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This thesis work deals with the fabrication of bionanocomposite films composed of cellulose ace-
tate (CA) biopolymer and graphene oxide (GO) by melt extrusion process. Desired amount of
triethyl citrate (TEC) was used as a plasticizer to produce flexible CA and CA/GO composite films.
The GO 0.25, GO 0.5 and GO 0.65 composite samples were fabricated, where the numbers
presented after GO indicate the weight % of GO with respect to CA. The TEC plasticized CA
polymer film was also manufactured in similar way without using any GO for comparison purpose.
GO was produced by the oxidation of graphite using modified Hummers method and used as a
nano filler for composite manufacturing. Structural, thermal and mechanical properties of the TEC
plasticized CA and CA/GO composite films were also explored in this thesis. Fourier Transform
Infrared Spectroscopy (FTIR) and Differential Scanning Calorimetry (DSC) study of the composite
films confirm the presence of the interfacial interaction between the GO and CA polymer chain.
Wide Angle X-ray Scattering (WAXS) results and Scanning Electron Microscopy (SEM) images
demonstrate that GO sheets are well dispersed into the CA matrix in GO 0.25 and GO 0.50 com-
posite films, whereas prominent agglomeration of the GO sheets in CA matrix was obsened in
GO 0.65 composite film. Isothermal Thermogravimetric Analysis (TGA) curves show the lower
mass loss of the composite films compared to the TEC plasticized CA film. Mechanical testing
results show a noticeable increase of tensile strength and Young’s modulus in the TEC plasticized
CA/GO composite films compared to the TEC plasticized CA film.
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1 INTRODUCTION

Plastics derived from petroleum resources are used widely for variety of demanding ap-
plications such as electronics, household items, packaging films, trash bags, medical
devices and packaging of preservable products [1-3]. The usage of these petroleum
based plastics is very high owing to their excellent mechanical properties and gas barrier
properties [4]. However, only a small amount of these plastics from the used products
are reprocessed or reused and mostof it end up being dumped in the soil and seas of
the nature which increases environmental pollution [5, 6]. Due to this threat to the envi-
ronment, continuous approaches and researches are being made towards substituting
petroleum based plastics with biodegradable polymers. Therefore, the biodegradability
of biopolymers comes across as an environmental attribute more than its functional ne-
cessity. Biopolymers, also known as natural polymers, are formed in the nature. Since
biopolymers endure bond scission in their polymer chain through the action of natural
microorganism, they become disintegrated and degraded in the nature. [7, 8]

Among all the biopolymers, polysaccharide cellulose is one of the most common and
useful polymeric raw materials having remarkable structure and characteristics. It is char-
acterized by hydrophilicity, bio-degradability and chemically modifying capacity. How-
ever, the attraction of cellulose biopolymer is chiefly due to the multi functionality and
stiffness in the polymer chain. Cellulose can be chemically altered to cellulose esters for
the ease of film formation. Cellulose derivatives can be used to make bionanocomposites
with the judicial integration of suitable nanoparticles. Chemically modified cellulose is

suitable for manufacturing packaging materials for different products. [9, 10]

Cellulose acetate (CA) is known to be one of the most significant derivatives of cellulose
[11]. Recent studies by Bao et al. (2015) have shown the possibility to make flexible CA
film by solvent casting using suitable plasticizer. However, the solvent casting process
is not suitable for large volume manufacturing and industrial applications. [12] Although
there are some restrictions to process cellulose derivatives as polymer films by melt ex-
trusion due to their degradability before melting point, Jeon et al. (2012) in their study
have successfully produced Cellulose Acetate Propionate (CAP) neat and composite

films [13]. In a study of Quintana et al. (2012), it is found that citrate based plasticizers,



for instance, environment friendly triethyl citrate (TEC) has proved to be the most appro-
priate to use with CA [14]. The use of a suitable plasticizer ensures the reduction of glass
transition temperature (Tg) and melting point of CA which increases melt processability
[15, 16, 17]. However, the inherent properties of CA as a biopolymer such as mechanical
weakness and high gas permeability restricts its potential applications in various fields
[18]. According to Ojijo and Ray (2013), continuous efforts are being made over the past
few years to develop bionanocomposites by intruding nanoparticles such as graphene,
carbon nanotubes, silica, clay etc. into the biopolymer matrix to enhance the overall prop-

erties of the resultant material [19].

Carbon based nanoparticles have very low density and they assist ease of processing
of the polymer composite material. A high aspect ratio is necessary to provide a consid-
erable reinforcing efficiency. Hence, graphene oxide (GO) having a very high aspect
ratio, increases the mechanical properties such as, tensile strength and stiffness of the
polymer composite material. GO can be synthesized through oxidation of graphite. [20]
Researches conducted by Uddin et al. (2016) and Carlos Avila-Orta et al. (2017) illustrate
the preparation of CA/GO & starch/GO bionanocomposites respectively with the incor-
poration of GO nano sheets which significantly improved the mechanical characteristics
of the resultant composite films [21, 22]. However, most of the researches including the
above mentioned studies to manufacture GO integrated biocomposites focus on solvent
casting method whichis not compatible for industrial use [22]. Hence, this thesis focuses

on manufacturing CA/GO bionanocomposite films through melt processing.

The main objects of this research work are to produce CA polymer film and CA/GO
bionanocomposite films using TEC plasticizer through melt processing as well as to char-
acterize and analyze different properties of the films, for instance, structural, thermal and
especially mechanical properties. The methodology intended for the processing of
biopolymers and composites on a large scale by solvent casting has not yet been estab-
lished. Thus, emphasis has been given to discover whether flexible CA/GO composite
films treated with TEC plasticizer can be manufactured through melt extrusion since it
is considered a suitable method for processing bulk polymer and composite materials in
the industrial sectors. Again, melt processing will also ensure the absence of solvents in
the composite films which will be more eco-friendly. Furthermore, the possibility of en-
hanced mechanical properties of the TEC plasticized CA/GO melt extruded composite
films is a significant motive to conduct this work. In this thesis, the attention has been

given for the escalation of the mechanical properties of the TEC plasticized CA/GO



bionanocomposites discounting gas barrier property which is also an essential attribute
for packaging applications.

The whole thesis work has been divided into two sections, theoretical and experimental.
The theoretical part focuses on properties and classification of biopolymers as well as
properties and molecular structures of cellulose and CA. Furthermore, a general over-
view of plasticizers, bionanocomposites and nanoparticles has been illustrated. A sepa-
rate chapter introduces and explains molecular structure, synthesis, properties and ap-
plications of GO. In addition, different methods for producing bionanocomposites have
also been discussed afterwards.

The experimental segmentillustrates the whole process flow, procedure for sample prep-
aration and synthesis of GO. Moreover, the methods to characterize the produced sam-
ples have been briefly discussed. Lastly, the results obtained from the characterization
methods have been analyzed and the outcome has been discussedin the conclusion
part.



2 BIOPOLYMERS AND BIONANOCOMPOSITES

2.1 Biopolymers

Biopolymers consist of natural biopolymers and synthetic biopolymers. The modification
and development of synthetic biopolymers have increased a diversity of applications in
different fields [23]. All the natural biopolymers or in other words, biodegradable polymers
can be capable of getting decomposed with the action of water, carbon dioxide or enzy-
matic action of micro-organisms. Biodegradable polymers can be bio-based and fossi
fuel based. [24] Bio-based and fossil energy based bio decomposable polymers are il-
lustrated in Table 1.

Table 1.  Biodegradable polymers categorized into Bio-based and Fossil energy based

[24]
Origin Biodegradable Polymers
Bio-based Cellulose acetate, cellulose acetate butyr-

ate, polylactic acid, starch, chitosan etc.

Partially bio-based Polylactic acid blends and starch blends

Fossil fuel based Polybutylene succinate, polycaprolac-
tone, polyvinyl alcohol etc.

Since, the mechanical and the barrier properties for the end material is very important,
lot of researches have been going on to make biodegradable polymer films using nano-
fillers to make it mechanically strong and inserting excellent barrier properties in the
biopolymer composite material. Few of the biodegradable polymers can be obtained from
the market, for instance- CA, polylactic acid, starch and blend of starch. By using biopol-
ymer films in place of synthetic plastic materials, the waste disposal system of the end
materials can be easier. [25]

Two notes that can be considered in support of biopolymers:

e The opportunity to stop the carbon cycle to the soil by means of bio-degradation
and because of that lessening the environmental impact,

e Limited use of fossil energy and less emission of carbon dioxide based on the life
phase of the product that is produced. [26]



2.2 Cellulose

Among all the biopolymers, polysaccharide cellulose is one of the most common and
useful polymeric raw materials having excellent structure and characteristics. The struc-
ture is formed by the repeatation of D-glucose units. It can be chemically modified to
cellulose esters and that can be used to make bionanocomposites with the addition of
suitable nano fillers. The attraction of cellulose biopolymer is mainly due to the particular
structure of the polymer. Cellulose is different as compared to synthetic polymer based
upon mainly on its multi functionality and stiffness in the polymer chain. [9] Chemically
modified cellulose can be used to produce biodegradable polymers that can be utilized

to manufacture packaging materials for different products and plastics [10].

2.2.1 Chemical Structure of Cellulose

The degree of polymerization (DP) estimates the chain length of cellulose. The DP differs
with the raw material. It is around 300-1700 and for the regenerated cellulose, the DP
varies from 250-500 per chain. The cellulose chain polymer comprises D-glucose unit at
one end with genuine C4-OH group. The other end is bounded with genuine C1-OH
group, known as the reducing portion. The structure of cellulose gives it the advantage
of hydrophilicity, degradability and reactivity because of the existence of -OH groups in
the polymer chain. [9]

H,OH H,OH CH,OH
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Figure 1. Molecular Structure of Cellulose [9].

2.2.2 Cellulose Derivatives

Cellulose derivatives are normally chemical modification of cellulose. Cellulose deriva-
tive can be of two types- cellulose ethers and cellulose esters. Cellulose esters normally
have high stiffness, low ductile nature, good transparency, decent thermal and impact
resistance. However, the biodegradability of cellulose derivatives or esters depends
upon the degree of substitution. The degree of substitution also known as the acetylation

level refers to the replacement of the hydroxyl groups with acetyl group in the cellulose



ester structure. When the grade of substitution is high, the polymer is degraded at a very
slow rate. But, when the degree of substitution is lower, the cellulose derivatives tend to
degrade in the microorganism or in any media of nature at a comparatively faster pace.
[12, 24] Cellulose esters are very advantageous polymers having biodegradability. The
main applications of cellulosic esters are photographic films, medical field, automotive
coverings, toothbrush handles. As illustrated in Figure 2, the chemical structure of cellu-
lose ester constitutes of a) cellulose acetate (CA), b) cellulose acetate propionate (CAP)

and c) cellulose acetate butyrate (CAB). [27]
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Figure 2. Molecular Structure of Cellulose Ester [27].

2.3 Cellulose Acetate

The ester of cellulose is known to be cellulose acetate (CA). When cellulose is reacted
with acetic acid and then with acetic anhydride with involving a reagent, for instance,
sulfuric acid, it can produce CA. As soon as the cellulose gets fully acetylated, it is known
as cellulose tri-acetate. This compound polymer is a crystalline substance having almost
250 °C melting temperature. However, the acetylation of cellulose causes the hydrogen
of the hydroxyl groups (-OH) to be replaced by the acetyl groups (CHs-CO). [11] CA has
the applications in textile, photographic film, materials engineering industry, cigarette and
other filters [24]. Since, CA is not thermoplastic itself, it is decomposed below the melting
temperature. But, CA can be processed by melt extrusion with the addition of a suitable
plasticizer. The more the amount of plasticizer is used on the weight of CA, the Tg gets
lower. Consequently, the decreased Tg leads to more free volume in the polymer chain
of the resultant material. Use of suitable plasticizer of desired weight percentage reduces
the complexity of melt processing to decent extent. However, the most commonly used
plasticizers with CA are di-ethyl phthalate, tri-acetine, tri-ethyl citrate etc. [15] The role
and mechanism of plasticizers will be discussed in more detail later in the “Plasticizers”

segment.



2.3.1 Properties of Cellulose Acetate

CA demonstrates rigid mechanical behavior and high Young’s modulus. In comparison
to cellulose, CA has lesser hydrophilicity and thus higher water vapor barrier property
because of the lower amount of hydroxyl (-OH) groups that are present in the polymer
structure. Nevertheless, CA still is more gas permeable than the other petroleum founded
plastics. Thermal characteristics for instance-glass transition temperature (Tg) and melt-
ing point are very important factors for the processing of CA biopolymer. Since, CA has
very high glass transition temperature (around 340K); it is very challenging to process
this polymer by melt extrusion. Due to this purpose, plasticizers with low molecular
weight are mixed with the basic polymer, which makes the material melt processable
without getting degraded. [28]

)(L
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Figure 3. Molecular Structure of Cellulose Acetate [28].

2.4 Plasticizers

Plasticizers having a very low molecular weight and no volatility at all are normally used
vastly in the polymer industries. The main objective of using plasticizers with the poly-
mers are to enhance the ability to process the polymers and to make the polymer flexible
enough by the reduction of glass transition temperature. Plasticizers having low molec-
ular size assists to obtain intermolecular spaces or rooms between the chains of the
polymer, which lessens the secondary forces among them. Plasticizer can normally be

internal or external plasticizers. External plasticizers can be removed from the polymer



by evaporation, as there are no chemical attachment to the polymer chain by strong
bonds. Internal plasticizers normally become the parts of those specific polymers with
which they are treated. There are also primary and secondary plasticizers. In primary
plasticizers, high concentration of polymer is soluble. On the other hand, secondary plas-
ticizers are characterized by low compatibility with the polymer. Most common commer-
cially available classic plasticizers are phthalate esters, adipates, citrates etc. [29] Plas-
ticizers not only have an effect on the gelation temperature, but also they can reduce the
melting temperature of the polymer and thus improving the processability of the material

with lower degradation temperature and reduced mixing time [16].

241 Citrates

Ethyl, butyl, acetyl and stearyl citrates are most common among all citrates. The citrates
are very much suitable for cellulose, CA, PVA, PVB etc. [30]. The general chemical for-
mula of commercially available citrates is demonstrated in Figure 4.

CH,~COOR CH,~COOR CH,~OH
HO-C-COOR  CH,CH,0-C-COOR  HO-C-COOR,
CH,~COOR CH,~COOR CH,~OH

Figure 4. Chemical Formula of Citrates, R1= srearyl, R= ethyl, butyl or hexyl [30].

When phthalate plasticizers are used commercially for processing of cellulose esters,
they can pose a considerable environmental threat while using for long period. However,
the citric acid is used for flavoring food. The ester of citric acid can be used as a plasti-
cizer for the processing of various polymers as well as for different applications such as
contact with food and medical application. Using of environmental friendly triethyl citrate
as a plasticizer for CA to make it processable gives a better opportunity to make a more
eco-friendly bio-plastic. [17]

2.5 Composites

Composites are manufactured from two or more elements that have different set of me-
chanical properties remaining separate and discrete in their finished structure. There are

normally two parts of the composite materials: matrix and reinforcement. The matrix en-



virons and backs the reinforcement by helping them to hold their positions. The rein-
forcementstrengthens the matrix by enhancing the mechanicalfeatures of the composite
material. [31] Composites are formed when micro sized organic/inorganic additives are
combined with the synthetic plastic materials. The micro-sized inorganic additives can
be carbon black, talc, calcium carbonate etc. Difference between a composite and
nancomposite can be found out by the size of the inorganic additives. If the inorganic
additives are in the nano sized state, it is known as a nanocomposite material. Nancom-
posites and bionanocomposites can only be differentiated by considering several facts
such as: their solubility in water, biodegradability and thermal stability. [32] The main

types of polymer composites based on their constituents are demonstrated in Figure 5.

Filler

Micraparticles, non-exfoliated clay, et

[ Composites I Biocomposites ]

f 1

( Polymer Biomaterial ]

synthetic, petroleum-derived Biopolymers, biomolecules,
microorganisms, etc,

! '

[ Nanocomposites Bionanocomposites}

Nanoparticles

Figure 5. Main Types of Polymer Composites [32].

2.51 Bionanocomposites

Biopolymers are being used recently for the making of bionanocomposites. The main
reason behind using biopolymers instead of petroleum-based plastics is the ecological
and environmental safety. Natural polymers have the significant property of biodegrada-
bility through the action of naturally occurring microorganism. However, construction of

nanocomposites from biopolymers such as cellulose and cellulose derivatives is an issue
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in progress on which many experiments and researches have been going on for years.
In the bionanocomposites, nano sized fillers having a size of 1-100 nm in at least one
direction are mixed with the biopolymer matrix. This combination helps boost the strength
and mechanical characteristics and resist the permeability of the bionanocomposite ma-
terial. [33]

25.2 Cellulose Based Bionanocomposites

The matrix portion of a bionanocomposite constitutes of cellulose or cellulose derivatives.
The nature of the matrix segment can be thermoplastic or thermosetting. Derivatives of
cellulose such as CA can be processed in the same way as other plastics by melt extru-
sion by the addition of plasticizers of suitable amount. CA has the benefit of processing
ease when compared to cellulose. They can be processed and made into a nanocom-
posite material with the addition of suitable nanoparticles or nanofibers or nano sheets.
Triethyl citrate can be used as plasticizer with CA. Plasticized CA can be melt extruded
as a bionanocomposite material with the incorporation of graphene or GO nano sheets

at a sufficient temperature. [34]

2.5.3 Nano-Dimensional Particles

Nanoparticles are intruded into the matrix of the biopolymer with a view to mainly rein-
forcing the material. Nanoparticles also effect the physical properties of the biopolymer
matrix. Dimensional stability, surface properties, biodegradability and processability of
the biopolymer material also change to some extent. The nano sized particulates vary in
shape and measurement. They have large surface area and the surface area gets in-
creased with the reduction in the measurement or dimension of the particulates. The
surface area of nanoparticles helps to make better contact with the biopolymer matrix
molecules in the composite material. [33] From the Figure 6, we can see that nanostruc-
tured particles can be classified into 0-D, 1-D and 2-D nanomaterials based upon their

dimensions.
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Figure 6. Basic Nanostructures Based on Geometry [35].

A thin film can be a two dimensional nanomaterial, if only the thickness of it is nano-
sized. This grouping has been done according to the number of dimensions, which are
not within the nano-sized zone. Zero dimensional nanostructured materials are referred
as nanoparticles of which each dimension is under 100 nm. They are normally spherical
shaped nanoparticles. Nano discs, nano plates and nano sheets are 2D-nanoparticles
since two of the axis are totally extended except the thickness along one axis is in be-
tween the size of 1-100 nm. [35]

Graphene is known as two dimensional nanomaterial. The spacing between the sheets
of graphene is 0.3 to 0.7 nm. Carbon nano sheets such as, GO, has an extremely thin
two dimensional structure having oxygen containing functional groups. GO nano sheets
have excellent stiffness and strength due to the 2D graphene backbone. Because of
possessing high surface area, GO provides excellent reinforcing proficiency to the poly-
mer matrix. [20] More about graphene and GO as well as their structure and properties

will be discussed thoroughly in the next chapter “Graphene”.
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3 GRAPHENE

Graphene is basically made of mono-layer of the atoms of carbon. The atomic structure
of carbon in graphene remains in hexagonal shaped manner. Graphene is the most re-
cent allotrope of carbon, having excellent strength yet decent flexibility. [36] Normally,
sp2 bonded carbon atoms are densely attached to each other producing a honeycomb
array in the single atomic graphene layer. It is the rudimentary fundamental constituent
of all other graphite materials. [37] Graphene exhibits excellent electronic and magnetic
properties. Graphene can be used to reinforce polymer matrix by increasing the mechan-
ical properties of the composite material. All these interesting properties of graphene has
made it an innovative material for the future. [38] Production of graphene is carried out
based on the properties required for particular applications. There are various proce-

dures to produce graphene based on the required application of the products. For com-

posite materials, graphene or graphene oxide is used. [39]

Figure 7. Structural Arrangements of Graphene: a) Graphene-honeycomb arrange-
ment of carbon atoms, b) Graphite-piled layers of graphene, c) Carbon nano-
tubes-piled up graphene tubes, d) Wrapped graphene [40].



13

3.1 Synthesizing Graphene Oxide (GO)

GO is basically produced using Hummers procedure. Graphite is reacted with concen-
trated acid like H2SO4 and oxidizing agent for instance, KMnOa to yield graphite oxide.
Graphite oxide contains functional groups based on oxygen for instance- hydroxyl, car-
boxylic and epoxy functional groups. Presence of hydroxyl and epoxy groups is very
highly concentrated in graphite oxide. On the other hand, carboxylic groups are present

in the boundary of the sheets. [41]

Oxidation
N

(a)

Graphite el

Layer separation

GO

Figure 8. Preparation of Graphene Oxide [40].

Graphite oxide can be mechanically or chemically exfoliated. Graphite oxide is mechan-
ically exfoliated with sonication process to yield GO, an extremely oxidized version of
graphene. When graphite oxide is exfoliated into GO via sonication, the interlayer spac-
ing between the sheets gets increased. The chemicalarrangement of graphite oxide and
the difference in the interlayer spacing between sheets in exfoliated GO is demonstrated
in Figure 9. [41] The interlayer spacing in graphite is 0.335 nm and it gets increased to
0.625 nm for exfoliated GO [42].
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Exfoliation
in a Solvent

GRAPHITE OXIDE I GRAPHENE OX I'DEI

Figure 9. Difference in Structure between Graphite Oxide and Graphene Oxide

[41].

Despite the usefulness of the Hummers method to produce GO, there are couple of ob-
vious problems related to this process. They are, large consumption of oxidizing agents
for the oxidation reaction and longer process period. [43]

3.2 Properties and Applications of Graphene Oxide

Since different functional groups based on oxygen remain in the GO structure, it displays
a set of outstanding properties. They include thermal, mechanical, electronic and optical
properties. GO sheets demonstrate good conductivity and photoluminescence. Oxygen-
based functional groups in the GO structure make it chemically very active. It is noticed
that the most significant chemical reaction for GO is reduction. GO can be reduced with
the presence of a reductant at specific temperature. The most common reducing agent
used for the reduction of GO is hydrazine. [44] Graphene based nanoparticles are useful
to manufacture polymer nanocomposites for various applications. Polymer nanocompo-
sites based on GO nano sheets have shown excellent mechanical & thermal character-

istics, tensile properties and Young's modulus. [45]
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3.3 Reduced Graphene Oxide

Oxidizing graphite chemically produces GO, which has oxygen containing chemical
groups in the molecular structure. Reduction of GO is carried out with a view to reducing
these oxygen containing functional groups to some extent. Reduction of GO can be per-
formed by using different reducing agents for instance, dimethyl hydrazine, hydrazine,
sulfur containing compounds, aluminum powder, ethylene-diamine etc. [46] Reduced
Graphene oxide (rGO) has partial characteristics of graphene. The rGO sheets are con-
sidered as chemically modified or derived graphene. The aim of the reduction process is
mainly to manufacture a material very close to pristine graphene. Chemical reduction of
GO vyields a partially reduced graphene oxide since the full reduction is not possible to
achieve. A suitable reduction method gets rid of almostall of the oxygen based functional
assemblies in a GO sheet. [47]

3.3.1 Preparation of Reduced Graphene Oxide

Distilled water is mixed with GO manufactured from modified Hummers method. A sus-
pension of the mixtures is produced by sonication process in a water bath for couple of
hours. Hydrazine monohydrate of suitable amount is added consequently to the mixture.
The mixture is covered and kept at 85 °C for about 12 hours with continuous magnetic
stirring. The mixture turns from brow to black, which confirms the execution of the reduc-
tion. Cooling of the mixture at room temperature is performed and it is dried for a day to
yield rGO, which is normally collected using a surgical knife. [48]

Graphite oxide Graphene m_-_qde
- '..'\_ -I
= — s s A =
= Exfoliaton <\ / 7 —
Reduction

E

Reduced graphite oxide Reduced graphene oxide
Less reduction

Figure 10. Reduction Flow of Graphite Oxide and Graphene Oxide [48].
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3.4 Production of GO-Based Bionanocomposites

The processing and interaction between GO and biopolymer to produce bionanocompo-
sites depends on several factors, suchas, molecular weight, polarity and reactive groups
present in the polymer. It is possible to make the best use of the nano-sized materials
when the nanoparticles are completely uniformly distributed in the matrix of the polymer.
The consistent and regular dispersion of the GO nano sheets can occur with the selection
of a suitable processing method. There are normally three processing methods to pro-

duce GO based bionanocomposites. [31, 40]

3.4.1 Solution Intercalation

Basically, a suitable solvent system is mainly related with solution blending. Dispersion
of GO based nano sheets can be done in a suitable solvent for instance, chloroform,
H20, acetone etc. After that, it is mixed with the polymer solution. As soon as the solvent
gets evaporated from the mixture, the sheets reconvene by integrating with the polymer
to form nanocomposite. This approach is normally followed for the manufacturing of
epoxy based nanocomposites. In this process, the removal of solvent is a very critical
fact. The entropy achieved from the desorption of the solvent is an important driving
issue for this processing method. For accepting the entering polymer chains, the filler
content has to desorb most of absorbed solvent molecules. Polymer nanocomposites
with the polymer having very low polarity can be produced or processed by the solution

intercalation process. [40]

3.4.2 Melt Processing

In this technique, GO or chemically altered GO is mixed with the polymer matrix while
stillin melted phase. GO nano sheets are blended with the polymeric material and heated
beyond the softening point of the polymer in a melt extruder with single or twin-screw
method. This process has several benefits over the other processing techniques. First
advantage is that this process is carried out without using any solvent. Secondly, melt
mixing is compatible with the recent industrial production techniques for instance, melt
extrusion or injection molding. Formation of bionanocomposites is possible with the melt
processing technique, which is not suitable in the in situ polymerization process. The
thermodynamic collaboration between the polymer and the nanoparticles mainly effect
the formation of bionanocomposites by means of melt processing technique. The nano-

particles should properly spread in the matrix of the polymer composite for obtaining a
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uniform bionanocomposite film. The intensity of dispersion between polymer matrix and

the nanoparticles can be estimated with two important factors. [19, 40] They are,

» The enthalpic interaction that occurs between the nanoparticles and polymer ma-
trix during melt processing,

» The conditions of melt processing, such as- time, temperature, speed etc.

The bionanocomposite can get degraded during processing if the processing tempera-
ture and time are not properly optimized. [19, 40] Melt blending can be a suitable method
for the processing of a biopolymer like CA since it is compatible with a few number of
solvents. CA can be processed with a suitable plasticizer like triethyl citrate. Plasticized
CA when gets processed makes very useful and effective bioplastic that can be used in
medical and automotive field. Plasticized CA and GO nano sheets can be processed
together by means of melt processing technique to yield bionanocomposite that has the

potential to have excellent applications in various fields. [14]

In the next chapter, different melt extruders and melt processing of biopolymers and

composites have been discussed with elaboration.

3.4.3 In Situ Polymerization

This polymerization process is appropriate for the production of those polymer nanocom-
posites, the polymers of which have solubility problems in solvents or have thermal in-
stability. In situ polymerization involves the pre-mixing of nanoparticles with monomer
solution. An appropriate initiator is diffused in the solution. Later, by means of heat or
radiation, the polymerization process is started. Graphene based nanoparticles can have
a decent level of dispersion through in situ polymerization including a previous exfolia-
tion. Monomers can also be intruded in between the layers of GO and later the polymer-

ization process is carried out to discrete the layers. [19, 41]
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4 MELT MIXING METHOD OF POLYMER AND
NANOPARTICLES

Thermal properties of polymeric materials effect the processing outcome of the polymers.
The thermal properties are mainly melting temperature of the polymers, Tg, temperature
of degradation, thermal diffusion and thermal conduction. During the processing period,
mechanical, thermal, visual and other properties are properly adjusted. Polymer extru-
sion is considered to be one of the mostimportant methods for the processing of poly-

mer. Extrusion of polymers have the below mentioned operational flow. [49]

Polymer heating and melting,
Polymer forcing to the shape-forming zone,
Giving the polymer melt the necessary shape,

Cooling the material and

YV V V VYV V

Solidification of the melt polymer. [49]

4.1 Polymer Extrusion

One of the most significant and essential methods for the processing of polymers and
producing polymer composites is polymer extrusion. Extrusion of polymers increases the
strength of the material along the polymer chain as well as the stiffness of the material.
Extrusion process involves- solid transportation, melting of polymers, mixing the poly-
mers, venting and homogenization. Single screw extruder and twin-screw extruder can
carry out extrusion of polymeric materials. [49] The screw arrangement can be modular-
ized as well as the process variables can be altered. These parameters make it likely to
optimize processing parameters such as, temperature, speed, residence time etc. [50]

Before the extrusion processing, the polymers can be blended or mixed with additives
such as plasticizers, heat stabilizers as well as fillers and reinforcements to yield the end
material specific required properties and to make the processing conditions suitable for
the processing of the polymer. The polymer mixed with suitable additives or fillers or
reinforcements is dried properly in the curator before it is fed inside the extruder. In the
extruder, the polymer preparation is melted, metered and transported to the die to give

shape to the extrudate. After the material leaves the die, the polymer is cooled in room
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temperature and solidified. Some secondary procedures such as flame treatment, print-
ing and cutting can be carried out afterwards before the final inspection and packaging.
[51]
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Figure 11. Flow of a Basic Extrusion Process [51].
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411 Single Screw Extruder

An extruder with a single screw can be divided regarding functional and geometric sec-
tions. Feed section, compression section and metering section are the three geometric
parts of a single screw extruder. Each part has different functions. [52] The basic con-

stituents of this type of extruder has been illustrated in Figure 12.

Basic Operation of a Single Screw Extruder

Along the feed section, the polymer goes through the hopper. The material moves down-
wards to the barrel of the extruder from hopper. The material is placed in the room be-
tween the screw and the barrel. Since the barrel remains fixed and the screw keeps
revolving, there are frictional forces acting on the polymer material, which keep the ma-
terial moving further ahead. [52, 53]
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The polymer material gets heated up from the heat originated by the frictional forces and
the conducting heat generated from the barrel heaters. The solid conveying zone ends
and the plasticating zone begins, as soon as the temperature rises above the melting

point and a melt film forms at the surface of the barrel. [52, 53]

The quantity of solid material gets reduced due to the melting of the material. As soon
as the entire solid polymer is vanished and all of it becomes molten, it indicates the
ending of the plasticating zone and the beginning of the melt transporting zone where
the molten polymer transports to the die. While flowing through the die, the molten poly-

mer gets the exact shape of the flowing channel of the die. [52, 53]
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Figure 12. Components and Zones of a Single Screw Extruder [52].
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41.2 Twin Screw Extruder

The key fact that differentiates the twin screw extruder form the single screw extruder is
the number of screws they have. A twin screw extruder involves two parallel screws
revolving inside the barrel. Based on the direction of the rotation of the screw, twin screw
extruder is categorized into co-rotating and counter-rotating. In the co-revolving screw
arrangement, both screws revolve in the samedirection and in the counter-rotating screw
arrangement, both screws have rotation in the opposite course. Based on the interpen-
etration between the screw flight and channel of both screws, a twin-screw extruder can
be interpenetrated or non-interpenetrated. It is known to be an interpenetrated twin-
screw system, when the flight of one screw penetrates into the passage of the remaining
one. [50, 52]

Figure 13. a) Co-rotating & b) Counter-rotating Screw System [52].

Figure 14. Interpenetrated (left) and Non-interpenetrated (right) Screw System
[52].
Twin screw extruder are vastly used in the polymer industry to process and produce
different polymer blends and polymer composites with pre-grinding, manual mixing and
curating the polymers and reinforcements [49].



22

4.2 Melt Extrusion of CA/GO Bionanocomposites

Melt processing of bionanocomposites is one of the mostsignificant processing methods
since high volume of materials can be processed. Since, it is an inexpensive and quick
processing method, large variety of bionanocomposites are processed. In case of pro-
cessing CA/GO bionanocomposites, batch or continuous method is used. In batch pro-
cessing method, micro-compounders are used in which small volume of materials are
added into the feed hopper. Afterwards, melting and mixing occurs in the processing
chamber. On the other hand, continuous method refers to the feeding of materials into
the processing chamber constantly. According to Oksman et al. (2016), several re-
searches have been carried out to produce cellulose based bionanocomposites on a
small scale by using micro-compounder. [54] Bendaoud and Chalamet (2014), con-
ducted the melt processing of CA polymer treated with plasticizer in a micro-twin screw
extruder. According to their research, micro compounders did not allow the processing
of more than 7 gm of CA powder mixed with plasticizer. They also stated that the whole
processing time including the feeding time of the CA polymer samples in the batch ex-
truder took around 5 minutes. [55] The total procedure for processing the CA/GO sam-

ples has been explained in the next chapter.
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5 MATERIALS AND EXPERIMENTAL
PROCEDURES

This chapter demonstrates three important issues carried out in the thesis. A complete
information about 1) all the materials used during the laboratory work, 2) all the pro-
cessing machines, their operating system and list of operating parameters and 3) thor-

ough description about all the characterization of materials methods used in the thesis.

5.1 Materials

Table 2 tabulates the chemicals used in the experimental process.

Table 2.  Materials used for all the processes and the manufacturing companies.

No. of In- Name of the Ingredients Manufacturing Company
gredients
1 Cellulose Acetate powder Sigma Aldrich, Germany
2 Triethyl citrate Aldrich, Germany
3 Graphite powder TIMCAL Ltd., Switzerland
4 Sulfuric Acid (H2S04) VWR Int. OY, Finland
5 Sodium Nitrate (NaNO3) Sigma Aldrich, Germany
7 Potassium Permanganate Merk, Germany
(KMnO4)
8 Hydrogen Peroxide (H202) Sigma Aldrich, Germany

Distilled water and acetone were used for cleansing in the experimental section of the
lab. GO synthesis step and manual grinding of plasticized CA polymer and composites
with GO particles required the use of specific chemicals. This is properly illustrated in the
Table 3.
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Table 3.  Chemical ingredients used in specific experimental steps.

Experimental Step Chemicals Used

GO preparation by modified | Graphite powder, Sulfuric Acid (H2SO4), Potassium
Hummers method Permanganate (KMnO4), Sodium Nitrate (NaNOs),
and Hydrogen Peroxide (H2032).

Preparing batches of poly- CA powder, TEC and Prepared GO sheets.
mer composites

Processing of Polymer CA powder, TEC and GO.
Composites

5.2 Process Flow of the Experimental Work

The process flow chart of the complete experimental process can be illustrated by

Figure 15.

GO preparation

3

Preparing polymer composite samples by grinding

4

Curing all the samples in the oven at 60 C

4

Processing of the polymer composite samples by melt extrusion

4

Making films by heat pressing of the extrusion processed samples

4

Characterization of the heat-pressed films

Figure 15. Process Flow of the Experimental Work.
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5.3 Synthesis of GO by Modified Hummers Procedure

GO was produced by oxidizing graphite by following the modified Hummers procedure.

The whole process can be shown in the following process flow chart.

>
>

An ice bath was prepared.

46 ml of strong sulphuric acid (H2SO4) was transferred into a volumetric flask and
the acid was placed at the ice bath at 0 °C to make it cool. A magnetic bar stir
was used for constant stirring. 0.1 gm of sodium nitrate (NaNO3s) was mixed to
the cooled acid with continuous agitation.

Graphite powder with an amount of 2 gm was added to the reaction fusion grad-
ually with relentless stirring.

Gradual addition of potassium permanganate (KMnOa4) with an amount of 6 gm
into the reaction mixture was performed and the temperature was maintained in
between 0 °- 5 °C during this period.

Removal of ice bath was done and the reaction mix was cooled at 25 °C for about
6 hours to result in a thick paste like substance.

The addition of 92 ml (double the amount of acid) of distilled H20 to the reaction
mix with continuous stirring was done. The addition of distilled water results in an
increase in the temperature of the reaction mixture up to around 85 to 90' C.
After half an hour of continuous stirring, addition of 280 ml of distilled water to the
reaction mix was done.

The addition of 3 ml of 30% H202 was done to the reaction solution, which results
in a change in hue of the mixture to yellow from dark brown.

The obtained product was centrifuged and the remaining bottom fraction was col-
lected. The obtained bottom portion was again dispersed in distilled water and
centrifuging was performed few times till the pH of the solution gets to seven.
Ultra sonication were being done frequently in between centrifuging.

When the mixture gets to neutral, it was taken in petri dishes and the material
was cured in the oven for about 12 hours at around 55 °C.

The dried GO films for the petri dishes were collected by using a sharp knife. The

pictures of the centrifuged mixtures and the GO films are illustrated in Figure 16.
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Figure 16. Pictures Taken during GO Synthesis- a) Compactor, b) Centrifuged
GO Solutions, ¢) Sonicator, d) Dried GO Film.
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5.4 Manual Grinding and Mixing of the Samples

Two sets of four samples were prepared by manual grinding using mortar and pestle.
CA powder was mixed with TEC plasticizer to make the first pure polymer sample. Sec-
ond, third and fourth sample were made with mixing finely grinded GO with the plasticizer
and CA powder. In the second, third and fourth polymer composite samples, the ratio of
GO was 0.25, 0.5 and 0.65 wt.% consecutively with respect to the amount of CA. Ratio
of the plasticizer on the weight of CA was kept constant in all the samples. Table 4 illus-

trates the recipe for making the polymer and composite samples with manual mixing.

Table 4. Recipe for making manually grinded polymer and composite samples.

Sample Materials and Used Amount
No.
1. Cellulose acetate = 3 gm + Triethyl citrate- 50 wt. % w.r.t. CA= 1.5 gm
2. Cellulose acetate = 3 gm + Triethyl citrate- 50 wt. % w.r.t. CA = 1.5 gm

+ GO-0.25 wt. % w.rt. CA=7.5mg

3. Cellulose acetate = 3 gm + Triethyl citrate- 50 wt. % w.r.t. CA = 1.5 gm
+ GO-0.5 wt. %o w.rt. CA=15mg

4. Cellulose acetate = 3 gm + Triethyl citrate- 50 wt. % w.r.t. CA=1.5gm +
GO- 0.65 wt. % w.r.t. CA=19.5 mg

5.4.1 Procedure for Sample Preparation

For preparing the pure polymer sample, 3 gm CA was weighed and kept in a plastic
container. An approximate one-third portion of the 3 gm CA was taken in the mortar and
one-third of the 1.5 gm plasticizer was added to the mortar by using a dropper. The
material was blended properly using a pestle. When it got properly mixed, rest of the CA
was mixed with the rest of the plasticizer in two segments using the same way. The

prepared plasticized CA sample was preserved in a covered container.

For preparing the second, third and fourth polymer composite samples with pre-calcu-
lated amount of GO, same procedure was performed. 3 gm of CA powder was weighed
and kept in a plastic container. Pre-calculated amount of finely grinded GO was also
weighed and taken in the mortar. Few drops of the 1.5 gm plasticizer were added to the
mortar and grinded well to make the GO particles as dispersed as possible. Small portion

of the 3 gm CA powder was added to the mortar and mixed well with the pestle. The rest
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of the CA was mixed with the rest of the plasticizerin two segments using the same way.
In second, third and fourth sample, the ratio of GO used was 0.25, 0.5 and 0.65 wt.%
consecutively with respect to the amount of CA, but the same procedure was followed
for preparing the polymer composite samples. Figure 17 and 18 illustrates the prepared

TEC plasticized CA and CA/GO composite samples.

Figure 17.  Pure CA Sample Mixed with TEC.

Figure 18. Manually Mixed GO 0.25, GO 0.50 and GO 0.65 Composite Sam-
ples.



29

5.5 Processing of the Samples

The TEC plasticized CA and the composite samples with varying ratio of GO were pro-
cessed by DSM Xplore 5, twin screw micro-compounder in the laboratory of Tampere
University (TUNI). This twin screw extruder is a 2005 model having a capacity of 5 cm?.
The screws are co-rotating having a length 90 mm each. The machine can process max-
imum at 400 °C. The machine includes six heating zones with three front and three rear
zones that can be controlled by a touch screen monitor. This twin screw extruder has the
benefit to process polymer batches of very small weight. Figure 19 illustrates the twin

screw extruder setup in TUNI.

Figure 19. Twin-Screw Extruder in Laboratory.
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5.5.1 Processing Procedure and Operating Parameter

Since CA has high moisture absorbency, drying of all the samples was performed in the
oven for few hours at around 55 °C just prior to the processing. Before processing of the
samples, the extruder was cleaned by feeding the cleaning polymer at 200 °C. The plas-
ticized CA sample and the CA/GO (varying ratio of GO) composite samples mixed with
TEC were all processed at 200 °C for about 3 minutes. The speed of the screw was kept
at 80 rpm for all the samples. The plasticized CA sample was transparent when pro-
cessed and all the other CA/GO composite samples were increasingly darker in color
after processing. All the four samples were processed in one run. A temperature range
of 170 °C to 200 °C was trialed to process the samples, but processing at 200 °C gave
the bestprocessedthe samples. One extra batch of samples were prepared in the similar
way for the analysis and safety purpose. After each use of the extruder, it was cleaned
by the cleaning polymer. The processed samples are illustrated in the Figure 20.

Figure 20. Processed Samples- TEC plasticized a) CA, b) GO 0.25,
¢) GO 0.50 and d) GO 0.65 Composite samples.
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5.6 Heat Pressingthe Samples

After processing the samples in the extruder, they were pressed by the heat presserto
yield a film formation. Before the heat pressing of the samples, they were cut into small
pieces for the pressing convenience. The hydraulic pressing machine used during the
film formation has two parallel plates. The temperature of both the upper and the lower
heating plates can be controlled individually. Baking paper was placed on the lower heat-
ing plate and above it; the small cut pieces of the samples were placed. Another piece
of baking paper was placed above the cut pieces of sample. Baking paper was used to
resist sticking of the polymer samples to the heating plates. Since all the samples were
processedat 200 °C, sametemperature was used to press all the samples. The pressure
of the heat press was kept at 6 bar. All the four samples were pressed for 20 seconds.

The hydraulic press setup in the laboratory is illustrated in Figure 21.

Figure 21. Heat Pressing Machine Setup.
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The pressed samples were preserved in transparent zip-lock plastic bag for further anal-

ysis. The pressed film samples are illustrated in Figure 22.

Figure 22. Heat-pressed TEC plasticized Polymer and Composite Samples-
a) CA, b) GO 0.25, ¢c) GO 0.50 and d) GO 0.65
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6 CHARACTERIZATION OF MATERIALS

Various methods were performed for the characterization of the fabricated TEC plasti-
cized CA and CA/GO composite films. All the data-based and quality-based information
obtained from the characterization methods were used to compare TEC plasticized CA
film with the TEC plasticized CA/GO composite samples as well as the comparisonwithin
the composite samples with varying percentage of GO was also analyzed. The charac-
terization methods used to analyze the samples were- Fourier Transform Infrared Spec-
troscopy (FTIR), Wide Angle X-Ray Scattering (WAXS), Thermogravimetric Analysis
(TGA), Differential Scanning Calorimetry (DSC), Field Emission Scanning Electron Mi-
croscopy (FESEM) and Mechanical properties.

6.1 Fourier Transform Infrared Spectroscopy (FTIR)

Chemicalarrangement and interaction among the functional groups of the polymer nano-
composite material can be straightly achieved from the FTIR spectroscopy. The data
measurement from the from the FTIR spectra is very reliable and precise. This method

is acknowledged for the industrial and research facilities. [56]

In the FTIR spectroscopy, the radiation transmittance (%) of the samples was obtained
as a function of the wavenumber which is inverse to the wavelength of the radiation. The
characteristic peaks achieved because of the interaction of different functional groups in
the samples were analyzed. For analyzing the interaction between CAand GO, the FTIR
spectraof the TEC plasticized CA film and the CA/GO composite films were taken. There
are different oxygen based functional groups prominent in the GO film. Different charac-
teristic peaks in the spectra of GO can be visible because of the existence of different
oxygen comprising functional groups in GO film. Bruker Optics Tension 27 was used for
the FTIR measurements. The measurement of spectra was done at a range between
500 cm™and 4000 cm-".

6.2 Wide Angle X-Ray Scattering (WAXS)

Polymer characterization based on diffraction can be performed with X-rays having
wavelength between 0.1 and 2.5 A. The wavelength of X-rays allows obtaining the dif-
fraction measurements that make it possible to analyze structures at sub nanometer to

sub micrometer length scales. X-rays interact with the crystalline portion of the polymer
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or polymer composite in X-ray diffraction. This interaction causes a diffraction pattern.
[57]

In this thesis work, the WAXS measurements of the GO film, TEC plasticized CA polymer
film and CA/GO composite films were performed by means of Panalytical Empyrean
Multipurpose Diffractometer. 40 KV and 40 mA were the operating parameters for this
instrument as well as the used radiation source was Ka (A=0.154nm). The WAXS data
was recorded from 20 = 5° to 40°. The scan rate was 2° per minute. An amorphous

sample holder was used to attach the GO, pure CA and CA-GO composite samples.

6.3 Differential Scanning Calorimetry (DSC)

Thermal analysis performed with DSC is a vastly used method. The amount of heat ab-
sorbed in relative to a reference can be determined through a particular thermal shift by
this thermal analysis method. The thermal properties of the sample going through con-
siderable change can be estimated with respect to time or a fixed heating or cooling

proportion as a function of temperature. [58]

A temperature window of 0 °C to 200 °C was used for the measurements of Differential
Scanning Calorimetry. The rate of heating was 10 °C / minute. The instrument used was
NETZSCH DSC 214 Polyma. The measurements were performed in a nitrogen atmos-
phere. The glass transition temperature of the TEC plasticized CAand CA/GO composite
samples were obtained by the DSC thermo-grams. 10 mgof material from the composite

films were weighed in the aluminum pans and sealed with a universal crimper.

6.4 Thermogravimetric Analysis (TGA)

In this technique, the alteration in the sample mass is observed as a function of time and
temperature. The method is executed with a thermal-balance. TGA can be dynamic and
isothermal. TGA method is renowned to analyze the thermal stability of polymer or poly-

mer composite materials at various applying environments. [59]

In the laboratory, the thermal property of TEC plasticized CA and CA/GO composite
samples were analyzed by NETZSCH TG209 F3. In this research, isothermal TGA
method was used. 10 mg of samples from the each of the films were kept at 200 °C for
about 3 minutes which are also equal to the processing time and temperature of the
samples. After spending 3 minutes at 200 °C, the loss of mass were estimated from the
TGA curves for the TEC plasticized CA and the CA/IGO composite films. The process

was conducted in a nitrogen atmosphere.
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6.5 Field Emission ScanningElectron Microscopy(FESEM)

FESEM is a type of scanning electron microscopy based diagnostic strategy where the
electrons are released from a field emission gun. This technique is well used to analyze

the morphological structure of polymers and composites. [60]

Using a field emission microscope helped investigate the cross-sectional morphological
structure of CA/GO composite films. The brand name of the microscopeis SEM Zeiss
ULTRA Plus. The composite films cut into required size, were plummeted into liquid ni-
trogen and frozen fractured. Gold coating was done to the fractured surface before the

investigation of the morphology by microscope to resist charging.

6.6 Mechanical Testing

The mechanical properties of the TEC plasticized CA and the CA/GO composite films
were investigated by performing mechanical testing. The films having regular thickness
were exposed to tensile testing by means of a universal testing machine (Instron 5967).
The strain rate was 2mm/min at 20 °C. The TEC plasticized CA and CA/GO composite
samples were cut into a specific dumbbell shape having a dimension of 12 mm x 2 mm
x 0.1 mm. Five samples were prepared from each film which gave five corresponding

values to calculate statistical average of the mechanical parameters.



36

7 RESULTS AND DISCUSSION

All the values, graphs and data obtained from the characterization methods are pre-
sented and analyzed in this section of the thesis. The comparison between the TEC
plasticized CA and the CA/GO composites having different GO concentration are ana-
lyzed in this section. The reasons for the changes in results in the characterization meth-
ods because of the addition of GO in the CA polymer matrix have been discussed thor-
oughly. The changes in the results due to the growth in the concentration of GO in the

CA/GO polymer composites have been taken under focus too in this section.

7.1 FTIRResults

In the Figure 23 (a), the FTIR spectra of TEC plasticized CA and CA/GO composite films
are presented. TEC plasticized CA demonstrates characteristic broad peak at around
3484 cm™' because of the O-H stretching vibration of hydroxyl groups. C-O-C stretching
vibration at 1736 cm™' occurs due to the glucoside units in the cellulose backbone. [61]
However, the interaction between GO and CA is confirmed by the shifting of the FTIR
peaks position of the -OH stretching vibration peak and C-O-C stretching vibration peak
in the composite films from the TEC plasticized CA film [62, 63].

The Figure 23 (b) is an enlarged version of the -OH stretching vibration region for the
TEC plasticized CA and the CA/GO composite films. In this figure, it is noticeable that
the -OH stretching peak of the composite films have shifted to some extent as compared
to the -OH stretching peak of TEC plasticized CA. In the spectra of GO 0.25, GO 0.50
and GO 0.65 composite films, the -OH stretching peak occurs at 3479 cm™', 3474 cm"
and 3478 cm-' respectively which are lower in terms of wavenumber when compared to
the -OH stretching peak of TEC plasticized CA. Hence, in the FTIR spectra of CA/GO
composite films, the -OH stretching peaks shift to a lower wavenumber with the increase
of the GO content in the nanocomposite films. This is an indication of the hydrogen bond-

ing interaction occurring between TEC plasticized CA and GO. [62, 63]
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38

The Figure 23 (c)is an enlarged version of the C-O-C stretching vibration region for the
TEC plasticized CA and the CA/GO composite films. In the FTIR spectra of plasticized
CA, the C-O-C stretching vibration occurs at 1736 cm-'. However, in the spectra of GO
0.25, GO 0.50 and GO 0.65 composite films, the C-O-C stretching peaks shift to 1734
cm™, 1732 cm™ and 1731 cm respectively which are lower in terms of wavenumber
when compared to the C-O-C stretching peak of TEC plasticized CA. These shifts of the
C-O-C stretching peaks in the composite films also give the indication of hydrogen bond-

ing interaction among the GO sheets and the CA matrix. [63]

7.2 WAXS Results

The dspersion of GO nano sheets into the CA polymer matrix of the CA/GO composite
films are analyzed and the interlayer spacing between GO layers are calculated from
Bragg’s law [13]. The WAXS patterns of GO, TEC plasticized CA and CA/GO composite
films are illustrated in Figure 24. A typical diffraction peak of GO appears at 26=10.8°
signifying the interlayer distance of 0.82 nm, which is caused by the oxygen containing
groups at the edges of the GO sheets and the trapped H20 molecules in between GO
sheets [64, 65].

TEC plasticized CA shows characteristic broad diffraction peak at 26=8.7° and 26=21.74°
both due to the amorphous part of the polymer [13, 21]. The CA/GO composite films
show similar diffraction peaks compared to the TEC plasticized CA film. There is no ob-
servation of the characteristic peak of GO in the CA/GO composite films and this is due
to the disorder and lack of structure uniformity in GO. It also signifies good dispersion of
the GO sheets at molecular level into the TEC plasticized CA polymer matrix. [66] The d
spacing of GO sheets before compounding can be estimated by the following formula

from Bragg'’s law-

Pure GO before Compounding:

d= NM2sinB = 0.154 nm/2sin (10.8°) = 0.82 nm
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Figure 24. WAXS of GO, TEC Plasticized CA & CA/GO Composite films.

7.3 DSC Results

Thermograms obtained from DSC studies show the thermal characteristics of TEC plas-
ticized CA and CA/GO composite films. DSC thermogram in the Figure 25 shows the Tg
of the TEC plasticized CA polymer film and the CA/GO composite films. The temperature
region from 98 °C TO 103 °C in the DSC thermograms corresponds to the Tg of the TEC
plasticized CA and the CA/GO composite films. The CA film processed with TEC plasti-
cizer demonstrates a broad endothermic peak positioned at 98 °C. Derivatives of cellu-
lose demonstrate this kind of ideal endothermic peak in the DSC thermogram at a higher
temperature. [21] With the treatment of TEC, the softening temperature of CA gets re-
duced to 98 °C which is almost half of the Tg of unplasticized CA film, recorded by Bao
et al. (2015) in their research. The tg of Unplasticized CA was recorded at around 192
°C, according to Bao et al. (2015). [12] It is noticeable from Figure 25 and Table 5 that,
the increase in the GO concentration in the CA/GO composite films is causing a sub-
stantial increase of the Tg of the composite films as compared to the Tg of TEC plasti-
cized CA film. The GO 0.5 composite film shows a maximum increase in the Tg which is
103 °C. Tg of GO 0.25 and GO 0.65 composite films are 102 °C & 101 °C respectively.

The hydrogen bonding interaction between the CA and GO sheets is the reason for the
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softening of CA/GO composite films at higher temperatures as compared to the TEC
plasticized CA polymer film. The segmental movement of the CA polymer chain is re-
duced because of the interaction between CA polymer matrix and GO sheets that causes
an increase of Tg in the composite films compared to TEC plasticized CA film. [21] DSC
thermograms of TEC plasticized CA and different CA/GO composites are illustrated in

the Figure 25 and Table 5.
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Figure 25. DSC Thermograms of TEC plasticized CA and CA/GO Composite
Films.

Table 5. Tg of TEC plasticized CA and CA/GO composite films from DSC thermograms.

Samples Tg
Plasticized CA 98 °C
GO 0.25 102 °C
GO 0.50 103 °C
GO 0.65 101 °C




41

7.4 TGAResults

Isothermal TGA was performed to analyze the mass loss (%) due to the evaporation of
plasticizer from the TEC plasticized CA and CA/GO composites based on time and tem-
perature. Since the temperature and time needed for melt processing of all the samples
were 200 °C and 3 minutes respectively, they were kept at the same temperature as well
as same time period was used to monitor the mass loss (%) from the samples due to the
evaporation of TEC. Mass loss (%) of TEC plasticized CA and CA/GO composite sam-

ples can be analyzed from the thermograms obtained in the Figure 26.

By the TGA curve of TEC plasticized CA, it is noticeable that TEC plasticized CA has
93.2 % residual mass after 3 minutes at 200°C which means it loses 6.8 % of the initial
weight. In the TGA curve of TEC plasticized GO 0.65 composite film, the mass reduced
is found to be 6 % which is almost 1% less than TEC plasticized CA. TEC plasticized
GO 0.5 and GO 0.25 composite films show mass loss of 6.8 % and 7.2 % respectively.
Therefore, all the composite films show better or almost similar residual mass as com-
pared to the TEC plasticized CA polymer film. Thus, TEC plasticized CA/GO composite
samples show decent thermal property as compared to the TEC plasticized CA polymer
film. This happens because of the interaction of the functional groups between GO and
CA through hydrogen bonding. [13]
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Figure 26. Isothermal TGA Curves for TEC Plasticized CA and CA/GO Com-
posite films.
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7.5 FESEM Images

The morphology of TEC plasticized CA and the CA/GO composite films were examined
by FESEM studies and resulted SEM images are presented in Figure 27. These FESEM
images also demonstrate the dispersed GO sheets into the CA polymer matrix. Any pos-
sible agglomeration of GO sheets into the polymer matrix can be easily noticeable by
these FESEM images. Figure 27 demonstrates normal and magnified FESEM images of
the TEC plasticized CA and CA/GO composite films.

The fractured surface of TEC plasticized CA film, independent of GO particles exhibits a
smooth and clean cross-sectional FESEM images. On the other hand, the FESEM im-
ages of the fractured surfaces of the GO 0.25 and GO 0.5 composite films demonstrate
uniformly dispersed of GO sheets into the CA matrix. In the FESEM images of these two
CA/GO composite films, the GO sheets seem to be well dispersed into the CA matrix
because of the generation of shear stress at the period of melt processing. However, as
the concentration of GO sheets increase up to 0.65% in the CA/GO composite film, the
agglomeration of GO sheets becomes very prominent. Hence, the GO sheets get clus-
tered into the CA polymer matrix. In the GO 0.65 composite film, the amount of GO
content increases to a certain point which makes the GO sheets very closeto each other.
As a result of that, the GO sheets become stacked into the CA polymer matrix. [13]
Furthermore, at higher GO concentration, the sheets of GO tend to aggregate in the
polymer matrix owing to the presence of strong Van Der Waals (VDW) bonding within
the GO sheets [21, 67].
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7.6 Mechanical Properties

The ideal stress-strain curves obtained from the mechanical testing experiment of the
TEC plasticized CA and CA/GO composite films are presented in the Figure 28. Five
analogous data of stress at break, strain at break and Young’s modulus were obtained
by repeating each measurementfor five times. By using these different values, statistical
average of the above mentioned properties were calculated. The calculated statistical
average values for TEC plasticized CA and CA/GO composite films are presented in
Table 6.
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Figure 28. Stress-Strain Curves for TEC Plasticized CA and CA/GO Compo-
site Films.

From the Figure 28 and Table 6, it is very noticeable that, the stress at break increased
whereas the elongation at break decreased of the TEC plasticized CA/GO composite
films with the increase of GO content as compared to the TEC plasticized CA film. The
elongation at break for the TEC plasticized CA film is found to be 26 + 4 %. On the other
hand, GO 0.50 composite film shows a strain at break of 15 £ 3 % which is much lower

than the TEC plasticized CA film. Reduction of the elongation at break of the composite



45

films with higher GO content in the polymer matrix refers to the lowering of ductility of
composite films. TEC plasticized CA film shows a stress at break of 16 + 4 MPa. On the
other hand, GO 0.25 and GO 0.50 composite films show uniformly increased stress at
break of 20 + 3 and 25 + 4 MPa respectively. [21] However, the TEC plasticized GO 0.65
composite produce very brittle film and it exhibits both lower stress at break (15 + 2 MPa)
and strain at break (5 + 2 %) compared to the TEC plasticized CA film. The strong VDW
interaction between the GO sheets in TEC plasticized CA matrix at higher GO concen-
tration leads to the agglomeration of the GO sheets into the CA matrix which makes the
GO 0.65 film brittle [21, 67]. The Young's modulus of the composite films also enhances
with the enhancement of the GO content in the TEC plasticized CA matrix except the
TEC plasticized GO 0.65 film. TEC plasticized GO 0.25 (0.70 £ 0.4 GPa) and GO 0.5
(1.1 £ 0.6 GPa) composite films show significantly higher values of Young’s modulus
compared to that of the TEC plasticized CA film (0.50 + 0.3 GPa). The clustering of GO
sheets into the TEC plasticized CA matrix at higher GO concentration causes the re-

duced Young’'s modulus value in case of GO 0.65 composite film. [21]

In conclusion, GO 0.25 composite film shows 25 % and 40 % improvement of stress at
break and Young’s modulus respectively as compared to TEC plasticized CA, whereas
GO 0.50 composite film demonstrates 56 % and 120 % increase of stress at break and
Young’s modulus respectively. Mechanical testing of the samples shows significant ex-
pansion of tensile strength of the composite films with higher GO content and this is due
to the strong interaction between the TEC plasticized CA and the GO sheets via the

formation of hydrogen bond [68].

Table 6. Mechanical properties of TEC plasticized CA and CA/GO composite films with

statistical avg.
Sample Stress at Break (MPa) | Strain at Break (%) | Young’s modulus
(GPa)

CA 16+ 4 26+4 05+0.3
GO 0.25 20+ 3 22+ 3 0.7+04
GO 0.50 25+ 4 15+ 3 1.1+0.6
GO 0.65 15+ 2 5+2 06+0.3
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8 FURTHER RESEARCH

Producing bionanocomposite films using CA as a polymer matrix and GO as reinforce-
ment gave some good consequences. This work truly inspires to carry on performing
some other researches based on the outcome. There are some other polymers that are
biodegradable in nature such as poly lactic acid. Poly lactic acid can be processed by
melt extrusion with GO as a reinforcement to produce strong bionanocomposite film. The
focus should be on producing bio-based nanocomposites which will be eco-friendly. Re-
duced graphene oxide which is very close to pristine graphene can also be used to ob-

serve the mechanical effect of the processed composite film.

Focus should be on producing biodegradable composite films having good mechanical
properties to use in packaging applications for food and other products. Further analysis
can be performed on the estimation and experimentation of the gas barrier properties of

the bionanocomposite films.
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CONCLUSIONS

In this thesis work, biodegradable cellulose acetate (CA) polymer was processed with
very low content of graphene oxide (GO) nano sheets in order to fabricate bionanocom-
posite films. The main focus of this research work was to perform the processing of
CA/GO biocomposite samples by melt extrusion which is suitable for large scale produc-
tion in the industries. Furthermore, the possibility to fabricate mechanically strong CA/GO
composite films was a significant intention to conduct this thesis work since bio based

polymers have lower mechanical strength as compared to petroleum based plastics.

Structural and thermal characterization as well as mechanical testing methods have
been used to analyze the performance of the TEC plasticized CA/GO composite films
with respectto TEC plasticized CA film. The hydrogen bonding interaction between the
CA matrix and GO sheets has been confirmed from the FTIR spectra. Presence of GO
sheets in the composite films has been ensured since the characterization peaks in the
TEC plasticized CA/GO composite films shifted to some extent as compared to the peaks
of TEC plasticized CA film. The WAXS study and FESEM images backs the integration
and dispersion of GO into the CA polymer matrix in both GO 0.25 and GO 0.50 composite
films. However, GO 0.65 composite film demonstrates clustered GO sheets into the CA
matrix. CA/IGO composite films illustrate good thermal property and it has been con-
firmed through DSC and isothermal TGA analysis. Higher Tg has been obtained from
the DSC curves for the TEC plasticized CA/GO composite films as compared to the TEC
plasticized CA film which ensures the interfacial interaction among GO and CA polymer
matrix. Isothermal TGA curves illustrate reduced loss of mass for the composite films at
200°C as compared to the mass loss of TEC plasticized CA. Mechanical testing shows
a significant enhancement of the mechanical strength of TEC plasticized GO 0.25 and
GO 0.50 composite films as compared to TEC plasticized CA film. A higher stress at
break and Young's modulus is prominent for the CA/GO biocomposite films.

Green packaging is considered a very important issue in this recent time since the ne-
cessity of biodegradable packaging products has enhanced a lot in order to create an
eco-friendly environment. Approaches and researches like this thesis work can definitely
become successfulto replace petroleum based packaging products with the biodegrada-
ble nanocomposite based products which have excellent mechanical properties. Incor-

poration of a very small content of GO into bio based polymer matrix can increase the
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mechanical properties to great extent. It is high time, we carry out more and more re-
searches to produce eco-friendly biodegradable composite films for the packaging appli-

cations.
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