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Abstract: This study investigates the dissolution of nanocellulose in a green choline
chloride glycerol-based deep eutectic solvent (DES) to enhance the performance of
carrageenan biocomposites for pharmaceutical applications. It is hypothesized that varying
the hydrogen bond donor (HBD) ratio (glycerol) of the DES from 1:1 to 1:4 significantly
enhanced the dissolution of nanocellulose, which is critical for improving the properties of
the resulting biocomposite. Structural analyses showed that the optimal HBD ratio of the
DES maximized nanocellulose dissolution, confirmed by X-ray Diffraction (XRD) and
Nuclear Magnetic Resonance (NMR) spectroscopy, which demonstrated structural
modifications and hydrogen bond breakdown. Thermal analysis indicated that the reinforced
carrageenan biocomposite film and hard capsules exhibited enhanced thermal stability, with
a higher degradation temperature of 245 °C and improved mechanical strength, as well as
high tensile strength and capsule loop strength. It is suggested that the dissolution
mechanism involves the disruption of hydrogen bonds in cellulose crystalline structure by
the HBD in DES and promotes uniform integration within the carrageenan matrix. By
tailoring DES composition to achieve dissolution and performance characteristics in
industrial applications, this study offers a green and sustainable approach to enhance the
functional properties of carrageenan biocomposites, advancing their potential use in

environmentally friendly and high-performance pharmaceutical materials.
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1. Introduction

Carrageenan, which is a versatile natural polysaccharide extracted from red
seaweed, primarily belonging to the Rhodophyceae family, has become a valuable ingredient
in the food, pharmaceutical, and cosmetic industries due to its unique ability to form gels,
thicken solutions, and stabilize emulsions (Nguyen et al., 2022). Carrageenan faces
limitations that restrict its widespread use in the pharmaceutical industry (Pacheco-Quito et
al., 2020). Current carrageenan-based hard capsules have low mechanical strength, thermal
stability, and brittleness due to their double-helical molecular structure, limiting their
industrial viability (Fauzi et al., 2021). Also, the surface roughness of carrageenan-based
capsules falls short of industry standards, affecting their industrial viability (Li et al., 2014).
Incorporating cellulose nanocrystal (CNC) into the matrix has shown promise as a reinforcing
agent. However, CNCs present challenges, including their insolubility in water due to strong
hydrogen bonds in their crystalline regions (Babaei-Ghazvini et al., 2024); these hydrogen
bonds are also present in the amorphous zones but to a lesser extent. However, amorphous
cellulose is also insoluble in water (Acharya et al., 2021; Gundupalli et al., 2023; Sirvio et al.,
2019; Walters et al., 2020). This causes poor dispersion and weakens the mechanical
properties and aesthetics of the hard capsules. In order to address these challenges, traditional
solvents were used for cellulose dissolution, they are associated with health, safety, and
environmental hazards, rendering them unsuitable for pharmaceutical applications (Okwuwa
et al., 2023). Also, the use of ionic liquids, which is considered a green solvent for extracting
and processing nanocellulose, often involves the use high processing costs (Kim et al., 2022;
Xu & Wang, 2020) for the removal of toxic components of the ILs which causes
environmental health risks due to their non-biodegradability and hazardous nature (Chen &
Mu, 2021; Hawkins et al., 2021; Sulthan et al., 2023). This has spurred an urgent need for the
development of greener and more sustainable solvent systems that can effectively dissolve
cellulose without causing environmental harm (Cao & Su, 2021; Li et al., 2021; Liang et al.,
2023; Nguyen et al., 2020; Yu et al., 2023).

DESs, which are made up of HBD and HBA, interact to form a homogenous
mixture and have a melting point significantly lesser than that of the individual components

(Jha et al., 2023; Jiang et al., 2020; Lomba et al., 2021) have emerged as a novel and
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promising class of green solvents. HBDs are integral components of DESs, which provide the
hydrogen atoms necessary for hydrogen bonding with HBAs. Common HBDs used in DESs
include urea, glycerol, ethylene glycol, carboxylic acids, and sugars (Lomba et al., 2021).
These molecules typically possess hydrogen atoms bound to electronegative atoms such as
oxygen or nitrogen, enabling them to participate in hydrogen bonding interactions (S. Kim et
al., 2024). The choice of HBD significantly influences the physical and chemical properties
of DESs. For instance, urea-based DESs are known for their low viscosity and high
conductivity, making them suitable for electrochemical applications (Cruz et al., 2020).
Glycerol-based DESs, on the other hand, exhibit higher viscosity and enhanced solvation
capacity, making them ideal for biomass processing and pharmaceutical applications (Zhang
et al., 2012). The versatility of HBDs allows for the customization of DES properties to meet
specific application requirements, from solubility and viscosity to thermal stability and
reactivity. HBAs in DESs typically consist of quaternary ammonium salts such as choline
chloride, tetrabutylammonium bromide, or metal halides like zinc chloride (Omar & Sadeghi,
2023). Choline chloride and glycerol used in this study form an edible DES and have gained
significant attention due to its biocompatibility, low toxicity, and environmentally friendly
nature (Li et al., 2024). Choline chloride, a quaternary ammonium salt, is widely recognized
for its safety and is commonly used in food and pharmaceutical formulations (Gaioto et al.,
2023). Similarly, glycerol, a polyol, is a food-grade compound often utilized as a humectant,
sweetener, and solvent in various edible products (Goyal et al., 2021). Combining these two
components creates a DES with unique physicochemical properties, such as a high hydrogen-
bonding capacity and low volatility, making it suitable for applications in the pharmaceutical
and food industries. From the studies of Wei et al. (2023), it has been demonstrated that such
DES formulations are safe for human consumption and exhibit excellent solubilization
capabilities for bioactive compounds, further enhancing their applicability. DESs have low
toxicity, biodegradability, and ease of preparation (Farooq et al., 2020; Gomez et al., 2018;
Pelosi et al., 2023; Tong et al., 2023; Q. Zhang et al., 2012), which aligns well with the
principles of green chemistry and sustainable development (Omar & Sadeghi, 2022). The
choline chloride-glycerol-based DES is particularly notable for dissolving polysaccharides
such as cellulose, thereby providing a sustainable alternative to conventional solvents (Ramli
et al., 2024a). The amino acid-based DES (AADES) and therapeutic DES (THEDES) are also
used in pharmaceutical industries (Jadhav et al., 2021). The use of DES to enhance cellulose
nanocrystal (CNC) dispersion was seen as the zeta potential increased by 43.2% and
improved crystallinity from 76% to 81%, which boosted the capsule loop and tensile strength
3



of Carra-CNCDES by 19.4% and 20.7%, respectively, as well reducing surface roughness by
21.8% due to an optimized H-bond network (Ramli et al., 2024a). Feng et al. first oxidized
cellulose into dialdehyde cellulose before dissolving in DES (Marchel et al., 2022).

The interaction mechanisms for the dissolution of cellulose in DES involve the
availability of a hydrogen bond donor from DES, which weakens the intermolecular and
intramolecular hydrogen bonds in cellulose, thus enhancing its dissolution. Factors such as
the molar ratio of DES components, temperature, and the nature of HBD significantly
influence the dissolution capacity (Feng et al., 2022). For instance, increasing the temperature
typically enhances dissolution by reducing the viscosity of DES and increasing the mobility
of cellulose chains (Janc¢ikova & Jablonsky, 2022). Moreover, DES can dissolve cellulose
with varying degrees of polymerization and crystallinity (Altinkaya, 2024). The potential
applications of cellulose dissolved in DES are vast, from textiles and bioplastics to
pharmaceuticals and food packaging (Nam et al., 2023). This study systematically
investigated the mechanisms underlying the dissolution of CNC in the DES by varying the
HBD of the DES. CNC dissolved in DES-enhanced carrageenan biocomposite for producing
hard capsules. The chemical interactions and shifting of the DES in the spectrum and their
behaviour upon adding CNCs were analyzed using 'H NMR spectroscopy. SEM was utilized
to examine the surface morphology of the reinforced carrageenan biocomposite films,
providing insights into structural changes and surface characteristics. XRD analysis also
identified CNC's crystalline and amorphous forms when dissolved in DES. The DSC and
TGA were used to investigate the weight loss of the Carra-CNCDES films. These analyses
provided insights into the thermal properties and stability of the films.

2. Experimental Section

2.1. Materials and Chemicals
Choline chloride (98%, 139.62 g.mol'), Glycerol (anhydrous, 99.9%, Aldrich),
microcrystalline cellulose (Avicel PH-101), HPMC (average molecular weight of 86 kDa), 4-
methoxybenzyl alcohol (98%) (anise), and calcium alginic acid (alg), these constituents were
purchased from Sigma-Aldrich, USA. Refined carrageenan was purchased from CV Simpul
Agro Globalindo, Indonesia (molecular weight ranges from 930 to 1010 g/mol) with 31.5%
carbon, 5.97% hydrogen, 0% nitrogen, and 6.28% sulphur. A Milli-Q water system (Bedford,

MA, USA) was used to prepare deionized water, and all chemicals were analyzed.



2.2. Preparation of DES

Choline chloride (ChCl) underwent pretreatment to remove any potential moisture by being
dried in a vacuum oven overnight at 80 °C before being used (Ramli et al., 2024), the dried
ChCl was combined with glycerol by varying the HBD ratios from 1:1 to 1:4 and at a
temperature of 60 °C; this was continuously stirred at each molar ratio to obtain a
homogeneous mixture with no evidence of solid particles (Zhang et al., 2020). The eutectic

mixture formed was kept as the DES.

2.3. Preparation for CNC

5 g of microcrystalline cellulose (MCC) was dispersed in 500 ml of deionized water using a
magnetic stir bar and left overnight to ensure thorough mixing. The resulting aqueous
dispersion underwent ultrasonication for 50 minutes at 500 W power, 20 kHz frequency, and
20% amplitude using a QSonica ultrasonicator. After ultrasonication, the dispersion was
allowed to settle undisturbed for a day. This process formed two distinct layers, with the
upper layer predominantly consisting of evenly dispersed CNCs. Subsequently, the upper
layer, identified as CNCs, was separated by decantation and subjected to freeze-drying for
preservation and further analysis. (Mohd Amin et al., 2015), 0.2 g of the CNC was used in

each sample preparation.

2.4. Dissolution of CNC in DES

0.2 g of CNC was gradually added to 10 g of DES in a flask under mechanical stirring at
60°C for 24 hours, and 50 mL of DI water was added, forming two layers. The upper layer
was decanted, while the lower precipitates (undissolved cellulose) were collected, weighed,
and recorded as M (B. Cao et al., 2016). These residues were dried in a vacuum oven at 60°C

until a constant weight was attained, called the regenerated CNC.

2.5. Preparation of Carrageenan Biocomposite Films and Hard Capsules

0.2g of CNC was added to 10 g of DES solution and continuously stirred overnight;
only 2 ml from the solution was used in each sample formulation, known as CNCDES (Ramli

et al., 2024). Then, 3g of refined carrageenan was mixed in 60 ml of deionized water using a



mechanical stirrer at 60 °C and 200 rpm. The exact amount of hydroxypropyl methylcellulose
(HPMC, 1 g), 4-methoxybenzyl alcohol (0.5 ml), and calcium alginic acid (0.07 g). was then
added into the formulation as a thickener, crosslinker, and toughening agent, respectively
(Ramli et al., 2024). 0.2 g of CNC was dissolved in 10 g of ChCl Gly-based DES at various
ratios, 2 ml of this solution was incorporated into the carrageenan biocomposite, and the
glycerol in the DES also served as a plasticizer. The differences in CNC characteristics result
from the different HBA and HBD ratio combinations. Approximately 20 ml of the mixture
biocomposite was poured into a stainless-steel tray with a diameter of 20 cm after five h of
mixing. It was oven-dried at the temperature to form a film. Afterwards, dried biocomposite
films were used for characterization and analysis (Hamdan et al., 2020). The formulation
solution from preparing the carrageenan biocomposite was added to the deep stainless-steel
mould, where the capsule pins of size “1” were dipped into the biocomposite to prepare hard
capsules. Afterwards, dried biocomposite hard capsules were used for characterization and

analysis (Kalmer et al., 2023).

2.6. Testing and Characterization

1. FTIR Analysis of DES and CNC dissolved in DES
The identification of various functional groups present in the varied ratio of the HBD of the
DES, as well as the dissolving 0.2 g of CNC in the varied ratio of the HBD of the DES, was
conducted through FTIR spectroscopy to observe potential shifts in chemical bonds during
the formation of DES, and for the dissolved CNC in the DES. The samples were analyzed
using an attenuated total reflection FTIR spectrometer (Perkin Elmer, Frontier, USA)
1

equipped with OMNIC software. At a resolution of 4 cm™
between 4000 and 400 cm™! (Ramli et al., 2024).

, the spectra were obtained

1l. "H NMR Analysis for the DES and CNC dissolved in DES

The nuclear magnetic resonance (NMR) study aimed to gain molecular-level insights into
DES and when the CNC is dissolved in DES at varied ratios of the HBD of the DES. This
was done by examining proton ('H) spectrum modifications. The spectra were recorded at
500 MHz using a room-temperature NMR spectrometer (Bruker et al.). Dimethyl sulfoxide
(DMSO-d6) served as the internal standard for the samples. (Ramli et al., 2022a). The



chemical shifts were calculated by DMSO-d6's retained proton resonance (2.50 ppm) (Ai et
al., 2023).

1il. XRD Analysis of the Regenerated CNC

Phase identification of reinforcing fillers with CNC dissolved in different ratios of HBD of
the DES was conducted using a Rigaku Mini-flex X-Ray Diffractometer (Mini-flex II, USA).
As seen in Figure 1, the regenerated CNC at varied ratios of the HBD of the DES was
exposed to X-ray radiation with a wavelength of 1.54 A using CuKa radiation filtered by a Ni
filter. The X-ray source operated at 30 kV and 15 mA, covering a 20 angle range of 10—80°
throughout the analysis. To determine the Crystallinity Index (CI), Origin Pro 2018 64-bit
software utilized the deconvolution method on the XRD data. The CI was calculated as the
ratio of the area under each crystalline peak, identified after deconvolution, to the total area
under the entire XRD curve (including non-crystalline fraction) following Equation 1
(Guimaraes Junior et al., 2018). Also, the crystal size Doo2 was determined using Equation 2,

as supported by (Rocky & Thompson, 2021).

> Acrystalline peaks % 100

Crystallinity Index(%) = ——————————————————— X 100 ... (1)
X Acrystalline peaks + Aamorphous region
kA
D002 = m ............................................................................. (2)

With a diffraction pattern on the (002) lattice plane, the Doo2 grain diameter or crystallite size
was calculated, where 0 stands for Bragg's angle or the angle of the diffracted beam. The X-
ray wavelength is represented by A, which is 1.79 A for Co Kol emission. In this study, the
dimensionless number k—also referred to as the Scherrer constant—is set to 1. On the (002)
plane, Boo2 is the actual peak broadening at full-width half maximum (FWHM) in radians,
taking instrumental broadening into account. The value of k for polymer and cellulose
materials usually falls between 0.8 and 1.0, considering several aspects such as crystal

orientation, FWHM, and crystal form.

iv. Thermal Stability Analysis of Carra-CNCDES Biocomposite Films
For differential thermal analysis, a 3 mg sample was heated to 400 °C in a nitrogen

environment at 10 °C per minute. The melting and crystallization temperatures were

ascertained by analyzing thermogram data obtained with a differential scanning calorimeter



(DSC) (Polyma214, Germany). A thermogravimetric analyzer (STA7200, Hitachi, Japan)
was then used to assess the thermal properties of the carrageenan films concerning mass loss.
To evaluate the films' thermal stability and breakdown behaviour, a sample with a similar

weight was heated at 10 °C/min in an airflow ranging from 30 to 700 °C (Amin, 2022).
V. Kinetic Analysis Carra-CNCDES Biocomposite Films

The main stage of decomposition’s activation energy (Ea.) was determined using Arrhenius
kinetic theory and TGA analysis. It was computed from the slope of the plot of In [In(1/y)]

versus 1000/T, which produced a straight line using Broido’s equation as given in Eq 2.

Ln [In (%)] = (EHHINA (1)

The conversion degree, represented by y, was determined using Equation 1, where A is the
pre-exponential factor, T is the temperature measured in Kelvin (K), R is the universal gas

constant (R=8.314 J.mol'!. K'!), and Ea. Is the activation energy (kJ/mol).

wt - woo

Y = )

WwWo - woo

where w¢ is the weight that has not yet decomposed, who is the original weight, and woo is the

residue weight (Ramli et al., 2023).

vii.  Viscosity measurement of the Carra-CNCDES formulation

The viscosity of the reinforced carrageenan biocomposite with the CNC dissolved in varied
ratios of the HBD of the DES was determined with a rotational rheometer (Rheo3000, USA)
fitted with an LCT 254000010 geometry. The measurement block was filled with around 15
milliliters of the composite solution. A setup of 100 measurement points at a temperature of
40°C and a rotational speed of 300 revolutions per minute was used for the measurement

(Ramli et al., 2024).

viii.  Mechanical Properties Analysis of the Carrageenan Biocomposite Films and the
Hard Capsules

The mechanical property’s objective was to assess how the produced carrageenan
biocomposite films and the hard capsules would deform in applied force or load. The length
of the Carra-CNCDES film strips varied from 2 to 10 cm and were measured for tensile

strength and elongation at break using a texture analyzer (CT3, USA) fitted with a 5 N load



cell. With a maximum displacement of 15 mm, the trigger force was applied at a crosshead
speed of 30 mm/min (Hamdan et al., 2021). A loop test on hard capsules was also conducted
using the same texture analyzer (CT3, USA). The test was carried out at a target of 5.0 mm
and a speed of 0.50 mm/s (Sun et al., 2024). The maximal force (N) needed to rip the hard

capsule before rupturing was used to calculate its loop strength.

Load at break

Tensile strength (MPa) = ——————————————— ... 3)

Initial width X Initial thickness

Enlogation at rupture

Elongation at break (%) = X 100% . ()]

Initial guage length

iX. Moisture Content Analysis of the Carrageenan Hard Capsules

Their moisture content can influence the mechanical and thermal stability of hard capsules.
Therefore, a moisture analyzer was utilized to determine the capsule moisture content. The
initial weight of the capsules, as well as the final mass after the heating process was
completed, were compared to their original mass to calculate the moisture content (Yang et
al., 2020). The measurement concluded once the sample's moisture content stabilized at a

constant value.

X. Disintegration Analysis of the hard capsules

A Distek 3100 disintegration tester (Germany) was used to conduct a disintegration test
following USP requirements. The testing tubes containing the capsules were submerged in
600 ml of distilled water that was kept at 37 + 2°C (Silva et al., 2018). Paracetamol was
employed as a placebo in the capsules to facilitate observation. The disintegration time was
determined by measuring the time (minutes) required for the paracetamol to diffuse from the

capsules into the medium initially.

xi. Morphological Analysis

The Carrageenan biocomposite film surface morphology was investigated using a scanning
electron microscope (S26000-N, Hitachi, Japan). A platinum layer was sputter-coated onto
the sample to stop the surface charge from the electron beam. The film was observed at a
magnification of 1000x to assess its aggregation and surface morphology. A picture of the

formed hard capsules was also observed (Thi & Lee, 2019).
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Results and Discussion

3.1 Functional Group Determination of Cellulose Nanocrystal (CNC) dissolved in
DES

The FT-IR spectra typically reveal characteristic peaks such as the O-H stretching
vibrations around 3287.75 cm™, C-H stretching within 2800-3000 cm™, and C-O-C
stretching between 1000-1200 cm™. The addition of different ratios of HBD in DES
significantly impacts the FT-IR spectra during the dissolution of CNC (Nandiyanto et al.,
2019). At a 1:1 ratio of the HBD of the DES, the FT-IR spectra showed slight broadening or
shifting of the O-H stretching band, indicating initial hydrogen bond interactions between
CNC and HBD. Still, the impact may be limited due to insufficient HBD. Peaks associated
with the crystalline regions of cellulose indicating the presence of the double bonds, as the
CH: bending peak at 1653.73 cm™' (Hospodarova et al., 2018), were prominent, suggesting
that the crystalline structure is not significantly disrupted. The C-O-C stretching region
between 1000-1200 cm™, as shown in Figure 1, indicates interaction and disruption of
glycosidic linkages. At 1:2 HBD ratios, the O-H stretching band typically broadens and shifts
more, reflecting increased hydrogen bonding interactions between cellulose and the HBD of
the DES. It is good to note that, at the ratio of 1:2 and 1:3, the intensity of the double bond’s
peaks seen at 1652.88 and 1652.27 cm™! reduced, further analysis was taken to ascertain the
ratio of the DES that had more impact on the cellulose dissolution process. It is seen that at
1:3 HBD ratios, the peak intensity around 3287.75 cm™ increased more than other ratios, this
indicates hydrogen bond breakdown and interactions with cellulose and DES, It also shows
the presence of the C-H bond, there is more presence of the single bonds at this ratio,
indicating substantial disruption of the double and triple bonds of the cellulose crystalline
regions and a transition to a predominantly amorphous structure (Liu et al., 2020). The
broadening of the O-H stretching band in the FT-IR spectra with increasing HBD ratios
reflects the breakdown of hydrogen bonds in cellulose (Tang et al., 2021). The observed
spectral changes across different HBD ratios provide valuable insights into CNC's dissolution
behaviour in the presence of DES. At a lower HBD ratio of 1:1, the limited disruption of
hydrogen bonds results in reduced chemical interactions, which may lead to less effective

reinforcement of the biocomposite. As the HBD ratio increases to 1:2 and 1:3, more extensive
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disruption of hydrogen bonds occurs, aiding the formation of new functional groups and
interactions. A 1:4 ratio of the HBD in the DES revealed the presence of double bonds
without notable structural changes, indicating that the HBD ratio should be optimized, as

further increases beyond the optimum may not result in significant modifications.
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Figure 1: FTIR of CNC dissolved in varied ratios of the HBD of the DES

3.2 Effect on choline chloride glycerol-based DES on 'H NMR Spectra

This study investigated the impact of varying ratios of HBD of the DES, specifically
from 1:1, 1:2, 1:3, and 1:4, and their behaviour on the '"H NMR spectra in order to determine
how these ratios will influence nanocellulose dissolution since the more available hydrogen
bond donor present in the DES, the higher the rate of dissolution (Barani Pour et al., 2024)
until a point of saturation is reached. Choline chloride ((CH3);N(Cl)CH2CH>OH) was used as
the HBA, with N, CI, and OH as the active site of hydrogen bond acceptor and glycerol

11



(HOCH>CH(OH)CH>OH) as the HBD with the three OH groups as the active site of
hydrogen bond donation, Varied ratios of the HBD of the DES were prepared and analyzed
through the '"H NMR spectroscopy, with DMSO4-d6 employed as a reference standard. At a
1:1 ratio, the signal ranged from O to 5.56 ppm, with significant integrals, as stated in Table 1
is identified as H1 (three protons at 5.57 ppm, indicating C=C bonds), H2 (five protons at
4.65 ppm, reflecting O—C—H bonds), this is in the range that also demonstrates the presence
of Glycerol as reported Bisht et al., (2021), H3, H4, HS (thirty signals at 3.84, 3.66 and 3.23
ppm respectively indicating C=0 bonds and two peaks at 1.238 and 1.207 ppm indicative of
C—H bonds) as shown in Figure 2. The position of the integrals on the spectra at ratio 1:1
will be a reference to understand the chemical shifts that occurred on varying the HBD. As
the ratio of glycerol increased to 1:2, a chemical shift occurred at H4, where the protons
moved upfield due to the interaction that occurred in DES. This shows the breakdown of
hydrogen bonds present as C=0 to O—C—H (Speciale et al., 2022), which indicates that an
increase in HBD of the DES led to the disintegration of the hydrogen bond network present in
the DES (Bashir et al., 2023). An extra peak at 3.52 ppm appeared at the increase of the ratio
of HBD in the DES, showing the presence of an additional proton on the spectra. Also, the
peaks at 3.45 ppm disappeared, showing that a neutralization reaction occurred (Verma et al.,
2024). Increasing the glycerol ratio to 1:3 resulted in more available peaks at H2 (4 protons)
and H4 (93 protons) in the "H NMR spectra (Ai et al., 2023); this is also in line with the FTIR
finding, which signifies that there are more HBD.

When the ratio was further increased to 1:4, peaks at H1 and H2 were reduced. In contrast,
peaks at H3 and H4 increased, indicating a higher presence of C—H bonds and suggesting
more available protons beyond the saturation point. This demonstrates that beyond a 1:3
ratio, additional glycerol does not significantly change the proton environment, pointing to a
saturation threshold where maximum proton availability in the DES is reached. These
observations highlight the necessity of precise control over the HBD-HBA ratio to optimize
DES for dissolving cellulose and other biopolymers. The study's findings contribute to a
deeper understanding of DES behaviour, emphasizing the importance of optimal ratios for
effective DES solvent systems. Also, the knowledge is crucial for developing efficient and
sustainable processes in biopolymer applications, where the solubility and interaction of

components are critical for performance and functionality.
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Figure 2: Complex '"H NMR Spectra of DES (a) ChCl Gly at the ratio of (1:1) (b) ChCl Gly at the ratio of (1:2) (c) ChCl Gly at the ratio of (1:3)
(d) ChCl Gly at the ratio of (1:4)

Table 1: '"H NMR results by comparing their different Integrations for the varied HBD in DES

Samples of Carra- Integrals Position on the Number of Protons

CNCDES Spectra

Biocomposite Films

reinforced with

Varied HBD

ChCl1 Gly (1:1) H1 5.57 3
H2 4.65 5
H3 3.84 3
H4 3.66 3
HS5 3.23 24

ChCl Gly (1:2) H1 5.46 3
H2 4.54 5
H3 3.88 7
H4 3.36 30
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ChCl Gly (1:3)

ChCl Gly (1:4)

H1
H2

H1
H2
H3
H4
HS5

542
3.65

5.36
4.60
3.90
3.40
3.14

93
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3.3 Effects of CNC dissolved in choline chloride glycerol-based DES on 'H NMR
Spectra

'"H NMR spectroscopy emerges as a potent technique for unravelling the intricate solvation
dynamics and molecular interactions underlying the dissolution of CNC within DES. The 'H
NMR spectra, encompassing chemical shift assignments, peak intensity variations, and
spectral deconvolution, gained insights into CNC's solvation behaviour and chemical
environment in DES solutions (Hamdan et al., 2024). Upon dissolution of CNC in the DES,
the '"H NMR results revealed 22 distinct spectral signals, indicating a substantial interaction
between the DES's protons and the CNC's hydrogen bonds. This interaction was further
elucidated by observing three distinct ranges in the spectra. The first range, H1, as seen in
Figure 3, spanning from 1.31 to 1.51 ppm, corresponds to the aliphatic group (C-H, while the
subsequent range, H2 to H4, observed between 3.24 and 3.95 ppm, signifies the presence of
(C-H-0O) functionalities. The final range, HS to H7, detected at 4.17 to 6.30 ppm, indicates
the anomeric group (Penner & Vulpetti, 2024). Notably, there was a shift of highly double
bonds in the spectra. This aligns with the earlier experimental hypothesis, suggesting the
breakdown of hydrogen bonds within cellulose, ultimately leading to its dissolution. This
finding underscores the pivotal role of DES in facilitating the disruption of cellulose bonds
and highlights its potential as a solvent for cellulose dissolution processes. The distinctive
chemical shifts observed in the spectra at 0.02 ppm, 6.17 ppm, and 3.84 ppm indicate the
presence of the C—Cl, N—H, and C—O bonds, respectively. This elucidates the solute-solvent
interactions of HBD and HBA and sheds light on the extent of CNC dissolution and the
influence of DES composition on CNC solubility (Cao et al., 2016). Moreover, quantitative
analysis enables accurate determination of CNC concentration and dissolution efficiency,
facilitating precise control over CNC dispersion and utilization in various applications. By
correlating spectral features with solvent properties and CNC characteristics, 'H NMR
analysis unveils the underlying solvation mechanisms governing CNC dissolution, paving the
way for the rational design of CNC-based materials with tailored properties and enhanced
performance. Understanding CNC solvation dynamics in DES increases fundamental
knowledge of cellulose dissolution processes. This holds significant implications for
developing sustainable and eco-friendly nanocellulose-based materials for various industrial

applications.
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Figure 3: Complex 'H NMR Spectra of CNC dissolved in DES (a) CNC in ChCl Gly at the
ratio of (1:1) (b) CNC in ChCl Gly at the ratio of (1:2) (¢) CNC in ChCl Gly at the ratio of
(1:3) (d) CNC in ChCl Gly at the ratio of (1:4).

3.4 XRD Analysis of Carra-CNCDES Film in Varied Ratios of HBD

The X-ray diffractogram in Figure 4.9 demonstrates a relatively ordered structure in the CNC
sample, characterized by a sharp, narrow peak at 20 = 22.3° as seen in Figure 5,
corresponding to the (200) plane, and a broader peak spanning 14.5° to 16.2°, which
represents the overlapping (010) and (110) planes of cellulose I. The distinct peak at 20 =
22.3°, as shown in Table 2, indicates it is the primary diffraction peak of cellulose, reflecting
the ordered crystalline nature of the CNC (Ramirez-Wong et al., 2016). Additionally, the
diffraction peak at 20 = 34.6° is associated with the (004) lattice plane of cellulose I (Pang et
al., 2023).

The single broad peak, formed by the overlapping of (010) and (110) planes, suggests a
decrease in crystallinity due to dissolution, as indicated by the large full width at half
maximum (FWHM) of these peaks Tamaddon et al. (2023). This broadening effect points to
the impact of dissolution on the CNC, with crystalline regions disrupted and crystal size
potentially reduced, aligning with the CI reduction (Guimaraes Junior et al., 2018; Shoaib et
al., 2023). In this study, the crystallinity index (CI) values obtained at varied ratios of HBD
show a significant decrease, attributed to the reduction in crystalline regions, indicating
increased disorder within the crystal lattice and a reduced crystalline phase (Gundupalli et al.,
2023). The minor peak observed at 20 = 34.6° for the (004) plane became less pronounced
following hydrolysis but was more defined post-dissolution. These observations suggest that
the regenerated CNC retains a cellulose I structure, indicated by the absence of a doublet and
a peak characteristic of cellulose II (Bangar et al., 2022). The 'H NMR findings also support
this. However, the calculated CI may be lower than the actual value due to the minimal peaks
identified in the crystal structure fitting (Smith et al., 2020). Additionally, the non-accounted
peak overlaps may have influenced FWHM values, affecting the minimum intensity related
to the amorphous regions, which might suggest enhanced dissolution effects in the cellulose

structure.
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Figure 4: XRD of CNC and CNC dissolved in DES

21




Table 2: Size of crystallites, reflection planes, diffraction angles, interplanar distances, and the crystallinity Index

Samples of CNC, Lattice Plane Diffraction angle, Interplanar Crystallite Crystallinity Crystal Size (nm)
CNC dissolved in (hkl) 20 () Spacing (A) dimension (A) Index (%)
Varied HBD
CNC 010 14.54 6.09 37 74 1.67
110 16.00 5.53 24
012 22.20 4.00 27
200 22.64 3.92 75
040 34.59 2.59 87
CNC In DES (1:1) 010 14.83 5.97 77 27 1.72
110 16.26 5.44 49
012 22.44 3.96 26
200 22.79 3.90 71
040 34.67 2.58 78
CNC In DES (1:2) 001 14.83 597 55 34 1.29
010 16.43 5.39 49
110 21.07 4.21 38
012 22.52 3.94 73
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CNC In DES (1:3)

CNC In DES (1:4)

200
040

010
200
040

010
200
040

22.95
34.61

15.92
22.66
34.63

15.88
22.67
34.67

3.87
2.59

5.56
3.92
2.59

5.58
3.92
2.59

43
92

37 38
41
101

34 35
41
80

1.26

1.34
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3.5 Thermal Analysis and Broido’s Kinetic Model of Carra-CNCDES Film in
Varied Ratios of HBD.

A detailed analysis of the thermal properties of the Carra-CNCDES films was conducted to
ascertain their potential applicability in the pharmaceutical industry, particularly for use in
hard capsules. This study delved into the thermal behaviour of these films by employing
advanced techniques such as DSC, TGA, and Broido’s kinetic model. This focuses on
dissolving CNC in a DES with varying ratios of HBD to HBA, aiming to optimize the
thermal properties and stability of the resultant carrageenan biocomposite films. Initial
solubility studies revealed that a 1:3 ratio of HBD to CNC offered optimal solubility, which
served as a benchmark for further thermal stability analysis. TGA thermograms identified
distinct thermal degradation stages at various HBD ratios, providing critical insights into the
composite films' decomposition behaviour (Tamaddon et al., 2023). At a 1:1 ratio, the
thermograms revealed four stages: the first stage at 45.6 °C involved the degradation of
volatile components such as moisture, indicated by a weight loss of 11.35%, suggesting that
the films begin to melt and free water is removed when heated from ambient temperature to
100°C, this was supported by (Ramli et al., 2022). The second stage, observed at 228.4 °C,
marked the volatilization of plasticizers within the film matrix. In contrast, the third stage at
292.2 °C corresponded to the decomposition of the Carra-CNCDES polymer chain and cross-
linkers, as reported by Adam et al. (2020). The fourth stage, occurring at 442.8 °C, was
identified as the recrystallization temperature. Increasing the HBD ratio to 1:2 introduced a
fifth weight loss stage at 115.12 °C, attributed to the evaporation of loosely bound moisture,
while further increases to 1:3 and 1:4 ratios added additional weight loss stages, likely due to
the evaporation of more volatile liquids, possibly by-products of the interaction between
carrageenan, CNC, and DES. Derivative DTG curves plotted to identify peak temperatures
for maximum weight loss during thermal decomposition indicated that for the CNC Gly (1:1)
film, the peak temperature was 242 °C, as shown in Figure 5. Increasing the HBD ratio to
1:2 elevated this temperature to 244 °C. At a ratio of 1:3, 245 °C was recorded and seen in
Table 3, slightly higher than other ratios. At the same time, at 1:4, the temperature dropped to
239 °C, collaborating with initial reports from 'H NMR and XRD that the 1:3 ratio yields
optimal results with 0.2 g of CNC dissolved in 10 g of DES. However, at a 1:4 ratio, the peak
temperature decreased, suggesting that the saturation point of DES had been reached, and
further increases in HBD do not significantly affect the carrageenan film and hard capsules'
thermal behaviour. Kinetic analysis used Broido's mathematical model to further analyze
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these films' thermal stability. Broido’s model, which allows the calculation of activation
energy (Ea) from a single TGA curve, unlike other models that require multiple analyses with
different heating rates, revealed that the major decomposition for all films occurred between
200 and 400 °C. The Ea values calculated from this range showed high determination
coefficients (R? > 0.83143), indicating a good fit to Broido’s model. At a 1:3 ratio, the film
exhibited an Ea of 76.77 kJ/mol, as seen in Table 4, reflecting the highest resistance to
molecular structure degradation due to temperature. This increased Ea is linked to the
dissolution of CNC within the carrageenan matrix, enhancing heat distribution and delaying
film decomposition. It also presented a good fit for depicting thermal degradation when
applying Broido’s model since high values of the determination coefficient were achieved
(R2 > 0.8), as shown in Figure 5d. The study also evaluated the enthalpy changes (AH),
entropy (AS), and Gibbs energy (AG) during the thermal degradation process to provide a
comprehensive understanding of the thermal behaviour of these composite films. The
enthalpy change (AH) reflects the energy absorbed or released during heating, where higher
values indicate lower reactivity and lower values denote higher reactivity. All films reported
negative AH values, indicating an exothermic reaction. The entropy change (AS) values,
which show the degree of disorder during bond dissociations, were negative across all films,
suggesting an ordered structure and a system close to thermodynamic equilibrium, indicating
low reactivity. The Gibbs energy (AG) values revealed the system's stability, with positive
values indicating the non-spontaneous nature of thermal degradation (endergonic process),
thus enhancing film stability. Comparative analysis of the thermal properties of different
films demonstrated that at a 1:3 ratio, the residual weight of the film was 8.07 pug, higher than
other films, indicating optimal thermal properties. This finding aligns with the reinforcement
studies of carrageenan films (Sedayu et al., 2020), demonstrating the positive impact of CNC
dissolution in DES at this ratio. The analysis of the thermal properties of Carra-CNCDES
films highlights CNC and DES's significant impact on enhancing carrageenan-based
composite materials' thermal stability. The study employed advanced thermal analysis
techniques such as DSC and TGA, alongside kinetic modelling using Broido’s method, to
elucidate the thermal behaviour of these materials. The findings of this study include the
optimal CNC solubility in DES at a 1:3 ratio, which significantly enhances thermal stability
and resistance to decomposition, as supported by NMR and XRD studies. This ratio also
provided the highest performance in activation energy, enthalpy, entropy, and Gibbs energy
changes, indicating superior thermal properties compared to other ratios. These results
underscore the potential of CNCDES composites in various industrial applications,
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particularly in the pharmaceutical sector, where thermal stability is crucial for developing

hard capsules.
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Table 3: Thermal degradation behaviour of films by thermogravimetric analysis

Samples of Carra- Step Temperature range Weight loss at step Temperature at Residues at 700 €

CNCDES ©) end (%) maximum (%)

Biocomposite Films degradation rate

reinforced with °O)

Varied HBD

ChCI Gly (1:1) 2 30-200 11.35 228.41 7.50
200-700 29.10

ChCl Gly (1:2) 2 30-200 23.58 244.34 7.87
200-700 19.12

ChCl Gly (1:3) 2 30-200 20.83 245.00 8.07
200-700 17.73

ChCl Gly (1:4) 2 30-200 22.80 238.96 8.04
200-700 19.71
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Table 4: Kinetic and thermodynamic analysis of thermal degradation by Broido’s model

Samples of Ea (kJ/mol) A R? AS (J/K mol) AH(kJ/mol) AG (kJ/mol)
Carra-CNCDES
Biocomposite

Films reinforced

with Varied HBD

ChCl Gly (1:1) 75.10 3.96x102 0.84255 -117.07 —1891.56 2.48 x10*
ChCl Gly (1:2) 75.05 3.97x107 0.84154 —125.61 —2030.76 2.87 x10*
ChCl Gly (1:3) 76.77 4.04x1073 0.83383 —125.55 —2036.24 2.87 x10*
ChCl Gly (1:4) 79.64 4.19x1073 0.85539 —125.33 —1985.99 2.80 x10*

Abbreviations: AG: Gibbs free energy; AH: enthalpy; A: pre-exponential factor; R*: coefficient of determination; AS: entropy; Ea: activation

energy.
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Figure 5: (a) Differential scanning calorimeter (DSC) thermograms of Carra-CNCDES
reinforced with Varied HBD ratios. (b) TGA of Carra-CNCDES biocomposite Films,
reinforced with CNC dissolved in varied HBD of DES (¢) DTG thermograms of Carra-
CNCDES biocomposite Films, reinforced with CNC dissolved in varied HBD of DES (d)
Broido’s Plot for degradation of varied HBD ratios.

3.6 Viscosity and mechanical properties of Carra-CNCDES biocomposite films and

hard capsule

The study of biocomposites reinforced with CNC dissolved in DES has revealed
significant modifications in their mechanical properties as the ratio of HBD is varied
(Manafpour et al., 2024). Specifically, adjusting the HBD ratios in DES influences the
viscosity of the resulting solutions, which in turn impacts the mechanical strength of the
biocomposites. In this work, it was observed that the viscosity of the CNC-DES solutions
reached its peak at a 1:3 ratio of HBD to CNC. This increased viscosity at the 1:3 ratio is
directly correlated with enhanced mechanical properties of the biocomposites, as evidenced
by the measurements of capsule loop strength and tensile strength (Gygli et al., 2020). The
data presented in Table 5 illustrates that the highest viscosity corresponds with the greatest
tensile strength and capsule loop strength values. Notably, at the 1:3 HBD ratio, the
biocomposite recorded a capsule loop strength of 75.83 MPa and a tensile strength of 102.04
MPa, respectively. These findings suggest that the mechanical reinforcement of
biocomposites is influenced by the viscosity of the CNC-DES solution, which is modulated
by the HBD ratio (Calvo-Flores et al., 2021). The increased viscosity at higher HBD ratios
likely enhances the interfacial bonding between the CNC and the polymer matrix, improving
stress transfer and overall mechanical performance (Hamdan et al., 2019)). This is critical for
applications where high mechanical strength and durability are required, such as in packaging

materials, biomedical devices, and structural components.

The interaction networking within the CNC-DES system can be attributed to the enhanced
hydrogen bonding interactions at higher HBD ratios, which result in a more viscous medium.
This medium facilitates better dispersion of CNCs and more robust interactions with the

polymer chains, thereby reinforcing the biocomposite structure. Additionally, the rheological
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properties of the CNC-DES solutions, which are influenced by the HBD ratio, play a crucial
role in the processing and fabrication of these biocomposites. Higher viscosity solutions can
lead to more uniform and stable biocomposite materials (Abbasi et al., 2023), reducing
defects and improving the overall quality of the final product. Therefore, understanding the
relationship between HBD ratio, viscosity, and mechanical properties is essential for
optimizing the performance of CNC-reinforced biocomposites. Further investigations could
explore the effects of different types of HBDs and their concentrations and the interaction
mechanisms at the molecular level to develop a comprehensive understanding of how these
variables influence the mechanical properties of biocomposites (Amin et al., 2015). Such
insights could develop tailored biocomposite materials with specific properties for targeted
applications. The study also highlights the importance of balancing viscosity for practical
processing considerations. While high viscosity can enhance mechanical properties, it may
also challenge material handling and processing efficiency. Therefore, finding an optimal
HBD ratio that maximizes mechanical strength without compromising processability is
critical to successfully applying CNC-DES biocomposites in various industries (Mariano et
al., 2014). The ratio of HBD in DES significantly affects the viscosity of CNC-DES solutions
and, consequently, the mechanical properties of the reinforced biocomposites. The highest
mechanical strength was observed at a 1:3 HBD ratio, demonstrating the critical role of
viscosity in enhancing tensile strength and capsule loop strength. This correlation underscores
the potential of manipulating DES compositions to tailor the properties of biocomposites for
specific applications, paving the way for advanced materials with superior performance

characteristics.
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Table 5: Viscosity, Capsule Loop strength, Elongation at break, Tensile Strength, Melting
Temperature (Tm) of Carra-CNCDES biocomposites and Hard Capsules reinforced with
varied HBD

Hard Viscosity Loop Elongation  Tensile Tm (°C)
Capsules (mPa.s) Strength at break (%) Strength

(MPa) (MPa)
ChCl Gly 924.00 + 53.95+£0.80 23.51 83.35 245.89
(1:1) 4.24
ChCl Gly 1034.0 + 69.85+0.71 28.38 90.84 155.12
(1:2) 5.66
ChCl Gly 1218.5 + 75.83+£0.57 31.90 102.04 166.86
(1:3) 2.12
ChCl Gly 1115.0 + 7322+£1.06 29.69 89.68 166.81

(1:4) 7.07

3.7 Moisture content and disintegration time of the hard capsule

At a 1:1 ratio of HBD, the biocomposite film exhibited the highest moisture content at
20.19% (Table 6). This elevated moisture content can be attributed to the insufficient
capacity of the HBD to effectively break down the hydrogen bonds present in the CNC and
carrageenan matrix. Consequently, the sulfate groups within carrageenan, known for their
high hydrophilicity, remain unaltered and contribute to the film's increased ability to absorb
water (Yang et al., 2020). As the concentration of HBD increased, there was a noticeable
decline in the film's affinity to adsorb water, reaching a 1:3 HBD ratio, which recorded the
lowest moisture content. Beyond this ratio, further increases in HBD concentration did not
result in significant reductions in moisture content. The mechanism behind this trend can be
understood through the interaction dynamics between CNC, carrageenan, and HBD. At lower

HBD concentrations, the DES system lacks hydrogen donors to disrupt the extensive
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hydrogen bonding network between the hydroxyl groups of CNC and the sulfate groups of
carrageenan (Yang et al., 2024). This results in a structure that retains a higher amount of
moisture. As the HBD concentration increases, the DES system becomes more effective in
breaking these hydrogen bonds, reducing the availability of sites for water adsorption and
decreasing the moisture content. At the optimal 1:3 ratio, the hydrogen bonds are sufficiently
disrupted, leading to a more hydrophobic network that minimizes water uptake.

This reduction in moisture content at higher HBD concentrations significantly impacts the
film's mechanical properties. Lower water absorption enhances the film's tensile strength and
reduces its brittleness (Thakur et al., 2019). This is due to the decrease in the plasticizing
effect that water molecules impart on the polymer matrix, leading to a more rigid and robust
structure. The 1:3 HBD ratio film, with a moisture content of 15.02%, demonstrated the best
mechanical strength among the tested ratios, as supported by (Aiman Hamdan et al., 2021).
This value is particularly notable as it is comparable to that of commercial gelatine capsules,
which have a moisture content of approximately 13%, and significantly higher than that of
commercial HPMC (hydroxypropyl methylcellulose) capsules, which have a moisture content
of about 4.5%.

The low moisture content of the 1:3 ratio of Carra-CNCDES film also positively influences
its disintegration time. Moisture content is critical in determining biocomposite films'
disintegration properties in hard capsules. A lower moisture content generally correlates with
slower disintegration times due to reduced water interaction and penetration within the film
matrix. In this study, the 1:3 ratio film disintegrated in 7 minutes and 17 seconds, as seen in
Table 6, aligning with the findings of (Ramli et al., 2024), who observed similar
disintegration characteristics in optimized biocomposite formulations. This disintegration
time is suitable for oral drug delivery applications, where a balance between mechanical
strength and timely disintegration is crucial.

The findings suggest that the 1:3 HBD ratio in Carra-CNCDES biocomposite films provides
a balanced optimization of mechanical properties and functional performance. The decreased
moisture content enhances the tensile strength, reduces brittleness, and ensures a
disintegration time within acceptable limits for pharmaceutical applications. This balance is
vital for developing biocomposite films that can be effective and sustainable alternatives to
traditional gelatine capsules. Moreover, the environmental and economic benefits of using
plant-based materials such as carrageenan and CNC in combination with DES systems further
bolster the commercial viability of these biocomposite films. The ability to tailor the
properties of these films through varying HBD ratios allows for customization according to
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specific application requirements. For instance, films requiring higher mechanical strength
and lower disintegration times can be optimized with the 1:3 HBD ratio. At the same time,

other formulations might benefit from different ratios depending on the desired end-use.

Table 6: Effect of Varied HBD concentration on the moisture content of film and

disintegration time of hard capsule

Samples of Carra-CNCDES Moisture Content (%) Disintegration Time

Biocomposite Films reinforced (min)

with Varied HBD

ChCI Gly (1:1) 20.19 + 1.64 8.50 £ 0.50
ChCl Gly (1:2) 19.85 £ 1.39 8.00 £ 0.50
ChCl Gly (1:3) 15.02 £1.20 7.17+£0.29
ChCl Gly (1:4) 19.25 +1.43 8.50 £ 0.50

3.8 Physical appearance and surface morphology of Carra-CNCDES biocomposite
film.

The biocomposite film and hard capsule transparency and gloss are well-retained until
the addition of the 1:3 ratio of the HBD Figure 6. At this point, the film became more
transparent, showing a good mixing of the CNC in DES within the carrageenan matrix. The
film maintained a clear and shiny appearance, which also indicates minimal scattering and
light absorption, which suggests a uniform distribution of the components (Shoaib et al.,
2023). This visual clarity is crucial for applications where aesthetic and optical properties are
essential, such as in packaging and pharmaceutical capsules. The uniform matrix observed in
these films highlights the materials' compatibility, attributed to the practical and uniform
mixing process. This homogeneity directly results from good miscibility between the
biopolymers carrageenan, HPMC, and CNC within the DES system. The DES likely
facilitates better interactions and hydrogen bonding among these polymers, leading to a
consistent and stable composite structure (Barros et al., 2014). This is also evident from the
picture of the carrageenan hard capsules, as seen in Figure 7.

SEM images confirm this observation by revealing smooth and continuous surface
morphology without significant phase separation or aggregation (Koch & Wtodarczyk-
Biegun, 2020). The absence of large voids or cracks in the SEM images indicates that the

components are well-integrated at the microscopic level. Additionally, the cross-sectional
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views of the films show a dense and cohesive structure, supporting the notion of strong
intermolecular interactions facilitated by the DES (Donato et al., 2023). As the HBD ratio is
increased beyond 1:3, a slight reduction in transparency and gloss is noticed. This change
could be attributed to the onset of phase separation or the formation of microdomains within
the matrix, which scatter light more effectively, thereby reducing clarity. Nevertheless, the
overall structure remains relatively uniform, suggesting that the films possess good

mechanical properties and stability (Ramli et al., 2023).
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Figure 6: Visual representation of Carra-CNCDES biocomposite film and Hard Capsule (a) ratio 1:1 (b) ratio 1:2 (c) ratio 1:3 (d) ratio 1:4.




Figure 7: Pictorial view of Carra-CNCDES biocomposite film and Hard Capsule (a) ratio 1:1
(b) ratio 1:2 (c) ratio 1:3 (d) ratio 1:4

3.9 Comparison of the Properties of Carra-CNCDES Biocomposite and
Commercial Gelatin and HPMC Hard Capsule

The biocomposite films and capsules developed in this study, using various ratios of Carra-
CNCDES at 1:1, 1:2, 1:3, and 1:4, mark a significant step forward in sustainable packaging
and encapsulation. This compares these new biocomposite capsules with Carra-HPMC,
Carra-HPMC/CMSS, Carra-HPMC/CNCDI formulations, and commercial gelatin and
HPMC capsules, as stated in Table 7. The mechanical and rheological properties of the
Carra-CNCDES capsules, particularly the viscosity, were comparable to those of commercial
options, making them suitable for practical use. Viscosity affects processing, filling, and
performance, while mechanical properties like tensile strength and elongation at break ensure
durability during handling and transportation (Mohammed et al., 2024). By adjusting the
HBD in the DES used, the Carra-CNCDES capsules' properties can be tailored for specific
applications, whether in pharmaceuticals or nutraceuticals. This flexibility allows
customization to meet various needs. Unlike gelatin, which has dietary and allergenic

limitations, or HPMC, which is costlier but suitable for vegetarians, Carra-CNCDES capsules
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offer a more sustainable and potentially cost-effective option. Using carrageenan, a
renewable and biodegradable material, aligns with the push for eco-friendly solutions,
reducing dependence on petrochemical plastics. Incorporating CNCDES enhances the
material's properties through unique interactions, providing a promising alternative that
maintains performance standards (Zdanowicz et al., 2018). This study on the development of
Carra-CNCDES biocomposite capsules advances sustainable packaging, offering a practical
solution to the issues of plastic waste and environmental impact. With the potential for
customization and compatibility with current manufacturing processes, these biocomposites
could facilitate a broader transition to sustainable practices in the packaging industry
(Mathew et al., 2024). The research underscores the promise of Carra-CNCDES materials in

contributing to a more environmentally conscious packaging sector.
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Table 7: Comparison of the properties of carrageenan biocomposite in current work and commercial gelatin and HPMC Capsules

Tile Hard Capsules Viscosity Tensile Loop strength Tm Ea (KJ/mol)  Moisture Disintegration Ref
(mPa-s) strength N) O content Time (min)
(MPa) (%)
1. Carra 172.1 21.0 16.3 66.8 36.6 23.2 10.6 (Al Rizqi
Dharma
Fauzi et al.,
2023)
2. Carra-HPMC 616.5 51.2 37.4 105.0 64.7 14.6 18.7 (Ramli et al.,
2023)
3. Carra-HPMC/CMSS 738.2 64.5 40.5 74.3 74.4 20.9 16.4 (Ramli et al.,
2022b)
4. Carra-HPMC/CNCDI 704.4 63.8 41.6 80.0 117.1 19.8 4.2 (Ramli,
Adam, et
al., 2024b)
5. Gelatin 750-1000 31.0 115.0 187.3 NA 13.0 15.0 (A. M. Smith
etal., 2010)
6. HPMC 1600-2000 19.9 68.9 182.4 NA 4.5 30.0 (Faulhammer
etal., 2016)
7. Carra-CNCDES (1:1) 924.0 83.35 53.95 228.4 75.1 20.2 8.5 This work
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Tile Hard Capsules Viscosity Tensile Loop strength Tm Ea (KJ/mol)  Moisture Disintegration Ref
(mPa-s) strength (N) (®)] content Time (min)
(MPa) (%)
8. Carra-CNCDES (1:2) 1034.0 90.84 69.85 2443 75.1 19.9 8.0 This work
0. Carra-CNCDES (1:3) 1219.5 102.04 75.83 245.0 76.8 15.0 7.2 This work
10. Carra-CNCDES (1:4) 1115.0 89.68 73.22 239.0 79.6 19.3 8.5 This work
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4 Conclusion

Varying the ratios of HBD to dissolve CNC optimally revealed that a 1:3 ratio of HBD gave a
higher breakdown of hydrogen bonds present for 0.2 g of CNC dissolved in 10 g of DES. The
resulting 1:3 HBD-reinforced Carra-CNCDES biocomposite film exhibited more thermal
stability compared to the ratios of 1:1, 1:2, and 1:4, due to strong intermolecular interactions
between CNC and DES, as confirmed by 1H NMR, XRD, TGA, and FTIR analyses.
Reinforcing plant-based materials such as carrageenan enhances the commercial prospects
and positions carrageenan-based hard capsules as a superior alternative to gelatine for large-
scale production. These biocomposites offer distinct advantages, including environmental
friendliness and the potential to meet the growing demand for sustainable materials.
However, further studies of mixing methodologies are necessary to address the challenge of
rapid solidification, particularly at a standard sample temperature of 60 °C, due to the
hydrophilic nature of carrageenan, which will ensure that these hard capsules achieve high
quality and can compete with gelatine hard capsules. These advancements will enhance the
position of carrageenan hard capsules in the market, by promoting the adoption in drug

delivery and other applications where durability and sustainability are crucial.

ABBREVIATIONS

HBA: Hydrogen Bond Acceptor

HBD: Hydrogen Bond Donor

DES: Deep Eutectic Solvent

ChCl: Choline Chloride

Gly: Glycerol

CNC: Cellulose nanocrystal

"H NMR: Proton nuclear magnetic resonance
DMSO-d6: Dimethyl Sulfoxide-d6

CI: Crystallinity Index

FTIR: Fourier-transform infrared spectroscopy
XRD: X-ray diffraction

TGA: Thermogravimetric analysis

DTG: Derivative of the thermogravimetric
HPMC: Hydroxypropyl methylcellulose
SEM: Scanning electron microscope
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NOMENCLATURE

Symbols

Ea: activation energy (kJ/mol)

wt: weight at any time (g)

wo: initial weight (g)

R: universal gas constant (mol! K')
woo: weight of residue (g)

T: temperature (K)

Tg: glass transition temperature (C)
A: pre-exponential factor (min')
Tc: crystallization temperature (C)
Tm: melting temperature (C)
AHm: melting enthalpy (J/g)

AHc: crystallization enthalpy (J/g)
AH: enthalpy (kJ/mol)

AG: Gibbs free energy (kJ/mol)
AS: entropy (J/K mol)
Dimensionless numbers

R? coefficient of determination

y degree of conversion
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