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ABSTRACT

POLY(LACTIC ACID)/CELLULOSE NANOCRYSTAL COMPOSITE BLOWN FILMS FOR
FOOD PACKAGING APPLICATIONS

By

Sonal Sanjay Karkhanis

Poly(lactic acid) (PLA), a bio-based polymer, has several attractive properties such as
excellent stiffness, reasonable strength, excellent flavor and aroma barrier, as well as good grease
and oil resistance. Despite these attributes, PLA’s applicability as a flexible food packaging
material is limited due to several drawbacks such as brittleness, poor water vapor and moderate
oxygen barrier properties as well as film processing difficulties due to its insufficient melt strength.
This study was aimed at overcoming these drawbacks to widen PLA’s applicability in the food
packaging industry.

Firstly, the effectiveness and efficiency of two newly developed food grade multifunctional
epoxies with low and high epoxy equivalent weights in chain extending/branching PLA were
studied in a torque rheometer, in order to overcome the issue of PLA’s insufficient melt strength.
Both chain extender (CE) grades not only chain-extended PLA effectively as indicated by a
significant increase in the mixing torque as well as PLA’s melt viscosity and molecular weight,
but also branched it leading to its reduced crystallinity. Infrared results indicated that chain
extension occurred through the ring opening reaction of epoxy groups in the CE with PLA’s
hydroxyl and/or carboxyl groups. This chain extension/branching was beneficial in overcoming
PLA film’s brittleness since its impact strength increased almost linearly with the CE content.

Secondly, cellulose nanocrystals (CNCs) were added to a PLA matrix to increase its
crystallinity and act as impermeable regions in order to improve its barrier properties. However,

CNCs were difficult to disperse in non-polar polymers due to their high polarity and strong



hydrogen bonding forces. Therefore, two different solvent-free approaches of incorporating and
dispersing CNCs into the PLA matrix were examined. The first approach consisted of melt-
blending PLA and CNCs in an internal mixer whereas the second method involved direct dry-
mixing of PLA and CNCs in a high intensity mixer, before film manufacture through the blown
film extrusion process. Good distribution and barrier performance improvement were achieved by
both methods. However, the direct dry-blending technique appeared to be the better approach for
adding CNCs into the PLA matrix because it exposed the samples to less heat; thus, minimizing
thermal degradation as demonstrated by the quantified number of chain scissions, molecular
weight and melting temperature results.

Thereafter, the influence of CNC addition level and environmental testing conditions on
the water vapor (WVP) and oxygen (OP) permeability of direct dry-blended PLA/CNC films were
studied. Both WVP and OP of PLA and PLA/CNC nanocomposite films varied exponentially with
temperature as expected from the Arrhenius equation, whereas the WVP remained constant with
relative humidity (RH) as expected from Fick’s law. Additionally, the values of WVP and OP
negatively correlated with the degree of crystallinity. Depending on testing temperature or
humidity, optimum improvements in WVP (30-40%) and OP (65-75%) of PLA films occurred at
1% CNCs, a CNC content that correlated very well with the maximum increase in crystallinity.

Finally, the potential of the developed PLA/1% CNC films with enhanced barrier
performance in extending the shelf-life of a moisture-sensitive food product (crackers) was
assessed and mathematically modeled. Interestingly, the crackers packaged in the CNC-based
films had approximately 40% longer shelf-life compared to the ones packaged in neat PLA,
irrespective of the RH. The overall results of this research indicate that the PLA/CNC films

developed in this study have tremendous potential for food packaging applications.
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Chapter 1

INTRODUCTION

1.1 Introduction

Over the past few years, environmental issues such as pollution, depletion of natural
resources and solid waste disposal have become major global concerns [1]. A specific concern is
the field of packaging, which produces great amounts of non-degradable plastic waste that is
accumulated in landfills and oceans, causing climate change and harm to terrestrial as well as
aquatic life [2]. In fact, 63% of the current plastic waste comes from packaging applications of
which less than 14% is recyclable [2]. To circumvent this growing environmental problem caused
by non-degradable petroleum-based plastics, research efforts have focused on the development of

alternative packaging materials that are compostable and biodegradable [1].

Poly(lactic acid) (PLA) is one of the most extensively researched compostable and
biodegradable aliphatic polyester because of its potential to replace conventional petroleum-based
polymers for medical and other industrial applications [1]. It has several desirable properties such
as high stiffness, reasonable strength, excellent flavor and aroma barrier, as well as good grease
and oil resistance compared to conventional petroleum-based polymers [3-8]. Despite these
attributes, PLA has several drawbacks such as brittleness, poor water vapor and moderate oxygen
barrier properties as well as and processing difficulties due to its insufficient melt strength and low
thermal stability, leading to a narrow processing window [3-8]. PLA’s inadequate melt strength
poses challenges for its manufacture into flexible film through processes that require stretching or
orientation, such as blown and cast film extrusion, as well as foaming whereas its brittleness leads

to film rupture and failure in many packaging performance tests. Moreover, the barrier properties



of a film to water vapor and gas are critical properties for food packaging materials due to their
role in food’s deteriorative reactions and microbial growth. Therefore, it is of paramount
importance to improve PLA’s melt strength, brittleness as well as water and gas barrier properties

in order for it to be used as a flexible packaging material.

Firstly, chain extenders (CE) or melt strength enhancers such as multifunctional epoxies,
1,4-butane di-isocyanate, and hexamethylene di-isocyanate among others are often blended with
PLA matrix to increase its melt strength [9-16]. These additives increase PLA’s molecular weight
by introducing chain branching, thereby increasing its shear and elongational viscosities. This
leads to improved melt strength which facilitates the blown film extrusion process and other

processes such as casting and foaming [9-16].

In our previous work, PLA films were successfully manufactured without any CE by
controlling the melt rheology through processing temperature and other extrusion-blown
processing conditions such as the processing speed ratios and internal air pressures [3]. However,
these blown films teared easily due to their brittleness and did not survive several packaging
performances tests such as oxygen permeation. Consequently, chain extenders are needed in the

formulations to increase PLA’s ductility [15].

Although blending PLA with the afore-mentioned additives increases the ductility of films
used in several packaging applications, they also have various drawbacks. For example,
multifunctional epoxies have not been approved for food-grade applications by the United States
Food and Drug Administration (FDA) [3,17]. On the other hand, di-isocyanates are under scrutiny
due to their toxicity, risk of occupational hazards, and their impact on the inherent biodegradability

of PLA [3,18].



Recently, new FDA approved food-grade multifunctional epoxies with varying reactivities
(low and high epoxy equivalent weight) have been developed. Unfortunately, limited studies have
been reported on their use to melt strengthen PLA and reduce its brittleness. Therefore, this study

investigated the effectiveness and efficiency of these multifunctional additives in chain extending

and branching PLA, improving its processability through the blown film extrusion process and

reducing the brittleness of PLA films.

Secondly, crystallization is one of the ways to improve PLA’s barrier properties because
of the tortuosity effect created by impermeable crystallites [4,5,19,20]. Orientation of the film
through drawing and annealing during processing can increase PLA’s crystallinity. For instance,
in one study the crystallinity of PLA was increased through annealing at 130°C for 10 minutes
resulting in 50% reduction in water permeability compared to its amorphous counterpart [20].
Additionally, PLA’s crystallinity can also be increased through incorporation of organic and
inorganic nucleating agents. However, natural and bio-based additives are preferred in order to

preserve the inherent biodegradability of PLA.

Cellulose nanomaterials (CNs) such as cellulose nanocrystals (CNCs) and cellulose
nanofibers (CNFs) are recently gaining interest amongst researchers as natural and bio-based
nucleating agents [21-27]. Although, well-dispersed CNs can increase PLA’s crystallinity, their
dispersion into PLA matrix is a challenge. CN particles tend to agglomerate due to their high
surface area to volume ratio when the aqueous medium that they are produced in is eliminated by
freeze or spray drying. Moreover, CN particles are difficult to disperse in non-polar polymers due
to their high polarity and strong hydrogen bonding forces [28]. Various approaches such as
solvent-casting and melt-compounding have been investigated to disperse cellulose nanomaterials

into a polymer matrix [21-33].



Recently, Pei and co-workers investigated the dispersion of chemically modified CNCs
into a PLA matrix [27]. In this work, a predetermined amount of silylated CNC (SCNC) was
dispersed in an organic solvent and mixed with a previously prepared solution of PLA. The mixture
was stirred, cast on a glass petri dish and dried to form PLA/SCNC nanocomposite films. High
degree of SCNCs’ dispersion was achieved into the PLA matrix due to fiber treatment that reduced
agglomeration. The PLA/1% SCNC films had higher crystallinity compared to the PLA films,
leading to a 27% increase in tensile modulus. However, the elongation at break of the PLA/1%
SCNC films was significantly lower than that of PLA films due to the poor interfacial adhesion
between the PLA and nanoparticles resulting in insufficient stress transfer [27]. In another study,
Fortunati and co-workers reported a reduction of 34% in water vapor permeability of PLA when
1% CNC modified with an acid phosphate ester of ethoxylated nonylphenol was added to the PLA

matrix using the solvent casting technique [21].

PLA/cellulose nanofiber (CNF) composites have also been prepared using a two-step
process [28]. The solvent casting technique was used to prepare a master batch, which was then
crushed, diluted and dry-mixed with PLA, melt-compounded in an extruder, pelletized and finally
injection molded. The PLA/5% CNF samples prepared by the described technique had 24% and
21% increase in tensile modulus and tensile strength, respectively. Nonetheless, large standard
deviation in the values of tensile modulus reported indicated a non-homogenous dispersion of

CNFs in the PLA matrix [28].

Another approach to disperse CNFs into a PLA matrix has been examined by other
investigators who prepared aqueous suspensions of CNF in a slurry of plasticizer, acetone and
water [29]. The prepared suspension was melt-compounded with PLA pellets in a twin-screw

extruder equipped with a liquid feeder and vents for removal of acetone and water. The obtained



extrudate was then compression molded into films for testing of mechanical properties. The results
indicated that addition of only 1% CNF increased the elongation at break of the plasticized PLA
by 27% due to the slippery effect of CNFs coated with plasticizer and the crazing phenomenon

attributed to the presence of CNFs [29].

In a more recent study, PLA and 1% cellulose nanocrystal as well as chitin nanocrystal
(ChNC) nanocomposite films were obtained using liquid feeding in a vented twin-screw extruder
prior to compression molding [30]. A plasticizer [20% triethyl citrate (TEC)] was used to liquid
feed the two types of nanocrystals while acting as a processing aid to enhance their dispersion into
the PLA matrix. This liquid feeding technique resulted in moderate dispersion of CNCs as well as
ChNCs in the PLA matrix, with some amount of agglomerations still present for both types of
nanocrystals. However, significant increase in the yield strength (316% for CNCs and 478% for
ChNCs) as well as Young’s modulus (267% for CNCs and 300% for ChNCs) were obtained for
the nanocomposite films compared to their counterpart PLA/TEC films without any nanocrystals

[30].

The above-described liquid feeding approach has also been successfully used to produce
plasticized PLA/polybutylene adipate-co-terephthalate (PBAT) blown films with talc and ChNC
[31]. In this study, a masterbatch of PLA, 5% ChNCs and 20% glycerol triacetate plasticizer (GTA)
was prepared using the previously described liquid feeding technique in a vented twin-screw
extruder. This masterbatch was diluted with PLA and PBAT and mixed with talc to produce films
with 1% ChNCs, 6% talc, 9% GTA, 25% PBAT and 59% PLA. The final composites were then
blown into films and evaluated for optical, thermal, mechanical and barrier properties amongst
others. The researchers found that addition of ChNCs increased the viscosity and melt strength of

PLA, thus aiding in the blown film processing of the films. Moreover, the addition of 1% ChNCs



increased the tensile modulus, tensile strength, tear resistance and puncture resistance of the film
by 74%, 64%, 80% and 300%, respectively. In contrast, the nanocomposite films did not have

improved thermal stability or barrier performance compared to their reference films [31].

Processing aids such as polyvinyl alcohol (PVOH) have also been used to improve the
dispersion of CNCs into the PLA matrix [32]. Enhanced dispersion of CNCs into PLA can be
achieved by reacting the hydroxyl groups in PVOH with the hydrophilic CNCs and the vinyl
acetate groups with the hydrophobic PLA. In one study, PLA/CNC nanocomposites were
manufactured using PVOH by two different feeding methods: dry feeding PVOH/CNC pellets
with PLA and liquid feeding PVOH/CNC suspension into molten PLA during extrusion in a vented
twin-screw extruder. The composite materials were then compression-molded into films prior to
testing for dispersion and mechanical performance. The results showed that poor interfacial
adhesion between PLA and PVOH resulted in phase separation with a continuous PLA phase and
discontinuous PVOH phase, irrespective of the feeding method. Furthermore, the CNCs were
dominantly present in the PVOH phase due to their higher affinity to PVOH than PLA.
Consequently, the nanocomposite films had poor mechanical properties due to the immiscibility

of PLA and PVOH resulting in phase separation [32].

Although good nanoparticle dispersion into PLA matrix was reported by different solvent
casting and liquid feeding techniques, these have various drawbacks [21,27-29,33]. Solvent
blending and casting techniques require drying of films, which add more energy consumption in
film manufacture, and solvent disposal could also be an issue for this process because some
solvents may be harmful to workers and the environment. Additionally, trace amounts of solvents

can remain in the produced films, which could pose regulatory compliance issues. The residual



solvent can also act as a plasticizer, thereby reducing the strength, stiffness and barrier properties

of the produced films [34].

Due to the drawbacks of solvent-based mixing techniques, alternative approaches to
manufacture PLA/CNC composite films with improved barrier properties should be considered.
Melt-processing is one of the important solvent-free processing methods for introducing
nanocomposite materials in the market where high-volume production is required [35]. However,
limited studies have been reported on improving the barrier performance of PLA using melt-
processing [25,26]. In one such study employing melt-processing, improvements of 20% and 60%
in water vapor and oxygen barrier of extrusion-cast PLA films were reported when 1% cellulose
nanocrystals derived from coffee silverskin were melt-mixed with PLA in a twin-screw extruder
[25]. Similar results have been reported for PLA/CNC-based cast films produced by a single-step

reactive extrusion process [26].

Due to the limited research on improving the barrier performance of PLA using solvent-
free approaches, alternative solvent-free approaches to manufacture PLA/CNC composite films
should be considered. In this work, two solvent-free approaches of adding CNCs into the PLA
matrix were examined. The first approach was to melt-blend CNCs with PLA in a three-piece
internal batch mixer to maximize homogenous dispersion of CNCs into the matrix while
minimizing the loss of CNCs that may occur in high volume mixers [36]. Although this technique
eliminates the use of solvents, it is a time-consuming batch process that subjects heat-sensitive
PLA to additional thermal history. Therefore, a second approach employing conventional direct
dry-blending was also examined. In this method, CNCs were directly added to the PLA matrix
during conventional dry-compounding. Compared with melt-blending, this less time-consuming

approach minimizes exposure of PLA to high temperature.



To the best of our knowledge, these investigated solvent-free blending approaches have
not been previously used to manufacture PLA/CNC composite blown films. Consequently, the

performance of PLA/CNC blown films prepared by the melt-blending and direct dry-blending

techniques in terms of particle dispersion, optical, thermal, molecular weight and barrier

properties were compared in this study to identify the most effective blending approach.

The barrier properties of a film to moisture and gas are critical properties for food
packaging materials due to their role in food’s deteriorative reactions and microbial growth [37-
39]. Moisture gain or loss in food products can cause defects such as freezer burn, non-enzymatic
browning, starch retrogradation, mold and microbial growth, as well as flavor, color and textural
changes, amongst others [37,38]. For instance, dry foods (e.g., crackers) and moist products (e.g.,
cake) are often susceptible to textural changes such as sogginess and brittleness due to moisture
gain and loss, respectively, so they require a package that can provide some moisture barrier.
Oxygen-sensitive food products are susceptible to oxidative reactions resulting in loss of nutrients
and other undesirable changes in flavor, appearance as well as texture [37,38]. These products
need packages that provide some oxygen barrier. Additionally, it is well-documented that different
conditions of temperature and relative humidity (RH) strongly influence both the barrier properties
of films and the food quality during distribution and storage [37]. Therefore, once a new plastic
film for food packaging applications is developed, it is of utmost importance to characterize its
barrier properties in different environment conditions in order to assess its potential in extending

food shelf-life throughout the supply chain.

Despite known effects of testing environmental conditions on the barrier performance of
materials, no research has been carried out to examine the influence of temperature and RH on the

barrier properties of nanocellulose-based PLA blown-films with various CNC contents. Therefore,



the influence of CNC addition level and environmental testing conditions on the barrier properties

of PLA/CNC blown films as well as their thermal and optical properties were studied in this work.

Moreover, the potential of the manufactured nanocomposite films in extending the shelf-life of

moisture-sensitive food products were assessed.

1.2 Objectives

The main goal of this research project is to gain fundamental understanding of nanoscale
dispersion and distribution of CNCs into a PLA matrix in order to develop a nanocomposite film
with improved barrier performance through solvent-free processing methods for food packaging

applications. To achieve this objective, the following specific objectives were proposed:

1. Investigate the effectiveness and efficiency of two food-grade multifunctional epoxies
with varying reactivities in chain extending and branching PLA, improving its
processability through the blown film extrusion process and improving the ductility of

PLA films.

2. Compare the performance of PLA/CNC blown films prepared by the melt-blending and
direct dry-blending techniques in terms of particle dispersion, optical, thermal,
molecular weight and barrier properties to identify the most effective blending

approach.

3. Evaluate the effects of CNC addition level and environmental testing conditions on the
barrier properties of PLA/CNC films as well as their thermal and optical properties.
The ultimate goal of this study is to gain an in-depth understanding of the mechanisms

governing improvement in barrier properties, to model and to establish relationships



between environmental testing conditions and barrier properties as well as to optimize

the CNC content.

4. Assess the effectiveness of manufactured nanocomposite films in extending the shelf-

life of moisture-sensitive food products.

1.3 Hypothesis

This research is intended to test the hypothesis that the addition of highly crystalline CNC
nucleating agents into a PLA matrix will lead to nanocomposite films with improved barrier

properties and extended shelf-life of packaged food.

1.4 Structure of Dissertation

The first chapter of the thesis introduces the rationale of this research. A background on
poly(lactic acid) (PLA), cellulose nanocrystals (CNC), and current approaches used to incorporate
CNC into a PLA are reviewed in Chapter 2. The experimental methods, including material
specifications, equipment, sample manufacturing and property evaluation are described in Chapter
3. The results of the effects of blending techniques, CNC and two food-grade multifunctional
epoxy addition levels and environmental testing conditions on the performance of PLA/CNC
blown films, as well as the manufactured films’ effectiveness in extending the shelf-life of
moisture-sensitive food products are discussed in Chapter 4. Chapter 5 gives the summary of the

findings inferred from the experimental data and proposed future work.
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Chapter 2

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

Consistent with the scope of this study, a background and literature review on the current
approaches used to manufacture composite films of poly(lactic acid) (PLA) with chain extenders
(CE) and/or cellulose nanomaterials (CNCs) are presented in this chapter. The review focuses on
the techniques used to incorporate and disperse these additives (CEs and CNCs) into the PLA
matrix and their effect on PLA’s properties. Additionally, the potential use of composite films to

extend the shelf-life of moisture-sensitive food products is also discussed.

2.2 Poly(lactic acid)

Poly(lactic acid) is a biobased, biodegradable and compostable thermoplastic derived from
renewable resources such as corn, sugar beets and rice [1]. It exhibits reasonable strength, high
stiffness, good heat sealability, excellent flavor and aroma barrier, as well as good grease and oil

resistance [2-4].

2.2.1 Synthesis of PLA

Lactic acid, the basic building block of PLA, is a simple chiral molecule which exists as
two optically active enantiomers, L and D-lactic acid (Figure 2.1). It can be converted into three

types of cyclic dimmers: L-lactide, D-lactide and meso-lactide (Figure 2.2).
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Figure 2.1 Chemical structure of L-Lactic acid and D-Lactic acid.

Lactic acid is produced by fermentative or chemical synthesis [5]. The most popular route
for producing lactic acid is by bacterial fermentation using genetically modified Lactobacillus to
convert sugar and starches into lactic acid [6,7]. Other routes for chemical synthesis of lactic acid
include base-catalyzed degradation of sugars, oxidation of propylene glycol, reaction of
acetaldehyde, carbon monoxide, and water at high temperature and pressure, hydrolysis of

chloropropionic acid, and nitric acid oxidation of propylene, among others [8].

PLA is usually produced from lactic acid by two methods: (1) direct polycondensation of
lactic acid or (2) ring opening polymerization (ROP) of lactide. The direct polycondensation
method requires higher reaction times and entails the use of solvent to produce low to intermediate
molecular weight PLA. Conversely the ROP method uses catalyst and produces PLA with
controlled molecular weight [6,9]. Cargill Dow LLC is one of the manufacturers of PLA which
has exploited the ROP of lactide to produce about 300 million pounds of NatureWorks PLA per

year [10].
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Figure 2.2 Stereochemistry of lactide.

The ROP of lactide can be carried out using anionic, cationic or co-ordination mechanisms
[11,12]. Anionic mechanisms often result in back-biting reactions and other side reactions due to
the highly active anionic reactants. Moreover, cationic mechanisms result in undesirable side chain
reactions due to nucleophilic attacks on the activated monomers or propagating species. These
mechanisms result in polymer chains with low molecular weight and low crystallinity. Conversely,
coordination polymerization with metal catalysts such as tin (II) octoate, result in high molecular
weight polymer chains with a high degree of crystallinity. Consequently, coordination

polymerization is the preferred method for the industrial production of PLA [13].

2.2.2 Properties of PLA

The thermal, rheological, mechanical and barrier properties of PLA vary with the degree
of crystallinity. The degree of crystallinity of PLA can be controlled by adjusting the relative
amounts of L and D-lactide stereoisomers in the polymer. Generally, PLA made from more than
93% L-lactic acid is semi-crystalline while PLA made from 50-93% L-lactic acid is amorphous
[14]. Semi-crystalline PLA has higher glass transition and melting temperatures than amorphous

PLA. It also tends to have better mechanical, barrier and rheological properties.
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2.2.2.1 Thermal properties

PLA has a glass transition temperature between 40 and 70°C and a melt temperature
between 130 and 180°C [15]. Thermal properties of PLA vary with the L-lactide content; higher

L-lactide content increases Tm and T [16].

2.2.2.2 Mechanical properties

PLA has mechanical properties comparable to those of conventional polymers. It has an
elastic modulus between 3000-4000 MPa and a tensile strength between 50-70 MPa (Table 2.1)
[17]. However, PLA has low impact strength compared to other petroleum-based plastics (Table
2.1). PLA’s impact strength increases with increasing molecular weight and crystallinity [18]. It
is also highly sensitive to notching and material processing. The notched Izod impact resistance of
semi-crystalline PLA ranges from 3-7 kJ/m? while the unnotched Izod impact resistance ranges

from 18-35 kJ/m? [17].

2.2.2.3 Barrier properties

Barrier properties of packaging materials determine the ability of the material to obstruct
the flow of permeants such as water vapor, oxygen (O2) and carbon dioxide (CO;). These
properties are particularly useful in determining the applications of polymers in food packaging.
For instance, a dry food product is more likely to be packaged in a plastic that is a good barrier to

water vapor to prevent water absorption and consequently sogginess of the product.

Barrier properties of materials are generally characterized by parameters such as
permeability, diffusivity and solubility. Higher permeability of a material decreases its barrier

properties. Auras and co-workers reported that PLA has O, and CO, permeability coefficients
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comparable to those of polyethylene terephthalate (PET), but lower than polystyrene (PS) [19]. A

comparison of PLA’s barrier properties with those of other petroleum-based polymers is listed in

Table 2.1.

Table 2.1 Comparison of PLA properties with other petroleum-based polymers [19-22].

Properties PLA PET PS PP

T, (°C) 55 75 105 -10

Density (g/cc) 1.24 1.33 1.05 0.9

Tensile Strength at Break (MPa) 53.09 54.47 44.82 31.03
Tensile Modulus (MPa) 3447 2758 2896 896

% Elongation 6 130 7 120

Gardner impact (kg-cm) 0.58 3.23 5.18 8.06
O P ey ¢ 80-360 110 670 25
Oxygen pggﬂ?f;g;ﬁ 2551)(;) 70% RH 0.121 0.0188 27 498
Carbon dioxi‘fg_?fgﬁ?igi_agaz)s CO%RE 5 0.173 155 1080
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2.2.2.4 Rheological properties

Rheology is the study of flow and deformation of matter. It is extremely important to
understand the flow behavior (or rheology) of a plastic because plastics are usually shaped into
articles in their molten state. Generally, flow properties of a plastic are measured by measuring
their shear viscosity. Shear viscosity of a fluid is defined as its resistance to flow when subjected
to shear. The shear viscosity of plastics is molecular weight and temperature dependent; higher

molecular weight increases the shear viscosity while higher temperature decreases it [23].

Figure 2.3 shows a typical curve for logarithmic shear viscosity vs logarithmic shear rate.
At very low shear rates, the viscosity is independent of shear rate. This region of the graph is
known as the Newtonian region. In contrast, the region where the viscosity varies with shear rate
is known as the power-law region or the non-Newtonian region. The viscosity in the Newtonian
region, at very low shear rates is known as the zero-shear viscosity (no) whereas the viscosity in

the non-Newtonian region is known as the shear viscosity.

21



Mo

7

Power-law region
(Non-Newtonian)

Log shear viscosity

v

Log shear rate

Figure 2.3 Typical viscosity vs shear rate curve.

Another important rheological parameter is the melt strength. Melt strength is the
maximum force required to break an extruded strand and is related to shear and elongational
viscosities of plastics. Elongational viscosity can be defined as the resistance of a fluid in
extension. Generally, the elongational viscosity varies directly with the shear viscosity, i.e., as the
shear viscosity increases, the elongational viscosity increases and vice versa (Equation 2.1).

Moreover, higher shear and elongational viscosities result in higher melt strength.

9 -(n+1)?-(AP)* 9 -(n+1)*- (AP)* ', (Equation 2.1)
=T, 2 32

where 1. is the elongational viscosity, n is the flow behavior index, AP. is the pressure drop
at the capillary entrance, na is the apparent shear viscosity, t. is the apparent shear stress and ya is

the apparent shear rate.
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Melt strength is especially important in blown and cast film extrusion, as well as foaming.
Low shear and elongational viscosities of PLA resulting in low melt strength limit its processing
into films by blown and cast film extrusion [24]. In blown film extrusion, PLA’s lack of melt
strength hinders the formation of an inflatable polymer tube and leads to accumulation of the
polymer near the die exit, known as melt sag. Researchers have blended PLA with additives [25-
30] in order to increase its molecular weight and consequently melt strength, as described in section

2.4 of the literature review.

It is important to note that PLA is susceptible to hydrolytic and thermal degradations, which
affect viscosity measurements and processing of PLA. It is hence crucial to dry the material before

processing. Additional stabilizers may be added to prevent polymer degradation [23].

2.3 Improvement of PLA’s properties

As mentioned previously, PLA has low impact strength, insufficient melt strength, poor
water vapor and moderate oxygen barrier properties. These drawbacks limit PLA’s in the flexible
packaging industry. Firstly, PLA’s low impact strength and insufficient melt strength can be
overcome by altering its processing conditions, blending it with additives such as chain extenders,
and/or by electron beam irradiation, amongst others. Secondly, PLA’s barrier properties can often
be improved by increased crystallinity through adjusting the processing conditions (stretching and
cooling rates) or modifying the material formulations (use of organic and/or inorganic additives).
In this study, food grade chain extenders and cellulose nanocrystals were selected to improve the

melt strength and barrier properties of PLA, respectively [24-28].
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2.4 Chain extenders (CEs)

Chain extenders are generally low molecular weight compounds that are used to increase
the molecular weight of a polymer by introducing chain extension and/or branching. Increasing

the molecular weight of a polymer leads to its increased viscosity and melt strength.

2.4.1 Commonly used CEs

Chain extenders are commonly used to increase the molecular weight of polycondensation
polymers such as polyesters and polyamides with functional end groups. The chain extension
occurs by reacting the end groups of polycondensation polymers with a bi- or multi-functional
reactive compound [29,30]. Bi-functional chain extenders couple with two end groups per chain
resulting in a linear, chain-extended polymer. High amounts of such bi-functional CEs are needed
to get a significant increase in molecular weight of polycondensation polymers. On the other hand,
multifunctional CEs lead to non-linear chain extension (branching), crosslinking and sometimes

gelation depending on the functionality and additive concentration [29,30].

Polyester chains have -COOH and -OH end groups whereas polyamides have -NH> and -
COOH end groups. Since CEs react with the end groups of polymers, some proposed chemistries
for CEs used in polycondensation polymers include diepoxides, bis-oxazolines, diisocyanates,

dianhydrides, diesters and carbodiimide [29,30].

Chain extension of polymerization polymers such as polyolefins and polystyrene are
limited because of a lack of functional end groups. For polymers containing double bonds
(example: polyethylene), some amount of branching and crosslinking is introduced during

processing in the presence of radical generators such as peroxides and hydroxylamine esters.
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Limited chain extension of polypropylene can be achieved by combining radical generators and

multifunctional acrylates [29].

Since the focus of this dissertation is chain extension of PLA in particular, only CEs used

in PLA are discussed in the following sub-sections.

2.4.2 Properties of CEs

The functional side group, molecular weight and weight equivalent of some commonly used CEs

are listed in Table 2.2 [28,31,32].

Table 2.2 Properties of chain extenders [28,31,32].

Chain Extender Func;ir(;rlllfﬁ side Molec1(1]1)aarl)weight Weig?;/icllgli)valent

Joncryl® 4368 Epoxy 6800 285

Joncryl® 4468 Epoxy 7250 310

Joneryl® 4400 Epoxy 7100 485

Joncryl® 3229 Dﬁﬂf’yigr?id 8300 450
Pyromellitic dianhydride Acid anhydride 218

Hgﬁ:gi?:g;f:e Isocyanate 168
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2.4.3 Use of CEs in PLA matrix

PLA has several desirable properties such as high stiffness, reasonable strength, excellent
flavor and aroma barrier, as well as good grease and oil resistance compared to conventional
petroleum-based polymers [24-28,33,34]. However, its applicability in flexible packaging is
limited due to several drawbacks such as brittleness, poor water barrier properties, and processing
difficulties due to its insufficient melt strength and low thermal stability, leading to a narrow
processing window [35-38]. The low melt strength of PLA is attributed to the chain scission
reactions that occur when it is subjected to shear and high temperature in an extruder [39]. These
reactions lower its molecular weight and negatively impact molecular weight dependent properties
such as shear and elongational viscosities, resulting in insufficient melt strength [39]. PLA’s
inadequate melt strength poses challenges for its manufacture into flexible film through processes
that require stretching or orientation, such as blown and cast film extrusion, as well as foaming

[40].

Chain extenders (CE) such as multifunctional epoxies, diisocyanates, and dianhydrides (as
mentioned in section 2.4.1) are often blended with PLA matrix to increase its melt strength and
reduce its brittleness [31,32,35-37,41-44]. These additives introduce chain branching and/or chain
extension in PLA, thereby resulting in increased molecular weight, shear and elongational
viscosities, melt strength and reduced brittleness. PLA’s improved melt strength facilitates its
processing through the blown film extrusion process and other processes such as casting and

foaming [31,32,35-37,41-44].

26



2.4.4 Addition of CEs into PLA matrix

Several researchers have investigated the effect of CE addition into PLA matrix. Some

such efforts are discussed in this section.

Attempts have recently been made to increase the melt strength of PLA using multi-
functional epoxies for foaming applications. For example, Mihai and co-workers investigated the
shear and elongational viscosities of extrusion foamed amorphous and semicrystalline PLA with
the addition of up to 2% multi-functional styrene-acrylic-epoxy copolymer using carbon dioxide
(CO») as a blowing agent [37]. They reported an increase in these viscosities and strain hardening
of PLA with increasing chain extender content, irrespective of PLA’s crystallinity. The chain
extension reduced foam density of crystalline PLA from 65 to 36 kg/m? owing to better cell wall
stabilization induced by chain branching at low blowing agent concentration (5% COz).

Nevertheless, amorphous PLA foams were unaffected by chain extenders.

Multi-functional epoxies have also been used to melt strengthen PLA for blown film
applications. Recently, Mallet and coworkers investigated various formulations of PLA with multi-
functional epoxy, nucleating agents and plasticizers to melt strengthen and blow PLA film [35,36]
They reported an increase in shear and elongational viscosities of PLA with increasing multi-
functionalized epoxy content. Additionally, they produced extrusion-blown neat PLA films with a
blow-up ratio (BUR) of about 3.5 but resorted to melt blending PLA with 0.5% multi-functional
epoxy to enlarge its processing window. This PLA/multi-functional epoxy formulation blended
with 10% polyethylene glycol (PEG), 1% N,N’-ethylenebis (stearamide) (EBSA) and 1% talc
enlarged the processing window even more. However, the obtained film was translucent due to

enhanced kinetics of crystallization of PLA enabled by the addition of these additives [35,36].
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Moreover, two-step reactive modification of PLA with chain extenders such as 1,4-butane
di-isocyanate in combination with 1,4-butanediol has been successfully used to increase PLA’s
viscosity by increasing its molecular weight. Di and coworkers added 1,4-butanediol in the first
step to react with PLA’s carboxyl group and then added 1,4-butane di-isocyanate in the second
step to react with PLA’s hydroxyl group to chain-extend PLA [42] They varied the amounts of
these chain extenders to study their effect on the viscosities of PLA and their implications for
foaming applications. They reported that excessive 1,4-butanediol degrades PLA while more 1,4-
butane di-isocyanate produces highly cross-linked, high molecular weight PLA. The favorably
viscous, cross-linked PLA allowed for the production of low-density foams with smaller cell-size

and higher cell density compared to neat PLA [42].

Other chain extenders functionalized with maleic acid anhydride reactive groups have also
been used to chain extend injection molded PLA. In one such study, the influence of chain
extension achieved using two different chain extenders (epoxidized and maleated) on injection
molding parameters such as injection pressure, melt temperature and flowability was studied and
compared. The addition of the maleated chain extender to the PLA matrix did not affect any of the
injection molding parameters due to a lack of interaction between the additive and the terminal
end groups of PLA. On the other hand, the epoxidized CEs reacted with PLA very rapidly leading
to an increase in injection pressure and melt temperature as well as reduced flowability [32]. Other

researchers have also reported successful chain extension of PLA with epoxidized CEs [45].

Although blending PLA with the afore-mentioned additives increases the melt strength and
ductility of PLA, they also have various drawbacks. For example, multifunctional epoxies have

not been approved for food-grade applications by the United States Food and Drug Administration
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(FDA) [24,46]. On the other hand, di-isocyanates are under scrutiny due to their toxicity, risk of

occupational hazards, and their impact on the inherent biodegradability of PLA [24,47].

2.4.5 Techniques for verifying chain extension of PLA

2.4.5.1 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) or size exclusion chromatography (SEC) is a
separation technique used to separate macromolecules (or polymers) of different sizes from each
other. The primary purpose of the GPC technique is to determine the various types of molecular
weights of polymers and provide information about its molecular weight distribution [48,49].
Number-average (Mu), weight-average (My), z-average (M), viscosity-average (My) molecular

weights and dispersity index are commonly determined through this versatile technique [48,49].

GPC uses a porous material as the stationary phase and a liquid as a mobile phase. The
diameters of the pores of the porous material can range from 5 to 100,000 nm and are used to
detect molecular weights of 500 to 1 million Da [48,49]. Polymers comprise of chains with
different sizes which penetrate the pores according to their size. Smaller molecules freely diffuse
and penetrate into all portions of the pores and are retained for a longer time, resulting in longer
elution times. On the other hand, larger molecules elute faster due to their limited ability to
penetrate the smaller pores. This results in a difference in the rates at which the molecules pass
down the column (the larger molecules travel faster than the smaller molecules) [48,49]. Detectors
(generally ultraviolet or refractive index) monitor the amount of polymer eluted during each time
interval, thereby generating a plot of the detector response as a function elution time. Comparison

of the elution time of the samples with those of monodisperse samples of known molecular weight
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allow the entire molecular weight distribution (MWD) to be determined. Molecular weights (M,

My, My and M;) can then be calculated from the MWD [48,49].
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Figure 2.4 Schematic diagram of separation of small and large molecules in GPC [48].

GPC can be used to detect the chain extension reaction of PLA since chain extension an
increase in molecular weight is associated with chain extension. Several researchers have reported

increased molecular of weight of PLA due to the addition of chain extenders [31,32,42-45].
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2.4.5.2 Viscosity measurements

Chain extension and/or branching can also be monitored by the viscosity of a polymer melt
since an increase in viscosity is associated with chain extension [31,32]. Melt flow index and
torque rheometry were used in this study to monitor the viscosity of PLA [28]. However, it should
be noted that several other techniques such as capillary rheometry, shear oscillatory measurements
using dynamic mechanical analysis, and rotational as well as extensional rheometers can be used

to estimate the viscosity of a polymer.
2.4.5.2.1 Melt flow index (MFI)

The melt flow index (MFI) is a measure of the ease of flow of melted plastics at a particular
temperature. The measurement of MFI involves weighing the mass of melted plastic after it is
allowed to pass through a capillary die of a specific length and diameter over a timed interval at a
constant temperature and pressure. MFI is expressed in grams of polymer per 10 minutes duration

of the test. Generally, lower MFI implies higher viscosity and indicates chain extension [24,28,34].

Chain extension and/or branching can also be monitored by the zero-shear viscosity (1o)
of a polymer melt, which is directly related to its molecular weight (My) by the Mark-Houwink

equation [28]:

No = k- M3 (Equation 2.2)

with k and a as Mark-Houwink constants.
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The MFI test can be used to calculate the zero-shear viscosity value using the following

equation [24,23,34]:

8y W-R* (Equation 2.3)
~ 8-MFI-L-R%

No

where om 1s the melt density which is calculated as the ratio of MFI to melt volume rate
(MVR), R is the bore radius of the die, Ra is the bore radius of the cylinder where the polymer

melts, L is the length of the die and W is the applied dead load.
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Figure 2.5 Typical plot of zero-shear viscosities determined from the MFI data as a function of

weight-average molecular weight of chain extended PLA.
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Figure 2.5 shows a typical plot of zero-shear viscosities determined from the MFI data as
a function of weight-average molecule weight of chain extended PLA [28]. As seen in the figure,
the viscosity increases gradually until a molecular weight value of ~475kDa (in this case) is
reached, after which it increases exponentially. This point of inflection (~475kDa, in this case)
indicates the critical molecular weight, i.e, the onset of chain entanglements attributable to the high

degree of branching [28].

As seen in the figure, the viscosity increases gradually until a molecular weight value of
~475kDa (in this case) is reached, after which it increases exponentially. This point of inflection
(~475kDa, in this case) indicates the critical molecular weight, i.e, the onset of chain

entanglements attributable to the high degree of branching [28].

2.4.5.2.2 Torque rheometry

As described previously, chain extension and/or branching of a polymer leads to an
increase in its viscosity. Since increased viscosity is associated with increased torque, torque
rheometry can be used to monitor the torque during polymer processing and thus follow chain

extension reactions [50-52].

A typical curve obtained from a Brabender torque rheometer for the torque of PLA as a
function of mixing time is shown in Figure 2.6. It can be seen in Figure 2.6 that the torque curve
reaches a maximum torque during the initial loading of neat PLA resin into the mixing chamber;
indicating that the chamber is filled with resin. Then the torque gradually decreases and reaches a
constant value or an equilibrium when the plastic is melted into a homogenous mass [53]. The
equilibrium torque (or end torque value) is proportional to the apparent viscosity and molecular

weight of the material and depends on polymer chain structure such as branching [50-52]. An
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increase in the end torque values indicates an increase in the viscosity and molecular weight due

to the formation of longer and/or branched chains [32,44,50-52]. Consequently, the end torque

values could be used to monitor the chain extension reaction of a polymer.
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Figure 2.6 Typical curve of torque of neat PLA as a function of time generated by a torque

rheometer.

Several researchers have reported an increase in the end torque values of PLA [50], poly

(butylene adipate-co-terephthalate) (PBAT) [50] as well as poly (ethylene terephthalate) (PET)

[52] on addition of chain extenders.
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2.4.5.3 Fourier transform infrared spectroscopy (FTIR)

FTIR is an analytical technique used to identify organic (and in some cases inorganic)
materials. This technique measures the absorption of infrared radiation by the sample material
versus the incident wavelength. The infrared absorption bands identify molecular components and

structures [49].

Molecules with covalent bonds may absorb infrared radiation when a bond in the molecule
rotates or vibrates at the same frequency as the incident radiant energy. After absorbing radiation,
the molecules have more energy and vibrate at increased amplitude. The frequency absorbed
depends on various factors such as the mass of the atoms in the bond, the geometry of the molecule,
the strength of the bond, and several other factors. However, it should be noted that molecules

must have a change in dipole moment during vibration in order to absorb IR radiation [49].

Figure 2.7 shows a schematic diagram of an infrared spectrophotometer. As shown in the
figure, an infrared source such as a silicon carbide element heated to 1200°K (Globar) generates
radiation which passes the sample through a Michelson interferometer. A detector measures the
intensity of transmitted or reflected light after passing through the sample as a function of its
wavelength. The signal obtained from the detector is an interferogram, which is analyzed using
Fourier transforms to obtain a single-beam infrared spectrum. The FTIR spectra are usually

presented as plots of intensity versus wavenumber (in cm!) [49].
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Figure 2.7 Schematic representation of a FTIR instrument.
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Figure 2.8 shows typical FTIR spectrum of PLA. The peaks observed at 2994, 2945 and
1452 ¢cm™! correspond to the stretching of C-H in CHs. Moreover, the peaks at 1755 and 957 cm’!
are clearly visible and belong to the stretching of C=0 and O-H vibration in PLA’s carboxyl group.
The cluster of peaks at about 1092 and 1192 cm™! are characteristic of C-O stretching in carboxyl

and C-O-C stretch.
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Figure 2.8 Typical FTIR spectrum of PLA.
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FTIR spectroscopy can be used to gain an in-depth understanding of chain extension
reaction mechanisms. The reaction between multifunctional epoxies and polyesters such as PLA
has been extensively studied in the literature [28,45,50,54-56]. PLA has two distinct functional
end-groups, carboxyl and hydroxyl, that can react with the epoxy groups in multifunctional
epoxies. The reaction proceeds via ring-opening of the epoxide group leading to the formation of
new secondary hydroxyl groups and ester linkages when reaction occurs with PLA’s carboxyl
groups and/or ether linkages with PLA’s hydroxyl groups (Figure 2.9) [28,45,50,54-56]. Several
researchers have reported the disappearance of epoxy groups in blends of PLA and chain extenders

due to their consumption during the ring-opening reaction with PLA [28,45].
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Figure 2.9 Generalized reaction mechanism of a multifunctional epoxy chain extender with the

hydroxyl and carboxyl end groups in PLA.
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2.4.5.4 Differential scanning calorimetry (DSC)

The degree of crystallinities of PLA can also be evaluated to verify its chain branching.
Generally, dense packing of branched polymer chains is difficult, leading to reduced crystallinity.
Differential scanning calorimetry (DSC), one of the most commonly used thermal analysis
methods, is a calorimetric technique that measures the differences in heat flow between a reference
and sample as a function of the sample’s temperature. One of the biggest advantages of this
technique is that very little or no sample preparation is required. Additionally, the results are

quickly and easily generated in the form of a thermogram [49].

In this technique, the reference material (usually air) and sample (5-10 mg) are contained
in two different aluminum pans. These pans are placed on heated thermoelectric disks with
thermocouples in order to be heated in a controlled manner. The difference in the thermocouple
signals is used to measure the differential heat flow to the sample and reference pans [49]. This
difference in heat flow is plotted against the sample temperature and is used to estimate thermal
transition temperatures such as glass transition temperature (Ty), crystallization temperature (T¢)
and melting temperature (Tm). It can additionally be used to estimate the heat of melting (AHm)
and heat of cold crystallization (AHc), which can then be used to calculate the degree of

crystallinity of the polymer being characterized [49].
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Figure 2.10 Schematic representation of a differential scanning calorimeter [57].

It should be noted that other techniques such as the density gradient method and X-ray

diffraction can also be used to measure the density of a polymer.

2.4.5.5 Falling dart impact strength

Chain branching is associated with reduced crystallinity and hence higher impact strength.
Therefore, impact strength can be used as an indicator of chain branching [28]. Falling dart impact,
using the falling dart impact tester shown in Figure 2.11, is a traditional method for evaluating the
impact strength of a plastic film. This test uses a dart dropped from a specific drop height, while
varying the weight of the dart. In this test, film samples are clamped at the base of a drop tower,
and a dart is inserted into the testing bracket. The dart is then released onto the center of the test
specimen, and the test result (pass/fail) is recorded along with the weight of the dart. Fail is
generally defined as film rupture so that the dart penetrates through the film and “pass” indicates
the situation where the film sustains its integrity to hold the dart [28,58,59]. The ‘Bruceton
Staircase’ process is used to evaluate the data: when the sample passes, the dart weight is increased,

whereas the dart weight is decreased if the sample fails. The results are then used to calculate the
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impact failure weight, which is defined as the weight for which 50% or more of the test samples

will fail under the impact at a given height [59].

Figure 2.11 Falling dart impact tester [59].

2.5 Cellulose nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) are renewable and biodegradable nanomaterials derived
from the most abundant natural polymer, cellulose. Their chemical structure is shown in Figure
2.12. These nanomaterials have received significant interest due to their mechanical, optical,
chemical, and rheological properties. CNCs are often added to the PLA matrix to increase its

crystallinity and improve its barrier and mechanical properties [60-63].
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Figure 2.12 Chemical structure of CNC [60].

2.5.1 Production of CNCs

CNCs are extracted from lignocelluloses through a chemical process. In the first step,
known as refining, non-cellulose components are segregated from the source material. In the
second step, extraction of CNCs takes place by acid hydrolysis, wherein para-crystalline (or
disordered) regions are first solubilized, leaving behind the crystalline domains that possess high
resistance to acid. The resulting highly crystalline domains are whisker-like and are known as
CNCs. Sulfuric and hydrochloric acids are commonly used for the acid hydrolysis, resulting in
CNCs with varying dispersibility. CNCs produced from sulfuric acid have an abundance of
charged sulfate groups on its surface and are hence readily dispersed in water. On the other hand,

CNCs produced from hydrochloric acid are difficult to disperse due to the lack of charge [60-63].

2.5.2 Properties of CNCs

CNCs exhibit good characteristics such as renewability, low density, biocompatibility and
biodegradability compared to other inorganic nanoparticles. Their geometrical dimensions can
vary widely, with a diameter ranging from 4-25 nm and length ranging from 100-1000 nm [60-

63].
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The source and extraction method of CNCs influence their size, morphology and
crystallinity. On an average, the tensile strength of CNCs is in the range of 7.5-7.7 GPa, which is
much more than that of steel wire. Their elastic modulus is ~150 GPa and transverse modulus is

in the range of 18-50 GPa [60-63].

The thermal stability of CNCs is important because it is often added to polymer matrices
that are processed at temperatures exceeding 200°C. In general, CNCs have a thermal
decomposition temperature of 300°C, which meets the temperature requirements for processing

composite materials[60-63].

CNCs have excellent optical properties. Several researchers have reported that CNC cast
films are highly transparent because they have ether and hydroxyl groups as well as carbon-carbon,

and carbon-hydrogen bonds which do not absorb light in the visible range (400-700 nm) [60-63].

2.5.3 Use of CNCs in bio-based polymer matrices

Cellulose nanocrystals (CNCs) are recently gaining interest amongst researchers as natural
and bio-based nucleating agents [64-70]. Well-dispersed CNCs in a polymer matrix can increase
the polymer’s crystallinity. Increased crystallinity is associated with improved thermal,

mechanical and barrier performance.

Although, well-dispersed CNCs can increase a polymer’s crystallinity, their dispersion into
the polymer matrix is a challenge. CNC particles tend to agglomerate (Figure 2.13) due to their
high surface area to volume ratio when the aqueous medium that they are produced in is eliminated
by freeze or spray drying. Moreover, CNC particles are difficult to disperse in non-polar polymers

due to their high polarity and strong hydrogen bonding forces [71]. Various approaches such as
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solvent-casting and melt-compounding, described in the next section, have been investigated to

disperse cellulose nanomaterials such as CNCs into a polymer matrix [64-76].

Figure 2.13 Cellulose nanocrystal agglomerations.

2.6 Dispersion of cellulose nanomaterials in polymer matrices

2.6.1 Solvent-casting

The solvent-casting technique involves the dissolution of the polymer and CNCs in a
solvent such as water, alcohol, or any organic solvent. The solution is then stirred and cast onto a
mold or flat surface (such as petri-dish) where the solvent evaporates, and the dried nanocomposite

film can be peeled off (Figure 2.14) [77].
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Several researchers have used solvent-casting technique to manufacture PLA
nanocomposite films with improved barrier performance by adding various amounts of unmodified
and modified cellulose nanomaterials [64-67]. In one such effort, the addition of 1% CNCs
modified with an acid phosphate ester of ethoxylated nonylphenol (s-CNCs) decreased the oxygen
transmission rate (OTR) and water vapor permeability (WVP) of PLA films by 26% and 34%,
respectively attributable to the tortuosity effect induced by well dispersed s-CNCs [64]. These
results were consistent with those previously reported by Sanchez-Garcia and co-workers for

nanocomposite films containing 1% nanowhiskers [66].

45



2.6.2 Solvent dispersion prior to melt compounding

Polymer/cellulose nanomaterial composites have also been prepared using a two-step
process [71]. In the first step, the solvent-casting technique is used to prepare a masterbatch of the
cellulose nanomaterial with the polymer matrix. In the second step, the masterbatch is crushed,
diluted and dry-mixed with the polymer matrix, melt-compounded in an extruder, and then
prepared into samples by techniques such as compression or injection molding. For instance,
PLA/5% cellulose nanofiber samples prepared by the described technique had 24% and 21%
increase in tensile modulus and tensile strength, respectively. Nonetheless, large standard
deviation in the values of tensile modulus reported indicated a non-homogenous dispersion of

CNFs in the PLA matrix [71].

Another approach to disperse cellulose nanomaterials into polymer matrices has been
examined by investigators where an aqueous suspension of cellulose nanomaterials in a slurry of
plasticizer, acetone and water is prepared (Figure 2.15) [72-74]. The prepared suspension is then
melt-compounded with polymer pellets in an extruder equipped with a liquid feeder and vents for
removal of acetone and water [72-74]. Compression molding, injection molding or extrusion
blown-film processes can then be used to prepare samples. In one such study, a masterbatch of
PLA, 5% ChNCs and 20% glycerol triacetate plasticizer (GTA) was prepared using the previously
described liquid feeding technique in a vented twin-screw extruder. This masterbatch was diluted
with PLA and PBAT and mixed with talc to produce films with 1% ChNCs, 6% talc, 9% GTA,
25% PBAT and 59% PLA. The final composites were then blown into films and evaluated for
optical, thermal, mechanical and barrier properties amongst others. The researchers found that
addition of ChNCs increased the viscosity and melt strength of PLA, thus aiding in the blown film

processing of the films. Moreover, the addition of 1% ChNCs increased the tensile modulus, tensile
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strength, tear resistance and puncture resistance of the film by 74%, 64%, 80% and 300%,
respectively. In contrast, the nanocomposite films did not have improved thermal stability or

barrier performance compared to their reference films [74].

CNF suspension with
plasticizer, H,O and acetone

o o

Compression
molding

Figure 2.15 Liquid-feeding process [72].

2.6.3 Melt-processing

Past efforts on dispersing cellulose nanomaterials in polymer matrices were focused on
solvent-casting techniques (a batch process) instead of melt-processing which is an important
processing method for introducing nanocomposite materials in the market where high-volume
production is required [78]. However, limited studies have been reported on dispersing cellulose

nanomaterials into polymer matrices using melt-processing [25-27,68,69].

The melt-processing technique employs (1) heat to soften the polymer and (2) shear to
maximize dispersion of cellulose nanomaterials into the polymer matrix. In this approach,
materials pass through melt compounders such as internal batch mixers or single/twin screw
extruders one or more times before the final product is obtained [62]. For example , CNCs derived

from coffee silverskin were dispersed into a PLA matrix using a twin-screw extruder before being
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compression molded into films. These PLA/3% CNC nanocomposite films had higher crystallinity
and hence better barrier and mechanical performance compared to their neat PLA counterpart films

[68].

2.6.4 Techniques for studying dispersion of CNCs into polymer matrices

Dispersion of CNCs into polymer matrices can be examined using techniques such as
microscopy (light, scanning electron and transmission electron) as well as spectroscopy
(ultraviolet-visible), amongst others. Since light microscopy and ultraviolet-visible (UV-Vis)
spectroscopy were used in this dissertation to observe the dispersion of CNCs into a PLA matrix,

these techniques are described in this section of the literature review.

2.6.4.1 Light microscopy

Microscopes such as the one shown in Figure 2.16 are often used to examine the
distribution and dispersion of CNCs in a PLA matrix [25,26]. These microscopes, also known as
optical microscopes, commonly use visible light and a system of objective lenses to generate
magnified images of small objects, allowing the user to observe it by the naked eye. The specimen
(PLA/CNC film, in this case) is placed on a stage which is lit by an illumination source placed
below it and may be viewed directly through one or two eyepieces on the microscope [79]. A
camera is typically used to capture the image. Image processing software can then be used to

measure the CNC agglomeration size and quantify their frequency over a specified surface area.
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Figure 2.16 Light microscope [80].

2.6.4.2 Ultraviolet-Visible (UV-Vis) Spectroscopy

Transparency can be used as an indicator of the dispersion of nanoparticles in a matrix, if
the size of individual nanoparticles is smaller than the wavelength of visible light (400-700 nm)
(Figure 2.17) [25,26,72]. In other terms, if nanosize dispersion of CNC in PLA matrix is obtained,
the addition of CNCs will not affect the transparency of resulting films, because pure CNC films
are highly transparent [25,26,81]. UV-Vis spectroscopy can be used to monitor the transparency

of PLA and PLA/CNC nanocomposite films [25,26].

In a UV-Vis spectrophotometer, light is passed through the sample at a specific wavelength
in the ultraviolet or visible spectrum [82]. The sample absorbs some of the light and transmits the
rest. The absorbed energy either causes the emission of electrons, resulting in a photocurrent or

moves electrons into the conduction band of a solid semiconductor, resulting in an increase in
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conductivity. Detection devices such as photoelectric transducers, have surfaces that can absorb
radiant energy and convert it into an electrical signal. Various software is then used to generate

absorption or transmission spectra of samples [49].

Figure 2.17 shows a typical spectra of PLA’s light transmission as a function of its
wavelength generated by a UV-Vis spectrophotometer. Three zone are clearly visible in the figure:
(1) the UV light region from 10-400 nm, (2) visible light from 400-700nm, and the (3) infrared

light region from 700 nm onwards (up to 1 mm).
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Figure 2.17 Typical spectra of PLA’s light transmission as a function of its wavelength generated

by a UV-Vis spectrophotometer.
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2.7 Barrier performance of PLA/CNC films

As discussed previously, incorporating CNCs into a PLA matrix can improve its barrier
performance by (1) increasing PLA’s crystallinity and (2) acting as impermeable regions in the
matrix. The impermeable regions create a more tortuous diffusion path for the permeant, leading
to slower diffusion and hence lower transmission rates [25-27,60,61]. A few techniques to evaluate
the barrier performance of PLA and PLA/CNC nanocomposite films are discussed in this section
of the literature review. Also, the potential application of these nanocomposite films to extend the

shelf-life of food are reviewed.

2.7.1 Barrier measurement

The concept of permeability is normally associated with the quantitative evaluation of the
barrier properties of a plastic material. Permeability is defined as the quantification of permeate
transmission, gas or vapor, through a resisting material [83]. A good barrier material has low
permeability. To measure water vapor or gas permeability of a film sample, the sample is mounted
between two chambers of a permeability cell [84]. One chamber holds the permeant such as gas
or water vapor. Since there is a permeant concentration difference between the chambers, the
permeant diffuses through the film into the second chamber. The quantity of permeant entering the
second chamber is measured by a detection method such as infrared spectroscopy, gravimetry,
coulometry, manometry or gas-liquid chromatography. Generally, permeability is measured by the

following test procedures: (1) isostatic and (2) quasi-isostatic [84].
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2.7.1.1 Isostatic method

With the isostatic method of permeability measurement, the pressure in each chamber is
held constant (generally atmospheric pressure). One chamber has a continuous supply of permeant
which permeates through the film into the other chamber (lower permeant concentration) (Figure

2.18).

Permeant in =—t—) ——) Permeant out

carter as n —{—> . e
K No accumulation of permeant )

Figure 2.18 Isostatic method of permeability measurement.

The permeated molecules are continuously conveyed (no accumulation) by a carrier gas to
the sensor for quantification and the permeant flow versus time is recorded (Figure 2.19),
providing measurements in both the unsteady and the steady state regions. In this method, the flow
rate of the permeant continues to increase until it becomes constant (steady state). The permeability

of the material (P) is then calculated using the following equation:

Fgs 1 (Equation 2.4)

P=
A-Ap

where Fs;s is the flow rate at steady state, 1 is the thickness of the material, A is the effective

area of permeation and Ap is difference in partial pressure of permeant across the sample.
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Figure 2.19 Plot of flow rate as a function of time generated by the isostatic method.

Commercially available isostatic testing equipment has been used extensively for

measuring the oxygen and carbon dioxide permeability of plastic films [84].

2.7.1.2 Quasi-isostatic method

The main difference between the isostatic and quasi-isostatic methods is that the permeant
is allowed to accumulate in the lower-concentration chamber in the quasi-isostatic method. This
method of permeability measurement is generally used to measure the water vapor permeability

of films (Figure 2.20).
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Figure 2.20 Quasi-isostatic method of water vapor permeability measurement.
In this method, the total quantity of accumulated permeant is then determined and plotted
as a function of time (Figure 2.21) [84]. The total quantity of permeant increases gradually in the

unsteady state and then linearly in the steady state as a function of time. The slope of the linear

portion of this plot is directly related to the sample’s permeability using the following equation:

_ (4 1 (Equation 2.5)
P= (t)ss XA'Ap

where (g/t)ss is the flow rate at steady state, 1 is the thickness of the material, A is the

effective area of permeation and Ap is difference in partial pressure of permeant across the sample.
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Figure 2.21 Plot of flow rate as a function of time generated by the quasi-isostatic method.
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2.8 Shelf-life of moisture-sensitive food

The shelf-life estimation and modelling of a moisture-sensitive product-package systems
requires the determination of (1) moisture sorption isotherms for food; (2) barrier properties of
films; (3) experimental shelf-life estimation of the product-package system and (4) shelf-life
models as shown in Figure 2.22. The following section briefly describes each of these concepts
essential for shelf-life determination, except for barrier property estimation which was described

in section 2.7 of this dissertation.

I. FOOD PRODUCT: I1. PACKAGING MATERIAL
1. Initial moisture content (IMC), Critical 1. Measure permeability of
moisture content (CMC), Equilibrium packaging material.

moisture content (EMC)
2. Moisture Sorption Isotherm (EMC vs RH)
-Experimental
-Models: Linear, quadratic, cubic, GAB

A

ITII. PACKAGED CRACKER

1. Determine the experimental
shelf-life of packaged food

v

IV. MODELLING

1. Use information from section I and II and apply mathematical models to determine the
shelf-life of food (example: linear, log, middle-point, formula, GAB).

2. Compare the shelf-life obtained experimentally (Section III) to the shelf-life obtained
from model (Section IV) to pick the best model.

Figure 2.22 Overview of the shelf-life determination process.
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2.8.1 Sorption isotherm of a moisture-sensitive food product
2.8.1.1 Background

When a food product is kept in the environment, it may gain or lose moisture depending
on whether it has more or less moisture that the surrounding it is kept in. If the product has lesser
moisture than its surroundings, it will absorb moisture. It will lose moisture if it has more moisture
than that of the surroundings it is kept in. In either case, it will eventually come to an equilibrium
with the environment. The corresponding moisture content of the product when it reaches an
equilibrium with the environment is known as equilibrium moisture content (EMC). It can be

evaluated using the following equation:

W, .
EMC (%) = |7 (IMC + 1) = 1| x 100 (Equation 2.6)
i

where W, is the weight of the food product at equilibrium (g), W; is the initial weight of

the product (g) and IMC is the initial moisture content calculated as follows:

W, — W, )
IMC (%) = ITD X 100 (Equation 2.7)
D

where Wi is the initial weight of the product (before drying) (in g) and Wp is the weight of

the product after drying (in g) in the oven.
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When this EMC is plotted against the water activity of the product at a particular
temperature, a moisture sorption isotherm is obtained. Such plots are very useful in determining

the stability of the food product and selecting appropriate packaging materials [85,86].

Figure 2.23 shows a sorption isotherm developed for a typical moisture-sensitive food
product. It can be divided into three regions: (1) The water in region A represents strongly bound
water. Bound water includes structural and monolayer water, which is absorbed by the hydrophilic
groups of the food product and is unavailable for chemical reactions. (2) Region B contains water
molecules that are bound less firmly than those in region A. These water molecules are present in
small capillaries and continuously transition from bound to free water. (3) Region C contains

loosely bound free water held in voids, large capillaries and crevices [85,86].
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Figure 2.23 Typical moisture sorption isotherm.
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Moisture sorption isotherms can be used to predict the quality, shelf-life, stability and
moisture changes that can be expected to occur in a product at a particular water activity. They are
also useful for determining the drying equipment required in order to preserve food by dehydration

methods [85-90].

2.8.1.2 Mathematical models

Since moisture sorption isotherms are considered so important in the packaging and food
science industry, many equations and models have been proposed to determine the steady-state
relationship between the water activity of a food product and its equilibrium moisture content
[85,86]. Linear, quadratic, cubic as well as Guggenheim Anderson de Boer (GAB) models,
amongst several others, have been proposed for determining this relationship. It should be noted
that even though the linear, quadratic and cubic models have been previously used to fit sorption

isotherm data, the GAB model is the most widely accepted one.

2.8.1.2.1 Linear, quadratic and cubic models

Table 2.3 summarizes the equations used for modeling sorption isotherms using the linear,
quadratic and cubic models [88,90]. The linear, quadratic and cubic equations listed in Table 2.3

have been used to fit sorption isotherm data for cornflakes [90] as well as salted crackers [88].
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Table 2.3 Models to predict moisture sorption isotherms [88,90].

Models Equations Definition of terms used in
equation.
. a is the slope of the straight
Linear EMCpreq =a-RH+b line; b is a constant.
' . X , . a’,b’ and ¢’ are constants of
Quadratic EMCpreq =a -RH*+Db'-RH + ¢ quadratic equation.
Cubic EMCpreq = @" - RH3 +b" - RH? + ¢" - RH + d" aube and & are
pred constants of cubic equation.

2.8.1.2.2 Guggenheim Anderson de Boer (GAB) model

The Guggenheim Anderson de Boer (GAB) model is a refinement of the Brunauer Emmett

Teller (BET) and Langmuir theories of physical adsorption and is expressed as the following

equation:

CKa,, Wy, (Equation 2.8)
EMCpred =
(1-Kay) - (1-Ka, +CKa,,)

where EMCpreq is the predicted equilibrium moisture content of the product, C is the

Guggenheim constant, K is the correction factor, Wy, is the monolayer saturated water content, and

aw 1s the water activity (given as %RH/100).

60



In order to calculate the C, K and Wn, values in equation 2.8, a plot of the experimental
values for aw/EMC as a function of ay is generated. Figure 2.24 shows a typical plot of aw/EMC as

a function of ay [91].

10

L Ay
. = alay) + Baw +

a,/EMC
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Figure 2.24 A typical plot of the experimental values for aw/EMC as a function of ay.

A quadratic trend is then fit to the plot shown in Figure 2.24 using the following equation

[86-91]:

Ay _ 2

(Equation 2.9)

where a, 3 and y are constants of the quadratic equation used to fit the experimental data.
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Once the values of a, B and y are known, the following equation can be used to estimate

the values of C [91]:

T+ VT2 — 4T (Equation 2.10)
C=—"-—7-——
2

Where T is given as:

2 Equation 2.11
T = B 44 (Eq )

The values of K and Wi, can be obtained by solving the following equations simultaneously

[91]:
o= K [1 _ 1] (Equation 2.12)
W, IC
__ 1 (Equation 2.13)
Y= W, Ck

The major advantages of the GAB model are: (1) it is mathematically simple and easy to
interpret because its parameters have a physical meaning in terms of the sorption process; (2) it
provides a good description of the sorption behavior of almost all food isotherms with a water
activity between 0-0.9; (3) it can be used to describe the temperature effect on isotherms by means
of the Arrhenius equation [87]. However, it should be noted that the GAB model underestimates

equilibrium moisture content values at high water activity levels (above 0.93) and is thus
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unsuitable for a high humidity range [85,86]. This model has been widely used in research to
describe the moisture sorption behavior of dry food products like salted [88] and rice crackers [89]

as well as cornflakes [90].

2.8.1.2.3 Goodness of fit using root mean square (RMS) value
Since various models exist to predict the sorption isotherm of products, it is important to
understand which model fits the data most accurately. The root mean square (RMS) value is one
such tool that can help determine if the predicted EMC values generated by models fit the

experimental data. It can be calculated as follows [88-90]:

(Equation 2.14)

v (EMCeyp — EMCpreq 2
i=1 EMCpreq

N

RMS = x 100

where EMCep is the experimental equilibrium moisture content, EMCpred is the
equilibrium moisture content predicted by the GAB model, and N is the number of experimental

points.

Generally, a low RMS value (below 10%) signifies a good fit of the model to the

experimental data [88-90].
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2.8.2 Shelf-life of food packaged in films

Shelf-life is defined as the length of time before a food product is considered unacceptable
to the consumer. It is important to note that the term “shelf-life” says nothing about the safety of
the food product. For instance, a food product that passes its shelf-life does not immediately
become unsafe for human consumption. Rather, it no longer conforms to a set of given quality
parameters [92]. Shelf-life of a food is influenced by the product itself, packaging materials, food

processing methods as well as storage conditions, amongst others [92].

2.8.2.1 Experimental shelf-life determination of product-package system

For moisture sensitive food products, the shelf-life is determined as the time required by
the food product to reach its critical moisture content (CMC) from moisture content versus storage
time plots. Generally, CMC is determined by sensory evaluation tests as the minimum moisture
content at which the product becomes organoleptically unacceptable, for example losing its

crispiness [92].

Figure 2.25 shows a typical plot of moisture content vs storage for a moisture sensitive
food product (crackers) packaged in a film (PLA) at a constant temperature and relative humidity
(RH). As seen in the figure, the food packaged in the film absorbs moisture gradually with
increasing time until it reaches a constant value or an equilibrium. The shelf-life of the food
product can be obtained from such a plot by drawing a horizontal line parallel to the X-axis (time)
at the critical moisture content value. The point on the X-axis at which this line intesects the data

trendline is known as the shelf-life.
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Figure 2.25 Plot of moisture content as a function of time for shelf-life determination.

2.8.2.2 Shelf-life modeling

Shelf-life determination of food product-package systems using experimental techniques
can be very time and labour intensive, depending on the type of food product, packaging material
and storage conditions. In fact, even slight changes in a product’s ingredients and processing,
packaging materials, as well as storage environment can drastically change the shelf-life of the
system. Since food manufacturers are constantly changing their product-packaging system for
superior product performance and cost reduction, shelf-life prediction using mathematical models
becomes very crucial for making commercial decisions within tight time constraints. However, it
should be noted that all shelf-life simulation models are approximations, and therefore have

associated error. In most cases, the expected error is 10-50%, based on the assumptions made [88-

92].
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Several mathematical models for predicting the shelf-life of a moisture sensitive product
packaged in a film have been described in literature. Some of these models, such as the linear,
middle-point, logarithmic and GAB model have been described in this section. Table 2.4 lists the
models and their respective equations used for the shelf-life prediction of a moisture sensitive

product-package system [88-91].

Table 2.4 Models to predict shelf-life of moisture sensitive foods [88-91].

Model Equation

_ 1-Wp - B (awo - aw,t=0>
t= In

Linear P-A-P, Awo — Aw =t

n

. | Wy AM;
Middle-point " P-A-P,. (aw,t=i + aw,t=i+1)
i=1 dwo — 2
) l- WD wo — Awt=i
Logarithmic z Biln ( ’
P A- P Adywo — Wt=i+1

where | is the thickness of the packaging material; Wp is the weight of product in the
package; P is the permeability of the packaging material; A is area of the package; Ps is the
saturated vapor pressure at food storage temperature; awo is the water activity at the storage
condition (%RH/100); B is the slope of the straight line; aw,=o is the water activity at initial
moisture content; aw, is the water activity at critical moisture content; AM; is moisture content
change in each interval “i”; aw,i and awi+1 are the water activities at the beginning and end of

each interval “1”, respectively; and B is the slope of the line at each interval “1"
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The linear model for shelf-life prediction is the simplest one. In this model, the sorption
isotherm data is modelled linearly in the range of interest (between IMC and CMC). In the middle
point method and logarithmic methods, the region of interest is divided into “n” intervals and the
value of time needed to change the product’s moisture content between the limits of each interval
is calculated. The larger the number of intervals (minimum of three), the smaller the error [88-91].
All of the above models have been used to predict the shelf-life of moisture sensitive food products
[88-91]. In one such study, the previously mentioned models were used to predict the shelf-life of
salted crackers packaged in commercial low-density polyethylene (LDPE) films [88]. The
researchers reported that the linear, middle point and logarithmic models overestimated the
experimental shelf-life by 50, 30 and 30%, respectively. The researchers attributed these
differences to experimental errors in determining the sorption isotherm and critical moisture

content [88].
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Although the models mentioned previously have been used to predict the shelf-life of dry
foods packaged in films, the GAB equation is the most commonly used model. The shelf-life of a

food-package system predicted by the GAB equation can be determined as follows [91]:

H (Equation 2.15)
t=—

0]

where H, € and ¢ are given as:
2W,,C - reM; — 2W,,C i
H =M, — M, + o 1n< f m ) (Equation 2.16)
€ eM; — 2W,,,C

e=(1-0C)(2Kay, —2) (Equation 2.17)
p A-P-P (Equation 2.18)

T2K-(1-0)-1-Wp

where C, Wy, and K are GAB constants (described in section 2.8.1.2.2), Mr and M; are the
critical and initial moisture contents of the food, aw, is the water activity at the storage condition
(%RH/100), A is area of the package, P is the permeability of the packaging material, Ps is the
saturated vapor pressure at food storage temperature, | is the thickness of the packaging material;

Wh is the weight of product in the package.
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The GAB model has been used to predict the shelf-life of several dry food products with
approximately 40-50% differences between the experimental and predicted shelf-life [88,89].
These differences were attributed to the possible spoilage of food due to factors such as food
structure and composition, besides moisture content. It should be noted that GAB models work

best when the shelf-life of the food depends on its moisture content only.
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Chapter 3

EXPERIMENTAL

3.1 Materials

Poly(lactic) acid (PLA 4044D) with a melt flow rate of 3.95 g/10 min (190°C, 2.16 kg) and
density of 1.24 g/cm?, obtained from NatureWorks® LLC (Minnetonka, MN) was used as the resin
in this study [1-3]. Two grades of epoxy-functionalized, FDA-approved polymeric chain extenders
(CE), Joncryl ADR® 4468 and 4400 in the solid flake form were used, with characteristics and
listed in Table 3.1. Freeze-dried cellulose nanocrystals were obtained from Forest Products
Laboratory (2012-FPL-CNC-043). These CNCs were produced by dissolving wood pulp using the

sulfuric acid process with a procedure described elsewhere [4]. They have diameters around 5 nm

and lengths around 100-300 nm [5].

Table 3.1 Properties of chain extenders.

Chain extender grades
Properties
4468 4400
Epoxy equivalent weight (g/mol) 310 485
Molecular weight (g/mol) 7,250 7,100
Specific gravity, 25°C 1.08 1.08
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3.2 Sample manufacturing

The following section describes the sample compounding and film manufacturing.

3.2.1 Preparation of PLA/CE composites

Firstly, experiments were performed in a torque rheometer to evaluate the effectiveness
and efficiency of two multifunctional epoxy CE grades in chain extending PLA. PLA pellets and
the two grades of CE listed in Table 3.1 were oven-dried at 50°C for at least 24 hours to remove
moisture before compounding. Compounding of PLA pellets with both grades of multifunctional
epoxies took place in an electrically heated 60 ml three-piece internal mixer/measuring head (3:2
gear ratio) with counter-rotating roller style mixing blades (C.W. Brabender Instruments, South
Hackensack, NJ) at 200°C for 5 minutes with the rotor speed set at 35 rpm. A 5.6 kW (7.5 hp)
Intelli-Torque Plasti-Corder torque rheometer (C.W. Brabender Instruments) powered the mixer
[1,6,7]. The multifunctional epoxy loading varied from 0.25 to 1 wt%, with an increment of 0.25
wt%. From this experiment, the torque and stock temperature data were recorded as function of
mixing time and analyzed to assess the effectiveness of these chain extenders and identify the most

efficient one.

Secondly, the feasibility of utilizing the most efficient CE in extrusion-blown PLA film
processing was assessed by dry-blending it at various concentrations (0 to 1 wt%) with PLA in a
high-intensity mixer (Blender MX1050XTS from Waring Commercial, Calhoun, GA, USA) at
22,000 rpm for 10 s [1,2,8]. The compounded formulations in pellet form were gravity-fed into
the hopper of a 19 mm single-screw extruder (C.W. Brabender Instruments) with a length-to-
diameter ratio of 30:1 and blown into films as previously described [1-3,8-10]. Starting from the

hopper to the die, the temperature profile of the extruder was set at 200-200-200-200°C. The
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speeds of the extruder’s rotational screw and the pull-up rollers for film take off were set at 35 rpm
and 40 rpm, respectively, while an air pressure of 0.517 kPa (0.075 psi) was used to inflate the
film to a blow-up ratio of 5, leading to ~0.027 mm thick films, measured by digital micrometer

[1-3,8-10].

3.2.2 Preparation of PLA/CNC composites

The CNCs were pre-blended in a high intensity mixer at 22,000 rpm for approximately 1
minute to reduce their size from the received cake to a fine powder. PLA pellets and CNCs were
oven-dried at 50°C for at least 24 hours to remove moisture before compounding through the

following two different approaches of incorporating CNCs into the PLA matrix.

3.2.2.1 Direct dry-blending (DB)

The direct dry-blending of varying amounts of CNCs (0; 0.5; 1; 1.5 and 2 wt%) into PLA
was carried out in a high intensity mixer at 22,000 rpm for approximately 1 minute. The

compounded materials were then used to manufacture blown film as described below.

From the preliminary work for the direct dry-blending process, 1 wt% CNC was
determined as the ideal concentration and was used for the next section (Section 3.2.2.2 Melt

blending) [8].

3.2.2.2 Melt blending process (MB)

Mixing temperature, speed and time affect the dispersion of additives into polymer
matrices [11]. Blending of CNCs with PLA took place in an electrically heated 60 ml three-piece

internal mixer/measuring head (3:2 gear ratio) with counter-rotating roller style mixing blades
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(C.W. Brabender Instruments, South Hackensack, NJ) at 160°C for 3 minutes with the rotor speed
set at 30 rpm. A 5.6 kW (7.5 hp) Intelli-Torque Plasti-Corder Torque Rheometer (C.W. Brabender
Instruments, South Hackensack, NJ) powered the mixer. These processing conditions were
optimized in our preliminary study. As previously mentioned, the CNC loading was fixed at 1
wt%, which was determined as the ideal concentration from our preliminary work [8]. The
compounded materials were frozen for at least 24 hours and then pulverized using a Thomas-Wiley
Laboratory Mill-Model 4 (A.H. Thomas Co., Philadelphia, PA) with a screen mesh size of 2 mm

and then blown into a film as described in the following sections.

3.2.2.3 PLA/CNC film manufacturing

Neat PLA pellets and the compounded materials (CNC filled PLA processed by direct dry-
and melt-blending) described above were blown into films using a 19 mm single screw extruder
(C.W. Brabender Instruments, South Hackensack, NJ), powered by a 3.73 kilowatt (5 hp) Prep
Center® D52 (C.W. Brabender Instruments, South Hackensack, NJ). The extruder had a length-to-
diameter ratio of 30:1 and was fitted with an annular die of diameter 25.4 mm and die opening of
0.889 mm. A venting single-stage mixing screw (2.63:1 compression ratio) with a torpedo screw
tip (35 degrees) was used during processing. Starting from the hopper to the die, the temperature
profile of the extruder was set at 180-180-180-180°C. The rotational screw speed of the extruder
was set at 35 rpm whereas the speed of take-up rollers for drawing the film upward was set at 40
rpm. An internal air pressure of 0.517 kPa (0.075 psi) was used to inflate the film. The blow-up
ratio of the film, defined as the ratio of the diameter of the final tubular film to the diameter of the
annular die, was calculated as 5. The average thickness was measured as ~0.027 mm at 10 random
locations along the film using a digital micrometer (model 49-70 from TMI, Ronkonkoma, NY,

USA) with a resolution of 0.001 mm [1-3,8,9].
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3.3 Property evaluation

3.3.1 Fourier transform infrared spectroscopy (FTIR)

3.3.1.1 FTIR of PLA/CE blends

Chain extension reactions between PLA and CE in blends containing various amounts of
chain extenders compounded in an internal mixer were studied through Fourier transform infrared
spectroscopy using a Shimadzu IR Affinity 1S infrared spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) in attenuated total reflectance (ATR) mode. Each spectrum was
obtained with triangle apodization using 64 scans in the range of 4000-400 cm™!, at a wavelength
resolution of 4 cm™! [1]. The spectra were smoothened with the boxcar smooth method using 7
smooth points and truncated from 500-2000 cm™ to study the region of interest using WinFIRST
software from Thermo Nicolet (Madison, WI). The compounded materials were compression

molded into disks before analysis.

3.3.1.2 FTIR of PLA and PLA/1% CNC composite films prepared by both DB and MB processes

Infrared spectra of PLA and PLA/1% CNC composite films prepared by both direct dry-
and melt blending processes were collected using the aforementioned spectrophotometer to verify
their mechanism of degradation. Spectra of films were obtained using conditions previously
described. Films of similar thickness (~ 0.018 mm) were dried for 24 hours in an oven at 50°C
prior to testing. The thickness of samples was kept constant to allow comparison of different
spectra since the peak intensity of a FTIR absorption band is dependent on the path length of

infrared light, i.e., sample’s thickness.
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The peak heights (peak intensity) were analyzed without smoothening or baseline
correction. The peak intensity at 957 cm’!, assigned to the O-H vibrations in carboxyl groups, a
potential product of chain scission of PLA, was chosen to calculate the carboxyl index for each
film [1,12,13]. This peak was normalized using the intensities of reference peaks at 2994 cm™! and
2945 ¢cm™!, corresponding to stretching vibrations of C-H in saturated hydrocarbons, because they
changed the least during thermal degradation due to processing. The carboxyl index for each film

was calculated using the following equation [1,12,13]:

Ios7 (Equation 3.1)

Carboxyl index =

where Ios7 is the peak intensity at 957 cm! and Ix is the peak intensity of reference peak at

2994 cm™! or 2945 cm!. Samples were tested in triplicates [1].

3.3.2 Gel permeation chromatography

The number average (M,), weight average molecular weight (My) and viscosity average
molecular weight (My) of PLA, PLA/CE and PLA/CNC films; PLA/CE materials compounded in
an internal mixer; as well as unprocessed PLA pellets and PLA pellets subjected to direct dry- and
melt-mixing were measured by GPC using a Waters instrument (Waters 1515, Waters, Milford,
MA) equipped with a series of HR Styragel® columns (HR4, HR3, HR2 (300*7.8 mm (I.D)) and
a Refractive Index (RI) detector (Waters 2414, Waters, Milford, MA). The test was conducted at
a flow rate of 1 ml/min at 35°C using the Mark-Houwink corrected constant K = 0.000174 ml/g

and o = 0.736 for PLA solution in ACS Reagent Grade (99.99% pure) tetrahydrofuran (THF).

Polystyrene (PS) standards ranging between 2.9x10° to 3.64x10° daltons (Da) were used for
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calibration. Approximately 20 mg of sample was dissolved in 10 ml of THF. The samples were
then filtered and transferred into 2 ml glass vials. A syringe was used to inject 100ul samples from
the vial into the GPC. The detector and column were maintained at 35°C. The obtained data was
analyzed using the Breeze software (version 3.30 SPA, 2002) (Waters, Milford, MA, USA).

Samples were tested in triplicates [1,3].
3.3.3 Melt flow index (MFI)

The melt flow index (MFI) and melt density (om) of PLA as well as PLA/CE blends
compounded in an internal mixer were measured using a Melt Indexer (model LMI 4000) supplied
by Dynisco Polymer Testing (Franklin, MA). Methods A and B outlined in ASTM 1238 were
employed simultaneously to measure the MFI and melt volume rate (MVR). Three replicates for
each sample were tested at 190°C with a dead load of 2.16 kg. This information was then used to

calculate the 6m of the samples using the following equation [9,10]:

_ MFI (Equation 3.2)
™ MVR

The MFI and 8 were then used to obtain the zero-shear viscosity (1o) using the following

equation [9,10]:

8pm - W-R* 8 W Equation 3.3
= 2m = 48547 X 2 (Fa )
8 MFI-L-Rj MFI

No
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where R (1.0475 mm) is the bore radius of the die, Ra (4.775 mm) is the bore radius of the
cylinder where the polymer melts, L (8 mm) is the length of the die and W (2160 g) is the applied

dead load.

3.3.4 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was performed on at least three samples (each
weighing 6-10 mg) of PLA, PLA/CE and PLA/CNC films as well as PLA/CE materials
compounded in an internal mixer using a Q100 instrument (TA Instruments, New Castle, DE) in
accordance with ASTM D3418. The DSC cell was purged with liquid nitrogen flowing at 70
ml/min. Each test employed 6-10 mg of sample tested with a set of heating and cooling cycles.
The samples were heated from 25°C to 200°C at a ramp rate of 10°C/min and held at 200°C for 5
minutes to erase their thermal history. Subsequently, the samples were cooled to 25°C and reheated
to 200°C at the same ramp rate. The glass transition temperature (Tg), cold crystallization
temperature (T.), melt peak temperature (Tm), enthalpy of the cold crystallization process (AH)
and melting peaks (AHm) were determined using the software Universal Analysis 2000, V4.5 (TA
Instruments, Delaware). The percentage crystallinity (% yc) was calculated from both, the first and

second heat scans using the following equation [1-3,9,10,14,15]:

AH,, — AH i
Yoy = m c % 100 (Equation 3.4)
AHZ x [1 — (%wt CNC/100)]

where %wt CNC is the total weight percentage of CNC (1 wt%). The melt enthalpy of a
spherulite of infinite size (AHn™) used for PLA was 93 J/g [1-3,9,10,14,15]. Six samples were

tested for each material.
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3.3.5 Thermogravimetric analysis (TGA)

Non-isothermal and isothermal TGA measurements of the neat PLA and PLA/CNC composite
films were performed using a Q500 thermogravimetric analyzer (TA Instruments, New Castle,
DE) on samples weighing between 6-10 mg. For non-isothermal TGA, the samples (in triplicates)
were heated from 25°C to 700°C at a ramp rate of 10°C/min under nitrogen atmosphere (40
ml/min). In contrast, the samples were heated to 180°C at a rate of 180°C/min and held isothermal

for 300 minutes under the same nitrogen atmosphere for isothermal TGA [1].

3.3.6 Light microscopy

PLA and PLA/CNC composite films were observed using an Olympus BX41 optical
microscope (Olympus, Center Valley, PA) equipped with a camera (Olympus Qcolor3).
Additionally, the films were also observed using a Keyence VHX-600E (Keyence Corporation,
Osaka, Japan) microscope equipped with a Keyence VH-Z100R lens to monitor the distribution

and dispersion of CNCs into the PLA film [1-3].

3.3.7 Ultraviolet-visible (UV-Vis) spectroscopy

A UV-Visible spectrophotometer Perkin-Elmer Lambda 25 (Perkin-Elmer Instruments,
Beaconsfield, UK) was used to record the transmittance of PLA and PLA/CNC composite films.
The UV-Visible spectra were obtained over a wavelength range of 200 to 900 nm at a scan rate of
240 nm/min. For each spectrum, the average light transmission value reported was estimated by
averaging the percent light transmission values in the visible range, i.e., from 380 to 720 nm

wavelength. Three replicates were tested [1-3].
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3.3.8 Residence time of PLA/CE blends in the extruder

The residence times of chain-extended PLA compounds in the single-screw extruder were
estimated from their residence time distribution (RTD) curves. These RTD curves for PLA/CE
blends were obtained by introducing carbon black as a tracer into the feed stream of the extruder
during blown film manufacture using processing conditions previously described. A constant
amount of carbon black (50 mg) was directly fed into the single screw extruder instantaneously
once the films were inflated to a stable blow-up ratio of 5. Films were collected every 15 s and
tracer concentrations in the films determined using a UV-Vis spectrophotometer (Perkin-Elmer
Lambda 25, Perkin-Elmer Instruments, Beaconsfield, UK), until the black color imparted by the
tracer visually disappeared (approximately 30 minutes). Since carbon black absorbs light
throughout the visible light range (380-720 nm), UV-Vis spectra were obtained over a randomly
selected wavelength range of 480-520 nm at a scan rate of 120 nm/min but the tracer contents were
determined at a fixed wavelength of 500 nm [1,2,16-18]. The obtained tracer concentrations were

plotted as a function of sampling times for each film to develop its RTD curve.

3.3.9 Falling dart impact strength

Impact strength of the films was determined using Labthink FDI-01 Falling Dart Impact
Tester (Labthink International, Inc., Medford, MA, USA) in agreement with method A described
in ASTM D1709 with slight modifications. A customized 10 g dart with diameter of 38.2 mm was
dropped from a height of 0.33 m (13 in) onto four layers of the film specimens secured by clamp
rings with an inside diameter of 76.2 mm. The films were then assessed as fail or non-fail. “Failure”
refers to the film rupture allowing the full penetration of the dart through the films, and “non-

failure” indicates the films sustain the integrity to hold the dart. Testing followed a stair-step
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approach with the increment of dart weight of 5 g, meaning that the weight of the dart increased
by 5 g if “non-fail” occurred or decreased by 5 g in case of film failure. Each test required the
occurrence of at least ten fails and ten non-fails to complete and generated the failure weight as a
measurement of impact strength. This study employed at least three test replicates for each film

composition [19].

3.3.10 Water vapor permeability (WVP)

The water vapor transmission rate (WVTR) of the PLA/CNC films was measured
gravimetrically, according to the desiccant method in ASTM E 96. Film samples, in replicates of
at least 5, were mechanically sealed onto 3/4" depth vapometer cup assemblies, weighed and
placed in a controlled humidity chamber set at various temperature and relative humidity (RH)
conditions as described below. The cups were removed from the chamber and weighed to the
nearest 0.0001 g after 24 hours to determine the amount of water vapor permeating through the
film and being absorbed by the desiccant (anhydrous calcium sulfate). The change in the weight

of cups was used to calculate the water vapor transmission rate (WVTR) as follows [1,2,8]:

AW/t .
WVTR = / (Equation 3.5)

where AW is the weight gain of the cups at time t (24 hours); and A is the effective area of

exposed film (31.67 x 10"* m?).

For the PLA and PLA/CNC (DB) films, the influence of temperature was studied using

four different temperatures (10°C, 17°C, 23°C and 31°C) at a constant RH of 85%, whereas the
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effect of RH content was evaluated at 23°C in the range of 50% to 85% with 7% increments, both

testing conditions generating different partial water vapor pressures [2].

The obtained WVTR values were normalized by the thickness (1) and difference in partial

pressure of permeant across the sample (Ap) to calculate the WVP:

WVTR x1  WVTRx1 WVTR X 1 (Equation 3.6)

WVP = =
Ap P1 — P2 Psat ' (RHout - RHin)

where p, and p, are the partial vapor pressures of the permeant (water vapor) on the
outside and inside of the test film, respectively and can be given as p, =P, -RH_, and

p, =P, -RH, , respectively. RHou and RHix are the relative humidities of the external (testing
RH) and internal side (= 0%) of the film; and Py is the saturated vapor pressure at the test
temperature. For the temperatures tested, the saturated vapor pressures were 1227 Pa, 1938 Pa,

2812 Pa and 4498 Pa at 10°C, 17°C, 23°C and 31°C, respectively.

3.3.11 Oxygen permeability (OP)

Oxygen transmission rate (OTR) of PLA and PLA/CNC films was measured using VAC-
V2 Gas Permeability Tester (Labthink International, Medford, MA, USA) in accordance with the
procedures outlined in ASTM D3985. The influence of temperature was studied from 17°C to 50°C
at 0% RH. At least three replicates were tested for each film sample [2]. The OP was calculated

from OTR values as follows:
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P OTR x1 (Equation 3.7)
=~

where | is the thickness; Ap is difference in partial pressure of permeant (oxygen) across

the sample (101,325 Pa).

3.4 Shelf-life of crackers packaged in direct dry-blended PLA/1% CNC films
3.4.1 Moisture sorption isotherm of crackers

3.4.1.1 Initial moisture content (IMC)

Six aluminum dishes were weighed using the Ohaus Discovery Analytical Balance (Ohaus
Corp., Parsippany, NJ) without the product (crackers). About 2-3 grams of the saltine crackers
were crushed, placed into the aluminum dishes and weighed again. The aluminum dishes with the
crackers were then placed into an oven for drying at 100 + 2°C for 48 hours until a constant weight
was achieved. The dishes were re-weighed to determine the weight loss of the product. The initial

moisture content (IMC) on dry basis was calculated using the following equation [20-22]:

W, — W, i
MC (%) = 1W D v 100 (Equation 3.8)
D

where Wi is the initial weight of the product (before drying) (in g) and Wp is the weight of

the product after drying (in g) in the oven.
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3.4.1.2 Equilibrium moisture content (EMC)

Six different saturated salt solutions were used in desiccators to provide constant relative
humidity (RH) conditions ranging from 10% to 96% (Table 3.2). These desiccators were further
placed in an oven set to 25°C to maintain a constant temperature. Six samples of approximately 2-
3 grams of saltine crackers were put in aluminum dishes and placed in each of the six desiccators
containing different saturated salt solutions (various RH conditions). The samples were allowed to
equilibrate for a period of at least two weeks until there was no discernable weight gain. The EMC

of the samples was then calculated using the following equation [20-22]:

W .
MC (%) = | (IMC + 1) — 1| x 100 (Equation 3.9)
i

where W, is the weight of crackers at equilibrium (g), W; is the initial weight of crackers

(g) and IMC is the initial moisture content calculated from Equation 3.8.

The moisture sorption isotherm was constructed as a plot of the EMC values of the crackers

as a function of their storage RH [20-22].
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Table 3.2 Theoretical and measured relative humidity (RH) conditions generated in desiccators

with saturated salt solutions.

%RH at 25°C
Salt

Theoretical Measured
Lithium chloride 11.3 10.4 £0.8
Magnesium chloride 32.8 31.8£ 1.8
Magnesium nitrate 52 50.1+3.5
Sodium nitrite 65 61.1+3.5
Ammonium chloride 78.8 78.5+£5.3
Potassium nitrate 93.6 96.1+£5.9

3.4.2 Shelf-life of crackers packaged in PLA and PLA/CNC films

Film samples (PLA and PLA/1% CNC direct dry-blended) were mechanically sealed onto
the previously described vapometer cup assemblies containing approximately 10 grams of crushed
crackers and placed into the desiccators set at various RH conditions. The desiccators were then
placed in an oven set at 25°C to maintain a constant temperature. The vapometer cup assemblies
were weighed periodically over a one-month period to determine the percent moisture gain until

the equilibrium moisture content (EMC) was reached (steady state).

From the data, plots of moisture content versus storage time were generated [23]. The
product’s shelf-life, i.e., the time required by the crackers to reach its critical moisture content
(CMC), was determined from moisture content versus storage time plots. Generally, CMC is

determined according to the sensory evaluation as the minimum moisture content at which the
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product becomes organoleptically unacceptable, for example losing its crispiness. Critical
moisture content values of 6.1% for wheat crackers [24]; 6.8% for rice crackers (21.09% fat, 6.31%
protein, 68.39% total carbohydrate) [21]; as well as 10% and 8% for lean and rich crackers,
respectively [25,26] have been reported in the literature based on the sensory evaluation for
crackers; rice crackers; and crackers, respectively. Nevertheless, a CMC value of 8% was adopted
in this study, an average between the CMC values of 6% and 10% reported in the literature for

wheat crackers [21,24-26].

3.5 Statistics

Means were compared by the analysis of variance (ANOVA) and least significant

differences (LSD) tests at 5% level of significance using IBM SPSS Statistics 24 (Armonk, NY).
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Chapter 4

RESULTS AND DISCUSSION

4.1 Extrusion blown films of poly(lactic acid) chain-extended with food grade multifunctional
epoxies
The title and content of section 4.1 were published in Polymer Engineering and

Science, 59(11): 2211-2219 (2019). doi: https.//doi.org/10.1002/pen.25224. This
paper was co-authored by L.M. Matuana.

The main objective of this section was to investigate the effectiveness and efficiency of
two food-grade multifunctional epoxies with varying reactivities in chain extending and branching
PLA, improving its processability through the blown film extrusion process and improving the

ductility of PLA films (specific objective #1) [1].

4.1.1 Effectiveness and efficiency of multifunctional epoxy grades in chain extending PLA

Torque rheometry can be used to follow the chain extension reaction of PLA with CE since

an increase in torque is associated with chain extension [2-4].

Typical curves obtained from the Brabender torque rheometer for the torque and stock
temperature of PLA as a function of mixing time are shown in Figure 4.1. It can be seen that stock
temperature reduces when the material is loaded and then increases above the set temperature of
200°C to reach 211°C due to shear generated by the mixer when the material is kneaded by the

rotor blades [5].
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Figure 4.1 Typical curves of torque and stock temperature of neat PLA as a function of time

generated by a torque rheometer.

Similar results were obtained for PLA blended with various CE contents for both grades
of CE [Figure 4.2 (a) and (b)]. As expected, the stock temperature vs time curves of all PLA/CE
blends overlapped during processing and did not change with CE content or grade [Figure 4.2 (a)
and (b)]. It can also be seen in Figure 4.1 that the torque curves reach a maximum torque during
the initial loading of neat PLA resin into the mixing chamber; indicating that the chamber is filled
with resin. Then the torque gradually decreases and reaches a constant value or an equilibrium
when the plastic is melted into a homogenous mass [5]. Similar curves were obtained for PLA/CE

blends [Figure 4.2 (c) and (d)].
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Figure 4.2 Typical curves of stock temperature and mixing torque of PLA blends with CE 4468

[(a) and (c)] as well as CE 4400 [(b) and (d)] as a function of time generated by a torque

rheometer.
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From these curves, the times required to reach 200°C were recorded (Table 4.1). A
residence time of at least 120 s is recommended by the manufacturer for the reaction of these CE
to be over 99% complete at 200°C. Since the total processing time was held constant at 300 s, the
residence times provided to PLA/multifunctional epoxy samples at a minimum of 200°C were
calculated by the difference between the total mixing times and the times taken to reach 200°C
(Figures 4.1 and 4.2) and the results are tabulated in Table 4.1. The experimental residence times
for complete chain extension reaction between PLA and both multifunctional epoxy grades
exceeded the time recommended by the manufacturer, irrespective of the CE content, clearly
indicating that the reaction was over 99% complete. Since the stock temperature continued to
increase above the recommended 200°C due to shear generated during processing, it is believed
that this increased heat could have accelerated the chain extension reaction between the PLA and

CE.

Table 4.1 Mixing time of PLA with both grades of multifunctional epoxies in torque rheometer.

Time to reach 200°C (s) Total time at 200-211°C (s)

CE (%)
4468 4400 4468 4400
0.25 162.3 +£22.1 170.0 £3.5 137.7 £22.1 130.0 £3.5
0.5 161.7 + 10.0 173.7+7.5 138.3 £10.0 1263 £7.5
0.75 159.7 £ 4.5 167.3 £8.1 140.3 £ 4.5 132.7 £8.1
1 1523+ 11.0 152.0+ 11.8 147.7 £11.0 148.0 + 11.8
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The average values of the time to reach 200°C decreased with CE content whereas an
opposite trend was observed for the average values of the total time at 200-211°C, which increased
with CE content, irrespective of CE type (Table 4.1). Comparison between the two chain extender
grades with different epoxy equivalent weights indicated that the CE with lower epoxy equivalent
weight (CE 4468) experienced slightly shorter times to reach 200°C, i.e., longer total times at 200-
211°C than the counterpart with high epoxy equivalent weight (CE 4400) (Table 4.1). Generally,
more viscous materials generate higher shear in a mixer when they are kneaded by the rotor blades
of the mixer. This additional shear contributes to increased heat, resulting in shorter times to reach
the set-point temperature. As the CE content increased, the viscosity of the materials increased,
leading to increased shear which contributed to raised temperatures, resulting in reduced times to
reach 200°C, irrespective of the CE grade. Moreover, the CE grade with lower epoxy equivalent
weight resulted in higher shear due to its higher reactivity and thus reached 200°C in shorter time
compared to its counterpart with higher epoxy equivalent weight, regardless of CE content. The
increased viscosity of the materials due to the addition of CE and the difference between the

reactivities of the two CE grades will be further discussed in the following sections.

The reaction between multifunctional epoxies and polyesters such as PLA has been
extensively studied in the literature [4,6-9]. PLA has two distinct functional end-groups, carboxyl
and hydroxyl, that can react with the epoxy groups in multifunctional epoxies. The reaction
proceeds via ring-opening of the epoxide group leading to the formation of new secondary
hydroxyl groups and ester linkages when reaction occurs with PLA’s carboxyl groups and/or ether
linkages with PLA’s hydroxyl groups (Figure 4.3) [4,6-9]. Fourier transform infrared spectroscopy

(FTIR) was used to gain an in-depth understanding of these reaction mechanisms.
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Figure 4.3 Generalized reaction mechanism of a multifunctional epoxy chain extender with the

hydroxyl and carboxyl end groups in PLA.

The FTIR spectra of neat PLA, CE 4468, and PLA/CE blends compounded in an internal
mixer are illustrated in Figure 4.4. Table 4.2 summarizes the band assignments for the
wavenumbers of peaks found in these spectra to their corresponding functional groups [6,7,10].
Two distinct trends were observed. Firstly, the peaks at 844, 905 and 1250 cm! in CE 4468
spectrum, assigned to the C-O stretching of epoxy group, disappeared in the spectra of PLA
compounded with CE, regardless of CE content (Figure 4.4). This result indicates that the CE
reacted with PLA through ring-opening reaction of epoxy groups as illustrated in Figure 4.3 [6,7].
Secondly, the peaks present at 1489 and 1597 cm™! in CE 4468 (Figure 4.4), corresponding to C-
C stretching in phenyl group (Figure 4.5), merged into a broad shoulder in PLA/CE compounds at
1513-1547 cm™! (Figure 4.4). It should be noted that the phenyl groups in CE 4468 do not
participate in the reaction with PLA and could hence be used to detect the presence of CE in the
blends since these groups are absent in neat PLA. Thus, the formation of a broad shoulder from
1513-1547 cm’! in the blends confirmed the presence of CE. As expected, this broad shoulder
seemed to intensify as the CE content increased into PLA matrix probably due to more phenyl

groups in the blends with higher CE contents.
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Figure 4.4 Infrared spectra of PLA, CE 4468, and PLA blended with different CE contents in an

internal mixer. Absorbance in the y-axis is in arbitrary units.
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Table 4.2 Band assignments for the wavenumbers of peaks used in FTIR analysis and

corresponding functional groups.

Wavenumber (cm™)

Peak assignments

PLA blends with 0.25,

PLA CE 4468 0.5,0.75 and 1% CE
1744 1721 ~1745 Stretching of C=0

- 1489, 1597 1513-1547 Stretching of C-C in phenyl
1451 1447 ~1451 Scissoring of CH3

Stretching of C-O in carboxyl

1263 i 1263 and C-O-C stretch

- 1250 - Stretching of C-O in epoxy

Rocking of CH3 and

951 i =932 stretching of C-C

- 844, 905 - Stretching of C-O in epoxy
865 - ~865 Stretching of C-O-C
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Figure 4.5 Generalized reaction mechanism of a multifunctional epoxy chain extender with the

hydroxyl and carboxyl end groups in PLA.

The equilibrium torque taken at 300 s in Figures 4.1 and 4.2 (end torque value) is
proportional to the apparent viscosity and molecular weight of the materials and depends on
polymer chain structure such as branching [2-4]. An increase in the end torque values indicates an
increase in the viscosity and molecular weight due to the formation of longer and/or branched
chains [2-4,11,12]. Consequently, the end torque values could be used to monitor the chain

extension reaction of a polymer.

Figure 4.6 illustrates the end torque values of PLA chain-extended with low and high epoxy
equivalent weight multifunctional epoxies obtained from their torque vs mixing time curves
(Figure 4.2) to determine their effectiveness and efficiency in chain extending PLA. Both
multifunctional epoxies chain-extended PLA effectively since they significantly increased the end
torque during mixing. However, the efficiency of the multifunctional epoxy grades as chain
extenders varied and was dependent on the epoxy equivalent weights. Chain extender’s efficiency
is defined as the contribution to increase the end torque of the blend per unit of chain extender [13]

as expressed in the following equation:
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CE efficiency = % (Equation 4.1)
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Figure 4.6 End torque of PLA chain-extended with low (CE 4468) and high (CE 4400) epoxy

equivalent weight multifunctional epoxies as a function of their contents.

It is evident from Figure 4.6 that the additive with lower epoxy equivalent weight (CE
4468) was more efficient in increasing the end torque of PLA compared to its counterpart with
high epoxy equivalent weight (CE 4400) due to the smaller amount of CE needed to increase the
end torque at a similar value. For example, by drawing a horizontal line parallel to the X-axis
(chain extender content) at an arbitrary end torque value (e.g., 8 Nm in Figure 4.6), the data can
produce two intersection points [13]. The first intersection point detected at lower chain extender
content for CE 4468 (0.5%) and the next seen at higher chain extender content for CE 4400 (1%)),
which clearly indicates the higher efficiency of CE 4468 in chain extending PLA, as expected from
equation 4.1 [13]. This result can be explained by the lower equivalent weight of CE 4468,

resulting in more epoxy groups per chain and thus higher reactivity. Since the efficiency of CE
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with a lower epoxy equivalent weight (CE 4468) was higher than its counterpart with high epoxy

equivalent weight (CE 4400), it was then selected for further studies.

Chain extension of PLA with the most efficient grade of CE (CE 4468) was further
confirmed by the values of molecular weights and dispersity indices of PLA and PLA/CE blends
(Table 4.3). The addition of CE increased the number (M), weight (My) and viscosity (My)
average molecular weights, as well as polydispersity index (DI) of PLA, due to the formation of
longer and/or branched chains. Similar results have been reported for PLA chain-extended with
other non-food grades of multifunctional epoxies [6,12,14] and polyethylene terephthalate chain-

extended with 1,6-Diisocyanatohexane [15], amongst others.
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Table 4.3 Molecular weights, dispersity indices and melt flow index values of PLA chain-

extended with CE 4468.
Molecul ight (kg/mol
CE %) olecular weight (kg/mol) . (g/ll:;ﬂlillins)
M, My My

0 123 +5 212+6 198+ 6 1.7+£0.0 11.51 £0.30
0.25 139+3 340 £ 34 296 + 25 24+0.2 5.94 +0.03
0.5 157+4 475+ 44 407 £ 59 3.0£04 1.62 +0.00
0.75 181 £12 503+ 14 433+9 2.8+03 0.22+0.00

1 221£10 583 £28 469 £ 15 26+0.1 0.05 +0.00

As previously mentioned, chain extension and/or branching can also be monitored by the
zero-shear viscosity (1o) of a polymer melt, which is directly related to its molecular weight (M)

by the Mark-Houwink equation:

no = k-Mg (Equation 4.2)

with k and a as Mark-Houwink constants.
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Figure 4.7 shows a plot of zero-shear viscosities determined from the MFI data (Table 4.3)
as a function of weight-average molecular weights (My) of PLA compounded with different
contents of CE (Table 4.3) in an internal mixer. The viscosity increased with molecular weight at
different extents below and above a molecular weight value of 475 kDa, which corresponds to CE
content of 0.5% (Table 4.3). Below 475 kDa, increasing the molecular weight of PLA/CE blends
from 212 to 475 kDa gradually increased their viscosities from 1,086 to 7,270 Pa-s, respectively.
This trend is not clearly seen in Figure 4.7 due to a wide range of viscosity values on the y-axis,
which was overcome by truncating and displaying this range of the graph as an insert. In contrast,
a sharp increase in viscosity was observed above 475 kDa, where the viscosity of the blends
increased from 7,270 to 240,727 Pa-s when the molecular weight varied from 475 kDa to 583 kDa,
respectively. This point of inflection indicates the critical molecular weight, i.e, the onset of chain
entanglements attributable to the high degree of branching. Dalsin and co-workers reported a
similar trend for atactic polypropylene wherein a weak dependence of zero-shear viscosity on its
molecular weight was reported until a critical molecular weight of 8.5 kDa, after which the zero-

shear viscosity increased exponentially with increasing molecular weight [16].
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Figure 4.7 Zero-shear viscosities as a function of weight-average molecular weights of PLA/CE
blends processed in an internal mixer. Insert shows the viscosity vs. molecular weight trend of

these blends at low zero-shear viscosity values.

111



The degree of crystallinities of PLA and its blends were also evaluated to corroborate chain
branching (Figure 4.8) observed through the molecular weight and viscosity data. Generally, dense
packing of branched polymer chains is difficult, leading to reduced crystallinity. As expected, the
addition of CE into the PLA matrix reduced its degree of crystallinity indicating branching and

confirming chain extension, consistent with the trend reported in literature [17].
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Figure 4.8 Effect of CE content on the crystallinity of PLA processed in an internal mixer.

4.1.2 Extrusion-blown chain-extended PLA films

The feasibility of utilizing the identified most efficient CE grade (CE 4468) in extrusion-
blown PLA film processing was assessed by dry-blending it with PLA first and then attempting
film manufacturing. The melt stock temperature and pressure at the die generated during
processing of the blends with various CE concentrations (up to 1 wt%) were recorded and listed

in Table 4.4.
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Table 4.4 Processing parameters recorded during extrusion-blown film and residence times as a

function of CE 4468 content in PLA.

CE Melt temperature® | Pressure’ | Residence time® | Peak time® | End time®
(%) (°C) (10% Pa) (s) (s) (s)

0 211+0 46513 - - -
0.25 211+0 496 + 33 132+ 6 156 + 10 246 £ 6
0.5 211+0 571 £10 176 =24 228 +£30 290 + 28
0.75

NOT PROCESSABLE
1

2Average values of at least 45 data points.
®Average values of three replicates.

The melt experienced a stock temperature higher than the recommended 200°C (Table 4.4)
due to shear generated during processing. Notice that film manufacture was feasible only with
blends containing up to 0.5% CE, becoming unprocessable above this content due to the increased
viscosity at this critical molecular weight for chain entanglement (Figure 4.7), indicated by the
increased melt pressure during processing (Table 4.4). The melt pressure in the extruder (Table
4.4), suggestive of the blend’s shear stress, increased with increasing chain extender content
attributable to the chain extension reaction between the PLA and CE [3,11,12]. The increased
molecular weight (Table 4.5) and decreased crystallinity (Figure 4.9) of PLA films with chain
extender content corroborated the chain extension and branching of PLA. As expected, these
results were similar to those obtained for PLA/CE blends processed in the internal mixer (Table

4.3 and Figure 4.8).
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Table 4.5 Molecular weights and dispersity indices of PLA films chain-extended with CE 4468.

Molecular weight (kDa)
CE (%) DI
M, My My
0 105 +7 183 +2 170 £ 1 1.7+£0.1
0.25 112+5 23242 208 +2 2.1+0.1
0.5 127+9 243 + 16 219+ 12 1.9+£0.3
0.75
NOT PROCESSABLE
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Figure 4.9 Effect of CE content on the crystallinity of PLA films.
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To ensure that the melts experienced the recommended 200°C within 120 s for 99%
reaction to occur between PLA and CE, the residence times of processable blends inside the
extruder were recorded. Figure 4.10 shows typical residence time distribution (RTD) curves of
PLA films blended with 0.25 and 0.5% CE. The residence time, peak time and end time were the
three parameters extracted from each RTD curve generated (Table 4.4). The residence time is
defined as the first time at which a tracer signal of 5% of the maximum peak height was detected.
It relates to the minimum exposure time and duration for PLA to react with CE in the extruder.
The peak time, where the maximum signal occurred, represents the average transit or mean
processing time. The end time, the time for detection of the last signal of 5% of the maximum peak

height, is linked to the maximum time the blends resided in the extruder [18,19].
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Figure 4.10 Typical residence time distribution curves of PLA with (a) 0.25% CE and (b) 0.5%

CE.
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PLA/CE blends experienced residence times longer than the recommended 120 s at 200°C,
suggesting 99% completion of reaction. The residence time of PLA blended with 0.5% CE was
longer than its counterpart with 0.25% (Table 4.4), due to its higher viscosity (Figure 4.7), which
provided more resistance to flow resulting in slower movement of the blend through the extruder;
thus higher peak and end times (Table 4.4 and Figure 4.10). It is also worth mentioning that the
maximum time that the materials stayed in the extruder (end time) was more than twice the 120 s
and the melt experienced a temperature of 11°C above the 200°C recommended by the
manufacturer (Table 4.4 and Figure 4.10). This clearly indicates that the blends were exposed to

extrusion processing conditions (heat and time) that favored chain extension reactions in the films.

4.1.3 Effect of chain extender content on the dart impact strength of PLA films

Figure 4.11 shows the failure mass, indicative of the falling dart impact strength of PLA
films chain-extended with various amounts of CE 4468 (low epoxy equivalent weight). Chain
extension of PLA film was found beneficial in overcoming its brittleness. As seen in Figure 4.11,
the impact strength of PLA film increased almost linearly with the chain extender content,
implying that the film became more ductile by branching the polymer chain and reducing its
crystallinity (Figure 4.9). Interestingly, the addition of only 0.5% chain extender into the PLA
films increased its failure mass by ~56%, due to the chain extension reaction. These results validate
the need for chain extenders to reduce the brittleness of PLA films even though neat PLA films
without any chain extenders have been successfully manufactured in this and our previous studies

[10,20,21].
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Figure 4.11 Effect of CE content on the failure mass of PLA films.
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4.2 Performance of poly(lactic acid)/cellulose nanocrystal composite blown films processed

by two different compounding approaches

The title and content of section 4.2 were published in Polymer Engineering and
Science, 58(11): 1965-1974 (2017). doi: https.//doi.org/10.1002/pen.24806. This
paper was co-authored by N.M. Stark, R.C. Sabo and L.M. Matuana.

The main objective of this section was to compare the performance of PLA/CNC blown
films prepared by the melt-blending and direct dry-blending techniques in terms of particle
dispersion, optical, thermal, molecular weight and barrier properties to identify the most effective
blending approach (specific objective #2) [10]. It should be noted that for all results presented in
this section, the CNC loading was fixed at 1%, which was determined as the ideal concentration

in our preliminary study.

4.2.1 Effect of blending process on CNC dispersion and PLA’s optical properties

CNC distribution and dispersion in the PLA matrix were examined using light microscopy
(Figure 4.12). In this study, CNC dispersion was defined as the degree of breaking up of CNC
agglomerates, whereas CNC distribution was a measure of how uniformly the CNCs were
distributed throughout the PLA matrix [22]. As seen in Figure 4.12, homogenous distribution of
CNCs in the PLA matrix was achieved, irrespective of the blending technique. However, some
agglomerates were still visible, indicative of not well-dispersed CNCs in the matrix. The difference
in CNC dispersion in the direct dry-blended and melt-blended films was not apparent from the
obtained images. Therefore, UV-Vis spectroscopy was performed to further investigate the

dispersion of CNCs into the PLA matrix (Figure 4.13).
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Figure 4.12 Light microscope of (a) PLA, (b) PLA/1% CNC (DB) and (c) PLA/1% CNC (MB)

films.
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Figure 4.13 Effects of CNC addition and blending process on the transparency of PLA and

PLA/CNC composite films.
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Transparency can be used as an indicator of the dispersion of nanoparticles in a matrix, if
the size of individual nanoparticles is smaller than the wavelength of visible light (380-700 nm)
[23]. In other terms, if nanosize dispersion of CNC in PLA matrix is obtained, the addition of
CNCs will not affect the transparency of resulting films, because pure CNC films are highly
transparent [24]. The UV-Vis spectroscopy results for neat PLA and PLA/CNC composite films
prepared by the direct dry- and melt-blending approaches are illustrated in Figure 4.13. The
average light transmission values for neat PLA, PLA/CNC direct dry-blended (DB) and PLA/CNC
melt-blended (MB) films in the visible region were calculated as described in the experimental
section and reported as 91.5 + 0.8%, 78.5 + 3.3% and 74.5 + 0.9%, respectively. These results
show that the light transmission of neat PLA decreased significantly by adding 1% CNCs,
irrespective of the blending technique (Figure 4.13). Reduced transparency of PLA due to the
addition of CNCs, irrespective of the blending method, implied that nanoscale dispersion did not
fully occur and some micrometer sized agglomerations could still be present. The light microscope
images showing agglomerations of CNCs (Figure 4.12) corroborate the UV-Vis results (Figure
4.13). Generally, nanoparticle agglomeration sizes larger than the incident wavelength of light tend
to scatter light and reduce light transmission [23]. Although there is still need for improvement to
completely eliminate agglomerations, a transparency in the range of 75-78% was achieved in this
study, demonstrating that reasonably good transparency remains despite limited dispersion. It is
worth mentioning that the difference in average light transmission values of direct dry-blended
PLA/CNC films (78.5 + 3.3%) and melt-blended PLA/CNC films (74.5 + 0.9%) were not

significantly different, implying that blending methods yielded films of similar transparency.
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4.2.2 Effects of CNC addition and blending process on PLA’s thermal properties

Thermogravimetric analysis (TGA) was performed to evaluate the effects of CNC addition
and blending approaches on the thermal decomposition of PLA. The non-isothermal TGA and
differential thermogravimetric (DTG) curves of PLA and PLA/CNC composite films are
illustrated in Figure 4.14 (a) and (b). There was no noticeable significant difference in the onset
temperatures of decomposition (~ 315°C) measured on addition of 1% CNCs, irrespective of the
blending process used. Similar results were reported by Lizundia and co-workers for PLA-grafted
CNCs at 1 wt% [25]. It is evident from Figure 4.14 (a) that the decomposition of all films started
at temperatures of ~315°C and reached their maximum decompositions at ~364°C. The
decomposition of PLA above 200°C has been reported by various researchers and could be
attributed to hydrolysis of ester bonds in the main chain, unzipping depolymerization reactions
catalyzed by residual polymerization catalysts, oxidative random main-chain scission as well as
inter and intra- molecular transesterification reactions leading to the formation of low molecular
weight monomers and oligomeric esters [26-29]. Figure 4.14 (c) shows the TGA measurements
performed under isothermal conditions at 180°C for 300 minutes for PLA and PLA/CNC
nanocomposite films. The addition of CNCs by both the direct dry- and melt-blending processes
did not affect the decomposition of PLA films at the processing temperature used in this study to
manufacture blown films. The weight loss for all films was around 1% even after holding the films

at 180°C for 300 minutes.
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Table 4.6 lists the thermal transition temperatures (Tg, Tc and Tm) and degree of
crystallinity (%y.) from the first and second DSC heating scans measured for PLA as well as
PLA/CNC composite films manufactured by the direct dry- and melt-blending techniques. In this
study, the first heating scan was used to assess the film’s thermal properties in the as-molded
condition whereas the second heating scan was used to evaluate the material’s intrinsic properties
after erasing its thermal history. In both the first and second heating scans, no notable changes
were observed in the Ty of the PLA films on addition of CNC, irrespective of the blending
technique. Intermolecular interaction and chain flexibility can cause a change in a material’s T,
[30]. As expected, the low concentration of added CNCs did not significantly change the PLA’s
chain flexibility nor intermolecular interaction and consequently had no noteworthy effect on its
Tg. In contrast, the T¢ values of direct dry-blended and melt-blended PLA/CNC films in the first
and second heating scans were significantly lower than that of neat PLA (control films), indicating
faster crystallization due to the nucleation effect of CNCs, as expected from the heterogeneous
nucleation theory [31]. The nucleation rate (N), according to the heterogeneous nucleation theory

is given as follows [31]:

N - (Equation 4.3)
N = N, X exp <ﬁ) q
Where N, is the pre-factor, and AT and C are given as follows:
AT =TS — T, (Equation 4.4)
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_4r0-0. Ty (Equation 4.5)
~ k-T-Ah

where T¢ 1is the equilibrium melting temperature, T. is the cold crystallization

temperature, ¢ and o, are the end and lateral surface free energies, k is the Boltzmann’s constant,

T is the temperature and Ah is the enthalpy of fusion.
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Table 4.6 DSC analysis for PLA as well as direct dry-blended (DB) and melt-blended (MB) PLA/1% CNC films.

Tg (°C)* T. (°C)* Tm (°C)* xe (Yo)A
Materials
15t heat 2nd heat 15t heat 2nd heat 15t heat 2nd heat 15t heat 2nd heat
PLA 63.2+29 61.0+04* 117.0+£3.1* 1249+1.2* 1499+0.3* 151.0+0.52 45+0.12 1.5+0.4*

PLA + 1% CNC
(DB)

PLA + 1% CNC
(MB)

ASame superscript letters within the same column are not significantly different based on the ANOVA results at 5% significance level.

63.3+3.0° 60.8+02% 113.9+2.1° 122.7+1.2°% 1492+0.3* 1504+04* 54+0.8° 4.5+0.4°

64.5+0.3* 61.1+0.7* 111.7+£0.2° 113.2+0.1° 147.7+02% 148.0+0.1" 4.6+0.3* 4.4+0.2°
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As equations 4.3 and 4.4 suggest, a lower cold crystallization temperature results in higher
nucleation rate and faster crystallization. Thus, the lower T. of PLA/CNC composite films
obtained in this study was accompanied by significantly higher crystallinity compared to neat PLA
films in the second heat curve confirming that CNCs acted as efficient nucleating agents. Similar
results have been reported for PLA nanocomposites with CNCs [25,32-35], microcrystalline
cellulose (MCC) [36], cellulose nanofibers [37], and plasticized PLA with MCC [38]. It is also
worth mentioning that a significantly lower T. was observed for the melt-blended (MB) PLA/CNC
films compared to their direct dry-blended (DB) counterparts because of the faster crystallization
of shorter polymer chains resulting from degradation of the melt-blended PLA/CNC films, leading
to a lower T.. However, this reduced T, indicating nucleating action of the degradation products
in the melt-blended films was not accompanied by a further increase in crystallinity. GPC
(described in the next section) was performed to confirm the degradation of melt-blended
PLA/CNC films. The Ty, of direct dry-blended PLA/CNC films remained unchanged as compared
to neat PLA in the first and second heating curves. In contrast, the melt-blended PLA/CNC films
had a significantly lower Tm, which was attributed to the degradation of these films. Generally,
degradation of films is accompanied by a reduction in molecular weight leading to reduced chain
length and chain entanglement. Shorter and less entangled chains require less energy to slide past

each other and melt at lower temperatures.

4.2.3 Effects of CNC addition and blending process on the degradation of PLA

As discussed above, the T¢ and Ty, results (Table 4.6) revealed that the extra heat and
mechanical shear experienced in the melt-blending process degraded the melt-blended PLA/CNC
films. GPC was performed to evaluate PLA degradation during compounding and the results are

shown in Table 4.7. The addition of CNCs through the direct dry-blending process did not affect
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the M, of PLA films, whereas their addition through the melt-blending process decreased the M,
of PLA films. The mechanical shear generated at 22,000 rpm during the direct dry-blending
process had no significant effect on the M, of direct dry-blended PLA/CNC compounds. However,
the My of PLA/CNC films produced by the melt-blending process was significantly lower than
their direct dry-blended counterparts and neat PLA, which can be attributed to the additional heat
exposure of these compounds during the melt-blending process in a three-piece mixer prior to
blown film extrusion. In contrast, the My, and M, of PLA films remained unaffected on the addition
of CNCs by both blending approaches. The PLA and PLA/CNC composite films were processed
using the same processing conditions of blown film extrusion and the only difference between
these films was their pre-processing (or blending). Thus, it was acceptable to assume that the
reduction in M, for the melt-blended films occurred during the blending process. To confirm that
the degradation of PLA/CNC composite films was occurring exclusively during the blending
process prior to blown film extrusion, neat PLA pellets processed through direct dry- and melt-
blending approaches were tested by GPC without manufacturing into films. The GPC results of
unprocessed PLA pellets, PLA (DB) and PLA (MB) are shown in Table 4.7. The M, of melt-
blended PLA was significantly lower than that of unprocessed PLA pellets implying that PLA
degraded during the melt-blending process, whereas the M, of direct dry-blended PLA remained
unaffected by the direct dry-blending process. The same trend was observed for the PLA/CNC
composite films confirming that degradation of PLA was occurring during the melt-blending

process due to additional heat exposure, prior to blown film extrusion.
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Table 4.7 Molecular weights of PLA, direct dry-blended PLA/CNC (DB) and melt-blended

PLA/CNC (MB) films as well as unprocessed PLA pellets, and PLA pellets subjected to DB and

MB processes.

# chain
Materials M (kg/mol)* | My (kg/mol)* | My (kg/mol)* scission
(10° mol/kg)
Films
PLA 142 + 32 272 £ 102 252 £ 8§ -
PLA + 1% CNC (DB) 138 + 32 272 £ 42 251 £42 213
PLA + 1% CNC (MB) 126 + 7° 267 £ 132 246 £11° 915
Pellets
PLA 158 £ 72 310+ 132 287 £12° -
PLA (DB) 147 £11° 299 & 72 276 + 70 509
PLA (MB) 130 + 9 282 + 17 259 4 15 1399

ASame superscript letters within the same column of films or pellets are not significantly different
based on the ANOVA results at 5% significance level.
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The degradation of PLA is very complex and can occur by various mechanisms, including
random main chain scission reactions and hydrolysis [28,29,39]. Hydrolytic degradation results in
drastic reduction in average molecular weight. Nevertheless, since the reduction in M, was not
very prominent, the dominating mechanism of degradation was more likely to be chain scission
and not hydrolysis [28]. The number of chain scissions for the PLA/CNC composite films

calculated using the following equation [40,41]:

1 B 1 (Equation 4.6)
M, (composite) M, (PLA)

# chain scissions =

Where M, (composite) is the number average molecular weight of PLA/CNC (DB) or
PLA/CNC (MB) films and M, (PLA) is the number average molecular weight of PLA films.
Equation 4.6 was also used to calculate the chain scission of PLA (DB) and PLA (MB) where M,
(composite) is the number average molecular weight of PLA (DB) or PLA (MB) compounds and

M, (PLA) is the number average molecular weight of unprocessed PLA pellets.

The number of chain scissions is listed in Table 4.7. Unsurprisingly, the PLA/CNC melt-
blended films and PLA (MB) had more chain scissions compared to their direct dry-blended
counterparts, indicating that the melt-blended composites degraded more during the melt-blending
process due to the additional heat experienced during this process. These findings corroborate the

T and T results (Table 4.6) that indicated degradation of the PLA/CNC melt-blended composites.

It was of interest to further investigate the mechanism of degradation occurring in the
PLA/CNC composite films. A literature review revealed that in case of polyesters, chain scission

can occur via B-C-H transfer reaction (Figure 4.15), leading to a decrease in molecular weight and
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generation of vinyl terminated ester and carboxyl end-group [28,39,42,43]. The presence of
carboxyl end-groups, which designates degradation, can be detected by FTIR spectroscopy
[44,45]. Infrared spectra of neat PLA and PLA/CNC composite films prepared by both blending

processes are shown in Figure 4.16. Table 4.8 lists the band assignments for the wavenumbers of

peaks found in these spectra to their corresponding functional groups [28,46-52].

g
PLA—CH-COCH-C-O—PLA

PLA Q\H _CH, O

i
PLA—CH—C—OH + H,C=CH—-C-O-PLA
Carboxyl Vinyl (l)

terminated
terminated

Figure 4.15 Proposed B-C-H transfer mechanism for degradation of PLA.
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Figure 4.16 Infrared spectra of PLA and PLA/CNC composite films prepared by direct dry (DB)-

and melt-blending (MB) processes.
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Table 4.8 Band assignments for the wavenumbers of peaks used in FTIR analysis and

corresponding functional groups [6,36,50-55].

Wavenumber (cm™)

Peak assignments
PLA PLA/CNC (DB) PLA/CNC (MB)
2994, 2945 2994, 2945 2994, 2945 Stretching of C-H in CH3
1755 1755 1755

1452, 1382, 1364

1267, 1192, 1128,

1452, 1382, 1364

1267, 1217, 1182,

1452, 1382, 1364

1267, 1215, 1184,

Stretching of C=0

Stretching of C-H in CH3

Stretching of C-O in
1134, 1121, 1080, 1132, 1113, 1082,

1092, 1047 1047 1047 carboxyl and C-O-C stretch
957 957 957 O-H vibration in carboxyl
870 870 870 Amorphous phase of PLA
756 756 756 Crystalline phase of PLA
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The major differences between the spectrum of PLA film and the spectra of PLA/CNC
films were observed in the region between 1045-1270 cm’!, associated with C-O and C-O-C
stretching. The peak present at 1192 cm™! in neat PLA split into two peaks at 1217 cm™! and 1182
cm’! in the PLA/CNC (DB) films, and 1215 cm™ and 1184 ¢cm™ in the PLA/CNC (MB) films.
Additionally, the sharp peak at 1128 ¢m™ in PLA films split into two broader peaks in the
composite films [1134 cm™! and 1121 ¢cm™ in PLA/CNC (DB); 1132 ¢cm™ and 1113 ¢cm™! in
PLA/CNC (MB)]. The broad peak in PLA at 1092 cm™ became sharper and shifted to lower
wavelengths in the range of 1080-1082 ¢cm™! for the composite films. These changes could indicate
degradation of the PLA/CNC composite films because ester linkages in PLA’s main chain cleave
to form carboxyl end-groups, as illustrated in Figure 4.15. However, since the region between
1045-1270 cm™ is assigned to both, C-O stretch from carboxyl groups and C-O-C stretching
vibrations, it was difficult to use its intensity or area to accurately quantify the formation of
carboxyl end-groups. Thus, the intensity of the peak at 957 cm’!, assigned specifically to the O-H
vibrations in carboxyl groups, was considered more appropriate to monitor the carboxyl group
formation by calculating the carboxyl index (equation 3.1). An increase in carboxyl index would
indicate the presence of additional carboxyl end-groups generated due to main chain scission by

the proposed degradation mechanism (Figure 4.15).
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The carboxyl indices of PLA and PLA/CNC composite films are illustrated in Figure 4.17.
PLA/CNC composite films have higher carboxyl indices compared to PLA, indicating that chain
scission occurred during both, the direct dry- and melt-blending processes by the proposed
degradation mechanism (Figure 4.15). However, the PLA/CNC melt-blended films have higher
carboxyl index than their direct dry-blended counterparts suggesting that more chain scissions

occurred for these films, in corroboration with the GPC results.
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Figure 4.17 Carboxyl indices using the intensities of reference peaks at 2994 cm™ and 2945 cm’!

of PLA, PLA/1% CNC (DB) and PLA/1% CNC (MB) films.
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4.2.4 Effects of CNC addition and blending process on the WVTR and OTR of PLA

The incorporation of 1% CNCs into the PLA matrix improved its water and oxygen barrier

performance, irrespective of the blending process (Table 4.9). This improved barrier performance

of PLA/CNC composite films can be attributed to the presence of highly crystalline cellulose

nanocrystals which act as impermeable regions in the matrix. The impermeable regions create a

more tortuous diffusion path for the permeant, leading to slower diffusion and hence lower

transmission rates [53-55].

Table 4.9 WVTR and OTR of PLA as well as direct dry-blended (DB) and melt-blended (MB)

PLA/1% CNC films.

WVTR at 38°C and 85% RH OTR at 23°C and 0% RH
(107 kg/m?2.s)A (10°1° kg/m2.s)A
Materials
Average % Decrease Average % Decrease
PLA 584.9 +£49.5° - 4423 + 87.4°
PLA +1% CNC (DB)  409.7 +21.3° 30 178.9 +23.1° 60
PLA +1% CNC (MB)  442.9 +25.9¢ 24 270.1 £ 77.4° 39

ASame superscript letters within the same column are not significantly different based on the

ANOVA results at 5% significance level.
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Nonetheless, it should be mentioned that the WVTR and OTR of PLA/CNC melt-blended
films was higher than their direct dry-blended counterparts due to thermal degradation of these
films as demonstrated by DSC (Table 4.6), GPC (Table 4.7) and FTIR (Figure 4.17) results. From
obtained WVTR and OTR results, direct dry-blending appeared to be the better approach for

incorporating CNCs into the PLA matrix to enhance its water and oxygen barrier properties.

4.3 Water vapor and oxygen barrier properties of extrusion-blown poly(lactic acid)/cellulose

nanocrystals nanocomposite films

The title and content of section 4.3 were published in Composites Part A: Applied
Science and Manufacturing, 114: 204-211 (2018). doi:
https://doi.org/10.1016/j.compositesa.2018.08.025. This paper was co-authored by
N.M. Stark, R.C. Sabo and L.M. Matuana.

The main objective of this section was to evaluate the effects of CNC addition level and
environmental testing conditions on the barrier properties of PLA/CNC films as well as their
thermal and optical properties. The ultimate goal of this section of the study was to gain an in-
depth understanding of the mechanisms governing improvement in barrier properties, to model
and to establish relationships between environmental testing conditions and barrier properties as
well as to optimize the CNC content (specific objective #3) [21]. It should be noted that for all
results presented in this section, the direct dry-blending process was used to incorporate CNCs into
the PLA matrix because it appeared to be the better approach compared to the melt-blending

technique as determined in the previous section.
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4.3.1 Effect of CNC content on water vapor permeability (WVP) and oxygen permeability (OP)

of films

Figure 4.18 illustrates the effect of CNC content on the water vapor permeability (WVP)
and oxygen permeability (OP) of PLA films. The WVP and OP decreased as the CNC
concentration increased up to 1% and remained constant thereafter. Significant improvements of
approximately 39% and 74% in WVP and OP, respectively, were observed by adding only 1%
CNC into PLA matrix. This improved barrier performance of the nanocomposite films is likely
due to the presence of highly crystalline CNCs which acted as efficient nucleating agent resulting
in higher degree of crystallinity (Figure 4.19) as well as impermeable regions in the matrix
[10,46,55-57]. Other investigators have reported similar results for PLA nanocomposites with

CNCs [10,25,32,33,35], microcrystalline cellulose [36], and cellulose nanofibers [37].
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Figure 4.18 Effect of CNC content on the WVP (23°C and 85% RH) and OP (23°C and 0% RH)

of PLA films.
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Figure 4.19 WVP and OP of PLA and PLA/CNC nanocomposite films as a function of
crystallinity obtained from (a) 1% heat and (b) 2™ heat. In the 1% heat the crystallinities were 4.5
+£0.1; 5.1 £1.0; 5.4 £ 0.8; and 6.2 + 0.2 whereas in the 2" heat they were 1.5 +0.4; 2.8 = 0.4;

4.5+ 0.4; and 4.7 £ 0.4 for PLA with 0; 0.5; 1; and 2% CNC, respectively.

Because the permeant does not readily diffuse through crystallites [55,57], it is believed
that the presence of nucleated crystals and CNCs increases the effective travel paths for water
vapor and oxygen movements through the nanocomposites, making the path length more tortuous,

which reduces the diffusion process, thus lowering permeation as reported by others [10,53,56,57].

Interestingly, the values of WVP and OP negatively correlated with the degree of
crystallinity (Figure 4.19) in the as-molded PLA films (1% heat) as well as their intrinsic
crystallinity (2" heat), in reasonable agreement with the work of Shogren [58] who asserted an
improvement of 50% or higher in WVP of amorphous PLA by crystallizing it through annealing
at 130°C for 10 minutes in a vacuum oven. Similarly, the WVP of another biopolymer, poly(j-

hydroxybutyrate-co-hydroxy-valerate) (PHBV) with various valerate contents (6, 12, and 18%),
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correlates well with the crystallinity. As valerate content of PHBV decreases, the crystallinity
increases and WVP decreases. In other terms, highly crystalline PHBV with low valerate content
(PHBV-6) had lower values of WVP in the range of temperatures investigated (6-49°C) [58].
Several other investigators have also reported negative correlation between the degree of
crystallinity and WVP as well as OP values of PLA and its nanocomposites with cellulose
nanomaterials manufactured using solvent-casting techniques [56,59-61]. In one such study,
Sanchez-Garcia and Lagaron demonstrated that PLA’s crystallinity increased slightly from 9.1%
to 10.7% by adding 3% solvent-exchanged cellulose nanowhiskers resulting in a significant
decrease of 49% in WVP values of PLA [59]. In another study, the addition of 3% unmodified and
3% surfactant modified CNCs increased PLA’s crystallinity from 5.5% to 6.2% and 8.7%,
respectively leading to reductions of 16% and 17% in WVP of PLA, respectively and 21% and
25% in OP of PLA, respectively [60]. Similarly, Oksman and Petersson confirmed the negative
correlation between crystallinity and OP values by reporting a 240% increase in PLA’s OP on
addition of 5% swollen microcrystalline cellulose (S-MCC) due to the combined effects of
decreased crystallinity of nanocomposite films compared to PLA and low S-MCC/PLA

interactions leading to a straight and less tortuous path for the gas molecules to travel [61].

The maximum increase in crystallinity occurred at 1% CNCs (see Figure 4.19 caption), a
CNC content that correlates very well with the optimum improvement in the barrier properties of
the films (Figure 4.18). It should be mentioned that the addition of more than 1% CNCs did not
improve the crystallinity of PLA further (see Figure 4.19 caption) probably due to the retarded

crystal growth caused by CNC agglomerations at high loading levels [35,62].
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Consequently, nanocomposite films with different CNC contents (0.5; 1 and 2%) were
examined under a digital microscope to monitor CNC agglomerations at high loading levels
(Figure 4.20). A plot of the CNC agglomeration frequency as a function of their diameters is also
shown. Homogenous distribution of CNCs was achieved in the PLA matrix, regardless of the CNC
content. However, some agglomerates indicated by the micrometer-sized particle diameters
recorded in Figure 4.20 (a-c) were still visible suggesting that nanoscale dispersion was not
achieved as previously reported [10]. As expected, the PLA films with 2% CNCs slightly had
higher number of particles with size 10pum or larger compared to the other concentrations [Figure

4.20 (d)].
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Figure 4.20 Digital microscope images of PLA films with various CNC contents of (a) 0.5%; (b)
1%; and (c) 2% as well as (d) CNC agglomeration frequency as a function of their diameters in

the nanocomposite films.
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Due to limited CNC dispersion, the light transmission of PLA films in the visible light
wavelength range (380-720 nm) decreased by adding CNCs into the films, irrespective of the CNC
content (Figure 4.21). This deleterious effect could be attributed to the presence of nucleated
crystals and micrometer-sized CNC agglomerations larger than the incident wavelength of light
(nanometer) in the nanocomposite films, which scatter light [10,23,63]. The transparency of PLA
films decreased from ~92% to ~86% with the addition of 0.5% CNCs, further decreased to ~78%
with the addition of 1% CNCs and then levelled off with further addition of CNCs. Remarkably,
the decreased light transmission of PLA films on the addition of CNCs did not affect their visual
clarity (Figure 4.22). It should be mentioned that the addition of CNCs into PLA reduced the light
transmittance in the UV region of the spectra (250-380 nm) indicating that CNCs blocked light in
this region, making the nanocomposite films attractive materials for packaging applications
requiring UV light protection as reported by others for PLA nanocomposites with CNFs [23],

CNCs [63,64] and S-MCCs [61].
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Figure 4.21 Effect of CNC content on the transparency of PLA films.

Figure 4.22 Visual clarity of PLA and PLA/CNC nanocomposite films.
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4.3.2 Effect of CNC content on water vapor permeability (WVP) and oxygen permeability (OP)

of films

Consider first the effects of CNC addition and testing temperature on the WVP [Figure
4.23 (a)] and OP [Figure 4.23 (b)] of PLA films. Increasing the temperature of the system led to
an exponential decrease in the WVP but an exponential increase in OP for PLA and PLA/CNC
nanocomposite films in agreement with results reported by other investigators [58,65-67].
However, the WVP decreased as the CNC content increased up to 1% and remained constant
thereafter, irrespective of the testing temperature [Figure 4.23 (a)]. Since the optimum
improvement in WVP was observed at 1% CNC content [Figure 4.23 (a)], the OP dependence on
temperature was evaluated for neat PLA and PLA/1% CNC nanocomposite films only [Figure
4.23 (b)]. Overall, the nanocomposite films had better water and oxygen barrier properties than
neat PLA counterparts, regardless of testing temperature due in part to the increased crystallinity
(Figure 4.24), which validates the negative correlation between the barrier properties (WVP and

OP) and crystallinity discussed earlier.
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Figure 4.23 Effects of (a) CNC content and testing temperature on the WVP of PLA films at

85% RH and (b) CNC addition and testing temperature on the OP of PLA films at 0% RH.
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The exponential relationships between the permeability (water and oxygen) and

temperature shown in Figure 4.23 can be described by the following Arrhenius relationship:

Y = A, - exp Bp/RT (Equation 4.7)

where Y is the WVP or OP of the films; Ao is the pre-exponential factor or Arrhenius
constant, i.e., the WVP or OP of the film at very high temperature (approaching infinity) which
has no physical meaning but represents permeability in the absence of polymer-polymer
interaction [65]; E, is the activation energy, i.e., the minimum energy barrier to be overcome by
water vapor or oxygen to start permeating through the film; R is the universal gas constant

(0.008314 kJ mol! K'1); and T is the temperature (°K).

Table 4.10 summarizes the regression analysis results for the activation energy (Ep) and
pre-exponential factor (Ao) of PLA and PLA/CNC nanocomposite films from the Arrhenius plots
shown in Figure 4.23. The activation energy for water vapor permeability is negative for the PLA
and nanocomposite films. Negative activation energy values of -0.1 kJ/mol for semi-crystalline
PLA [58], -3.93 kJ/mol for commercial PLA cast films [65], -9.8 kJ/mol for PLA 4030D with 98%
L-Lactide [66] and -10.1 kJ/mol for PLA 4040D with 94% L-Lactide [66] have also been reported
and attributed to the polarity of PLA [58,65], which affects the activation energies for diffusion
(Eq) and sorption (or heat of solution, AHs), two major components contributing to the overall

activation energy for permeation given by:

E, = Eq + AHg (Equation 4.8)
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Table 4.10 Effect of CNC content on the water vapor and oxygen activation energy (E,) and pre-

exponential factor (Ao) of PLA films.

CNC WVP op
content in
PLA e By 2 N By :
films (%) | (107°kg- R (10" kg- R
m/m?-s-Pa) (kJ/mol) m/m?-s-Pa) (kJ/mol)
0 16.7 -7.5 0.88 8.5 21.0 0.99
0.5 1.1 -13.5 0.93 - - -
1 1.9 -11.7 0.76 26.5 27.1 0.99
2 3.3 -10.3 0.79 - - -

Investigators have reported lower values of Eq for hydrophilic polymers due to their lower
activation energy for water diffusion. Whereas, AHs, which is controlled by two separate
thermodynamic processes, is equal to the sum of the heats of condensation (AH:) and mixing
(AHn). Polar polymers such as PLA, cellulose acetate (CA), cellulose acetate propionate (CAP)
and ethyl cellulose (a hydrophilic polymer) have near-zero or negative values for AHm [58,65].
Since AH. is negative and equal to -42 kJ/mol for water vapor, AHs becomes negative, resulting in

negative values of E, (equation 4.8) [58,65].

The activation energy for water permeability (absolute E, values in Table 4.10) slightly
increased by adding CNCs into the matrix, regardless of CNC content, suggesting that more energy
is required to initiate water vapor permeation through the nanocomposite films. Similar trend is
observed for OP where the E, slightly increased by adding 1% CNC into PLA matrix, owing to

the excellent oxygen barrier of cellulose nanomaterials [55]. The activation energy for oxygen
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permeability of 21.0 kJ/mol obtained in this study for neat PLA films is consistent with the E,
values of 28.43 kJ/mol [66], 23.869 kJ/mol [67] and 24.9 kJ/mol [68] in the literature. It is worth
mentioning that the Arrhenius equation parameters (Ao and E,) listed in Table 4.10 can be used in
equation 4.7 to predict WVP and OP values of the PLA and PLA/CNC nanocomposite films at

any absolute temperature (Kelvin).

Consider next the effects of CNC content and relative humidity (RH) on the WVTR and
WVP of PLA films (Figure 4.25). It is generally accepted that the WVTR through a polymeric
film depends on the concentration gradient of the permeant and is described by the Fick’s law

[69,70]:

] =—DVc (Equation 4.9)

where J is the diffusion flux; D the diffusion coefficient; and V¢ the concentration gradient

of the permeant in the film.

Since the diffusion coefficient (D) is independent of the permeant concentration at steady

state, equation 4.9 can be combined with Henry’s law (¢ =S-p) and integrated to give [69,70]:

p=p- 2" %2 _p.g.PiP2_p P17P (Equation 4.10)
S
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where J; is the diffusion flux at steady state (WVTR); 1 is the film thickness; ¢i and c> are
the concentrations of the permeant (water vapor) on the external and internal sides of the test film;

S is the solubility coefficient; and P is the permeability coefficient, i.e., product of D and S.

Using p; — py = Psae - (RHgye — RH;, ), equation 4.10 can be rearranged as follows:

* Psat

1

(Equation 4.11)

Js = WVTR = ' (RHout - RHin)

It is clearly seen in Figure 4.25 (a) that WVTR increased linearly with increasing testing
RH, irrespective of CNC content as expected from Fick’s Law (equation 4.11), in agreement with

results reported for PLA [53] and other plastics [71].
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Figure 4.25 Effects of CNC content and RH on the (a) WVTR and (b) WVP of PLA films at

23°C.
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The WVTR values of PLA and nanocomposite films were normalized by the film thickness
and the difference in partial vapor pressures to obtain the permeability (equation 3.6). A plot of
the obtained WVP as a function of RH for PLA and nanocomposite films is shown in Figure 4.25
(b). Since the difference in partial vapor pressure in equation 3.6 [Ap = Pst (RHou — RHin)]
increases linearly with increasing testing RH (i.e., increase in RHou only since RHin = 0%), the
normalized WVP of PLA and nanocomposite films did not vary with changes in testing RH, in
agreement with the findings reported in the literature for PLA 4030D with 98% L-Lactide and
PLA 4040D with 94% L-Lactide [66]. Nevertheless, all nanocomposite films were better barriers
to water vapor than neat PLA films attributable to the increased crystallinity (Figure 4.26), again

validating the negative correlation between the WVP and crystallinity, insensitive to RH.
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Figure 4.26 WVP of PLA and PLA/CNC nanocomposite films tested at various relative humidity

conditions as a function of films’ crystallinity obtained from (a) 1% heat and (b) 2" heat.
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4.4 Potential of extrusion-blown poly(lactic acid)/cellulose nanocrystals nanocomposite films

for improving the shelf-life of a dry food product

The title and content of section 4.4 are part of the manuscript under preparation
for submission to Food Packaging and Shelf-Life journal.

From the studies performed in the previous sections, it was evident that the direct dry-
blending technique appeared to be the better approach for incorporating CNCs into the PLA
matrix. Moreover, optimum improvements in barrier properties of PLA films occurred at 1%
CNCs. Therefore, the main objective of this section was to assess the potential of the developed
PLA/1% CNC nanocomposite films manufactured using the direct dry-blending approach in

extending the shelf-life of moisture-sensitive food product (crackers) (specific objective #4).

4.4.1 Moisture sorption of food

The initial moisture content (IMC) of the crackers was 4.1% (dry basis), in corroboration
with other researchers [72]. Since the IMC is low, the product has a tendency to absorb moisture
from its surrounding atmosphere, making it a moisture-sensitive product. On absorbing moisture,
the product becomes soggy and unappetizing. It is important to establish the sorption behavior of
food products to estimate product stability at various storage conditions and to evaluates the
requirements of packaging materials in order to ensure adequate product shelf-life. Therefore, the
moisture content of unpackaged crackers was monitored under various conditions of relative
humidity (RH) as a function of time (Figure 4.27). Two distinct trends were seen from Figure 4.27.
Firstly, the moisture content of crackers increased as the RH increased, irrespective of the storage
time. As expected, the moisture sorption of food increased with RH since more water molecules

were available in the atmosphere to be absorbed at a higher RH, leading to a higher concentration
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gradient, as per Fick’s law. Secondly, the moisture content of food increased gradually with
increasing time and then reached a constant value or an equilibrium for each RH condition,
indicating that the product is susceptible to moisture gain due to its low IMC. The moisture content
at the equilibrium condition, known as the equilibrium moisture content (EMC), was plotted

against RH to generate the moisture sorption isotherm.
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Figure 4.27 Moisture contents of crackers as a function of time recorded at 25°C and various

storage relative humidity conditions.

Figure 4.28 shows a plot of the experimental EMC of the food (obtained from Figure 4.27)
as a function of the storage RH at 25°C. The obtained experimental moisture isotherm (Figure
4.28) exhibited the sigmoidal (Type-II) or S-shape curve typically observed by other researchers
in moisture-sensitive foods such as salted crackers [73], rice crackers [72] and cornflakes [74].

The EMC increased gradually at lower RH but rapidly at higher RH.
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The experimental moisture sorption data was fitted using non-linear regression analysis to

the Guggenheim Anderson de Boer (GAB) equation as follows [72-74]:

CKa,,Wp, (Equation 4.12)
(1-Kay) - (1-Ka, +CKa,,)

EMCpred =

where EMCpreq is the predicted equilibrium moisture content of the product, C is the
Guggenheim constant, K is the correction factor, Wy, is the monolayer saturated water content, and

aw 1s the water activity (given as %RH/100).
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Figure 4.28 Moisture sorption isotherm of crackers at 25°C.
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The precision of fit of the GAB model to the experimental data was calculated using the

root mean square (RMS) value as follows [72-74]:

(Equation 4.13)

v (EMCeyp — EMCpreq 2
i=1 EMCpreq

N

RMS = x 100

where EMCep is the experimental equilibrium moisture content, EMCpred is the
equilibrium moisture content predicted by the GAB model, and N is the number of experimental

points.

Generally, a low RMS value (below 10%) signifies a good fit of the model to the
experimental data [72-74]. In this case, the RMS value obtained was 3.8% indicating that the GAB
model was a good fit to the experimental data obtained for crackers. Our results corroborate other
studies for moisture-sensitive foods such as salted crackers [73] and rice crackers [72] as well as
cornflakes [74]. While several investigators have reported the usefulness of the GAB equation to

fit sorption isotherms, it should be noted that this model works best below 90% RH [74].

As mentioned previously, the literature review showed an average CMC value of 8% for
crackers. By drawing a horizontal line parallel to the X-axis (% RH) at the average CMC value
(8%), the data produced an intersection with the moisture sorption isotherm at 37% RH (Figure
4.28). This result implies that the food product is shelf-stable when stored at a RH below 37%
since the EMC values obtained below 37% RH are below the CMC. In other terms, when the food

product is stored below 37% RH, it will reach its equilibrium moisture content before it can reach
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the critical moisture content, making it shelf- stable below this storage relative humidity. On the
other hand, when the food product is stored above 37% RH, it will absorb moisture and will
eventually reach the CMC, beyond which it will be unacceptable to the consumer. Packaging
materials such as PLA and PLA/CNC films can be used to delay this moisture absorption and

shelf-stability, thereby extending the shelf-life of food.

4.4.2 Experimental shelf-life of crackers packaged in PLA and PLA/CNC composite films

Our previous studies demonstrated that the incorporation of 1% CNCs into a PLA matrix
by a direct dry-blending approach improved the water and oxygen barrier performance of PLA by
40% and 60%, respectively [10,21,53]. In this section of the thesis, the effectiveness of the
manufactured PLA/CNC nanocomposite films in extending the shelf-life of moisture-sensitive

food products were assessed.

Table 4.11 summarizes the shelf-life of crackers packaged in PLA and PLA/CNC films
stored at 25°C and various RH conditions. The crackers packaged in both PLA and PLA/CNC
films did not reach the critical moisture content value of 8% when stored below 50% RH,
demonstrating shelf-stability at these storage conditions. It should be noted that the unpackaged
crackers were shelf-stable up to 37% RH only, indicating that the packaging materials delayed
moisture absorption and therefore increased the value of storage relative humidity until which the
crackers were shelf-stable to 50% RH. The crackers packaged in both PLA and PLA/CNC films
reached 8% CMC when stored above 50% RH. However, the time required to reach the CMC
(known as shelf-life) varied with the storage environmental condition (percent RH) and the
packaging film composition. Firstly, the shelf-life of packaged crackers decreased with increasing

RH, irrespective of the film composition. This trend can be attributed to the low moisture gradient
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between the inside of the package and the storage environment at lower RH. With increasing RH,
the moisture gradient increases, leading to higher water vapor transmission rates and reduced shelf-
life, irrespective of the packaging material composition. Secondly, above 50% RH the shelf-life of
crackers packaged in PLA/CNC films was longer than those packaged in unfilled PLA films,
irrespective of the storage RH, attributable to the superior water barrier performance of the
PLA/CNC films compared to the neat PLA counterpart films (Table 4.12). Remarkably, the shelf-
life of crackers packaged in the PLA/CNC films was approximately 40% longer than the crackers
packaged in neat PLA films, irrespective of the storage RH, in corroboration with the improved

water barrier performance of the nanocomposite films (~40%).

Table 4.11 Time for crackers packaged in PLA and PLA/CNC films to reach critical moisture.

content of 8% at different relative humidity conditions and a constant temperature of 25°C.

Shelf-life (hours)
% RH
PLA PLA/1% CNC Delay time to reach CMC
10 Shelf-stable Shelf-stable
33 Shelf-stable Shelf-stable
50 Shelf-stable Shelf-stable
61 63.4+0.6 86.1£1.6 22.7
79 42,9 +0.7 599+5.1 17.0
96 142+0.2 20.1+04 59
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Table 4.12 Water vapor permeability values of PLA and PLA/CNC films at different relative

humidity conditions and a constant temperature of 23°C.

Water vapor permeability (10716 kg-m/m?2-s-Pa)
% RH
PLA PLA/1% CNC % Decrease
50 327.2+16.1 1669 £4.1 49
57 331.7+20.6 182.7+5.0 45
64 330.7+27.3 187.7+2.9 43
71 3189+ 21.3 181.6 £3.6 43
78 314.8+43.9 196.5+ 6.1 38
85 341.8+50.0 200.3+10.0 41

4.4.3 Shelf-life modelling of crackers packaged in PLA and PLA/CNC in films

Several mathematical models for predicting the shelf-life of a moisture sensitive product
packaged in a film, described in section 2.8.2.2 of the literature review were used in this section

of the thesis to predict the shelf-life of crackers packaged in PLA and PLA/CNC films.

The experimental shelf-life and the predicted shelf-life of crackers packaged in PLA and
PLA/CNC films at several storage relative humidity conditions are listed in Table 4.13.
Interestingly, shelf-life predictions support the experimental data that the crackers packaged in the
PLA/CNC composite films have a higher shelf-life compared to those packaged in PLA films,
irrespective of the storage relative humidity and mathematical models employed (Table 4.13).
These results clearly demonstrate the effectiveness of PLA/CNC films to extend dry-foods’ shelf-

life compared to neat PLA films. Nevertheless, the shelf-life values predicted by the mathematical
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models did not match those obtained experimentally (Table 4.13). These differences between the
experimental and predicted shelf-life could be attributed to the limitations of the mathematical
models, which predict shelf-life based solely on the relationship between moisture content of the
food product and barrier property of the packaging material, may not be accurate. Besides the
moisture content of food product and the package permeability, other factors such as food structure
and composition may also significantly affect the shelf-life characteristics of the packaged foods.
For instance, the salt and/or fat present in the crackers can affect the moisture absorption and hence
shelf-life prediction through the modelling techniques used. Other researchers have also reported
large deviations in the predicted and experimental shelf-life values of salted crackers [73] and rice
crackers [72] attributable to the presence of additional food constituents such as salt [73] and fat
[72]. Additional factors such as a non-uniformity of packaging film thickness as well as
fluctuations in storage temperature, and relative humidity during testing, amongst others could
also affect the accuracy of shelf-life predicted by mathematical models. Since the films used in
this study were made in a laboratory using the blown film extrusion process, they were prone to
thickness variations due to surface roughness [75] which could have also contributed to
experimental errors and inaccurate shelf-life predictions. Based on these results, there is a need to

develop other models that can predict the shelf-life of packaged crackers more accurately.
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Table 4.13 Predicted and experimental shelf-life of crackers packaged in PLA and PLA/CNC

films stored at various relative humidity conditions.

Shelf-life (hours)
Models 61% RH 79% RH 96% RH
PLA PLA/CNC PLA PLA/CNC PLA PLA/CNC

Linear 249 43.9 19.2 33.8 13.4 23.6
Middle-point 13.2 233 11.3 19.9 8.9 15.7
Logarithmic 214 37.7 16.4 29.0 11.5 20.2
GAB 21.7 38.2 16.5 29.1 11.4 20.1
Experimental 63.4 86.1 42.9 59.9 14.2 20.1
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APPENDIX A: Extrusion blown films of poly(lactic acid) chain-extended with food grade

multifunctional epoxies
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Table A.1 Stock temperature and mixing torque of PLA and its blends with CE 4400 as a

function of time generated by a torque rheometer.

%CE 4400 in PLA
T;;‘)‘e 0% 0.25% 0.5% 0.75% 1%
Temp | Torque | Temp | Torque | Temp | Torque | Temp | Torque | Temp | Torque
CO | (Nm | O | (Nm) | (°C) | (Nm) | (°C) | Nm) | (°C) | (Nm)
0 203.1 0.0 202.3 0.0 202.6 0.0 203.3 0.0 205.2 0.0
2 186.0 23 187.1 2.2 190.7 2.1 189.1 2.1 187.7 2.0
4 180.2 7.0 181.2 6.2 190.7 5.2 185.5 5.1 183.5 59
6 1757 114 1694 9.3 177.7 9.0 176.8 8.0 172.5 8.7
& 1666 16.7 1650 142 1729 126 167.6 108 1702 144
10 163.0 234 162.1 180 1642 173 1628 162 162.7  20.7
12 1600 292 1580 264 1606 249 1602 243 160.6 274
14 1588 339 1552 337 1593 318 1585 308 1579 303
16 1588 36.0 1579 37.0 1579 352 1587 314 1581 313
18 1580 332 1563 365 1598 346 1585 318 1575 292
20 160.1 31.2 1568 33.6 1593 31.8 1589 310 1598 29.0
22 1599 288 1594 29.6 161.8 274 1598 283 160.7 27.8
24 160.8 234 1584  26.1 1622 256 1574 254 160.7 244
26 1623 206 1606 234 1642 234 1576 225 1603 21.6
28 163.8 18.1 163.6 215 1644 21.8 1613 199 161.1 19.1
30 163.0 158 1629 195 160.6 200 1625 180 1649 16.5
32 166.1 140 1629 166 1659 173 1640 155 164.6 143
34 1662 122 1654 140 167.6 153 1664 13.8 1662 128
36 1690 10.8 1684 128 167.8 135 1692 122 170.7 11.6
38 172.0 9.8 169.5 119 1703 125 1704 11.6 171.8 11.0
40 173.6 9.3 1712 113 1717 117 1726 11.2 1735 105
42 1747 8.8 1728 106 1739 113 1732 105 1750 103
44 176.5 8.3 174.9  10.1 1755 108 1754 102 176.6 9.9
46 177.6 7.9 175.9 9.6 1759 10.1 176.9 9.9 177.4 9.6
48 178.8 7.6 176.8 9.1 177.2 9.8 178.4 9.3 178.8 9.3
50 179.9 7.4 178.4 8.9 178.6 9.5 179.0 9.0 180.3 9.0
52 180.9 7.2 179.5 8.5 179.7 9.2 180.3 8.8 181.6 8.7
54 181.8 7.0 180.6 8.3 180.5 8.9 181.3 8.6 182.5 8.5
56 182.6 6.8 181.3 8.1 181.4 8.7 182.3 8.4 183.5 8.3
58 1832 6.6 182.3 7.9 182.3 8.4 183.2 8.2 184.3 8.1
60 184.1 6.5 183.0 7.7 183.4 8.3 184.0 7.9 185.4 7.9
62 184.6 6.4 183.6 7.5 184.1 8.1 184.7 7.8 186.1 7.8
64 185.3 6.3 184.6 7.4 184.6 7.9 185.4 7.6 186.9 7.7
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Table A.1 (cont’d)

66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
96
98
100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150

186.0
186.4
187.3
187.8
188.3
188.7
189.3
189.7
190.1
190.5
190.9
191.2
191.7
191.9
192.3
192.5
193.0
193.3
193.4
193.8
194.0
194.2
194.4
194.8
195.0
195.2
195.5
195.6
195.7
195.9
196.3
196.4
196.6
196.8
197.0
197.1
197.3
197.5
197.7
197.8
197.9
198.1
198.3

6.2
6.1
6.0
59
5.8
5.8
5.7
5.6
5.6
5.5
54
54
53
53
52
52
52
5.1
5.1
5.0
5.0
5.0
4.9
4.9
4.9
4.8
4.8
4.8
4.8
4.7
4.7
4.7
4.6
4.6
4.6
4.6
4.6
4.5
4.5
4.5
4.5
4.5
4.4

185.0
185.7
186.4
186.9
187.6
188.0
188.5
189.0
189.4
189.9
190.3
190.7
191.1
191.4
191.9
192.1
192.4
192.9
193.0
193.4
193.6
193.8
194.0
194.2
194.6
194.9
194.9
195.2
195.4
195.8
195.9
196.1
196.3
196.4
196.6
197.0
197.1
197.2
197.4
197.5
197.9
197.9
198.0

7.2
7.1
7.0
6.8
6.8
6.7
6.6
6.5
6.4
6.3
6.3
6.2
6.2
6.2
6.1
6.0
6.0
59
59
5.8
5.8
5.7
5.7
5.7
5.7
5.6
5.6
5.6
5.6
5.5
5.5
5.5
5.5
54
54
54
54
53
53
53
53
53
52

185.3
186.0
186.7
187.2
187.9
188.3
188.8
189.5
189.8
190.3
190.7
191.1
191.6
191.8
192.2
192.6
192.9
193.3
193.5
193.8
194.1
194.4
194.7
194.9
195.2
195.4
195.4
195.9
196.2
196.3
196.6
196.7
196.9
197.2
197.3
197.6
197.7
197.9
198.1
198.2
198.4
198.6
198.8
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7.8
7.6
7.4
7.4
7.2
7.2
7.1
7.0
6.9
6.8
6.8
6.7
6.7
6.6
6.5
6.5
6.4
6.3
6.3
6.3
6.2
6.2
6.1
6.2
6.1
6.1
6.1
6.0
6.0
6.0
59
6.0
59
59
59
59
5.8
5.8
5.8
5.8
5.8
5.8
5.8

186.2
186.8
187.1
188.1
188.3
188.9
189.6
189.9
190.7
190.8
191.5
191.9
192.1
192.4
193.0
193.3
193.5
194.0
194.2
194.4
194.9
195.0
195.0
195.4
195.7
196.1
196.3
196.3
196.7
196.9
197.0
197.3
197.5
197.8
197.9
198.0
198.3
198.4
198.6
198.7
198.8
199.1
199.3

7.5
7.4
7.3
7.1
7.1
6.9
6.8
6.8
6.8
6.7
6.6
6.5
6.5
6.4
6.4
6.3
6.3
6.3
6.2
6.2
6.2
6.1
6.1
6.1
6.1
6.0
6.0
6.0
6.0
59
59
59
59
59
5.8
59
5.8
5.8
5.8
5.8
5.8
5.8
5.8

187.7
188.3
188.9
189.6
190.1
190.7
191.3
191.7
192.2
192.7
193.1
193.6
193.9
194.2
194.6
194.9
195.3
195.6
195.8
196.1
196.4
196.7
196.9
197.2
197.4
197.6
197.9
198.0
198.3
198.6
198.8
198.9
199.2
199.3
199.6
199.6
199.9
200.1
200.2
200.5
200.6
200.8
201.0

7.5
7.4
7.3
7.3
7.2
7.1
7.0
7.0
6.9
6.8
6.8
6.7
6.7
6.6
6.6
6.6
6.6
6.5
6.4
6.4
6.4
6.4
6.4
6.3
6.4
6.4
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.2
6.2
6.2
6.2
6.2
6.2
6.3
6.3
6.3
6.3




Table A.1 (cont’d)

152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230
232
234
236

198.4
198.5
198.5
198.8
198.9
199.1
199.2
199.3
199.4
199.6
199.7
199.8
199.9
200.0
200.0
200.2
200.3
200.4
200.5
200.6
200.7
200.8
201.0
201.0
201.1
201.2
201.3
201.4
201.6
201.6
201.7
201.8
201.9
202.0
202.1
202.3
202.3
202.3
202.5
202.6
202.7
202.7
202.9

4.4
4.4
4.4
4.4
43
43
43
43
43
43
4.2
43
4.2
4.2
4.2
4.2
4.2
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.8
3.8
3.8

198.3
198.3
198.6
198.7
198.8
199.1
199.2
199.3
199.4
199.7
199.9
200.0
200.1
200.2
200.3
200.5
200.6
200.6
200.9
200.9
201.1
201.1
201.2
201.5
201.5
201.6
201.7
201.8
202.0
202.1
202.2
202.2
202.3
202.5
202.6
202.7
202.8
202.8
203.0
203.1
203.1
203.4
203.4

52
52
52
52
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.0
5.0
5.0
5.0
5.0
5.0
5.0
4.9
5.0
4.9
4.9
4.9
4.9
4.9
4.8
4.8
4.9
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8

198.9
199.0
199.2
199.4
199.5
199.8
199.8
200.0
200.1
200.2
200.4
200.5
200.7
200.7
200.8
201.0
201.2
201.3
201.3
201.5
201.7
201.8
201.9
202.0
202.0
202.2
202.4
202.5
202.7
202.7
202.8
202.9
202.9
203.1
203.2
203.3
203.4
203.5
203.6
203.8
203.9
203.9
204.0
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5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.6
5.6
5.7
5.6
5.7
5.7
5.7
5.7
5.6
5.7
5.7
5.7
5.7
5.6
5.7
5.7
5.7
5.7

199.4
199.7
199.7
200.0
200.1
200.2
200.4
200.6
200.7
200.9
201.0
201.1
201.3
201.4
201.4
201.5
201.7
201.9
202.0
202.1
202.2
202.3
202.5
202.5
202.8
202.7
202.9
203.0
203.1
203.2
203.4
203.5
203.5
203.7
203.8
203.9
204.1
204.1
204.2
204.4
204.4
204.6
204.7

5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.8
59
5.8
59
59
59
59
59
59
59
59
59
59
59
6.0
59
59
6.0
6.0
6.0
6.0
6.0
6.0
6.0

201.1
201.4
201.5
201.7
201.9
201.9
202.1
202.2
202.4
202.6
202.7
202.8
203.0
203.0
203.2
203.3
203.5
203.6
203.7
203.9
203.9
204.0
204.2
204.2
204.4
204.4
204.5
204.6
204.7
204.9
205.0
205.0
205.2
205.3
205.4
205.5
205.5
205.7
205.8
206.0
206.0
206.1
206.4

6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.4
6.4
6.4
6.4
6.5
6.4
6.5
6.5
6.5
6.5
6.6
6.6
6.6
6.6
6.7
6.7
6.7
6.7
6.7
6.7
6.8
6.8
6.8
6.8
6.8
6.8
6.9
6.9
6.9
6.9
7.0
7.0




Table A.1 (cont’d)

238
240
242
244
246
248
250
252
254
256
258
260
262
264
266
268
270
272
274
276
278
280
282
284
286
288
290
292
294
296
298
300

202.9
203.0
203.1
203.1
203.2
203.2
203.4
203.5
203.5
203.5
203.6
203.7
203.8
203.9
203.9
204.0
204.0
204.1
204.2
204.2
204.2
204.2
204.4
204.4
204.4
204.5
204.6
204.6
204.7
204.7
204.8
204.9

3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.5

203.5
203.5
203.6
203.7
203.8
203.9
203.9
204.0
204.2
204.2
204.3
204.4
204.3
204.5
204.6
204.6
204.7
204.7
204.8
204.8
204.9
205.1
205.0
205.2
205.2
205.2
205.4
205.5
205.5
205.5
205.6
205.7

4.7
4.7
4.7
4.7
4.8
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.6
4.6
4.7
4.6
4.7
4.6
4.7
4.6
4.7

204.1
204.2
204.2
204.3
204.4
204.4
204.6
204.7
204.8
204.9
204.9
205.0
205.1
205.2
205.3
205.3
205.4
205.5
205.5
205.5
205.6
205.7
205.8
205.8
206.0
205.9
206.1
206.1
206.2
206.4
206.3
206.4

5.7
5.7
5.7
5.7
5.7
5.7
5.8
5.8
5.7
5.8
5.8
5.8
5.8
5.7
5.8
5.8
5.7
5.8
5.8
5.8
5.8
5.8
5.8
59
59
59
5.8
59
59
59
59
5.9

204.7
204.9
205.0
205.0
205.3
205.3
205.4
205.4
205.5
205.7
205.7
205.8
205.9
205.9
206.1
206.1
206.2
206.3
206.3
206.4
206.5
206.5
206.7
206.7
206.8
206.9
206.9
207.1
207.1
207.1
207.2
207.2

6.0
6.0
6.1
6.1
6.0
6.1
6.1
6.1
6.1
6.1
6.1
6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.4
6.4
6.4
6.4
6.4
6.4

206.3
206.5
206.6
206.6
206.8
206.8
206.9
207.1
207.1
207.2
207.3
207.4
207.5
207.5
207.6
207.8
207.8
208.0
207.9
208.1
208.3
208.2
208.4
208.4
208.5
208.6
208.6
208.7
208.8
208.8
208.9
208.9

7.0
7.0
7.0
7.1
7.1
7.1
7.1
7.2
7.2
7.2
7.2
7.3
7.3
7.4
7.3
7.4
7.4
7.4
7.4
7.5
7.5
7.6
7.5
7.5
7.6
7.6
7.7
7.7
7.7
7.7
7.7
7.8
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Table A.2 Stock temperature and mixing torque of PLA and its blends with CE 4468 as a

function of time generated by a torque rheometer.

%CE 4468 in PLA
TE;‘)“" 0.25% 0.5% 0.75% 1%
Temp | Torque | Temp | Torque | Temp | Torque | Temp | Torque
O (Nm) O (Nm) O (Nm) O (Nm)
0 202.1 0.0 203.1 0.0 202.4 0.0 203.5 0.0
2 189.5 2.2 192.7 1.6 189.0 1.9 189.9 2.2
4 178.7 6.6 187.6 4.1 184.6 54 185.4 54
6 169.7 11.5 175.6 7.2 178.5 8.0 177.1 8.5
8 170.1 15.0 175.6 9.0 173.8 11.6 169.4 11.7
10 163.6 21.1 165.8 15.1 169.1 17.6 165.9 18.9
12 162.0 30.0 162.5 23.5 163.0 24.4 162.9 26.8
14 158.1 35.1 160.1 30.3 159.2 29.2 159.3 31.1
16 158.6 39.3 157.2 33.5 158.0 33.4 157.0 32.2
18 158.4 39.2 157.6 37.2 158.2 35.8 157.4 34.0
20 157.4 35.4 158.2 37.8 157.6 35.9 158.3 31.5
22 160.7 30.9 157.3 333 160.4 33.0 160.8 30.2
24 162.4 28.4 158.6 31.0 160.8 31.7 163.2 27.3
26 165.8 25.0 162.9 28.2 160.9 25.7 166.0 22.8
28 165.9 22.5 161.9 24.4 165.6 235 164.2 21.6
30 164.9 19.7 164.0 21.7 165.2 22.0 163.7 20.8
32 164.3 17.7 164.3 19.3 164.7 19.2 166.6 18.5
34 166.9 15.9 166.2 16.8 164.1 17.2 168.0 16.9
36 166.9 14.2 164.0 14.7 167.5 15.8 167.2 15.4
38 168.9 13.0 168.0 13.5 169.6 14.2 167.6 14.9
40 170.8 12.5 170.1 12.6 171.9 12.9 168.8 13.5
42 173.6 11.7 171.9 11.9 172.0 12.4 171.8 12.8
44 175.2 10.8 173.4 11.3 173.9 11.9 173.7 12.1
46 176.6 10.3 174.8 10.7 175.6 11.5 175.6 11.5
48 177.0 9.9 176.5 10.4 176.9 11.0 176.9 11.2
50 178.3 9.5 177.7 10.1 178.6 10.7 178.0 10.8
52 179.5 9.2 178.6 9.7 178.5 10.3 178.9 10.5
54 179.9 9.0 179.7 9.6 179.8 10.1 179.7 10.2
56 181.0 8.6 180.4 9.3 180.8 9.8 181.3 10.0
58 181.7 8.4 181.5 9.1 181.5 9.7 182.1 9.8
60 182.4 8.3 182.5 8.8 182.4 9.5 183.0 9.7
62 183.2 8.1 182.7 8.7 183.3 9.2 183.1 9.6
64 184.4 8.0 184.0 8.6 184.2 9.1 184.6 9.4
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Table A.2 (cont’d)

66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
96
98
100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150

184.6
185.2
186.1
186.5
187.0
187.7
188.1
188.7
188.9
189.5
189.9
190.2
190.8
190.9
191.3
191.7
192.0
192.3
192.7
192.9
192.9
193.3
193.6
193.9
194.2
194.3
194.5
194.8
195.0
195.3
195.5
195.6
195.9
196.1
196.1
196.4
196.5
196.7
196.9
197.1
197.3
197.5
197.7

7.9
7.6
7.6
7.5
7.4
7.3
7.2
7.1
7.0
6.9
6.9
6.8
6.7
6.7
6.7
6.6
6.6
6.5
6.5
6.4
6.4
6.4
6.3
6.3
6.3
6.3
6.3
6.2
6.2
6.2
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.0
6.1
6.0
6.0
6.0

184.8
185.5
186.1
186.8
187.4
188.0
188.6
189.0
189.6
190.0
190.5
190.9
191.2
191.8
192.1
192.4
192.9
193.0
193.5
193.7
194.0
194.5
194.6
194.9
195.2
195.4
195.7
195.9
196.2
196.4
196.5
196.9
197.1
197.3
197.5
197.6
197.9
198.1
198.2
198.5
198.6
198.8
199.0

8.4
8.3
8.2
8.0
8.0
7.9
7.8
7.7
7.7
7.6
7.5
7.5
7.5
7.4
7.4
7.3
7.3
7.3
7.3
7.2
7.2
7.1
7.2
7.1
7.1
7.1
7.1
7.1
7.0
7.0
7.1
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
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184.8
185.5
186.0
186.8
187.5
187.5
188.5
188.7
189.4
190.0
190.3
190.9
191.2
191.4
192.1
192.2
192.7
193.1
193.2
193.7
193.8
194.2
194.6
194.7
195.0
195.2
195.5
195.9
196.0
196.3
196.3
196.6
197.0
196.9
197.3
197.5
197.5
198.0
198.0
198.3
198.6
198.5
198.8

9.0
8.8
8.7
8.6
8.4
8.5
8.4
8.3
8.3
8.1
8.1
8.0
8.1
8.1
8.0
8.0
7.9
7.9
7.9
7.9
7.9
7.9
7.8
7.8
7.8
7.8
7.8
7.8
7.9
7.8
7.8
7.8
7.8
7.8
7.8
7.8
7.9
7.8
7.8
7.9
7.9
7.9
7.9

185.2
186.2
186.7
186.9
187.7
188.6
189.1
189.5
190.1
190.3
191.2
191.4
191.8
192.3
192.6
192.9
193.6
193.8
194.1
194.6
194.8
194.9
195.3
195.7
195.9
196.3
196.4
196.6
197.1
197.2
197.5
197.8
197.9
198.1
198.4
198.7
199.0
199.1
199.3
199.4
199.9
200.1
200.1

9.3
9.2
9.1
9.0
9.0
8.9
8.9
8.9
8.8
8.8
8.8
8.8
8.8
8.8
8.9
8.9
9.0
8.9
8.9
8.9
8.9
9.0
8.9
9.0
9.0
9.0
9.0
9.1
9.1
9.1
9.1
9.2
9.2
9.2
9.3
9.2
9.3
9.3
9.3
94
9.3
94
9.5




Table A.2 (cont’d)

152
154
156
158
160
162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
216
218
220
222
224
226
228
230
232
234
236

197.9
198.0
198.2
198.3
198.5
198.7
198.7
198.9
199.1
199.1
199.4
199.4
199.6
199.8
199.8
200.1
200.2
200.3
200.3
200.5
200.6
200.8
200.9
201.1
201.1
201.3
201.4
201.5
201.7
201.6
201.9
202.0
202.0
202.3
202.3
202.5
202.5
202.2
202.3
202.4
202.5
202.5
202.6

6.0
6.0
6.0
6.0
6.0
6.0
59
59
59
59
59
59
5.8
59
59
59
59
59
59
5.8
5.8
5.8
5.8
5.8
5.8
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.6
5.7

199.1
199.5
199.6
199.8
199.9
200.1
200.2
200.5
200.6
200.7
200.8
201.1
201.2
201.4
201.6
201.5
201.9
201.9
202.1
202.3
202.3
202.4
202.6
202.7
202.9
203.1
203.0
203.1
203.3
203.5
203.6
203.6
203.8
203.9
204.1
204.2
204.2
204.5
204.5
204.6
204.8
204.9
205.0

7.1
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.1
7.1
7.1
7.1
7.1
7.2
7.1
7.2
7.2
7.2
7.2
7.2
7.2
7.3
7.3
7.3
7.2
7.3
7.3
7.3
7.4
7.3
7.3
7.4
7.4
7.4
7.4
7.5
7.4
7.4
7.5
7.5
7.5
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198.9
199.2
199.3
199.4
199.7
199.7
200.0
200.2
200.2
200.3
200.6
200.7
201.0
201.0
201.2
201.4
201.4
201.6
201.8
202.0
202.0
202.2
202.4
202.6
202.7
202.8
202.9
203.2
203.3
203.3
203.6
203.6
203.6
203.9
203.9
204.2
204.3
204.5
204.5
204.6
204.8
204.9
204.9

7.9
7.9
7.9
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.2
8.1
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.2
8.3
8.3
8.3
8.4
8.3
8.4
8.4
8.4
8.5
8.5
8.5
8.6
8.6
8.6
8.6
8.6
8.6
8.7
8.8
8.7
8.7
8.8

200.6
200.6
200.8
201.1
201.1
201.6
201.7
201.7
202.1
202.1
202.5
202.7
202.7
202.9
203.0
203.4
203.5
203.6
203.8
204.0
204.2
204.4
204.3
204.7
204.7
204.8
205.1
205.1
205.4
205.6
205.5
205.7
205.9
206.1
206.2
206.3
206.5
206.6
206.8
206.9
206.9
207.2
207.2

94
9.5
9.5
9.5
9.6
9.6
9.6
9.6
9.7
9.8
9.7
9.8
9.8
9.8
9.8
9.9
10.0
10.0
10.0
10.0
10.0
10.1
10.1
10.1
10.1
10.2
10.1
10.3
10.2
10.3
10.3
10.3
10.4
10.3
10.4
10.5
10.5
10.5
10.5
10.6
10.5
10.5
10.6




Table A.2 (cont’d)

238  202.8 5.7 205.1 7.5 205.1 8.7 207.4 10.6
240 2029 5.7 205.3 7.5 205.2 8.9 207.5 10.6
242 203.0 5.7 205.3 7.5 205.3 8.9 207.5 10.7
244 203.1 5.7 205.5 7.6 205.4 8.9 207.9 10.7
246  203.1 5.8 205.6 7.5 205.5 9.0 208.0 10.7
248 203.3 5.7 205.6 7.5 205.7 8.9 207.9 10.8
250  203.3 5.7 205.8 7.6 205.7 8.9 208.2 10.7
252 2034 5.7 205.9 7.6 205.8 8.9 208.3 10.9
254 203.5 5.7 206.0 7.6 206.0 9.0 208.5 10.9
256  203.5 5.7 206.2 7.6 206.0 9.0 208.7 10.9
258  203.7 5.7 206.2 7.6 206.3 9.0 208.6 10.9
260  203.8 5.7 206.3 7.7 206.4 9.1 208.8 10.9
262 203.7 5.7 206.5 7.7 206.3 9.1 209.0 11.0
264 2038 5.7 206.6 7.7 206.7 9.1 209.2 11.0
266 2039 5.7 206.7 7.7 206.7 9.2 209.2 11.0
268 2039 5.7 206.8 7.7 206.9 9.1 209.3 11.1
270  204.1 5.7 206.7 7.8 207.1 9.2 209.5 11.0
272 204.1 5.7 207.0 7.8 207.1 9.2 2094 11.1
274 204.2 5.7 207.0 7.8 207.2 9.2 209.7 11.2
276 2044 5.7 207.0 7.8 207.3 9.3 209.8 11.1
278 2044 5.7 207.2 7.8 207.4 9.2 209.8 11.2
280  204.5 5.7 207.3 7.9 207.5 9.3 210.1 11.2
282 204.6 5.7 207.3 7.9 207.6 9.3 210.0 11.3
284 204.7 5.7 207.3 7.9 207.7 9.3 210.1 11.3
286  204.7 5.7 207.5 8.0 207.8 9.3 2104 11.3
288  204.7 5.7 207.5 7.9 207.8 94 210.3 11.4
290 2049 5.7 207.7 8.0 208.0 94 210.6 11.3
292 205.0 5.7 207.8 7.9 208.0 9.5 210.7 11.4
294 205.0 5.7 207.8 8.0 208.3 94 210.5 11.5
296  205.1 5.7 207.8 8.0 208.3 9.5 210.9 11.5
298  205.0 5.7 208.0 7.9 208.3 9.6 210.9 11.5
300  205.2 5.7 208.0 8.0 208.6 9.6 210.9 11.5
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Table A.3 Molecular weights, zero-shear viscosity and crystallinity values of PLA chain-

extended with CE 4468 in an internal mixer.

Average molecular weights (g/mol)

Crystallinity (%)

% CE 4468 Zero-shear viscosity
in PLA (Pa-s)
M Myw My 1st heat | 2nd heat
0 123,164 212,139 197,529 1,086 3.8 2.8
0.25 139,244 339,817 295,637 1,838 29 1.9
0.5 157,040 474,904 406,631 7,270 2.5 1.8
0.75 180,606 503,107 433,068 53,441 2.1 1.6
1 220,830 582,952 468,564 240,727 1.5 1.6

Table A.4 Effect of CE content on the crystallinity and failure mass of PLA films.

Crystallinity (%)
% CE 4468 in PLA Failure mass (g)
o ilure mass (g
1st heat 2nd heat
0.25 2.8 1.2 22.7
0.5 09 1 29.7
0.75
NOT PROCESSABLE
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APPENDIX B: Performance of poly(lactic acid)/cellulose nanocrystal composite blown

films processed by two different compounding approaches.
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Table B.1 Effects of CNC addition and blending process on the transparency of PLA and

PLA/CNC composite films.

Transmission (%)

Wavelength (nm)
PLA PLA/CNC (DB) PLA/CNC (MB)
900 92.190 79.488 76.260
890 92.381 79.553 76.216
880 92.047 79.650 76.188
870 92.504 79.626 76.166
860 91.913 79.554 76.107
850 92.529 79.511 76.098
840 91.948 79.477 76.094
830 92.399 79.455 76.068
820 92.167 79.424 75.901
810 92.019 79.410 75.903
800 92.619 79.410 75.963
790 91.681 79.409 75.850
780 92.521 79.369 75.821
770 92.195 79.319 75.793
760 91.690 79.291 75.736
750 92.605 79.264 75.709
740 92.191 79.234 75.676
730 91.531 79.184 75.636
720 92.239 79.135 75.584
710 92.566 79.132 75.671
700 91.937 79.084 75.892
690 91.597 79.061 76.679
680 91.904 78.996 75.333
670 92.192 78.967 75.271
660 92.254 78.915 75.197
650 92.122 78.911 75.103
640 92.022 78.844 75.050
630 91.964 78.814 75.137
620 91.922 78.743 75.121
610 91.911 78.696 75.060
600 91.896 78.603 74.973
590 91.887 78.568 74.910
580 91.846 78.655 74.841
570 91.767 78.661 74.704
560 91.643 78.648 74.746
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Table B.1 (cont’d)
550
540
530
520
510
500
490
480
470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
240
230
220
210
200

91.807
91.714
91.437
91.829
91.325
91.724
91.258
91.349
91.439
91.250
91.225
91.202
90.887
90.574
91.209
90.645
90.982
90.216
90.266
90.303
90.124
89.676
89.232
88.908
88.657
88.427
87.967
87.031
86.244
85.198
81.910
61.044
18.123
2.178
0.692
1.700

78.627
78.564
78.491
78.434
78.357
78.341
78.302
78.266
78.262
78.257
78.201
78.101
78.113
78.063
77.988
77.870
77.735
77.341
77.400
77.244
77.092
76.955
76.625
76.557
76.237
75.774
75.172
74.451
73.655
72.769
69.839
51.854
17.171
3.678
1.791
3.138

74.634
74.544
74.489
74.422
74.395
74.357
74.280
74.132
74.082
74.011
73.896
73.791
73.639
73.484
73.309
73.101
72.863
72.623
72.280
71.835
71.425
70.917
69.650
69.142
68.566
67.617
66.588
65.695
64.516
60.671
58.198
48.849
20.337
0.079
0.187
2.518
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Table B.2 Carboxyl indices using the intensities of reference peaks at 2994 cm! and 2945 cm™!

of PLA, PLA/1% CNC (DB) and PLA/1% CNC (MB) films.

Carboxyl Index
Materials
Reference peak at 2994 cm™! | Reference peak at 2945 cm!
PLA 0.302 £ 0.007 0.393 £0.006
PLA/CNC (DB) 0.359 +0.007 0.456 + 0.006
PLA/CNC (MB) 0.390 + 0.008 0.487 +0.008
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APPENDIX C: Water vapor and oxygen barrier properties of extrusion-blown poly(lactic

acid)/cellulose nanocrystals nanocomposite films.
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Table C.1 Water vapor permeability (23°C and 85% RH), oxygen permeability (23°C and 0%

RH) as well as crystallinity of PLA/CNC films.

Crystallinity
% CNC | WVP (1071 kg-m/m?-s-Pa) | OP (10""° kg-m/m?-s-Pa)
1st heat | 2nd heat
0 349.8 £51.9 163.2+14.3 4.54 1.49
0.5 248.1 £19.1 59.8+9.3 5.12 2.78
1 213.9+10.3 42.6£3.0 5.39 4.47
2 216.1 £ 8.0 41.0£9.5 6.20 4.70

Table C.2 Effects of CNC content and testing temperature on the WVP of PLA films at 85% RH.

Temperature Water vapor permeability (10716 kg-m/m?2-s-Pa)
¢C) PLA PLA/0.5% CNC | PLA/1% CNC PLA/2% CNC
10 420.5 +£87.8 3484+ 71.2 295.6 +31.9 286.3+19.8
17 361.4+254 2852+ 64.8 219.4+438 222.6+6.9
23 349.8+51.9 248.1 £19.1 213.9+10.3 216.1 £8.0
31 334.1 +£45.7 236.1+£31.8 205.2+5.6 207.7+9.2
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Table C.3 Effects of CNC content and relative humidity (RH) on the WVP of PLA films at 23°C.

Water vapor permeability (10716 kg-m/m?2-s-Pa)

w PLA PLA/0.5% CNC PLA/1% CNC PLA/2% CNC
0.50 327.2+16.1 238.0+21.4 166.9 +£4.1 183.3+4.5
0.57 331.7+20.6 234.1+44.4 182.7+5.0 182.3 £10.1
0.64 330.7+27.3 244.0 + 66.8 187.7+29 181.1£9.3
0.71 3189+21.3 253.7+£22.8 181.6 +3.6 189.4+9.8
0.78 314.8 £43.9 263.0 £ 19.7 196.5 £ 6.1 190.9 £ 12
0.85 341.8 £50.0 250.0 £23.2 200.3 +£10.0 186.6 £10.8

Table C.4 Effects of CNC addition and testing temperature on the OP of PLA films at 0% RH.

Oxygen permeability (10"° kg-m/m?2-s-Pa)

Temperature (°C)

PLA PLA/1% CNC
17 - 35.6£2.7
23 163.2 +£14.3 42.6 +3.0
31 218.0 £26.3 56.9+5.0
38 243.3+36.7 72.8 4.2
50 3403 +17.8 111.3+£93
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APPENDIX D: Potential of extrusion-blown poly(lactic acid)/cellulose nanocrystals

nanocomposite films for improving the shelf-life of a dry food product.
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Table D.1 Moisture contents of crackers as a function of time recorded at 25°C and various

storage relative humidity conditions.

Moisture content (%)

Moisture content (%)

Time (hours)

Time (hours)

10% RH | 50% RH | 79% RH 32% RH | 61% RH | 96% RH

0 4.10 4.10 4.10 0 4.10 4.10 4.10
2 4.02 7.43 9.27 2 5.49 7.01 9.01
6 4.11 8.35 11.34 4 6.38 9.22 12.00
12 4.17 8.64 12.23 8 6.75 9.82 14.39
18 4.20 8.87 13.10 18 7.21 11.09 18.34
25 4.23 9.19 14.17 23 7.22 11.05 18.84
50 4.21 9.01 14.46 43 7.32 11.49 21.88
74 4.25 9.09 14.81 67 7.37 11.61 23.22
98 4.21 9.27 15.45 92 7.35 11.61 23.78
122 4.20 9.27 15.72 123 7.49 11.75 24.55
170 4.26 9.21 15.67 147 7.55 11.83 25.00
218 4.22 9.22 15.72 170 7.39 11.60 24.53
242 4.29 9.14 15.72 218 7.34 11.53 24.37
266 4.33 9.20 15.72 266 7.38 11.60 24.50
314 431 9.18 15.65 314 7.36 11.60 24.45
336 4.27 9.14 15.69 333 7.42 11.62 24.45
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Table D.2 Equilibrium moisture content values of crackers obtained experimentally and

predicted by GAB equation at 25°C.

Relative humidity (%)

Equilibrium moisture content (%)

Experimental Predicted by GAB
0.0 0.0000 0.0000
10.4 4.2840 43176
31.8 7.3779 7.2658
50.1 9.1765 9.6574
60.9 11.5916 11.5139
78.5 15.6974 16.1692
96.1 24.4601 26.1347
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Chapter 5

CONCLUSIONS

5.1 Conclusions

The main goal of this research project was to gain fundamental understanding of nanoscale
dispersion and distribution of CNCs into a PLA matrix in order to develop a nanocomposite film
with improved barrier performance through solvent-free processing methods for food packaging
applications. To achieve this goal, the following four specific objectives were studied, and

conclusions were drawn from each specific objective:

1. Specific objective #1 consisted of two parts. In the first part of this objective, the
effectiveness and efficiency of FDA-approved food grade polymeric chain extenders (CE)
with low (CE 4468) and high (CE 4400) epoxy equivalent weights in chain extending PLA
were studied using a torque rheometer. Based on the experimental results, the following

conclusions were made:

A. The residence time and melt stock temperature exceeded at least 120 s
recommended by the manufacturer for the reaction between PLA and CE to be over
99% complete at 200°C, clearly indicating that the blends were processed at
conditions favoring chain extension reaction. This chain extension proceeded via
the ring opening reaction of epoxide groups in the CE with PLA’s hydroxyl and/or

carboxyl groups, as confirmed by Fourier transform infrared spectroscopy.

B. Both CE grades were effective at chain extending PLA because they significantly

increased PLA’s torque during mixing. The torque increase was related to increased
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melt viscosity caused by molecular weight increase. Additionally, the reduced
crystallinity of the blends compared to neat PLA indicated chain branching of PLA.
Nevertheless, the CE with lower epoxy equivalent weight (CE 4468) was more
efficient in increasing the torque of PLA compared to its counterpart with high

epoxy equivalent weight (CE 4400) due to its higher reactivity.

In the second part of this objective, the processabilities of PLA films chain-extended and
branched with various amounts of the most efficient CE were assessed, leading to the following

conclusions:

A. Film manufacture was only feasible with blends containing up to 0.5% CE but
difficult above this content due to chain entanglement leading to significant
increase in melt viscosity. Blends with 0.25 and 0.5% CE experienced residence
times and melt temperatures of at least 132 s and 211°C in the extruder,
respectively. Exposure to these processing conditions favored 99% completion of
the chain extension reaction, confirmed by the increased melt pressure in the
extruder as well as the increased molecular weight and decreased crystallinity of

PLA/CE blends compared to neat PLA.

B. Chain branching reduced crystallinity and improved the ductility of PLA films. The

addition of only 0.5% CE into the PLA films increased its failure mass by ~56%.
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Two different approaches of incorporating CNCs into a PLA matrix were examined in
specific objective #2. The first method involved the melt-blending of PLA and CNCs in a
three-piece internal mixer for homogenous dispersion of CNCs into the matrix. The second
method, direct dry-blending, consisted of direct dry-mixing of PLA and CNCs in a high
intensity mixer. The compounded materials were then blown into films and compared in
terms of particle dispersion, optical, thermal, molecular weight and barrier properties. Our

experimental results, led to the following conclusions:

A. The distribution and dispersion of CNCs were not influenced by the blending
method. Good distribution of CNCs was achieved in the PLA matrix but some
agglomerations were still visible, indicative of not well-dispersed CNCs in the
matrix, irrespective of the blending process. Poor dispersion negatively impacted
the transparency of PLA/CNC composite films. Nevertheless, composite films with
75-78% transmission were obtained, demonstrating that reasonably good

transparency remains despite limited dispersion.

B. Overall, PLA/CNC composite films produced by both direct dry- and melt-
blending approaches thermally degraded during the blending process, but at
different extents. The degradation was demonstrated and quantified using various
analytical methods such as GPC, FTIR, and DSC, which clearly indicated that the
PLA/CNC melt-blended films degraded more than their direct dry-blended
counterparts. The B-C-H transfer appeared to be the dominant mechanism of

degradation for the composite films.
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C. The incorporation of CNCs into the PLA matrix by the direct dry- and melt-
blending processes improved the water vapor barrier properties of unfilled PLA
films by 30% and 24%, respectively and oxygen barrier properties by 60% and
39%, respectively. The inferior barrier performance of the PLA/CNC melt-blended
films compared to the direct dry-blended counterpart films could be attributed to
the thermal degradation caused by the extra heat exposure of the compound during

the melt-blending process in a three-piece mixer prior to blown film extrusion.

Therefore, the direct dry-blending technique appeared to be the better approach for
incorporating CNCs into the PLA matrix because it exposes the samples to less heat and thus

minimizes thermal degradation.

3. In the third specific objective, emphasis was placed on studying the effect of CNC content
on the water vapor (WVP) and oxygen (OP) barrier properties of blown PLA films was
evaluated at various temperatures and relative humidity conditions. The following

conclusions were inferred from this study:

A. Both WVP and OP of PLA and PLA/CNC nanocomposite films varied
exponentially with temperature as expected from the Arrhenius equation, whereas
the WVP remained constant with relative humidity as expected from Fick’s law.
However, two distinct trends were observed for the change in WVP and OP as
function of testing temperature. WVP decreased with increasing temperature
whereas an opposite trend was observed for OP, resulting in negative activation
energy for water permeability attributed to PLA’s polarity but positive activation

energy for oxygen permeability, irrespective of CNC content. The activation energy
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for both water vapor and oxygen permeabilities increased by adding CNC into PLA

matrix.

. The nanocomposite films were better barriers to both water and oxygen compared
to PLA films irrespective of the testing temperature and relative humidity,
attributable to the presence of highly crystalline CNCs, which increased the degree
of crystallinity of the nanocomposites and acted as impermeable regions in the

matrix, thus creating a tortuosity effect.

. The values of WVP and OP negatively correlated with the degree of crystallinity,
i.e., as the crystallinity increased the WVP and OP decreased. In fact, depending on
testing temperature or humidity, optimum improvements in WVP (30-40%) and OP
(65-75%) of PLA films occurred at 1% CNCs, a CNC content that correlated very

well with the maximum increase in crystallinity.

. The combined effects of increased crystallinity and CNC agglomerations
negatively affected the light transmission of nanocomposite films by scattering

light without affecting their visual clarity.

. The transparent blown PLA/CNC nanocomposite films with better barrier
performance developed in this study have tremendous potential for food packaging

applications.
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4. This specific objective was aimed at assessing the potential of CNC-based PLA films to
extend the shelf-life of moisture-sensitive food products (such as crackers) compared to

unfilled PLA films. The major findings from this research objective are as follows:

A. The moisture sorption isotherm determined for the crackers exhibited a sigmoidal

shape which could be described effectively by the GAB model.

B. Crackers packaged within both PLA and PLA/CNC packages did not reach the
critical moisture content (CMC) of 8% when stored below 50%RH at 250C,
indicating that the packaged crackers were shelf-stable at these conditions. Above
a storage RH of 50%, the crackers inside both packages reached the CMC but at
different times with CNC-based packages having approximately 40% longer shelf-

life compared to the neat PLA package, irrespective of the RH.

C. The linear, middle-point, logarithmic and GAB mathematical models were used to
estimate the shelf-life of crackers packaged in PLA and PLA/CNC films. However,
none of the models could accurately predict the shelf-life of the product-package
system attributable to factors such as the food composition, thickness variations in
packaging films and fluctuations in storage temperature and relative humidity.
Nevertheless, all models predicted a longer shelf-life for crackers packaged in the
PLA/CNC composite films compared to their neat PLA counterpart films,

irrespective of the relative humidity.

In conclusion, the results of this dissertation indicate that the developed composite films
have tremendous potential for food packaging applications because of their improved ductility and

barrier performance.
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5.2 Future work

This study was aimed at gain fundamental understanding of nanoscale dispersion and
distribution of CNCs into a PLA matrix in order to develop a nanocomposite film with improved
barrier performance through solvent-free processing methods for food packaging applications. In
this study, PLA/CNC nanocomposite films with enhanced water and oxygen barrier performance
were developed and their potential to enhance the shelf-life of a moisture sensitive product was
assessed. However, a more in-depth shelf-life study with exploration of other shelf-life modeling
techniques is proposed for future studies. Moreover, the potential of the nanocomposite films to

extend the shelf-life of an oxygen-sensitive product must also be evaluated.
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