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ABSTRACT

The circular economy has become an essential strategy for reducing resource depletion
and minimising the environmental impact of production. Over the past few decades,
more policies worldwide have been introduced to promote sustainable development and
emphasise the importance of the circular economy. Plastic is especially strongly
regulated. Therefore, this research focuses on modifying the MDCell (Mai-Dirk-
Cellulose) process to produce plastic-free, regenerated cellulose packaging films. The
MDCell process, developed in our group, is an innovative and environmentally friendly
method that enables the production of regenerated cellulose film at room temperature
within a short period using tetrabutyl ammonium hydroxide ([N4444]OH). The
regenerated cellulose film exhibited good mechanical properties and displayed rapid
biodegradability in both soil and seawater environments. This film has excellent

potential to replace fossil-fuel-based plastics.

Lithium chloride was identified as a novel plasticiser for regenerated cellulose film. The
treated film's elongation exceeded that of the original by more than seven times.
Compared to traditional plasticisers such as glycerol and polyethylene glycol, lithium

chloride also demonstrated superior performance.

Additionally, [N4444]OH is a solvent capable of dissolving large amounts of chitosan
under the same conditions as cellulose. It can also be recycled after use. By regenerating
this solvent, it can be reused for other applications. Furthermore, cellulose and chitosan
can be combined to produce homogeneous solutions. This enables the development of
regenerated cellulose/chitosan blended film using the modified MDCell process. The
ratios of the components influence the mechanical, physical, and biodegradability
properties of the blended film. By tailoring the cellulose-chitosan mixture, application-

specific products can be manufactured.




ZUSAMMENFASSUNG

Die Kreislaufwirtschaft ist zu einer wichtigen Strategie geworden, um die
Ressourcenknappheit zu reduzieren und die Umweltauswirkungen der Produktion zu
minimieren. In den letzten Jahrzehnten wurden weltweit verstirkt Maflnahmen zur
Forderung nachhaltiger Entwicklung eingefiihrt und die Bedeutung der
Kreislaufwirtschaft hervorgehoben. Insbesondere der Olbasierte Kunststoff wird
momentan stark reguliert. Daher fokussiert sich dieses Forschungsprojekt auf der
Modifizierung des MDCell-Verfahrens fiir die Herstellung von regenerierte plastik-
freier Zellulosefolie. Dieses innovative und umweltfreundliche Verfahren ermoglicht die
Herstellung von regenerierter Zellulosefolie bei Raumtemperatur innerhalb kurzer Zeit
unter Verwendung von Tetrabutylammoniumhydroxid ([N4444]OH). Die regenerierte
Zellulosefolie weist gute mechanische Eigenschaften auf und ist sowohl im Boden als
auch im Meerwasser schnell biologisch abbaubar. Diese Folie hat damit groBes

Potenzial, fossile Kunststoffe zu ersetzen.

Lithiumchlorid wurde als neuartiger Weichmacher fiir regenerierte Zellulosefolie
identifiziert. Die Dehnung der behandelten Folie iibertraf die der Originalfolie um mehr
als das Siebenfache. Im Vergleich zu herkommlichen Weichmachern wie Glycerin und

Polyethylenglykol zeigte Lithiumchlorid zudem eine iiberlegene Leistung.

Interessanterweise ist [N44.44]OH ein sehr gutes Losungsmittel, um Chitosan in grof3en
Mengen losen. Das Losemittel kann nach Gebrauch recycelt und fiir andere
Anwendungen wiederverwendet werden. Cellulose und Chitosan kénnen zudem zu
homogenen Losungen kombiniert werden. Dies ermoglicht die Entwicklung von
regenerierten Cellulose-Chitosan-Mischfolien im modifizierten MDCell-Verfahren. Die
Verhiltnisse der Komponenten beeinflussen die mechanischen, physikalischen und
biologischen Abbaubarkeitseigenschaften. Durch Anpassung der Cellulose-Chitosan-

Mischung konnen gezielt anwendungspezifische Produkte hergestellt werden

- VI -



INTRODUCTION

1 INTRODUCTION

1.1 Circular economy and green chemistry

Modern society is increasingly embracing the concept of a circular economy to address
the urgent need for sustainable development and reduce waste. In contrast to the
traditional linear model, the circular economy aims to decouple the economy from the
consumption of finite resources. This approach focuses on the loop of material use,
which encourages recycling, reuse, and designing products for longevity.! Thus, waste
from manufacturing can be minimised. The concept of a circular economy has gained
significant momentum in the past few decades as a solution to the limitations of linear

production. Figure 1 illustrates the linear and circular economy models.

CIRCULAR
ECONOMY

LINEAR
ECONOMY

Created withBiorender.com

Figure 1. Linear and circular economy model
In 2015, the United Nations Sustainable Development Goals (UN SDGs) were proposed
as a framework of 17 goals that need to be achieved by 2030 to protect our planet and
reduce poverty (Figure 2).* It emphasises that shifts towards sustainable development
are necessary to reach these goals. The circular economy helps to reduce waste and

pollution, improve environmental protection, and create new economic opportunities.
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To support the circular economy concept, chemistry plays a crucial role in redesigning
chemical processes and products, allowing waste and materials to be looped back into
the manufacturing process.> > Chemistry also plays a crucial role in developing new
materials and molecules that are safer, more durable, and recyclable, alongside
innovative recycling and recovery technologies. Therefore, shifting from a traditional
linear process to a circular one in chemistry is a key step toward sustainable

development.

Green chemistry is a branch of chemistry. This field focuses on designing chemical
products and processes that minimise or eliminate the use and generation of hazardous
compounds. Safer chemicals and methodologies have been developed by fundamentally
rethinking traditional methods to reduce risks to humans and the environment. In 1998,
Paul Anastas and John C. Warner published 12 principles that guide chemistry
practices.® These principles have become fundamental for educating chemists and
developing new chemical products, syntheses and techniques. This is how science and

chemistry contribute to sustainable development.
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Figure 3. The 12 principles of Green Chemistry proposed by Paul Anastas and
John C. Warner

These 12 principles of green chemistry encourage chemists to consider safety,
efficiency, and environmental impact when designing chemicals and processes.
Following these guidelines is key to achieving sustainability in chemistry and circular
economies. By ensuring that products are non-toxic, easy to recycle, or biodegradable,
a closed loop of materials becomes more feasible. Additionally, 14 of the 17 goals in the
framework of the UN SDGs have been identified as requiring the application of green
chemistry.! This emphasises the central role of green chemistry in sustainable

development.

1.2 Biopolymer: the sustainable material
One critical area of coverage for both circular economy and green chemistry principles
is the development of environmentally friendly polymer materials. Synthetic polymers

are primarily produced from petroleum and have numerous applications in modern
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society. However, the production of fossil fuels is energy-intensive and contributes
significantly to greenhouse gas emissions.” They are also considered non-biodegradable
materials; therefore, they persist for centuries in waste landfills and oceans.® ° Plastic
pollution has become a major problem since this material became popular worldwide in
the last century. This is why scientists have been seeking a replacement material, and

biopolymers have become an option that fits the circular economy and green chemistry.

Biopolymers have emerged as one of the most promising solutions for making polymer
production more sustainable. Biopolymers include polymers produced or derived from
living organisms or synthesised from renewable resources.!® They can be considered
almost inexhaustible resources on Earth. Most current polymeric products are
synthesised from fossil fuel resources. They are often called “bioplastic” to distinguish
them from conventional plastics. These materials have gained significant attention as
ideal replacements for petro-plastics because they can reduce the environmental

footprint of polymer production.

Biopolymers can be classified in different ways; however, based on their origin, they
can be divided into three major categories: natural, synthetic, and microbial polymers.!'®
' Natural polymers are the most abundant in the world and are easily found in living
organisms. They have a wide distribution on both land and water. Thus, it can reduce
the over-dependence on petroleum in the manufacture of polymers. In addition to their
abundance, they possess diverse and interesting properties and applications.
Biopolymers have been widely applied in packaging, biofuels (such as ethanol and
hydrogen), medical fields (including tissue engineering and drug delivery), commodities
(e.g., clothing), and agriculture. In terms of performance, modern biopolymers have
been proven to have good durability, which can be comparable to petroleum polymers.'?
Additionally, this material is normally biodegradable, and it can greatly reduce the
burden of plastic waste if it is disposed of properly. Several types of bioplastics are
already available on the market, such as polylactic acid (PLA) and
polyhydroxyalkanoates (PHA). Although challenges remain, the use of environmentally

friendly polymers is one of the strategies for achieving a circular economy.
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1.3 Cellulose and Chitosan: biopolymers

Among the most extensively studied biopolymers, cellulose and chitosan stand out due
to their abundance, biodegradability, and broad range of applications. Cellulose is the
most abundant natural polymer on Earth and is extracted mainly from plant biomass
(wood, cotton, and fibrous plants). Chitosan is produced from chitin, the second most
abundant natural polysaccharide after cellulose. The use of cellulose and chitosan proves
that bio-based polymers can replace synthetic plastics in a circular and environmentally

friendly manner.

1.3.1 Cellulose

Cellulose was successfully isolated from plants by the French chemist Anselme Peyene
in 1838.!3 Scientists have been trying to exploit the full potential of this molecule, and
research on cellulose is still ongoing. In addition to plant sources, cellulose can be
extracted from other living organisms such as bacteria and algae. The cellulose produced
by typical bacteria, known as bacterial cellulose, is reported to have higher purity than

plant cellulose due to the complex components and structure of plants.

Cellulose is a linear natural polymer composed of repeating D-glucopyranose monomers
linked by B-1,4-glycosidic bonds, and its structure is illustrated Figure 4. The basic unit
of cellulose is an anhydroglucose unit (AGU). The size of cellulose molecules refers to
the average number of AGUs in the cellulose chain length, and this number is called the
degree of polymerisation (DP). The DP value of cellulose materials varies depending on
the cellulose source and the extraction method. '* 1> Each AGU in the cellulose chain is
rotated 180° axially to its neighbours, and a pair of AGUs creates a cellobiose unit.
Typically, AGU has three active hydroxyl groups at the C», C3, and Cs positions, except
for the two terminal units of the cellulose chains. These two units have distinct chemical
properties because of the position of the hydroxyl group in each unit. An ending AGU
is called a reducing end group when the anomeric carbon of this AGU freely reduces to
an aldehyde. In contrast, the anomeric carbon of AGU is involved in glycosidic bonding

and cannot act as a reducing agent, which is known as a non-reducing end group.
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Figure 4. Cellulose hierarchical structure
The three active hydroxyl groups in the equatorial position and the oxygen atom in the
pyranose ring promote the interaction between the inter- and intra-chain via hydrogen
bonding. '® 7 The numerous hydrogen bonding interactions combined with van der
Waals forces lead to the parallel aggregation of multiple cellulose chains, forming larger
cellulose structures.'® These interactions are responses to the very high-order structure
of the polymer network, which provides cellulose with chemical and physical stability.
Figure 4 describes the cellulose hierarchical structure, which is essentially composed of
different levels of fibrillar bundles, with a fundamental building block called the
“elementary fibril”. Elementary fibrils comprise glucan chains with a typical cross-
section of 2-20 nm diameter. The elementary fibrils aggregate to form microfibrils (4-

35nm) and then cellulose fibres (20-50um).!%-20

Cellulose fibres exhibit a complex layered structure, transitioning from the primary wall
to the lumen (Figure 5A).2!:22 The primary wall (P), the outermost layer, is composed of
matrix cellulose, hemicelluloses, and pectins. It is characterised by a less organised
arrangement of cellulose microfibrils and is relatively thin. The secondary wall (S)
comprises three distinct layers: S1, S2, and S3, each with a unique fibre orientation. The
S1 layer features cellulose microfibrils arranged in a crossed fibre structure with either

S or Z-helix variations.?® This thin layer constitutes approximately 10% of the total fibre
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thickness. The S2 layer is the thickest and contains the highest cellulose mass within the
fibre. The cellulose microfibrils in this region typically adopt a Z-helix orientation. The
innermost layer, S3, is adjacent to the lumen and is exceptionally thin, and is sometimes
absent in the fibre. Figure 5B shows the SEM image of the cross-sectional area of the
Norway Spurne fibre provided by Dupont and Anne Laurence.?* It indicates the distinct
layers in the fibre and their thickness. The layer thickness varies depending on the type

of cellulose fibre.

Lumen

Figure 5. A) Schematic of cellulose fibre morphology with primary wall and
secondary wall with S1, S2 and S3 layer, and lumen. B) SEM image of cross-
section of the secondary wall of Norway Spure fibre 4

Cellulose is a polymorphic material with different crystalline structures. The crystalline
structure of a cellulose chain aligned parallel is called cellulose I, which is divided into
two polymorphs, Ia and IB.>° Cellulose Ia is dominant in plants, such as wood and
cotton, whereas I is predominant in bacterial cellulose.'* The Cellulose II allomorph
has an antiparallel structure, making it more thermodynamically stable than cellulose I
and other forms of cellulose. This is a crucial property of cellulose II. This polymorph
can only be obtained by regenerating cellulose I that has been dissolved in strong
alkaline media.?® The third polymorph lattice structure of cellulose is known as cellulose
III. By treating cellulose I or II polymorphs in liquid ammonia or specific diamine
solutions at low temperatures, cellulose I11; and I11j are obtained.?” The crystalline form
of cellulose III is transformed into cellulose IV when the crystal form of cellulose is
heated to 250°C in glycerol.?® 2 The transformation of cellulose polymorphs is shown

in Figure 6 .
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‘ellulose Ia
NH: \l\iaOH
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Figure 7. Cellulose polymorphs transformation

Figure 7 illustrates the arrangements of inter- and intramolecular hydrogen bonding in
cellulose I and II, respectively. Cellulose I has two intramolecular hydrogen bonds that
correlate with its parallel structure and contribute to the axial stiffness of the native
cellulose. In comparison with cellulose I, the hydroxymethyl group is already rotated,
making the glycosidic hydrogen bond at the C,-OH position impossible.>* 3! The
intermolecular hydrogen bond of cellulose II is between C»-OH and Cs-OH, whereas
that of cellulose I is between C3-OH and Cs-OH. The antiparallel structure of Cellulose
IT allows hydrogen bonds to form between layers, making this polymorph very stable.*°
The complexity of the hydrogen bond network of cellulose is one of the reasons why

this material is insoluble in water and common organic solvents.
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Figure 6. The hydrogen bond network of cellulose I and Cellulose II polymorph
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Cellulose and its derivatives are extensively used across various industries, including
food, packaging, medical, textile, pharmaceutical, and cosmetic sectors. In materials
science, cellulose fibres and nanocellulose are used to reinforce composite materials due
to their lightweight, strength, and durability. Moreover, the growing use of cellulose-
based materials in the packaging industry is increasing. Cellulose films serve as
alternatives to petroleum-based plastics because of their excellent mechanical properties
and biodegradability. In the textile industry, cellulose forms the basis of natural fibres
(cotton and linen) and regenerated fibres (viscose and lyocell), which have been utilised
in manufacturing processes for some time. Overall, cellulose materials have a wide
range of applications, from ancient papermaking to modern nanomaterials, emphasising

their crucial role in advanced sustainable technology and addressing societal needs.

1.3.2 Chitosan

The chitosan journey began with the discovery of chitin by Professor Henri Braconnot,
a French chemist and pharmacist who extracted it from fungi in 1811. In 1859, another
French Professor, Charles Rouget, discovered chitosan after treating chitin with hot
potassium hydroxide. However, the name “chitosan” was only used after it was
introduced by Hoppe-Seyler in 1894. This substance was discovered nearly 200 years
ago, but research and application did not begin until after 1970.3> The chemical

structures of chitin and chitosan are illustrated in Figure 8.
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OH 0:/\ OH #
NH NH
o0 0 OH 0 0 OH 0o—
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CHs CH.
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Figure 8. Chemical structure of chitin and chitosan
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Chitin is a linear polymer consisting of N-acetyl-D-glucosamine (GlcNac) linked
through B-1,4-glycosidic bonds and is primarily found in the exoskeleton or
endoskeleton of crustacean species (shrimp, crab, or lobster) or insects. It is also present
in the cell walls of fungi, yeasts, and algae. Compared to chitin, chitosan rarely exists
naturally and is only found in certain microorganisms, such as Mucoraceae.*® Generally,
chitosan is produced mainly from chitin through deacetylation. The acetylamino group
(-NH-COCH3) in N-acetyl-D-glucosamine is replaced by an amino group (-NH>),
converting it to D-glucosamine. This conversion process never reaches 100%, and the
degree of deacetylation (DDA) is used to determine the percentage of acetyl groups
converted to amino groups during the deacetylation process. Chitin is referred to as
chitosan when the DDA exceeds 50%. Thus, the chemical structure of chitosan is
established by D-glucosamine and N-acetyl-D-glucosamine; however, the number of N-

acetyl-D-glucosamine units is always smaller than that of D-glucosamine units.

Chitin has three allomorphs: a, B, and y, which are antiparallel, parallel, and a mixture

34 a-Chitin is the most dominant

of both anti- and parallel structures, respectively.
crystalline structure of chitin in nature. Chitosan is derived from chitin, but the
polymorph of this material has not been well defined as chitin.*> Similar to cellulose,
chitin and chitosan both have extensive hydrogen bonding within their polymer chain,
as shown in Figure 9.The polymer chains of a-chitin are aligned in an antiparallel
fashion. Each chitin chain adopts two strong intra-chain hydrogen bonds between Cs-
OH and the adjacent in-ring oxygen, as well as between C=0 of acetyl amine and Cs-
OH.*® Two intermolecular interactions are formed: NHC=0 and Cs-OH-HO-Cs
between two polymer chains. Additionally, the hydrogen bonds of chitin are formed not
only between chains but also between sheets, which makes the polymer structure very
tightly packed and rigid. ** 37 Compared to chitin, the explanation of the hydrogen bond
network of chitosan varies between researchers.*3*°According to Mohammad et al.*’,
the hydrogen bond network of chitosan, which is illustrated in Figure 9. The inter- and
intra-molecular hydrogen bonds of chitosan mainly occur between amine groups (NH»)

and hydroxyl groups. Additionally, the remaining acetylamino groups can interact with
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amine groups to form intermolecular hydrogen bonds. This indicates that the hydrogen

bond network of chitosan is more complex due to its chemical structure.

o-Chitin

Chitosan CHs
OH---.___ OH-=u.__
o NH: ¢ 7T NH,
o0 OH 0 0 OH o—
HO o HO 0
NH, on HN
.’ - L0—=<X QH
\x : Le* CH:; :
OH + .77 OH :
o NH3 NH.
~o0 OH 0 O, oH 0—
HO o/ HO 0 0
NPe==--.. OH <HN OH
0 CHs

Created with Biorender.com

Figure 9. Hydrogen bond network of a-chitin and chitosan
Chitosan is a versatile biopolymer whose physicochemical properties depend on
various factors. The parameters that can influence its characteristics include molecular
weight (Mw), degree of deacetylation (DDA), raw material, and manufacturing process
used.*'"** Compared to fossil fuel-based materials, chitosan has many advantages,
including biocompatibility, biodegradability, non-toxicity, and eco-friendliness. Based
on its favourable properties, chitosan has been applied in biotechnology,

pharmaceuticals, biomedicine, water treatment, food, and chemical industries.

In the biomedical sector, chitosan is used in wound dressing and drug delivery
technology, where it accelerates healing and safely transports medications within the
body.*>4 Furthermore, the active amine groups in the backbone can chelate with various

metal ions at an appropriate pH. This chelating ability has been utilised in wastewater
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treatment, where chitosan serves as an effective absorbing agent for removing metal
ions.*’” Moreover, chitosan exhibits excellent film-forming ability and antimicrobial
properties, making it a promising material for designing packaging materials in the food
industry. The film made from pure chitosan film or blended with other polymers has

proven to extend shelf life and improve food safety.*® 4°

1.3.3 Cellulose-chitosan functional biopolymer

The combination of cellulose and chitosan creates a material that combines the strengths
of both biopolymers and remains a popular topic today. Cellulose provides a rigid
structural backbone with high mechanical strength and stability in water and common
organic solvents. In contrast, chitosan introduces a functional amine group that acts as
an electron donor, imparting bioactive properties to the product, primarily antimicrobial
activity. Therefore, cellulose-chitosan blends exhibit excellent mechanical,
antimicrobial, and biocompatibility qualities that are not found in the individual
polymers when separated. By adjusting the ratio of the two components, specific
functional properties can be customised. The result is a versatile biopolymer that
balances durability and reactivity, making it useful for creating sustainable materials in

line with circular economy principles.

Cellulose-chitosan functional polymers can be fabricated with diverse morphologies to
optimise their performance. Table 1 shows the diversity of the applications, techniques,
forms, and structures of blended materials. Depending on the specific application,
products with different morphologies have been developed, including aerogels, foams,
sponges, membranes, hydrogels, films, nanoparticles, and fibres. The ability to produce
such a range of structures is enabled by the chemical compatibility of cellulose and
chitosan, both of which are polysaccharides that can be blended or co-formed through

solution casting, coating, and related techniques.

The unique combination of functionalities of cellulose-chitosan polymers broadens their
application across various fields. In biomedical and healthcare applications, this
biopolymer combination has been utilised in wound dressings and tissue scaffolds due

to its biocompatibility and antimicrobial properties. 5! Cellulose-chitosan films are
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applied to suitable packaging materials. These films not only show good mechanical
strength but also inhibit microbial growth to extend the shelf life of food.>? Furthermore,
it has also been reported to have been applied in textile technology, environmental
technology or memory technology (Table 1). The versatility of the morphology and
functionality of cellulose-chitosan allows researchers to tailor a wide range of
applications.

Table 1. The overview of research on cellulose/chitosan in various applications,
product morphology, and preparation processes.

Application Products/morphology Preparation process References
Memory technology Multifilament fibres Homogeneous blending Kunkun Zhu et al. 33
solution
Medical/control drug Fibres Coating Liu et al. >
release
Medical/ control drug Hydrogel beads Coating Song et al. *°
release
Wastewater treatment/dye Sponge Heterogeneous mixture, Lietal. %
adsorption freeze-drying
Packaging Films Homogeneous solution, Yang et al. 3¢
regenerated
Carbon fibres Fibres Co-dissolution Zahra et al. %
Water treatment/dye Aerogel Homogeneous solution, Liu et al. 38
adsorption crosslink, freeze-drying

1.4 Cellulose and chitosan solubilisation

As mentioned earlier, despite the many interesting properties of cellulose and chitosan,
there remains great potential for further research on these materials. Unlike polymers
derived from fossil fuels, cellulose, chitosan, and other natural polymers cannot be
melted and shaped using conventional plastic processes because they decompose before

they melt. This limits their application in manufacturing processes. Instead, they need
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to be chemically modified or dissolved to facilitate processing and enhance their use. To
retain the original properties of these polymers, it is essential to dissolve them without
altering their chemical structures and to minimise degradation. Therefore, finding an

appropriate solvent for both biopolymers is crucial.

1.4.1 Cellulose solvent

The complex hydrogen bond systems of cellulose make it stable in most common
solvents. Various solvents have been developed for the dissolution process, which are
categorised and depicted in Figure 10. Derivatizing and non-derivatizing solvents are
the two main categories, distinguished by their interaction with cellulose molecules. The
solubilisation of the derivatizing solvent occurs only by modifying the functional group
of cellulose into a new functional group. Non-derivatising solvents can dissolve
cellulose without changing its chemical structure by disrupting the intra- and
intermolecular bonds of cellulose. Unmodified cellulose is recovered after the solvent is

removed.

Cellulose solvent

ivatizi Non-derivatizin
Derivatizing solvent Ivatizing

solvent
C82/NaOH/H:0 (Viscose)
Urea/NaOH (Carbamate)
Nitric acid
Sulfuric acid
Formic acid Non-aqueous
qu Aqueous media
media
Organic liquid/Inorganic salt Aqueous inorganic complex
(DMACc/LiCl, NMMO) (Cuam, Cuen)
Tonic liquid Aqueous base
(BMIMCI, AMIMCI) (10%, NaOH, LiOH)
Deep eutectic solvent Melts of inorganic salt hydrated
(Choline chloride/Urea) (ZnCl2 FeCla, LiCIO4)

Tetraalkyl onium hydroxide
([N4.4.44]OH, [P44.44]OH)

Figure 10. Classification of cellulose solvent
The most famous and vital process that uses a derivatizing solvent system is viscose.
This process manufactures regenerated fibres by treating wood pulp in sodium solution
and carbon disulfide (CS.), which turns cellulose into soluble cellulose xanthate.>® The
viscous solution is then processed through an acid bath to remove the xanthate group

and obtain the regenerated cellulose material. Carbamate is an alternative to the viscose
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process, which replaces carbon disulfide with urea.’® However, both these processes are
highly toxic and pollute the environment, negatively impacting both the environment

and humans.

Compared to derivatizing solvents, non-derivatizing solvents can dissolve cellulose
without chemical modification, thereby simplifying the process and potentially lowering
its environmental impact. The Lyocell process is the most well-known method and has
been employed at an industrial scale. In this process, N-methyl morpholine N-oxide
(NMMO) is used to dissolve cellulose at elevated temperatures, with a recycling rate of
99% after the manufacturing process. However, NMMO is unstable and easily
decomposes at high temperatures.®’  Additionally, N,N-dimethylacetamide
(DMACc)/lithium chloride (LiCl) is a classic cellulose solvent. The advantages of this
solvent system are that it can dissolve various types of cellulose without
decomposition.?* Hence, it has been used to determine the properties of cellulose
materials using various techniques, such as '3C-NMR spectroscopy, size exclusion

chromatography (SEC), viscometry, and light scattering.

\ O ® O
N >:O-"'--Li Cl
(] B
0 \
N-methyl-morpholine-N-oxide N, N-dimethylacetamide/Lithium Chloride
NMMO

Figure 11. Chemical structure of non-derivatisation solvent
In 2002, Swatloski et al.®? reported that cellulose can be solubilised in ionic liquids (ILs).
Different imidazolium-based ILs were examined, and some could dissolve high-
molecular-weight cellulose (DP~1000). In this study, 1-butyl-3-methylimidazolium
chloride (BmimCl) can dissolve up to 25 wt. % cellulose pulp under microwave heating.
Additionally, they exhibit superior properties such as thermal stability, negligible vapour
pressure, high recovery, and reusability. ILs are also considered more environmentally
friendly than traditional solvents. Hence, an increasing number of ILs has been
developed. Both the cation and anion of the Ils were involved in interrupting the

hydrogen bond, leading to solubilisation of cellulose. However, the role of anions is
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more significant than that of cations in this process. Figure 12 illustrates several
common cations, including imidazole, pyridine, ammonium, and phosphonium. These
cations primarily combine with halides, carboxylates, and thiocyanates to form ILs that

can dissolve cellulose.
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Figure 12. The most common cation and anion of ILs that able to dissolve
cellulose

Deep eutectic solvents (DES) are mixtures of hydrogen bond donors and acceptors,
which were introduced by Abbott et al.*in 2003. Typically, DES combinations involve
urea or choline chloride alongside other agents, such as imidazole (IL), halide salts (such
as ZnCl), glycerol, or organic acids (such as oxalic acid and malic acid). The benefits
of DESs include their low cost, low toxicity, and straightforward preparation. However,
DESs are inefficient at processing high DP cellulose, which limits their application in

cellulose processing.

In the early 2010s, tetrabutylammonium and phosphonium hydroxide ([Ns444]OH and
[P44.44]OH) at 60% in water were proven to be solvents that can dissolve high amounts

of cellulose at room temperature.®® Additionally, this solvent is reported to be capable
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of isolating cellulose from biomass.®* Moreover, it is also easy to recover after the
process. Thus, onium hydroxides have attracted increasing attention from researchers in

the field of cellulose.

In an aqueous solvent system, cuprammonium hydroxide (Cuam) and
cupriethylendiamine (Cuem) are the most well-known.®> The regenerated cellulose
generated from the Cuam solution has been applied in the textile industry for over a
century. This solvent has contributed to the development of various types of regenerated
fibres and its use as an analytical solvent for cellulose material. Aqueous alkalis, such
as NaOH/water and NaOH/urea, are classical cellulose solvents. However, this solvent
system can only dissolve cellulose under harsh conditions and struggles to dissolve

cellulose with high DP.

Many cellulose dissolution solvents have been developed over time. However, the
dissolution mechanism remains only partially understood because of the variety of
solvent systems and cellulose polymorphs. In today's world, environmental concerns
demand the development of green solvent systems to replace traditional solvents, which
are often harmful to the environment. This ongoing challenge is driven by issues related

to toxicity, volatility, high costs, and low recovery efficiency.

1.4.2 Chitosan solvent

Compared to cellulose dissolution solvents, the number of solvents available for
chitosan dissolution is limited. This may be due to the complex hydrogen-bond network
and chemical structure of chitosan. Chitosan is insoluble in water and most organic
solvents. The most common solvents for chitosan are aqueous acids, with acetic acid
being particularly popular among them. Recently, IL and DES have been also reported

that also able to dissolve chitosan. %6-68

The presence of free amino group (NH2) in the polymer backbone of chitosan easily
protonates to form a positively charged ammonium group (NHZ) in an acidic medium.
This protonation disrupts the intermolecular hydrogen bonds and introduces
electrostatic repulsion between the polymer chains, resulting in the solubilisation of

chitosan. Weak acids like acetic or lactic acid are commonly used solvents because they
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protonate enough to dissolve chitosan and keep a pH that minimises polymer
degreadation.®®- 7% Chitosan solution can be forced to precipitate using an alkali solution,
such as NaOH or NH4OH. This phenomenon can be explained by the deprotonation of

the ammonium group back to the neutral amino group.

Figure 13. Dissolution mechanism of chitosan in acidic media and precipitated by
NaOH

Another solvent is a combination of concentrated aqueous alkaline (NaOH, LiOH) with
urea or thiourea, which allows chitosan to dissolve via the freeze-thaw process.”'”’* The
mechanism of this solvent system is proposed to be similar to that of the non-derived
solvent system of cellulose, which disrupts the hydrogen bond network, leading to

dissolution.

IL and DES have also been recently researched as chitosan dissolution solvents due to

their superior characteristics compared to classical solvents. Mok et al.”

dissolution ability of 640 ILs by using COSMO-RS. This study assumed that both

screened the

cations and anions are involved in the chitosan dissolution process by disrupting the
hydrogen bond system, but the role of anions is more critical. However, the impact of
cations on the dissolution cannot be neglected.”” Hence, this indicates several

similarities in the dissolution mechanism between cellulose and chitosan when using IL.

1.4.3 Cellulose and chitosan alternatives solvent

The 12 principles of green chemistry drive us towards sustainable and environmentally
responsible chemical processes. Finding alternative green solvents suitable for cellulose
and chitosan is challenging. ILs are potential candidates with several advantages.
However, toxicity, low biodegradability, and high cost are some of the disadvantages of

IL.

Onium hydroxides are categorised as a small group of ILs. They are ionic compounds

composed of quaternary ammonium or phosphonium paired with hydroxide anions
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[OH]. It was known in the early 20th century and has been applied in various fields for
a long time. In 1956, Strepikheev et al.”® demonstrated that dimethylphenylbenzyl
ammonium, triethyl benzyl ammonium, and triethylfury ammonium hydroxides could
dissolve cellulose at a DP of 860. In the following decades, this type of solvent nearly

disappeared from cellulose research.

In the last decade, there has been an increasing interest in the use of onium hydroxides
as cellulose solvents. Beginning with the study of Abe and colleagues, it was indicated
that tetrabutylammonium and phosphonium hydroxide ( [Ns444]OH and [P4444]OH)
solutions can dissolve up to 20 wt. % of microcrystalline cellulose (MCC) at room
temperature by adjusting the onium concentration.®® After that, Ema et al.”” reported that
the solubility power of [N4.444]OH differs between the providers; some of them are also
not able to dissolve cellulose. This is because trace amounts of alkali ions are present in
the product. By adding 18-crown-6 to the [N444.4]OH solution, the undesirable effect of
trace alkali was eliminated. Then 10wt.% of cellulose can be solubilised in the treated
[N4444]OH solution. In 2016, Chao et al.®* was able to extract cellulose from wheat
straw using [Na444]OH 50 wt. %. This study indicated that [N4444]OH maintained high
activity after several recycling cycles. The cellulose dissolution mechanism using
[P4444]OH is illustrated in Figure 14, which is proposed by Nguyen et al.”®

Tetrabutylphosphonium
hydroxide

Cellulose

. Created with Biorender.com
Cellulose solution

Figure 14. Cellulose dissolution mechanism using[P4.4,44OH
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The use of onium hydroxides for chitosan dissolution has not been reported, unlike their
use for cellulose dissolution. In 2016, Abe et al.” found that onium hydroxide solutions
can dissolve chitin at room temperature. Tetraethylammonium hydroxide ([N2.22.2]OH)
and tetrapropylammonium hydroxide ([N3333]OH) were found to dissolve up to 0.2 wt.
% of chitin after 2 weeks, and chitosan was obtained after the solution was precipitated.
The recycling rate of [N22.22]OH in this process reached 87%. Furthermore, Ma et al.®°
dissolved chitin using [N4444]OH in 2020. The amount of dissolved chitin increased
from 4.0 mg/mL to 11.1 mg/mL with increasing concentration of onium hydroxide.
Recently, Dinh et al.3! used [N4444]OH 40 wt.% for treating chitin at a 2.5 wt.% ratio
using a microwave or heating at 100°C in 2 hours. Chitosan was obtained, and its DDA

reached 71%; however, a reduction in the MW of chitosan compared to that of chitin

was recorded.

Overall, onium hydroxides are promising solvents for cellulose and chitosan. They have
been proven to be excellent solvents for cellulose; however, their application in chitosan

dissolution remains unexplored.

1.5 Developing regenerated cellulose/chitosan material using the MDCell process
Identifying suitable solvents for cellulose and chitosan is the first step in processing
these polymers. Converting them from solid to solution is essential because it allows for
uniform mixing and precise control of their properties. In this PhD research, the MDCell
process will be employed to investigate and produce regenerated cellulose and chitosan.
The MDCell process was developed by our research group in 2020.7® Specifically,
microcrystalline cellulose was dissolved using [Ps4444]OH 50 wt.%. Propylene
carbonate (PC) was able to solidify the cellulose solution within 5 minutes rapidly. This
is explained by the reaction between PC and [OH]", which releases propylene glycol and
carbon dioxide, leading to the precipitation of cellulose. The process mechanism is

illustrated in Figure 15.
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Figure 15. The mechanism for cellulose/[P4.4,4,4]OH solution precipitated in PC 78

In this study, cellulose membranes were produced using the casting method after
solidification in a PC bath. The membrane appeared homogeneous and was utilised for
wastewater treatment. Additionally, Dimethyl sulfoxide (DMSQO) was employed as co-
solvent for the cellulose/[P4444]OH solution to modify the viscosity. Membrane
flexibility and transparency were improved after the addition of DMSO. The MDCell
method is an eco-friendly and rapid method for processing cellulose materials. It also
has potential for application in other polysaccharide materials. If this method proves
effective for other polysaccharide materials, specially tuned polymer solutions could
produce various blended polysaccharide products in a sustainable and environmentally

friendly manner.
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2 RESEARCH OBJECTIVES

The circular economy is vital for the modern world, which emphasises reducing reliance
on finite resources and avoiding environmental damage. It advocates replacing fossil
fuel-based materials with greener and more environmentally friendly options. This
vision drives the development of polymers from biomass, offering an alternative to fossil
fuel-derived polymers. Additionally, the process of producing these polymers must be

rapid and safe for both humans and the environment.

The main goal of this study is to develop biopolymers based on the MDCell process.
Cellulose is the primary material used to create blended biopolymers. First, different
cationic structures of tetraalkyl onium hydroxides were used to examine their ability to
dissolve cellulose at room temperature. The high viscosity of pure OHS could be ignored
by using the swelling process in DMSO. By comparing cellulose dissolution with and
without a swelling step, the influence of the cationic structure (alkyl chain length and
centre atom) and water content was revealed. Additionally, the cellulose dissolution
process in the onium hydroxide solution was recorded by microscopic observation,
which helped deepen the understanding of the cellulose dissolution mechanism. A
regenerated cellulose film was produced using the modified MDCell method. Various
analytical measurements were performed to examine the properties of this cellulose
film, which demonstrated good physical qualities, high transparency, and

environmentally friendly characteristics.

Conversely, the regenerated cellulose film displayed brittleness and stiffness, which is
typical of cellulosic materials. Therefore, it is essential to address the weaknesses in
production. The flexibility of the film improved markedly when immersed in a lithium
chloride solution. Compared to traditional plasticisers such as glycerol and polyethylene
glycol, lithium chloride provides excellent enhancement for cellulose films at low

concentrations.

Various materials have been tested to enhance the properties of cellulose films. Chitosan
was found to be compatible with the MDCell procedures and had a strong ability to

combine with cellulose. Owing to the limited information on dissolving chitosan in tetra-
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alkyl onium hydroxide, a similar evaluation strategy used for cellulose was also applied
to chitosan with some minor modifications. A homogeneous polymer solution of
cellulose and chitosan was successfully created using tetrabutylammonium hydroxide
as a solubilising agent. The ratio of each component in the blend can be adjusted before
solidification in the PC. Regenerated cellulose/chitosan was produced using the MDCell

Process.
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3 RESULTS AND DISCUSSION

3.1 Evaluation of cellulose dissolution in onium hydroxide solutions

Previous studies have demonstrated that onium hydroxide solutions can dissolve
different types of cellulosic materials at room temperature.®® > 8 Similar to ionic
liquids, the anion [OH] of onium hydroxide is the primary agent that disrupts the
hydrogen bond network, leading to the dissolution of cellulose. Abe et al.?* reported that
the water content of aqueous onium hydroxide solution is also a crucial factor for
cellulose dissolution. This study indicated that cellulose material could only dissolve in
[P44.44]OH and [Naa444]OH, which have water concentrations ranging from 60 to 30
wt.%. Inspired by that research, the cellulose dissolution ability of six tetraalkyl-onium
hydroxides solution (OHS), including: tetramethyl hydroxide ([Ny,1,1,1]JOH),
trimethyladamantylammonium hydroxide ([N1,1,1..]OH), dipropyldimethylammonium
hydroxide  ([N33,,1]JOH), tetrapropylammonium  hydroxide  ([N3333]OH),
tetrabutylammonium hydroxide ([N4444]OH), and tetrabutylphosphonium hydroxide
([P4444]OH) in different onium concentrations, was evaluated in room temperature

condition. The cationic structures of the six onium cations are illustrated in Figure 16.

@ /

ON— N— OV
| \ PV N
Tetramethyl ammonium Trimethyl adamantyl Dimethyl dipropyl
([N4,1,4.41°) ammonium ([N+,1,1,.]7) ammonium ([N 55 5]*)

\/\f/\/ /\/\g)/\/\ /\/\@)/\/\
Tetrapropyl ammonium Tetrabutyl ammonium Tetrabutyl phosphonium
([N3,3,3,51") ([N4.4.4.4]1") ([Pa,4,4,4]")

Figure 16. Cationic structure of six evaluation tetra-alkyl onium hydroxide

To evaluate the cellulose dissolution ability of the six selected OHS, microcrystalline
cellulose (MCC) was used, owing to its low degree of polymerisation (normally DP <
350), which leads to fast dissolution and moderate viscosity of the cellulose solution.®

The evaluation process is divided into two processes. The first process involved
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screening the cellulose dissolution ability of OHS at different onium concentrations.

Then, a quantitative measure of

cellulose dissolution was applied to determine the

optimum solvent for this process. The evaluation process is illustrated in Figure 17

(details described in Section IL.b).
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Figure 17. Schematic for screening and quantitative cellulose dissolution of onium
hydroxide solution

During the evaluation process, three different states were used to assess the cellulose

dissolution capacity OHS, as shown in Figure 18. The OHS is considered a non-

dissolvable cellulose solution if the MCC particles settle at the bottom of the vial after

the stirring process. OHS can dissolve cellulose, resulting in a transparent solution. This

solution can have a clear or slightly yellow colour, according to the previous research of

Nguyen et al. 7% 86 During the quantitative process, after MCC was added, the mixture
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became blurry and was considered partially dissolved. If the mixture became too viscous
or remained blurry after stirring, the dissolution limit of pure OHS was determined.

Additionally, MCC can be dissolved quite quickly in OHS, mostly within 2 hours.

Stirring

MCC/OHS Totally Partially
mixture dissolution dissolution

Figure 18. Images of MCC in OHS before mixing, after totally dissolve and
partially dissolved

Table 2 shows the results of the screening process of cellulose dissolution of six types
of onium hydroxides at different onium concentrations. This result aligns with previous
research, which indicates that water content is a crucial factor in the dissolution of
cellulose in OHS.®% 3% Cellulose solubilisation increased due to the decrease in water
content in every type of OHS. Only [N1,1,1,1]JOH did not dissolve MCC under the tested
conditions. The other five OHS were able to dissolve MCC. [N1,1,1,.]JOH 1s the OHS with
the narrowest concentration range capable of dissolving cellulose, which is limited to a
50 wt.% solution. Meanwhile, the [P4444]OH solution has the broadest dissolution

range, spanning from 40 to 60 wt.%.

Table 2. Cellulose dissolution ability in different onium concentration (Smg/mL)

at 23°C

Cation Onium content (Wt%)

30 40 50 60
[Nya]* X X i
[N1,1,1,]* X X 0 X
[N33,1]" - 0 0 X
[N33.3,3]" - 0 0 X
[Naaa4]* - - 0 0
[Paaa4]” - 0 0 0

: not measurement, x: not dissolved, o: dissolved
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After the screening process was completed, the quantity of MCC dissolved in each
onium hydroxide was measured. Figure 19 illustrates the cellulose dissolution limit of
pure OHS at different concentrations. This result indicates that water has a significant
impact on the dissolution of cellulose in OHS. For instance, at 40wt% [P4,4.4.4], OH could
dissolve only 50 mg/mL of MCC, whereas this number increased to 150 mg/mL at 50
and 60wt%. This number is also the maximum amount of MCC that other pure OHS can
dissolve at room temperature. At 50wt%, [N33,1,1]JOH, [N3333]OH, [N4444]OH, and
[P4444]OH were able to dissolve a high amount of cellulose in several minutes.
However, these results highlight the weakness of pure OHS, specifically its high
viscosity, which limits the amount of cellulose that can be dissolved. Nguyen et al. 8¢
indicated the viscosity of [Ps444]OH increased proportionally with the onium
concentration, as well as the cellulose solubilised concentration. According to this study,
the viscosities of [Ps444]OH at 40, 50, and 60 wt.% are 4.9, 11, and 17.2 mPa s,
respectively. At 20 wt. % solubilised cellulose, the viscosity of the solution dissolved by
[P4.4.44]OH 50 wt.% was 9610 mPa s, while that by [P44.44]OH 60 wt.% was 12638 mPa
s. The high viscosity of the cellulose solution reduced mass transfer, making it difficult

for the magnetic stirrer. Consequently, 150 mg/mL was the dissolution limit of pure OHS

200
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Figure 19. MCC dissolution limit of six types of onium hydroxide in different
concentrations at room temperature

27



RESULTS AND DISCUSSION

In addition to the onium concentration, Abe et al.®?

used another value to explain the
dependence of cellulose dissolution on OHS, it is called “a number of water molecules
per hydroxide ion (Nw)”. This study indicated the Nw value for OHS that can dissolve
cellulose is below 25. However, its value depends on the cationic structure of the onium
hydroxide. Wei et al.?’ indicated that the most suitable range for cellulose dissolution in
[N4,4.44]OH solution is between 50 and 60 wt. % concentration. This study assumes that
if Nw is too high (onium concentration under 30 wt.%), the water mainly remains in the
free state and does not bind with the alkyl chain of the cation to form hydrophobic
interactions (via van der Waals forces), so the solution exhibits mainly hydrophilic
properties. Adjusting the concentration of the OHS solution changes the amphiphilicity
of the solution. When the onium concentration exceeds 70 wt.%, the solution primarily
exhibits hydrophobic properties due to an increase in hydrophilic interactions. Both too
high or too low Nw values negatively affect cellulose dissolution. Table 3 lists the Nw
values for each onium hydroxide at different concentrations used in this study. (The red
colour number in the table represents the cellulose solubilisation solvent.)

Table 3. The number of water (Nw) of onium hydroxides at different
concentrations

Onium content (Wt%)

Cation 30 40 50 60

Number of water (Nw)

INuol 1.8 7.6 51 3.4
[NLLLa]" 27.4 17.6 11.7 7.8
[Nasa]* 19.1 12.3 8.2 5.54
[N33,3,3]" 26.4 17 11.3 7.5
[Nag,4.4]" 33.6 21.6 14.4 9.6
[Paa44]" 35.8 23.0 14.3 10.2

The increase in the hydrophobic interaction between the alkyl chain and water with
increasing onium hydroxide concentration led to phase separation of the OHS. Figure
20 display [Na4,4.4.4]OH at 60 and 70 wt.%, with the 60 wt.% solution being homogeneous
while the 70 wt.% solution exhibits two separate layers. It is noted that the OHS solution
with Nw below 8 cannot dissolve any MCC under the tested conditions. Therefore, OHS
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must have suitable amphiphilicity to dissolve cellulose. This can be achieved by

adjusting the water content of OHS, depending on the cationic structure. According to

our results, the suitable range of Nw for cellulose dissolution is approximately 8-25.
fa

Phase
separation

Figure 20. [N4,4,4,4]OH solution at A) 60 wt.%, and B) 70 wt.%

The results also demonstrated that the cationic structure is a highly influential factor in
the dissolution ability of OHS. It was observed that only the [Ni,1,1,1]OH solvent could
not dissolve cellulose at any of the tested concentrations. A similar finding was reported
for the dissolution of cellulose in [Ni,1,1,1JOH in a study by Abe et al.®2. This study
suggests that the steric effect could be the reason for the undissolved cellulose of short
alkyl chain lengths of tetraalkyl onium hydroxide. For instance, [N1,1,1,1]JOH 30 wt% and
[N1.1,1,.] 50 wt. % both have a similar value of Nw (11.7 and 11.8, respectively); the
difference is one methyl group replaced by an adamantyl group. The bulkiness of the
adamantyl groups prevents [OH]™ and water molecules from interacting with the central
ammonium atom, leading to increased free [OH]™ within the medium. As a result,
[N1,1,1,.]OH exhibited cellulose dissolution ability, whereas [Ni,1,1,1JOH cannot.
Recently, the combination of [Ny,1,1,1)]JOH with NaOH was reported to dissolve up to 5
wt. % of MCC at 30°C, while [N1,1,1,1JOH is also not able to dissolve cellulose under the
same conditions.®® Additionally, ILs with long alkyl chains are reported to have higher
hydrophilicity compared to short alkyl chains, leading to better cellulose dissolution
ability. ! Our results also indicate that the amount of MCC dissolved by [N33,1,1JOH,
[N3333]OH, and [Na44.44]OH was higher than that by [N1,1,1.]OH.

On the other hand, extending the alkyl chain length is not always beneficial for cellulose
dissolution. Abe et al.”® examined the cellulose dissolution of long alkyl chains of

tetraalkyl phosphonium formate salt. This research found that the tetra-butyl
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phosphonium cation ([Pas444]) was the only salt that could dissolve cellulose, whereas
longer alkyl chain phosphonium cations ([Ps555], [Pe.66.6], and [Ps s ss]) could not. Other
studies have also observed a reduction in cellulose solubility with the increase in the
length of the alkyl chain of imidazolium salts.%> °>** These studies suggested that an
excessively bulky cationic structure (containing extensive alkyl chains or bulky groups)
increases the steric hindrance effect, which significantly decreases the interaction of
anion groups with the hydroxide groups of cellulose. This leads to a lower efficiency of

long alkyl chain onium salts in cellulose dissolution.

In general, onium hydroxide solutions exhibit good cellulose dissolution ability, and can
dissolve cellulose at room temperature. The dissolving capacity of this type of solvent
depends on its amphiphilic nature, which is influenced by various factors, including the
cationic structure, water content, and central atoms. During evaluation, [N3333]OH,
[N33,1,1]JOH, [N4444]OH, and [P4444]OH showed high cellulose dissolution, reaching
up to 150mg/mL of MCC. However, it is essential to note that the high viscosity of OHS

significantly affects its dissolution limit.

3.2 The impact of pre-swelling cellulose in DMSO on the dissolution limit

The weakness of pure onium solvent systems is their high viscosity, as discussed in the
previous section. Therefore, the potential of OHS in cellulose dissolution has not been
fully realised. Using a co-solvent is one solution that has proven effective in overcoming
this weakness and improving the dissolution limit.*>” Different solvents have been
examined, and dimethyl sulfoxide (DMSO) has appeared to be one of the most effective
co-solvents.””1% The study of Medroho et al.!°! analysed the cellulose solubility in
various mixtures of [N4444]OH and DMSO, finding that cellulose was able to dissolve
in the mixture with a DMSO ratio content of 90 wt.%. Additionally, Kuzmina et al. '*?
found that cellulose swells in DMSO before being dissolved by ILs, which not only
accelerates the dissolution process but also does not significantly change the DP of
cellulose. DMSO is an excellent solvent when combined with ILs for cellulose

dissolution, but its combination with onium hydroxide remains very limited.
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This section explores how swelling in DMSO affects the dissolution capability of onium
hydroxides, and the examination procedure is illustrated in Figure 21. The impact of
DMSO on the dissolution limit of OHS was also evaluated in two parts: screening and
quantitative dissolution capacity. A similar ratio between MCC and pure OHS was used
for the screening, even though MCC was prewetted in DMSO before OHS was added.
The quantitative procedure was similar to the screening process, but a larger amount of

MCC was used compared to the amount used in the screening step.

MCC

+DMSO, stirring

~
MCC swollen
in DMSO

J' +OHS

MCC/DMS0O/
OHS mixture

J
200rpm, 25°C,
maximum 24h

Homogenous
solution?

No dissolution ]

Yes

Cellulose
solution

Figure 21. Schematic to investigate the impact of DMSO on the dissolution ability
of OHS

Figure 22 shows the MCC at different states before and after swelling in DMSO and
cellulose solution. At the beginning of the swelling process, the MCC powder settled at
the bottom of the vial. After swelling in DMSO, the MCC particles absorbed DMSO
into their inner structure and expanded, resulting in a slurry mixture.!® The slurry of
MCC with DMSO appeared blurry. After OHS was added, the mixture became clear and
slightly yellow, indicating that the solvent could dissolve cellulose. If not, the vial
remains blurry. Moreover, the cellulose only partially dissolved, and the mixture

appeared similar to cellulose solution, as indicated in Figure 18.
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Swelling

MCC/DMSO

. MCC swollen Cellulose
mixture

solution

Figure 23. Images of MCC before and after swelling, then totally dissolved

Figure 23 illustrates the cellulose solubility of OHS after the MCC was swollen in
DMSO. This indicates a significant increase in the amount of MCC that onium
hydroxide can dissolve. Due to the high viscosity of the cellulose solution, 150 mg/ml
was the threshold of pure OHS. [N4.4.4.4]OH was found to be the most effective cellulose
dissolution solvent; 450 mg/mL was the highest concentration of MCC that dissolved
by 60 wt.% solution. An increase in cellulose-dissolving ability was also observed for
other OHS types except for the [N1,1,1,1]]JOH solution. The results indicated the influence
of cationic  structure more clearly, with the  dissolution ability

[Na444]>[N3333]>[N33.1.1]>[Ni.1,1.a]"

500
0Ny 4 OH
450 - 2Ny 4 4 JOH
N334 4CH
:400 K [N3,3,3,3]OH
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Figure 22.MCC dissolution limit of six types of onium hydroxide at various
concentrations after MCC has swollen in DMSO
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The influence of the onium central atom (ammonium and phosphonium) on the cellulose
dissolution limit is evident, according to the results shown in Figure 23. [Na444]OH
solution in both 50 and 60 wt.% concentration dissolved more MCC compared to
[P44.44]OH at the same onium concentrations. This result differs from the study by De
Wever and colleagues.!® In this study, [P4444]OH 50 wt. % can dissolve 15 wt.%
pretreated cellulose pulp, while it is 10 wt.% for [N4.4,44]OH at the same concentration.
The hydrophobicity of the cation is beneficial for the dissolution of cellulose. #-!
According to studies by Kohno and colleagues, quaternary phosphonium cations are
more hydrophobic than quaternary ammonium cations when comparing cations with the
same alkyl chain length, so [P4444]OH is more hydrophobic than [N4444]OH in the
same solution concentration. !9 1% However, our results show that [N44.44]OH exhibited

better cellulose dissolution at all tested concentrations. It indicated that the increased

hydrophilicity of OHS is not always beneficial for cellulose dissolution.

It is noted that pre-swelling in DMSO improved the cellulose dissolution capacity of all
tested OHS, except [N1,1,1,1JOH. For example, a 40 wt.% solution of [N3333]OH can
dissolve only 100 mg of MCC in 1 mL, but this amount increases to 200 mg when MCC
is swollen in DMSO with the same volume used. This is because DMSO penetrates the
cellulose structure, reducing the interaction between cellulose chains, which allows
OHS to interact more effectively with the chains and dissolve cellulose more easily.
Consequently, more cellulose can be dissolved in the solvent. In the previous section,
60 wt. % of pure [N1,1,1,,]OH, [N33,1,1]OH, and [N3333]OH were unable to dissolve even
tiny amounts of MCC. However, by pre-swelling cellulose in DMSO, the solution could
dissolve a significantly larger amount of cellulose. The results also indicated that the
concentration of the onium hydroxide correlates with its ability to dissolve cellulose.
The authors suggested that DMSO helps reduce the negative impact caused by the high
hydrophobicity of concentrated onium hydroxide solutions, which inhibits cellulose
solubilisation. Recently, it was reported that water reduces the dissolution ability of
cellulose in tetrabutylammonium/DMSO  ([N4444]OAc/DMSO0).!%7  This study
explained that increasing the water ratio decreases the basicity of the mixture. The

basicity of the mixture is crucial for cellulose dissolution efficiency. Therefore, this
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might explain why a solution with a low onium ratio could not dissolve cellulose, even

though the cellulose was swollen in DMSO.

The cellulose solubilization of OHS was increased through swelling cellulose in DMSO,
where a concentration of 450 mg/mL was achieved using [Ns444]OH at 60 wt.%.
However, the obtained solution gelled faster than at lower cellulose concentrations with
the same dissolution agent, [N4.444]OH 60 wt.%. Previous research has indicated that a
higher cellulose concentration accelerates the gelation time.!% 1% This is because a
higher concentration promotes interactions between cellulose chains, bonding them
together and resulting in a gel network. The concentration at which gelation occurs
varies depending on the solvent and DP of cellulose. The differences between the
standard cellulose solution and the gelled solution are shown in Figure 24. The gelled
solution no longer exhibited fluid characteristics, even when the vial was inverted.

Additionally, prolonged storage also results in the gelation of the cellulose solution. 1%

111

Figure 24. A) Normal cellulose solution, B) gelated cellulose solution
To better understand the cellulose dissolution mechanism in onium hydroxides, NMR
spectroscopy was performed. Figure 25 illustrates 3C-NMR spectra of MCC dissolved
in [N4444]OH at different concentrations of MCC (200 and 300 mg/mL) and DMSO-
d6/[N4444]OH in the carbohydrate region (60 to 110 ppm).!'? According to previous
research, the signals at 105, 79.5, 76.6, 75.4, 74.5, and 61.4 ppm correspond to Ci, Ca,
Cs, C3, C2, and Ce of the AGU of cellulose, as depicted in the '*C-NMR.!'3-!15 The

intensity of the cellulose signal is also proportional to the cellulose concentration, with
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six-carbon signals only dectected in the NMR spectra with higher cellulose

concentration.
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Figure 25. 13C and "TH-NMR spectroscopy of a) [N4,44,4]OH, b) 200mg/mL, and c)
300mg/mL of MCC dissolved in [N44,44]OH

To further investigate the dissolution mechanism of cellulose in OHS, the 'H-NMR
[N4,44.4]OH solution with varying cellulose concentrations was used, as shown in Figure
26. A gradual shift of the hydroxide anion of [N4.44.4]OH to higher regions, proportional
to the cellulose concentration. The [OH] ™ peak of pure [N4.444]OH at 8=3.85 ppm shifted
to 3.91 and 3.98 ppm, respectively, for 200 mg/mL and 300 mg/mL concentrations of
MCC. A similar phenomenon was observed in the research of Zhong and colleagues.'!¢
The higher chemical shift was due to the decrease in the electron density around the H
atom of the [OH] anion. The increase in cellulose, which leads to more hydrogen
bonding between the [OH]™ anion and the hydroxide groups of cellulose, is the reason
for the downshift of the [OH]™ anion signal. This also confirms that the [OH]™ group of

OHS plays a significant role in cellulose dissolution.

In general, the experiment proved that swelling MCC in DMSO enhanced the
dissolution ability of OHS. The negative impact of the high viscosity of pure OHS was
eliminated, indicating that the cationic structure influences the dissolution process.
Additionally, [N4.4.44]OH was the most effective solvent among the examined OHS and

was used for further experiments with cellulose material.
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3.3 Evaluation of Kraft cellulose dissolution

In this section, Kraft cellulose (KC) is used to replace MCC, allowing for a comparison
of the efficiency of pure [N44.44]OH and the influence of the swelling step. Using similar
experimental conditions applied to MCC, the impact of DP was examined. MCC is
related to short polymer chains and low DP value cellulose material, which was tested
with a high amount of dissolved MCC.% KC is produced from Kraft pulp of wood,
which retains very long polymer chains, residual hemicelluloses, and lignin.!'7 '8 The
DP of KC is in the range of 800 to 1500, or even up to over 2000, depending on the type
of blended wood.''” 12 The results will provide information that will be used for the

development of cellulosic material later.

Scanning electron microscopy (SEM) was used to examine the structures of MCC and
KC. Figure 26 illustrates the noticeable morphological differences between these two

cellulose materials.

Figure 26. SEM analysis A,B) MCC, and C, D) KC at 200 and 500 magnifications

Under SEM observation, the MCC appeared as discrete, rod-like particles with a
uniform size distribution. The length of the MCC particles is under 30um. In contrast,

KC has a fibril morphology characterised by a flattened fibre shape. It comprises
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elongated, entangled fibres with irregular widths and rough surfaces. The length of the
KC fibrils was considerably longer than that of the MCC.

The KC dissolution capacity of [Ns444]OH solution from 40 to 60 wt.% concentration
of with and without swelling step indicated in Figure 27. The total amount of KC
dissolved under all tested conditions and concentrations was less than that of MCC.
[N4.4.4.4]OH solution can only dissolve up to 50 mg/mL of KC, compared to 150 mg/mL
of MCC. During the swelling process, a notable increase in KC dissolution was
observed, with 350 mg of KC was dissolved by 1 mL of 60 wt.% [N44.44]OH solution.
This finding aligns with previous studies examining the impact of cellulose DP on
dissolution.'?!"123 Short-chain cellulose has fewer intermolecular forces between chains,
making it easier for solvent molecules to penetrate and separate the chains. In contrast,
longer chain cellulose is more difficult to dissolve due to its stable structure, resulting
in reduced solvent penetration and lower dissolving efficiency compared to shorter
chains.!?* 125 The fibre morphology, such as particle size, also decides how easily the
solvent can penetrate the cellulose material.'?® Figure 26 displays the notable difference

in particle sizes between MCC and KC. This may explain why less KC dissolved

compared to MCC.
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Figure 27. Comparison of dissolution capacity of pure [N44,44]OH from 40 to 60
wt.% and includes swelling in DMSO
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3.4 Observation of swelling and dissolution behaviour of cellulose

After examining the solution of KC using microscopy, unusual shapes of cellulose fibres
were observed (Figure 28). This raises questions regarding how cellulose changes
during dissolution, which is not yet fully understood. Therefore, a microscope was used
to investigate the swelling and dissolution of cellulose in onium hydroxide solutions
after swelling at room temperature. This equipment allows for the continuous
monitoring of changes in cellulose morphology. The procedure was also conducted at

room temperature, which simplified the observations.

Figure 28. Undissolved fibre in KC solution observed under optical microscopy

3.4.1 Swelling of cellulose material in DMSO
The morphologies of KC and MCC are shown in Figure 26. This indicates that KC has
long fibrils, whereas MCC appears as rod-like particles. The difference in morphology

between the two cellulose materials results in distinct swelling behaviours for each

type.127

Figure 29 shows images of the Kraft fibre at different times after DMSO was added.
When DMSO contacted the fibre, it penetrated from the outer layer to the inner structure
of the fibre. It then gradually occupied spaces inside the fibre structure. Bubbles
appeared at several locations on the fibre. Over time, the size of the bubbles decreased
before they disappeared because DM SO occupied all the spaces. Additionally, the lumen

of the KC fibre can be observed, while it does not appear under SEM measurements. In
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contrast, solvent penetration into MCC was not observed because it occurred much

faster than in KC fibre.

Figure 29. KC fibre in DMSO solution at the beginning of swelling in DMSO

Subsequently, the swelling stages of the cellulose material were observed. Figure 30
shows images of the MCC and KC in DMSO at various time points. The changes in

diameter of both cellulose materials were recorded.

Figure 30. KC and MCC at different periods during swelling in DMSO

Comparing the diameter of KC fibre after 5 minutes and 40 minutes, it increased from
17.5 to 22.9 um, a 1.3-fold increase. Meanwhile, the diameter of MCC increased from
24.2 pm to 26.2 um, representing a 1.08-fold increase. This indicates that KC fibres are
more effective at swelling in DMSO than MCC, primarily due to their morphology. 2"
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129 Additionally, MCC is known to be obtained after the amorphous region, which is
mostly removed after the production process.!** Meanwhile, long native fibres typically
have more complex structures with crystalline and amorphous domains distributed along
their length. The amorphous regions have a less ordered structure, allowing more DMSO
to diffuse into the inner layer more easily than the crystalline regions. Therefore, the KC
fibre can absorb more DMSO, resulting in a higher swelling capacity than that of MCC.
Notably, the expansion of S2 layers during the swelling process is more easily

observable than that of other layers.

Microscopy observations revealed three stages in the swelling of cellulose in DMSO.
Initially, DMSO diffused and occupied all the space within the cellulose structure.
Subsequently, increasing amounts of solvent inside the cellulose chains led to fibre
expansion, marking the beginning of the swelling process. DMSO inserts itself between
cellulose chains, interrupts the inter-chain hydrogen bonds without dissolving, loosens
the tight hydrogen-bond network, and causes the chains to move apart to accommodate
the solvent molecules.!?! Finally, during the swelling equilibration, when the fibre can
no longer absorb more solvent, the fibre's diameter reaches its maximum value. Figure

31 illustrates the swelling mechanism of the cellulose fibre in the DMSO solution.
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Figure 31. Swelling process of cellulose material in DMSO

3.4.2 Cellulose dissolution phenomenon
After the swelling behaviour ended, the dissolution of both MCC and KC was observed.

[N44.44]OH was used as a dissolving agent, which was dropped directly onto cellulose.
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Cellulose dissolved immediately upon contact with the OHS. The dissolution process

was recorded for further analysis. Different phenomena were observed.

The first phenomena was observed is the disintegration of MCC into multiple smaller
particles, then these particles rapidly dissolved. This dissolution pattern resembles the
fragmentation of raw plant fibres, as discussed by Cuissinat and Navard.!3? This study
suggested that the fragmentation of cellulose fibres results from the rapid permeability
and effectiveness of the solvent, which creates internal stress fractures within the fibre
structure. There are pre-existing weak zones (amorphous regions, spaces between
bundles, or lumen voids) along the fibre.!*> >3 This can be seen in Figure 32A before
fragmentation occurs. These regions facilitate solvent penetration more than other areas,
increasing internal stress and leading to fibre fragmentation, after which the cellulose

dissolves into smaller pieces.
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Figure 32. Observation of MCC dissolution by the fragmentation phenomenon
Another dissolution phenomenon is where the MCC gradually became smaller to the
centre of the particle. MCC is a cellulose material with a high degree of crystallinity,
whose crystallinity region is dominant.!** The crystalline region has a higher-order
structure, which makes it more difficult for the solvent to penetrate the inner layer of the
MCC. Therefore, the outer section is solubilised first, before the interior is attacked and
dissolved. As a result, these MCC particles did not break into smaller fragments, like
previous observations. The shape of the MCC particles became more rounded on both
sides, as illustrated in Figure 33. A similar phenomenon was observed in KC dissolution,

where the fibril became shorter over time.

41



RESULTS AND DISCUSSION

Y %" Ly ) 7 s
0 ;.0
I/ y \
/ c\' 8 .
! ' .'- .
_o KN . . P

Figure 33. Observation of MCC particle changes over time, which gradually
becomes smaller in the centre of the particle

While observing the dissolution of the KC fibre, two phenomena were detected. The
first phenomenon is known as the ballooning phenomenon, where a part of the fibre
expands like a balloon before breaking.!®: 13> The morphology of the fibre changed
during the ballooning phenomenon, as shown in Figure 34. This phenomenon is
typically observed in alkaline media, first reported by Nigeli's research in 1864.13¢ Since

then, several researchers have investigated this dissolution phenomenon.'*? .
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Figure 34. Kraft cellulose fibre in different stages by the ballooning dissolution
phenomenon
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Based on previous research, the ultrastructure of cellulose fibres can be explained by the
ballooning phenomenon. As mentioned, cellulose fibres have amorphous (loose
structure) and crystalline (highly structured) regions, which are distributed along the
fibre.!3” This leads to the uneven dissolution of cellulose fibres. The amorphous regions
are assumed to dissolve more easily because of their loose structure. This region absorbs
solvents and expands gradually (transversely to the fibre axis), creating a balloon shape
along the fibre length. Simultaneously, the accommodation of the solvent inside the
balloon increased the internal pressure. When the outer layer of the cellulose fibre cracks
or tears, the balloon bursts, and all the fluid inside diffuses into the medium. After the
balloons burst, the outer layer (primary and S1 layer) of the balloons remained attached
to the unswollen section and quickly dissolved. The unswollen section between the
balloons formed a ring-like shape. The residual section then dissolves slowly. This
section is considered a crystalline (highly structured) region, which is harder to dissolve.
Therefore, this section dissolved after the balloons disappeared. Finally, the entire
cellulose structure disintegrated into a uniform solution. The cellulose dissolution

phenomenon via the ballooning effect is illustrated in Figure 35.
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Figure 35. Diagram of cellulose dissolution through the ballooning effect
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Another dissolution phenomenon was observed during the Kraft cellulose dissolution.
Interestingly, the Kraft fibre did not exhibit ballooning at any stage; instead, the outer
layer was solubilised first, and then the fibril was split from the main fibre immediately
afterwards. Figure 36 show cellulose fibres at different stages of dissolution. Compared
to the ballooning effect, dissolution was slower and more difficult to observe. During
this process, smaller fibril structures split on both sides of the main fibre, making the
cellulose fibre resemble “a whisk broom”. Therefore, this dissolution phenomenon is

called the “whisk broom effect”.
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Figure 36. Observation of Kraft cellulose dissolution by whisk broom
phenomenon

Based on these observations, the author proposed that the whisk broom dissolution
phenomenon occurs in three stages. This phenomenon is a consequence of the complex
hierarchical structure of cellulose, in which single cellulose chains bundle into nanoscale
fibrils, which then aggregate to form larger structures, such as fibres. Dissolution begins
at the primary wall and other outer structures interacting with [Ns444]OH. This
phenomenon differs from the ballooning effect, where [N4444]OH dissolved the
secondary first. It could begin at the end of the fibre or at a location with a thinner outer

layer. The outer layer was dissolved, revealing the inner structure of the fibre.
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Subsequently, finer fibrillar strands appeared and split to form a whisk broom-like
structure. This phenomenon occurs along the fibre axis and could be related to slight
untwisting.!3® At the final stage, the fibrillar strands are dissolved. A schematic of the

whisk broom effect is illustrated in Figure 37.
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Figure 37. Diagram of cellulose dissolution through whisk broom effect
According to previous studies, the dissolution of cellulose depends on the type of
cellulose pulp.'* 13813 However, the KC material used in this study consisted of two
types of pulp fibres: northern bleached softwood and hardwood Kraft pulp (NBSK and
NBHK). Therefore, two dissolution phenomena were observed. The fibre of NBSK is
known to have a larger diameter with a thick cell wall compared to NBHK.'** The cell
wall thickness may account for the differences in the dissolution phenomenon. The
“ballooning effect” is believed to have first occurred in the S2. The thick outer layer of
this fibre reduced the extent of dissolution. Moreover, in the whisk broom process, it is
clearly visible that the outer layer dissolves before the inner layer. The thinner outer
layer could be the reason for this dissolution phenomenon. Therefore, the thickness of

the primary layer of the cellulose fibre could influence the cellulose dissolution process.

3.5 Production of regenerated cellulose from Kraft cellulose using the modified
MDCell process

3.5.1 Production of regenerated Kraft cellulose film.

Our group developed the MDCell method in 2020. A high amount of MCC, up to 20 wt.

% was dissolved by [P44.44]OH 50wt.% solution to obtain cellulose solution.”® By using

the casting method, the cellulose solution was cast and then immersed in a propylene
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carbonate (PC) bath and quickly solidified. The regenerated cellulose (RC) has good
quality and is successfully applied to a designed filtration system for wastewater
treatment. This RC membrane exhibited good physical properties in an aquatic
environment. However, after drying, the film becomes brittle and inflexible, thereby

limiting its application.

A new regenerated cellulose film was developed based on the MDCell method, with
minor modifications to the procedure. KC replaced MCC, and this cellulose material
needs to swell in DMSO before [Nsg444]OH 40wt. % added. The details of the
production process are illustrated in Section I1.d. The modified MDCell process for

generating a regenerated Kraft cellulose (RKC) film is shown in Figure 38.
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Figure 38. Schematic for generating the regenerated Kraft cellulose film by the
modified MDCell process

The obtained RKC films were colourless, homogeneous, and exhibited high
transparency. Films cast at under 500pm were more flexible, flatter, and firmer. The
chemical, morphological, mechanical, and biodegradability properties of RKC films
were thoroughly examined. Subsequently, the application of this film will become

clearer.

3.5.2 Characterisation of regenerated Kraft cellulose film

The structural and chemical characteristics of the Kraft cellulose and regenerated Kraft
cellulose films were analysed. First, CHNS elemental analysis was used to determine
the percentages of carbon, hydrogen, nitrogen, and sulphur in the samples, as shown in

Table 4. The results showed that no nitrogen or sulphur was detected in the regenerated
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film. Therefore, the [N4444]" cation and DMSO were removed entirely from the RKC

film after washing.

Table 4. The CHNS elemental analysis of regenerated Kraft cellulose film

Sample C(%) H(%) N(%) S(%)

RKC 40.82 6.55 -

FT-IR was used to analyse the changes in the chemical structure of Kraft cellulose
compared to the regenerated Kraft cellulose film after applying the modified MDCell
method. Owing to the complexity of components such as hemicellulose or lignin, MCC
with higher cellulose purity was used for comparison with Kraft cellulose. The FT-IR
spectra of PC, KC, MCC, regenerated KC (RKC), and MCC (RC) are shown in Figure
39.
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Figure 39. FT-IR spectra of PC, MCC, KC, and regenerated KC and MCC

The FT-IR spectra of the cellulose materials both show a broad absorption band from
2900 to 3600 cm’!, which is attributed to the O-H stretching vibrations of hydroxide
groups. This also indicates the complexity of the hydrogen bonds in the cellulose

material. Additionally, the band at 2980 c¢m corresponds to the C-H stretching
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vibrations. This band primarily arises from the aliphatic methylene (CHz) group in the
cellulose backbone. The peak at 1645 cm! in the FTIR spectrum of the cellulose
material is typically attributed to the OH bending vibration of absorbed water
molecules.!*! The strong band at 1022 cm™ is assigned to the C-O-C stretching in the
cellulose backbone. Other frequency bands at 1425, 1370, 1313, and 1157 cm! are
attributed to -CH; vibration, -CH bending, CH, wagging, and C-O-C anti-symmetric
stretching, respectively. Furthermore, the signal at 892 cm! represents the B-glycosidic

linkages between glucose and cellulose.

A very strong carbonyl absorption band at 1788 cm™! was observed in the spectra of PC,
but it is not visible in the spectra of RKC and RC. This indicates that PC was not present
in the regenerated cellulose material. The results show that the chemical composition of
the cellulose material from both MCC and KC remained unchanged after the MDCell

process was applied.

X-ray diffraction (XRD) measurements were performed to analyse the crystallinity of
the cellulose material both before and after the regeneration process (using Mo
radiation). The XRD pattern of MCC showed four main diffraction peaks at 20 angles
of 6.8°, 7.3°,10.2°, and 15.7°. These peaks correspond to d-spacings of 5.98 A, 5.56 A,
3.98 A, and 2.59 A, respectively, and are attributed to the (110), (110), (002), and (004)
planes of the cellulose I crystal structure.'#*'4 Additionally, a shoulder was observed
near 20 = 9.3°, which is associated with (012) and (102) reflections; however, its
significance is unclear. The XRD pattern of KC was very similar to that of MCC,
exhibiting the same major crystalline peaks, which indicates that both materials have the
cellulose I polymorph. However, the KC pattern displayed additional signals, suggesting

the presence of impurities in this material.

The XRD pattern of the regenerated MCC (RC) sample shows three main diffraction
peaks at 20 =5.3°,9.2°, and 9.94°. These peaks correspond to the (110), (110), and (020)
planes and match the pattern of the cellulose II polymorph.!* This indicates that the
original cellulose I was transformed into cellulose II after the regeneration process. In

contrast, the RKC sample displayed a single peak at 26 = 9.54°, corresponding to the

48



RESULTS AND DISCUSSION

(110) and (020) planes. Additionally, the XRD pattern of RKC shows two peaks at 20 =
15.9° and 16.5°, which did not appear in RC. French et al.!*? and Carolina et al.!*
reported that these peaks were related to the (004) planes of cellulose II after the
regeneration process, but they are not always observed in all types of regenerated

cellulose samples.
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Figure 40. XRD pattern of MCC,KC, RC and RKC
The XRD diffraction peaks of the regenerated cellulose were both broadened and
reduced in intensity for both MCC and KC. Therefore, the crystallinity index was
employed to determine the crystallinity of each cellulose material, as reported by Segal
et al.'*” The crystallinity index of MCC reduced from 82.4% to 74.2%, and that of KC
decreased from 71.5% to 65.3%. This indicates that the dissolution and regeneration
processes disrupted the original and higher-order structures of native cellulose,
increasing the amorphous regions where the polymer chains were less regularly

arranged. The result agrees with the previous research of Nguyen et al.”8

SEM and AFM measurements were used to investigate the topography of the
regenerated Kraft cellulose film. Micrographs of the cross-section and surface area of
the RKC film are shown in Figure 41. The surface of the RKC film was very smooth,
dense, and highly uniform. However, several straight lines were observed on the surface

of the film. This could be due to the surface contacting the glass plate, which is easily
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scratched by physical contact and leads to an uneven surface. The cross-sectional SEM
images of the RC film illustrate that this material is composed of a multilayer of thin

seeds.78’ 148, 149

Surface

Cross-section

Figure 41. SEM analysis of the surface and cross-sectional area of RKC film at
different magnifications.

Figure 42 shows AFM images of the RKC film at different magnifications. The surfaces
of the RKC films were smooth and homogeneous. Additionally, some impurity particles
were detected in the AFM images. Furthermore, the side that contacted the glass plates
(bottom side) had some straight lines, but they were not observed on the other side (top
side). This also influences the roughness of the films. The mean roughness of the top
side was Sa =4.1 nm, whereas that of the bottom side was 3.2 nm, indicating that the
bottom side had a smoother surface than the top side. The movement of the cellulose
solution before dipping into the PC bath led to unevenness on the top side compared to
the bottom side. The mean roughness between the two sides of the film was not

significantly different, indicating a rapid reaction between the cellulose solution and PC.
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The high-resolution AFM measurement reveals a ribbon-like morphology of the RKC
film, with a typical width of 20-25 nm and a length of 50 nm.
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Figure 42. AFM measurement of RKC film at different magnifications

Regenerated Kraft cellulose thin films of different thicknesses were produced using
various casting blades (300, 500, and 750um) to create RKC300, RKC500, and RKC750
films. The effect of thickness on the physical properties of the RKC film, including its
mechanical strength and transparency, was analysed. Cellophane and Polylactic acid
(PLA) films are biopolymer films used for comparison with our film. Table 5 lists the

thickness and transparency of RKC after drying, as well as those of cellophane and PLA.

Table 5. Thickness and transparency of RKC, cellophane and PLA

Type of film Thickness (um) Transparency (%)
RKC300 10£2 83+2
RKCS500 15+3 79 +3
RKC750 2243 74 +£3

Cellophane 15+2 89 +£2

PLA 25+1 85+1
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The results showed that the film thickness decreased significantly by approximately
97% across all three RKC samples. Additionally, the transparency of the RKC film was
high, reaching approximately 83% (RKC300), which is comparable to that of
commercial cellophane and PLA. It was noted that increased thickness negatively
impacted the transparency of the cellulose film, with transparency reducing from 83%
to 74% when the cast thickness was increased from 300 to 750um. Furthermore, a

greater thickness diminishes the film's flexibility, making it more brittle.

Tensile measurements were performed to analyse the mechanical properties of the films,
as shown in Figure 43. Cellophane had the highest tensile strength (247 + 12.1 MPa)
and elongation (32 + 3.5%), whereas PLA had the lowest tensile strength (45 £ 2.8 MPa).
The RKC films with different thicknesses had an average tensile strength of 141 MPa
and an elongation of approximately 10%. The thickness of the film also affected the
tensile strength of cellulose, and the RKC750 film had the lowest tensile strength (113
+ 23.1 MPa) compared to the two other thinner RC films (153 + 31.1 and 156 + 29.6
MPa). Additionally, RKC films and cellophane indicate the natural brittleness of the
cellulosic base material, with no yield point evident in the stress-strain curve. The stress
increases rapidly at the beginning and then more slowly thereafter.!>° The stress-strain
curve of PLA showed different behaviours, where the yield point appeared very clearly,
and the stress was reduced after that. The curve indicates that PLA is a ductile

material. !
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Figure 43. A) Tensile strength and elongation at break, B) Tensile stress-strain
curve of RKC film in different thickness, cellophane and PLA
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Regenerated cellulose films are reported to have excellent biodegradability.!>? In this
study, the biodegradability of our regenerated cellulose film was compared with that of
cellophane, polyethene low-density (PE-LD), PLA, and paper. These materials have
been used worldwide for a long time. The study was conducted in plant soil (Figure 44)
and under Baltic Sea (Figure 45). Visual changes in each type of film were recorded at

specific times.

Two methods were applied to the soil environment: buried soil and soil surface (details
are illustrated in Section IIl.n ). The samples were examined in 5 weeks, and the

morphological changes of all film samples are shown in Figure 44.
PE PLA Cellophane  RKC Paper PE PLA Cellophane RKC Paper

Day 0
Day 4
Day 7
Day 10
. Day 14

Day 21

Figure 44. The morphological changes of PE, PLA, cellophane, RC and paper in
A) soil buried, and B) on the soil surface after 5 weeks

After 35 days, it was difficult to observe changes on the surfaces of the cellophane, LD-
PE, and PLA films. The paper sample showed minor damage on its surface. In both
experiments, the RKC films were biodegraded entirely. In the buried soil experiment,
tiny holes and cracks appeared on the surface of the RKC film after 4 days. The size of
the holes increased on days 7 and 10. Finally, the RC film was fully decomposed after
14 days. In the surface experiment, after 4 days, tiny holes and large pieces were visible
on the top right side of the RKC film. Additionally, mould or fungi developed on the
soil surface and the RKC film. By day 7, they began growing on the surface of the paper.
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More than half of the RKC was consumed by the organism. In the next 2 weeks, RKC
film gradually degraded on the soil surface, then totally degraded after 21 days.

The observation of the degradation process of the soil experiment showed similar
changes in the morphology of the film at both the buried soil and soil surface experiment.
According to previous research, the biodegradation of cellulose film follows three main

152-154 1n the biodeterioration

stages: biodeterioration, fragmentation, and assimilation.
step, microorganisms grow on the film's surface and around the median. Their
population is increasing rapidly, leading to chemical and physical changes.
Microorganisms can penetrate the pores of polymer structure and provoke cracks.
Several studies have suggested that soil moisture plays a role in biodegradation.*® The
polymer structure slowly swells by absorbing moisture from the medium, making it
easier for microorganisms to enter the polymer matrix. In the fragmentation stage,
enzymes are considered the primary agents, breaking down the longer chain cellulose
polymer into shorter chain structures, which are the monomers and oligomers.
Microorganisms secrete specific enzymes that diffuse into the polymeric matrix and
break the 1,4-glycosidic bond of cellulose. Endoglucanase, Cellobiohydrolase, and [3-
glucosidase are the most well-known enzymes that naturally decompose cellulose and
other polysaccharide materials.'> The assimilation process is the final step of the
biodegradation process, in which microorganisms convert cellulose monomers or
oligomers to produce energy, biomass, CO., and water.!> 156 As a result, cellulose films
are completely degraded. Soil type, moisture content, pH, and temperature also affect
the biodegradation process in the soil environment. Compared with the soil-buried
experiment, the film on the soil surface degraded more slowly. The film only contacted

the soil on one side, resulting in a lower growth of the microorganism population.

To further investigate the biodegradability of the material in nature, all samples were
examined under sea conditions. Figure 45 shows images of the material changes weekly
under the Baltic Sea. There were no signs of decomposition in the PE and PLA films,
while the cellulosic materials were degraded during testing. In the first week, there were
no significant changes in the morphology of any samples, except that the paper began

to show signs of degradation. After two weeks, all samples showed some colour
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changes, turning light grey and green. Additionally, the samples became slippery and
slightly slimy to the touch, indicating microbial growth and mineral deposits on their
surfaces. By the fourth week, the colour of the cellophane and RKC films darkened and
fragmented into smaller pieces. The RKC film completely disappeared after five weeks,

and the cellophane was also nearly gone by that time.

PE PLA

Day 7
Day 14

Day 21

Complete
disappeared

Complete

Day 35
2y disappeared

Figure 45. The morphological changes of PE, PLA, cellophane, and paper under
the Baltic Sea after S weeks.

Compared to the buried soil experiment, all cellulosic materials decomposed more
rapidly in the sea environment. The study by Royer et al.!>” reported similar results for
the decomposition time of cellulose material in the sea environment. This study showed
that their cellulose material broke down after about a month on the sea surface and
seafloor. While other materials, such as PLA, PET, and PP, were tested, it was observed
that they did not suffer significant damage, even after being exposed to the sea
environment for 231 days. Another study indicated that the type of water greatly affects
the biodegradation of cellulosic materials material."*® The experiment compared the
biodegradation of MCC, cotton, rayon, polyester/cotton (50:50), and polyester by
immersing these samples in lake and sea water for 35 days. MCC exhibited the highest

biodegradation properties, with their mass reduced by 81% in the lake water
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environment, while the reduction in seawater was 71%. Bacterial activity was also

confirmed to be involved in biodegradation in the water environment.

The modified MDCell procedure provides a rapid method for producing regenerated
cellulose thin films from Kraft cellulose. The RKC film exhibits good physical
properties, such as high transparency and strong mechanical properties, which are
compatible with those of cellophane or PLA. Additionally, the cellulosic film displayed

excellent biodegradability in both soil and seawater environments.

3.6 Lithium chloride: a novel plasticiser for cellulose film.

In the previous section, the RKC film was successfully produced using the MDCell
method. It exhibited good mechanical properties. However, the strong intermolecular
hydrogen bonds cause the RKC film to become stiff and brittle, particularly when the
film is thick. The use of plasticisers is one method that has been applied to improve the
flexibility and reduce the toughness of the cellulose-based film.!**16! Glycerol (Gly) and
polyethene glycol (PEG) are two traditional plasticisers that have been applied in
processing cellulose film.!6! 192 Recently, we found that lithium chloride (LiCl) used in
a post-treatment with cellulose film can increase the flexibility of thicker films, similar

to that of plasticisers.

3.6.1 Plasticising process for regenerated cellulose film

There are different methods for plasticising cellulose films. However, immersing the
regenerated film in a plasticiser solution is a quick way to produce a plasticised cellulose
film.'%% 164 This method is more suitable for our regenerated film than mixing directly
with plasticisers at the liquid stage. The addition of glycerol, PEG, or LiCl accelerated
the solidification of our cellulose solution, making it too quick to form films. To assess
the effect of LiCl on the mechanical properties of the film, glycerol, PEG, and potassium
chloride (KCI) salts were used for comparison. The plasticising of the regenerated

cellulose followed the procedure shown in Figure 46.
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Figure 47. Preparation of plasticised regenerated cellulose film

The regenerated wet cellulose film was immersed in a 1 w/v% solution of glycerol,
PEG, and KCI, while different concentrations (0.25, 0.5, 1, and 2 w/v%) of LiCIl were
prepared. The samples were immersed overnight before drying. They were named RKC-
K1, RKC-Lil, RKC-Glyl, and RKC-PEG1 according to the solution in which they were
immersed: KCI, LiCl, glycerol, and PEG. Only the cellulose-lithium films had RKC-
Li10.25, RKC-Li0.5, RKC-Lil, and RKC-Li2. The images of the plasticised film are
shown in Figure 47. Except for the RKC film immersed in KCIl, which became blurry

and had a rough surface, the other treated RKC films were transparent, firm, and flexible.

Figure 46. Morphology of plasticised RKC films

3.6.2 Characterisation of plasticised cellulose film

Investigating the compatibility of the plasticiser with the RKC film is crucial. The
morphology of the film is shown in Figure 47. It noted that only the RKC-K1 film
appeared, with a rough, cloudy surface. It is possible that KCI recrystallised after the
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drying process and formed on the surface of the film. In contrast, the other films
exhibited homogeneity with high transparency. Additionally, these films exhibited
firmness and flexibility, especially when compared to the RKC film. This demonstrates

the high compatibility of glycerol, PEG, and LiCl with the RKC film.

Inductively Coupled Plasma (ICP) measurements were used to quantify the lithium
concentration inside the RKC-Li films, and the results are shown in Table 6. It indicated
that he lithium concentration increased proportionally with the concentration of the

immersed LiCl solution.

Table 6. The ICP measurement of the Lithium element inside the RKC-Li film

Type of film Li(%)
RKC 0
RKC-Li0.25 0.53
RKC-Li0.5 1.21
RKC-Lil 1.83
RKC-Li2 2.75

FT-IR was employed to analyse the chemical structure of plasticised RKC immersed in
a 1w/v% plasticiser solution, which is shown in Figure 48. The main functional groups
of the plasticised RKC films were almost identical to those of the pure RKC film. A
wide band at approximately 3600-3000 cm™' was observed for the O-H stretching of
cellulose, glycerol, and PEG. The band between 3000 and 2800 cm™! is mainly attributed
to the C-H stretching vibration of cellulose and glycerol, while that presented for the
CHj; stretching in the PEG backbone.!¢> The presence of plasticiser inside the cellulose
structure could be the reason for the slight shift of the peak in this region. Meanwhile,
an absorption peak appeared at approximately 1640 cm™!, attributed to the hydroxyl
group of absorbed water within the cellulose film.!*! The intensity of this peak for the
RKC-Lil film was higher than that of the other films. This may be linked to the high
hygroscopicity of LiCl, which allows more water to be absorbed within the cellulose
film. In the spectra of RKC-PEG1, a small signal at 1350 cm™! indicated the CH,
wagging of PEG, which proved that PEG was plasticised on the cellulose film.!%
Additionally, a band at 925 cm™! was only present in the spectra of the RC-Glyl film,
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indicating the presence of glycerol in the cellulose matrix.!®”- 198 The characteristic bands

for LiCl and KCI are difficult to identify in the FTIR spectra.
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Figure 48. FT-IR spectra of plasticised RKC film

SEM measurements were used to examine the morphology of the film, and the surface

and cross-section are shown in Figure 49.

RC-Gly1 RC-PEG1 RC-Lil RC-K1

Surface

Cross-section

Figure 49. SEM analysis of surface area and cross section area of plasticised film
The morphologies of RKC-Lil, RKC-Glyl, and RKC-PEG1 were similar to that of

RKC film. The surfaces of both films are homogeneous, smooth, and highly uniform,
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with no phase separation observed. Additionally, the cross-sectional area of these films
was very dense and compact, and aligned layers of RKC film were not observed in
plasticised sample. The cubic structure of KCl was detected on the surface of RKC-K1,
distributed on the film surface, and formed salt layers on both sides of the film. The
RKC-K1 cross-section shows three distinct layers, with a cellulose film in the middle of

the salt layer. No LiCl crystals were detected in the RKC-Lil film.

The mechanical properties of the regenerated cellulose films that were immersed in 1%
solution of KCIl, LiCl, glycerol, and PEG are demonstrated in Figure 50. The tensile
strength and elongation at break of the pure regenerated cellulose film were 153 + 31
MPa and 10 + 3%, respectively. The high tensile strength and low elongation at break
values indicate the stiffness and brittleness of the film. The effects of glycerol and PEG
were observed, resulting in slightly more flexible mechanical properties. This is
indicated by the reduction in tensile strength to 111 MPa for RKC-Gly1 and 98 MPa for
RKC-PEGI. The percentages of elongation of RKC-Glyl and RKC-PEG1 were 21%
and 17%, respectively. Plasticisers diffuse into the cellulose matrix and can form
hydrogen bonds with cellulose molecules, reducing the cohesive forces between

cellulose chains and allowing them to move more easily.'®
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Figure 50. The tensile strength and elongation at break A) plasticised RKC film
in 1w/v% solution B) in different LiCl concentration

Additionally, it is noted that the impact of LiCl on the RKC film was more clearly

observed than that of glycerol and PEG at the same concentration. The elongation at
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break of RKC-Lil increased significantly to 75% which is over seven times higher than
that of the pure regenerated film. In contrast, the tensile strength and elongation of the
RKC-K1 film were similar to those of the RKC film. This result shows KCI is less

compatible with cellulose film compared to the tested agents.

An increase in LiCl concentration was correlated with a decrease in tensile strength and
an increase in elongation at break of the films, resulting in increased flexibility.
Additionally, LiCl can absorb moisture during storage because of its high
hygroscopicity. Thus, a lithium film with a higher lithium concentration can retain more
water inside the cellulose structure, making the film more flexible.!”® Subsequently, the
RKC-Li2 film exhibited the highest elongation at break and lowest tensile strength

compared to all other lithium films.

Table 7 lists several physical properties of the RKC film that was immersed in a
plasticised solution. There was no significant impact on the transparency of the
regenerated cellulose film when immersed in glycerol and PEG, with values similar to
those of the original samples. This result aligns with previous research indicating that
traditional plasticisers, such as glycerol and PEG, can penetrate and form hydrogen
bonds with the cellulose network.!'%®- 7! The plasticisers and cellulose create a uniform
matrix without phase separation, which does not diminish the transparency of the film.
The transparency of the RKC-Li and RKC films was also similar, at 76% and 80%,
respectively. This result shows the minor impact of LiCl on film transparency. In
contrast, the transparency of the RKC-K film was 52% due to the formation of KCl
particles on its surface. This salt has low hygroscopicity, which recrystallises at relative
humidity (RH) lower than 85%.!72 The RH value of LiCl is 11.3% at 25°C, indicating
that LiCl is in the deliquescence stage.'”> '”* Moreover, the ionic radius of K is
approximately 1.38 A, whereas that of Li is approximately 0.76 A. Thus, the bulkiness
of the cationic atom and the low water affinity of KCl could be the reason for the lower

compatibility of this chloride with the cellulose film.
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Table 7. The value of thickness, transparency and WVTR of RKC film that is
immersed in different solutions

Thickness Transparency WVTR

Type of film
(wm) (%) (g/m’*h)
RKC 15+£3 79+1 10.8 0.1
RKC-Gly1 17+2 82+1 7.5+0.5
RKC-PEG1 17+2 81+1 8.6+0.5
RKC-Lil 18+3 76+3 7.7+0.5
RKC-K1 20+3 52+8 7.0+0.1

The influence of plasticisers on the water vapour transmission rate (WVTR) is presented
in Table 7. The WVTR of all plasticised films is smaller than that of the cellulose films,
which means that less water vapour can penetrate. The WVTR of the RKC-K1 film was
7.0 g/m*h, which was the lowest value among the four plasticised films. During the
experiment, droplets were formed on the film surface inside the cup. This could be due
to the high humidity inside the water cup (considering 100%) being higher than the
relative humidity of KCl (RH ~85%), which leads to the dissolution of the salt. The salt
absorbed the water vapour and formed a layer on the surface of the film, resulting in
reduced vapour transport. Similarly, droplet formation on the film surface occurred with
the RKC-Lil film. This can explain the reduction in the WVTR of the film immersed in
the inorganic salt solution. In contrast, no droplets were observed on the surfaces of
RKC-PEGI and RKC-Glyl. However, the film became increasingly softer during the
experiment. Glycerol and PEG are hydrophilic and attract water. !> 7 Thus, the film
was plasticised with glycerol, and PEG interacted with water vapour, with some trapped
inside the cellulose matrix, leading to a smaller WVTR than that of the pure cellulose
film. Tarque et al.!”” assumed that the low glycerol concentration might interact better
with the bio-polymer chain, leading to a dense and highly compact polymer structure.
Consequently, less vapour can diffuse and the WVTR value decreases. The efficiency
of reducing the water vapour transmission of the plasticised agent was

KCI>Gly>LiCI>PEG.

The soil burial experiment was conducted to examine the influence of the plasticiser on

the degradation of the cellulose film. Figure 51 shows the morphological changes in the
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films during the experiment. The degradation of the film depends on biological factors
such as fungi, bacteria, and microorganisms, and other conditions such as the type of
soil and humidity. In the soil environment, the interaction of microbial organisms with
biopolymers is the main factor leading to polymer degradation. The enzyme from the
microbial organism breaks the polymer chain into a shorter chain before converting it

into CO» and water.

RC-PEG1

Day 0
Day 7

Fully Fully Fully
Day 10 biodegraded biodegraded biodegraded

Figure 51. The morphological changes of the plasticised RKC film during the soil
burial test

As shown in Figure 51, the plasticised RKC films were degraded after 10 days of the
experiment. RKC, RKC-Glyl, and RKC-PEG1 completely decomposed after 7 days,
which was faster than the decomposition of the RKC-Lil and RKC-K1 films. This is
due to potassium salt and lithium, which were found to significantly decrease the
bacterial community because they increase the salinity and toxicity of the environment.
178-180 The results show that the microbial community required more time to degrade the
RKC-Lil and RKC-K1 films. In contrast, glycerol and PEG (low molecular weight) are
considered low-toxicity, biodegradable materials.!8!- 182 Additionally, the concentration
of glycerol influences the biodegradation rate of the biopolymer film in soil by
increasing the moisture inside the film.!”” This indicates that immersing the RKC film

in a low concentration of glycerol and PEG had less impact on the biodegradable
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properties of the film. Hence, RKC, RKC-Glyl, and RKC-PEG1 were totally degraded

in the test in similar periods.

Overall, LiCl had a significant impact on the mechanical properties of the RKC film, as
evidenced by the substantial increase in elongation. The RKC film immersed in 1 w/v%
LiCl also exhibited better performance than other traditional plasticisers such as glycerol
and PEG. However, the RKC-Lil film required more time to degrade in the soil-buried
experiment, indicating that it negatively influenced the biodegradability of the RKC
film.

3.7 Solubilisation of chitosan in onium hydroxide solution.

Abe et al.”” indicated that tetraethylammonium hydroxide ([N2222]OH) and tetrapropyl
ammonium hydroxide ([N33;33]OH) could dissolve 0.2wt. % of chitin after two weeks,
then chitosan is obtained by precipitating the chitin solution with ethanol. Recently,
chitin was reported to be soluble in [N44.44]OH solution under microwave irradiation,

1.3! This indicates that onium hydroxide is a

and chitosan was obtained using ethano
potential dissolution solvent for chitosan, which enables the combination of cellulose

films produced by MDCell process.

3.7.1 Evaluation of chitosan dissolution in onium hydroxide

A similar strategy, which was used to evaluate the cellulose dissolution ability of pure
OHS, was applied to chitosan, consisting of two processes: screening and quantification
(Figure 17). Different concentrations of six types of OHS were used to test chitosan
solubility. However, according to Abe's research, the testing time for chitosan solubility
was increased to seven days, while other conditions and procedures were kept the
same.” Low molecular weight chitosan (LMW-CS) was used in the solubilisation
experiment first. After the quantification process was completed, the optimal onium
hydroxide solution was identified and used for further experiments (details are provided

in section I.c).

Chitosan was successfully dissolved by onium hydroxide as predicted. The dissolution
time of chitosan was significantly higher than that of cellulose. For example, 5Smg/mL

of MCC in [Ns4444]OH 50 wt.% solubilised within 5 minutes, while the same
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concentration of LMW-CS needs around 6 hours. This also occurs in other onium
hydroxides. Depending on the cationic structure and onium content, the 5 mg/mL
chitosan needs several hours to several days to dissolve. In comparison with chitin
dissolution by [N3333]OH in the study of Abe, chitosan dissolved faster with higher
concentration under similar room temperature conditions.”” The images of chitosan
solutions are shown in Figure 52. Similarly, the chitosan solution changed from a light

yellow to a honey-like appearance, depending on the concentration of chitosan.

Stirring

CS-LMW/OHS Totally Partially
mixture dissolution dissolution

Figure 52. Chitosan/OHS mixture at beginning, fully dissolved , and partially
dissolved.

Figure 53 shows the LMW-CS dissolution limits of the six tested onium hydroxides at
different concentrations. This indicates that, except for the [Ni,1,1,1]JOH solution, the
other tested type OHS were able to dissolve chitosan at room temperature. In all
examined solvents, [N4.4.44]OH 60 wt.% showed the highest chitosan dissolution, which
could dissolve up to 80mg/mL. The high viscosity caused by the high concentration of
OHS in the dissolution, similar to cellulose, was also observed with the chitosan

material.

The onium concentration and the cationic structure also influence the solubility of
chitosan in OHS, similar to cellulose and chitin. 7> %28 LMW-CS is less soluble in OHS
than MCC but more soluble than chitin under the same conditions. For example, ImL
of [P4444]OH 60 wt% can dissolve up to 150mg of MCC, whereas chitosan
solubilization was found to be very limited (10mg). Conversely, chitosan shows greater
solubility than chitin in OHS under identical conditions.}” Compared to [Na444]OH
solutions at the same concentration, [P4444]OH acted as a less effective solvent. As

mentioned, the dissolution of cellulose in this solvent is highly affected by
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amphiphilicity, which must be optimised to achieve the highest dissolution capacity.
Chitosan i1s known as a hydrophobic material, whereas cellulose is hydrophilic
material.'®® The amphiphilicity between those two materials could be a reason that leads

to the dissolution capacity differences.
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Figure 53. LMW-CS dissolution limit in six types of onium hydroxide
The dissolution strategy applied for cellulose was also applied, with DMSO used as a
swelling agent or co-solvent with [N4444]OH to promote the dissolution of chitosan.
Pre-swelling in DMSO or a combination of DMSO/[N4444]OH did not work with
chitosan. Kurita et al.'®* examined the swelling behaviour of chitosan in DMSO. This
study indicated that chitosan was only dispersed in DMSO; even after heating to 100°C,
the shape of chitosan changed minimally. This could be attributed to the strong hydrogen
bonds and hydrophobicity of chitosan. However, the addition of DMSO into
chitosan/[N44.44]OH solution reduces the high viscosity of the solution, similar to the

effect observed in cellulose solutions.®

The influence of the molecular weight of chitosan on the dissolution limit of [N4.4.44]OH
60wt.% indicated in Table 8. Medium- and high-molecular-weight chitosan (MMW-CS
and HMW-CS) were used to estimate the dissolution capacity of this solvent. As the

molecular weight increased, the dissolution capacity of the onium hydroxide solution
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decreased. This behaviour is similar to that of cellulose, where longer polymer chains
tend to entangle more and are more hydrophobic, which slows down swelling and
disentanglement. Therefore, molecular weight is a key factor influencing chitosan
dissolution, and high-Mw chitosan is considerably more difficult to dissolve under

identical conditions.!®

Furthermore, longer chitosan chains exhibit greater
hydrophobicity than shorter chains, resulting in an extended dissolution period. For
instance, 5 mg/mL concentration of HMW-CS takes 3 days to prepare, whereas the same
concentration of LMW-CS obtained after approximately 6 hours.

Table 8. Dissolution limit of different molecular weight chitosan in [N4444]OH
60wt.% under room temperature

Type of chitosan LMW-CS MMW-CS HMW-CS

Dissolution limit (mg/mL) 80 60 30

The influence of temperature was examined as an influencing factor in this study. The
dissolution capacity of [N4444]OH 60wt.% at various temperatures is shown in the
Figure 54. The results indicated that 110 mg/mL was the highest concentration of
[N4.4.44]OH solution achieved when heated above 50°C.

140 |
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20 H
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20 30 40 50 60 70

Temperature (°C)

Figure 54. LWC-CS dissolution limit of [N4,4,44]OH 60 wt% at various
temperatures
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Below 50°C, the high viscosity of [N4444]OH 60wt.% hinders the movement of the
stirring bar, resulting in reduced dissolution ability and limiting the maximum
dissolution of this solvent at 80mg LMW-CS. Figure 55 indicates the chitosan 100
mg/mL solution obtained by heating to 50°C and 70°C after 4 hours. The colour of the
chitosan solution turned dark when heated to 70°C for an extended period, whereas it
still retained a honey-like colour at 50°C. The dark colour of the chitosan solution was
due to the decomposition of tetraalkyl ammonium hydroxide by Hofmann elimination.
Therefore, the temperature limit for the heating process was set at 70°C for a maximum

of 4 hours.

Figure 55. Obtained chitosan 100mg/ml solution by heating at 50 °C and 70
°C after 4 hours

Different chitosan/[Na4.44]OH 60 wt.% (5, 50 and 100 mg/ml) ratios were prepared to
investigate the influence of temperature on dissolution time. Table 9 lists the time
required for chitosan to solubilise in [N4.444]OH at various temperatures. This indicates
that higher temperatures significantly decrease the chitosan dissolution time. This can
lower the viscosity of the solution and improve the dissolution efficiency of chitosan in
OHS. For instance, a 50 mg/ml chitosan solution took approximately 3 days to dissolve
at room temperature. In contrast, the same amount of chitosan dissolved in only 20 min

at 70°C, making it more than 200 times faster.
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Table 9. Dissolution time of 5, 50 and 100 mg/mL of chitosan in [N4444]OH 60
wt.% at different temperatures

Chitosan Temperature (°C)
concentration 25 40 50 60 70
(mg/mL) Dissolution time
5 6h 1h 30mins S mins S mins
50 2-3 days X 2h 40 mins 20 mins
100 - X 4h 3h 2h

-: not measured, x: partial dissolved

Liquid-phase NMR spectroscopy was performed to analyse the chemical structure of
chitosan. Using [Ni,1,1,.]JOH as a dissolving agent, six carbon signals of the chitosan
structure appeared in the '3C-NMR spectra (Figure 56), whereas they were not fully
detected with other solvents. Six signals of glucosamine are detected at 102.2, 79.5,
77.4, 74.3, 61.7, and 58.2 ppm, which were attributed to Ci, C4, Cs, C3, Cs, and Co,
respectively. The signals related to the acetyl group were not detected in these NMR
spectra, possibly because of the high DDA value of the chitosan sample (DDA > 75%
according to the provider). As a result, the signal intensity of this group was too low to

be detected by NMR spectroscopy. '8

[Ny11,0]
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Figure 56. 13C NMR spectra of chitosan in [Ny,1,1.]OH
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Different concentrations of chitosan solution were prepared in [N4.4.44]OH solution to
better understand how OHS can dissolve chitosan (Figure 57). However, the position of
the C, carbon in chitosan overlaps with the signal of the [Ns444]" cation, resulting in
only five carbon signals being observed in the 3C-NMR spectrum. This also indicates

that the intensity of the carbon signals is proportional to the chitosan concentration.

(OH C,DN

NMR signal Intensity (a.u.)
! o
NMR signal Intensity (a.u.)
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Figure 57. 3C and 'H NMR spectra of chitosan in different concentrations of
chitosan with [N44,44]OH a) pure [Ny4,4,44]OH, b) S0mg/ml, ¢)100mg/ml

"H-NMR spectra show a slightly shift in the [OH] signal at different chitosan
concentrations. The peak of pure [N4444]OH appeared at 6 = 4.79 ppm, which then
shifted to lower regions at 6 = 4.71 and 4.66 for chitosan concentrations of 50 and 100
mg/mL, respectively. The downfield shift of the hydroxide proton indicates a decrease
in the electron density as the chitosan content increases. This is most likely due to the
formation of hydrogen bonds between the hydroxide anion and the hydroxyl groups of

chitosan,!87- 188

Water and ethanol have been used as anti-solvents for chitosan and other
polysaccharides, respectively. When excess anti-solvent was added to the chitosan
solution, the interaction between chitosan and the [OH] groups was disrupted.
Consequently, chitosan precipitated from the polymer solution (Figure 59). The
precipitated chitosan was washed with ethanol at least three times, and the pellet and

supernatant obtained after the process were used for further analysis.
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Chitosan
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Added to
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Figure 58. Chitosan precipitations in ethanol
The ethanol was removed from the supernatant by rotary evaporation, and the recovery
of [Ns444]OH was determined. NMR measurements were applied to analyse the

recovery of [N4.444]OH after the solidification process, as shown in Figure 59.
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Figure 59. 13C and 'H NMR spectra of fresh, recovered and regenerated
[N4,4,44]OH

A new peak at 160.5 ppm was detected in the '*C-NMR spectra of the recovered
[N4,4.44]OH compared to the fresh solution, indicating the presence of acetyl groups after
the process. This suggests that deacetylation occurs simultaneously with the dissolution
process. The same new peak was also observed in the *C-NMR spectra of the recovered

[Na4444]OH after chitin deacetylation, as reported in a previous study by Dinh et al.?!
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Thus, OHS must be regenerated for subsequent use. To regenerate [N4.4.44]OH after the
chitosan dissolution process was complete, the ionic exchange column was set up. After
the regeneration process was completed, the peak at 160 ppm disappeared, indicating
that the acetate ion was removed. The *C-NMR spectra of the regenerated and fresh

[N4.4.44]OH were similar, confirming the successful regeneration.

3.7.2 Characterisation of regenerated chitosan powder
The precipitated chitosan was dried overnight at 80°C in an oven. The samples were
then ground into powder for further analysis. The mass of the regenerated chitosan

collected after the dissolution and regeneration processes was 76 £+ 5%.

The CHNS analysis was performed for CS and RCS, revealing the mass concentrations

of carbon, hydrogen, and nitrogen (Table 10).

Table 10. The CHNS elemental analysis of chitosan (LMW) and regenerated

chitosan
Sample C(%) H(%) N(%) S(%)
CS 39.2 6.6 6.4 -
RCS 41.2 6.9 6.8 -

Subsequently, FT-IR spectra were used to analyse the chemical structures of the CS and
RCS powders, as shown in Figure 60. No new peak was detected in the RCS spectra,
confirming that dissolution in OHS did not alter the chemical structure of chitosan. The
broad absorption band in the 3200-3500 cm! region is attributed to O-H and N-H
vibrations and extensive hydrogen bonding in the chitosan network. The peaks at 2920
and 2870 cm™ are associated with C-H symmetric and asymmetric stretching,
respectively. Additionally, the peaks at 1650 cm™ (C=0 stretching of amine I) and 1320
cm! (C-N stretching of amine IIT), related to the N-acetyl group, were still present in
the chitosan structure. The band at approximately 1590 cm™ is assigned to the bending
vibration of the primary amine (-NHz) group. In addition, several bands associated with
the pyranose rings of the polysaccharide material, including C-O-C glycosidic bonding
and C-O stretching, appeared at approximately 1150 and 1020 cm™!. Moreover, the peak
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at 890 cm! is assigned to a B-glycosidic linkage, which is similar to that found in

cellulose.
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Figure 60. FT-IR spectra of CS and RCS regenerated in ethanol

To obtain further information, XRD analysis was employed to observe the changes in
the crystallinity of chitosan after regeneration in ethanol, as illustrated Figure 61 (Cu
radiation was used for measurement). The XRD pattern typically displays two
characteristic diffraction peaks: one at 20 = 10.2° (010), attributed to a less ordered
region, and a more prominent peak at 20 = 20.2° (200).'*° Notably, there were no
changes in the diffraction peaks of chitosan after regeneration. However, the XRD
pattern of the regenerated chitosan showed a significant reduction in the intensity and
broadening of the 10.2° peak. Conversely, the peak at 20.2° remained very sharp
compared to that of the original chitosan. In addition to the chitosan peaks, a peak was
detected at 28.5°, corresponding to calcium carbonate (CaCO3). The presence of CaCOs
could be attributed to its being the primary component of crustacean exoskeletons and a
crucial resource for producing chitosan. The crystallinity index of CS and RCS powder

1 190

was measured by the method of Forcher et al. ', showing a slight decrease from 76.5%

to 71.7% after CS regeneration.
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Figure 61. XRD pattern of CS and RCS

3.7.3 Production and characterisation of regenerated chitosan film by MDCell
process

To produce a cellulose/chitosan blended film using the MDCell procedure, the chitosan

solution must first be solidified in PC. The concentration of chitosan is a crucial factor

that influences the quality and mechanical stability of films during production.

Therefore, different chitosan solutions were prepared to determine suitable

concentrations for chitosan film production.

The results showed that chitosan dissolved in [N44.44]OH 60 wt.% could solidify in the
PC solution across a wide concentration range. However, a stable and good chitosan
film was produced only at concentrations above 80 mg/mL. Below this concentration,
the film was very weak and lacked physical stability, making it unsuitable for generating
films using the MDCell procedure. Additionally, compared to the cellulose solution, the
solidification time of the 100 mg/mL chitosan solution in the PC bath was significantly

longer, taking approximately 3 hours for the chitosan solution to fully gel and detach

74



RESULTS AND DISCUSSION

from the glass plate. After regeneration, the obtained chitosan film appeared compacted,

as shown in Figure 62.

Ethanol wash

—)

Air dried

Casted chitosan Chitosan Dried regenerated
solution solidified chitosan film

Figure 62. Regenerated chitosan film produced by modified MDCell process

In producing a film using the MDCell process, water is used to remove unreacted agents
from the RKC film after it has been regenerated from the PC bath. However, water is
unsuitable for chitosan films, as the film tends to break apart during washing.
Furthermore, when water is used to produce chitosan films, it breaks into smaller pieces
after air drying, as shown in Figure 63. In contrast, replacing water with ethanol results
in a chitosan film that remains stable and is easier to process. The RCS film also remains

compact after air drying (Figure 62).

Chitosan Dried regenerated
solidified chitosan

Figure 63. Chitosan solidified in water and after air dried

FT-IR was used to analyse the chemical structure of the RCS powder after regeneration
with PC and washing with ethanol (Figure 64). No new signals were detected, indicating

that RCS have no differences to CS before dissolution and regeneration in PC. This also
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confirms that the regeneration phenomenon in a PC solution of chitosan has a

mechanism similar to that of cellulose, as proposed in the previous section.
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Figure 64. FTIR spectra of CS and RCS powder regenerated by MDCell process
The SEM measurement was used to analyse the morphology of the RCS film, which is

shown in Figure 65.

'S

Figure 65. SEM analysis RCS film A) surface and B) cross-sectional area
It can be observed that the surface of the chitosan film appears not to be particularly
smooth and flat, and it does not exhibit any cracks. The uneven chitosan surface may be
due to the long solidification time of chitosan in the PC bath and the evaporation of
ethanol during the drying process. Additionally, tiny particles were observed on the

surface of the chitosan films. This could be attributed to undissolved chitosan powder
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or impurity particles such as CaCOs3 (detected in XRD spectra of chitosan powder in
Figure 61). The cross-section of the pure chitosan film appeared very dense and uniform.
Compared to the RKC film, the cross-section of the RCS film did not show the aligned

structure.

3.7.4 Proposed chitosan dissolution mechanism in onium hydroxide solution

Based on the above analysis, it was confirmed that both the cation and anion of OHS
contribute to the dissolution of chitosan. The cation [OH] continues to play a crucial
role in the dissolution process of chitosan. Previous research has suggested that the
obtained chitosan increases proportionally with treatment time in an ammonium
hydroxide solution.” ® Thus, it is agreed that the deacetylation reaction occurred after
the dissolution process was complete. Consequently, the [OH] groups not only
participate in the dissolution but also in the deacetylation process, which involves the
reaction of the remaining acetamido group in chitosan. The deacetylation mechanism is

indicated in Figure 66."!
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Figure 66. Deacetylation mechanism of chitin/chitosan

The proposed dissolution of chitosan in OHS is illustrated in Figure 67. This indicates
that the [OH]" of OHS plays a central role in disrupting the hydrogen bond network of

chitosan, leading to its dissolution. The cation aggregates on the chitosan fibre,
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preventing the chains from interacting, leading to solidification.8! 183192 Ag a result, the

chitosan solution remains stable for a long time.
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Figure 67. Proposed chitosan dissolution mechanism by onium hydroxide solution
Additionally, the solubility of chitosan in OHS significantly depends on water content
and cationic structure, similar to cellulose. However, the greater hydrophobicity of
chitosan compared to cellulose led to differences in the optimal dissolution of these two
materials. According to our results, the OHS must have an Nw value between 8§ and 12

to dissolve chitosan effectively.

3.8 Production of regenerated cellulose/chitosan film

3.8.1 Production of cellulose/chitosan film by the modified MDCell process
In the previous section, chitosan was successfully dissolved in the [N44.44]OH solution,
and the RCS film was generated using the modified MDCell procedure. In this section,

chitosan is combined with cellulose to create regenerated cellulose/chitosan films.

Different ratios of MCC and LMW-CS solutions were prepared by directly dissolving
them in [N4.4.4.4]OH 60 wt.%. These polymeric solutions were both clear and transparent,
showing a homogeneous distribution and dissolution (Figure 68). The colour of the
cellulose/chitosan solution changed from clear to yellow as the chitosan concentration

increased.
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Figure 68. MCC/LMW-CS dissolved by [N4,4,44]OH 60wt.% solution ( the
concentration of chitosan rising from left to right: 10, 25, 50, 75, and 90%)

The cellulose/chitosan solution was cast and immersed in the PC solution, resulting in a
solidified gel with cellulose/chitosan in different ratios. The solidification time for each
cellulose/chitosan ratio is indicated in Figure 69. The results show that the solidification
time is proportional to the chitosan concentration in the mixture, increasing from 15
minutes to approximately 3 hours as the chitosan concentration increased from 10% to
90%.During the production process, the blended cellulose/chitosan film exhibited better
durability when the chitosan content was below 50%. Higher chitosan content resulted
in weaker mechanical properties of the film. Additionally, films with less than 50%
chitosan content could be washed with water and remained intact after drying. In
contrast, films with higher chitosan content broke during the same procedure described
in the section. Therefore, a 50% chitosan ratio will be used as the maximum to produce

thin blended films.
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Figure 69. The solidification time of MCC/LMW-CS in different ratios in PC
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When MCC was replaced with KC, a different strategy was applied to prepare the
cellulose/chitosan solution. Cellulose and chitosan were prepared separately before
mixing. The procedure for generating the regenerated KC and chitosan-blended film is

illustrated in Figure 70 (detailed process is described in Section Il.h ).
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Figure 70. Procedure for preparing regenerated Kraft cellulose/chitosan films

After complete drying, the regenerated Kraft cellulose/chitosan (RKC/RCS) films were
compact and homogeneous (Figure 71). Compared with the RKC film, the RKC/RCS
film appeared blurry and was not very transparent. It noted that the film has wrinkles

similar to those of RKC film at the same casted thickness.

N

Figure 71. The morphology of RKC/RCS films
Additionally, the solidification time of the KC/LMW-CS solution in PC is significantly
reduced compared to that of the MCC/LMW-CS solution, decreasing from one hour to
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approximately 10 minutes at a 50-50 ratio. Then RKC/RCS films will be characterised
by chemical, mechanical and physical methods to investigate the influence of chitosan

on the RKC films.

3.8.2 Characterisation of regenerated cellulose/chitosan films

CHNS elemental analysis was used to determine the elemental ratio of the regenerated
cellulose/chitosan material (Table 11). Sulphur was not detected in any of the film
samples. With an increase in the chitosan ratio in the blended material, the percentage
of nitrogen was higher. These results indicate that cellulose and chitosan cooperate in

the polymer structure and co-solidify in the PC solution.

Table 11. The CHNS elemental analysis of RKC/RCS films

Type of film C(%) H(%) N(%) S(%)
RKC/RCS10 41.66 6.27 0.32 -
RKC/RCS25 41.05 6.03 1.36 ;
RKC/RCS50 42.51 6.60 3.03 ;

The FTIR spectra of pure regenerated cellulose, chitosan, and cellulose/chitosan blended
films are shown in Figure 72. Both cellulose and chitosan are polysaccharides that share
many common functional groups, as indicated by the previous results of FT-IR spectra
of RKC and RCS. The presence of amine and N-acetyl groups (DDA always lower than
100%), which characterise the chemical structure of chitosan, distinguishes it from
cellulose. Thus, the distinct regions between cellulose and chitosan are located between
1550 and 1650 cm™!, which is attributed to the amine and N-acetyl groups. The peak at
approximately 1657 cm!' represents the C=0O stretching of residual N-acetyl, as
indicated in the RCS spectra. Meanwhile, the cellulose spectra exhibit a broad peak,
similar to that of chitosan, which appears at approximately 1640 cm™ and responds to
water absorbed into the polymeric structure.!®? It is noted that the N-H bending from
amide II around 1590 cm™ shows high intensity in the RCS spectra. The intensities of

these peaks decreased proportionally with the reduction in chitosan content in the
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blended films, and it can not detected in the spectra of the RKC/RCS10 film. The studies
by Stefanescu et al.'®* and Yang et al.>® , which reports a similar trend for their

cellulose/chitosan materials.
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Figure 72. FT-IR spectra of RKC, RCS and RKC/RCS in different ratios films

Furthermore, two peaks were observed at approximately 2850-2920 ¢cm™ in chitosan
and the blended material. The peak at 2920 cm! is generally assigned to the anti-
symmetric stretching of the CH> group. The lower wavenumber peak, at approximately
2850 cm-1, 1s attributed to the symmetric vibration of the CH> group in the glucosamine
and N-acetylglucosamine units of chitosan. The intensity of this peak was also
proportional to the chitosan concentration, similar to the amide II peak at 1590 cm.
This evidence can be used to prove that cellulose and chitosan are well blended in the

polymeric structure.

The X-ray diffraction patterns of RCS, RKC, and RKC/RCS at different concentrations
are presented in Figure 73. The XRD patterns of regenerated chitosan showed two main
diffraction peaks at 5.1° and 9.2°, corresponding to (010) and (200) crystallographic
planes, respectively.!”> RKC has three main diffraction reflections at 5.4° (110), 9.2°
(020), and 16.1° (004), corresponding to cellulose II crystallinity.

It is noted that RKC/RCS sample displayed a sharp and broad peak at 26 = 9.2°. As
shown in the XRD patterns of regenerated cellulose and chitosan, there are peaks that

cause overlap in the lattice of the blended material. Additionally, there is a lower
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intensity and narrower peak around 5.4° indicate the influence of the component
material concentration in the blended samples. The XRD patterns of RKC, RKC/RCS10,
and RKC/RCS25 show diffraction peaks in this region at 5.4°, 5.3°, and 5.3°,
respectively. When the chitosan concentration reaches 50%, as indicated by the
RKC/RCSS50 spectra, this peak shifts to around 20 = 5.2°, which is closer to the
diffraction peak of pure regenerated chitosan at 20 = 5.1°. Moreover, all the XRD
patterns of blended cellulose/chitosan indicated a signal at 16.1° (004), corresponding

to the cellulose II pattern, which is not present in the pure chitosan spectrum.
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Figure 73. XRD pattern of RKC, RCS and RKC/RCS in different ratios
The surfaces and cross-sections of the RKC/RCS films at different concentrations are
shown in Figure 74. The morphology of pure regenerated cellulose appeared
homogeneous and thin, with a flat surface. When combined with chitosan, the surface
of the films remained very homogeneous, but tiny particles were easily observed. This
could be due to the presence of impurities, such as CaCOj3. Additionally, the blended
cellulose/chitosan cross-section appeared dense and homogenous, and no phase
separation was detected in any the of samples. However, the layered structure of
cellulose was difficult to observe in the blended film. Morphological changes occurred

at low concentrations of chitosan. The cross-section of RC/RCS10 appeared very
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compact, dense, and less aligned. However, the layered structure was still observed in

the cross-sectional images of RKC/RCS50. Hasegawa et al.!®

explained this
phenomenon, which is highly related to chitosan. Typically, pure cellulose has a lamellar
structure, and chitosan tends to fill the interstitial space among the lamellar structures of
cellulose. As a result, the crystalline structure of cellulose was affected, resulting in a
less ordered structure of the blended material. The similar morphology of

cellulose/chitosan films was also found in the research of Yang et al.>® and Cheng et

al.lo7
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RKC/RCS25 RKC/RCS50

Figure 74. SEM analysis of surface and cross-sectional area of RKC/RCS film

The AFM image of the surface RKC/RCS50 film at different magnifications is indicated
in Figure 75. Numerous impurity particles were detected on the surface of the
RKC/RCS50 film using AFM. Additionally, straight lines also appeared on the blended
film, as shown in the RKC film (Figure 42). The roughness of the bottom side of the
film was measured as Sa = 21 nm, while the roughness of the top side was Sa =13 nm.
This indicates that the blended film is rougher than the pure cellulose film, with

roughness values of 4.1 and 3.2 nm on the top and bottom sides, respectively. The
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roughness of the RKC/RCS50 film exceeds that of the RKC film, which could be
attributed to CaCOs3 or other impurities within the chitosan. (Figure 61).

P 16um
0.0pm

550 nm

Figure 75. AFM analysis of RKC/RCS50 film at different magnifications: A)
50x50pm, B) high surface area at 50x50pum, C) 3x3pm, and D) 1x1pm.

High-resolution AFM images revealed the morphological differences between the
RKC/RCS50 film and the RKC film. As mentioned, AFM detected the ribbon-like
structure, measuring 20-35 nm in width and 50 nm in length in the RKC film.
Meanwhile, platelets, approximately 200 nm long and between 200 and 100 nm wide,
were found in the RKC/RCS50 film. Additionally, no ribbon structure was observed in
the blended film sample. This suggests that chitosan altered the original structure of
cellulose. Additionally, the platelet structure found in blended film has a larger size than

the ribbon structure of pure cellulose, which could contribute to the rougher surface of

the blended film.

The thickness, transparency, and WV TR of the cellulose/chitosan blended film are listed
in Table 12. The films had a relatively consistent thickness, approximately 15um for
every blended film.The film transparency decreased with increasing chitosan

concentration. The transparency of the RKC film was 79%, and the values of
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RKC/RCS10, RKC/RCS25, and RKC/RCS50 were 65, 41, and 43%, respectively. These
results align with previous measurements of SEM and AFM images, which indicated the
presence of impurities on the surface of the blended films. As the chitosan concentration
increased, more CaCOs3 was introduced into the blended films, resulting in a reduction

in transparency.

Table 12. The thickness, transparency, and WVTR of RKC and RKC/RCS films

Thickness Transparency WVTR
Type of film
(um) (%) (g/m?h)
RKC 15+3 79+3 10.7£0.1
RKC/RCS10 16 £2 65+1 9.1+0.3
RKC/RCS25 17+3 4141 89+0.5
RKC/RCS50 15+2 43+2 7.7+£0.3

The water vapour transmission rate (WVTR) is a quantitative measure of the amount of
water vapour passing through a material over a specific period. It is a vital physical
parameter for cellulose-based materials used in food packaging. Different types of
materials can create a controlled humid environment for food storage. Therefore,
selecting suitable materials is crucial to prolong storage life and minimise flavour loss
during production. The WVTR parameter was utilised to evaluate the impact of each
material component on the others over an extended period. The WV TR of the RKC film
and other RKC/RCS films are listed in Table 12.

The cellulose/chitosan blended film prepared using the MDCell method showed a lower
WVTR than the pure regenerated cellulose film. The WVTR of the pure regenerated
cellulose film was 10.7 g/m? h, indicating that the pure cellulose film allowed more
water vapour to pass through than the cellulose/chitosan film. The values for
RC/RCS10, RC/RCS25, and RC/RCS50 were 9.1, 8.9, and 7.7 g/m? h, respectively,

indicating that blending chitosan into the cellulose structure immediately influences the
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polymer structure. At 50% chitosan in the blended film, the WVTR decreased from 10.7
to 7.7 g/m? h, which is approximately 28% less. Numerous studies have reported similar
trends when chitosan is incorporated into their materials. For instance, Reis et al.!®
indicated that their cellulose material showed better trapping of water vapour when
coated with chitosan. The WVTR of their coated chitosan Kraft cellulose was 6.06 g/m?
1,199

h, while the value for the uncoated material was 10.73 g/m?h. Similarly, Shapi et a

observed a reduction in the WVTR of their starch film when chitosan was incorporated.

Cellulose is a hydrophilic material with numerous free hydroxide groups that can easily
interact with water molecules. Hence, water vapour is easily transported through the
film. When chitosan is introduced into cellulose material, its amino (-NHz) forms strong
hydrogen bonds with the hydroxide group of cellulose. This led to the polymer matrix
being tied up and the structure of the blended material becoming denser, as observed in
the SEM image. Hence, the compact structure of cellulose/chitosan limits water
diffusion and permeation. Consequently, moisture requires more time to escape the

polymer matrix, thereby reducing the WVTR.

Figure 76 shows the contact angles between the water droplet and surface of RKC,
RKC/RCS50 and RCS film. It is noted that the contact angle between water and RKC
film is around 39°, indicating the hydrophilicity of the cellulosic material. 2°° While the
contact angle of pure regenerated chitosan is attributed to its hydrophobic property,

because its angle is larger than 90° 201202

+ 8 = B c B

Figure 76. Water contacting angle images of: A) RKC, B) RKC/RCS50, and C)
RCS film

Table 13 lists contact angles of the front and back sides of the regenerated

cellulose/chitosan films at different ratios. The results show that chitosan incorporated
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into the polymeric structure of cellulose leads to changes in the wettability of the
cellulose films. The contact angle of the RKC/RCS films was relatively higher than that
of the RKC films, indicating lower hydrophilicity and higher hydrophobicity.

Table 13. The contact angle of cellulose/chitosan in different concentrations

Contacting angle (°)

Side of the film
RKC RKC/RCS10 RKC/RCS25 RKC/RCS50 RCS
Back 37+4.7 73+ 15.8 53+10.6 71+10.4 91 +£11.3
Front 59+7.0 88+ 6.0 67 +£8.2 74 +12.5 96+3.5

Tensile strength measurements were conducted on films with varying cellulose/chitosan
ratios to evaluate their mechanical properties. Figure 77 shows the tensile stress-strain

curve and the changes in tensile strength and elongation at the break of the films.
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Figure 77. A) Tensile strength and elongation at break, B) Tensile stress-strain
curve of RKC and RKC/RCS blended film at different ratios

The absence of yield points in the stress-strain curves of the films indicates their
brittleness. The regenerated cellulose exhibited the best mechanical properties, with a
maximum tensile strength of approximately 154 = 31 Mpa and an elongation at break of
approximately 10 = 3%. At a 10% chitosan concentration, a slight decline in the

maximum tensile strength was observed, dropping to approximately 145 + 20 MPa.
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When the chitosan content increased to 25% and 50%, the tensile strength decreased
from 70 to 120 MPa, and the elongation from 4% to 8%. Nonetheless, the mechanical
properties of the cellulose/chitosan blended films remained good even at higher chitosan
levels. However, it is generally recognised that increasing the chitosan content

deteriorates the mechanical properties of the composite. Yang et al.>¢

suggested that
higher chitosan levels disrupt the microstructure of the polymer, making it less aligned
and more loosely packed. While Hasegawa et al.!”® proposed that the decrease in
cellulose domain size when combined with chitosan negatively affects the mechanical

properties of blended film compared to pure cellulose film

Three samples of each cellulose/chitosan blended film were tested and compared with
previous studies on soil degradation. Figure 78 shows the gradual changes in the blended
film over 28 days. The shapes of the films changed very little during the first 7 days.
Very small holes appeared on the surface of the RKC/RCS10 film. Significant changes
were observed from day 10 onwards, and all three samples of this film were completely
degraded after 14 days. The films containing 25% and 50% chitosan took longer to
decompose in the test. All RKC/RCS25 samples disappeared after 21 days, while
RKC/RCS50 samples disappeared after 28 days.

Compared to the original RKC film, the incorporation of chitosan into the cellulose
polymer structure changed the film's biodegradability in soil. The biodegradation

203,204

process is complex and involves various aspects. Chitosan content is one aspect

that needs to be considered. Othman et al.?®

observed a longer degradation time in the
soil for the starch and chitosan nanoparticle (CNP) film compared to the pure starch
film. While the starch film fully decomposed after 8 days, only minor damage was
observed in the composite starch/chitosan film. This study also showed that increasing
the CNP ratio resulted in lower weight loss of the composite film. Specifically, the
composite film with 25% CNP had a weight loss of 49.3%, whereas the films with 10,

15, and 20% CNP exhibited weight losses of 90.9%, 80.7%, and 65.5%, respectively.

89



RESULTS AND DISCUSSION

Before burial Day 4 Day 7 Day 10 Day 21 Day 28
ilécrﬁ's:{ua[ 4 [ datee)
0 Fully
RKC/RCS1 biodegraded

: ﬂz?'g‘gcgzﬁf’. r RCPECs 25
|
EARTTN ".’--~4L#l_4

tcricses”

Crics 25 "
?’.' W v i

" feses

RKC/RCS25 Fully

biodegraded

o
2C8 .

2c/RCs 25"

e

fC/Rcs50 *

S, |
%) +

4w AW
s IR

wCres ey

8
! s

Sk L

C/RCS50 "

-

4" - 3 5
: '{tc‘i eSO

RKC/RCS50

. - W
LMW o :'._z,"'c‘q 5.

Pe/#es 50 * ALIRCS5Q ¥ itles 50, ‘T

TN g "
dpis €5 & x4 ch

Figure 78. The morphological changes of RKC/RCS films at different ratios in
soil buried experiment

Biodeterioration, fragmentation, and assimilation are the three main stages of
biodegradation in the soil environment, as proposed in the RKC film experiment. !32-154
It begins with the hydration process, during which the film starts to swell and the
microorganisms begin to grow inside film.** Enzymes from microorganisms are the
primary agents that break down the polymer chains of polysaccharide materials such as
cellulose and chitosan. Chitosanase, isozymes, and proteases are the three enzymes that
break down the chitosan chain into shorter chains, producing carbon dioxide, water, and
ammonia.?? Chitosan is the component that affects the biodegradability of the RKC
film, extending its decomposition time in the soil environment, depending on its ratio.
Other properties of chitosan, such as molecular weight, crystallinity, and DDA, also

influence the degradability of both pure chitosan and its composite products.27- 208
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In summary, the cellulose/chitosan solution can be easily prepared using [N44.44]OH at
a 60 wt.% solution through two methods: co-dissolution or mixing cellulose and
chitosan solutions. By modifying the MDCell process, blended regenerated
cellulose/chitosan was successfully produced. The films appeared dense and uniform.
The ratio of the components within the films affected their transparency, WVTR, and
biodegradability. As the chitosan concentration increased, the biodegradation time of the
blended film in the soil environment increased proportionally. Similarly, films with
higher chitosan content inhibited water vapour transmission more than those with lower

chitosan content, with the WVTR of RKC/RC being 28% lower compared to RKC film.
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4 SUMMARY

In this PhD study, the cellulose dissolution ability of various onium hydroxides at
different concentrations was assessed, highlighting the effects of cationic structure and
water content. A pre-swelling step in DMSO significantly enhanced the dissolution
capacity of onium hydroxide by reducing the high viscosity of pure onium hydroxide.
Moreover, the presence of DMSO extended the dissolution range of onium hydroxide
solutions, enabling higher concentrations of onium solutions to dissolve cellulose
compared to pure solutions. The swelling behaviour of MCC and KC was easily
observed and documented using optical microscopy because dissolution occurred
rapidly at room temperature. The [Ns444]OH exhibited the best cellulose dissolution

capacity and was employed to produce a cellulose film via a modified MDCell process.

Kraft cellulose material was used to produce regenerated Kraft cellulose. The film
exhibited good mechanical properties, high transparency, and excellent biodegradability.
The RKC film completely degraded in soil within two weeks and in the Baltic Sea
environment within five weeks. This suggests that the regenerated cellulose film made
by the MDCell process has high potential for packaging applications and can be

compared to fossil fuel-based plastics or other bio-based films.

The flexibility of the RKC films was greatly enhanced by immersing them in LiCl
solutions. LiCl improves this property at low concentrations compared to traditional
plasticisers like glycerol and polyethylene glycol. However, the presence of LiCl in the

film reduces its biodegradability in soil environments.

The solubility of chitosan in onium hydroxide solvents was examined. Compared to
chitin at room temperature, a higher yield of chitosan was obtained. [N4444]OH at 60
wt.% could dissolve up to 80mg of LMW-CS at room temperature, increasing to 110mg
at 50°C. Subsequently, a homogeneous cellulose/chitosan mixture was successfully
produced, allowing the creation of a thin film using the MDCell process. The
regenerated cellulose/chitosan film with different ratios was prepared by adjusting the
polymer solution. The blended film demonstrates good mechanical properties. The

addition of chitosan to the polymer structure modified specific properties of the film,
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including WVTR and biodegradability. This blended film shows great potential in
packaging applications. Additionally, the homogeneous mixture of cellulose and
chitosan also opens an opportunity to develop other blending products depending on the

proposed application.
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APPENDIX

I. Materials

Tetrabutylphosphonium  hydroxide  ([P4444]OH), dipropyldimethylammonium
hydroxide ([N33,1,1]JOH) 40 wt.% onium, and trimethyladamantane hydroxide
(IN1,1,1,.]JOH) 20 wt.% in water were purchased from Sachem. Tetrapropylammonium
hydroxide ([N3;33,3]OH) 40 wt. % and tetramethyl hydroxide ([N1,1,1,1]JOH) 25 wt.% in
water were purchased from Sigma Aldrich. Tetrabutylammonium hydroxide
([N4444]OH) 40 wt.% in water, Polyethene glycol (PEG) 300 purchased from Carth
Roth. Microcrystalline cellulose (MCC) 20um, low molecular weight chitosan (75-85%
DDA, 20-300 cp), medium molecular weight chitosan (75-85% DDA, 200-800 cp),
dimethyl sulfoxide (99.8%), glycerol (99.5%), and propylene carbonate (PC, 99,7%)
were obtained from Sigma Aldrich. Kraft cellulose (KC) was obtained from Mercer.
High-molecular-weight chitosan (DDA > 90%, 1000-2000 cp). Potassium chloride
(99.5%) was obtained from Fisher Scientific. Lithium chloride (98%) was obtained from
TCI. Amberlite IRN-78 ion exchange resin from Alfa Aesar.

Cellulose and chitosan were dried in an oven at 80°C overnight before use. Another

chemical, except tetraralkyl-onium hydroxide, were used without further treatment.

II. Preparation method

a. Preparation of onium hydroxide at different concentrations
Six types of onium hydroxides were condensed to different concentrations using the
rotary evaporation method at 30mbar and 40°C. Karl Fischer's Titration confirms the

water concentration of the onium hydroxide solution, with an error of =1 wt.%.

b. Screening and quantifying cellulose dissolution in onium hydroxide
MCC was used as the target material to screen the cellulose dissolution ability of OHS
at different onium concentrations. First, 5 mg of dried MCC was placed in a 5 mL vial,
and 1 mL of onium hydroxide solution was added. The mixture was then stirred at 200
rpm at room temperature. Each solution type was tested for up to 24 hours. If, after this
period, the MCC powder settled at the bottom of the vial, it was considered unable to

dissolve cellulose. Conversely, if the mixture became transparent and homogeneous, the
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vials were used for the quantification process to estimate the maximum cellulose

dissolution.

For quantification, MCC was added to the vial to achieve a concentration of 10 mg/mL.
If the mixture became transparent, more MCC was added in increments of 10 mg. After
24 h, if the mixture remained blurry or highly viscous, the procedure was terminated.

Consequently, the dissolution limit was estimated.

Screening and quantification methods were employed to evaluate the effect of swelling
in DMSO on the dissolution process. First, 1 mg of MCC was swollen in 2 mL of DMSO
with stirring at 200 rpm for 1h. Then, 0.2 mL of each type of OHS (achieving a 5 mg/mL
ratio between MCC and OHS) was added to the vial and stirred at the same speed for up
to 24 hours. If the mixture becomes homogeneous, the OHS can be used to estimate the
dissolution limit. Different amounts of MCC were swollen in DMSO, with the initial
amount recorded before 0.2 mL of OHS was added. The dissolution limit was
determined by the ratio between 0.2 mL of OHS and the highest solubilised MCC, at

which the cellulose solution was transparent, homogeneous, and without gelation.

¢. Screening and quantifying chitosan dissolution in onium hydroxide
The chitosan screening and quantification processes are similar to those of cellulose.
LWC-CS was used as the solubilised material, and the experiment was conducted at
room temperature for up to 7 days. The most effective OHS was used to examine the
effect of chitosan molecular weight on its dissolution capacity. Medium- and high-

molecular-weight chitosan (MMW-CS and HMW-CS) were used to assess this effect.

The influence of temperature was also investigated. The mixture was heated up to a
maximum of 70°C, increasing in 10°C steps (starting from 40°C), and maintained at
each temperature for up to 4 hours. The vials were placed in an oil bath and heated to
the appropriate temperature. The chitosan dissolution capacity at each temperature was
evaluated by observing the homogeneity of the solution, using a methodology similar to
that employed for cellulose. If the mixture became excessively viscous, rendering the

stirrer immobile, the process continued at the subsequent evaluation temperature. The
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dissolution time was also recorded to illustrate the effect of temperature on this process.

Three concentration ratios were used for this assessment: 5, 50, and 100 mg/mL.

d. Preparation of regenerated cellulose film
KC (200 mg) is swollen with DMSO (9 ml) under vigorous stirring for at least two
hours. Before use, [N4444]OH (40 wt.%) was heated in a 40°C water bath for 20
minutes. To dissolve, 1 mL of [N4444]OH (40 wt.%) was added to the swollen Kraft
cellulose and stirred at room temperature for 2 hours, ensuring the cellulose dissolved
completely. The resulting cellulose solution was then cast onto a glass plate. Different
solution thicknesses could be selected before casting by adjusting the casting blade. The
highest quality cellulose film was achieved using an automatic casting machine at a
casting speed of 5 mm/s. The glass plate was then immersed in a PC bath. The cellulose
solution gelled rapidly after a few minutes. The gel was washed at least four times with
water to remove residual chemicals. Finally, the cellulose gel was air-dried to produce a

regenerated cellulose film.

Casting knife

Lz

Figure 79. Casting machine and casting knife

e. Preparation of plasticising regenerated cellulose film
The regenerated Kraft cellulose film was produced following the procedure outlined in
Section d without drying. Subsequently, the wet films were immersed in plasticised
solutions at different concentrations overnight. KCl, Gly, and PEG (1g each) were

dispersed in distilled water (100mL) to achieve a 1 w/v% concentration, while various
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amounts of LiCl (0.25 g, 0.5 g, 1 g, and 2 g) were prepared. After immersion, the films
were removed from the solution and air-dried. Once dried, the films were named RKC-
K1, RKC-Lil, RKC-Glyl, and RKC-PEGI based on the KCI, LiCl, Gly, and PEG
solutions, respectively, in which they were immersed. RKC-Li films include four
samples: RKC-L10.25, RKC-Li0.5, RKC-Lil, and RKC-Li2, corresponding to LiCl

plasticisation.

f. Recovery and regeneration of onium hydroxide solution
To recover the onium hydroxide after dissolving chitosan, the chitosan solution was
added to ethanol to ensure complete solidification. The entire mixture was then
centrifuged at 2000 rpm for 5 min. The supernatant and pellet were collected. The pellet
was washed with ethanol at least three more times to eliminate all onium hydroxides.
The mixture was centrifuged again to collect the supernatant. The supernatant was
filtered again using a syringe filter (0.25um) to remove undissolved particles. Finally,
rotary evaporation was used to remove all the ethanol. The collected solvent was then
used for further analysis, such as NMR. At the same time, the obtained regenerated
chitosan was centrifuged and dried in the oven at 80°C overnight. The recovery of

chitosan was calculated as follows:

mregnerated chitosan (g)

Recovery CS yield = x 100% (1)

Minitial chitosan (g)

To regenerate the onium hydroxide solution, the ionic exchange column was repaired
following the setup illustrated by Dinh et al.®!. First, 30 g of Amberline IRN-78
(hydroxide form) was washed three times with Millipore water to remove impurities and
then loaded into a column with a 2 cm inner diameter and a bed volume of approximately
100 ml. Next, the recovery onium, such as [Na.4.44]OH, was diluted with Millipore water
before being loaded into the column. The flow rate was maintained at 2-3 drops per
second to initiate the ionic exchange reaction. Millipore water was then added to the
column to elute the sample at the same drop rate. Three times the bed volume was used
to ensure that the onium hydroxide was eluted from the column. A rotary evaporator was
then used to remove most of the water. Karl-Fisher titration was used to confirm the

concentration of the onium after the regeneration process.
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The recovery yield of the onium hydroxide was calculated using the following equation:

mregnerated OHS (g)
Minitiat ons(9)

Recovery OHS yield = X 100% (2)

g. Preparation of regenerated chitosan film
LMW-CS was used to produce regenerated chitosan films. [N4.4,44]OH 60 wt.% used to
dissolve chitosan. The LMW-CS was dried overnight in an oven before use. To prepare
the solution, 100 mg of LMW-CS powder is thoroughly mixed with 1 mL of
[N4,4,4,4]10H (60 wt.%) at 50°C for at least 4 hours, ensuring complete dissolution and
yielding a 100 mg/mL chitosan solution. The regenerated chitosan film was then created
through casting, following a process similar to that for the regenerated cellulose film
(section). The chitosan solution was cast onto a glass plate with a thickness of 750 um,
and then quickly immersed in the PC bath and left to solidify completely. The resulting
chitosan gel was washed at least four times with ethanol to eliminate any remaining
unreacted agents. The regenerated chitosan film was obtained after drying in air or by

keeping it in ethanol for other purposes.

h. Preparation of regenerated cellulose/chitosan film
KC and LMW-CS were used as the initial materials to prepare the regenerated Kraft
cellulose/chitosan film. Cellulose and chitosan were prepared separately before being
combined. The cellulose solution was prepared similarly to the method described in the

section d , except that a 60 wt. % solution replaced 40 wt.% of [N4.4.44]OH.

The weight of each component was measured before dissolution based on the cellulose-
to-chitosan ratios. Three cellulose/chitosan ratios were used to produce the regenerated
films: 90:10, 75:25, and 50:50. The chitosan solution was prepared (described in g),
achieving a concentration of 100 mg/mL. The 100 mg/mL chitosan solution was then
diluted with DMSO (Vpmso = 4V[Ns444]OH) to obtain a 2 w/v% solution.
Subsequently, cellulose and chitosan solutions were mixed at room temperature for 1
hour. The 2w/v% cellulose/chitosan solutions (with various cellulose-to-chitosan ratios

were obtained by combining the components in different proportions. The solutions
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were cast using the same method with a 500 um casting blade. After solidification in
PC, the films were carefully washed with water to remove any residual chemicals.

Finally, the films were obtained by air-drying.

III. Characterisation method

a. Fourier Transform Infrared Spectroscopy (FT-IR)
To analyse the chemical structure of the material samples, FT-IR spectra were recorded
in the transmittance range of 4000 cm™! to 400 cm™!. A Bruker FT-IR spectrometer was

used to measure the samples directly in the ATR mode.
b. Inductively Coupled Plasma Optical Emission (ICP-OES)

ICP-OES is a well-known technique for determining the elemental composition of
samples. Powder or small film samples were analysed using a Varian 715-ES ICP-

Emission Spectrometer. Each sample was measured twice.
c¢. CHNS elemental analysis

CHNS was used to quantify the percentages of carbon (C), hydrogen (H), nitrogen (N),
and sulphur (S) in the samples. The powder samples were analysed using a Vario

Microcube (Firma Elementar). Each sample was measured twice.
d. Nuclear Magnetic Resonance (NMR)

NMR was used to analyse the structure of tetraalkyl onium hydroxide, cellulose, and
chitosan. For OHS, the samples were diluted with DMSO-d¢, D2O, or acetonitrile-ds.
The 'H and '3C NMR were measured at 400MHz by Jeol ECZL 400 (at 25°C)

For the cellulose sample, MCC was swollen in DMSO-ds for at least 2 hours at room
temperature before OHS was added. To prepare the chitosan sample, LMW-CS was
dissolved in OHS at 50°C for 4 h to ensure complete dissolution. Then, acetonitrile-d3

was added with Vacetonitril-a3=Vons. All NMR spectra were analysed using Jeol Jason 5.0.
e. Scanning Electron Microscopy (SEM)

For the thin film measurement preparation, the sample was immersed in liquid nitrogen

to freeze. The film broke immediately after it was still frozen when it was removed from
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the liquid nitrogen. The specimens were then mounted on SEM stubs using carbon tape
and coated with thin gold layers (5 nm) using a Quorum Q150T S Plus sputter coater. A
JEOL JMC-7000 BENCHTOP SEM was used to analyse the cross-section and surface
of the film at an accelerating voltage of 15 kV.

f. Light Microscopy (LM)

The swelling and dissolution of cellulose were observed using light microscopy. The
Echo Revolve 2, equipped with an Olympus lens, was used at various magnifications
(from 2x to 20x), and the Echo Pro was utilised to record and analyse samples and

phenomena.

Figure 80. Echo Revolve 2 light microscopy
g. X-Ray diffraction (XRD)

XRD powder patterns were obtained using a Stoe Stadi P transmission diffractometer
with a DECTRIS Mythen2 1K detector, employing Ge(111) monochromatized Mo Kal
(50 kV, 40 mA, 0.7093 A) or Cu Kal (50 kV,40 mA, 1.5406 A). The samples were
ground into a fine powder and placed between two acetate foils before measurement.
Peak positions and profiles were fitted with a Pseudo-Voigt function using the
HighScore Plus software package (Panalytical). Phase identification was carried out

with the PDF-2 database from the International Centre for Diffraction Data (ICDD).

The crystallinity index of cellulose is calculated using the method of Segal et al.'*’, as

indicated in the equation:
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Iooy — I
Crl = 229 % 100(%) (3)
1002

Crl 1s the relative degree of crystallinity (%), loo2 is the maximum intensity of
crystallinity at the (002) diffraction peak of cellulose, while Iam is the intensity of the
amorphous region between (002) and (101)

The crystallinity index of chitosan is calculated using the method of Forcher et al. °°,

as indicated in the equation:

Loo — I
M x 100(%) (4)

200

Crl =

I>00 1s the maximum intensity of crystallinity at the (200) diffraction peak of chitosan,

while am is the intensity of the amorphous region between (200) and (010)
h. Water Vapour Transmission Rate (WVTR)

The wet cup method, described by ASTM E96/E96M-10 with minor adjustments, was
used to examine the WVTR of the films. The cup used for the measurement is shown in
Figure 81 was 3D printed, which used Dropass’s design.?*’ Distilled water was added to
the cup to create a 2 cm gap between the water level and the surface of the samples. The
film was then placed between the cup and gasket and sealed with a screw lid. The cup
mount area is 0.002 m?. A saturated sodium chloride solution bath was used to establish
the proper humidity of 73 + 5% in the desiccator box. The temperature was maintained
at 23 + 2°C during measurement. The cup was placed in the desiccator and weighed
every 24 hours for 6 days. Three samples of each film type were used for the

measurements.
The WVTR was calculated using the following equation:

WVTR = G/tA = (G/t)/A (5)
Where:

WYVTR = water vapour transmission rate, g m= h!
G = mass loss over the measurement period (g)

t =time (h)
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A = cup mouth area (m?)

G/t = slope of the straight line
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Figure 81. ASTM E96 wet cup set up. A) Test cup, B) Desiccator box

i. Thickness

Five points in different locations of the films were measured to determine their

thickness.
j- Transparency

The transparency of the film samples was assessed using an Ocean Insight-USB650
Miniature spectrometer. Measurements were taken at five different points on each

sample to evaluate transparency.
k. Tensile strength measurement

The tensile strength was measured at 23°C using Universal testing machine for uniaxial
tensile tests, “Zwicki ZN 1.0” (ZwickRoell Gmbh, Ulm, Germany), following the tensile
configuration according to DIN EN ISO 527-2. Each sample was prepared in a dog-
bone shape (ISO 527-2 type 1BB). The gauge length was 20mm, and the initial length
for strain determination was 10 mm. The test was conducted at a speed of 50 mm/min
with a preload of 0.005 N. Each type of film sample was measured five times. The
measurement was recorded by testXpert III (ZwickRoell GmbH, Ulm, Germany).
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I. Atomic Force Microscopy (AFM)

AFM topographies of the RKC and RKC/RCS50 film were measured using Park
Systems XE100. To prevent excessive contact with the sample, the device was operated
in a non-contact mode, characterised by small cantilever oscillation amplitudes of a few
nanometers and a moderate setpoint, while maintaining a constant dither frequency
through amplitude modulation. Multiple locations were examined to ensure the accuracy

of the observed morphology.
m. Water contact angle measurement

The water contact angle is a technique used to characterise the wettability of the RKC,
RCS, and RKC/RCS blended films. The Drop Shape Analyser-DAS25 (KRUSS) was
used for the measurements. The high-resolution camera of DAS25 took pictures, and
ADVANCE software was used to measure the angle between the film surface and the

water droplet. Three measurements were taken for each side of the film (top and bottom).
n. Soil degradation study

A soil burial experiment was conducted in the laboratory to maintain a stable
environment at approximately 23°C. The soil used in the experiment was purchased
from a supermarket. The soil was watered and mixed several times to ensure even
distribution and was allowed to settle for several days before use in the experiment. All
films were placed in plastic frames and labelled before being buried. Afterwards, all the
samples were buried inside the soil box, which was 5 cm below the surface. Water was

added every two days to maintain the soil moisture. Images were captured at specific

time points to document changes in the samples throughout the experiment.

Figure 82. Degradation study in the soil environment. A) the soil box, B) the
samples are placed on the soil bed, C) soil buried.
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0. Sea water biodegradation study

The seawater biodegradation study was conducted at the Marine Science Centre,
Rostock, Germany, from April 2024 to June 2024. All samples were cut to the same size
(10 x 15 cm). Each sample was then placed in an individual cylinder basket, as shown
in Figure 83, with its tag. All samples were kept approximately 50 cm below the sea

surface. The samples were checked weekly to observe morphological changes.

Figure 83. Biodegradation study under Baltic Sea environment: A) cylinder
basket before the experiment, B) basket after the experiment, C) prepared sample
before the experiment, D) sample observation during the experiment.
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