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Abstract. There are unequivocal shreds of evidence that polymers touched every sphere of life. They are very versatile and
used in many applications depending on the specific intrinsic properties of the materials. Over the last few decades, there
has been growing evidence that applying polymer materials in water-purifying has been adopted worldwide. Water fluorine
toxicity is challenging us to develop water-purifying polymeric materials. We are presenting the polymeric adsorbent and
membrane materials advancement in terms of defluoridation of water.
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1. Introduction

The path of polymers began 100 years back. The
concept of macromolecule (first coined term) origi-
nated from the idea of Herman Staudinger in 1922.
Since it began, polymer researchers all over the
world have now acquired a larger space. Interesting-
ly, researchers of all disciplines may have taken a step
toward polymers. Polymer science is one of the
fastest-growing areas and connects many other sci-
entific disciplines. Innovation and ease of produc-
tivity are the two most important drivers to shift in
the direction of polymers.

Polymers permeate every facet of our day-to-day life
and form the very basis of our civilization. Polymers
now cover a broader spectrum of efforts and effects.
Polymers have marked impressions from nano to
macro-size applications. Polymers are at the fore-
front of new technology in separation science. Sep-
aration science addresses separating a part of a mix-
ture/solution and the subsequent removal of impuri-
ties for purification purposes. Better understanding
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among separation science researchers and easy avail-
ability of modern separation science and technology
are the key drivers towards including polymers. Sep-
aration science and technology are witnessing the shift
from conventional to polymer materials. Polymers
contribute to material science by providing unique
model systems as easily manipulated substances to
achieve unique morphologies and properties.
Polymeric materials are widely used as adsorbents,
ion exchange, and membranes in separation and pu-
rification processes. The applications of polymers
show great promise in the areas of water purification.
This review deals with natural and synthetic poly-
mers used in adsorption, ion exchange, and mem-
branes to separate fluoride ions. The polymers used
in each method are described in terms of their prop-
erties, structures, and functions. The design of novel
polymers with triggered functions presents new op-
portunities for development in this arena.

Fluoride ions come into the water because of the in-
teraction of water and the solid aquifer. Groundwater
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is the primary source of drinking water in many
countries [1, 2]. Groundwater is essential compared
to other water because it can be drunk directly with-
out treatment, provided it is not contaminated. The
groundwater composition depends on the geology of
the solid aquifer. Literature reports the fluoride-con-
taminated hotspots worldwide and the population at
risk of its exposure [3—6]. Fluoride ions are in their
mineral form on the earth’s crust, viz. fluorite, bi-
otite, and topaz [7, 8]. The other water fluoride
source is industrial waste (viz. semiconductor, elec-
troplating, aluminium smelter ceramic, steel, cement,
fertilizers, glass etching) [9]. It is considered a vital
contaminant in drinking water. Drinking fluoride in
water increases the risk of dental and skeletal fluo-
rosis [ 10—13]. Polymer materials are used in various
methods for defluoridation from water. Adsorption,
ion exchange, and membrane filtration (pressure and
electric potential driven) are efficient methods in this
arena.

Owing to the following unique characteristics of

polymers, interest among chemists and researchers

has increased toward separation science. Some of
the features are mentioned below:

e Unbelievably network: It provides opportunities
for tailoring chemical functionalities. The catena-
tion property of carbon makes the polymers of
having a long chain. Because of carbon, atoms are
free to rotate in respect of one another, and close
coiling or folding takes place. The cohesion forces
between the molecules and those of the electronic
forces (van der Waals forces, H-bond) join the
atoms into chains or other structures. The design
of specific surface topologies relates to precise
functions.

¢ Porosity generation: Polymer structures can
change the porosity generation depending on the
variation of solvents/nonsolvents. Thus, it can tune
the design as it demands. The property can be en-
gineered into the polymeric system.

e Charge generation: There may be an inbuilt or
tailored surface charge. The surface functionaliza-
tion feasibility is there to form charged surface en-
abling adhered ions/solutes.

¢ Feasibility of combining with other polymers/
inorganics/organics: Polymeric materials with
synergetic or complementary behaviour between
the polymer and the inorganics interacting at the
molecular scale. The synergistic combination of
multiferous functions by different (polymeric)

materials and self-assembly are also feasible. Poly-
meric materials with its component and added com-
ponents ensure structural integrity.

¢ Choices of polymers: There are legions of poly-
mers in the market, and the options are easy as it
demands.

2. Adsorbent materials
Adsorbent materials can take in another substance.
It can also be stated as the condition where ions/
compounds can attach. They are related to surface
phenomena. The adsorbents are widely used in water
purification, viz., removal of contaminants in terms
of ions/ molecules. There has been a growth in the
use of polymers as adsorbents. Some of the features
are mentioned below:

e Availability of large sorbent: The sorbent poly-
mer materials are abundant. It may be natural or
synthetic.

¢ Easy tuning of sorbents: Polymeric sorbent ma-
terials modification is easy as per requirement.

¢ Insensitive to toxic substances: Polymeric mate-
rial is generally insensitive to toxic ions/substances.

¢ Fit into simple operational design: The poly-
meric sorbent materials can be fit in any functional
arrangement. The use of polymeric materials makes
the system economical. Thus, the system with poly-
mer materials is commercially viable. The treat-
ment of pollutants at a high concentration is also
feasible.

The polymer adsorbent materials are of different cat-

egories: biopolymers, synthetic polymers, conduct-

ing polymers, and ion exchange resin.

3.1. Biopolymers

The origin of polymers from bio-resources are
termed ‘biopolymers’. Plenty of examples (viz. chi-
tosan, alginate, carboxy methyl cellulose) of bio-
polymers acting as adsorbents to the fluoride. Chi-
tosan, the natural biopolymer, has an affinity for neg-
atively charged surfaces. The biodegradable, abun-
dant in nature, the good chelating agent makes it one
of the options to prepare low cost and efficiency in
defluoridation [14—16]. The homogeneously charged
nanoparticles can be incorporated into chitosan.
Metal with chitosan viz. Fe-chitosan (15.38 mg/g)
[17], Al- chitosan (1.7 mg/g) [18], carboxylated chi-
tosan modified ferromagnetic nanoparticles, La*3
impregnated chitosan/B-cyclodextrin [19] are fluo-
ride scavenging materials. Hydrous mixed metal
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oxyhydroxide composites (Fe—Al-Mn@chitosan)
make F~ ions easily accessible to active sites of the
porous outer surface. The diffusion of F~ ions inside
the composite matrix made it a better adsorber than
fixed Fe—Al-Mn oxyhydroxides [20]. The composite
exhibited a maximum adsorption capacity of
40+0.5 mg/g. Al doping chitosan—Fe(IIl) hydrogel

(Al-CS—Fe) showed a high adsorption capacity of

31.16 mg/g [21]. They reported the multiple mech-

anisms of F~ adsorption.

I. Ion exchange between primary amine salt of chi-

tosan and fluoride.
—NH;"Cl" + F < -NH;'F + CI”

II. In the presence of acid or near the neutralization,
the fact of -OH and —NH,; groups in the metal
complex made it positively charged. The electro-
static interaction is as follows:

III. Ligand or ion exchange between metal and flu-
oride:
M-OH; + F~ < M-F + H,O
M-OH + F < M-F + OH"

Lanthanum has higher affinities for fluoride ions.
The combination of gelatin [22], chitosan beads [ 14,
23] made the composite effective for defluoridation.
In this direction, the combination of La(III) with car-
boxymethyl cellulose (CMC) showed excellent ca-
pabilities in defluoridation [24]. The active function-
alities formed complexes with metal ions and
crosslinking agents [25]. The maximum removal ef-
ficiencies of CMC-La and linked-CMC-La (by glu-
taraldehyde) were 98.85 and 99.31%, respectively,
in the case of a fluoride concentration of 40 mg/1.

Alginate (SA) and carboxymethyl cellulose (CMC)
have a large number of active groups (viz. hydroxyl,
carboxyl) and have the ability to adsorbents with
high removal efficiency [26]. Alginate/carboxymethyl
cellulose sodium composite loaded with calcium and
aluminium (SA/CMC-Ca—Al) developed the deflu-
oridation abilities. Ca(II) and Al(IIT) were incorpo-
rated into SA/CMC through sodium ion exchange.
The maximum adsorption amount for fluoride was
35.98 mg/g at pH 2.0, 298.15 K concentration
100 mg/l. Na-alginate is well-focused for its high
dispersion, biocompatibility, relatively low cost, and
porous structure. The alginate-based adsorbent had
been shaped in different forms. 3D yttrium-based
graphene oxide-sodium alginate hydrogel is one of
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the forms explored. It is a 3D macroporous structure
composed of 2D sheets of graphene oxide with the
uniform dispersion of Y(III) onto the gels. The 3D
network structure prevented aggregation and facili-
tated mass transport to the internal system. The inclu-
sion of graphene oxide nanosheets supported the
large specific and abundant functional groups viz.,
—COOH, —OH, and epoxy groups. The maximum ad-
sorption capacity of the hydrogel regarding defluo-
ridation was 288.96 mg/g at pH 4.0 [27]. Alginate-
based adsorbent by entrapping trimetallic (Fe—La—Ni)
oxide into the matrix was helpful in the defluorida-
tion of water. The natural anionic alginate biopoly-
mer is composed of two different monomers (1—4)
linked o—L—guluronate (G) and f—D—mannuronate
(M) [28]. The presence of di-tri valent metal ions fa-
cilitated the formation of rigid, ordered, and strong
structures. It helped to immobilize the nanopowder
for the adsorption of ions. The polymeric matrix
showed a very high fluoride ion adsorption capacity,
i.e., 333 mg/g.

Carboxymethylcellulose (CMC), a biopolymer with
a supramolecular structure, possess metal binding
sites [29]. It is a linear one with carboxymethyl
(CH,COO-) substituent of negative surface charges.
It has excellent coordination abilities with metal ions
(AP*, Fe*"). The hydrated state of ions enriched with
OH' ions and water molecules can attach F~ ions.
CMC-g-2-acrylamido-2-methyl propane sulfonic acid
(AMPS) /Fe/Al composite hydrogel impregnated
with activated charcoal [30] was one of the excellent
examples in this part. The maximum defluoridation
efficiency of metal oxide incorporated was 84.67%
at pH 6 at an initial F~ concentration of 5 mg/1.
Iron-impregnated pectin-g-poly(amidoxime) was
based on low-cost natural polymer [31]. The pres-
ence of -COOH functionalities in the unit of o—(1-4')-
linked-D-galacturonic acid of pectin made it unique
for the chelating agent [32]. It possessed metal ion
enrichment capabilities and fluoride ions sorption in
acidic conditions. The modification through the graft-
ing of poly(amidoxime) and derivatization reactions
enhanced the potential of defluoridation. Amidoxime
functionalization was tethered pectin-Ca beads to
achieve better removal capabilities. The synthesized
amidoxime functionalized Ca-pectinate beads were
also immobilized with iron to increase their effi-
ciencies. Pectin-g-poly(amidoxime)-Fe complex
(Figure 1) showed ~70% adsorption ability at pH 5.0.
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Figure 1. Proposed chemical structure of pectin-g-poly(ami-
doximes)-Fe complex [31].

3.2. Synthetic polymers

The polymers generated from the synthetic route are
called synthetic polymers. The crosslinked polyvinil
alcohol (PVA)-bimetallic systems viz. Ca—Zr—PVA
polymer composites were particular adsorbents as
the significance of the presence of two metals (Ca/Zr)
in terms of selectivity of ions and synergistic effect.
The choice of polymer films had a larger surface
area. Moreover, a polymer like PVA is always ad-
vantageous because of its non-toxic and degradable
nature. The fluoride adsorption of the Ca—Zr—PVA
polymer composite was 97.14%, compared to pure
crosslinked PVA (32%) [33].

Crosslinked PVA gels form due to acetal bridges be-
tween the PVA chains. The hydrogels feature their
porous network and easy diffusability of ions across
the surface. PVA-iron-zirconium hydrogel (PFZH)
and PVA-copper-zirconium hydrogel (PCZH) showed
promising defluoridation capabilities (100%) [34].
The defluoridation by the systems was pH-indepen-
dent and least affected by commonly interfering ions
(HCO37, PO437, Cl, NO;5, SO427).

Hydrophilic hyper-crosslinked porous polymer net-
works, having high surface areas of 2000 m?/g and
robust chemical and thermal stabilities [35, 36], were
synthesized from 2,2-biphenol (HHCP1) and bisphe-
nol A (HHCP2) monomers [37]. Ca-loaded networks
of the porous polymer resulted in a defluorinating ad-
sorbent. Two monomers had different Ca-loading ca-
pacities. Both Ca-loaded networks were effective in
defluoridation. Ca-loaded HHCP1 showed the ability
of (267+34 mg/g), whereas HHCP2-Ca had a lower
power of 96.2+10 mg/g with faster uptake kinetics.
The adsorbents prepared in the in situ polymerization
method were also explored. Crosslinked porous
polymeric adsorbent poly(zirconyl methacrylate-co-
methylmethacrylate) (p(ZrDMA-co-MMA)) is one of
the examples in this area. Due to its non-toxic nature,
zirconium is well-accepted in the polymeric adsor-
bent field, especially defluoridation. The maximum

fluoride adsorption was found to be 96.54% at neu-
tral pH. The possibility of metal ions leaching was
avoided [38]. Crosslinked ZrVAc adsorbents were
prepared using zirconyl methacrylate (ZrDMA) and
vinyl acetate (VAc), ethylene glycidyl methacrylate
(EGDMA), through the suspension polymerization
method. The maximum fluoride adsorption capacity
was found to be 138 mg/g at pH 7.0 [39]. Gupta et
al. [40] prepared the polymeric adsorbent based on
zirconium dimethacrylate (ZrDMA) and lauryl
methacrylate (LMA). The covalently co-ordinated
metallic-polymeric moiety brings a stable network.
During the adsorption process, it did not leach out any
trace elements (Zr, F7). The crosslinked polymer
based on the combination of organometallic vinyl
monomers (ZrDMA and AgMA), vinyl monomers
(MMA), and (EGDMA) showed the highest adsorp-
tion capacities (¢max) Were obtained as 64 mg/g [41].
The three-dimensional metallopolymer microsphere
quaternized poly(zirconyl dimethacrylate-co-vinyl-
benzyl chloride)] (ZrVBZ) was reported by Gupta et
al. [42]. The free radical polymerization in the pres-
ence of crosslinker (ethylene glycol dimethacrylate)
and porogen (toluene) formed the porous network
polymer. The schematic presentation for the polymer
synthesis is shown in Figure 2. The maximum ad-
sorption capacity of the polymer for fluoride was
116.5 mg/g. Recently, a similar compound based on
poly(zirconyl dimethacrylate-co-vinyl imidazole)]
was also reported. The maximum fluoride adsorption
capacity was 109.6 mg/g [43].

Magnetic adsorbents are now familiar in this arena
to increase separation efficiency. As fluoride is a
hard base with a small size and high, electronegativ-
ity magnetic hydrogels have good separation abili-
ties, which were strengthened by lanthanum loading
in lanthanum-loaded magnetic cationic hydrogel
(MCH-La) [44]. The hydrogels are prepared by
crosslinking (3-acrylamidopropyl) trimethylammo-
nium chloride (APTMACI), N,N-methylene bisacry-
lamide (MBA), N,N,N',N'-tetramethylethylene-di-
amine (TEMED) in the presence of y-Fe,Os. The
maximum fluoride adsorption capacity for MCH-La
was 136.78 mg F~/g at an equilibrium fluoride con-
centration of 29.3 mg/l and pH 7.0.

Generally, triaryl boron-containing m-conjugated sys-
tems are known for their electronic and photophysi-
cal properties. But, these systems viz. (boron based
conjugated microporous polymer) were also explored
in defluoridation and F~ ion sensors [45]. It was the
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Figure 2. Schematic presentation of synthesis of ZrVBZ adsorbent [42].

product of polycondensation of tris(4-bromo-2,6-di-
methylphenyl)borane and tris(4-dihydroxyboranyl-
phenyl)amine (TBPA). The conjugated polymer
showed an excellent adsorption capacity of up to
24 mg/g at equilibrium fluoride concentrations of
16 mg/l and a temperature of 298 K.

Crosslinked chitosan-polyvinyl alcohol (Ch-PVA)
materials were used for defluoridation [46]. The cross-
linking materials used were ethylene glycol digly-
cidyl ether (EGDE) and sodium tripolyphosphate
pentabasic (TPP). The presence of epoxy groups
bridged the condensation reaction between chitosan
and PVA. The ionic crosslinking occurred between
TPP and chitosan chains. The maximum fluoride ad-
sorption capacity of the crosslinked material was
12.64 mg/g at pH 7 and 30 °C.

The adsorbent iron-aluminium-cerium tri-metal hy-
droxide (Fe—Al-Ce) with a polymer latex acrylic-
styrene binder coated on the sand by spraying tech-
nique. The system showed fluoride adsorption of
3.46 mg/g at pH 7.0 and 50 mg/l fluoride concentra-
tion [47]. Polysulfone/ZnCr;-NOs-layered double
hydroxides (PS/ZnCr;-NO3;-LDH) composites were
prepared by phase inversion and investigated for de-
fluoridation by Koilraj and Kannan [48].

3.3. Conducting polymers

The loss of activities due to agglomeration, low ad-
sorption capacities, reduced selectivity, and difficul-
ty in isolation from an aqueous medium prompted
separation researchers to prepare hybrid materials
consisting of polymers having large active porous
surfaces. In this direction, one of the approaches is
adsorbents in conducting polymers domain. Con-
ducting polymers are in conjugation and charge car-
riers. The charge carriers have gained the freedom
to move over the entire chain. It has exchangeable
counter ions from the oxidative solution. Thus, it can
adsorb the ions on its surface. They exhibit desired

properties like large surface area, chemical stabilities,
modifiable surface chemistry, and high affinity for
anionic pollutants [49, 50].

The conducting polymer-based materials have four
categories, viz. (a) conducting polymer, (b) conduct-
ing polymer/adsorbents, (¢) conducting polymer/clay
minerals, and (d) conducting polymer/inorganic ma-
trices. Hydrous TiO,/polypyrrole hybrid nanocompos-
ite showed fluoride’s synergistic effect in adsorption
capacity. The maximum adsorption capacity gained is
31.93 mg/g [51]. Polypyrrole (PPy)/HSnO (% load-
ing, Pyrrole = 47.41, HSnO = 52.59) exhibited the
best defluoridation performance and the maximum
adsorption capacity 28.98+0.37 mg/g at 328 K. The
hybrid materials possessed good regeneration proper-
ties and high desorption efficiency of 95.81% up to
three cycles [52]. Fe;04/PPy nanohybrid composite
showed its excellence in adsorption even after 20 re-
cycles [53]. The adsorption was enhanced in a rotating
magnetic field. The maximum removal rate was
78.2% for fluoride (10 mg/l) aqueous solution [54].
The hydrous CeO,-Fe;04 decorated polyaniline fibers
gained a maximum capacity was 93.46—117.64 mg/g
in a broad pH of 3—10 [55]. Hydrous ZrO;-polyani-
line (PANI) nanofibers showed the potential of high
adsorption capacity towards F~ ions [49, 56]. Cellu-
lose nanofiber-PANI-templated ferrihydrite nano-
composite, the unique hybrid material, showed an
adsorption capacity of 50.80 mg/g [57].

The synergistic effect of polyaniline/alumina (PANI/
AlO) and PPy/AlO composite in terms of defluori-
dation (Figure 3)was reflected in the study of
Karthikeyan et al. [50]. The maximum amount of ad-
sorption was 6.6 and 8 mg/g for polyaniline/alumina
and polypyrrole/alumina, respectively. The removal
of fluoride ions by alumina occurs through the for-
mation of an aluminium-fluoro complex, whereas
for conducting polymer, it is through ion exchanging
of dopant ions.
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Figure 3. Ion exchange phenomena of doped ionizable chlo-
ride ions with fluoride ions [50].

Clay-based conducting polymer, polypyrrole-mont-
morillonite (PPy—MMT) composite, had the poten-
tial for defluoridation activities [58]. The maximum
adsorption was 5.10 mg/g compared to 2.66 mg/g
alone. The physical adsorption and ion exchange
mechanistic pathways developed a synergetic ap-
proach to fluoride removal. Polypyrrole with atta-
pulgite (magnesium aluminium silicate material)
formed a composite showing defluoridation potential
from an aqueous solution [59]. The adsorption effi-
ciency was 74.71% at a sorbent dose of 0.18 g.

3.4. Ion exchange resin

It is another important class of materials used in this
defluoridation arena. The aluminium form of each
aminomethyl phosphonic acid-type ion exchanger
based on the copolymerization of two monomers
(i.e., methyl methacrylate-ethylene glycol dimethacry-
late) showed selectivity and excellent capacity for
fluoride separation. The uptake was better than that
of the commercially available strongly acidic cation
exchanger Indion 225 and aminomethyl phosphonic
acid-type chelating ion exchanger Duolite ES 467
[60]. Samatya et al. [61] prepared the Zr-immobilized
resin based on Diolely phosphoric acid (DOLPA) and
divinyl benzene (DVB) through surface template
polymerization. The preparation was carried out
w/o/w an emulsion. PVA was taken as an emulsion

{Diolely phoshoric acid (DOLPA) + sorbitan monooleate 80 + polystyrene} + zirconyl chloride octahydrate

stabilizer. Polystyrene was used as porogen to immo-
bilize more adsorption sites. The schematic illustra-
tion of the prepared resin is presented in Figure 4. The
removal of fluoride ions using the Zr(IV) complex
and phosphate functionality as a recognition site.
Modification by ethylenediamine of synthetic co-
polymeric resin viz. vinylbenzyl chloride/divinylben-
zene (VBC/DVB), styrene/divinylbenzene/vinylben-
zylchloride (ST/DVB/VBC) and acrylonitrile/divinyl-
benzene/vinylbenzylchloride (AN/DVB/VB) exam-
ined for defluoridation experiment. The resin’s mech-
anistic aspects are presented as follows (Figure 5).
AN/DVB/VBC-ED resin possessed higher deflu-
oridation capacity (DC) than ST/DVB/VBC-ED
and VBC/DVB-ED resins among all the synthetic
resins [62].

Cai et al. [63] prepared nanocrystalline Li/Al-based
layered hydroxide (LALDH-201) impregnating Li/Al
inside a commercial polystyrene anion exchanger
D201. The fixed-bed adsorption of LALDH-201 of
the Fluoride contaminated groundwater was 4.1 mg/I,
~11 times compared to the anion exchanger D201.
A similar study was also carried out using nanosized
hydrous zirconium oxide (HZO) within anion ex-
changer D201. It showed 7—14 times capacity com-
pared to D-201 [64]. ZrO, nanoparticles on polymer-
ic anion exchanger resin. Hybrid anion exchange
resin was reported by Singh et al. [65]. The maximum
fluoride uptake capacity of the resin resulted in
12.0 mg/g. Nanosized cerium oxides (NCO) inside
a porous polystyrene anion exchanger (PAE) func-
tionalized with positive quaternary amine groups
([-N(CH3)**]) showed the ability for efficient fluo-
ride removal from wastewater [66].

Robshaw et al. [67] had shown the defluoridation
potential of Purolite® S950+ loaded with lanthanum
ions [67]. Purolite® S950+ commercial resin is a
macroporous, weak acid, chelating one. It consisted
of a styrene/divinylbenzene main chain with amino

Sonication Water in oil emulsion

2,2'-azobis
2 4-isobutyronitrile)

PVA + magnesium nitrate —— Aqueous phase

Polymerization

Zr(IV) immobilized resin

Figure 4. Schematic presentation of surface template polymerization with water/oil/water emulsions [61].
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(1) Vinylbenzyl chloride/divinylbenzene-ethylenediamine (VBC/DVB-ED) resin

-
OMNPh—CH-NH-(CHS)Z-NH3+—>q O“WPh—CHz-NH-(CHZ)Z-NH;...F*
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(2) Styrene/divinylbenzene/vinylbenzylchloride-ethylenediamine (ST/DVB/VBC-ED) resin

q

@th—CHZ-NH-(CHZ)Z-NH;
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O«N»Ph—CHZ-NH-(CHZ)Z-NH;A -

Exhausted

(3) Acrylonitrile/divinylbenzene/vinylbenzylchloride-ethylenediamine (AN/DVB/VBC-ED) resin
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i
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Figure 5. Reaction scheme of fluoride sorption onto different resins (VBC/DVB-ED, ST/DVB/VBC-ED, and

AN/DVB/VBC-ED) [62].
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sz OH, F\\ F
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Figure 6. Schematic presentation of fluoride adsorption by La-Purolite S 950+ [67].
phosphonic acid functional groups. The La-modi- ( §
O

fied one exhibited a large maximum defluoridation
capacity of 187+15 mg/g from the NaF solution
and 126+10 mg/g from the leachate. The schematic
diagram of the fluoride uptake is represented in
Figure 6.

Meenakshi and Viswanathan [68] experimented with
Indion FR 10 (IND), crosslinked polystyrene, the
chelating resin. The results showed that chelating
resin was more selective than an anion-exchange
resin for fluoride removal. The mechanistic aspect
is in the following figure (Figure 7).

The incorporation of aluminium(hydr)oxide mate-
rial inside the pores of Purolite A520E (strong-base
ion-exchange resin) made it promising for fluoride
removal. Purolite A 520E is macroporous polystyrene

919

,W\,Wwvé_ OH+ F — » wwmm§—oH5+...Fff H-bonding
(e}

Indion FR 10 Exhausted resin

Figure 7. Adsorption of fluoride ions by Indion FR 10 resin
[68].

crosslinked with divinylbenzene with a quaternary
ammonium functional group [69].

The pulverized spent resins were loaded with Zr(IV)
ions to develop adsorption sites, which effectively
adsorb fluoride ions. The acidic cation exchange resin
(MUROMAC MBX8-WH was polystyrene cross-
linked by divinyl benzene and contains sulfonic acid
groups [70]. At first, Zr(IV) was adsorbed following
the cation exchange reaction. Consequently, the -OH
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Pulverised spent resin after Zr(IV) loading

Zr(IV) loaded pulverised spent resin
after fluoride adsorption

Figure 8. Zr(IV) Adsorption mechanism onto spent cation exchange resin powder and that of fluoride ions on the Zr(IV)-

loaded spent exchange resin powder [70].

functional group was replaced by fluoride ion re-
spectively (Figure 8).

Amberlite XAD-4TM (styrene-divinyl benzene) had
been modified by introducing amino functionality
onto the aromatic ring for its application in fluoride
remediation [71]. An Al(Ill)-loaded and AI(OH);-
coated chelating resin Lewatit TP 260 (Crosslinked
polystyrene, aminomethylphosphonic acid) was pre-
pared. Both the modified forms of the resin showed
their abilities to remove F~. The maximum adsorp-
tion capacity of Al(OH)s-coated resin and AIl(III)-
loaded resin was 0.55 and 0.40 mg/g, respectively
[72]. Lanxess TP208 (crosslinked polystyrene with
chelating diamino acetate group), a weakly acidic
macroporous cation exchange resin exchanged with
AI*" ions, showed a selective mode of removing flu-
oride ions [73]. Amberlite IRA400CI anion resin,
polystyrene divinyl benzene copolymer matrix, and
chloride as mobile ions showed 76% fluoride re-
moval [74].

4. Membrane materials

There are unequivocal shreds of evidence that mem-
branes are the best water purification solution. The
membrane system can be tailor-made per the peo-
ple’s requirements by making it compatible with
water sources and demand. The ‘fluoride in water’
crisis challenges us to develop solutions for a very
urgent issue. The membrane sector is vital as a driver
of defluoridation techniques and time-to-market de-
velopment [75-78]. The membranes have unique
specialities in separation science as no need of chem-
icals are needed and have the capabilities to work
under a wide pH range. The relevant membrane
processes include nanofiltration, reverse osmosis,
membrane distillation, and electrodialysis.

The defluoridation activities are mostly fit for nano-
filtration as low-pressure RO membranes. Nanofil-
tration is a separation process positioned between ul-
trafiltration and reverse osmosis. It replaces conven-
tional methods of water softening with more low
pressure than reverse osmosis. The molecular weight
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cut off’s (MWCO) for the membranes is generally
300 to 1000 Da (diameter in ~1 nm) [79-81]. It
showed selectivity in ionic species, with weaker
monovalent ions retention than bivalent ions. The
process is applicable for total solid retention for salts
with low concentrations. The high negative charge
of fluoride makes it better retention through the
nanofiltration process.

Polymers have flexibility in the preparation of mem-
branes as it inherits the property of pores and charge
generation. The breadth of polymers available for
membranes has grown in the past few decades. The
polymer research echoed this aspect of their behav-
iours because of its trouble-free processibility, ability
to last, and lower price than the other parallel mate-
rials. The ‘in-built’ configurations make it feasible
for the separation of ions. Moreover, they are flexi-
ble in terms of blending, composite, and surface
modification as necessary. Of course, compatibility
issues are to be considered. Thin film composite
(polymer-based) membranes marked their position
in defluoridation.

The composite signifies that different polymers are
put together to be useful in applications. In the mem-
brane arena, thin-film composite is a revolutionary
technology. It consists of two polymer layers (i.e.,
support and selective layer). The schematic presenta-
tion is as in Figure 9. The significance of the polymer
support layer is to bring mechanical strength to sustain
higher pressure in its engineering shape. The polymer-
ic support layer was embedded in nonwoven polyester
support, which imparted mechanical strength so that

Selective layer Support layer

Nonwoven fabric

Figure 9. Schematic presentation of thin film composite
membrane.
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the membrane could be artfully worked out in shape
and endure higher pressure. The support layer was
chosen that fits in phase separation. The wet phase
separation technique forms the pores on support lay-
ers. It means that diffusive transport of solvent-non-
solvent takes place in polymeric matrices. In this re-
gard, a few polymers (viz. polysulfone, polyether
sulfone, polyvinylidine difluoride) are commonly
used. The selective layer controls performance (flux
and rejection), whereas the porous support layer is for
the sustainability of the selective layer with a mini-
mum resistance in permeate flow. Thus, the compos-
ites have specialities, and two important layers can be
tuned for different functions.

The selective layer is polyamide considering the im-
portance of -CONH- in biological systems. The
polyamide formation occurs in situ through an inter-
facial polymerization reaction between diamines and
acids/acid chlorides. The chemistry is represented in
Figure 10. It is a straightforward reaction to form a
polymer network structure consisting of two/more
monomers in different solvents at the interface. The
selective layer controls performance (flux and rejec-
tion), whereas the porous support layer is for the sus-
tainability of the selective layer with a minimum re-
sistance in permeate flow. Thus, the composite has
a speciality, and two important layers can be tuned
for different functions. Different amines and acid
chlorides are used in interfacial polymerization to
form polyamides [82]. Literature reports regarding
the various commercial polyamide nanofiltration/
low-pressure RO membrane exist. However, the de-
tail of the chemistry of the membrane preparation is
not revealed.

Extensive study has been done regarding the use of
commercial membranes in defluoridation. As the re-
port mentioned, we intend to unveil the membranes’
chemistry and defluoridation potential. BW30 and
NF270 (Dow FilmTech™, Minneapolis, MN, USA)
are polyamide thin film composite (TFC) membrane.
BW30 is a fully aromatic polyamide-based RO
membrane, whereas NF270 is a piperazine-based

NH

2

COCI

NH

1, 3 phenylene diamine
in ag. medium

Polyamide 2

CIoC

COCI

polyamide NF membrane with semi-aromatic, weak-
ly acidic COO™ groups [83]. NF 270 is rather a loose
membrane, whereas BW30 is a tight one [84, 85].
The fluoride rejection of NF 270 was lower than
BW30. Filmtec NF70-2540 membrane (DOW Chem-
ical, Denmark) having MWCO 180 Da used a thin-
film polyamide composite on a polysulfone support
designed for tangential filtration [86]. The fluoride
rejection was >94% for 6 bar pressure. Choi ef al.
[87] experimented with NTR-7250 (polyvinyl alco-
hol- piperazine based) membrane and compared the
performances with NTR-7450 (Nitto Denko) (poly-
sulfone based). NTR-7450 (=10 mV) has a higher
surface potential than NTR-7250 (-5 mV at around
pH 7). It showed a higher rejection rate than the
NTR-7250. The rejection rate of fluoride was 72%
for NTR-7450 whereas for NTR-7250 it was 70.4%
(5 ppm).

The separation of fluoride with the Osmonics spiral
module containing the HL 2514 T membrane was
carried out. The membrane featured molecular weight
cut-off (MWCO) for the organic compounds of about
150 to 300 Da. The module was ~64 mm in diameter
and 356 mm in length. The HL membrane showed
maximum >80% fluoride retention [88]. In a differ-
ent experiment, two commercial polyamide mem-
branes (NF90 and NF400) had different MWCOs,
90 and 400. NF90 rejected all the fluoride ions prac-
tically. There was no influence of feed concentration
on fluoride, whereas NF400 showed no remarkable
performances [89]. Three polyamide nanofiltration
membranes (NF70 (Film Tec), DESAL 5DL (Os-
monics), and MT 08(PCI)) were used for the deflu-
oridation in natural brackish water from Senegal
[90]. The efficiencies of these membranes were close-
ly linked to the nature of the feed solution. The com-
posite membranes were shaped into spiral wounds
of a standard size (2540). The rejection rate [%] was
91, 83, and 90%, respectively, for 5 mg/l, at § bar
pressure and pH 6 for these membranes [90, 91].
Valentukeviciene et al. [91] experimented with
polyamide NF270 (piperazine based polyamide)

HN™Y

L_NH
Piperazine

in ag. medium

Poly(piperazin-amide)

Benzene-1,3,5-tricarbonyl trichloride

in hexane

Figure 10. Chemistry of selective layer in thin film composite.
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and NF90 (aromatic polyamide, Filmtec Dow)
membranes. The NF90 can be regarded as a ‘dense’
and the NF270 as a ‘loose’ NF membrane. Both
membranes are negatively charged (MWCO of
NF90: 200 Da, NF270: 300 D [92]. NF270 repre-
sented lower roughness than NF90 [93]. The rough-
ness of the membrane depends on the nature of
monomers in interfacial polymerization, support
polymers, and preparative conditions. The charac-
teristic features influenced defluoridation perform-
ance. NF90 polyamide membrane retained 92% of
fluoride ions, whereas NF270 polyamide kept 67%.
The permeability results revealed that the NF270
membrane was more productive than the NF90
membrane, as evidenced by Hoinkis et al. [92] re-
ported. NF270 could keep the fluoride level below
the maximum contaminant level (MCL) (1.5 mg/l)
up to 10 mg/l feed concentration. In contrast, the
NF90 could keep fluoride permeate concentration
below MCL for <20 mg/I feed concentration.

Commercial spiral wound RO-SG-2514 (Osmonics)
and NF90-2540 (Dow-Filmtec) were used for the de-
fluoridation of water and metal packaging industrial
effluent [94]. Both were thin film polyamide com-
posite membranes. The removal efficiency for fluo-
ride was influenced by several parameters: feed con-
centration, transmembrane pressure, ionic strength,
nature of cation associated with fluoride, and pH
[95]. NF90-2540 membrane showed maximum re-
jection (>97.6%), whereas it was 92-97% for RO-SG.
Diwara et al. [96] experimented with nanofiltration
(NF) and low-pressure reverse osmosis (LPRO), both
from Dow Chemical, in a membrane filtration plant
constructed by Pall Corporation. The NF membrane

Table 1. Some details of some commercial membranes.

resulted in a fluoride retention rate of 63.3-71%,
whereas the low-pressure reverse osmosis (LPRO)
membrane rejected 97-98.9%. Gedam et al. [97] ex-
perimented with defluoridation using Filmtec Spiral
wound with a composite polyamide membrane mod-
ule (model no. TW30-1812-75) with an effective
area of 0.1054 m?, module length of 300 mm and di-
ameter of 40 mm. The spiral-wound membrane
module was based on a polyamide membrane with
an effective area of 2.5 m?> (RE 2540, Saehan) [98].
It retained fluoride ions (retention factor >98%).
Shen & Schéfer used six commercial membranes
(BW30, BW30-LE, NF90, NF270, TFC-SR2 and
TFC-SR3) [99]. All these membranes are thin film
composite (TFC) membranes with a polyamide-
based active layer [100—102]. Some details of the
commercial membranes are summarised in Table 1.
Chakrabortty et al. [104] experimented with three
thin film polyamide composite nanofiltration mem-
branes (NF-1, NF-2, and NF-20), Sepro Membranes
Inc. (USA) for defluoridation. The fluoride rejection
[%] was 95, 78, and 86, respectively. The separation
performances depended on the difference in charac-
teristics of the membranes. The features depend on
the polymers and the membranes’ preparation con-
ditions. Three polyamide nanofiltration thin-film
composite (TFC) membranes SR-1 (Koch Fluid Sys-
tem), DS-5-DL (DL) (Osmonics), and DS-51-HL
(HL) (Osmonics) were used for the defluoridation
performance [105]. The defluoridation performance
increased with the higher solution flux and the lower
feed concentration. Table 2 depicts the membrane’s
physical parameters (pore radius, pure water perme-
ability, and surface electrical potential). The various

Membrane Type Diamine Reference
A-15 (Permasep) Polyamide 1, 3 phenylene diamine [103]
NF90 (Dow filmtech) Polyamide 1, 3 phenylene diamine
NF270 (Dow filmtech) Poly(piperazine-amide) Piperazine
HL (GE Osmonics) Poly(piperazine-amide) Piperazine [102]
DL (GE Osmonics) Poly(piperazine-amide) Piperazine
BW30 (Dow filmtech) Polyamide 1, 3 phenylene diamine

Table 2. Some parameters of different commercial membranes [105].

Pure water permeability, L, -10°

Membrane pore radius, rp

Membrane electrical potential, ¥

Membrane [m¥/(m?s-kPa] [nm] [mV]
SR-1 24.47+0.24 0.70£0.29 3512027
DS-5-DL (DL) 21.20+0.32 0.58+0.18 35.0+0.63
DS-51-HL (HL) 25.04+0.22 0.4120.02 53.5+6.83
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parameters (viz., the support polymer rejecting poly-
mer layer, reaction conditions) influenced the char-
acteristics.

Researchers [106, 107] experimented with the four
RO/NF polyamide membrane systems BW30, LE,
NF90, and NF270. The first two were for brackish
water, whereas NF90 and NF270 were for nanofil-
tration applications. NFO0 membrane exhibited the
best overall performance in water quantity and qual-
ity among the four. It was a pilot-scale solar-powered
membrane system and employed high-fluoride brack-
ish water in northern Tanzania. Throughout a typical
solar day, the NF90 membrane system produced
1582 1 of drinking water in permissible fluoride lim-
its, with an average recovery of 27.8% and average
specific energy consumption (SEC) of 1.6 kWh/m?.
Filmtec XLE-440 RO element was used for defluo-
ridation [108]. The composition is unknown. The
blending strategies were adopted to make it econom-
ical. The RO permeate water with a fluoride concen-
tration of <0.03 mg/l was blended with the artificial
groundwater to ensure a fluoride level below 1.3 mg/1
in the drinking water.

The exciting study of Saxena et al. [109] showed the
performance variation of poly(piperazine-amide)
coating on different recycled stages of polysulfone
(Ps) membranes( I* to VIII™M). The ~15% increase in
separation for 10 mg/l fluoride from Memb.-I-Pip to
Memb.-VIII-Pip. The maximum separation of fluo-
ride is 84.9% for Memb.-VIII-Pip.

Another attempt had been made to study the conse-
quence of salt in a gelation bath and interfacial poly-
merization regarding the behaviour of poly(piper-
azine-amide) TFC membranes to separate fluoride
from water. The flux through the polysulfone (Ps)
membrane decreased with total dissolved salts (TDS).
The increase in salt concentration in the aqueous
phase of the interfacial reaction influenced the salt
separation abilities of the TFC membranes. The max-
imum separation of fluoride was ~88% for the pre-
pared membrane in which the salt concentration of
the aqueous medium was 5 mg/l in the interfacial
polymerization [110].

Apart from the thin film polyamide composite mem-
branes, a few other membranes were experimented
with. Iron(III) oxide (Fe,O3) nanoparticles modified
polyethersulfone (PES)/cellulose acetate (CA) blend
membranes were one of them [111]. Composite
membranes were prepared by incorporating various
amounts of Fe,O3 nanoparticles. The defluoridation

potential was confirmed of the Fe,O3 nanoparticles
for blended PES/CA membranes. The maximum flu-
oride removal efficiency of 70.3% was observed for
a single run.

The hydrophobic nature of the polymers and poly-
mer membranes played a role in membrane distilla-
tion. Plattner et al. [112] used commercial polytetra-
fluoroethylene (PTFE) membrane (General Electric,
USA) in membrane distillation (MD). The key fea-
ture is the vapour-driven force compared to other
pressure-driven technologies in membranes [113].
Direct contact MD produced high-quality water per-
meate (96-99% F rejection). Coupling with vacuum-
enhanced DCMD (VEDCMD), the permeate flux in-
creased by 42%. Hydrophobic polyvinylidene fluo-
ride (PVDF) hollow fiber membranes in membrane
distillation [114]. Direct contact membrane distilla-
tion (DCMD) is one of the techniques where the hy-
drophobic membrane directly partitions the feed and
the distillate. It was simple, and the condensation oc-
curred inside the membrane module. The maximum
permeate flux was 35.6 kg/(m?-h).

The ion exchange membranes can remove fluoride
ions from water. It shows ion permselectivity and is
classified into cation and anion exchange mem-
branes. The positively charged groups are fixed to
the anion exchange membrane, and cations are re-
jected by the positive charge and cannot permeate
through anion exchange membranes. This is because
anion exchange membranes are only permeable by
anions. The electro dialyzer controls selective per-
meation. The ion exchange membranes have advan-
tages over the ion exchange granules regarding re-
generation. The regeneration is not required as it
allows ions to permeate by direct current in an elec-
tro dialyzer.

The ion exchange membranes are polymer-based.
Mostly anion-exchange membranes viz. DSV, AFX,
AMX, ACS, AFN, AHA, and SB-6407) had the de-
fluoridation potential [115-117]. AFX anion ex-
change membrane (polystyrene-divinyl benzene-
polyvinyl chloride) was used in a diluted solution
[118]. The ion exchange group associated with it was
~N(R);*. It was based on the chemical potential dif-
ference between the two compartments partitioned
by an ion-exchange polymer. The plasma-modified
membranes showed better flux and recovery values
compared to pristine membranes. Tor [119] used
Neosepta-ACM  (anion-exchange membrane)
(Tokuyama Soda Co. Ltd.) in the Donnan dialysis
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condition. ACM membrane possesses quaternary
ammonium as functionality. The membrane was in
the chloride ion form. The transport of fluoride ions
was maximum at pH 6 of the feed phase and pH 1
of the receiver phase. Durmaz et al. [117] experi-
mented with anion exchange membranes used to re-
move fluoride. The nature of membranes was homo-
geneous and contained quaternary ammonium bases
as ionic groups. They (AFN, AHA, SB-6407) were
different from each other in the degree of crosslink-
ing. The fluoride transport order was as follows:
AFN>AHA>SB-6407.

Polyvinylidene fluoride (PVDF) blend poly(methyl
methacrylate)-co-poly(chloromethyl styrene) (PMMA-
co-PCMSt) membranes prepared through a nonsol-
vent induced phase separation process (Figure 11).
Post-treatment with a tertiary diamine (tetramethyl
diamino hexane, TMDAH) of the membranes made
it fit for defluoridation. The membrane containing
69.5% w/w copolymer and 30.5% w/w PVDF exhib-
ited excellent fluoride removal efficiency [120].
Membrane capacitive deionization (MCDI) is an ad-
vanced technique developed by Lee ef al. [121]. In
the MCDI technique, the counterions (ions with a dif-
ferent charge from the local electrode) are more fully
depleted through electrode desorption [122]. Capaci-
tive membrane deionization (MCDI) combined with

N\\\/\N.NJ\\
N

a monovalent anion permselective exchange mem-
brane (PSM) was the technique for defluoridation
[78]. The MCDI unit cell comprised an acrylic plate,
anode electrode, cation exchange membrane (Neo-
ceptaCMX, Tokuyama, Japan), nylon spacer, anion
exchange membrane (NeoceptaAMX, Tokuyama,
Japan, and SelemionASYV, Asahi Glass, Japan), a
cathode electrode, and acrylic plate.

Porous membrane composites based on poly(vinyli-
dene fluoride-hexafluoropropylene) (PVDF-HFP)
with adsorbents (viz. montmorillonite (MMT), zeo-
lites (NaY), bayerite (BAY) and hydroxyapatite
(CaHAp)) were prepared by thermally induced phase
separation [123]. A maximum fluoride separation of
68% was obtained after 6 filtrations for the
CaHAp/P(VDF-HFP) composite membranes.
Cellulose acetate-based mixed matrix membrane
(MMM) using mixed metal oxides nanoparticles-
polymer composite (Fe-Al-Mn@chitosan) as nano-
filler was used in defluoridation [124]. The total flu-
oride ion rejection (11096 mg F/m?) by the M8
membrane (CA: Fe-Al-Mn@chitosan 92:8) was
found to be much higher compared to calculated flu-
oride rejection, which may be expected through ad-
sorption only (92 mg F/m?). The two mechanistic
ways proposed were electrostatic repulsion between
F~ and negatively charged MMM surface and the

al Azobisisobutyronitrile
o F |
= Ox N

N,N-dimethylmethanamide

Methyl methacrylate Chloromethyl styrene

Cl
Poly(methyl methacrylate)-co-poly(chloromethyl styrene)

F

A

Casting on fabric

PVDF
( Film )
|
~ N/\/\/\/N ~
| Post treatment
N,N,N’,N-tetramethyl-1,6-diaminohexane
( Film )

TMDAH functionalised PVDF blend poly(methyl methacrylate)-co-
poly(chloromethyl styrene) membrane for fluoride removal

Figure 11. Schematic presentation of PMMA-co-PCMSt copolymer synthesis and preparation of blend membrane using the
nonsolvent induced phase separation and post-treatment with TMDAH [120].
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water-swelling nature of chitosan. The swelling na-
ture of chitosan-cellulose acetate pores might create
more resistance to water flow.

5. Conclusions

The growing global need for water and water treat-
ment has driven the widespread development of
Polymeric materials. The researcher’s creative power
brings forth modified polymers, revealing the possi-
bilities to defluorinate water. The inherent character-
istics of polymers made it possible to achieve the
requisite properties. The polymeric adsorbent and
membrane have paved their water in defluoridation.
The other direction of polymeric materials is macro-
cycles (via the crown ether, cyclodextrin, porphyrins)
based compounds in which flexible design for spe-
cific structures and functions showed many possibil-
ities. It may be promising in the recognition of ions
through host-guest chemistry and non-covalent in-
teractions [ 125, 126]. The stupendous research efforts
of polymeric development show people’s confidence
in the future.
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