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a b s t r a c t

Removal of fluoride from aqueous solution using granular acid-treated bentonite (GHB) was studied by
batch and column adsorption experiments. The results of the batch adsorption experiments demonstrated
that the maximum fluoride removal was obtained at pH of 4.95 and it took 40 min to attain equilib-
rium. Kinetics data fitted pseudo-second-order model. Batch adsorption data was better described by
Redlich–Peterson and Freundlich isotherm models than Langmuir isotherm model. The adsorption type
eywords:
ranular acid-treated bentonite (GHB)
luoride removal
dsorption
ubinin–Rasdushkevich (D–R) equation
homas model

of GHB was ion exchange. Column experiments were carried out at different influent fluoride concen-
trations and different flow rates. The capacities of the breakthrough and exhaustion points increased
with the decrease of flow rate and the increase of initial fluoride concentration. The experimental results
were well fitted with Thomas model. Exhausted GHB was regenerated by alkali/alum treatment. The total
sorption capacity of GHB was increased after regeneration and activation.

© 2010 Elsevier B.V. All rights reserved.

egeneration

. Introduction

Endemic fluorosis caused by fluoride in excess is a global geo-
hemical disease [1]. Maintaining fluoride concentration of 1 mg/L
n the dietary intake can prevent skeletal and dental problems.
owever, when the fluoride concentration is above this level, it

eads to dental and skeletal fluorosis and lesions of the endocrine
lands, thyroid and liver. According to the World Health Organi-
ation (WHO), the maximum acceptable concentration of fluoride
s 1.5 mg/L [2]. It is therefore necessary to remove the excessive
uoride from drinking water if the fluoride concentration is higher
han 1.5 mg/L.

Many methods, i.e. adsorption [3,4], ion exchange [5], precip-
tation [6], Donnan dialysis [7–10], electrodialysis [11], reverse
smosis [12], nanofiltration [13] and ultrafiltration [14] have been

nvestigated to remove excessive fluoride from water. Among these

ethods, adsorption is still one of the most extensively used meth-
ds. Recent attention of scientists has been devoted to the study of
ifferent types of low cost materials such as kaolinite, bentonite,

∗ Corresponding author at: College of Architecture and Civil Engineering, Hei-
ongjiang University, Harbin 150080, China. Tel.: +86 451 86604021;
ax: +86 451 86604021.

E-mail address: oucmyx@126.com (Y. Ma).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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charfine, lignites, sirmali seeds [15], waste mud [16], calcite [17],
amorphous alumina [18], bleaching earth [19], red mud [3], gas
concrete material [20], montmorillonite [4], etc., for adsorption of
fluoride from water.

Bentonite is a sediment (usually) composed of smectite [21]. The
bentonites are widespread in most continents of the world and its
low cost makes it a strong candidate as an adsorbent for the removal
of many pollutants from wastewaters. Studies have shown its abil-
ity to bind and remove pathogenic viruses, pesticides, herbicides,
rare earth elements, heavy metals and other toxins [19]. Bentonite
can sorb fluoride in the acid conditions and has pH dependency
[4,22,23].

Although it can adsorb many pollutants, its use as an adsorbent
in a filtration mode is limited in practice for the following reasons:
(i) bentonite on contact with water swells and forms a highly stable
colloidal suspension, making its separation from water following
adsorption very difficult; and (ii) the use of bentonite as an adsor-
bent material in columns is limited by the low permeability of the
compacted bentonite bed [24].

Kapoor and Viraraghavan [24] immobilized bentonite with poly-

sulfone and made beads with surface area of up to 20 m2/g. The
beads were able to remove more than 99% of copper and cadmium
ions in the column mode. Zhu et al. [25] and Tor et al. [26] prepared
granular red mud (GRM) as low-cost adsorbent to remove cad-
mium ions and fluoride ion from water, respectively. The method

dx.doi.org/10.1016/j.jhazmat.2010.10.016
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:oucmyx@126.com
dx.doi.org/10.1016/j.jhazmat.2010.10.016
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Nomenclature

b Langmuir isotherm constant (L/mg)
C the effluent fluoride concentration (mg/L) (g/L for

DR equation)
C0 the initial fluoride concentration or the influent flu-

oride concentration (column) (mg/L)
CB the effluent fluoride concentration at the break-

through point (mg/L)
CE the effluent fluoride concentration at the exhaustion

point (mg/L)
Ce the fluoride concentration at equilibrium or the

effluent fluoride concentration (column) (mg/L)
E the mean free energy of adsorption (kJ/mol)
f a parameter measuring the symmetry of the break-

through curve
F0 flow rate of fluoride solution (mL/min)
H the bed depth (cm)
hZ the height of the mass transfer zone (cm)
K the constant of DR equation related to the adsorp-

tion energy
kF, n Freundlich isotherm constant
KR, aR, ˇ Redlich–Peterson isotherm constant
kT the rate constant of Thomas model (L mg−1 h−1)
k1 the adsorption rate constant of first-order adsorp-

tion (L/min)
k2 the rate constant of pseudo-second-order

chemisorption (g/(mg min))
m the adsorbent dosage or the mass of the sorbent (g)
qB the capacity at the breakthrough point (mg/g)
qE the capacity at the exhaustion point (mg/g)
qe the amounts of fluoride adsorbed at equilibrium

(mg/g)
qt the amounts of fluoride adsorbed at time t (min)

(mg/g)
qT the total sorption capacity (mg/g)
Q the fluoride adsorbed (mg/g)
Q0 Langmuir constant related to the capacity and

energy of adsorption (mg/g)
R the gas constant (kJ/(K mol))
T the temperature (K)
V the solution volume or the effluent volume (column)

(L)
VB the volume of solution passed up to the break-

through point (L)
VE the volume of solution passed up to the exhaustion

point (L)
X the amount of fluoride adsorbed per unit weight of

adsorbent (g/g)
Xm the adsorption capacity per unit weight of adsorbent

(g/g)

Greek symbols
� the flow rate (L/h)

t
f
n

r
o
a

noted at 0.01 pH. The amount of fluoride adsorbed was calculated
ε polanyi potentiali = RT ln(1 + (1/C))

o prepare beads is easier to realize, but the introduction of polysul-
one may increase the hydrophobicity of the prepared beads. It is
ecessary to prepare GHB with PVA which is hydrophilic in nature.
The objective of the study was to: (i) develop a procedure for fab-
ication of GHB with PVA, (ii) examine fluoride adsorption capacity
f GHB by batch studies, (iii) investigate the fluoride uptake char-
cteristics of GHB by column studies.
terials 185 (2011) 1073–1080

2. Materials and methods

2.1. Bentonite used

The bentonite used was a natural Ca–bentonite. Its
grain size was less than 200 mesh. Its chemical composi-
tion by structural formula was: (K0.036Na0.121Ca0.336Mg0.004)
(Al2.893Fe3+

0.288Fe2+
0.003)[Si7.921Al0.079]O21(OH)4 [27].

2.2. Preparation of GHB

H-bentonite preparation: 30 g Ca–bentonite which was calci-
nated at 300 ◦C for 2 h was dispersed into 100 mL distilled water in a
200 mL flask mounted in a water bath at a temperature of 95 ± 2 ◦C.
10 mL of 1 M HCl solution was added and stirred for 6 h. The solu-
tion was centrifuged and washed with distilled water for 3–5 times
until no Cl− was detected with AgNO3 solution as an indicator. The
bentonite was dried at 105 ◦C for 4 h. The dried sample was grinded
and passed through the 200 mesh sieve.

GHB was prepared by dried H–bentonite and analytical grade
PVA. 20 g PVA and 250 mL distilled water were put into a 500 mL
beaker in water bath at 95–98 ◦C until PVA ultimately dissolved.
130 g H–bentonite was added to the PVA solution. The sample was
stirred by mechanical stirrer and then dried in vacuo at 60 ◦C. The
dried sample was grinded and sieved. In order to improve the sta-
bility, GHB was cross-linked in 0.5% glutaraldehyde solution (50 ◦C,
pH = 3–4) for 30 min. GHB with 0.15–0.42 mm was used in the
study.

The N2-adsorption and desorption, at liquid N2 temperature on
and from the H–bentonite and GHB samples were determined by
a volumetric Pyrex glass adsorption instrument connected to high
vacuum.

2.3. Batch adsorption experiments

The fluoride solutions were prepared by diluting the prepared
stock solution (1000 mg/L NaF, prepared in laboratory) to desired
concentrations. All experiments were carried out at a constant ionic
strength of 0.01 M maintained with NaCl. 6.00 g of GHB and fluoride
solution were taken in a 500 mL stoppered conical flask. 20 mL of
0.1 M sodium chloride was added to maintain ionic strength, and
pH was adjusted to the desired level with 0.1 M NaOH or 0.1 M
HCl solutions. The final volume of the solution was 200 mL. The
solution was shaken at constant speed (400 rpm) with shaker at
25 ± 1 ◦C over a period of time and filtrated with a 0.45 �m cellulose
acetate membrane without centrifugation. Final pH and F− levels
were measured by the appropriate electrodes.

All ion selective and pH electrodes used were connected to
an Orion 720A pH/ISE meter. Fluoride measurements were per-
formed with the Orion 94-09 fluoride and reference electrodes.
The detection limit of the electrodes is 0.02 mg/L, measurement
reproducibility is 2% and there are no interference effects from
anions commonly associated with F−. Complexed F measurements
were made on aliquots of filtrate prediluted with an equal amount
of TISAB (total ion strength adjustment buffering). Each litre of
TISAB contained 1 mol of NaCl, 1 mol of CH3COOH, 4 g of CDTA (1,2-
cyclohexylenedinitrilotetraacetic acid) and sufficient NaOH to yield
a final pH of 5.0–5.5. The CDTA in TISAB was the decomplexing agent
that released all complexed F into free F ions, which were then
measurable with the ISE. pH measurements in the solution were
performed with an Orion 81-02 pH electrode. The detection limit is
from the following equation:

q = (C0 − Ce)V
m

(1)
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and theoretical equilibrium sorption capacities, qe (calculated), cal-
Fig. 1. Schematic diagram of experimental setup for column study.

here q is the fluoride adsorbed (mg/g), C0 is the initial concen-
ration of fluoride (mg/L), Ce is the concentration of fluoride in
olution at equilibrium time (mg/L), V is the solution volume (L),
nd m is the mass of the sorbent (g). The experimental parameters
tudied are contact time (5–120 min), initial fluoride concentration
2.85–20 mg/L), and pH (2.65–11.65).

.4. Column adsorption experiments

Column studies were conducted at room temperature in a glass
olumn (1.767 cm2 of cross-sectional area and 40 cm of height).
7.60 g GHB was packed in the glass column and it resulted in a
ed height of 28.0 cm and used as fixed bed down-flow reactors.
or column experiments, a column (i.d. 100 mm, length 420 mm)
as used with a feed reservoir of 20 L capacity at the top of the

olumn. The inlet flow rate was controlled by a flow controller. The
ynthetic sample solution was circulated with a pump and a reser-
oir in order to attain the constant water level. For the uniform
istribution of liquid, glass beads were placed above the adsorbent.
he schematic experimental setup for the column experiments was
hown in Fig. 1. The columns were operated using downward flow
t 25 ± 1 ◦C in the air conditioned laboratory.

Flow rates of 2.42 and 8.35 mL/min were used to study the effect
f the flow rate on fluoride removal. The columns were run using
ater containing 2.85 mg/L or 6.34 mg/L of fluoride with a pH of

.10. Flow rates were checked by physically collecting the discharge
rom column for a given time and measuring the volume collected.
fter exhaustion of the column, desorption studies were carried
ut using 0.1 M NaOH and reactivated by immersing GHB in the
% KAl(SO4)2 solution for 12 h. The capacity at the breakthrough
oint (qB) is defined as the amount of fluoride ions bound by GHB
hen the concentration of fluoride in the effluent reaches ≈5% of

he initial concentration [28].

B =
∫ CB

0

(C0 − C)dV

m
(2)

here qB is the capacity at the breakthrough point (mg/g), C0 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 solution passed up to the breakthrough point (L). The
apacity at the exhaustion point (qE) corresponds to the amount of
uoride ions bound by GHB when the concentration of fluoride in
terials 185 (2011) 1073–1080 1075

the effluent reaches ≈95% of the initial value [28].

qE =
∫ CE

0

(C0 − C)dV

m
(3)

where qE is the capacity at the exhaustion point (mg/g), VE is the
volume of solution passed up to the exhaustion point (L), and C0, C
and m are defined as the same as above.

2.5. Column regeneration studies

To retrieve the GHB sorbents and reuse saturated column, regen-
eration experiments were conducted using alkali/alum treatment.
In present study, the column previously run under “8.35 mL/min
of flow rate” was chosen in desorption experiments on account of
representativeness.

Regenerants used to regenerate or reactivate exhausted GHB
included NaOH and KAl(SO4)2. Exhausted GHB was dipped in 50 mL
0.1 M NaOH for 12 h and washed repeatedly for 2–3 times with
50 mL distilled water each time, then transferred to a flask con-
taining 30 mL 1% KAl(SO4)2 solution undergoing activation for 12 h.
Subsequent distilled water washing was carried to raise the pH to
7 followed by drying in oven at 105 ◦C for 2 h. The reactivated GHB
was ready for the next defluoridation cycle.

3. Results and discussion

The voids in a solid structure with widths smaller than 2 nm,
between 2 nm and 50 nm, and greater than 50 nm are called micro-
pores, mesopores, and macropores respectively. Pore-volume,
surface area and pore size range of H-bentonite and GHB were
shown in Table 1. The specific surface area of the H–bentonite
and GHB are 213.0 m2/g and 24.5 m2/g, respectively. GHB has a
majority of micropores and macropores, which is different from
the H-bentonite. Part of PVA was intercalated into the layers of
bentonite and increased the layer space, also decreased the micro-
pores volume. The binding of PVA with H–bentonite brought about
macropores in the GHB. The micropores acts as adsorption sites
and macropores acts as channels. It is a kind of heterogeneous
adsorption.

3.1. Batch adsorption experiments

3.1.1. Effect of contact time and adsorption kinetics
The equilibrium time for the F− adsorption reaction was defined

as the agitation period necessary for the F− concentration in solu-
tion to achieve a steady state. The removal of fluoride as a function
of contact time was shown in Fig. 2. It was observed that with a
fixed amount of GHB, the removal of fluoride increased with time
and then attained equilibrium after 40 min. Thus, all subsequent
samples employed 1 h reaction time.

The experimental adsorption data was analyzed by application
of the pseudo-first-order and pseudo-second-order kinetic models.
The linearized form of pseudo-first-order rate equation is given as
[29]

log(qe − qt) = log qe − k1t

2.303
(4)

where qe and qt are the amounts of fluoride adsorbed (mg/g) at
equilibrium and at time t (min), respectively, and k1 (L/min) is the
adsorption rate constant of first-order adsorption.

For the studied initial concentrations, the rate constant (k1)
culated from the slope and intercept of the linear plots of the
pseudo-first-order kinetic model, and the coefficient of determi-
nation (R2) were given in Table 2. In addition, theoretical and
experimental qe values were in a good accordance with each other.
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ig. 2. Effect of reaction time on the fluoride concentration of the solutions. Exper-
mental conditions: C0 = 2.85 mg/L; temperature, 25 ± 1 ◦C; shaken speed, 400 rpm;
HB dosage, 30 g/L; pHi = 7.11.

herefore, it could be suggested that the adsorption of fluoride by
HB followed the first-order type reaction kinetics.

The experimental data was also applied to the pseudo-second-
rder kinetic model given as

dqt

dt
= k2(qe − qt)

2 (5)

here k2 is the rate constant of pseudo-second-order chemisorp-
ion (g/(mg min)). For boundary conditions (t = 0 to t = t and qt = 0
o qt = qt), pseudo-second-order kinetic model of Ho and McKay
30,31] is:

t

qt
= 1

k2qe
2

+ t

qe
(6)

The constants calculated from the slope and intercept of the
lots were given in Table 2. It can be seen from the results in Table 2
hat qe (calculated) and qe (experimental) values were in agreement
ith each other. The coefficient of determination of second-order

ype reaction (R2 = 0.9986) is larger than that of first-order type
eaction (R2 = 0.9820). Therefore, it was possible to suggest that the
orption of fluoride by GHB was a second-order type reaction.

.1.2. Effect of pH

The effect of pH on the sorption of fluoride was shown in Fig. 3. At

ower initial pH value (pHi), the amount of F− adsorbed at equilib-
ium (qe) increased slightly with the increase of pHi in the solution.

hen pHi increased from 2.65 to 6.28, the equilibrium pH value
pHe) changed from 3.16 to 4.95, qe increased from 0.096 mg/g

able 1
ore-volume, surface area and pore size range of H-bentonite and GHB.

Sample Specific surface area (m2/g) Pore type

H–bentonite 213.0
Micropore
Mesopore
Macropore

GHB 24.5
Micropore
Mesopore
Macropore

able 2
alues of adsorption rate constant for pseudo-first-order and pseudo-second-order kinet

Experimental result Pseudo-first-order kinetic model

q(exp) (mg/g) 0.0747 q(cal) (mg/g) 0.0882 (0.073
k1 (1/min) 0.153 ± 0.009
R2 0.9820

a The range of value is calculated by the standard error.
Fig. 3. Effect of pH values in the solutions on the fluoride adsorbed. Experimen-
tal conditions: C0 = 5.0 mg/L; temperature, 25 ± 1 ◦C; shaken speed, 400 rpm; GHB
dosage, 30 g/L; pHi = 2.65, 3.43, 4.85, 5.58, 6.28, 7.11, 7.95, 9.95, 11.65.

to 0.103 mg/g and attained the maximum. When pHi was higher
than 6.28, qe decreased with the increase of pHi and had a value
of 0.004 mg/g at pHi of 11.65 (pHe = 9.83). When pHi was between
2.65 and 7.95 (pHe = 3.16–6.23), qe value was more than 0.095 mg/g.
The range was the optimum pH for GHB defluoridation. This may
be explained by considering the zero point of charge (pHzpc) for
the GHB. Zero point of charge is a concept in physical chemistry
relating to the phenomenon of adsorption, and it describes the con-
dition when the electrical charge density on a surface is zero. In
other words, is (usually) the pH value at which a solid submerged
in an electrolyte exhibits zero net electrical charge on the surface.
Although pHzpc is still uncertain, there are several colloid chem-
ical arguments that it must be near pH ∼ 5 for montmorillonite
[32,33]. The metal oxides in GHB formed aqua complexes with
water and developed a charged surface through amphoteric dis-
sociation. From the results, we can conclude the pHzpc of GHB is
near to 4.95. If the pH was above pHzpc, more of the surface sites
were negatively charged and F− will be adsorbed to a lesser extent
due to the repulsive forces between F− ions and negative charge of
the GHB surface [26]. If the pH was below pHzpc, the surface charge
is positive, more fluoride ion should be adsorbed, but the results
show the opposite. In lower pH value, more F− ions react with H+

ions and form HF molecules which are neutral and difficult to be

adsorbed by GHB.

It is known that clay minerals possess attractive properties as
solid acids [34,35]. Their acidities are due to active centers on the
surface that exhibit Bronsted and Lewis acidities and govern most of

Specific pore volume (cm3/g) Pore size range (nm)

0.0572 0.7–2.0 (mainly 1.5–1.7)
0.1213 2–20 (mainly 3–5)
0 Not detected

0.0284 0.8–2.0 (mainly 1.5–1.9)
0.0897 2–50 (mainly 3–5)
0.1754 50–1000 (mainly 200–500)

ic models (data from Fig. 1).

Pseudo-second-order kinetic model

4–0.1052)a q(cal) (mg/g) 0.0870 (0.0855–0.0885)a

a k2 (g/(mg min)) 2.09 (1.89–2.32)a

R2 0.9986
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Fig. 4. Fitting of experimental data (points) to curves obtained from the Langmuir,
Freundlich and Redlich–Peterson isotherms for fluoride adsorption on GHB. Exper-
imental conditions: temperature, 25 ± 1 ◦C; shaken speed, 400 rpm; GHB dosage,
30 g/L; pHi = 7.11; C0 = 0, 2.85, 5, 10, 15, 20 mg/L.

Table 4
The comparison of the Freundlich capacity constants of different adsorbents for
fluoride adsorption.

Adsorbent k (mg/g) n Reference

Neutralized red mud
(powdered)

1.14 1.29 [3]

Acid activated red mud
(powdered)

5.06 1.97 [3]

Montmorillonite 0.26 1.77 [4]
Spent bleaching earth 0.94 0.46 [19]
Waste mud 1.04–10.79 1.79–2.29 [16]
Amorphous alumina 1.21–9.68 1.36–3.96 [18]

T
L

Y. Ma et al. / Journal of Hazard

he clay’s interactions in so many application areas. Acid-activated
lays exhibit significantly different physicochemical characteris-
ics compared to their non-activated counterparts and one of these
hysicochemical properties is surface acidity which is a combina-
ion of its Bronsted and Lewis acidities [36]. As seen in Fig. 3, the
ddition of GHB can change the pH value in the solution. At higher
H conditions, pH values decreased owing to the surface acidities of
HB. At lower pH conditions, pH values in the solutions increased
y ion exchange of F− in the solution and OH group on the GHB.

At higher pH conditions, GHB has little sorption of fluoride.
herefore, alkali can be used as a regenerant to adjust the pH in
he solution to realize the fluoride desorption and regeneration of
xhausted GHB.

.1.3. Adsorption isotherm models
The analysis of the sorption isotherms was important for design

urposes. Therefore, experimental data was analysed with well
nown sorption isotherm models including the Langmuir (7), Fre-
ndlich (8) and Redlich–Peterson isotherms (9) [37–39]

1
qe

= 1
Q 0

+ 1
bQ 0

1
Ce

(7)

n qe = ln kF + 1
n

ln Ce (8)

n
[(

KRCe

qe
− 1

)]
= ln aR + ˇ ln Ce (9)

here kF (mg/g)(L/mg)1/n and 1/n are Freundlich constants related
o adsorption capacity and adsorption intensity, respectively, of the
orbent. qe is the amount adsorbed at equilibrium (mg/g), Ce is the
quilibrium concentration of the adsorbate (mg/L), and Q0 (mg/g)
nd b (L/mg) are the Langmuir constants related to the maximum
dsorption capacity and the energy of adsorption, respectively. KR is
he Redlich–Peterson isotherm constant (L/mg), aR is also a constant
L/mg)ˇ and ˇ is the exponent which lies between 0 and 1. For ˇ = 1,
q. (8) reduces to Langmuir equation and for ˇ = 0, it reduces to
enry’s equation.

The Langmuir, Freundlich and Redlich–Peterson isotherms and
he experimental data were shown in Fig. 4. The isotherm constants
nd R2 values for each model were given in Table 3. On the compar-
son of the R2 values, it can be concluded that adsorption data can
e better described by Redlich–Peterson and Freundlich isotherm
odels. It was shown from Fig. 2 that Redlich–Peterson model was

lmost consistent with the Freundlich isotherm model. The result
as same to the study of Tor et al. on fluoride removal by using gran-
lar red mud (GRM) [26]. It may be attributed to various active sites
r heterogeneous mixture of several minerals in GHB which made
HB having different affinities to fluoride ion [26,40]. The compari-
on of the Freundlich capacity constants of different adsorbents for
uoride adsorption was given in Table 4. The adsorption capacity of
HB is lower than that of adsorbents in the reference because PVA
ccupied part of mass and the specific surface area was lowered in

ranular state.

.1.4. Dubinin–Rasdushkevich (DR) isotherm
It is known that the Langmuir, Freundlich and Redlich–Peterson

sotherm constants do not give any idea about the adsorption mech-

able 3
angmuir, Freundlich and Redlich–Peterson isotherm parameters for the adsorption of flu

Langmuir isotherm Freundlich isotherm

Q0 (mg/g) 0.278 (0.246–0.319) a KF (mg/g)(L/g)1/n

b (L/mg) 0.569 (0.524–0.622) a n
R2 0.987 R2

a The range of value is calculated by the standard error.
Granular red mud 0.851 2.082 [27]
Granular acid-treated

bentonite
0.094 2.082 Present study

anism. In order to understand the adsorption type, equilibrium data
was tested with DR isotherm. DR equation can be written as [41,42]

ln X = ln Xm − Kε2 (10)

where ε (polanyi potentiali) = RT ln(1 + (1/C)), X is the amount of
fluoride adsorbed per unit weight of adsorbent (g/g), Xm is the
adsorption capacity (g/g), C is the equilibrium concentration of flu-
oride in aqueous solution (g/L), K is the constant related to the
adsorption energy, R is the gas constant [kJ/(K mol)] and T is the
temperature (K).

Fig. 5 showed the plot of ln X against ε2 with correlation coeffi-
cients R2 = 0.9871. DR isotherm constants, K and Xm were calculated
from the slope and intercept of the plot which is −0.0065 ± 0.0004
and 0.6465 ± 0.0667 mg/g respectively.

The mean free energy of adsorption (E), defined as the free
energy change when 1 mol of ion is transferred to the surface of the
solid from infinity in solution can be calculated from the K-value

using the equation:

E = (−2K)−0.5 (11)

The magnitude of the mean free energy of adsorption (E) cal-
culated from DR equation is useful for estimating the type of

oride by GHB (data from Fig. 4).

Redlich–Peterson isotherm

0.094 ± 0.003a KR (L/mg) 5.265
2.082 (1.935–2.139)a aR (L/mg)ˇ 54.89 (53.10–56.74)a

0.993 R2 0.993
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dsorption. E value of GHB was 8.77 ± 0.28 kJ/mol (between 8 and
6 kJ/mol), the adsorption type can be explained by ion exchange
42]. F ions in the solution were exchanged with the OH group on
he GHB.

.2. Column adsorption experiments

The breakthrough curve for a column was determined by plot-
ing the ratio of the Ce/C0 (Ce and C0 are the fluoride concentration
f effluent and influent, respectively) against the time. The break-
hrough curves of GHB and regenerated GHB (RGHB) at different
ow rate (F0) and influent fluoride concentration (C0) were pre-
ented in Fig. 6.
During the process, the influent containing fluoride ions passed
hrough the fixed bed of GHB, and a mass transfer zone formed [43].
his zone also moved through the column and reached exit at the
xhaustion point. The height of the mass transfer zone (hZ) can be
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calculated by the following equation [29]:

hZ = H(VE − VB)
VE − (1 − f )(VE − VB)

(12)

where H is the bed depth (cm), f is a parameter which measures
the symmetry of the breakthrough curve, or the fraction of GHB
present in the bed which is still capable of removing fluoride.

The f can be defined as

f =
∫ 1

0

(
1 − C

C0

)
d
[

V − VB

VE − VB

]
=

∫ VE

VB

(C0 − C)dV

C0(VE − VB)
(13)

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 GHB bed in
the column and the influent velocity:

EBCT = H

F0
(14)

where F0 is the linear flow rate through the column (cm3/cm2 min).
The parameters in Eqs. (2), (3) and (12)–(14) were calculated from
the experimental data and given in Table 5.

It is too difficult to describe the dynamic behavior 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 behavior
of the bed in column performance [44]. One of these models used
for the continuous flow conditions is the Thomas model [45], which
can be written as

Ce

C
= 1

1 + exp[k (q m − C V)/�]
(15)
where Ce is the effluent fluoride concentration (mg/L), C0 is influent
fluoride concentration (mg/L), kT is the rate constant (L mg−1 h−1),
� is the flow rate (L/h), qT is the total sorption capacity (mg/g), V is
the throughput volume (L), and m is the mass of adsorbent (g).
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Table 5
Parameters calculated from the column experimental data (data from Fig. 7).

F0 (mL/min) C0 (mg/L) qB (mg/g) qE (mg/g) f hZ (cm) EBCT (min) From Thomas model

kT (L/mg h) qT (mg/g)

2.42 (GHB) 2.85 0.014 0.176 0.986
8.35 (GHB) 2.85 0.013 0.169 0.633
8.35 (RGHB) 2.85 0.019 0.207 0.717
8.35 (GHB) 6.34 0.015 0.190 0.407
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ig. 7. Testing of experimental results by the Thomas equation for GHB and RGHB
t different flow rate (F0) and different initial fluoride concentration (C0) (data from
ig. 6).

The linearized form of the Thomas model is as follows:

n
[(

C0

Ce

)
− 1

]
=

(
kT qT m

�

)
−

(
kT C0V

�

)
(16)

From experimental data for Ce, C0, and t at different flow rates,
raphical dependences were plotted in Fig. 7. The rate constant
kT) and the total sorption capacity (qT) can be determined by from
plot of ln[(C0/Ce) − 1] against t at a given flow rate. The model

arameters were given in Table 5.
In order to provide an adequate test of the Thomas model equa-

ion, the total sorption capacity qT calculated from Eq. (16) and qE

alculated from the area above the S curves up to the saturation
oint should be close to each other. The agreement of qT and qE

Table 5) confirmed the applicability of the Thomas model to the
xamined column system.

.2.1. Effect of flow rate
Initially, most of the fluoride ions were adsorbed, hence the

olute concentration in the effluent was low. As adsorption con-
inued, the effluent concentration rose, slowly at first but then
bruptly. At a lower flow rate of 2.42 mL/min, the adsorption with
ime was very efficient in the initial step of process. This fact was
robably associated with the availability of reaction sites able to
apture fluoride ions around or inside the cells. In the second stage,
he uptake became less effective with the gradual occupancy of
hese sites. Even after breakthrough occurred, the column was still
apable of accumulating fluoride although at a progressively lower
fficiency.

With the increase of flow rate, the empty bed contact time

EBCT) decreased, while the height of the mass transfer zone (hZ)
ncreased; the breakthrough curve became steeper, breakthrough
ime decreased because of faster saturation of the fixed bed (Fig. 6).
he residence time of the solute in the column was not long enough
or adsorption equilibrium to be reached at that flow rate, the flu-
17.54 20.45 0.080 ± 0.009 0.201 ± 0.009
32.12 5.92 0.296 ± 0.011 0.137 ± 0.006
27.69 5.92 0.215 ± 0.014 0.174 ± 0.014
43.99 5.92 0.151 ± 0.007 0.203 ± 0.015

oride solution left the column before equilibrium occurred. Thus,
at higher flow rate, the contact time of fluoride ions with GHB was
very short, causing a reduction in removal efficiency.

The rate constant, kT, increased with the increase of the flow rate
which indicated that the mass transport resistance decreased. The
mass transport resistance was proportional to axial dispersion and
thickness of the liquid film on the particle surface [43]. The increase
of the flow rate increased the driving force of mass transfer in the
liquid film [26].

3.2.2. Effect of initial fluoride concentration
Initial fluoride concentration of 2.85 and 6.34 mg/L were used to

study the column studies. Fluoride adsorbed by GHB in the packed
column depended on the volume of flow passed. The effluent vol-
ume showed whether fluoride uptake by GHB was subjected to
saturation limits. With the increase of initial fluoride concentra-
tion, the breakthrough curve became steeper, breakthrough time
decreased because of faster saturation of the fixed bed (Fig. 6).
As solution continued to flow, the concentration of fluoride in the
effluent rapidly increased. Finally the bed became saturated with
fluoride and the concentration of solute in the effluent rose to the
inlet fluoride concentration.

The rate constant (kT) and the breakthrough time decreased with
the increase of the initial fluoride concentration. The breakthrough
capacities (qB) and exhaustion capacities (qE) increased with the
increase of initial fluoride concentration.

3.2.3. Column regeneration
At higher pH conditions, GHB has little sorption of fluoride

(Fig. 3). Therefore, alkali can be used as a regenerant to adjust the
pH in the solution to realize the fluoride desorption and regenera-
tion of exhausted GHB. Fluoride removal of GHB and RGHB at flow
rate of 8.35 mL/min and initial fluoride concentration of 6.34 mg/L
were shown in Fig. 6. The total sorption capacity of GHB increased
after regeneration and reactivation by using alkali/alum treatment.
This was mainly because of the ion-exchange characteristics of ben-
tonite. The Na+ or H+ on the bentonite was exchanged for Al3+ in
the solution and the GHB had higher sorption capacity.

Additionally, the results showed that the sorption capacities
of the columns were higher than their respective batch capacities
(qe = 0.094 mg/g for 12 g/L GHB dosage) for the same initial fluoride
concentration (2.85 mg/L). Similar results were observed by Genç-
Fuhrman et al. [46], Gupta et al. [47] and Tor et al. [26]. The reason
for the observed discrepancies between the batch and column sys-
tems may be that GHB had pores that enhanced solid state diffusion
relative to the batch tests [48]. Higher fluoride sorption capacity
was obtained in column experiments than in batch experiments.

4. Conclusion

In this study, GHB was prepared and its fluoride sorption capac-

ity was evaluated by batch and column adsorption experiments.
The main conclusions from this study can be listed as follows:

(i) GHB can be used as a low-cost granular adsorbent in fluoride
removal.
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and chromium from aqueous solutions using red mud, an aluminium industry
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ii) Batch experiments indicated that the time to attain equilibrium
was 40 min and the adsorption followed the pseudo-second-
order kinetic model.

iii) The maximum adsorption or removal of fluoride was achieved
at a pH of 4.95.

iv) The adsorption of fluoride by GHB in batch systems can be
described by the Freundlich isotherm, and the adsorption
capacity (k) was 0.094 mg/g.

v) The fluoride adsorption type of GHB was ion-exchange.
vi) The breakthrough capacities (qB) and exhaustion capacities (qE)

increased with the decrease of flow rate and the increase of
initial fluoride concentration.

ii) The height of the mass transfer zone (hZ) increased and the
empty bed contact time (EBCT) decreased with the increase of
flow rate. The height of the mass transfer zone (hZ) increased
with the increase of initial fluoride concentration.

iii) Exhausted GHB can be regenerated by alkali/alum treatment.
The total sorption capacity of GHB increased after regenera-
tion and activation. Regenerated GHB had higher breakthrough
capacities (qB) and exhaustion capacities (qE).

ix) The rate constant (kT) increased and the breakthrough time
decreased with the increase of the flow rate. The rate constant
(kT) decreased and the breakthrough time decreased with the
increase of the of initial fluoride concentration.

x) Higher fluoride sorption capacity was obtained in column
experiments than in batch experiments.
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40] H. Genç-Fuhrman, J.C. Tjell, D. McConchie, Adsorption of arsenic from
water using activated neutralized red mud, Environ. Sci. Technol. 38 (2004)
2428–2434.

41] R. Qadeer, J. Hanif, Adsorption of uranium in the presence of different cations
on activated charcoal, J. Chem. Soc. Pak. 15 (1993) 227–230.

42] R. Qadeer, J. Hanif, M. Khan, M. Salem, Uptake of uranium ions by molecular-
sieve, Radiochim. Acta 68 (1995) 197–201.

43] N. Vukojevic Medvidovic, J. Peric, M. Trgo, M.N. Muzek, Removal of lead ions by
fixed bed of clinoptilolite—the effect of flowrate, Sep. Purif. Technol. 49 (2006)
298–304.

44] Z. Aksu, F. Gonen, Biosorption of phenol by immobilized activated sludge in a
continuous packed bed: prediction of breakthrough curves, Process Biochem.
39 (2004) 599–613.

45] H.C. Thomas, Heterogeneous ion exchange in a flowing system, J. Am. Chem.
Soc. 66 (1944) 1664–1666.
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