






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

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.



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
κ-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 (C6H10O5) com-
pared to carrageenan (C12H16O15S2). 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 aerogel.

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,

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 et 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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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 aerogel 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 Å,
hydrogen bonds demonstrate a moderate interaction
strength, with a dissociation energy of 15–40 kcal/mol.
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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.

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 [Å] 1.2–1.5 1.5–2.2 >2.2
Bond angles [°] 170–180 130–180 090–150
Bond energy [kJ/mol] 063–168 17–36 <17.

Functional groups that form hy-
drogen bonds

[F–H––F]–

[O–H––O–]
[N–H––N]

N–HH––O=C
O–H

P–O–H

C–H–O
F–C
C=C



In the range of 1.5–2.2 Å, the interaction remains
moderate but with a lower dissociation energy of
4–15 kcal/mol. Beyond 2.2 Å, 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 of 2.085–5.910 Å. 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 aerogel 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.

[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 1H-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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Table 5. Computed hydrogen bond lengths estimated by
Biovia, Materials Studio.

No. of bond Length
[Å] No. of bond Length

[Å]
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 2.471
13 3.654 27 3.805
14 5.597 28 2.085



biopolymers resulted in a blended structure com-
posed of thin network fibrils and thin sheets. Physical

analysis revealed that CNF contributes to a denser
network structure, which supports the aerogel

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

773

Figure 7. The real surface morphology, 3D interaction models, and 3D X-ray images of different composite aerogels:
a) 1C-1S; b) 1C-3S; c) 3C-1S; and d) 3C-3S.



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 bio polymer distribution within CNF-seaweed
composite aerogels, offering valuable guidance for
developing other composite aerogels tailored to spe-
cific applications.
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