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ABSTRACT

Fluoride contamination of groundwater, both anthropogenic and natural, is a major problem
worldwide. This investigation reports the synthesis of a new adsorbent material, Zr(IV)
encapsulated silica gel/chitosan (Zr-SGCS) composite. The silica gel/chitosan (SGCS) com-
posite, which has a desirable defluoridation capacity (DC) of 3402 mgF /kg, has been further
chemically modified by incorporating Zr** ion into SGCS composie and its DC was found to
be 4,530 mgF /kg. The suitability of Zr-SGCS composite for the removal of fluoride was
assessed by batch method and optimized various parameters viz., contact time, dosage, pH,
co-ions, and temperature that influence the sorption. The fluoride sorption was explained
using Freundlich, Langmuir, and D-R isotherms. The Freundlich isotherm equation
described the fluoride sorption equilibrium well at 303, 313, and 323 K and the thermody-
namic parameters such as AG°, AH®, and AS® indicated that the nature of fluoride sorption
was spontaneous and endothermic. The surface morphology of composites before and after
fluoride sorption was observed using scanning electron microscopy. Fourier transform infra-
red spectroscopy was taken to confirm the respective functional groups present in the sor-
bents.
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1. Introduction

Water is one of the major elements essential for
sustenance of all forms of life and is available in abun-
dance in nature covering approximately three-fourths
of the surface of the earth. Fluoride (F) contamination
in groundwater has been recognized as one of the
serious problems worldwide [1]. Fluoride in drinking
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water resembles a two-edged sword depending on its
concentration and the total amount ingested. Fluoride
ion, within the tolerance limit (<1.5 mg/L) is essential
for the formation of caries resistant dental enamel and
for the normal mineralization in hard tissues. Because
of the beneficial role of fluoride, WHO included
fluoride in its list as one of the trace elements
essential for human health [2]. BIS (Beauro of Indian
Standards) standards, for fluoride in drinking water,
are 1.0 mg/L as permissible and 1.5 mg/L as maxi-
mum permissible level [3]. One of the most important
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preventive measures of fluorosis is provision of
drinking water containing fluoride within the
tolerance limits. A number of methods have been sug-
gested for the defluoridation of water namely chemical
precipitation, ion exchange, adsorption, nanofiltration,
reverse osmosis, electrolysis, and Donnan Dialysis
[4-10]. Among the methods reported, adsorption
seems to be the most attractive, promising, and
selective technique for fluoride removal [11-14].

Chitosan produced from N-deacetylation of chitin
is normally recognized as a sorbent for removing
cations and extensively studied for heavy metal
removal [15]. Only a few reports are available about
its capacity to remove fluoride [16-18]. In sorption
process, chitosan is often used in the form of flakes or
powder which is less stable and causes a significant
pressure drop which would affect filtration during
field applications [19]. The defluoridation capacity
(DC) of the raw chitosan was found to be minimum.
Due to the peculiar features like nontoxicity, bi-
functionality, high biocompatibility, biodegradability,
and commercial availability, chitosan has been one of
the most largely studied natural biopolymeric materi-
als [20-22]. Currently, chitosan-based organic-inor-
ganic hybrid composites take an increasing
importance. Hence, chitosan has been selected as the
organic polymeric matrix to prepare the hybrid
sorbents with the selected inorganic materials for the
present study. Silica supported polymeric hybrid
materials using chitosan, cellulose, polystyrene, etc.
were used in the heavy metal removal, biosensor, cat-
alyst, chromatography, etc. [23-30]. Rajiv Gandhi and
Meenakshi [31] have extensively studied the applica-
tion of silica gel/chitosan (SGCS) hybrid composite for
copper and lead removal.

Zirconium possesses higher affinity towards fluo-
ride; a number of publications also reported the use of
zirconium based material as sensor in automated analy-
sis of fluoride in water [32,33]. Hence, in this communi-
cation, the fluoride removal studies using Zr(IV)
encapsulated silica gel/chitosan composite (Zr-SGCS)
has been reported. The effects of pH, shaking time, and
adsorbent dosage on the removal of fluoride were
investigated in this study. A possible mechanism of
fluoride removal by the Zr-SGCS composite was also
suggested.

2. Experimental section
2.1. Materials

The chitosan flakes with average molecular weight
of 400 kDa and 85% degree of deacetylation was
obtained from Pelican Biotech and Chemicals Labs,
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Kerala (India). Silica gel (SG) GLR TLC grade was
purchased from S.D. Fine-Chem limited, Mumbai.
ZrOCl,.8H,0, glacial acetic acid, glutaraldehyde was
obtained from Merck, Mumbai and all other chemicals
used were of analytical grade.

2.2. Synthesis of SGCS composite

SG was heated at 110°C for 1 h to activate the
surface. The chitosan was dissolved in 2% acetic acid
solution and stirred for 1 h and then the required
amount of glutaraldehyde was added. The mixture was
stirred for 2 h and soaked in an ultrasonic bath for
30 min and then the activated SG was added. The wet
gel was allowed to evaporate at room temperature to
complete cross-linking reaction and gelation. The dry
product obtained was washed thoroughly with distilled
water and dried in oven at 40°C [24,31]. Finally, the
dried SGCS hybrid composite was sieved to uniform
size and used for fluoride sorption studies.

2.3. Synthesis of Zr—-SGCS composite

SG was heated at 110°C for 1 h to activate the
surface. The chitosan was dissolved in 2% acetic acid
solution and 5 g of ZrOCl,.8H,0 was added and stirred
for 1 h and then the required amount of glutaraldehyde
was added. The mixture was stirred for 2 h and soaked
in an ultrasonic bath for 30 min before the activated SG
was added. The wet gel was allowed to evaporate at
room temperature to complete cross-linking reaction
and gelation. The dry product obtained was washed
thoroughly with distilled water to neutral pH and dried
in oven at 40°C [24,31]. Finally, the dried Zr-SGCS
hybrid composite was sieved to uniform size and used
for fluoride sorption studies.

2.4. Physical characterization measurements

Expandable ion Analyzer EA 940 with Orion ion
plus (9609) fluoride electrode (Thermo Electron Corpo-
ration, USA) was used for fluoride measurement. The
pH measurement was done by a Cyber Scan 510 pH
meter (Oakton Instruments, USA). A temperature
controlled orbital shaker (Remi Instruments Ltd.,
Mumbai, India) was used for agitation of the samples
in batch studies. A high precision electrical balance
(Shimadzu, AY 220 model) was used for weight
measurement. All other water quality parameters were
analyzed by using standard methods [34,35].

Fourier transform infrared spectroscopy (FTIR)
spectra of the composite were recorded with
JASCO-460 plus model using KBr pellets prepared by
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mixing composite with KBr. The KBr pellet technique
was used and the spectra data was recorded from
4,000 to 400 cm ! with a resolution of 4 cm™'. The
results of FTIR were used to confirm the functional
groups present in the composite.

The surface morphology of the composite was
visualized by scanning electron microscopy (SEM)
with Vega3 Tescan model. The SEM enables the direct
observation of the surface microstructures of the fresh
and fluoride-sorbed composite. Elemental spectra of
the composite were obtained wusing an energy
dispersive X-ray analyzer (EDAX-Bruker Nano
GMBH, Germany) during SEM observations which
allows a qualitative detection and localization of
elements in the composite. The surface area of the
composite was measured using Micromeritics-Tristar
3000 model.

Computations were made using Microcal Origin
(Version 6.0) software. The goodness of fit was
discussed using regression correlation coefficient (r),
chi-square analysis (y*), and standard deviation (SD).
All the experiments were conducted in triplicate.

2.5. Adsorption studies

Batch experiment was carried out by adding fixed
amount of the adsorbent material to 50 mL of test
solution in a conical flask which was kept in a shaker
for a fixed time. Stock solution of sodium fluoride con-
taining 100 mg/L was prepared and this was used for
fluoride sorption experiments after proper dilution. Ini-
tial fluoride concentration was maintained as 10 mg/L
for all the experiments and the mixture was agitated at
200 rpm in a mechanical shaker. The solution was then
filtered and the residual fluoride concentration was
measured. The kinetic and thermodynamic parameters
of the adsorption were established by conducting the
experiments at 303, 313, and 323 K in a temperature
controlled mechanical shaker.

3. Results and discussion
3.1. Contact time

The DC of Zr-SGCS, SGCS, and Zr-CS composite
can vary with the period of contact with the sorbate
solution. The sorption of fluoride has been investigated
as a function of time in the range of 10-70 min with
10 mg/L as initial fluoride concentration at room tem-
perature and shown in Fig. 1. From the graph, it is evi-
dent that the DC of both the sorbents increases with
increasing time and finally reaches saturation at
60 min. Hence, for further experiments, the contact time
was fixed as 60 min. The DCs of Zr-SGCS, SGCS, and
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Fig. 1. Contact time on DC of Zr-CS, SGCS, and Zr-SGCS
composite.

Zr—CS composite were 4,530 3,402 and 2,601 mgF ™ /kg,
respectively. Zr-CS composite showed lower DC than
SGCS and Zr-SGCS composite. Hence, further studies
were limited to SGCS and Zr-SGCS composites.

3.2.pH

The effect of pH on the DCs of SGCS and Zr-SGCS
composite was carried out at five different initial pH
levels, namely, 3, 5, 7, 9, and 11 by keeping other
parameters as constant as follows: contact time, 60 min;
dosage, 0.1 g; initial fluoride, 10 mg/L; and tempera-
ture, 303 K. The pH of the working solution was con-
trolled by adding HC1/NaOH solution. The maximum
DC was observed as 4,490 mgF /kg at pH 7 and a min-
imum of 4,133 mgF /kg DC at pH 11 for Zr-5GCS
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Fig. 2. pH on DC of the Zr-SGCS and SGCS composite.
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Fig. 3. Effect of coexisting anions on DC of the Zr-SGCS
and SGCS composite.

composite and maximum DC was observed as 3,402
mgF /kg at pH 7 and minimum of 3,150 mgF /kg at
pH 11 for SGCS composite. It is clear that the fluoride
removal was slightly altered at higher pH of the med-
ium for both the composites (Fig. 2). Hence, pH 7 was
optimized for further experiments as the DC was
higher at this pH of the medium.

3.3. Co-existing anions

The fluoride-contaminated water may contain
several other anions which may compete with the
sorption of fluoride. The adsorption studies were
carried out in the presence of 20-200 mg/L salt
solutions of chloride, nitrate, sulfate, and bicarbonate
independently at an initial fluoride concentration of
10mg/L. From Fig. 3, it is evident that the overall DC
of the composite was slightly decreased in the
presence of C1~, SO3~, and NOj ions, but the presence
of HCOj ions significantly reduced for both Zr-SGCS
and SGCS composites. This may be due to the
competition of bicarbonate ions with fluoride ions in
the sorption process.

Table 1
Characteristics of Zr-SGCS composite

Constituents Zr-SGCS composite

SG, Zirconium
Chitosan cross-linked with

Inorganic material
Organic matrix

glutaraldehyde
Particle size (nm) 244
Density (g/cm?) 0.810
BET surface area (m*/g) 6.035
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Fig. 4. FTIR spectra of (a) SGCS and (b) {-SGCS composite.

3.4. Characterization of sorbent

The Zr-SGCS composite was characterized by
measuring the parameters viz. particle size, density,
BET surface area, and are presented in Table 1. Fig. 4
shows the FTIR spectra of SGCS composite before and
after sorption of fluoride. The major bands for the
chitosan in the SGCS composite can be assigned as fol-
lows: 3,461 cm™! (OH and NH, stretching vibrations),
2,942 em™! (CH stretching vibration in CH and CH,),
1,643 cm™ ! (NH, bending vibration), 1,076 cm ! (CO
stretching vibration in CONH), and the bands at
3,461 cm ™' (stretching vibration in surface hydroxyl),
1,091 cm™! (stretching vibration of Si-O), and
476 cm™' (twisting vibration of Si-O-Si) are assigned
to the SG in the SGCS composite [31].
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Fig. 5. FTIR spectra of (a) Zr-SGCS and (b) f-Zr-SGCS
composite.
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Fig. 6. SEM micrographs of (a) SGCS and (b) f-SGCS composite.

Fig. 5 shows the FTIR spectra of Zr-SGCS and fluo-
ride sorbed Zr-SGCS (f-Zr-SGCS) composite. The
broad, strong band in the 3,415 cm™' range may be due
to the -OH bending vibrations, which show the pres-
ence of surface hydroxyl groups and physically
absorbed water [36-39]. The sharp band at 2,925 and
1,633 cm™' confirms the presence of ~CH stretching
vibrations and -NH, bending vibrations in the chito-
san. The peak at 1,440 cm ' corresponds to C-N
stretching vibrations present in the chitosan. A band in
the region of 980-1,200 cm™' indicates for Zr-O-Si
stretching vibration [40-42]. A band at 790 and
465 cm™' indicates the symmetric stretching and

% 5
VEGAS TESCAN

bending vibrations of Si-O-Si bond, respectively [31].
The peak at 618 cm ™" is assigned for Zr-O-C stretching
vibration [43]. Fig. 5 shows a slight broadening at
3,440 cm ™ 'and shifting of other bands in the f~Zr-SGCS
composite and this may be due to electrostatic adsorp-
tion between the sorbent and the fluoride [44,45].

3.5. Morphological analysis by SEM

Surface morphology is an important factor in adsor-
bent-adsorbate interactions. The SEM pictures of SGCS
composite, and Zr-SGCS composite before and after
treatment with fluoride are shown in Figs. 6(a), (b) and

SEM HVE 5.0 kY

View field: 51.8 pm

Fig. 7. SEM micrographs of (a) Zr-SGCS and (b) f-Zr-5GCS composite.
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Fig. 8. EDAX spectra of (a) Zr-SGCS and (b) f-Zr-SGCS composite.

7(a), (b). The changes in the surface morphology of
both composites before and after fluoride treatment
indicate the fluoride sorption on the respective
composites. This is also further supported by EDAX
analysis. The EDAX spectrum of Zr-SGCS composite
confirms the elements present in it and is shown in
Fig. 8(a). The presence of a fluoride peak in the EDAX
spectra of fluoride-sorbed Zr-SGCS composite confirms
the fluoride sorption onto Zr-SGCS composite which is
shown in Fig. 8(b).

3.6. Sorption isotherms

To quantify the DC of Zr-SGCS composite, the
equations namely Freundlich, Langmuir, and D-R iso-
therms [11,46-48] have been adopted and the respec-
tive equations are given in Table 2.

The Freundlich adsorption isotherm has been
interpreted as sorption to heterogeneous surfaces or
surface supporting sites of different affinities and
can be derived by assuming a logarithmic decrease

Table 2

Linear forms of isotherms

Isotherms Linear form Plot
Langmuir Je = kFCi/" % = Qlab + % % vs. C,
Freundlich Je = ?L’j ge log g. = log K + 1log C. log ge vs.log C.

Dubinin-Radushkevich ge = Xmexp(—kpr &%)

Inge = In X;, — Kpg & Inge vs. &
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Table 3

Freundlich, Langmuir and D-R isotherms of Zr-SGCS composite

Temperature

Isotherms Parameters 303 K 313 K 323 K

Freundlich 1/n 0.157 0.183 0.217
n 6.353 5.460 4.612
kg (mg/g) (L/mg)l/“ 4.397 4.435 4521
7 0.970 0.978 0.982
SD 0.014 0.013 0.011
7 0.151 0.202 0.308

Langmuir Qo(mg/ g) 3.464 3.332 3.170
b(L/g) 5.693 4.094 3.125
Ry, 0.012 0.017 0.022
r 0.999 0.998 0.998
SD 0.019 0.022 0.023
7 0.765 0.947 1.087

Dubinin—-Radushkevich kpgr (mol?/J?) 3.50E-08 4.95E-08 7.08E-08
Xm (mg/g) 3.837 3.675 3517
E (k] mol™ ) 3.780 3.718 2.657
r 0.869 0.907 0.922
SD 0.065 0.059 0.056
Ve 0.389 0.867 0.524

in the enthalpy of sorption with increase in the frac-
tion of occupied sites. Freundlich constants Kg and
1/n can be determined from the linear plot of log g.
vs. log C.. Table 3 implies the values of 1/n lying
between 0 and 1 and the n value lying in the range
of 1-10 which confirms the conditions favorable for
adsorption [6]. With increase in temperature, the kg
values were found to increase which indicates that
the fluoride removal by Zr-SGCS composite is an
endothermic process.

The Langmuir adsorption model is based on
monolayer adsorption onto a homogeneous surface
and has been successfully applied to model many
sorption processes to evaluate the maximum sorption
capacity of an adsorbate on an adsorbent. The linear
form of Langmuir adsorption isotherm is C./ge vs. Ce.
The values of QO, Langmuir constant b, and dimen-
sionless constant Ry values are given in Table 3. The
Ry, values between 0 and 1 indicate favorable adsorp-
tion for all the temperatures studied.

The linear form of D-R isotherm was used to
determine the type of adsorption for the removal of
fluoride from aqueous solution. The values of kpg, Xm,
E, and r are shown in Table 3. The obtained E values in
this study lying between 0 and 8 kJ mol " indicate that
the fluoride removal was governed by physisorption
[49].

From the above suggested isotherms, the lower
values and lower SD values for Freundlich isotherm

as shown in Table 3, confirms its applicability for the
sorption process.

3.7. Thermodynamic parameters

Thermodynamic parameters provide in-depth
information of inherent energetic changes with
fluoride sorption; the standard free energy change
AG’ enthalpy change AH®, and entropy change AS”
were calculated and shown in Table 4.

Table 4 shows the values of AH® and AS® were
obtained from the respective slope and intercept of
the Vant Hoff’s plot of Ink, against 1/T. The negative
AG° value indicates spontaneous nature of the adsorp-
tion process. The value of AH" for fluoride adsorption
is 8.29kJmol™!, suggesting that interaction between
fluoride and Zr-SGCS composite is endothermic in
nature. Further, positive AS® value indicates the affin-
ity of the adsorbent for fluoride.

Table 4

Thermodynamic parameters of Zr-SGCS composite

Thermodynamic parameters Zr-SGCS

AG° (k] mol ™) 303 K -0.44
313 K -0.70
323 K -1.01

AH* (k] mol™") 8.29

AS° (k] mol ' K7 0.03
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Scheme 1. Mechanism of fluoride sorption onto Zr-SGCS composite.
Table 6
Some Zr(IV) based adsorbent for fluoride removal
S.
No Adsorbent pH Isotherms Kinetics Ref.
1 Zirconium(IV)-propanolamine hybrid 7 D-R Pseudo-second-order [55]
material isotherm
2 Chitosan supported zirconium(IV) 3 Freundlich ~ Pseudo-second-order [56]
tungstophosphate composite
3 Zirconium (IV)-metalloporphyrin 5.5 Not done Not done [57]
grafted Fe;O, nanoparticles
4 Zirconium-modified-Na-attapulgite 3.7-7.5 Langmuir Pseudo-second-order [58]
adsorbent
5 Granular zirconium iron oxide 7 Freundlich =~ Pseudo-second-order [59]
6 Hydrous zirconium oxide 4 Freundlich  Pseudo-second-order [60]
7 Zr(IV) surface-immobilized resin 4-5 Langmuir  Not done [61]
8 Meso-structured zirconium phosphate 6 D-R Pseudo-second-order [62]
isotherm
9 Zirconium impregnated cashew nut shell 7 Langmuir  Pseudo-second-order [63]
carbon
10 Zirconium (IV) doped chitosan 6-6.9 Freundlich  Not done [43]
bio-composite
11 Zr(IV)-ethylenediamine 7 D-R Pseudo-second-order [64]
isotherm
12 Zirconium(IV)-impregnated collagen fiber <5 Langmuir  Pseudo-first-order [65]
13 Zr(IV) entrapped chitosan polymeric matrix 7 Freundlich ~ Not done [66]
14  Zr-loaded garlic peel (Zr-GP) particles 4 Langmuir Pseudo-second-order [67]
15  Hydrous iron(Il)-zirconium(IV) hybrid 4.0-7.0 Redlich- Pseudo-first-order and [68]
oxide Peterson reversible-first- order
16 Alginate entrapped Fe(IlD)-Zr(IV) binary 6 Langmuir Pseudo-second order [69]
mixed oxide
17 Zx(IV) entrapped SGCS composite 7 Freundlich ~ Pseudo-second order Present
study

3.8. Sorption dynamics
3.8.1. Reaction-based model

To investigate the rate of the sorption of fluoride
onto Zr-SGCS composite, the most popular linear
forms of pseudo-first-order [50] and pseudo-second-
order [51] kinetic models had been used at different
experimental conditions.

The coefficient of determination, > was calculated
for both linear and nonlinear methods of the
pseudo-second-order model and is presented in
Table 5 along with experimental data for g, k, and h.
As shown in Table 5, higher * values obtained by the
nonlinear method indicate the greater applicability of
the nonlinear pseudo-second-order model than of the
linear model.
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3.8.2. Diffusion-based model

For a solid-liquid sorption process, the solute
transfer is usually characterized either by particle
diffusion or by intraparticle diffusion control [52,53].
The equations for both the diffusion model values of
kp, ki, and r are presented in Table 5, and the higher r
values in both the cases indicated the possibility of
sorption process being controlled by both the particle
and intraparticle diffusion models.

Among the diffusion-based models, the intraparti-
cle diffusion model was found to have less sd values
indicates that the sorbent removes fluoride by
intraparticle diffusion rather than particle diffusion.

4. Mechanism for fluoride removal

The electrostatic interaction exists between silica
(Si-O7) and chitosan (NH3) as reported by Lai et al. [54],
holds them together. The mechanism of fluoride
removal of Zr-SGCS composite was mainly governed
by adsorption and is illustrated in Scheme 1. During the
entrapping of Zr(IV) from ZrOCl,.8H,O into the SGCS
composite the amino group of chitosan have chelated
with Zr**. The positively charged Zr** surface in the Zr—
SGCS composite and the free amine groups of chitosan
attracts the negatively charged fluoride by means of
electrostatic attraction. The fluoride removal by SG is
mainly due to its porous nature which entraps fluoride.
Hence, an enhancement in g value of Zr-SGCS compos-
ite over SGCS composite may be due to the presence of
porosity and higher charge of Zr*" which strongly
adsorb fluoride.

A comparison has been made between Zr-SGCS
composite and previously reported zirconium-based
adsorbents [55-69] for fluoride removal and is pre-
sented in Table 6.

5. Conclusions

In this study, Zr-SGCS composite was prepared and
its fluoride adsorption capacity was evaluated. The fol-
lowing conclusions were drawn from the above studies.

o The fluoride adsorption was practically achieved
with maximum DC of 4,530 mgF™/kg at 60 min.

e The maximum removal of F was observed at
pH 7.

e The best-fitting adsorption isotherm was found
to be Freundlich isotherm model.

e The adsorption process was spontaneous and
endothermic in nature.

e Kinetic data were fitted to pseudo-second-order
model and intraparticle diffusion model.
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o The Zr(IV)-chelated by amino groups in chitosan
electrostatically adsorb fluoride.

e From this study, it has been concluded that
Zr-SGCS could be an alternative promising sor-
bent for fluoride removal from aqueous solution.
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