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high-performance adsorbent.

INTRODUCTION

Cellulose is a strong, insoluble fiber that plays a crucial role
in maintaining the structural integrity of plant cell walls [1-4].
Cellulosic fibres can break down into nanocellulose, which
varies in length and diameter depending on the structure. Due
to the large surface area to bulk ratio of these materials, their
properties differ from those of their corresponding bulk mate-
rials, allowing for the selective manipulation necessary to
produce new products [5]. Among the numerous cellulose-
based wastes generated in every community, agricultural waste
often goes unnoticed. Food, animal and crop wastes are all
included in agricultural waste, commonly referred to as agro-
waste [6,7].

Recent studies have focused on exploring ways to utilize
the lignocellulosic matter obtained from agricultural waste,
which typically consists of cellulose, hemicelluloses, and lignin
[8,9]. Since cellulose is composed of assemblies of D-glucose
and, more interestingly, long molecular chains are formed
through the covalent bonding of carbohydrates. This unusual
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The subject of water defluorination is becoming increasingly important, owing to chronic diseases such as fluorosis, neurological impairment |
and bone softening caused by fluoride contamination of drinking water in excess of 1.5 mg L™'. Agrowastes (cotton seed and groundnut |
shells), the commonly available and renewable resource, were used as the precursor for the production of nanocellulose fiber i.e. cotton
seed nanocellulose fiber (CNF) and groundnut shell nanocellulose fiber (GNF) as an exceptional method for fluoride removal. The |
physico-chemical characterization techniques were employed to analyze the structure and morphology of the synthesized nanocellulose |
fibre. To optimize the adsorption process, the impacts of several parameters including pH, contact time and adsorbent dosage were evaluated. |
The maximum amount of fluoride that could be removed under ideal conditions was investigated using a UV-visible spectrophotometry |
and was found to be 90%. This approach offers several advantages such as low-cost raw materials, eco-friendly synthesis methods and a |
|
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polymer has drawn the interest of many researchers based on a
number of reviews [10,11].

Nanocellulose is a material with great inherent qualities,
including high mechanical strength, biocompatibility and trans-
parency [12]. It also blends nanotechnology with sustainable
and ecologically friendly techniques [13-15]. Cotton and wood
are the primary sources for cellulose extraction, but it may also
come from a wide range of other materials, including marine
biomass, marine tunicate animals, invertebrates, bacteria, fungus,
annual plants and various agro-industrial wastes [14-16]. Due
to the potential to develop cellulose nanostructures with unique
features not seen in bulk materials, cellulose has undoubtedly
garnered more and more interest in recent decades. Cellulose
nanocrystals (CNC) can be produced in two morphological
shapes, rod-like or needle-like shape, having a compact and
ordered cellulose structure, which gives it unique properties
[17]. In general, the dimensions of CNC depend on the origin
of cellulose and hydrolysis conditions [18,19].

Additionally, the nanocelluloses incorporate remarkable
nanoscale material properties with vital cellulose capabilities
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[20-26] enhancing recycling efforts and other nanotechnology
applications. It is evident that interest in nanocellulose for water
treatment is also growing quickly. However, to realize the full
potential of nanocellulose for fabrication of water filtration
membranes, it is essention to understand the process, structure
and property relationship for nanocellulose membranes [27]
for the water defluorination which has become increasingly
important issue.

In present work, nanocellulose fiber (NCF) was synthe-
sized from the agricultural wastes (cotton seed cover and ground-
nut seed shell) to remove fluoride from water in order to develop
a cost-effective and sustainable method for the water treatment.
The materials were characterized with scanning electron micro-
scopy energy dispersive X-ray (SEM-EDX) transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and thermogravimetric analysis (TGA)
techniques. The maximum removal percentage of fluoride was
achieved under optimized conditions and valilated with the UV-
visible analysis, which confirmed that nanocellulose fiber can
be used as an efficient, thermally stable recyclable and environ-
mentally acceptable nanoadsorbent for the efficient removal
of fluoride ions from the contaminated water.

EXPERIMENTAL

The chemicals viz. sodium hydroxide (Loba Chemie Pvt.
Ltd., India; 97%), sulphuric acid (Loba Chemie Pvt. Ltd., India;
98%), hydrogen peroxide solution (Loba Chemie Pvt. Ltd.,
India; 30%), SPADNS (Chemdyes corporation, India), zirconyl
chloride octahydrate (Chemdyes corporation, India, 98%), HCI
(Molychem, India), sodium fluoride (Chemdyes corporation,
India, 98.5 %) were procured and used without further purifi-
cation. All the stock solutions were prepared in double distilled
water.

Synthesis of nanocellulose fiber (NCF): Nanocellulose
fiber (NCF) was prepared from two different agrowaste materials
cotton seed and ground nut shells. The cotton seed and ground
nut shells were washed, dried and crushed into the powder form.
The powder of each starting material was treated with 2% NaOH
for 3 h at 323 K on a magnetic stirrer to remove amorphous
materials. This process was carried out three times to improve
the crystal structure. The resultant solution was filtered and the
residue washed with distilled water to neutralize the pH. The
residue was bleached with 3% H,0, and 4% NaOH at 50 °C
for 3 h on a magnetic stirrer. This procedure was further conti-
nued until the colour of powder become white. The residue
was neutralized with distilled water and the acid treatment was
done using 52% (w/w) sulphuric acid for 2 h at 318 K. To adhere
the hydrolysis process, the solution was placed in cold water
for 10 min. The solution was sonicated and after filtered and
neutralized with distilled water. The residue was left to dry
and then crushed in a mortar and pestle to make finer particles.

Removal of fluoride by nanocellulose composite: Fluoride
removal studies were performed using the SPADNS method
[28]. A solution containing fluoride was prepared by dissolving
110.5 mg anhydrous NaF in 500 mL distilled water. The working
standard of fluoride solution was prepared by diluting 50 mL
of stock standard up to 500 mL with distilled water. From the

working standard, 50 mL was obtained and 100 mL of distilled
water was added. To this solution, 1 mL of SPADNS reagent
and 1 mL of zirconyl acid were added. The spectrophotometer
(UV-1800, Shimadzu corporation, Japan) was used to examine
the amount of fluoride present in the solution at 570 nm. In
order to achieve equilibrium for the adsorption experiment,
0.5 g of adsorbent was added to this same solution and the
mixture was placed on a rotary shaker (BioTechnics, India)
for 30 min. The resultant solution was filtered using Whatman
filter paper, and then analyzed the maximum absorption peak
at 570 nm by using UV-visible spectrophotometer. The
defluoridation studies were conducted at different experimental
conditions like reaction time, amount of adsorbent, pH and
temperature. The pH was adjusted to the desired level either
with 0.1 M NaOH or 0.1 M HCI. The recyclability and
reusability of the adsorbent were also tested by repeatedly
washing with double distilled water and drying in air.

The fluoride removal efficiency in percentage was calcu-
lated according to the following relation:

c,-C

Fluoride removal (%) = Lx100

where C, and C, are the initial concentration and the concen-
tration (mol L) at time t (min).

Characterization: Powder XRD measurements were per-
formed on a laboratory X-ray diffractometer (30 mA, 40 kV;
PANalytical Empyrean model DY 1251 with PIXcel3D scan-
ning line detector) using CuKo radiation (A =1.5406 A) with
a step size of 0.02626° and scan speed of 0.05252°/s in the 26
range of 10 to 80°. The thermal analysis was carried out with
TGA, SDT600, TA instrument, USA in the temperature range
of 303-1073 K at the heating rate of 10 °C min™ in air atmos-
phere with a flow rate of 60 cm® min™ using platinum crucibles.
The surface morphology, elemental identification and quanti-
tative compositional information of the material were deter-
mined with SEM-EDX, LEO-1430, VP, UK and TEM, JEM
2011, Jeol Corporation, Japan instruments.

RESULTS AND DISCUSSION

X-ray diffraction (XRD) pattern: The XRD spectra of
the nanocellulose fiber derived from the cotton and groundnut
shells are shown in Fig. 1. Three peaks appeared at 16.1°, 22.4°
and 34.5° are attributed to (110), (200) and (004) planes in both
adsorbents and thereby confirmed the presence of cellulose.
After the chemical treatment, the adsorbents exhibit an increase
in proportional crystallinity [29]. The amorphous nature of the
cellulose structure is eliminated, which lead to an increase in
the crystallinity index followed by the hydrolysis of lignin and
hemicellulose found in cotton residues [30]. Additionally, the
formation of cellulose nanocrystals, which can improve the
crystallinity of the cellulose, may occur concurrently with the
growth and realignment of monocrystals [31]. The increased
crystallinity of the cellulose fibers was thought to enhance
their stiftness, rigidity and strength. Consequently, the processed
fibers had a higher possibility of exhibiting enhanced mechanical
properties and reinforcing [32].
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Fig. 1.

SEM-EDX studies: The SEM images of cotton nanocellu-
lose fiber (CNF, Fig. 2a) and groundnut nanocellulose fiber
(GNF, Fig. 3a) had a rough surface, which is due to the degra-
dation of hemicellulose and degradation of lignin by the repeated
alkali treatment [33]. The morphological characteristics of the
synthesized nanocellulose depicted in SEM micrographs at

-
15.0kV LED

%30,000

different magnifications shows the average diameter of 100
nm. The size of the nanocellulose was consistent with the
reported values regarding the size of the nanocellulose [12,34].
The EDX spectrum of nanocellulose fibers (CNF and GNF) can
be observed in Figs. 2b and 3b. It was found that each element
has a unique atomic structure indicating a distinctive set of
peaks for carbon, oxygen and sulphur for nanocellulose with
respect to each of their binding energies.

TEM studies: In the TEM micrograph (Fig. 4), nanosized
nanocellulose fibres of cotton and groundnut shells were clearly
visible with nanorod-shaped fibres. According to TEM results,
the size for nanocellulose’s nanorods was 20 nm wide and
less than 50 nm long.

XPS studies: By using XPS analysis, the variations in the
nanocellulose fibers were quantitatively assessed. The predo-
minant atomic compositions, C and O, of the both adsorbents
confirmed the substantial cellulose contents (Tables 1 and 2).

TABLE-1
ELEMENTAL COMPOSITION OF COTTON SEED
NANOCELLULOSE FIBER (CNF) BY X-RAY PHOTOELECTRON

Name Atomic (%) Peak BE PP At. (%)
Ols 27.48 532.06 34.43
Cls 71.97 284.76 64.98
S2p 0.54 168.35 0.59

Sample C (0] S

CNF 56.06
GNF 57.07

43.60 0.34
41.91 1.02

Sample C (0] S

CNF 63.05
GNF 64.18

36.81 0.14
3539 043

keV

Fig. 3. SEM micrograph and EDX spectra of groundnut shell nanocellulose fiber (GNF)
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Fig. 4. TEM images of nanocellulose fiber obtained from cotton seed (a) and groundnut (b) shells

TABLE-2
ELEMENTAL COMPOSITION OF GROUNDNUT SHELL
NANOCELLULOSE FIBER (GNF) BY X-RAY PHOTOELECTRON

Name Atomic (%) Peak BE PP At. (%)
Ols 33.1 531.98 39.6
Cls 61.98 284.75 55.33
S2p 2.06 168.71 222
Si2p 2.15 102.22 2.37
Nls 0.71 400.26 0.48

Thermal studies: The thermal experiments were conducted
in a N, atmosphere at temperatures ranging from 10 to 800 °C.
The loss of weight in nanocellulose fiber is due to cellulose
degradation, which may include dehydration, depolymerization
of hemicellulose, disintegration of - 1,4 glycoside linkages and
rupture of hydroxyl groups [35]. All TGA curves had a tiny
initial peak in the region of 10-140 °C that was mostly caused
by free and bound water evaporation, which resulted in weight
losses (Fig. 5). At this stage, the nanocellulose from cotton seed
shell experienced weight loss of 7% and 10% for that of ground-
nut shell. Due to the dehydration of cellulose fibres during
acid hydrolysis, which led to the introduction of sulphate groups
at the outer surface of nanocellulose, the moisture content of
nanocellulose was lower than that of crude fibres [36-38]. The
second-stage degradation of these materials took place at 140-
300 °C and 120-260 °C for nanocellulose from cotton seed
and groundnut shells, respectively. This deterioration weakens
the adsorbents’ capacity to crystallize and polymerize as well
as the thermal stability during acid hydrolysis. At this stage,
the nanocellulose from cotton experienced weight loss of 35%
and 21% for that of groundnut. In the third stage degradation,
the nanocellulose fibres from cotton and groundnut took place
at 300-400 °C and 260-360 °C, respectively and experienced
weight loss of 21% and 20%. The thermal stability of nano-
cellulose fibers are less as compared to pure cellulose TGA
curves, which is due to the introduction of sulphate groups into
the surface of the fiber during the sulfuric acid hydrolysis pro-
cess. Sulphate groups have been suggested to hasten the dehyd-

ration of fiber [39]. Upon cleaning the raw materials, the hemi-
cellulose and lignin undergo degradation, hence enhancing
the thermal stability. These transitions were primarily related
to the degradation of the cellulosic chain [40]. The maximum
degradation of the nanocellulose fiber occurred at 400 °C, exhi-
biting that nanocellulose fiber from cotton is somewhat more
thermally stable than nanocellulose fiber from groundnut in which
the maximum degradation occurred at 360 °C. At this stage, they
both experienced weight losses of 96%. The highest breakdown
rates for nanocellulose fibres from cotton seed and groundnut
shells occurred at 400-800 °C and 360-800 °C, respectively. This
main degradation indicates complete pyrolysis of cellulose [41].

100
= CNF
807 — GNF
g 60
1]
1]
o
=
8 407
[0}
=
20
0 T T T T — T g 1
0 200 400 600 800

Temperature (°C)

Fig. 5. Thermograms of nanocellulose fibre obtained from cotton seed and
groundnut shells

Removal of fluoride using nanocellulose fiber:
Enormous number of hydroxyl groups is found on the surface
of nanocellulose fibre. These hydroxyl groups enable diverse
chemical modifications on its surface. Nanocellulose fiber is
an excellent, sustainable material that can be synthesized for
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removing specific contaminants from water including fluoride.
[42-44]. The adsorbents were subjected to several experimental
conditions in order to determine its defluoridation ability. These
conditions include the contact time, adsorbent load effect, pH
of the solution and temperature effect.

Effect of contact time: The fluoride removal efficiency
was investigated at different time at 30, 60, 90 and 180 min.
By using CNF, the removal efficiency was 75, 80, 84 and 89%),
respectively as compared to 79, 84, 88 and 90%, respectively
for the GNF. Observing the efficiency of the adsorbent at
different contact times while agitating the mixture on an orbital
shaker, it was revealed that the adsorbent demonstrated high
efficiency for the removal of fluoride as the contact time increased
(Fig. 6). This shows that the removal % are high and almost
have similar efficiencies.

100

© ©
o a
1 1

Fluoride removal efficiency (%)
[o2]
[4)]
]

80+
—8— CNF
—8— GNF
75 G
70 T T T T 1
30 60 90 120 150 180

Reaction time (min)

Fig. 6. Effect of contact time on the efficiency of removal of fluoride from
water using CNF and GNF

The removal efficiency of fluoride was further carried out
with UV visible spectrophotometer. The results show that with
the increase of time the removal efficiency of fluoride was incre-
ased from 30 min to 180 min. The experiment has been carried
out with nanocellulose Fibre using 0.5 g of adsorbent. The
resultant solution was filtered using Whatman filter paper, and
then analyzed the maximum absorption peak at 570 nm (Fig.
7). The high surface area and porosity of nanocellulose increase
the contact between the fibers and fluoride ions, enhancing
removal efficiency.

According to a study by Singh et al. [45], while percentage
elimination originally increased as contact duration increased,
over time it steadily decreased and eventually approximated a
more or less constant number, signifying the achievement of
equilibrium. The solute concentration gradient was strong and
all of the adsorbent sites were initially empty, which may have
contributed to these fluctuations in the rate of removal. The rate
of fluoride uptake by the adsorbent dramatically decreased after
that due to a reduction in adsorption sites. A decreased removal
rate, especially near the end of the experiment, suggests that
fluoride ions may formed a monolayer on the outer surface, as
well as that pores on both adsorbents and pore diffusion onto
the inner surface of adsorbent particles through the film, as a
result of the constant shaking.

100

—— Before adsorption
—— After adsorption

Fluoride removal efficiency
(&)
o
1

0+

v T v ) v ) N 1 v 1 M 1 M 1 M 1
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 7. UV-visible spectra for removal of fluoride before and after the
adsorption

Effect of adsorbent load: The fluoride removal efficiency
of adsorbent was investigated at different loads. At2,4 and 5 g/
L, the removal efficiency was 64, 80 and 88%, respectively by
using CNF and 67, 84 and 91%, respectively for GNF. The
adsorbent showed a steady increase in fluoride removal effi-
ciency as adsorbent load increased (Fig. 8). There is no discernible
change in the percentage elimination of fluoride following a
dose of 5 g/L. This shows that equilibrium is established at
this dosage, which is caused by the active sites overlapping at
larger dosages, decreasing the net surface area [46].

1007 m2gL wm4gL m5gL

D N © ©
o © O O
1 1 1 1

N Wb
o O O
1 1 1

Fluoride removal efficiency (%)
[6)]
i

10

CNF GNF
Catalyst load (g/L)

Fig. 8. Effect of catalyst load on the efficiency of removal of fluoride from
water using CNF and GNF

Effect of the pH: The fluoride removal efficiency was
also investigated at different pHs of solution. At pH 1, 5 and
9, the removal efficiency was 88, 79 and 64%, respectively by
using CNF and 90, 82 and 66%, respectively for GNF (Fig.
9). From the results obtained, the fluoride removal efficiency
showed a steady increase as the pH of the solution decreases
as shown in Fig. 9. Both synthesized nanocellulose fibres exhi-
bited high rates of adsorption for fluoride up to 90% of fluoride
removal from water can be achieved.

Effect of temperature: The effect of temperature on the
fluoride removal efficiency of the nanocellulose fibers was
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Fig. 9. Effect of pH of solution on the efficiency of removal of fluoride
from water using CNF and GNF

observed at varying temperatures of 303, 323, 353 and 373 K.
The removal efficiency was 85, 87, 89 and 90 %, respectively
by using nanocellulose fiber from the cotton and 86, 88, 90 and
90%, respectively for nanocellulose fiber from groundnut. The
efficiency of the adsorbent was moderate at 353 K in Fig. 10.

Reusability of NCF: After the first run of the catalytic
removal of fluoride, the reaction mixture was filtered to obtain
the used adsorbent. The adsorbent was thoroughly washed
several times with distilled water and the residue, nanocellulose
fiber was allowed to dry. The recovered adsorbent was again
used directly in another run of the catalytic reaction till five
cycles. It was found that five runs of the reaction could be carried
out using the same adsorbent without any significant loss of
performance in both cases (Fig. 11).

957

m CNF m GNF

90
85 j.' I_I
80—
303 323 353 373

Temperature (K)
Fig. 10. Effect of temperature on the efficiency of removal of fluoride from

Fluoride removal (%)

water using CNF and GNF
100
90 89 88 88 88
¥ 80
>
2
2 60
o
£
[0]
T 40
8
£
& 20
O_
1 2 3 4 5

Cycles
Fig. 11. Reusability capacity of nanocellulose fibre obtained from cotton
seed and groundnut shells after 5 cycles

Conclusion

Before the successful extraction of cellulose from agricul-
tural waste, pretreatment is a necessary step to remove lignin
and hemicellulose. We have successfully prepared two different
nanocellulose fibers from locally available agrowastes (cotton
seed cover and groundnut shell). The adsorbents were charac-
terized and then applied as adsorbent for the fluoride removal
from water. The adsorbent demonstrated good fluoride removal
efficiency at the optimum conditions. The optimum reaction
conditions were 180 min for reaction time, pH 5, 4 g/L adsor-
bent load and 323 K temperature. The fluoride removal effici-
encies at the optimum conditions was 89 % and 90% for CNF
and GNF, respectively which shows that the adsorption capa-
city for fluoride ions by these adsorbents was good. Further
investigation about reusability was also done by washing the
adsorbents with distilled water and reusing it up to five cycles
to remove fluoride. The adsorbents’ performance was almost
at the 5th adsorption run demonstrating the high capacity for
reusability. These adsorbents have hence, proved to be efficient,
stable and reusable towards adsorption reactions. This work
provides a novel finding on the use of environmental friendly,
low cost and biodegradable materials for the treatment of water
related issues.
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