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The present study was conducted to evaluate the feasibility of nano-alumina (Al,0s3) for fluoride adsorp-
tion from aqueous solutions. The nature and morphology of pure and fluoride-sorbed nano-alumina
were characterized by SEM with EDX, XRD, and FTIR analysis. Batch adsorption studies were performed
as a function of contact time, initial fluoride concentration, temperature, pH and influence of competing
anions. Fluoride sorption kinetics was well fitted by pseudo-second-order model. The maximum sorption

capacity of nano-alumina for fluoride removal was found to be 14.0mgg-! at 25°C. Maximum fluoride
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removal occurred at pH 6.15. The fluoride sorption has been well explained using Langmuir isotherm
model. Fluoride sorption was mainly influenced by the presence of PO43~, SO42~ and CO32~ ions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fluoride contamination in drinking water due to natural and
anthropogenic activities has been recognized as one of the major
problems worldwide [1]. Besides the natural geological sources for
fluoride enrichment in groundwater, the discharge of the wastewa-
ters from various industries, e.g., drugs, cosmetics, semiconductor
manufacturing, coal power plants, glass and ceramic production,
electroplating, rubber, fertilizer manufacturing, also contaminate
the surface and groundwater with fluoride [2,3]. Fluoride is classi-
fied as one of the human consumption water contaminant by the
World Health Organization (WHO), which cause large-scale health
problems through drinking water exposure, in addition to arsenic
and nitrate [4]. Consuming excess fluoride through drinking water
often leads to skeletal fluorosis, causing debilitating bone structure
disease, as well as discoloration and mottling of teeth, cancer or
adverse effects on the brain and kidney [5]. It was estimated that
globally more than 70 million people are suffering from fluorosis.
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WHO has set the safe limit of fluoride concentration in drinking
water as 1.5mgL-1.

Several methods have been applied to remove excessive fluo-
ride from aqueous solution, such as adsorption [6,7], precipitation
[8], ion-exchange [9], electrodialysis [10] and reverse osmosis [11].
Among these methods, adsorption is still one of the most exten-
sively used methods, because of its simplicity and the availability
of a wide range of adsorbents. Various materials such as activated
alumina [6], clay [12], soil [13], bone char [14], zeolites [15], granu-
lar ferric hydroxide [16] and biosorbent [17] have been successfully
tested for defluoridation of drinking water.

It has been well reported in literature that metal oxides (espe-
cially iron and aluminium) have been found to be excellent sorbents
for anions removal from aqueous solutions as generally they carry
positive surface charge and negatively charged anions are sorbed
on the positively charged surface of metal oxides by electro-
static attraction. In the natural environment, fluoride has been
proven to be strongly adsorbed onto various aluminium-containing
mineral surfaces [18]. United States Environmental Protection
Agency (US EPA) has also recommended the use of activated
alumina as an adsorbent for defluoridation [19]. Conventionally,
aluminium based micron-sized adsorbents have been employed
for the removal of fluoride, however, in recent years use of nano-
sized materials has emerged as one of the appealing technology for
water treatment. Nanomaterials have a number of key physico-
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chemical properties (e.g. larger surface area than bulk particles,
enhanced reactivity and self-assembly) that make them particu-
larly attractive as separation media for water purification [20,21].
As the sorption or binding sites reside only on the surface, nanoscale
metal oxide particles with a very high surface-to-volume ratio
offer significantly enhanced sorption capacity and shorter diffusion
route [22-24]. However, only a few reports are available in liter-
ature dealing with the applications of nano-scale metal oxides for
the removal of fluoride and other anions from water [21,24-27].
In this perspective, it was thought desirable to test the potential
of nano-alumina for fluoride removal as alumina and aluminum
containing compounds have high affinity toward fluoride but no
detailed studies are reported on the defluoridation of water using
nano-alumina. In this study we combined the properties of metal
oxides at nano-scale to achieve the enhanced removal of fluoride
from water.

In the present study, the sorption feasibility of nano-alumina
has been assessed for fluoride removal from aqueous solution. The
physical and chemical characterization of nano-alumina by scan-
ning electron micrographs (SEM), X-ray diffraction (XRD), Fourier
transform infra-red spectroscopy (FTIR), energy dispersive X-ray
analysis (EDX), and Brunauer-Emmett-Teller (BET), were con-
ducted and further the potential of the nano-alumina was evaluated
for fluoride removal. Defluoridation studies were conducted under
various experimental conditions, such as pH, contact time, initial
fluoride concentrations, temperature, and the presence of com-
peting anions. The data from the experiments were fitted with
different models to identify the adsorption mechanism. The results
have been thoroughly discussed which would help in the better
understanding of defluoridation mechanism by nano-alumina.

2. Materials and methods
2.1. Materials

Nano-alumina was purchased from Sigma-Aldrich. Fluoride
stock solution was prepared by dissolving NaF (Sigma-Aldrich) in
deionized (DI) water. Standards and fluoride spiked samples at a
required concentration range were prepared by appropriate dilu-
tion of the stock solution with DI water. All reagents used were of
analytical reagent grade.

2.2. Characterization of the sorbent

Nitrogen adsorption/desorption isotherms were obtained using
a BEL Japan Inc. Belsorp-Max surface area analyzer at 77 K. The
morphology of the sorbent was determined by scanning electron
microscopy (SEM) using Quanta 200 (FEI, Netherlands) field-
emission gun (FEG) scanning electron microscope. The X-ray
diffraction (XRD) pattern of the nano-alumina was obtained using
a Bruker AXS D8 Advance X-ray diffractometer. FTIR spectra of
the sorbent was collected using Nicolet 8700 FTIR spectrometer
(Thermo Instruments, USA).

2.3. Determination of point of zero charge

Solid addition method [28] was used to determine the zero sur-
face charge characteristics (pHpzc) of nano-alumina using 0.1 M KCI
solution along with 20 mg L~ fluoride and a blank. Forty milliliters
of KCl and fluoride solutions of desired strengths were transferred
to a series of 50 mL capped glass tubes. The initial pH (pHjpjta;) of
the solutions was adjusted in the range of 2.0-12.0 by adding 0.1 M
HCl and 0.1 M NaOH solutions. The total volume of the solution in
each tube was adjusted exactly to 50 mL by adding KCl and fluoride
solution of the same strength. Further, 0.5 g of sorbent was added
to all tubes and the suspensions were then equilibrated for 48 h.

After completion of the equilibration time, the solutions were fil-
tered and final pH values (pHgpy) of the filtrates were measured
again. The difference between the initial and final pH (pHs) values
(ApH =pH; — pHs) was plotted against the pH;. The point of inter-
section of the resulting curve with abscissa, at which ApH=0, gave
the point of zero charge.

2.4. Fluoride analysis

The concentration of fluoride in the solutions was determined by
ion chromatography (Dionex, ICS-90, lon Chromatography system,
USA). The mobile phase consisted of a mixture of 7.0 mM sodium
carbonate (Na;CO3) and 2.0 mM sodium bicarbonate (NaHCO3)
delivered at the flow rate of 1.0mLmin~!. AS40 autosampler
(Dionex, USA) was assembled with a 10-p.L injection loop. A sepa-
ration column, IonPac® AS9-HC, 4.0 mm x 250 mm (Dionex, USA),
a guard column, lonPac® AG9-HC, 4.0 mm x 50 mm (Dionex, USA),
and membrane suppressor, AMMS III 4-mm were used. The data
acquisition was performed using a Chromeleon 6.5 (Dionex, USA).

2.5. Fluoride sorption studies

The sorption of fluoride on nano-alumina was conducted at
room temperature (25 +2°C) by batch experiments. Twenty-five
millilitres of fluoride solution of varying initial concentrations
(1-100mgL-1) in 50mL capped tubes were shaken with 0.025¢g
of sorbent after adjusting the pH to the desired value, for a spec-
ified period of contact time in a temperature controlled shaking
assembly. After equilibrium, samples were filtered and the filtrate
was then analyzed for residual fluoride concentration by ion chro-
matography. Reproducibility of the measurements was determined
in triplicates and the average values are reported. Relative standard
deviations were found to be within £3.0%. The amount of fluoride
sorbed (qe in mgg~1) was calculated as follows:
go = Co—CV 1)

m

where Cy and C, are the initial and final concentrations of fluoride
in solution (mgL-1), Vis the volume of solution (L) and m is mass
of the sorbent (g).

The effect of contact time (1 min to 24 h) was examined with
initial fluoride concentrations of 10 and 20 mgL~1. The effect of
equilibrium pH was investigated by adjusting solution pH from 3
to 12 using 0.1 M HCl and 0.1 M NaOH under an initial fluoride con-
centration of 20mgL~1. The effects of competing anions (chloride,
nitrate, carbonate, sulphate and phosphate) on fluoride adsorption
were investigated by performing fluoride sorption under a fixed
fluoride concentration (20 mg L~!) and initial competing anion con-
centrations of 20 and 50 mgL~! with sorbent dosage of 1gL~1.

3. Results and discussion
3.1. Characterization of nano-alumina

The SEM images of pure and fluoride-sorbed nano-alumina are
shown in Fig. 1(A) and (B). As can be seen from Fig. 1(A), the sor-
bent does not possess any well-defined porous structure (only few
pores on the surface) and no significant changes were observed
in fluoride-sorbed nano-alumina (Fig. 1(B)). The BET surface area
of nano-alumina was found to be 151.7 m2 g~!, whereas the total
pore volume was 1.09cm3 g~1.

EDX analyses were performed to determine the elemental
constituents of pure and fluoride-sorbed nano-alumina (Fig. 2(A)
and (B)). It shows that the presence of fluoride in small content
appears in the spectrum other than the principal elements Al and
0. The wt% of O and Al was found to be 40.79 and 59.21% in pure
nano-alumina, Whereas, the EDX results of the fluoride-sorbed
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Fig. 1. SEM images of (A) pure nano-alumina; (B) fluoride-sorbed nano-alumina.

nano-alumina showed fluoride peak (1.01% in weight) apart from
Al (57.7%) and O (41.29%) peaks. Thus, the EDX results suggest the
interaction of fluoride with nano-alumina in the fluoride-sorbed
nano-alumina sample.

The XRD patterns of the nano-alumina before and after sorp-
tion with fluoride were also recorded. Fig. 3(A) and (B) presents the
X-ray diffractograms of original and fluoride-sorbed nano-alumina
sample. The peaks of the original sample correspond to those of y-
alumina. The similarity between the diffractograms of the original
and the fluoride-sorbed sample indicates that no significant bulk
structural changes occurred at that fluorination level (measured
fluoride incorporation was 1.01% in weight as obtained by EDX
results) and the fluoride ions do not change the phase of y-alumina.

The FTIR spectra of pure and fluoride-sorbed nano-alumina
is shown in Fig. 4(A) and (B). In FTIR spectra of pure nano-
alumina (before adsorption) (Fig. 4A), the peak at 3500cm™! is
attributed to the atmospheric water vapor. An absorption band
at ca. 1620cm~! was also observed which is in accordance with
the reported literature that alumina presents an absorption band
at ca. 1620cm~! [29]. The peak at 1040cm~! corresponds to
the Al-O stretching vibration [30]. After adsorption of fluoride
ions (Fig. 4B), the peaks corresponding to hydroxyl remains unaf-
fected. However, the peak intensity at 1040cm~! is decreased
and a new broad peak appeared in the region of 500-800cm~!.
The decrease in the intensity of 1040cm~! peak indicated the
involvement of the Al-O bonds in the interaction with fluo-
ride ions. The new broad peak in the region of 500-800cm™!
is due to the AI-F stretching vibrations [31] which can be
attributed to the complexation of fluoride ions with Al. These
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observations suggest possible interaction between fluoride and
nano-alumina.

3.2. Effect of contact time and initial fluoride concentration

The sorption of fluoride on nano-alumina was investigated as
a function of contact time (1 min to 24 h) at two different initial
fluoride concentrations (10 and 20 mg L~1). It was noticed that flu-
oride removal increased with time (Fig. 5). The adsorbent exhibited
an initial rapid uptake of fluoride followed by a slower removal
rate that gradually reached an equilibrium condition. More than
85% removal of fluoride was attained within first 120 min of con-
tact time and equilibrium was achieved in 24 h. A similar trend of
fast kinetics was also observed onto nano-scale aluminum oxide
hydroxide during fluoride sorption [25].

The kinetics of fluoride sorption by nano-alumina was also
studied at two different initial fluoride concentrations (10 and
20mgL-1) (Fig. 5). It was observed that fluoride uptake by nano-
alumina increased with increase in initial fluoride concentration
from 10 to 20mgL-! (Fig. 5). With the increase in initial fluoride
concentration (Cp) from 10 to 20mgL~!, both fluoride equilibrium
concentration (Ce) and equilibrium adsorption capacity (ge) exhib-
ited increasing trends. These phenomena occurred as the results
of the increase in the driving force provided by the concentration
gradient with the increase in the initial fluoride concentration (Cp).
In contrast, the percentage of fluoride removal showed a decreas-
ing trend. Most fluoride interacted with the binding sites at low
initial fluoride concentration, leading to the high percentage of flu-
oride removal, while only part of fluoride combined with the finite
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Fig. 2. EDX spectra of (A) pure nano-alumina; (B) fluoride-sorbed nano-alumina (K: the K shell, a: alpha X-ray line (i.e. the type of peak)).
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Fig. 3. XRD pattern of (A) pure nano-alumina (reprinted from [27] with permission

from Elsevier); (B) fluoride-sorbed nano-alumina. Fig. 4. FTIR spectra of (A) pure nano-alumina (reprinted from [27] with permission
from Elsevier); (B) fluoride-sorbed nano-alumina.

binding sites at high initial fluoride concentration, resulting in the
relatively low percentage of fluoride removal [32]. These results are
similar to those previously reported for the removal of fluoride by

different adsorbents [24,32,33].

was selected based on the match between experimental (qe(exp))
and theoretical (qe(cqr)) uptake values and linear correlation coeffi-
cient (R2) values at two studied concentrations. The rate equations
and the related values are given in Table 1. The values obtained by
pseudo-second-order model were found to be in good agreement
with experimental data and can be used to favourably explain the
fluoride sorption on nano-alumina.

3.3. Kinetic modeling

The kinetics of fluoride sorption on nano-alumina was ana-
lyzed using pseudo-first-order [34] and pseudo-second-order [35]
kinetic models to identify the dynamics of the solute adsorption

process. The best-fit model, i.e. pseudo-second-order model (Fig. 6) * 10 mg 1=
129 4 20mgL"”
Table 1 -
Comparison of pseudo-first-order and pseudo-second-order models parameters, ‘o 104 I A T
and calculated ge(qy and experimental geexp) values for different initial fluoride o z A X
concentrations. E 8 A X
; 1 . 4
Pseudo-first-order model: log(ge — q:) =log q. — (k;/2.303)t § 2
—
Go(mgL™")  geep) (mgg™")  k(min™')  Ge(cay (mgg™!)  R? o 64a . , .
L ]
10 5.30 437x102 264 0.8714 B L go x °
20 9.43 2.87 x 102 4.83 0.8672 t 44 :I
=]
[e]
Pseudo-second-order model: t/q; = (1/ksq?) + (1/qe)t £ 2 I
; < “F
Co(mgL™")  Geexp) (mgg™') ks (gmg™' min™")  geicay (mgg™) R? T T T |+ |
10 5.30 8.36x 102 533 0.9995 0 30 60 90 120 1500
20 9.43 6.06 x 102 9.63 0.9985 Time. min

ge: amount of fluoride adsorbed on nano-alumina (mgg~') at equilibrium; g:
amount of fluoride adsorbed on nano-alumina (mgg-') at time t (min); ks: rate
constant for the pseudo-first-order kinetics; ks: rate constant for the pseudo-second-
order kinetics.

Fig. 5. Effect of contact time and initial fluoride concentration on fluoride sorp-
tion on nano-alumina (temperature =25 °C; sorbent dose=1gL~'; pH=6.15+0.21;
agitation speed =220 rpm).
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Fig. 6. Pseudo-second-order kinetic plots of fluoride sorption on nano-alumina.

3.4. Effect of pH

The pH is an important parameter influencing the sorption pro-
cess at the water—sorbent interfaces. To determine the optimum
pH for the maximum removal of fluoride, the equilibrium sorption
of fluoride (with initial fluoride concentration of 20mgL-!) was
investigated over a pH range of 3-12. It can be seen (Fig. 7) that the
sorption of fluoride on nano-alumina is strongly pH dependent. The
sorption of fluoride increases with increased pH, reaching a max-
imum at pH 6.15, and then decreased with further increase in pH.
Initially, as the pH increased from 3 to 6.15, the fluoride sorption
also increased due to the fact that for pH < pHp,c (7.2), the surface
of nano-alumina becomes positively charged and attracts negative
fluoride anions, and becomes maximum at pH 6.15. The decrease
in sorption capacity at pH greater than 6.15 can be attributed to
the competition for the active sites by OH~ ions and the elec-
trostatic repulsion of anionic fluoride by the negatively charged
Al;03 surface. The minimal fluoride removal capacity in acidic
pH is presumably due to the formation of HF, which reduces the
coulombic attraction between fluoride and the adsorbent surface
[2].

3.5. Sorption isotherms

In order to evaluate the sorption capacity of nano-alumina for
fluoride, the equilibrium sorption of fluoride was studied as a func-
tion of fluoride concentration and the sorption isotherms are shown
in Fig. 8. A sorption capacity of ca. 14.0mgg~! was observed for
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Fig. 7. Effect of pH on fluoride sorption on nano-alumina (Co =20 mgL-'; tempera-
ture=25°C; contact time =24 h; sorbent dose=1gL"!; agitation speed =220 rpm).
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Fig. 8. Sorption isotherms of fluoride sorption on nano-alumina (contact
time =24 h; sorbent dose=1gL~!; pH=6.15; agitation speed =220 rpm).

fluoride on nano-alumina at 25°C. It can be found (Fig. 8) that
the sorption capacity at equilibrium gradually increased with the
increase in equilibrium fluoride concentrations. The gradual rise in
the isotherm indicates the availability of readily accessible sites for
sorption during the initial phase. However, site saturation occurs
as the fluoride concentration increases and a plateau is reached
indicating that no more sites remain available for sorption.

The mechanism of fluoride removal process has been shown to
involve the replacement of OH~ with F~ [36]. Fluoride ions and
hydroxide ions form Al,F;(OH)s;,_,, complexes with Al(III) ions as
given in Eq. (2) [36].
nAl%: +3n— mOH, ) +mF, ) — AlnFim(OH)sp_ms) (2)

Zhang et al. [37] studied the interaction of fluoride on <y-
alumina surface by multinuclear MAS NMR spectroscopy to identify
the fluorine species on the fluorinated y-alumina. The spectro-
scopic analysis indicated that fluorine enters the surface of alumina
by substituting hydroxyl groups without breaking the bridging
Al-0-Al bonds. At higher fluoride loadings, bridging Al-O-Al bonds
were found to be broken to sorb more fluoride under the strong
electron-withdrawing effect of fluorine. It is expected that similar
processes occur on nano-alumina.

Adsorption potential of nano-alumina in the present study was
compared with other adsorbents reported in previous studies for
fluoride removal and is compiled in Table 2. It is seen that nano-
alumina used in the present study shows comparable adsorption
capacity for fluoride removal compared to some previously devel-
oped adsorbents. However, in some cases, it shows lower sorption
potential towards fluoride and research is being focused now to
enhance the adsorption potential of nano-alumina by chemical
modifications.

3.6. Effect of temperature on fluoride sorption by nano-alumina

In order to investigate the effect of temperature on fluoride
removal by nano-alumina, sorption experiments were also per-
formed at 10°C. A comparison of sorption isotherms at 10 and 25 °C
indicates that fluoride sorption by nano-alumina is not significantly
affected by temperature variation (Fig. 8).

The sorption data was further analyzed using two well known
isotherm models, viz. Langmuir and Freundlich models, which can
be expressed by Eqgs. (3) and (4):

1 1 1

- 3

e  Gm  qmbCe 3)
1

log qe = log Kr + a +log Ce (4)
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Table 2
Comparison of efficiency of various adsorbents for fluoride removal from water.
Adsorbent Amount adsorbed Experimental conditions Reference
(mgg™)

KMnO4 modified carbon 159 pH: 2.0 [7]
Concentration: 5-20 mg L'
Temperature: 25°C

Granular ferric hydroxide (GFH) 7.0 pH: 6.0-7.0 [16]
Concentration: 1-100 mgL-!
Temperature: 25°C

Fe304@AI(OH)3; magnetic nanoparticles 88.48 pH: 6.5 [24]
Concentration: 0-160 mgL~!
Temperature: 25°C

Granular activated alumina (PURALOX) 2.232 Concentration: 10 mgL-! [43]

Copper oxide coated alumina 7.220 Temperature: 30+1°C

Iron(III)-Tin(IV) mixed oxide 10.47 pH: 6.4 [44]
Concentration: 10-50 mgL~!
Temperature: 303 K

Fe-Al-Ce nano-adsorbent 2.22 pH: 7.0 [45]
Concentration: 0.0001 M
Temperature: 25°C

Scandinavia spruce wood charcoal (AlFe650/C) 13.64 pH: 7.0 [46]
Temperature: 28 £2°C
Concentration: 2-50 mgL~!

Acid treated spent bleaching earth 7.752 pH: 3.5 [47]
Concentration: 5-45 mgdm—3

Chemical treated laterite 37.9 pH: 5.0 [48]
Concentration: 3-50 mgL~!
Temperature: 305K

Magnetic-chitosan 22.49 pH: 7.0 [49]
Concentration: 5-140 mgL~!

Hydrous-manganese-oxide-coated alumina 7.09 pH: 5.2 [50]
Concentration: 10-70mgL~!
Temperature: 30°C

Hydrotalcite/chitosan composite 1.255 Temperature: 30°C [51]
Concentration: upto 15mgL-!
pH: acidic pH

Granular ceramic 12.12 Temperature: 20°C [52]
Concentration: 5-50 mg L'
pH: 6.90

Nano-alumina 14.0 pH: 6.15 Present work

Concentration: 1-100 mgL~!
Temperature: 25°C

where g, is amount sorbed at equilibrium concentration Ce, qn, is
the Langmuir constant representing maximum monolayer sorption
capacity, b is the Langmuir constant related to energy of sorption,
Kr and 1/n are Freundlich constants, associated with adsorption
capacity and adsorption intensity, respectively.

The experimental data did not fit well with the Freundlich model
(see Table 3) but was fitted well with Langmuir model. The plots
of 1/qe as a function of 1/C, for the sorption of fluoride on nano-
alumina are shown in Fig. 9. The values of g, and b are given in
Table 3. The values of g, calculated by the Langmuir isotherm were
all close to experimental values at given temperatures. These facts
suggest that fluoride is sorbed in the form of monolayer coverage
on the surface of the sorbent.

The influence of sorption isotherm shape has been discussed
[38] to examine whether sorption is favorable in terms of ‘R;’, a
dimensionless constant referred to as separation factor or equilib-
rium parameter. ‘R;’ is calculated using the following equation:

1

Ri=—
L 1+bCo

(5)

Table 3

0.164 ,

10°C
4 25°C
0.124
(]
S 0.08-
0.044
0.00 T T T 1
0.00 0.04 0.08 0.12 0.16

1/C,

Fig. 9. Langmuir isotherm of fluoride sorption on nano-alumina.

Langmuir and Freundlich constants for the adsorption of fluoride on nano-alumina at 10 and 25°C.

Temperature (°C) Langmuir constants Freundlich constants

qm (mgg") b (Lmol-T) Ry R? 1/n Kr (mgg~1)(Lmg1)!/" R?
10 14.10 2.36x 10° 0.31 0.9980 0.94 0.81 0.9823
25 15.43 3.24x10° 0.27 0.9912 0.98 1.01 0.9626
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Fig. 10. Effect of different concentrations of competitive anions on fluoride sorption
on nano-alumina (temperature =25°C; contact time =24 h; sorbent dose=1gL"!;
agitation speed =220 rpm).

The R; values obtained are compiled in Table 3. Both the R; values
lie between 0 and 1 confirming that the adsorption isotherm is
favorable.

3.7. Thermodynamic parameters

The nature and thermodynamic feasibility of the sorption pro-
cess were determined by evaluating the thermodynamic constants,
standard free energy (AG°), standard enthalpy (AH°) and standard
entropy (AS°) using the following equations:

AG® = —RT In(K) (6)
Ky AH° /1 1

nig =% (7 5) 7

AG® = AH® — TAS® (8)

where R is the universal gas constant (8.314J mol-1K-1), T is the
temperature in Kelvin and K is the equilibrium constant, related to
the Langmuir constant ‘b’ via Eq. (9), where the value 55.5 corre-
sponds to the molar concentration of the solvent (in this case water)
with units of molL~1 [39,40].

K=bx555 (9)

The sorption process is spontaneous in nature, as indicated by
the negative value of AG® (—29.97 kjmol~1) at 298 K. The positive
value of AH° for fluoride adsorption is 14.81 k] mol~!, suggesting
that the interaction of fluoride and nano-alumina is endothermic
in nature. Affinity of the sorbent for fluoride is represented by the
positive value of AS° (150.3Jmol~1K-1).

3.8. Effect of competing anions on fluoride adsorption by
nano-alumina

The influence of various anions present in groundwater such as,
chloride (CI™), nitrate (NO3 ™), sulphate (5042~ ), carbonate (CO32~)
and phosphate (PO43~) on fluoride removal by nano-alumina was
investigated at 20 mg L~ of initial fluoride concentration (Fig. 10).
The concentrations of competing anions were 20 and 50mgL-1.
It was found that anions present in fluoride solution are likely to
limit the fluoride removal efficiency. Fluoride sorption was mainly
influenced by the presence of phosphate followed by carbonate and
sulphate. In the presence of phosphate, relative percent removal
of fluoride was ~26% and 17% at 20 and 50 mgL~!, respectively,
while in case of sulphate and carbonate, relative percent removal
of fluoride was ~35% and 30% and 27% and 20% at 20 and 50 mg L !,
respectively. The fluoride removal was decreased in presence of
phosphate and sulphate which indicates that the inner-spherically
sorbing anions, phosphate and sulphate [41,42] can significantly
interfere the sorption of fluoride where the sorption competition

occurred for the limited amount of sorption sites on nano-alumina.
The decrease in fluoride adsorption in presence of carbonate was
presumably due to the significant increase in pH of the solution.
It was also confirmed from our experiments on the effect of pH
(Section 3.4) that the fluoride removal decreases in highly alkaline
pH. Furthermore, fluoride sorption was least influenced in presence
of chloride and nitrate (outer-spherically sorbing anions).

4. Conclusions

The results from the present study exhibit the potential of
nano-alumina for fluoride removal from aqueous solutions. The
sorption of fluoride on nano-alumina was found to be strongly
pH dependent with maximum fluoride removal occurring at pH
6.15. Kinetic analyses indicate that the sorption process followed
pseudo-second-order kinetics under the selected concentration
range. The sorption capacity of nano-alumina for fluoride was found
to be ca. 14.0mgg-! at 25°C. The sorption isotherm was fitted
well with Langmuir model. The FTIR and EDX results provide an
evidence of the interaction between fluoride and nano-alumina
moieties resulting in the formation of aluminum-fluoro complexes.
Fluoride sorption was influenced more by the presence of PO43-,
5042_ and C032_.
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