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ABSTRACT: Concurrence of arsenic (As) and fluoride (F~) ions in groundwater is a SesorsTs
serious concern due to their fatal effects. Herein, an attempt was made to fabricate m
quaternized poly(zirconyl dimethacrylate-co-vinylbenzyl chloride)] (ZrVBZ), a metal- Z

lopolymeric microsphere in three-dimensional shape with a porous texture. The "% e : é
synthesized ZrVBZ was utilized for the synchronal removal of As and F~ from water. = g

Techniques such as Fourier transform infrared spectroscopy, '*C-nuclear magnetic
resonance, scanning electron microscopy, and Brunauer—Emmett—Teller surface area
were used to characterize the ZrVBZ. The maximum adsorption capacity of ZrVBZ for
both fluoride and arsenic (g F: 116.5 mg g7, gumex As(V): 7.0 mg g7, and g
As(II1): 6.5 mg g™') at given experimental conditions (adsorbents’ dose: 0.250 g L™},
feed of F~: 50 mg L™, As(V)/As(III): 2000 ug L™, and pH: 7.0 + 0.2) was ascribed to
the porous spherical architecture with dual functional sites to facilitate adsorption. The
adsorption followed pseudo-second-order kinetics with a correlation coefficient of
0.996, 0.997, and 0.990 for F~, As(V), and As(III), respectively. The isotherm data
fitted to the Langmuir isotherm model, and the maximum capacity was 121.5, 7.246, and 6.68 mg g_1 for F~, As(V), and As(III),
respectively. The results of this study indicated that ZrVBZ could be used as an effective adsorbent for the simultaneous removal of
F~, As(V), and As(III) from an aqueous medium.
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1. INTRODUCTION high throughput, simple operation and scaling up, etc. n
addition, the use of the adsorption technique also offers strategic
advances in terms of water requirements and energy
consumption.''® Hence, a wide range of materials has been
used to adsorb arsenic and fluoride from water such as neem,
husk, rice, coconut shell char, tulsi, peel, bone char, activated
carbon, fly ash, soils, and other geo-materials such as bauxite,
zeolites, limestone, and alumina.'”'®

The ability of transition metals to encounter toxic anions from
water has been studied extensively owing to their electropositive
behavior."” Hence, different metal-modified adsorbents using
transition metals like Zn, Fe, Al, Ag, Zr, Ti, etc., have been widely
explored for this purpose. These metal-modified adsorbents are
mostly prepared by immobilizin§ metal ions (metal oxide/metal
hydroxide) onto a solid support.”*~>* However, regardless of the
preferable and faster uptake of ions, these aforementioned
adsorbents suffer from few drawbacks: (i) there is low recovery
after regeneration in case of the powder material; (ii) in many

Water is precious for the survival of life of all living beings." It is
reported that more than 80 countries and approximately 25% of
the population around the globe have water severity and do not
have adequate freshwater availability due to the presence of
hazardous ions. Among the various undesirable contaminants,
fluoride and arsenic have been recognized as the most lethal and
oncogenic elements available in groundwater.”™ Millions of
people in different regions of the globe are suffering from
arsenic’s and fluoride’s toxic effects.” Chronic exposure to
arsenic-containing water can cause serious diseases, such as
arsenicosis, while an excessive intake of fluoride-containing
water causes dental and skeletal fluorosis.”* The co-occurrence
of both ions in water can abet a more lethal impact on an
individual’s health.” Thus, considering the severity of dual
impact, removal of these ions from water is one of the most
important steps in today’s top priority water quality issue to
prevent rather than treat diseases. Hence, it is important to focus
on the removal of arsenic and fluoride from contaminated water.
Several technologies exist for the removal of toxic contaminants, Received: = October 1, 2021
such as chemical precipitation,” adsorptive media,"* ion Accepted: January 4, 2022

exchange,'"'” and membrane-based removal techniques,' " Published: January 31, 2022
i.e,, electrodialysis, ultrafiltration, nano-filtration, and reverse

osmosis. The adsorption process is the most feasible technique

due to its vital features such as high efficacy, economic viability,
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Table 1. The Characteristic Features of Microspheres of Varying Compositions”

IEC

s. ZrDMA  VBC  BET surface area (SA) pore volume (PV) (mequiv fluoride conc. arsenic conc.
no. microsphere (wt%) (wt%) (m? g_l) (avg.) (em® g_') (avg.) g oW () (mg L) As(V) (/tg L)
1 pVBZ 00 100 253 0.21 2.5+20 583 +2.0 1.6 +£0.5 25+ 1.0

2 ZrVBZ S0 S0 421 0.36 3.7+ 1.0 623 + 1.0 0.8 +£ 0.5 BDL

3 pZrDMA 100 00 452 0.44 nil 48.6 + 1.0 04 + 0.1 BDL

“Feed conc.: F: 10 mg L™", As(V): 250 ug L™, adsorbent’s dose: 0.250 g L™, pH: 7.0 + 0.2 for contact time of 3 h at 30 + 2.0 °C. BDL: below

detection limit (5.0 ug L™").

cases, the adsorbent’s specific area drops due to pore blockage
and immobilization of metal particles inside the pores; (iii) does
not work well at extreme pH conditions;; (iv) release of
immobilized metal ions from the solid support during
adsorption into the water bodies; (v) in case of aluminium
impregnated adsorbents, the release of aluminium is undesirable
for the health due to neuro-toxic disorders such as Alzheimer’s
disease;** and (vi) the release of immobilized metal ions from
the solid support during desorption is a cause of environmental
problem due to sludge generation.”*

Thus, considering the aforementioned drawbacks of conven-
tional adsorbents, a modified approach has been attempted to
fabricate a metallopolymeric network. Metallopolymers (MPs)
are unique class of materials with significant interest in their
large structural and chemical diversity due to tunable and
desirable properties.

The MPs, comprising metal-containing monomers (MCMs)
in their polymeric moiety, have been used in many fields such as
the synthesis of optically active compounds, hydrogenation,
hydroformylation, etc.”> However, less reports are available for
water remediation. Among several metals, zirconium is a better
choice due to the superior electropositive behavior and better
efficiency, which does not cause any toxic effect in the aquatic
medium.”**” Moreover, the hydrated form of zirconium in the
adsorbent stimulates improved removal of the anionic counter-
part.”® Thus, an attempt has been made to synthesize porous,
cross-linked poly(zirconyl dimethacrylate-co-vinyl benzyl chlor-
ide) in 3D shape followed by functionalization with a quaternary
ammonium group to get strong base anion functionality
(ZrVBZ). The zirconium metal ion was anchored into the
polymeric matrix by utilizing the presynthesized MCM of
zirconyl dimethacrylate (ZrDMA) well before performing free
radical polymerization. The prepared MP microsphere (ZrVBZ)
was utilized as an adsorbent for the synchronous removal of
arsenic and fluoride from water.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Performance Study. A series of
porous and cross-linked metallopolymeric (MP) microspheres,
i.e., ZrVBZ, was synthesized via the free radical polymerization
technique. The proportion of co-monomers ZrDMA and VBC
was varied to get the best microsphere, which has been used as
an adsorbent for the removal of both arsenic and fluoride (Table
1). It has been observed that all the compositions of the
polymeric microsphere were efficient to bring down both
fluoride and arsenic concentration from an individual solution of
both ions (Figure S1). However, the pZrDMA and ZrVBZ have
been found to have be efficient and faster to remove both the
ions compared to the pVBZ, which might be due to the higher
surface area and porosity, favorable for the adsorption of ions.
The highest surface area (SA: 452 m* g™') and porosity (PV:
0.44 cm® g™') were found in pZrDMA compared to pVBZ (SA:
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253m*g ', PV: 021 cm® g ™') and ZrVBZ (SA: 421 m* g, PV:
0.36 cm® g'), which might be due to the availability of
zirconium in the polymeric structure that provides better
porosity and surface area.”” However, in the case of pZrDMA,
the structural geometry (ie., spherical shape) breaks down
during use under stirring conditions. Hence, it has not been use
for further study. Further, the presence of a metallic moiety
along with the quaternary ammonium functionality in the same
structure of ZrVBZ has been found to be better for the study
compared to pZrDMA and pVBZ. Generally, it is observed that
the presence of the strong anion functionalities in the polymer
structure plays a dynamic role in the sorption of ions through the
ion exchange process.’” Thus, the movement of ions is affected
by the presence of charge density through porous channels of
the polymeric matrix. Thus, ZrVBZ was chosen for further
elaborated studies.

2.2. Adsorbent’s Structural, Morphological, and
Thermal Characterization. The structural and morphological
properties of any polymeric network play an important role in
adsorption behavior. Indeed, the adsorbent material’s large
surface area and pore volume impart a significant role in
adsorption. The presence of zirconium ions in the 3D shaped
ZrVBZ microsphere plays a strategic role to create pores, which
support the passage of ions through porous channels.””
Moreover, the presence of quarternary ammonium functionality
(=N*R4Cl”) in ZrVBZ provides a hydrophilic pathway to
facilitate the movement of ions along with water molecules.”
Thus, dual functionalities of ZrVBZ support the adsorption of
arsenic and fluoride ions. The surface morphologies of ZrVBZ
(pre- and post-adsorbed specimens) can be seen by SEM and
EDX analysis conducted on the adsorbent by a field emission
SEM (Supra VP40, Zeiss) instrument (Figure 1(i)). The well-
developed porous structures with the smooth surface SEM
image of spherical geometry ZrVBZ exhibit an average pore
volume of 0.36 cm® g~' and average pore size as 32 A
(Figurel(i)a,c). The EDX spectrum and electron mapping of
the ZrVBZ showed the existence of both fluoride (d) and arsenic
(e) after adsorption, indicating its co-adsorption efficacy. SEM—
EDX imaging revealed no change in the morphology of ZrVBZ
after adsorption. The SEM—EDX image revealed that % Cl ions
has been reduced after anion adsorption from 6.74 to 3.77 wt%,
which indicates the exchange of anion from the surrounding
medium through the quaternary ammonium (—N*R;CI") site.

Figure 1(ii) illustrates the FTIR spectra of ZrVBZ (pre-
adsorbed, post-adsorbed, and regenerated specimens). The wide
band at 3435—3458 cm™" found in all the spectra can be jointly
ascribed to the stretching vibration of the N—H and —OH group
of the quaternary amine group (—N*RyCl7) and water of
crystallization. Likewise, the frequencies at around 3030 and
2988—2932 cm ™! are ascribed to the C—H stretching vibrations
of —C4H;, —CH; and —CH, of the polymer moiety. The small
bands at 1478 cm™" are assigned to —N*RyCl” in the spectra of
ZrVBZ.>! Further, the stretching vibration band at 1725, 940,

https://doi.org/10.1021/acsomega.1c05456
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Figure 1. (ia,b) SEMand EDX analysis of pre-adsorbed ZrVBZ (1c—g)
SEM and EDX analysis of post-adsorbed ZrVBZ. (ii) FTIR spectra of
ZrVBZ: pre-absorbed, post-adsorbed, and regenerated. (iii) Solid-state
BC-NMR of ZrVBC (pre-quaternized form) and ZrVBZ (post-
quaternized form). (iv) TEM micrographs of ZrVBZ. (v) XRD spectra
of pVBZ after adsorption (ZrVBZ-F~/As) and after regeneration
(ZrVBZ-R). (vi) TGA graph of pVBZ and ZrVBZ.

and 669 cm™! corresponds to the carbonyl (>C=0), 0—Zr—O0,
and Zr—O groups of ZrVBZ.>> The absorption bands in the
range of 1550—1400 cm™" appeared due to symmetrical and
asymmetrical —COQO~ vibrations. Further, the stretching
vibration band at 1224, 1184—24, 897, and 830 cm™! that can
be ascribed to the >C=0 (carbonyl), O—Zr—0O, and Zr—O
groups of ZrVBZ, respectively, may be owing to Zr atoms in two
specific positions: coordinated with —O— and —OH groups.
However, it is observed that after the adsorption, the intensity of
these bands increased, which represents the possible adsorption
of arsenic and fluoride through O—Zr—O---arsenic/fluoride.
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Further, the exchange of chloride ions from the functional group
(=N*'R;CI7) of the adsorbent with fluoride ions of the
surrounding medium is facilitated by ion-exchange phenomena.
The identical spectra of ZrVBZ and ZrVBZ-R after regeneration
again affirm no change observed in the polymeric matrix. Hence,
it can be reused for sorption. Figure 1(jii) shows solid-state '*C-
NMR spectra of pre- (ZrVBC) and post-quaternized (ZrVBZ)
forms of the microsphere. The spectrum of ZrVBC shows peaks
at the chemical shift of 18.27, 30.2, 40.3, 46.0, 64—68, 176—177,
and 126—133 ppm corresponding to aliphatic —CHj;, —CH,,
—CH, >C<, —CH,Cl, and >C=0 and aromatic carbons,
respectively. On quaternization with TMA, a significant shift in
the peak position of —CH,Cl and aromatic >C< (attached with
—CH,CI) groups is noticed, whereas other peaks remain almost
at the same position. Upon reaction with TMA, the —CH,Cl
peaks shifted the peak downfield to ca. 63.7 ppm along with the
appearance of a sharp peak at 53 ppm owing to —N'R; Note
that peaks shown with an asterisk are due to the spinning
sidebands of aliphatic and aromatic peaks.

TEM images of ZrVBZ (Figure 1(vi)) revealed the presence
of zirconium particles in the range of 3.0—6.0 nm, which is
complementary to the particle size obtained by employing the
Debye—Scherrer formula using XRD spectra. Well-resolved
equidistant lattice fringes and a lattice space (d-spacing) of ~2.0
A are found with a lattice length of 2.2 A. Wide peaks between 20
and 35 @ in the XRD pattern of all the spectra indicate the
amorphous nature of ZrVBZ. Moreover, the appearance of
identical XRD patterns of all the forms (pre-adsorbed, post-
adsorbed, and regenerated) is an indication of its stable matrix
(Figure 1(v)).

The results of the thermal degradation trend of ZrVBZ and
pVBZ adsorbents are depicted in Figure 1(vi). The presence of
zirconium content in the polymeric moiety significantly
influences the thermal stability of the adsorbents. It has been
found that minor weight losses of 3.5 and 6.5% were observed
with pVBZ and ZrVBZ, respectively, in the first decomposition
phase up to ~250 °C, which may be attributed to the loss of
physically adsorbed water and/residual solvents entrapped in/
on the surface of the adsorbent. The second phase of
decomposition is observed due to degradation of a —C—C—
and —N'R,Cl™ functional moiety backbone chain of the
polymeric microsphere. Further, complete thermal degradation
occurred at ~410 °C with weight loss of ~60 and 45.77% for
ZrVBZ and pVBZ, respectively. Residual masses of 34.05 and
16.24% were found with ZrVBZ and pVBZ at 500 °C,
respectively.

3. ADSORPTION STUDY

3.1. Effects of Adsorbent Dosage. Investigating the
adsorbent dosage to remove arsenic and fluoride is vital for
getting the tradeoff between the adsorbent dose and the removal
efficiency in an optimum adsorbent dose. Variable amounts of
ZrVBZ were used to evaluate its performance in a mixed
simulated solution of fluoride and arsenic with a fixed
concentration. Two different sets of experiments have been
carried out separately.

In the first set of experiment (F~ + As(V)), the removal
efficiency for both F~ and As(V) increased rapidly from 40 to
68% and 70 to 97%, respectively with the increase in ZrVBZ
dose from 0.05 to 0.15 gL ™" and reached 80 and 100% for F~ and
As(V), respectively, on further increase up to 0.2 gL ™, whereas
the equilibrium capacities (g, F~ and q, As(V)) decreased from
80 to 36.8 mg ¢! and 3.5 to 1.0 mg g~ for F~ and As(V),

https://doi.org/10.1021/acsomega.1c05456
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Figure 2. Performance of adsorbents of varying doses for the removal of fluoride and arsenic in mixed spiked solutions. (a) F~: 10 mg L™ + As(V): 250
pug L7 and (b) F7: 10 mg L™ + As(III): 250 ug L™" at pH: 7.0 + 0.2, contact time: 3 h, temp.: 30 = 2.0 °C, and rpm: 150.
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Figure 3. Performance of the adsorbent by varying feed concentrations of (a) F™: 5.0—50.0 mg L ™" with fixed As(V) [250 ug L™"], (b) F™: 5.0—50.0 mg
L™ with fixed As(III) [250 ug L™'], (c) varying concentrations of As(V) from 100 to 2000 ug L' with fixed F: 10.0 mg L™, (d) varying
concentrations of As(III) from 100 to 2000 ug L' with fixed F™: 10.0 mg L™, with a fixed dose of 0.250 g L™, pH: 7.0 + 0.2, contact time: 3 h, temp.:

30 + 2.0 °C, and rpm: 150.

respectively. On further increase in dose up to 0.25 g L™/, the
removal efficiency reached 88% (<1.5 mg L™' F~) for fluoride
with 100% (<10 ug L™") arsenic removal, which is within the
permissible limit of WHO for drinking water (Figure 2a).
Further, in the next set of the experiments (F~ + As(III)), similar
trends were observed for both ions. Here, removal efficiencies
for both F~ and As(III) were found to increase from 40 to 80%
with the increase in ZrVBZ dose from 0.05 to 0.20 g L™!, which
reached 90 and 100% on further increase up to 0.25 gL ™" for F~
and As(III), respectively, whereas the equilibrium capacities (g,
F~ and g, As(III)) decreased from 74 to 36 mg g~ for F~ and
2.75 to 1.0 mg g~' for As(III), respectively (Figure 2b), which
are within the permissible limit of WHO for drinking water for
both ions.

Thus, experimental results revealed that a very small amount
of adsorbent’s dose (0.250 g L™") was found to be efficient to
bring down the concentration of both ions from their mixed
solution to the WHO permissible limit, which would be useful
for field applications where groundwater is contaminated with

4882

both ions.”” The increase in removal efficiencies for adsorbate
with the adsorbent dose can be attributed to the availability of a
high adsorbent—adsorbate ratio and greater adsorption sites,
and an increase in diffusion path length due to the aggregation of
the polymeric moiety. Once stabilized, no change could be
observed due to the unavailability of free adsorption sites for ion
binding.

3.2. Effects of Adsorbate Concentration. The effect of
feed concentration on adsorption was studied with both arsenic
and fluoride ions. The experiments were analyzed to evaluate the
behavior of adsorbents in the presence of varying concentrations
of one ion while keeping other ions at fixed concentrations. Four
different sets of experiments were examined to evaluate the
performance of ZrVBZ in the presence of both ions, where the
concentration of one ion was varied. In contrast, the
concentration of the other ion was kept fixed.

In the first two sets of the experiment, 100 to 98% removal
efficiencies were found for both As(V) and As(IIl) in the
presence of varying concentrations of fluoride (5.0—50 mg L)
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ACS Omega 2022, 7, 4879—-4891


https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05456?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
94
@ 1% F removal 37
924 1
—=—d.(mg g”)
90 L 36
é 884 35 F.g g
g 861 lss £ §
% 84l T &
= ) Laz =
821 §r
§ 132
80+
RIRE.
Blank CI' NOj S04% PO,3- HCO3

Co-ions

100 -

(b)

L | % As(V) removal|
2% As(lil) .

—=—As(V)q,(mg g")

¢ e,
)

772z 777

R
TN
N3 As(il ) [
908 Y N R As(lll)q,(mg g7)
\ 3 X
| 1 0.9
\ \ \ W\ 9 ~
\ \ \ \ <
18 \ N RN\ p
=8 BR BR BN 2
| R \ Y =
§§ §\§ §§ 0'8E
| B \ N S <%
70 R R | R\ \ | B\ 3
8 \ N N N\ o
N - N
60| AR R | RR | R
.\ \ R R

A\

50 0.5
ClI" NO;” SO,2" HCO;™ PO~

Co-ions

Blank
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of adsorbent; and (c) point of zero charge (PZC).

with equilibrium capacities (gunq As(V)/As(III)) of 0.98 mg g~*
for both forms of arsenic, whereas the % removal of fluoride
decreased from 100 to 56% with the maximum adsorption
capacities (gne F~) of 116.5 and 112 mg g™, respectively, in the
presence of As(V) and As(III) separately (Figure 3a,b).

Further, in the next set of experiments, the % removal of
fluoride increased rapidly from 92 to 93.8% and 92 to 93% in the
presence of As(V) and As(IIl), respectively, with the feed
concentration of 100—2000 ug L™' (Figure 3c,d). The
adsorption capacities of fluoride (g, F~) were found to be
37.52 and 37.2 mg g~' in the presence of As(V) and As(III),
respectively. In contrast to these results, 100% arsenic removal
was found for both forms of arsenic up to 500 ug L™, which was
further decreased to 87.5 and 81.2% As(V) and As(III),
respectively, when the concentration was increased to 2000 ug
L. Thus, it has been found that both arsenic and fluoride can
be successfully removed in the given set of experimental
conditions up to the WHO permissible limit (F~: 1.5 mg L™" and
As: <10 pug L™"). This shows the synergic behavior of both ions
with ZrVBZ.

Further, the ionic strength of one ion has the ability to affect
the binding of the adsorbed species; it has been found that the
presence of anions has a significant effect on the adsorption of
As(V) while having a negligible effect on As(III). Hence, in the
surrounding medium, F~ deteriorated the adsorption rate for
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As(V), which might be attributed to the fact that these ions are
monovalent with low ionic potential. It leads to a weaker
competition ability with As(V). However, on the contrary, the %
removal of fluoride increased in the presence of both forms of
arsenic as concentration increased from 100 to 2000 pg L™'in
the present work. Moreover, in the reverse combination, a slight
decrease (100—98%) in % removal efficiency of both forms of
arsenic was found as fluoride concentration increased from 5.0
to 50.0 mg L™". Thus, a faster and more efficient adsorption is
found using the ZrVBZ adsorbent, which shows the positive
influence of one ion in the presence of another, which can be
ascribed to the unique architecture of ZrVBZ with dual active
sites. A huge specific surface area and well-developed pore
structures provide an added benefit for ions’ movement and the
other ions.

3.3. Coexisting lons on Adsorption. The effect of
coexisting ions such as Cl~, NO;~, SO,*7, PO,*”, and HCO;~
on adsorption was studied. The literature revealed that chloride
and nitrate ions form outer-sphere surface complexes; however,
the sulfate ions form both inner- and outer-sphere surface
complexes.*

Thus, sulfate ions have shown some extent of competing
effects for removing fluoride and arsenic compared to the
chloride and nitrate ions. At the same time, the fluoride removal
efficiency is greatly affected by the bicarbonate alkalinity of the
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water. It reduces the positive charge on the active sites of the
adsorbent, which in turn decreases the efficiency of fluoride and
arsenic removal. In the case of phosphate ions, it is adsorbed as
an inner-sphere surface complex due to their high negative
charge compared to other anions, which results in a decrease in
the efliciency of arsenic adsorption by the adsorbent by
interfering with arsenic.”> ™" In the coexistence of ions CI7,
NO;~, SO,*” and PO,*”, and HCO;", the percentage removal
followed the order of 92, 91.6, 88, 86.2, 83.3, and 80% for
fluoride ion; 100, 99, 98, 96, 73, and 66% for As(V); and 100, 97,
96, 92, 70, and 60% for As(III), respectively (Figure 4).

3.4. Effect of pH and PZC (Point of Zero Charge). pHis a
crucial operational parameter that affects not only the surface
charge of the adsorbent but also the degree of ionization and
speciation of the adsorbate.”” The removal of arsenic and
fluoride was studied at different pHs of the solution ranging from
2.0 £ 0.2 to12 + 0.2 in two different sets of experiments as given
in the experimental part (Figure Sa,b). The point of zero charge
(PZC)/isoelectric point (IEP) of ZrVBZ measured by the zeta
potential is pH 9.15, which indicates the positively charged
surface up to this pH point (PZC) suitable for anion
adsorption®® (Figure Sc). Therefore, ZrVBZ showed good
removal efficiency of ~92 and ~100% for fluoride and both
arsenic ions (As(V)/As(IIl)), respectively, in the pH range of
6.0 + 0.2 t0 9.0 + 0.2. Indeed, the 100% removal efficiency for all
the three ions was observed in the pH range 0f 2.0 + 0.2 to 6.0 +
0.2, whereas the higher pH led to poor removal efficiency of
~40, ~60, and ~56% for fluoride, As(V), and As(III),
respectively.

Generally, at lower pH, the metallic surface (Zr-OH) of the
adsorbent gets protonated with a positive charge (—Zr-*OH,),
while at basic pH, it is deprotonated with a negative charge
(—Zr-O7) (Figure 5).*” Therefore, due to the presence of the
protonated site in the acidic medium, the adsorption of anions
was facilitated, with the possible formation of F-Zr-F, H,O;AsO-
Zr-OAsO;H,, and H,0,AsO-Zr-OAsO,H, with F~, As(V), and
As(III), respectively (Figure 6). At neutral pH, the removal of
anions was achieved through Zr-OH groups, where surface is
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Figure 6. Schematic illustration of plausible adsorption interaction of
F~ (a—c), As(V) (d—f), and As(III) (g—i) in different pH media.

4884

neither protonated nor deprotonated. Under the higher pH
range from 8.0 & 0.2 to 12.0 + 0.2, the removal of anions was
significantly reduced, which might be due to the deprotonation
of the Zr-OH site leading to the electrostatic repulsion between
F~ and Zr-O~ (Figure 6¢). The speciation of arsenic is greatly
dependent on the pH of the aqueous medium. Generally,
arsenate exists as H;AsO, H,AsO,”, and HAsO,*~ forms in an
oxidizing environment. The arsenate speciation H,AsO,~ ions
dominates in the pH range of 3.0 + 0.2 to 6.0 + 0.2, while
HAsO,”” dominates at a pH range of 8.0 + 0.2 to 10.5 + 0.2.
However, both coexist in the intermediate pH range from 6.0 to
8.0. The arsenite speciation in an aqueous medium is controlled
by H;As0,° < H,AsO;™ + HY, pK, 9.2, in the pH range of 3.0 +
0.2 to 11.0 + 0.2. Though at pH 7.0 + 0.1, the predominant
arsenite species exist as uncharged H;AsO;",* it might get
converted into As(V) in the presence of dissolved oxygen and
light during sorption. On the other active site (—N"R;Cl7), the
adsorbent’s surface is laden with a positively charged amino
group in the acidic to neutral pH range from 2.0 + 0.2 to 7.0 &
0.2 to facilitate the adsorption of anions through positively
charged nitrogen. Concomitantly, the exchange of anions from
the surrounding medium was carried out through counter ions
(CI7) of the (—=N*R;Cl") functional site of ZrVBZ.*" In the
higher pH range, a strong interference of hydroxide ions could
occur for both adsorption and ion exchange processes.*’

To ensure the stability of the ZrVBZ microsphere at a wide
range of pHs, the treated water samples were analyzed by ICP-
MS to examine the presence of residual zirconium content. The
results revealed a negligible amount of zirconium content in all
the samples, which indicates the stability of prepared ZrVBZ
over a wide range of pHs.

3.5. Desorption Study. To make the adsorption process an
efficient and cost-effective process, the reusability of the
adsorbent after regeneration is an important aspect of the
study (Figure 7). Hence, it is a significant to re-use an adsorbent
after multiple sorption/desorption cycles.*'

Initially, different reagents such as HNO3, NaCl, NaOH, and
NaHCO; (0.1 M each) were used to examine the suitable
eluting reagent for the desorption of F~, As(V), and As(III) with
individual solutions. The details of the experimental procedure
performed in the study are given in the Supporting Information
(SI). The % recovery of fluoride ions in HNO;, NaCl, NaOH,
and NaHCO; was 0, 32.5, 93, and 99.4%, respectively, while for
As(V), it was found to be 8.0, 5.0, 90, and 75% and for As(III), it
was 5.0, 2.5, 86, and 70%, respectively, in HNO;, NaCl, NaOH,
and NaHCO; Since the maximum desorption efliciency was
found with the NaHCO; and NaOH solution for fluoride and
arsenic, respectively, the cyclic desorption studies were carried
out in the respective solutions. The desorption studies for all the
ions were carried out for up to five cycles of use under given
experimental conditions (the detailed information is given in SI
SS). A slight decrease in efficiency was found in each cycle of
operation, which might be due to experimental error (Figure
S2a—c).

4. ADSORPTION KINETICS STUDY

4.1. Lagergren Pseudo-First-Order (PFO) and Pseudo-
Second-Order (PSO) Kinetic Models. To investigate the
adsorption kinetics of the ZrVBZ adsorbent, pseudo-first-order
(PFO) and pseudo-second-order (PSO) models were em-
ployed. The PFO suggests that the rate of solute concentration
variation with time and the variation in the adsorbent
concentration and the quantity of adsorbate over time are
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Table 2. PFO and PSO Values for the Adsorption of Arsenic and Fluoride

PFO PSO
ions K, q. R* K, q. R?
F~ 0.0474 34.11 0.992 0.00000187 40.81 0.996
As(V) 0.0416 1.067 0.9596 0.0549 1.111 0.997
As(III) 0.0273 0.986 0.9856 1.2033 1203 0.990
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Figure 8. Pseudo-first-order (a, c) and pseudo-second-order (b, d) kinetic fits for As(V), As(III), and F~.

logarithmically proportional, while PSO describes that the
adsorption capacity of the adsorbent is directly proportional to
the number of active sites engaged on it. The equations are
represented as

dg,

— =K

dt (g, a) (1)
dq, 2

—t =K

dt Z(qe_qt) (2)

where g, and q, are the equilibrium adsorption capacities (mg
g™") for the adsorption of fluoride/arsenic adsorbed at contact
time ¢ (min) and equilibrium, respectively, and K; (min™") and
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K, (g mg™' min™") are the pseudo-first-order and pseudo-
second-order rate constant, respectively. The obtained values of
PFO and PSO for the adsorption of both fluoride and arsenic are
given in Table 2. The results revealed that the correlation
coefficients (R*) of the PSO model had a greater value (0.9974)
than PFO (0.9696), and the calculated equilibrium capacity q.
(qe theo: 1.0 mg g7') was found to be identical with the
experimental one (g, o 1.0 mg g™"), which revealed that the
kinetics of adsorption followed the PSO (Figure 8). The
adsorption kinetics that followed the PSO indicate the

possibility of the chemisorption process.*”
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Table 3. Adsorption Capacities of Different Bimetallic and Impregnated Metal Ion Modified Adsorbents for the Removal of

Fluoride and Arsenic

Gmax (Mg g™") pH and initial concentration (mg L™")
adsorbent F~ As(V) As(111) F~ As(V) As(111) ref
AHNP 2.0 0.83 pH: 4.0 to 7.0 pH: 7.0 43
Coy: 10 Cy: 0.5
TLAC 80 28.5 pH: 5.0 pH: 7.0 44
Cy: 10 Cp: 30
CeFP 106.1 172.31 pH: 5.0 pH: 5.0 45
Cy: 37.9 Cyp: 74.9
goethite 0.85 32.5 pH: 3.0 pH: 5.0 46
Cy: 25.60 Cy: 50.13
ZrMAg°S 64 1.75 pH: 7.0 pH: 7.0 47
Cy: 5—50 Cy: 02—1
ARM 3.96 S.16 147 pH: 7.0 pH: 7.0 pH: 7.0 48
Cy: 2-30 Cy: 0.1-30 Cy: 0.1-30
hydrated cement 1.72 1.92 pH: 7.0 pH: 7.0 10
Cy: 30 Cy: 1
cellulose-g-PDMAEMA 8.5 27.93 8.96 pH: 7.0 pH: 7.0 pH: 7.0 49
Co: 4 Cy: 10 Cyp: 10
ZrVBZ 116.5 7 6.5 pH: 7.0 pH: 7.0 pH: 7.0 present study
Cy: 550 Cp: 0.1-1 Cp: 0.1-1
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Figure 9. The plot of Gibbs free energy change AG® versus temperature (T) for (a) As(V) and As(III) and (b) fluoride.

5. ADSORPTION ISOTHERM STUDY

The adsorption isotherm is essential for describing the
adsorption process for a solid—liquid system. The Langmuir
and Freundlich isotherm models broadly utilize isotherms to
represent the equilibrium distribution of the adsorbate onto the
adsorbent (solid phase).

The following equation signifies the Langmuir isotherm in its
linear form:

C

(3

G 1

- C
q, baq,

e

1
+ _
9y ©)
where b and q,,, are Langmuir constants associated with the
maximum adsorption capacity (mg g~') and adsorption energy,
respectively. The values of b and q,,,, were obtained from the
slope and intercept of the plot C./q, versus C..

The Freundlich isotherm was commonly presented as follows:

1
log g, = log K¢ + nlog C, @)
where g, is the adsorbed ions of arsenic/fluoride at equilibrium
(mg g7') and C, is the concentration of arsenic/ fluoride at
equilibrium. At the same time, K;and n (as 1/n) are Freundlich
constants, representing the adsorption capacity (mg g~') and
intensity of the adsorption, obtained from the slope and
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intercept of the plot log g, versus log C,.. The results in SI
(Figures 3Sa—c and 4Sa—c and Table S1) indicated that the
Langmuir isotherm model data well fitted with experimental
data. The obtained experimental values are very close to the
theoretical values (gpay theo), Which signify the improved removal
capability of both arsenic and fluoride ions by the developed
ZrVBZ adsorbent with the specific conditions compared to
several other adsorbents (Table 3).

6. THERMODYNAMICS STUDY

Another crucial factor that plays a vital role in adsorption is
temperature. The effect of temperature on the adsorption by
ZrVBZ is studied at five different temperatures, i.e., 293, 298,
303, 308, and 313 K. At the same time, other parameters were
kept constant (adsorbent dose: 0.250 g L™, pH: 7.0 + 0.2, rpm:
150, and contact time: 3 h). Results revealed that temperature
has a positive effect on the adsorption of arsenic and fluoride.
The equilibrium adsorption capacities (q.) increased from 34.4
to 38.4 mg g ~' for fluoride, from 0.6 to 1.0 mg g " for As(V),
and from 042 to 1.0 mg g ~' for As(IlI) on increasing
temperature from 293 to 313 K with an initial feed concentration
of F: 10.0 mg L' and As(V)/As(IIl): 250 ug L~'. This
performance indicates that both arsenic adsorption and fluoride
adsorption are endothermic processes where temperature plays
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Table 4. Thermodynamic Values, Gibbs Free Energy Change AG°, AH, and AS for the Adsorption of F~ and As(V)/As(III)

AG (k] mol™")
AH (k] mol™ K™') AS (kJ mol™) 293 298 303 308 313
F 34.46 0.144 —7.99 —8.44 —-9.43 —10.16 —10.88
As(V) 29.61 0.985 —28.84 —29.33 —29.83 —30.32 —30.81
As(111) 27.18 0.900 —26.36 —26.81 —27.26 —=27.71 —28.14
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Figure 10. XPS spectrum of ZrVBZ. (a) Full spectrum before and after adsorption. (b) F~spectrum. (c) As spectrum.

a key role. The van’t Hoff equation is used to calculate the
thermodynamic parameters of the adsorption process:

log 4 /C AS AH

o = -

89/ %= 3303 2.303RT (5)
AG=AH - T x AS (6)

where R is a gas constant (8.314 J mol™' K™'), AS is the entropy
change (J mol™ K™'), AH is the enthalpy change (k] mol™"),
AG is the Gibbs free energy, and q./C, is the adsorption affinity.

The AH and AS were obtained from the intercept and slope
of the plot of log (g./C.) vs 1/T. The values of AH were found
to be 29.61, 27.18, and 34.46 k] mol™" for As(V), As(III), and
F~, respectively. The values of AS were found as 0.985, 0.900,
and 0.144 with regression coefficients (R*) of 0.958, 0.957, and
0.975 for As(V), As(IlI), and F~, respectively (Figure 9 and
Table 4).

The positive values of both AH and AS suggest the
endothermic and dissociative nature of the adsorption process.
Moreover, the negative values of AG (—29.33, —26.81, and
—11.44 k] mol™" at 298 K for As(V), As(Ill), and F~,
respectively) suggest the spontaneous and favorable adsorption
process.”

7. XPS STUDY

The ZrVBZ has been used as an adsorbent for the removal of
fluoride and arsenic ions from water. The adsorptive phenomena
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before and after adsorption are studied by XPS analysis. The full
XPS spectra of the ZrVBZ adsorbent, before and after
adsorption (Figure 10a), represented the absence and presence
of fluoride and arsenic apart from other elements such as Zr, C,
O, CL, F, As, and N. The As (3d) spectrum of the arsenic sorbed
adsorbent can be deconvoluted into two peaks, which usually
originate from the different valent arsenic atoms and overlap
each other.

In XPS, the As(V) is known to appear at higher binding
energies in the species AsO,*~ (44.9 eV), HAsO,>™ (45.5 eV),
and H,AsO,” (46.7 V), while As(IIl) appears at 44.0 eV.”'
Generally, the arsenite speciation in an aqueous medium is
controlled by H;AsO,” <> H,AsO; ™ + H" in the pH range of 3.0
to 11.0.* The presence of two peaks at binding energies of 45.5
and 44.0 eV can be assigned to the HAsO,*” species of arsenate
(As(V)) and H,AsO;” of arsenite (As(IIl)), respectively
(Figure 10c).” This indicates the possible interaction of arsenic
through the H,0;AsO-Zr-OH and H,0,AsO-Zr-OH complex
with zirconium of the adsorbent, respectively. At the same time,
the presence of two peaks in the fluoride spectra [F (1s)] at
684.5 and 685.35 eV can be ascribed to Na-F and Zr-F,
respectively (Figure 10b).>® The peak at 685.35 eV indicates
that the possible interaction of fluoride with ZrVBZ could occur
through OH-Zr-F formation at neutral pH during adsorption.
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8. CONCLUSIONS

Herein, the present work reports a facile approach to fabricate a
cross-linked, porous, and functional metallopolymer micro-
sphere (ZrVBZ) in 3D shape. The methodology adopted to
prepare such type of microsphere is unique to solve various
demerits of conventional adsorbents due to its tunable structural
composition with intact metallic moiety and tailorable porous
texture. Physicochemical parameters were tuned to get the best
suited microsphere anchored with intact metal ions along with
the anion functionality, suitable for the synchronized removal of
both ions from water. The unique architecture of ZrVBZ
facilitated the synchronized sorption of fluoride and arsenic
from water with the maximum adsorption capacities (gpay) of
116.5, 7.0, and 6.5 mg g~' for F7, As(V), and As(II),
respectively, with the feed concentration of 50 mg L™" for F~
and 2000 ug L™! for arsenic. The high practical utility of the
ZrVBZ for the natural water environment contaminated with
these ions can be evident from its superior efficiency (>96%)
over a varied pH range.

9. EXPERIMENTAL SECTION

9.1. Materials. Methacrylic acid (MAA >99.8%), vinyl
benzyl chloride (VBC >90.0%), ethylene glycol dimethacrylate
(EGDMA >97.0%), and benzoyl peroxide (BPO >75.0%) were
purchased from TCI Chemicals, Japan. The monomers were
purified with basic alumina. The initiator benzoyl peroxide
(BPO) was re-crystallized with methanol prior to use.
Trimethylamine (TMA >98.0%), purchased from Central
Drug House (CDH), India, was used as received. Sodium
arsenate dibasic heptahydrate (Na,HAsO,-7H,0), sodium
arsenite (NaAsQ,), and sodium fluoride (NaF) were purchased
from Sigma Aldrich, USA. Solvents, reagents, and salts such as
toluene, acetone, methanol, hydrochloric acid, nitric acid,
sodium hydroxide, sodium chloride, sodium nitrate, sodium
phosphate, sodium sulfate, and sodium bicarbonate were
procured from Fisher Scientific, India.

9.2. Fabrication of the ZrVBZ Adsorbent. Zirconyl
dimethacrylate (ZrDMA), synthesized by a previously reported
process, was used to fabricate adsorbents in a three-dimensional
shape.”* The cross-linked, porous adsorbent ZrVBC composed
of ZrtDMA and VBC of varying proportions was prepared by the
free radical polymerization technique in the presence of a cross-
linker (ethylene glycol dimethacrylate) and porogen (toluene).
The detailed synthesis procedure is available in the SI.

After polymerization, the obtained ZrVBC microsphere was
poured into an excess of trimethylamine in ethylene dichloride
(TMA/EDC =80:20 v/v) at 50 + 2.0 °C for 24 h under stirring
(~50 rpm) to achieve the quaternary ammonium functionality
onto the polymer moiety. The schematic illustration for the
synthesis of the ZrVBZ microsphere is shown in Figure 11.

9.3. Characterization Techniques. The prepared ZrVBZ
microsphere was characterized by different techniques. The
details of instrumental analysis, such as FTIR, solid-state *C-
NMR, SEM—EDX, TEM, XRD, ICP-MS, TGA, XPS, BET, zeta
potential, and pH/ISE, are written in SI S3.

9.4. Adsorption Study. 9.4.1. Batch Adsorption Experi-
ments. A preliminary batch adsorption model was adopted to
evaluate the performance of adsorbents of varying compositions
(pVBZ, ZrVBZ, and pZrDMA) for the removal of F~ and As
from their simulated solutions with fixed experimental
conditions, as follows: dose of adsorbent: 0.250 g L™!, F™: 10
mg L™", As(IIT): 250 ug L™", As(V): 250 ug L™" at pH 7.0 £ 0.2,
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Figure 11. Schematic illustration for the synthesis of the ZrVBZ
microsphere.

temp.: 30 + 2.0 °C, and rpm: 150. Stock solutions of fluoride
[F™: 100 mg L™'] and arsenic [As(III)/As(V): 1000 ug L]
were prepared from the salt of sodium fluoride, sodium arsenite,
and sodium arsenate, respectively, in ultrapure water (water
conductivity: 0.054 xS cm™' at 30 + 2.0 °C, resistivity: 18.2
Qcm).

9.4.2. Effect of Adsorbent Dose on Adsorption. The effect of
adsorbent dosage for removing F~ and As is an important
parameter to get the tradeoff between the adsorbent’s dose and
the removal efficiency. Variable amounts of ZrVBZ were used to
evaluate its performance in mixed simulated solutions of fluoride
and arsenic.

In the mixed solution, two different sets of experiments were
performed to evaluate the optimum dose of the adsorbent to
remove one ion in the presence of other ions. In the first set of
experiments, F~: 10 mgL™" + As(V): 250 pgL™", and in second
set of experiments, F™: 10 mgL™" + As(III): 250 ugL™" were
taken, while other parameters such as pH: 7.0 + 0.2, contact
time: 6 h and temp.: 30 & 2.0 °C were kept constant.

9.4.3. Effect of Concentration Variation on Adsorption.
The effect of feed concentration on adsorption was studied with
both arsenic and fluoride ions. The experiments were analyzed
to evaluate the behavior of adsorbents in the presence of varying
concentrations of one ion while keeping other ions at fixed
concentrations. Generally, a mixture of adsorbates exhibits three
different types of behavior, i.e., (i) synergism (the effect of the
mixture is greater than that of the single component in the
mixture), (i) antagonism (the effect of the mixture is less than
that of each of the components in the mixture), and (iii) non-
interaction (the mixture does not affect the adsorption of each of
the adsorbents in the mixture).> In the present study, four
different sets of experiments were performed to evaluate the
adsorbent’s performance in the presence of both the ions, where
the concentration of one ion was varied while other ions were
kept fixed. In the first two sets of experiment, F~ was varied from
5.0 to 50.0 mg L™" in the presence of fixed As(V) (250 ug L")
and As(III) (250 ug L™") separately, and in another two sets of
experiments, As(V) and As(III) were varied separately from 100
to 2000 ug L™ with a fixed F~ concentration (10.0 mg L™"),
while other parameters, i.e., dose: 0.250 g L} pH: 7.0 = 0.2,
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rpm: 150, contact time: 3 h, and temp.:30 + 2.0 °C, were kept
constant in all the experiments.

9.4.4. Effect of pH on Adsorption and Point of Zero Charge
(PZC). The effect of pH on adsorption efficiency was studied by
varying the pH of solutions ranging from 2.0 + 0.2 to 12 + 0.2 at
fixed experimental conditions, such as adsorbent dose: 0.250 g
L rpm: 150, contact time of 3 h, temp.: 30 + 2.0 °C, and conc:
F7:10mgL™", As(III): 250 ug L™, and As(V): 250 ug L™'. PZC
is related to the charge on the surface of the particle and strongly
depends on the pH of the material, so it influences a wide range
of properties of colloidal materials, such as their stability,
interaction with electrolytes, and ion exchange capacity. The
point of zero charge of the ZrVBZ adsorbent sample has been
determined using zeta potential measurement in the pH range
20 + 0.2—120 =+ 0.2. The results of zeta potential measurement
are plotted as a function of pH.

9.4.5. Effect of Co-ions on Adsorption. The effect of co-ions
on the remediation of fluoride and arsenic ions by the adsorbent
was explored to have a better understanding of the adsorption
process with 100 mg L™" concentration of interfering ions such
as chloride (CI7), nitrate (NO;”), sulfate (SO,*”), phosphate
(PO,*"), and bicarbonate (HCO,") under constant parameters,
i.e., with the solution of 10 mg L™" F~'and As(III): 250 ug L™,
As(V): 250 ug L™, at a fixed pH of 7.0 + 0.2, contact time of 3 h
with a dose of 0.250 g L7} and at temperature of 30 °C + 2 °C.
The initial pH values of the solutions in the presence of different
co-existing ions were measured as 7.06 + 0.1, 7.01 + 0.1, 7.31 +
0.2,7.0 +0.2,and 8.10 + 0.2 for CI7, NO,~, SO,*~, PO,*~, and
HCOj;™ ions, respectively.

9.4.6. Desorption and Regeneration Experiments. Any
methodology that can bring down the operational cost with
minimum maintenance would be more attractive and econom-
ical. Therefore, the sorption—desorption study was performed
to examine the reusability of the prepared adsorbent. After
investigating different eluting reagents to desorb fluoride and
arsenic at fixed experimental conditions, the eluting reagents
with the maximum desorption efficiency for the specific ions
have been chosen for the study. NaOH and NaHCOj have been
selected for the study due to the maximum desorption efficiency
for arsenic and fluoride, respectively. The detailed description of
the study is given in SI SS.

9.4.7. Physicochemical Characterization. The ion exchange
capacity (IEC) was determined by the Volhard method. The
IEC was obtained by the adopting the Volhard method.

The exchange of anions is calculated by the following
equation:

IEC (mequiv g_l)
(blank — sample) = X normality of KCNS X 10
Wy

7)

ry
The water uptake of the adsorbent is calculated by immersing a
specific quantity of the adsorbent (0.5 g) in DI water for 24 h by
the following equation:

Wwet - T/Vdry

Ow X 100%

(8)

dry

where W, and Wy, are the dry and wet weights of the
adsorbent, respectively.
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