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Midrib of coconut (Cocos nucifera) is a natural source of cellulose, which is renewable and biodegradable.
The use of natural cellulose for practical applications exemplifies a sustainable reuse of agricultural waste.
This work presents the preparation of nanocellulose from coconut midrib using optimized pretreatment and
acid hydrolysis processes. The resulting nanocellulose was characterized through various analyses to confirm
the morphology and composition. Nanocellulose thus synthesized was used for preparing cellulose
nanopaper. In order to improve the water resistance of the cellulose nanopaper, we used a simple approach
of functionalization by impregnating it with chitosan (CS), followed by in situ polymerization of polypyrrole
(PPy) in the matrix. The functionalized cellulose nanopaper shows good electrical conductivity and an
electromagnetic interference (EMI) shielding effectiveness of 21.92 dB at 10 GHz, which makes it a potential
material for EMI shielding applications. In addition, the functionalized cellulose nanopaper exhibits bacterial
reductions of 93.47% and 82.79% towards Staphylococcus aureus and Escherichia coli, respectively. This
work provides a facile and efficient method for the synthesis of nanocellulose from coconut midrib and a
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useful approach to functionalize cellulose nanopaper.
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1. Introduction

The United Nations introduced sustainable development goals
(SDGs), in 2015, to address various social, economic and environ-
mental concerns of the member nations." The accumulation of
waste products and their management are major concerns in large
scale industries and farming.> The attainment of the SDGs is
dependent on proper disposal and upgrading of by-products/waste
products from industry and farming. Inefficient waste disposal and
waste management will impede the sustainable growth of society.®
The by-products from the farming sector, especially from agricul-
ture, are often dumped as waste and end up as a liability to farmers
and to the environment/ecosystem. Efficient biomass management
strategies are necessary in agriculture and farming as they not only
offer a secondary income but also contribute to food safety.*
Coconut (Cocos nucifera) is one of the most abundantly
cultivated crops in over 100 countries, and the production of
coconut is estimated to be above 50 million tons per annum
globally.” Coconut cultivation farms contribute to a high
amount of biomass waste in the form of coconut husk, shell,
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Cellulose nanopapers thus prepared were

demonstrated to have applications in EMI shielding and antibacterial coating.

frond, fiber, and midrib.® A small portion of this biomass is
usually disposed of in the farms themselves as biofertilizers
and also converted to value added products. But the amount of
biomass recycled is much less compared to the total amount of
coconut biomass produced.” The midrib of coconut is normally
discarded in farms, and the decomposition time for midrib is
higher than that for the other biomass produced in coconut
cultivation.® The comparison of the cellulose, hemicellulose
and lignin contents of coconut palm reveals an interesting
composition. The midrib has the highest percentage of cellu-
lose among the other parts of coconut palm, and also the lignin
content of midrib is relatively less.’ The lower amount of lignin
content makes the isolation of the cellulose from midrib easy,
and it positively impacts the quality of the cellulose prepared.
Cellulose is made up of p-glucopyranose rings linked by a 1,4-
glycosidic bond.'® Glucose residues, which are the repeating
units of cellulose, contain one primary hydroxyl group and two
secondary hydroxyl groups. These hydroxyl groups are the
reason for the characteristic properties of cellulose.

Chitosan is a renewable polysaccharide derived from chitin
shells of shrimps and crabs."* Chitosan can form a hydrogen
bond with cellulose due to the presence of surface hydroxyl and
amino groups.'” The tensile strength and the water-resistant
properties of cellulose nanopaper can be significantly increased
by the addition of chitosan to it."* Also, the addition of chitosan
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positively influences the antimicrobial properties of cellulose
nanopaper.'* Polypyrrole is a conducting polymer with potential
applications in biomedical implants, EMI shielding, energy sto-
rage devices, flexible electronics and so forth.'® The advantages of
polypyrrole include low cost, ease of synthesis, biocompatibility
and electrical conductivity.'® The poor solubility in solvents along
with inability to be used in direct melt processing hinders the use
of polypyrrole-based structures for practical applications."”
Researchers have shown that chitosan and polypyrrole composites
can be used for anticorrosion coatings and biosensors due to the
synergistic effects of chitosan and polypyrrole. The ease of poly-
merization and hydrophobic and conductive nature of polypyrrole
along with its interaction with chitosan are used in composites to
enhance the water resistance and conductive properties.'®*°

In this work, we present nanocellulose synthesized from
coconut midrib. To the best of our knowledge, this is the first
report on the synthesis of nanocellulose from coconut midrib.
The structural features, properties, and applications of these
materials show marked differences in comparison with similar
nanomaterials prepared from other parts of the coconut tree.>*>
A composite film of nanocellulose with chitosan and polypyrrole
was also prepared. The addition of chitosan and polypyrrole
enhanced the physical properties of the nanocellulose film. Anti-
bacterial studies of the nanocellulose film showed positive results.
Electromagnetic interference (EMI) shielding studies were carried
out, and the results show that the composite film is a successful
candidate for practical use in EMI shielding.

2. Experimental section
2.1 Materials

Coconut leaves were collected from Hullahalli village, Karnataka,
India, and leaflet midrib was peeled from the leaf. Sodium
hydroxide (NaOH), hydrogen peroxide (H,0,), chitosan (CS) with
a deacetylation degree of 85%, and sulphuric acid (H,SO,) were
procured from Sigma Aldrich. Ammonium persulphate (APS),
pyrrole and acetic acid were purchased from Nice Chemicals and
were used without further purification.

2.2 Synthesis of coconut palm leaflet midrib nanocellulose

2.2.1. Pretreatment of coconut midrib (CM) cellulose. The
cellulose from coconut midrib was synthesized using a process
which is a modification of the method reported by Faria et al.>
The midrib was first cleaned, thoroughly washed with water,
and then dried in sunlight for two days. Afterward, it was
ground into a powder form and dried. 5 grams of the powder
were weighed and added to 100 mL of 5% (w/v) sodium
hydroxide solution. The mixture was then magnetically stirred
for one hour at 75 °C. The reaction mixture was washed with
water until neutral pH was reached. It was then washed and
dried. This step is crucial in the delignification process of the
fiber, as it determines the color of the resulting cellulose. The
delignified fibers were added to 100 mL of a solution containing
4% sodium hydroxide (w/w) and 24% hydrogen peroxide (v/v) in
a 1:1 ratio, and the mixture was stirred vigorously for two hours.
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The resulting mixture was then washed and sun dried to obtain
the coconut midrib cellulose.

2.2.2. Preparation of nanocellulose. Nanocellulose was pre-
pared by the acid hydrolysis of coconut midrib. This process was
performed using 40% (w/w) sulfuric acid.>* Approximately 5
grams of coconut midrib cellulose were weighed and added to
100 mL of sulfuric acid. The mixture was then stirred at room
temperature for three hours. The reaction was stopped by adding
distilled water to the solution. The mixture was stirred magneti-
cally for two minutes. Following this, it was centrifuged for three
cycles at 9000 rpm, with each cycle lasting 15 minutes. Following
centrifugation, the acidic supernatant was removed and replaced
with distilled water. The solution was then dialyzed with water to
remove acid residues. Dialysis was carried out until the solution
was neutralized. The coconut midrib nanocellulose collected from
the membrane was vigorously stirred for 10 minutes to break
down the particles. The nanocellulose sample was then collected
and used for characterization.

2.3 Preparation of coconut midrib cellulose nanopaper

Coconut midrib nanopaper (CN) samples were prepared by
adapting a method reported by Haishun Du et al*® 50 mL of a
1.0 wt% coconut midrib nanocellulose suspension was added to
200 mL of deionized water. This solution was then magnetically
stirred for 2 hours and subsequently ultrasonicated for 10 minutes.
The mixture was then transferred to a filtration setup, and filtra-
tion resulted in the formation of a film. The resulting film was
covered with filter paper on both sides and dried on a hot plate for
2 hours. The nanocellulose film was subsequently kept under
ambient conditions for further analysis.

2.3.1. Impregnation of coconut midrib cellulose nanopa-
per with chitosan (CS). A 1.5 wt% chitosan solution was prepared
by dissolving chitosan in a 2% (v/v) aqueous acetic acid solution.
The cellulose midrib nanopaper was soaked in freshly prepared
chitosan solution and left for one hour at room temperature. The
chitosan-impregnated CN was kept on a glass plate for 12 hours at
room temperature to dry. The dried CN/CS samples were soaked
in a 0.01 mol L™ NaOH solution for one hour at room tempera-
ture to neutralize any remaining acetic acid. The resulting CN/CS
samples were rinsed with distilled water and then dried.

2.3.2. Polymerization of polypyrrole (PPy) in the CN/CS
films. A pyrrole monomer (0.5 mL, 7.21 mmol) was added to
25 mL of deionized water and stirred at room temperature for
30 minutes. The CN/CS film was then immersed in the pyrrole
monomer solution in a Petri dish for one hour to allow the film to
swell, which allows the absorption of the pyrrole monomer. Then,
10 mL of APS aqueous solution, of about 5.8 wt%, was added to
the dish to start the polymerization process. After adding APS, the
solution was left for one hour at room temperature. The CN/CS/
PPy samples formed were rinsed with water to remove any surface
residues. CN/PPy (without chitosan) was also prepared for com-
parison, from pure CN using the same process.”®

2.4 Characterization

Fourier Transform Infrared (FTIR) spectra with a frequency
range of 4000 to 500 cm™ " and a spectral resolution of 4 cm ™"
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were obtained from the samples using a PerkinElmer Spectrum
100 spectrometer. A Bruker D Advance X-ray diffractometer was
used to perform the X-ray diffraction investigation using Cu-Ko
radiation with a wavelength of 1.5406 A. The operating condi-
tions of the diffractometer were set at 40 kV and 20 mA, and
data were collected with the range of 10 to 90 degrees. The SEM
images were obtained utilizing the Thermo Fisher Scientific,
Apreo 2S, with a maximum accelerating voltage of 30 kV.
HRTEM images were acquired using a JEOL JEM-2100, LaB6,
operating at 200 kV. The suspension’s particle size distribution
was measured by dynamic light scattering (DLS) with a Zetasi-
zer (ZS90) instrument. The atomic force microscopy (AFM)
analysis was performed using a Bruker Innova, ICMS instru-
ment. The current-voltage measurements were performed
using an Ossila BV T2001A Four-Point Probe System.

2.5 Wettability and water uptake

The water contact angle was measured using Image-]J software.
The water contact angle measurements were taken immediately
upon placing the water droplets onto the surface of the films.
Each sample was measured three times at different locations, and
the mean and standard deviations were estimated. The samples
were initially cut into 0.5 cm X 0.5 cm strips in order to calculate
the water uptake ratio. To eliminate any remaining moisture, the
samples were subsequently stored for 24 hours at 70 °C in a
vacuum oven. After that, the strips were submerged in DI water for
half an hour. The initial weight of the samples was recorded as M,
before immersion. After removal from the water, the weight of the
film was recorded as M;. The difference in weight before and after
immersion determined the water uptake ratio, which is given by

Water uptake ratio = (M; — M,)/Mp.

2.6 Antibacterial studies

To investigate the antibacterial properties, the four samples
(CN, CN/CS, CN/PPy, and CN/CS/PPy) were tested against Gram-
positive Staphylococcus aureus bacteria and Gram-negative
E. coli bacteria. Using a sterile saline solution, the culture was
diluted to around 5 x 10° CFU mL . It was then centrifuged twice
with Butterfield’s phosphate buffer and re-suspended in the same
buffer. The samples were divided into pieces with a radius of 1 cm
before the antibacterial test. Two of these fragments were then put
on a sterile plate. To ensure complete contact with the inoculated
bacteria, 20 UL of the inoculum was then applied to the center of
one specimen, and the second specimen was positioned on top.
After the vortexing process, the liquid portion from each sample
was subjected to a series of 10-fold serial dilutions. Each diluted
sample was carefully plated on separate nutrient agar plates. These
plates were then placed in an incubator set to 37 °C, where they
rested for 24 hours. Once the time had passed, the bacterial
colonies were counted and documented, paving the way for an
analysis of the antimicrobial effectiveness of the treatment.

2.7 EMI shielding measurements

The EMI shielding performance of the samples was measured
using a vector network analyser using the waveguide method in
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the frequency range of 8 to 12 GHz (X band). According to
Schelkunoff theory, the total EMI effectiveness is the sum of
microwave absorption (SE,), microwave reflection (SEg) and
microwave multiple reflection (SEy) of the electromagnetic
wave when it interacts with the shielding object.”” Microwave
absorption (SE,), microwave reflection (SEg) and microwave
multiple reflection (SEy) can be calculated from the experi-
mentally measured scattering parameters denoted as Si4, Siz,
S»» and S,;. SEy is negligible when SEr is greater than 10 dB
and can be omitted from the calculation. The total shielding
effectiveness is the sum of the shielding effectiveness due to
absorption, reflection and multiple reflections.”® This can be
obtained using the following equation:

SE; = SE + SEg + SEp.

3. Results and discussion
3.1 Synthesis of coconut midrib nanocellulose

The coconut midrib nanocellulose is prepared by the acid
hydrolysis of delignified cellulose from coconut midrib as
depicted in Fig. 1. The high-resolution TEM images (Fig. 2a—c)
indicate that the coconut midrib nanocellulose prepared has an
average diameter of approximately 37 nm. Nanostructures seen
in the TEM images showed a uniform morphology with a quasi-
spherical shape and dimensional features. HRTEM images
showed predominantly amorphous character with no lattice
fringes discernible. AFM analysis of the coconut midrib nano-
cellulose was also carried out, and the results indicated the
formation of nanoparticles with the average diameter ranging
from 44 nm to 84 nm (Fig. S1, ESIt). Dynamic light scattering
(DLS) was also used to obtain particle size distribution of the
nanosized cellulose materials, which showed an average particle
size of 63.17 nm (Fig. S2, ESIT). Zeta potential of the nanocellu-
lose was also analysed using DLS, which showed negative zeta
potential values ranging from —12 mV to —40 mV, indicating
good stability in the dispersion (Fig. S3, ESIt). The SEM images
of the coconut midrib nanocellulose clearly indicate the
presence of nanofibers (Fig. S4, ESIY).

The presence of hydrogen bonds and van der Waals forces
between adjacent molecules gives cellulose a characteristic
crystalline structure, unlike hemicellulose and lignin, which
are amorphous in nature.>® The removal of lignin and hemi-
cellulose increases the cellulose content, which in turn
enhances the crystallinity of the fiber. The X-ray diffractogram
(Fig. S5, ESIt) of the sample exhibited three distinct peaks near

EMI Shielding Application

Antibacterial Studies

Nanocellulose Water Resistance Property

Coconut leaf midrib  Acid hydrolysis

Fig. 1 Scheme of the preparation of coconut midrib nanocellulose.
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Fig. 2 (a) and (b) HRTEM images of the cellulose nanomaterial derived
from coconut midrib; (c) histogram depicting the particle size distribution
of the cellulose nanomaterial; (d) XRD pattern of the cellulose nanomater-
ial derived from coconut midrib.

20 values of 16°, 22°, and 34° corresponding to the (110), (002),
and (004) planes, which are characteristic crystalline peaks of
cellulose I. The sample subjected to successive chemical treat-
ments shows higher crystallinity compared to the untreated
one. This is because the chemical treatments partially removed
amorphous components such as hemicellulose and lignin. The
crystalline structure of coconut midrib cellulose is similar to
that found in other lignocellulosic fibers, such as pineapple leaf
fiber, curaua, sisal, sugarcane bagasse, and others.>® By com-
paring the diffractograms corresponding to various synthesis
steps, it is observed that delignification and bleaching reac-
tions did not cause any significant changes in the structure of
cellulose, but rather removed the amorphous content. Amor-
phous hemicellulose and lignin can be effectively removed
through alkali and bleaching treatments. The elimination of
lignin and hemicellulose allows for tighter packing of cellulose
chains, resulting in increased crystallinity.*

Comparison of the FTIR spectra (Fig. S6, ESIt) of raw coco-
nut midrib, delignified fiber, fiber after first bleaching, and
fiber after second bleaching clearly indicates the increase in the
cellulose content. The spectra of the raw and delignified coco-
nut midrib fiber are found to be similar. This suggests that the
cellulose, hemicellulose, and lignin content of the samples did
not undergo any significant chemical changes as a result of the
sodium hydroxide delignification process. Both the raw and
delignified samples exhibit peaks at 1461.33 cm™ ', which
indicate the presence of the -CH, deformation vibration in
the side chains. The absence of this peak in the spectrum of the
bleached sample suggests that lignin has degraded. The peaks
at 1637.64 cm ™' and 1505.54 cm™ ' correspond to the stretching
vibrations of C—=O0 and the aromatic skeletal vibration of C—C
in lignin, respectively.’" These peaks were also absent in the
spectra of the bleached sample, indicating that the bleaching
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procedure using hydrogen peroxide and sodium hydroxide
could successfully remove lignin.

However, a characteristic peak at 1606 cm ™' with a notable
intensity remained in the bleached samples, suggesting that
the bleaching process did not fully eliminate the hemicellulose
from the sample. Additionally, peaks were observed in the
spectra of the raw, delignified, and bleached samples at
3327 em ™' for -OH stretching vibration, 2918 cm™" for C-H
stretching vibration, 1430 cm ™' for -CH, and -OCH- plane
bending vibrations, 1375 cm ™" for C-H deformation vibration,
and 897 cm ™' for anomeric carbon (C1) vibration. These are all
distinctive peaks of cellulose, demonstrating that highly pure
cellulose was obtained.*" It is very much evident from the FTIR
analysis that the characteristic peaks of the bleached samples
coincide with the reported FTIR peaks of cellulose, thus con-
firming the synthesis of pure cellulose from coconut midrib.

3.2 Characterization of cellulose nanopaper (CN)

CN, CN/CS, CN/PPy and CN/CS/PPy functionalized nanopapers
were prepared in the desired dimensions and shapes (Fig. S7,
ESIT). The FTIR spectra of pure CN derived out of coconut
midrib nanocellulose and functionalized CN samples are
shown in Fig. 3a. The peaks at 3334, 2917, 1650, 1427, 1164,
1107, and 890 cm ™" correspond to the characteristic peaks of
cellulose 1.>> The peak at 1717 cm™ " corresponds to the C=0
stretching from ester groups.>® After the impregnation of
chitosan to the pure CN, the peaks typical of chitosan appear
in the FTIR spectrum. The prominent peaks at 3300 and
3353 cm™ ' are attributed to N-H and O-H stretching, while
the bands at 2923 and 2854 cm ™' correspond to symmetric and
asymmetric CH stretching, respectively.**

The peak at 1650 cm™ " corresponds to the C=O0 stretching
of amide I, while the peak at 1313 cm ™" corresponds to the C-N
stretching of amide III. These peaks indicate the presence of
residual N-acetyl groups. Additionally, the peaks at 1558 cm ™"
and 1159 cm™ " correspond to the N-H bending of the primary
amine and the asymmetric stretching of the C-O-C bridge,
respectively.’® The CH, bending and CH; symmetrical defor-
mations are responsible for the bands at 1421 and 1370 cm ™,
respectively. The distinctive bands of polypyrrole are visible
in the FTIR spectra of the sample polymerized with pyrrole.
The pyrrole ring’s C—C and C-N stretching vibrations are

&
T
£

—— CNICS/PPy
——CN/PPy
——CNICS

\M\_,

——CN/PPy
—— CN/CS/PPy
[ reaan
Gc N OH cH cH

% Transmittance
% Transmittance

1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 3 (a) FTIR spectra of coconut midrib nanopaper (CN), coconut midrib
nanopaper/chitosan (CN/CS), coconut midrib nanopaper/pyrrole (CN/PPy)
and coconut midrib nanopaper/chitosan/pyrrole (CN/CS/PPy) films. (b)
Comparison between spectra of coconut midrib nanopaper/pyrrole (CN/
PPy) and coconut midrib nanopaper/chitosan/pyrrole (CN/CS/PPy).
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responsible for the bands at 1541 and 1455 cm™ ',
respectively.*® The pyrrole ring’s C-H in plane vibrations are
responsible for the peaks at 1313, 1159, and 1030 cm *.*’
When we analysed Fig. 3b, we could find that the peaks in
the spectrum of CN/CS/PPy are nearly equivalent to the peaks in
CN/PPy, which indicates the formation of polypyrrole within
the chitosan coating. The band at 1030 cm™ " of CN/PPy can be
seen to change to a lower wavenumber, indicating that inter-
actions exist between the chitosan and polypyrrole.'®

SEM analysis revealed the morphology of the CN, CN/CS,
CN/PPy and CN/CS/PPy samples (Fig. 4). The addition of chitosan
makes the CN/CS surface smoother, and the cross-sectional
analysis shows that denser interlayers as the voids between
nanocellulose are filled with chitosan.*® In the CN/PPy, numerous
granular aggregates can be found, which denotes the presence of
polypyrrole. After the introduction of polypyrrole, the CN/CS/PPy
film becomes rougher than CN/CS, with visible polypyrrole gran-
ules observed in the image. However, the surface morphology is
still smoother compared to CN/PPy. The interlayer of CN/CS/PPy
expanded in comparison with CN/CS, but it is found to be denser
when compared to CN/PPy. The tensile strength of the nanopaper
samples was analysed and is given in Table S1 (ESIt). It is evident
that the tensile strength is dependent on the composition of the
films. These physical properties of CN/CS/PPy make it a promising
material with higher electrical conductivity and better mechanical
properties.

3.3 Wettability and water uptake

The water contact angle measurements and the water uptake
ratio of the pure cellulose nanopaper (CN) and functionalized
cellulose nanopaper samples (CN/CS, CN/PPy and CN/CS/PPy)
were studied as depicted in Fig. 5. The CN film shows a
comparatively lower contact angle of 48.70° and a high water
uptake ratio of 96.21%. The CN films absorb water very quickly
and get crimped. The high-water uptake ratio and the low
contact angle of the CN film are attributed to the hydrophilic

Fig. 4 SEM images of (a) coconut midrib nanopaper (CN), (b) coconut
midrib nanopaper/chitosan (CN/CS), (c) coconut midrib nanopaper/pyr-
role (CN/PPy) and (d) coconut midrib nanopaper/chitosan/pyrrole (CN/
CS/PPy). The phases of polypyrrole are marked in (c) and (d).
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nature of the coconut midrib cellulose. The impregnation of
chitosan to the pure film leads to drastic changes in wettability.
The contact angle of CN/CS increased to 71.17°, and the water
uptake ratio dropped to 78%. This is because of the high
hydrophobicity and the relatively more complex structure of
CN/CS films. The CN/CS strip got bent after the absorption of
water, but it did not crimp as in the case of the CN film. The
CN/PPy sample exhibited a higher contact angle of 80.85° and a
reduced water uptake ratio of 70% compared to CN/CS. This
change in water resistance measurements is attributed to the
water resistance properties of pyrrole. The pyrrole layers hinder
the penetration of water into the strip/film, retaining its shape
even after immersion in water.>® The CN/CS/PPy film exhibited
a contact angle of 96.21° and an uptake ratio of 40%. As the
contact angle of the film is above 90°, it proves that the surface
of the film is hydrophobic. Also, when rinsed with water, the
water droplets can be seen hardly retained on the surface of the
film. Both these results confirm the hydrophobic nature of the
CN/CS/PPy film. In the water uptake studies, the CN/CS, CN/
PPy, and CN/CS/PPy strips preserved their original shape with-
out any dissociation of CS or PPy, whereas the CN film nearly
disintegrated into fragments. The water contact angle and the
water uptake ratio of the films clearly illustrate the hydrophilic
nature of the pure CNF film and the hydrophobic nature of the
CN/CS/PPy film. The impregnation of chitosan and addition of
pyrrole have made a drastic change in the nature of the film.
The better water resistance properties of the functionalized film
make it suitable for industrial and laboratory applications.

3.4 Antibacterial studies

Fig. 6 illustrates the antibacterial reduction studies of CN, CN/
CS, CN/PPy and CN/CS/PPy samples against Gram-positive
Staphylococcus aureus and Gram-negative E. coli (photographs
of the inhibition zones of Staphylococcus aureus and E. coli
bacteria are provided in Fig. S8 and S9, respectively, ESIt). The
pure CN sample showed bacterial reductions of around 51.23%
and 10.28% toward Staphylococcus aureus and E. coli, respec-
tively, upon 30 minutes of contact. The disintegration of the CN
film into fragments at the time of the vortexing process is the
main reason for its bacterial reduction. The poor water

a) b)
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Fig. 5 (a) Graph of water uptake ratio of coconut midrib nanopaper (CN),
coconut midrib nanopaper/chitosan (CN/CS), coconut midrib nanopaper/
pyrrole (CN/PPy) and coconut midrib nanopaper/chitosan/pyrrole (CN/
CS/PPy). (b) Contact angle measurements of coconut midrib nanopaper
(CN), coconut midrib nanopaper/chitosan (CN/CS), coconut midrib nano-
paper/pyrrole (CN/PPy) and coconut midrib nanopaper/chitosan/pyrrole
(CN/CS/PPy).
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Fig. 6 (a) Graph of antibacterial reduction against Gram-negative bac-

teria. (b) Graph of antibacterial reduction against Gram-positive bacteria.

resistance properties of pure CN are the reason for the disin-
tegration, and this allows bacteria to adhere to the porous
surface of the fragments.’® The impregnation of chitosan was
the reason for the increased activity of the films against
Staphylococcus aureus and E. coli with the reported bacterial
reductions of 64.49% and 53.58%, respectively. The antibacter-
ial property of chitosan is considered to be one of the reasons
for the increased bacterial reduction. The electrostatic inter-
action between cationic chitosan and the negatively charged
bacterial cell membrane damages the membrane, leading to
the leakage of cellular contents and cell death.*" The CN/PPy
film shows significant antibacterial activity towards Staphylo-
coccus aureus and E. coli with bacterial reductions of 88.69%
and 69.14%, respectively. The positive charge associated with
the polypyrrole is another reason for the bacterial reduction of
the films.*”> The CN/CS/PPy film exhibited enhanced activity
towards Staphylococcus aureus and E. coli with bacterial reduc-
tions of 93.47% and 82.79%, respectively. The enhanced anti-
bacterial activity of the functionalized film is due to the
presence of chitosan and polypyrrole. Along with the excellent
antibacterial properties, the mechanical strength and water
resistance properties make the functionalized CNF film a
potential material for biomedical applications.

3.5 Electromagnetic interference shielding

We studied the EMI shielding application of the CN/CS/PPy,
and the results are presented in Fig. 7 and Fig. S11 (ESI{). The
CN/CS is taken as a control sample, and its shielding effective-
ness is found to be nearly zero. This is mostly because of the
nature of CN/CS, which allows the electromagnetic wave to pass
through the CN/CS film matrix easily. The CN/PPy film displays
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25 + CN/PPy g
o & CN/CS/PPy
204 __..--..._..- -..__ R
i ez e |
315 g
e
) w
» 10 oo o wtee 101
5 ,,._..“..-_-.-.'...o- seo®es .o
0 ,nuu.un.n““nAuuA“.“‘uh“
8000 9000 10000 11000 12000 - po- pon
Frequency (GHz) A R T
Fig. 7 (a) SEt vs. frequency (GH,) graph of coconut midrib nanopaper/

chitosan/pyrrole (CN/CS/PPy); (b) SE (dB) vs. SEg, SEs, and SEt graph of
coconut midrib nanopaper/chitosan/pyrrole (CN/CS/PPy).
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a shielding effectiveness of 6 dB at 10 GHz. The CN/CS/PPy film
exhibits a high shielding effectiveness of about 21.92 dB at
10 GHz at a thickness of 200 pm, which apparently hinders 99%
of the electromagnetic radiation. The shielding effectiveness
is a result of the conductivity of the CNP/CS/PPy film (1.06 x
10"* S em™?, as shown in Fig. $10, ESIt) and the heterostruc-
ture of the CN/CS/PPy film. The SEr, SE,, and SEg values of the
CN/CS/PPy film at 10 GHz are compared in order to understand
the shielding mechanism involved in it. Fig. 6b illustrates that
the SER contribution to the SEr is significantly greater than that
of SE4, which can be attributed to the heterostructure of the
CN/CS/PPy film.** The chitosan and polypyrrole in the CN/CS/
PPy film are the reason for its conductivity, and CNFs act as
insulating nanofillers, thus making them unique heterostruc-
tures. The heterostructures in the film are responsible for the
multiple reflections in the matrix, leading to microwave absorp-
tion. When incident microwaves encounter the CN/CS/PPy
heterostructure, they are reflected by the highly conductive
layer formed by chitosan and polypyrrole. The remaining part
of the incident microwave is reflected at the interfaces in the
film present between non-conductive CNFs and conductive
chitosan/polypyrrole. The heterostructures formed inside the
functionalized film play a crucial role in deciding the shielding
mechanism and its effectiveness.”® When the EMI shielding
effectiveness values of composites with cellulose and conducting
polymers are compared, CN/CS/PPy showed a better shielding
effectiveness in relation to its thickness, as depicted in Fig. 8.
With the shielding performance, mechanic strength, lightweight,
excellent flexibility, and an easy, low-cost method for preparation,
the obtained CN/CS/PPy has promising potential as a sustainable
EMI shielding material.

4. Conclusions

In this work, we have prepared nanocellulose from coconut
midrib using optimized pre-treatment steps and an acid hydro-
lysis process. To the best of our knowledge, this is the first
report of the preparation of nanocellulose from coconut

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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midrib. The FTIR analysis revealed that the delignification and
bleaching procedures did remove most of the hemicellulose
and lignin from the coconut midrib fiber. XRD analysis showed
the increase in crystallinity through the various stages of
synthesis of coconut midrib nanocellulose. The HRTEM and
DLS analyses confirmed the synthesis of coconut midrib nano-
cellulose. This work presents a novel approach for efficiently
utilizing coconut midrib as a potential feedstock for producing
cellulose nanofibrils. We prepared cellulose nanopaper from
cellulose derived from coconut midrib and demonstrated a
simple approach to functionalize the cellulose nanopaper for
achieving multifunctional applications. Chitosan was impreg-
nated to the cellulose nanopaper followed by the introduction
of polypyrrole through in situ polymerization. The CN/CS/PPy
film exhibited excellent water-resistant properties. The CN/CS/
PPy film showed good antibacterial activity toward Gram-
negative and Gram-positive bacteria, with a bacterial reduction
of 93.47% for Staphylococcus aureus and a bacterial reduction of
89.79% for E. coli. The CN/CS/PPy film with its good electrical
conductivity and high shielding effectiveness, around 21.92 dB
at 10 GHz at a thickness of 200 um, can be considered as a
potential option for large scale production of the electromag-
netic shielding material.
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