0.24 0.9734
3.0 0.93 0.9813 0.12 0.9104
3.5 0.09 0.9307 0.05 0.9797
4.0 0.34 0.9308 0.18 0.9208
FS for various fluoride concentrations.

thickness of the boundary layer. The larger the value of C, the
greater the boundary-layer effect. Fig. 10A and B shows a plot of
the mass of fluoride adsorbed per unit mass of ATFS and MTFS (qt

as mg/g) versus the square root of contact time (t1/2 as min1/2).
Seemingly, the data points in Fig. 10A and B, could be connected by
two straight lines: the first linear portion for macropore diffusion
and the second depicting micropore diffusion. The extrapolation
of the first linear portion of the plots should not pass through
the origin, as the adsorption rate of fluoride onto the ATFS and
MTFS, was not solely controlled by pore diffusion. If the data points
shown in Fig. 10A and B were to be connected by zero, the ini-
tial sharp line showing the variation of qt versus t1/2 should be
attributed to the boundary-layer diffusion effect or an external
mass transfer effect [46,47]. The increase of kid with respect to
the increase in concentration indicates the higher pore sorption
possibility of fluoride onto ATFS and MTFS at room temperature.
Therefore, the adsorption of fluoride onto ATFS and MTFS was
governed by the combined effects of surface and intraparticle dif-
fusion. The present observation is consistent with the reported
works [48].

5. Adsorption isotherm analysis

The equilibrium data for fluoride sorption onto ATFS and MTFS

at pH 6.5 ± 0.2 are shown in Table 2. The equilibrium data have been
analyzed by the linear regression of isotherm model equations, viz.,
Langmuir, Freundlich and Temkin.

Table 2
Adsorption isotherms.

Isothermal models Parameters UCTS MCTS

Freundlich r2 0.9212 0.9396
n 4.3048 2.4073
1/n 0.2323 0.4154

KF 1.7073 2.6946
Langmuir r2 0.9538 0.9643

Q◦ 0.2145 0.2178
b 148.5 40.3
RL 0.0036 0.0122

Temkin r2 0.9653 0.9265
B1 0.5473 0.3154
kT 293.6 429.0
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Fig. 10. Elovich model for (A) ATFS and

.1.1. Langmuir isotherm

The basic Langmuir isotherm model [49], which is based on the
onolayer coverage of sorbent surfaces by the sorbate is

e = Q ◦bCe

1 + bCe
(5)

here qe and Ce, respectively, are the equilibrium adsorption capac-
ty (mg/g) and the equilibrium adsorbate concentration (mg/l); Q◦

s the monolayer surface coverage (mg/g) and b is the equilibrium
dsorption constant (l/mg).

To evaluate the adsorption capacity and the adsorbate concen-
ration, the aforementioned equation (Eq. (5)) can be used as a
inear form as follows:

Ce

qe
= 1

Q ◦b
+ Ce

Q ◦ (6)

he Q◦ value (i.e., monolayer surface coverage, expressed in units
f mg/g) was calculated from the slope of the linear plot of Ce/qe

ersus Ce. The related parameters obtained by calculation from the
alues of the slopes and the intercepts of the respective linear plots
re shown in Table 2.

.1.2. Freundlich isotherm

The basic isotherm model equation developed [50], which is
ased on the multilayer adsorption of n adsorbate onto the het-
rogeneous surfaces of an adsorbent, is

e = KF C1/n
e (7)

here qe and Ce have the same meaning as noted previously, and KF

nd n are empirical constants that are dependent on several envi-
onmental factors. The linear form of the Freundlich equation (Eq.
7)), which is commonly used to describe adsorption isotherm data,
s

og qe = log KF + 1
n log Ce

(8)

he plot of log qe versus log Ce of Eq. (8) should result in a straight
ine. From the slope and the intercept of the plot, the values of n
nd KF can be obtained.
.1.3. Temkin isotherm

The simple form of the Temkin adsorption isotherm model [51],
hich has been developed considering the chemisorption of the
TFS for various fluoride concentrations.

adsorbate onto the adsorbent, is represented as

qe = a + b log Ce (9)

where qe and Ce have the same meaning as noted previously and
the other parameters are called the Temkin constants. The plot of
qe versus log Ce will generate a straight line. The Temkin constants,
a and b, can be calculated from the slope and the intercept of the
linear plot of qe versus log Ce.

The monolayer adsorption capacity (Q◦) obtained for ATFS and
MTFS was 0.2145 and 0.2178 mg/g, respectively. Thus, it is sug-
gested that the MnO2-coated TFS has a negligible influence onto
fluoride sorption. For both the sorbents, the 1/n values came to
less then unity, which indicates a favourable sorption, as shown in
Table 2.

The Freundlich isotherm model, based on multilayer adsorption,
describes the data fairly well (R2 for ATFS and MTFS = 0.9212 and
0.9396). The Freundlich adsorption constant (KF) obtained from the
linear plot, was 1.58 times greater for MTFS than for ATFS. The Fre-
undlich coefficient (n), which should have values ranging from 1
to 10, was 1.79 times greater for MTFS than for ATFS which sup-
ports a favourable sorption of fluoride onto MTFS. The linear plot
for Temkin adsorption isotherm, which contains the features of
chemisorption, indicated that the sorption of fluoride occurred also
by chemical forces.

The present data fit the Langmuir, Freundlich and Temkin
isotherm models well, for ATFS, in the following order:
Temkin (0.9653) > Langmuir (0.9538) > Freundlich (0.9212) and
for MTFS in the following order: Langmuir (0.9538) > Freundlich
(0.9396) > Temkin (0.9265).

Another essential feature of the Langmuir model can be pro-
jected in terms of a dimensionless separation factor RL, defined by
Weber and Chakravorti [44] as

RL = 1
1 + bCo

(10)

where Co and b are the initial fluoride concentration and Langmuir
constant, respectively.

The value of RL indicates the shape of the isotherm to be (i)
unfavourable (RL > 1), (ii) linear (RL = 1), (iii) favourable (0 < RL < 1),
and (iv) irreversible (RL = 0). In the present work, the RL values calcu-

lated in the studied range of fluoride concentration are determined
to be in the range of 0–1, for ATFS and MTFS (RL value for the flu-
oride concentration of 2 mg/l is given in Table 2), which suggests
the favourable sorption of fluoride onto the studied ATFS and MTFS,
under the conditions used for the experiments.
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Table 3
Parameters calculated for column experimental data.

Parameters/bed height (cm) ATFS MTFS

6 9 12 15 6 9 12 15

qB (mg g−1) 0.949 1.103 1.269 1.824 2.564 2.044 1.687 1.525
qE (mg g−1) 0.883 0.941 0.993 0.918 2.688 2.279 1.957 1.986
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f 0.140 0.225 0.345
hz 0.206 0.308 0.409
kT (l mg−1 min−1) 0.349 0.344 0.282
qT (mg g−1) 0.365 0.441 1.032

. Column adsorption experiments

ATFS and MTFS are used in the continuous flow column, to
nvestigate the influence of bed depth on the fluoride removal
fficiency and to compare the measured adsorption capacities of
TFS and MTFS. For this purpose, columns (0.525 cm2 of cross-
ectional area and 20 cm of height) are packed with 6.798, 10.197,
3.596 and 16.995 g of ATFS and 6.846, 10.269, 13.692 and 17.115 g
f MTFS, and used as fixed bed down-flow reactors (6, 9, 12 and
5 cm). The columns were operated using downward flow reactors
t 26 ± 1 ◦C, in the air-conditioned laboratory. The distilled water
as run through the columns for 4 h, prior to starting the experi-
ents, in order to wet the column and to establish the equilibrium

etween the adsorbent and water.
Columns with the bed heights 6, 9, 12 and 15 cm, were used to

tudy the influence of the fluoride adsorption with respect to the
ncrease in bed height. The columns were run using the fluoride
olution of 2 mg/l at a pH 6.5.

The capacity at the breakthrough point (qB) is defined as the
mount of fluoride ions bound by ATFS and MTFS, when the con-
entration of fluoride in the effluent reaches ≈5% of the initial
oncentration [1]:

B =
VB∫

0

(Co − C)
mdV

(11)

here qB is the capacity at the breakthrough point (mg/g), Co is
he influent fluoride concentration (mg/l), C is the effluent fluoride
oncentration (mg/l), m is the mass of the sorbent (g), and VB is the
olume of the solution passed up to the breakthrough point (l).

The capacity at the exhaustion point (qE) corresponds to the
mount of the fluoride ions bound by ATFS and MTFS when the
oncentration of the fluoride in the effluent reaches ≈95% of the
nitial value [1]:

E =
VE∫

0

(Co − C)
mdV

(12)

here qE is the capacity at the exhaustion point (mg/g), VE is the
olume of solution passed up to the exhaustion point (l), and Co, C
nd m have already been defined.

The adsorption columns were operated with different bed
epths (6, 9, 12 and 15 cm) until no further fluoride removal was
bserved. The breakthrough curve for a column is determined by
lotting the ratio of the Ce/Co (Ce and Co are the fluoride concen-
rations of effluent and influent, respectively) against the time.

pH deviation of ± 0.15 is observed in the influent water for all
olumns but the deviations in effluent water, pH up to 0.25 units

ere observed.

During the process, the influent containing fluoride ions passes
hrough the fixed bed of ATFS and MTFS, and a mass transfer zone,
here the fresh solution is in contact with unsaturated ATFS and
TFS, forms [52]. This zone also moves though the column and
0.380 0.585 0.700 0.770 0.870
0.511 0.306 0.457 0.607 0.755
0.244 0.080 0.109 0.079 0.062
1.420 1.144 1.019 1.226 0.954

reaches the exit at the exhaustion point. The height of the mass
transfer zone (hz) can be calculated by the following equation [1]:

Hz = H(HVE − VB)
VE − (1 − f )(VE − VB)

(13)

where H is the bed depth (cm), f is the parameter which measures
the symmetry of the breakthrough curve or the fraction of ATFS
or MTFS present in the bed which is still capable of removing the
fluoride. The ‘f’ can be defined as

f =
1∫

0

(1 − C/Co)d(V − VB)
(VE − VB)

=
VE∫

VB

(Co − C)
Co(VE − VB)dV

(14)

where V is the effluent volume (l) and the others are defined as the
same as above.

The empty bed contact time (EBCT) or the residence time is usu-
ally defined as the relation between the depth of the ATFS and MTFS
bed in the column and the influent velocity:

EBCT = H

�
(15)

where � is the linear flow rate through the column (cm3/cm2/min).
The parameters given by Eq. (15) were calculated from the experi-
mental data and are given in Table 3. The increase in bed height
increases the empty bed contact time (EBCT) and the height of
the mass transfer zone (hz). The results in Table 3 showed that the
breakthrough and the exhaustion capacities were found with neg-
ligible changes with respect to the increase in bed height for ATFS
and MTFS, which is a main factor for the practical application of this
process.

It is too difficult to describe the dynamic behaviour of compound
in a fixed bed under defined operating conditions because the pro-
cess does not occur at a steady state while the influent still passes
through the bed. Various simple mathematical models have been
developed to describe, and possibly predict, the dynamic behaviour
of the bed in column performance [53]. One of these models used
for the conditions is the Thomas model [54], which can be written
as

Ce

Co
= 1

1 + exp[kT (qT m − CoV/�]
(16)

where Ce is the effluent concentration(mg/l), Co is the influent flu-
oride concentration (mg/l), kT is the rate constant (l/mg/min), � is
the flow rate (l/min), qt is the total sorption capacity (mg/g), V is
the throughput volume (l), and m is the mass of the adsorbent.

The linearized form of the Thomas model is as follows:

ln
[(

Co

Ce

)
− 1

]
=

(
kT qT m

�

)
−

(
kT CoV

�

)
(17)
From the experimental data for Ce, Co and t at different bed heights,
the graphical dependences were plotted in Fig. 11B. The rate con-
stant (kT) and the total sorption capacity (qT) can be determined
from a plot of ln[(Co/Ce) − 1] against time t, for a particular bed
height. The model parameters are shown in Table 3.
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Fig. 11. (A) Breakthrough curve for ATFS and (B) testing of

In order to provide an adequate test of the Thomas model equa-
ion, the total sorption capacity qT calculated from the Eq. (16) and
E calculated from the area above the S-curves up to the saturation
oint, should be close to each other. The agreement of qT and qE

n Table 3 confirms the applicability of the Thomas model to the
xamined column system.

The insertion of the calculated parameters kT and qT in Eq.
17) for time t, forms the modeled breakthrough curves which
re shown (only for ATFS) in Fig. 11A. The satisfactory fitting
f the experimental data, modeled through a column of ATFS
nd MTFS followed the Thomas model. The rate constant, kT,
ecreased with respect to the increase in bed height for ATFS,
hich indicates the increase in the resistance of mass trans-
ort. The kT values of ATFS were greater than those of MTFS
nd reveal that the mass transport resistance was smaller for
TFS than for MTFS. It was reported [53] that the mass transport
esistance is proportional to the axial dispersion and thickness of
he liquid film on the particle surface. In the present study, the
ncrease in the bed height increased the mass transport resistance
nd the axial dispersion, which is confirmed by the decreasing
T values. The results presented convey that the Thomas equa-
ion can be used to predict the breakthrough curves for fluoride
emoval by a fixed bed of ATFS and MTFS with different bed
eights.

. Conclusion

The present study ascertains the defluoridation potential of
ctivated TFS and manganese oxide-coated TFS. The fluoride
emoval capacity of the sorbents, ATFS and MTFS, was found to
e 1990 mg/kg after the contact time of 30 min, at an optimum
H value of 6.5. The interference of HCO3

− was observed with
decreased defluoridation percentage of 63.5 and 98 for ATFS

nd MTFS, respectively. The diffusion-based models revealed that
he fluoride sorption onto the above sorbents was governed by
he combined effects of the surface and intraparticle diffusion
rocesses. The Freundlich adsorption constant (KF) of MTFS was
ound to be 1.58 times greater than that of ATFS. The Temkin
sotherm justified the sorption of fluoride which also occurred

hrough chemical forces. From the column experimental results,
he fitness of the Thomson equation indicated that the increase
n bed height caused an increase in the mass transport resis-
ance and axial dispersion, which was confirmed from the kT

alues.

[

[

rimental results for ATFS and MTFS by Thomson equation.
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