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OZET

BAKTERIYEL SELULOZ VE POLIETILEN OKSIiT KARISIM FILMLERININ
HAZIRLANMASI VE KARAKTERIZASYONU

Bu calismada, cozelti dokiim yontemi ile 4 farkli bilesimde bakteriyel seliilloz (BC)
(Gluconacetobacter xylinus'un mikrobiyal fermantasyonu ile iiretilmis), polietilen oksit (PEO)
ve kitosan (CH) karisim filmleri hazirlanmistir. Karisimlarin hazirlanmasinda sabit oranda
CH-PEO (%85-%15) ve farkli miktarlarda BC (%0, %2, %4, %6) kullanilmistir. Hazirlanan
filmlerin detayli termal, mekanik, spektroskopik, morfolojik ve yiizey karakterizasyonu

caligmalar1 yapilmistir.

BC’un asit hidrolizi i¢in stilfiirik asit kullanilmis, taramal1 ve gecirimli elektron mikroskopu
(SEM&TEM) analizleri BC’un kristalin ve olduk¢a gozenekli bir yapiya sahip oldugunu
ortaya ¢ikarmistir. Atomik kuvvet mikroskopu (AFM) ile filmlerin yilizey piirtizIiligi
belirlenmis ve, BC miktari arttik¢a karisimlarin yiizey piiriizliiliigiiniin de arttigi gézlenmistir.
Hazirlanan filmlerin mekanik mukavemeti, stres-gerinim testleri ile belirlenmis olup, sonuglar
artan BC miktarinin gerilme degerinde ve kopma uzamasinda artisa neden oldugunu
gostermistir. Dinamik mekanik analiz (DMA) ile karisim filmlerin camsi geg¢is sicakliklari
(Tg) ve zincirlerin dolagsma yogunlugu (N) degerleri hesaplanmistir. Sonuglar, BC orani
arttikca karigimlarin hem Tg hem de N degerinin arttigin1 gdstermektedir. Karigimlarin termal
analizi i¢in diferansiyel taramali kalorimetri (DSC) ve termal gravimetrik analiz (TGA)
teknikleri kullanilmistir. BC ilavesi PEO'nun kristalinitesini bir dl¢iide bastirmis ve karisim
filmlerinin termal stabilitesini etkilemistir. CH ve BC herhangi bir erime noktasi
gostermediginden ve tiim karisimlarda CH— PEO orani sabit oldugundan, PEO'mun erime
noktasindaki diisiis BC ilavesinden kaynaklanmaktadir. BC partikillerinin gézenekli yapist
sayesinde zincirler arasindaki etkilesimi artirarak PEO’nun morfolojik yapisini bozdugu
diistiniilmektedir. BC partikiillerinin PEO zincirleri arasina girerek PEO’nun C-O-C eter
oksijeni ile hidrojen bag1 yapmasi kristal yapiy1 etkilemistir. Bu sonuglar literatiir bilgileri ile

de desteklenmektedir.

Bildigimiz kadariyla CH ve PEO'nun karisimlari {izerine literatiirde bir¢ok ¢alisma olmasina
ragmen, umut verici yeni bir aktif gida ambalaj malzemesi olabilecek BC dolgulu PEO-CH

karisimlarin karakterizasyonu hakkinda bir rapor bulunmamaktadir.



ABSTRACT

PREPARATION AND CHARACTERIZATION OF BACTERIAL CELLULOSE AND
POLYETHYLENE OXIDE BLEND FILMS

In this study, 4 different compositions of bacterial cellulose (BC) (produced by microbial
fermentation of Gluconacetobacter xylinus), polyethylene oxide (PEO), and chitosan (CH)
blend films were prepared by solution casting method. A fixed ratio of CH-PEO (%85-%15)
and different amounts of BC (%0, %2, %4, %6) were used. The detailed thermal, mechanical,
spectroscopic, morphological and surface characterizations of the blend films were

performed.

Acid hydrolysis was applied for the hydrolysis of BC and, scanning and transmission electron
microscope (SEM&TEM) analyses revealed that obtained BC has a highly porous structure.
AFM determined the surface morphology of the blend films and the surface roughness of
blends increased upon the increased amount of BC, which may be attributed to BC
enrichment on the blend film surface. Stress-strain tests determined the mechanical properties
of the blends, and an increased amount of BC resulted in a slight increase in the stress value
and elongation at break.

Glass transition temperatures (Tg) and degree of entanglement density (N) of the blend films
were calculated by dynamic mechanical analysis (DMA), and both were increased with the
amount of BC. The increase in T4 values was due to the filler effect of BC, which was placed
between PEO and CH chains, preventing segmental movements to some extent. Differential
scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) were used for the
thermal analysis of the blend films. The BC addition suppressed the crystallinity of PEO, and
the thermal stability of blends was slightly affected by BC. CH and BC do not display any
melting points and the ratio of BC to PEO is fixed in all blends. The decrease in melting point
of PEO in blend composition was due to the interaction between BC and PEO chains. It is
notable that the BC hindered the PEO crystallinity to some extent. This result was confirmed

by Fourier transform infrared spectroscopy (FT-IR) results.

Although many studies on CH and PEO blends has been found in the literature, to the best of
our knowledge, there is no report on the detailed characterization of the BC filled PEO-CH

blends which may be a novel promising active food packaging material.
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CLAIM FOR ORIGINALITY

PREPARATION AND CHARACTERIZATION OF BACTERIAL CELLULOSE AND
POLYETHYLENE OXIDE BLEND FILMS

CH, PEO, and linear bacterial polysaccharide cellulose (BC) are all versatile materials with
exceptional qualities. Although there are numerous studies on the blends of BC, CH, and PEO
with different polymers, to the best of our knowledge, there is no report on the
characterization of a BC filled PEO-CH blends films in the literature, which may be a novelty

and promising as active food packaging material.

BC has some superior properties such as purity, mouldability, crystallinity, porosity, tensile
strength, biodegradability, etc. Apart from BC, CH and PEO also have a wide range of

applications in several industries with superior properties.

Unlike previous studies, in this study, BC particles were added to the blend of PEO and CH
and its effect on the thermal, mechanical, morphological and surface properties was
investigated. A comprehensive characterization studies was performed to elucidate the
intermolecular interaction between BC particles and PEO and CH polymers. For this purpose,
FT-IR, DSC, TGA, DMA, SEM&TEM, and AFM techniques were used. The SEM and TEM
results showed that the BC has a porous surface structure, which was confirmed by the AFM
findings. BC's porous structure resulted in a relatively rough surface on the PEO-CH blend
films. FT-IR analysis of the blend films indicated the hydrogen bonds between CH and PEO.
It is notable that the addition of BC to the blend films resulted in an increased intermolecular

interaction leading to a more amorphous morphological structure.

TGA was performed to determine the effect of BC on the thermal stability of the blend films;
with the increase of BC in the blend formulation, PEO showed higher thermal stability and

lower weight-loss rate.

Since CH and BC did not show any melting point and the ratio of BC to PEO was kept
constant in all formulations, the melting peaks observed in the DSC thermograms were due to
the PEO melting behaviour. The melting point of PEO in blend films decreased with
increasing BC, which inhibited the PEO crystallinity to some extent.

vii



The effect of BC on the mechanical properties of the blend films were investigated by
performing their stress-strain tests. A slight increase in the elongation and strain values was

observed with the increasing amount of BC in the formulations.

DMA analysis was used to investigate the interaction between blend components. The higher
storage modulus indicates the higher interaction and entanglement between polymer chains.
BC increased the interchain interactions in the PEO-CH structure, which increased the
mechanical stability and regularity of the blend films. The results were further confirmed by
calculating the degree of entanglements of the blend films. It is notable that the BC acts as a

molecularly compatible polymeric filler between PEO-CH chains.
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SYMBOLS

B : Beta

AH : Enthalpy

E’ . Storage Modulus

E" : Loss Modulus

g : Gram

Hz . Hertz

J : Joule

m?2 : Meter square

mg : Miligram

min : Minute

mL > Mililiter

pum : Micrometer

mm : Milimeter

mPa : Megapascal

nm : Nanometer

°C : Celcius

rpm : Revolutions per Minute
Tan 6 : Damping

Tg . Glass Transition Temperature

Tm : Melting Temperature



ABBREVIATIONS

AFM : Atomic Force Microscopy
ANT : Anthocyanin
BC : Bacterial Cellulose

BCNW : Bacterial Cellulose Nano Whistle

CH : Chitosan

DD : Deacetilation degree

DI : Deionized

DMA : Dynamic Mechanic Analysis
DSC : Differential Scanning Calorimetry
DTG : Differential Thermal Gravimetry
FDA : Food and Drug Administration

GRAS : Generally Recognized as Safe

MW : Molecular Weight

N : Degree of entanglement density
PCL : Polycaprolactone

PEG : Polyethylene Glycol

PEO : Polyethylene Oxide

PHB : Poly(3-hydroxybutyrate)

PLA :Polylactic Acid

PMMA : Polymethylmethacrylate



RMS ‘Root-Mean Square
SEM : Scanning Electron Microscopy
TEM : Transmission Electron Microscopy

TEMPO : 2,2,6,6-tetramethylpiperidin-1-oxyl radical

TG : Thermal Gravimetry
TGA : Thermogravimetric Analysis
THY : Thymol

TOBC : TEMPO Oxidation
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1 INTRODUCTION

1.1 Aim and Significance of the Study

Food packaging plays a vital role in the world by preserving food and reducing food waste
along the distribution chain. Unfortunately, with increased package use comes increased trash
accumulation. Food is often packaged with materials that are not biodegradable and have
various aspects that make recycling them challenging. Biodegradable polymers derived from
natural resources have the potential to be used as raw materials in the creation of innovative
food packaging alternatives. BC has some superior properties such as purity, high water
holding capacity, crystallinity, porosity, biodegradability, high mechanical and chemical
strength. What's more, it is a transparent, non-toxic, non-allergenic natural and biocompatible

product, which makes it an ideal candidate as a food packaging material.

CH is the most available polysaccharide after cellulose with many advantageous properties
such as nontoxicity, semi-crystallinity, biodegradability, biocompatibility. Although CH has a
significant capacity for film formation, films made from pure CH have a comparatively high

tensile strength and poor flexibility.

PEO's water solubility, hydrophilicity, high viscosity, and biocompatibility make it low-toxic,
semicrystalline, bioadhesive, and mucoadhesive polymer. On the other hand, its film forming
capability is restricted when used alone. However, its flexibility and mechanical strength may
improve when mixed with other biocompatible polymers, making it a favored component for

blend formulations.

This thesis aimed to prepare biodegradable and biocompatible BC filled CH and PEO blend
films to investigate their potential as a novel food packaging alternative material. Other
primary goal was also their detailed characterization using thermal (DSC, TGA, DMA),
spectroscopic (FT-IR), mechanical (stress-strain test), morfological (SEM, TEM), surface
(AFM) techniques. The BC filled non-toxic biodegradable and biocompatible blend films
might be a novel promising active food packaging material. Thus, the blend films with

enhanced mechanical, and thermal properties specify the significance of this thesis.



1.2 Bacterial Cellulose

Cellulose was discovered by Payen in 1838. However, the first study on BC was published by
Brown in 1886. He studied the use of glucose as a carbon source in manufacturing cellulose,

which is generated by acetic acid bacteria [1, 2].

The most plentiful, affordable, and widely accessible linear polysaccharide in nature is
cellulose, which may obtained from plants or their wastes in the world. The fact that BC is
made by bacteria rather than plants is the primary distinction between the two types of
cellulose. Plant cellulose and BC have the same chemical content but different physical
properties. Compared to cellulose derived from plants, BC has a structure that does not
include pectin, lignin, or hemi-cellulose, which results in a higher level of chemical purity [3,
4]. Because it needs to be isolated from lignin and hemicellulose, obtaining cellulose from
plants in its purest form is a challenging and expensive process [5]. In addition, the decline in
the amount of land covered by forests has resulted in the search for alternate sources of
cellulose. Research studies on BC have shown that although sharing the same chemical
structure as cellulose from plants, BC is fundamentally different in its macromolecular

structure and properties.

The degree of polymerization is generally between 2000-6000 [6], but in some cases, it
reaches 16000 or 20000 [7]. On the other hand, this value varies from 13000 to 14000 on

average in plants [8].

The surface area of BC is 200 times larger than plant cellulose [9, 10, 11]. Moreover, BC
microfibrils are 100 times more refined and porous than plant cellulose [12, 13, 14, 15].
However, the fibril size, surface area, and porosity of BC are not always constant and may
change over time depending on the production conditions, culture medium, and composition
[13].

The bacterias that produce BC have different structures, morphologies, applications and
properties compared to the production sources of cellulose. Acetobacter xylinum, also known
as Guluconobacter xylinum, is the most abundant bacteria source, followed by Acetobacter
hansenii and Acetobacter pasteurianus. It has also synthesised commonly available BC [16,
17].

It consists of a linear chain of several B-linked D-glucose units, as shown by the chemical

formula (CeH100s)n, where the number of units varies from hundreds to thousands depending



on the molecular weight of cellulose. Figure 1.1 shows the molecular formula of cellulose.

Cellulose is most commonly used in producing paper and paper products [18].

Figure 1.1. Molecular structure of BC [18]

In general, BC has some superior properties such as more purity, mouldability, crystallinity,
hydrophobicity, porosity, tensile strength, biodegradability, water holding capacity, high
thermal and chemical stability, mechanical strength, high degrees of polymerization, ultrafine
nanoscale fibrous network and biological affinity compared to plant sourced cellulose [18, 19,
20, 21, 22, 23, 24]. Moreover, BC has a higher specific surface area (37 m?/g), higher aspect
ratio and lower bulk density [16]. Especially purity, water holding capacity, biocompatibility
[16], biodegradability [16] and nano-scale arrangement of BC make it a biocompatible
material [25]. Moreover, BC is a transparent, non-toxic and non-allergenic natural product
[4]. Depending on the production method, type of bacteria, and conditions of production, the
size and shape of BC can be adjusted, giving it diverse application areas [12, 26].

In dried form, BC has extraordinary mechanical properties due to its crystalline nanofibrillar
network [4]. Dry cellulose with a thickness of 0.01-0.5 mm can transmit sound waves quickly
[9, 27, 28]. This feature allows the BC to be used as an acoustic membrane [27, 28, 29].

Several studies of BC and BC derivatives are being conducted to develop new films. Various
polymers are blended with BC films to enhance or modify their properties and to increase the
range of applications. There are two primary methods for obtaining BC with other polymers
without compromising the film structure obtained during fermentation. One method is to
include desirable agents in a fermentation medium. The BC films can also be deposited in the

desired polymer solution bath. The most common application is as a reinforcing agent, using

3



nanocrystals or nano-whiskers of BC. Strong acids are typically used to hydrolyze BC films,
breaking down the material's structure into nanofibers or nanocrystals [30]. The nanocrystals
obtained have a high crystalline structure [22].

1.2.1 Production Methods of BC

BC’s quality may change depending on the fermentation culture medium, microorganism,
temperature, pH, growth circumstances (nutrition and oxygen), purification procedure, and
drying methods [17, 23]. Classical cultural environment; it consists of a carbon and nitrogen
source between pH 4-6 and other components necessary for bacterial growth. BC production
efficiency increases when an abundant carbon source and a limited nitrogen source are
available [31]. Because of the high cost of the carbon sources used in BC production, they are
not used on a large scale [31, 32, 33]. Attempts have recently been made to lower production
costs by employing industrial, forestry, and agricultural waste as carbon sources in BC
production. Food processing wastes [34], beet and sugarcane molasses [35], various fruit
wastes [33, 36], rice husk [37], wheat straw [38], cotton waste [39], coffee husk [40], olive
milling residue [41], waste brewer's yeast [42], date syrup [43], and tree extracts [44] have

been used in the production of BC in studies that are carried out so far [17].

The most popular application is utilizing nanofibers or nanowhiskers of BC as a reinforced
material. BC is kept to hydrolysis using strong acids, splitting the structure into nanofibers or
nanocrystals [45].

BC can be produced by several methods. Common production methods of BC are static
culture method, agitated/ shaking culture method and bioreactor method. BC may show
different physical, morphological and characteristics depending on the production method.
The technique that is used to dry the BC affects its form, porosity, and mechanical
characteristics [23]. The production conditions should be specified according to the desired
product [17].

The most common techniques for separating the water are air drying at room temperature and
oven drying. Freeze drying is another alternative in which water is frozen and then sublimed.
Although the morphology and porosity of the fiber are preserved in this method, it
deteriorates during drying at room temperature. Additionally, it was found that there was no
appreciable difference in fiber diameter depending on the drying process and that BC films

dried at ambient temperature had lower crystallinity than freeze-drying films [2, 23].



1.2.1.1 Static Culture Method

The most popular and conventional method is the static culture method which provides the
perfect structure and properties. The gelatinous form of BC ends up at the surface of the

nutrition medium [17].

The static culture method has a low production rate and high cost. Therefore, the traditional
static culture method limits cost-effective production and industrialization. The need for cost
and industrialization has led to the exploration of new production methods. So, production

methods of less expensive wastes and different types of bacteria have been tried [2, 46].

Culture time, bacterial strains, and nutrition time affects the production of BC.
1.2.1.2 Agitated/ Shaking Culture Method

The slow and costly production rate of the static culture method created the shaking/shaking

method.

There is a direct correlation between the amount of oxygen and the production of BC, but also
excessive oxygen reduces production efficiency. Therefore, it is critical to optimize the
amount of oxygen [17].

The products are obtained in the form of asterisk-like, sphere-like, pellet-like or irregular
masses with the agitated/shaking culture method [17]. Rotational speed, bacterial strains, and

culture time affects the production of BC.

Unfortunately, due to its low efficiency and high cost of production, this culture method is
unsuitable for utility or industrial scale production. When the static culture method and the
agitated culture method were compared, it was discovered that the production of BC was not
greatly increased by the agitated culture method [46]. The crystallization coefficient and
crystal size of cellulose obtained by agitated culture are smaller than that obtained by static
culture [47].

1.2.1.3 Bioreactor Method

As previously described, the agitated culture method did not significantly increase the
production of BC. The use of bioreactors has emerged as a result of new searches for high

productivity, low cost and industrial scale production [46].



Numerous efforts have been undertaken in this direction, and several reactors that have been
created to boost BC synthesis productivity are being examined. Enriched oxygen bioreactors,
rotating disc bioreactors, modified static bioreactors, etc. have been reported to produce more
efficient BC. Rotational speed, bacterial strains and culture time affected the production of

BC according to investigations of the bioreactor method [2, 46].

1.2.2 Applications of BC

There are numerous ways to apply and use BC and BC derivatives in diverse regions such as
food industry, cosmetics, waste purification, parchment, optoelectronic, bioelectronics,
biosensors, security paper, electric instrument, batteries, e-paper and e-book tablets etc. [26,
48].

BC can be in various shapes such as slice, powder, slurry, beads, pieces, sponges, cubes and

film for different purposes [12].
1.2.2.1 Biomedical and pharmaceutical Industry

The water holding capacity and the water release rate are one of the most important properties
for biomedical applications [13].

BC and BC-based composites can be used for dental grafting, artificial cornea, artificial skin,
wound dressing, drug delivery system, bone tissue engineering, meniscus implants, contact
lenses, bioanalysis, hemodialysis, enantio-separation, medical pads, artificial blood vessels,
antimicrobial activities, diagnostic sensors, biosensors, dura mater replacement and

hemostatic materials [2, 13, 26].

In burn treatment, it has been reported that it has a healing effect on the burned areas [49, 50,
51], due to BC's sterilizable, tissue-compatible, porous, elastic, tangible, and water-adsorbing
properties; wounds heal faster, infection formation is prevented in injured areas, pain is
reduced by adsorbing the heat of the burned area in burn cases, and the spread of the wound in
the tissue is prevented [51]. Instead of animal-derived collagen coaters, BC-containing coaters
[Rensselaer Polytechnic Institute, USA] are used as wound sealants in the treatment of ulcers.
It is stated that BC produced from K. xylinum has a wound-healing effect [51], and BC fibers

can be used as artificial blood vessels [49, 52, 53].

Because BC is not biodegradable in the human body and shows low bioactivity property, its

applications in tissue engineering are restricted [54].



Alginate/ BC nanocrystals, collagen composite hydrogel [55], and gelatin and BC composite
sponges [54] were investigated for tissue engineering in separate studies. These investigations
were studied for tissue engineering, and according to these studies, results show that it may

have great potential as a scaffold for tissue engineering [54].

BC modified with CH was studied to investigate the biocompatibility of surgical meshes.
Unfortunately, the tested material did not cause any allergic reactions or pathological changes
in organs. So the results proved that this material could be integrated with tissues and suitable

for the human organism [56].

BC mixed with collagen was reported to improve the thermal and mechanical properties.
According to the report, BC/collagen composite films exhibited improved tensile strength and
elongation. These results are essential for the use in wound dressings, artificial skin

development, and optimization [57].

The created 3D composite scales have the potential to improve significantly bone implants for
biomedical purposes. They are made of a composite of BC with polycaprolactone, gelatin,
and hydroxyapatite [58].

Investigations were conducted to determine how the addition of BC nano whiskers (BCNW)
affects the porous structure, mechanical characteristics, hydrophilicity, and water absorption
behavior of poly(lactic) acid (PLA). It has been discovered that adding BCNW to PLA
enhances its pore structure and increases its porosity, significantly raising its tensile strength,
modulus, and compressive strength as well as its surface hydrophilicity and water holding
capacity. The findings of this work demonstrated the potential of the BCNW/PLA composite
for tissue engineering and medication delivery [59].

Extremely strong carboxymethyl cellulose/PEO mats and electrospun mats were developed
with the included plant extracts, and studies were conducted on their suitability in the field of
wound dressing applications. The results are encouraging for possible clinical use in treating
acute wounds, where plant extracts might help wounds heal more quickly due to their
antibacterial and antioxidant properties [60].

1.2.2.2 Cosmetic Industry

BC can be used to make facial masks, scrubs, and personal cleaning formulations, as well as
fingernail polish and artificial nails. It can also be used in moisturizing creams due to its high

degree of hydration and skin penetration [12, 61].
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Using BC as a mask and its properties was investigated by performing sensory analysis. The
results indicated that the formulations released from the mask to the skin could be applied
cosmetically [62].

Other applications of BC are nail polish and artificial nails. The rheological properties of BC
provide stability to suspensions [61]. BC is used in the cosmetic industry to increase the

absorption of creams, tonics, and nail polishes [27, 50].

Composite gels of BC and polyethylene glycol diacrylate are characterized structurally and
mechanically. This study has demonstrated that gels' viscoelastic behavior has enormous

potential in the medical and cosmetic industries [63].
1.2.2.3 Food Industry

It is applicable in the food sector for traditional desserts, thickening, stabilizing, gelling, and
suspending agents, low cholesterol food additives, vegetarian food, food ingredient and

dietary aid, enzyme immobilization, and food packaging materials [12, 64, 65].

Since BC is a dietary fiber, it was classified as 'Generally recognized as safe' (GRAS) by the
US Food and Drug Administration (FDA) in 1992.

Traditional dessert

BC is frequently used as a raw material for Nata de Coco, a typical sweet confection from the
Philippines that is popular across Southeast Asia [12, 61, 64]. It is use started by adding to
diet drinks in BC Japan in 1992. A tea-based beverage called Kombucha or Manchurian tea is

fermented tea. Cellulose results from this process following fermentation [61, 65, 66].

Low cholesterol food ingredient and food additive & dietary aid

Because of its high water holding capacity and ion exchange capacities, BC can be used as a
laxative and low cholesterol diet material. Another application of the BC is monascus extract,
which is obtained from natural red-pigmented mould in combination with BC as vegetarian
meat [12, 66, 67].

It is stated that low-calorie food products can be produced with BC. For example, the addition
of 10% BC to meatballs is accepted as a potential product that can be added to meatballs as a
substitute for fat in emulsified meat products, showing similar properties to control samples in

sensory and shelf life of meatballs; these meatballs are juicy and chewy [68]. It has been
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stated that surimi products, in which BC is used instead of oil, have a superior water holding
capacity, preserve the unique structure of the product, and have better mechanical properties
[69]. In a study on how BC is used to make foods like mayonnaise, sausage, and white cheese
[70] it was stated that mayonnaise with 20% reduced fat and 1% BC added was the most
preferred product with the highest stability as a result of sensory evaluation. In the study, it
was also stated that adding BC instead of fat in sausage production carries the usual sausage
characteristics, the calorie decreases, and the dietary fiber content increases, and the melting

does not occur in white cheese with BC addition.
Gelling agent

To ensure better texture and firmness, the gel strength of Tofu made by coagulating and
pressing soy milk can be significantly increased by adding % 2- % 3 BC [12, 64].

Suspending agent

BC added to chocolate drink which is produced by the agitated culture method, prevents

precipitation of the cocoa because of keeping the cocoa particles by the BC [64].
Stabilizing agent

It has been stated that the product containing BC maintains its moisture content for at least
one month of storage. The BC-containing ice cream kept its shape for at least 60 minutes after
being taken out of the freezer, whereas the BC-free ice cream melted completely at the same
time [64, 71, 72].

1.2.2.4 Paper Industry

The main usage area of BC is paper production. BC increases the gloss and reduces the
weight of papers and paper based cardboards. On the other hand, BC can be used to produce
electronic papers apart from the traditional paper production processes. Also, the paper
produced from the BC is entirely pure, and has higher dimensional stability and water

retention compared to synthetic paper [61].

The use of BC in manufacturing premium paper has been suggested due to its superior
mechanical qualities. According to the manufacturer, these papers with BC absorb fillers and
colors well, are elastic and permeable, have a high water holding capacity, and are resistant to

tearing and burning [49, 73].



It has been reported that handmade papers and documents that are used in the modification of
historical documents and that have a small amount of BC added to their fibrils have increased
resistance to abrasion [49, 74], papers containing 3% BC have similar surface properties as
20% coated rotogravure paper, papers with 1% BC content are included in the ISO 9706:1994
standard [49, 75].

1.2.2.5 Packaging Industry

The reason for investigating food packaging alternatives is to preserve food and minimize
food waste throughout the distribution chain. Excessive packaging consumption, however,
results in excessive waste production. High, low, and very low-density polyethylene,
polyethylene terephthalate, polyvinyl chloride, polystyrene, and polypropylene are the most
common materials used in food packaging. However, they do not biodegrade and are
extremely difficult to recycle. The creation of innovative food packaging materials may use
biodegradable polymers obtained from natural sources. The use of BC in the food industry is
of great interest due to its excellent and unique features compared to other polysaccharide-
based polymers. Many studies have been conducted on the use of using BC-reinforced

structures as packaging materials.

A smart packaging study was carried out by including anthocyanin obtained from purple
potatoes in TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl radical) oxidation (TOBC) of BC.
Thymol (THY), a phenolic monoterpene derived from thyme with antibacterial activity, has
been added to monitor food quality in real time and extend the durability of food products and
produce smart packaging. THY is classified as GRAS by the FDA and is allowed to be widely
used as a food additive and preservative. However, like THY in BC, it has been classified as
GRAS by FDA. A study was conducted to develop a new smart and active food packaging
film by adding THY and anthocyanin-rich purple potato extract (ANT) to TOBC films.
Unlike other studies, freshness and real-time detection of food quality are carried out in this
study. The microstructure, mechanical properties, and ultraviolet (UV) protection behavior of
the prepared films were investigated, as well as their colorimetric response to ammonia,
antioxidant, antibacterial, and reuse performances, and real-time monitoring and preservation
of shrimp freshness. According to the study, TOBC/THY/ANT film is a promising and

environmentally friendly food packaging material [76].
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The morphological, optical, barrier, and tensile properties of thermoplastic corn starch
nanobiocomposites containing BCNW were investigated and characterized. Morphological
studies showed an improvement in the barrier properties of BCNW, hardening in the material
structure, and a decrease in the elongation at break. In the second part of this study,
electrospun poly(3-hydroxybutyrate) (PHB) fibers of nanobiocomposite films were
homogenized and coated to keep moisture out of the nanobiocomposite. The barrier properties

of the multilayer structures created in this manner were significantly enhanced [77].

Biodegradable composite films of BC, curcumin and CH were studied. The study's findings
led to the conclusion that the films produced had strong mechanical characteristics and
antioxidant properties and might provide effective active packaging for meat and other high-
fat meals [78].

1.2.2.6 Other Applications

BC can also be used in the electronic industry. BC reinforced polyurethane-based resin
nanocomposites were studied to investigate the effects of physical, mechanical and dielectric
properties. This study shows that BC can be used for an electronic display device in the future
[79].

BC has a good mesh structure and suitable material, is biodegradable and has high water
resistance, and is a suitable material for food packaging [12, 45]; however, it has been stated
that it does not have antioxidant and antibacterial properties to prevent food contamination.
Therefore, much more effective results are obtained due to the use of BC with antimicrobial
and antioxidant substances [80]. It has been stated that the esterified BC membrane has better
barrier properties against vapor and gas than the original BC membrane as a packaging
material [81]. Although polylactic acid (PLA) is a thermoplastic polyester that is
biodegradable and renewable, it is not appropriate for specific applications; the combination
of BC and PLA has been found to be both transparent and have better mechanical properties
[82].

1.3 Chitosan

CH is a linear amino polysaccharide derived from chitin deacetylation. Chitin, on the other
hand, is a natural biopolymer found in shellfish shells and is the second most abundant on the

planet after cellulose. CH is a naturally occurring polymer that has been approved by FDA. It
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is composed of N-acetyl-D-glucosamine and a randomly oriented [-(1-4)-linked D-
glucosamine (deacetylated unit) (acetylated unit). It is a nontoxic, semi-crystalline [83, 84],
biodegradable, biocompatible linear polysaccharide. It has a similar structure to cellulose and
is generally compatible with dietary applications [84].

It is shown with the chemical formula of (CsH1:NOa4)n. The molecular structures of chitin and
CH are shown in Figure 1.2 [85].

(b)

Figure 1.2. Molecular structure of chitin (a) and CH (b) [85]

Chitin; a white, hard, inelastic, and nitrogenous compound is the second most abundant and
available polysaccharide after cellulose. Crustaceans and insects' exoskeleton is mainly
composed of chitin [86]. On the other hand, chitin is present in marine invertebrates, fungi,
and yeasts. About 70% of the amount of chitin in nature which is more than 1000 tons per
year, comes from marine species. It can be produced from the fishery industry as a by
product, so chitin can be considered as a regenerating raw material [85, 87]. CH is a bio-
compatible polymer used for dietary use in Japan, Italy, and Finland. In 2005, the FDA
recognized it as GRAS [87].

CH is more active than chitin, as evidenced by the hydroxyl groups on every repeating unit
and the amine groups on each deacetylated unit. Therefore, CH is more accessible to chemical
modification to change its mechanical and physical properties. CH’s structure is of great

significance since its physicochemical characteristics are influenced by its deacetylation and
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low crystalline regions. These characteristics are affected by the degree of deacetylation

(DD), crystallinity, molecular weight (MW) and degradation methods [84].

CH can be used in the pharmaceutical and medical industry, paper production, textile
wastewater treatment, biomedical, chemical [45], cosmetics, food, and agriculture industries.
Thanks to superior properties such as biocompatibility, biodegradability, proliferation[88],
good cell adhesion [88], anti-tumour, analgesic, anti-inflammatory [84], nontoxicity and
antimicrobial activity of CH, it can be took into consideration in the biomedical application
such as tissue engineering, artificial kidney membrane, wound healing /wound dressing,
artificial skin, bone damage, articular cartilage, liver, nerve, artificial tendon, burn treatment,
blood anticoagulation, blood vessel, application for hernia, absorbable sutures, antimicrobial
applications, drug delivery systems, cancer treatment, catheter, ophthalmology [83, 85, 87,
89]. Solubility and antimicrobial activity are two more characteristics that make it an ideal

polymer to combine with BC [45].

Furthermore, CH increases the adhesion due to it’s mucoadhesive property and so the contact
time of drug penetration is increased. On the other hand antimicrobial activity restricts the
ability of infection [83].

Despite all these advantages, CH also has some disadvantages such as poor solubility, poor
mechanical properties [88] and a high degradation rate [88, 90]. Poor solubility problem
affects the use of pharmaceutical formulations. It can be soluble in acidic solution which is
under the pH of 6.5. The using area and chemical modification of CH is restricted because of
the solubility problem [83].

Another restriction effect of its use in the biomedical industry is that the CH film is very rigid
and brittle. So some modifications can be made to improve the flexibility [91].

Films made from CH, derivatives, and its mixture are widely available in the literature. For
example, CH and poly vinyl alcohol films were investigated for the treatment of skin lesions
[90].

Polyethylene glycol (PEG) crosslinked CH was investigated to improve the mechanical
properties [91]. In this investigation, diepoxy PEGs crosslinked CH films were compared with
CH/PEG blend films. Thermal stabilities and elongation yield were found to be high in this
study.
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Re-acetylated CH and anti-aging compounds films were studied to research their use as a
cosmetic mask [92]. CH was reacetylated and produced more flexible and less durable films.
Moreover, it allowed the anti-aging compounds to be released more into the skin. This

behaviour supports its use as a cosmetic mask [92].

In collaboration with CH and polyvinyl alcohol, BC films were characterized according to
mechanical and barrier properties. In this investigation, the results showed that BC films
combined with CH and polyvinyl alcohol improved the mechanical, vapor permeability,

thermal and optical properties, and can be used as a biopolymer for food packaging [30].

Studies have been done on CH/PEO nanofibers. The characterized nanofibers showed
biodegradability and reduced cytotoxicity degree. The study concluded that CH/PEO
nanofibers are suitable for wound healing applications [93].

In another study, the production of CH and PEO electrospun structure by spirograph-based
mechanical system was carried out. Compatibility for wound dressing application with the
additive of aloe vera into the prepared electrospun mat was studied, as promising materials
[94].

1.4  (Poly) Ethylene Oxide

Although the three names are chemically equivalent, PEG has historically been used to refer
to oligomers and polymers with molecular masses less than (20,000 g/mol), PEO to polymers
with molecular masses greater than (20,000 g/mol), and POE to polymers of any molecular
mass [95, 96]. While different molecular weights of PEG and PEO are used in different
applications, different functionalities [96], have different physical properties due to chain

length effects, and their chemical properties are nearly identical [95].

PEO, with a molecular formula of (CH2CH20)n, has some recognizable properties such as

biocompatibility, water solubility and ability of hydrogen bonding with water [97].

PEO is a biocompatible, linear polymer that has semi-crystalline structure with high gelation
ability. PEO has some good properties such as excellent water solubility [96], hydrophilicity,
non-toxicity [96], high chemical and thermal stability, and the possibility to increase
recognition by the human immune system [96, 98, 99, 100, 101]. PEO is one of many
materials for scaffolding that contains natural polymers such as collagen, CH, keratin, gelatin
or polymethylmethacrylate (PMMA), Polyurethane, Polyethylene terephthalate, PLA,
Polycaprolactone (PCL) synthetic polymer [94].
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However, it is a rigid and crystalline polymer with some limitations in using film material
alone. PEO is a nonionic polymer, and the ionic conductivity of PEO is limited because of the
high degree of crystallinity [102]. Given its advantageous properties, it is possible to improve

flexibility and mechanical strength by blending it with some natural biocompatible polymers.
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2 MATERIALS AND METHODS

2.1 Materials

BC was generously supplied by the Technology Faculty of Marmara University and produced
by microbial fermentation of Gluconacetobacter xylinus. PEO (300,000), Sulphuric acid
(CAS#7664-93-9, 98% purity), and CH (1.86 x 10° g/mol) was supplied from Sigma—Aldrich

and used as received.
2.2 Methods
2.2.1 Preparation of BC

Hestrin and Schramm medium, which contains D-glucose, peptone, yeast extract, disodium
hydrogen phosphate, and citric acid, is used as the bacteria culture medium. The BC
membranes are purified after being incubated in a stationary incubator, and they are then
repeatedly submerged in deionized water (DI). The samples are dried in an oven after being

sterilized by autoclave [103].
2.2.2 Acid Hydrolysis of BC
1.0 gr of BC was cut into small pieces to increase the surface contact area with sulphuric acid,

thus leading to higher acid hydrolysis efficiency. The BC in the film form and the image after
cutting into pieces is given in Figure 2.1. (Fig.2.1).

a) b)
Figure 2.1. 1.0 gram of the dry BC (a) and small pieces of BC (b)
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A solution containing 100 mL of 50 % sulfuric acid was prepared using sulfuric acid (98%
purity) and mixed with 1.0 g of BC under magnetic stirring at 500 rpm. The mixture
temperature was fixed at 45 °C to prevent overheating and further decomposition of the
cellulose and carried out for 75 minutes. The hydrolysis reaction was ended by adding 10-fold
cold DI water. The diluted suspension was then centrifuged with repeated washing with
deionized water at 25 °C, 5000 rpm for 5 minutes until the pH value of 4 was reached. Further
neutralization was carried out by the dialysis method for 10 days until neutrality. The final
concentration of the suspension was calculated as ~0.82% w/v from the TGA method, and
blend compositions were prepared from suspended BC based on this concentration without

any drying process.

2.2.3 Preparation of CH-PEO-BC films

Four different compositions of films with 75-micron thickness were prepared based on
increasing amounts of BC. In all compositions, the total amount of BC, PEO, and CH was
fixed to be 0.75 grams for setting desired film thickness. The first film (blend-1) does not
contain cellulose, while the fourth film is the most BC containing one. In all film
compositions, the ratio of CH to PEO (M.W. 300.000) was fixed as 85:15 (w:w) based on a
previous study [104]. The BC percentage weights were 2%, 4%, and 6%, while the CH/PEO

ratio was kept constant. The percent compositions of blends are given in Table 2.1.

The blends were prepared separately by dissolving CH and PEO in 1% (w:w) acetic acid
solutions for three days and degassing through a rotary evaporator for 45 minutes. CH has a
molecular weight of 1.86 x 10° g/mol, as it was determined in previously study [104]. The
degassed solutions were mixed at the desired ratios and were further stirred and degassed for
45 minutes. After that, the obtained clear polymer solutions were poured into Petri dishes.
The blend solutions were allowed to dry with the caps half closed for about 1 month at room
temperature and kept under 1 bar pressure, at 35 °C for 1 week to remove any traces of water
and acetic acid. The completely dried films were easily removed from the Petri dishes, and

their photographs are given in Figure 2.2.
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Table 2.1.Composition of Blends

Amount of PEO Amount of CH Amount of BC

Sample code
P (%) (%) (%)
Blend 1 15.00 85.00 -
Blend 2 14.70 83.30 2
Blend 3 14.40 81.60 4
Blend 4 14.14 79.87 6

Figure 2.2. BC, CH and PEO blends

2.3 Characterization of Blends

SEM and TEM of BC after acid hydrolysis, AFM for surface morphology, FT-IR for
determine the morphological structure, DSC and TGA for investigate the effects of hydrogen
bonding on the morphology and thermal stability, stress-strain tests and DMA for mechanical
properties of blends were employed.

231 SEM&TEM

Images of hydrolyzed BC were obtained using a HITACHI 5000 VP-FEG-SEM&EDS
equipped with a Schottky Gun and a DEBEN-TEM detector. A drop of aqueous dispersion
was applied to a conductive carbon ribbon and left at room temperature for 30 minutes before

the images were taken.
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SEM images were taken at 300 and 180,000 magnifications, whereas TEM images were taken
at 15,000 and 100,000 magnifications in high vacuum mode with an acceleration voltage of 5
kV.

232 AFM

Microscopic techniques are typically used to explore the topography, roughness, and
comparable morphological characteristics of surfaces. These qualities are essential for
creating novel materials in materials science, biotechnology, and numerous other disciplines

where the surface of the substrate is essential for the adhesion of other materials [105].

AFM (Hitachi Hitachi AFM5100N type instrument) was used to evaluate the blends' surface
topography and phase separation morphology. The probe was triangular SI-DF-3P2
cantillever with a spring constant of 2.4 N/m, which was applied under contact mode. AFM

images were recorded under ambient temperature and humidity by scanning 1.0x1.0 um? area.

233 FT-IR

FTIR spectrometer was used to perform chemical analyses on blends (model 4700 Jasco,
Japan). Automatic gain signals from 200 scans with a resolution of 1 cm™ recorded a spectral
range of 450-4000 cm'™,

2.3.4 DSC

Among all thermal analysis methods, DSC is one of the most frequently utilized one. It is
carried out by heating or cooling the sample with an inert reference to get information on
thermal changes [106]. The compatibility and thermal stability of blends and the
determination of melting and crystallization temperatures were evaluated using a Perkin

Elmer Jade DSC and the data were evaluated using Pyris Software.
Measurements were performed under dynamic argon atmosphere with a flow rate of 200
ml.min and a heating rate of 10 °C.min between -50 °C and 150 °C.

235 TGA

TGA analysis of the blend films (7.0 mg) was performed using a Seiko-EXSTAR-
TG/DTAT7300 model thermogravimetry, and the data were evaluated by MUSE software.
TGA measurements were carried out under the dynamic argon atmosphere (200 ml min) at a

heating rate of 10 °C min™.
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2.3.6 Stress-Strain Tests

Stress-strain tests were taken in tensile mode at 20 °C with a rate of 5 mm.min-tusing an
Instron 4411 tensile test machine. The results were analysed using Bluehill 2 software. The
final tensile stress and strain values at the break of the blends were calculated and expressed

as MPa and percent elongation, respectively.

2.3.7 DMA

DMA measures the mechanical properties of a sample as a function of temperature and
provides information about the phase behavior, morphology and T4 temperatures of polymeric
materials. Storage modulus (E") gives information about the stiffness of a material. The
elastic behavior of a material is represented by the E’, which is in phase with the applied
stress, while the viscous flow behavior of the material is represented by the loss modulus (E").
The mechanical damping factor (tan 6), the amount of the deformation energy released during
each heat cycle, is obtained from the ratio of the E” to the E' ((E”)/ (E')). A comparable
oscillating strain results from applying a sinusoidal oscillating strain to the sample. Unless the
material is entirely elastic, a phase difference (8) occurs between the measured strain and the
applied stress. The Tq value is obtained from the maximum peak position of the tan 6 curve
recorded as a function of temperature [107]. The most typical DMA studies involve
measuring the mechanical tan & and E’ versus temperature at a single oscillation frequency
[106,108]. The compatible blends display a greater degree of entanglement density compared
to the incompatible blends. The degree of entanglement density provides information about
the compatibility of blends and intermolecular interactions between polymer chains. The E’
data could be used to determine N value using the equation (1), where E’ is the storage

modulus, R is the universal gas constant and T is the absolute temperature.

N=— Equation 1) [108
= GRT (Equation 1) [108]

A Diamond model DMA analyzer produced by Shimadzu was used for the measurements.
The data were evaluated by using the TA Universal Analysis software, and the sinusoidal
oscillating standard tensile deformation mode was applied to the rectangular (10 mm x 10 mm
x 0.07 mm) test specimens under a nitrogen atmosphere. The simultaneous measurement of

E’, E”, and tan § as a function of temperature was performed in multi-frequency mode (1, 2, 5,
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10, 20 Hz). Data were collected between -100 °C - +80 °C temperature ranges at a heating rate

of 2 °C.minL.

3 RESULTS AND DISCUSSION

31 SEM & TEM

SEM and TEM images of the BC after acid hydrolysis were taken to determine the

morphological structure of BC.

400 nm TEM analysis (Figure 3.1) and 2 um SEM analysis (Figure 3.2) images show that the
BC has a porous structure. This result is consistent with the fact that the E’ is increasing,
arising from the enhanced intermolecular interaction between the PEO and CH structures due

to the porous structure of BC.

Similar results were also found in the literature which demonstrated that BC has a porous
structure. Cazona and his friends agreed to porous structure with SEM images of BC in their
blends composed of CH/polyvinyl alcohol and BC [45].

505000 30. 0kV54, S-xT00RAUX sl

Figure 3.1. TEM image of 400 nm of BC
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Figure 3.2. SEM image of 2 um of BC
3.2 AFM

The AFM phase images and surface cross-section an analysis of the blends was performed to
evaluate the effect of BC on the surface topography of the blend films using tapping mode.
The AFM images are shown in Figure 3.3. The root mean square roughness (RMS) of the
blend films was increased from 18.8 nm to 26 nm as the amount of BC increased in the blend
compositions, which may be attributed to BC enrichment on the blend surfaces [109]. These
results agree with SEM & TEM results which revealed that BC surface is quite porous. The
AFM measurements also indicate an interesting pattern concerning blends' surface

morphology: the blends' opacity increases with a higher ratio of BC in the blend.

Table 3.1. RMS values of the blends

Sg/RMS (nm)

Sample code
1CH
Blend 1 18.8
Blend 2 21.7
Blend 3 24.8
Blend 4 26
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Figure 3.3. AFM topographic images and surface cross-section analysis of (A) blend 1
(1 pmx1 pm) (rms: 18.8 nm), (B) blend 2 (10 umx10 pm) (rms: 21.7 nm), (C) blend 3
(20 pmx10 pm) (rms:24.8 nm) and (D) blend 4 (4 umx4 pm) (rms: 26 nm)

3.3 FT-IR

The strength of the hydrogen bond determines the extent of shifts in the IR-absorption
frequencies of bonds formed between donor and acceptor sites in a molecule..This
phenomenon might be interpreted as a proof of an energetic interaction between the blend
components and, therefore their miscibility [104]. It is well known from previous studies that
the FTIR spectrum of CH show peaks between 3500 cm™ and 3100 cm™ due to N-H and
OH stretching bands and peaks at 1646, 1588 and 1324 cm™* correspond to the N-H bending,
-NHz(amide I1) and N-H bending(amide 111), respectively. The C-O-C bending vibration of
glucose rings and glycosidic linkages appeared at 1076, 1021, and 972 cm* respectively. For
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pure PEO, the major absorption peaks appeared at 1098 and 843 cm™* are due to the C-O- C
symmetric bending vibration, and absorption bands at 1340 and 1359 cm—1 are due to the
wagging vibrations of CH2 groups in the crystalline phase [104,110]. In FTIR spectra of BC
(Figure 3.4), a distinguish absorption peak at about 3340 cm™ and a shouldering around 3240
cm™* due to the O-H stretching. The peak at 1429 cm™ is attributed to the symmetric bending
of CH2 and 1645 cm™? is the glucose carbonyl of BC. The bands at 1162 c¢m*and 2894 cm—1
correspond to C-O-C asymmetric stretching and C—H stretching, respectively, and the peaks
appeared at 1033 and 1056 cm*correspond to C=0 stretching of BC [111, 112, 113].

The changes in the shape and intensity of the peaks at 1340 and 1359 cm™!, which correspond
to the CH> wagging vibration bands of crystalline PEO, indicate the interactions and hydrogen
bonding between CH and PEO. These interactions also resulted in reduced crystallinity in
PEO [104]. The 1344 cm™! absorption band, which is associated with the CH, wagging
vibration in the amorphous phase, is the result of merging these characteristic bands into a
single absorption band. This phenomenon is attributed to the disruption of PEO
morphological structure due to strong intermolecular interactions and the formation of
hydrogen bonds between the -NH> groups of CH and etheric oxygen in PEO Moreover, FT-IR
results revealed that adding BC to the blend films resulted in an increased intermolecular

interaction leading to a more amorphous morphological structure.
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Figure 3.4. FTIR spectra of blends and BC
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3.4 DSC

DSC is one of the most frequently used techniques among all thermal analysis methods since
it is helpful for the investigation of the thermal behaviour of polymeric materials accompanied
by heat absorption or release processes. The area under exothermic or endothermic peaks in a
DSC thermogram and their corresponding peak temperature are characteristic and provide a
quantitative measure for chemical and physical changes such as melting, crystallization,
polymerization, glass transition, thermal decomposition etc. The heat absorbed during the
melting process is a quantitative measure of the crystalline portion of the polymer mixture
[106].

The morphological structure of blends and the effect of the increased amount of BC on blends
were investigated using DSC. The comparative DSC thermograms of the blend films and pure

PEO are shown in Figure 3.5 and the data obtained from DSC are collected in Table 3.2.

All thermograms show an endothermic peak at approximately 100 °C for all blends, which
was attributed to the elimination of the surface water. This event is typical for cellulosic
materials and CH due to the interaction of hydroxyl groups and water [104, 114].

Since BC and CH melting behaviors could not be observed in DSC thermograms, the
calculated heat of fusion values from the melting peaks were attributed to PEO melting. While
pure PEO displays a melting point at 68.25 °C, there is a noticeable decrease in the melting
points of PEO in blends, which was at around 60.0 °C, indicating an energetic interaction
taking place between C-O-C groups of PEO, and —NH, and —-OH groups of CH. This
interaction disrupted the PEO crystallization to some extent. Therefore, PEO in the blends
showed relatively lower melting temperatures. On the other hand, the melting enthalpy of
PEOQ in the blends increased with an increasing portion of BC, while the melting temperature
remained nearly constant. Although the melting temperature of PEO did not change with
increasing BC amount, the increase in melting enthalpy indicated that the BC interacted with
PEO as well as CH chains. Bostan et al. reported that in PEO-CH blend systems, CH
suppressed the PEO crystallinity up to 25 % of PEO portion of the blend systems. More
amorphous blend structure was observed under this PEO percentage. The incorporation of
PEO and CH into the porous structure of the BC increased the energetic interaction between

the polymer chains, resulted in higher melting enthalpy of PEO.
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Table 3.2. DSC data of the blends and pure PEO

Sample code Tm (°C) AH J/g
Blend 1 60.01062 3.9447
Blend 2 61.09236 5.8245
Blend 3 59.81144 8.8009
Blend 4 60.68555 10.5902
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Figure 3.5. DSC curves of blends
35 TGA

Figure 3.6 shows TG curves of pure PEO and CH. These polymers display different thermal
behavior. While PEO decomposition starts at 379 °C, CH decomposition starts at 318 °C. The
thermal decomposition temperature of the PEO in the blend form is much higher than pure
PEO (nearly 400 °C). This resut was due to the intermolecular interaction between blend

components.
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The rate of weight loss and the thermal stability of the blend components separately are direct
quantitative measure of the area under the DTG curves and their peak values. We could
understand how an intermolecular interaction affects thermal stability of blends by comparing
their DTG peak values [115].

The DTG curves of the blends (Figure 3.7) display three distinct peaks. The first peak
between 64-100 °C is due to the water elimination from the blends. Second and third peak
between 278-291 °C and 419-422 °C, respectively, corresponds maximum weight loss rate
temperatures of CH and PEO, respectively. Moreover a neck shaped peak appeared around
200 °C which may attributed to the thermal degradation of the protein parts in blends. Similar
studies in the literature also agree with these results [116, 104]. While the maximum weight
loss temperature of pure PEO is 409 °C, the maximum weight loss temperature of PEO in
blend 4 was 419.75 °C indicating an increased thermal stability of PEO in blends. However,
when blends are compared to each other, there is a decrease in maximum weight loss
temperatures with increasing amounts of BC, revealing an increased degradation rate,
attributed to increased number of intermolecular interactions. These results are consistent with
the intermolecular interactions confirmed by FTIR results. On the other hand, when the
weight residues of blends are evaluated (Figure 3.8), it is seen that the weight residues of
blends increase as the BC amount increases. These results can be concluded that adding BC
in blend mixtures increased thermal stability and thermal degradation rates.
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Figure 3.6.TG curves of CH and PEO
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Table 3.3. DTG peak temperature
PEO Peak
]

Sample code CH peak temperature (°C) temperature (°C)
Blend 1 291.05 422.35
Blend 2 284.75 416.49
Blend 3 292.26 426.58
Blend 4 278.12 419.75

PEO - 409.09
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3.6  Stress Strain

Stress-strain analysis of the blends was performed to determine the mechanical strength and

the effect of increased amount of BC in PEO-CH formulations.

Stress resistance was measured for each sample. All samples were cut with a mold in dog-

shape, and each measurement was repeated 3 times and averaged results were used.

The stress-strain curve indicated three zones during the deformation of the samples: elastic
region (linear deformation stage), stable stage (plateau), and final stage, where the stress

decreased rapidly.

PEO, a crystalline and hygroscopic polymer, has a low film capacity when used alone. Such
attempts usually result in rigid, brittle films, making stress—strain testing difficult. It is also
known from previous studies that PEO-CH inter molecular interactions and hydrogen bond
formation increased the amorphous portions of PEO [104]. Addition of BC to CH-PEO blends
slightly increases the mechanical properties of blends. In comparison to that of Blend 1, the

tensile strength and elongation at break of Blend 4 increased with an increase of BC content.
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The maximum tensile strength value was 3.95 Mpa and elongation at break was 11. %17 after
adding % 6 (w/v) BC (Table 3.4).

Table 3.4. Mechanical properties

Sample code Tensile strength (mPa) Elongation at break (%)

Blend 1 2.86 9.99

Blend 2 3.11 10.21
Blend 3 3.56 10.53
Blend 4 3.95 11.17
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Figure 3.9.Tensile strength values of blends
3.7 DMA

The E' indicates the stiffness of the material. The temperature at which E' starts to decrease
rapidly at any constant deformation rate is the Tq [108]. The tan d is a ratio that shows how
much energy is lost as heat for every unit cycle of energy taken in and given back by the

system. The Ty value can be obtained from the maximum peak position of the tan d curve as a
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function of temperature. Moreover, it gives information about blend compatibility. The
incompatible blends usually show two damping peaks indicating Tg’s of each polymeric
component. Conversely, the compatible blend systems only display a single peak as a
combined process. Figure 3.12 shows the tan & curves of blends as a function of temperature,
and the observed single peaks are due to the single phase morphology indicating the
compatibility of all blends. The T4 values of blends obtained from the maximum peak

temperatures of tan & curves of blends are given in Table 3.5.

The increased shift in the T4 values and the increased value of E' conducted at 10 Hz (Figure
3.10) upon the addition of BC, may result from the restricted chain mobility of PEO due to the
increased intermolecular interactions and hydrogen bonding. This improvement would be a
high aspect ratio of BC capable of connecting between PEO and CH chains, which enhanced
a large contact surface and, therefore, excellent coherence [116]. Furthermore, the porous
structure of BC acts as filler, creating a node effect between PEO and CH chains, restricting
the chain mobility, and increasing the values of T4 and E' values of blends. The decreasing
trend in the E" curve of blends as a function of time and temperatures is given in Figure 3.11,

which is consistent with the E' curves.
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Figure 3.10. E' curves of blends
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Table 3.5. Tgvalues of blends

Sample code Tg (°C)
Blend 1 12.28
Blend 2 13.26
Blend 4 14.58

Table 3.6. N values of blends

Sample code N (moles/m?3)
Blend 1 230839.0762
Blend 2 190960.8236
Blend 3 239626.504
Blend 4 582583.7501

The storage modulus obtained from DMA also provides additional information about the
entanglement of polymeric chains in blends. The entangled and compatible blends show a
higher N than incompatible ones. The N value can be calculated by the equation 1 [108]:

Er .
N = RT (Equation 1)

Where E' denotes the storage modulus obtained from the E'-temperature curve, R denotes the

universal gas constant, and T denotes the absolute temperature.

The calculated N values are given in Table 3.6. There is a significant increase in the N value
of blend 4 compared to blend 1, which was attributed to increased entanglement of PEO and
CH chains due to the filler effect of BC, leading to increased interaction time and formation of

more vital intermolecular interaction. These results are also consistent with DSC results.
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4  CONCLUSIONS

Conventional polymer-based packaging methods have harmful impacts on the environment
and humans. An eco-friendly solution for reducing this problem has been desired for a long
time. BC is the purest cellulose form that can be obtained from the microbes with the desired
properties. Due to its biodegradability, biocompatibility and various other superior properties,
BC is used as a packaging component for a while. However, BC alone is insufficient to
maintain the appropriate packing qualities. Although BC has been used in different mixtures
and forms in the past, it has never been found to be used with PEO and CH together. For this
purpose, BC filled PEO-CH blends were desired to be prepared and characterized in light of
the successful studies on binary PEO and CH blends, as well as the advantage of structural
similarities of BC and CH. For this purpose, four distinct BC filled PEO-CH blends were
formulated, evaluated, and compared to establish how the incorporation of BC affected the
blends' thermal, mechanical, spectroscopic, morphological and surface properties. Blends
were prepared based on a fixed ratio of CH-PEO (%85-%15) and different amounts of BC
(%0, %2, %4, %6) filler. BC morphological structure was found to be crystalline and porous.
The porous structure of BC particles provides many advantages and routes for increased
interaction and hydrogen bond formation between PEO and CH chains. These interactions
also further confirmed by FT-IR spectroscopy. Moreover, BC hindered the PEO crystallinity
to some extent and this result was confirmed by FT-IR spectroscopy results.

BC's porous structure resulted in a relatively rough surface on the PEO-CH blend films which

may be attributed to BC enrichment on the blend film surface.

Adding BC into the blend compositions increased the T4 value of PEO while conversely
decreasing the melting point. This behavior was evaluated as a result of the increased
intermolecular interaction of polymeric chains upon the addition of porous BC filler which
prevents the segmental movements to some extent. The increased amount of BC in blend
mixtures slightly increased the thermal stability and thermal degradation rates, and moreover
both entanglement density and mechanical properties of blends increased as the BC was
added to the blends. Based on these results, BC filled PEO-CH blends were successfully
developed and showed a promising potential to be used in the food, pharmaceutical, and

medical field.
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APPENDIXES

Appendix A

Weight losses of blends
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Appendix B

Weight losses of PEO and CH
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