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ABSTRACT

Contamination of groundwater by fluoride from both anthropogenic and natural sources is an issue of
major concern. Anion exchanger A500P was loaded with Zr ions and precipitated with sodium hydroxide,
followed by thermal treatment at 60°C, to form hydrated Zr oxide. Fluoride removal using Zr-loaded
A500P from solutions with a fluoride concentration of 5 mgL-' was investigated and compared with
that using activated alumina, by performing batch tests under different experimental conditions. The
results indicated that fluoride adsorption occurs immediately over the entire surface of the A500P Zr-
loaded resin, as well as over activated alumina (the equilibrium has been reached after 6 h). The
obtained data indicated the relatively high removal activity of Zr-loaded A500P as compared to that of
activated alumina. Furthermore, competitive species such as SO,% and PO,* strongly affected the rate
of fluoride removal; at sulphate and phosphate doses of 1000 ppm and 1 ppm, respectively, fluoride
removal was completely suppressed. Experiments performed over the pH range 2-10 indicated that
the rate of fluoride removal is inversely proportional to pH; that is, a lower pH results in higher removal

capacity.
INTRODUCTION

Fluoride present in drinking water has substantial benefits
for human health, however, fluoride has also been reported
to have numerous adverse impacts. Fluoride aids in the ef-
fective development of organs in human beings. Generally,
low concentrations of fluoride are added to drinking water
for preventing dental caries and strengthening teeth (WHO
2006, Ayoob & Gupta 2006). Maintaining the fluoride con-
centration to below the acceptable limit (1.5 mgL™") in the
diet can help minimize damage to the teeth and bones
(Solangi et al. 2009). However, higher fluoride concentra-
tions can result in dental and skeletal fluorosis, in addition
to injury to the endocrine glands, liver, and thyroid etc.
(Daifullah et al. 2007, Ghosh et al. 2013, Roy & Dass 2013).
Researchers across the globe, i.e. from India, China, Africa,
Pakistan, etc., have undertaken significant efforts to iden-
tify and mitigate the adverse health effects of fluoride (Wang
et al. 2007, Agrawal 2013, Yasmin et al. 2013, Lutz et al.
2013, Kravchenko et al. 2014, Solangi et al. 2009).

Several methods are used for the removal of excessive
fluoride from drinking water, such as adsorption (Asgari et
al. 2012, Chatterjee & De 2014), ion exchange (Meenakshi
& Viswanathan 2007, Viswanathan & Meenakshi 2009,
Gong et al. 2012, Samadi et al. 2013), precipitation (Chen
etal. 2012), and reverse osmosis, and filtration (Richards et
al. 2010, Malaisamy et al. 2011, Chakrabortty et al. 2013,
Trikha & Sharma 2014).

Solid-phase extraction (SPE) is reported to be more effi-
cient than other techniques such as liquid-liquid extraction

(Komjarova & Blust 2006, Vidal et al. 2012) for fluoride
removal. Chelating resins are used in SPE to improve the
extraction efficiency because of their stability and high ion
sorption ability (Sharma & Pant 2009, Solangi et al. 2009).
Iminodiacetate resins such as Chelex 100 and Amberlite
IRC-718 are widely used as chelating resins for SPE
(Agrawal et al. 2003, Yu et al. 2009), but they show poor
selectivity (Rakhunde et al. 2012, Nasr et al. 2014). Other
chelating resins employed for the aforementioned purpose
are 4-vinyl pyridine-divinylbenzene/acrylonitrile-divinyl
benzene copolymers (Metilda et al. 2005), Amberlite IRA-
400 (Bayazit et al. 2011), silica-based C18 supports (Pesek
etal. 2013), Amberlite A-26 (Dinar¢s et al. 2009), and modi-
fied poly (styrene-divinybenzene) resin (Niu et al. 2010).
Among Amberlite resins, Amberlite-XAD resins have ex-
cellent physicochemical properties that make them stable
and durable in harsh environmental conditions (Ghasemi &
Zolfonoun 2010, Xiao et al. 2012). Furthermore, Biswas
and co-workers used synthetic iron(IIT)-aluminium(III)
mixed oxide (Biswas et al. 2007), hydrous iron(III)-tin(IV)
bimetal mixed oxide (Biswas et al. 2009), and synthetic
iron(IIT)-aluminium(IIT)-chromium(III) ternary mixed oxide
(Biswas et al. 2010) for the adsorption of fluoride. Chitosan
beads (Bansiwal et al. 2009, Viswanathan et al. 2009) and
magnetic chitosan particles (Ma et al. 2007) were also effec-
tively used for the removal of fluoride by adsorption from
aqueous solution. Maliyekkal et al. (2010) and Chen et al.
(2011) designed and used a fixed bed column for the re-
moval of fluoride from water. Recently, zirconium-modi-
fied nanoparticles (Zhang et al. 2012, Poursaberi et al. 2012),
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gold nanoparticles (Xue et al. 2012), iron oxide nanoparticles
(Raul et al. 2012), and magnetite nanoparticles (Chang et
al. 2011) were used for fluoride removal.

In the current study, the filtering properties of Zr oxide
have been modified by coating it on ASOOP resin. The modi-
fied Zr material was employed for fluoride removal from
drinking water in batch tests and column runs, and the re-
moval efficiency was compared with that observed when
using activated alumina. The fluoride removal performance
was evaluated as a function of the initial fluoride concen-
tration in water and the amount of modified material used as
the adsorbent.

MATERIALS AND METHODS

All chemical reagents used in this study were of analytical
grade (AR). Activated alumina, sodium hydroxide, zirco-
nium oxychloride, and sodium fluoride were purchased from
Fisher Scientific, UK.

To prepare the adsorbent, 20 g of A500P was treated
with 8% zirconium oxychloride, and the mixture was shaken
for 24 h at room temperature. The obtained material was
washed and treated with 5% NaOH solution to precipitate
Zr as its hydroxide and then dried at 60°C overnight.

The adsorbent was characterized by X-ray Diffraction
(XRD, Bruker, D8 Advance diffractometer, Billerica, USA)
and Scanning Electron Microscopy (SEM, JEOL JSM-
6360A).

Fluoride, phosphate, and sulphate measurements were
performed by ion chromatography (Dionex Ion Pac®, UK)
using an SRC18 column. The mobile phase comprised so-
dium carbonate and sodium bicarbonate (2:7 ratio), at a
flow rate of 1.2 mL min™'. In order to ensure a constant con-
centration of dissolved 02, air was bubbled continuously
into the reaction mixture.

All batch equilibrium experiments were carried out by
mixing 200 mL of F~ solution at natural pH and other differ-
ent pH levels, as well as at different doses of Zr-loaded A500p,
activated alumina, sulphate and phosphate. The equilib-
rium concentrations were determined using Inductively
Coupled Plasma (ICP), after filtration.

The amount of adsorbate F- per gram of adsorbent
(Q,,mol/g) and the maximum number of adsorbed mol-
ecules, Qmax, were determined according to the derived
Langmuir equation after linearization:

Q _ Qmax Kads Ceq
ads 1+Kads Ceq ...(1)

The Freundlich parameters K and n were calculated us-
ing the classical formula, the results obtained for all the
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concentrations studied (Ceq =KC».

Fixed bed column runs were carried out using a glass
column (11 mm in diameter), constant-flow stainless steel
pumps, and an ISCO fraction collector. Exhausted ASO0P
loaded with Zr was regenerated using 0.5% NaOH.

RESULTS AND DISCUSSION
Characterization of Zr-loaded A500P

The X-ray diffractogram of the ion exchange (A5S00P) sam-
ple modified with Zr oxide is presented in Fig. 1b, in com-
parison with that of the parent ASOOP in Fig. 1a.

The hybrid ion exchange (HIX) samples have an amor-
phous structure because there are no diffraction peaks at-
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Fig. 1: XRD patterns of HIX modified by different cations:
a) A500P b) Zr-A500P.

Fig. 2: SEM image of Zr-modified polymeric material (ASOOP).
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tributable to Zr oxide or any crystalline species. It might be
due to the small size of Zr oxide particles in the nano range
(less than the detection limit of XRD).

The SEM image of the modified ASOOP ion exchange
particles is shown in Fig. 2, and it can be seen that the parti-
cles appear to aggregate, which is due to the absence of any
stabilizer in the reaction system during the preparation of
Zr -modified AS00P.

Fig. 3 illustrates the TEM image of the Zr-modified
AS500P. The obtained data indicate the presence of hydrated
Zr oxide dispersed in the polymeric matrix. The data also
indicate that the incorporated Zr particles have small sizes,
of the order of 5 nm.

Adsorption of Fluoride on Zr-loaded AS00P

The removal efficiency of a pollutant from water depends
on the initial concentration of the concerned pollutant and
the amount of adsorbent. A series of experiments were con-
ducted in batch tests to evaluate the adsorption of fluoride
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on the Zr-A500P surface at four different concentrations of
catalyst: 0.05, 0.1, 0.15, and 0.2 gL."".

In all these experiments, Langmuir-type equilibrium
adsorption was observed.

According to the Langmuir model, the coverage 0 var-
ies as

9= Qads — KCeq
Quax 1+ KCqq (2
Where, Qa i is the number of adsorbed molecules at adsorp-

tion equilibrium, Q_ is the maximal adsorbable quantity,
K is the Langmuir adsorption constant for F- on Zr-A500P
and activated alumina, and Ceq the concentration of F- at
adsorption equilibrium (Fig. 4).

Equation (3) represents the linear transformation of Eq.
2):
1 1 1
"o (3)
Qads Qmax Qmax KCeq
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Fig. 4: Langmuir model for F- adsorption on Zr-A500P and
activated alumina.
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Fig. 5: Linear transformation Langmuir model for F- adsorption on
Zr-A500P and activated alumina.
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Fig. 6: Effect of adsorbent dose on F uptake. Fig. 7: Effect of pH on F uptake.
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Fig. 10: Kinetics of phosphate effect on F removal.

Fig.11: Effluent history of column run for F removal over
Zr-A500P, activated alumina and bone charcoal.
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Therefore, a linear relation between 1/Q , and 1/C_can
be obtained with an intercept of 1/Q __and a slope of 1/Q
K, where the values of Q _and K can be calculated from the
linear relation shown in Fig. 5. The data obtained indicate
that K=0.54 and Q__ =2.14 mg F. g"'resin.

Effect of Competing Anions on Fluoride Removal

Effect of adsorbent doses: The data obtained indicate the
relative similarity between Zr-A500P and activated alumina
upon variation of the adsorbent dose, as depicted in Fig. 6.

Effect of pH: Batch tests demonstrate that the amount of
fluoride removed is dependent on pH. The results for Zr-
A500P and activated alumina, with an initial F- concentra-
tion of 6 mg/L over the pH range 2.0-10, are shown in Fig. 7.
Good fluoride removal of 50% and 40% is observed at neu-
tral pH for Zr-A500P and activated alumina, respectively.
Furthermore, the data demonstrate that equilibrium fluo-
ride concentration is directly proportional to pH; hence, it
is possible to decrease the fluoride concentration to any
level by selecting the appropriate [H*]/[F] ratio. The low
rate of reaction at high pH could reflect the competition of
OH- with F for the surface adsorption sites.

The data obtained for the effect of pH during the column
run indicate that 5.5 is the most efficient for fluoride re-
moval. Fig. 8 shows that at pH 5.5, F breakthrough occurs
for a bed volume of 300, whereas at pH 7.5, breakthrough
occurs immediately at the start of the column run.

Effect of sulphate and phosphate: Competition between
SO,*(120-1000 mgL") and PO,* (0-1 mgL™") was investi-
gated in batch tests; the obtained data are illustrated in Figs.
9 & 10. The data indicate that at low concentrations of SO *
and PO 43', the rates of F removal are very high. Furthermore,
upon increasing the concentration of both SO,* and PO,*,
the removal rate decreases and is completely suppressed at
1000 mgL"'SO,* and 1 mgL'PO,*.

Column Run

Under the optimum conditions for F removal, column runs
were carried out with Zr-A500P and activated alumina in
comparison with those for charcoal, which is one of the
earliest adsorbents used for F- removal. The data depicted in
Fig. 11 show the effluent history of the column run for the
removal of F. It is clear that F- breakthrough starts after
about 100 bed volumes for the Zr-AS00P cycle, whereas
breakthrough occurs immediately at the start of the column
run for both activated alumina and charcoal.

CONCLUSIONS

Selectivity for fluoride removal was achieved by the modi-
fication of anion exchanger A500P with hydrated zirco-
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nium oxide. The obtained data indicated the amorphous
nature of the synthesized materials as well as the good dis-
persion of hydrated zirconium oxide on the surface of and
inside the polymeric matrix. Furthermore, selectivity towards
fluoride removal with the modified anion exchanger was
better than that with activated alumina, in the batch tests
and column runs.
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