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ABSTRACT

Poly (lactic acid), (PLA) is a biodegradable and biocompatible polymer which has
attracted significant attention as a promising substitute for petroleum-based polymers. To
optimize the usage of PLA in a wide range of applications, different methods such as polymer
blending and the incorporation of traditional and nanofillers have been extensively explored.
Cellulose nanocrystals (CNCs), rod-like nanoparticles with a perfect crystalline structure, are
considered as outstanding reinforcing agent owing to the excellent mechanical properties. The
optimal characteristics of CNCs as a reinforcing agent in the polymer can be achieved through
homogeneous dispersion within the polymeric matrix. However, the strong hydrophilic character
of CNCs due to the presence of hydroxyl groups on the surface restricts the uniform dispersion
of CNCs in the PLA matrix. In this work, three surface modification treatments along with two
different mechanical preparation techniques were employed to improve the dispersion quality of
CNCs in the PLA matrix. Polymer adsorption, green esterification, and time-efficient
esterification were used as surface modification treatments. Solvent casting and spin-coating
method were employed to prepare highly concentrated CNCs masterbatches. Nanocomposites
were prepared using melt extrusion, followed by an injection molding process. The morphology
of masterbatches indicated better CNCs dispersion through spin-coated thin films, suggesting a
high evaporation rate and the effect of centrifugal force and surface tension in the spin-coating
process decrease the possibility of CNCs aggregate through the film. Consequently,
nanocomposites manufactured using spin-coated masterbatches exhibited higher mechanical
strength in comparison with solvent cast ones. In the case of surface modification treatments, the
most uniform CNCs dispersion was observed in the nanocomposites reinforced by valeric acid

through esterification technique. Higher thermal stability was also achieved through the



application of esterification technique. This observation was related to the presence of DMAP on
the surface of CNCs which turns into inert materials, prohibiting the thermal degradation. The
higher molecular weight and lower molecular number observed in spin-coated samples in
comparison with film cast nanocomposites led to the higher damping behavior in spin-coated
nanocomposites. This observation indicated the more viscoelastic properties in spin-coated

samples owing to the presence of more polymer chain freedom in spin-coated nanocomposites.
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1. INTRODUCTION
1.1. Motivation

Poly(lactic acid), (PLA) with Lactic acid as monomer is an aliphatic polyester obtained
from renewable resources like corn, wheat, and potatoes (Figure 1.1). Lactic acid produced by
carbohydrate fermentation or chemical synthesis has two optically active configurations, I-
lactides and d,l-lactides [1]. Poly-condensation and ring opening polymerization are two
chemical routes which have been developed to convert lactic acid to PLA. Considering the origin
of PLA, there are three different isomeric forms of PLA. Poly(meso-lactide) or poly(DL-lactide)
which is an amorphous grade of PLA (A-PLA) and the other two are poly (L-lactic acid) (PLLA)

and poly (D-lactic acid) (PDLA), are homo-crystalline in nature [2].

CH, 0

o—ch—}
L J

Figure 1.1. Chemical structure of PLA.

n

Amorphous PLA with glassy and transparent clarity can easily dissolve in most organic
solvents such as tetrahydrofuran (THF), chloroform, acetonitrile, and benzene. While, crystalline
PLA only can be dissolved in chlorinated solvents under the specific condition like high
temperature [3].

PLA is considered as a biodegradable and viable substitute for petroleum-based synthetic
polymers. It is the most widely used bio-based polyester due to its superior mechanical
properties, thermal properties and processability compared to petrochemical polymers like

polypropylene and polyethylene [4]. However, high crystallinity, high permeability, brittleness,



high cost, low availability, and limited molecular weight of PLA had limited its commercial
application in industry [5].

PLA can be processed by different methods such as film extrusion, injection molding,
melt processing, foam, blow molding, fiber spinning, and thermoforming. In which, the melt
processing is the main conversion method for PLA. The thermal stability of the polymer in all
different processing methods has the main role in preventing the degradation of the polymer [6].
PLA has a melting point and glass transition temperature of about 173 and 55 °C, respectively.
Degradation at temperatures above 200 °C has been reported for PLA. In general, PLA
degradation under environmental condition follows a complicated process and depends on
different parameters such as molecular weight, temperature, moisture and residual catalyst or
solvent [7].

To address PLA deficiencies, there are several PLA modification methods to optimize it
for specific applications and to increase its ability in diverse applications. The most common
methods are, polymer blending, and nanocomposite technology [8]. The blending of different
polymers can result in miscible or immiscible solutions, depending on whether the polymer
chains of the two components form a homogeneous single phase or phase separates into
individual domains of the two components [9]. Miscible or compatible polymer blends properties
follows the rule of the mixture in which the final properties of blends is typically an average of
the properties of the individual components and consequently fewer issues of appearance, the
directionality of properties, and rheology can be altered by blending the appropriate type and
amounts of polymers [9]. Polyethylene oxide (PEO), polyolefin and polyvinyl acetate (PVA) are

some examples of different polymers which have been used to blend PLA [10, 11].



The application of nanofillers is another method for improving the properties of PLA. In
nanocomposite technology, nanofillers in the size range of 1-100 nm, with high specific surface
area can be incorporated to PLA to enhance the mechanical properties of the nanocomposite
[12]. In this method, the resin takes advantage of reinforcement application of nanomaterial [13].
The morphology of nanofillers dispersion has a significant role on the performance
characteristics of the final composite and critically affects the physical and mechanical properties
[14]. Hydrophobicity and polar nature of PLA limits the incorporation of different nanofillers
and reinforcements and results in nonuniform dispersion [15]. Increasing the compatibility
between PLA and different nanofillers have been studied and there are many published articles
on improving nanofiller dispersion in PLA [16-19].

Facing the necessity to decrease the negative effects on the environment caused by the
accumulation of petroleum-based polymer waste, the research efforts of material scientists have
focused on the development of new nanofiller materials based on biopolymers, capable of
degrading under natural conditions without leaving toxic or harmful waste in the environment.

Over the last several years, nanocellulose and in particular, cellulose nanocrystals
(CNCs) have received much attention for the production of fully-renewable and biodegradable
nanocomposites. CNCs exhibit a number of outstanding and encouraging properties in several
applications, including packaging, automotive and biomedical sector.

CNCs are natural nanofillers derived from cellulose. Cellulose, a high molecular-weight
(162 g/mol or more) linear homopolysaccharide, is the most abundant organic compound
available on the earth and is the primary structural component of the cell wall of various plants,

and many forms of algae and the oomycetes.


http://en.wikipedia.org/wiki/Algae
http://en.wikipedia.org/wiki/Oomycete

Cellulose is a complex ordered carbohydrate polymer in a hierarchical structure of
elementary crystallites which forms the fibers via hydrogen bonding [20]. Regardless of the
source, cellulose is a linear homopolymer composed of -1,4-linked glucopyranose units; in

which every monomer unit is corkscrewed at 180° with respect to the adjacent unit (Figure 1.2).

Ho J—Oo HO Poo

HO p OOH
HH H H H 1 |-| H H
H H H

OH OH OH HO OH OH OH OH
_OH OH
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HH H GH 1 ] SAH H {
H H H H

OH OH OH OH OH OH OH OH

OH OH

Figure 1.2. Schematic representation of a cellulose molecule.

Cellulose can be transformed into micro or nano-scale products with different shape and
crystallinity using different methods such as acid hydrolysis, combined mechanical shearing and
enzymatic hydrolysis [21-25]; in which, the amorphous or disordered regions of cellulose is
hydrolyzed, and the crystalline regions with higher resistance to acid attack remain intact and
results in cellulose nanocrystals (CNCs) [26-28]. Source of cellulose and acid hydrolysis
conditions both influence the properties of CNCs [29, 30]. In general, CNCs with a strength over
10 GPa and the elastic modulus of 150 GPa [31] have attracted a lot of attention as a reinforcing
agent and have been employed in nanocomposite, soft-tissue replacement, and food packaging
industry for several decades [25, 32, 33]. Each glucopyranose unit within the CNCs chain carries
three hydroxyl groups, which govern cellulose characteristic properties such as hydrophilicity
(Figure 1.3). Hydroxyl group located at Ce is primary alcohol and at C» and Cz are secondary
alcohols. It has been reported that the hydroxyl group located at position 6 as shown in Figure

1.3 has reactivity ten times higher than the other hydroxyl group [34].
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Figure 1.3. Hydroxyl group on the cellulose surface.

The strong hydrophilic character of cellulose nanocrystals due to the presence of free
hydroxyl groups on the surface of CNCs restricts the application of different solvents processing
medium for solution blending [35]. The dispersion of CNCs into hydrophobic and water
insoluble polymer is a big issue. Several techniques have been experimented to decrease the
affinity for moisture and improve the compatibility with a nonpolar polymer. The presence of
hydroxyl groups on the surface of CNCs provides an opportunity to engineer its surface with
different surface modification techniques and alter the hydrophilicity and improve the
compatibility with different nonpolar polymer matrices [36, 37]. Much research has been

devoted to moderate the hydrophilicity of CNCs using physical and chemical modifications [38].

1.1.1. Problem Statement

The incorporation of CNCs into the polymeric matrix is known to improve the
mechanical properties of composites due to a large increase in the interfacial contact area
between the polymeric matrix and CNCs. The presence of strong interfacial adhesion between
nanocomposite components can contribute to an effective stress transfer from matrix to
nanofillers and consequently lead to a highly improved mechanical strength of the resulting
nanocomposites. In general, it is well known that the optimum improvement of PLA-CNC
nanocomposites can be achieved through the uniform dispersion of CNCs in PLA matrix [15, 39,
40]. Thereby, CNCs dispersion and interaction with the polymer matrix are critical for
reinforcement purposes. However, the strong hydrophilicity and the polar nature of CNCs
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inhibits the homogeneous dispersion in the most nonpolar polymer matrices such as PLA. The
formation of CNCs aggregates in PLA matrix and phase separation results from poor dispersion
of CNCs which hinders the improvements in the mechanical performance of the nanocomposites
[41, 42]. To overcome this problem, many different approaches have been extensively studied to
promote the dispersion of CNCs within relatively hydrophobic PLA matrix and to improve the
interfacial interactions between CNCs and PLA matrix. Most studies have focused on the
improvement of the CNCs dispersion through the PLA matrix using CNCs surface modification
methods [43-46]. In addition, several investigations showed improvement in the CNC’s
homogeneous dispersion through the polymeric matrix using different manufacturing process
[47-50].
1.2. Research Approach

This research focused on the application of CNCs as a renewable nanofiller in improving
the performance characteristics of PLA. The main emphasis was given to the dispersion quality
of CNCs. This PhD. dissertation aims as investigating different CNCs surface modification
treatments along with mechanical processing techniques for improving the dispersion quality of
CNCs through PLA matrix. More specifically, this thesis is a study of three surface modification
treatments on CNCs to decrease their hydrophilicity character and to improve the compatibility
between PLA matrix and CNCs. The main focus was given to the application of green chemicals
in CNCs modification.

Along with surface modification treatments, masterbatch approach was considered as a
mechanical preprocessing technique to improve the CNCs dispersion through PLA matrix. Two
different methods were employed for manufacturing CNCs masterbatches. This thesis will

expand the existing knowledge in CNCs surface modification and mechanical preprocessing



techniques to potentially improve the performance characteristics of PLA by incorporating
modified CNCs.

1.3. Hypothesis and Objectives

1.3.1. Thesis Goal
The goal of this project is to identify the most efficient CNCs functionalization methods
and manufacturing process to improve the uniform dispersion of CNCs in PLA matrix, and
consequently to improve the performance characteristics of PLA-based nanocomposite. The
project was divided into three objectives. The objectives include surface functionalization of
CNCs, manufacturing nanocomposites through two different processing techniques, and
nanocomposite characterization. Particularly, the study has the following sub-objectives:
1.3.1.1. Sub-Obijectives
1. To identify the chemical treatment which improves the uniform dispersion of CNCs through
PLA matrix.
2. To prepare masterbatch films through two different methods (solvent casting and spin-
coating methods) and manufacturing nanocomposite.
3. To characterize modified and unmodified CNCs, analyzing the effect of surface treatments
on modified CNCs, masterbatches, and nanocomposite samples.
4. To study the effect of masterbatch approach on nanocomposites physical and mechanical
properties.
1.3.1.2. Thesis Hypothesis
The research is based on the scientific hypothesis that:
1. The surface modified CNCs will uniformly disperse in the PLA matrix.

2. Incorporating modified CNCs into PLA can improve PLA performance characteristics.



3. Different masterbatch preparation methods can result in improved CNCs dispersion through

PLA matrix with varying interactions between CNCs and PLA matrix.

1.4. Thesis Structure

This manuscript-based thesis is divided into seven chapters; Chapter one includes a

general introduction and problem statement (Chapter 1), a general literature is presented in

Chapter two, Chapters three to six of this thesis include the main findings of this research, and

Chapter seven contains an overall discussion of the research related to the sub-objectives

outlined above. A schematic for the organization of the thesis is presented in Figure 1.4.
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Figure 1.4. Thesis overview and organization of the chapters.
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Chapter 1 offers a comprehensive introduction on poly(lactic acid) and cellulose
nanocrystals as bio-based polymers. This chapter identifies the current challenges in the
commercial application of PLA and CNCs. The objectives and hypothesis of the thesis are also
defined.

Chapter 2 presents a comprehensive literature review, and scientific concepts of PLA
and CNCs as promising alternatives for petroleum-based polymers. The parameters affecting the
potential application of PLA and CNCs are reviewed.

Chapter 3 presents a paper published in Carbohydrate Polymers 190 (2018), 139-147.
This chapter provides a comprehensive study on the application of different routes in
manufacturing masterbatches. The morphology of masterbatches were evaluated using scanning
electron microscopy to illustrate the formation of CNCs aggregates in masterbatch films. Further
tests were conducted on corresponding nanocomposites to analyze the CNCs dispersion through
PLA matrix.

Chapter 4 provides in-depth information on the rheological properties of PLA-CNCs
nanocomposites manufactured through different routes. The effect of different masterbatches
preparation techniques on polymer structure was studied in this chapter. The main focus has been
given on studying the viscoelastic behavior of PLA-CNCs nanocomposites. A characterization of
shear viscosity and flowability of nanocomposites were studied in this chapter. The findings of
this chapter have been submitted to the journal of “Composites Part B: Engineering”.
(Conditionally accepted by the journal of Composites Part B: Engineering, October 2018).

Chapter 5 is based on a paper published in Journal of Applied Polymer Science 135
(2018), 46468. It presents a green esterification treatment method for CNCs surface

modification. The application of green esterification method on the mechanical,



thermomechanical and thermal properties of nanocomposites was evaluated using tensile test,
dynamic mechanical analyzer (DMA), and thermogravimetric (TGA).

Chapter 6 reports a case study to evaluate the performance characteristics of PLA-CNCs
nanocomposites prepared using spin-coated masterbatches. In this study a time-efficient
esterification technique was identified to decrease the hydrophilicity character of CNCs and to
improve the compatibility between CNCs and PLA matrix. The results presented in this chapter
has been submitted to the journal of “cellulose . (Conditionally accepted by the journal of
Cellulose, May 2018).

Chapter 8 includes significant conclusions including recommendation for further

research on PLA- based nanocomposites reinforced by CNCs.
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2. LITERATURE REVIEW
2.1. Bionanocomposites

The growing environmental awareness promotes academic and industrial attention in the
development of biomaterials with low environmental impact at different applications. Among
different type of biomaterials, poly(lactic acid, PLA) has received widespread attention over the
last two decades, competing with petroleum-based polymers. A solution mainly developed over
the past decade has consisted to incorporating nano-sized reinforcements through the polymer
matriX, yielding so-called nanocomposite materials [51]. In this context, a promising number of
investigations have been performed on the addition of CNCs into PLA matrix to improve PLA
properties for commercial application in the market [42, 52].

Cellulose as the most abundant natural polymer on the earth, have attracted considerable
attention [53].Cellulose nanocrystal (CNCs) with a renewable nature is the main structural
building block of plant, and can be extracted from wood and plant fibers. Cellulose nanocrystals
are ordered inherently in a crystalline structure. CNCs with glucose as monomer have three free
hydroxyl groups on each anhydro glucose [54, 55]. The superior mechanical characteristics of
rod-like shaped CNCs (approximately 50-60 nm long and 5-10 nm wide) make CNCs an
interesting nano fillers in various polymer matrices as reinforcement and nucleation agent [30,
56, 57].

Beside the appealing intrinsic properties in CNCs such as high surface area, excellent
mechanical properties, unique morphology, low density, and very low coefficient of thermal
expansion, it has been claimed that, CNCs displays two main drawbacks, related to its intrinsic

physical properties.

11



1. CNCs possess a hydrophilic character, due to the presence of large number of hydroxyl
groups on its surface, which limits the application of CNCs in hydrophobic polymer
matrices [58].

2. High hydrophilicity of CNCs results in a high tendency to form agglomerates in petro-
chemical polymers.

On the other hand, inherent hydrophilic characteristics, and the presence of large number
of hydroxyl groups on the surface of CNCs dictate the dispersion and self-aggregation of CNCs
in different solvents [59]. In nanocomposite technology, the homogeneous dispersion of CNCs
within the polymer matrix plays a key role in achieving the excellent performance characteristics
[13]. To improve CNCs dispersion through different polymer matrix, the modification of CNCs
surfaces has been extensively explored. Decreasing the surface energy of CNCs and improving
its dispersion quality in different organic solvents have been intensively studied in recent decade
to achieve the excellent thermal and mechanical properties in the final products [36, 60]. To
improve the quality of CNCs dispersion through polymeric matrix, several surface modification
treatments have been introduced [61-63]. As it mentioned before, the abundant hydroxyl groups
on the surface of CNCs contribute to special characteristics that it has. In addition, the presence
of a large number of hydroxyl groups on the surface, promote the ability of using different
surface modification methods. Hydroxyl group located on the sixth position acts as the primary
alcohol and most of the modification methods aim to make predominantly change on this
hydroxyl group [64].

2.2. Surface Modification Treatment
The number of research studies highlighting the optimum characteristics of CNCs as

reinforcing agent in PLA matrix has been growing markedly in recent years. It is reported that
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the homogeneous dispersion of CNCs within the polymeric matrix is an essential step for
achieving the superior properties of CNCs in composite materials [65, 66]. In addition, the
dispersion of CNCs into hydrophobic polymer with water insoluble nature is a big issue.
Therefore, several techniques have been experimented to decrease the affinity for moisture of the
CNCs and to improve their compatibility with a nonpolar polymer. The presence of hydroxyl
groups on the surface of CNCs provides an opportunity for application of different surface
modification techniques to alter the hydrophilicity and improve the compatibility with different
nonpolar polymer matrices [36, 37]. Much research has been devoted to moderate the
hydrophilicity of cellulose nanocrystals using physical and chemical modifications [38].

The application of different chemical-oriented surface modification methods is the most
common method to alter the hydrophobicity nature of CNCs and enhance the compatibility
between CNCs and nonpolar polymer. There are several surface modifications methods, aim at
avoiding irreversible agglomeration of CNCs during drying and aggregation in nonpolar
matrices. It was shown that physical adsorption of polymer chains on the surface of CNCs
improves dispersibility and thermal stability of nanocrystals as reinforcement in nanocomposites

[67-69].

2.2.1. Physical Modification Treatment

Physical surface adjustment can frequently be performed under mellow response
conditions, normally in water [70]. The interactions between the physically adsorbed polymer
and CNCs are sufficiently strong to stand different conditions which it will be exposed to, such
as wide temperature through melt processing and the chemical interaction with different solvents

[70].
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In polymer grafting method, the small molecules are attached on the surface of CNCs by
covalent bounding. Polymer grafting method aims at increasing the polar characteristic of CNCs.
In particular, the identical grafted chains and matrix used in grafted method can result in better
compatibilization [71]. Gu et al., (2016) studied polymer grafting method and they have
introduced Poly (ethylene glycol) (PEG) on the CNCs surface. They reported that PEG has a
good compatibility with CNCs and they showed an improved flexibility in PEG coated CNCs as
compared with pure CNCs [72]. Arias and his group used PEO aqueous solution to mix with
CNCs and improve CNCs dispersion in PLA. They showed that physical adsorption of PEO on

the CNCs improve the nano-level dispersion of CNC in the PLA matrix [73].

2.2.2. Chemical Modification Treatment

In the case of chemical functionalization methods, there are five different categories:
esterification, oxidation, carboamination, Silylation and cationization. The introduction of small
molecules onto CNCs surface is a common part in all five methods. Esterification reaction
(Figure 2.1) is a reversible chemical reaction, in which acid anhydrides or acyl chlorides act as
acetylating agents. In esterification method an ester functional group (O=C-0O) is introduced on
the surface of CNCs by condensation of a carboxylic acid group (COOH) and alcohol group

(OH). The final reaction product is a less polar chemical [36, 46].

OH OCOR
| 3R-COX |
CNCs CNCs +3RX
OH OH OCOR OCOR

Figure 2.1. Pathway implemented to prepare modified CNCs using a typical esterification
reaction.
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Spinella et al., (2015) utilized modified CNCs through Fischer esterification as a
reinforcement for PLA and they reported higher thermal stability of CNCs from lactic acid
modification. Their results also showed higher storage modulus below and above PLA’s glass
transition temperature for nanocomposite samples [74].

In oxidation method, which was first used to improve the dispersibility of CNCs in
aqueous solution, the TEMPO-mediated oxidation is always used to change the surface
properties of CNCs and transform the surface hydroxyl groups to carboxyl groups. This
transformation might be able to increase the CNCs compatibility with different solvents [75].
Spinella et al., (2016) modified CNCs with natural di- and tricarboxylic acids using two
concurrent acid-catalyzed reactions. They observed different crystallinity, morphology in the
modified CNCs compared to unmodified ones [46].

Through carboamination method, there is a reaction between isocyano group and
hydroxyl group on the surface of CNCs. Using the isocyanate as coupling agent can increase the
reaction rate. Phenyl isocyanate (PI), dimethylbenzyl (TMI) and n-octadecyl isocyanate
(C18H37NCO) isocyanate are three main isocyanates that used for the CNCs modification.

Silylation reaction of CNCs consists on using alkyldimethylsilyl chlorides of different
chain lengths with imidazole in toluene. Different organosilane with general formula of
RR’R’’SiX have been developed as coupling agent. The X functional group is the active
component and is involved in the reaction with CNCs [38]. Pei et al., (2010) studied the
crystallization and mechanical property of PLA by incorporating CNCs. They modified CNCs by
partial silylation through reactions with n-dodecyldimethylchlorosilane in toluene. They claimed

that their modified CNCs had a fine dispersion in organic solvents. Higher crystallization rate
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and improved tensile modulus and strength of the nanocomposite were observed due to the

addition of modified CNCs into PLA [19].

R
|
| R'—8i — g~
X—s8i—R |
OH I , (o]
| R |
| CNCs | | CNCs | + HX
x Lo

R'—Si— g7 R'—8i —R"

Figure 2.2. Schematic illustration of silylation reaction.

Cationization is another method for CNCs surface modification. In which a cationising
agents would introduce to the surface of the CNCs. Glycidyltrimethylammonium chloride
(GTMAQC) or derivatives have been widely used in this method. The introduction of positive
charges to CNCs could be accomplished by grafting ammonium-containing groups. It was
reported that cationization method leads to a decrease in surface charge density of the cellulose
nanocrystal [36]. It was also reported that cationization method can result in reverse surface
charge while the charge density keeps content [76].

2.3. Mechanical Processing Techniques

The need for developing new manufacturing processes capable of scaling up motivated
the academia to find out innovative processing techniques. In the literature, two innovative
manufacturing processes can be found: the application of liquid feeding and the application of

masterbatch approach.
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2.3.1. Liquid Feeding

The application of extruder to shape thermoplastic materials dates back to 1935, when the
first extruder machine was built by Paul Troester [77]. Since then, it has become the most
broadly used processing technique through development of different types of extruders capable
of serving in different fields. The dramatic growth in plastic processing industry make it essential
to feed solid and liquid phases into extruders. In solid feeding extruders, the forces generate from
rotating screw and the stationary barrel move the materials down in the screw channel. In Liquid
feeding extruders, liquid can be fed into an extruder through a liquid injection nozzle.

It is reported that the drying process of cellulose nanocrystals results in the formation of
irreversible aggregates which cannot be re-dispersed through extrusion process. The application
of liquid feeding seems to be a possible option to limit the formation of cellulose nanocrystal
agglomerates. The incorporation of liquid and solid phase in an extruder could be difficult and
the liquid feed rate as well as liquid temperature need to be monitored carefully, since the liquid
temperature can strongly influence the viscosity and the change in liquid viscosity can result in
pellet slippage on the barrel wall and consequently form undesirable product [78].

The first report of liquid feeding application of cellulose nanofillers into a polymer was
by Oksman in 2006 [79]. The extrusion process was implemented using an extruder equipped by
a peridtalic pump which controlled the liquid feeding rate. Two different feeding methods were
used: the dry materials were fed into the extruder from a top mounted hopper into the barrel
taking advantage from gravimetric feeding and the aqueous cellulose nano whisker suspension
was fed into the extruder using vacuum pump to ensure the constant liquid feeding rate. In the
extrusion process the existing solvent in liquid phase was removed by atmospheric venting

(Zones 7 and 8) as well as vacuum venting (zone 10) (Figure 2.3).
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Figure 2.3. Schematic image of extrusion process with liquid feeding [79].

The elaboration of achieving uniformly dispersed cellulose nanowhisker in this work
resulted in the generation of high amount of solvent vapor during extrusion process. TEM
analysis of the composite samples exhibited partly dispersed cellulose nano whisker into matrix
as well as thermal degradation of cellulose nano whisker [79].

In another work similar to cellulose nano whisker liquid feeding, cellulose nanofibers
were fed into PLA in a liquid phase. The high viscosity of cellulose nanofiber suspension
reduced the uniform dispersion thorough composite samples [48]. The need for a specific
extruder capable of feeding liquid and dry matter was reported as an essential need for

incorporating liquid cellulose nanofiber into polymer matrix.

2.3.2. Masterbatch Approach

The incorporation of cellulose nanocrystals into different polymer matrix in a step-wise
manner is one of the most commonly used preprocessing technigues in nanocomposites
preparation. It is reported that the application of masterbatch can maximize the dispersion of
cellulose nanocrystals in polymer matrix, however, the time consuming nature is the main
weakness of the masterbatch approach [80, 81]. In masterbatch approach, a selective polymer is
employed as a carrier for cellulose nanocrystals. The polymer can be either the same or different

than the host polymer in the nanocomposite [50, 82-85]. The highly concentrated masterbatches
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can be diluted in the extrusion process by adding polymer using the let-down ratio or mixing
ratio (CNCs: polymer, generally between 1:14 and 1:20). The let-down ratio is of paramount
importance since high mixing ratio might limit the uniform dispersion of CNCs in polymer
matrix [86]. Solvent casting and spin-coating are two methods employed in preparing CNCs
masterbatches in literature.

Solvent casting has a widespread use in different applications owing to its simplicity and
low cost processing [87]. Solvent casting technique contains solubilization, casting and solvent
evaporation steps. In solvent casting method, polymer melt, or polymer solution is applied on a
flat surface, the solvent is then evaporated leaving a solid film. The evaporation rate of the
solvent depends on the boiling point of the solvent, the viscosity of the solution, the pressure and
the ambient temperature [88]. The rheological properties of the polymeric solution are of huge
importance since the film thickness and the roughness of the film depends on the viscosity of the
solution.

The solvent casting is a century-old method for nanocomposite films production and is
the most common method for preparing highly concentrated masterbatches. The application of
solvent casting in composites manufacturing was reported for the first time by Favier et al.,
(1995) [89]. In that study a tunicin-based nanocrystals in a latex matrix of poly(styrene-co-butyl
acrylate) was studied and the competitive mechanical properties in corresponding composites
confirmed the capability of solvent casting technique in composite films preparation. The
preparation of thin films with uniform thickness, maximum optical clarity, and low haze were
some advantages reported for solvent casting technology [87, 90, 91]. In general, the literature
regarding the preparation of cellulose nanoparticles masterbatches involve the solvent casting as

the main technique [50, 66, 92]. In solvent casting method, a polymer is first dissolved in a
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selective solvent either at room temperature or at elevated temperatures. The nanocelluloses are
dispersed in either same or different solvent separately. The application of sonication and
homogenization techniques can be used to increase the dispersion of nanoparticles through the
solvent prior to the addition into the polymer solution [93]. The solution of polymer and CNCs
suspension are then mixed together using magnetic stirrer and then poured into a flat-bottomed

glass Petri-dishes and the solvent is evaporated and solidate the films (Figure 2.4).

Polymer solution

. CNCs suspension
el

Dried thin film

Figure 2.4. Schematic depicting of solvent casting method.

Spin-coating is a common method employed to prepare thin films with thickness in the
order of micrometer to nanometers. In this method a liquid is deposited on a substrate which can
either be static or rotating at a specific angular velocity [94-96]. The deposited liquid generally
consists of volatile solvents and non-volatile solute, and the non-volatile solute forms a thin film
after solvent evaporation. Spin-coating involves four consecutive stages: deposition, spin-up,
spin-off, and evaporation with some overlap in spin-off and evaporation steps (Figure 2.5) [97].
During spin-off state, a film of liquid tends to spread with a uniform thickness, and after reaching
a uniform thickness it tends to remain the uniform thickness. This behavior suggests that mixture

viscosity does not depend on shear and it would be constant throughout the substrate [98]. The
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equilibrium between centrifugal force generated from rotating substrate and the hydrodynamic
(viscous) force evolving from the viscosity of mixture governs the efficiency of the formation of
thin films with desirable thickness [86, 99]. In another word, the film forming procedure is
mainly influenced by the solution viscosity and the spinning speed. In general, the uniformity of
thin film depends on the spinning speed, the concentration of mixture, and the volatility of the
solvent [100]. The desired film thickness can be achieved by adjusting the spinning time and
speed [101].

The most common application of spin-coating method is in the field of microelectronic
thin films preparation. This method was first used by Emil et al., who studied the thin film
formation of Newtonian fluid on a rotating substrate [102]. The application of this method in
polymer films has been investigated in several theoretical and experimental studies [99, 103,

104].

Deposition
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Figure 2.5. Schematic illustration of spin-coating method.
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3. APPLICATION OF SPIN-COATING METHOD FOR MASTERBATCH
PREPARATION APPROACH!
3.1. Abstract

This study systematically evaluated the influence of masterbatch preparation techniques,
solvent casting and spin-coating methods, on composite properties. Composites were
manufactured by combining CNCs masterbatches and PLA resin using twin screw extruder
followed by injection molding. Different microscopy techniques were used to investigate the
dispersion of CNCs in masterbatches and composites. Thermal, thermomechanical, and
mechanical properties of composites were evaluated. Scanning electron microscopy (SEM)
images showed superior dispersion of CNCs in spin-coated masterbatches compared to solvent
cast masterbatches. At lower CNCs concentrations, both SEM and optical microscope images
confirmed more uniform CNCs dispersion in spin-coated composites than solvent cast samples.
Degree of crystallinity of PLA exhibited a major enhancement by 147% and 380% in solvent
cast and spin-coated composites, respectively. Spin-coated composites with lower CNCs
concentration exhibited a noticeable improvement in mechanical properties. However, lower
thermal characteristics in spin-coated composites were observed, which could be attributed to the
residual solvents in masterbatches.

Keywords: Poly(lactic acid); Cellulose nanocrystals; Masterbatch; Composites; Solvent

casting; Spin-coating.

! The material in this chapter was co-authored by Jamileh Shojaeiarani, Dilpreet S. Bajwa, and
Nicole M. Stark. Content in this chapter was published in Journal of Carbohydrate Polymers 190
(2018): 139-147. Jamileh Shojaeiarani had primary responsibility for performing the samples
preparation and all of the tests. Jamileh Shojaeiarani also drafted and revised all versions of this
manuscript. Dilpreet S. Bajwa and Nicole M. Stark served as proofreader, and Dilpreet S. Bajwa
supervised the project.

22



3.2. Introduction

During the past decade, the use of biocompatible and biodegradable materials has grown,
primarily motivated by environmental consciousness and use of renewable resources [105].
Among the bio-based polymers, polylactic acid (PLA), which is derived from renewable
resource, is widely used for commercial products [1, 2, 106-108]. Its biocompatible nature,
relatively high strength, great wrinkle resistance and low toxicity are some beneficial
characteristics that make PLA a promising alternative to petrochemical plastics [109-111].
However, its shortcomings such as low impact strength, high brittleness, low tensile elongation,
and low heat degradation temperature limit the application of PLA [112-115]. Therefore,
numerous methods have been tried to overcome these aforementioned weaknesses by using
multiple reinforcing agents [116-119].

Cellulose nanocrystals (CNCs) have attracted great interest due to their biocompatibility,
low density, abundance, large surface area, and high strength in the composites field [58, 120,
121]. Incorporation of CNCs in a polymeric matrix is expected to improve the mechanical and
barrier properties of the matrix [122-124].

One of the main problems related to the use of CNCs as reinforcing agents is their high
hydrophilicity and strong tendency to form aggregates in hydrophobic media [125]. Therefore,
several techniques have been experimented to improve the dispersion of CNCs in polymer
matrices. The most extended approach to promote the dispersion of CNCs through PLA matrix is
the use of surface modification methods. The most widely explored surface modification
techniques are acetylation [58, 126], esterification [45, 46], silylation [127, 128] and

carboxymethylation [44, 129].
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In addition to surface modification methods, several manufacturing processes have been
investigated to promote the uniform dispersion of cellulose nanocrystals into hydrophobic
polymers. Liquid feeding of cellulose-based nanoparticles into the PLA polymer during the
extrusion process and the application of masterbatch films with high nanofiller concentration
have been studied to improve the dispersion of nanoparticles in polymer matrix [50, 79, 130].

High concentrated masterbatch is mostly prepared through solvent casting technique.
Solvent casting is a century-old methodology for nanocomposite films production. In this method,
a polymer is first dissolved in a solvent and then fibers or filler are added to the solution. The
solvent is then evaporated leaving behind thin nanocomposite film. Thin films with uniform
thickness, maximum optical clarity, and low haze are some advantages of solvent casting
technology [87, 90, 91].

Spin-coating method is extensively employed for fabrication of smooth polymeric
coatings on flat substrates. In this method, the polymer solution is applied on a substrate which
can be either static or rotating at a low speed [94-96]. Spin-coating has also been used to prepare
open films of cellulose nanoparticles on different substrates to examine the influence of the
substrate on the nanoparticles sub-monolayer [131, 132]. In the spin-coating method, thin films
with the thickness of the order of micrometers are spread evenly over the substrate surface owing
to centrifugal force and the surface tension of the solution. In this method, solvent evaporates
simultaneously as the solution is applied on the substrate [96].

In spite of the broad use of the spin-coating method in thin film preparation, to the best of
our knowledge, no one has used this technique for preparing masterbatches. Spin-coating method
was introduced for the first time in this paper as masterbatch preparation technique and solvent

casting method was considered as the reference method. Modified CNCs were prepared through
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physical attachment method introducing poly (ethylene oxide) to attach on the surface of CNCs.
Composites were prepared using high shear melt compounding technique through extrusion
followed by injection molding process. The agglomeration of cellulose nanocrystals in
masterbatches and the corresponding composites were studied using scanning electron
microscopy. In addition, crystallinity, thermal properties, and mechanical behavior of resultant
composites were studied experimentally.

3.3. Experimental

3.3.1. Materials

Poly (lactic acid) (PLA 2002D, Mn»= 98,000 g.mol™*) was supplied by NatureWorks LLC
(Minnetonka, MN, USA). Polyethylene oxide (PEO, M,=106 g.mol ™) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Cellulose nanocrystals (CNCs, dimensions of 150 nm
length and 7 nm width) were provided by USDA-Forest Service, Forest Products Laboratory

(Madison, W1, USA).

3.3.2. Cellulose Nanocrystals Modification

Physical attachment method was used to improve the interfacial bonding between CNCs
and PLA. Poly (ethylene oxide) was introduced as a third polymer component attached to the
surface of CNCs. It has been shown that there is an acceptable compatibility between PLA and
PEO and the latter can improve the bio-degradation of PLA [9]. Modified CNCs (p-CNCs) were
made from an aqueous mixture of 4% CNCs and 1% PEO suspension with the weight ratio of

4:1 (CNCs: PEO). The mixture was then freeze-dried for further use [133, 134].
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3.3.3. Preparation of Masterbatch

Chloroform was used as solvent in both methods to dissolve PLA and disperse p-CNCs.
Masterbatch thin films with 15 wt% p-CNCs and 85 wt% of PLA were prepared through solvent
casting and spin-coating techniques.

In both methods, PLA was dissolved in chloroform (30 wt%) under vigorous stirring at
room temperature (24 °C) until the PLA pellets were fully dissolved. The p-CNCs were dispersed
in chloroform (7.5 wt%) using homogenizer (IKA T50 ULTRA-TURRAX, Wilmington, NC,
USA) for 5 min and then transferred to an ultrasonic probe (Misonix sonicator 3000; 550W, 20
kHz, Vernon Hills, IL, USA) for 5 min to achieve a stable suspension. The dissolved PLA and
dispersed p-CNCs solutions were then mixed together and stirred for 5 hours at room
temperature. In solvent casting method, the mixture was directly poured into Petri dishes and
chloroform was allowed to evaporate at ambient temperature for 30 hours.

In the second method, a spin-coater machine (WS-400-6NPP-LITE, North Wales, PA,
USA) equipped with a vacuum chamber was used. The mixture was loaded in a syringe and
injected through a needle (diameter= 500 pm) onto the center of the rotating glass substrate with
100 mm diameter and spread evenly by the combination of centrifugal force and surface tension.
To achieve the desired and even thickness of the films, the spinning speed was kept constant at
400 rpm for 180 s. The spin-coated films were dried out simultaneously as the solution was
injected onto the substrate. The ultimate thickness of both masterbatch films was approximately

1.12 mm.

3.3.4. Preparation of PLA Composite
Dried masterbatch films were chopped using a paper cutter (ACCO, Columbus, WI,

USA) with the approximate size of 4 mm by 4 mm, pre-mixed with PLA pellets and then diluted
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to final CNC concentrations of 1, 3, and 5 wt% using a twin-screw extruder (Krauss-Maffei Co.,
Florence, KY, USA). The barrel temperature for eight zones was set at 157, 157, 165, 162, 162,
162, 160, 160 °C (feed throat to die end), respectively, and the screw speed was set at 170 rpm.
The extruded pellets were dried in an oven (Binder ED, Binder Inc., Bohemia, NY, USA) set at
80 °C for 24 h prior to processing in an injection molding machine. Injection molding machine
(Technoplas Inc. model SIM-5080) was used to prepare composite samples. Samples were
molded for tensile and impact tests according to ASTM D790 and ASTM D638 standards,
respectively [135, 136]. All samples including pure PLA and composites went through the same
extrusion and molding cycles. The samples obtained from injection molding machine with
different material designations and compositions of PLA and p-CNCs are summarized in Table

3.1.

Table 3.1. Codes and composition details of composite samples.

Sample code PLA (wt%) CNCs (wt%) PEO (wt%) Method
PLA 100 0 0 Virgin
PLA-1CNC-so 99 0.94 0.06 Solvent casting
PLA-3CNC-so 97 2.8 0.2 Solvent casting
PLA-5CNC-so 95 4.7 0.3 Solvent casting
PLA-1CNC-sp 99 0.94 0.06 Spin-coating
PLA-3CNC-sp 97 2.8 0.2 Spin-coating
PLA-5CNC-sp 95 4.7 0.3 Spin-coating

3.3.5. Scanning Electron Microscopy (SEM) of Masterbatch
The dispersion of p-CNCs in each masterbatch films was evaluated using scanning
electron microscope (JSM-7600F, USA Inc., Peabody, MA, USA) operating at 15 kV. The SEM

images were taken at a magnification of 500 from the cross section of masterbatches.
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3.3.6. Scanning Electron Microscopy (SEM) of Composites

The morphology of the impact-fractured surface of composites was examined using a
scanning electron microscope (JSM-6010LA, USA Inc., Peabody, MA, USA) with an
accelerating voltage of 10.0 kV at a magnification of 100. All samples were attached to the
aluminum mounts using carbon adhesive tabs and coated with a conductive layer of carbon in a

high-vacuum evaporative coater (Cressington, Ted Pella Inc., Redding, CA, USA).

3.3.7. Optical Light Microscopy

The dispersion quality and degree of self-aggregation of p-CNCs at composite samples
was investigated using an optical microscope (Axiovert 40MAT, Carl Zeiss, Dublin, CA, USA).
The average size of p-CNCs aggregates through PLA matrix was studied through iSolution DT
software. For preparing thin films for the optical microscope, the composite extruded pellets
were melted on a glass slide at 150 °C for 10 min and another glass slide was put on the melted

samples as a cover glass to prepare a flat thin film for each formulation.

3.3.8. Differential Scanning Calorimeter (DSC)

DSC measurements were performed on DSC Q200 (TA Instruments, New Castle, DE,
USA) over a temperature range from 25 to 200 °C at a heating rate of 1 °C/min and then held for
5 min, and then samples were cooled down to 25 °C at a cooling rate of 5 °C/min. The second
heating was performed at the same range and heating rate to determine glass transition
temperature (Tg), crystallization temperature (T¢), melting temperature (Tm). The Degree of

crystallinity of samples were calculated using Eq. 3.1.

_ [AHm—-2H, 100
Xe = M5

T (3.1)

Wpra
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where AHm, AHc¢, and AHn® are the melting enthalpy, cold crystallization enthalpy, and melting
heat for pure crystalline PLA (93.6 J.g %) respectively. Wpa is the weight fraction of PLA in the

composite sample [137].

3.3.9. Dynamic Mechanical Analysis (DMA)

Thermomechanical behavior of PLA and composite samples were studied using a DMA
Q800 (TA Instruments, New Castle, DE, USA) following ASTM D4065 [138]. Measurements
were carried out from 25 to 90 °C at a heating rate of 1 °C/min, with a fixed frequency of 1 Hz in

a dual cantilever mode.

3.3.10. Mechanical Properties of Materials

Mechanical properties of composites including ultimate tensile strength, elongation at
break, and modulus of elasticity were obtained from tensile test. The tensile testing was
performed following ASTM D638 standard using an Instron universal testing machine (Model
5567, Norwood, MA, USA) [136]. Since the concentration and dispersion quality of CNCs in the
PLA matrix can influence the toughness of the composites, the toughness of samples was
calculated following ASTM D256 standard [139]. The tests were conducted on unnotched

impact specimens using an Izod impact tester (Tinius Olsen, Model Impact 104, PA, USA).

3.3.11. Statistical Analysis

The mean values and standard deviations of the mechanical properties of the samples
were statistically analyzed by ANOVA and Tukey's test (a=0.05). The data was analyzed using
Minitab software version 17 (Minitab Inc., State College, PA, USA). Eight replicates were used

for each test.

29



3.4. Results and Discussion

3.4.1. Scanning Electron Microscopy (SEM) of Masterbatch

The prepared masterbatches through solvent casting and spin-coating techniques and their
corresponding cross-sectional SEM micrographs are shown in Figure 3.1. The SEM images show
that spin-coated masterbatch films exhibited smaller and well-dispersed p-CNCs aggregates in
comparison with solvent cast masterbatches in which micrometric CNC aggregates can be
observed (Figure 3.1). This behavior can be attributed to the application of centrifugal force
through rotating substrate and surface tension against the attractive forces between p-CNCs in

spin-coating process which inhibited the formation of p-CNCs aggregates.
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Figure 3.1. Masterbatch films prepared from different methods: (a) solvent casting, (b) spin-
coating, and SEM images of masterbatch films: (c) Solvent cast, (d) Spin-coated.

The high evaporation rate and low essential time for vaporizing the solvent from thin

films in spin-coating method, limited the movement of p-CNCs through PLA matrix and
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inhibited their assembly into micro-sized aggregates. Slower evaporation rate in solvent casting
technique allows solvent molecules to exclude the nanoparticles and pushing them into closer
proximity and leading to the formation of strong agglomerates. It was also observed that high
evaporation rate in spin-coated masterbatches accelerated the drying process and consequently

resulting in the formation of the air bubble on the surface of the masterbatch films.

3.4.2. Scanning Electron Microscopy (SEM) of Composites

The impact-fractured surfaces of PLA composites were evaluated using SEM images
(Figure 3.2). Some small spherical particles can be observed on the fractured surfaces of solvent
cast composites and PLA-5CNC-sp, indicating poor dispersion of p-CNCs through PLA matrix
and low interaction between p-CNCs and PLA. However, a good dispersion was achieved in
spin-coated composites with low p-CNC contents (1 and 3 wt%). Particularly, no aggregation
was detected on the fracture surface of PLA-1CNC-sp (Figure 3.2d). Given that the higher
concentration of CNCs can result in greater aggregates [74, 117], we hypothesize that non-
uniform dispersion of p-CNCs at the higher concentration can be attributed to inadequate shear
or lower residence time in the twin screw extruder. Another factor that contributed to uneven
dispersion is evaporation of the residual solvent and high viscosity of p-CNCs as reported in a
recent study. It is reported that dispersion of CNCs in liquid feeding is influenced by percentage
liquid phase, and liquid feeding rate [48, 140]. In this work, the presence of high amount of
residual solvent associated with a large volume of spin-coated masterbatche pellets inhibited the

uniform dispersion of 5% p-CNC in PLA matrix during the extrusion process.
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Figure 3.2. SEM micrographs of PLA-CNC composites: a) PLA-1CNC-so, b) PLA-3CNC-so, ¢)
PLA-5CNC-so, d) PLA-1CNC-sp, €) PLA-3CNC-sp and f) PLA-5CNC-sp.

The fractured surface corresponding to PLA-1CNC-sp and PLA-3CNC-sp was rougher
and more irregular as compared to solvent cast composites with the same p-CNCs content. In
general, the mechanical properties of samples can be correlated with the morphology of the
composites and the rough and irregular impact-fractured surface can be an indication of tough
materials. The presence of plenty of fracture lines on the impact fractured surface of PLA-
1CNC-sp and PLA-3CNC-sp, can be considered as an indication of high toughness in materials

[141, 142]. To have more information on samples toughness, impact strength was also studied.

3.4.3. Optical Light Microscopy

Optical microscopy images are illustrated in Figure 3.3. The average size of p-CNCs
aggregates increased with increasing the p-CNC loading in composites. The number of relatively
big aggregates (>2.5 um) increased with increasing p-CNC content in composite samples

prepared via solvent casting and spin-coating routes.
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Figure 3.3. Optical micrographs of PLA-CNC composites: a) PLA-1CNC-so, b) PLA-3CNC-so,
c) PLA-5CNC-so, d) PLA-1CNC-sp, e) PLA-3CNC-sp and f) PLA-5CNC-sp.

With respect to the agglomeration size, spin-coated composites with 1 and 3% p-CNCs
contents exhibited smaller p-CNCs aggregates in comparison with composites prepared using
solvent cast masterbatch. This observation can be attributed to well-embedded p-CNCs in
masterbatch films which lowered the possibility of forming p-CNCs aggregates in composites
during extrusion process (Figure 3.1). However, dispersion was slightly better in solvent cast

composites with 5% p-CNCs loading.

3.4.4. Differential Scanning Calorimeter (DSC)

Figure 3.4 illustrates the DSC heating scan thermograms of PLA and composite samples
observed from second heating scans. The DSC thermograms show that there is a variation in the
exothermic peak value and position related to cold crystallization for different samples
confirming that different samples acquire different mobility to rearrange their crystal structure.
All samples possessed single crystallization temperature (T¢), proving the presence of single

homogeneous phase through the heating process. Interestingly, all samples except PLA-3CNC-sp
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and PLA-5CNC-sp possessed melting endotherms with two distinct peaks which can be
attributed either to different crystal structures in the composite sample or the melt-
recrystallization mechanism [143-145]. The corresponding DSC thermal parameters are listed in
Table 3.2. It can be observed that the glass transition temperature (Tg) was shifted to higher
values in all composites compared to pure PLA and the average Tq in solvent cast and spin-
coated composites increased by 6% and 4%, respectively. The observed differences in the
thermal characteristics between composite samples and pure PLA can be attributed to the
influence of incorporating p-CNC and chloroform on the actual composition and characteristics

of the final products.
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Figure 3.4. DSC curves during the second heating scan of PLA and composites.

The average crystallization peak temperature decreased by 13% and 18% for solvent cast
and spin coated composites, respectively. The observed decreases in T could be attributed to the
influence of PEO incorporation and the presence of residual solvent in the specimens. Amount of

residual solvent in each masterbatch right before the extrusion process were measured and the
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results showed the presence of 8.65% residual solvent in spin coated masterbatches compared to
1.37 % in solvent cast masterbatches.

Higher decline in T was observed in spin-coated composites as compared to solvent cast
samples. This behavior can be attributed to the application of well dispersed p-CNCs through
PLA matrix as heterogeneous nucleus in lowering the cold crystallization temperature and
facilitating the formation of organized structure [146, 147]. In addition, considering the drying
process, spin-coated masterbatches dried in less time compared to solvent cast masterbatches,

therefore, more decrease in T was observed in spin-coated composites.

Table 3.2. Thermal properties of PLA and composite samples.

Sample code Tg (°C) T¢ (°C) Tm (°C) X%
PLA 50.16 103.98 155.06 3.99
PLA-1CNC-so 53.66 91.15 154.88 9.82
PLA-3CNC-so 52.77 91.08 152.84 12.49
PLA-5CNC-so 53.24 90.05 152.68 7.21
PLA-1CNC-sp 50.70 84.29 150.28 11.34
PLA-3CNC-sp 52.33 85.41 155.02 26.38
PLA-5CNC-sp 53.65 84.92 154.52 19.97

For all composite samples, the degree of crystallinity increased significantly with an
increase in the p-CNCs content. In solvent cast and spin-coated composites the average degree of
crystallinity increased by 147% and 380% in comparison with pure PLA, respectively.

The observed improvement in degree of crystallinity in composites was due to the
presence of the p-CNCs and their nucleation effect [148]. In each set of samples, the highest
degree of crystallinity was observed in composites with 3 wt% p-CNCs and decreased with
increasing p-CNCs content, suggesting the formation of p-CNCs aggregates at PLA-5CNCs.
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The observation of higher crystallinity in spin-coated composites as compared to solvent
cast samples were in agreement with another research that reported partial crystallization of
amorphous molecules in the solvent cast films [91]. More uniform dispersion of p-CNCs in spin-
coat composites led to the formation of higher attraction of p-CNCs in PLA matrix and induced a
higher nucleation agent effect [18, 111, 149]. As the optical micrographs suggested, the smaller
CNCs aggregates in spin-coated composites resulted in a high number of nucleating sites and
improving the degree of crystallinity. At solvent cast composites, lower degree of crystallinity

was due to p-CNCs’ agglomeration in PLA matrix (Figure 3.3).

3.4.5. Dynamic Mechanical Analysis (DMA)

Figure 3.5 illustrates the storage modulus and tan 6 as a function of temperature for pure
PLA and composites. All samples exhibited a typical behavior of a semi-crystalline polymer with
a large drop in storage modulus corresponding to their glass transition region (Tg). It can be
observed that the addition of p-CNCs led to an improvement in the storage modulus of
composites as compared to pure PLA in the glassy state. In lower p-CNCs contents (1 and 3
wt%), spin-coated composites exhibited higher storage modulus in comparison with solvent cast
composites. In particular, storage modulus was increased by 29%, 21%, and 31% with increasing
the p-CNCs content in solvent cast samples, and in the case of spin-coated composites it was
improved by 49%, 24%, and 4% as compared to pure PLA. These results were in a good
agreement with the microscope observations and confirming the better p-CNCs dispersion in
spin-coated composites at lower p-CNCs contents.

From DMA results, tan 6 peak temperature indicates the glass transition temperatures
(Tg) of materials. It can be observed that the addition of p-CNCs slightly shifted the tan 6 peaks

toward higher temperature, however, the addition of p-CNCs did not have a significant effect on
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Tg and all samples exhibited Tg in the regions between 64-67 °C. In particular, the average Ty
increased by 5% and 3% for solvent cast and spin-coated composites. The results on T4 showed

that T4 from DSC and DMA observations methods had the same trend.
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Figure 3.5. Storage modulus (a) and Tan & (b) as a function of temperature of PLA and
composites.

The viscoelastic behavior of samples was examined through the peak values of the tan &
curves in Figure 3.5b. The peak values of the tan 6 exhibits the viscoelastic behavior of materials
and the dissipated energy by sample through deformation [150]. In composites the lower tan &

peak values indicates the enhancement in interfacial bonding between fibers and matrix [151].
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All composites exhibited lower peak value for tan 6 as compared to pure PLA. The average peak
value for tan 6 decreased by 18% and 22% for solvent cast and spin-coated composites,
respectively. This result can be attributed to the restrictive effect of p-CNCs through PLA matrix
to the segmental motions of the polymer molecules during the transition and resulting in more

elastic response of materials [152].

3.4.6. Mechanical Characteristics

In general, the incorporation of p-CNCs increased Young’s modulus, tensile strength,
elongation at break, and impact strength, although, no significant improvement was observed in
the case of Young’s modulus and tensile strength for solvent cast composites. Significantly
higher Young’s modulus and ultimate tensile strength in PLA-1CNC-sp and PLA-3CNC-sp
demonstrated that more uniform p-CNCs dispersion in spin-coated composites with lower p-
CNCs loadings (i.e. 1 wt% and 3 wt%) has formed a stronger interfacial adhesion between PLA
and p-CNCs and resulted in an improvement in mechanical properties of spin-coated composites
(Figure 3.2). Similar findings were reported where more uniform CNCs dispersion resulted in
higher tensile stress and Young’s modulus in PLA- based nanocomposites [80, 153] (Figure 3.6).
As already observed on DSC analysis, the incorporation of p-CNCs improved the polymer
crystallization in composites and resulted in an enhancement of Young’s modulus and tensile
strength because the composites’ rigidity also improved. In general, the higher the degree of
crystallinity, the harder the composite. These results are consistent with previous published
works on electrospun bio-nanocomposite mats from PLA and CNCs [117] and PLA-lignin
coated CNCs nanocomposites [111], which indicated the same correlation between composite

crystallinity and strength.
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Figure 3.6. Mechanical properties of PLA and composite samples.
(*bars in each graph sharing same superscript letter are not significantly different at 5%
significance level).

There was a significant improvement in the elongation at break and impact strength for
all composites prepared via spin-coating and solvent casting routes as compared to pure PLA. It
is difficult to describe why incorporation of p-CNCs in PLA had so large influence on elongation
at break and impact strength since different factors such as structure and incorporation of PEO
could affect the mechanical properties of samples. However, similar results have reported by

adding cellulose nanowiskers to PLA [79]. In particular, spin-coated composites possessed
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higher elongation at break and impact strength than solvent cast composites at all p-CNCs
loadings. These results confirmed the previous conclusion drawn from rough and irregular
fractured surface in spin-coat composites observed in SEM images.
3.5. Conclusions

We have described a versatile spin-coating technology for masterbatch preparation.
Modified cellulose nanocrystals were successfully incorporated in PLA by preparing masterbatch
through spin-coating and solvent casting methods. SEM micrographs of masterbatches revealed
more homogenous and uniform p-CNCs dispersion in PLA-CNC-sp samples compared to PLA-
CNC-so with low CNCs concentrations. The SEM investigations on fracture surface confirmed
the difference in fracture surfaces in solvent cast and spin-coated composite. The difference can
be attributed to the effect of masterbatch preparation methods on p-CNCs distribution and their
interaction with PLA matrix. DSC results confirmed the increase of the crystallinity for
nanocomposite samples compared to pure PLA,; in which the spin-coated composites exhibited
higher degree of crystallinity than solvent cast samples. This behavior can be attributed to partial
crystallization of amorphous molecules in the solvent cast films. Spin-coated composites
exhibited higher mechanical properties and storage modulus at lower p-CNCs contents (1 and
3%) and higher ductility for all samples. The presence of air bubbles on the surface of spin-
coated masrterbatches observed in optical microscopy images resulted from high evaporation
rate of the solvent in spin-coating process. Lower thermal characteristics in spin-coated
composites resulted from the residual solvent in composites was due to short time for drying
process. In general, these results show huge potential for using different manufacturing methods
along with chemical modification methods to overcome the major obstacles to producing PLA-

CNCs composites on a commercial scale.
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4. RHEOLOGICAL PROPERTIES OF PLA REINFORCED WITH CELLULOSE
NANOCRYSTALS!
4.1. Abstract
Ecofriendly materials such as polylactic acid (PLA) and cellulose nanocrystals (CNCs)

are widely sought as potential substitute for petrochemical-based plastics. Uniform dispersion of
cellulose nanocrystals in polymer matrices has inhibited their wide-spread application. In this
study the influence of masterbatch preparation techniques on molecular structure, melt strength,
rheological and dynamic mechanical properties of nanocomposite were systematically analyzed.
Film casting and spin-coating methods were used to prepare masterbatches. Nanocomposites
were obtained by masterbatch dilution via melt compounding followed by injection molding
process. The higher molecular weight and lower molecular number were observed in spin-coated
samples in comparison with film cast nanocomposites. The spin-coated nanocomposites
exhibited higher storage modulus than film cast samples in the glassy state. However, tan 6
curves exhibited higher peak value in spin-coated nanocomposites, which were in good
agreement with higher dispersity index of spin-coated samples. The complex viscosity of PLA
and nanocomposites exhibited non-Newtonian behavior at a low shear rate, followed by shear
thinning phenomenon. The spin-coated hanocomposites demonstrated higher complex viscosity
than film cast samples, which was attributed to higher molecular weight in spin-coated samples.

The shear-thinning tendency in spin-coated samples was higher than film cast nanocomposites.

! The material in this chapter was co-authored by Jamileh Shojaeiarani, Dilpreet S. Bajwa,
Nicole M. Stark, and Sreekala G. Bajwa. Jamileh Shojaeiarani conceived and carried out the
experiments and analyzed the observed results. Jamileh Shojaeiarani wrote this chapter in
consultation with Dilpreet G. Bajwa, Nicole M. Stark, and Sreekala G. Bajwa. Dilpreet G. Bajwa
supervised findings of this work.
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4.2. Introduction

The growing concern over ecologically friendly materials is pushing the academia and
industries to seek versatile and bio-based materials for various applications. Biopolymers are
considered as convenient substitutes for synthetic plastics and have received a substantial
attention owing to their advantages over traditional and petroleum-based analogs. Among
various biodegradable polymers, PLA which is derived from renewable resources such as sugar
beet, and maize has received considerable attention as a promising polymer for packaging
applications [154]. However, PLA application is still limited as a result of some inherent
drawbacks like low thermal stability and low melt strength [155]. The melt strength of polymers
indicates the chain resistance to untangling under shear strain. The linear chain structure in PLA
results in low melt strength, sagging, and necking which limits its processing [156]. Thus, the
considerable efforts have been directed to overcome the weaknesses in PLA polymer. Several
studies have focused on incorporating the bio-based nanofillers such as cellulose fibrils, fibers
and nanocrystals to strengthen PLA [157, 158].

Cellulose nanocrystals (CNCs) have attracted a huge attention as reinforcing agent in
polymeric matrices. CNCs are cellulose-based, non-toxic, and biodegradable nanoparticles
isolated from bulk cellulose of woody and non-woody plants [13]. The high mechanical and
barrier properties in CNCs suggest the competitive potential for the application as reinforcing
agent in polymeric materials [159]. It has been observed that the optimal performance of CNCs

as reinforcing agent in polymeric matrix is ascribed by the dispersion quality of CNCs through
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polymeric matrix. For optimal improvement, uniform dispersion of CNCs in polymers is
required [125].

Rheological properties in composite materials play a significant role in improving the
processability of composites as the processing operation such as extrusion and injection molding
involve high shear rates [160]. Cellulose nanocrystals have been reported to be a good
rheological modifier for different polymers because they surround themselves between polymer
chains, providing high stability to the polymer network [161]. A significant change in the
melting behavior and rheological properties of nanocomposites has been observed by the
incorporation of nanofillers [111, 162]. Musa et al., studied the effects of incorporating CNCs on
the rheological behavior of nanocomposites. They found that the high interfacial area resulting
from inter-particle interactions governs the rheological properties of nanocomposites [159].

Different studies have shown that well-dispersed CNCs can enhance the performance
characteristics of PLA through improvement in the level of crystallinity and formation of matrix-
nanofiller network [42]. Therefore, improving the CNCs dispersion in PLA has been extensively
explored though different chemical surface modification techniques and mechanical processing
[66, 86, 160].

It was reported that the application of masterbatch approach can enhance the dispersion
quality of CNCs in host polymer [86]. The highly concentrated masterbatches are diluted using
extrusion process considering the let-down ratio or mixing ratio (masterbatches: polymer ratio)
[86]. The time-intensive film casting is the most commonly used technique in preparing
masterbatches [9]. Long time drying process in film casting process favored the formation of

micro-sized CNC aggregates through polymer matrix [15]. Spin-coating is a newly introduced
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method for fabricating highly concentrated masterbatches. The short drying time in spin-coating
deposition technique hindered the formation of CNCs aggregates in polymer matrix [15].

In this study, the impact of two different masterbatch preparation methods on the molecular
structure, rheological, viscoelastic, and thermal properties of nanocomposites were evaluated.
Nanocomposites were manufactured by diluting film casted and spin-coated masterbatches via
melt compounding followed by injection molding process. The modified CNCs were prepared
using poly(ethylene oxide) through physical attachment method.

4.3. Experimental

4.3.1. Materials

Poly(lactic acid) grade 2003D manufactured by Nature Works LLC (Minnetonka, MN,
USA) with the glass transition of 55- 60°C and melt flow of 6 g/10 min was used as a
biopolymer. USDA-Forest Service, Forest Products Laboratory (Madison, WI, USA) provided
cellulose nanocrystals (CNCs) with dimensions of 10-15 nm. Analytical grade chloroform
manufactured by Sigma-Aldrich (St. Louis, MO, USA) was used in this study. Polyethylene
oxide (PEO) with the molecular number of 106 g.mol™* and a purity of 99% was obtained from

Sigma-Aldrich (St. Louis, MO, USA).

4.3.2. Surface Modification Treatment

CNCs were treated using poly(ethylene oxide) to decrease the hydrophilicity character of
CNCs and to enhance the compatibility between CNCs and PLA matrix. An agueous suspension
of CNCs (4 wt%) and a suspension of PEO (1 wt%) were separately prepared and then were
mixed together with the ratio of 4:1 (CNCs: PEO). The freeze-dried mixture was used as

modified CNCs (p-CNCs) [133, 134].
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4.3.3. Scanning Electron Microscopy of Masterbatches

The formation of CNC aggregates through the thickness of the thin film masterbatches
were studied through scanning electron microscopy (SEM) images. A JSM-7600F scanning
electron microscopy (USA Inc., Peabody, MA, USA) operating at 15 kV was used to take the

images with the magnification of 500 and 1000.

4.3.4. Preparation of Nanocomposites

Film casting and spin-coating methods were used to prepare highly concentrated CNCs
masterbatches (15 wt%), following the method which was reported in the previous work [86].
The nanocomposites with different p-CNCs contents (1%, 3%, and 5%) were prepared using a
co-rotating twin-screw extruder (Leistritz, Mic 18/GL-40D, Somerville, NJ, USA) and injection-
molding machine (Technoplas Inc. SIM-5080). Prior to injection molding, the extruded pellets
were placed in an oven (Binder ED, Bohemia, NY, USA) for 24 h at 60 °C to remove the excess

moisture from the pellets. Table 4.1 shows the processing condition and material codifications.

Table 4.1. Composition of the nanocomposite materials.

Materials code Composition Methods
PLA (wt%) p-CNCs (wt%)

PLA 100 0 -
F-PLAL 99 1 Film casting
F-PLA3 97 3 Film casting
F-PLAS 95 5 Film casting
S-PLA1 99 1 Spin-coating
S-PLA3 97 3 Spin-coating
S-PLA5S 95 5 Spin-coating
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4.3.5. Gel Permeation Chromatography (GPC)

The weight average molecular weight (Mw) and the number average molecular weight
(Mn) were measured using a gel permeation chromatography (EcCoSEC HLC-8320GPC, Tosoh
Bioscience, Japan) equipped with a differential refractometer (DRI) detector. Nanocomposite
solutions (1 mg/ml) were prepared in tetrahydrofuran solvent and filtered using filter disk (0.2
pm pore size) prior the testing. The column temperature was maintained at 40 °C, and the solvent

flow rate was set at 0.35 ml/min.

4.3.6. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis was used to study the molecular relaxation behavior of
PLA and nanocomposites. Measurements were recorded using a DMA Q800 (TA Instruments,
New Castle, DE, USA) following ASTM D4065 standard procedure [138]. Data were recorded
in the temperature range of 25 to 90 °C with a scanning rate of 1 °C/min, and a fixed frequency
of 1 Hz in a dual cantilever mode. The storage modulus and tan d as a function of temperature

were reported.

4.3.7. Rheological Properties

The flow properties (rheological properties) of materials were measured using a
Rheometer AR 2000 (TA Instruments, New Castle, DE, USA). The rheological properties of
PLA and nanocomposites were measured in an oscillatory mode. The sample weighing 5 gr was
placed between two parallel plates with 25 mm diameter and a gap of 1 mm at 170 °C. Prior to
testing, samples were dried in a vacuum oven set at 65 °C for 8 hours to avoid a significant

decline in viscosity.
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4.3.8. Thermogravimetric Analysis (TGA)

Thermal stability of pure PLA and nanocomposites were studied using thermogravimetric
analyzer Q500 (TA, New Castle, DE, USA). A 5-7 mg of each formulation was placed in an
aluminum pan and temperature range was set in the range of 25 to 600 °C with a scanning rate of
10 °C/min. The corresponding TGA and derivative thermogravimetry (DTG) curves were
recorded.

4.4. Results and Discussion

4.4.1. Scanning Electron Microscopy of Masterbatches

The distribution of CNC aggregates through the thickness of the thin film masterbatches
were studied and Figure 4.1 illustrates the concentration of CNC in the masterbatches. The
individual CNCs are hardly distinguishable, however, the presence of CNC aggregates (spotted
by arrows) can be observed for both set of samples (i.e. solvent cast and spin coated
masterbatches). Due to the relatively low evaporation rate in the solvent casted masterbatch, the
concentration of CNCs varies vertically along with the thickness of the masterbatch and the
highest CNCs concentration happens close to the free surface. The increasing CNCs
concentration can lead to the formation of CNC aggregates (Figure 4.1a). However, in the spin-
coated masterbatch, the CNC aggregates with perpendicular orientation with respect to the film
thickness are scattered throughout the masterbatch thickness (Figure 4.1b). These observations
confirm the lower CNCs mobility in the spin-coated masterbatch as a result of high evaporation
rate of the solvent as well as the centrifugal force generated from rotating substrate [86]. During
time-intensive solvent evaporation process in solvent cast thin films, solvent molecules exclude

the CNCs molecules and assist in drawing the CNCs closer. This allows for the formation of
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CNC aggregates with relatively larger size in comparison with time-efficient solvent evaporation
in spin-coated thin films.
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Figure 4.1. The comparison of CNCs aggregates formation in the masterbatches: a) solvent cast,
b) spin-coated.

4.4.2. Gel Permeation Chromatography (GPC)

The number average molecular weight (M») and the weight average molecular weight
(M) are two important properties in polymers, which influence different behaviors such as melt
viscosity, mechanical properties and processability. PLA with linear chain is so sensitive to
manufacturing processes, revealing a rapid reduction in Mn and My, as a result of thermal
degradation under high shear [163, 164]. A significant decline in the molecular weight of PLA

was reported in different studies due to the addition of different nanofillers [165-167]. Table 4.2
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shows the values of Mw, M and dispersity index (Mw/M,) of PLA and nanocomposites after
extrusion process. All nanocomposites exhibited a decline in Mw, My as compared to pure PLA,
suggesting the presence of p-CNCs provoked the degradation of PLA during composite
preparation, and the drop was linearly correlated to the nanofillers loadings. The observed results
were in good agreement with another study reporting PLA chain degradation due to the

incorporating nanofillers [168].

Table 4.2. The average molecular weight, the average molecular number, and the dispersity
index (DI) of samples.

Materials code Mn* (g/mol) Mw (g/mol) DI

PLA 97245 202517 2.08
F-PLA1 95081 193776 2.03
F-PLA3 83444 144434 1.73
F-PLAS 82423 137880 1.67
S-PLA1 94148 201791 2.14
S-PLA3 57226 183241 3.20
S-PLAS 52532 170335 3.24

*Mn: Number average molecular weight and Mw: Weight average molecular weight.

The number average molecular weight (My) refers to the colligative properties of
polymers and the spin-coated nanocomposites exhibited lower My as compared to film cast
samples. It was reported that polymer chain cleavage can happen when heat or high pressure are
generated during processing [169]. The lower M in spin-coated nanocomposites can likely be
attributed to the high pressure caused by injection during the masterbatch preparation technique,
which interrupted molecular chains. In addition, it has been claimed that the presence of residual

solvent in the samples could result in a decrease in My of polymers [164].
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Due to the short drying time in the spin-coating method, the solvent did not evaporate
completely, and some residual solvent was trapped in the masterbatches. The amount of residual
solvent in each masterbatches before feeding into extruder was found to be 8.65 wt% and 1.37
wt% in spin-coated and film cast masterbatches, respectively. Therefore, the lower My in spin-
coated samples could probably be a result of both the higher residual solvent in spin-coated
masterbatches and the high injection pressure during spin-coated masterbatch preparation
process.

Higher My, was observed in spin-coated samples in comparison with their film cast
counterparts. This observation suggested that the M favored spin-coating method. The higher
My in spin-coated nanocomposites can be attributed to the strong interactions between PLA and
CNCs. In general, the higher the molecular weight, the greater the degree of chain entanglement
[170].

The dispersity index (DI) or heterogeneity index is a ratio of My to Mn, measuring the
distribution of molecular mass in a polymer. Polymers with higher DI have wider molecular
weight distribution. The dispersity index depends on the reaction condition and manufacturing
process. It strongly affects polymer performance and the processing characteristics [171]. In
general, polymers with lower DI are difficult to process as the shear-thinning tendency is low. In
general, polymeric materials with broader molecular weight distribution tend to thin at lower
temperatures and make molding and extrusion process easier. In spin-coated samples, DI
constantly increased with p-CNC loading level. However, film cast samples exhibited narrower
DI. The shorter polymer length for the higher molecular weight can be considered a result of

high injection pressure in spin-coating masterbatch preparation technique.
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4.4.3. Dynamic Mechanical Analysis (DMA)

The viscoelastic properties of polymers are strongly associated with the molecular
structure and molecular relaxation motion. The viscoelastic properties of nanocomposites
directly govern the load bearing capability of materials and attribute towards the interfacial
bonding between matrix and nanofillers.

The storage modulus of PLA and nanocomposites at two different temperatures in glassy
and rubbery states are shown in Table 1. It can be observed that all the composite samples
exhibited higher storage modulus in comparison with PLA in the glassy state. The improved
storage modulus in nanocomposites can be attributed to the growth in the stiffness of the PLA
matrix owing to reinforcing effect imparted by p-CNCs that led to a greater degree of stress
transfer at the PLA-p-CNCs interface. Particularly, the spin-coated nanocomposites reinforced
with 1 wt% and 3 wt% p-CNCs exhibited higher storage modulus in the glassy and rubbery
states in comparison with film cast samples. It is reported that a slight decrease in storage
modulus in S-PLAGS is associated with the presence of residual solvent [86].

The better interaction between matrix and nanofillers provides a clear explanation for the
increase in storage modulus with increasing My, in spin-coated nanocomposites. In general,
polymers with low My, possess low number of long flexible chains. The lack of long flexible
chain in the polymers would decrease the strength and elastic modulus in polymer materials
[172]. In this work, S-PLAL with highest M among nanocomposites (Table 4.3) exhibited the
highest storage modulus followed by F-PLA1 in glassy state.

Tan 6 curve is associated with the segmental motion in molecular chains. The position of
tan O peak reveals the glass transition temperature (Tg) in polymeric materials [173, 174]. The

glass transition temperature of PLA and nanocomposites are shown in Table 3. The incorporation
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of p-CNCs into PLA slightly increased Tg4. As expected from Flory-Fox equation (Eqg. 4.1) , the
spin-coated nanocomposites with smaller M, exhibited lower Tg than film cast samples [175]

(Table 4.2).

K

Iy

in which, Ty is glass transition and T reveals the maximum glass transition temperature occurs
theoretically for the polymer with an infinite molecular weight. K is an empirical constant and

associated with the free volume in the polymer chains.

Table 4.3. The viscoelastic properties in PLA and nanocomposites.

Storage modulus (MPa)

Materials T T Tg(°C)  Tan & peak intensity
PLA 2001 7.01 65.16 2.72
F-PLAL 2500 9.09 65.92 1.83
F-PLA3 2397 5.43 67.8 2.65
F-PLAS 2300 10.46 65.99 1.78
S-PLA1 2849 14.68 65.18 2.23
S-PLA3 2467 7.41 67.05 2.57
S-PLA5S 2056 8.54 65.71 1.96

The lower glass Tg in spin-coated nanocomposites can be attributed to more freedom in
molecular mobility in PLA-CNC-sp. In general, the polymers with lower M, possess more free
volume at the end of each polymer chain and this, in turn, leads to higher chain mobility. In
another word, slightly higher Tg in film cast samples can be related to the decreased mobility of
the matrix chain, due to the higher M, in film cast samples.

The intensity of tan ¢ indicates the mobility of polymer chain segments at the

corresponding temperature [176]. In addition, the way in which the materials absorb or disperse
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the energy during deformation can be observed from tan 6 intensity. A higher tan 6 intensity
indicates that more energy is dissipated, and the material exhibits more viscous behavior.
However, the lower tan 6 value points out the behavior that is more elastic. The tan 6 peak value
decreased in all composite samples as compared to pure PLA, owing to the presence of p-CNCs.
This observation was probably due to the decrease in the mobility of the polymer molecular
chains as restricted by p-CNCs. As expected, spin-coated nanocomposites exhibited higher tan 6
peak value in comparison with film cast samples. This observation was in good agreement with

smaller My in spin-coated samples.

4.4.4. Thermogravimetric Analysis (TGA)

Thermal stability of samples was studied through weight loss and the corresponding
derivative curves (DTG) (Figure 4.2). Thermal properties of PLA and nanocomposites including
initial decomposition temperature (Tonset), decomposition temperature at 50% weight loss (Tso),
maximum decomposition (Tpeak), and final degradation temperatures (Tendset) are reported in
Table 4.4.

Considering the weight loss profiles for pure PLA and PLA nanocomposites (Figure
4.2b), thermal decomposition of all samples except S-PLA5 happened in a typical one-step
degradation pattern. The observation of one step degradation suggested the simultaneous
degradation in all components [177]. The presence of two separate peaks in S-PLA5 might be a
result of incorporating high amount of CNCs and the corresponding non-uniform dispersion as

shown in previous study [86].
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Figure 4.2. Representative thermogravimetric (TGA) and Derivative (DTG) thermograms of pure
PLA and nanocomposites.

The total mass loss values for the nanocomposites containing modified CNCs are slightly
lower than pure PLA. However, no significant change in the char yield was observed for PLA

composite samples as compared with pure PLA.
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Table 4.4. Thermal properties of PLA and PLA-PCNCs nanocomposites.

Sample COde Tonset (OC) TSO wt.% (OC) Tpeak (OC) Tendset (OC) Welght LOSS (%)

PLA 301.13 328.34 332.24 380.39 99.73
F-PLA1 311.22 359.37 345.32 397.72 99.37
F-PLA3 319.18 358.86 344.8 402.89 99.47
F-PLA5 310.72 358.05 345.24 395.71 99.61
S-PLA1 335.72 399.65 375.25 400.62 99.43
S-PLA3 316.30 355.07 372.1 385.72 99.54
S-PLA5S 314.18 357.82 370.82 395.04 99.37

4.4.5. Rheological Properties
The dynamic oscillatory shear measurements were carried out to study the response of
PLA and PLA-CNC nanocomposites to the dynamic shearing. Figure 4.3 depicts a representative

curve for complex viscosity in PLA and nanocomposites.
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Figure 4.3. Complex viscosity for PLA and nanocomposites.

The complex viscosity of pure PLA and nanocomposite samples decreased with
increasing frequency, exhibiting non-Newtonian behavior. The addition of p-CNCs into PLA

through both masterbatch preparation routes increased the melt strength of nanocomposites. This
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behavior indicates the formation of interconnected network-like structure in the composite
samples because of the interaction between matrix and nanofillers. A similar observation was
reported by Kamal et al., (2015), in which a significant improvement in complex viscosity was
reported by the addition of CNCs into PLA matrix [159]. The high viscosity of nanocomposites
was caused by the flow restrictions of PLA chains in the molten state due to the presence of p-
CNCs. The polymer chain structure significantly governs the rheological properties and the
processability of the polymer.

The molten viscosity and the molecular weight of polymers are correlated to each other
based on Mark-Houwink equation (Eq. 4.2) [178].

[n] = KMy, (4.2)

where a and K are Mark-Houwink constants and depend on the nature of polymer and solvent.

The higher viscosity in S-PLA1 was attributed to the higher M. All samples exhibited
shear-thinning behavior, which was more predominant in spin-coated nanocomposites. The shear
thinning behavior in polymers is associated with the disentanglement of polymer chains during
flow. The onset of shear thinning in polymers is the point, in which, the rate of externally applied
movement overcomes the rate of formation of entanglements in polymer chains. In shear
thinning phenomenon the crosslink density of the network decreases, resulting in a decline in the
viscosity [179]. The samples with higher My experienced more disentanglement during flow at
higher shear rate, exhibiting more tendency for shear thinning at higher frequencies. Shear
thinning in spin-coated samples could speed up the polymer flow and decrease heat generation
and energy consumption through processing [180].

Network structure of PLA and nanocomposites was also studied through storage and loss

moduli as a function of angular frequency at 170° C (Figure 4.4). The storage modulus increased
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with increasing the angular frequency, but the rate of increment in modulus reduced as the
frequency increased. In general, at lower frequencies, the interactions between PLA and p-CNCs
overcome the applied shear. However, at higher frequencies, the interfacial bonding between
PLA and p-CNCs cannot resist the external shear. This in turn, can result in a reduction in the
slope of storage modulus. The storage modulus in PLA exhibited an improvement upon addition
of p-CNCs, submitting the formation of interfacial bonding between PLA and p-CNCs, which
led to more stress transfer from matrix to nanofillers. In particular, the highest storage modulus
was observed in S-PLA1 followed by F-PLAL. This observation was in good agreement with an
earlier reported study, in which, polymer with higher molecular weight exhibited higher storage
modulus [181]. However, the lower storage modulus in PLA was probably due to the reduction
in molecular entanglements in the pure PLA over the high frequency rate.

The loss modulus of PLA and nanocomposites exhibited a trend like storage modulus at
different p-CNC contents (Figure 4.3b); however, the deviation from pure PLA was more
pronounced in loss modulus. The incorporation of p-CNCs in PLA resulted in a substantial
increase in the loss modulus, indicating a further increased entanglement density in PLA-CNC
nanocomposites in comparison with pure PLA. These observations are in good agreement with
the results reported by Hassan et al., They observed a similar trend in storage and loss modulus
of PLA and PLA blends with increasing frequency [152].

In addition, all samples exhibited higher storage modulus than loss modulus over the
entire range of frequency. This was an indication of the dominance of solid-like relaxation

behavior typically found in strong gels [182].
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Figure 4.4. (a) Storage modulus and (b) loss modulus as a function of frequency of PLA and
nanocomposites.

4.5. Conclusions
PLA-p-CNC nanocomposites were prepared through diluting masterbatches of film

casted and spin-coated films, using melt compounding followed by injection molding. The
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molecular structure, dynamic mechanical, thermal stability, and rheological properties of PLA
and nanocomposites were studied. The GPC results suggested that the samples prepared using
spin-coating method exhibited higher molecular weight with a wide distribution of chain lengths.
This observation could probably be due to high injection pressure during spin-coated
masterbatch preparation process. The viscoelastic and rheological properties of the
nanocomposites demonstrated a close relationship with the number average molecular weight
and the weight average molecular weight. The addition of p-CNCs into PLA resulted in an
improvement in storage modulus as p-CNCs imparted reinforcing effect on the nanocomposites.
The spin-coated nanocomposites with higher molecular number had higher storage modulus as
compared to their film cast counterpart. This study shows that PLA nanocomposite
characteristics can be engineered through different mechanical processing technique and the
spin-coating method is a promising approach for masterbatch preparation method to improve the

properties of the PLA-CNC nanocomposites.
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5. GREEN ESTERIFICATION- A NEW APPROACH TO IMPROVE THERMAL AND
MECHANICAL PROPERTIES OF POLYLACTIC ACID COMPOSITES REINFORCED
BY CELLULOSE NANOCRYSTALS!

5.1. Abstract

Cellulose nanocrystal (CNCs) - reinforced poly(lactic acid) (PLA) nanocomposites were
prepared using twin screw extrusion followed by injection molding. Masterbatch approach was
used to achieve more efficient dispersion of CNCs in PLA matrix. Modified CNCs (b-CNCs)
were prepared using benzoic acid as a nontoxic material through a green esterification method in
a solvent-free technique. Transmission electron microscopy images didn't exhibit significant
differences in the structure of b-CNCs as compared with unmodified CNCs. However, a
reduction of 6.6 to 15.5% in the aspect ratio of b-CNCs was observed. The fracture surface of
PLA-b-CNCs nanocomposites exhibited rough and irregular pattern which confirmed the need of
more energy for fracture. Pristine CNCs showed a decrease in the thermal stability of
nanocomposites, however, b-CNCs nanocomposites exhibited higher thermal stability than pure
PLA. The average storage modulus was improved by 38% and 48% by addition of CNCs and b-
CNCs in PLA, respectively. The incorporation of b-CNCs increased Young’s modulus, ultimate
tensile stress, elongation at break and impact strength by 27.02 %, 10.90 %, 4.20 % and 32.77 %,
respectively, however, CNCs nanocomposites exhibited a slight decrease in ultimate strength and

elongation at break.

! The material in this chapter was co-authored by Jamileh Shojaeiarani, Nicole M. Stark and
Dilpreet S. Bajwa. Content in this chapter was published in Journal of Applied Polymer Science
135.27 (2018): 46468. Jamileh Shojaeiarani performed the experiments and processed the
experimental data. Jamileh Shojaeiarani also drafted and revised all versions of the manuscript.
Nicole M. Stark and Dilpreet S. Bajwa aided in interpreting the results and worked on the
manuscript. Dilpreet Bajwa supervised the work.
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Keywords: Poly(lactic acid); Cellulose nanocrystals; Green esterification; Mechanical

properties; Thermal stability.
5.2. Introduction

Polylactic acid (PLA) is one of the most promising biodegradable polymers and is
currently produced on a large industrial scale (over 140,000 tons per year) [1, 2, 50, 125]. PLA
has become an attractive sustainable alternative to petroleum-based plastics due to its
processability, relatively high strength, UV stability, and low toxicity [109, 111]. However, slow
crystallization, low thermal resistance, and excessive brittleness limit PLA potential applications
[183-185]. Improving the performance characteristics of PLA by incorporating cellulose
nanocrystals (CNCs) is the subject of considerable attention, due to CNCs’ nanoscale
dimensions, widespread availability, superior mechanical, and thermal properties [186, 187].
CNCs with high crystalline structure, high aspect ratio, and large surface area are considered as
one of the ideal reinforcing agents for polymer matrices in nanocomposite industry [188, 189].

Generally, the incorporation of CNCs into the polymeric matrix through a homogeneous
dispersion results in the formation of a network of matrix-CNCs with an enormous amount of
interfacial contacts between polymeric matrix and CNCs owing to large surface area of CNCs
[190]. The strong interfacial adhesion between nanocomposite components leads to an effective
stress transfer from matrix to CNCs and consequently strengthens the resulting nanocomposites
[191]. Specifically, the optimal improvement in performance characteristics of PLA-CNCs
nanocomposites can be achieved through the uniform dispersion of CNCs in PLA matrix [15,
40]. Therefore, CNCs dispersion and their corresponding interaction with the polymer matrix are
critical factors for reinforcement purposes. However, the strong hydrophilicity of the CNCs and

the presence of abundant hydroxyl groups on the surface of CNCs inhibit the homogeneous
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dispersion of CNCs in the most hydrophobic polymeric matrices such as PLA [192]. The
formation of CNCs aggregates results in a poor dispersion in PLA matrix and impedes the
improvements in the mechanical performance of the nanocomposites [41, 42].

To overcome the major problem of non-uniform dispersion of CNCs in hydrophobic PLA
matrix, many chemical and mechanical approaches have been extensively studied. Most of the
works have focused on improving interfacial interactions between CNCs and PLA matrix using
chemical-oriented surface modification methods. In a sialylation technique introduced by Gousse
et al., alkylchlorosilanes was applied onto the surface of cellulose whisker as silylating agents.
The modification technique required 16 h of vigorous stirring at room temperature. The results
showed a good dispersion of modified cellulose whisker in solvents of low polarity (not lower
than 2.37) [43]. Yuan et al., introduced alkyenyl succinic anhydride aqueous emulsion onto the
surface of cellulose whiskers to improve their solubility in different solvents. The process
involved freeze drying of the suspension and then heating to 105 °C for different times (5 to 240
min). They reported good dispersion of modified cellulose whisker in solvent of low polarity
such as 1,4-dioxane[45]. Acetate and lactate modification of CNCs was performed by dual acid
application (organic acid and HCI), in which acid hydrolysis and Fischer Esterification occurred
in tandem. The suspension was maintained at 150 °C in a convention oven for 3 h and then the
resulting CNC slurries were freeze dried overnight and then dried for at least 12 h to produce
nanofiller powder [74].

In another work which has been performed by Yoo et al., two esterification routes were
used to prepare fatty acid and PLA grafted CNCs through adding DL-lactic acid syrup and zinc

acetate dehydrate catalyst. The final product was dried in this study at 50 °C for 24 h in a vacuum
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oven. It was claimed that the simplicity and ecofriendly aspects of their method can meet the
industrial demand for scaling up the surface modification method [193].

In most of the chemical surface modification techniques, hazardous and toxic solvents
and reactants are used to alter the hydrophilicity character of the CNCs. In addition, a small
number of studies have reported some improvement in the CNCs dispersion through the
polymeric matrix using different manufacturing process [47, 48, 194].

In the current study, the influence of incorporating pristine and modified CNCs on
thermal and mechanical properties of the PLA-based nanocomposite was evaluated. Modified
CNCs were prepared by introducing benzoic acid as grafting agent and solvent media onto the
surface of CNCs. Benzoic acid with a broad application in food industry as a nontoxic and
recyclable substance, was applied onto the surface of CNCs through a solvent-free and catalyzer
free technique not only to integrate the green chemistry and diminishing the environmental
footprint of the chemicals but also for improving the economic feasibility [195]. Dispersion—
centrifugation process was performed to remove the untreated benzoic acid from the mixture
with an excess of ethanol. Modified CNCs were then solvent exchanged in a stepwise manner
from ethanol to chloroform without drying in order to decrease the aggregation of CNCs. A
masterbatch approach was considered to ensure the uniform dispersion of CNCs in PLA matrix.
The nanocomposites were manufactured using high shear co-rotating twin screw extrusion
followed by injection molding. The structure of b-CNCs and the morphology of the fractured
surface of the nanocomposites were studied using electron microscopes. The effects of CNCs
and b-CNCs and their concentration on mechanical, thermomechanical, and thermal properties of

nanocomposites were examined.
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5.3. Experimental

5.3.1. Materials

Poly(lactic acid) (PLA 2002D, Mx= 98,000 gmol™*) was supplied by NatureWorks LLC
(Minnetonka, MN, USA). The specific gravity (SG) was 1.24, and the melting point (Tm) was
210 °C. Benzoic acid at 99.5% (p.a. quality) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cellulose nanocrystals (dimensions of 150 nm length and 7 nm width) were obtained
from USDA-Forest Service (Forest Products Lab., Madison, WI, USA). CNCs were extracted
from wood-based cellulose by sulfuric acid hydrolysis. Analytical grade ethanol manufactured

by Sigma-Aldrich (St. Louis, MO, USA) was used in the experiments.

5.3.2. Surface Modification of Cellulose Nanocrystals

Modified CNCs (b-CNCs) were obtained through a green surface modification method
using an acid ester of benzoic acid (BA) in a ratio of 1/10 (CNCs/BA) (Figure 5.1). In this
method, benzoic acid was used as grafting agent on the surface of CNCs and solvent media
above its melting point. CNCs suspension in water (10%, wt%) was sonicated for 5 min and the
pH was fixed to 4 by applying hydrochloride acid (HCI, 0.1 mol. L). Benzoic acid pellets were
added to the aqueous suspension of CNCs and the suspension was stirred vigorously at 130 °C
for 20 hours. Dispersion—centrifugation process was then repeated for 6 cycles to remove the
untreated benzoic acid from the mixture (10,000 rpm) with a large excess of ethanol [195].
Modified CNCs were then solvent exchanged in a stepwise manner from ethanol to chloroform,

a liquid medium without drying (to avoid aggregation) for the further application.
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Figure 5.1. Esterification process to form modified CNCs (b-CNCs).

5.3.3. Preparation of Nanocomposites

In this work, masterbatch films with 15 wt% of cellulose nanocrystals (CNCs and b-
CNCs) and 85 wt% of PLA were prepared using solvent casting method and chloroform as the
solvent. PLA pellets were dissolved in chloroform under vigorous stirring at room temperature
(~25 °C) for 12 hr. Cellulose nanocrystals (CNCs and b-CNCs) were added to chloroform
separately and to improve the dispersion of cellulose nanocrystals in chloroform, the suspension
was exposed to homogenizer (IKA T50 Ultra-Turrax, Wilmington, NC, USA) for 6 min and
sonication (Misonix sonicator, Vernon Hills, IL, USA) for 5 min in an ice bath. The cellulose

nanocrystals solution was then added to PLA solution, stirred for 5 hours, and was cast onto the

Petri dishes and put to dry at ambient temperature for approximately 30 hours.

The dried masterbatch films with 15 wt% CNCs or b-CNCs were chopped using a paper
cutter (ACCO, Columbus, WI, USA) with the approximate size of 4 mm by 4 mm and then
diluted to nanocomposite extruded pellets with 1, 3 and 5 wt% of cellulose nanocrystals through

the melt extrusion process. The chopped master batch and PLA polymer were fed into co-
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rotating twin screw extruder (Krauss-Maffei Co., Florence, KY, USA) fitted with high shear
elements. The barrel temperature for eight zones of extruder was set at 157, 157, 165, 162,
162,162, 160, 160 °C (feed throat to die end) respectively, and the screw speed was set at 170
rpm. The extruded pellets were placed in an oven (Binder ED, Binder Inc., Bohemia, NY, USA)
set at 60 °C for 24 h prior to injection molding process (Technoplas Inc. SIM-5080). The final
composition and codification of the samples obtained from injection molding are shown in Table

5.1.

Table 5.1. Compositions of the nanocomposite materials.

Material Designation Composition
PLA (Wt%) CNCs (wt%) b-CNCs (Wi%)

PLA 100 - :
PLA-1CNCs 99 1 )
PLA-3CNCs 97 3 )
PLA-5CNCs 95 5 )
PLA-1b-CNCs 99 ] .
PLA-3b-CNCs 97 ] ,
PLA-5b-CNCs 95 ] 5

5.3.4. Morphology and Dimensions

The morphology and aspect ratio of CNCs and b-CNCs were investigated using a
transmission electron microscopy (TEM) (JEOL Inc., Peabody, MA, USA) operating at 2 kV.
The CNCs and b-CNCs suspensions were deposited using an aqueous dispersion on a carbon-
coated copper (300-mesh) TEM grids. The samples were subsequently stained to enhance the

microscopic resolution.
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5.3.5. Fractured Surface Morphology
The morphology of impact fractured surface of the nanocomposites was observed using

scanning electron microscope (SEM) with an accelerating voltage of 20 kV (JEOL Inc.,
Peabody, MA, USA) at a magnification of 100X. The fractured surface of the tested specimens

was sputter-coated with gold prior to SEM examination to avoid specimen charging.

5.3.6. Thermal Stability

Thermal stability is an important factor in bio-based nanocomposites as melt processing
requires elevated temperatures. Inherently, bio-based nanocomposites suffer from low thermal
stability which limits their application [196]. The thermal decomposition properties of pure PLA
and nanocomposites were studied using thermogravimetric analyzer (TGA Q500, TA
Instruments, New Castle, DE, USA) over a temperature range of 25 to 600 °C and a heating rate
of 10 °C/min. The initial thermal decomposition temperature (Tonset), the maximum

decomposition temperature (Tpeak) and the final degradation temperatures (Tendset) Were recorded.

5.3.7. Dynamic Mechanical Analysis (DMA)

The viscoelastic properties of PLA and nanocomposites were studied using dynamic
mechanical analyzer (DMA Q800, TA Instruments, New Castle, DE, USA) following ASTM
D4065. The bending method was used with a frequency of 1 Hz. The temperature was swept at a
heating rate of 1 °C/min from 25 to 90 °C and the dynamic storage modulus (E"), loss modulus
(E"), and the tan & (=E"/E') of each sample as a function of temperature were determined. Four

replicates of each formulation were used in the DMA test.
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5.3.8. Mechanical Property

The mechanical properties of PLA and nanocomposites are governed by microstructural
parameters of matrix and nanofillers, the distribution of nanofiller in the matrix, and interfacial
bonding between nanofillers and matrix [197]. Mechanical characteristics of PLA and
nanocomposites were studied through tensile and impact tests. The tensile test was carried out
using an Instron universal testing machine (Model 5567, Norwood, MA, USA) following the
ASTM D638 standard. Instron machine was equipped with a 30 KN load cell and the crosshead
speed was set at 5 mm/min. An Izod impact tester (Tinius Olsen, Model Impact 104, PA, USA)
was used to run the impact tests and to calculate the impact strength of unnotched specimens

following ASTM D256 standard.

5.3.9. Statistical Analysis

The mechanical properties data were statistically analyzed using one-way ANOVA and
Tukey's tests. All statistical analyses were performed with a significance level of 5%. The data
were analyzed by Minitab software version 17 (Minitab Inc., State College, PA, USA). Eight
replicates were used for each test.

5.4. Results and Discussion

5.4.1. Morphology and Dimensions

The morphology of CNCs plays a critical role in nanocomposite properties and it is very
important to ensure that the morphology of b-CNCs is not affected as a result of the surface
modification. The morphological features of the modified and pristine CNCs after the dispersion

in water were investigated using TEM images (Figure 5.2).
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Figure 5.2. TEM images of (a) pristine CNCs and (b) modified CNCs.

It was observed that modified CNCs maintained their elongated morphology with the
mean values in the range of 150 to 200 nm in length and 10 to 12 nm in width. The b-CNCs are
thicker than CNCs and the results showed a reduction of 6.6 to 15.5% in the aspect ratio of b-

CNCs.

5.4.2. Fractured Surface Morphology
The presence of CNCs aggregates and fracture pattern of nanocomposites were inspected

through SEM images (Figure 5.3).

Figure 5.3. SEM images of fractured surface of a) pure PLA, b) PLA-1CNCs, ¢) PLA-3CNCs, d)
PLA-5CNCs, e) PLA-1b-CNCs, f) PLA-3b-CNCs, and g) PLA-5b-CNCs.
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The smooth fractured surface of pure PLA exhibited some distinct river markings
confirming the brittle character of PLA. The observed clean and smooth impact fractured surface
in nanocomposites with low content of pristine CNCs (1 and 3 wt%) indicated the inherent
stiffness and brittle fracture pattern in PLA-1CNCs and PLA-3CNCs. However, nanocomposites
with 1 and 3 wt% b-CNCs exhibited rough and irregular surfaces, suggesting the ductile fracture
mechanism in PLA-1b-CNCs and PLA-3b-CNCs nanocomposites. In general, the fractured
surface can illustrate the impact resistance of the materials [141, 198, 199]. The rough and
irregular fractured surface in PLA-b-CNCs nanocomposites indicated more required work for
impact fracture as compared with PLA-CNCs nanocomposites. It also suggested the higher
impact resistance in PLA-b-CNCs nanocomposites than PLA-CNCs nanocomposites. Spherical
voids, and cavities around visible CNCs aggregates mostly were observed in PLA-1CNCs, as
shown in Figure 5.3c. This behavior was an evidence of the interfacial debonding between PLA

and CNCs owing to poor interfacial adhesion in PLA-CNCs nanocomposites [200].

5.4.3. Thermal Stability

The influence of incorporating CNCs and b-CNCs into PLA on thermal stability of
nanocomposite was investigated through thermogravimetric (TGA) and derivative
thermogravimetry (DTG) curves (Figure 5.4).

Thermal degradation through a one-step process was observed for pure PLA, PLA-
1CNCs and PLA-bCNCs nanocomposites, indicating simultaneous degradation for all
components. However, two distinct peaks were observed in PLA-3CNCs and PLA-5CNCs. This
behavior can be attributed to the CNCs’ isolation technique. The CNCs which used in this study

were isolated from cellulose by a controlled hydrolysis using sulfuric acid (H2SOa).
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Figure 5.4. Representative (a) TGA and (b) DTG curves of PLA and nanocomposites.

The presence of two endothermic peaks confirmed that the sulfuric acid hydrolysis
impacted the thermal stability of unmodified CNCs [201].The first peak observed between 250
and 300 °C was small and the second peak which dominated the overall process occurred
between 290 and 350 °C. The first peak was related decomposition of the negatively charged

sulfate groups on CNCs and the second peak can be related to depolymerization of cellulose in
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competition with dehydration. These observations are corroborated by another study on cellulose
nanomaterials treated with sulfuric acid [194, 202, 203]. Table 5.2 presents thermal
characteristics of PLA and nanocomposites obtained from TGA and DTG curves.

The results on thermal properties of nanocomposites showed that PLA-b-CNCs
nanocomposites were more thermally stable as compared with pure PLA, however, no significant
change was observed with increasing b-CNCs content. The observed improvement in thermal
stability of PLA-b-CNCs nanocomposites was likely due to the increased dispersion of b-CNCs
and the formation of stable hydrogen bonded networks between PLA and b-CNCs which
hindered the degradation process of PLA-b-CNCs nanocomposites components [74, 204]. PLA-
CNCs nanocomposites exhibited an approximate decrease of 10% in thermal stability as
compared with pure PLA. The application of sulfuric acid in CNCs isolation led to a lower
temperature of thermal degradation for unmodified CNCs. It has been reported that treating
cellulose with sulfuric acid can result in a reduction in thermal stability of CNCs, and an increase

in char formation at the end of degradation process [205, 206].

Table 5.2. Thermal properties of PLA and nanocomposites.

Sample code Tonset (°C) Tpeak (°C) Tendset (°C) Weight loss (%)
PLA 291.21 370.10 391.34 99.75
PLA-1CNCs 285.48 344.27 361.27 99.44
PLA-3CNCs 283.27 342.01 359.95 99.12
PLA-5CNCs 286.28 344.58 360.14 99.00
PLA-1b-CNCs 308.87 375.21 394.87 99.46
PLA-3b-CNCs 310.37 373.44 393.16 99.11
PLA-5b-CNCs 311.29 375.68 395.08 99.31
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5.4.4. Dynamic Mechanical Analysis (DMA)

The interaction between polymer molecular chains and organic nanoparticles as they are
subjected to periodic loading under a range of temperatures can be illustrated using dynamic
mechanical analysis (DMA). Figure 5.5 illustrates the effect of CNCs and b-CNCs

concentrations on storage modulus at elevated temperatures.
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Figure 5.5. Representative (a) storage modulus and (b) tan & vs. temperature curves of PLA and
nanocomposites.
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It was observed that the storage modulus of nanocomposites steadily increased with the
incorporation of CNCs and b-CNCs as compared with pure PLA, which indicates the reinforcing
effect of organic nanoparticles [207]. In particular, the storage modulus of PLA-b-CNCs
nanocomposites was higher as compared with PLA-CNCs nanocomposites in the glassy state.
This behavior was more likely due to the enhanced interfacial bonding between PLA and b-
CNCs which resulted in better stress transfer from PLA matrix to b-CNCs. The maximum
improvement in storage modulus was observed in PLA-3b-CNCs, however, with further increase
in b-CNCs concentration to 5 wt%, storage moduli reduced owing to poor dispersion and
agglomeration formation of b-CNCs in PLA matrix (Figure 5.3f).

The tan o curves as a function of temperature for PLA and nanocomposites are shown in
Figure 5.5b. The value of tan  peak is an indication of viscoelastic behavior in nanocomposite
and gives some information on the mobility of chain segments. The higher tan 6 peak value
typically means more energy dissipation potential in materials [176].

The tan 6 peak value of nanocomposites reinforced with b-CNCs exhibited lower values
probably due to less viscous and more elastic behavior in PLA-b-CNCs nanocomposites as
compared with PLA-CNCs nanocomposites. These results revealed better interfacial bonding
between PLA matrix and b-CNCs.

The tan 8 peak value, glass transition temperature (Tg), and storage modules in the glassy
and rubbery states (below and above the T4 of samples) are summarized in Table 5.3. The
temperature at the peak value of tan § curve is assigned as glass transition temperature (Tg) of the
material. Glass transition temperature is a complex property in the amorphous region of
polymers and is governed by several factors such as chain flexibility and intermolecular

interactions. DMA results show that the addition of CNCs or b-CNCs into PLA matrix does not
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noticeably affect the glass transition temperature of nanocomposites. The results implied that the
interaction between PLA and cellulose nanocrystals slightly restricted the molecular mobility of

the chains in polymer [208].

Table 5.3. Dynamic mechanical properties of PLA and nanocomposites obtained from DMA.

Storage Modulus (MPa)

Sample Tg (°C) Peak tan &
30°C 70 °C

PLA 64.05 2.72 1944+56.7e 15.62+0.44a
PLA-1CNCs 66.77 2.62 2524+12.17d 8.69+0.03c
PLA-3CNCs 65.12 2.15 2708+14.53c 15.99+0.48a
PLA-5CNCs 65.48 2.38 2463+14.11d 9.29+0.12¢c
PLA-1b-CNCs 64.23 1.90 2740%28.21bc 11.54+0.12b
PLA-3b-CNCs 66.29 1.81 3041+32.00a 11.48+0.09b
PLA-5b-CNCs 66.58 1.60 2815%24.60b 15.72+0.14a

* The different letters indicate a significant difference in the sample mean at o = 0.05.

5.4.5. Mechanical Property

The mechanical behavior of PLA and nanocomposites were evaluated through tensile and
impact tests and the results are presented in Table 5.4. It was observed that the addition of b-
CNCs had a stiffening effect on PLA matrix and improved Young's modulus, most likely due to
the uniform dispersion of b-CNCs and improved interfacial adhesion between b-CNCs and PLA
matrix. Similarly, an increase in the ultimate tensile strength was observed in PLA-b-CNCs
nanocomposites in comparison with PLA-CNC nanocomposites with the same CNCs content.
These results were in a good agreement with the SEM observations which showed more micro-
size CNCs aggregates in PLA-CNCs nanocomposites compared with PLA-b-CNCs

nanocomposites.
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No significant differences were observed in elongation at break for nanocomposites
reinforced with b-CNCs as compared with pure PLA, however, lower elongation at break was
observed for PLA-CNCs nanocomposites. The observed reduction in the elongation at break for
PLA-CNCs can be attributed to the weak interaction between PLA and CNCs. In the other
words, the formation of relatively big CNCs aggregates in PLA-CNCs as shown in Figure 5.3,
confirmed the weak interaction between PLA and CNCs and resulted in lower elongation at
break. Higher values of impact strength were observed for all nanocomposite samples as
compared with neat PLA which was more pronounced in the case of PLA-b-CNCs
nanocomposites. Higher impact strength in PLA-b-CNCs can be attributed to the better
interfacial interaction between PLA and b-CNCs and higher absorption of energy during impact
test as compared with PLA-CNCs. This behavior was supported by a rough and irregular
fractured surface in PLA-b-CNCs nanocomposites observed from SEM images (Figure 5.3).
Similar results were reported by Gao et.al who showed higher impact strength for PLA-based

nanocomposites with a rougher fractured surface [141].

Table 5.4. Mechanical properties of PLA and nanocomposites.

Samole code Young's Ultimate strength Elongation at Impact Strength
P modulus (GPa) (MPa) break (%) (kI m3)
PLA 3.33+0.04" 57.39+1.20% 3.5+0.142 20.90+0.63°¢
PLA-1CNCs 3.29+0.19f 52.76+4.569 2.82+0.51°¢ 21.15+2.01°¢
PLA-3CNCs 3.37+0.294f 55.36+4.21¢ 2.23+0.31°¢ 21.22+1.48°
PLA-5CNCs 3.46+0.30¢ 55.57+3.12¢ 2.47+0.35¢ 22.95+0.25°¢
PLA-1b-CNCs 4.74+0.32¢ 59.91+2.18% 3.64+0.25? 24.15+1.93°
PLA-3b-CNCs 4.23+0.392 63.66+2.89° 3.53+0.35% 27.37+2.35%
PLA-5b-CNCs 4.17+0.16% 61.58+2.01f 3.65+0.23? 27.75+1.392

* The different letters indicate a significant difference in the sample mean at o = 0.05.
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5.5. Conclusions

The study compared the dispersion of pristine CNCs and esterified (b-CNCs) as a
reinforcement in PLA matrix. Modified CNCs were prepared using a nontoxic and recyclable
material through a solvent free and catalyzer free esterification technique. Nanocomposites were
prepared by twin screw extrusion followed by injection-molding using masterbatch approach.
Morphological properties of b-CNCs after esterification were studied using TEM images and no
significant difference in the structure and shape of b-CNCs was observed as compared with
unmodified CNCs. The fractured surface of PLA-b-CNCs showed increased surface roughness
and contained fewer micro-size cellulose nanocrystal aggregates. These observations were
further confirmed by the higher impact strength in PLA-b-CNCs nanocomposites as compared
with PLA-CNCs. Higher thermal stability in PLA-b-CNCs nanocomposites was observed and
can be attributed to of the esterification of CNCs which resulted in making b-CNCs more
thermally stable. Although, a small reduction in the aspect ratio of b-CNCs was observed, higher
mechanical properties in PLA-b-CNCs confirmed the treatment effect was more pronounced
than the effect of aspect ratio of CNCs. The incorporation of b-CNCs improved the Young’s
modulus and ultimate tensile stress in PLA-bCNC nanocomposites by 27.02 % and 10.9 %
respectively, however, the incorporation of pristine CNCs into PLA did not result in any

significant change in the mechanical properties on PLA-CNC nanocomposites.
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6. ESTERIFIED CELLULOSE NANOCRYSTALS AS REINFORCEMENT IN
POLY(LACTIC ACID) NANOCOMPOSITES!
6.1. Abstract
Biopolymers are of huge interest as they carry potential to minimize the environmental

hazards caused by synthetic materials. Poly(lactic acid) (PLA) reinforced by cellulose
nanocrystals (CNCs) has shown promising results. To obtain the optimum characteristics of
PLA-CNC nanocomposites, a superior compatibility between PLA and CNCs is paramount. The
application of chemical surface modification technique is an essential step to improve the
interaction between hydrophilic CNCs and hydrophobic PLA. In this study, a time-efficient
esterification technique using valeric acid was introduced to improve the compatibility between
CNCs and PLA. Masterbatches were prepared using spin-coating method to ensure the
maximum dispersion of CNCs through PLA and to decrease the drying time. Nanocomposites
were prepared using extrusion and injection molding. The degree of substitution for modified
CNCs was calculated as 0.35. Transmission electron microscopy exhibited esterified CNCs (e-
CNCs) in the nanoscale with rod shape structure. Thermal stability improved by 15% in
nanocomposites containing 3% e-CNCs, whereas untreated CNCs didn’t alter the thermal
stability to a notable extent. A substantial increase of 200% was observed in crystallinity of
nanocomposites reinforced with 3% e-CNCs. The incorporation of CNCs into PLA resulted in an
increase in storage modulus and a decrease in tan 6 intensity which was more profound in PLA-

e-CNCs. The tensile strength of PLA-e-CNCs composites was found to be superior to

! The material in this chapter was co-authored by Jamileh Shojaeiarani, Dilpreet S. Bajwa, and
Kerry Hartman. Jamileh Shojaeiarani developed the idea and processed the experimental data.
Jamileh Shojaeiarani performed the analysis, drafted the manuscript and designed the figures.
Dilpreet S. Bajwa provided critical feedback and supervised the project. Kerry Hartman helped
supervise the project.
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composites reinforced with untreated CNCs. The results confirmed that a combination of time-
efficient esterification and spin-coated masterbatch was a successful approach to uniformly
disperse CNCs in PLA matrix.

Keywords: Poly(Lactic Acid); Cellulose Nanocrystals; Esterification; Masterbatch;
Mechanical properties.

6.2. Introduction

In the last few decades, the growing interest on environmental health and limited fossil
fuel resources has contributed to a huge attention to bio-based polymers. Biopolymers
synthesized from renewable natural resources are moving to the main stream owing to their
sustainable nature and potential to decrease the reliance on fossil fuels and the availability [209].

Poly(lactic acid, PLA) as a biodegradable and biocompatible thermoplastic polymer is
widely used in different industries such as food packaging, medical applications, and automotive
applications, due to its competitive mechanical properties [210]. Currently, PLA holds a small
fraction of the total global plastic market [211] and its application is restricted by its intrinsic low
ductility and low thermal stability. Polymer melt blending, copolymerization and the addition of
nano-sized fillers are some modification techniques, which have been used to improve the
performance characteristics of PLA [212-214].

In the case of addition of nano-sized fillers, natural fibers have several advantages over
synthetic fibers like low weight, CO2 neutrality, and biodegradability. Among different
nanofillers, cellulose nanocrystals (CNCs) have shown a great potential in different applications
owing to the availability and excellent mechanical properties. CNCs are typically stiff rod-
shaped fibers with an approximate length of 10-1000 nm and the diameter of 1-100 nm

depending on their origin and the isolation conditions [13]. The addition of CNCs into a wide
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range of polymer matrices is of significant research interest. The critical issue to achieve the
optimum performance characteristics in nanocomposites is the capability of obtaining well-
dispersed hydrophilic CNCs in hydrophobic polymers like PLA [215].

Although the application of CNCs as nanofillers in PLA matrix has been extensively
studied for several years, PLA-CNCs nanocomposites still suffer from the formation of CNCs
aggregates throughout the matrix. The non-homogeneous dispersion of CNCs as a result of
CNCs’ aggregates leads to the discontinuity of interfacial interaction between CNCs and PLA
[111] and weakens the resultant nanocomposites. To increase the hydrophobicity of CNCs and to
facilitate the uniform dispersion CNCs through PLA matrix, different chemical-oriented surface
modifications such as esterification, etherification, and oxidation have been extensively explored
[216-220]. The time-consuming character is one of the main drawbacks of chemical- oriented
modification techniques. It was reported that increasing the reaction time in esterification process
could result in destroying the crystalline structure in cellulose nanocrystals [126]. In a Fisher
esterification technique, which was introduced by De Paulu (2015), hydrolysis was performed
for 72 h at 55 °C. They applied one pot modification method using sulfuric and trimethylactic
acid to reduce the hydrophilic character of CNCs surface [220]. Tingaut et al., employed a
heterogeneous catalytic method and solvent exchange to acetylate the surface of nano-fibrillated
cellulose [221]. The introduced acetylation method was performed for 72 h.

In the present work, an attempt was made to develop a time-efficient esterification
method for manufacturing PLA reinforced by modified CNCs. The application of catalyst as one
of the esterification parameters was considered to reduce the hydrolysis time to 4 h. Valeric acid
was used in this study to modify the surface of CNCs. Valeric acid can be obtained from

renewable resources like lignocellulose [222]. Valeric acid is also considered safe as a food
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additive by the World Health Organization and it is used in food industry as a flavor enhancer for
synthetic flavor [223]. From an environmental point of view, there is no hazardous impact
regarding valeric acid application owing to its complete aerobic degradation in a few days that
restricts it from reaching the ground water.

The main objective of this study was to modify the surface of CNCs using valeric acid as
safe material in an effective and time efficient esterification method. The modified CNCs was
compounded as reinforcement to the PLA matrix. To overcome the problem of non-uniform
dispersion of CNCs into PLA matrix, masterbatch approach was considered. The spin- coating
mothed was used to prepare masterbatches. Nanocomposites with different nanofiller contents
were manufactured using twin-screw extrusion followed by injection molding. The modified
CNCs were studied using Fourier transformed infrared spectroscopy and transmission electron
microscopy. The fracture surface of nanocomposites was studied by microscopic observations.
The thermal, thermomechanical, and mechanical performance of nanocomposites were evaluated
thoroughly.

6.3. Experimental Section

6.3.1. Materials

Poly (lactic acid, 2003D) with the average molecular number of 98,000 gmol ™ was
purchased from NatureWorks LLC (Minnetonka, MN, USA). Unmodified cellulose nanocrystals
(CNCs) were extracted from wood-based cellulose through sulfuric acid hydrolysis by USDA-
Forest Service (Madison, WI, USA). Analytical grade chloroform manufactured by Sigma-
Aldrich (St. Louis, MO, USA) was used in the experiments. Valeric acid (99%), N, N-

Dimethylformamide (DMF, 99.8%), 4-(Dimethylamino) pyridine (DMAP, 99%) were puchased

81



from Sigma-Aldrich (St. Louis, MO, USA). All materials were used as received without further

purifications.

6.3.2. Surface Modification Treatment of Cellulose Nanocrystals

The chemical surface modification treatment of CNCs by valeric acid was performed
using 4- Dimethylamino pyridine. A 50 mg dried CNCs were added to a 500 ml round flask,
containing a solution of DMAP (50 mg) and N, N-Dimethylformamide (DMF, 6.25 mg). The
mixture was subjected to sonication (Misonix, Vernon Hills, IL, USA) for 5 min in an ice bath to
achieve a homogenous mixture. Then valeric acid (25 mg) was added into the mixture and
mixture was mechanically stirred with the help of magnetic stirrer for 4 h at room temperature
(~25 °C). The mixture was then subjected to centrifugation for four times to purify the esterified
CNCs (e-CNCs) using chloroform by consecutive centrifugations at 20000 rpm for 4 min each.
To avoid the drying of CNCs which results in irreversible aggregation, the modified CNCs were

stored in chloroform for further use. An illustration of the reaction is illustrated in Figure 6.1.

OH OH OH OH O OH
I ~NT |
(__cNcs ) ﬁ N (_ cNes )
- Q
N
OH OH OH OH
o) O
at 25°C

Figure 6.1. Proposed reaction schematic of esterification.

Elemental analysis was carried out to measure carbon, oxygen, hydrogen, and sulfur
contents of CNC and e-CNCs. The degree of substitution (DS) of the hydrocarbon chains on the
modified CNCs with the relative precision of the 1% was calculated using Eq. 6.1. This equation

is employed for DS calculation in CNCs’ surfacfe esterification techniques [224].
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_ 6—13.42XC
"~ (1.17xnXxC)+(1.16XC)—n

DS (6.1)

where n is the number of carbons in the substituent molecule and C denotes the percentage of

carbon in the modified CNCs (mass %).

6.3.3. Nanocomposite Preparation

Masterbatch approach was employed to increase the dispersion quality of CNCs through
PLA matrix. The masterbatches, containing 15 wt% e-CNCs (or CNCs), were prepared using a
similar method described in previous study [86]. PLA solution were prepared by dissolving PLA
pellets in chloroform (15 wt%) using vigorous mechanical stirring at room temperature. The
suspension of e-CNCs (or CNCs) in chloroform (10 wt%) were subjected to homogenizer (IKA
T50, Wilmington, DE, USA) for 5 min and then sonicated for 3 min using a sonication probe
(Misonix, Vernon Hills, IL, USA) in an ice bath to control the temperature rise. A predetermined
amount of e-CNCs (or CNCs) suspension was added into PLA solution described earlier and the
mixture was vigorously stirred for 20 min and subjected to homogenizer for 5 min. The solution
was injected through a syringe onto the rotating glass substrate using a vacuum spin-coating
machine (VTC, MTI Co., Richmond, CA, 200 rpm) for 240 s. The solvent was evaporated from
the masterbatches surface immediately as the mixture was injected onto the rotating petri dishes.
The solvent in the masterbatches was removed completely by drying the masterbatches in a
vacuum oven set at 65 °C for 4 h. The thickness of masterbatches was kept constant in the range
of 1.8-2.1 mm.

Masterbatches were shredded and a paper cutter (ACCO, Columbus, WI, USA) was used
to chop up the master batches into small pieces (approximately 4 mm by 4 mm). The

masterbatch pieces were then blended with PLA matrix using an extruder to produce
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nanocomposites with final concentrations of 1 and 3 wt% e-CNCs (or CNCs). The extrusion was
conducted using a twin-screw extruder fitted with high shear elements (Leistritz, Mic 18/GL-
40D, Somerville, NJ, USA). Extrusion temperature profile ranged from 155°C (zone 1) to 160°C
(zone 7), die temperature was set at 160°C and the screw RPM was 170. Nanocomposite
extruded pellets were oven dried at 60 °C for 4 h prior to injection molding process. Injection
molding process was carried out using an injection molding machine (Technoplas Inc. SIM-
5080). The injection molder had four feeding zones and an injection nozzle. The temperature for
the feeding zones was 180 °C, 175 °C, 170 °C, and 165 °C, respectively. The nozzle temperature
was set at 175 °C. Pure PLA samples were manufactured in the same method as hanocomposites
without adding CNCs or e-CNCs. Table 6.1 summarizes the compositions of nanocomposite

materials and the corresponding codes in this work.

Table 6.1. Sample codes of the extruded PLA and nanocomposites.

] ) ) Composition
Material Designation
PLA (wt %) CNCs (wt %) e-CNCs (wt %)
PLA (control) 100 - -
PLA-1CNC 99 1 -
PLA-3CNC 97 3 -
PLA-1le-CNC 99 - 1
PLA-3e-CNC 97 - 3

6.3.4. Fourier Transformed Infrared Spectroscopy (FTIR)
FTIR measurement of CNCs and e-CNCs was carried out to monitor the modification of
CNCs in absorbance mode in the range of 400 and 4000 cm™ at a spectral resolution of 4 cm™. A

Thermo Nicolet 8700 spectrometer (Thermo Fisher, Waltman, MA, USA) equipped with an
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attenuated total reflectance (ATR) sampling accessory with a diamond crystal was used to record

the spectra. Each sample was scanned 64 times.

6.3.5. Morphology and Dimensions

The morphology of CNCs and e-CNCs were investigated using a transmission electron
microscopy (TEM) (JEOL Inc., Peabody, MA, USA) operating at 2 kV. A drop of a 0.001 wt%
suspension of CNCs and e-CNCs in chloroform were deposited on a carbon-coated copper (300-
mesh) TEM grids. To enhance the microscopic resolution, the TEM samples were stained using

phosphotungstic acid prior to capturing.

6.3.6. Fractured Surface

The morphology of PLA and nanocomposites was studied using scanning electron
microscopy (SEM). The impact-fractured surface was studied using SEM (JEOL Inc., Peabody,
MA, USA) working with an accelerating voltage of 20 kV at a magnification of 500X. The
samples were sputter-coated with a fine layer of gold before SEM examination to avoid

specimen charging.

6.3.7. Thermogravimetric Analysis (TGA)

Thermal stability is an important parameter in materials since the processing temperature
restricts the choice of polymer. Inherently, biopolymers possess lower thermal stability than
petroleum-based polymers [196]. The thermal degradation profile of pure PLA, pristine CNCs,
e-CNCs, and nanocomposites was evaluated using thermogravimetric analyzer (TA Instruments,
New Castle, DE, USA). All treatments were tested in triplicates, about 10 mg of the sample was

placed in the platinum TGA pan. The samples were kept in a vacuum oven set at 80 °C prior to
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TGA test. The thermographs were recorded in the temperature range of 25 to 600 °C with a

scanning rate of 10 °C/min.

6.3.8. Differential Scanning Calorimetry (DSC)

DSC experiments were conducted using a TA Instrument Q200 calorimeter (New Castle,
DE, USA) in the temperature range of 25 to 200° C at a heating rate of 5° C/min, and then
followed by a cooling process up to 25° C with a cooling rate of 5° C/min. Three replications
were run for each formulation and for each run, a small amount of samples (< 20 mg) was placed
inside a hermetic Al pan and was sealed with an Al cover. The glass transition temperature (Tg),
melting temperature (Tm) and crystallization temperature (Tc) were directly obtained from the

heating scan and the degree of crystallinity (Xc) was calculated using Eq. 6.2.

_ [AHpm—AH, 100
Xe = 5]

. (6.2)

WpLa
where AHm and AH¢ represent the melting enthalpy and cold crystallization enthalpy,
respectively. AHn® is the melting heat and is equal to 93.6 J/g for pure crystalline PLA [137].

WhpLa depicts the weight fraction of PLA in the nanocomposite sample.

6.3.9. Dynamic Mechanical Analysis (DMA)

The viscoelastic behavior of PLA and the nanocomposites were investigated using
dynamic mechanical analyzer, Q800 (TA Instruments, New Castle, DE, USA). The
measurements were performed in the bending mode with a frequency of 1 Hz and the strain
amplitude of 0.5 %. The temperature was swept at a heating scan of 1 °C/min from 25 to 90 °C
and the storage modulus (E') and the tan & (=E"/E') of each sample were determined. For each

formulation, three replicates were used, and the mean values are reported.
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6.3.10. Mechanical Property

The mechanical behavior of nanocomposites are governed by microstructural parameters
of matrix and nanofillers, the distribution of nanofiller through the matrix, and the interfacial
bonding between nanofillers and matrix [197]. Mechanical characteristics of injection molded
PLA and nanocomposites were evaluated using tensile and impact tests at room temperature (~
25 °C). The tensile test was conducted using a universal testing machine (Instron Model 5567,
Norwood, MA, USA) following the ASTM D638 standard [136]. The Instron testing machine
was equipped with a 30 KN load cell and the crosshead speed was set at 1.5 mm/min. The impact
strength of samples was measured through running impact test (Tinius Olsen, Model 104, PA,
USA) following ASTM D256 standard [139]. The pendulum weight and the radius were 4.497
kg and 334.949 mm, respectively. No additional load was added to the pendulum. The impact

test was performed on unnotched samples with the dimension of 63.5 mmx 13 mmx 4.5 mm.

6.3.11. Statistical Analysis

The mechanical properties were statistically analyzed using one-way analysis of variance
(ANOVA) and Tukey's tests to determine the significant differences in the mean values of
different properties of different formulations. Minitab software (Minitab 17, State College, PA,
USA) was employed to evaluate data. All statistical analyses were performed with a “a” level of
5 %. Eight replicates for test were studied.

6.4. Results and Discussion

6.4.1. Fourier Transformed Infrared Spectroscopy (FTIR)
The Fourier transform infrared (FTIR) absorption spectra were recorded for the
determination of new functional groups on the surface of e-CNCs after the esterification method.

The FTIR spectra of pristine CNCs and e-CNCs in Figure 6.2 show obvious differences in the
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structures of CNCs as a result of the valeric acid treatment. The presence of bands around 3330-
3350, 2900-2910, 1640-1650, and 1040-1059 cm* in two spectra are characteristics bands
attributed to native cellulose. In Figure 6.2 the observation of the new band in the carbonyl area,
at 1738 cmt, corresponds to C=0 stretching vibration band of COOH group confirms the
success of esterification method [225, 226]. Meanwhile, the new band around 1564 cm™
corresponded to the bending vibration for aromatic C-C in the structure of e-CNCs appeared as a

result of incorporating DMAP in the esterification treatment.
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Figure 6.2. FTIR spectra of pristine CNCs and e-CNCs in the absorbance mode.

6.4.2. Morphology of CNCs and e-CNCs

The morphology of CNCs has a critical role on nanocomposite performance and dictates
the mechanical properties of materials. It is an important step in nanocomposites processing
technique to ensure that the morphology of modified CNCs is not affected by the application of

surface modification. Figure 6.3 shows the TEM micrograph of the modified and pristine CNCs

in water.
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Figure 6.3. TEM micrograph of (a) pristine CNCs and (b) e-CNCs.

The needle-like and well-defined single crystals e-CNCs (Figure 6.3b) demonstrated that
e-CNCs possessed the same rod shape structure as pristine CNCs. The average dimension of
CNCs and e-CNCs were measured using image analysis (ImageJ software) and the average
values for length and diameter of e-CNCs were 157£17 nm and 11+4 nm respectively compared
to pristine CNCs with the length and diameter of 150£10 nm and 7+2 nm, respectively.

The elemental analysis of pristine CNCs exhibited the mass percentage of C: 42.20, H:
5.95, O: 51.11, and S: 0.45. The modified CNCs had the mass percentage of C, H, and O of
48.84, 6.57, and 43.86, respectively. The degree of substitution for modified CNCs was

approximately calculated as 0.35.

6.4.3. Fractured Surface

The impact-fractured surface from pure PLA and nanocomposites is illustrated in Figure
6.4. The fractured surface of nanocomposites containing pristine CNCs exhibit a relatively
smooth and laminated fracture surface with river-like pattern somewhat similar to that of pure
PLA, indicating an inherent brittle nature. However, PLA-e-CNC nanocomposites exhibited
rough and irregular pattern, suggesting higher energy required for the fracture (the impact test

described later measured such energy). Meanwhile, the presence of white dots on the fractured
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surface of PLA-1CNCs and PLA-3CNCs indicated the formation of CNC aggregates owing to
low compatibility between PLA matrix and CNCs (Figure 6.4b and c). However, no visible
aggregates were observed on the fractured surface of PLA-e-CNCs nanocomposites, representing
that the introduced esterification technique helped in achieving more uniform dispersion of e-
CNCs through PLA matrix (Figure 6.4d and e). The formation of CNC aggregates in the PLA-
CNC nanocomposites can probably be due to the weak interaction between PLA matrix and
CNCs. However, less e-CNC aggregates through PLA matrix and the strong interfacial adhesion
between e-CNCs and the PLA could lead to higher impact strength in the samples. The similar

results were observed in PLA filled with pristine and modified cellulose nano-whisker [51].
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Figure 6.4. SEM micrographs of (a) pure PLA, (b) PLA-1CNCs, (c) PLA-3CNCs, (d) PLA-1e-
CNCs, (e) PLA-3e-CNCs.

6.4.4. Thermogravimetric Analysis (TGA)
The thermal decomposition behavior of pure PLA and nanocomposites was studied using
TGA and the corresponding TGA and DTG thermograms are illustrated in Figure 6.5. The mean

values for the temperatures at which the materials start disintegrating (Tonset), the maximum
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decomposition temperature (Tpeak), the final degradation temperature (Tendset), and the residual

char at degree of 600 °C are summarized in Table 6.2.
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Figure 6.5. Representative (a) TGA and (b) DTG curves of CNCs, PLA and PLA-based

nanocomposites.

The modified CNCs were thermally more stable compared to pristine CNCs as they

exhibited slightly higher Tonset (3.6 %), Tpeak (2.5 %) and less weight loss. Relatively higher

amount of char was formed in e-CNCs as compared with CNCs. It was reported that thermal

decomposition at relatively high temperature could closely pack the CNCs, forming a solid shell

layer. The charcoal protection layer would inhibit the degradation of the inner layers and
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increase the char residue in modified CNCs [227]. In addition, increase in the carbon content

(~15 %, as shown in elemental analysis) increased the char residue in e-CNCs.

Table 6.2. The mean value for thermal decomposition of PLA and nanocomposites.

Sample Tonset (°C) Tpeak (°C) Tendset (°C) Weight loss%
CNCs 253.17 278.24 302.57 80.02
e-CNCs 262.34 284.96 305.17 74.15
PLA 291.21 370.10 378.87 99.75
PLA-1CNC 299.18 345.31 357.17 99.44
PLA-3CNC 296.72 342.76 360.48 99.13
PLA-1e-CNC 324.24 378.67 386.47 99.21
PLA-3e-CNC 336.73 375.74 381.17 99.08

The observed thermal differences between CNCs and e-CNCs can be attributed to the
different decomposition process, more likely due to the chemical change in the structure of e-
CNCs after esterification treatment. In perfect agreement with previously reported data [148,
228], the application of surface modification techniques could change the content of sulfate
groups present on the surface of CNCs and less sulfate groups would result in thermally more
stable sample [229]. Moreover, the addition of e-CNCs shifted Tonset to higher value and resulted
in an enhancement in the thermal stability of the nanocomposites. However, no significant
difference in Tonset Was observed in PLA-CNCs as compared to pure PLA. The maximum
decomposition temperature (Tpeax) in PLA-e-CNC nanocomposites slightly improved, while
PLA-CNCs exhibited lower Tpeax in comparison to pure PLA. Tendset Shifted to higher
temperature in PLA-e-CNCs, in contrast, the incorporation of CNCs slightly decreased the final
degradation temperature. The TGA data demonstrated higher thermal stability of PLA-e-CNCs

than PLA-CNC:s. In particular, the thermal stability results exhibited an improvement of 15.63 %
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and 11.34 % of Tonset in Nanocomposite containing 3 % and 1 % e-CNCs in comparison with
pure PLA.

These observations were possibly due to the well-dispersed e-CNCs in PLA matrix and,
the formation of a dipolar interaction between nanocomposite components. This, in turn, can
hinder the decomposition of PLA-e-CNC nanocomposites at elevated temperatures, leading to
thermally more stable structure [66]. In addition, the level of crystallinity is another parameter,
which governs the thermal decomposition in the polymer materials. It was reported that high
level of crystallinity would result in high thermal stability [230] as chains are closely packed into
a highly-ordered structure and higher energy is required to break down the physical and the
chemical interactions. Therefore, different observations in thermal stability in nanocomposites
could probably be due to different level of crystallinity in samples at temperatures lower than
170 °C as the polymer chains fall out of their crystal structures and become a disordered liquid
after reaching the melting temperature (The level of crystallinity and melting points are
described later in differential scanning calorimetry section).

Thermal characteristics of materials were also investigated using derivative
thermogravimetric analysis (DTG) as shown in Figure 6.5b. Pure PLA and PLA-e-CNC
nanocomposites exhibited the same single step degradation process with a main degradation peak
at around 370 °C. However, nanocomposites reinforced by pristine CNCs degraded in two
distinct steps. The first degradation peak which was observed at temperatures between 250 and
300 °C was more probably due to the decomposition of sulfate groups on the surface of CNCs
[18]. The second degradation peak dominated the whole degradation process and occurred

between 290 and 350 °C. A similar observation was reported by other studies in which
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unmodified CNCs, treated with sulfuric acid, exhibited the formation of two degradation peaks

on DTG graph [202, 203].

6.4.5. Differential Scanning Calorimetry (DSC)

Improving the glass transition temperature and the degree of crystallinity of PLA is one
of the main goals of incorporating CNCs into PLA matrix. To evaluate the application of e-
CNCs in PLA, the curves corresponding to the first heating scan of pure PLA and

nanocomposites are illustrated in Figure 6.6 and the related data are summarized in Table 6.3.
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Figure 6.6. Representative DSC curves of PLA and nanocomposite.

A slight growth was observed in glass transition temperature (Tg) of PLA with the
addition of CNCs and e-CNCs. The increase was more predominant in PLA-e-CNCs, reaching
56.13 °C for nanocomposite reinforced by 1 wt% e-CNC. This observation can be ascribed to the
strong interfacial adhesion between e-CNC and PLA matrix which resulted in restricted polymer
chain mobility. This restriction increased the energy required for the transformation of thermal

behavior of PLA-e-CNC nanocomposites and resulted in an increment in Tg4. Similar results were
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observed by Gupta et al., in which the higher T4 was observed in PLA filled by 0.3 and 1.0 wt%
lignin coated CNCs [111]. When e-CNCs content was increased from 1 to 3 wt%, the T4 was
declined slightly. This is more likely to be due to the relatively poor dispersion of e-CNCs in
PLA matrix and the presence of small aggregates of e-CNCs through PLA, this, in turn, can
inhibit the nucleation effect of e-CNCs. A significant decline in cold crystallization temperature
(Tc) was observed for all nanocomposite samples. This observation is more likely a result of the
uniform dispersion of e-CNCs through PLA. The well-dispersed e-CNCs serve as heterogeneous
nucleus and consequently intensify the formation of well-organized structure and lowered Tc in

nanocomposites [146, 147].

Table 6.3. DSC results for PLA and its nanocomposites.

Sample Tg (°C) T¢ (°C) Tm (°C) X%
PLA[86] 50.16 103.98 155.06 3.99
PLA-1CNC 52.01 101.72 155.61 4.13
PLA-3CNC 52.89 100.31 160.60 5.64
PLA-1e-CNC 56.13 97.95 150.80 9.77
PLA-3e-CNC 54.24 93.55 151.14 12.53

As previously reported [231], the presence of two melting point for pure PLA and PLA-
1e-CNC could be ascribed to the formation of different crystal structures in PLA formed during
cooling and crystallization processes. The addition of CNCs and e-CNCs into PLA possessed
different effect on melting point of nanocomposites. Slightly higher Tm was observed in PLA-
CNCs, however, the incorporation of e-CNCs reduced the Tm by 5 °C. The lower Tm in PLA-e-
CNCs can be ascribed to the less stable randomly formed crystals during cold crystallization

[232].
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Moreover, the results for nanocomposites exhibit a significant improvement in the degree
of crystallinity in PLA-e-CNCs nanocomposites as compared to pure PLA. The observed
enhancement in the degree of crystallinity in PLA-e-CNCs can be ascribed to the better
dispersive state of e-CNCs in PLA matrix in comparison with that of pristine CNCs. The more
uniform e-CNCs dispersion through PLA enhanced the interfacial interaction between e-CNCs
and PLA chain. The enhancement in network-like interaction could probably lead to the
formation of more nucleation sites and an enhancement in the nucleation effect of e-CNCs. A
reported study has suggested more homogenous CNCs dispersion favor the degree of

crystallinity in nanocomposites [148].

6.4.6. Dynamic Mechanical Analysis (DMA)

The material response to a sinusoidal force under elevated temperatures was studied
using dynamic mechanic analyzer and the corresponding storage modulus and tan & curves as a
function of temperature are illustrated in Figure 6.7. The viscoelastic behavior of materials can
reveal the structure of the polymeric system. The storage modulus curve of PLA and all
composite samples show the normal trend as can be seen in semi-crystalline polymers; high
storage modulus at the lower temperatures and a drastic drop around glass transition temperature,
reaching the second plateau corresponding to the rubbery state. For comparison, the storage
modulus of all samples at two different temperature (above and below the glass transition

temperature) are shown in Table 6.4.
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Figure 6.7. Representative DMA curves of PLA and nanocomposite: a) Storage modulus, b) Tan

5.

PLA-based nanocomposites exhibited higher storage modulus in glassy regions as
compared to pure PLA, which was more prominent in PLA-e-CNC. In the rubbery state, only e-
CNC resulted in higher storage modulus than that of pure PLA, which indicates the improvement
of thermal-mechanical stability in PLA-e-CNC nanocomposites at elevated temperatures [233].
The improvement in storage modulus was characterized by the restricted polymer chain mobility

because of the addition of cellulose nanocrystals and the higher crystallinity in nanocomposite

97




samples (Table 6.3). Similar behavior for PLA-based nanocomposites has been reported due to
the incorporation of different concentration of cellulose nanofibers into PLA matrix [50].
Additionally, the intensity of tan 6 peak is an indication of the dissipation of energy as a
result of the chain mobility of the polymer segments at its corresponding temperature.
Incorporating nanofillers into PLA induced a reduction in the tan & peak value, suggesting
stiffing behavior of nanofillers in nanocomposites. In both sets of nanocomposites, the peak

value of tan 0 exhibited a decline with the increase of nanofiller in nanocomposites.

Table 6.4. Thermo-mechanical behavior of PLA and its nanocomposites.

Storage modulus (MPa)

Sample
Tan & peak 30°C 70°C
PLA 2.72 2353 19.33
PLA-1CNC 2.51 2740 11.54
PLA-3CNC 2.24 2708 15.99
PLA-1e-CNC 1.96 3894 39.2
PLA-3e-CNC 1.71 3807 21.53

The lower tan & peak values for PLA-e-CNCs as compared to PLA-CNC nanocomposites
can be ascribed to the existence of stronger interfacial interaction between e-CNCs and PLA
matrix owing to more uniform dispersion of nanofillers [234] (Figure 6.4). The better fiber-
matrix interaction can restrict the polymer chains and result in less energy dissipation [235]. This
finding is corroborated by another study which reported lower tan o intensity in PLA-based
nanocomposites reinforced by cellulose nanocrystals [236]. Considering the location of the peak
value of the tan & curve as glass transition temperature of specimens, the same trend as DSC

results were observed.
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6.4.7. Mechanical Property
The representative stress vs strain curve for pure PLA and its corresponding
nanocomposites are shown in Figure 6.8 and Table 6.5 summarized the mean values and

standard deviations of the mechanical properties in the samples.
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Figure 6.8. Representative stress—strain curves of PLA and the nanocomposites.

PLA-CNC nanocomposites broke without significant elongation at break, however, the
elongation at break for PLA-e-CNC nanocomposites increased with increasing e-CNC contents.
In addition, the presence of pristine CNCs in PLA led to a decline in the ultimate tensile strength
as compared to pure PLA. However, e-CNCs acted as reinforcing phase, improving the stress-
bearing capacity in nanocomposites, and increasing the ultimate tensile strength. Pure PLA
samples exhibited the maximum tensile strength (omax) of 59.39 MPa and modulus of elasticity
(E) of 3.33 GPa. Meanwhile, it can be observed that nanocomposite samples reinforced with e-
CNCs exhibited the substantial improvement in omax (DY 15.7 %) and E (by 58 %) in comparison
with pure PLA, making the samples stiffer and stronger. This observation is likely supported by
the fact that CNC aggregates existed in PLA-CNC nanocomposites, which were confirmed by
SEM images (Figure 6.4). The CNC aggregates resulted in the weak interaction between PLA
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and CNCs and consequently limited the stress transfer from matrix to nanofillers. Similar results
were observed through adding unmodified CNCs into PLA [153]. In contrary, the higher omax
and E in PLA-e-CNC nanocomposites were probably attributed to the better e-CNC dispersion in

PLA matrix.

Table 6.5. Results of tensile and impact test of PLA and nanocomposites.

Sample Young's Tensile strength Elongation at Impact Stfzength
modulus (GPa) (MPa) break (%) (kJ.m™)
PLA 3.33£0.04" 59.39+1.20¢ 3.50.14¢ 20.90+0.63¢
PLA-1CNC 3.29+0.19° 52.76+4.56° 2.82+0.51° 21.15+2.01°
PLA-3CNC 3.37+0.29° 55.36+4.21° 2.23+0.31° 21.22+1.48°
PLA-1e-CNC 5.28+0.342 65.00+2.10° 4.79+0.112 27.28+1.86"
PLA-3e-CNC 4.85+0.28° 68.77+0.88? 5.01+0.29? 30.96+2.03?

* The different letters indicate a significant difference in the sample mean at o = 0.05.

In general, the impact strength can be improved by incorporating individual nanofillers,
since nanofiller bundles can act as crack initiation sites. The formation of relatively big CNC
aggregates in PLA-CNC nanocomposites (Figure 6.4b, c) restricted the improvement of the
impact strength, meaning the addition of pristine CNC into PLA matrix did not help in increasing
the ductility. However, the higher impact strength in PLA-e-CNC seems therefore to be directly
related to well-dispersed e-CNCs in PLA matrix (Figure 6.4d, ). PLA-1e-CNCs exhibited
slightly higher Young’s modulus in comparison with PLA-3e-CNC, which is statistically non-
significant. However, PLA-3e-CNCs showed slightly higher elongation at break and
significantly higher tensile strength and impact strength due to the higher amount of e-CNCs.

6.5. Conclusions
Chemical modification of cellulose nanocrystals was successfully performed using

valeric acid and DMAP in a time-efficient procedure. Nanocomposites were prepared by diluting
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spin-coated masterbatches using melt extrusion and injection molding. For the sake of
comparison, pristine CNCs were used to make nanocomposites. The modified CNCs were
analyzed using FTIR spectroscopy and TEM images. The FTIR spectra exhibited that chemical
grafting was successfully attained. The TEM images showed that the structure of modified CNCs
didn’t alter to an obvious extent, compared with those of pristine CNCs. The SEM images of the
fractured surface of nanocomposites containing pristine CNCs exhibited a relatively smooth
fracture surface with the river-like pattern, indicating a brittle failure owing to weak bonding,
however, rougher fracture surface of PLA-e-CNCs, suggested higher fracture energy required for
fracture, as an indication of ductile failure. These observations were further confirmed through
higher impact strength in PLA-e-CNC nanocomposites as compared to PLA-CNC samples.
Meanwhile, Young’s modulus and tensile strength were significantly higher in nanocomposites
reinforced with e-CNCs in comparison with PLA and PLA-CNC nanocomposites, suggesting
more uniform e-CNCs dispersion and stronger matrix and nanofiller interaction in PLA-e-CNC
nanocomposites. The thermal stability results exhibited an improvement of 15.63 % in
nanocomposite containing 3 % e-CNCs. In contrast, the incorporation of CNCs did not alter the
thermal stability to an obvious extent. A considerable growth of 214 % was observed in
crystallinity of PLA-3e-CNCs. The mechanical and thermal properties reported in this work
demonstrated the potential application of the combination of time-efficient esterification and

spin-coating masterbatches strategy for uniformly dispersing CNCs into PLA matrix.
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7. CONCLUSIONS AND SUGGESTION FOR FUTURE WORK
7.1. Discussion

The main goal of this thesis dissertation was to identify and evaluate different chemical
treatment methods and processing techniques that can improve the dispersion quality of cellulose
nanocrystals (CNCs) in poly(lactic acid) (PLA) matrix. In particular, this thesis aimed at
resolving issues such as irreversible microsized CNCs aggregation, low mechanical properties,
and low thermal properties, mainly attributed to the hydrophilic nature of CNCs, presence of
sulphate groups on CNCs as a result of CNCs extraction from bulk cellulose. In this work
cellulose nanocrystals (CNCs) were modified though three different treatments to increase the
hydrophobicity of CNCs and then incorporated into poly(lactic acid) via the application of
masterbatch approach. The applied surface modification treatments were physical adsorption,
green esterification and esterification. Masterbatches were prepared in the form of thin films
through solvent casting and spin-coating methods. Nanocomposites were prepared using melt
extrusion followed by injection molding process.

Chapter 1 and chapter 2 presented a general overview on this study, included the research
hypotheses and objectives. The thesis structure also was reported in chapter 1. Chapter 2
provided an overview of previous research on CNCs modification treatment as well as
mechanical preparation methods, aiming at improvement in the CNCs dispersion in PLA matrix.

In chapter 3, we have identified a facile spin-coating method for preparing high
concentrated thin film masterbatches. A comparative study was conducted between solvent
casting and spin-coating methods. SEM micrographs of masterbatches shown more homogenous
and uniform p-CNCs dispersion in spin-coated masterbatches. This observation was described by

high evaporation rate of the solvent as well as the combination of surface tension and centrifugal
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force in the spin-coating method, hindering the formation of CNC aggregates. Similarly, more
uniform CNC dispersion in spin-coated nanocomposites resulted in higher mechanical properties
in spin-coated nanocomposites, confirming the reliability of spin-coating method as a
preprocessing step in nanocomposite processing.

In chapter 4, we evaluated the influence of masterbatch preparation techniques on
thermal stability, and rheological properties of nanocomposites. Furthermore, a detailed study
was conducted on the molecular structure of the nanocomposites using GPC. It was observed
that spin-coated nanocomposites possessed higher molecular weight with a wide distribution of
chain lengths probably, due to the high injection pressure during spin-coated masterbatch
production process. Higher molecular weight was observed in the spin-coated nhanocomposites
owing to higher molecular number in comparison with solvent cast nanocomposites. The results
of this study reveal that PLA nanocomposite properties can be engineered using different
mechanical processing methods. Spin-coating technique is a promising approach for masterbatch
preparation, as it improves the mechanical and thermal properties of the PLA-CNC
nanocomposites.

Chapter 5 focused on the application of green chemistry for cellulose nanocrystals
modification. In that study benzoic acid as a nontoxic chemical was introduced on the surface of
CNCs through a green esterification method. The mechanical properties as well as thermal
stability of the nanocomposites prepared using modified CNCs were significantly higher than the
nanocomposites reinforced by pristine CNCs. In addition, nanocomposites containing modified
CNCs exhibited rough fracture surface, indicating the need of more energy for fracture. The
overall improvement was observed in nanocomposites reinforced with modified CNCs, as a

result of formation of smaller CNC aggregates.
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In chapter 6, a time-efficient esterification technique was introduced for CNC surface
modification. The nanocomposite processing time was reduced using spin-coating method for
masterbatch preparation. In this study, chemical modification of CNCs was conducted using
valeric acid and DMAP. The FTIR spectra exhibited the successful chemical grafting on the
surface of the CNCs, however, structure of modified CNCs didn’t alter to an obvious extent in
comparison with pristine CNCs. The uniform fractures on the surface of nanocomposites
reinforced by modified CNCs reveals the optimal CNC dispersion in this study and resulted in
the higher mechanical and thermal properties.

In general, the results reported in this thesis exhibited the potential application of
different surface modification treatments of CNCs along with different mechanical preparation
techniques for improving the physical and mechanical properties of PLA-CNC composites.

7.2. Comparison between Esterification Techniques Identified in This Dissertation

In order to compare two esterification techniques identified in this study, different aspects
such as processing time, environmental aspect, mechanical properties, and thermal
characteristics should be considered.

The green esterification method which was identified in chapter five, required more
processing time due to the lack of catalyzer in comparison with esterification technique
introduced in chapter six. The application of DMAP as a catalyzer in esterification method using
valeric acid expedited CNC’ surface modification treatment and reduced the processing time to
four hours. While, the solvent free green esterification technique required 20 hours to modify the
surface of the CNCs.

The solvent-free green esterification method using benzoic acid with a broad application

in food industry as a nontoxic and recyclable substance diminishes the environmental footprint
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of the chemicals. While, the application of different chemicals even in low amount in
esterification technique might reduce the potential application of the esterification method
identified in chapter six.

From mechanical point of view, the higher mechanical properties were observed in
nanocomposites reinforced by esterified modified CNCs in comparison with PLA and green
esterified CNCs. This observation might be related to uniform dispersion of esterified CNCs
through PLA matrix. In fact, the presence of well-defined peak at 1730 nm in FTIR confirmed
the high efficiency of esterification technique identified in chapter six.

7.3. Alternative Solvent to Chloroform

Methylene dichloride (Dichloromethane) is a geminal organic compound with the
chemical formula CH>Cl». Dichloromethane as colorless and volatile liquid with a moderately
sweet aroma is widely used as a solvent. Dichloromethane as a polar solvent, and miscible in a
wide range of organic compounds is used in different applications such as paint and food
industries. Dichloromethane is used to decaffeinate coffee and tea and it also has been used to
prepare flavorings in food industry. The high evaporation rate of dichloromethane makes it as an
appropriate solvent for aeosel spray propellant and blowing agent for polyurethanefoams.
Dichloromethane is not recognized as an ozone-depleting material by Montreal Protocol and the
US Clean Air Act. According to Environmental Protection Agency, the short lifetime of
Dichloromethane accelerates the chemical decomposition before reaching the ozone layer. This
solvent was introduced as an alternative for chloroform since dichloromethane is the least toxic

of the simple chlorohydrocabons and it has the same chemical behavior as chloroform.
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7.4. Suggestion for Future Work
Although the provided research studies and methodologies of this dissertation covered a
relatively wide area of PLA reinforced by modified CNCs, future works aim at addressing PLA

shortcomings explored in this chapter.

7.4.1. Spray-Coating

As mentioned earlier, the main advantage of spin-coating method was the high
evaporation rate of the solvent as well as the combination of surface tension and centrifugal
force. Therefore, the application of spray coating method for masterbatch preparation can be
considered as a versatile and effective alternative to spin-coating method. The specific
discharging process on the substrate, which could be either static or rotating at high velocity in
spray coating method can further increase the solvent evaporation rate and consequently inhibits

the self-assembly of CNC aggregate through highly concentrated masterbatches.

7.4.2. Electrospinning

Electrospinning is an attractive fiber production method which employs electric force to
prepare polymer filaments with diameters oscillating from 2 nm to several micrometers from
polymer solution. An electric field between a droplet of polymer solution at the tip of a needle
and a collector plate can effectively govern the geography and orientation of the fibrous
assembly. Therefore, nanocomposite nanofiber as highly concentrated masterbatches can be
prepared in the form of spun nanofibers with extremely high surface-to-volume ratio and tunable

permeability through the application of electrospinning method.
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7.4.3. Plasma Surface Modification Treatment

Plasma treatment of fibers is a common method in fiber modification and frequently used
to improve the chemical and physical structure of fibers without affecting their bulk mechanical
properties. Different plasma treatments can modify the hydrophilicity character of nanofillers in
good interaction with environmental worries. Plasma treatment using different carrier gasses
such as hydrogen and oxygen has been commonly employed to modify surface adhesion and
wetting characteristics by altering the surface chemical configuration of the fibers. The
morphology of CNCs can be tailored by introducing carboxyl groups or amine groups through
oxygen or ammonia gasses. Therefore, the application of plasma treatment as a CNC surface
modification treatment can be explored to further improve the hydrophobicity character of

CNCGCs.

7.4.4. Evaluating the Barrier Properties of Nanocomposite Films

In spite of PLA’s success its barrier properties are often insufficient for food packaging
applications. Barrier property is an important characteristic of biodegradable polymers which
may impact their suitability for a specific application. Barrier properties are generally a function
of degree of crystallinity, crystalline/amorphous phase ratio, structural characteristics and
polarity of the polymeric chains, and processing parameters [237, 238]. PLA exhibits
comparable permeability to carbon dioxide (CO) and oxygen (O2) however, it is relatively
permeable to small molecules such as water vapor (WV), organic vapors, and liquids [239]. The
poor barrier properties in PLA as compared with selected petroleum- based polymers impose
restrictions over its commercial application in packaging industry. The influence of spin-coating

method on barrier properties of thin PLA nanocomposite films needs to be evaluated.
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