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Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) is a bioplastic that has
gained attention as a potential alternative to petroleum-based plastics in film packaging due to
its good barrier properties and thermal stability. However, poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) has no outstanding properties. Therefore, the researcher added lignin powder
to improve its antimicrobial properties, another essential property of the packaging film. This
work successfully prepared a composite bioplastic film between poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) and lignin powder by forming through a blown film extrusion, doctor blading,
and spray coating. In order to give the film a high surface energy and enable it to adhere to
the lignin solution on the surface, the film's surface underwent corona treatment before the
spray coating process. The composite films were studied with analytical instruments for
morphological, mechanical, contact angle, barrier, anti-UV, and antimicrobial properties. The
effect of added lignin greatly improves the oxygen and water vapor permeability properties of
the film. Regarding anti-UV properties, lignin exhibited UV blocking in the wavelength range of
300 to 400 nm. When studying the antimicrobial property, it was found that the composite film
was able to inhibit gram-positive bacteria well. Compared to gram-negative bacteria, which
cannot show very good antimicrobial properties. Corresponding to the overall properties, the
bioplastic composite film formed by blown film extrusion showed excellent properties as a

packaging film compared to the doctor blading and spray coating.
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Chapter 1
INTRODUCTION

1.1 General introduction

Food spoilage is a big issue in today's economy, as much food is wasted due
to microbiological decomposition. Many people may not be aware of how much
food spoilage brought on by microorganisms affects us. In addition to microorganisms
causing food to spoil and taste unpalatable, some spoilage can be caused by
pathogenic bacteria that can have serious health consequences. Most
microorganisms can grow in various conditions, where microbial growth results in
reduced food quality and a shorter shelf life [1]. Therefore, we are looking for

innovations that prevent food spoilage and preserve shelf life.

Packaging films are used in the food industry as they play a critical role in
food preservation [2, 3]. Choosing a suitable packaging film for food can improve the
food's shelf life, safety, and sustainability. Products such as vegetables, fruits, milk,
meat, and seafood are highly perishable. These products require a flexible, sealed
barrier that extends shelf life and protects against external factors [4-8]. Most
consumers are interested in food that is minimally processed, free of toxins, and
safe. This resulted in the development of non-toxic antimicrobial packaging films by

combining antimicrobial additives with biopolymer films.

In the food packaging industry, polymer materials are mainly used as the
main components in  production. Researchers are interested in poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB), a biodegradable polymer being
studied and developed a lot right now. It is appropriate for use as a packaging film
and extrusion process due to its biocompatibility and ability to be adjusted from
highly crystalline plastic to elastic rubber by adjusting the ratio of 4HB to 3HB.
However,  poly(3-hydroxybutyrate-co-4-hydroxybutyrate) ~ (P3HB4HB)  has  no
antimicrobial properties. Therefore, the researcher is interested in improving the

antimicrobial property of food packaging by using an antimicrobial filler in the



packaging film. Lignin is an attractive choice due to its antimicrobial properties and
various benefits, such as oxygen barrier and UV protection. Moreover, lignin is a
readily available natural biomass, resulting in great interest in its use as an additive in

food packaging [9].

Most polymeric materials are hydrophobic and have low surface adhesion
properties [10]. For this reason, it is difficult to use polymeric materials for
applications where there is a need for adhesion, such as coating, and this limitation
makes improving the surface of the polymer before coating very necessary. One of
the most widely used pretreatment techniques in the plastics industry to improve
surface adhesion is corona treatment, which is superior to other techniques due to
its friendliness with the environment and does not affect the internal polymer (bulk
polymer). After the polymer material undergoes corona treatment, it will make the
surface hydrophilic, and the adhesion ability will increase because polar functional
groups are formed on the surface [10]. Therefore, this method seems feasible for

efficiently coating substances onto polymeric materials.

As for the film-forming method, the researcher is interested in using blown
film extrusion, doctor blading, and spray coating, as these are popular processes for
forming packaging films [11]. The antimicrobial properties and other properties of the
films formed by these three processes were compared to see what effects the

forming process had on their properties.

From various problems, this made the researcher interested in developing
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) film to have antimicrobial
properties by  mixing lignin  powder  with  poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB4HB), resulting in the prepared composite film that can resist
microorganisms. This research hopes to prepare composite films from blown film
extrusion, doctor blading, and spray coating processes with antimicrobial properties

and other properties important for food preservation.



1.2 Objectives of the research

1.2.1 To develop composite films as films with antimicrobial properties.

1.2.2 To study the effects of different processing methods between blown
film extrusion and doctor blading on the properties of the resulting P3HB4HB
composite films.

1.2.3 To study the antimicrobial properties of different processing methods

between blown film extrusion, doctor blading, and spray coating.

1.3 Scopes of the research

1.3.1 Prepare a composite film between P3HBAHB and antimicrobial agent at
appropriate ratios and PET film coated with antimicrobial agent.

1.3.2 Composite films and Coating films were prepared through three
processing techniques, blown film extrusion, doctor blading, and spray
coating.

1.3.3 Corona Discharge Treatment is used to increase the surface energy of
composite films.

1.3.4 Morphological, contact ansle, gas barrier, mechanical, anti-UV and
antimicrobial properties of all prepared P3HB4HB composite films were

studied.



Chapter 2
THEORY AND LITERATURE REVIEW

2.1 Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB)

Polyhydroxyalkanoates, often known as PHAs, are biodegradable aliphatic
polyesters created by microorganisms without harmful byproducts. PHAs have
outstanding processability, biocompatibility, flexibility, and barrier properties. These
characteristics make PHAs appropriate for use as films for food packaging. PHAs
display a wide range of different physical and mechanical properties, which are

dependent on the copolymer composition.

PHAs are classified into three types based on the number of carbon atoms on
the monomer side chain: short chain length PHAs (scl-PHAs) (1 to 3 carbon atoms),
medium chain length PHAs (mcl-PHAs) (4 to 9 carbon atoms), and long chain length
PHAs (lcl-PHAs) (more than 10 carbon atoms) [12, 13]. Depending on the monomer
composition and the chain length, PHAs exhibit a wide range of physicochemical
properties, from rigid to flexible thermoplastic elastomers. For example, scl-PHAs
tend to be hard and brittle, while mcl-PHAs tend to be soft and flexible, with little to

no crystallinity [12].

One of the most extensively researched PHAs for use in medical applications
and food packaging is poly(3-hydroxybutyrate, or P3HB for short. As a replacement
for traditional polymers, P3HB has limited utility due to its brittleness and thermal
instability during standard melt processing [14]. An intriguing alternate is poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB), which is made by copolymerizing
P3HB with 4-hydroxybutyrate (4HB) monomers. In its semicrystalline plastic form,
P3HB4HB has a 4HB concentration of less than 10 mol%, whereas in its fully
amorphous elastomer form, it can reach a 4HB content of more than 40 mol% [15].
When 4HB units are present, the processability and elongation at break tend to

increase. However, the 4HB units inhibit the crystallization so that the decrease of



the crystallinity degree reduces barrier properties of P3HB4HB [16, 17]. The chemical
structure of P3HB4HB is shown in Figure 2.1.

CHs 0

Figure 2.1 Chemical structure of P3HB4HB.
2.1.1 P3HB4HB in food packaging

In addition to its role in the storage of food, the primary purpose of
food packaging is to ensure the quality and safety of the food it contains. This
means that food packaging must prevent the physical, chemical, and microbial
spoilage of food at every stage of its lifecycle, from production to
consumption. The properties required for food packaging are listed on Figure

2.2.

Food
Antimicrobial function — packaging
"/ materials
Mechanical properties =~ / 7
Optical properties/ ’/'

/‘
/

Thermal properties  /

& Eco-friendly
.’ Barrier properties
“_ - Gas barrier
fa Aroma barrier
: Vapor barrier

Figure 2.2 Key highlights of biodegradable food packaging [18].



Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB) is a type of
biodegradable polymer that has gained attention for its potential applications
in packaging. Some advantages of P3HB4HB as a packaging material include the
following:

1. Biodegradability: P3HBAHB is a biodegradable polymer, which
means it can naturally break down into harmless substances by microorganisms
in the environment. This property makes it an environmentally friendly option
for packaging, as it can reduce the accumulation of plastic waste and reduce
pollution.

2. Renewable source: P3HB4HB can be produced from renewable
sources such as plant-based feedstocks or waste materials from agricultural or
food processing industries. This makes it a sustainable alternative to petroleum-
based plastics that are derived from fossil fuels.

3. Barrier properties: P3HB4HB has good barrier properties against
oxygen, moisture, and other gases, which can help to protect the packaged
contents from spoilage, degradation, and contamination. This makes it an
effective option for packaging perishable products or sensitive materials.

4. Mechanical properties: P3HB4HB has good mechanical
properties, including flexibility and toughness, which make it suitable for
packaging that requires durability and resilience. It can withstand handling,
transportation, and storage without compromising the integrity of the packaged

contents.

Aversa, Clizia, et al. [19] have studied the effect on barrier properties of
the PLA blends containing P3HBA4HB, as shown in
Table 2.1.
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Table 2.1 Composition of the PLA /P3HB4HB blends studied [19].

Sample PLA (wt%) P3HB4HB (Wt%)
CL10 90 10
CL20 80 20
CL30 70 30
CL40 60 40
CL50 50 50

The oxygen transmission rate (OTR) and water vapor transmission rate

(WVTR) analysis results of this work are presented in Table 2.2. The OTR value

decreased when the content of P3HB4HB was varied. The improvement of the

oxygen barrier could be attributed to the presence of P3HB4HB, which

inherently features lower permeability and to the crystallization effect caused

by P3HB4HB in PLA. Also, the WVTR value of the plastic films displays a

decreasing trend with increasing P3HB4HB content. Likewise, the decrease in

WVTR could be attributed to the increased crystallinity and hydrophobic of

P3HBA4HB.

Table 2.2 The barrier properties test results.

Sample OTR [cm3 /(m?.24 h)] WVTR [g/(m?%24 h)]
CL10 40.59 9.62
CL20 2217 4.03
CL30 17.84 3.41
CL40 13.39 2.93
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2.2 Lignin

Lignin is a type of aromatic heteropolymer that is cross-linked, and it is one of
the components of the plant cell wall, along with cellulose and hemicellulose. The
oxidative radical polymerization of coniferyl, sinapyl, and p-coumaryl alcohol, which
is involved in the biosynthesis of lignin, is driven by a sequence of enzymes that
includes laccases and peroxidases as main actors. This polymerization occurs during

the formation of lignin. [20, 21].

Cellulose
OH
OH
O, . .

HO 0 Lignin '° OH
H i OH o '@ o O-
; o Q HOO’Q’

0. O HO ]

H O
HO Hi p- coumaryl Smapyl Comferyl

liC;:@I(OH alcohol alcohol alcohol
H > @\F l l 1
Ho O OH Me Me Me
Ny

¥ >
p-hydroxyphenyl  Syringyl Gualacyl
unit unit unit

Hemicellulose

Figure 2.3 A overview of the lignocellulosic biomass structural components [9].

The terms guaiacyl, syringyl, and p-hydroxyphenyl units are used to refer to
these structural units once they have been incorporated into the lignin polymer [21].
Figure 2.3 shows the structure of lignin as well as the different building blocks that it
is composed of. Because lignin is produced through coupling reactions between
phenolic radicals, the molecular weight distribution and concentration of this
biopolymer are highly heterogeneous and can vary considerably depending on the

plant species [22].



12

2.2.1 Lignin in food packaging

Incorporating lignin can improve the mechanical and barrier properties
of food packaging films, two of the primary drawbacks of biodegradable
polymers. In addition, the integration of lignin can give the products and
packaging additional features, such as antioxidant and UV-barrier activities,

which are extremely important for food preservation (Figure 2.4).

Antioxidant
activity

Figure 2.4 Properties of lignin in a biodegradable polymer film [9].

Excellent lignin dispersion and compatibilization efficiency generally
enhance the material's mechanical properties. Lignin esterification, cross-linkers,
and polymer surface modification are all potential strategies that might be
implemented to prevent phase separation and improve the compatibility of

lignin with the polymer matrix. [23-26].

One of the primary reasons why food spoilage is because its lipids and
proteins have been oxidized. This process alters the appearance, flavor, and
odor of food, and it can also result in the production of harmful aldehydes
[27]. It is possible to avoid the oxidation of food by incorporating antioxidant
chemicals into the materials used for food packaging. These compounds work
as radical scavengers and delay the processes caused by radicals. Lignin is an
effective antioxidant, which makes it an appealing alternative because it is a

safe chemical that is friendly to the environment and natural, making it a great
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option. The phenolic functional group in the lignin structure, which can act as
radical scavengers, is the reason for lignin's ability to possess antioxidant
properties. Several studies have shown that the antioxidant activity of lignin is
increased when it has a higher phenol content, a lower molecular weight, and
narrower dispersities [28]. Lignin can absorb light in the UV range of 200-400
nm because of chromophores inside the structure [29]. This provides various
advantages for the food packaging industry, one of which is the ability to
protect food from the damaging effects of UV radiation. Because of the brown
hue of the lignin, it is essential to keep in mind that the polymer film will lose
some of its visual transparency due to the UV protection provided by the
lignin. Therefore, optimizing the lignin content and dispersion inside the

polymeric matrix is always essential.
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Figure 2.5 (a) Stress-strain curves and (b) tensile strength and elongation at

break of PU and PU composite films.

Wu, Liran, et al. [30] have investigated the impact that adding lignin has
on the characteristics of the PU film. In order to prepare the lignin nanoparticle
(LNP), Y-valerolactone (GVL) was used as the solvent. After that, the casting
process produced the composite film. The experimental results in Figure 2.5 (b)
showed that, when compared to PU, both the tensile strength and the
elongation at break were much more than usual. The tensile strength and the
elongation at break in the composite films containing 5%LNP reached their

maximum compared to others at 50.7 MPa and 755.8%, respectively.
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Figure 2.6 Contact angle of PU and composite films.

The surface wettability of the film was studied by measuring water
contact angle (WCA). As can be seen in Figure 2.6, the pure PU film has a WCA
value of 65.1° compared to the composite film, which significantly increased to
98.1° when 0.5% LNP was added. Additionally, the water contact angle of
composite films increased slowly with increased LNP content as the
composites were developed. The composite film with a 5% LNP component
obtained the highest WCA value of these composites. These results show that

lignin could enhance the hydrophobicity properties of the film.

Also, this research discovered that the PU film had a high level of
transparency in the UV light region; however, when LNP was added to the PU
film, it could block most of the UV spectrum. Based on the results, the

functionality of PU-LNP composite films steadily improved gradually.
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Boarino, Alice, et al. [31] have investigated the effect of lignin, which
improves the mechanical and barrier properties of PLA. They compare and
assess three distinct approaches to the formation of a film: PLA blends which

contain lignin; lignin nanoparticles; and PLA-grafted lignin nanoparticles (PLA-

LNPs).
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Figure 2.7 Mechanical properties of pure PLA and composite films with different

lignin content: (A) tensile strength, (B) Young’s modulus, and (C) elongation at break.

As shown in Figure 2.7, when compared to that of neat PLA, both the
tensile strength and Young's modulus of the blends were slightly reduced. The
elongation at break of the composite films increased when 1 wt% lignin was
introduced, and it gsrew even further when the lignin content was raised to 5
wt% across all three types of blend films. Despite this, increasing the lignin to
10 wt% decreased elongation at break for both the PLA/lignin and PLA/lignin
nanoparticle blends. This was most likely due to phase separation and the low
integration between the lignin and PLA. In contrast, PLA-LNPs showed further
elongation at break when the lignin content was increased from 5 to 10 wt%.
This can be explained by the existence of grafted PLA chains, which serve as

the basis of compatibilizers in the material.
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Figure 2.8 (A) oxygen permeability (OP) and (B) water vapor permeability
(WVP) of pure PLA and composite films.

A comparison was made between the oxygen and water vapor
permeability (Figure 2.8) of the various PLA/lignin blend films and the
permeability of pure PLA. These results, provided in Figure 2.8 (A)
demonstrate that the addition of lignin did not substantially impact the
oxygen permeability of the PLA films. In contrast, the results of a comparison
of the water vapor permeability show that blends have a somewhat lower
water vapor permeability when compared to pure PLA. However, there is a
substantial decrease in water vapor permeability for films that include lignin

or PLA-grafted nanoparticles when the lignin component is 10 wt%.
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Figure 2.9 Transmittance (%) of pure PLA and composite films with different

lignin content, recorded at (A) 280 nm and (B) 660 nm.
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The transmittance of PLA blend film was studied in two wavelengths of
light at 280 nm and 660 nm (Figure 2.9). According to these spectra, PLA is
highly transparent in UV and visible light regions, with high transmittance at
wavelengths above 280 nm. In contrast, as shown in Figure 2.9 (A), mixing PLA
with 1 wt % lignin affects the UV light region at 280 nm. Increasing the lignin
concentration of the blends to 10 wt% almost completely blocks the UV
region. In Figure 2.9 (B), PLA and PLA/PLA-LNPs showed more transparency in
the visible range than PLA/LNPs or PLA/lignin, which reflects the uniform
distribution of the PLA-LNPs in the PLA matrix.

2.2.2 Lignin as antimicrobial Agent

Lignin has recently acquired a lot of attention due to the fact that it is
easy to acquire, does not cost very much, and demonstrates some fascinating
antimicrobial functions. The natural ability of lignin to shield plants from the

attack of pathogens is the source of this compound's antibacterial effect [32].

Figure 2.10 Lignin antimicrobial action [9].

Antimicrobial, antifungal, and antiviral properties have been attributed
to the technical lignin that have been extracted from lignocellulosic biomass
and used in various investigations in the fields of biology and medicine
(Figure 2.10). Table 2.3 provides some examples of research that has been
conducted to explore the antimicrobial activity of different lignin when they

are dissolved in a solvent.
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Table 2.3 Examples of research examining the antibacterial effects of lignin in

solution [9]

Types of lignin ‘ Solvent ‘ Conc. (mg/mL) Microorganisms Reference

Bacteria

E. coli, S. aureus,

1. kraft lignin DMSO 15 Pseudomonas, Salmonella [33]
and Bacillus
2. pyrolytic lignin DMSO 5 E. coli and S. aureus [34]
Fungi

1. organosolv/
DMSO 1-20 A. niger [35]
Kraft lignin

Candida species and
2. organosolv lignin DMSO 0.48-0.025 [36]
Aspergillus species

Candida species and
3. organosolv lignin DMSO 0.5, 5, 10 [37]
Aspergillus species

Lignin's antimicrobial activity is almost always related to the phenolic
hydroxyl groups, which can cause damage to the bacterial cell membrane and
ultimately result in the lysis of the bacteria [38, 39]. The effectiveness of lignin
as an antimicrobial agent varies with and is dependent on the kind of bacteria

being targeted.

BuZzarovska, A.et al. [40] studied the antimicrobial properties tested for
gram-positive and gram-negative bacterial strains using PLA/alkali lignin films
prepared from the solution casting technique as a sample. As can be seen in
Figure 2.11, The PLA containing lignin carried moderate antimicrobial activity
against gram-positive bacteria such as S. aureus and E. faecalis. The PLA with
10% lignin greatly reduced the viability of gram-positive bacteria. However,
gram-negative bacteria have a different type of cell wall when compared with
gram-positive bacteria, so the films did not demonstrate antibacterial activity

when tested on gram-negative bacterial strains.
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Figure 2.11 Comparison of the antimicrobial activity against (a) E. faecalis

(b) S. aureus (c) E. coli (d) P. aeruginosa.
2.3 Surface modification

Most plastic is chemically inert and will not react chemically with other
substances due to its low surface tension. As a result, the plastic is unable to adhere
well to various coatings, adhesives, and inks. Therefore, surface modification is very
important when coating or printing for better adhesion properties. In most cases,
surface treatment is often used in coatings, laminates, etc. There are currently three

ways of surface modification [41-43].

1. Corona treatment
2. Flame treatment

3. Plasma treatment
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2.3.1 Corona treatment

The use of corona (corona treatment) is a simple process, and it is a
continuous production process. Using a high voltage and a frequency of about
1-100 kHz, the adhesion efficiency depends on the surface energy. The plastic's
surface energy must be higher than the surface energy of the substance to be

coated to make the adhesion occur better [41, 42].

The corona is caused by ionizing air that is ionized by electricity. The
corona charge is discharged to the surface of the polymer or plastic, which
improves the chemical bonding on the surface. However, surface modification
using corona only occurs on the surface of the plastic, about 0.01 microns in

depth, which will not affect the strength of the plastic.
2.3.2 Flame treatment

This method will increase the bonding ability of the material by
oxidizing the surface through the mechanism of free radicals. As a result, the
chain was cut short. and bonding links oxidation produces hydroxyl groups,
carbonyl, and amide groups at a depth of 4-9 nm. In addition, this method

resulted in higher surface tension and better wettability.
2.3.3 Plasma treatment

It is @ method to increase the adhesion to the surface of a material by
bombarding the particles on the surface with gas ions such as argon (Ar),
helium (He), nitrogen (N,), and oxygen (O,) at low pressure. As a result, the
surface of the material has the ability to wet the surface more and facial skin is

more sensitive to reactions.
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Chapter 3
EXPERIMENTS

3.1 Materials

To improve the antimicrobial properties of P3HBA4HB, lignin, organosolv was
supplied from Chemical Point in powder form. For P3HB4HB polymer, Ecomann
Thermoplastics Resin EM10080 (density 1.26, melt flow rate (MFR) of 2.5 ¢/10,
melting point 150 °C) was supplied from Ecomann. Chloroform was supplied by RCI
Labscan. Y-valerolactone (GVL) was purchased from Sigma-Aldrich. All materials were

consumed as received. Deionized (DI) water was also used in all the experiments.
3.2 Preparation of Lignin powder

This study used commercially available powders. Lignin powder was
granulated by lightly grinding with an alumina mortar and pestle and sieving with a
mesh of 53 microns in a sieve shaker. After that, Lignin powder was dried in an oven

at 80 °C for 12 h before being characterized in the next step.
3.3 Lignin powder characterizations
3.3.1 Morphology analysis

The surface morphology of lignin powder was observed by field
emission scanning electron microscopy (FE-SEM) (Quanta 250 FEG, FEI, Czech
Republic). The samples were prepared onto carbon tape and coated with gold,

operating at 15 kV. Digital images were captured at 2000x.
3.3.2 Thermogravimetric analysis (TGA)

The thermal stability of lignin powder was analyzed by a
thermogravimetric analyzer (TGA 1, Mettler-Toledo, Thailand). The mass of the

lignin powder is about 14 mg, and it was analyzed with a temperature range of
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25 to 800 'C at a heating rate 10 “C/min under a nitrogen atmosphere with a

constant N, purge gas flow (50 mL/min).
3.3.3 Differential scanning calorimetry (DSC)

The thermal behavior of lignin powder was analyzed by a differential
scanning calorimeter (DSC 1, Mettler-Toledo, Thailand). The DSC was carried
out with 5 mg of lignin powder under a nitrogen atmosphere with a constant
N, purge gas flow (50 mL/min). The temperature program contained three
stages: heating from 25 to 250 (heating rate 10 °C/ min), quenching from 250 to
-10 °C (heating rate 10 °C/min), and finally heating from -10 to 250 °C (heating

rate 10 “C/min).
3.4 Preparation of P3HB4HB/Lignin blends

P3HB4HB pellets and lignin powder were dried at 80 °C, for 12 h before use.
P3HBA4HB/Lignin blends were fabricated through a melt processing technique using a
twin-screw extruder (diameter [D] = 40 mm; length to diameter ratio [L/D] = 26;
LabTech Engineering Co. Ltd., model LE40-26, Thailand) with a temperature profile of
130, 130, 140, 140, 145, 145, 150, 150, 145 and 145 °C from the feeder to the die.
The screw speed was 50 rpm. After that, it was pulled through the water to be cut
with a pelletizer. The polymer blends were prepared with different amounts of lignin,

as shown in Table 3.1.

Table 3.1 Compositions under study.

Sample name

P3HB4HB (Wt%)

Lignin (wt%)

P3HB4HB 100 0
P3HB4AHB/LO.5 99.5 0.5
P3HBAHB/L1 99 1
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3.5 Preparation of P3HB4HB/Lignin composite films
3.5.1 Blown film extrusion

In this step, the polymer blend is formed into a film. The first step was
to put the prepared polymer blend pellets into an oven at 80 'C for 12 h. Then
the polymer blend pellets were blown into a film using a single screw extruder
(Collin, Blown film line BL 180/400E, Germany) with the temperature in the
barrel set to 130, 140, 145, 150, 130 and 130 C. The screw speed was 80 rpm.
The composite films were rolled through the roll, and the thickness of all

collected films was 70 microns.
3.5.2 Doctor Blading
3.5.2.1 Preparation of P3HB4HB/Lignin solution

First, P3HB4HB pellets and lignin powder were dried overnight at
80 C for 12 h before use. Then, P3HB4HB pellets were dissolved in
chloroform at 10 wt % and stirred at room temperature for 12 h.
Meanwhile, lignin was also stirred in chloroform (concentration 10
mg/mL) for 12 h. The solutions were then mixed and stirred overnight.
The composite films' lignin content varied by adjusting the volumes of

the P3HB4HB solution and the lignin dispersions.

3.5.2.2 Preparation of composite films

In this step, the composite films were prepared by doctor blade
technique using a P3HBA4HB/Lignin solution. The composite films were
fabricated by a doctor blade film coater (Tmax Battery Equipments,
model TMAX-MS-ZN320B, China) at a speed of 7 cm/min with a fixed
doctor blade gap of 0.25 mm at room temperature. The films were left
to dry for 24 h at room temperature under the fume hood and finally for
24 h in a vacuum oven at 50 °C. A film with 70 microns in thickness was

obtained.
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3.5.3 Spray coating
3.5.3.1 Preparation of lignin solution

First, lignin powder was dried overnight at 80 C for 12 h before
use. Then, lignin was dissolved in Y-valerolactone (GVL) at 10 mg/mL for
12 h. After that, the lignin solution was stored in a Duran bottle for use in

the next step.
3.5.3.2 Corona treatment

Since plastic films generally have a low surface tension, the
plastic cannot adhere well to the coating. Therefore, surface modification
is very important in film coating. In this step, the surface of the PET films
is pretreated by using a corona treatment which was carried out under
room temperature conditions. Before pretreatment, the PET films were
wiped clean with distilled water and then dried at room temperature to
remove all contaminants. The PET films were placed on the plane anode
electrode, setting the gap between the plane and the pointed cathode
electrode at 1.5 cm. The pointed cathode electrode was connected with
a dc power supply (Matsusada Precision Inc., 0-30 kV adjustable,
maximum current 1.33 mA). After that, The PET films were treated by a
corona discharge machine (Nuclear Engineering, Chulalongkorn University,
Thailand) with an applied voltage of 12 kV and current of 0.30 mA) for

about 3 min.
3.5.3.3 Preparation of PET films coated with lignin

In this step, the lignin solution from above was poured into a
Flairosol spray bottle. Once the solution was ready, the lignin solution
was sprayed four times from a Flairosol spray bottle, distributing the

aerosols into the surface of the films. After that, the films were left drying
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for 24 h at room temperature under the fume hood before being

characterized in the next step.

In this study, P3HB4HB/Lignin composite films and PET films coated with

lignin were analyzed to compare the properties resulting from different processes. All

the film's characterization techniques are shown in Table 3.2.

Table 3.2 Composite and coated films characterization techniques.

Blown Film Extrusion Doctor Blading Spray Coating
Pure LO.5 L1 Pure LO.5 L1 Uncoated Coated
1. FE-SEM v v v N/A v v N/A N/A
2. Contact angle v v v v v v v v
3. OTR v v v N/A v v N/A N/A
4. WVTR v v v N/A v v N/A N/A
5. Mechanical v v v v N/A N/A N/A N/A
6. Anti-UV v v v N/A v v v v
7. Antimicrobial N/A N/A v N/A N/A v N/A v

3.6.1 Morphology analysis

The surface morphology of composite films was observed by field

emission scanning electron microscopy (FE-SEM) (Quanta 250 FEG, FEI, Czech

Republic). The samples were prepared onto carbon tape and coated with gold,

operating at 5 kV. Digital images were captured at 5000x.

3.6.2 Water contact angle analysis

The surface wettability of composite films was measured using a

contact angle instrument (DMe-210, Kyowa, Japan). The samples were cut into

3 cm x 3 cm and placed on a glass slide. Then, 3 pL of deionized water was

dropped on the surface of the films. The contact angle was analyzed using
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FAMAS software. All surface contact angle values of composite films were
reported as the average values of at least five measurements at different

positions on the sample surface.
3.6.3 Barrier properties analysis

The oxygen transmission rate (OTR) of composite films was measured
by using oxygen permeation analyzer (OX-TRAN 2/21, Mocon, USA) following
the ASTM D3985 standard. The test was performed at 23 °C and 0% relative
humidity (RH), using a 40 cm®/min oxygen flow rate. The samples were cut into
a circle mold of equipment with a 5 cm? surface area. In order to achieve the

precise value, four films were tested.

The water vapor transmission rate (WVTR) of composite films was
measured by using water vapor permeation analyzer (PERMATRAN-W Model
398, Mocon, USA) at 23 °C and 0% relative humidity (RH) according to ASTM E-
2

398. The samples were cut into a circle mold of equipment with a 5 cm

surface area. In order to achieve the precise value, four films were tested.
3.6.4 Mechanical properties analysis

The composite films thicknesses were measured at five points using a
Digimatic thickness gauge at random locations on the film sample. The tensile
test of all P3HB4HB/Lignin composite films was measured according to ASTM
D882 using Universal Testing Machine (Instron 5567, NY, USA) with 70 microns
thick film samples cut in the machine direction (MD). For each composition, 10

specimens were prepared and tested.
3.6.5 Anti-UV activity analysis

A UV-Vis Spectrophotometer (SP-UV 300, Spectrum Instruments, Perkin
Elmer company, U.K) determined the anti-UV activity of composite films. The
samples were cut into 4 cm x 2 cm and placed directly in a spectrometer test

cell; the transmittance was measured from 200 to 800 nm. In addition, the film
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was cut to a size of 2 cm x 3 cm and placed over Chulalongkorn University
(CU) logo to observe the transparency of the composite film with the naked

eye.
3.6.6 Antimicrobial activity analysis

The antimicrobial activity of composite films was analyzed in a
quantitative way by modifying the test for antimicrobial activity and efficacy (JIS
Z 2801:2006) of the samples. In brief, the control and sample materials were
cut into squares 5 cm x 5 cm and sterilized by UV exposure for 2 h. The tested
side was inoculated with 0.4 mL inoculum and placed in a covered petri dish.
The samples were incubated at 37 °C and 90% RH for 24 h. After incubation,
the colonies on each of the dishes were counted to calculate the number of
viable cells. The CFU/mL of each replica was determined, and their mean

values were recorded. Each sample was repeated 3 times. The testing method

and microorganisms that be used are shown in Table 3.3.

Table 3.3 Testing Method of JIS Z 2801.

Inoculum amounts/
Microorganisms Method Incubation condition
Samples size
Staphylococcus aureus 37 °C and 90% RH for
JIS Z 2801 : 2006 0.4mL/5cmx5cm
(S. aureus) 24 h
Bacillus subtilis 37 °C and 90% RH for
JIS Z 2801 : 2006 0.4mL/5cmx5cm
(B. subtilis) 24 h
Escherichia coli 37 °C and 90% RH for
JIS Z 2801 : 2006 0.4mL/5cmx5cm
(E. coli) 24 h
Pseudomonas aeruginosa 37 °C and 90% RH for
JIS Z 2801 : 2006 0.4 mL/5cmx5cm
(P. aeruginosa) 24 h
37 °C and 90% RH for
Candida albicans JIS Z 2801 : 2006 A 0.4 mL/5cm x5cm
24
Aspersgillus niger JIS Z 2801 : 2006 37 °C and 90% RH for 0.4mL/5cmx5cm
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(A. niger) 24 h
Calculation
B-A
% Reduction = ( — ) x 100
B
Where:

B = Number of viable microorganisms before test

A = Number of viable microorganisms after test

Noted:

- (% Reduction) = Number of viable test microorganisms after test higher than

number of viable test microorganisms before test
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Chapter 4
RESULTS AND DISCUSSION

4.1 Characterization of lignin powder

4.1.1 Morphology

The morphology of lignin powder was analyzed by field emission
scanning electron microscopy (FE-SEM) at 2000x magnification. It can be seen
from Figure 4.1 that lignin powder consists of large agglomerates, which are
composed of fine lignin particles and have a polygonal shape. The FE-SEM

micrograph of lignin powder shows a particle size distribution of approximately

10 to 30 microns.
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Figure 4.1 SEM image of lignin powder at 2000x magnification.

4.1.2 Thermal stability

The thermal stability of lignin  powder was analyzed by
thermogravimetric analysis (TGA), and the thermogram is shown in Figure 4.2.
The thermal degradation of lignin powder shows two steps of degradation. The
first step is in a temperature range of 100 to 125 °C due to the evaporation of
absorbed and intermolecular H-bonded water [44]. After 125 °C, the mass

remains constant up to 210 °C. However, The second step is the main
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degradation step in a temperature range of around 210 to 500 °C, which was
attributed to the release of aliphatic linkages, aromatic rings, aryl ethers, and
esters [45]. After 500 °C, the mass loss continued gradually but weakly

compared with the previous steps.
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Figure 4.2 TGA thermogram of lignin.

4.1.3 Thermal behavior

The thermal behavior of lignin powder was analyzed by Differential
scanning calorimetry (DSC), and the thermogram is shown in Figure 4.3. DSC
analysis was used to determine the glass transition temperature (Tg) of lignin,
which is needed for the blending of thermoplastic in the extrusion process.
This Tg value indicated that this temperature corresponded to the change from
a ¢lassy state to a rubbery state. From the thermogram, the glass transition

temperature determined for the lignin is 135.3 °C.
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Figure 4.3 DSC thermogram of lignin.

4.2 Characterization of composite film

The characterization results in this work will have four different processes. The
researcher will set the films named B-P3HB4HB/LX, C-P3HB4HB/LX, and D-
P3HBAHB/LX, where B represents the blown film extrusion, C represents the cast film
extrusion, D represents the doctor blading, and X represents the weight percentage

of lignin (0.5% and 1%) in the P3HBA4HB film.

4.2.1 Morphology

Morphology analysis can be used to investigate how lignin content
affects the miscibility of lignin with P3HB4HB. The cross-sectional morphology
of P3HB4HB and composite films in the machine direction were analyzed by
field emission scanning electron microscopy (FE-SEM) at 4000x and 5000x
magnification. It can be seen from Figure 4.4 that when compared between

blown film extrusion and doctor blading, the image of P3HB4HB film clearly
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defined a rough, layered surface with particles that are distributed across the
surface. In the doctor blading process, the particles are large ellipsoids
distributed over the surface because of blade movement. However, the blown
film process makes the particles smaller and more spherical. These spherical
particles were found to be less with a decrease in P3HBAHB content,
respectively. This is because the material is subjected to high shear forces
during the extrusion process due to the movement of the screw or the
extrusion die. These shear forces can cause mechanical breakdown and
fragmentation of the particles present in the material. The extrusion process
also involves heating the material to a molten state, making it more
susceptible to particle size reduction. When lignin is added to P3HB4HB, the
fracture surfaces of FE-SEM images of P3HBA4HB/L0.5 and P3HB4HB/L1 of both
blown film and doctor blading look the same. There were no detectable voids
or indications of separation of the phase into 2 phases. The results indicate

that the low lignin content was well distributed in P3HB4HB.
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Figure 4.4 SEM images of P3HB4HB and composite films: (a) B-P3HB4HB
(b) B-P3HB4HB/L0.5 (c) B-P3HB4HB/L1 (d) D-P3HB4HB (e) D-P3HB4HB/LO.5
(f) D-P3HBA4HB/L1
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4.2.2 Water contact angle

The surface wettability of P3HB4HB and composite films were
determined by measuring the water contact angle (WCA), which was also used
to estimate the hydrophilicity or hydrophobicity of a film surface. The results
are displayed in Table 4.1, as the WCA value of pure P3HB4HB film that formed
from the blown film extrusion process was only 97.4° when compared with the
doctor blading process because blown film extrusion had higher surface energy.
As the film is stretched during the process, the polymer chains within the
material align and become oriented in a specific direction. This molecular
orientation increases the surface energy because the aligned chains create a
more ordered and exposed surface. The WCA value of pure P3HB4HB from the
doctor blading process was 103.5°, which can be attributed to chloroform
making the films more hydrophobic. The WCA value of the composite film
increased significantly in both processes after L0.5 and L1 were added into the
film. These findings demonstrated the composite film's improved hydrophobic

performance, primarily due to the lignin in the P3HB4HB film.

Table 4.1 WCA of P3HB4HB and composite films compares with different

processes.
WCA (°)
Samples
Blown Film Extrusion Doctor Blading
P3HB4HB 97.4+£3.2 103515
P3HB4HB/L0.5 98.4+1.6 104.7+£1.0

P3HB4HB/L1 101.5+1.8 105.3+2.3
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In the next part, when comparing PET film treated and untreated as a
result of Table 4.2, it can be seen that PET treated by corona discharge has a
WCA value that gradually decreased from 72.4° to 56.0°, because the surface
energy of the film increased due to surface modification from corona
treatment and also improved the hydrophilicity of the PET film, This is to
make the surface of the film to be coated with lignin have good adhesion.
When lignin was sprayed onto the film surface, the composite film's WCA
value improved in all untreated and treated films, similar to the previous two

processes above.

Table 4.2 WCA of PET film both uncoated and coated with lignin solution.

WCA (°)
Samples
Uncoated Coated lignin
PET untreated 724+1.7 75.8+2.0
PET treated 56.0 +2.6 80.0+2.7

4.2.3 Barrier properties

Essential for extending the shelf life of food by delaying oxidation and
spoilage are barrier properties that prevent the entry of water vapor and
oxygen. The results of the oxygen transmission rate (OTR) of P3HB4HB and
composite films are shown in Figures 4.5. It can be seen that pure P3HB4HB
film from blown film extrusion has an OTR value less than doctor blading due
to the stretching and aligning its polymer chains in the machine and transverse
direction [46]. This alignment reduces the gaps and pathways through which
gases or liquids can pass, resulting in lower permeability. As a result, the film
becomes more effective at blocking the passage of oxygen and moisture. When
LO.5 and L1 were incorporated into the film, the OTR value of composite film
that formed blown film extrusion was a similar decrease from 3532.77 to

1259.74 and 1251.69 cc/m2.day, respectively. Also, in the doctor blading
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process, the OTR value of the composite film was significantly decreased
because the lignin particles that made the diffusing oxygen molecules followed
more tortuous pathways to diffuse through the composite films [47]. As a

result, a significant increase in gas barrier performance occurred.
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Figure 4.5 Oxygen transmission rate (OTR) of P3HB4HB and composite films

compares with different processes.

Next, the results of the water vapor transmission rate (WVTR) of
P3HB4HB and composite films are shown in Figures 4.6. It can be seen that
pure P3HBA4HB film from doctor blading process has a WVTR value lower than
blown film extrusion because of the film's hydrophilicity, which affects its
interaction with water molecules. Hydrophilic materials tend to have a higher
WVTR as they attract and absorb water vapor more readily, allowing it to pass
through the material. In contrast, hydrophobic materials repel water vapor and
exhibit lower WVTR. As a result, in Table 7, doctor blading has the highest WCA
value compared to blown film extrusion. When L0.5 and L1 were incorporated

into the film, the WVTR value of composite film formed by blown film
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extrusion and doctor blading process decreased because lignin has many OH
functional groups, the OH functional groups usually cause increased water
absorptivity (WA), while WA is proportional to WVTR [48]. The decreased WVP
values with increased lignin in the result shown in Figure 16 might be because

water molecules are trapped due to hydrogen bonding with OH groups [49].
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Figure 4.6 Water vapor transmission rate (WVTR) of P3HB4HB and composite

films compares with different processes.
4.2.4 Mechanical properties

Mechanical characterization of P3HB4HB and composite films were
conducted on samples in the machine direction, and the mechanical
properties are presented in Figure 4.7. As shown in Figure 4.7 (a), the stress-
strain curves of the P3HB4HB exhibited an elastic region, clearly indicating the
ductility of the materials. When L0.5 and L1 were incorporated into the film,
the behavior of the composite film changed to more brittle. In Figure 4.7 (b),
the composite film's modulus and tensile strength significantly decreased with
the increase of lignin content from 71.19 to 49.96 and 570 to 3.63,
respectively. The elongation at break slightly decreased from 69.92 to 37.60
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when 0.5 wt % filler was incorporated and even further upon increasing the

lignin content. This also resulted in toughness due to lignin obstructing chain

mobility and reducing flexibility. Therefore, adding low lignin content induces

weaker mechanical properties than the pure polymer matrix because lignin

hinders the long-range ordering of P3HB4HB molecules.
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Figure 4.7 Tensile test results (a) Stress—strain curves (b) Young’s modulus and

tensile strength (c) Elongation at break and toughness of P3HB4HB and composite

films.

As a result of Figure 4.7 (c), when lignin incorporates into the composite

film, elongation at break and toughness will decrease with the same as tensile
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modulus and tensile strength it also because of lignin hinder the arrangement
ordering of P3HB4HB molecules and in nature lignin relatively brittle and lacks

the ductility make the toughness of P3HB4HB decrease.

4.5.5 Anti-UV activity

Exposure to UV light can reduce the food shelf life, so the film
packaging should provide UV protection to the food while maintaining the
product visible to the stripped eye. The anti-UV activity of P3HB4HB and
composite films was investigated using UV-vis spectroscopy by measuring the
transmittance in two wavelength ranges: UV (250-400 nm) and visible light (400-
800 nm). As a result of Figure 4.8 (a-b), the pure P3HB4HB film showed a
prevented transmittance in the UV light region, whereas the addition of lignin
to the P3HBAHB film could protect a small part of the UV spectrum at 300-400
nm. The outstanding anti-UV performance was attributed to the abundant

phenolic hydroxyl groups in the lignin, which showed intense UV absorption.
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Figure 4.8 UV-vis transmittance spectra of P3HB4HB and composite films

(a) blown film extrusion (b) doctor blading

Figure 4.9 shows that the pure PET film has a transmittance of about

80% in the UV region. When spraying lignin on the PET film, it could protect a
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small part of the UV spectrum at 300-400 nm. Like the previous result, the

outstanding anti-UV performance was attributed to the abundant phenolic

hydroxyl groups in the lignin, which showed intense UV absorption.
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Figure 4.9 UV-vis transmittance spectra of PET film both uncoated

and coated with lignin solution.



Figure 4.10 Photographs of composite films on the CU logo.

4.5.6 Antimicrobial activity

From the antimicrobial activity analysis of composite films shown in
Figure 4.11, it was found that both P3HB4HB and PET containing lignin show
good inhibition performance against gram-positive bacteria (S. aureus and B.
Subtilis) by reducing bacteria viability due to gram-positive bacteria having a
thinner cell wall, which is easily destroyed by lignin's phenolic hydroxyl groups,
inhibiting bacterial growth [50]. On the other hand, PET/L did not exhibit
antimicrobial activity on B. subtilis because the viable cells were increased after
24 h. Next, the film result does not show good antimicrobial activity in gram-
negative bacterial strains (E. coli and P. aeruginosa), probably due to the
differences existing in the bacterial cell wall. In the fungi species, B-P3HB4HB/L1
show an excellent antimicrobial performance against Candida albicans and A.
niger when compared to other films. Most films are effective against Candida

albicans, but only the composite film from doctor blading can't inhibit it.
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Figure 4.11 Antimicrobial activity of composite and coated films.
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Chapter 5
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

The researcher successfully prepared bioplastic composite films between
P3HB4HB and lignin powders through blown film extrusion, doctor blading, and spray
coating. The effect of lignin was studied in terms of morphological, mechanical,

contact angle, barrier, anti-UV, and antimicrobial properties.

From the morphological analysis of the fracture surface of blown film
extrusion and doctor blading, visible voids or another phase in the polymer matrix
were not found. The results indicate that the lignin was well distributed in the
P3HB4HB matrix. From the contact angle analysis of blown film extrusion, doctor
blading, and spray coating, the results show that the WCA value of the composite
film was increased across the board for the three processes when L0.5 and L1 were

added to the film.

The barrier properties of composite films are essential for extending the shelf
life of food. The results show that the composite films with a lignin filler decrease
both OTR and WVTR from blown film extrusion and doctor blading process. It can be

concluded that lignin dramatically increases the barrier properties of composite films.

From the mechanical properties analysis, it was found that when lignin was
added, most of the mechanical properties of the composite films were reduced, and
the properties of the film changed from ductile to brittle. It is because lignin hinders

the long-range ordering of P3HB4HB molecules in the polymer matrix.

For the anti-UV properties of composite films, the exceptional anti-UV
performance of the lignin was determined to be due to the abundance of phenolic

hydroxyl groups inside the lignin, which demonstrated significant UV absorption.
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In terms of antimicrobial activity analysis, it was shown that most composite
films show excellent antimicrobial activity when against gram-positive bacteria and
Fungi. A %reduction higher than 90 was found in blown film extrusion when against
B. subtilis and Candida albicans, which shows the ability almost completely to

inhibit the growth of bacteria.
5.2 Suggestions

52.1 The mixing of lignin powder with poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) should be mixed as homogeneously as possible to reduce

the deviation from the analysis of various properties of the composite film.

5.2.2 The thickness of composite films between poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) and lignin powder from blown film extrusion and doctor

blading process should have the same consistency for both techniques.

5.2.3 In the spray coating technique, the solution of lignin sprayed should be

uniform and distributed over the film's surface.

5.2.4 The density of the composite film should be analyzed to support the

results of the analysis.

5.2.5 The blown film extrusion process should be preferred in packaging film
applications as it provides better properties in each aspect than other

processes.



10.

REFERENCES

Fadiji, T., M. Rashvand, M.O. Daramola, and S.A. Iwarere, A Review on
Antimicrobial Packaging for Extending the Shelf Life of Food. Processes, 2023.
11(2).

Brockgreitens, J. and A. Abbas, Responsive food packaging: Recent progress and
technological prospects. Comprehensive Reviews in Food Science and Food
Safety, 2016. 15(1): p. 3-15.

Han, J.H., D. Patel, J.E. Kim, and S.C. Min, Retardation of Listeria monocytogenes
growth in mozzarella cheese using antimicrobial sachets containing rosemary
oil and thyme oil. Journal of Food Science, 2014. 79(11): p. E2272-E2278.

Fadiji, T., T.M. Berry, CJ. Coetzee, and U.L. Opara, Mechanical design and
performance testing of corrugated paperboard packaging for the postharvest
handling of horticultural produce. Biosystems Engineering, 2018. 171: p. 220-
244,

Mangaraj, S., A. Yadav, L.M. Bal, S. Dash, and N.K. Mahanti, Application of
biodegradable polymers in food packaging industry: A comprehensive review.
Journal of Packaging Technology and Research, 2019. 3: p. 77-96.

Restuccia, D., U.G. Spizzirri, O.l. Parisi, G. Cirillo, M. Curcio, F. lemma, F. Puoci, G.
Vinci, and N. Picci, New EU regulation aspects and global market of active and
intelligent packaging for food industry applications. Food control, 2010. 21(11):
p. 1425-1435.

Marsh, K. and B. Bugusu, Food packaging—roles, materials, and environmental
issues. Journal of food science, 2007. 72(3): p. R39-R55.

Farber, J., Microbiological aspects of modified-atmosphere packaging
technology-a review. Journal of Food protection, 1991. 54(1): p. 58-70.

Boarino, A. and H.A. Klok, Opportunities and Challenges for Lignin Valorization
in  Food  Packaging,  Antimicrobial, and  Agricultural  Applications.
Biomacromolecules, 2023. 24(3): p. 1065-1077.

Johansson, K.S., Surface Modlfication of Plastics, in Applied Plastics Engineering



11.

12.

13.

14.

15.

16.

17.

18.

19.

a5

Handbook. 2017. p. 443-487.

Wang, Q., W. Chen, W. Zhu, D.J. McClements, X. Liu, and F. Liu, A review of
multilayer and composite films and coatings for active biodegradable
packaging. NPJ Sci Food, 2022. 6(1): p. 18.

Mehrpouya, M., H. Vahabi, M. Barletta, P. Laheurte, and V. Langlois, Additive
manufacturing of polyhydroxyalkanoates (PHAs) biopolymers: Materials,
printing techniques, and applications. Materials Science and Engineering: C,
2021. 127: p. 112216.

Gadgil, B.S.T., N. Killi, and G.V. Rathna, Polyhydroxyalkanoates as biomaterials.
MedChemComm, 2017. 8(9): p. 1774-1787.

Dufresne, A. and M. Vincendon, Poly (3-hydroxybutyrate) and poly (3-
hydroxyoctanoate) ~ blends:  morphology and  mechanical  behavior.
Macromolecules, 2000. 33(8): p. 2998-3008.

Chen, Z., Z. Zhao, J. Hong, and Z. Pan, Novel bioresource-based poly (3-
Hydroxybutyrate ~co -4 -Hydroxybutyrate)/poly (LacticAcid) blend fibers with
high strength and toughness via melt-spinning. Journal of Applied Polymer
Science, 2020. 137(32): p. 48956.

Crétois, R., N. Follain, E. Dargent, J. Soulestin, S. Bourbigot, S. Marais, and L.
Lebrun, Poly (3-hydroxybutyrate-co-4-hydroxybutyrate) based nanocomposites:
influence of the microstructure on the barrier properties. Physical Chemistry
Chemical Physics, 2015. 17(17): p. 11313-11323.

Che, X.-M.,, H.-M. Ye, and G.-Q. Chen, Effects of uracil on crystallization and
rheological property of poly (R-3-hydroxybutyrate-co-4-hydroxybutyrate).
Composites Part A: Applied science and manufacturing, 2018. 109: p. 141-150.
Keskin, G., G. Kizil, M. Bechelany, C. Pochat-Bohatier, and M. Oner, Potential of
polyhydroxyalkanoate (PHA) polymers family as substitutes of petroleum
based polymers for packaging applications and solutions brought by their
composites to form barrier materials. Pure and Applied Chemistry, 2017. 89(12):
p. 1841-1848.

Aversa, C., M. Barletta, and N. Koca, Processing PLA/P(3HB)4HB) blends for the



20.

21.

22.

23.

24.

25.

26.

27.

28.

a6

manufacture of highly transparent, g¢as barrier and fully bio-based films for
compostable packaging applications. Journal of Applied Polymer Science, 2023.
140(13).

Li, Y., L. Shuai, H. Kim, A.H. Motagamwala, J.K. Mobley, F. Yue, Y. Tobimatsu, D.
Havkin-Frenkel, F. Chen, and R.A. Dixon, An “ideal lignin” facilitates full biomass
utilization. Science advances, 2018. 4(9): p. eaau2968.

Vanholme, R., B. Demedts, K. Morreel, J. Ralph, and W. Boerjan, Lignin
biosynthesis and structure. Plant physiology, 2010. 153(3): p. 895-905.
Calvo-Flores, F.G. and J.A. Dobado, Lignin as renewable raw material.
ChemSusChem, 2010. 3(11): p. 1227-1235.

Sun, Y., Z. Ma, X. Xu, X. Liu, L. Liu, G. Huang, L. Liu, H. Wang, and P. Song,
Grafting lignin with bioderived polyacrylates for low-cost, ductile, and fully
biobased poly (lactic acid) composites. ACS Sustainable Chemistry &
Engineering, 2020. 8(5): p. 2267-2276.

Chung, Y.-L., J.V. Olsson, R.J. Li, CW. Frank, R.M. Waymouth, S.L. Billington, and
E.S. Sattely, A renewable lignin-lactide copolymer and application in biobased
composites. ACS Sustainable Chemistry & Engineering, 2013. 1(10): p. 1231-1238.
Boarino, A., A. Schreier, Y. Leterrier, and H.-A. Klok, Uniformly Dispersed Poly
(lactic acid)-Grafted Lignin Nanoparticles Enhance Antioxidant Activity and UV-
Barrier Properties of Poly (lactic acid) Packaging Films. ACS Applied Polymer
Materials, 2022. 4(7): p. 4808-4817.

He, X., F. Luzi, X. Hao, W. Yang, L. Torre, Z. Xiao, Y. Xie, and D. Puglia, Thermal,
antioxidant and swelling behaviour of transparent polyvinyl (alcohol) films in
presence of hydrophobic citric acid-modified lignin nanoparticles. International
journal of biological macromolecules, 2019. 127: p. 665-676.

Lai, W.-F. and W.-T. Wong, Design and Practical Considerations for Active
Polymeric Films in Food Packaging. International Journal of Molecular Sciences,
2022. 23(11): p. 6295.

Pan, X., J.F. Kadla, K. Ehara, N. Gilkes, and J.N. Saddler, Organosolv ethanol

lignin from hybrid poplar as a radical scavenger: relationship between lignin



29.

30.

31.

32.

33.

34.

35.

36.

37.

a7

structure, extraction conditions, and antioxidant activity. Journal of agricultural
and food chemistry, 2006. 54(16): p. 5806-5813.

Zhang, Y. and M. Naebe, Lignin: A review on structure, properties, and
applications as a light-colored UV absorber. ACS Sustainable Chemistry &
Engineering, 2021. 9(4): p. 1427-1442.

Wu, L., S. Liu, Q. Wang, Y. Wang, X. Ji, G. Yang, J. Chen, C. Li, and P. Fatehi, High
strength and multifunctional polyurethane film incorporated with lignin
nanoparticles. Industrial Crops and Products, 2022. 177.

Boarino, A., A. Schreier, Y. Leterrier, and HA. Klok, Uniformly Dispersed
Poly(lactic acid)-Grafted Lignin Nanoparticles Enhance Antioxidant Activity and
UV-Barrier Properties of Poly(lactic acid) Packaging Films. ACS Appl Polym
Mater, 2022. 4(7): p. 4808-4817.

Neutelings, G., Lignin variability in plant cell walls: contribution of new models.
Plant Science, 2011. 181(4): p. 379-386.

Vergara Lourencon, T., G.G. de Lima, C.S. Ribeiro, F.A. Hansel, G.M. Maciel, K. da
Silva, S. Winnischofer, G.I. de Muniz, and W.L. Magalhaes, Antioxidant,
antibacterial and antitumoural activities of kraft lignin from hardwood
fractionated by acid precipitation. 2021.

Matos, M., F.C. Claro, T.A. Lima, F. Avelino, F.A. Hansel, G.M. Maciel, D.
Lomonaco, and W.L. Magalhaes, Acetone: Water fractionation of pyrolytic lignin
improves its antioxidant and antibacterial activity. Journal of Analytical and
Applied Pyrolysis, 2021. 156: p. 105175.

Gordobil, O., R. Herrera, M. Yahyaoui, S. ilk, M. Kaya, and J. Labidi, Potential use
of kraft and organosolv lignins as a natural additive for healthcare products.
RSC advances, 2018. 8(43): p. 24525-24533.

de Melo, CM.L,, I.J. da Cruz Filho, G.F. de Sousa, G.A. de Souza Silva, D.K.D. do
Nascimento Santos, R.S. da Silva, B.R. de Sousa, R.G. de Lima Neto, M.d.C.A. de
Lima, and G.J. de Moraes Rocha, Lignin isolated from Caesalpinia pulcherrima
leaves has antioxidant, antifungal and immunostimulatory —activities.
International Journal of Biological Macromolecules, 2020. 162: p. 1725-1733.
Garcia, A.,, G. Spigno, and J. Labidi, Antioxidant and biocide behaviour of lignin



38.

39.

40.

41.

4z.

43.

44,

a45.

a8

fractions from apple tree pruning residues. Industrial Crops and Products, 2017.
104: p. 242-252.

Bouarab-Chibane, L., V. Forquet, P. Lantéri, Y. Clément, L. Léonard-Akkari, N.
Oulahal, P. Degraeve, and C. Bordes, Antibacterial properties of polyphenols:
characterization and QSAR (Quantitative structure—activity relationship) models.
Frontiers in microbiology, 2019. 10: p. 829.

Miklasil"]ska—f\/\ajdanik, M., M. K€pa, R.D. Wojtyczka, D. Idzik, and T.J. WQsik,
Phenolic compounds diminish antibiotic resistance of Staphylococcus aureus
clinical strains. International journal of environmental research and public
health, 2018. 15(10): p. 2321.

Buzarovska, A., J. Blazevska-Gilev, B.T. Pérez-Martnez, L.R. Balahura, G.G.
Pircalabioru, S. Dinescu, and M. Costache, Poly(l-lactic acid)/alkali lignin
composites:  properties, = biocompatibility, cytotoxicity and antimicrobial
behavior. Journal of Materials Science, 2021. 56(24): p. 13785-13800.

Xu, W. and X. Liu, Surface modification of polyester fabric by corona discharge
irradiation. European Polymer Journal, 2003. 39(1): p. 199-202.

Sellin, N. and J.S.d.C. Campos, Surface composition analysis of PP films treated
by corona discharge. Materials Research, 2003. 6: p. 163-166.

Vesel, A, I. Junkar, U. Cvelbar, J. Kovac, and M. Mozetic, Surface modification of
polyester by oxygen-and nitrogen-plasma treatment. Surface and Interface
Analysis: An International Journal devoted to the development and application
of techniques for the analysis of surfaces, interfaces and thin films, 2008. 40(11):
p. 1444-1453,

Kumar, A., Y. Singh Negi, V. Choudhary, and N. Kant Bhardwaj, Characterization
of Cellulose Nanocrystals Produced by Acid-Hydrolysis from Sugarcane Bagasse
as Agro-Waste. Journal of Materials Physics and Chemistry, 2020. 2(1): p. 1-8.
Collard, F.-X. and J. Blin, A review on pyrolysis of biomass constituents:
Mechanisms and composition of the products obtained from the conversion of
cellulose, hemicelluloses and lignin. Renewable and Sustainable Energy

Reviews, 2014. 38: p. 594-608.



ae.

ar.

48.

49.

50.

a9

Breese, D.R., E. Hatfield, A. Corning, J.P. Colletti, S.A. Raper, C. Benjamin, L. Bix, J.
Silbereis, R. Bakish, R.J. Hernandez, G.J. Huss, K.L. Yam, M. Ossberger, R. Lampi,
J.M. Lucciarini, R.L. Trottier, J. Brandenburg, E. Hanby, L. Potter, K.L. Yam, and
T.J. Dunn, M, in The Wiley Encyclopedia of Packaging Technology. 2009. p. 685-
806.

Wang, N., C. Zhang, and Y. Weng, Enhancing g¢as barrier performance of
polylactic —acid/lignin  composite  films throush cooperative effect of
compatibilization and nucleation. Journal of Applied Polymer Science, 2020.
138(15).

Park, CW., W.J. Youe, S.J. Kim, S.Y. Han, J.S. Park, E.A. Lee, G.J. Kwon, Y.S. Kim,
N.H. Kim, and S.H. Lee, Effect of Lignin Plasticization on Physico-Mechanical
Properties of Lignin/Poly(Lactic Acid) Composites. Polymers (Basel), 2019. 11(12).
Gilormini, P. and J. Verdu, On the role of hydrogen bonding on water absorption
in polymers. Polymer, 2018. 142: p. 164-169.

Huang, J., Y. Cheng, Y. Wu, X. Shi, Y. Du, and H. Deng, Chitosan/tannic acid
bilayers layer-by-layer deposited cellulose nanofibrous mats for antibacterial

application. Int J Biol Macromol, 2019. 139: p. 191-198.



APPENDIX

1. Preparation of P3HB4HB/Lignin blends

P3HB4HB pellets and Lignin powder were dried at 80 °C, for 12 h before use.
P3HB4HB/Lignin blends were fabricated through a melt processing technique using a
twin-screw extruder (diameter [D] = 40 mm; length to diameter ratio [L/D] = 26;
LabTech Engineering Co. Ltd., model LE40-26, Thailand) with a temperature profile of
130, 130, 140, 140, 145, 145, 150, 150, 145 and 145 °C from the feeder to the die.
The screw speed was 50 rpm. After that, it will be pulled through the water to be
cut with a pelletizer. The polymer blends were prepared with different amounts of

lignin, as shown in Table 3.1.

2. Preparation of P3HB4HB/Lignin composite films
2.1 Cast film extrusion

In this step, the polymer blend is formed into a film. The first step was
to put the prepared polymer blend pellets into an oven at 80 °C for 12 h and
then form them in a twin-screw extruder (Thermo Haake Rheomex, Germany)
with the temperature in the barrel set to 130, 130, 140, 140, 145, 145, 150, 150,
145 and 145 'C. The screw speed was 90 rpm, and a sheet ribbon die was used.
The composite films were rolled through the chill roll at 25 °C, and the

thickness of all collected films was 30 microns.

3. Characterization of composite film
3.1 Water contact angle

The surface wettability of P3HB4HB and composite films were
determined by measuring the water contact angle (WCA), and it was also used
to estimate the hydrophilicity or hydrophobicity of a film surface. The results
are displayed in Table 5.1 as it can be seen that the WCA value of pure
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P3HBAHB film that formed from the cast film extrusion process was 93.1°.
However, the result from Table 5.1 shows that the blown film has a higher
WCA value than the cast film because the surface roughness of the blown
process is higher than that of the casting process. Adding L0.5 and L1 to the
film raised the WCA value of the composite film. These findings demonstrated
the composite film's improved hydrophobic performance, primarily due to the

lignin in the P3HB4HB film.

Table 5.1 WCA of P3HB4HB and composite films from cast film extrusion.

Samples WCA (°)
P3HB4HB 93.1+15
P3HB4HB/LO0.5 97.0x21
P3HB4HB/L1 98.1+2.38

3.2 Mechanical properties

Mechanical characterization of P3HB4HB and composite films were
conducted on samples in the machine direction, and the mechanical
properties are presented in Figure 5.1. Figure 5.1 (a-c) shows the tensile test
results similar to the blown film process. It can be seen that when lignin
incorporates into the composite film, all of the mechanical properties were
decreased when compared with tensile strength, and elongation at break cast
film has better properties than blown film. Still, when compared to modulus,
blown film has a higher value than cast film because the molecular orientation

of the machine direction of the blown film is better than cast film.
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