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ABSTRACT: Fluoride (F~) is one of the common naturally
occurring anions present in groundwater worldwide that may be
beneficial or detrimental depending on the total amount
ingested and the duration of exposure. Among all the
remediation techniques, adsorption using nanomaterials shows
superior efficiency and the process can be eco-friendly and
economical. We report cellulose nanofiber-polyaniline (PANI)-
templated ferrihydrite nanocomposite synthesized by a green
one-pot process where the iron precursor not only acts as an
oxidant for the polymerization of aniline to give emaraldine
base—emaraldine salt (EB—ES) form of PANI but also forms 2-
line ferrihydrite (FeOOH) nanoparticles in situ. These nano-
particles get embedded into the cellulose—PANI blend to give a
granular nanocomposite having double action sites for

Fluoride
contaminated water

sustainable nanocomposite for |
fluoride adsorption

Fluoride free water

adsorption and robustness which also prevent nanoparticle leaching. Doped PANI and FeOOH act as synergistic adsorption

sites for F~

removal which results in an enhanced uptake capacity. The materials’ adsorption mechanism and removal

performance have been evaluated by diverse analytical techniques. The investigations led to the conclusion that the material is
suitable to be used as adsorption media in the form of simple cartridges for gravity-fed water purification. In addition, the impact
of such materials on the environment has been assessed by evaluating the relevant sustainability metrics and socio-economic

Downloaded viaINDIAN INST OF TECH MADRAS on December 31, 2019 at 05:41:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

parameters.
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1. INTRODUCTION

Fluorine is the lightest halogen and the most electronegative
element of the periodic table. It ranks 13th in terrestrial
abundance and 625 mg/kg of it can be found in the earth’s
crust.' In nature, it exists as fluoride anion (F~) and occurs
mainly as sedimentary rocks like fluorspar, apatite, and so
forth.” These fluoride minerals are mostly insoluble in water,
unless factors like high alkalinity, temperature, and low fluoride
and high bicarbonate concentrations in the water medium
cause its mobilization, thereby resulting in fluoride contami-
nation."”” The hydrogeochemical factors give rise to natural F~
in groundwater in the range of 0.5—50 ppm, keeping the
latter’s color, smell, and taste intact. Although a concentration
up to 1—1.5 mg/L is the requirement for good dental health,
prolonged exposure to water consisting F~ in the range of 1.5—
4 and 4—10 mg/L is known to cause dental and skeletal
fluorosis, respectively.”* Fluorosis is known to affect over 200
million people, from about 25 countries across the globe,
making F~ one of the deadliest inorganic pollutants of natural
origin in groundwater.””® The risk of fluorosis because of
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human consumption of such water is faced by many countries,
notably India, Sri Lanka, China, Chile, Mexico, and Hungary,
the Rift Valley countries in East Africa, Turkey, and parts of
South Africa.”” Solution for F~ contamination is suggested to
be an affordable removal method with simplicity in design and
operation.

Defluoridation can be carried out at household and
community levels.” Conventionally, coagulation and precip-
itation on activated alumina, alum, and calcium hydroxide have
been widely employed which results in an unpleasant taste for
the resultant water and increase in the residual ion
concentration.'®™"® Other methods like membrane filtration,
reverse osmosis, electrocoagulation, dialysis, and ion exchange
are efficient but expensive and cumbersome, and also require
high maintenance.'°™>" Adsorption is a widely used process
which is economical as well as simple to use.”*” It gives
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Scheme 1. Illustration of CNPFH used For Fluoride Removal from Water
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satisfactory results with less operation time by means of
mechanisms like external mass transfer, surface adsorption, and
intraparticle diffusion. Many low cost adsorbents have also
been employed for fluoride removal like alumina, red mud,
clays, fly ash, activated carbon, calcite, brick powder, activated
coconut-shell, oxide ores, and bone char, which exhibit varying
uptake capacities.”® Activated alumina is popular amongst
other adsorbents because of its high surface area, which
induced greater uptake while maintaining its structural stability
without shrinkage, swelling, or disintegration in water. >3
Other metal oxide- and hydroxide-based adsorbents prepared
in micro and nanoforms include modified ferric oxide/
hydroxide, hydroxyapatite, magnesium, zirconium, and ce-
rium-modified materials, titanium-derived adsorbent, schwert-
mannite, zeolite, and so forth; all of them show higher uptake
and selectivity toward fluoride.”"**~*° Biopolymer-derived
adsorbents like chitosan, chitosan derivatives, and metal (Mg,
Al, Fe, Zr, Ce, La, and Nd) impregnated chitosan have been
thoroughly studied giving adsorption capacities ranging from
1.39 mg/ﬁ for raw chitosan to 44.4 mg/g for silica-coated
chitosan.”** Although, chitosan is environmentally friendly, it
is derived from crustacean shells and is a less sustainable
option as compared to plant sources. Its polycrystalline nature
reduces uptake capacities as adsorption takes place only on the
amorphous region available on the surface. On the other hand,
nanocellulose, derived from cotton or wood pulp, having
hydrophilic surface chemistry, high strength, chemical inert-
ness, and high surface area is a promising material to be used as
a matrix for adsorbent synthesis.”> Cellulose nanofibers
(CNFs), typically in the range of 2—20 nm in diameter and
1—-100 pm in fiber length and is exposed with hydroxyl groups
in the process of production.””* Polymer-based nano-
composites have become a prominent area of research in the
field of water purification because of the advantages like film
forming ability, dimensional variability, and availability of
various tunable functional groups. Polyaniline (PANI),
polypyrrole (PPy), polythiophene, and their derivatives/
analogues, have gained popularity as chemical adsorbents
because of their facile synthesis, porous structure, good
electrorheological property, and insolubility in water.’® With
the advancement in nanoscience and nanotechnology, it is now
easy to engineer the polymeric composites with specific
nanoparticles to enhance efficiency, as per the requirement.
In this work, a cellulose nanofiber-PANI-templated ferrihy-
drite (CNPFH) nanocomposite was prepared by a one pot
synthesis process via an in situ polymerization method. The

simple synthesis yielded a sustainable composite which was
used for F~ removal from water by means of adsorption. This
is an eco-friendly adsorbent with high F~ uptake capacity. Iron
oxyhydroxide (FeOOH) is already reported as an efficient
arsenic (As) remover but a poor performer in the case of
F~.”%7 PANI shows unique, yet simple doping/dedoping and
redox chemistry, and it is cost-effective and nonhazardous in
pure form.”® It also has been reported as a F~ remover but with
a meager uptake capacity of 0.8 mg/g.”> Here, FeOOH and
PANI were blended together and trapped in the CNF matrix to
get a robust composite for an improved synergistic perform-
ance toward F~ removal. Both of these entities together not
only give a greater number of surface active sites but also
enhance the kinetics of adsorption. Our previous studies have
brought out synergy in the performance of several nanostruc-
tures in water adsorption (Scheme 1).

2. EXPERIMENTAL SECTION

2.1. Materials. Native CNF gel (2.8 wt %) was purchased from
BioPlus. Ferric chloride hexahydrate (FeCl;-6H,0) and NaOH were
purchased from RANKEM Glasswares and Chemicals Pvt. Ltd., India.
Aniline (extrapure, AR 99.5%) was purchased from SRL Pvt. Ltd.
Sodium fluoride Emparta was purchased from Merck. Deionized (DI)
water was used throughout the experiments unless otherwise
mentioned.

2.2. Methods: Synthesis of the CNPFH Nanocomposite.
Aniline (2 mL) was taken in 60 mL DI water and was kept stirring for
30 min. CNF slurry (5 g) was mixed in 10 mL of water which was
then added to the aniline solution. After another 30 min stirring, 1.5 g
of FeCl;-6H,0 was added to the reaction mixture. The resultant pH
of the mixture was about 1.2 which was adjusted to 4 by dropwise
addition of 2 M NaOH. The resultant slurry was stirred for 12 h,
followed by filtration and washing with DI water. The precipitate
collected was dried at SO °C to get shiny black chunks. The chunks
were crushed mechanically and sieved to get the granular adsorbent
media. The product obtained was about 1.8 g.

2.3. Batch Adsorption Studies. In a typical batch adsorption
experiment, 25 mg of the granular media were shaken with 100 mL of
F~ spiked distilled water of 10 mg/L concentration in a 250 mL
polypropylene vessel. The vessels were agitated at 200 rpm in a
thermostatic shaker at room temperature (25 + 2 °C). The water
sample was collected to measure the leftover F~ concentration in
treated water as a function of time and dosage, using a fluoride-ion-
selective electrode (ISE). The maximum uptake of F~ (g.) by
CNPFH was calculated using the eq S1.

2.4. pH Effect. To know the pH effect on F~ adsorption, 25 mg of
granular media were added to 25 mL of F~ spiked water, adjusted to
the required pH by 1 M HCI/1 M NaOH and shaken for 3 h. The
treated water sample was analyzed by ISE.
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2.5. Interfering lons. To understand the effect of interfering ions
on As adsorption, the ions of interest which generally exist in ground
water, like calcium (Ca®"), magnesium (Mg®"), potassium (K'),
sodium (Na*), chloride (CI7), carbonate (CO;””), bicarbonate
(HCO;™), nitrate (NO;7), silicate (SiO,*7), and sulfate (SO,*7)
were spiked in 25 mL of distilled water in separate conical flasks, with
concentrations relevant to ground water. This water was treated with
25 mg of CNPFH for 3 h and ISE measurements were conducted.
The relevant water quality parameters are listed (Table S2,
Supporting Information).

3. INSTRUMENTATION

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were performed at an accelerating voltage of
200 kV on a JEOL 3010, 300 kV instrument equipped with a
UHR polepiece. The accelerating voltage was kept low to
ensure that the beam-induced damage on the material was low.
The samples for HRTEM were prepared as the dispersions
which were drop casted on carbon-coated copper grids and
allowed to dry under ambient conditions. Surface morphology,
elemental analysis, and elemental mapping studies were carried
out using a scanning electron microscope (SEM) equipped
with energy-dispersive spectroscopy (EDS) (FEI Quanta 200).
For the SEM and EDS measurements, the samples were
spotted on an aluminum sample stub. X-ray photoelectron
spectroscopy (XPS) measurements were done using an
ESCAprobe TPD spectrometer of Omicron Nanotechnology.
Polychromatic Mg Ka was used as the X-ray source (hv =
1253.6 eV). The samples were spotted as drop cast films on a
sample stub. A constant analyzer energy of 20 eV was used for
the measurements. Binding energy was calibrated with respect
to C 1s at 284.8 eV. Residual fluoride concentration in water
was measured (using TISAB) by a fluoride-ISE (ION 2700,
Eutech Instruments). Iron concentration in water was detected
using a PerkinElmer NexION 300X ICPMS (inductively
coupled plasma mass spectrometry) with appropriate stand-
ards. Brunauer—Emmett—Teller (BET) surface area was
measured using a Micromeritics ASAP 2020. The samples
were degassed at 200 °C for 4 h under a vacuum and analyzed
at 77 K with an ultrahigh pure nitrogen gas. Thermogravi-
metric measurements were done with a TA Instruments Q500
Thermogravimetric Analyzer (TGA) under air and N,
atmosphere from room temperature to 900 °C, with 10 min
scan rate. All the uptake capacity studies in the batch mode
were done in 250 mL polypropylene conical flasks.

4. RESULTS AND DISCUSSION

4.1. Characterization of CNPFH before and after F~
Uptake. The nanocomposite has been characterized by
HRTEM, powder X-ray diffraction (XRD), SEM, EDS,
mapping, and TG to know about its structural features, surface
and morphological properties, composition, and thermal
stability. Figure 1 presents SEM images of the CNPFH
nanocomposite having rough and granular surface morphology
which does not change upon exposure to various F~
concentrated solutions implying that the process of interaction
is adsorption. This also suggests that the composite possesses
very good mechanical strength which makes it suitable for use
in a water purification cartridge. The granular size is about 150
+ 50 um. The absence of fibrillar structures confirms the
complete transformation of polymeric reagents to the product.
The elemental composition of CNPFH showed C, O, Fe, and
N as major constituents. High carbon content is due to

Elem  Atomic % Atomic %
(Before)  (After)

50.77  53.23
N 4.42 3.68
(¢} 26.81 20.71
Fe 1676 15.92
F 0 6.46
1.24 0.02

Figure 1. (A,B) show SEM of CNPFH before and after F~
adsorption, respectively. (C,D) EDS elemental mapping of N, O,
Fe, F, and Cl of CNPFH before and after F~ adsorption, respectively,
along with EDS quantification of elements.

nanocellulose and PANI forming the backbone of the
composite structure while N and O (partly) come from the
major functional groups of the respective polymers. Fe and O
constitute the presence of iron oxide content in the composite.
Mapping shows the uniform distribution of each element
throughout the surface, specifically F~ in the adsorbed sample.
Further, we note the presence of Cl which decreases in the
adsorbed sample, when compared to the parent composite.
Figure 2 illustrates the HRTEM images of the CNPFH
composite at a S nm scale where iron oxyhydroxide
nanoparticles are embedded in the CNF—PANI blend matrix,
confirming composite formation. The structure is largely
amorphous but nanoscale polycrystalline domains appear upon
beam irradiation for a few minutes, depicted by the fast Fourier
transform (FFT) diffraction pattern shown in the inset (Figure
2A). Lattice planes were resolved and matched with hematite
(a-Fe,0;) and goethite (a@-FeOOH) and they appeared
because of gradual conversion of metastable iron oxyhydroxide
to more stable iron oxides upon beam irradiation for a few
minutes. XRD spectra (Figure 2C) show characteristic broad
peaks of 2-line ferrihydrite at 35 and 62° which correspond to
a metastable form of iron oxyhydroxide. A weak peak at 23°
corresponds to the (020) plane of PANI constituting the
amorphous nanocomposite. The physical properties of the
nanocomposite do not change before and after F~ removal
which indicates that the process involved is adsorption. XPS
survey spectra (Figure 2D) confirm the presence of C, N, O,
and Fe in CNPFH before and after F~ uptake. The F~
saturated sample showed a feature for F 1s which was
deconvoluted to get a clearer idea. The deconvoluted F 1s
spectra (Figure 2E) show 2 peaks at 682.2 and 687.1 eV
indicating two different binding sites on CNPFH for F~
adsorption. Figure 3A shows the deconvoluted C 1s peaks at
284.8, 286.5, and 288.1 eV belonging to sp3 C—-C/C—-H, sp3
C—0/sp* C—N, and sp* C—N of the parent CNPFH which
has a backbone of cellulose and PANI. Figure 3C shows the Fe
2p peaks at 708.6, 711.9, and 716.3 eV because of —Fe—O—
Fe—, >Fe—OH and a satellite peak. The peaks at 528.3, 529.9,
and 531.2 eV in O 1s correspond to Fe—OH, Fe—O groups,
and adsorbed water of parent CNPFH, respectively. They
show an expected shift to 528.8, 530.4, and 531.7 eV,
respectively, upon F~ adsorption. While C 1s and Fe 2p did
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Figure 2. (A,B) HRTEM showing various crystallographic planes of CNPFH by beam-induced crystallization along with a FFT of the images
before and after F~ adsorption. (C) Powder XRD patterns of CNPFH before and after F~ adsorption. (D) XPS survey spectra of CNPFH before

and after F~ adsorption. Deconvoluted F 1s peaks are expanded in (E).
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Figure 3. Deconvoluted XPS spectra of (A) C 1s, (B) N 1s, (C) Fe 2p, and (D) O 1s regions of CNPFH before and after F~ adsorption.

not show any shift in binding energy before and after
adsorption, N 1Is and O 1s deconvoluted peaks got shifted to
higher binding energies upon F~ adsorption indicating that
they bind via N— and O— sites of CNPFH (Figure 3).

To explore the mechanism of F~ adsorption in detail, we
conducted an experiment where a sample of CNPFH was
exposed to low F~ concentration for 5 min and the other
CNPFH sample of the same weight was exposed to high F~
concentration for 3 h. This helped us understand the affinity of
F~ ions toward different sites available on the composite.
Figure 4A shows the F1s XPS peaks at 687.3 eV after 5 min of
F~ adsorption which corresponds to F~ binding through the
N~ site of PANL. Whereas, when it was left exposed to high
amount of F~ for 3 h, apart from the 687.3 eV, a peak at 682.5

eV emerges which is due to F binding at the FeOOH site.””
This has been confirmed by analyzing the F~ adsorbed
cellulose—ferrihydrite composite (Figure S4) which shows a
peak at 682.1 eV. Late activity of FeOOH sites may be due to
the sandwiched nature of nanoparticles embedded in the
PANI—cellulose blend matrix that can be reached by F~ ions,
high concentrations only. Hence, N sites of PANI are better
exposed at the surface than the iron oxide nanoparticles, and
the former initiates the adsorption process, but the latter shows
large uptake capacity. Adsorption on PANI occurs by the ion
exchange mechanism where F~ replaces CI” which is the
dopant to quaternary N of PANI leading to a peak at higher
binding energy of N 1s in the adsorbed sample compared to
the parent sample. Similarly, F~ was adsorbed through the ion
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Figure 4. Deconvoluted XPS spectra of (A) F 1s, (B) N 1s, and (C) O 1s regions of CNPFH after 5 min and 3 h of F~ adsorption giving insights

about the mechanism of adsorption.

exchange process with the surface hydroxyl groups of FeOOH
(Figure 4C). The O 1s peaks at 530.1 and 528.6 eV
corresponding to Fe—OH and Fe—O groups of parent
CNPFH got shifted to 530.6 and 529.1 eV with decreased
intensity for the adsorbed sample. This is supported by the
Langmuir isotherm which gave a high correlation coefficient in
this case (to be discussed in Figure S).
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Figure 5. Batch studies for the performance of CNPFH (A) as a
function of dosage and contact time, (B) pseudo first order, and (C)
Langmuir isotherm model for fluoride adsorption from water.

4.2, Batch Studies of F~ Adsorption on CNPFH. It is
observed that CNPFH exhibited superior performance where
50 mL of 10 mg/L F~ spiked water was treated with different
dosages ranging from 5 to 180 mg, as shown in Figure SA.
About 50 mg of the composite was sufficient for bringing down
the F~ concentration below 1 mg/L within 3 h of exposure
time. It also shows the fast uptake kinetics of the composite
where the initial 10 mg/L concentration of F~ was rapidly
reduced to 1.5 mg/L within 60 min of incubation, by virtue of
availability of the maximum number of free surface sites. At the
end of 3 h, the residual concentration of F~ decreased further
to 1 mg/L, following a relatively slower kinetics because of
high surface coverage. Analyzing the kinetic data with the
Lagergren’s pseudo-first-order model (Figure SB), two differ-
ent slopes corresponding to F~ adsorption at two different sites
belonging to PANI and FeOOH, respectively, which were in
agreement with the XPS analysis of the adsorption mechanism
discussed in Figure 4. Other adsorption mechanisms also are in
broad agreement with the data, although they may not be
strictly explainable for a two site model (Figure S1).

Figure 5C shows the linear form of the Langmuir isotherm
model (eq S2) which gives a maximum adsorption capacity of
50.8 mg/g for CNPFH with a high correlation coefficient (R?)
0.96 using eq S2. It indicates monolayer adsorption, also
known as chemisorption which agrees with the ion-exchange
mechanism discussed in Figure 4A.'”*” This is further

Table 1. Comparison of CNPFH Adsorption Capacity with Other PANI/PPy-Based Adsorbents

sl no.

1

NN W N

materials

PANI
PANI/chitosan
PANI/alumina
FeOOH

PPy/Fe;0,
Ppy/TiO,
CNFE/PANI/FeOOH

uptake capacity (mg/g)
0.8
S.S
6.6
23.8
17.6—22.3
33.17
50.8

max wt % PANI/PPy optimum pH references
100 3 40
8—10 3—4 39
11.6 3 24
0 7 29
83 6.5 41
9.3 7 42
14.1 3—4 this study
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supported by the lower R? value of the Freundlich isotherm
(eq S11) and a low BET surface area of 111.1 m?/g of the
composite and median pore width of 11.321 A which do not
play a major role in the adsorption process. The low surface
area can be attributed to the ionic sites of the material as
shown by XPS analysis, which cannot be completely picked up
by N, adsorption, used for surface area evaluation. By using the
Dubinin—Radushkevich isotherm (eq S12), we determined the
E value (adsorption energy) to be 2500 kJ/mol (Figure S3).
The correlation coefficient (R*) was 0.96. The E value (>16
kJ/mol) shows chemisorption taking place in the medium. The
outcome of various isotherms and kinetic parameters is
summarized in Table S1. The maximum F~ uptake capacity
of various other PANI/Ppy-based composites is compared
with that of CNPFH, in Table 1. CNPFH shows higher
removal efficiency even with lesser wt.% PANI because it
exhibits synergistic performance because of simultaneous
availability of FeOOH sites as well. Moreover, the adsorption
of F~ on the CNPFH surface is also thermodynamically
feasible and is a spontaneous process with a negative AG value.
Using eqs S13 and S14, the thermodynamic parameters (AH
and AS) with the R? value as 0.87 were derived. The AH and
AS gave positive values which indicated that the adsorption is
endothermic in nature giving rise to randomness at the solid
solution interface during the adsorption of F~ species at the
active sites of the composite.

4.2.1. Control Studies. The control studies were carried out
by using only CNF for fluoride uptake. It showed a meager
removal of 200—300 ppb of F~ out of 10 ppm which may be
due to its porous structure. Hence, CNF can be considered as a
platform having a high surface area which can favor blending
with PANIT and can embed the ferrihydrite nanoparticles in
such a way that the active sites are available for adsorption of
the surface of the mechanically stable composite.

CNPFH shows F~ removal more than 80% in the presence
of the most interfering anions like carbonate (CO,*7),
bicarbonate (HCO;~), nitrate (NO;7), silicate (Si0;>7),
sulfate (SO,>7), and chloride (Cl7) in higher concentrations,
except for SO,>~, where F~ removal is about 60%. This may be
because of the competing nature for both the ions to form
inner-sphere complexes with functional groups at the
adsorption sites. The uptake of F~ by CNPFH stays unaffected
by the interfering cations like calcium (Ca®), magnesium
(Mg*"), potassium (K*), and sodium (Na*) (Figure 6A). It is
able to maintain about 90% removal efficiency in a wide range
of pH, that is, 3—9, but starts showing a decreased uptake
when tested above pH 9 as shown in Figure 6B. This is because
the decrease in surface positive charges of the adsorbent at
higher pH levels (9—11) shown by zeta potential measure-
ments, which adversely effects the coulombic interaction
between the F~ ion and the adsorbent surface (Figure 6C).
Also, in the presence of excess hydroxyl ions in the medium,
they start competing with F~ ions for adsorption.

TGA of CNPFH in Figure 7A shows early weight loss of
about 7% because of moisture below 250 °C. The weight loss
of about 26% is due to the burning for carbon backbone of the
cellulose and PANI polymers used in the composite between
220 and 350 °C. Next 15% weight loss is due to the loss of
PANT functional groups and its dopants above 400 °C. Rest of
the composite consists of iron oxide contributing 51% of the
weight of the nanocomposite that stays stable till 900 °C. The
iron oxide content in the composite is further studied by IR
spectroscopy where Fe—Q vibrations appear at 600—700 cm ™!,
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Figure 6. Batch studies for the performance of CNPFH (A) in the
presence of interfering ions, (B) in the pH range of 3—10 for fluoride
removal from water, and (C) zeta potential of CNPFH in the pH
range of 3—11.

overlapping with a broad peak of O—H bending as shown in
Figure 7B. The region between 1100 and 1600 cm™
corresponds to C—O stretching of cellulose, characteristic
peaks of aromatic C—N stretching, C=C, C—H, and C=N
stretching of the benzenoid ring and quinoid ring that confirms
the emaraldine form of PANL* A band around 1570 cm™
corresponding to the N—H bending of the amine salts and
strong band in the 1100 cm™ region corresponding to the
dopant suggest the presence of the mixed (EB—ES) salt form
of PANI in the nanocomposite. N—H stretching at 3378 cm™
of the parent CNPFH gets broadened and shifted to 3410
cm™ upon F~ adsorption.

From the perspective of environmental safety, CNPFH was
tested for its leaching behavior. TOC (total organic carbon)
and TN (total nitrogen) were measured of the adsorbent-
soaked water. About 1.8 and 0.1 mg/L were the TOC and TN
values before F~ adsorption, while 1.7 and 0.08 mg/L were the
TOC and TN values of CNPFH after F~ adsorption,
respectively. Iron leaching was also checked (20 and 12 ug/
L before and after F~ adsorption, respectively) but all these
values are below MCL (maximum contaminant levels) in
drinking water, that is, 10 mg/L for TN and 300 ug/L for iron
according to the United States Environmental Protection
Agency (USEPA). This can be attributed to the mechanical
stability imparted to the nanocomposite by the cellulose
backbone. Thus, the granular material can be packed in a
prototype cartridge through which contaminated water can be
passed continuously in an antigravity fashion for a larger
contact time without using any external energy.

4.3. Environmental Impact Assessment. This technol-
ogy was assessed qualitatively and quantitatively by evaluating
some of the relevant mass-based sustainability and socio-
economic parameters, to determine the extent of "§reenness”
of the material and its manufacturing process.” "> The
calculations were done using equations listed in an earlier
paper.*® They are also listed in the Supporting Information
(eqs S4—S8) and the outcomes are summarized in Table 2.

4.3.1. Raw Materials. A major raw material includes
cellulose which is renewable and biodegradable. Processing
of CNFs usually involves mechanical extrusion and defibration
for homogenization and chemical treatment by enzymes or
strong acids and those manufacturers who use mild processing
techniques for lignocellulosic fibers should be preferred for the
supply of the raw material. Iron salt and aniline are used in
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B) IR spectroscopy of CNPFH before and after F~ adsorption.

Table 2. Mass-Based Sustainability Metrics Evaluation for the Manufacturing Process of the CNPFH Nanocomposite

mass intensity (MI) solvent intensity (SI) reaction mass efficiency energy consumption
material size (um) (kg/kg kg/kg) (RME) % ggl;Wh/kg) E-factor
CNPFH 150 + SO 1.84 38.80 54 1.78 0.6

nanocomposite

small quantities. Water is used as the solvent. The mass
intensity (excluding water) was calculated to be 1.84, while the
water intensity came as 38.8. Reaction mass efliciency was
54%. Large amounts of water were used because of moderate
solubility of aniline which is 3.6 g per 100 mL water at 20 °C.
Reaction mass efficiency can be improved by further
optimization of reactant masses and avoiding the use of excess
reagents.

4.3.2. Energy Consumption. Electricity was used for
operating the pH meter, stirrer, and vacuum filtration settings.
The composite was dried under the sun and no electrical
energy was involved in the operation of the technology. Energy
intensity was calculated to be 1.78 kW-h/kg of the composite,
in a lab scale synthesis set up. The energy intensity can be
reduced effectively by increasing the scale of production.

4.3.3. Resulting Emissions. No harmful solvents/fumes or
side products were discharged during the synthesis of the
composite. Use of extra oxidants to polymerize aniline was
avoided in the synthesis. The E factor (environmental factor)
was calculated to be 0.6 which indicates minimum emissions.
The unreacted salts coming out with wash water discharge can
be removed, and water can be recycled. The method of
preparation of the composite is water positive by 1—2 orders of
magnitude; that is, it produces about 200 L of fluoride-free
water for every 1 L of water consumed for its production.”’

4.3.4. Toxicity Potential. As per European Chemicals
Agency (ECHA), FeCly; and NaOH are classified as a skin
sensitizer and corrosive, respectively, while aniline is toxic on
repeated exposure to humans and aquatic life. While the first
two reagents are nonflammable and stable at room temper-
ature, aniline is in situ polymerized to PANI during composite
formation and gets blended with cellulose, thereby preventing
any leaching as shown by TOC analysis. PANI is not a
hazardous substance or mixture according to regulation (EC)
no. 1272/2008. FeCl;, NaOH, and aniline show acute oral
toxicity (LDsy) at 900 mg/kg, 280—680 and >102 mg/kg in
mice, respectively. Therefore, the manufacturing process has to
be undertaken with some simple precautionary measures.

4.3.5. Disposal of Waste. Fluoride-adsorbed composites can
be subjected to multiple regenerations for subsequent
adsorption cycles by suitable base treatment like NH,OH.
They can be finally disposed off in leach-free landfills.

4.3.6. Affordability. Taking S mg/L as the average F~
concentration in accessible water in affected communities,
reagents procured at bulk industrial rates and when the same
composite synthesis is optimized with the industrial grade bulk
cellulose, this technology can provide fluoride-free water under
$ 0.7/1000 L of clean water.

4.3.7. Social Acceptability. 1t depends on various criteria
such as whether a technology is economical, requires low
operational effort, acceptable for the users as a product, and
can treat the contaminated water with the expected societal
impact. The CNPFH-based technology is eco-friendly, simple,
cost-effective, and does not incur excessive operational cost.
The technology does not require trained manpower for
implementation and maintenance. Thus, it is expected to be
highly acceptable by the affected communities.

5. CONCLUSIONS

We report a green method for preparing highly efficient and
sustainable cellulose/PANI-based nanocomposite and CNPFH
for defluoridation of water. The 2-line ferrihydrite nano-
particles incorporated in the polymeric confinement of CNFs
and doped N sites of the blended PANI function as active sites
which operate synergistically for enhanced F~ removal. This
also results in faster kinetics of adsorption. Therefore, the
cooperation between such functional groups produce a
combined performance that is greater than the sum of their
separate capacities. SEM, HRTEM, XPS, and IR studies
confirm that the surface, physical, and chemical properties of
CNPFH remain intact even after F~ exposure till saturation.
Moreover, the nanocomposite works efficiently in a wide range
of pH with fast adsorption kinetics. The maximum F~
adsorption capacity of CNPFH is 50.8 mg/g which is higher
than other PANI-based composites reported so far. Moreover,
the robustness of the composite keeps it free from leaching,
which makes it a superior option for an industrially feasible and
green material for delivering affordable water in F~ affected
communities worldwide. Lastly, further insights related to the
environmental impact of such materials was developed by
assessing relevant sustainability metrics.
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