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Abstract Water solvent-based sol-gel process was
employed in the synthesis of nanoparticles of gamma alumina
(NPGA) which were used for the removal of fluoride from
water of neutral pH. Different techniques like thermogravi-
metric analysis, Fourier transform infrared spectroscopy,
X-ray diffraction, and field emission scanning electron
microscopy were employed for the characterization of the
synthesized particles. Batch adsorption studies were performed
for the optimization of contact time and adsorbent doses to
obtain maximum fluoride removal and understanding of the
adsorption kinetics and mechanism. The maximum adsorption
capacity of NPGA for fluoride removal was estimated to be
nearly 14 mg/g at room temperature (30 °C) which is better
than fluoride removal reported by earlier using of commercial-
grade NPGA. Adsorption kinetics measurement indicated that
Langmuir equilibrium model is found to be more suitable for
describing the fluoride adsorption mechanism.
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1 Introduction

Fluoride contamination of water due to the natural (e.g.,
geochemical reactions and volcanic emissions) and
anthropogenic activities (e.g., mining and industrial
chemical wastes) is a major problem all over the world [1].
In addition, discharge of the fluoride-bearing wastewater
from drugs, cosmetics, semiconductor, glass and ceramic
production, electroplating, and rubber and fertilizer man-
ufacturing industries also increases fluoride contamination
of groundwater [2, 3]. Fluoride is an essential element for
building healthy teeth and inhibiting dental carries of
human beings. As per World Health Organization (WHO),
the optimum fluoride level in drinking water should lie
below 1.5 mg/l [4]. Consumption of excess fluoride-bear-
ing drinking water causes dental caries, skeletal fluorosis,
cancer, and damages of brain and kidney [5]. It is estimated
that around 70 million people or even more are suffering
from fluorosis problem across the world. In India, 19 states
are affected by various form of fluorosis problem [6].
Several methods like ion exchange, precipitation,
reverse osmosis, adsorption, electrodialysis, and membrane
filtration have been applied to reduce excessive fluoride of
water [7-13]. Among them, adsorption is an ideal and
appropriate method because of its simplicity and avail-
ability of a variety of adsorbents. Activated alumina is
known as the most effective adsorbent for reducing fluoride
level in drinking water [14-16]. It can be prepared by
different methods from aluminum salts. Among their var-
ious phases known, gamma alumina (y-Al,O3) is consid-
ered the most effective adsorbent because of its high
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surface area, enhanced reactivity for adsorption, mass
transfer efficiency, etc. [17-19]. Adsorption capacity of
nanoscale metal oxide particles with a very high surface-to-
volume ratio enhances sorption capacity further more as
compared to their microcrystalline surfaces because the
sorption or binding sites reside maximum on the surface
[20-22]. However, only a few reports are available in the
literature dealing with the applications of nanoscale metal
oxides especially nanoalumina particles for the removal of
fluoride and other anions from water [18-22].

There are several methods like mechanical milling,
vapor phase reaction at high temperature, combustion
method, sol-gel method, and precipitation method are
being used in the synthesis of nanoceramic particles.
Among them, sol—gel process has attracted a considerable
amount of interest in the preparation of ceramics
nanoparticles [23-27]. In this process, morphology,
homogeneity, and surface area of the particles can be easily
controlled. Sol-gel synthesis of alumina particles com-
prises hydrolysis of aluminum alkoxide in water to obtain
boehmite (AIOOH) as gel and its calcination at 400—
800 °C to produce y-Al,Oj3 after releasing one molecule of
water as per following reaction (1)

2AIO0H — Al,03 + H,O (1)

Hydrolysis of alkoxide is generally carried out either in
aqueous (water) or non-aqueous (alcohol) solvent. Use of
water as solvent is cost-effective, and hydrolysis reaction
can be made in open system. In the present work, boehmite
gel was prepared using water as solvent followed by their
calcination at 500 °C to produce nanoparticles of gamma
alumina (NPGA). The synthesized NPGA derived from
sol—gel synthesis through aqueous system has been used for
the first time, for the adsorption of fluoride of water in this
present study.

2 Experimental procedure

All chemicals used in the synthesis of boehmite gel and
fluoride analysis were of reagent grades. Based on Yoldas
process [28], boehmite gel was synthesized using alu-
minum isopropoxide and double-distilled water in their
1:100 molar ratio. Details of synthesis of boehmite are
available elsewhere [29, 30]. After drying, it was calcined
in muffle furnace for 1 h at 500 °C. Finally, the calcined
substrate was grounded using mechanically operated agate
mortar pistil.

Thermogravimetric and differential thermal analysis
(TGA/DSC) were performed in a Mettler Toledo analyzer
(SF/1100). The samples were analyzed under an inert
atmosphere of nitrogen up to 900° C. TGA/DSC profiles
were obtained by plotting the relative weight (%) of the

sample against temperature. To study the functional groups
and bond characteristics of the synthesized alumina parti-
cles, Fourier transform infrared spectroscopy (FTIR) was
employed using FTIR (Model Nicolet 5700) in the range
4000-400 cm™ . Surface area of the synthesized particles
was analyzed by BET (Brunauer, Emmett and Teller),
using Micromeritics-made ASAP 2020 model. X-ray
diffraction (XRD) analysis was used for the confirmation of
gamma phase of the synthesized particles using Rigaku
Miniflex 2 model. Field emission scanning electron
microscope (FEI-made FESEM Nova NanoSEM 430
model) was used in the examination of morphology of the
synthesized particles.

Adsorption kinetics was carried out at room temperature
(30 £ 2 °C) using batch experiment. Stock solution of
1000 mg/l fluoride solution was prepared by dissolving
2.211 g of sodium fluoride (NaF) in 11 distilled water.
Working solutions of 10 mg/l fluoride was made by suc-
cessive dilution of the stock solution. Thereafter, adsorp-
tion studies were performed in 150-ml borosil-made
conical flask by taking different quantity of adsorbent in
100 ml fluoride-bearing working solution. pH of the
working solution was kept at 7 by adjusting with dilute
sodium hydroxide (NaOH) and hydrochloric acid (HCI).
Conical flasks containing working solution were kept on
rotary shaker at 80 rpm for different durations. After
analysis of residual fluoride, adsorption capacity of the
nanoparticles was derived as per relation

VE
g = / (Co—C) dV/m 2)

where ¢, is the fluoride adsorbed (mg/g), Cy is the total
fluoride concentration (mg/l) of the working solution, C is
the residual fluoride concentration (mg/l) left after batch
adsorption, VE is the volume of solution, and m is the mass
of the adsorbent used in the batch process.

Residual fluoride was analyzed using alizarin red visual
method [31, 32]. Alizarin red indicator was prepared by
making two sets of solution. The first set of solution was
prepared by dissolving 300 mg zirconyl chloride octahy-
drate (ZrOCl,) and 71 mg alizarin red dye (3-alizarin sul-
fonic acid sodium salt) in 500 ml distilled water. The
second set of solution was prepared by taking 101 ml
concentrated HCL and 33 ml concentrated H,SO, in
500 ml water. Both solutions were mixed in 1-1 volumetric
flask. After mixing, solution became red in color mainly
due to the formation of complex ions of zirconium and dye.
In the presence of fluoride ions, zirconium ions get
replaced by fluoride ion from the complexes resulting in re-
appearance of original yellow color of zirconium. Con-
centration of residual fluoride was determined by com-
paring color of standard solution of fluoride in water. The
intensity of yellow color depends on the concentration of
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residual fluoride present in the working solution. In
preparation of standard solution, blank (0.0), 0.2, 0.4, 0.6,
0.8, 1.0, and 1.2 mg/I fluoride-bearing water solutions were
prepared in 50-ml-volume nessler tube. Five milliliters of
prepared alizarin red indicator was added in each solution
which showed different shades of color from dark red
(blank) to faded yellow (fluoride bearing). Solutions were
also prepared from the filtrates obtained after batch
adsorption in identical condition. Analysis results obtained
by alizarin visual method were cross checked by spec-
trophotometer (Hack39000) using SPANDS solution [31].

3 Results and discussion
3.1 Characterization of the synthesized particles

Figure 1 shows the TGA and DSC curves of synthesized
boehmite. TGA curve shows 5-6 % weight loss in the
temperature range of 50-150 °C. Occurrence of an
endothermic peak at 75-100 °C in the DSC curve suggests
weight loss due to the elimination of physically adsorbed
water. Another endothermic peak in the temperature range
of 400480 °C with significant weight loss (15-20 %) in
the TGA curve is associated with dehydration of boehmite
in alumina formation. The weight loss in the 400-500 °C
range in the TGA is mainly due to the removal of water
molecule during transformation of boehmite to alumina.
According to Guzman-Castillo et al. [33] and Rinaldi and
Schuchardt [34], the transition from boehmite to gamma
Al,O3 takes place between 380 and 580 °C temperature
range. Based on this, present TGA/DSC analysis confirms
the formation of gamma alumina after calcinations of
boehmite at 500 °C.

XRD diffractograms obtained for the calcined boehmite
at 500 °C is shown in Fig. 2. The obtained diffractograms
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Fig. 1 TGA/DSC of sol-gel synthesized boehmite
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Fig. 2 FTIR of sol-gel synthesized boehmite sintered at 500 °C

are matching well with XRD standard for gamma alumina
structure (JCPDS reference no. 00-010-0425). XRD pattern
shows three distinct reflections at 37.2° (311 reflection),
45.805° (400), and 66.779° (440) which is in agreement
with the database standard and also the powder XRD
studies of Lippens [35]. We calculated the crystallite size
using the Debye—Scherrer equation from the width of the
XRD peak. The crystalline sizes derived from the (400) and
(440) reflections occur as 31.8 and 25.3 nm, respectively.
This shows the average crystallite size of the synthesized
particle would be in the range around 30 nm. XRD analysis
indicates that the boehmite convert to gamma alumina after
calcinations at 500 °C, the well-known process for the
preparation of fine gamma alumina from boehmite [36, 37].

Formation of gamma alumina was further confirmed by
measuring FTIR spectrum (Fig. 3). Gamma alumina is
known to have a spinel structure which exists over a range
of hydrogen content captured by the empirical formula
Hs,,Al,_,,05 [38]. IR spectra as shown in Fig. 3 explain the
existence of bond-stretching vibration corresponding to
—OH bond and Al-O-Al bond at different frequencies.
Occurrence of a strong broadening band between 3800 and
3000 cm™ ' is due to stretching vibration of —OH in
hydration water. Another stronger broadening band
between 900 and 5000 cm™' corresponds to Al-O-Al
vibration [39]. Existence of Al-O-Al vibration confirms
the presence of alumina.

The morphology of the synthesized particles was
determined by FESEM analysis. The image of the syn-
thesized particles is as depicted in Fig. 4, showing particles
in agglomerated form. The size of the particle determined
by scale bar seems to be 30 nm as average size. The sur-
face area of the particle determined by BET analysis was
found to be 137 m?*/g. Synthesis process was repeated
thrice, and we observed a reproducible characterization
values as discussed above.
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Fig. 4 SEM image of synthesised nanoparticles of gamma alumina

3.2 Fluoride adsorption kinetic

The effect of pH on the adsorption of alumina is studied
well [19, 22]. It is generally observed that fluoride removal
occurs maximum in the pH 5-7 of water as electrostatic
attraction of negatively charged fluoride ion and positively
charged adsorbent are mostly available in this pH range.
Since water of pH 7 is more practical for drinking pur-
poses, we carried out fluoride removal study at this pH. In
this study, 25, 50, 75, 100, 125, and 150 mg synthesized
nanoparticles were mixed in 10 mg/l fluoride containing
100 ml water solution in conical flask. Afterward, conical
flasks were mechanically shaken for 90 min. Figure 5
shows fluoride removal trend in the presence of different
doses of synthesized particles. It can be seen that maximum

Fig. 6 Effect of contact time on the fluoride removal

fluoride removal occurs as 9 mg/g in the presence of
125 mg of the nanoalumina. After this, increase in dose did
not make any noticeable improvement in fluoride removal.
Fluoride removal trend determined after taking 100 mg
doses depicts two different stages of fluoride adsorption
(Fig. 6). Initially, fluoride adsorption occurs with fast rate
as 60 % fluoride ions and get adsorbed within 30 min of
contact time. After this, the adsorption reaction slows down
as it takes another 50 min to get maximum (85 %)
adsorption of fluoride ions. Occurrence of a fast rate of
fluoride adsorption in the initial stage is mainly due to the
availability of sufficient sites at the adsorbent. With pas-
sage of time, the availability of the vacant sites in the
adsorbent reduces. This results in increase in contact time
as remaining (un-adsorbed) fluoride ions have to cover
more distance to reach the vacant sites of the adsorbent.
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Fig. 7 Pseudo-second-order kinetic plots of fluoride sorption on
nanoparticles of gamma alumina

Observed trend is similar to those reported previously for
fluoride adsorption on the nano particles of gamma alumina
[19, 22].

The pseudo-second-order kinetics is reported to occur in
the adsorption of fluoride ions at nanoparticles of alumina
or activated alumina [14, 19, 40]. We verified this by uti-
lizing pseudo-second-order model as per following Eq. (3)

t/qr = (1/ksq7) + (1/ge)t (3)

After analyzing data as presented in Fig. 7, we found
best-fit pseudo-second-order reaction kinetics as linear
correlation coefficient (R%) occurs as 0.9994 which is very
close to unity. To estimate maximum adsorption capacity
of the synthesized nanoparticle, the equilibrium of fluoride
adsorption was studied by plotting g, versus C. (Fig. 8). It
can be noticed that nearly 14 mg/g adsorption occurs after
reaching of saturation state. Present trends indicate that
adsorption capacity increases gradually with an increase in
equilibrium fluoride concentration. Gradual rise in the
isotherm suggests the availability of accessible sites for
adsorption during the initial phase. Saturation of adsorption
sites attains at the plateau where fluoride adsorption occurs
as 13.85 mg/g. In fluoride adsorption, simple electrostatic
replacement reaction of OH™ and F™ is involved with the
APT of alumina [40]. Langmuir and Freundlich isotherms
were analyzed as per given Egs. 4 and 5, respectively

l/qe = l/qm + l/bceqm (4)
log(ge) = log (k) +log(Ce) + 1/n (5)

where ¢, is the amount of fluoride adsorbed at equilibrium
concentration C,, g,, is a Langmuir constant which repre-
sents maximum monolayer adsorption capacity, b is
Langmuir constant related to activation energy, k; and 1/
n are Freundlich constants associated with adsorption
capacity and adsorption intensity, respectively. Freundlich
isotherm is based on the assumption that the adsorbing
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Fig. 9 Langmuir adsorption isotherm of fluoride adsorption on the on
synthesised nanoparticles of gamma alumina

surface is energetically heterogeneous, consisting of
adsorption sites of differing energies, whereas Langmuir
isotherm based on the assumption that all adsorption active
sites are homogeneous and that the ability of a molecule to
interact with a site on the surface of the adsorbent is
independent of whether neighboring sites are occupied or
not. In addition, adsorption is restricted to a monolayer
without lateral interactions between adsorbed molecules.
Figures 9 and 10 represent Langmuir and Freundlich iso-
therm models, respectively. The correlation coefficient (R%)
is derived as 0.993 for Langmuir and 0.974 for Freundlich
isotherm. Langmuir isotherm model fits the data best as it
shows better correlation coefficient as compared to Fre-
undlich isotherm. In Langmuir model, the adsorption pro-
cess follows the formation of a monolayer of fluoride
adsorbate on the surface of the synthesized NPGA. Dif-
ferent values derived from Freundlich and Langmuir
sorption models are given in Table 1. From the obtained
data, it can be seen that the value of g,, occurs as 13.44 mg/
g which is near to the maximum value (13.85 mg/g)
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Fig. 10 Freundlich adsorption isotherm of fluoride adsorption on
synthesized nanoparticles of gamma alumina

Table 1 Langmuir and Freundlich isotherm parameters obtained for
the adsorption of fluoride ion on synthesized gamma nanoalumina
particles

Langmuir isotherm Freundlich isotherm

Gm (g/g) 13.44 1n 0.444
b (Umg) 0.132 k¢ (mg/g) 1.68
R? 0.993 R? 0.974

observed at the saturation state (Fig. 8). Kumar et al. [19]
measured an increased rate of fluoride adsorption on NPGA
with an increase in pH, reaching maximum at pH 6.15 and
then decreasing with further increment in the pH. In the
present case, we observed as 13.85 mg/g fluoride removal.
Kumar et al. [19] obtained 14 mg/g fluoride adsorption at
pH 6.15 on commercial-grade NPGA, a Sigma-Aldrich
product. However, their fluoride removal rate could have
been much lower at pH 7 because they observed a steep
reduction on adsorption rate from 50 % (at pH 6.15) to
20 % at pH 7-9. If this is the case, then present synthesized
NPGA exhibit excellent potential of fluoride adsorption
even at neutral pH.

Fluoride adsorption at the alumina surfaces in aqueous
medium is the result of replacement of adsorbed hydroxyl
ions by fluoride ions. According to Hu et al. [41], fluoride
and hydroxide ions form Al,Fm(OH)3,,_,, complexes with
AI(IIT) ions as per following reaction,

ALy +3n —mOH ) +mF(, — Al,F,(OH)

3n—m(s)
(6)

On the basis of spectroscopic analysis, Zhang et al. [42]
described that fluoride ions enter the surface of alumina by
substituting hydroxyl group without breaking the bridging
Al-O-Al bond. Based on this, the mechanism of fluoride

adsorption can be described by following two-step
reaction,

nAP* 4+ 3n — mOH™ — Al,(OH),, , (adsorption reaction)
(7)

AlL,(OH),, . +3n—mF~ — AlL,(F);,_,+3n

— mOH™ (substitution reaction)
(3)

In the first step, electrostatic interaction between posi-
tively charged alumina and negatively charged hydroxide
ions make Al,(OH);,_,, at the alumina surfaces. In the
presence of fluoride ions, Al,(F)s,_,, forms after substitu-
tion of hydroxyl ions. Since fluoride ion possesses greater
affinity with AI’T, it makes a competitive role in the
replacement of the hydroxyl ions.

3n—m

4 Conclusions

Present sol—gel synthesis process utilizing water as solvent
appears to be simple and feasible method for preparation of
NPGA in large scale. Different characterization studies
confirm the formation of pure and crystallite particles of
gamma alumina of around 30 nm of average size. Fluoride
removal study indicates that synthesized nanoparticles
show better fluoride removal potential as compared to
fluoride removal reported on commercial-grade NPGA.
Fluoride adsorption kinetics follows pseudo-second-order
kinetics. The adsorption isotherm is fitted well with
Langmuir model describing the occurrence of single-layer
adsorption at the synthesized nanoparticles surface. A
maximum adsorption capacity derived from the adsorption
isotherms occurs nearly 14 mg/g in water of neutral pH.
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