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Abstract

Batch adsorption studies were undertaken to assess the suitability of aluminium titanate (AT) and bismuth aluminate (BA) to remove
fluoride ions from water. The effect of pH, dose of adsorbent, contact time, initial concentration, co-ions and temperature on fluoride
removal efficiency were studied. The amounts of fluoride ions adsorbed, at 30°C from 4 mg/L of fluoride ion solution, by AT and BA
were 0.85 and 1.55 mg/g, respectively. The experimental data fitted well to the Freundlich and Langmuir isotherms. Thermodynamic
parameters such as AH?, AS? and AG® indicated that the removal of fluoride ions by AT was exothermic and non-spontaneous while
that by BA was endothermic and spontaneous. Fourier transform infrared (FT-IR) analysis and X-ray diffraction (XRD) patterns of the
adsorbent before and after adsorption indicated that fluoride ions were chemisorbed by these adsorbents.
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Introduction

Fluoride ion is potentially toxic for human, therefore,
its ingestion in food or drinking water must not exceed a
narrow range of concentrations. According to the World
Health Organization the maximum acceptable concentra-
tion of fluoride ions in drinking water lies below 1.5
mg/L (WHO, 2004). Fluoride ion is attracted by positively
charged calcium ion in teeth and bones due to its strong
electro-negativity which results in dental, skeletal and non-
skeletal forms of fluorosis, in children as well as adults
(WHO, 1984). To encounter this fluoride menace, the
quantification of fluoride ions in environment is important,
followed up with suitable adaptation of an effective deflu-
oridation methodology.

The current techniques applied for defluoridation are
precipitation, membrane and adsorption processes. Precip-
itation process accomplished with the use of calcium and
aluminium salts (Saha, 1993). Reverse osmosis, nanofil-
tration, electro dialysis and Donon dialysis fit into the
category of membrane process which has disadvantages in
terms of economic viability and maintenance cost (Ruiz
et al., 2003). Adsorption from solution is widely used for
fluoride ion removal from drinking water. Many adsorbents
have been reported in literature (Subhasini and Pant, 2005;
Fan et al., 2003; Karthikeyan er al., 2009; Gopal and
Elango, 2007; Aravind and Elango, 2006; Elango and
Gopal, 2007; Das et al., 2005; Nordin et al., 1999; Kraemer
etal., 1998).

Aluminium salts have been conventionally used for the
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removal of fluoride ion due to the high affinity for fluoride
ions, where Al-F complexes of varying compositions have
been proposed (Saha, 1993). This work reports the results
of the equilibrium, thermodynamic and kinetic investiga-
tions on the adsorption of fluoride ions onto aluminium
titanate (AT) and bismuth aluminate (BA). The choice
of these two compounds is based on the fact that AT
has some special properties such as high refractivity, low
thermal conductivity, insoluble in water and low thermal
expansion coefficient etc. (Zhareslu er al. 2003), and BA
is antacid, nontoxic, water insoluble material etc., which
makes them more suitable to be an adsorbent. Hence it is
worth attempting to use AT and BA as adsorbents for the
removal of fluoride ions from aqueous solution.

1 Experimental

All chemicals used were of analytical reagent grade
(Sd-fine/Merck, India). The adsorbents, AT nano powder
and BA hydrate were purchased from Aldrich, India and
were used as received. Doubly distilled water was used
throughout the study. The point of zero charge (pHzpc) of
the adsorbents was determined by reported method (Jia et
al., 2002) and are found to be 7.4 for AT and 7.1 for BA.

The adsorption experiments have been carried out by

batch sorption method under varying| conditions as re-
ported earlier (Gopal and Elango, 2p07; Aravind and
Elango, 2006). In a typical experimeft, adsorption was
performed by agitating 100 mg of the|adsorbent with 50
mL of fluoride ion solution of varying [concentrations 2=
10 mg/L) at 30, 40 or 50°C in different stoppered bottles
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in a shaking thermostat machine. The shaking speed was
120 strokes/min throughout the study. At the end of pre-
determined time intervals, the sorbet was filtered and the
concentration of fluoride ion was determined using an ion-
selective electrode (Eutech Cyberscan 2100, Singapore).
All experiments were performed in duplicates and the
adsorbed fluoride ion concentrations given were the means
of experimental results.

The Fourier transform infrared (FT-IR) spectra of the
adsorbents were recorded in a JASCO FT-IR 460 Plus
spectrometer (Japan). The X-ray diffraction (XRD) pat-
terns (X’ Pert PRO PANalytical, the Netherlands) of the
adsorbents were recorded at the National Institute for Inter-
disciplinary Science & Technology, Thiruvananthapuram,
India.

2 Results and discussions

2.1 Adsorption isotherms

Adsorption isotherms help in determining the feasibility
of the adsorbents for treating fluoride ion in water. Fre-
undlich and Langmuir isotherms were employed to provide
a deep insight into the mode of adsorption of fluoride ions
onto AT and BA. These isotherms not only provide general
idea of the effectiveness of the adsorbents in removing
fluoride ions, but also indicate the maximum amount of
fluoride ions that will be adsorbed by the adsorbents.

The linearity of the plots (Table 1) for both AT and
BA indicated the applicability of the Freundlich adsorption
isotherm. The results indicated that the values of the inten-
sity of adsorption, n, were greater than unity, indicating a
favourable adsorption and formation of relatively stronger
bond between adsorbate and adsorbent (Gopal and Elango,
2007; Mehrotra et al., 2003). Further, the observed varia-
tion in the adsorption capacity values (K) with temperature
suggested that the adsorption process is exothermic in AT
while endothermic in BA. The high values of correlation
coefficient (Table 1) showed that the Langmuir equation

Table 1 Langmuir and Freundlich isotherm constants

Isotherm Constants Temperature (°C)

30 40 50
Adsorption onto Freundlich r 099 099 0.99
aluminium titanate sd 0.02 0.02 0.04
(AT) n 1.56 154 130
K 0.52 046 0.35
Langmuir r 097 098 0.96
sd 0.20 0.20 0.21
o0 3.01 283 335
b 0.19 0.18 0.11
Adsorption onto Freundlich r 098 0.99 098
bismuth aluminate sd 0.06 0.05 0.06
(BA) n 1.30  1.12  1.11
K 1.52  1.67 1.85
Langmuir r 093 096 0.99
sd 0.07 0.03 0.01
Q° 7.09 943 9.01
b 029 024 0.30

r: correlation coefficient; sd: standard deviation; n: intensity of ad-
sorption; K: adsorption capasity; Q¥: quantity adsorbed; b: energy of
adsorption.

provides an accurate description of the experimental data.
Comparing with AT, the relatively larger values of b for
BA suggest a stronger bonding of fluoride ions to BA
than AT. The equilibrium parameter, Ry, values between
0 and 1 indicated favorable adsorption for all the initial
concentrations and temperatures studied (Manju et al.,
1998). The applicability of both Freundlich and Langmuir
isotherms to AT and BA, in the present study, implies that
both monolayer adsorption and heterogeneous surfaces
conditions exist under the experimental conditions. The
adsorption properties of AT and BA are thus likely to be
complex involving more than one mechanism (Yadav et al.,
2006; Gulnaz et al., 2005).

2.2 Effect of contact time and initial fluoride ion con-
centration

The results of equilibrium studies are shown in Table
2. Contact time experiments showed that, the removal
of fluoride ions increased with time up to 40 min, and
after which the increase in agitation time did not alter the
fluoride ion uptake due to the attainment of equilibrium.
Fluoride ion uptake by the adsorbents at pH 7 indicated
that the process was rapid with typically 0.85 and 1.55
mg/g for AT and BA, respectively, being the amount of
fluoride ions adsorbed per unit weight of the adsorbent
within 40 min of contact time from 4 mg/L fluoride
solution at 30°C. This initial rapid adsorption subsequently
gave a way to equilibrium and saturation at about 40 min,
which was considered as equilibrium time. Further, the
results in Table 2 indicated that the amount of fluoride ion
adsorbed increased with an increase in the initial fluoride
concentration as expected.

2.3 Effect of adsorbent dose

The amounts of fluoride ions removed by 25, 50, 100,
250 and 500 mg/50 mL of AT are 1.52, 1.26, 1.01,0.51 and
0.33 mg/g and that by 100, 250, 500 and 1000 mg/50mL
of BA are 1.69, 1.12, 0.56 and 0.19 mg/g, respectively.
The increase in the amount of fluoride ions adsorbed
with a decrease in the dose of the adsorbents was due to
the availability of higher fluoride/adsorbent ratio. Further
experiments were carried out using 100 mg/50 mL as the
dose of both the adsorbents, as it exhibits appreciable
removal capacity for optimizing of adsorption parameters.

2.4 Thermodynamic parameters

The thermodynamic parameters such as standard free
energy (AG?), enthalpy (AH®) and entropy (AS ) changes
were calculated from the temperature dependence of equi-
librium constant as explained earlier (Gopal and Elango,
2007) (Table 3). In the case of AT, the exothermic nature
of adsorption is indicated by a decrease in equilibrium
constant, Ky, with a rise in temperature_and the positive

AG? values indicated non-spontaneous|reactions. Howev-
er, in the case of BA, the adsorption progess is endothermic
and spontaneous. The values of enthlpy of adsorption
depend on various factors such as the effect of temperature
on pHzpc, solubility of the adsorbents,| surface functional
groups etc. Hence, in the present stugly, it is presumed
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Table 2 Equilibrium parameters for the adsorption of fluoride ion by AT and BA
CF Ce (mg/L) Q. (mg/g)
(mg/L) 30°C 40°C 50°C 30°C 40°C 50°C
Adsorption onto 2 0.97 1.05 1.24 0.52 0.48 0.38
AT 4 2.30 2.38 2.50 0.85 0.81 0.75
6 3.64 3.68 3.84 1.18 1.16 1.08
8 4.92 5.37 5.51 1.54 1.32 1.25
10 6.64 6.76 7.09 1.68 1.62 1.46
Adsorption onto 2 0.48 0.46 0.44 0.76 0.77 0.78
BA 4 0.91 0.84 0.74 1.55 1.58 1.63
6 1.44 1.31 1.21 2.28 2.35 2.40
8 2.16 2.04 1.83 2.92 2.98 3.09
10 3.36 2.57 2.39 3.32 3.72 3.81

CY%: initial fluoride ion concentration; C: equilibrium concentration; Q.: amount of fluoride adsorbed.

Table 3 Equilibrium constants and thermodynamic parameters for the adsorption of fluoride ion

CO% Ko AG (kJ/mol) AHY (kJ/mol) AS© (J/(k-mol))
(mg/L) 30°C 40°C 50°C 30°C 40°C 50°C
Adsorption onto 2 1.1 0.9 0.6 -2 3 13 22 =72
AT 4 0.7 0.7 0.6 8 10 14 -8 -30
6 0.7 0.6 0.6 11 12 16 -6 -22
8 0.6 0.5 0.4 12 19 21 -13 -48
10 0.5 0.5 0.4 17 19 24 -9 -33
Adsorption onto 2 3.1 33 3.5 -29 -3.1 -34 5 25
BA 4 3.4 3.8 44 3.1 -3.5 -4 11 45
6 32 3.6 4 -3 3.3 3.7 91 39
8 2.7 2.9 3.4 2.5 2.8 -33 9 37
10 2 29 32 -2 28 -3.1 20 70

that the observed values may be due to the combination of
these effects. Both positive (Islam and Patel, 2007; Aravind
and Elango, 2006) and negative (Valdivieso et al., 2006;
Mohapatra et al., 2004) enthalpy values were reported for
the removal of fluoride ions by similar materials. From the
magnitude of enthalpy changes, the adsorption of fluoride
ions onto AT and BA could be a physical process (Doula
et al., 2000).

As indicated in Table 3, AS? values for the adsorption
process were negative for AT which may be due to the fact
that during adsorption the degree of internal freedom of
the system were decreased (Doula et al., 2000). While, the
AS? values for BA were positive indicating the prevalence
of a high degree of disorderliness at the solid solution
interface during the adsorption of fluoride ions. This may
be due to the fact that adsorbed water molecules which
were displaced by the adsorbate species gain more trans-
lational entropy than lost by the adsorbate molecules and
thus allowing the prevalence of randomness in the system
(Doula et al., 2000).

2.5 Effect of pH

Generally pH is an important variable affecting the
quantity and mode of defluoridation at water/adsorbent
interfaces. The amount of fluoride ions adsorbed in pH
range 3-9 varies from 0.92 to 0.74 mg/g for AT and from
1.64 to 1.53 mg/g for BA. The results indicated that the
adsorbents exhibit relatively a larger defluoridation capac-
ity in the acidic range. This observation can conveniently
be explained with the help of zero point charge of the
adsorbents. The pHzpc value of 7.4 for AT and 7.1 for
BA suggested the presence of some weakly basic groups

on the surface of the adsorbents. Below this pH value
the surface of the adsorbents will be positively charged
which will attract the fluoride ions electrostatically and
consequently enhance the amount of fluoride ions adsorbed
per unit mass. While above this point the reverse is true.
Further, it is well known that in the alkaline pH range
the hydroxide ions compete with fluoride ions leading to
a lower removal of fluoride ions (Karthikeyan and Elango,
2007; Karthikeyan et al., 2004).

2.6 Effect of co-ions

The effect of added co-ions viz. C1-, NO;~, SO42~ and
HCO3™ on the amount of fluoride ions adsorbed by AT and
BA indicated that the addition of the chosen common co-
ions did not have any marked effect on the defluoridation
capacity of AT.

2.7 Intra particle diffusion

The possible occurrence of intra particle diffusion, in the
present study, has been examined by adopting the model
developed by Webber and Morris (1963). Both the plot of
amount of fluoride adsorbed per unit mass of the adsorbent
versus square root of time (figure not shown) have the
same general features indicating the operation of similar
type of adsorption onto AT and BA. The plots showed
multi-linearity with three steps. The first, sharper portion

represents the adsorption on external|surface, which is
almost instantaneous. The second porti¢n indicates a com-
paratively slower adsorption when the fluoride ions diffuse
gradually into the interior surfaces of the particles and the
adsorption becomes intra-particle diffusjon controlled. The
third portion is attributed to the final| equilibrium stage
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Fig.1 FT-IR spectra of AT before (a) and after (b) adsorption of fluoride ions.

when the intra-particle diffusion starts slow down due to
the saturation of most of the adsorption sites.

Further, the linear portions of the curves do not pass
through the origin indicating that the mechanism of re-
moval of fluoride ions by AT and BA are complex and
both the surface adsorption as well as intra-particle diffu-
sion contributes to the rate-determining step (Weber and
Morris, 1963). The intra particle diffusion rate constant,
kp, was calculated from the linear portion of the curves
as described earlier (Gopal and Elango, 2007; Kamble et
al., 2007) and the values are found to be 0.099, 0.049
and 0.042 mg/(g'mino's) for AT and for BA the values
are 0.066, 0.109 and 0.124 mg/(g~min°'5) at 30, 40 and
50°C, respectively. The &, values, in general, with BA are
larger than that with AT, indicating that BA possess more
micropores for intra-particle diffusion. The variations of
the k, values with rise in temperature are in agreement with
the results of the effect of temperature on the adsorption
process as described earlier.

2.8 FT-IR spectral studies

The foregoing results suggested that the adsorption
of fluoride ions onto AT and BA may be a complex
one involving both physi- and chemi-sorption. To get a
better insight into the nature of the mechanism, the FT-
IR spectra of the adsorbents before and after adsorption
were recorded and representative spectra are given in
Fig. 1a and 1b, respectively. In FT-IR spectrum of AT
before adsorption the peaks at 2364.6-3419 cm™' and
1637.4 cm™' were attributed to the stretching vibrations
of hydroxyl and molecular water respectively. The peak at
1039.6 cm™! corresponds to the Al-O and Ti—O stretching
vibrations (Zhareslu et al., 2003). After adsorption of
fluoride ions, the peaks corresponding to hydroxyl and
molecular water are not much affected. However, the peak
intensity at 1039.6 cm™' is decreased and a new broad
peak has appeared at 613.3 cm™'. The decrease in the
intensity of 1039.6 cm™! peak indicated the involvement
of the Al-O/Ti—-O bonds in the interaction with fluoride
ions. The new peak appeared at 613.3 cm™' is due to
Al-F stretching vibrations (Kleist ef al., 2006). Hence,
it is presumed that the uptake of fluoride ions by AT is
due to the complexation of fluoride ions with aluminium.
In other words, fluoride ions are chemisorbed onto AT.
Parallel observations, i.e., complexation of aluminium

with fluoride ions, were earlier been reported in literature
related to the defluoridation of water using aluminium salts
(Saha, 1993; Subasini and Pant, 2005; Valdivieso et al.,
2006). However, none of these publications report the FT-
IR spectral evidence for the same. Likewise, in the FT-IR
spectrum of BA after the adsorption of fluoride ions new
intense peaks at 660 and 760 cm~! were observed which
are corresponds to the Al-F bond (Kleist et al., 2006;
Valdiveso et al., 2006). This observation suggested that the
removal of fluoride ions by BA is also by chemisorption.

2.9 X-ray diffraction studies

The XRD patterns of the adsorbents before and after
treatment with fluoride ion were also recorded to confirm
the mechanism of adsorption process. Representative XRD
patterns of AT before and after adsorption are shown in
Figs. 2a and 2b, respectively. It is evident from the pattern
that the adsorbent possessed predominantly amorphous
character and to a very lesser extent crystalline character
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also. The XRD pattern of AT loaded with fluoride ions
(Fig. 2b) showed significant changes when compared to
that of AT before adsorption. This suggested that the
uptake of fluoride ions by AT is by chemisorption which
consequently alters the structure of the adsorbent (Venkata
Mohan et al., 2001; Roshenberg, 1988). The complexation
between fluoride ions and aluminium to yield Al-F bonds
is evident from the appearance of characteristic new peaks
with (hkl) values (311) and (221) in the XRD pattern of AT
after adsorption (Roshenberg, 1988). Similar changes were
also observed in the XRD pattern of BA after adsorption
of fluoride ions when compared to that before adsorption.
The new peaks with (hkl) values (311) and (221) were due
to Al-F bonds. Hence, it is confirmed that, in the present
study, fluoride ions are adsorbed by the adsorbents through
chemisorption via the formation of Al-F complexes.

2.10 Comparison with other adsorbents

The adsorption isotherms for the removal of fluoride
ions from aqueous solution obtained in the present study
were compared with those reported earlier in literature.
Although direct comparison of AT and BA with other
adsorbents is difficult, owing to the different applied ex-
perimental conditions, it was found, in general, that the
adsorption capacity of AT and BA for fluoride ions is
comparable with that of other adsorbents and in fact greater
than certain adsorbents reported earlier.

3 Conclusions

In batch adsorption studies, data show that AT and BA
have considerable potential for the removal of fluoride
ions from aqueous solutions. Wide range of pH was
found to be the optimum condition for maximum fluoride
ions adsorption by the adsorbents. The results gained
from this study were well described by the theoretical
Freundlich and Langmuir isotherms. Values of equilibrium
parameter, Ry , indicated that the F~/AT or F~/BA systems
were favorable. The amount of fluoride ions adsorbed
by BA was found to be almost twice that by AT. The
thermodynamics of the systems pointed out the adsorption
of fluoride ions onto AT is exothermic while that onto
BA in endothermic. The foregoing results and discussions
indicated that the adsorption occurs through chemisorption
i.e., via the formation of AI-F complexes.
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