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Abstract. In this study, we employed supercritical carbon dioxide (scCO,) treatment under varying conditions: low-pressure
treatment at 30 MPa and high temperature at 80 °C (LPHT group) and high-pressure treatment at 60 MPa and low temperature
at 50 °C (HPLT group) for nanocellulose isolation. The scCO, treatment resulted in smaller particle sizes and enhanced crys-
tallinity. Notably, HPLT exhibited superior efficiency compared to LPHT treatment. Utilizing temperatures and pressures
above the critical point effectively penetrated natural fibers, reducing nanocellulose particle sizes. Moreover, high-pressure
and low-temperature nanocellulose demonstrated the highest crystallinity and negative zeta potential values (78.2% and
—32.4+4.01 mV), surpassing those of the low-pressure and high-temperature group (77.9% and 26.0+2.34 mV) and control
(77.3% and 25.9+£3.13 mV). The concentration of nanocellulose significantly impacted the porosity, pore size, and water
absorption of the bioaerogel scaffolds, indicating the potential for sustainable and environmentally friendly approaches in
material fabrication for diverse applications.
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1. Introduction and subsequent separation steps yield the empty fruit
Over the past two decades, global population growth ~ bunches, comprising fibrous materials like stalks,
has underscored the imperative for smart, sustainable  fronds, and residual palm fruit [1]. Traditionally con-
approaches in utilizing everyday materials. Empty  sidered waste, these empty fruit bunches were often
fruit bunches (EFBs) stand as a primary by-product  disposed of or incinerated, leading to environmental
of the palm oil milling process. Following the har-  degradation and contributing to greenhouse gas
vesting and processing of palm oil fruits, sterilization  emissions [2]. However, recent years have witnessed
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a shift toward exploring sustainable applications for
EFBs, aiming to curtail waste and foster a circular
economy within the palm oil industry.

EFBs have found extensive use in producing nano-
cellulose, a form of cellulose processed into minute
particles [3]. Renowned for its exceptional character-
istics like remarkable strength, extensive surface area,
and biodegradability nanocellulose stands as a prom-
ising material for diverse applications spanning tex-
tiles, packaging, cosmetics, and biomedicine [4-6].
The increasing emphasis on sustainable development
has notably spurred the evolution of new isolation and
fabrication methods that employ cleaner approaches,
involving minimal or no chemical usage. Mechanical
methods have been employed, involving the physical
breakdown of cellulose fibers to nanoscale dimen-
sions. Alternatively, chemical techniques dissolve cel-
lulose fibers, followed by nanocellulose precipitation
or regeneration [7]. Both approaches yield nanocel-
lulose with varying properties, tailored to specific ap-
plications. Aerogel, an ultralight solid material
formed from a gel with its liquid component replaced
by gas [8], boasts remarkable properties that render
it highly valuable across various applications [9].
Nanocellulose aerogel, derived from nanoscale cel-
lulose particles [10], merges the distinct attributes of
aerogels and nanocellulose, forming a lightweight
material with exceptional mechanical robustness,
high porosity, and thermal insulation capabilities [11,
12]. Its versatile properties render nanocellulose aero-
gels ideal for diverse applications in tissue engineer-
ing, drug delivery systems, and wound healing, given
their biocompatibility, adjustable porosity, and sup-
port for cell growth and tissue regeneration. These
aerogels, with their heightened surface area and
porosity, demonstrate effectiveness in adsorbing and
eliminating pollutants—ranging from heavy metals to
organic compounds—in water and air, presenting po-
tential uses in environmental remediation and water
purification [4, 13]. This study aimed to streamline
the chemical requirements in the nanocellulose iso-
lation process from empty fruit bunches by integrat-
ing scCO; into the extraction method. Furthermore,
the investigation delved into the supercritical treat-
ment’s mechanism to evaluate the impact of heat and
pressure on the fiber fraction. Optimal nanocellulose,
exhibiting desired properties, was then employed to
create nanocellulose aerogels with varied concentra-
tions to assess the effect of nanocellulose concentra-
tion on aerogel properties.

2. Experimental section

2.1. Materials

Empty fruit bunches were procured from N.T.P.M
SDN BHD (Penang, Malaysia), while Supercritical
Carbon Dioxide was sourced from ZARM Scientific
(Selangor, Malaysia). All chemicals utilized in this
study, of analytical grade, were obtained from Sigma-
Aldrich (Schnelldorf, Germany) and used without
additional purification.

2.2. Characterization of raw empty fruit
bunch fibers

The fibers collected underwent analysis prior to ex-
perimentation to determine their moisture content.
Additionally, chemical analysis for holocellulose,
lignin, and ash content was conducted using the stan-
dardized Technical Association of the Pulp and Paper
Industry (TAPPI) methods [14, 15].

2.3. Isolation of nanocellulose

The nanocellulose isolation from empty fruit bunch-
es followed a method adapted from [16] and [17],
with certain modifications, and an original method
was employed as a control. Initially, raw empty fruit
bunches were fragmented into pieces smaller than
10 mm, washed thoroughly, and subjected to heat
treatment in an alkaline solution containing 12.5 wt%
NaOH at 180 °C for 4 h using a digester. The result-
ing alkali-treated fibers underwent multiple washes
and then underwent chlorine-free bleaching by treat-
ment with 1.5% H,0,, 1.5% NaOH, and 0.25%
MgSO, at 80 °C for 3 h. These bleached fibers were
divided into different treatment groups: low pres-
sure-high temperature (30 MPa at 80 °C) denoted as
LPHT, high pressure-low temperature (60 MPa at
50°C) known as HPLT, and a control group (C) that
did not undergo supercritical treatment. For the
C group, after pulping and bleaching, mild acid hy-
drolysis using a low concentration (3%) of oxalic
acid was applied for 1 h. The resulting samples were
thoroughly washed to neutralize the pH and further
processed via high-pressure homogenization using an
OVS5 homogenizer (Velp Scientifica, Usmate Velate
MB, Italy) for 6 h at power 4 (12 000 rpm) before re-
frigeration for subsequent use.

2.4. Characterization of nanocellulose

Particle size analysis of the cellulose nanofibers was
conducted using a laser diffraction analyzer (Nano-
7590, Malvern, UK). The experiment was replicated
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Figure 1. Isolation steps of nanocellulose from raw oil palm empty fruit bunch.

three times, and the mean value was considered as
the outcome. To investigate the surface functional
groups, FT-IR spectroscopy (Nicolet I S10 spectrom-
eter, Thermo Fisher Scientific Inc., Madison, USA)
was employed, covering a spectral range of 4000 to
400 cm™! with a scanning precision of 4 cm™'. The
FTIR-ATR analysis served to confirm the chemical
composition of the nanocellulose. The structural and
crystalline properties were examined using X-ray
diffractometry (XRD) following the procedures out-
lined in [18]. Additionally, thermal analysis of the
cellulose nanofibers was performed using a TGA and
DTG analyzer (TGA/SDTA 851e, (Mettler Toledo
Corporation, Greifensee, Switzerland) with a con-
stant heating range of 25 to 800°C at 10°C/min'.

2.5. Fabrication of bioaerogel scaffolds

Bioaerogel scaffold samples, labeled as BASI,
BASI1.5, BAS2, and BAS2.5, were prepared by sus-
pending different concentrations (1, 1.5, 2, and 2.5%)
of the isolated cellulose nanofibers in distilled water.
The fabrication process involved homogenizing
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each sample for an additional 6 hours, followed by
immediate freezing overnight and subsequent lyo-
philization for a duration of 3 days (Figure 1). The
resulting bioaerogels were stored in a desiccator
until further utilization.

2.6. Characterization of bioaerogel scaffolds

Morphological characterization of the bioaerogels
was conducted using a High-Resolution Scanning
Electron Microscope (50 VP, Carl Zeiss Group,
Oberkochen, Germany). Thin layers of the samples
were prepared by cutting them with a sharp blade
and directly examined under the electron micro-
scope. The analysis of surface functional groups,
thermogravimetric analysis, differential scanning
calorimetry, and crystallinity analysis of the bioaero-
gels were carried out using the same equipment uti-
lized for nanocellulose characterization. The me-
chanical properties of the bioaerogel scaffolds were
investigated through Texture Profile Analysis using
a TA-HDi textile analyzer machine (Stable Micro
Systems, Surrey, UK) [5]. Standardized sample sizes
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measuring 2x2x1 cm (lengthxwidthxheight) under-
went two compression cycles, each reducing their
height to 75% of the initial measurement. Texture
profile analyses were conducted during these com-
pression cycles, evaluating parameters such as hard-
ness, cohesiveness, resilience, gumminess, springi-
ness, and chewiness.

The porosity of the samples was measured by cutting
the aerogels into constant shapes of 1 cm?, and then
bulk density was calculated from the shape and
weight. The Equation (1) was then used to calculate
the porosity:

aerogel density

bulk density 100

Porosity [%]=1— (1)
The surface area of all the samples was determined
using the Brunauer—-Emmett—Teller (BET) analysis,
which quantified the nitrogen adsorption at various
relative vapor pressures, following the methodology
outlined in the work of Sai et al. [19]. Water absorp-
tion capacity of the samples was also calculated by
cropping constant dimensions of the samples im-
mersing them separately in 20 ml of distilled water

Lignin

and keep them to saturate for 5 min. The excessive
amount of water was then removed from the saturat-
ed samples by filter paper and the average weight
was determined.

3. Results and discussion
3.1. Characterization of raw oil palm empty
fruit bunch fibers and isolated
nanocellulose
The average moisture content of empty fruit bunches
measured at (11.6+0.4%) may vary due to factors
like climate, harvest timing, and storage conditions
[20]. Maintaining proper moisture levels during fiber
processing and storage is crucial to preserve their
mechanical properties and prevent damage caused
by microbial growth. Excessive moisture can facili-
tate bacterial and fungal growth, resulting in fiber
deterioration and reduced strength [21].
Holocellulose represents the carbohydrate fraction
in biomass, encompassing the total polysaccharide
fraction after lignin removal [22]. In this study, raw
empty fruit bunch fibers contained (74.7+3.2%) cel-
lulose and (11.4+0.8%) hemicellulose, with lignin
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Figure 2. Characterization of oil palm empty fruit bunch fibers and the isolated nanocellulose; a) chemical composition of
raw fibers, b) particle size distribution of isolated nanocellulose, ¢) FT-IR spectra, and d) XRD analysis of isolated

nanocellulose.
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and ash comprising (3.7+0.6 %) and (2.9+£0.9 %) re-
spectively (Figure 2a). Compared to previous studies
reporting lower cellulose content, these findings
highlight empty fruit bunches as an exceptional
source of nanocellulose. Chemical analysis results
of the raw fibers and isolated nanocellulose proper-
ties are depicted in Figure 2. The particle size analy-
sis of isolated nanocellulose displayed alterations
post-supercritical treatment; the control group exhib-
ited the highest percentage within the 100 to 1000 nm
range. However, high-pressure and low-temperature
treatment proved more efficient, yielding smaller
particles compared to those obtained through low-
pressure and high-temperature treatment.

Several studies have highlighted the efficacy of su-
percritical treatment in reducing particle size 5, 23].
This treatment method has been recognized for its
capacity to modify the morphology and size of nano-
cellulose [24]. By manipulating parameters like tem-
perature, pressure, and treatment duration within su-
percritical fluid treatment, precise control over par-
ticle size and desired modifications can be achieved.
In our study, both HPLT and LPHT groups subjected
to supercritical treatment displayed smaller particle
sizes compared to the control group. The scCO,

treatment involves using scCO; to eliminate impu-
rities and alter natural fiber properties. This treat-
ment enables scCO, to penetrate fibers, leading to
fiber fractionation and increased sensitivity to the
acid hydrolysis process.

The mechanism of scCO, treatment in reducing the
particle size of nanocellulose involves a combination
of factors, including the solvation and plasticization
of cellulose, the disruption of cellulose aggregates,
and the subsequent precipitation or recrystallization
of nanocellulose. When cellulose is exposed to
scCO,, the CO, molecules can penetrate the amor-
phous regions of cellulose and solvate the polymer
chains. This solvation process leads to the plasticiza-
tion of cellulose, making it more flexible and sus-
ceptible to deformation [25]. The plasticized cellu-
lose can then undergo structural rearrangements and
disruptions. scCO; can also cause the disruption of
cellulose aggregates by penetrating into the intersti-
tial spaces between the cellulose nanocrystals or nano-
fibrils, which can be seen in XRD results. This infil-
tration leads to the separation and dispersion of the
cellulose particles, effectively reducing their ag-
glomeration and size. The solvating effect of CO,
also weakens the intermolecular forces between
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Figure 3. The mechanism of supercritical carbon dioxide in reducing the particle size of nanocellulose.
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cellulose particles, facilitating their individualization
[26]. Furthermore, as the scCO, treatment proceeds,
the dissolved cellulose in the supercritical fluid can
undergo a precipitation or recrystallization process
upon depressurization or cooling. This precipitation
or recrystallization can lead to the formation of
smaller and more uniform nanocellulose particles
(Figure 2b).

Overall, the combination of solvation, plasticization,
disruption of aggregates, and precipitation or recrys-
tallization processes contributes to the reduction in
particle size of nanocellulose during scCO, treat-
ment. Figure 3 illustrates the mechanism of scCO,
treatment in reducing the particle size of nanocellu-
lose. Figure 2c¢ presents the FTIR spectra of the three
groups in which we can see the similarity between
the two treated group and the slightly different be-
tween them and the control group. Broad peak and
great intensity in the —OH stretch can be clearly seen
in the three groups at the range between 3000—
3800 cm™'. The removal of lignin was done two
times; during the paper fabrication and during the
1solation of nanocellulose, which can be confirmed
by decreasing the intensity of the peaks at the range
1225-1250 em™ [27].

XRD was done to analyze the diffraction pattern of
the materials and check for any potential change
that may occur during supercritical treatment [28].
Figure 2d show the XRD graphs in which no signif-
icant difference can be observed; crystallinity index
analysis for the three groups showed that control
group had 77.3%, which supercritical treated groups
had 78.2 and 77.9% for the HPLT and LPHT groups
respectively. The crystallinity index is a measure of
the relative amount of crystalline material in a sam-
ple compared to the total cellulose content [29]. It is
determined by comparing the intensity of the crys-
talline peaks in the XRD pattern with the intensity
of the amorphous background. Our isolated samples
showed mostly similar diffraction peaks that repre-
sents the typical cellulose I diffraction peaks [30].
The zeta potential of nanocellulose samples refers to
the electric potential difference at the interface be-
tween the nanocellulose particles and the surround-
ing medium [31]. It provides information about the
surface charge and stability of nanocellulose disper-
sions. HPLT nanocellulose gives the greatest nega-
tive zeta potential values: —32.444.01 mV showing
that these nano fibers were in a more stable dispersed
state compared to other samples that showed smaller
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zeta potential of 26.0+£2.34 and 25.9+3.13 mV for
LPHT and C group respectively. When nanocellulose
particles are dispersed in a liquid medium, they can
acquire a net electric charge due to the dissociation
of surface functional groups, such as hydroxyl
—OH groups, which can ionize to release charged
species. The high zeta potential of HPLT sample in-
dicates a high surface charge compared with the con-
trol sample, resulting in electrostatic repulsion be-
tween the particles. This repulsion helps to prevent
particle aggregation and promotes the stability of the
dispersion [32]. On the other hand, the control sam-
ple with lower zeta potential may lead to more par-
ticle aggregation and instability. It has been reported
that the zeta potential of cellulose nanofibers (CNF)
can vary depending on the source of the CNF, the
preparation method, and the surrounding environ-
ment [33, 34]. However, in general, cellulose nano-
fibers tends to have a negative zeta potential due to
the presence of carboxyl and hydroxyl groups on
their surface. Studies have reported zeta potentials
for nanocellulose ranging from approximately —25
to —60 mV in water at neutral pH [35, 36].

The exact value can depend on several factors such
as the degree of fibrillation, the type of cellulose
source material, and the presence of any surface mod-
ifications. High pressure could modify the fibrillation
in the nano fibers and those higher zeta potential ap-
peared in HPLT group of nanocellulose. It’s worth
noting that the zeta potential of nanocellulose can
play an important role in their behavior and stability
in aqueous suspensions. A higher negative zeta po-
tential can indicate greater stability due to increased
repulsion between particles. Conversely, a lower zeta
potential can lead to aggregation and sedimentation
of nanocellulose. Thermal properties of the isolated
nanocellulose were studied by TGA analysis. Table 1
presents the results of thermal properties of the
three samples. The degradation temperatures (7imax)
as shown in the table for the C, HPLT and
LPHT group were found at 321.742.3, 338.0+£3.7
and 330.2+4.0 °C, respectively. These findings high-
er than those obtained by Romruen et al. [37], who
isolated nanocellulose from different agricultural
wastes. Upon the exposure of nanocellulose to high
temperatures, nanocellulose undergo thermal degra-
dation, which lead to weight loss. The extent of
weight loss depends on several factors, including the
temperature, the duration of exposure, and the type
of nanocellulose.
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Table 1. The results of thermal properties of isolated nano-
cellulose groups (mean+SD).

Nanocellulose C group Ig-Ir}(’)Il;'; E:LHU:
Decomposition | Tonset | 287.7+1.8 | 309.8+3.6 | 304.9+3.9
temperature [°C]| 7. | 321.6+2.3 | 338.0+3.7 | 330.2+4.0

100°C |  7.2+0.4 6.9£0.1 6.0+£0.4
200°C| 19.3£0.8 | 17.2+02 | 16.9+0.7
Weight loss [%] |400°C | 47.8+1.3 44.7+1.4 45.24+0.9
600°C | 83.043.0 | 79.1£1.9 | 80.9+2.6
800°C | 88.6+2.8 | 87.2+3.4 | 86.8+2.7

The presence of small variance between HPLT and
LPHT groups indicates the composition similarity
and thermal stability of these groups compared with
C group. The initial weight loss of all the three sam-
ples took place at around 100 °C, which could be due
to the evaporation of moisture and volatile chemicals
[38]. In intermediate temperature at a range between
200 and 300°C, decomposition of hemicelluloses
and lignin are occurred. However, owing to the strong
cellulose structure, it can endure higher-temperature
conditions [39]. Thus, the residue of nanocellulose
at higher temperature was different at different
groups, which can be explained by the variations in
chemical structure and crystallinity [40]. Our ther-
mal analysis findings were consistent with the iso-
lated nanocellulose from different biomass [41, 42].

3.2. Characterization of bioaerogel scaffolds

Bioaerogel scaffolds were fabricated by using dif-
ferent concentrations of HPLT group nanocellulose,
which was chosen as the best among the other two
types. Table 2 presents the results of physical obser-
vation of 4 bioaerogel scaffolds prepared with 1, 1.5,
2 and 2.5% of the selected nanocellulose. Owing to
the tremendous amount of hydrogen bond on the sur-
face of cellulose nano fibers, they are entangled with
each other, which explain the uniform structure and
fiber bundles in the pure CNFs aerogel. These or-
ganized bundles are responsible for the high porosi-
ty, good structure and performance of CNFs aerogel
[43]. Another final factor affecting the porosity of

aerogels, with additives such as fillers or any other
material may alter the architecture of the aerogel’s
porosity [43]. Figure 4 presents the morphological
analysis of the fabricated bioaerogel scaffolds in
which can be seen that the nanocellulose forms a
porous and sponge-like structure, which contributes
to the aerogel’s exceptional lightweight and high sur-
face area characteristics. BAS1 and BAS1.5 had the
largest pore size and thus the lowest porosity com-
pared with the other two samples. The surface of the
four samples looks the same since the same source
of nanocellulose and same approach were used in the
fabrication process. Our finding support those ob-
tained in previous studies for bioaerogels with a
porosity higher than 99%, stated that bioaerogel den-
sity inversely proportional to its porosity and directly
proportional to the precursor material initial concen-
tration [44, 45]. The SEM images highlight the pres-
ence of numerous pores throughout the aerogel’s
structure. These pores are a result of the intercon-
nected nanocellulose fibers or particles leaving void
spaces between them during the fabrication process.
Table 2 presents the physical characteristics of the
bioaerogel scaffolds including the density, porosity,
water absorption, pore size and surface area. The
density of the aerogels ranged from 7.7+0.8 (BAS1)
to 15.0+£0.4 mg/cm? (BAS2.5), while porosity of the
bioaerogels ranged from 98.6+0.7 to 99.3+0.8%. The
density of aerogel was found to be inversely related
to the porosity and directly proportional to the initial
concentration of the nanocellulose, which support
the results of several previous studies [46, 47]. The
density and porosity of nanocellulose aerogels can
vary based on several factors, including the prepara-
tion method, source of nanocellulose, and the spe-
cific drying technique used [48]. Since the same ma-
terial and same preparation were used in the present
study, it can be clearly seen the effect of the material
concentration on the physical properties. The pore
size of a nanocellulose aerogel is an important pa-
rameter that affects its physical and chemical prop-
erties, including its mechanical strength, thermal

Table 2. Fabrication of bioaerogel scaffolds using different concentrations of nanocellulose.

Bioaerogel sample Densit); Porosity Water absorption | Average pore size Surfacze area
[mg/cm”] [%] [g/g] [nm] [m*/g]
BASI1 7.7+0.8 98.9+0.7 16.4+3.5 131.946.2 48.34£3.2
BASI1.5 9.840.3 99.1£1.2 19.146.2 63.8+5.1 90.845.8
BAS2 13.2+0.6 99.3+0.8 35.9+5.2 23.0+4.7 139.1+5.8
BAS2.5 15.0+0.4 99.4+0.6 38.3+8.4 14.0+2.3 181.6+6.9
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Figure 4. Scanning electron microscopy (SEM) analysis for prepared bioaerogels samples at similar magnification (400x).
a) SEM image for sample BASI1, prepared with 1% concentration of nanocellulose, b) SEM image for sample
BASI1.5, ¢) SEM image for sample BAS2, and d) SEM image for sample BAS2.5.

insulation, and sorption capacity [49]. in the present
study, the smallest average pore size was reported
for sample BAS2.5 (14+2.3), the higher the porosity
the smaller pore size and higher surface area of the
aerogel. As a highly hydrophilic material, the higher
the concentration of nanocellulose the higher water
absorption of the bioaerogel scaffold.

Depending on the material prepared from, aerogels
tend to be sensitive to moisture absorption from han-
dling and storage, and more brittle with aging and
may exhibit stress relaxation (or creep) under certain
conditions. Morphology and pore size of aerogels is
typically influenced by many factors which include
precursor material, preparation method, additives ma-
terials, cooling rate, and physical conditions. It has
been reported that supercritical drying approach for
CNF based aerogels can obtain small and open pores
in the aerogel [50]. In order to have small pores with
more homogeneity in their structure, a rapid cooling

rate should be applied to the aerogel. As a highly hy-
drophilic material, CNFs aerogel possessed the high-
est water absorption value. Owing to the ability of
CO; to penetrate into the fiber structure and cause
swelling, which can lead to an increase in surface
area and pore size and thus enhance the water ab-
sorption performance [23]. Figure 5a presents the re-
sults of thermal analysis of bioaerogel samples, in
which can be seen that the samples prepared using
higher concentrations (BAS2.5) showed better ther-
mal stability compared with the lower ones. Howev-
er, FT-IR and XRD analysis showed similar spectra
for the four samples (Figures 5b and 5c¢).

The outcomes from the texture profile analysis of the
bioaerogel scaffolds, depicted in Figure 5d, demon-
strate a substantial enhancement in various parame-
ters strength, resilience, cohesiveness, and springi-
ness as the concentration of nanocellulose in the
samples increases. Nanocellulose aerogels exhibit
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Figure 5. Characterization of bioaerogel scaffolds; a) TGA analysis, b) FT-IR spectra, ¢) XRD analysis and d) texture profile

analysis.

impressive strength-to-weight ratios despite their low
density, owing to their hierarchical structure com-
posed of interconnected nanofibrils [51]. The robust
intermolecular interactions within these nanofibrils
significantly contribute to the aerogel’s overall
strength [52]. In this study, BAS1 displayed the low-
est mechanical values among the samples, exhibiting
a strength of 0.08 N/mm?. Cohesiveness, attributed
to strong intermolecular hydrogen bonding in nano-
cellulose chains, ensures structural integrity and pre-
vents collapse under external loads. All samples
demonstrated good springiness, showcasing elastic
behavior capable of withstanding deformation and
recovering their shape upon force removal. These
findings underscore the versatility of nanocellulose
aerogels across diverse applications, including light-
weight structural materials, biomedical devices, and
energy storage systems.

4. Conclusions

The study successfully demonstrated the potential of
isolating nanocellulose from oil palm empty fruit
bunch fibers using 50% fewer chemicals, aided by
scCO, treatment post-bleaching. The application of
scCO,, pressurized and heated beyond its critical
point, facilitated the penetration of natural fibers, ef-
fectively reducing nanocellulose particle size. The re-
sultant bioaerogel scaffolds exhibited nanostructures
due to smaller particle sizes and well-dispersed sus-
pensions. Nanocellulose concentration significantly
influenced density, porosity, pore size, and volume,
with higher concentrations correlating to increased
porosity and reduced pore size. Mechanical proper-
ties and stability of bioaerogels showed a direct cor-
relation with nanocellulose concentration. While all
bioaerogel scaffolds displayed high water absorp-
tion properties, none retained stability underwater.
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Employing a cleaner approach in both nanocellulose
isolation and bioaerogel fabrication suggests the po-
tential utilization of these biomaterials across various
medical and biomedical applications.
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