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ABSTRACT

Calcium—Zirconium-polyvinyl alcohol (Ca-Zr-PVA) cross-linked polymer composites were
prepared under microwave irradiation and characterized by X-ray fluorescence (XRF), four-
ier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) studies. These polymer composites were used as
adsorbents for removal of fluoride ions from aqueous solutions. The effects of contact time,
solution pH, and adsorbent dose were studied. The adsorption was found to be nearly inde-
pendent of the pH of the solution and the maximum fluoride adsorption capacity of the
adsorbent was 12.72 mg g '. Langmuir adsorption isotherm fitted better with the experi-
mental data of adsorption equilibrium studies than Freundlich isotherm. The kinetics of the
adsorption process indicated second-order uptake of fluoride by the polymer composites.
The polymer composites could be considered for the development of a feasible technology
for fluoride removal from aqueous solutions.
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1. Introduction

Fluorine is highly reactive and is often found in
combined states as fluorides [1]. The physiological
effects of fluoride on human health include dental,
skeletal, and non-skeletal fluorosis [2]. The problem of
fluorosis is associated mainly with ground water,
which is the primary source of potable water, espe-
cially in semi-urban and rural areas in India [3]. When
water percolates through fluoride-rich soil, it leaches
out fluoride and contaminates the ground water. If the
concentration of fluoride in water consistently exceeds
the permissible limit of 1.5 mg L™ (as per WHO), then
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it becomes imperative to consider some remedial
measures to check the prevalence of fluorosis [4]. A
variety of defluoridation technologies are in practice
worldwide, but still the search for a viable technology
is on. Adsorption continues to be the most widely
used method for defluoridation of water due to its
low cost and viability [5-7].

The present study attempts to investigate the role
of polymer composites as potential defluoridating
agents [8-12]. A judicious choice of the polymer, like
PVA which is non-toxic as well as degradable, will
facilitate the environmentally safe synthesis [13].

The study is based on a one-pot greener method of
synthesis of cross-linked PVA-bimetallic systems using
microwave irradiation. These composites are
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particularly remarkable since combining two metals
may provide selectivity. Also, some combinations may
exhibit synergistic effects [14-16].

2. Experimental

The reagents, ZrOCl,-8H,0O, Ca(NOs),-4H,O, and
PVA, used in the study were of analytical grade.

2.1. Synthesis of PV A-cross-linked bimetallic composites

The polymer composites were prepared by mixing
25mL of 3% wt PVA with 12.5mL of an aqueous
solution of 0.01 mol dm™ ZrOCl,-8H,0 and 12.5 mL
of 0.1 moldm™ Ca(NOs), in a polyethylene beaker,
which was subsequently irradiated with microwaves
in a microwave oven at 90 W. The mixture was heated
in the open beaker till a cross-linked polymer film was
left behind. PVA chains which cross-linked from an
aqueous solution at 350 W, cross-linked at just 90 W in
the presence of Zr and Ca ions.

2.2. Batch adsorption experiments

Standard fluoride solutions were prepared by
appropriate dilution of 100 mgL™" fluoride stock solu-
tion (Orion, 940907) using double-distilled water.
Batch type fluoride adsorption experiments were car-
ried out at 29 + 1°C. The adsorption was investigated
at varying pH, adsorbent dose, and contact time. The
adsorption isotherms and kinetics were then studied.
Fluoride analysis was carried out by a potentiometric
method using Orion potentiometer, model 720Aplus
with combined fluoride electrode [17].

3. Results and discussion
3.1. Characterization of adsorbent

The polymer composites were characterized by
FTIR, XRF, and the surface morphology of the poly-
mer composites was studied by taking its SEM and
TEM images. X-ray fluorescence indicated the pres-
ence of Ca and Zr in the polymer film, the former in a
larger quantity (Fig. 1).

The SEM and TEM micrographs show that the dis-
tribution of inorganic particles is relatively uniform in
the Ca—Zr-PVA polymer composites (Figs. 2 and 3).

The cross-linking of bimetallic polymer composite is
confirmed by the FTIR spectrum of the PVA polymer
composite, which is almost the same as that of pure
cross-linked PVA. Both spectra have characteristic
C-H,, at 2,914 and 2,820 cm ' and wide O-H,, at
3428 cm™'. However, the O-H,, peak intensity
decreases in the spectrum of the PVA polymer
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Fig. 1. X-ray spectrum of Ca—Zr-PVA polymer composite.

composite which can be attributed to the diminished
number of surface hydroxyl groups. Stronger peaks in
the range 1,090-1,380 cm™ ! can be assigned to C-O—Cg,
which is due to increased cross-linking reaction of PVA,
where Ca and Zr act as chemical cross-linkers among
PVA polymer chains (Fig. 4). Appearance of new bands
in the lower frequency ranges 470, 690, and 850 cm ™' can
be associated with M—O-C absorptions (M = Ca and Zr).

Initially, the hydroxyl groups of PVA probably cou-
ple with metal ions giving polymer-metal ion complex.
In the presence of microwave irradiation, a successive
reduction of two metal ions occurs. The metal ion of
higher reduction potential, Zr*" is reduced first, and
subsequently, Ca®*. Zirconium metal atoms which are
more weakly coordinated with the polymer, form aggre-
gates, which in turn coordinate with the stabilizing PVA.
The Ca atoms also exhibit a similar pattern [14].

When the polymer composites were synthesized
by taking progressively increasing volume ratios of
the reactants mixed in the concentration 3% by wt
PVA, 0.1 moldm™ Ca?*,and 0.01 mol dm™> Zr**, the
fluoride uptake capacity of the adsorbent was found
to increase drastically (Table 1).

The fluoride adsorption capacity of pure cross-
linked PVA was found to be 32%, whereas that of
Ca-Zr-PVA polymer composite taken in the volume
ratio of 12.5:12.5:25 was as high as 97.14%. Zirconium
forms a very stable complex with fluoride, as it has
high affinity for it in comparison with calcium [5].
These polymer composites are particularly remarkable
as adsorbents since the presence of the two metals as
inorganic hosts provides selectivity, and also exhibits
synergistic effect. The polymer films also have larger
surface area making them good adsorbents. Hence,
Ca-Zr-PVA bimetallic polymer composites synthe-
sized in the volume ratio of 12.5:12.5:25 were selected
for equilibrium and adsorption studies.
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Fig. 2. SEM images of Ca—Zr-PVA polymer composite.

Fig. 3. TEM image of Ca—Zr-PVA polymer composite.

3.2. Effect of pH

As pH controls the adsorption at the solvent-
adsorbent interface, the effect of pH on fluoride
adsorption capacity of the polymer composite was
studied with 25mL of 5mgL™" of fluoride test
solutions, which were adjusted to pH 4, 7, and 9 by
adding the required amounts of 0.1 mol dm™ HCI
and 0.1 mol dm > NaOH. The fluoride sorption by the
polymer composites was found to be nearly indepen-
dent of pH (Table 2). Therefore, further experiments
were carried out at neutral pH.
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3.3. Effect of adsorbent dose

The fluoride uptake capacity of the adsorbent stea-
dily increased when the dosage increased from 0.15 to
0.51 g (Fig. 5). This rise might have been due to the
increase in surface area or adsorption sites of the
adsorbent. However, beyond 0.51g, the capacity
remained practically unchanged and steady. Thus, the
optimum dose of the adsorbent can be assumed to be
0.51 g/25 mL.

3.4. Adsorption equilibrium studies

The adsorption isotherms for fluoride uptake on
one gram of PVA composite were studied at various
fluoride concentrations. The suspensions were shaken
for one hour on a mechanical shaker and left to equili-
brate for two hours. Equilibrium studies were carried
out in order to determine the conditions for maximum
fluoride removal by PVA composite. The adsorption
capacity reached an equilibrium value after 3 h of con-
tact time. Beyond this, there was negligible change in
the residual fluoride concentration.

The equilibrium of the adsorption process for the
distribution of fluoride between the liquid and the
solid phase can be expressed by the widely used
Freundlich and Langmuir models. The Freundlich
isotherm, which is generally used for heterogeneous
surface systems, is given by the following linearized
equation [18]:

log g. = log k + %log Ce oY)
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Fig. 4. FTIR spectrum of cross-linked PVA and Ca-Zr-PVA polymer composite.

Table 1

Variation of percent adsorption of fluoride with adsorbent dosage

S. No. PVA-Ca-Zr volume ratio (mL) wt. of adsorbent (g) Fluoride adsorption (%)
1 4:02:02 0.17 73.00
2 8:04:04 0.32 76.40
3 12:06:06 0.52 89.86
4 25:12.5:12.5 1.10 97.14

Notes: Contact time = 2 h, initial fluoride concentration = 5 mgL_l, and volume of solution = 25 mL.

Table 2
Effect of pH on fluoride sorption by the Ca—Zr-PVA poly-
mer composite

pH wt. (g) Fluoride adsorption (%)
4 1.13 97.20
7 1.13 97.02
9 1.13 97.30

Notes: Contact time = 2 h, initial fluoride concentration = 5 mgL_l,
and volume of solution = 25 mL.

where g, is the amount of fluoride adsorbed per unit
mass of the adsorbent, C. is the concentration of
fluoride at equilibrium, and k and 1/n are Freundlich

constants related to adsorption capacity and adsorp-
tion intensity, respectively.

The value of k is 1.649 mg g~ and 1/1 is 0.5407 for
Freundlich isotherm. The study reveals favorable
adsorption by the polymer composite since 1/ is less
than unity. The correlation coefficient value (R®) for
the isotherm is 0.941, which confirms the validity of
the equation for the polymer composite system
(Fig. 6).

The Langmuir model is valid for a monolayer
adsorption on the surface with a finite number of
identical sites. Langmuir linearized equation is usually
applied to compute adsorption capacity and is given
as [19],
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Fig. 5. Effect of adsorbent dosage on fluoride removal.
Contact time = 2 h, initial fluoride concentration = 5 mgLfl,
and volume of solution = 25 mL.
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Fig. 6. Freundlich adsorption isotherm for Ca-Zr-PVA
polymer composite. Contact time = 3 h, initial fluoride con-
centration = 5 mgLfl, volume of the solution =100 mL,
and adsorbent dose = 1.0 g.
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ge is the amount of fluoride adsorbed per unit weight
of the adsorbent (mgg ') on attainment of equilib-
rium, qo is the maximum sorption capacity corre-
sponding to complete monolayer coverage (mgg '),
and C. is the equilibrium fluoride concentration
(mg L™"). Langmuir constant b, which is indirectly
related to the energy of adsorption is associated with
the affinity of the binding sites.
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The values of Langmuir parameters are
Jo=1272mgg ' and b=1.058Lmg ' In order to
predict the adsorption efficiency of the adsorption
process, the dimensionless equilibrium parameter r
was determined using the following equation:

L1
145G

3)

Generally, values of r<1 represent favorable
adsorption. In this case,  was found to be 0.158 for
the initial fluoride concentration of 5 mgLfl, which
confirms that the ongoing adsorption is favorable. The
correlation coefficient value (R?) for Langmuir model
is 0.995. Hence, defluoridation brought about by PVA
composites in the experiment fits well with the
Langmuir adsorption isotherm, suggesting a chemical
interaction of fluoride ions with the adsorbent (Fig. 7).
The free energy change for adsorption is —2.83 k] mol *,
indicating that the adsorption of fluoride on the
adsorbent is a spontaneous process.

3.5. Adsorption kinetic studies

The effect of contact time was studied with one
gram of adsorbent added to 100 mL of 5 mgL™" stan-
dard fluoride solution at 29°C. The fluoride concentra-
tion was analyzed at selected time intervals using
fluoride ion-selective electrode. The adsorption of fluo-
ride was rapid during the first 60 min, after which the
rate slowed down as it approached equilibrium
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Fig. 7. Langmuir adsorption isotherm for Ca-Zr-PVA
polymer composite. Contact time =3h, initial fluoride
concentration = 5 mgL_l, volume of the solution = 100 mL,
and adsorbent dose =1.0 g.
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(Fig. 8). Kinetics of adsorption describes the solute
uptake rate, which is one of the important characteris-
tics defining the efficiency of adsorption. Therefore,
the kinetic data were fitted to pseudo-first-order and
pseudo-second-order kinetic models to arrive at the
mechanism of adsorption.

The adsorption rate constants (k; and k) for the
adsorption process were determined from the follow-
ing integrated rate law equations [20-22]:

ky

2303 @

log(ge — g) = log(qe) —

t 1 t
5:@4‘% (5)

e is the amount of fluoride adsorbed per unit mass of
PVA composite (mgg ') at equilibrium, g is the
amount of fluoride adsorbed per unit mass (mgg ')
of PVA composite at time t, and k; and k;, are the rate
constants of the first-order and second-order reactions,
respectively. The value of the first-order rate constant
ki was calculated from the slope of the linear plot of
log(ge—q) vs. time and was found to be 0.0122 min~"
for the initial fluoride concentration of 5mgL™
(Fig. 9). The value of second-order rate constant k,
was calculated from the intercept of linear plot of t/gq
vs. t which was found to be 0.0222 g mg ' min~"
(Fig. 10). The kinetics indicates that the fluoride
adsorption on the polymer composite obeys the
pseudo-second-order kinetic model (R* = 1) better than
the pseudo-first-order kinetic model (R?=0.977),
which suggests that a chemisorption process is
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Fig. 8. Effect of contact time for fluoride removal by
Ca—Zr-PVA polymer composite. Initial fluoride concentra-
tion=5 mgL_l, volume of the solution=100mL, and
adsorbent dose =1.0 g.
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Fig. 9. Pseudo-first-order kinetics of fluoride sorption by
Ca—Zr-PVA polymer composite.
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Fig. 10. Pseudo-second-order kinetics of fluoride sorption
by Ca-Zr-PVA polymer composite.

involved. The rate of adsorption should be propor-
tional to the second power of fluoride for strict surface
adsorption.

4. Conclusions

Ca-Zr-PVA polymer composite would prove to be
a suitable adsorbent for the defluoridation of water, as
it has high affinity for fluoride. Sorption by the poly-
mer composite is found to be independent of the pH
of the medium, thereby making it a promising sorbent
material for defluoridation. The Langmuir adsorption
isotherm fits well with the fluoride adsorption data,
confirming surface homogeneity of the adsorbent and
the process as monolayer chemical adsorption. The
adsorption of fluoride by polymer composite follows a
second-order-kinetics. Thus, the equilibrium and
kinetic data would be useful to design an appropriate
technology for defluoridation.
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Nomenclature

Langmuir constant related to affinity of
binding sites

Ce — equilibrium concentration of fluoride

C, — initial concentration of fluoride

k — Freundlich constant related to adsorption
capacity

ky — pseudo-first-order rate constant

ko — pseudo-second-order rate constant

1/n — adsorption intensity

r — dimensionless equilibrium parameter

R? — correlation coefficient

t — time

q — amount of fluoride adsorbed at time ¢

Je — amount of fluoride adsorbed at equilibrium

qo — monolayer coverage capacity
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