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AbstractThe amalgamation of natural polymers derived from lignocellulosic waste with synthetic polymers is a potential avenue for producinghigh-value products through nanotechnological innovations. Nanofibers are a significant application of nanotechnology and is nowbeing explored as an alternative method for treating lignocellulosic waste. Nanofiber is a fiber generated by an electrospinningdevice. Cellulose obtained from lignocellulose can be transformed into valuable products, including nanocellulose. This projectentails the synthesis of nanofibers via the combination of natural and synthetic polymers, an innovative approach in the field. Naturalpolymers are derived from alginate and nanocellulose, whilst synthetic polymers are produced from Poly Vinyl Alcohol (PVA). Thisstudy employs nanofibrils in healthcare, specifically as a cartridge filter in masks infused with Eucalyptus sp. This study sought toidentify the optimal method for producing nanofibers with a minimal pore size by varying the concentrations of PVA (4%, 8%, 12%,and 16%) and nanocellulose (2.5%, 5%, and 7.5%). This research employs a combination of methods to produce nanocellulose ofsuitable size, an innovative process. The pretreatment process utilizes a blend of chemical and physical methods. Nanocelluloseis synthesized using varying concentrations of sulfuric acid (25%, 50%, and 75%) during the acid hydrolysis process. The optimalnanocellulose size was attained at a sulfuric acid concentration of 50% (40◦C, 10 minutes), as evidenced by a mean diameter of484.3 nm. The amalgamation of physical and chemical methods has demonstrated efficacy in generating a beneficial pore sizedistribution in nanocellulose. Nanofibers are synthesized utilizing 12% PVA, 0.5% alginate, 2.5% nanocellulose, and 1% Eucalyptus sp.over 30 hours (3 mL), resulting in an average diameter of 200 nm for the created nanofibers. Concurrently, the nanofiber producedin the absence of Eucalyptus sp. exhibited a diameter of 240 nanometers.
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1. INTRODUCTION

Palm oil is a highly coveted commodity among investors owing
to its substantial worth (Syahza and Asmit, 2020) . The palm
oil industry in Indonesia requires focused scrutiny due to its en-
vironmental consequences, particularly concerning Oil Palm
Empty Fruit Bunches (OPEFB) and their substantial waste
(Meijaard et al., 2020) . The growing interest in nanofiber pro-
duction predominantly employs various natural and synthetic
polymers for tissue engineering (Kazemzadeh et al., 2022) . Cel-
lulose is a naturally occurring polymer used. In recent years,
there has been an increasing focus on the valorization of this
agricultural waste (Blasi et al., 2023) . Among the promising
avenues is the extraction of cellulose from OPEFB, which can

serve as a valuable raw material for advanced materials such
as nanofibers. The increasing interest in nanofiber production
primarily utilizes various natural and synthetic polymers for
applications in tissue engineering. Cellulose, a naturally oc-
curring and biodegradable polymer, has attracted significant
attention due to its abundance, renewability, and exceptional
mechanical properties (Tu et al., 2021) .

Nanotechnology encompasses various forms, including nan
oparticles, nanofibers, nanowires, and nanotubes (Shoukat and
Khan, 2021) . Nanofiber is a nanomaterial that remains the sub-
ject of significant research and development efforts. Nanofibers
are utilized across multiple sectors, including textiles (Mal-
lakpour et al., 2021) , composites, automotive (Natrayan et al.,
2021) paper, electronics, optics, agriculture, cosmetics, health-
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care, medicine, sports, and pharmaceuticals (Tuhmaz, 2024) .
Nanofibers can be generated using an electrospinning device
(Patel et al., 2021) . Electrospinning is an effective technique
for enhancing the performance of cellulose nanofiber sheets,
offering a viable alternative approach (Wang et al., 2021) .

Nanocellulose functions as a reinforcing agent in bionano-
materials. This arises from the advantages of its mechanical
properties, biocompatibility, surface chemistry, and advan-
tageous optical characteristics (Aisy et al., 2024) . Research
on nanocellulose has successfully employed acid hydrolysis
methods (Pawcenis et al., 2022) , producing microcrystalline
cellulose with dimensions ranging from 150 to 200 nm using
sulfuric acid. Low et al. (2022) established that prolonging the
duration of ultrasonication led to a decrease in the size of the
Nanocellulose generated.

Numerous outbreaks of upper respiratory tract infections
encompass the SARS-CoV-2 virus (often known as "Covid-
19"), the avian influenza virus (H7N9), and the Middle East
respiratory sickness (MERS) coronavirus (Flerlage et al., 2021) .
The mask’s filtration can be improved by employing a filter
cartridge to capture virus-sized particles that affect the upper
respiratory tract efficiently (Goscianska et al., 2022) . Cartridge
filters may be used therapeutically with the inclusion of Eu-
calyptus sp. This innovation utilizes the significant cellulose
content in Oil Palm Empty Fruit Bunches (OPEFB) waste,
which is converted into nanocellulose fibers (filter cartridges)
integrated into the mask’s core to improve efficacy in filtering
viruses and antiviral treatments aimed at the upper respiratory
tract.

Filter cartridge sheets are infused with essential oil Eucalyp-
tus sp. demonstrating antibacterial efficacy against pathogenic
microorganisms (Liñán-Atero et al., 2024) in the upper respi-
ratory tract, reducing exposure to the virus. Eucalyptus sp. is a
genus of flora within the Myrtaceae family (Delgado-Paredes
et al., 2021) . Eucalyptus sp. is commonly employed as a medic-
inal herb. Eucalyptus globulus is a species used as a medicinal
agent (Jafari et al., 2021) .

The essential oil primarily consisted of oxygenated monoter-
penes, monoterpenes, and oxygenated sesquiterpenes. Among
these chemicals, 1.8-Cineol (72.71%), 𝛼-terpineol (2.54%),
terpinene-4-ol (0.34%), and linalol (0.24%) were identified as
the predominant constituents (Park et al., 2024) . The predom-
inant oxygenated monoterpenes identified were 𝛼-eudesmol
(0.39%), globulol (2.77%), and epilobulol (0.44%), which were
the leading sesquiterpenes. The identified significant com-
pounds are: 𝛼-terpineol acetate (3.1%), geranyl acetate (0.71%),
L-pinocarveol (0.36%), 𝛽 -sabinene (0.25%), and terpinolene
(0.19%). Nevertheless, a portion (0.26%) of the total compo-
nents remains unidentified (Malakar, 2024) . Chemical con-
stituents in the Fruit of Eucalyptus sp. Fifteen compounds were
obtained and identified as outlined below: beta-sitosterol, be-
tulinic acid, stigmasterol, euscaphic acid, 2𝛼-hydroxybetulinic
acid, macrocarpol B, macrocarpal A, oleanolic acid, 3.4.3-
O-trimethylellagic acid, 3-O-methylellagic acid 4-O-(2-O-
acetyl) –alpha-L rhamnopyranoside, 3-O-methylellagic acid,

ellagic acid, and gallic acid (Veerendranadh et al., 2018) .
The essential oil extracted from the leaves of Eucalyptus

sp. is employed in the treatment of pulmonary tuberculosis
(Dheyab et al., 2022) , diabetes (Kim et al., 2020) , influenza
(Galan et al., 2020) , antiseptic applications (Pimenta et al.,
2023) , asthma (Galan et al., 2020) , and as a disinfectant (Amin-
sobhani et al., 2022) . It is also used in malaria therapy (Deli-
gianni et al., 2023) , and possesses antibacterial, antifeedant,
antifungal (Rawat et al., 2022) , and repellent (Rehman et al.,
2024) properties. The stem is utilized for its antiviral effects
(Maftuchah et al., 2020) .

This study aims to synthesize nanocellulose fiber sheets
from OPEFB via the electrospinning technique to create fiber
sheets capable of encapsulating Eucalyptus sp. The sheet is in-
tended for therapeutic use in the upper respiratory system. This
study involves the manufacture of nanofibril nanocomposites
by integrating a PVA polymer matrix with nanocellulose and
alginate, resulting in nanofibril cellulose sheets characterized
by optimal pore topologies. This study involves the manu-
facture of nanocellulose fibers from OPEFB by synergizing
chemical and physical methods to achieve. Nanocellulose with
improved particle size, crystalline, efficacy, and purity. This
work is distinctive as it integrates a PVA polymer matrix with
natural polymers, specifically nanocellulose and alginate while
varying the amounts of each polymer.

This investigation was conducted by integrating chemical
and physical approaches. The chemical approach employs
acidic and basic solutions. The treatment of OPEB involves
dissolution in a 2.5% sodium hypochlorite (b/v) solution. The
mixture is subsequently refluxed with 17.5% sodium hydroxide.
After the pretreatment step, acid hydrolysis, accompanied by
ultrasonication, was selected. Nanocellulose has been combined
with 100% pure Eucalyptus sp. merk Garden.

2. EXPERIMENTAL SECTION

2.1 Materials
Oil Palm Empty Fruit Bunches (OPEFB), Aquadest, 3.5%
HNO3, NaNO2, 2% NaOH, 2% NaSO3, 1.75% NaOCl, 17.5%
NaOH, 10% H2O2 Aquabidest, 45%, H2SO4. Eucalyptus globu-
lus Garden 100 % pure essential oil 30 mL.

2.2 Tools
Laboratory glassware, an analytical balance, standard filter pa-
per, a thermometer, a hot plate, a pH meter, a desiccator, a
centrifuge, and a sieve are among the instruments employed.
The utilized instrumentation comprises a nanofibril cellulose
sheet printing apparatus or electrospinning device CAAI 2601
Nachriebe 601 at the Faculty of Mathematics and Natural
Sciences, University of Sriwijaya Electrospinning, Center of
Aerosol and Analytical Instrumentation (CAAI), Bandung, In-
donesia, a high voltage power supply, and Scanning Electron
Microscopy (SEM) Bruker’s electron microscope analyzers
located at the South Sumatra Regional Police Forensic. Instru-
ment Particle Size Analyzers (PSA) located at ILRC Building,
University of Indonesia Campus, West Java, 16424, Indonesia.
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2.3 Method
2.3.1 Nanocellulose Manufacturing Method
This research was made by combining chemical and physical
methods. The chemical method uses acid and alkaline so-
lutions. Oil Palm Empty Bunches pretreatment is dissolved
with 2.5% Sodium Hypochlorite (b/v). Then, it is refluxed
with 17.5% NaOH. The method chosen after the pretreat-
ment process is acid hydrolysis and, followed by ultrasonica-
tion. Nanocellulose that has been added to Eucalyptus globulus
Garden 100% pure essential oil 30 mL.

2.3.2 Nanofiber Manufacturing Method
In the production of nanofibers, a specific quantity of PVA and
deionized water is stirred on a heated plate at 500 rpm and
80◦C for 1 hour, totalling 3 mL. Subsequently, nanocellulose
is incorporated and agitated at ambient temperature for one
hour to produce the PVA/NC/Alginate/Eucalyptus sp. solution,
with PVA concentrations of (4, 8, 12.16) %b/v, nanocellulose
at (2.5, 5, 7.5) %b/v, alginate at 0.5 %b/v, and Eucalyptus sp. at
1%. The PVA/Nanocellulose/alginate/Eucalyptus sp. solution
is degassed, put into a 20 mL syringe, and rotated within an
electrospinning unit. The spinning parameters were voltage
15.1 kV, 138 counts for the high-voltage encoder, chamber
temperature 26.3◦C, and relative humidity 64.0% (Gupta et al.,
2021) .

3. RESULTS AND DISCUSSION

3.1 Nanocellulose Manufacturing
The outcomes of the acid hydrolysis procedure, which entailed
protonating the acetal oxygen within the glycosidic bond, were
as follows: The formation of carbocation on the anomeric car-
bon through heterolysis results in the breaking of glycosidic
bonds. Subsequently, the carboxylation process occurs, pro-
ducing a hydroxyl group and a proton.

3.2 Characterization of PSA (Particle Size Analyzer)
3.2.1 Nanocellulose
The outcomes of the acid hydrolysis process, which entailed
the protonation of the acetal oxygen within the glycosidic bond,
are delineated below: The nanocellulose is subsequently diluted
with distilled water was added into the cuvette. Measurements
are conducted at room temperature, with a range spanning
from 10 nm to 4000 nm. The dimensions of nanocellulose
are determined as follows.

Table 1. Results of PSA Analysis of Nanocellulose Size

Variation in H2SO4
Concentration

Nanocellulose Size

H2SO4 25% 664.8 nm
H2SO4 50% 484.3 nm
H2SO4 75% 865.5 nm

The Table 1 presents the results of nanocellulose particle
size analysis obtained using a Particle Size Analyzer (PSA)

across different concentrations of sulfuric acid (H2SO4) em-
ployed during the hydrolysis process. In this study, sulfuric
acid concentrations of 25%, 50%, and 75% were applied at 40◦C
for 10 minutes. The concentration of sulfuric acid is a criti-
cal parameter in the acid hydrolysis of cellulose, as it directly
influences the extent of fiber depolymerization and the final
particle size distribution of the resulting nanocellulose. The
data demonstrate a clear correlation between acid concentra-
tion and particle size. At 25% H2SO4, the average particle size
was measured at 664.8 nm. The smallest particle size, 484.3
nm, was observed at 50% concentration, suggesting that this
condition offers an optimal balance between effective hydrol-
ysis and particle stability, facilitating the production of finer
nanocellulose structures. However, at 75% H2SO4, the par-
ticle size increased significantly to 865.5 nm. This may be
attributed to excessive acid concentration potentially inducing
nanocellulose particle agglomeration, structural degradation,
or partial recrystallization, possibly due to intensified hydrogen
bonding between fragmented fibrils. Such effects could lead to
the formation of larger or less uniform particles.

A graphical representation of the PSA results corresponding
to the 25%, 50%, and 75% H2SO4 treatments further illustrates
the influence of acid concentration on nanocellulose size distri-
bution.

This research in Figure 1 employs an innovative process
that uses a combination of methods to produce nanocellulose of
a suitable size. The pretreatment process uses a combination of
chemical and physical methods. Nanocellulose is synthesized
by using different concentrations of sulfuric acid (25%, 50%,
and 75%) during acid hydrolysis. The results of the analysis
were used to produce PSA cellulose nanofibers. Based on the
results of the analysis, PSA cellulose nanofibers were produced
at concentrations of 25% nanocellulose size 664.8 nm, 50%
nanocellulose size 484.3 nm, and 75% nanocellulose size 865.5
nm.

3.3 FTIR Characterization of Nanocellulose
In this study, it was analyzed using FTIR. The measurement
results are shown in the graph below, which describes the FTIR
measurements at 3 different sulfuric acid concentrations of
25%, 50%, and 75%.

In this graph Figure 2, the OH stretching group appears
at a wavelength of 1640.23, 3736.62, 1642.37, 3729.56,
1679.72 cm-1. Wavelength 3300–3400 cm-1 –OH stretching
and 1640 cm-1 OH bending characteristic of pure cellulose
(Md Salim et al., 2021) . Then, there is a CH Alkyl stretching
group that appears at around 2800-2900 cm-1 CH stretching,
1420 cm-1 CH bending, 1370 cm-1 CH bending (Kumar
et al., 2022) . Absorption bands at around 2805.03, 2968.28,
1420.83, 2805.92 cm-1 are CH extended vibrational peaks,
CH deformations, and glucose round ring stretches from cellu-
lose, hemicellulose, and lignin structures (Chen et al., 2022) .
The C O C eter group appears at around 1158-1160 cm-1

(Fletes-Vargas et al., 2023) . The –OH, –CH, C O C, and
C C functional groups are the main groups of cellulose (Fan
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Figure 1. PSA Analysis Results in (a) Nanocellulose size 664.8 nm, (b) Nanocellulose Size 484.3 nm, (c) Nanocellulose Size
865.5 nm

et al., 2021) . Figure 2 illustrates the infrared absorption spectra
of nanocellulose treated with 25% sulfuric acid after OPEFB
pretreatment, which involved three processes: alkaline treat-
ment, bleaching, and hydrolysis via ultrasonication. The pre-
liminary alkaline treatment, defined by the elimination of hy-
droxyl groups by a reaction with sodium hydroxide, decreases
hydrogen bonds due to their dissociation. The presence of
hydroxyl (OH) functional groups, indicative of alkaline treat-
ment, is confirmed by the FTIR spectrum, exhibiting a char-
acteristic absorption band within the range of 3736.62 cm-1.
In cellulose, most –OH groups are bound through hydrogen
bonds between chains, resulting in a broad O–H stretching
band around 3200–3500 cm-1. However, a small, sharp peak
at approximately 3700 cm-1 also appears in the FTIR spec-
trum (Vârban et al., 2021) . This peak is attributed to free –OH

surface groups on cellulose that do not participate in hydro-
gen bonding. For example, hydroxyl groups on the surface
of cellulose fibrils, at the chain ends, or in crystalline regions
where hydrogen bonds are imperfectly formed (Zhou et al.,
2024) . Subsequently, a bleaching process is undertaken as a
secondary treatment step to further eliminate residual lignin
content from the material. The cluster analysis revealed the ex-
istence of lignin in OPFEB nanocellulose. The results indicate
that the bleaching technique is insufficient, as demonstrated
by the presence of lignin in the final nanocellulose product,
evidenced by the spectra at 1652.41cm-1. The C O C eter
group appears at around 1159.51 cm-1. The lack of a –SO and
C C link in the hydrolysis of nanocellulose acid indicates that
the process may be inefficient (Bacha, 2022) . The spectrum
of the sample displays a peak at approximately 1550.65 cm-1,
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Figure 2. Nanocellulose Infrared Absorption Area with (a) Combine 3 Sample (b) 25%, (c) 50%, (d) 75% Sulfuric Acid Hydrolysis

indicative of the presence of lignin and hemicellulose, given the
25% H2SO4 concentration. The aromatic structure of lignin
contributes to its distinctive spectrum.

The infrared absorption spectra of nanocellulose subjected
to 50% sulfuric acid hydrolysis. The infrared absorption spectra
of nanocellulose treated with 50% sulfuric acid indicates that
the initial alkaline treatment diminishes hydrogen bonding by
eliminating hydroxyl groups through a reaction with sodium
hydroxide (Zhou et al., 2024) . The OH stretching group
appears at a wavelength of 1679.72, 3730.82 cm-1.The subse-
quent phase is bleaching. Bleaching seeks to eliminate lignin
content. The FTIR spectrum data indicated the presence of an
carbonyl C O functional group at a wavelength of 1032.69
cm-1 (Pimenta et al., 1998) . The cluster stated the presence
of lignin in OPEFB Nanocellulose. The current bleaching
method is insufficient, resulting in the final nanocellulose prod-
uct retaining lignin at spectral peaks of 1522,28 cm-1. The
C O C eter group appears at around 1032.69 cm-1. The
hydrolysis of nanocellulose acid indicates the absence of the

SO3 bond, signaling that sulfate esterification during washing
is optimized. When sulfuric acid is diluted with water, it gen-
erates an H3O+ ion that subsequently engages with a cellulose
ring to establish an O H bond (Wohlert et al., 2022) . This
reaction generates H2O, which then engages with the cellulose
ring, forming an O H bond and liberating H+ ions (Zhang
et al., 2024) . Fifty percent sulfuric acid maintains the cellulose
structure while effectively removing lignin and hemicellulose.

The infrared absorption spectra of nanocellulose subjected
to 75% sulfuric acid hydrolysis indicates the presence of an
OH group, suggestive of alkaline treatment, evidenced by ab-
sorption peaks at 1642.37, 3729.56 cm-1. The secondary
treatment is bleaching, which is aimed at removing the lignin
component (Susi et al., 2022) . The FTIR spectral data vali-
dated the existence of an alkyl C H functional group, indicated
by absorption peaks at 2848-2916 cm-1 (Kumar et al., 2022) .
The absorption bands observed at 2805.03, 2968.28 cm-1 are
attributed to CH extended vibrational peaks, CH deforma-
tions, and glucose ring stretches from cellulose, hemicellulose,
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and lignin structures, respectively (Aisy et al., 2024) . Cluster
analysis showed the presence of lignin in TKKS Nanocellulose.
The FTIR spectral analysis indicated the existence of a C C
alkyl aromatic functional group within the wavelength 1539.88
cm-1. The C O C eter group appears at around 1183.45
cm-1. This result suggests the bleaching process is inadequate,
as the resulting nanocellulose product retains lignin. Spectrum:
1539.88 cm-1 also the absence of a –SO –

3 bond in the hydroly-
sis of nanocellulose acid signifies that sulfate esterification is the
predominant process during the washing phase. The dilution
of sulfuric acid with water produces an H3O+ ion, which then
engages with a cellulose ring to form an O H bond.

3.4 FTIR Characterization of Nanocellulose andEucalyptus.
sp

The image below is from an FTIR analysis that assessed the
structural and functional groups of the nanocellulose and euca-
lyptus oil composite.

Figure 3. FTIR Characterization of Nanocellulose and
Eucalyptus sp.

The spectral data from FTIR Figure 3 reveal the existence
of the carbonyl (C O) stretch 1659.63 cm-1 and the sym-
metrical deformation of CH3 at peaks 2853.46 cm-1. The
symmetrical 1159.72 cm-1 stretches of C–O–C, as well as the
deformations of CH alkyl deformation at 2853.46 cm-1 and
O H 3342.21 cm-1, are observed in the nanofiber membranes
produced from eucalyptus oil and Nanocellulose (Elbhnsawi
et al., 2023) . A mixture of Nanocellulose and eucalyptus oil
was subjected to several morphological and physical characteri-
zation assessments. The FTIR spectra reveal that the peak at
3342.21 cm-1 for eucalyptus oil/Nanocellulose oil is associated
with O–H. Vibration of the cellulose matrix under tensile stress.
The peak at 2853.46 cm-1 corresponds to the CH stretch, the
peak at 1659.82 cm-1 (Apiratikul et al., 2025) .

3.5 Nanofibril Cellulose
3.5.1 Nanofibril Cellulose from PVA/NC/Alginate/ Euca-

lyptus sp. Encapsulation
The hydrophilic attributes of cellulose enhance the material
qualities of nanofibril cellulose sheets, rendering nanocellulose
an optimal selection for their fabrication. The results demon-
strate that nanofibers were effectively synthesized utilizing a
formulation of 12% PVA, 0.5% alginate, 2.5% nanocellulose,
and 1% Eucalyptus sp. over a synthesis period of 30 hours (3
mL).

Figure 4. SEM Results and Fiber Size Distribution Histogram
from PVA/NC/Alginate/ Eucalyptus sp.

Figure 4 indicates that the nanofibers possess an average di-
ameter of approximately 200 nm. This structural characteristic
aligns with the requirements for wound dressing applications,
which typically demand nanofibers with small diameters, mini-
mal bead formation, and homogeneity. The nanofibers were
fabricated from a polymer solution consisting of 12% Poly
Vinyl Alcohol (PVA), 0.5% alginate, 2.5% nanocellulose, and 1%
eucalyptus extract (Euc), and were electrospun over a period
of 30 hours (3 mL). The resulting nanofibers demonstrated an
average diameter of 200 nm, indicating the suitability of the
formulation for biomedical applications.

In this study, ImageJ was utilized to calculate the particle
size distribution, with 20 replicates employed to ensure statisti-
cal reliability and minimize measurement errors. The images
were initially calibrated using ImageJ, followed by the mea-
surement of each fiber to ascertain the diameter (𝜇m) of each
particle. The resulting data was then compiled to generate a
histogram that represented the particle size distribution.

The particle size distribution of the PVA/NC/Alginate/Euca
lyptus sp. composite film, evaluated through ImageJ software,
reveals significant morphological heterogeneity (Table 2). The
particles exhibit mean diameters ranging from 37.00 to 116.49
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Table 2. Particle Distribution Size Using the Imagej Calculation from PVA/NC/Alginate/Eucalyptus sp.

Frequency Area Mean Min Max Angle Length
1 0.058 116.485 79.000 163.062 -79.380 0.950
2 0.041 100.677 71.000 111.711 -21.801 0.628
3 0.034 78.417 63.000 94.000 -26.565 0.522
4 0.034 72.026 55.000 81.333 -49.399 0.538
5 0.031 68.611 52.000 77.375 7.125 0.470
6 0.034 76.056 68.741 87.309 32.005 0.550
7 0.024 63.500 58.000 65.444 51.340 0.374
8 0.027 65.286 52.000 71.551 33.690 0.421
9 0.031 94.141 85.500 110.000 -23.199 0.444
10 0.037 78.407 70.000 82.480 36.870 0.583
11 0.024 74.825 66.000 82.000 -45.000 0.330
12 0.027 64.735 46.000 72.000 45.000 0.412
13 0.037 56.900 37.000 68.167 -5.711 0.586
14 0.031 56.556 48.000 59.000 0.000 0.467
15 0.034 84.648 78.000 87.444 40.601 0.538
16 0.031 93.597 87.000 101.000 7.125 0.470
17 0.037 89.827 45.000 112.500 5.711 0.586
18 0.048 75.227 55.000 84.923 28.610 0.731
19 0,037 63.675 51.000 68.000 23.962 0.574
20 0,027 68.625 63.000 73.286 8.130 0.412

𝜇m, with size extremes extending from 37.00 to 163.06 𝜇m.
Particle surface areas vary non-uniformly, indicating irregular
dispersion within the matrix, potentially due to inconsisten-
cies in mixing or drying steps. Orientation data derived from
angular measurements (-79.38◦ to +51.34◦) suggest random
spatial alignment, while particle length spans from 0.33 to 0.95
units (dependent on image calibration), highlighting shape di-
versity. The frequency analysis shows no dominant particle
class, supporting the conclusion of non-homogeneous particle
distribution. Such structural irregularity can directly impact
key functional attributes of the film, including its mechanical
integrity, permeability, and diffusion capacity. This morpho-
logical heterogeneity should be considered in tailoring the film
for biomedical or packaging applications, such as wound heal-
ing membranes or active-release bio-coatings.

The following histogram shows the data obtained from
ImageJ calculations. The nanofiber size calculations were per-
formed. The surface morphology of the nanofiber samples was
characterized using Scanning Electron Microscopy coupled
with Energy Dispersive X-ray Spectroscopy (SEM-EDX), and
the fiber diameters were quantitatively analyzed using ImageJ
software.

As depicted in Figure 5, the SEM images reveal that the
synthesized nanofibers exhibit a smooth and uniform surface
morphology, with no observable bead formation. SEM results
particle distribution size using the ImageJ calculation histogram
average diameter of 200 nm for the created nanofibers.

The Figure below is the EDS spectra data of nanofiber.
This data is for the addition of 1% eucalyptus.

Figure 6 demonstrate negligible encapsulation of eucalyp-

Figure 5. SEM Results Particle Distribution Size Using the
Imagej Calculation Histogram Average Diameter of 200 nm
for the Created Nanofibers from PVA/NC/Alginate/Eucalyptus
sp.

tus within nanofibers, as indicated by a reduction in the num-
ber of carbon atoms. The encapsulation procedure suggests
that the quantity of Eucalyptus sp. included is inadequate, at
merely 1%. Furthermore, due to the volatile nature of euca-
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Figure 6. EDS Nanofiber from PVA/NC/Alginate/ Eucalyptus
sp. with Addition of Eucalyptus 1%

lyptus oil, evaporation is possible during its injection into the
collector. Therefore, it is imperative to augment the eucalyptus
concentration in subsequent trials. The surface morphology
of the nanofiber samples was examined using Bruker’s SEM-
EDS analysis, and the material diameter of PVA nanofiber
and PVA/NC/Alginate nanofiber composites was determined
using ImageJ software. The preceding text is incomplete. Fig-
ure 6 displays the outcomes of the SEM investigation of the
nanofibers. The generated nanofibers have a homogeneous
surface devoid of any beads. Figure 7 demonstrates that the
nanofibers possess an average diameter of 0.20082 ± 0.0012
𝜇m.

Table 3 presents the EDS (Energy Dispersive X-ray Spec-
troscopy) spectral data of nanofibers composed of PVA/NC/Al-
ginate/Eucalyptus sp. with an additional 1% eucalyptus extract.
The analysis reveals that carbon (C) and oxygen (O) are the
predominant elements, with mass percentages of 81.68% and
18.10%, respectively. These values are consistent with the or-
ganic nature of the base materials-polyvinyl alcohol (PVA),
nanocellulose (NC), and alginate-all of which are rich in carbon
and oxygen functional groups. The atomic percentage of car-
bon (85.64%) is notably higher than that of oxygen (14.25%),
indicating a carbon-dominant molecular structure typical of
polysaccharides and natural polymers.

In addition, trace amounts of sodium (Na) and aluminum
(Al) were detected, with normalized mass percentages of 0.14%
and 0.07%, respectively. Sodium likely originates from sodium
alginate, while aluminum may stem from contamination dur-
ing sample preparation or instrument artifacts. Given their
very low concentrations, these elements exhibit relatively high
measurement errors (up to 42.59% relative error), and should
be interpreted with caution in quantitative analysis. Overall,

the EDS findings confirm that the synthesized nanofiber pri-
marily consists of carbon and oxygen, aligning with the ex-
pected composition of natural polymer-based materials and
eucalyptus-derived compounds.

3.5.2 Nanofibril Cellulose from PVA/NC/Alginate without
Eucalyptus sp

This study investigates the presence of nanofibril cellulose in
a composite material composed of polyvinyl alcohol (PVA),
nanocellulose (NC), and alginate without Eucalyptus sp. The
analysis method employed was the most current at the time
of publication. The results demonstrate that nanofibers were
effectively synthesized utilizing a formulation of 12% PVA, 0.5%
alginate, 2.5% nanocellulose

Figure 7. SEM Results and Fiber Size Distribution Histogram
from PVA/NC/Alginate

The material under investigation consists of nanofibril cellu-
lose extracted from a blend of polyvinyl alcohol, nanocellulose,
and alginate, absenting any incorporation of Eucalyptus sp. The
following are the results. They are from the particle distribu-
tion size calculation. This calculation was done using ImageJ. It
used PVA/NC/Alginate. I used ImageJ to calculate the particle
size distribution using 20 replicates in this SEM data study,
ensuring statistical reliability and minimizing measurement
errors. The images were first calibrated using ImageJ, then
measurements of each fiber were made to determine the di-
ameter of each particle, and the resulting data was compiled to
produce a histogram representing the particle size distribution.

Table 4 presents the particle size distribution data of the
PVA (polyvinyl alcohol)/nanocellulose (NC)/alginate compos-
ite film, as analyzed through microscopic image processing
using the ImageJ software. The table includes 20 particle sam-
ples with parameters such as frequency, area, mean diameter,
minimum and maximum size, orientation angle, and parti-
cle length. The average particle size (Mean) exhibits notable
variation, ranging from 60.64 𝜇m to 129.72 𝜇m, indicating
a relatively broad size distribution across the sample. The
recorded minimum and maximum sizes for individual particles
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Table 3. EDS Spectra Data of Nanofiber from PVA/NC/Alginate/Eucalyptus sp. with Addition of Eucalyptus

Element At.No Netto Mass(%) Mass Norm.(%) Atom(%)
abs.error(%)
(1 sigma)

rel.error(%)
(1 sigma)

Carbon 6 122378 81.68 81.68 85.64 9.13 11.17
Oxygen 8 8108 18.10 18.10 14.25 2.64 14.58
Sodium 11 510 0.14 0.14 0.08 0.04 27.15

Aluminium 13 561 0.07 0.07 0.03 0.03 42.59
Sum 100.00 100.00 100.00

Table 4. Particle Distribution Size Using the Imagej Calculation from PVA/NC/Alginate

Frequency Area Mean Min Max Angle Length
1 0.031 129.715 95.000 152.781 -39.806 0.456
2 0.051 85.728 73.000 97.000 -50.711 0.829
3 0.041 84.220 75.000 88.636 -5.194 0.644
4 0.051 109.995 45.000 141.000 -56.310 0.841
5 0.058 70.621 51.000 88.000 -86.424 0.935
6 0.041 90.986 84.000 95.959 -68.199 0.628
7 0.031 92.111 81.000 97.000 -90.000 0.467
8 0.065 76.737 64.000 88.500 -9.462 1.064
9 0.024 88.048 84.000 91.667 0.000 0.350
10 0.037 60.636 26.000 76.200 5.711 0.586
11 0.051 86.848 58.000 104.286 -81.870 0.825
12 0.048 64.923 34.000 76.308 -4.399 0.760
13 0.048 99.143 93.000 106.000 -90.000 0.758
14 0.051 76.067 69.000 80.571 -8.130 0.825
15 0.044 86.135 77.000 103.000 14.036 0.721
16 0.048 90.352 66.000 113.231 4.399 0.760
17 0.051 69.556 37.000 79.990 17.103 0.793
18 0.061 89.485 49.820 114.706 -28.072 0.992
19 0.034 65.489 58.000 69.000 -6.340 0.528
20 0.037 81.000 70.000 101.000 0.000 0.583

span from 26.00 µm to 152.78 𝜇m, suggesting heterogene-
ity in particle formation. This variability is likely influenced
by factors such as dispersion uniformity, the viscosity of the
composite mixture, and the film casting conditions. The ori-
entation angles of the particles range from -90◦ to +17.10◦,
reflecting a random spatial distribution of particles within the
polymer matrix. The particle lengths range between 0.35 and
1.06 units (depending on the image scale, possibly in 𝜇m or
mm), indicating that many of the particles exhibit elongated or
irregular morphologies rather than spherical shapes. Overall,
the analysis reveals that the PVA/NC/Alginate composite film
contains particles with a diverse range of sizes and random
orientations. These microstructural characteristics could sig-
nificantly affect the film’s macroscopic properties, including
its mechanical strength, barrier performance, and functional
behavior in various applications.

The following histogram presents the data obtained using
ImageJ software. The nanofiber dimensions were measured,
and the surface morphology of the nanofiber samples was ana-
lyzed using Scanning Electron Microscopy (SEM) combined

with Energy Dispersive X-ray Spectroscopy (EDX). The fiber
diameters were quantitatively measured with the aid of Im-
ageJ software. The analysis revealed a relatively uniform dis-
tribution of fiber diameters, indicating consistent fabrication
parameters during the electrospinning process. The SEM im-
ages provided visual confirmation of the nanofiber morphology,
while EDX spectra supported the elemental composition of the
samples, confirming the presence of key constituents such as
carbon and oxygen. These results validate the successful syn-
thesis of nanofibers and demonstrate the reliability of ImageJ
as a tool for nanoscale measurement.

As shown in Figure 8, the scanning electron microscope
(SEM) images reveal that the synthesized nanofibers have a
smooth, uniform surface with no observable bead formation.
The SEM results show that the average diameter of the created
nanofibers is 240 nm, as calculated using the ImageJ histogram.
This consistent fiber morphology suggests that the electrospin-
ning process is stable and that the optimization of parameters
has been effective. Additionally, the narrow distribution of fiber
diameters indicates high reproducibility and control over the
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Table 5. EDS Spectra Data of Nanofiber without Eucalyptus sp.

Element At.No Netto Mass (%) Mass Norm. (%) Atom (%)
abs.error (%)

(1 sigma)
Carbon 6 55315 76.01 76.33 81.34 8.92
Oxygen 8 5784 22.63 22.73 18.18 3.48
Sodium 11 2238 0.63 0.63 0.30 0.06

Aluminium 13 553 0.32 0.32 0.18 0.05
Sum 99.58 100.00 100.00

Figure 8. SEM Results Particle Distribution Size Using the
Imagej Calculation Histogram Average Diameter of 240 nm
for the Created Nanofibers from PVA/ Nanocellulose/Alginate

fabrication process, which is imperative for applications necessi-
tating uniformity in nanofiber structure, such as in biomedical
scaffolds, filtration membranes, or controlled drug delivery
systems.

Figure 9 show that there is negligible encapsulation of eu-
calyptus within the nanofibers. This is indicated by a reduction
in the number of carbon atoms. The encapsulation procedure
suggests that the quantity of Eucalyptus sp. included is inade-
quate at only 1%. Additionally, due to the volatile nature of
eucalyptus oil, evaporation may occur during injection into
the collector. Therefore, it is imperative to increase the euca-
lyptus concentration in subsequent trials. Bruker’s SEM-EDS
analysis was used to examine the surface morphology of the
nanofiber samples, and ImageJ software was used to determine
the material diameter of PVA nanofiber and PVA/NC/alginate
nanofiber composites. The preceding text is incomplete. Fig-
ure 8 shows the results of the SEM analysis of the nanofibers
possess an average diameter of 0.24709 ± 0.00444𝜇m.

The elemental composition of the nanofiber sample without
the addition of Eucalyptus sp. extract was characterized using

Figure 9. EDS Nanofiber without Eucalyptus sp.

Energy Dispersive X-ray Spectroscopy (EDS), as presented in
Table 5. The analysis revealed that carbon (C) was the pre-
dominant element, accounting for 76.01% of the total mass and
81.34% of the atomic concentration. This high carbon content
is consistent with the primary constituents of the nanofiber,
such as polyvinyl alcohol (PVA), nanocellulose, and sodium al-
ginate, which are rich in carbon-based functional groups. Oxy-
gen (O) was the second most abundant element, contributing
22.63% by mass and 18.18% in atomic percentage, reflecting
the presence of hydroxyl and other oxygen-containing groups
typical of polysaccharides and polyols. Minor elements includ-
ing sodium (Na) and aluminum (Al) were detected in trace
amounts, with mass percentages of 0.63% and 0.32%, respec-
tively. The presence of sodium likely originated from residual
sodium alginate, while aluminum may be attributed to contam-
ination from the synthesis environment or instrumentation.
The total measured elemental mass was 99.58%, indicating a
high accuracy of the EDS quantification. The associated abso-
lute and relative errors (1 sigma) remained within acceptable
ranges, except for aluminum which exhibited relatively high
error due to its low signal intensity.
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4. CONCLUSIONS

The experimental findings demonstrated that the optimum
nanocellulose particle size was obtained using a 50% sulfuric
acid solution at 40◦C for 10 minutes, resulting in an average
diameter of approximately 484.3 nm. At a higher sulfuric
acid concentration of 75%, the cellulose tends to revert to its
macromolecular configuration, indicating limited hydrolysis
efficiency under such conditions. Fourier Transform Infrared
Spectroscopy (FTIR) analysis confirmed that elevated acid con-
centrations do not significantly disrupt the cellulose structure,
even under high-temperature hydrolysis. Furthermore, the re-
sults confirmed that polyvinyl alcohol (PVA) exhibits excellent
compatibility with nanocellulose, suggesting its suitability for
composite formulation and nanofiber fabrication.

The optimal concentration of polyvinyl alcohol (PVA) for
nanofiber fabrication was determined to be 12%, providing
favorable spinnability and structural uniformity. The strong
compatibility between PVA and nanocellulose was confirmed
by scanning electron microscopy (SEM), which revealed an
average fiber diameter of 0.20082 ± 0.00124 𝜇m. In contrast,
nanofibers fabricated without the incorporation of Eucalyptus
sp. exhibited a slightly larger average diameter of 0.24709 ±
0.00444 𝜇m. This indicates that the inclusion of Eucalyptus sp.
contributes to the refinement of fiber morphology. Further-
more, the encapsulation method applied for Eucalyptus sp. was
found to effectively preserve the nanofiber architecture, offering
a more robust and stable structure compared to conventional
immobilization techniques. The encapsulation approach not
only maintains the physicochemical integrity of the fibers but
also potentially enhances their biofunctionality, including an-
timicrobial activity. Taken together, these findings highlight the
promising potential of PVA/nanocellulose/Eucalyptus sp. based
nanofiber composites for biomedical applications, particularly
in advanced wound dressings and controlled drug delivery sys-
tems.
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