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bstract

This paper describes the fluoride removal potential of a novel sorbent, magnesia-amended activated alumina (MAAA) from drinking water.
AAA, prepared by calcining magnesium hydroxide impregnated alumina at 450 ◦C has shown high fluoride sorption potential than activated

lumina from drinking water. Batch sorption studies were performed as a function of contact time, pH, initial fluoride concentration, and adsorbent
ose. Studies were also performed to understand the effect of various other co-existing ions present in real ground water samples. X-ray powder
iffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray (EDAX) and a gas adsorption porosimetry analyses were used
o characterize the physicochemical properties of MAAA. More than 95% removal of fluoride (10 mg l−1) was achieved within 3 h of contact
ime at neutral pH. Sorption of fluoride onto MAAA was found to be pH dependant and a decrease in sorption was observed at higher pHs.

mong the kinetic models tested, pseudo-second-order model fitted the kinetic data well, suggesting the chemisorption mechanism. Among the
arious isotherm model tested, Sips model predicted the data well. The maximum sorption capacity of fluoride deduced from Sips equation was
0.12 mg g−1. Most of the co-existing ions studied have negligible effect on fluoride sorption by MAAA. However, higher concentrations of
icarbonate and sulfate have reduced the fluoride sorption capacity.
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. Introduction

Low concentrations of fluoride in drinking water have been
onsidered beneficial to prevent dental carries. But scientists
re now debating on the health benefits of fluoride even at low
oncentrations. It has long been known that chronic intake of
xcessive fluoride (>1 mg l−1) can lead to severe dental and
keletal fluorosis. It not only affects teeth and skeleton, but its
ccumulation over a long period can also lead to change in the
NA structure [1,2].
Consumption of ground water containing high levels of flu-

ride concentration is one of the major exposure mechanism to
he public in India and in many other parts of the world. Drink-
ng water sources in India have fluoride concentration as high
s 30 mg l−1. According to World Health Organization (WHO)

uidelines, the fluoride concentration in drinking water should
ot exceed 1.5 mg l−1 [3]. However, this guideline value of flu-
ride is not universal.

∗ Corresponding author. Tel.: +91 44 22574274; fax: +91 44 2254252.
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Fluoride removal from drinking water can be achieved
y chemical precipitation, adsorption onto activated alumina,
embrane process and ion exchange. Among these processes,
embrane and ion exchange processes are not very common due

o its high installation and maintenance cost. Other two meth-
ds are very common in India, especially chemical precipitation
y addition of alum and lime mixture into fluoride-contaminated
ater (Nalagonda technique). However, the associated problems

ike generation of acid/alkali water, residual aluminium and sol-
ble aluminium fluoride complexes, generation of sludges, and
elatively higher residual fluoride concentrations are of major
oncern [4–6].

Adsorption onto solid surface is a simple, versatile and
ppropriate process for treating drinking water system,
specially for small communities. Adsorption technique is
onsidered as economical and can remove ions over a wide pH
ange and to a lower residual concentration than precipitation.
ctivated alumina is one of the best available and generally used
orbent for defluoridation of drinking water [7,8]. However,
he slow rate of adsorption of commercially available activated
lumina limits its use for treating large quantity of water. Many
esearchers have reported the potential of magnesium oxide

mailto:ligy@iitm.ac.in
dx.doi.org/10.1016/j.cej.2007.09.049
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Nomenclature

Ce equilibrium concentration of the adsorbate in the
solution (mg l−1)

qe amount of adsorbate removed from aqueous solu-
tion at equilibrium (mg g−1)

qt amount of adsorbate sorbed on the adsorbent sur-
face at any time t (mg g−1)

qcal calculated solid phase fluoride concentration at
equilibrium (mg g−1)

qexp experimentally measured solid phase fluoride
concentration at equilibrium (mg g−1)

k1 first-order-rate constant of sorption (min−1)
k2 second-order-rate constant of sorption

(g mg−1 min−1)
Kp constant of intraparticle diffusion

(g mg−1 min−1/2)
t reaction time (min)
x mass of solute adsorbed on the adsorbent (mg l−1)
m mass of adsorbent (g l−1)
KF Freundlich isotherm constant (l g−1)
KR Redlich–Peterson isotherm constant (l g−1)
KRP Radke–Prausnitz isotherm constant (l g−1)
KS Sips isotherm constant (l g−1)
qmL monolayer capacity of Langmuir equation

(mg g−1)
qmRP constant of Radke–Prausnitz isotherm
qmS specific sorption capacity of Sips equation at sat-

uration (mg g−1)
qmT specific sorption capacity of Toth equation at sat-

uration (mg g−1)
n Freundlich adsorption intensity
bL Langmuir isotherm constant (l mg−1)
aR Redlich–Peterson isotherm constant (l mg−1)
AT Toth isotherm constant (l mg−1)
mRP Radke–Prausnitz isotherm model exponent
� Redlich–Peterson isotherm model exponent
mS Sips isotherm model exponent
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magnesia) to scavenge fluoride [9–11]. However, magnesia
s available only as fine powder. Employing metal oxides in
owder forms as sorbent has practical limitations, including
ifficulty in solid/liquid separation, low hydraulic conductivity
nd leaching of the metal/metal-oxide along with treated
ater. To overcome the above-mentioned limitations, more

nvironmental friendly and efficient techniques, which can be
pplicable to diverse end users, need to be developed.

In this paper, the defluoridation potential of a novel sorbent
agnesia-amended activated alumina (MAAA) has been inves-

igated in batch system. The physicochemical characteristics of

AAA were examined with XRD, SEM, EDAX and gas adsorp-

ion porosimetry analysis. Attempts have also been made to
nderstand the adsorption kinetics, equilibrium and mechanism
f adsorption.
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. Materials and methods

.1. Sorbent preparations

MAAA was prepared by wet impregnation of commercially
vailable AA (ACE Manufacturing and Marketing, AD-101F)
ith magnesium hydroxide slurry. For this, 1N NaOH solution
as slowly added and mixed with 20 ml of magnesium chloride

4 M) solution until the pH rose up to ∼ 9.5. To this mixture,
0 g of AA particles (0.5–0.6 mm) were added, and allowed to
ettle for 30 min at room temperature. The samples were dried
y evaporating excess water at 110 ◦C for 8 h with proper mixing
nd subsequently calcined at 450 ◦C for 2 h. Samples were then
ooled to room temperature and washed with distilled water until
he runoff was clear. These samples were then dried (150 ◦C for
h) and transferred to an airtight HDPE bottles for storage.

.2. Sorbent characterization

The amount of magnesium coated on MAAA was quantified
y acid digestion method suggested by national environment
rotection council [12]. Mineralogy of supported metal-oxide
as characterized by powder XRD techniques (XD-D1, X-
ay Difractometer, Shimadzu, Japan). Crystalline phases of
AAA were identified by the software database published by

he joint committee on power diffraction standards (JCPDS).
itrogen chemisorption isotherm technique was used to mea-

ure specific surface area, pore-size distributions, and micropore
olume of AA and MAAA using a micropore analyzer (ASAP
020, Micromeritics, USA). The analysis bath temperature was
195.779 ◦C. PHzpc (pH of point of zero charge) of MAAA
ere determined by batch equilibrium method [13]. Surface
orphology and spot elemental analysis of MAAA was car-

ied out using SEM and EDAX, respectively (FEI, Quanta 200,
zechoslovakia).

.3. Batch sorption experiments

All batch fluoride sorption studies were carried out in 250 ml
eflon flasks with a working volume of 100 ml. After adding

he required quantity of the sorbent to the fluoride-spiked solu-
ion, the flasks were kept in an orbital shaker with thermostatic
ontrol (Remi, India) at 90 rpm and 30 ± 1 ◦C for specified con-
act time. Once the sorption equilibrium was reached (180 min),
he liquid samples were collected and analyzed for residual
uoride concentration using ion chromatography (Dionex, LC-
0 chromatography, AD-25 absorbance detector, USA). The
oncentrations of free metal ions in solutions were also mea-
ured using atomic absorption spectrometer (AAS, GBC 932
lus, Australia). The initial pH of the fluoride solution was
aintained between 6.5 and 7 by using dilute NaOH or HCl

olutions.
The effect of contact time on fluoride sorption was investi-
ated by adding a 4 g l−1 of MAAA into 100 ml fluoride-spiked
olution of various fluoride concentrations (∼5, 10, 20 and
0 mg/l). The liquid samples were withdrawn at pre-determined
ime intervals and analyzed for residual fluoride concentrations.
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Table 1
Physical characteristics of AA and MAAA

Physical characteristics AA MAAA

BET surface area 242.07 m2 g−1 193.5 m2 g−1

BJH adsorption cumulative volume
of pores between 17.000 and
3000.000 Å diameter

0.299 cm3 g−1 0.252 cm3 g−1

BJH desorption cumulative volume
of pores between 17.000 and
3000.000 Å diameter

0.306 cm3 g−1 0.286 cm3 g−1

Adsorption average pore width
(4V/A by BET)

5.57 nm 5.69 nm

BJH adsorption average pore
diameter (4V/A)

5.65 nm 5.57 nm

B

(
m
b
u
the MAAA was found to be 44–50 mg g . The surface charac-
teristics of both AA and MAAA were determined by nitrogen
chemisorption technique (Table 1). Fig. 2 shows SEM micro-
grams taken at 10,000× and 5000× magnification to observe
S.M. Maliyekkal et al. / Chemical E

quilibrium sorption studies were conducted at 30 ± 1 ◦C, with
arying fluoride concentrations (∼5–150 mg l−1).

Sorption experiments were also carried out at various pHs
2–10) to understand the effect of pH on fluoride sorption. The
olution pH was adjusted by adding different dilutions of HCl
nd NaOH solutions. The pH measurements were carried out
ith ion analyzer connected with pH electrode (Expandable Ion
nalyzer, USA).

.3.1. Effect of other co-existing ions
The interference effect of different ions usually present in real

round water sample on fluoride sorption by MAAA was also
tudied. Various concentrations of ions, including Cl−, NO3

−,
O4

2−, HCO3
−, SiO3

−, PO4
3−, humic acid, and Ca2+ were

piked with 10 mg l−1 of fluoride solution. Adsorption studies
ere carried out as described earlier with an adsorbent dose of
g l−1.The liquid sample were withdrawn after 3 h, filtered and
nalyzed for residual fluoride concentrations.

.3.2. Regeneration experiments
To test the regeneration capacity of the adsorbent, studies

ere carried out with various concentrations of NaOH (0.0–2%)
s eluent. For this, initial adsorption study was conducted using
g l−1 MAAA and ∼5 mg l−1 of fluoride solution. The sorbent
as then separated by means of filtration and washed with dis-

illed water to remove liquid containing fluoride. The adsorbed
uoride was then eluted with various concentrations of NaOH
nd the eluent was separated and analyzed for fluoride concen-
rations.

. Results and discussion

.1. Sorbent characterization

The MAAA prepared as discussed earlier was characterized

y powder XRD. Fig. 1 shows the X-ray diffraction pattern of
AAA. Analyzing the X-ray pattern using the software database

ublished by the JCPDS; it was found that all the peaks observed
n the X-ray diffraction pattern was best suiting the alumina

Fig. 1. X-Ray diffraction pattern of magnesia-amended activated alumina.
JH desorption average pore
diameter (4V/A)

5.97 nm 4.74 nm

Al21.333O32, JCPDS – 80-0955). No peaks that correspond to
agnesia and other forms of magnesium were found. This may

e due to the amorphous nature of the magnesia or small vol-
me of magnesia compared to AA. The magnesium content on

−1
Fig. 2. SEM micrograph of magnesia-amended activated alumina.
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Fig. 3. EDAX spectrum of magnesia-amended activated alumina.

he surface morphology of MAAA. The spot elemental analysis
f MAAA was done by EDAX technique. The EDAX spectrum
Fig. 3) shows the signals corresponding to Al, Mg, and O, which
hows an indirect evidence for magnesia on the surface of AA.

Zero point of charge (pHzpc) is a tool to determine under
hat pH the MAAA surface has positive or negative surface

harge. F− like anions is strongly adsorbed when the pHzpc rela-
ionship causes the material surface to be positive. The pHzpc

AAA determined by simple batch equilibrium method using
aCl (0.1 and 0.01 M) as background electrolyte was found to be
.6 ± 0.2, which is slightly higher than the pHzpc value obtained
or AA (8.25 ± 0.2). Insignificant variations in pHzpc value with
espect to the variations in background electrolyte concentra-
ions, indicate that NaCl is an indifferent electrolyte and pHzpc
s independent of its concentration. The pHzpc obtained for

AAA is difficult to compare with other literature values, as
his is the first time such material is developed in lab. Different
Hzpc values ranging from 5 to 9 were reported for aluminium-
ased oxides/hydroxide in the literatures. These values were
btained by different methods by different investigators, and
hese numbers are not necessarily comparable [14].

.2. Effect of initial concentration and contact time
The kinetics of sorption is an important parameter for design-
ng sorption system and is required for selecting optimum
perating conditions for full-scale batch process [15]. Fig. 4

ig. 4. Kinetics of fluoride removal by MAAA at various initial concentrations
f fluoride (adsorbent dose = 4 g l−1).
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llustrates the kinetics of fluoride sorption onto MAAA at various
nitial concentrations. For all the initial fluoride concentrations
tudied, most of the removal took place during the first 60 min
nd the system reached a pseudo-equilibrium value slowly in
80 min. No appreciable removal was noticed with higher con-
act time. This indicates that initial concentration of fluoride has
east effect on equilibrium time. From the shape of the kinetic
urves (Fig. 4), it is also evident that the fluoride sorption onto
AAA is a two-step process, i.e. initial rapid adsorption during

he first 60 min and slow rate of sorption until the equilibrium
s reached. For an initial concentration of 30 mg l−1 of fluoride,

72% of the removal took place in first 60 min and reached
seudo equilibrium in 180 min with a further ∼8% increase in
orption.

The kinetics of any sorption process is a function of dif-
erent parameters, such as the structural properties of sorbent,
ature and concentration of sorbate, and sorbent–sorbate interac-
ions. To understand the dynamics of solute adsorption process,
uoride sorption kinetic data were analyzed using two mass

ransfer and one intraparticle diffusion models. These models are
seudo first-order equation [16], pseudo-second-order equation
17] and intraparticle diffusion model [18]. The mathematical
epresentations (nonlinear) of these models are as follows:

seudo-first-order equation : qt = qe(1 − e−k1t)

seudo- second-order equation : qt = q2
ek2t

1 + qek2t

ntraparticle diffusion model : qt = kpt
1/2

Linear regressions methods are the commonly used technique
or determining the best-fitting kinetic models. Many researches
ave shown that it is not appropriate to use the linear regres-
ion method for comparing the best fitting of kinetic model
19,20]. Non-linear methods are better way to obtain the kinetic
arameters. In our study, non-linear method was used to find
he best-fitting model and kinetic parameters, which were found
y trial and error method by means of Microsoft’s spreadsheet,
xcel® software package using solver add-in option. To find out

he best fit, the root mean squared error (RMSE) was found out
sing the following equation:

MSE =
√√√√1

n

N∑
i=1

(qcali − qexpi
)2

here qcal and qexp represent the predicted and measured
alue of solid phase fluoride concentrations at equilibrium.
igs. 5 and 6 show the pseudo-first-order- and second-order-
quation plots for adsorption of fluoride onto MAAA. The
dsorption kinetic model parameters obtained from the above
lots are given in Table 2. The kinetic rate coefficient obtained
as found to be a function of initial fluoride concentration. A

irect relationship was observed between kinetic rate and initial
uoride concentration. Many sorption studies using metal oxide
onducted by previous researchers have observed an increasing
rend in reaction rate at higher concentration of fluoride [7,8].
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Fig. 5. Pseudo-first-order kinetic plots for the sorption of fluoride onto MAAA
at various initial concentrations (E – experimental; P – predicted).
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3.3. Adsorption isotherms
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ig. 6. Pseudo-second-order kinetic plots for the sorption of fluoride onto
AAA at various initial concentrations (E – experimental; P – predicted).

rom Table 2, it is also clear that kinetic data fitted well with
seudo-second-order equation, which is evident from the less
MSE value. This also indicates that adsorption mechanism of
uoride onto MAAA might be a chemisorption process.

The possible reaction mechanism for adsorption of fluoride
nto MAAA can be hypothesized as below. In aqueous solu-
ion, the coated magnesia hydrates to Mg(OH)2 according to
he reaction:

gO + H2O → Mg(OH)2 [brucite] (R1)

During the formation of magnesium hydroxide, the fluoride
ons present in the contaminated water replace the hydroxyl ions
f brucite crystal lattice without disturbing the crystal structure
f the compound. Such substitution is possible because F− and
H− ions are of similar size with comparable ionic radius; also,

hey are iso-electronic in nature. This kind of substitution is

enerally termed as isomorphous substitution.

g(OH)2 + F− ↔ Mg(OH)2−yFy (R2) a

able 2
seudo-first-order and pseudo-second-order-rate parameters obtained for the sorption

luoride concentration (mg/l) First-order-rate parameters

k1 (l min−1) qe (mg g−1)

9 0.0474 5.673
0.7 0.0484 4.318
0.8 0.0514 2.560
5.8 0.0299 1.366
ig. 7. Intraparticle mass transfer curves for sorption of fluoride onto MAAA.

Generally, adsorption onto a solid surface is considered as a
urface phenomenon. However, the possibility of intraparticle
iffusion into porous adsorbent cannot be neglected. Allen et
l. [21] reported that for any porous materials, especially in an
gitated system, the main resistance to mass transfer occurs dur-
ng the movement or diffusion of solute within the pores of the
articles. Axe and Trivedi [22] found that intraparticle surface
iffusion was the rate-limiting process for metal ion adsorption
y micro-porous metal oxides in aquatic and soil environment.
o understand the contribution of intraparticle diffusion in fluo-
ide sorption process onto MAAA, kinetic data were fitted with

eber–Morris intraparticle diffusion model [18]. Fig. 7 shows
he intraparticle mass transfer curves at various fluoride concen-
rations. In most cases, qt vs. t1/2 plots will give general features
f three distinct phases. The first phase (initial curved portion) is
enerally due to external surface sorption, the intermediate lin-
ar portion is due to intraparticle diffusion and the final plateau
s due to equilibrium sorption. From Fig. 7, it is clear that intra-
article diffusion is slow. The intraparticle diffusion coefficient
Kp), values were calculated from the slope of a linear plot of
t against square root of time (t1/2). The calculated (Kp), were
ound to be 0.083, 0.086, 0.054 and 00.049 g mg−1 min−1/2 at
nitial fluoride concentrations of 29, 20.7, 10.8 and 5.8 mg l−1,
espectively. However, the linear portion of the curves did not
ass through the origin, which indicates the complex nature of
he adsorption process. From this observation, it may be con-
luded that fluoride sorption onto MAAA is a complex process
nd both intraparticle diffusion and surface sorption contributes
o the rate-limiting step.
Analysis of isotherm data is important for predicting the
dsorption capacity of the sorbent, which is one of the main

of fluoride on MAAA

Second-order-rate parameters

RMSE k2 (g mg−1 min−1) qe (mg g−1) RMSE

0.151 0.0127 6.126 0.084
0.108 0.0174 4.649 0.0559
0.060 0.0315 2.751 0.0228
0.033 0.0330 1.22 0.0108
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Table 3
Two and three parameter isotherm models used in this study

Isotherm models Mathematical
expressions

Model parameters

Langmuir (L) qe = qLbLCe
1+bLCe

qL (mg g
−1

), bL (l mg−1)

Freundlich (F) qe = KFC
1/n
e KF (l g−1), 1/n

Redlich–Peterson (R) qe = KRCe

1+aRC
β
e

KR (l g−1), aR (l mg−1), β

Radke–Prausnitz (RP) qe = KRPqmRPCe
(1+KRPCe)mRP KRP (l g−1), qmRP, mRP

Sips (S) qe = qms(KsCe)ms
ms KS (l g−1), qms (mg g−1), mS
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Fig. 8. Isotherm plots obtained from various isotherm models (adsor-
bent = MAAA, adsorbent dose = 4 g l−1, initial pH 6.5–7; F− concentration
range, 5–150 mg l−1) (E – experimental; R – Redlich–Peterson; RP –
Radke–Prausnitz; S – Sips; T – Toth).

Fig. 9. Isotherm plots obtained from various isotherm models (adsorbent = AA,
a
(
T

t
r
T
c
s
c
r

p
T
L
T
f

T
I

I

I
p

R

(1+KsCe)

oth (T) qe = qmTCe

(AT+CT
e )

1/T qmT (mg g−1), AT (l mg−1), T

arameter required for the design of an adsorption system. Sev-
ral isotherm model equations have been used for this purpose.
he mathematical expressions of some of them, used in this
tudy, are summarized in Table 3. The details of the isotherms
isted in the Table 4 are available in various literatures [23–28].

Where qe is the amount of solute adsorbed per weight of
dsorbent at equilibrium (mg g−1); Ce is equilibrium concen-
ration of the adsorbate in the solution (mg l−1); KF, KR, KRP,
nd KS are the Freundlich, Redlich–Peterson; Radke–Prausnitz,
nd Sips constants, respectively. qL, qmRP, qms, and qmT repre-
ent maximum specific uptake capacity at equilibrium; bL, aR

LF and AT are affinity coefficients (l mg−1). 1/n, β, and T are
eterogeneity coefficients.

Among these models, Langmuir (L) and Freundlich (F)
elong to ‘two constant’ models and other listed isotherm
odels falls into ‘three constant’ models. Figs. 8 and 9

epicts the different adsorption isotherms model plots along
ith experimental data (initial fluoride concentrations range
5–150 mg l−1) for MAAA and AA, respectively. The esti-
ated isotherm parameters obtained from these model fits are

iven in Tables 4 (MAAA) and 5 (AA). L and F, the two most
idely used isotherm models, did not represent the equilib-

ium data well, which is evident from the high RMSE value.
model is an analytical equation that assumes monolayer cov-

rage of adsorbate over a homogenous adsorbent surface [23].
his model does not consider surface heterogeneity of the sor-
ent. It assumes fluoride sorption will take place only at specific
orption sites within the sorbent. The F model is an empirical
quation that considers the surface heterogeneity of the sor-
ent, developed for liquid phase adsorption [24]. However, no

mprovement in model performance was observed by consid-
ring the surface heterogeneity factor. Freundlich expression
s an exponential equation and therefore, theoretically, an infi-
ite amount of sorption can occur using this equation. However,

t
l
n
T

able 4
sotherm parameters obtained by fitting equilibrium data (for sorption of fluoride ont

sotherm models Frendlich Langmuir Radke-prausm

sotherm
arameters

KF = 3.36 qmL = 8.08 KRP = 2.620
1/n = 0.214 b = 0.416 qmRP = 3.852
– – mRP = 0.854

MSE 0.564 0.560 0.277
dsorbent dose = 4 g l−1, initial pH 6-5-7; F− concentration range, 5–150 mg l−1)
E – experimental; R – Redlich–Peterson; RP – Radke–Prausnitz; S – Sips; T –
oth).

he experimental evidence indicates that an isotherm plateau is
eached at a limiting value of the solid phase concentration.
his plateau is not predicted by the F isotherm, which indi-
ates that the equation itself does not have any real physical
ignificance. Mckay [29] reported that both L and F theories
ould not predict the equilibrium data over wide concentration
ange.

Among the three parameter model tested, Sips (S) model
redicted equilibrium data well (RMSE = 0.156) followed by
oth (T) model (RMSE = 0.176). S model is a combination of
and F models having features of both L and F equations.

oth model is an improved version of S model, which is derived
rom potential theory and is applicable for heterogeneous equa-

ions [28]. It assumes that, most sites have adsorption energy
ower than the peak or maximum adsorption energy. However,
o improvement in equilibrium data prediction was observed.
he Redlich–Peterson (R) [25] and Radke–Prausnitz (RP) [26]

o MAAA) with various isotherm models

itz Redlich–Peterson Sips Toth

KR = 12.05 KS = 0.211 AT = 0.609
aR = 3.098 qms = 10.12 qmT = 11.38
β = 0.861 mS = 0.542 T = 0.367

0.262 0.156 0.176



S.M. Maliyekkal et al. / Chemical Engineering Journal 140 (2008) 183–192 189

Table 5
Isotherm parameters obtained by fitting equilibrium data (for sorption of fluoride onto AA) with various isotherm models

Isotherm models Frendlich Langmuir Radke-prausmitz Redlich–Peterson Sips Toth

Isotherm
p

KF = 1.268 qmL = 4.04 KRP = 0.308 KR = 1.07 KS = 0.135 AT = 2.039
n = 4.07 b = 0.177 qmRP = 2.97 aR = 0.33 qms = 4.43 qmT = 4.58
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arameters
– – mRP =

MSE 0.271 0.128 0.101

odels also predicted equilibrium date well compared to L and F
odels. However, the performances of these models are below S

nd T model equations. The estimated fluoride sorption capacity
f MAAA (Table 4) was found to be much higher than the base
aterial AA (Table 5). In recent years, many other sorbents have

een investigated for the removal of fluoride from water systems
7,8,30–38]. While comparing the fluoride sorption potential of
ost of the sorbents reported in the recent literatures, MAAA

s found to be highly competitive. Tripathy and co-workers has
eported a high adsorption capacity for alum impregnated acti-
ated alumina (AIAA) [34]. However, it is important to note that
he theoretical/predicted adsorption capacity (40.3 mg g−1) of
IAA is much higher than the actual (experimental) adsorption

apacity of the sorbent. This may be mainly due to the wide vari-
tions of the experimental parameters, especially initial fluoride
oncentrations range adopted in the equilibrium sorption exper-
ments. Das et al has also reported a similar kind of observation
8].

.4. Effect of pH

In most of the solid/liquid sorption process, the solution pH
as great importance in deciding the sorption potential of the
orbent. Fig. 10 shows the fluoride uptake capacity of MAAA at
arious pH values (range 2–10). From Fig. 10, it is observed that
positive shift in the final solution pH was observed from the

nitial set pH value, after 3 h of adsorption, in the acidic range.
owever, a negative shift in the final solution pH was observed

n the case when initial pH was in basic range (9–10). By look-

ng at the initial and final pH values, the optimum removal took
lace between pH 6 and 7.5. A progressive decrease in fluoride
emoval was observed with increase in pH. This may be mainly
ttributed to the competition for the active sites by OH− ions

ig. 10. Effect of solution pH on fluoride removal by MAAA (initial fluoride
oncentration = ∼ 10 mg l−1, adsorbent dose = 4 g l−1).
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β = 0.92 mS = 0.74 T = 0.63
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nd the electrostatic repulsion of fluoride ions by the negatively
harged MAAA surface. Below pH 8.6 (pHzpc), the decreased
uoride removal observed may be due to the competition for the
ctive sites by hydroxyl ions. Since the MAAA surface has a net
ositive charge at pH below 8.6 (pHzpc = 8.6 ± 0.2), the chance
f electrostatic repulsion can be ruled out. However, the reduc-
ion in fluoride removal capacity at higher alkaline pH ranges
above pHzpc) can be attributed to the electrostatic repulsion
rom the negatively charged MAAA surface. The less removal
apacity in acidic pH may be attributed to the formation of weak
F ions [39] or may due to the complexation of F− ions with
issolved aluminum.

.5. Effect of co-existing ions

The contaminated ground water contains several other co-
xisting ions along with fluoride, which may compete with
uoride for the active sorption sites. However, the investiga-

ions conducted so far are with distilled water spiked with
uoride, where the concentration of other ions present is neg-

igible. Hence, it is important to investigate the interference of
o-existing ions on fluoride sorption onto MAAA for evaluating
he suitability of MAAA for field applications. Figs. 11a–c show
he effect of various co-existing ions of different concentrations
n fluoride sorption by MAAA. Except SO4

2− and HCO3
−, all

ther co-existing ions (Cl−, NO3
−, SiO3

−, PO4
3−, humic acid,

nd Ca2+) have shown negligible effect on fluoride sorption.
nterference was observed on fluoride sorption by SO4

2− ions
bove a concentration of 50 mgl−1. Fluoride sorption capacity
as reduced by ∼20–25% for an initial SO4

2− concentration
f 200 mgl−1. HCO3

− has also shown a negative shift in flu-
ride sorption by a value of ∼10% for an initial concentration
f 200 mgl−1. Compared to other ions, addition of SO4

2− and
CO3

− ions have shown more shift in pH. Addition of these
ons increased the pH to 8.4 ± 0.2 and 8.8 ± 0.2, respectively.
owever, in the cases when no ions were present and when ions

ike Cl−, NO3
−, SiO3

−, PO4
3−, and humic acid were present,

ncrease in pH observed (7.6–8) was comparable. The reduc-
ion in fluoride removal observed by the presence of SO4

2−
nd HCO3

− may be due to competition from these ions for
ctive sorption site or due to the change in pH or combination
f these two. Detailed studies are required to elucidate the exact
eason.
.6. Regeneration studies

Regenerabilty of any exhausted sorbent is a crucial factor
n any sorption process for improving the process economics.
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Fig. 13. Performance of MAAA after regeneration by NaOH (initial fluoride
concentration = 10.4 mg l−1).
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ig. 11. (a–c) Individual effect of different co-existing ions on fluoride
orption by MAAA ((initial fluoride concentration = ∼10 mg l−1, adsorbent
ose = 4 g l−1).

n this study, various concentrations of NaOH were used as an
luent to check its eluting potential (Fig. 12). From this study, it
as observed that 2% NaOH could elute nearly ∼90% adsorbed
uoride from MAAA.
In order to check the reusability of MAAA, it was sub-
ected to successive adsorption–desorption cycles. The results
f these studies (Fig. 13) showed that a considerable reduction
n adsorption efficiency occurred in the second and third cycles

ig. 12. Fluoride eluted at various concentration of sodium hydroxide (initial
uoride concentration = 5 mg l−1, adsorbent dose = 4 g l−1, contact time = 1 h).
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ig. 14. Performance of MAAA after regeneration and recoating with MgO
initial fluoride concentration = 10.4 mg l−1).

f adsorption after the regeneration. At the end of third cycle,
20% reduction in efficiency was observed. This reduction in

dsorption efficiency may be attributed to the gradual dissolu-
ion of magnesium from the MAAA surface during vigorous
ashing of the sorbent, after soaking it in 2% NaOH solution,

o bring the pH to neutral (solubility of magnesia = 0.0006 g in
00 ml). The amount of magnesium estimated on the surface
f MAAA at the end of third cycles was 11.2 mg g−1 whereas
nitially it was 40–50 mg g−1. Hence, a new regeneration pro-
ocol was developed by recoating the sorbent before each cycle
f adsorption. For this, after desorption process using NaOH,
orbents were dipped in 4 M magnesium nitrate solution for
–3 h and the excess magnesium nitrate was poured off. This
ixture were dried and claimed at 450 ◦C and used for next

dsorption cycle. Fig. 14 shows the adsorption efficiency of
AAA after recoating with magnesia. As evident form the

ig. 14 there was no reduction in adsorption efficacy upto 3rd
ycle.

. Conclusions
In this study, a novel sorbent, magnesia-amended alumina
as been prepared and examined for its potential in removing
uoride from drinking water system. This material has shown
uch higher and faster fluoride removal compared to AA. The
ain conclusions drawn from the present study are:



ngine

•

•

•

•

•

A

i

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

S.M. Maliyekkal et al. / Chemical E

Among different factors tested, pH is found to be the most
influential factor for fluoride uptake by MAAA. An optimum
fluoride removal was observed in the pH range of 5–7.5. This
pH range is very reasonable in real situations.
Most of the common interfering ions have shown insignif-
icant effect on fluoride sorption by MAAA. This shows the
adsorbent’s high fluoride selectivity and suitability in practical
situations.
Fluoride sorption was very rapid during the first 60 min and
there after slowly reached the pseudo-equilibrium value in 3 h,
Adsorption kinetics followed pseudo-second-order model,
which indicates that F− removal might be due to chemisorp-
tion process. The rate of sorption by MAAA was much higher
than that of AA. Fluoride uptake by MAAA is a complex pro-
cess. Both surface sorption as well as intraparticle diffusion
plays a significant role in the sorption process.
Two parameter isotherm models (L and F) could not predict
the equilibrium data well, whereas three parameter isotherm
models such as Sips and Toth represented equilibrium data
well with least RMSE. The predicted fluoride adsorption
capacity of MAAA was found to be much higher than AA
and many other commonly used sorbents.
The fluoride bearing MAAA could be regenerated easily with
2% sodium hydroxide solution as eluent.

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.cej.2007.09.049.
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