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Abstract. Seaweed from macroalgae and cellulose from nonwood materials have gained attention in various fields. This
study explores how seaweed and cellulose nanofibers (CNF) interact to form 3D networks in composite bioaerogels. The
ratio of CNF and seaweed was varied to see how it affects the aerogel’s inside and its properties. The observations show that
the biocomposite aerogel is more rigid and shrinks less than using a single biopolymer. The CNF aerogel has a fine, thin
network structure, and the seaweed aerogel has a thin sheet structure. The biocomposite acrogel combines both a fine network
and a thin sheet structure. The composite acrogel’s mechanical properties are significantly influenced by seaweed composi-
tion. The introduction of CNF increases elasticity, while seaweed enhances firmness. Generated computer modelling revealed
that the abundant hydroxyl groups in CNF facilitated the formation of intermolecular bonds with seaweed. The bonding led
to increased adhesion and entanglement between biopolymers, consequently enhancing elasticity and establishing a stable
intermolecular interaction. The 3D X-ray imaging model shows that the skeletal framework primarily consists of seaweed
biopolymer, with CNF serving to reinforce this structure thus enhancing the mechanical properties and robustness of the
composite bioaerogels.

Keywords: bioaerogel, seaweed, cellulose nanofibers, 3D X-ray imaging, supercritical CO;

1. Introduction extensive specific surface area, extraordinarily low
Aerogels, known for their outstanding attributes, density, and a unique open-pore structure featuring
offer substantial potential in a wide range of medical  interconnected meso- and macropores [2, 3]. These
and non-medical applications [1]. They exhibit ex-  characteristics make them suitable for various appli-
ceptional characteristics such as high porosity, an cations such as air filters, water purification, drug
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carriers, wound dressings, thermal insulation, and
many more [4-7]. Although aerogels can be pro-
duced from either organic or inorganic materials, in
recent years, aerogel materials based on biopolymers
such as cellulose, chitosan, starch, seaweed, etc.,
have attracted the attention of researchers worldwide
due to their environmental compatibility [6]. Among
biopolymers, cellulose has been considered an at-
tractive material for producing bioaerogels due to its
advantages, including low cost, lightweight nature,
and high processability [8].

As a derivative of cellulose, cellulose nanofibers
(CNF) have gained significant attention due to their
renewable nature, biodegradability, and excellent
mechanical properties at the nanoscale [9, 10]. Due
to remarkable attributes such as low thermal expan-
sion, an extraordinary aspect ratio, enhancing effects,
and exceptional mechanical and optical properties,
CNF has been explored in various fields, including
materials science, biotechnology, and medicine, for
innovative and sustainable applications [11—13]. This
makes them versatile candidates for applications rang-
ing from nanocomposites to security papers and food
packaging [14]. Incorporating CNF into polymers to
fabricate nanocomposite aerogels has proven to be
a pivotal strategy, leading to nanocomposites with
significantly enhanced mechanical performance.
Alongside cellulose, seaweed is a renewable re-
source rich in polysaccharide biopolymers such as
alginate, carrageenan, fucoidans and agar [15]. Sea-
weed-based biopolymer has garnered considerable
attention in recent years and is widely utilized for
numerous advanced applications, serving as one of
the most sought-after sources of cost-effective poly-
saccharide materials [16, 17]. It has the ability to
form biopolymers with high surface areas and super
absorbent behavior and is impervious to fats and oils
[18, 19]. These biopolymers are derived from differ-
ent types of seaweed and have unique properties that
make them valuable in various applications, ranging
from food products to biomedical materials. Among
seaweed polysaccharides, carrageenan, a red sea-
weed-based polysaccharide, has gained much atten-
tion in developing bio-based food packaging film
due to its excellent film-forming ability [20]. Kappa
carrageenan, derived from Kappaphycus alvarezii or
Eucheuma denticulatum, is the most popular and
widely used among the three types of carrageenan—
kappa, iota, and lambda—owing to its superior gel-
forming capabilities [15, 20]. However, like other
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biopolymers, this biopolymer has relatively lower
mechanical strength compared to conventional non-
renewable polymers [21]. Thus, they are frequently
blended with other materials to improve their prop-
erties.

While existing research has extensively explored the
combination of cellulose nanofibers (CNF) with var-
ious biopolymers (such as chitosan, seaweed, sodi-
um alginates, and gelatin) [22-25] primarily to en-
hance specific properties for targeted applications,
these studies often do not address the intricacies of
the 3D network structures or the complex interac-
tions between nanocellulose and the biopolymers.
This study uniquely focuses on these interactions be-
tween CNF produced via supercritical CO;-assisted
techniques and a specific biopolymer, kappa-car-
rageenan, using advanced 3D X-ray imaging to ex-
amine how varying ratios affect the acrogel’s internal
structure and its mechanical properties. This ap-
proach allows us to explore the impact of varying
CNF and seaweed concentrations on the composite’s
architecture. This pioneering use of 3D X-ray imag-
ing marks the first instance of employing this tech-
nology to elucidate the interaction dynamics between
these two biopolymers, enhancing our understanding
of their complex 3D architecture and potentially op-
timizing the material’s properties for diverse appli-
cations. This innovative characterization technique
provides researchers with the means to visualize and
quantify the detailed 3D architecture of the aerogels,
offering new insights into the fundamental properties
that govern their functionality in various fields.

2. Materials and methods

2.1. Materials

Dried raw red seaweed (Kappaphycus alvarezii) was
obtained from Green Leaf Synergy Sdn. Bhd. in
Tawau, Sabah, Malaysia. Commercial cellulose nano-
fiber (CNF) was sourced from Cellulose Lab, Cana-
da. The extracted CNF was derived from kenaf bast
fiber collected from Nibong Tebal Paper Mills in Se-
berang Perai, Pulau Pinang, Malaysia.

2.2. Preparation of seaweed biopolymer

The dried seaweed was cleaned to remove dirt, im-
purities, and sand particles from its surface. Subse-
quently, the seaweed was soaked in distilled water
at a ratio of 1 to 10 (w/v) for 2-5 h at room temper-
ature. After soaking, the material was chopped into
small pieces using a food blender and then dried in
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an oven for 2-3 days at 40 °C. The dried seaweed
was ground to a size of 500 um using an MF10 Mi-
crofine grinder drive (IKA, Germany) and then
stored in vacuum-sealed plastic bags for later use.

2.3. Isolation of cellulose nanofiber

Kenaf bast fiber had a purification process prior to
nanocellulose extraction, which involved three main
steps: pulping, bleaching, and defibrillation. Initially,
raw kenaf bast was dried in an oven at 100 °C for 24 h.
Then, 300 g were cut into 2-3 cm lengths and im-
mersed in a 2.1 1 of NaOH (26% w/w of bast) fol-
lowed by cooking at 170°C for 90 min. The pulp
was then washed and air-dried for subsequent stages.
The kenaf pulp underwent a double purification
process, starting with a 3 stage bleaching procedure
as described by Nasution ef al. [26]. The bleached
pulp then underwent supercritical carbon dioxide
(SC-CO») treatment (60 °C with 50 MPa) for 2 h.
Finally, the fibers underwent a mild hydrolysis
process using a 13% oxalic acid solution at a
1:20 ratio (w/v), followed by homogenization at
10000 rpm using an Ultra-turrax homogenizer (IKA,
Germany) for 3 h. The resulting suspension was then
stored at 4 °C for future use. Figure 1 illustrates the
process for obtaining CNF with supercritical CO,
treatment.

The CNF obtained was analyzed for particle size dis-
tribution and zeta potential and observed by trans-
mission electron microscopy (TEM). The particle size
distribution and zeta potential of the CNF suspension

-
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Figure 1. The process for obtaining CNF with supercritical
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were measured using a Zetasizer Nano (Malvern In-
strument, United Kingdom). To ensure thorough dis-
persion, the CNF suspensions were sonicated for
15 min prior to testing. Morphological analysis was
conducted using a Philips CM12 TEM instrument.
For sample preparation, the CNF suspension was
first sonicated and then treated with uranyl acetate
for 15 min, followed by immersion in drops of dis-
tilled water for 30—60 s. The samples were then placed
on slot grids, positioned in the chamber, and pre-
pared for observation. Staining with uranyl acetate
was utilized to enhance the contrast of the ultrathin
CNF samples.

2.4. Preparation of CNF-Seaweed composite
aerogel
Two stock aerogel-forming solutions were prepared,
one containing 3% CNF and the other 3% seaweed.
The CNF was dispersed in water at room tempera-
ture and homogenized at 10000 rpm using an Ultra-
turrax homogenizer (IKA, Germany) for 3 h. Simul-
taneously, the seaweed powder was dissolved by
heating for 2 h at 90 °C with continuous stirring until
all the seaweed dissolved.
From these stock solutions, they were mixed as spec-
ified in Table 1. The combined solution was then
thoroughly stirred with a magnetic stirrer and poured
into a 50 ml cylindrical mould. Following mixing,
the aerogel-forming solution was frozen at —40°C
for 24 h and subsequently subjected to a freeze-dry-
ing process for 72 h.

Recycling
process
Supercritical CO,
treatment

CO; treatment.

762



R. Y. Mushtaq et al. — Express Polymer Letters Vol.18, No.7 (2024) 760-777

Table 1. Aerogel and composite acrogel mixing formulation.

3% CNF solution 3% seaweed solution Volume water Theoretical total solid content Sample code

[ml] [ml] [ml] [g/50 ml]

40 - 10 1.2 CNF

- 40 10 1.2 Seaweed

20 20 40 1.2 1C:1S
20 60 - 2.4 1C:3S
30 30 - 2.4 3C:3S
60 20 - 2.4 3C:18

2.5. Physical characterization

The obtained aerogels were observed and character-
ized in terms of weight, volume, shrinkage, density,
porosity and water absorption capacity. The shrink-
age was calculated by dividing its theoretical volume
(50 cm?®) by its actual volume, while the density of
each aerogel was calculated by dividing its mass by
its volume.

Porosity is a measure of the empty space within a
material and is an important characteristic of aero-
gels. The porosity was calculated using the Equa-
tion (1):

_ Calculated density
Theoretical density

Porosity [%] = <1 ) 100 (1)
where the density of CNF was 1.4 g/cm® while car-
rageenan was 1.9 g/cm?[27, 28]. The density for CNF
and carrageen blend was estimated to be 1.65 g/cm?.
The water absorption capacity of the aerogels was
evaluated, as reported by Mawardi et al. [29]. The
pre-determined weight of each aerogel was immersed
in 20 ml of distilled water for 1 h. Afterward, the
aerogels were taken out of the water, and excess
water was removed by pressing them gently against
filter paper. The fully saturated aerogels were sub-
sequently weighed. The water absorption capacity
was calculated based on weight changes according
to Equation (2):

Water absorption capacity [é] =

()
_ wet weight — dry weight
- dry weight

2.6. Fourier-transform infrared analysis
(FT-IR)

FT-IR analysis was conducted for all the acrogel sam-

ples to examine the surface functional groups. The

analysis was performed using a Thermo Scientific

model Nicolet I S10 spectrometer (Thermo Fisher
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Scientific, Waltham, MA, USA), which allowed the
investigation of specific organic functional groups
on the surface. Spectra were recorded in the range
of 4000 to 400 cm™! at room temperature, with a res-
olution set at 4 cm™!.

2.7. Field emission scanning electron
microscopy (SEM)

The morphological analysis of all prepared aerogel
samples was conducted using field emission scan-
ning electron microscopy (FEI Quanta FEG 650,
Thermo Fisher Scientific, Eindhoven, The Nether-
lands). Accelerating voltages ranging from 0.5 to
30 kV were applied. A platinum coater was utilized
for superior electrical conductivity during the char-
acterization process.

2.8. Mechanical analysis

The compression properties of the aerogel were as-
sessed using a universal texture analyzer TA HD plus
C (Stable Micro Systems Ltd., Surrey, England)
equipped with a 5 kg load cell and 20 mm compres-
sion plate. The aerogel was compressed with a probe
set at a speed of 0.5 mm/s and an applied force of
3.5 N for 60 s. This analysis provided data on the aero-
gel’s compression properties, specifically hardness [N]
and springiness [m], calculated by the software.

2.9. Thermogravimetric analysis (TGA)
Thermal composition and thermal stability analyses
of all the aerogels were conducted using thermogravi-
metric analyzer TGA/SDTA 851¢e (Mettler-Toledo In-
ternational Inc., Columbus, OH, USA). The tempera-
ture range tested was from 50 to 800°C, with a
heating rate of 10 °C/min under a nitrogen atmos-
phere.

2.10. Computer simulation
The molecular structures of two biopolymers, specif-
ically k-carrageenan (PubChem CID: 481108992)
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and cellulose (PubChem CID: 16211032), were an-
alyzed in both 2D and 3D formats. These structures
were obtained from the PubChem Compound Data-
base (National Center for Biotechnology Informa-
tion; https://pubchem.ncbi.nlm.nih.gov/) on Septem-
ber 9, 2023.

The biopolymer files were prepared using BIOVIA
Discovery Studio Visualizer version 20.1.0 (Dassault
Systemes BIOVIA), while the interaction analysis
was conducted through Autodock Vina docking
using PyRx biological software v0.8 (https://pyrx.
sourceforge.io, accessed on September 10, 2023).
Autodock Vina is a free, open-source tool specifical-
ly designed to quickly assess the binding affinity be-
tween a ligand and targeted molecules [30]. The in-
teractions were then visualized using the Discovery
Studio Visualizer.

2.11. 3D Network analysis

The aerogels were scanned using the nanoVoxel-
3000 series X-ray 3D microscope (Tianjin San Ying
Precision Instrument Co., Ltd., Tianjin, China). This
instrument utilizes a transmission target ray source
and boasts sub-micron resolution, along with ad-
vanced 3D imaging capability. Its transmissive tube-
open X-ray source system allows high-resolution
testing, particularly for medium and low-density
samples, ensuring the generation of excellent com-
puted tomography (CT) scan images.

Following the CT scanning, the acquired images un-
dergo additional processing, which involves contrast

adjustment, scatter dots noise filtration, and image
segmentation using VG Studio Max (Volume Graph-
ics, Hockenheimring, Germany).

3. Results and discussion

3.1. Characterization of isolated CNF

The particle size and zeta potential of extracted CNF
with and without SC-CO, treatment in comparison
to the commercial CNF are presented in Table 2. The
peak intensity reflects the intensity-weighted distri-
bution of the CNFs, as determined by laser diffraction
during the analysis [31]. Particle size analysis of the
isolated nanocellulose changed after supercritical
treatment. However, SC-CO, treated CNF had lower
diameter and mean size (19.7+1.1 and 59.44+3.4 nm
respectively) compared with the untreated CNF
(48.0+2.3 and 98.6+4.8 nm). The particle size of
CNF is slightly larger compared to that in the previ-
ous study, which reported sizes of 7.14 and 53.72 nm
using the same method to obtain CNF from carpet
waste fiber [27]. The use of high pressure during
SC-CO; treatment assists the CO; in penetrating the
fiber structure and removing the lignin and impuri-
ties, thus producing purer CNC and smaller particles
[27]. The TEM images provided a detailed visuali-
zation of the nanofiber distribution, showcasing the
diverse range of fiber diameters and the degree of
dispersion within the samples.

Notably, the CNFs treated with SC-CO, exhibited a
pronounced shift towards smaller particle sizes com-
pared to untreated CNFs. This shift is attributed to

Table 2. Size distribution, zeta potential, and TEM images of CNF treated and untreated with SC-COs.

Sample SC-CO; Treated CNF Untreated CNF
Diameter [nm] 19.7+1.1 48.0+2.3
Mean size [nm] 59.4+3.4 98.6+4.8
Peak intensity [%] 17.6£1.6 14.8+0.9
Zeta potential [mV] -33.9+2.5 -33.1£1.9
TEM image
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the SC-CO, treatment’s ability to disrupt the cellu-
lose fibers, enhancing their breakdown into finer
nanofibers. Importantly, all zeta potential measure-
ments exceeded —30 mV, suggesting a notably stable
suspension in water [32]. The SC-CO,-treated CNFs
demonstrated the highest zeta potential, indicating
superior suspension stability. This enhanced stability
is likely due to the SC-CO, treatment facilitating
fiber defibrillation, which increases the surface area
for interaction with chemicals during hydrolysis.
Furthermore, SC-CO, treatment promotes more ef-
fective dispersion of nanofibrils in the homogeniza-
tion process, contributing to the observed increase
in suspension stability. These findings underscore
the potential of SC-CO, treatment as a pivotal tech-
nique for improving the functional properties of
CNFs, particularly in applications requiring stable
aqueous suspensions.

3.2. Physical characterization of aerogels

The aerogels produced were cylindrical in shape,
with varying sizes and thicknesses. It was observed
that the aerogels experienced shrinkage compared to
the original dimensions of the cylinder mold, which
had a diameter and thickness of 4 cm each. The
physical characteristics of the aerogels are recorded
in Table 3.

CNF and seaweed aerogels display distinct charac-
teristics, such as differences in density and water ab-
sorption capacities. Notably, all aerogels shrink in
size after drying, resulting in a reduction in volume
from the initial acrogel-forming solution of approx-
imately 50 cm?. The volumes of the dried aerogels
vary between 25 and 40 cm?, indicating a volume
shrinkage ranging from 21 to 48%. Specifically, the
seaweed aerogel exhibits more significant shrinkage,
at 44.94%, compared to the CNF aerogel, which
shrinks by 32.27%. As a result, the seaweed aerogel
demonstrates a higher density than the CNF aerogel.

The solid content and the type of biopolymer used
play crucial roles in the formation of aerogels, di-
rectly influencing their structural characteristics and
behavior during shrinkage. As the aerogel shrinks, it
generally indicates a loss of porosity and an increase
in density, which can affect the mechanical strength
and other properties of the aerogel. Specifically,
shrinkage can lead to a denser structure, potentially
increasing the mechanical strength but reducing
other properties due to decreased pore volume [33].
To correlate shrinkage with material properties, it is
essential to measure changes in porosity and density.
A comparative analysis of three different building
materials — seaweed, CNF, and a composite of both
—revealed distinct differences in behavior based on
solid content. Specifically, the seaweed aerogel ex-
hibited the most significant shrinkage, registering at
44.94+0.76%, which was notably higher than that
observed in the CNF aerogel, which shrank by
32.27£1.57%. The composite aerogel, composed of
CNF and seaweed at a 1:1 ratio, demonstrated mod-
erate shrinkage. The biopolymer interactions and
their respective solid contents significantly influence
the structural integrity and dimensional stability of
aerogels [34]. Unlike CNF, which is insoluble in
water, seaweed biopolymer is water-soluble. This
solubility plays a crucial role during the drying
process of the aerogel, as the loss of water causes the
biopolymer chains to merge [35]. As the aerogel
transitions from a gel to a solid state, the biopoly-
mer’s stiffness increases and the connections be-
tween chains tighten due to bond hardening. In con-
trast, the inherent physical structure of CNF prevents
collapse, maintaining the integrity of the aerogel
structure throughout the drying process.

Composite aerogels (1C-18S, 1C-38S, 3C-3S, 3C-15)
exhibit variations in properties based on different ra-
tios of CNF to Seaweed. With less solid content, the
1C-18 aerogel experiences greater shrinkage but has

Table 3. Physical properties of the obtained aerogel and composite aerogel.

Aerogel Dry weight Tl::::::li:al Volur3ne Shri:lkage Densigy Pot;osity Wet weight Watecl;l:(;z(i)tl;,ption
le] () [em’] [%] [g/em’] [%] le] (el
CNF 1.23+0.06 50 34.05+0.79 | 32.27+1.57 | 0.036+0.001 | 97.41+0.09 25.3+0.7 19.4+3.2
Seaweed | 1.22+0.06 50 27.68+0.38 | 44.94+0.76 | 0.044+0.001 | 97.67+0.06 10.4+0.9 7.242.7
1C-1S 1.24+0.02 50 31.26+0.75 | 37.81£1.50 | 0.040+0.001 | 97.59+0.13 17.2+0.5 12.743.5
1C-3S 2.44+0.03 50 33.74+0.43 | 32.87+0.86 | 0.072+0.001 | 95.62+0.03 28.6+0.7 10.5+£2.9
3C-3S 2.42+0.02 50 37.27+0.50 | 25.85+1.02 | 0.065+0.001 | 96.05+0.03 32.5+0.8 12.242.1
3C-1S 2.43+0.02 50 39.31+0.57 | 21.79+1.14 | 0.062+0.001 | 96.25+0.08 35.3+0.6 13.443.6
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a lower density compared to the other composite
aerogels. Among the three composite aerogels with
the same solid content, the highest density and low-
est porosity were recorded for the 1C-3S aerogel due
to its high shrinkage. It was found that increasing
CNF content leads to reduced shrinkage and, conse-
quently, reduced density. The decrease in volume and
increase in density suggest a denser arrangement of
the biopolymer network tightly packed within the
aerogel structure [29, 36]. The Seaweed aerogel ex-
hibited a higher density compared to the CNF aero-
gel, even though they had the same solid content.
This difference can be attributed to greater shrinkage
(44.49%) in the Seaweed aerogel. The 3C-18S aerogel
demonstrated the highest volume, lowest shrinkage,
lowest density, and highest porosity among compos-
ite aerogel with the same weight. The inclusion of
more CNF creates a supportive network within the
aerogel, which helps maintain its structure by reduc-
ing shrinkage and thereby increasing porosity. Sim-
ilar findings have been reported in other studies,
where highly flexible nanofibrillated cellulose chains
were found to entangle and form a random network-
like structure due to hydrogen bonding both within
and between molecules [33].

The CNF aerogel exhibits a water adsorption capac-
ity of 25.340.7 g of water, indicating its ability to ab-
sorb and retain water, constituting 19.4+3.2 g/g of
its dry weight. Similar value (19.146.2 g/g) has been
reported for the aerogel made using CNF aerogel
[37]. The water is trapped in the formed pores of the
CNF aerogel. In comparison to the seaweed aerogel,
a lower water absorption capacity was recorded
7.2+0.3 g/g. This is attributed to the swelling of the
seaweed network and its stickiness, causing struc-
tural shrinking and agglomeration. Consequently, in-
troducing more seaweed biopolymer into the formu-
lation reduces the water absorption capability of the
composite aerogel.

3.3. Characterization of composite aerogel
using FT-IR

IR spectroscopy is a robust, non-destructive analyt-
ical method to evaluate the structure of the compos-
ite aerogel component and the interaction between
them. The FTIR spectra of CNF, seaweed, and CNF-
Seaweed aerogel composites are presented in Figure 2.
As x-carrageenan is a linear polysaccharide with al-
ternating 3-linked-B-D-galactopyranose and 4-linked-
a-D-galactopyranose units, and cellulose has a
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Figure 2. FT-IR spectrum of biopolymer and biocomposite
aerogel.

structure with B-(1 — 4)-D-glucopyranose repeat
units, both polysaccharides consist of glucopyranose
repeating units [38]. Consequently, the IR spectra of
these polysaccharides exhibit some similarities.
Both biopolymers exhibit a broad band in the spec-
tral region between 3700 and 3000 cm™!, correspon-
ding to the O—H stretching vibrations. Additionally,
a small peak in the range of 3000 to 2800 cm™! is as-
signed to the symmetric and asymmetric stretching
vibrations of C—H and C—H; groups. All samples
show spectral bands at 1639 cm™! assigned to the de-
formation vibration of OH groups absorbed water
[38]. The band from 1033 cm™' is assigned to C-O—C
stretching vibration, while the other two bands are
associated with the OH groups present in the struc-
ture of both k and CNC. For the FTIR spectrum of
seaweed and composite aerogel, a moderately strong
band around 845 cm ™! was attributed to C—O—SOy4
on C4 of galactose-4-sulfate (G4S). The two bands
at approximately 925 and 1030 cm™! indicated the
presence of 3,6-anhydrogalactose (DA), while the
presence of a band around 122 cm™' suggested the
presence of a sulfate ester [39]. Due to the similari-
ties between the components in the blends, the IR
spectra of the composite aerogels are very similar to
the seaweed spectrum [38].

3.4. Morphology and microstructural of
composite aerogel

Figure 3 displays images of the formed aerogels pre-
pared with varying ratio, showcasing their real sur-
face and microstructure observed under SEM. CNF
aerogels are visually white, while seaweed-based
aerogels exhibit a distinctive brownish hue. In com-
parison, composite aerogels display a cream col-
oration, influenced by the natural brown hue of the
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a)

b)

d)

e)

f)

Figure 3. Image of prepared aerogel and composite CNF-Seaweed aerogel (real image, 100x magnification and 5000x mag-
nification): a) CNF; b) seaweed; c¢) 1C-18S; d) 1C-3S; e) 3C-3S; and f) 3C-1S.
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seaweed. The porosity of these acrogels can be clear-
ly seen from the SEM images, which present large
macro- and mesopores (ranging from several hun-
dred nanometers to several micrometers). This is
typical for bioaerogels and results from the forma-
tion of bulky ice crystals during freezing [40]. Direct
freeze-drying commonly leads to foam-like struc-
tures characterized by a higher presence of macrop-
ores compared to micropores [41]. Further detailed
analysis was conducted on the SEM image.

At both low magnification (100x) and high magni-
fication (5000%), both biopolymers form aerogels
differently: CNF aerogels create a thin network
structure resembling an interconnected lattice of
fibers (Figure 3a). In contrast, the seaweed aerogel
is composed of stacked and interconnected layers
(lamellae) of seaweed material, forming a unique
structure of delicate thin sheets that resemble cellular
structures or clusters, as shown in Figure 3b. This in-
tricate arrangement of lamellae creates a complex,
layered, and interconnected framework that en-
hances the architectural complexity of the seaweed
aerogel. This structural distinctiveness contributes to
the lower mechanical properties of CNF aerogel,
which lacks the entangled, robust framework present
in seaweed aerogel, rendering it more vulnerable to
relative displacement [41]. The introduction of either
CNF or seaweed, whether at a low (1) or high (3)
ratio, results in a significant transformation in the
microstructures of the aerogels. In the case of aero-
gel 1C-18S (Figure 3c), both fibers and lamellae con-
stitute the overall structure of the aerogel. On the
other hand, aerogel 3C-1S, which has a higher

concentration of CNF (Figure 3f), exhibits a more
prominent cellulose network compared to aerogel
1C-3S (Figure 3d). Despite both having a 1:1 ratio,
aerogel 3C-3C (Figure 3e) displays a distinct denser
microstructure when compared to aerogel 1C-1S
(Figure 3c). It bears a closer resemblance to the sea-
weed aerogel, although it still contains some fibers.
This variation can be attributed to differences in
aerogel density.

3.5. Mechanical analysis

The mechanical properties of the composite aero-
gels, including hardness and springiness were dis-
played in Figure 4 respectively, which are crucial for
the practical applications of the prepared aerogels.
These properties are of significant importance as they
are commonly used to compare the mechanical char-
acteristics of various materials [42].

The hardness measurement of the seaweed aerogel
showed a significant value of 2805 g, which is con-
siderably higher than that of the CNF aerogel, which
measured at 1271 g. This difference in hardness can
be attributed to the shrinkage that occurs during the
drying process, which results in the seaweed aerogel
having a denser structure. Upon introducing varying
ratios of CNF to the seaweed aerogel, the hardness
decreased from the initial 2805 g (seaweed) to 1930 g
(3C-3S). This reduction in hardness implies that the
addition of CNF resulted in a decrease in the sea-
weed aerogel’s overall hardness. Conversely, when
more seaweed was incorporated into the CNF aero-
gel, the trend reversed. The hardness of the CNF aero-
gel increased from the initial value of 1271 g (CNF)

o o g
=~ 5 S 2
Springiness [m]

i/

Figure 4. Characterization of CNF, seaweed and CNF-seaweed acrogels at different compositions: a) hardness and b) springi-

ness.
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to 1930 g (3C-3S), indicating that the inclusion of
more seaweed enhanced the aerogel’s hardness. It
can be observed that a higher CNF ratio reduces the
shrinkage of the composite aerogel, thus resulting in
lower density, which affects the hardness. This is ev-
idenced by the fact that even though samples 1C-1S
and 3C-3S share the same ratio, the difference in
density significantly influences their hardness.

The presence of CNF in the aerogel positively influ-
enced its springiness and elasticity. The addition of
CNF enhanced the aerogel’s ability to regain its orig-
inal shape after compression, increasing its elasticity
and enabling it to withstand deformation without
breaking. A springiness value approaching 1 signi-
fies that the aerogel efficiently restored its original
shape after compression, maintaining structural in-
tegrity even under pressure or deformation [43]. The
introduction of CNF into the seaweed aerogel in-
creased springiness from 0.16 (seaweed) to 0.38
(3C-3S). It has been reported that the tensile strength
of CNF-seaweed film increases with rising CNF
content up to the optimum concentration [44]. In
contrast, inverse trends were observed when CNF
aerogel was introduced with seaweed biopolymer,
resulting in a decrease in the springiness of the CNF
aerogel. All these changes in physical properties
were influenced by the variation in the intensity of
the aerogel.

3.6. Thermal analysis

Understanding the changes in thermal stability of
composite aerogels is essential to broaden their pos-
sible applications. Various applications might de-
mand distinct temperature tolerances, some requir-
ing high thermal stability while others may not
require such stringent conditions. Figure 5 presents

100
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a) Temperature [°C]

the analysis of thermal properties for CNF-Seaweed
composite aerogels with different ratios conducted
through TGA and derivative thermogravimetry
(DTG). This assessment illustrates their response to
heating from 60 to 800 °C at a rate of 10°C/min. It
was found that mixing CNF and seaweed biopoly-
mer resulted in a change in the thermal properties of
the composite aerogel. In general, across all samples,
three distinct degradation temperatures were ob-
served within three stages: below 150, 150-500°C,
and higher than 500 °C.

The weight loss observed in Stage I below 150°C
(Figure 5a) is attributed to the evaporation of water
in the composite aerogel [29]. In Stage II, the de-
volatilization stage, the primary pyrolytic process
took place, slowly releasing various volatile compo-
nents and causing substantial weight loss. The initial
temperature for thermal degradation in all composite
aerogels was observed to range from 190 to 210°C.
Additionally, the temperatures for thermal degrada-
tion in all samples were noted to be between 200 and
220°C. While seaweed generally decomposes at
around 250°C, previous research has shown that
blending seaweed biopolymer with other polymers
reduces its decomposition temperature [45]. This de-
composition leads to the fragmentation of seaweed
polymer chains, releasing sulfur dioxide and carbon
dioxide [46]. Interestingly, as the proportion of CNF
in the composite aerogel increases, a higher degrada-
tion temperature is observed, as shown in Figure 5b.
The degradation process persists until about 500 °C.
A minor peak, indicative of cellulose degradation, ap-
pears at around 350 °C, aligning with the optimal de-
composition temperature for CNF [29]. This thermal
degradation process involves the breakdown of gly-
cosidic bonds in cellulosic components and additional
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Figure 5. Thermal properties of composite aerogel: a) TGA thermogram, and b) DTG thermogram.
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processes like decarboxylation, decarbonylation, and
dehydration of seaweed constituents [47, 48]. How-
ever, the results indicate that although the composite
aerogel demonstrates a higher degradation tempera-
ture with an increase in CNF, the small cellulose
degradation peak suggests that the CNF might not
be evenly distributed in the cellulose, with the pre-
dominant sample used in the thermal properties con-
sisting of seaweed biopolymer.

In the third stage, above 500 °C, the residue slowly
decomposed, resulting in the formation of a loose
porous residue. During this process, secondary degra-
dation was observed, as depicted by small peaks ap-
pearing at 750 °C (Figure 5) before reaching the com-
pletion of the decomposition process. It has been
reported that carrageenan contains various inorganic
salts. The carbonaceous residue within carrageenan
may decompose at temperatures surpassing 600 °C
[49]. The presence of these inorganic salts might
contribute to the maximum weight loss peak ob-
served in this range, potentially resulting from the
pyrolysis of these salts.

The final thermal degradation residue shows that the
composite aerogel having more cellulose has a high-
er residue. Sample with more seaweed (1C-3S) have
lower ash residue. The ash residue increases from
19.78 to 29.03% as the ratio of CNF:seaweed in-
creases from 1:1 to 3:1. It is important to note that
samples 1C-1S and 3C-3S have similar ash residue
since both have similar composition of biopolymer.
It has been reported that the thermal stability of
k-carrageenan and cellulose nanocrystal composite
film increases while a higher percentage of cellulose
is introduced in the formulation [44]. In the same
scenario, increasing the amount of CNF in the com-
posite aerogel enhances its thermal stability, result-
ing in a higher ash residue. For every gram of CNF,
there is a greater quantity of carbon (C¢H;¢Os) com-
pared to carrageenan (C;,H;¢0;5S;). Carbon is
renowned for its contribution to ash residue as car-
bonaceous material during thermal degradation [50].
Therefore, the elevated carbon content in CNF likely
leads to increased ash residue and improved thermal
stability seen in the composite acrogel.

3.7. Computational interaction simulation

Figure 6 illustrate the 2D and 3D structural models,
respectively, of seaweed and cellulose nanofibers
(CNF) and their combination. These figures detail
the potential interactions between these components,
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highlighting the molecular structures and suggesting
how these materials might interact at a molecular
level. Notably, the seaweed monomer features only
four hydroxyl groups, whereas a cellulose monomer
possesses six. The interaction between seaweed and
CNF primarily occurs through hydrogen bonding,
facilitated by the —OH groups present in both sea-
weed and CNF structures [51], as confirmed by pre-
vious FTIR studies. Additionally, CNF acts as a nano-
reinforcing agent, playing a crucial role in improving
the mechanical properties of the composite by con-
trolling the movement of macromolecular chains
during deformation. This enhancement is facilitated
through the formation of strong interactions and hy-
drogen bonds between CNF and the seaweed biopoly-
mer [52]. A previous study reported a notable en-
hancement in the tensile strength of seaweed film
with the incorporation of microcrystalline cellulose
(MCC) up to 5%. This improvement was attributed
to the strong hydrogen bonding between MCC and
the seaweed matrix, leading to improved compati-
bility and dispersion of MCC fillers within the ma-
trix [22].

Moreover, it has been reported that the addition of
cellulose as a filler is anticipated to strengthen the
tensile strength and viscosity properties of the car-
rageenan matrix. This is achieved through the estab-
lishment of strong hydrogen bonds between car-
rageenan and the filler, thereby enhancing the
mechanical strength of the biocomposite film and
hard capsule [53]. These studies support the mechan-
ical results obtained in our study, the addition of
nanocellulose significantly supported the mechanical
strength and hardness of the samples.
Understanding the hydrogen bonding structure in
cellulose and seaweed is crucial as it forms the basis
for developing advanced materials with specific prop-
erties and functionalities. Nair ef al. [54] highlighted
the robust network created by hydrogen bonds in
CNF, making them excellent candidates for barrier
applications in packaging. Similarly, Li et al. [55] re-
search on carboxymethyl cellulose sodium film em-
phasized the importance of hydrogen bonds in influ-
encing the material’s properties. While most discus-
sions revolve around biofilm, it’s essential to recog-
nize that the interaction between seaweed and CNF
in aerogel formation follows similar principles. In
this context, the combination of seaweed and cellu-
lose constituents contributes to the unique structural
properties of aerogels, offering potential applications
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Figure 6. Representation of cellulose nanofiber, seaweed and their possible interaction illustrated in the form of a) 2D struc-

ture model and b) 3D structure model.

in various fields. The interaction between these
materials, characterized by their distinct molecular
structures and bonding capabilities, plays a funda-
mental role in shaping the final aecrogel matrix.

Figure 6b illustrates the 3D interaction mechanism
between seaweed and nanocellulose, with each bond
labelled by a corresponding number. The blue dashed

line represents a hydrogen bond between atoms of
different molecules. Hydrogen bonds are categorized
into three types (Table 4). These bonds are typically
classified as strong, moderate, or weak based on their
bond length. Within the length range of 1.2-1.5 A,
hydrogen bonds demonstrate a moderate interaction
strength, with a dissociation energy of 15—40 kcal/mol.

Table 4. General characteristics of the three major types of hydrogen bonds [57].

Interaction type Strong Moderate Weak
Interaction force Strongly covalent Mostly electrostatic Electrostatic/dispersive
Bond length [A] 1.2-1.5 1.52.2 >2.2
Bond angles [°] 170-180 130-180 90-150
Bond energy [kJ/mol] 63-168 17-36 <17
Furciond grous b fom by o 5o o e

[N-H—N] P-O-H C=C
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Table 5. Computed hydrogen bond lengths estimated by
Biovia, Materials Studio.

No. of bond Le;x;‘g]th No. of bond L?;‘g]th
1 4.303 15 4.805
2 3.362 16 3.283
3 3.564 17 5.410
4 2.865 18 5.264
5 2.856 19 1.110
6 3.792 20 4.861
7 2.299 21 4.184
8 4.241 22 5.910
9 4.228 23 3.395

10 3.454 24 4.521
11 2.830 25 3.777
12 5.039 26 2471
13 3.654 27 3.805
14 5.597 28 2.085

In the range of 1.5-2.2 A, the interaction remains
moderate but with a lower dissociation energy of
4-15 kcal/mol. Beyond 2.2 A, the hydrogen interac-
tion is considered weak, with a dissociation energy
of less than 4 kcal/mol [56].

Through computer-generated models, it was deter-
mined that up to 28 potential hydrogen bonds could
form. The lengths of these hydrogen bonds predom-
inantly fall within the range 0f 2.085-5.910 A. Table 5
provides a summarized overview of the length of
various possible hydrogen bonds. The predominant
bond length plays a crucial role in describing the
bonding patterns within the weak and moderate hy-
drogen bond regimes based on the obtained results.

3.8. 3D structural interaction between
seaweed and CNF

Figure 7 displays the real surface, simulated 3D mo-
lecular structure models and 3D X-ray image of CNF-
seaweed composite acrogel prepared with various
formulations. It can be observed that CNF promi-
nently contributes to hydrogen bonds. More hydro-
gen bonds were established within the structure as
the concentration of CNF increased in the mixtures,
as shown in the 3D molecular structure model.

The 3D X-ray processed image clearly illustrates the
composition of the aerogels, where green represents
seaweed and red represents nanocellulose. As the
concentration of seaweed increases, there is a corre-
sponding increase in green areas, while an increase
in CNF concentration leads to more red areas. This is
consistent with findings from a study by Adam et al.

772

[58], which reported that the abundant hydroxyl
groups in CNF form intermolecular bonds with
carrageenan. These bonds contribute to enhanced
viscosity, shear stress, and tensile strength of the ma-
terial. Their finding supports our texture profile
analysis (TPA) study; the hardness of our aerogel in-
creases as the concentration of seaweed increases.
This phenomenon might be evidenced by the height-
ened intensity and a shift in "H-NMR, indicating clos-
er proximity of hydrogen atoms to electronegative
atoms in both micro and nano-sized cellulose struc-
tures [59]. The interaction intensifies as the concen-
tration of both seaweed and CNF increases, resulting
in the formation of aerogel with high stability.

The molecular interaction between CNF and sea-
weed, as shown in Figure 7d, involves a complex
network of hydrogen bonding and van der Waals
forces [58]. Since nanocellulose, being rich in hy-
droxyl groups, forms hydrogen bonds with the poly-
saccharides present in seaweed, which occur be-
tween the oxygen atoms in the hydroxyl groups of
cellulose molecules and the hydrogen atoms in the
seaweed polysaccharides, creating a stable intermol-
ecular interaction [60]. Additionally, van der Waals
forces, which are weak attractive forces between
molecules, also contribute to the interaction between
CNF and seaweed components. When nanocellulose
is mixed with seaweed, it surrounds the seaweed
structure and agglomerates to produce larger sizes.
Better mechanical and thermal stability are found in
aerogel with the inclusion of greater seaweed and
CNF concentrations at high composition. Upon con-
ducting meticulous 3D analysis, the opposite was
observed. The skeletal structure was predominantly
composed of seaweed biopolymer, while CNF played
the role of encasing and reinforcing this structure,
enhancing its mechanical properties and stability.

4. Conclusions

This study demonstrated that the incorporation of
cellulose nanofibers (CNF) significantly reinforces
the structural integrity of seaweed-based aerogels,
reducing shrinkage and enhancing mechanical prop-
erties. Both biopolymers form aerogels differently:
CNF aerogels create a thin network structure resem-
bling an interconnected lattice of fibers. In contrast,
aerogels from seaweed biopolymers take on a dis-
tinct form, comprising delicate thin sheets that
mimic cellular structures or clusters, contributing to
a unique and intricate architecture. Blending both
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biopolymers resulted in a blended structure com- analysis revealed that CNF contributes to a denser
posed of thin network fibrils and thin sheets. Physical —network structure, which supports the aerogel

a)

b)

c)

d)

Figure 7. The real surface morphology, 3D interaction models, and 3D X-ray images of different composite aerogels:
a) 1C-1S; b) 1C-3S; ¢) 3C-18S; and d) 3C-3S.
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framework, leading to increased porosity and me-
chanical strength. In addition, CNF significantly
contributes to the thermal stability of the composite
aerogel. The interaction between the biopolymer
used plays an important role in affecting the structure
formation and aerogel mechanical properties. Com-
putational molecular modeling and 3D X-ray imag-
ing unveiled the interaction mechanisms between
seaweed and CNF. Advanced 3D X-ray imaging re-
vealed that the interaction between CNF and sea-
weed polysaccharides crucially involves the seaweed
biopolymer forming the primary skeletal structure,
with CNF serving as a reinforcing element. These
findings enhance our understanding of the formation
and biopolymer distribution within CNF-seaweed
composite aerogels, offering valuable guidance for
developing other composite aerogels tailored to spe-
cific applications.
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