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1. Introduction
1.1 Motivation and Research Objectives
Polymeric materials are being extensively used in many commercial and specialty
applications due to their impressive properties. However, issues arise when polymers
have to be safely disposed and recycled. Since many polymers are synthetic and many
are petroleum based, these are incapable of rapidly breaking down into natural products,
if at all. This results in emission of hazardous compounds into the environment as solid
waste and the effect is substantial over time. This research project aims at making
environmentally friendly nanocomposites using biodegradable materials namely
polylactic acid and cellulose nanocrystals. Both materials are termed ‘Green’ meaning
they are obtained from renewable sources. PLA is a brittle polymer and cellulose
nanocrystals have been found to possess exceptional tensile modulus and strength. Some
mechanical, thermal and barrier properties can thus be improved to a considerable extent
by combining such nano-filler materials with polymers like PLA as the resulting
nanocomposites may have improved functionality. Moreover, due to the small particle
size of filler, there exists a large area of interaction between filler surface and matrix
and the accurate effects of the interface on composite properties are not well established.
Between filler and matrix, there also exists a region known as the interphase of transition
over which mechanical and physical properties of change from that of filler to that of
matrix. The role of interphase on properties is an ambiguous field.
The focus of this research can thus be outlined as follows:
i.

Graft chemical groups such as Ethylenediamine (EN), lactic acid and
polylactic acid oligomers onto carboxylated cellulose nanocrystals (cCNC’s)

ii.

Study and comprehend the role of interface\ interphase (if possible) between
polylactic acid (matrix) and modified cellulose nanocrystal (filler) by using
compatibalizer.
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iii.

Assess the dispersion quality of nanocrystals in the nanocomposites by
microscopy.

iv.

Produce nanocomposites with improved properties from pristine renewable
materials.

1.2 Overview of Thesis
The figure 1-1 below summarizes the steps involved in the research in the form of a
block diagram.

Figure 1-1: Systematic representation of research summary
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1.3 Structural Materials, Composites and Nano-composites
Almost all structures natural and man-made are made up of materials.
Developments in technology are linked not only to the improvement of existing material
properties but also to the expansion of structural material classes and types [1]. The
emergence of new materials is due to the necessity to improve structural efficiency and
performance and this in turn offers new opportunities to innovation. Together new
elegant problems arise and have to be addressed in the field of materials science.
Ideally, materials used in structural design should have good physical and
chemical properties but two characteristics are of prime importance: stiffness and
strength. These properties enable the structure to maintain its form and dimensions
under the application of external forces. Materials that undergo very little deformation
are said to have high stiffness. Stiffness need not necessarily be high always and it is
dependent on the type of application [1]. However, for many applications, it is important
for the structure to deform in a controlled manner. This is known as compliance and is
useful in application such as shock absorbers; displacement, force, and pressure gauges;
springs [1]. When materials do not have sufficient strength, compliance becomes
uncontrolled resulting in material failure for the intended application. These properties
may not be always present in a single material. However, different materials can be
combined into a single integrated structure known as composites that possess the
benefits of its constituents.
1.3.1

Composites

In general, if a material consists of two or more components with different
properties, it can be referred to as a composite material [1]. Moreover, the idea of
combination is to produce a structure having synergistic properties of its constituents.
The two main units of a composite material are matrix and filler/reinforcement. The
matrix typically helps surround and support the filler [1]. Most common matrices are
polymeric such as epoxy, polyester, phenolic resins, etc. They may also be metallic or
ceramic. Some examples of fillers are: glass and carbon fibers, aramid fibers, talc, etc.
Composites can be classified into two major categories:
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In the first type, properties of the matrix are improved by filling it with some particles.
Such composites are known as filled composites. The majority of the material is matrix
(more than 50% by volume) and material properties are governed by behavior of the
matrix as it plays a more important role [1]. Hence filled materials can be treated as
homogenous and isotropic. Their behavior can be predicted by the traditional models of
mechanics developed for metals and other conventional materials. Metal matrix
composites and ceramic metal composites are some common examples [1].
The second type is called reinforced materials. These materials have long and
thin fibers, possessing high strength and stiffness, bound together in a matrix material.
The fibers make up most of the material (matrix is less than 50 % by volume) [1]. Thus
properties of such composites are more dependent on the characteristics of the fibers.
Some examples are carbon fiber reinforced plastic, glass fiber reinforced plastic, etc.
Table 1-1 give a brief idea of some mechanical quantities of common filler/fibers
used in composites industry as reinforcements.

Table 1-1-1: Table comparing some mechanical properties of common fillers [2]
Material

Density
(g/cm3)

TensileStrength
(GPa)

Young’s Modulus E
(GPa)

Steel wires
Carbon fiber
CNC’s from cotton
Aramid fiber

7.8
1.8
1.6
1.4

4
4
7.5
2.5

210
127
105
75-160

The properties of composites are influenced by the type of reinforcement. Thus
depending on the application and design requirements, composite material constituents
can be selected. However the behavior of the composite depends on many factors such
as matrix filler interactions, filler aspect ratios, material and molecular types, among
several others. Figure 1-2 displays a typical stress-strain curve for a composite material
and its components.
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Figure 1-2: Stress-strain curve for a fiber, matrix and composite

Polymer nanocomposites are structures that have nano-fillers embedded in a
polymer matrix. The largest dimension of the filler particle typically do not exceed 100
nm. It has been observed by various groups that a small filler content in the composite
drastically improves mechanical, thermal and barrier properties. Till date, extensive
research has been done with study being pursued in the field of polymer nanocomposites
incorporated with surface modified inorganic fillers like clay platelets as in polymerclay nanocomposites. Organic fillers are also being largely used due to their ability to
cause less damage to the environment. This research focuses on PLA- cellulose
nanocrystal based nanocomposites.
1.4 Basic mechanics of Materials
In order to adequately understand the mechanical behavior of materials, there is
a need to discuss some basic terminologies and concepts of mechanics. For simplicity,
assume a bar with a circular cross section A and length L in tension being pulled by a
force F as shown in figure 1-3. It undergoes a linear extension of ∆𝐿 and cross sectional
area reduces to A.
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Figure 1-3: A rod of circular crossection under tension pulled by distance ∆L

Stress: It can be defined as the average force per unit area of interest whenever
a body is subjected to external forces. Its SI units are Pascal (Pa). It is given by:
𝜎=

𝐹
𝐴

where F is force and A is cross sectional area.
Although there are different kinds of stresses that arise in a material e.g. thermal,
stresses due to presence of electromagnetic field and due to chemical composition, only
mechanical stresses caused due to applied external forces are considered in this thesis.
Stresses are normal (tension or compression) when force is perpendicular to surface.
When forces exist parallel to the surface, shear stresses are present.
Strain: Strain can be defined as change in dimension per unit original
dimension. It is also known as engineering strain and is a dimensionless quantity. It is
given by:
𝜖=

∆𝐿
𝐿

where ∆𝐿the change in length and L is the original length. As with stresses, strain may
also be normal or shear.
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A simple stress- strain curve for a material is shown in figure 1-4 and different points of
interest are labelled.

Figure 1-4: Stress-strain curve for various stages of deformation

Elastic region: In this region , strain is directly proportional to stress and follows
the Hooke’s law of elasticity. The deformation caused by any force is this region is
reversible. Stress is related to strain by the following relation:

𝜎 = 𝐸𝜖
where E is the also know as the Young’s modulus.
Modulus of Elasticity : It is defined as the slope of the stress-strain curve in the
elastic deformation region. E has units of stress and is a good indicator of stiffness of
the material. It can be safley stated that a material with high E has high stiffness and one
with a low value of E has low stiffness.
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Modulus of Rigidity: The ratio of shear stress to shear strain is defined by a
quantity known as shear modulus and is denoted by G. The SI units of G are Pa.
Poisson’s Ratio: The negative ratio of the transverse strain to the axial strain is
known as poisson’s ratio. It is dimensionless number and is denoted by 𝜐
Plastic region: This is onset of non –linear dependence of strain with stress.
Permanent deformation occurs in this region i.e. deformation is non-reversible.
Yield Point: The stress at which a material begins to deform plastically is know
as yield point.
Ultimate strength: The stress that a material can withstand before fracture.
Point of Fracture: The point at which the material ruptures or breaks.
In general, for any rigid body subjected to 3-D forces within the elastic region as shown
in figure 1-5 [1][3].

Figure 1-5: A rigid body and stresses due to applied forces

Notations:
𝜎𝑖𝑗 = normal stress due to applied force along plane normal to i direction when i
=j

𝜎 𝑖𝑗=

𝑠𝑡𝑟𝑒𝑠𝑠 𝑎𝑙𝑜𝑛𝑔 𝑖 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑒 𝑤𝑖𝑡ℎ 𝑛𝑜𝑟𝑚𝑎𝑙 𝑜𝑛 𝑗 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛
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(𝑐𝑎𝑛 𝑎𝑙𝑠𝑜 𝑏𝑒 𝑑𝑒𝑛𝑜𝑡𝑒𝑑 𝑏𝑦 𝜏𝑖𝑗 𝑤ℎ𝑒𝑛 𝑖

𝑖 ≠𝑗)

can be expressed by the following equation [1] [4]:
{σ} = [C]{ϵ} or 𝜎𝑖 = 𝐶𝑖𝑗 𝜖𝑗

such that i, j = 1, 2, 3

This is known as constitutive equation linking stresses and strains.
1.5 Mathematical Models to predict composite properties
Numerous models to predict composite properties have been proposed in the literature.
These will be discussed briefly in this section.
1.5.1

Rule of Mixtures (ROM) [2][4]

The rule of mixtures is one such simple model that calculates very rough values of
composite properties all fibers.
𝑓

𝐸11 = 𝑉 𝑓 𝐸11 + 𝑉 𝑚 𝐸 𝑚
𝑓

𝜐12 = 𝑉 𝑓 𝜐11 + 𝑉 𝑚 𝜐 𝑚
𝑓

𝐸22 =

𝐸22 𝐸 𝑚
𝑓

𝐸 𝑚 𝑉 𝑓 + 𝐸22 𝑉 𝑚
𝑓

𝐺12 =

𝐺12 𝐸 𝑚
𝑓

𝐺 𝑚 𝑉 𝑓 + 𝐺12 𝑉 𝑚

where V is volume fraction and superscripts f and m stand for fiber and matrix
respectively. This model is not adequate since there is discrepancy between
experimental and theoretical values of transverse and shear modulus. This is due to the
fact that fiber- matrix interactions and fiber orientation is not accounted for.
Some of the more complex and accurate models to predict properties of complicated
structures are:
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1.5.2

Halpin -Tsai Model [2][4][5]

In this model, 𝐸11 and 𝜐12 is calculated by the rule of mixtures. The expressions
for transverse and shear modulus are as follows
1 + 𝜁𝜂𝑉𝑓
𝐸22 = 𝐸 𝑚 (
) 𝑎𝑛𝑑
1 − 𝜂𝑉𝑓

𝐺12 = 𝐺 𝑚 (

1 + 𝜁𝜂𝑉𝑓
)
1 − 𝜂𝑉𝑓

with
𝑀𝑓
𝑀𝑚 − 1
𝜂=
𝑀𝑓
𝑀𝑚 + 𝜁

where 𝜁 = 1 and 2 and M = E and M = G forE22 and G12 respectively

1.1 Cox model (Shear-Lag model) [2][4][5]
Shear lag model was the first micro-mechanics model for composites reinforced
with fiber. Cox performed analysis on a single fiber of length l and radius r,
which is surrounded by a cylindrical shell of matrix having radius R. His
expression for longitudinal modulus is:

𝐸𝐿 = 𝜂𝐿 𝜑𝐸 𝑓 + (1 − 𝜑 )𝐸 𝑚

Φ is volume fraction of fiber and η𝐿 is the length- dependent efficiency factor and is
given by

𝜂𝐿 = 1 −

𝛽𝑙
𝑡𝑎𝑛ℎ( 2 )
𝛽𝑙
(2)
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and
𝛽2 =

4𝐺𝑚
𝑘
𝑟𝑓2 𝐸 𝑓 ln( 𝜑𝑟 )

and 𝑘𝑟 depends on fiber packing arrangement and its values are given in table 1-2.

Table 1-1-2 Fiber packing and corresponding 𝒌𝒓 values [1][4]
Fiber Packing

𝒌𝒓

Cox

2𝜋⁄√3 = 3.628

Composite cylinders

1.000

Hexagonal

𝜋⁄2√3 = 0.907

Square

𝜋⁄4 = 0.785
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2. Literature Review
2.1 Overview of Polymers
Polymers are a class of materials that are used in a wide variety of commercial
household applications. They also have profound uses in specialty areas such as
aerospace, healthcare and electronics. New materials are being constantly developed
for novel applications. What makes these materials so special and diverse? Well,
polymers have among the lowest densities and are lighter, optically clearer than their
counterparts. They can be dissolved in a variety of solvents and are ductile and malleable
which facilitate processing and are cost effective in manufacturing finished products.
These valuable properties arise from the fundamental spatial arrangement and
bonding/interactions between molecules. Polymers are disordered entangled structures
composed of long chains of molecules. Each molecule consists of a basic repeating unit
called monomer and many such units covalently bond to form a backbone chain. The
chains in polymeric materials are of unequal lengths and hence they are associated with
an average molecular weight and are poly-disperse. These chains fold upon themselves
when the system loses energy and attain different orientations some of which may be
ordered, others disordered. Figure 2-1 shows a typical polymer with ordered lamellae
and randomly oriented chains.

Figure 2-1: Representation of a partially crystalline polymer.
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The disorder results in polymers being mainly amorphous with some crystallinity.
Such structure leads to chains sliding past each other when subjected to forces by
overcoming weak secondary interactions between molecules. These features make
polymers flexible and flow able. Amorphous character also makes them optically
clear.
Polymers may be synthetic or natural. Some synthetic polymers include
Polypropylene (PP), Polypropylene (PP), Polycarbonate (PC), etc. Proteins, shellac,
wool, silk, natural rubbers, etc. belong to the class of natural polymers. Since this
research project involves PLA, it is necessary to understand the basic chemistry of
both the polymer and its constituent monomer, as well as the properties, applications
and the limitations of the material. This will be discussed in the following section.
2.1.1

Lactic acid monomer and Polylactic Acid (PLA)

Lactic acid is a naturally occurring organic acid. It can be produced by chemical
synthesis or fermentation [6]. Chemical synthesis of lactic acid is based on the
hydrolysis of lactonitrile by strong acids, which produce racemic mixture of D-and
L-lactic acid [6][7]. Some other means of production include degradation of sugars;
oxidation of propylene glycol; reaction of acetaldehyde, carbon monoxide, and
water at elevated temperatures and pressures. Figure 2 shows the enantiomers of
Lactic acid [6][7].

Figure 2-2: Structure of L and D lactic acid

PLA is made of repeating units of lactic acid (known as 2-hydroxypropionic acid).
The lactides that produce PLA are obtained by microbial fermentation of agricultural
by-products mainly carbohydrate rich substances [7]. Thus PLA can be considered as a
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sustainable alternative to petroleum based products. The existence of a hydroxyl
and a carboxyl group in lactic acid enables it to be converted directly into polyester via
a poly-condensation reaction [6][7]. However, the molecular weight of PLA obtained
by this process is low. Ring-opening polymerization of lactide on the other hand
produces PLA of high molecular weight which is typically used in packaging
applications [6]. In this process, intermediate lactide (a cyclic lactic acid dimer) is
formed in the ﬁrst step when the water is removed by evaporation during
oligomerization. L -lactic acid, D -lactic acid or mixtures can be polymerized to
corresponding low-molecular weight poly (lactic acid) oligomer, which is in then
catalytically depolymerized through an internal trans-esteriﬁcation, i.e., by ‘back-biting’
reaction to lactide [7]. Three stereo forms of lactide are possible: L -lactide, D -lactide,
and meso-lactide. In the second step, puriﬁed L -lactide, D -lactide, DL - lactide (50:50
mixture of L and D isomers), or meso-lactide monomer is converted into the
corresponding

high-molecular

weight

polyester

by

catalytic

ring

opening

polymerization [6]. The three possible stereoforms of lactide are shown in Figure 2-3
[6].

:

Figure 2-3: Three possible stereo forms of Lactide

Ring-opening polymerization is carried out most commonly by a stannous octoate
catalyst, but on reduced scale for laboratory purposes tin (II) chloride is often employed
[6][7]. Figure 2-4 represents the chemical structure of PLA [8].
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Figure 2-4: Chemical structure of PLA

2.1.1.1

Properties of PLA

PLA is an aliphatic polyester and has a helical structure with an orthorhombic
unit cell [9]. The isomers in PLA structure, processing temperature, annealing time and
molecular weight influence its properties. Polymerization of L-lactide produces PLLA.
PLLA is around 37% crystalline having a glass transition temperature between 50-80 o
C and a melting temperature between 173-178 oC [8][9]. Due to stereo regularity in
microstructure, optically pure PLA, poly (L-lactide) (PLLA) and poly (D-lactide)
(PDLA) are semi crystalline. The crystallization ability of PLA decreases with chain
stereo-regularity. It has been found that crystallization is not possible below 43 % optical
purity [9]. However, regardless of the different lactyl structural units in chain, both
amorphous and crystalline PLA show brittle behavior at room temperatures [4]. Poly
(lactic acid) can be processed like most thermoplastics into fiber and film. Crystalline
PLA is soluble in chlorinated solvents and benzene at elevated temperatures.
Crystallization in PLA can be achieved by slow cooling, annealing above the T g.
Subjecting PLA to straining also induces crystallization. All polylactides are insoluble
in water, some alcohols and alkanes [6] [8][9]. The following table lists some important
material properties of PLA from two manufacturers, Nature Works and Biomer.
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Table 2-1: Important material properties of PLA [6][10]
Physical Properties
Melt flow rate (g/10 min)

Nature Works
LLC
4.3-2.4

Biomer
L9000
3-6

Density (gm/cm3)
Haze
Yellowness index

1.25
2.2
20-60

1.25
-

Mechanical Properties
Tensile strength at yield (MPa)
Elongation at yield (%)
Flexural Modulus (Mpa)

53
10-100
350-450

70
2.4
3600

Heat Deflection Temperature (oC)

40-50

-

Melting Temperature (oC)

120-170

-

55-56

-

Thermal Properties

o

Glass Transition ( C)

Although PLA is a brittle material, overall, it shows potential as a biodegradable
polymer and has numerous applications that will be discussed in the following section.
2.1.1.2

PLA applications and Market

PLA is a good packaging material. PLA becomes increasingly ﬂexible when its
monomers remain blended into it. This enables PLA products to show similarities to
PVC, LDPE, PS and PP. Due to its biodegradable nature, PLA finds uses in biomedical
ﬁelds, including suture, bone ﬁxation material, drug delivery microsphere, and tissue
engineering. Poly (esters) based on PLA, poly-(glycolic acid) (PGA), and their
copolymers, poly (lactic acid-co-glycolic acid) (PLGA), are some of the best deﬁned
biomaterials with regard to design and performance in drug release in a controlled
manner [6] [7].
Currently, Nature Works LLC is the leader in lactic polymer technology and markets
[6][10]. Table 2-2 lists the distribution of PLA by two manufacturers, Cargill Dow and
Hycail, in various sectors and predicts the production in 2020.
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Table 2-2: Percent distribution of PLA estimated by 2020 [10]
Sector

Estimated percent of total production (2020)

20

Hycail
55
6
2

10

10

-

6

Fibers \Fabrics

50

21

Total

100

100

Packaging
Agriculture
Transportation
Electric appliance
and electronics
Housewares

2.1.1.3

Cargill Dow
20

Degradation of PLA

The biggest challenge to widespread acceptance of bio-based polymers is
problems achieving properties (mechanical and barrier) similar to conventional
synthetic polymers while retaining biodegradability. Polymer degradation occurs
mainly through scission of the main chains or side chains of macromolecules [11]. In
nature, polymer degradation is induced by thermal activation, hydrolysis, biological
activity (i.e. enzymes), oxidation, photolysis, or radiolysis [12]. Most conventional
plastics are resistant to microbial attack. PLA however can be degraded by bacteria in
the environment. PLA degradation has been found to be dependent on a range of factors,
such as molecular weight, crystallinity, purity, temperature, pH, presence of terminal
carboxyl or hydroxyl groups, water permeability, and additives acting catalytically that
may include enzymes, bacteria or inorganic fillers. One of the methods of treating
polylactide is pyrolysis i.e. decomposition by heating [6]. PLA is thus known as
environmentally friendly plastic and shows most promise for diverse applications
among other polymers.
2.1.1.4

Challenges in using PLA

The typical brittleness of PLA is a major drawback for its large-scale application.
Other fundamental limitations of PLA are its poor thermal resistance, limited gas barrier
properties and high cost. Thus there are many limitations due to its material properties.
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Blending PLA with other polymers of fillers, by making micro and
nanocomposites of PLA, coating with high barrier materials can overcome these
challenges.
2.1.2
Cellulose
Cellulose is an abundantly available organic compound. It is obtained from
renewable resources. Cellulose is a major component of wood (50%), cotton (90%),
hemp (77%) and straw (45%) and a minor component in some algae, marine animals
(tunicates) and bacteria [13]. It does not dissolve in water and common organic solvents.
The main reason for limited application of cellulose is due to its insolubility. Cellulose
can be obtained from various sources, such as trees, and is also synthesized by
some algae, fungi, bacteria, and some animals. Due to the low density and renewable
nature of cellulose, it is preferred as filler material to its inorganic counterparts.
Cellulose is composed of repeating β-(1, 4)-linked glucopyranosyl subunits as shown in
Figure 2-5 (a) forming long chains arranged in parallel. These subunits are linked in an
arrangement such that the ring oxygen of one glycosyl unit forms hydrogen bonds with
the C3 hydrogen of the adjacent unit as shown in figure 2-5 (b) [13]. This prevents free
rotation around the glycosyl linkage and thus induces stiffness in the structure.

(a)
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(b)
Figure 2-5: (a) repeating units of β-(1,4)- glucopyranosyl in cellulose and (b) hydrogen
bonding between oxygen and C3 hydrogen of the adjacent unit [13].

The structural arrangement in cellulose is responsible for its semi-crystalline structure.
In order to exploit the mechanical benefits of cellulose nanocrystals, further processing
has to be done to cellulose after extraction from it sources which is the first stage.
2.1.2.1

Cellulose Nanocrystals (CNC’s)

Cellulose-based nanoparticles extracted by acid hydrolysis of first stage products
are termed cellulose nanocrystals (CNCs). The –OH groups that are exposed on CNC
surfaces offer possibility to modification of surface charges that enable it to be bonded
and linked to various substances. This helps controlling interfacial properties in
composites (e.g. CNC-CNC and CNC-matrix).
2.1.2.2

Processing of Cellulose to form CNC’s and their properties

There are numerous ways to isolate CNCs from a given cellulose source
material. This process usually occurs in two primary stages. In the first stage,
purification of the source material (plants, tunicates, algae, bacteria, etc.) is performed
to remove most of the non-cellulose components present. These include lignin,
hemicellulose, fats and waxes, proteins, and inorganic contaminants [11]. The second
stage is an acid hydrolysis step to decompose the “purified” material into its crystalline
components. This is accomplished by preferentially removing the amorphous regions of
the cellulose microfibrils [11]. In the acid hydrolysis of amorphous cellulose, the
glycosidic bond undergoes spontaneous protonation. This is followed by fission to form
carbonium ion as shown in steps 1 and 2 in figure 2-6 [13]. Step 3 is the rate determining
step in which water attacks the carbonium ion and the hydronium is recovered. The
resulting surfaces will be neutral if hydrochloric acid is used in hydrolysis. When
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sulfuric acid is used, hydroxyl ions undergo additional esteriﬁcation resulting in charged
groups at the surface. The process is shown in figure 2-7. The hydrolysis of cellulose
using acids produces suspension of nanocrystalline cellulose in water [13].

Figure 2-6: Mechanism of acid hydrolysis of cellulose. Rapid protonation by hydronium ion
(step 1) is followed by fission to form a carbonium ion (step 2). Step (3) in which the
carbonium is attacked by water is the rate determining step. Finally free sugar residue is
produced and there is reformation of the hydronium [13].

Figure 2-7: Hydroxyl groups on cellulose undergoing esterification by sulfuric acid

If HCl is used, carboxyl groups can be introduced after hydrolysis onto the
surface of the CNC using a selective carboxylation reaction incorporating a 2,2,6,6tetramethylpiperidine

1-oxyl

(TEMPO)/NaBr/NaOCl

catalyst

system

giving

carboxylated cellulose nanocrystals (C.CNCs) [14].
Figure 2-8 shows a TEM image of cellulose on a grid. These CNC’s obtained
are like thin rods with some areas of agglomeration observed.
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Figure 2-8: TEM image showing CNC's obtained from microcrystalline cellulose [11].

The resulting rod-like particles are usually 3–20 nm wide, 50–2000 nm long and
have a combination of some interesting properties. These have high axial stiffness (~150
GPa), high tensile strength (estimated at 7.5 GPa), low coefficient of thermal expansion
(~1 ppm/K), are thermally stable up to ~300°C. They have high aspect ratio (10–100)
and a density (~1.6 g/cm3), shown lyotropic liquid crystalline behavior, with
shearthinning behavior in CNC suspensions [11].
2.1.2.3

Applications of cellulose nanocrystals

1) Reinforcement in Polymer Materials: CNCs can be added to various polymer
materials. This modifies the mechanical properties of the resulting composites
and in turn can be used in the development of robust, resilient, durable,
lightweight, transparent, and dimensionally stable films which may be used in
packaging or structural composite applications [11].
2) Barrier Films: CNC-based composites integrating tailored CNC surface
chemistry and interparticle spacing between CNCs have stimulated interest in
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barrier films with potential applications in filtration, battery membranes, and in
packaging [11].
3) Rheology modifiers: CNC’s can be added to various media in order to alter the

rheological properties of various liquids, polymer melts, etc. that are used in
applications such as paints, coatings, adhesives, lacquers, food, cosmetics,
drugs, and cements [11].
4) CNC aerogels: CNC aerogels (a type of foam) are highly porous materials with
densities in the range of 0.01–0.4 g/cm3 and surface area = 30–600 m2/g) could
be used in lightweight packaging, core-skin structures, and as insulation for
thermal applications.
5) CNC-Hybrid Composites: In organic nanoparticles or other chemical species
can be attached onto CNC surfaces resulting in added chemical functionality.
This could find potential use in biosensors, catalysis, photovoltaics, drug
delivery, filters, and antimicrobial applications.

2.2 Recent research in PLA composites
Although research on PLA is not at its infancy there is still tremendous scope
for numerous developments. Several applications of PLA namely in packaging,
automotive and medical sectors are based primarily on its ability to biodegrade.
However, the brittleness, low thermal resistance and poor gas barrier properties limit the
areas in which PLA has the potential to be the perfect material. Thus, many groups all
over, in academic institutions, industry and research laboratories are deeply involved in
overcoming these limitations by combining different kinds of materials, both organic
and inorganic, with PLA. Nevertheless, these efforts in turn create other challenges in
terms of dispersion and compatibility of the constituents in PLA and are worthy of
further scientific investigation. Many such significant studies and their reported
outcomes will be discussed in this section.
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1) Surface treated banana fiber reinforced poly (lactic acid) nanocomposites for
disposable applications [15]
A group at CIPET, India investigated the effects of surface treatments of banana fiber
on mechanical, thermal and biodegradation properties of PLA composites. They
compared the effect on the composites in general as well as with regards to the chemical
treatments. The research group used silane coupling agents namely APS and Si-69 in
order to surface treat banana fibers that was mercerized with NaOH and then acetylated.
The coupling agent (known as silanol after reaction with a mixture of water and ethanol)
was reacted with the acetylated fiber to produce the necessary silicon oxide linkages that
were confirmed by FTIR analysis. They compounded the treated fibers with PLA in a
Haake mixer with loading up to 40 wt. % in 10 wt. % increments and compression
molded into 3 mm sheets. In general, they observed increases in tensile strength, by 40
%, of the composites upto 30 wt. % loading followed by a decline which was attributed
to the agglomeration of the banana fibers in the composite. They showed that lower
loading upto 30 wt. % led to better adhesion of the silane coupled fibers to PLA which
was shown by thermal studies that indicated increase in glass transition as compared to
untreated and neat PLA. The Si 69 coupling agent was inferred to be slightly better than
the APS in terms of mechanical strength. The studies on biodegradation that was done
by SEM showed that the coupled fiber composites lowered the rate of bacterial
breakdown whereas the untreated PLA-BF composites degraded almost to 100 %. Thus,
the study provided input in suggesting that changing surface properties of filler could
result in better performance, atleast mechanically, in PLA composite systems.

2) Effect of MAPP Compatibilizer on Properties of WF/PLA Composite [16]
Wen-jing Guo et.al have studied the effects of wood fiber on structure and properties of
PLA\WF biocomposites modified with maleic anhydride. The biocomposites were
made with PLA and Poplar fiber by melt extrusion with loading from 30 wt % to 60 wt
%. The composites from 70 wt % to 90 wt % were made in high speed mixers by adding
modified wood fiber. Both types of biocomposites were compression molded into thin
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sheets. The density of the composites increased with respect to neat PLA with increase
in loading from 30 to 60 wt %. In case of modified wood-PLA composites reduction in
density was observed when filler content increased from 70 to 90 wt %. A possibility
expressed in this study was that PLA melt entered wood lumen during prosessing where
as in high speed mixing sufficient PLA did not enter and encapsulate the fibers. The
modified wood fiber –PLA composites showed maximum water absorption of 81.4 %
at 90 wt. % loading. In PLA-wood fiber composites they observed maximum water
absorbed to be just 3.19% over a period of 24 h. Their experiments revealed that flexural
modulus increased with increasing wood fiber content up to 70 wt. % after which it
gradually declined. The addition of wood into PLA showed significant reduction in
molecular weight as compared to neat PLA. The Mn and Mw reduced from 23,300 to
4,100 g/mol and 41,500 to 16,800 g/mol respectively with increasing fiber contents and
overall the reduction was 75 % compared to neat PLA. Thermal studies revealed that
melting temperature dropped from 165 o C for neat PLA to 158 o C for 60 wt. % wood
fiber which is due to reduction in chain lengths. The study showed several important
alterations that could occur in a polymer due to fiber reinforcement and processing
methods.
3) Mechanical performance of biocomposites based on PLA reinforced with
natural fibres – A comparative study to PP [17]
Adam Jackweiz et. al conducted experiments in order to compare PLA composites to
petroleum based PP composites using fillers such as manmade cellulose and short Eglass fibers with loading levels of 30 wt. % fiber. They used maleic anhydride treated
PP while the reinforcement in PLA composites were untreated. Polymer was melted
using a twin screw extruder and the reinforcements were introduced in the coating
nozzle (simulating the technique used in the cable industry) and were allowed to be
covered by the melt before being cooled and pelletized. They introduced the coated
pellets into a single screw extruder in a second compounding step and injection molded
the pellets into parts. Their tensile test study revealed that in PLA composites failure,
studied by SEM, occurred due to fiber fractures which was ascribed to good interfacial
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interaction between the polyester and reinforcement when compared to the polyolefin.
In this study, PP composites showed fiber pull out type failure signifying PP’s chemical
affinity was inferior to that of PLA. The tensile properties of the cellulose filled
composite were found to be superior to those filled with short glass fibers. They did
impact testing and compared the composites. It was found that the values for impact
energy too exceeded the values obtained for the bio composites for both type of
reinforcements. The possibility of enhancing filler dispersion in PLA was studied by
acetylation of MCC by Marco Sani and group using acetyl chloride and preparing films
using solvent casting technique. Acetylation (AC) was achieved in this case by adding
acetyl chloride in MCC suspension in in presence of pyridine and the process was
confirmed through FTIR as peaks appeared at 1756 cm

-1

. The group then made

composite films with the treated MCC and PLA in DCM casting it in Petri dishes. ESEM
study revealed that the size of rod like structures decreased in PLA-AC-MCC than that
of just PLA-MCC. Further increments in loading showed filler- filler interaction and
agglomerates were seen in the SEM images. The group observed well distributed
acetylated MCC particles up to 2.5 wt. %. Their rheological study revealed that change
in slope of the storage modulus was least around 2.5 wt. % loading region beyond which
agglomeration was speculated. They concluded that acetylation of MCC particles
resulted in creation of hydrophobic surface that caused better dispersion of MCC in the
matrix.
4) Thermal, oxygen barrier and mechanical properties of polylactide–organoclay
nanocomposites [18]
PLA nanocomposites with organically modified clays are also under intense
investigation. In a study, Mostafa Yourdkhani and his research group made and tested
PLA- organoclay nanocomposites. They used 2 types of montmrillonite clays. The
group blended PLA and the clays in a twin screw extruder attaining loading of 2 wt. %
and 4 wt. % pellets that was then injection molded. They studied the morphology of the
nanocomposites using TEM and observed very little exfoliation at 2 wt. % which
worsens at 4 wt. % for the octadecyl trimethyl ammonium modified MMT (1.28 E). The
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nanocomposite with methyl- dihydroxy- hydrogenated tallow ammonium modified
MMT (1.34 TCN) showed good dispersion and high levels of exfoliation at 2 wt.%.
loading. At 4 wt. %, the images showed both intercalated and exfoliated structures.
Calorimetric studies revealed that crystallinity of PLA slightly increased and it was
irrelevant to the type of organoclay. Oxygen permeation studies showed that the 4 wt.
% nanocomposites showed 33 % reduction in gas permeation when compared to unfilled
PLA. They attributed this to increased tortuosity caused by platelet dispersion in the
specimens. Tensile testing showed an approximate improvements in modulus of 12 %
to 25 % of 1.28 E at 2 wt.% and 4 wt.% loading respectively and 14 % and 29 % for
1.34 TCN at 2 wt% and 4 wt% respectively. The elongation at break showed a general
improvement for 2 wt % of organoclay into the matrix but embrittlement was introduced
when loading exceeded owing to poorly dispersed areas acting as stress concentrators.
The group in general deduced that 2 wt. % of clay in PLA was sufficient in improving
properties sufficiently

5) Polylactic acid/cellulose whisker nanocomposites modified by polyvinyl
alcohol [19]
Daniel Boden and Kristina Oksman, fabricated and studied PLA nano composites filled
with PVOH modified cellulose whiskers which was aimed at improving the mechanical
and thermal properties. In all materials, they maintained the PVOH content to 30 wt. %
and the CNW content to 5 wt. % in the nano composites. They tried to achieve this in
two separate experiments: In dry feeding method, they premixed PVOH solution in
CNW gel and then freeze dried the mixture forming pellets. They then extruded the
pellets with PLA as dry mixed ingredients introducing in the feed zone of a fully
intermeshing twin screw extruder. The wet feeding method was different from the dry
feeding in that the pre mixed CNW gel and PVOH was fed in zone 3 of the extruder
with appropriate venting for removal of water. The research group took special care to
maintain temperature in order to avoid degradation of the materials. They compression
molded the extrudate obtained from both methods and analyzed for dispersion quality
and mechanical properties. Their study on the field emission scanning electron
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microscope revealed that the CNW were dispersed more in the PVOH rather than PLA
owing to the fact that CNW are highly hydrophilic but they inferred that the liquid feed
mechanism achieved better dispersion of the CNW. Their tensile study did not show any
significant improvements in mechanical properties and was not found to be associated
in any way to the feeding method. Their experiments did not display any improvements
in flame retarding ability of the materials. They concluded that enhancements in
properties could not be obtained mainly due to inefficient dispersion of the CNW in
PLA and suggested the use of better mixing elements during extrusion in future studies.
6) Cellulose nanofiber-reinforced polylactic acid [20]
In order to obtain uniform dispersion of cellulose nanofibers in PLA and to improve the
composite’s tensile strength without reducing the yield strain, Atsuhiro Iwatake et. Al
conducted experiments in which they compared composites made by solvent method to
those made by direct mixing of cellulose in PLA melt. In the solvent method, they
dispersed MFC slurry in acetone thereby adding PLA and then removed water. Then the
dehydrated mixture was introduced in a twin rotary mill mixer. They compression
molded and formed sheets with the product. These specimens were compared to those
made by direct mixing of MFC with PLA melt. The group was successful in improving
the Young’s modulus by 25 % and tensile strength by 50% with a filler content of 5 wt.
%. However, they observed that a 3 wt. % filled composite displayed similar stressstrain behavior as neat PLA. Important conclusions regarding network formation by
hydrogen bonding at low loading of 5 wt. % was made thereby explaining restrained
polymer deformation.

7) Interfacial properties of phosphate glass fibres/PLA composites: Effect of the
end functionalities of oligomeric PLA coupling agents [21]
In a very ambitious attempt to study the effects of end functionalities of PLA coupling
agents on interfacial properties of phosphate glass fiber-PLA composites, Papia Haque
et al used low molecular weight PLA with sodium terminal group, carboxylic acid group
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and one, two and five hydroxyl groups and treated the glass fiber surface via
condensation reaction. They produced oligomers i.e. the PLA-acid and PLA-Na by ring
opening polymerisation of D-L Lactide and the PLA oligomers with hydroxyl end
groups by depolymerisation of PLA using different alcohols namely ethylene glycol,
glycerol and sorbitol. The fibers that were produced by melt-draw spinning of phosphate
glass were sized with the oligomers and the interfacial properties were compared with
those oligomers treated with silane and phosphonic acid. IFSS experiment samples were
made by placing an axially aligned single fiber between two sheets of PLA film and
pressurizing the system. Their results showed superior IFSS strengths for PLA-acid and
PLA-Na than the control i.e. glass fiber sized with hydroxyl group ended PLA. The
PLA-Na showed better bonding between fiber and matrix than the PLA-acid. The
control showed similar bonding energies as those films obtained from silane and
phosphonic acid treated fibers. Their study also confirmed that IFSS was higher when
more hydroxyl groups were present as in case of sorbitol initiated decomposition of
PLA. Final thermal analysis and XPS study determined the sizing occurred however it
was very low. Their group is making efforts to improving sizing efficiency in order to
obtain superior results.

8) Surface acetylation of cellulose nanocrystal and its reinforcing function in
poly(lactic acid) [22]
Ning Lin’s group aceylated the cellulose nanocrystal surface using acetic anhydride in
anhydrous pyridine as solution. The grafting of the nanocrystals was confirmed by FTIR
and solid state NMR analysis. The acetylated cellulose nanocrystals, ACN, were
incorporated by mechanically stirring in PLA matrix with dichloromethane as the
solvent and the solution was cast as films in teflon molds. The films were tested for
thermal stability, dispersion and mechanical properties.
The acetylation of the groups enhanced the degradation temperature of the
composites by 15 o C. The research group also concluded that with increasing loading
of the ACN in PLA matrix, increased the overall crystallinity as compared to PLA
control films. The morphologies of the fracture surface on TEM revealed that the
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loading upto 2 wt. % ACN in PLA was of the same quality as PLA control. However,
with higher loadings the group reported conglomeration of particles. The team reported
an increase of E from 1 GPa for PLA control to 1.3 GPa for a 10.0 wt % loading of
ACN. They however observed the tensile strength to increase from 0 wt. % to 6.0 wt. %
loading. On further increase of filler, the tensile strength steadily decreased. The
ultimate elongation was reported to reduce with increasing ACN content in PLA matrix.

9) Microstructure and nonisothermal cold crystallization of PLA composites
based on silver nanoparticles and nanocrystalline cellulose [23]
Binary and ternary PLA nanocomposites with unmodified and surfactant modified
cellulose at 5 wt. % and silver particles at 1 wt. % made by extrusion was studied for
morphology, mechanical and thermal characteristics by E. Fortunati and his research
group. Sulfonated cellulose nanocrystals was obtained via sulphuric acid hydrolysis of
microcrystalline cellulose followed by incorporation of Beyoscot A B09, a phosphate
ester of ethoxylated nonyl-phenol, onto the surface to in efforts to enhance the
dispersion. After surface modification the cellulose was freeze dried and dry-mixed with
the polymer. The surface modified nanocrystals were then processed in a twin screw
micro-extruder after which film were immediately formed.
This group studied dispersion on a gold sputtered cross sectional surface and
observed some flaking of CNC’s in the binary systems i.e. systems of PLA and CNC’s
both pristine and surfactant modified and inferred that shear during extrusion was
insufficient. In systems with modified CNC’s, they observed smaller sized flaking as
compared to those in unmodified CNC composites and concluded that the surface
modification curbed the agglomeration at 5 wt. % loading. In ternary composites with
silver, loose agglomerates were identified indicating formation of network structure
during freeze drying process that allowed penetration of PLA chains into the structure.
Their evaluation of mechanical properties revealed highest increase in modulus of 83 %
for binary system of PLA and surfactant modified cellulose. The increase in modulus
for a ternary system with PLA, silver and modified CNC’s also showed a modest
increase of 25 %. The group reported a decrease in tensile strength for systems with
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unmodified CNC’s. The strength of binary and ternary systems with modified CNC’s
showed similar values as pure polymer matrix. The study also reported a decrease of
ultimate elongation to break as compared to pure polymer matrix which is typical in a
thermoplastic composite. However they observed a 60% increase in elongation of
ternary system with PLA, modified CNC and silver. The thermal behavior was not
significantly different for all systems in terms of glass transition temperatures when
characterized by DSC analysis. The cold crystallization temperatures in ternary systems
showed a decrease of 10 o C. Overall, the study revealed surface modification of CNC’s
improved dispersion and homogeneity thus promoting nucleation in these
nanocomposite systems.

10) Solid-state NMR to quantify surface coverage and chain length of lactic acid
modified cellulose nanocrystals, used as fillers in biodegradable composites
[24]
A documented research that has been done along similar lines as the author is by a
research group at the Chalmers University. Sofie Gårdebjer et. Al studied the effect of
grafting cellulose nanocrystals by polylactide formed by the ring opening
polymerization of l-lactide onto the surface of cellulose nanocrystals and incorporated
them into hydrophobic matrix such as PLA. Sulfonated cellulose nanocrystals was
obtained by sulphuric acid hydrolysis of micro-crystalline cellulose. Ring opening
polymerization was carried out in the prescence of sCNC’s and was carried out in
DMSO as the solvent while using tin-hexyl(ethanoate) as the catalyst. The grafting was
confirmed using FTIR and solid state NMR analysis provided information on the
quantitative aspect of the reaction. Solvent cast films were made in dichloromethane
upto 20 wt. %.
The group reported a total surface modification of 6.1 % and a degree of
polymerization of 2 i.e. only one ring had opened and attached on the surface of the
sCNC’s. The coverage over the CNC surface was calculated to be 48% i.e. half the
available positions on the surface had been substituted. The group reported difficulty in
dispersing more than 5 wt. % CNC’s and supported the observation by studying the haze
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in optical character. Their experiments provided evidence of increase in modulus values
while also showing a steady drop in the tensile stress and tensile strain with increasing
filler content. They also recorded a drop in the cold-crystallization temperatures with
addition of modified cellulose and also observed that crystallinity was higher in PLA
composites with modified cellulose.
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3. Materials and Methods
This chapter discusses various materials and methodologies used during the
course of this research. The specifics of materials, reactions and processes such as
surface modification and grafting, solvent casting of composite films, characterization
and mechanical property evaluation of these films are discussed in detail in the
subsequent sections of this chapter.
3.1 Cellulose Nanocrystals
3.1.1

Production of carboxylated cellulose nanocrystals (CNC’s)

The CNC’s were produced by other group members in the lab via HCl acid hydrolysis
from whatman filter paper as the source and surface carboxylation was achieved by
TEMPO mediated oxidation reaction on CNC’s.
3.2 L-Lactic acid
3.2.1 Polycondensation of L-Lactic acid
Synthesis of lactic acid oligomers was desired in order to graft them onto the modified
surface of the c.CNC’s. 100 g of lactic acid (85 % L (+) Lactic acid in water from Sigma
Aldrich) was taken in a VWR glass crystallizing dish (80 x 40 mm). The dish was kept
undisturbed for 72 h in a Fischer Isotemp heating oven (100 series model 106 G) that
was maintained at 120 o C.
3.2.2 Purification of lactic acid oligomers
The product (mixture of lactic acid and oligomers from step 3.2.1) was purified in a
process using a soxhlet extraction unit in order to remove unreacted lactic acid. 500 ml
ethanol- 200 proof was taken in a 1000 ml glass flat bottom flask. The flask was kept in
an oil bath that was maintained at 150 o C. 50 g of the product to be purified was finely
powdered using a mortar and pestle. It was then filled in a paper thimble and inserted in
the extractor. The reflux rate of ethanol was adjusted in a way that the cycle completed
itself once every 15 min. The process was carried out for 7 hours after which the thimble
was removed and rinsed with ethanol. The gel like purified product was poured on a
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clean glass baking dish and smeared with a spatula to form a thin layer. This product
was kept in a 60 o C VWR oven under vacuum of 22 in. Hg for 12 h and residual solvent
was removed. The degree of oligomerization was determined using NMR analysis.
3.3 Reaction of Ethylene-di-amine (EN) with c.CNC’s and lactic acid oligomer
grafting
3.3.1

Substitution of EN onto surface of c.CNC’s

3.3.1.1 Preparation of buffer solution
In order to achieve effective coupling using EDC-NHS, it was necessary to
maintain the pH of the system to be in the range of 4.5-7. Buffer solution was thus
prepared to maintain the desired pH.
1.39 g of monosodium phosphate monobasic (NaH2PO4, 99% pure from Alfa Aesar) was
added to a measuring cylinder containing 100 mL of RODI water. In a separate
measuring cylinder containing 200 mL RODI water, 2.66 g of potassium di-hydrogen
phosphate monobasic (KH2PO4 from Mallindrodt) was added. Both cylinders were
stirred with a glass rod for 5 min. to achieve complete dissolution of the solute. 30 mL
of NaH2PO4 (0.1M) solution and 170 mL of KH2PO4 (0.1M) was mixed in a separate
beaker to obtain a buffer solution of pH 5.8
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3.3.1.2 Reaction of EN onto c.CNC’s using EDC-NHS
This step discusses specifics of the amidation reaction that was carried out on
the surface of c.CNC’s.
In a clean 2000 mL round bottom flask, 700 mL of c.CNC solution (0.78 % solids
content, 1.23 mmol/g) was taken. 200 mL of PBS solution was added to maintain the
pH of the system at 5.3. In a separate beaker, 6 g 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC from TCI DI 601) was dissolved in 50 mL DI water by stirring with
a glass rod. 7.2 g of N-Hydroxysuccinimide (NHS from Nova Biochem A30209) was
dissolved in 50 mL DI water in a similar manner in a separate beaker. The EDC-water
solution was added using a funnel to the flask containing c.CNC-buffer solution and
was stirred on a VWR VMP stir plate with a magnetic stirrer. The mixture was allowed
to stir for 3 min. after which the NHS-water solution was added to the flask. Stirring
was carried out for 10 min. After 10 min, 1400 µL of Ethylene di amine (EN from
Aldrich, 99% pure) was added to the flask and the system was stirred for 60 min. The
reaction was terminated by adding 3 g of hydroxyl amine hydrochloride (HAH from
Aldrich, ACS grade)
3.3.1.3 Dialysis of the reaction product

It was necessary to isolate the unreacted substituents and by-products that were
present in the product from reaction in step 3.3.1.2 by dialysis. All contents from the
flask were poured into a snake skin dialysis tubing (10 K MWCO). Before pouring the
contents, the tubing was tested for leakages by securing one end with a plastic clip and
running DI water through it. After filling the contents into the tubing, the tubes were
sealed at the other end using a similar plastic clip. The contents were distributed among
two tubes of length 2.5 feet each. The ends of each tube were allowed to have approx.
3 inches of free space to accommodate any solvent during the dialysis process. The
sealed tubes were then immersed in a bucket filled with DI water. Fresh DI water was
exchanged every 12 h. Conductivity was measured each time for water that was
discarded. Dialysis was carried out for 48 h.

35

3.3.1.4 Rotary evaporation of aqueous EN-modified c.CNC solution

Since, consequent reactions were carried out in dimethyl sulfoxide (DMSO), it
was necessary to replace water present in the system with DMSO. This was achieved
by rotary evaporation process that is discussed in this step. The setup of the process is
shown in figure 3-1.
600 mL of dialyzed product (from step 3.3.1.3) was taken in a 3000 mL round bottom
flask. 600 mL of DMSO was added into the flask. Evaporation was carried out in a
rotary evaporator (Buchi RE 111). The flask was heated and maintained at 55 o C water
heating bath (Buchi 461).

Figure 3-1: Setup of the rotary evaporation process

A water aspirator provided necessary vacuum and a condenser was used to remove water
that was vaporized. The flask was revolved at an rpm of 40 and care was taken to prevent
any bubbling and thus any loss of contents. The process was stopped after approx. 45
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min. and solvent removed was weighed to ensure water was effectively extracted thus
replacing it by DMSO.
3.3.2

Grafting of lactic acid oligomers onto EN-modified c.CNC’s

The grafting of purified lactic acid oligomers (product from 3.2.2) onto EN-modified
c.CNC’s is discussed in the following steps.
3.3.2.1 Dissolution of Lactic acid oligomers in DMSO
In a 500 mL round bottom flask containing 250 mL of dimethyl sulfoxide (DMSO
purchased from Alfa Aesar, ACS grade of 99.9 % purity), 4 g of purified lactic acid
oligomers (from step 3.3.2) was dissolved by stirring using a magnetic stirrer at 100 o C
for 60 min. The heating was turned off once dissolution was complete and solution was
allowed to cool to reach ambient temperature.
3.3.2.2 Grafting of Lactic acid oligomers on c.CNC’s
3 g of EDC was completely dissolved in beaker containing 50 g DMSO by stirring
continuously with a glass rod. 4.3 g of NHS was dissolved in 50 mL DMSO in a similar
manner in a separate beaker. The EDC-DMSO solution was added using a funnel to the
flask and stirred for 3 min. The NHS-DMSO solution was added in a similar manner to
the flask after 3 min and stirring was carried out for another 10 min after which all
contents were transferred into a 2000 mL round bottom flask containing 600 mL of the
EN modified c.CNC-DMSO solution (product from step 3.3.1.4). The system was
continuously stirred using a magnetic stirrer for 12 h. 5 g of hydroxyl amine
hydrochloride was added to the flask in order to seize the reaction. 400 mL of fresh
DMSO was added to the flask to ensure dissolution of unreacted oligomer, EDC, NHS
and EN. The system was left undisturbed for 24 h.
3.3.2.3 Purification of product using centrifugation techniques
In order to separate the valuable product from the unreacted constituents and the byproducts, it was essential to centrifuge the contents of the system.
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In 180 mL Nalgene PP centrifuge bottles, 150 mL of the product (from 3.3.2.2) was
transferred. 4 separate bottles were used in each cycle. The bottles were centrifuged on
a Labofuge table top instrument at 3500 rpm for 60 min. Figure 3-2 shows the equipment
that was used for centrifugation. 2 such cycles were performed. After all the useful
contents were sufficiently separated, fresh DMSO was exchanged to replace the
supernatant in the bottles and was used to rinse product using a stir rod. The solution in
the bottle was centrifuged again for 60 min 3 more times replacing with fresh DMSO at
the end of each cycle. This thorough rinsing was found adequate in eliminating various
by-products from the actual product that formed a white pellet and was found to be
deposited in the bottom of the bottles.

Figure 3-2: Labofuge 400 series used for centrifugation

3.4 Production of films via solvent casting technique
3.4.1

Preparation and casting of PLA control films

2 g PLA pellets (purchased from Natureworks) were first rinsed and cleaned using 10 g
DMSO. These pellets were then added to a 100 mL glass beaker containing 50 g DMSO.
The system was heated and stirred continuously for 20 min at 140 o C with a magnetic
stirrer. After complete dissolution was observed, the solution was poured onto glass
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casting rings resting on an 8 x 8 in. clean glass plate that placed on a Thermolyne 2200
hot plate maintained at 150 o C. The casting equipment such as glass plates and heater
used is shown in figure 3-3.

Figure 3-3: (a) Image of glass plate and rings used (b) Solvent casting setup used in this
research

Prior to pouring the solution onto the plates, it was ensured that the glass plate and rings
were wiped with DMSO and were sufficiently heated by placing them on the hot plate
for 15 min. before casting to eliminate any thermal gradients that would deter the
evaporation process. After 3 hours, the plate was carefully removed from the hot plate
and allowed to cool to ambient temperature. The plate with the cast films stuck onto
them was then immersed in a DI water bath for 5 min. following which the films were
carefully peeled manually and sandwiched between tissue paper to absorb any water
that may have adhered to the films. The dried films were stored in plastic ziploc bags.
3.4.2

Preparation of PLA composite films

3.4.2.1 PLA films with unmodified c.CNC
i.

Dispersion of c.CNC in DMSO

In a technique similar to step 3.3.1.4, 300 mL of aq. c.CNC solution (0.78 % solids) was
exchanged by rotary evaporation replacing the water with 200 g DMSO. The solution
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was dispersed using probe sonicator (Conifer 250 from VWR,) as shown in figure 3-4,
for 10 min at 60 % duty cycle once it reached ambient temperature.

Figure 3-4: Image showing the VWR probe used for sonication

ii.

PLA dissolution in DMSO and film casting

In a technique reproducing as in step 3.4.1, 2 g of PLA pellets was taken in a 50
mL beaker containing DMSO and dissolved at 140

o

C for 20 min. 5 g of sonicated

solution (from (i) of step 3.4.2.1) was added to the solution and stirred for another 5
min. at 140 o C to form a 2.5 % w/w of c.CNC in PLA. A complete series of films were
produced with 5.0, 7.5 and 10 w % of oligomer grafted c.CNC’s in PLA by casting.
3.4.2.2 PLA composite films with lactic acid oligomer modified c.CNC
i.

Dispersion of oligomer grafted c.CNC’s in DMSO

3 g of the centrifuged pellet (from step 3.3.2.3) was taken in a glass beaker containing
80 mL DMSO. The solution was sonicated in a probe sonicator for 10 min to achieve
uniform dispersion of solids. Additional solvent was added in order to obtain a solids
content of 1 % (w/w. of solids in DMSO).
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ii.

Preparation of PLA composite films

In a technique replicating one in step 3.4.1, 2 g of PLA pellets was taken in a 50 mL
beaker containing DMSO and dissolved at 140 o C for 20 min. 5 g of sonicated solution
(from 3.4.2.1) was added to the solution and stirred for another 10 min to form a 2.5 %
w/w of c.CNC in PLA. A complete series of films were produced with 5.0, 7.5 and 10
w % of oligomer grafted c.CNC’s in PLA.
3.5 Characterization
3.5.1

Visual observation by SEM imaging

The fractured surface of cast films were observed under an SEM for any obvious
presence of voids or filler agglomerates. Figure 3-5 shows the instrument used for
imaging in this study.

Figure 3-5: SEM instrument used for imaging films

3.5.2

Thermal analysis

The PLA pellets, control films and the composite films were analyzed to assess thermal
behavior using Differential Scanning Calorimetry (DSC) and Thermo Gravimetric
Analysis (TGA).
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3.5.2.1 TGA analysis
This test was done in interest to study and quantify any residual solvent remaining after
casting process and to verify the filler contents in the films. TGA was performed on a
Q 50 type analyzer from TA instruments. Between 5-10 mg of sample was put into the
TGA pan. All films were heated upto 600 o C at a scan rate of 10 o C/min and any loss
in weight was recorded. The weight loss was plotted as a function of temperature on a
Universal Analysis software.
3.5.2.2 DSC
DSC was performed in order to observe and study the thermal transitions such as glass
transition and melting. The structural changes arising from presence of filler and their
interactions with the polymer was expected to be detected by studying the basic heat
capacity variations. This study was performed in hope to explain several phenomena
arising due to interfaces.

Between 10-15 mg of sample was followed a cyclic

heat\cool\heat periods. Heating was done at from 0 oC to 200 o C at a rate of 20 o C\min.
The sample was then cooled to 100 o C at 10 oC\min and held isothermal for 2 h followed
by a heating to 200 o C at 20 o C\min. The heat supplied to the sample was plotted as a
function of temperature by Universal Analysis software.
3.5.3

Structural analysis via NMR

Nuclear magnetic resonance was employed in order to quantify solvent presence
in composite films. The existence and identification of grafting was also attempted.
Proton NMR was done on a Bruker Avance III 700 MHz type instrument.
3.5.4

Mechanical Testing

In order to test the films and study the properties that may be affected by c.CNC
filler mechanical property evaluation was done on an Instron Testing machine (#4301).
Thin rectangular strips were cut using a blade cutter. The strips were 40 mm x 12.7 mm.
The gauge length was maintained at 20 mm and the crosshead speed was constant at 1
mm\min throughout the experiment. Figure 3-6 (a) shows the Instron maching used and
6 (b) is a close up view of the jaws that were used during tests.
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Figure: 3-6: (a) Instron testing machine

(b) Close up showing the rubber padded jaws

Numerous important properties such as stiffness, ultimate tensile stress and
strain at break were evaluated. Comparison of these values was done and the trends due
to the changing interface and filler content was established.
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4. Results and Discussion
This chapter details the grafting reactions involved and results of various
characterizations and testing during the course of this research are discussed. A step-bystep approach is adapted and a systematic discussion of the materials and processes are
stated in order to preserve continuity and maintain consistency and ease in
interpretation.
4.1

Cellulose Nanocrystals
4.1.1

Microscopy for geometry and particle size

Figure 4-1 shows two TEM images of cCNC’s. The image shows rod like structure
with the length of the nanocrystals being approx. 100 nm with an approx. aspect ratio
of 5.

Figure 4-1: TEM images of cCNC’s

4.1.2 Conductometric titration to determine surface charge on cCNC’s
A conductometric titration curve is shown in Figure 4-2 for c.CNCs and the
amount of surface carboxyl groups was determined to be 1.23 mmol/g.
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Figure 4-2: Conductometric titration curve of c.CNCs.

The amount of excess HCl was determined by finding the intersection of the line with a
negative slope and the line fitting the flat region of the graph. The amount of ROCOOplus excess HCl was determined via the intersection of the line with a positive slope and
the line fitting the flat region. The actual equivalence point of the c.CNCs was
determined by subtracting the two intersection points.

4.2 PLA oligomers from L-Lactic acid solution
The PLA oligomers that were synthesized from polycondensation of L-Lactic acid
solution attained a stable mol. wt. over time. Several trials to synthesize these low mol.
wt. oligomers were helpful in determining the ideal temperature and time at which the
reaction was carried out. These conditions were chosen to be 115oC and 140 h. Very
little yellowing occurred in the product and was almost always inevitable. A simple
representation of the reaction is shown in figure 4-3.
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Figure 4-3: Polycondensation of L-Lactic acid solution

The liquid NMR spectra shown below in figure 4-4 displays oligomers formed
during the course of the polymerization process. The spectra (in blue) represents lactic
acid solution with the peak at 4.01 ppm corresponding to the ‘–CH’ group in the
monomer that is de-shielded. The spectra in red, green and purple represent that of the
oligomer analyzed at 12, 24 and 36 h respectively. Similar protons displayed at 5.1-5.3
ppm were considered in order to calculate the mol. wt. of the oligomers. The peaks in
the region of 1.3 ppm correspond to the protons in the ‘- CH3’ group that show up more
up field since they experience increased shielding from neighboring electrons.

Figure 4-4: Liquid NMR of lactic acid and PLA oligomers at 12, 24 and 36h

Figure 4-5 below traces the growth of chain length over time at 115 oC. The degree of
Polymerization (DP) after 140h stabilized at 14. Further reaction time did not seem to
help in increasing chain length and this could be due to high viscosity of the solution
that limited diffusion of reactants (monomers, dimers, trimers, etc) and thus restricted
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the possibility of favorable interactions. Kinetics also played a very significant role in
the termination step in polymerization. However, monitoring kinetics by controlling
concentration of reactants and water generated as a by-product was beyond the scope of
this research.

Figure 4-5: DP of oligomers over time (in hours) at 115 oC

4.3 Grafting onto cCNC surface
The grafting of EN and PLA oligomers onto cellulose can be summarized in the
following two steps.
I. Stage 1: Reaction of EN onto cCNC surface
II. Final stage: Grafting of PLA oligomers onto product from stage 1 i.e. EN
grafted cCNC’s
4.3.1

Stage 1 grafting

The simplest anticipated reaction mechanism occurring in stage I is shown in
figure 4-6. One basic cellulose unit with active carboxyls (1.23 mmol/g CNC) represents
the corresponding reaction sites in the bulk cCNC’s.

47

Figure 4-6: Schematic representation of stage I in the coupling reaction-grafting EN onto
c.CNC’s

The carboxyl group in the cCNC’s react with the one of the amines of the EN forming
an amide bond. The amide bond is resistant to hydrolysis and is structurally rigid. This
is apparent since many materials such as Kevlar and nylons that have amide bonds are
known to possess superior strength.
Several factors were vital to the grafting of EN onto cCNC’s. These are discussed in the
following section.
i.

Choice of buffer, pH and solvent system
The reactions were conducted at approx. pH 6 since literature reported that the

EDC\NHS coupling mechanism worked best in acidic media (between pH 4.5 - 7). PBS
buffer was used since it was easy to make in the lab. The PBS buffer system was found
to be very efficient as there was very little drop (of 0.3 in pH; from 6 before to 5.7 after
the reaction) in stage I as was consistently seen in several attempts. Dust free water
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served as an ideal solvent for stage I since all the reactants dissolved readily and the
excess reactants as well as the by-product salts formed at the end of the reaction was
easily removed via dialysis. The removal of the aforementioned undesired products was
assessed by very low conductivity measurement values of less than 40 µS/cm at the
completion of the dialyzing step. The larger cCNC’s with grafted EN were retained in
the 10 KDa pore size dialysis tubing.
ii.

Excess molar ratios and concentrations
Molar ratios were maintained consistent in all trials. The excess were chosen in

order to enhance the prospects of successfully grafting EN onto cCNC’s that is assumed
as the limiting agent. Table 4-1 shows the ideal molar ratios used in the grafting
reactions in stage I.
Table 4-1: Table showing stoichiometry in stage I of the reaction

4.3.3

Chemical\Reactant combination

Molar ratio

EDC : cCNC’s

5:1

EDC : NHS

1:2

EDC : EN

1:1

Final stage of grafting

The product from stage I i.e. the EN grafted c.CNC’s were further reacted to graft PLA
oligomers onto the free primary amine end of EN. The figure below shows the simplified
reaction occurring in this stage. The ‘-COOH’ end of the oligomer chain reacts with the
amine to form an amide linkage by dehydration. The figure 4-7 shows the final stage of
the reaction.
Similarly, the grafting of lactic acid was performed on the stage I product.
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Figure 4-7: Schematic representation of the final stage- stage 1 product reacting with PLA
oligomers

The factors that were likely to influence the grafting reaction in the final stage were
considered and are discussed below:
i.

Solvent

The solvent system in the final stage was DMSO since all reactants dissolved easily.
The insolubility of PLA oligomers in water eliminated it as a prospective solvent system
for the reaction. The unreacted excess reactants as well as the by-products were
eliminated during repeated centrifugation steps as the decant was discarded. The bulkier
cCNC’s with the grafting on them was retained in the pellet.
ii.

Molar excess and time of reaction

The excess used in this stage is listed in table 4-2:
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Table 4-2 : Table listing stoichiometry in the final stage of the reaction

Chemical\Reactant combination

Molar ratio

PLA oligomers : cCNC (stage1)

2:1

Lactic acid : cCNC (stage 1)

2:1

EDC : PLA oligomers and

1:2

EDC: Lactic acid

1:2

EDC : NHS

1:2

The excess quantities of PLA oligomers to cCNC’s was used taking into consideration
the increased probabilities of grafting.
The reaction time for oligomers onto the EN grafted cCNC was 24 h. This was since the
PLA oligomers were larger molecules and longer times just increased the probability of
attaching to the amines.
4.3.4

Verification of grafting onto cCNC’s

The following section discusses the results of test conducted in order to verify the
anticipated grafting of EN and PLA oligomers onto cCNC’s.
i.

Carbon-nitrogen analysis

The C-N analysis aided in identifying trends in the quantitative changes in masses of
carbon and nitrogen groups grafted onto cCNC via comparison between different stages.
The table 4-3 below lists the values obtained in this type of characterization.
Table 4-3: Carbon- nitrogen (CN analysis) showing wt. % of carbon and nitrogen in samples

Material

Carbon (%)

Nitrogen (%)

cCNC’s (starting material)

41.50

< 0.5

cCNC’s –g-EN (Stage 1 product)

42.40

1.60

cCNC’s –g-EN w/ PLA oligomers

43.61

1.11
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The cCNC’s that were used as the starting material in this research were nitrogen
free. In stage 1, the amide linkage and the corresponding free amine account for the
increase in nitrogen content. In the final stage, since the only groups attached from PLA
oligomers are carbon, the C-N ratio increases. This shows a very encouraging trend
implying successful grafting of both EN and PLA oligomers onto cCNC’s. A sample
calculation is provided in the appendix section presenting the yield of the different
reaction steps.
ii.

Solid- state NMR

Numerous laborious attempts yielding spectra in liquid-state NMR were inconclusive
since issues arose in cCNC solubility. Hence solid-state NMR analysis was selected as
it eliminated several concerns. The figure 4-8 below shows solid state NMR spectra
for the grafted compound. Figure a shows the stacking of cCNC’s (top) and the final
product i.e. the cCNC’s with PLA oligomers grafted onto them.

(a)

(b)

Figure 4-8: Solid-state NMR spectra (a) cCNC (top) and final product (bottom)
(b) Indicative of step-by-step grafting onto cCNC’s

The figure 4-8 (b) shows the stacking of all materials step-by-step. The blue spectra
corresponds to the cCNC’s. The red spectra shows the PLA oligomer, the green displays
the stage 1 and the purple stands for the final product. The peak at 18 ppm (methyl) and
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at 178 ppm (carbonyl) in the PLA oligomer are apparent in the final product. This
strongly indicates the presence of the chemical linkage coupling the cCNC’s to the PLA
oligomers via amide type bonding further confirming the predicted grafting mechanism.
4.4 Solvent casting of films
Since modifying the interface and thus enhancing the compatibility was the prime
objective along with studying general physical behavior, composite PLA films with
cCNC (modified and unmodified) as filler that were solvent cast were tested and
assessed for interface improvements amongst each other via mechanical testing
measurements, thermal analysis, etc.
4.5 Thermal characterization
The TGA analysis confirmed the aptness of the solvent casting process. The
initial conditions of casting time of 2 h and temperature of 120o C was inadequate at
completely removing the solvent in PLA control film as seen in the figure 4-9 (a) below.
The subtle dip at around 195o C as shown in the figure on the left indicates presence of
tiny amounts of DMSO in the PLA control film.

(a)
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(b)
Figure 4-9 : TGA curves for a) PLA control film cast at 120oC and 2h and b) PLA control film
cast at 130 C and for 3h

The figure (b) on the right shows improved casting conditions of casting time of 3h and
temperature of 150o C. These set of conditions of heating temperature and casting time
were found to be ideal in eliminating solvent and preserving the material free from
degradation and discoloration.
The DSC analysis was done to observe any possible changes occurring in the composite
performance. The behavior of different sets of composites was compared to PLA control
as well as amongst each other. The grafting of low-molecular wt. PLA oligomers add
free volume around the surface of the nanocrystals thus expecting to induce a
plasticizing effect. However, the Tg showed no significant changes from PLA control.
Since the oligomers do not move freely in the bulk PLA matrix under mechanical stress
and heat, plasticization does not occur.
The figure 4-10 below shows DSC curves of the PLA films with oligomer grafted
cCNC’s as filler.
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(a)

(c)

(b)

(d)

Figure 4-10: DSC curves of PLA-g-cCNC/w oligomers at (a) 2.5 wt. %, (b) 5.0 wt. % (c) 7.5
wt. % and (d) 10.0 wt. %

4.6 SEM Imaging
Imaging was done on all films to study the level and quality of dispersion. In the
series of SEM pictures shown below, each image shows the fracture surface of the
composite films.

55

(a)

(c)

(b)

(d)

Figure 4-11 SEM images of (a) PLA control, (b) PLA-c.CNC (unmodified), (c) PLA-c.CNCg-EN and (d) PLA-c.CNC-g-oligomer

Figure 4-11 (a) is PLA control that was solvent cast. The surface is smooth as expected
as it is unfilled. The image (b) is that of PLA with unmodified c.CNC’s at 7.5 wt. %
loading. It shows surface roughness and inconsistencies. The PLA-c.CNC-g-EN at 7.5
wt. % loading is shown in image (c) and appears to be severely agglomerated. However,
figure 4-12 (d) that shows the image of PLA-c.CNC-g-oligomer shows improvements
in the surface in terms of dispersion quality of the filler. It is unfair to compare (a) and
(d) since the latter has 7.5 wt. % filler incorporated in it and cannot be expected to be
similar in morphology. It is reasonable to compare (c) and (d) and determine that the
oligomeric chains do assist in keeping the filler particles well dispersed in the matrix.
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4.7 Tensile Testing
The mechanical analysis was the most critical in determining improvements in the
interface between the cCNC’s and the bulk PLA matrix contributed by grafting. The
table below lists the key corresponding to the various sets of composite films for
convenience.
Table 4-4: Sample key and their description
Key

Description

PLA control
PLA-g-cCNC
PLA-g-cCNC \w EN
PLA-g-cCNC \w LA
PLA-g-cCNC \w
Oligomers

PLA solvent cast film with no filler
PLA solvent cast film with cCNC’s as filler (ungrafted)
PLA solvent cast film with Ethylenediamine grafted cCNC’s as filler
PLA solvent cast film with lactic acid grafted cCNC’s as filler
PLA solvent cast film with PLA oligomer grafted cCNC’s as filler

The modulus values have been calculated and obtained in excel by drawing a
line considering atleast 100 data points in the linear region of the stress-strain curve.
The slope of this line corresponds to the elastic modulus.

50

PLA control

PLA + 2.5wt.% c.CNC

50

40

40

30

30
Stress
Mpa

Stress
MPa

20

20

10

10

0

0

0

0.02 Strain 0.04

(a)

0.06

0

0.02

Strain

(b)

0.04
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PLA + 5.0 wt.% c.CNC

PLA + 7.5 wt.% c.CNC
25

16
14

20

12
Stress10
Mpa

1

8
6

2

4

3

15
Stress
Mpa

10
5

2
0
0

0.02
Strain

(c)

0.04

0
0

0.02

Strain

0.04

(d)

Figure 4-12: Stress-strain curves of PLA control (a) and PLA-g-cCNC at (b) 2.5 wt. %, (c) 5.0
wt. % and (d) 7.5 wt. %

The PLA control as shown in Figure 4-12 has an average E value of 1.47 GPa.
This value is lower than the literature value of 3.5 GPa. This is due to the fact that very
different processing techniques and conditions have been implemented. Thus it is fair
to consider the cast PLA control film as basis for comparison. The E values for film
series with 2.5, 5.0 and 7.5 wt. % of unmodified cCNC’s is 1.2, 1.11 and 1.14 GPa
respectively. The hydrophobicity of the PLA and the hydrophylic nature of the cCNC’s
acts as a disparity and gives rise to incompatibility between the matrix and the filler.
This results in the cCNC’s agglomerating irreversibly during the drying process to form
clusters and thus introduce inhomogenities. This may build large stress concentration
areas in the structure consequently reducing performance under mechanical stress as
shown by very low average values in ultimate tensile stress that is discussed in the latter
section.
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PLA + 2.5 wt.% c.CNC w/ oligomers

PLA + 5.0 wt.% c.CNC w/ oligomers
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PLA + 10 wt.% c.CNC w/ oligomers

PLA + 7.5 wt.% c.CNC w/ oligomers
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Figure 4-13: Stress- strain curves of PLA-g/w oligomers for loading of (a) 2.5 wt. %, (b) 5.0 wt. %, (c)
7.5 wt. % and (d) 10.0 wt. %

The films PLA-g-cCNC/w oligomer showed a small initial increase in E from1.6 to 1.61
at 2.5 and 6.0 wt. % loading. The value increased to 1.8 and 2.1 GPa at 7.5 and 10.0 wt. % loading
respectively. This is indicative that grafting the surface of cCNC’s lead to improved compatibility.
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The PLA oligomers help smoothen the transition in polarities between the filler and the
matrix.

The enhanced compatibility lead to higher values in E when compared to PLA control.

The improved interface results in effective load transfer from matrix to the high modulus filler.
The series also shows increase in tensile modulus with increasing cCNC-g-oligomer content.
Overall, the presence of short oligomer chains of PLA can be viewed to increasing the interaction
with the bulk PLA matrix thus showing improved performance. There is strong evidence that the
E values are statistically significant than the values of PLA control (p- value = 0.010, 0.00003) for
7.5 and 10.0 wt. % of oligomer grafting onto the cCNC’s. However, in the 2.5 and 5 wt. % loaded
films, there was very delicate evidence of improved modulus values (p-value = 0.069, 0.067).
The modest improvement in performance may be attributed to molecular entanglement of the
oligomer with the PLA matrix providing increased stiffness. However, at an oligomeric chain
length of only 10 units, it is unlikely that any such entanglements exist. The occurrence of transcrystallization on the cCNC surface is another possibility. As the oligomer grafted filler is
distributed evenly throughout, there is uniform cooling of PLA polymer around it during the film
casting process. However, data from thermal analysis is not concrete in order to accept the
occurrence of these phenomena since several other factors such as film variability and morphology
seem to play a crucial role. Nevertheless, visual analysis of film quality and physical perception
clearly demonstrated oligomer grafted composite PLA films of much superior quality than their
corresponding unmodified counterparts.
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Figure 4-14 : Stress-strain curves of PLA-g /w lactic acid for (a) 2.5 wt. %, (b) 5.0 wt. % and (c) 7.5 wt.
% loading

The composite series with lactic acid grafted cCNC’s as the filler showed very interesting
and unexpectedly impressive behavior. The E values were 1.9, 2.4 and 2.3 for filler content of 2.5,
5.0 and 7.5 wt.% loading repectively. The stress-strain curves for all filler loading is shown in
figure 4-14 above.
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The lactic acid is hydrophilic and much smaller molecule than the PLA oligomer. Hence there may
be a possibility that the total yield of the final stage in grafting lactic acid is higher than that in the
final stage involved in grafting the PLA oligomers onto the cCNC’s. Thus lactic acid may
uniformly encapsulate the cCNC surface thus creating stable well dispersed filler in the composite.
This higher uniformity may assist in improved stress transfer between the filler and the matrix
resulting in improved tensile modulus.
The figure below shows the average values of Young’s modulus and their deviations for all
sets of films with increasing filler contents. The x-axis is offset data for visual convenience. The
loadings however are still consistent at 0, 2.5, 5.0, 7.5 and 10.0 % for all films. The E values have
been compared to pristine PLA film. The vertical error bars are at one standard deviation for both
positive and negative sense. It is evident that the modulus values are significantly different between
each set of composite films demonstrating alterations at the interfaces and thus indicative of
change in the degree of compatibility.
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Figure 4-15: Comparison of Young’s modulus (GPa) with different fillers and filler content

Figure 4-16 below shows the ultimate tensile stress values for all films. The vertical error bars
are at one standard deviation for both positive and negative sense.
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UTS (MPA) vs filler content (wt.%)
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Figure 4-16: Comparison of UTS (MPa) values with different fillers and filler content

The ultimate tensile stress (UTS) for PLA control showed an average value of about 43 MPa.
The value reduce drastically for composites of PLA filled with unmodified cCNC’s. The PLA
films filled with EN, lactic acid and oligomer modified c.CNC’s did not differ significantly
amongst each other. However, their values at different loadings were lower than the UTS value of
PLA control. It is likely that at higher loadings the effects of agglomeration become more sensitive.
This may be due to more defects and inconsistencies when compared to pristine PLA film.

64

Strain at break vs filler content (wt.%)
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Figure 4-17 : Comparison of strain at break values with different fillers and filler content

The strain at break values for PLA composite filled with lactic acid modified cCNC was found to
be the lowest among all other series indicating severe loss of ductility due to grafting. It is
unclear as to why this occurs.
Table 4-5 list values of some thermal and mechanical properties for all films made.
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Table 4-5 : Table summarizing values of thermal and mechanical properties for PLA and
PLA-c.CNC nanocomposites
Thermal

Mechanical

Specimen Type

T g ( oC )

Tm ( oC )

E Young's
Modulus
(GPa)

σb Ultimate
Tensile Stress
(MPa)

ϵb Strain at
break

PLA (pellet)

62.37

150

na

na

na

PLA film (unfilled)

62.22

151

1.47

43.50

0.047

PLA -2.5 wt.% c.CNC (unmodified)
PLA -5.0 wt.% c.CNC (unmodified)

62.33
62.01

151
150

1.18
na

21.00
11.00

0.036
0.029

PLA -7.5 wt.% c.CNC (unmodified)

61.8

150

1.15

19.00

0.044

PLA -2.5 wt.% c.CNC-g-EN
PLA -5.0 wt.% c.CNC-g-EN

not done
not done

not done
not done

1.78
1.59

35.30
38.00

0.038
0.029

PLA -7.5 wt.% c.CNC-g-EN

not done

not done

1.73

34.70

0.033

PLA -2.5 wt.% c.CNC-g-EN-Lactic acid
PLA -5.0 wt.% c.CNC-g-EN-Lactic acid

not done
not done

not done
not done

1.87
2.38

35.30
45.50

0.028
0.030

PLA -7.5 wt.% c.CNC-g-EN-Lactic acid

not done

not done

2.30

38.20

0.029

PLA -2.5 wt.% c.CNC-g-EN-oligomers
PLA -5.0 wt.% c.CNC-g-EN-oligomers

61.92
60.87

149
152

1.61
1.60

42.30
41.50

0.038
0.048

PLA -7.5 wt.% c.CNC-g-EN-oligomers

62.37

152

1.80

35.00

0.030

PLA -10.0 wt.% c.CNC-g-EN-oligomers

62.14

149

2.10

33.60

0.036
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5. Conclusions
This research has been very exciting in terms of the diverse scientific and engineering problems
it addresses. Summarizing the overall results, certain inferences can be made securely however
some deductions drawn from the study may need further investigation to confirm since the system
is very complicated.
Effect on Dispersion
It is verified from elemental analysis and solid state NMR that the groups namely EN,
Lactic acid and PLA oligomers were successfully grafted onto the cCNC surface which indicate
that the protocols followed in terms of excess reactants, solvent system and time of reaction is
appropriate for grafting. However, the yield of the reaction may not be very high. In order to
optimize grafting, more trials are necessary with adjusted parameters of pH, solvent and excess
reactants along with varying the reaction times. For the same reaction conditions, the grafting
frequency of lactic acid and PLA oligomers onto cCNC’s is speculated to be variable. The grafting
of oligomers improved overall quality of cCNC dispersion in PLA matrix as observed on the SEM
when compared to the composites filled with unmodified cCNC’s and cCNC’s grafted with EN.
This may be due to hydrophobicity along the surface of the CNC’s from the presence of oligomeric
chains that reduce interaction among CNC’s thus preventing agglomeration. The reduced
interaction is also due to viscosity increase in the bulk PLA matrix during casting process. The
films with lactic acid grafted CNC’s show small domains. This may be due to moderate
agglomeration as the filler particles are hydrophilic. Similar effects are observed in films with EN
grafted CNC’s with the difference being the size of domains and it is larger in the EN grafted CNC
filled PLA films. The films with unmodified CNC’s appear to be clear of any domains with a little
haze but this is no indicator of improved dispersion. In general, the CNC’s (modified and
unmodified) act as nucleating agents promoting crystallization. The number of crystals and their
sizes is a subject of in depth thermal study.
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Mechanical properties
The elastic modulus for the films with unmodified cCNC’s as filler in PLA matrix was
lower than PLA control. The grafting of oligomers enhanced stiffness by 60 % over PLA control
the maximum increase being for a 10.0 wt% loading of filler. The increase may be due to cocrystallization of PLA at the interface. However, the exact mechanism is difficult to comprehend
and infer since there is no solid data to support this type of occurrence. The grafting of lactic acid
onto cCNC’s proved to be better in improving the modulus of the composites when compared to
the films with cCNC grafted with oligomers of PLA. This may be due to the differences in grafting
efficiencies at the final stage as lactic acid and PLA oligomers are very dissimilar in size and
polarity.
The UTS reduces with increasing filler content with all filler types when compared to the
PLA control. The UTS values are sensitive to agglomeration in these composite systems and
increasing the filler content increases the chances of clustering thus introducing voids and defects.
The strain at break data showed high degree of scatter with a general drop in values with
filler for all kinds of cCNC’s when compared to PLA control. These lower values may be attributed
to the role played by defects and their interactions in the plastic region. Strain at break was the
least for the PLA filled with cCNC grafted with lactic acid. The brittleness increases in the films
due to addition of filler. The values were high and closer to PLA control for PLA films filled with
oligomer grafted CNC’s. This may be indicative of low degree of chain entanglements and the
PLA films with lactic acid CNC’s are incapable of any such entanglement at the filler matrix
surface.
Overall, casting PLA films from DMSO solvent is difficult due to its high boiling point.
Also, a trend with higher degree of certainty can be established, eliminating occurrences by chance,
if the number of samples tested are greatly increased.
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