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ABSTRACT

EFFECT OF NANO-CLAY AND SURFACTANT ON THE ABIOTIC AND BIOTIC
DEGRADATION OF POLY(LACTIC ACID) FILMS

By

Pooja C. Mayekar
The abiotic and biotic degradation of poly(lactic acid) — PLA film and PLA films compounded
with two nanoclays - montmorillonite (MMT) and organomodified MMT (OMMT), and a
surfactant - stearyl bis(2-hydroxyethyl) methyl ammonium chloride (QAC) was evaluated in
inoculated and non-inoculated vermiculite, and a simulated compost environment (58 + 2°C, 50
+ 5% RH). All films were produced in-house with approximately the same number average
molecular weight (Mn), crystallinity, and thickness. After full thermal, morphological and
physical characterization, the M, and evolved CO; were used as the key parameters to track the
evolution of the abiotic and biotic processes, respectively. The abiotic stage was not significantly
altered due to the presence of nanoclays, and the biodegradation rates of the PLA and PLA
nanocomposite films were not modified as opposed to the claims made by the studies conducted
before. There was no reduction in lag time of PLA due to the addition of nanoclays. The
biodegradation test in a simulated compost environment showed higher mineralization for PLA
films with QAC as compared to PLA films with MMT and OMMT, due to the presence of two
alkyl (tallow) tails imparting more hydrophilicity and plasticization effect. Similar results were
seen in the inoculated and non-inoculated vermiculite. The hydrolysis experiment was
conducted to decouple the abiotic/ hydrolytic phase of biodegradation at 58 + 2°C, and the
addition of nanoclays did not improve the degradation of PLA. Overall, the inclusion of

nanoclays did not enhance the hydrolytic degradation or biodegradation of PLA films.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

As per the U.S. Environmental Protection Agency (EPA), around 262 million tons of
municipal solid waste (MSW) was generated in the United States in 2015. More than 137 million
tons of MSW (52.5%) ended up in landfill whereas only 8.9% ended up in composting facilities.
Plastics formed around 13.1% of the total waste generated of which only 4.6% was recovered. Of
the 138 million tons going to landfill, plastics accounted for 18.9%. Packaging generated the
highest amount of MSW, around 78 million tons [1]. The huge amount of plastic accumulating in
the landfill, is an alarming concern for the environment, leading to problems such as greenhouse

gas emissions, global warming etc.

Worldwide production of plastics was estimated over 322 million tons in 2015 [2], due to
rising economy globally. Therefore to curb the problems of waste disposal of plastics after use,
reduce the dependence on non-renewable fossil based fuels and create a sustainable environment
by adopting ecofriendly solutions, industries have turned to bioplastics, particularly due to their
biodegradable nature [3]. Biodegradable plastics like polylactic acid (PLA), thermoplastic starch
(TPS), polyhydroxyalkanoate (PHA) and poly(butylene adipate-co-terephthalate) can be diverted
to an additional end of life scenario (composting) [4]. Additionally, the transition from
conventional plastics to bioplastics can be backed up by the numbers from the extensive market
research conducted by Germany’s nova-Institute , hinting towards an upward trend showing
increase in global bioplastic production capacity from 3.5 million tonnes in 2011 to around 12

million tonnes in 2020 [5].



PLA, a biobased biodegradable thermoplastic polyester, has turned out to be a major player
in the market due to exhibiting reasonable properties, which mimics its conventional counterparts,
such as high clarity, optimal strength, compostable, non-toxic, ease of processing [6-11]. These
appealing benefits can be translated as PLA has captivated the global market, valued at USD
698.27 million in 2017. It is estimated to reach USD 2091.29 million in 2023, lodging a compound

annual growth rate (CAGR) of 20.06%, with packaging dominating the market share [12].

PLA, however, has few drawbacks such as its inherent brittleness, which is manifested in
less impact strength and toughness, easy degradation at substantially high temperatures, low
flexibility, which has limited its potential reach to few sectors [13-15]. There have been several
studies spanning over the past two decades, which focused on improving PLA’s properties by
incorporating fillers or by blending PLA with other biodegradable and conventional polymers [16—
20]. Addition of nanoparticles has a huge potential since they bring significant improvement in the
shortcomings of PLA by producing PLA nanocomposites. The PLA properties can be tailored by
achieving good dispersion and facilitating the interfacial interaction between the nanofillers and
the polymer matrix, thus reaping the benefits of the individual components by inducing optical

clarity, barrier to gases and water, surface morphology, high moduli [21-23].

Among the nanoparticles, inorganic layered silicates or nanoclays have achieved a
breakthrough due to their low cost, easy availability and the significant enhancement they bring
when added in low concentrations [24]. Montmorillonite (MMT) is one such nanoclay, which
received great attention from industry and academia since it exhibits dramatic improvement in

mechanical, thermal and barrier properties in PLA, for loadings as low as 5%. Surface modification

of MMT is essential to draw on to this advantages and to facilitate the integration of nanoparticles

in the polymer matrix [25]. Ample research in PLA nanocomposites based on organomodified

2



montmorillonite (OMMT) have shown improvement in tensile modulus, flexural strength, barrier

to permeants properties in comparison to pure PLA [26-28].

Apart from the property shortcomings, one another disadvantage of biodegradable
polymers such as PLA is that it degrades at a slower pace as compared to other organic wastes in
composting environment, which affects their admittance into industrial composting facilities [29].
Studies have identified that inclusion of OMMT enhances the biodegradation rate of biodegradable
polymers as compared to their respective pristine polymer. In retrospect, incorporation of
nanoclays not only improves the performance of polymer, but it also provides an added advantage

of enhanced biodegradability in composting facilities [29-41].

Albeit so much research has been conducted, it is still not clear how the nanoclays and the
organomodifiers (surfactant) affect the hydrolytic degradation and biodegradation (abiotic and
biotic phase) of PLA, especially since nanoclays are known to increase chain scission of PLA
during processing and to reduce the molecular weight when added to PLA. The specific role of
unmodified clay, organomodified clay and surfactant has still not been investigated in depth
pertaining to the changes it brings in molecular weight, which is an important factor tracked

throughout the biodegradation process.



1.2 Overall goal and objectives

The overall goal of this research is to understand the role of nanoclays and surfactant and
their effect on the hydrolytic degradation and biodegradation of PLA and PLA nanocomposites.
Work done by previous researchers have claimed OMMT, as responsible for faster and higher
biodegradation, but no control was exercised over the main characteristics of the fabricated
nanocomposite like initial molecular weight, crystallinity, amount of clay and thickness of the
samples [42]. The comparison between PLA and PLA nanocomposites has been two different
starting points due to the difference in the initial molecular weight thereby giving edge to PLA
nanocomposites. To answer this question whether nanoclays really enhance the biodegradation of
biodegradable polymers, PLA with unmodified clay (MMT), organomodified clay (OMMT) and
surfactant (QAC) will be used as reference model system to test biodegradation in simulated

composting conditions.

The main goal was further divided into different specific objectives as outlined below:

1. Toproduce PLA, PLA-MMT, PLA-OMMT and PLA-QAC films having same
characteristics such as molecular weight, crystallinity and thickness with an
experimental variation of not more than 10%.

2. To evaluate the effect of nanoclays and surfactant on the hydrolytic degradation of
PLA nanocomposites to understand and decouple the abiotic phase of biodegradation.

3. To gain in depth knowledge and investigate the effect of nanoclays and surfactant on

the biodegradation rate of PLA in simulated compost environment.

To bridge this missing gap, hydrolysis and biodegradation tests will be conducted as per

their respective standards [43,44].



1.3 Hypothesis
This research aspires to test the general hypothesis: “Abiotic and biotic degradation of

biodegradable polymers are affected by the presence of nanoclays”.

1.4 Structure of thesis

The first chapter of the thesis establishes the logical reasoning as to the need of conducting
this research. Chapter 2 provides a thorough literature background shedding light on PLA,
nanocomposites and surfactant, influence of nanoclay on the biodegradation of PLA
nanocomposites, and parameters influencing the hydrolysis process. The manufacturing of
samples, material description and experimental setup is detailed in Chapter 3. Chapter 4 discusses
the results from the hydrolysis and biodegradation tests and provides insights on the role and
impact of nanoclays and surfactant on PLA degradation rate. Chapter 5 summarizes all the work
conducted and the experimental findings deduced and concludes with future work

recommendations.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A literature review was conducted to understand the effect of nanoclays and surfactant on
the hydrolysis and biodegradation process of poly(lactic acid) PLA. The review focuses on the role
of nanoclays and surfactant, their effect on the molecular weight and in turn the effect on the

abiotic and biotic degradation process.

2.2 Poly(lactic acid) — PLA

Bio-based polymers that are biodegradable and sustainable, in recent times have garnered
great interest in the scientific community, as an alternative to the ever-growing demand of
petroleum based conventional polymers due to several economic, social and environmental issues

like plastic waste management, global warming and limited availability of fossil fuels [1].

PLA is an aliphatic polyester which is biodegradable and compostable in nature. Due to its
compostable nature and lower environmental footprint, than the traditional petroleum based fossil
derived polymers, PLA has attracted a lot of attention and is considered as a favorable replacement
to the ever growing plastics waste disposal issue [2,3]. The fermentation of corn, cassava starch
and potato sugar yields lactic acid, which is the precursor for PLA [4,5]. The interest in PLA has
increased by leaps and bounds Figure 2.1 illustrates the number of research studies published in

the past two decades about PLA and related subject.
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Figure 2.1. Number of research reports published between 1995 and 2018 (from Web of
Science®Core Collection search results with title key-words "PLA", "PLLA", "PDLA",

"polylactic acid", "polylactide", and “poly(lactic acid)”.

During the 1960s, the use of PLA was mainly restricted to the medical field due to the
particular interest in its hydrolysable structures. Lower mass production, high cost of lactic acid
and low molecular weight hampered PLA’s reach to other markets and commodity applications
[6,8]. But later in the late 1980s, due to rapid advancements in the lactic acid production technique,
a higher molecular weight PLA was finally produced. The biodegradability combined with the
production from renewable sources along with the excellent properties provided at a low cost
opened a whole new arena for PLA applications. Nowadays, PLA is used in the healthcare and
medical industry to prepare a range of devices as degradable sutures, medical implants, tissue
engineering porous scaffolds, drug delivery systems due to its biocompatibility with human body
and packaging containers [9,11]. The U.S. Food and Drug Administration have approved PLA as

Generally Recognized as Safe (GRAS) polymer to use in contact with food. Commonly in
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packaging industries, PLA is used in the form of films, drinking cups, blister packages, sundae and
salad cups and rigid thermoformed containers [12,13]. PLA is used for producing industrial
textiles, filtration fabrics, geotextiles, military textiles in the textile industry [14], as mulch films
in the agricultural sector [15] and structural applications such as high end automotive parts and

electrical components [16].

2.3 Synthesis of PLA

Lactic acid (LA), a chiral molecule is the building block/monomer of PLA. It is also known
as 2-hydroxypropionic acid and has two enantiomers : L- and D-lactic acid. Figure 2.2 shows the

different chemical structures of these isomers.

O O
HO

3 OH
H /CH3 H3C H

Figure 2.2. Chemical structure of L-(+)-lactic acid (left) and D-(-)Lactic acid (right), adapted
from [17].

Production of lactic acid is carried out either by the fermentation or chemical synthesis
[17]. Among the two, the sought-after route is by bacterial fermentation of sugar and starches into
lactic acid using a strain of Lactobacillus [18]. The popularity of this method can be gauged by the
fact that 90% of the total lactic acid produced globally is by bacterial fermentation and is being
put to advantage by big market players like NatureWorks LLC and Carbion®, while the rest is
produced synthetically by hydrolysis of lactonitrile. Other chemical synthesis routes by which

lactic acid can be produced are detailed elsewhere but are preposterous costwise [19,20]. The
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chemical synthesis has major restrictions like inability to produce only the desired L-lactic acid
and finite production capacity [19].

PLA with fluctuating molecular weights can be manufactured using lactic acid. Majorly,
high molecular weight PLA finds applications in high value textile, fiber and packaging industries.
Figure 2.3 depicts the three ways in which polymerization of LA to high molecular weight PLA
can be obtained : (1) direct condensation polymerization of lactic acid (2) azeotropic dehydration

condensation reaction of lactic acid (3) ring opening polymerization (ROP) of lactide.

CHj O CH3

o) ~ OH
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Condensation o CHs Chain coupling agents
Low molecular weight prepolymer
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CH;
- CHjs O, CHs
~ OH ) ] - :
How Azeotropic dehydrative @) OH
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Lactic acid -H;0 0 CH; ™ 0O
High molecular weight PLA
Mw =>100,000
.\ -H,0
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polymerization
CH3 O CHj 0
~ O ~ OH o HaC
HO Y Ow Depolymerization "'3%/,, 0
O CHy ™ o) o ,
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Mw = 1,000-5,000 0
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Figure 2.3. Manufacturing process to produce high molecular weight PLA, adapted from
[17].
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The 1% method is generally considered to be the least expensive route to produce high
molecular weight PLA. It is based on the esterification of monomers, with the help of some
solvents coupled with efflux of water under gradual vacuum and high temperatures. It is difficult
to obtain a solvent free high molecular weight polylactic acid and usually the method results in
low to intermediate molecular weight (<50,000 g-mol ™). To obtain a high molecular weight, the
use of coupling agents such as isocyanates, epoxides or adjuvants e.g., bis (tri-chloromethyl)
carbonate, carbonyl diimidazole is indisputable. This in turn results in low quality PLA having
poor mechanical properties, along with reaction by-products such as water and alcohols, which
need to be eliminated, leading to higher reaction times and cost thereby increasing the complexity
of the process [20-23].

In azeotropic dehydrative condensation polymerization, high molecular weight PLA is
obtained from lactic acid, without the use of chain extenders or adjuvants. An azeotrope can be
defined as a mixture of two or more liquids in a ratio such that their fractions cannot be varied
during the process of distillation. This happens because when an azeotrope is boiled, the resulting
vapor has the same fraction of constituents as the original. This method involves efficient removal
of water using azeotropic solvents. The equilibrium between the polymer and its monomer is
exploited in organic solvents (e.g., toluene, xylene or diphenyl ether) to produce high molecular
weight polymer in a single step. The Chinese company Mitsui Toatsu Chemicals has patented this
process [24].

Ring-opening polymerization is a form of addition polymerization (chain growth), wherein
the terminal end of the polymer acts a reactive center. A long polymer chain is formed through
ionic propagation wherein more cyclic monomers react by opening its ring structure [25,26]. This

method is comprised of three steps: formation of low molecular weight PLA from
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polycondensation of LA, depolymerization of PLA into lactide and catalytic ring-opening
polymerization of the lactide intermediate. Lactic acid is first condensed to form low molecular
weight oligomers, then lactide is produced from the thermal cracking of low molecular weight
PLA oligomer under high temperature and low pressure in the presence of catalyst . The cyclic
dimer of LA namely lactide (3,6 dimethyl 1,4-dioxane 2,5-dione), is the monomer for PLA. Since
LA has two enantiomers : L- and D- lactic acid, the resulting lactide has three stereocisomeric forms
: DD-, LL- or DL-lactide [27]. The obtained crude lactide has different impurities such as water,
lactic acid and oligomers which can hinder with the polymerization reaction and increase the
population of low molecular weight species. Therefore, lactide is thoroughly purified by vacuum
distillation. The ring of the purified lactide then opens to form a high molecular weight polymer

grade PLA as shown in Figure 2.4 [28].

Q CH;

e CH, 0
° o ® OH
: HO ®
CH, ol CHyJy ©

@)
Figure 2.4. PLA synthesis by ring-opening polymerization [27].

This is the long established route for the large scale industrial manufacturing of PLA. This
can be verified from the fact that NatureWorks LLC, the major producer of high molecular weight
PLA has abused this ROP method to produce around 300 million pounds of Ingeo PLA per year
[29]. ROP helps exercise control over the chemistry to produce high molecular weight PLA by

altering various parameters like residence time, temperature and type of catalyst used. The
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resulting PLA thus has controlled desirable properties such as refractive index, high molecular
weight without the use of azeotropic system, which can be varied to broaden the application fields
for PLA..

In comparison to the conventional polymers like polypropylene (PP), poly (ethylene
terephthalate) (PET) and polystyrene (PS), high molecular weight PLA exhibits similar properties
such as mechanical, grease and oil resistance, good heat sealability and excellent barrier to aroma
and flavor [30,31]. However, it has certain drawbacks like brittleness, low melt viscosity, low
resistance to conditions of high temperature and humidity, low flexibility, poor mechanical, gas
barrier and thermal properties which limits its access to commercial application in many sectors
of packaging [32-34]. To overcome these limitations, ample amount of studies have been
conducted focusing on improving PLA properties and expanding its applications. This has been
achieved by blending it with different polymers (biodegradable and non-biodegradable), or via
composites and nanocomposites inclusion such as cellulose nanocrystals, nanoclays, fibers into

the PLA matrix [35-40].

2.4 Polymer degradation

Degradation can be defined as deviation in the desirable traits of materials from the desired
set point due to the impact produced by environmental factors such as light, temperature, water,
oxygen , biological organisms or chemicals [41,42]. The degradation process involve a lot of
physical and chemical processes which results in irreversible structural changes and remarkable

deterioration in the quality, rendering the polymeric materials useless for applications [43].

The degradation of polymers results in the cleavage of ester bonds, backbone chain scission

creating low molecular weight fragments, monomers or oligomers etc. Table 2.1 encapsulates the
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different types of degradation and the factors responsible. Detailed information regarding the
different degradation types can be found elsewhere [44-49]. Hydrolytic degradation and

biodegradation will be discussed in detail in the further sections.

Table 2.1. Type and causes of polymer degradation, adapted from [33].

Types of degradation Causes/Environmental factors
Photodegradation Ultraviolet and visible light
Thermal degradation Heat and temperature
Oxidative degradation Oxygen, ozone
Chemical degradation Acids, alkalis, salts, water
Biodegradation Microorganisms, enzymes
Mechanical degradation Stress, fatigue

2.5 Biodegradation

Biodegradation is the chemical breakdown in which organic substances are broken down
into smaller compounds due to the enzymatic action, when microorganisms such as bacteria, fungi
and algae use this substances as a source of carbon and energy [50,51]. It can be of two types :
aerobic degradation or anaerobic degradation characterized by the presence or absence of oxygen
[88]. The main end products formed at the end of biodegradation are biomass, water (H-O) and
carbon dioxide (CO2) (aerobic) or methane (CH4) (anaerobic) [52] . Biodegradation can also take

place in two different environments : solid (compost, soil) and aquatic [53].

As per the ASTM standard, a biodegradable plastic is defined as “a degradable plastic in

which the degradation results from the action of naturally occurring microorganisms such as
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bacteria, fungi, and algae” while a compostable plastic is “a plastic that undergoes degradation by
biological processes during composting to yield CO», water, inorganic compounds, and biomass
at a rate consistent with other known compostable materials and leave no visible, distinguishable
or toxic residue” [54]. The biodegradation mechanism can take place only in a conducive
environment and proceeds via chain scission. For instance, there can be a highly efficient
biodegradation mechanism available in one environment, whereas the same mechanism might not
work at par and with so much efficiency in another environment due to inadequate conditions [55].
The biodegradability of the polymers is heavily influenced by many important factors such as : 1)
Polymer composition : this includes polymer characteristics such as nature of the chemical bonds
present, molecular weight and molecular weight distribution; 2) Higher order structure details :
such as chain arrangement, stereochemistry, crystallinity, glass transition temperature; 3) Surface
conditions : this pertains to the surface area available, hydrophilic and hydrophobic properties; 4)
Environmental conditions : the environment to which the polymer is exposed to such as
temperature, moisture level, oxygen and pH. Factors specific to microorganisms such as
bioavailability (amount of substrate physiochemically available), the availability of enzyme to
degrade the polymer substrate, metabolic pathways to produce those specific enzymes,
concentration, presence of nutrients to support and nurture their growth, presence of inhibitors

which might arrest their growth [56-58].

Biodegradation proceeds in principally into two steps : primary degradation and ultimate
degradation as seen in Figure 2.5. Primary degradation usually involves the breaking down of
polymer chains due to hydrolysis or oxidation initiated by chemical or microbial enzymes
resulting in low molecular weight fragments. Once this low molecular weight fragments are

formed, ultimate degradation takes place by microorganisms digesting the polymer chains. This
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step is also termed as mineralization. Mineralization can be defined as the process of converting
biodegradable materials into CO2, methane, water and residual biomass via microbial

assimilation [59,60].

Polymer
_ Hydrolysis or
Frmary ) Oxidative
Degradation — REEEEER

v
Short polymer chains

Ultimate
Degradation — Mineralization

A 4

co, Biomass Water

Figure 2.5. Schematic representation of Biodegradation mechanism, adapted from [98].

2.5.1 Evaluation of Biodegradation

There are different testing methods available to evaluate biodegradation, directly or
indirectly. These include visual observations, decrease in the mechanical properties, reduction of

molecular weight -etc. [61].

Visual measurements take into account surface modification which can be considered as a
first indication that a microbial attack has been initiated. This involves change in the polymer
surface such as surface irregularities, discoloration, formation of holes and cracks, surface

roughness, embrittlement, formation of biofilm, fragmentation etc [62]. Weight loss measurements
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are widely used as an indicator to imply that degradation is under way. As the name suggests, it is
based on the reduction in the polymer weight due to deterioration. Declining rheological and
mechanical properties are often associated to the degradation event taking place. Change in tensile
strength, elasticity, elongation at break coupled with weight loss and product formation is an
indicator of degradation [63]. Though these are some of the most fundamental approaches used to
identify degradation, but they necessarily do not confirm the presence of the event, since they can

be evidence of fragmentation and degradation but not biodegradation.

There are different modes available that can be used to figure out the biodegradability of
polymers. This incorporates laboratory test methods such as fourier transform infrared
spectroscopy (FTIR), UV-visible spectroscopy, gel permeation chromatography (GPC), scanning
electron microscopy (SEM) and nuclear magnetic response (NMR). Although, this techniques aid
in the evaluation of biodegradation, respirometric methods are usually favored to measure the
biodegradation of polymeric materials in laboratory settings due to their accuracy, reliability,
reproducibility and ability to simulate real life conditions and help demonstrating that if
biodegradation is in process or not, which is a major drawback for all the methods mentioned

above [53-64].

The respirometric methods use a respirometer or respirometric system which measures and

monitors the respiration activity of the microorganisms either through evolution of carbon

CPOZ_\'I“IZEI‘ + 02 COz + H20 + Cresidue + Cbiomass + S(llts Equation 1

21



dioxide or consumption of oxygen. A number of studies have shown that the conversion of solid

carbon to carbon dioxide follows a first order reaction as seen in Equation 1 [65-67].

In this method, the carbon dioxide evolution can be measured in continuous or discrete
way, and the residual remaining from the samples can be analyzed using the characterization
techniques mentioned above [68]. ASTM D5338 and 1SO 14855 standards are of the most
importance for evaluating the aerobic biodegradation of polymeric materials under simulated
composting conditions by analysis of evolved CO> [69]. More details regarding the standards and

their comparison can be found elsewhere [70].

2.6 Hydrolytic degradation of PLA

The hydrolytic degradation of PLA is known to occur through the chain scission
(decomposition of polymer chains) of ester bonds by reaction with water, which results in
formation of low molecular weight fragments, oligomers and monomers [71]. This can be simply
illustrated by the reaction below :

—C00 + H20 — —COOH + HO—- Equation 2
The hydrolytic degradation of polyesters occurs in following stages as widely reported :
1) Water diffusion into the material
2) Hydrolysis of the amorphous regions, due to feeble resistance to water attack

3) Hydrolytic cleavage of ester bonds resulting in the attenuation of molecular weight along

with formation of water-soluble compounds.
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4) Increase in the concentration of carboxylic chain ends and accumulation of acidic
degradation products leading to an autocatalytic mechanism thus making hydrolysis a self-

sustaining reaction [56,72—75] as seen in Figure 2.6.

CH3 0
HO/KH% H Opoly —>

CH,; ™" CH;
H_a\
H
¢ N OPol
Ho/g\ﬂ/k §/H OR + Hokﬂ/ '
CH,; ™" ©

Low molecular weight polymer

Figure 2.6. Hydrolysis and cleavage of ester linkage, adapted from [76].

2.6.1 Mechanism of Hydrolysis

During hydrolytic degradation, the chain cleavage occurs favorably in the amorphous

region thereby increasing the polymer crystallinity due to the diffusion of water [77,78]. The

amorphous regions are more prone to attack due to their larger void volume and disorganized

structural arrangement as compared to the crystalline regions, water can also penetrate easily in

such spaces. Subsequently, the population of carboxyl groups increases due to the chain rupture in

water which catalytically alters the rate at which hydrolytic degradation of PLA takes place. The
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reduction of pH of the degradation media, due to the generation of polylactic acid oligomers makes

hydrolysis a self-maintaining and self-catalyzed process [79].

The hydrolytic degradation of PLA and PLA based matrices generally proceeds via two
routes either (1) surface / heterogenous erosion and (2) bulk / homogenous erosion Figure 2.7. The
diffusion route of water molecules into PLA matrix and hydrolysis rate of ester bonds determine
whether surface or bulk erosion phenomena comes into play [80]. Water plays a dual role in the
process of hydrolysis, firstly by diffusing into the polymer matrix and severing the ester bonds;
thereby releasing carboxyl and hydroxyl end groups and secondly, by diffusion of water soluble
oligomers and monomers. Water also assists by inducing a plasticization effect, thus increasing
the free volume and leading to weight loss. This phenomena is termed as erosion [81]. Surface
erosion takes place when the rate of water diffusion is lower than the hydrolytic degradation rate
of ester bonds. The surface erosion occurs mainly at the near-surface regions wherein the water-
soluble oligomers closer to the surface leach out and not within the polymer matrix, hence the term
heterogenous [82]. The thickness, dimensions of the specimens accompanied with weight loss
have an insignificant effect on the rate at which it proceeds [83]. On the other hand, when the
ingress of water into the matrix is higher than the degradation rate, bulk erosion phenomena occurs.
Bulk erosion takes place homogenously and demands a reduction in molecular weight throughout
the material over the degradation time [84]. Homogenous / bulk erosion can be classified into
following stages : 1) rapid water uptake into the PLA matrix 2) diminution in molecular weight
due to cleavage of ester bonds 3) creation of hollow core due to the release of water-soluble and

low molecular weight monomers [80,85-86].
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Time

Figure 2.7. Schematic representation of bulk erosion (top) and surface erosion (bottom), adapted
from [84].

The rate at which hydrolytic degradation mechanism advances is determined by many
factors, such as shape and thickness of the specimen, conditions under which hydrolysis is taking
place like temperature [88] and pH [89,90], polymers associated factors such as molecular weight,
crystallinity, morphology, chemical structure , L-lactide content, etc. [91-93]. A thickness of lower
than 0.5-2 mm and higher than 7.4 mm is said to be favorable for bulk and surface erosion

respectively [94].

2.6.2 Parameters dominating the hydrolytic degradation

2.6.2.1 pH

pH plays a significant role in the hydrolysis of PLA, since it affects both the rate kinetics
and the degradation mechanisms. Hydrolysis rates can vary enormously at different values of pH

[95,96]. Depending on the pH of the media, different degradation mechanisms take place due to
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the difference in the reactivity of ester groups in the lactic acid oligomers as seen in Figure 2.8

[81,90,97,98].
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The hydrolytic degradation usually prevails favorably through backbiting reactions,
resulting in the generation of cyclic dimer of lactic acid at higher pH i.e. alkaline media whereas
for lower pH i.e. acidic media, the hydrolysis progress through chain scission of the terminal
polymer ends (“unzipping”) [100-102]. The chain scission kinetic constant of the terminal ends
was found to be manifold larger than that of the internal ester groups [103,104]. The presence of
hydronium (HsO") and hydroxide (OH") ions contribute to the cleavage of ester bonds during the
hydrolysis process [105]. In alkaline media, the hydroxide ions attack the carbonyl atoms and a
huge reduction in molecular weight along with weight loss is observed [106]. This translates to
quick drop in the properties of the polymer [107]. Albeit in acidic media, the chain end scission
fosters a substantial drop in the average molecular weight and not much weight loss in the initial
stage. However, as the hydrolysis proceeds weight loss increases rapidly, and molecular weight
decreases slowly [108]. Acidic pH leads to autocatalytic effects, that leads to faster polymer
degradation by release of soluble oligomers closer to the surface and reducing the pH of the core

[108].

For neutral aqueous medium, studies have shown that the hydrolytic degradation proceeds
via bulk erosion and is responsible for weight loss and decrease in molecular weight over time
[109-111]. Researchers have conducted studies quantifying the effect of pH on PLA hydrolytic
degradation at different temperatures [96,112-115]. Very few papers mention the change in the
degradation Kinetics at very specific pH [116-118]. Effect of nanofillers and additives in
controlling the pH of the hydrolyzing media and in turn modulating the kinetics of hydrolysis

process is also investigated [79,119-123].
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2.6.2.2 Temperature

Temperature of the media to which PLA is exposed to plays a crucial role in the hydrolytic
degradation of PLA [104]. As the temperature increases, the rate at which chain scission of ester
bonds occur, also increases [124-132]. For temperatures above the glass transition temperature
(Tg), the degradation rate is intensified due to the physical changes taking place in PLA . Above
Tg, the mobility of the chains increases thereby increasing the free volume available making it
easier for the diffusion of water molecules into the polymer matrix. This increases the rate at which
hydrolysis reaction takes place, breaking down the long massive chains and increasing the

concentration of carboxyl groups which further aid in the degradation [133].

Various characteristics of PLA such as molecular weight, mechanical and thermal
properties change dramatically from below to above (Tg) [17,134,135]. Ho and Pometto [136]
analyzed the effect of a range of temperatures on PLA degradation and found that the weight
average molecular weight (Mw) loss and the degradation rate was highest for 55°C followed by
40°C and 25°C in the end. This is attributed to the glass transitional temperature range (55-60°C)
[137] due to increased mobility of polymer chains. Mitchell and Hirt [138] reported that at 60°C,
PLA displayed a higher polydispersity index in comparison to 40°C, due to rapid degradation of
amorphous regions. A reduction in Ty, was attributed to the modifications materializing from the
change in the degree of plasticization, due to perforation action of water in the polymer matrix.
The low molecular weight oligomers produced from the hydrolysis reactions, diffuse into the water
further aiding to the weight loss and the slow rearrangement of amorphous regions into crystalline
ones further reduce the Tg [114]. The breakdown of long polymer chains into shorter ones,

lowering molecular weight and the amorphous regions responsiveness towards hydrolysis and easy
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reorganization into crystalline regions result in shifting of T and the crystallization temperature

(Tec) also shift to lower temperatures [139].

2.6.2.3 Molecular weight

Molecular weight is seen as another crucial parameter affecting the hydrolytic degradation
of PLA [92,140,141]. As the molecular weight reduces, the rate at which the degradation proceeds
increases. Lower the molecular weight, higher the chain flexibility. The diffusion of water
molecules into the polymer matrix can be viewed as infiltration into voids i.e. free spaces, thereby
increasing the population of hydrophilic terminal carboxyl and hydroxyl groups which further help
in degrading the polymer. As hydrolysis proceeds, the rate at which the low molecular weight

chains and oligomers are formed increases.

Shah and Tsuji [146] investigated the effects of molecular weight and D-lactide units (Xp)
on the hydrolytic degradation behavior of PLLA, by exposing the films to phosphate-buffered
solution at 37°C. Three films of different molecular weights M, = 4.09 x 10° g/mol and Xp = 0%,
M, = 1.22 x 10° g/mol and Xp = 1.2% and M, = 8.07 x 10* g/mol and Xp = 0.2% were tested for
hydrolysis. The incorporation of small amounts of D-lactide units was found to enhance the
hydrolysis in the first stage (0-32 weeks). They found that the rate constant for hydrolytic
degradation (k) increased with the increasing content of Xp. On the other hand, both crucial
parameters Xp and M, didn’t produce any significant difference for the determination of k. In
another study on hydrolysis by Shah and Tsuji [142] , PLLA films with different ratios of L and
D-lactide [P(LLA-DLA)](77-23) was used Figure 2.9. They concluded that the hydrolytic
degradation rate constant was higher for P(LLA-DLA) than PLLA films due to their

hydrophilicity. The rate constant was found to increase with the increase in water absorption.
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Figure 2.9. Change in My during hydrolytic degradation (37°C) in phosphate buffered solutions,
adapted from [112,142].

Celikkaya et al., studied the effect of different molecular weights (Mn= 21900, 12100 and

7300 g/mol) on the hydrolytic degradation of PLLA by calculating the degradation rates [143].
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Figure 2.10. Hydrolytic degradation for PLLA films with different molecular weights in a
phosphate-buffered solution at 37°C, adapted from [143].

It was found that PLLA film with lower M, degraded faster as compared to others Figure
2.10. This behavior was observed due to the easy diffusion of water molecules into the polymer
matrix. The low molecular weight chain correspond to less complexity, less entanglement, more
affinity towards water due to higher density of carboxyl and terminal hydroxyl groups thereby

inducing faster degradation.
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2.6.2.4 Crystallinity

Crystallinity and in turn, the structural configuration of PLA plays an important part in the
hydrolytic degradation. The degradation mechanism calls for the hydrolysis of ester bonds and is
rate dependent on the global crystallinity of PLA [144]. As compared to the crystalline regions the
amorphous regions are more prone to water attack, since the access of water molecules to the inside
of crystalline regions is restricted as seen in Figure 2.11. This results in preferential hydrolytic
degradation of amorphous regions and this chain scission of ester bonds results in the release of

water-soluble monomers and oligomers.

Diffusion

Polymer spherulite

Figure 2.11. Diffusion of water is restricted to the crystalline regions as opposed to amorphous

regions, adapted from [84].

The amorphous regions between the crystalline regions is called as the “restricted /

restrained amorphous region” as seen in Figure 2.12. This restricted amorphus regions is made of
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three types of chains as seen. “Free amorphous region” is the one external to spherulite in the
completely amorphous areas[145]. Once the free amorphous region is hydrolysed, the crystalline
region left back is termed as “crystalline residues”, which are degraded in the end. Water swells
up the amorphous phase in the polymer matrix, acting as a plasticiser and imparting just enough

molecular chain mobility to induce crystallisation [146].

Crystalline
e residues
Folding chain Chain with a
free end
_N 1 1 1 1 1 1
PN 1 v —_—
S 1 .,A.v"‘ : ‘;_ A L ]

"_‘_‘ A ] I 1 1 1 1

(- 1 rt 1 [ 1 [

— T - 1 | |

— i — 1 L

T I = <} 1 \ ] —_—

. ; ‘\'\l’ie chain ! - 1 1 1 I

1 I 1 1 1 1 | 1
R P L b e P L R P P P P Py

estricte . ; z 3 Restricted estricte s - -
siicribas Cr}st;.allme Restricted Crystalline € "lj € S Crystalline Restricted Crystalline Restricted
e region  amorphous regjon b R region amorphous region amor[fhous
region region region region region region
(a) Before hydrolysis (b) After hydrolysis

Figure 2.12. Change in PLA structure (a) before and (b) after hydrolysis, adapted from [145].

Tsuji and Ikada investigated the effect of crystallinity and found that the amorphous PLA
degraded faster as compared to semi-crystalline PLA for hydrolytic degradation in a phoshpate
buffered soution (pH = 4.0 and 37°C) [147]. Weight loss of around 14% was observed for
amorphous PLLA with respect to its initial mass at the end of 18 weeks, whereas 19% of weight
loss was detected for semicrystalline PLA at the end of 20 months when hydrolysis was performed
in solution of pH = 3.4 and at 37°C [148,149]. Similar findings were obtained at (pH = 1 and 9) at
70°C [81]. This indicate that the degree of degradation for amorphous regions was higher than the
crystalline regions due to attack of water on ester bonds. Zhang et al., studied the changes in the

structural configuration of semicrystalline PLA (D-stereisomer content of 1.4%)and amorphous
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PLA (D-stereisomer content of 12%) grades during the hydrolytic degradation [85]. It was
concluded as the degradation time increased, molecular weight decreased whereas crytsallinity
increased, though the amorphous PLA degraded much more rapidly as compared to semi-
crytsalline PLA. Due to the decrease in molecular weight, the shorter PLA chains gain more

mobility and tend to form a more crystalline structure which explains the increase in crystallinity.

2.7 PLA nanocomposites

Nanocomposites are the composite materials, wherein one or more components has atleast
one dimension in the nanoscale range (< 100 nm) [150]. This nanoparticles are used in small
amounts such as 1-5 wt %. , to demonstrate improvement in barrier, mechanical, thermal properties
when used with a polymer matrix as compared to a conventional microcomposites [151-155].
Nanocomposites can generally be classified into three different categories as seen in Figure 2.13

[156].

a) Nanoparticles : Also termed as isodimensional nanoparticle. These spherical
particles have their three dimensions in nanometers. Example: Silica,
semiconductor nanoclusters.

b) Nanotubes : Also termed as whiskers/nanorods, nanotubes have two dimensions in
the nanometer range and the third dimension larger than the other two dimensions
Example: carbon nanotubes.

c) Nanolayers : They have one dimension in nanometers. Also called as nanosheets,
this plate like nanofiller have thickness in the range one to few nanometer, with an
aspect ratio of 25 between other two dimensions [157]. Example: smectite clays,

graphene sheets and layered double hydroxides.
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Figure 2.13. Different types of nanoscale materials, adapted from [150].

To enhance the performance of polymer, many nanofillers have been identified as possible
additions to the polymer matrix, but the packaging industry has focused its attention on layered
inorganic clays, because of low cost, easy availability, capability to swell and expand and the

significant upgrade that they bring in the properties of the resulting nanocomposites [158-160].

Depending on their origin, nanofillers can further be classified as natural, semi-synthetic
or synthetic. Natural nanoclays can be further categorized depending on the ratio of silicon dioxide

(“ Si02”) and “AlO¢” units [161] Figure 2.14.
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Figure 2.14. Categorization of natural clay, adapted from [161].

2.7.1 Characteristics

2.7.1.1 Montmorillonite structure

Montmorillonite (MMT), is an extensively studied clay filler with respect to packaging
(industries and academia) and is a popular choice for producing polymer nanocomposites. It falls
in the smectite group belonging to the 2:1 phyllosilicates, the structural family of clays [162,163].
The crystal lattice is made of an shared octahedral sheet of alumina or magnesium hydroxide
sandwiched onto two tetrahedral sheets of silica by the edge, such that the oxygen ions of the
octahedral sheet are at the disposal of the tetrahedral sheets too Figure 2.15 [164,165]. The clay
layers stack above each other in a repetitive pattern, with regular gap between the successive
layers, thereby maintaining its platelet like structure. These anisotropic platelets are separated by
thin layers of water. These layers are held together by the van der Waals forces. Interlayer spacing

is the gap/spacing within the clay layer, also known as galleries and the height is approximately 1
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nm. The lateral dimensions are in the range from tens of nanometers to several microns. The d-
spacing (dooz) also known, as the basal spacing is the thickness comprising of one clay layer and
one interlayer spacing. Due to an large aspect ratio of 50-1000 and higher surface area in the range

of 750 m?/g, MMT has proved to be a very effective reinforcement filler [166].
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Figure 2.15. Structure of montmorillonite (2:1 phyllosilicates). Reproduced from [158].
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Due to the disparity of electrons (for example, substitution of AI** by Mg?* or Fe?*, or Mg?*
by Li*within the layer), the clay layer is negatively charged but is counterbalanced by the hydrated
exchangeable cations such as Na*, K*, Ca* situated in the gallery [156]. This cations do not adhere
tightly to the surface and hence are easily substituted by other compounds [167]. The general
chemical formula is Mx(Als-xMgx)SisO2(OH)4snH,0O where (M = Na*, K*, Ca?*, etc.) and has an

cation exchange capacity (CEC) of 80-150 meq/100 g[157,161].

2.7.1.2 Surface modification of clay

The presence of hydrated inorganic cations on the exchange sites makes MMT hydrophilic
in nature. Due to the hydrophilic nature of MMT, the nanolayers of the clay tend to agglomerate
together making it difficult for hydrophobic or less hydrophilic polymers like PLA to coexist with
pure MMT [157]. The high surface energy of MMT coupled with the strong coherent interaction
between individual clay layers, further hinders the incorporation of polymer chains and hampers
the compatibility of the resulting polymer nanocomposite, posing a difficulty in achieving uniform
dispersion of clay into the polymer matrix. The agglomeration resulting due to the hydrophilic
nature MMT, also tends to nullify the properties of the individual components. In order to achieve
a more favorable synergy, between the pristine MMT and the polymers, hydrophilic MMT must
be converted to organophilic. This surface modification can be attained by organophilization or
organic modification, a technique that focuses on reducing the surface energy of the MMT, thereby
allowing individual layers to separate and disperse into the polymer matrix, thus achieving a better

inclusion of polymer chains into MMT [163,168-170].

Organomontmorillonite (OMMT) is produced by exchanging the inorganic cations of
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MMT ( Na*, K*, Ca’** and Mg?") for surfactant including primary, secondary, tertiary and
quaternary alkylammonium or alkylphoshonium cations [161,171]. Quaternary ammonium salts
are regarded as the best organo-modifiers as seen from the literature [172,173]. When the inorganic
ions are substituted by organic cations, the surface energy of MMT is diminished, the long alkyl
tail increases the interlayer spacing, thereby improving the wettability of the polymer matrix [174].
The result is well dispersed clay within the polymer matrix as seen in Figure 2.16. The nanoclay
resulting from the surface modification is termed as organoclay, for example (MMT when surface

modified is called as organomodified MMT).

R Silicate layer
Silicate layer P U N
+ R_IT] |$+
y—Na R R-N
Silicate layer > '
H,O, AT R

Silicate layer

Organomodified clay

Figure 2.16. Surface modification of clay using quaternary ammonium, adapted from

[157].

Table 2.2 presents the structure and commercial names of the modifiers used for

producing PLA nanocomposites.
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Table 2.2. Commonly modified montmorillonites used for producing PLA nanocomposites,

adapted from [170].

Modifier Modifier structure Commercial name
Methyl, tallow, bis-2- Cr'zc"‘zOH
hydroxyethyl, quaternary ch—bl.l—T Nanomer® 1.34 TCN
ammonium CH,CH,0H
Dimethyl, dehydrogenated CH,
- |
tallow, 2 ethylhexyl H3C —N*=CH,CHCH,CH,CH,GHs CLOISITE 25A/Southern Clay Products
quaternary ammonium | I
HT  CH,CHs
Dimethyl, dehydrogenated CHs
tallow, quaternary H C—iif—HT CLOISITE 20A/Southern Clay Products
ammonium 3 | CLOISITE 15A/Southern Clay Products
HT
Methyl, dehydrogenated H
tallow, quaternary |+ CLOISITE 93A/Southern Clay Products
) HsC—N—HT
ammonium I
HT
Octadecyl ammonium Fli
H—I\|J+—H NANOMER 1.30P/Nanocor
CigHaz
Stearyl dihyd roxyethyl H +J/\/O]\H .
ammonium N NANOFIL 804/Sud-Chemie
o

* T is tallow having around 65% Cis , 30% C16, and 5% Cia4.

The chemical structure of the surfactant used defines how well the resulting dispersion of
the nanoclay in the polymer matrix is going to be [176]. The carbonyl groups of PLA chains
interact with the surfactant’s hydroxyl groups and aids in the dispersion and separation of
individual clay layer within the polymer matrix [177]. In addition, strong interaction of the
hydroxyl groups of PLA with MMT platelet surfaces or with the hydroxyl group of the surfactant
in the organomodified clay can also materialize which can further enhance the uniform dispersion

[178].
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2.7.1.3 Morphology

The final properties of the resulting nanocomposites depend on the affinity between the
hydrophilic silicate layers and the organophilic polymers, which in turn is dependent on the
dispersion of the individual layers of silicates in the polymer matrix. Depending on the dispersion,

three different structures as shown Figure 2.17 :

a) Microcomposite: a microcomposite structure is the structure wherein the clay and the
polymer remain immiscible due to the low affinity between the two. This results in clay
agglomeration (no delamination of the layers) and the resulting polymer nanocomposite
has the same or even diminished properties.

b) Intercalated nanocomposite: When affinity exists, intercalated nanocomposite is
formed, wherein the polymer chains penetrate the interlayer or the galleries of the
silicate layers. The intercalated nanocomposite is an ordered multilayer structure, with
restricted polymer chain movements which results in material reinforcement.

c) Exfoliated nanocomposite: When the layer structure of the clay is completely
delaminated and is randomly dispersed, achieving maximum penetration into the
polymer matrix, the emerging nanocomposite is exfoliated. Exfoliated nanocomposite
manifests the highest potential of the layered silicates due to the optimal interaction and

helps exploit the benefits of the nanocomposite.

Thus, it is of crucial importance to modify the hydrophilic surface to organophilic one
to achieve agreement between the clay and polymer to capitalize on the resulting benefits
of polymer nanocomposites. Mostly, the resulting nanocomposites are a mixture of both

the intercalated and exfoliated morphologies called as disordered morphologies [179].
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Figure 2.17. Different morphologies obtained from the nanoclay polymer interaction, adapted
from [163].

2.7.1.4 Advantages of PLA nanocomposite

A significant improvement in the properties of PLA nanocomposites such as barrier,
thermal and mechanical in comparison with pure PLA due to the addition of nanoclays. Many
researchers have reported improvement in properties due to the addition of organomodified MMT
in PLA [180-182]. In terms of barrier properties, the clay platelets form a maze creating a long
torturous path for the permeant to trace, which increases its dwelling time and therefore improves
the barrier properties at loading of as low as 0.5% [183-186]. Improvement in the mechanical

properties in the PLA nanocomposites is ascribed to the presence of clay in tactoid form, which
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act as nucleating agent thereby enhancing the crystallization capacity and in turn the tensile
properties. Also the intercalation of PLA in the galleries of the clay along with the aspect ratio of
clay dispersed, significantly improve the storage modulus and elongation at break [187-189].
Lewitus et al., observed, a 30% increase in the tensile modulus and 40% increase in elongation
when films were extruded from masterbatch of PLLA with 5% OMMT loading [190]. On the same
lines, Ray et al., reported improvement in biodegradability, storage modulus, flexural strength, gas

permeability as compared to pure PLA [159,191,192].

2.7.1.5 Effect of nanoclay on PLA biodegradation

Nanoclay are incorporated into the PLA matrix, to enhance its properties. A significant
improvement in mechanical and barrier properties is seen in PLA nanocomposites as compared to
pure PLA [16]. One other drawback of biodegradable PLA, is the rate at which it biodegrades is
still slow as compared to other organic wastes during composting [67]. Due to this, industrial
composting facilities are hesitant towards accepting pure polymers. The nanoclays are known to
affect the hydrolytic degradation as well as biodegradation and depending on the final application,

this may or may not be beneficial.

Studies conducted by several researchers show the effect of nanoclays on the hydrolytic
degradation and biodegradation of PLA nanocomposites due to the addition of MMT [193-197].
Paul et al., investigated the effect of MMT (unmodified clay) and two OMMT on the hydrolytic
degradation of PLA in a phosphate buffer solution of pH 7.4 at 37°C [198]. The two OMMT had
different surfactants having different nature, Cloisite®25A (low water affinity) and Cloisite®30B
(high water affinity). A reduction of 41.6% was observed in My of unfilled PLA, while M loss of

about 71.2% and 79.2% was observed in case of Cloisite®25A and Cloisite®30B PLA
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nanocomposites after 165 days. A reduction of approximately 10°C in T4, was observed for PLA
after one month in the buffer solution, while for Cloisite®25A and Cloisite®30B the reduction was
observed after two and a half months and one month respectively. This behavior is assigned to My
reduction of PLA and plasticizing effect introduced due to the formation of lactic acid oligomers,
resulting from degradation. More hydrophilic the filler, faster is the rate at which degradation

occurs.

Fukushima et al., examined the consequences of two organomodified montmorillonites,
namely Cloisite®30B and Nanofil 804 at 5% loading on PLA by performing biodegradation at
40°C [34]. The starting Mn for PLA, PLA- Cloisite®30B and PLA-Nanofil 804 was different and
this can affect the way biodegradation proceeds. For molecular weight, in case of pure PLA, a
reduction of 55% (72,743 g/mol to 32,755 g/mol) was observed. While a curtailment of around
79% and 40% was calculated for Cloisite®30B and Nanofil 804, after 17 weeks. The reduction in
molecular weight in case of PLA nanocomposites was than pristine PLA, specifically more
pronounced for Cloisite®30B and this can be accredited to good dispersion and the presence of
hydroxylated groups in organomodified clay. In another work, Fukushima et al., [199] assessed
the response of MMT and kaolinite on the biodegradation capacity of amorphous PLA (12% mol
of D-Lactide) in compost at 32°C. Whitening and distortion of the PLA nanoclay film surface was
noticed 6 weeks into the degradation test. DSC results demonstrated higher Ty reduction for
nanocomposites. The biodegradation was found to be higher for kaolinite as compared to MMT

because of the hydroxylated silicate layers of the clay.

Zhou and Xanthos studied how hydrolytic degradation is affected due to the presence of

unmodified and modified clay (MMT and OMMT) for a semicrystalline PLLA (6% D-lactic acid)
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and amorphous PDLLA for a temperature range of 50-70°C [79]. PDLLA and its composites
underwent faster hydrolytic degradation as compared to PLLA and its composites. Due to its
semicrystalline morphology, PLLA chains provided less chain mobility and free volume which is
essentially necessary for higher amount of water uptake to carry out hydrolysis. The hydrolytic
degradation rate constant was higher for nanocomposites followed by unmodified PLA and
microcomposites was the lowest. Higher uptake of water by PLA nanocomposites was attributed
to the greater extent of polymer matrix in close touch with the nanoclays edges, surface as
compared to pristine PLA. The high dispersion of nanoclays heavily affected the water uptake
capacity of PLA (easier water attack) which in turns exerts more influence on the rate at which

hydrolysis proceeds.

Ray et al., [200] studied how biodegradation of PLA nanocomposites proceeds by
simulating industrial composting norms at 58 + 2°C. The biodegradation rate of PLA and PLA
nanocomposite sheets, made using three different organomodified clays was compared. The
addition of nanoclays was shown to enhance the biodegradability of PLA nanocomposites as
compared to unfilled PLA. The terminal hydroxyl groups of silicate layers of clay within PLA
matrix started the heterogenous hydrolytic degradation via moisture absorption from compost.
Another reason that accounted for the escalated biodegradation was the homogenous dispersion of
intercalated organomodified clay in the PLA matrix. The uniform dispersion, assures maximum
contact between the nanoclay edge, surface and the PLA matrix, thus increasing the likelihood of
chain fragmentation and thus more degradation. Ray and Okamoto [201,159] conducted a
respirometric test to scrutinize the biodegradation of PLA at 58 + 2°C. One study involved using
varying percentage (4,7 and 10 %) of nanoclay incorporation in PLA. PLA-MMT showed

enhanced biodegradation in comparison with PLA, due to the presence of hydrophilic silicate
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layers or ammonium salts. Other study indicated the use of different surfactants for
organomodification of clays. The mineralization (CO> evolution) was determined for just PLA and
PLA nanocomposites, PLA(Cis-MMT) modified with octadecylammonium cations and
PLA(qC1s-MMT) modified with octadecyltrimethylammonium cations. Molecular weight
reduction along with weight loss was measured and PLA(qCis-MMT) showed enhanced

biodegradation and completely disappeared in compost.

Aradjo et al. [202] introduced Cloisite®15A, Cloisite®30B, and Dellite 43B in PLA and
performed biodegradation on the compression molded films at 40°C. High degradation was
associated with samples containing Cloisite®15A and Cloisite®30B and barely small pieces were
recovered after 6 weeks, whereas pure PLA and Dellite 43B containing samples remained intact.
In conjunction, higher weight loss was observed for Cloisite®15A and Cloisite®30B. The
dispersion of individual clay layers and presence of hydroxyl group in Cloisite®30B was held
accountable for the catalytic hydrolysis of ester groups of PLA, thus improving the

biodegradability of PLA.

Several other studies concluded the same effect of OMMT on the biodegradation of PLA,
wherein nanocomposites have shown enhancement in the degradation activity as compared to
pristine polymers [203—-207]. The structure of the surfactant used also alters the degradation. The
startling discovery among all the studies mentioned above was the different initial molecular
weights before conducting the hydrolysis or biodegradation test, since low molecular weight PLA

films with or without nanoclays tend to show higher degradation.
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CHAPTER 3

MATERIALS & METHODS

3.1 Direct Measurement Respirometric & Hydrolysis Materials

Poly(lactic acid), PLA 2003D (L-lactic acid content of 96%) obtained from NatureWorks®
LLC (Minnetonka, MN, USA) with weight average molecular weight (M) of 2.23 + 0.04 x 10°
Da and number average molecular weight (M») of 1.14 + 0.07 x 10° Da was used as the main resin
in this study. To study in detail the effect of nanoclays and surfactant on the biodegradation of
PLA, organomodified montmorillonite nanoclay Nanomer® 1.34 TCN, hereafter referred to as
OMMT was obtained from Nanocor (Hoffman Estates, Illinois, USA). It contains about 80 %
montmorillonite (MMT) and is modified by 20% of surfactant stearyl bis(2-hydroxyethyl) methyl
ammonium chloride. The mean particle size of the clay was 14-18 um as described by Nanocor.
Standard nanoclay polymer grade montmorillonite PGW, hereafter referred to as MMT was
obtained from Sigma Aldrich (Illinois, USA). Table 3.1 shows main reported properties of these

nanoclays.
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Table 3.1. Physical data of organomodified clay [1].

Max
Surfactant X- ray Processin
Nanoclay Surfactant Content (wt diffraction Tem eratu?eb
%) (d001)* (A) o0
Stearyl bis(2-
Nanomer 1.34 hydroxyethyl) Methyl 20 18 - 22 270
TCN : ;
Ammonium Chloride
MMT - } ) i

& dooz Is the interplanar spacing in the layered structure of montmorillonite.
b Maximum recommended processing temperature for the extrusion process.

The surfactant stearyl bis(2-hydroxyethyl) methyl ammonium chloride is no longer
manufactured, so a surfactant with similar chemistry tallow (b — hydroxyethyl) dimethyl
ammonium chloride, (where T is an alkyl group with approximately 65% C1gHz7, 30% CieHs33,
5% C14H29, the anion that is bound to the cation is a chloride anion) was obtained from Haihang
Industry Co. Ltd (Jinan, China). The surfactant is hereafter referred to as QAC. For the hydrolysis
test, water (HPLC grade) was supplied by J.T. Baker (Center Valley, PA, USA). Tetrahydrofuran

(THF) was procured from Pharmco-Aaper, Shelbyville, KY.
3.2 Production of Masterbatches

Masterbatches of PLA-OMMT, PLA-MMT and PLA-QAC were produced. PLA pellets
along with both the clays (i.e., OMMT and MMT) were dried at 50°C for 24 hours in a vacuum
oven (Sheldon Manufacturing, Inc; Cornelius, OR, USA) to remove moisture before processing.

Hand premixed PLA-MMT (5% w/w), PLA-OMMT (7% w/w) - 7% w/w of OMMT was added
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to have approximately the same amount of MMT, and PLA-QAC (20% w/w) were introduced in
the feed throat of a co-rotating Century ZSK 30 twin screw extruder (Century Extruders, Traverse
city, MI) having a length to diameter (L/D) ratio of 42:1 and 30 mm in diameter. The temperature
profile of the twin screw extruder from the feed throat to die was set at
140/150/160/160/160/170/170/170/160/160°C. All the masterbatches were processed at the
above-mentioned temperatures at a screw speed of 100 rpm corresponding to a residence time of
2 min. The extrudate coming out of the circular die was passed through a water bath for cooling

and then pelletized and stored in freezer at around -21°C.

3.3 Production of Nanocomposite Films

The PLA-OMMT, PLA-MMT and PLA-QAC masterbatches along with the PLA resin
were vacuum dried at 50°C for 24 hours to remove moisture before further processing. A 15.875
mm single screw RandCastle RCP-0625 Multi-Layer Cast film extruder (Randcastle Extrusion
Systems, Inc; Cedar Grove, New Jersey, USA) with length to diameter (L/D) ratio of 24:1 was
used to cast PLA-OMMT, PLA-MMT, PLA-QAC and PLA films. Before processing the films,
the extruder was cleaned thoroughly using LDPE resin to avoid any contamination. The extrusion
temperatures were set to 193, 229, 229, 229, 229, 204, 204°C for zone 1, 2, 3, transfer tube, adapter,
feed block and die, respectively with screw rotation speed of 40 rpm for PLA film. The extruded
film passed through a slit die opening of 1.168 mm and then over the chilled rollers. The chill
roller was placed 0.8" from the die and the temperature was fixed at 15°C. The film was quenched
by the chill roller and transported to a winding station using a nip roller. The speed of the chill and
the nip roller was set at 40 rpm. The winding unit was placed at a distance of 34" from the die and
the winding roller was operated at a speed of 12 rpm. Table 3.2 shows the extrusion conditions for

different films in the order of processing.
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Table 3.2. Processing conditions for cast film extrusion.

Extrusion Conditions
Screw Nip Winding

Temperature Profile (°C)

Materials (Zone 1 to Die) Speed Roller Roller
(rpm) (rpm) (rpm)
PLA 193/229/229/229/229/204/204 35 40 15
PLA-OMMT  139/150/160/160/160/170/160 30 30 12
PLA-MMT 139/150/160/160/160/170/160 30 40 12
PLA-QAC 132/143/152/152/152/163/160 30 40 12

3.4 Material characterization

3.4.1 Differential scanning calorimetry (DSC)

The glass transition temperature (Tg), melting temperature (Tm), crystallization temperature
(Tc), enthalpy of cold crystallization process (AHc) and total enthalpy of melting peaks(AHm) were
determined using a Q100 differential scanning calorimeter (TA Instruments, New Castle, DE,
USA). The DSC cell was purged using nitrogen gas, flowing at a constant rate of 70 mL/min. A
set of heating and cooling cycles were carried to wipe out the thermal history of the sample. The
samples weighing between 5 -10 mg were cooled to 5°C, and then heated to 180°C at a rate of
10°C/min and then cooled back to 5°C using nitrogen. The thermograph obtained was analyzed
using the software Thermal Universal Analysis 2000, V4.5 (TA Instruments, Delaware, USA).
The first heat curves of the films are reported. The percentage crystallinity (% Xc) was calculated

from the heat of fusion using the equation 1.

AHmMm—AHc
%XC = ( R %wtfiller ) X 100 Equatlon 3
AH m(l— 100 )
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where AH¢ (J/g) is cold crystallization enthalpy, AHm (J/g) is the heat of fusion for 100% crystalline
PLA (93 J/g) [2] and Ywtsiler is the weight percentage of the filler. The measurements were carried

out in triplicates.

3.4.2 Thermogravimetric Analysis (TGA)

To determine the heat stability, the content of surfactant and clays in the PLA-OMMT,
PLA-MMT and PLA-QAC films, was determined by thermogravimetric analysis. The films were
characterized using a Q-50 thermogravimetric analyzer (TA Instruments Inc, USA). Samples
weighing between 5-10 mg, were heated under dynamic mode from room temperature to 600°C at
a ramp rate of 10°C/min under a high purity nitrogen atmosphere (70 mL/min) to avoid
thermoxidative degradation and the weight loss was recorded using the software Thermal

Universal Analysis 2000, V4.5 (TA Instruments, Delaware, USA).

3.4.3 Carbon, Hydrogen and Nitrogen analysis (CHN Analyzer)

Elemental analysis of the different test materials was carried out using a PerkinElmer 2400
Series Il CHNS/O Elemental Analyzer (PerkinElmer Inc., Shelton, CT, USA). Samples were
weighed in the range of 2-3 mg and 3 measurements were recorded for each sample. The basic
working principle involves burning the sample at high temperature of 925°C in an oxygen rich
environment, where carbon is converted to carbon dioxide, nitrogen to nitrogen oxides, hydrogen
to water and sulphur to sulphur dioxide. The combustion products are carried by inert gas helium
and passed over copper located at the base of the combustion chamber. This copper is used to

collect any leftover oxygen or nitrogen that might had not been taken up during the initial
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combustion phase. The gases then travel through the absorbent traps and only carbon dioxide,

water, hydrogen, nitrogen and sulphur dioxide are left behind.
3.4.4 Size Exclusion Chromatography (SEC)

The test materials were collected at pre-determined intervals of time throughout the
experiments to determine My and M,. Approximately (10 £ 1 mg) of test materials were dissolved
in 5mL of high pressure liquid chromatography (HPLC) grade tetrahydrofuran (THF) (Pharmco-
Aaper, Shelbyville, KY, USA) at ambient temperatures for 24h. Once the samples were dissolved,
the solution was then filtered through a 0.45um poly(tetrafluoroethylene) (PTFE) (Simsii Inc.,
Irvine, CA, USA) syringe filter. A gel permeation chromatograph (GPC) (Waters1515, Waters,
Milford, MA, USA) equipped with a Waters® 1515 isocratic pump, a Waters® 717 autosampler, a
series of Waters® Styragel columns (HR4, HR3, and HR 2 each 7.8mm x 300mm), and a Waters®
2414 refractive index detector interface with Waters® Breeze software (Waters, Milford, MA,
USA) was used. Each sample was run for a total of 50 min. THF was used as a mobile phase,
100uL of sample was injected, and eluted at a flow rate of 1mL/min. The temperature of the
column and detector was 35°C. A calibration curve was made using external polystyrene
standards-Shodex STD KIT SM-105 (Showa denko, Japan), with My in the range of 1.37 x 10%to
2.48 x 10° Da and calculated using a 5" order polynomial equation. The weight average molecular
weight (Mw), number average molecular weight (My), viscosity average molecular weight (Mv)
and polydispersity index (P1) of the samples were determined using the Waters® Breeze GPC
software v2. The Mark —Houwink constants for the correction to absolute My were K = 0.0164
mL/g and o= 0.704. Values of dilute PLA solution at 35°C were used to obtain the absolute values

from the relative values. Triplicate measurements were carried out for each sample.
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3.4.5 Digital Micrometer

The thickness of the PLA, PLA-OMMT, PLA-MMT and PLA-QAC films was measured
using a digital micrometer model N# 49-70-01-0001 (Testing Machines Inc, New Castle, DE,

USA). Ten measurements were recorded for each sample.

3.4.6 Scanning Electron Microscopy (SEM)

A scanning electron microscope SEM JOEL 6610LV (JEOL, Tokyo, Japan) was used to
observe the surface morphology and measure the thickness of PLA-OMMT and PLA-MMT films.
The film specimens were first immersed in liquid nitrogen, and a clean single cut was made using
sterilized razor blades. These fractured samples were then mounted on aluminum stubs using
adhesive tapes and were set aside in a glass vacuum desiccator for a day. An Emscope SC500
sputter coater (Emscope Laboratories, Ashford, UK) was used to gold coat the samples before
analyzing to increase the conductivity of the samples. The samples were studied and imaged with
magnifications in the range of 5X to 50,000X using an accelerating voltage of 30kV. The
thicknesses of PLA-OMMT and PLA-MMT films were also determined using the SEM since the
nanoclays dispersed in the film hinder the actual measurement done using a micrometer.
Nanoclays form a bump like structure, which gives inaccurate determination when measured using

a micrometer.

3.4.7 X-ray diffraction study (XRD)

X-ray diffraction measurements were carried out for PLA-MMT, and PLA-OMMT films
using a Bruker AXS D8 Advance X-ray diffractometer (Bruker Co., Billerica, MA, USA) equipped

with a Gobel Mirror filtered Cu Ka radiation source set at 40 kV and 100 mA. The samples were
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scanned, and the data was recorded in a 26 range of 2° to 40° at a scan rate of 0.20°/min and an

increment of 0.01°.

3.5 Biodegradation Test

An in-house Direct Measurement Respirometric system (DMR) located in the School of
Packaging, East Lansing, MI was used to assess the aerobic degradation of the test materials. DMR
is capable of simultaneously running up to 30 samples (in triplicates, 95 bioreactors) under
controlled composting conditions (58 + 2°C, 50 + 5% RH) as per ASTM D5338[3] and ISO
14855[4] standards. The CO2 evolved from the bioreactors is measured using a non-dispersive

infrared gas analyzer (NDIR).

The prime components of the DMR system include:

e Scrubbing system: To reduce the CO> concentration from 400 to below 30 ppm

e Environmental chamber: To control the temperature of the bioreactors. The operating
range is -23°C (10°F) to 60°C (140°F), and therefore can replicate the required
temperatures for simulating composting conditions (58 + 2°C). A relative humidity
generator (mix of dry and water saturated air) is used to obtain the desired relative
humidity for the system.

e Bioreactor: Test materials are housed in with the media of interest. Daily maintenance to
allow injection of water and optimum aeration.

e Measurement device: The carbon dioxide concentration of the exhaust air coming from
each jar is measured using a non-dispersive infrared gas analyzer (NDIR model LI-820)

(Licor Inc., Lincoln, NE).
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e Control software: A control software is used to control the switching system and
measurement devices such as NDIR, RH/Temperature sensor to record and measure the

test variables.

Throughout, the testing period the flow rate of air passing through each bioreactor was
maintained at 40 sccm. Water was injected on a regular basis to maintain the moisture content
of the medias used and to prevent drying. The blank bioreactors carried only the solid media
(i.e. compost, vermiculite and inoculated vermiculite). Cellulose powder was used as a
positive reference material since it is well known to be easily biodegradable. For data analysis,
firstly the COz evolved from each bioreactor was calculated, followed by average cumulative

COz and % mineralization.

3.5.1 Moisture Analyzer

The moisture content of the compost was determined using a moisture content analyzer,
model MX-50 (A&D Company, Tokyo, Japan). Five samples of compost were randomly tested,

and the average was obtained. The moisture content of the compost was determined as 25.22%.

3.5.2 Preparation of inoculum solution

Dry compost was mixed with deionized water (20% wt./vol.), stirred and allowed to settle
down for 30 min and filtered through a sieve with 1 mm mesh to obtain the compost extract as
previously explained by Castro-Aguirre et al. 2013[5] . This compost extract was then combined
with a mineral solution in the ratio 1:1 to prepare the inoculum solution for vermiculite as shown

in Table 3.3.

74



Table 3.3. Detailed composition of 1L mineral solution

1L of mineral solution

KH2PO4, g 1
MgSOs, g 0.5
CaCl, (10% sol), mL 1
NaCl (10% sol), mL 1
Trace-element solution, mL 1

1L of trace-element solution, mg

H3BOs 500
Kl 100
FeCls 200
MnSQOg4 400
(NH2)sMO7024 200
FeSOq4 400

3.5.3 Biodegradation in compost

The bioreactors were placed in the environmental chamber which was set to conditions 58 +
2°C, 50 + 5% RH to simulate the composting conditions. Each bioreactor was supplied with CO>
free water saturated air at a flow rate of 40 + 2 sccm (i.e. cm®/min at standard temperature and
pressure).The bioreactors were stuffed with 400g of compost mixed rigorously with 8g of test
material filling up to of volume of the bioreactors thereby allowing sufficient headspace. The test
materials were cut into small squares of 1 cm x 1 cm and analyzed in triplicates. Blank bioreactors
(compost only) were also assessed in triplicates. The bioreactors were nurtured in the dark until

the data showed a plateau in CO2 evolution.
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3.5.4 Biodegradation in vermiculite

Apart from compost, biodegradation test was also carried out in inoculated and non-
inoculated vermiculite to take into account the priming effect of compost and also to separate the
abiotic and biotic phases of biodegradation process. Vermiculite was mixed with inoculum
solution in the ratio of 1:4 to prepare inoculated vermiculite and with distilled water in the same
ratio to prepare non-inoculated vermiculite. The bioreactors were filled with 400g of compost
mixed rigorously with 8g of test material filling up to of volume of the bioreactors thereby

allowing sufficient headspace and subjected to testing conditions 58 + 2°C, 50 + 5% RH.

3.6 Hydrolysis Test

The abiotic phase of biodegradation was the test materials was evaluated by cutting into
disks of 2.0 cm in diameter and threaded 10 disks onto a stainless-steel wire separated by glass
beads and placed in a glass vial. Water (HPLC grade) (J.T. Baker, Center Valley, PA, USA)
previously pre-conditioned at 60°C was added to the vial. The experiment was conducted at 60°C
using the migration cell, in accordance with ASTM D4754-11 [6]. The total surface area of disk
to volume of water was 1.81 cm? /mL. Samples were recovered at pre-determined specific time
intervals to determine the Mn, My and crystallinity as mentioned above. Figure 3.1 shows the setup

that was used to conduct hydrolysis.
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Figure 3.1 Hydrolysis setup in the lab and migration cell, partially reproduced from [7].
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CHAPTER 4

RESULTS & DISCUSSIONS

4.1 Initial Characterization of the films

The films were initially characterized for their molecular weight, thickness, crystallinity
and amount of clay present in PLA-OMMT and PLA-MMT films before introducing in the DMR.
The characterization was essential as one of the main objectives of this thesis was to produce films
in the same range of molecular weight, crystallinity and thickness with a variation of no more than

+ 10%.

4.1.1 Initial Molecular weight

PLA, PLA-QAC, PLA-OMMT, and PLA-MMT films were subjected to size exclusion

chromatography. Table 4.1 presents the molecular weights M, for all the films.

Table 4.1. Initial molecular weight of PLA, PLA-OMMT & PLA-MMT & PLA-QAC films

Materials M, kDa Mw, kDa
PLA 109.76 * 3.14 185.54 + 9.35°
PLA-QAC 87.59 + 4.22° 128.63 + 4.85°
PLA-OMMT 114.26 + 11.81° 170.42 + 5.80°
PLA-MMT 111.07 + 3.972 160.41 + 5.69

Values with different letter are statistically different (o = 0.05 Tukey-Kramer Test)

The M of PLA, PLA-OMMT and PLA-MMT were not significantly different. M, of PLA-
QAC films was significantly lower than the other films. This reduction in M, can be attributed to
the presence of surfactant, which acts as a plasticizer, promoting chain scission, and possible

shortening of the PLA chains during the melt processing.
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4.1.2 Initial Thickness

The thickness of all four films was measured first using a digital micrometer and then using
SEM, since the clay particles dispersed formed a bump like structure in PLA-OMMT and PLA-
MMT films hindering the thickness measurement using a digital micrometer. Figure 4.1 shows the

SEM micrographs. Table 4.2 shows the thickness measured by micrometer and SEM.

SEI 1V x1.200 10pm - —

Figure 4.1. SEM micrographs of a) PLA, b) PLA -MMT, c¢) PLA-QAC and d) PLA-OMMT.
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Table 4.2. Micrometer and SEM thickness t for all the films.

Micrometer - Thickness SEM - Thickness

Materials (um) (um)
PLA 19.30 £ 1.272 19.78 £ 0.39?
PLA-QAC 19.03 £ 1.69? 18.97 + 3.81%
PLA-OMMT 71.12 + 6.35° 21.47 £ 1.30?
PLA-MMT 77.72 £ 8.16° 17.39 £ 1.012

Values with different letter are statistically different (o = 0.05 Tukey-Kramer Test)

There was no significant difference between the four films thicknesses as measured by SEM.

4.1.3 Crystallinity

Table 4.3 presents the crystallinity of the produced films by cast extrusion. There was no
significant variation in the crystallinity among the PLA-C, PLA-OMMT, PLA-MMT and PLA-

QAC films. All the films were mostly amorphous.

Table 4.3. Crystallinity yc (%) for all the films.

Materials Xc (%)
PLA 3.7+4.7°
PLA- OMMT 1.7+1.28
PLA-MMT 23+21°
PLA-QAC 1.0 +1.02

Values with different letter are statistically different (o = 0.05 Tukey-Kramer Test)

4.1.4 Amount of Nanoclay
As previously described, to evaluate the effect of clay (MMT), organomodified clay

(OMMT) and surfactant (QAC) on the biodegradation of PLA, four films PLA-MMT (5% wt. of
MMT), PLA-OMMT (5% wt. of OMMT), PLA-QAC (20% wt. of QAC) and PLA were produced.

The amount of surfactant was determined by performing thermogravimetric analysis on OMMT
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powder, thus helping to determine the amount of QAC to be added. Table 4.4 shows the amount
of carbon (C) , hydrogen (H) and nitrogen (N) content in QAC, OMMT and MMT as determined
by elemental analysis. The table also presents the amount of carbon, hydrogen and nitrogen in all
four films. By subtracting the C, H, and N wt % of PLA from the PLA-MMT, PLA-OMMT and
PLA-QAC films, the amount of MMT, OMMT and QAC present in the films was calculated.

Table 4.4. Amounts of carbon, hydrogen & nitrogen content determined by CHNS/O Elemental
Analyzer (%)

Materials C,wt% H,wt% N, wt %
QAC 17.02 + 0.02 2.23+0.07 0.86 £ 0.02
OMMT 17.21 +0.02 3.48 +0.02 0.86 £ 0.01
MMT 0.19+0.04 1.26 £ 0.08 0.00 £ 0.02
PLA 51.21+0.14 5.81+0.03 0.04 £0.01
PLA-QAC 50.45+£0.27 5.65+0.03 0.06 £0.01
PLA-OMMT 49.06 £ 0.02 5.55+0.01 0.05+0.01
PLA-MMT 48.53 £ 0.09 5.47+0.01 0.04 £ 0.00

Figure 4.2 shows the DSC curve for PLA-OMMT film. Table shows tabulates the results
from thermal properties for PLA, PLA-QAC, PLA-OMMT and PLA-MMT film. Figure 4.3 shows
the TGA of the produced films. The percentages mentioned for PLA-OMMT, PLA-MMT and
PLA-QAC films indicate the amount of OMMT, MMT and QAC present in the films.

Thermogravimetric analysis helps to corroborate the CHN results.
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Figure 4.2. DSC curve for PLA OMMT film.

Table 4.5. Thermal properties of PLA, PLA-QAC, PLA-MMT and PLA-OMMT films.

Materials Ty, °C Tm, °C Te, °C Xc, %
PLA 61.57 151.83 93.49 2.0
PLA-QAC 58.54 146.46 106.68 0.82
PLA-OMMT 59.12 151.44 96.93 2.66
PLA-MMT 60.66 149.68 116.53 3.82
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Figure 4.3. TGA of PLA, PLA-QAC, PLA-MMT and PLA-OMMT films.

4.1.5 Characterization of PLA OMMT films

XRD is generally used to evaluate the presence of nanoclays and its dispersion in the PLA
matrix. Figure 4.4 reveals the XRD patterns of OMMT clay powder, PLA-OMMT and PLA C
films. The diffraction peak at 26 = 4.76 ° for OMMT clay corresponds to the gallery distance (d-
spacing) of 18.53 A. The diffraction peak was observed at 20 = 7.2 ° (d-spacing 11.23 A) for
MMT. The shift of peak from 7.2 ° (d-spacing 11.23 A) to at 20 = 4.76 ° (d-spacing 18.53 A)
shows that modification took place by means of ion exchange of the surfactant. It was essential to

understand if the resulting layered silicate nanocomposite was either exfoliated or intercalated.
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The shift of the peak to 20 = 2.44 ° (d-spacing 36.16 A) i.e., to the left of pristine clay, was observed

for PLA-OMMT film indicating that intercalation has occurred as seen in
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Figure 4.4. XRD spectra for OMMT and MMT clay powder ,PLA-OMMT, PLA-MMT and PLA

films.

Intercalation takes place when the polymer chains partially infiltrate between the silicate
layers of the clay, which is demonstrated by the shift of the peak to a smaller angle and increase
in interlayer spacing. Exfoliation is observed due to the complete delamination and random
dispersion of layered silicate within the polymer matrix, which is demonstrated by the absence of
the peak in the resulting nanocomposite film. The PLA-OMMT film was therefore intercalated

and not exfoliated. In general, full exfoliation is difficult to achieve, usually a mixture of
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intercalated and exfoliated structures is observed in the resulting nanocomposites. These are

referred to as disordered morphology or orderly exfoliated morphology [3].

4.2 Biodegradation: COz2 evolution and mineralization

The biodegradability of PLA, PLA-QAC, PLA-MMT and PLA-OMMT films was
evaluated in an in-house built DMR system in which temperature, air flow rate, RH were
monitored to determine the CO2 evolution from each bioreactor. As per ASTM D5338 [4] and ISO
14855 [5] standards, temperature and pH were steady at 58°C and 7 respectively. To evaluate the
effect of nanoclays and surfactant on the biodegradation of PLA, the four films were introduced

in compost, inoculated and non-inoculated vermiculite.

4.2.1 Biodegradation in Compost

Figure 4.5 shows the cumulative CO; evolution and % mineralization curves. The %
mineralization indicates the relationship between the actual amount of CO2 evolved from the test
material and the theoretical amount of CO> that can be evolved from the same test material. The

values are represented as average + standard deviation.
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Figure 4.5. CO- evolution (a) and % Mineralization (b) of PLA, PLA-OMMT, PLA-MMT and
PLA-QAC films in compost.
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The lag phase was determined from the graph when a steep increase in the evolution of
CO2 was determined. A lag phase of around 15 days was observed for PLA, whereas lag time of
around 18 days was observed for PLA-MMT, PLA-OMMT and PLA-QAC films. This averse
behavior in the difference of lag phase for PLA OMMT and PLA MMT with respect to PLA could
be attributed to the lower water transmission due to no significant difference in the starting initial
molecular weight. The dispersed silicate layers present a torturous path for the diffusing water
molecules by increasing the effective path length and time thereby delaying the effective abiotic
phase [1]. Though PLA QAC had lower starting initial molecular weight Mno (< 100 kDa), no
difference was seen in the lag phase, as compared to the other films. The amount of CO2 evolved
from bioreactors for PLA-OMMT and PLA-QAC, varied from 28.9 £ 3.9 g and 31.9 £ 3.7 g,
whereas for PLA-MMT and PLA ranged from 26.5 + 5.8 g and 25.7 + 2.6 g respectively through
the end of the test. A maximum average mineralization of 101.4 % was reached by PLA OMMT
by the end of the test (120 days). Cellulose reached a maximum mineralization of 102.9% whereas,

PLA-QAC, PLA-MMT and PLA reached 102.3%, 81% and 75.6% after 115 days, respectively.

The mineralization of PLA-OMMT and PLA-QAC was higher as compared to PLA-MMT
and PLA by the end of the test. This faster degradation can be attributed to the presence of hydroxyl
groups in the clay organic modifiers (QAC), which improves the relative hydrophilicity of the
nanoclay surface (OMMT). The surfactant (QAC) used in this study is ammonium salt with two
alkyl tails, having hydroxyl group attached to either the ammonium head or tallow tail, which
further improves the hydrophilicity of the matrix [1]. This allows easy permeation of the water

molecules in the polymer matrix, thereby triggering hydrolytic degradation [4-8].

The mineralization values above 100% for PLA-OMMT, PLA-QAC and cellulose indicate

the presence of priming effect, which results from the enhanced mineralization of the indigenous
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organic carbon present in the compost, in addition to the CO; evolution coming from the

conversion of carbon present in the test material [9].

By the end of the test, the mineralization of PLA with respect to PLA-OMMT, PLA-MMT
and PLA-QAC films was not significantly different. The large error bars indicate a greater
variation among the replicates, which has been previously reported [10,11]. Though no significant
difference was observed among all the films, a significant enhancement in mineralization was
observed in PLA-OMMT and PLA-QAC films as compared to PLA-MMT and PLA films after
one month. This can be attributed to the dihydroxy hydrogenated tallow tails which absorb
moisture from the compost and enhance the hydrolysis of the PLA matrix [12]. Therefore, until
one month we see a similar trend in all the films. A pronounced difference and steep increase in
slope was found in PLA-OMMT, PLA-QAC films with respect to PLA and PLA-MMT due to the

above mentioned behavior.

4.2.2 Biodegradation in Non-inoculated & Inoculated Vermiculite

The PLA, PLA-QAC, PLA-MMT and PLA-OMMT films were introduced in non-
inoculated vermiculite to avoid the priming effect as observed with the compost media [9,13,14].
Since vermiculite is an inert, solid media there is no background indigenous carbon available, as
in case of compost. This also leads to low variation among replicates of the samples tested for

cumulative CO2 evolution and % mineralization.
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Figure 4.6. CO- evolution (a) and % Mineralization (b) of PLA, PLA-OMMT, PLA-MMT and

PLA-QAC films in non-inoculated vermiculite.
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Figure 4.7. CO; evolution (a) and % Mineralization (b) of PLA, PLA-OMMT, PLA-MMT and

PLA-QAC films in inoculated vermiculite.
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Figure 4.7 shows that there was significant difference in the mineralization of PLA-QAC
and PLA, whereas no significant difference was observed with respect to PLA-OMMT and PLA-
MMT films by the end of the test (183 days). This can be attributed to the lower initial molecular

weight of the PLA-QAC film My (< 100 kDa).

PLA control achieved a maximum mineralization of 73 % by 183 days, whereas PLA-QAC
reached the same mineralization in 90 days and reached a maximum average mineralization of
86.4% by the end of the test. PLA-OMMT and PLA-MMT achieved a maximum average
mineralization of 75.5% and 83.6% respectively. Cellulose reached a mineralization of 73.3% by
the end of the test. A difference in lag phase with respect to compost was seen in case of PLA.
PLA-MMT and PLA-QAC exhibited a lag time of around 20 days while PLA-OMMT and PLA
control showed a lag time of around 15 and 25 days. This was in accordance to the values reported
in the literature before [10]. PLA-QAC produced 13.6 + 0.3 g of CO2, whereas PLA-OMMT, PLA-

MMT and PLA produced 11.6 +0.5 ¢, 12.8 0.3 gand 11.7 + 1 g of CO..

After 60 days and until the end of the test, PLA control seems to produce more CO; than
PLA-OMMT, but the difference is negligible. Same trend is observed in the mineralization curve.
The increase in the mineralization of PLA-QAC compared to PLA-OMMT and PLA after day 45
could be attributed to the hydroxyl groups present in the surfactant. By the end of the test, no
significant difference was observed in the mineralization of PLA, PLA-OMMT, PLA-MMT and
PLA-QAC. It is significant to refer that long testing periods are needed in this case since the
biodegradation proceeds at a slower rate in inoculated vermiculite as compared to compost. Figure
4.5 also shows the results for testing the samples in non-inoculated vermiculite to evaluate abiotic
degradation. As anticipated, the abiotic degradation test did not show any remarkable CO;

evolution. No significant difference was seen in mineralization values.
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4.3 Molecular weight

4.3.1 Molecular Weight distribution

Figure 4.8 shows the initial molecular weight distribution for (MWD) for PLA, PLA-
OMMT, PLA-MMT and PLA-QAC. As stated previously, there was no significant difference in

the starting initial molecular weight My, thickness and crystallinity for all the samples.
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Figure 4.8. Initial molecular weight distribution for PLA, PLA-OMMT, PLA-MMT and PLA-
QAC films.

Figure 4.9 shows the molecular weight distribution for PLA as a function of time during the

biodegradation test until day 30.
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Figure 4.9. Change in molecular weight distribution for PLA film in Compost.

A change from monomodal to multimodal distribution is observed starting increasingly at
day 15 until day 30. To carry out the kinetics analysis, deconvolution of the peaks was necessary
due to the observed multimodal behavior for PLA, PLA-OMMT, PLA-MMT and PLA-QAC films.
Fityk 0.9.8, a curve fitting and data analysis program, was used to perform the deconvolution using
a log normal function, to fit such irregular functions [10,17,18]. Figure 4.10. shows an example as
to how the deconvolution was carried out for PLA in compost media for days 5,10,15 and 20

respectively.
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Figure 4.10. Deconvolution of PLA peaks at days a) 5, b) 10, c) 15, d) 20 in Compost media.

To determine the main peak of the molecular weight distribution (MWD), the area fraction
methodology was used. Once the deconvolution was performed, the peak having the largest area
was selected as the main peak for each case to determine the My reduction rate constant (k). The

methodology is illustrated below in Figure 4.11 which shows PLA control as an example.
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Figure 4.11 a) Mnand b) area fraction as function for PLA in compost after performing

deconvolution
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Figure 4.11 a shows M calculated after deconvolution of different peaks while Figure 4.11
b shows the area fraction for the different peaks until day 30. The first peak is seen as the main
contributor until day 15, but for day 20 & 25 peak 2 has the highest area fraction again followed
by first peak for day 30. The same methodology was employed to PLA-OMMT, PLA-MMT and
PLA-QAC films. The main peaks were selected individually for all the films for each day until

day 30 for determining k. The deconvolution was also performed for day 0.

To study the effect of nanoclays on the biodegradation of PLA, PLA-OMMT, PLA-MMT
and PLA-QAC films and to track the changes in the molecular weight, samples were collected
every five days from all the medias and a first order reaction relationship was fitted to the
experimental data. Figure 4.12 shows M~ as a function of time for all the films tested in the three

media.
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Figure 4.12. Molecular weight reduction as a function of time for PLA, PLA-OMMT, PLA-
MMT and PLA-QAC films in (a) compost media, (b) inoculated vermiculite and (c) non
inoculated vermiculite. Fitting of first order reaction: M» = Mno exp(—kt), where My is the

number average molecular weight at time ¢, Mno is the initial M, and k is the rate constant.
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Table 4.6. presents the rate constant k (d*) for PLA, PLA-OMMT, PLA-MMT and PLA-QAC

exposed to different medias.

k (d?) for films in different medias

Films Compost Vermiculite Inoculated Vermiculite
PLA 0.1397 + 0.0138*4 0.1035 + 0.0120*8 0.0735 £ 0.0137%¢
PLAMMT  0.0822 + 0.0067"4 0.0986 + 0.0085*F 0.0857 + 0.0125*48
PLA OMMT  0.0751 +0.0075>A 0.0959 + 0.007728 0.1087 + 0.0211348
PLA QAC 0.1589 + 0.0164%4 0.0996 + 0.0086%8 0.0874 + 0.0149%8

Values with different lowercase letters in a column and values with different uppercase letters in

a row are statistically different (o = 0.05 Tukey-Kramer Test)

The degradation of PLA in compost environment is known to proceed by two dominant
stages: abiotic and biotic degradation. During the dominant abiotic phase of PLA degradation,
high molecular weight chains are reduced to low molecular weight lactic acid oligomers and
monomers [15]. This phase is typically dominant before lag time — which is defined as the time in
days, from the start of test until the time of activation of the degrading micro-organisms is
achieved. During the lag time, the degree of biodegradation for the degrading material achieved is
about 10% of the maximum level of biodegradation. The lag phase proceeds by hydrolytic
degradation where cleavage of ester linkages takes place due to their high affinity towards water.
The second step which is the biotic degradation proceeds by the assimilation of the low molecular
weight chains to CO-, water and biomass. The addition of nanoclays has been reported to enhance

the rate at which biodegradation proceeds [6,10].

A significant difference in the My reduction was observed in compost media for PLA film
with respect to PLA-OMMT and PLA-MMT films which challenges the studies done so far with

nanoclay as seen in Table 4. This studies imply that addition of nanoclay enhances the
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biodegradation, but no control was exercised over the initial molecular weight (M) and thickness
(t) [14,18]. The higher rate for PLA-QAC can be attributed to the low starting molecular weight
with respect to all films, and also due to the presence of two alkyl (tallow) tails [1]. QAC may
induce a plasticization effect by promoting chain movements and increasing the free space
available thereby allowing faster diffusion of water into the amorphous region [1,16]. However,
no significant difference was seen with respect to the degradation rate for PLA, PLA-OMMT and
PLA-MMT films in inoculated and uninoculated vermiculite. This can be attributed to the same
initial conditions of molecular weight and thickness considering that at high molecular weight,
there is less segmental mobility of backbone chains and limited access to the hydroxyl groups and
hydrophilic terminal carboxyl groups for the water to access. The nanoclays may be acting as a
barrier thereby producing a torturous path and delaying the water diffusion into the PLA matrix,
thereby restricting the chain movements and hence no difference in the rate of hydrolysis as

compared to pure PLA [5].
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Figure 4.13. Change in molecular weight distribution for a) PLA b) PLA-OMMT c¢) PLA-MMT
and d) PLA-QAC films in compost.
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Figure 4.13. illustrates the changes in the molecular weight distribution for PLA, PLA-
OMMT, PLA-MMT and PLA-QAC films in compost media for the biodegradation test until day
30, since it was difficult to retrieve samples after that. The decrease in molecular weight is depicted
by shifting of the peak to the left. This behavior is observed during the hydrolytic degradation i.e.
abiotic phase and is mainly accredited to the chain scission happening in the bulk of the polymer
matrix and not only on the surface [10,14,16]. The bulk erosion happening can be corroborated by
the fact that the main peak of all the molecular distribution curves shift to the left i.e. low molecular
weight and does not remain at the same place as hydrolysis proceeds [14]. Bulk erosion takes place
homogenously wherein the water diffusion is faster as compared to polymer degradation. As the
hydrolysis proceeds, due to the bulk erosion random cleavage of ester bonds take place generating
carboxylic acid end groups that further catalyse the degradation process thus producing an
autocatalytic effect and making it self-sustaining [6]. A broadening of peaks is also observed over
time, indicating an increase in PDI. Around day 20, the molecular weight distribution becomes
bimodal. The main peak is replaced by a small shoulder at the original molecular weight and one
comparatively large shoulder at lower molecular weight. As the biodegradation proceeds, the peak
corresponding to high molecular weight vanishes leaving behind a sharper peak for low molecular
weight fraction [19]. This can be attributed to the formation of more stable crystalline structure
due to the realignment of shorter molecular weight chains [20]. The sharper peaks are formed due
to the degradation of amorphous regions, since the hydrolytic chain cleavage is known to
preferentially take place in amorphous regions. This behavior is more pronounced for PLA and
PLA-QAC films and less for PLA-OMMT and PLA-MMT films. It could be due to the slower
formation of crystalline regions. It has been reported that OMMT may act as a nucleating agent,

due to its large surface area, enhancing the degradation of amorphous region, which in turn
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increases the crystallinity (put in the table no of crystallinity). The crystalline regions are known
to be resistant to hydrolysis since they restrict the diffusion of water [4,14]. This can be the
plausible explanation for the blunt and wide peaks seen at day 30. A whitening effect was also
observed in PLA, PLA-OMMT, PLA-MMT and PLA-QAC films because of the increased
crystallinity thereby producing a change in the refractive index of the polymer, in the initial
hydrolysis phase [8,14,21]. It is also essential to understand the effect this nanoclays have on the
microorganisms, since a difference was seen with respect to CO; evolution between PLA, PLA-
OMMT, PLA-MMT and PLA-QAC films. For example, Edgar et al. has suggested that PLA-
OMMT shows significantly more biofilm formation as compared to PLA while PLA-QAC shows

the lowest, which might be due to the inhibiting action of the surfactant.

4.4 Hydrolysis

Many factors are involved when it comes to the abiotic and biotic degradation in compost
environment like temperature, pH, microorganisms, oxygen and water availability etc. [239] and
play a crucial role in the breakdown of the material. Abiotic or hydrolytic degradation has been
identified as the rate determining step for biodegradation of PLA [4,22]. Therefore, to study the
abiotic phase and investigate the impact of nanoclays and surfactant in detail, hydrolysis was run
in parallel at 58+2°C in the same DMR setting for PLA, PLA-OMMT, PLA-MMT and PLA-QAC
films. Samples were collected on day 0, 2, 4, 7, 10, 14, 21, 30, 45. No samples could be collected

for PLA and PLA-MMT on day 60. So, data only until day 45 is reported.
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4.4.1 Molecular Weight

The deduction of molecular weight was based on deconvolution of peaks as mentioned
before. Figure 4.14 shows Mnas a function of time for PLA, PLA-OMMT, PLA-MMT and PLA-
QAC films in water at 60°C. This hydrolysis experiment was run in parallel with the
biodegradation tests. For all the films, the molecular weight decreased over 60 days due to the
hydrolytic degradation of PLA. Table 4.8 presents the rate constant k (d!) for PLA, PLA-
OMMT, PLA-MMT and PLA-QAC exposed to water. As seen no significant difference was
observed in the hydrolytic degradation rate among all the films. This could be attributed to no
significant difference in the initial molecular weight (Mno) and thickness (t) of the films. This
results are not in agreement with the results published so far [4,6,22] since nanoclays (OMMT)
have been reported to ease the diffusion of water in the PLA matrix due to the hydroxylated
tallow tails and surfactant (QAC) is known to plausibly act as a plasticizer thereby inducing
chain movements and paving way for diffusion of water, to start the cleavage of ester bonds.
Fabiola et al. reported otherwise as opposed to the findings so far, that inspite of the difference in
the initial molecular weight due to the incorporation of nanoclays, still no significant reduction in
Mn and thus no difference in the hydrolytic degradation rates of PLA, PLA-OMMT, PLA-MMT

and PLA-QAC films was found.
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1.2 Model Experiment
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Figure 4.14. Molecular weight reduction as a function of time for PLA, PLA-OMMT, PLA-
MMT and PLA-QAC films in water at 60°C. Fitting of first order reaction: M» = Mno exp(—kt),
where M is the number average molecular weight at time t, Mxo is the initial My, and k is the rate

constant.
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Table 4.7. Rate constants for PLA, PLA-QAC, PLA-OMMT & PLA-MMT films in water at
60°C.

k (d?) for films in different medias

Non-inoculated

Films Water Vermiculite
PLA 0.0895 + 0.0080*4 0.1035 + 0.0120%4
PLA-MMT 0.0874 + 0.0139*A 0.0986 + 0.0085%4
PLA-OMMT 0.1002 + 0.0110%4 0.0959 + 0.0077%4
PLA-QAC 0.1060 * 0.0174%4 0.0996 + 0.0086%4

Values with different lowercase letters in a column and values with different uppercase letters in

a row are statistically different (« = 0.05 Tukey-Kramer Test)

Figure 4.15 illustrates the changes in the molecular weight distribution for PLA, PLA-
OMMT, PLA-MMT and PLA-QAC films exposed to water for the hydrolysis test until day 45.
Deconvolution was performed using the peak area methodology as explained before. The rates
mentioned in Table 4.7 were calculated after performing the deconvolution of the multimodal
peaks. As the hydrolytic degradation proceeds, the molecular weight distribution shifts to the left
indicating the evolution of low molecular weight chains resulting from the diffusion of water into
the PLA matrix. The broadness of the peaks increased over time and several sharp peaks were
observed by the end of the test. Trimodal and bimodal peaks were observed starting day 21,
indicating the presence of different molecular weight chains. The M at this point for PLA, PLA-
OMMT, PLA-MMT and PLA-QAC was 9 kDa, 10 kDa, 8 kDa and 6 kDa respectively. Comparing
the MWD for PLA, PLA-OMMT, PLA-MMT and PLA-QAC films in water and uninoculated
vermiculite at 58°C, much sharper peaks were observed for PLA-OMMT and PLA-MMT films

for day 30, indicating the degradation of amorphous regions. As the amorphous regions degrade,
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the remaining low molecular weight chains realign themselves into a more definite compact

structure.
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Figure 4.15. Change in molecular weight distribution for a) PLA b) PLA-OMMT c¢) PLA-MMT
and d) PLA-QAC films in water at 60°C.
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In addition to water diffusion, in case of PLA-QAC films, the free QAC available could
act as a plasticizer further enhancing the release of low molecular weight chains and oligomers.
The PLA-OMMT films apart from the presence of hydroxyl group of silicates are known to
increase the wettability of the surface, thus promoting the hydrolytic degradation of PLA ester
bonds [4]. The release and accumulation of hydrolysis by-products such as oligomers and
monomers, reduce the pH of the water which in turn promotes autocatalytic reaction thus
sustaining the hydrolytic degradation. However, by the end of the test no statistical difference was
detected in the hydrolysis rate for PLA, PLA-OMMT, PLA-MMT and PLA-QAC films, this could

be due to the lower diffusivity of water through the PLA-OMMT and PLA-MMT films.

4.5 Crystallinity evolution during hydrolysis

The DSC technique was used to assess the crystallinity of the PLA, PLA-OMMT, PLA-
MMT and PLA-QAC films during hydrolytic degradation in water at 60°C. The changes in Ty, Tm
and T. along with the percent crystallinity was also determined. Figure 4.16 depicts the DSC
thermograms for PLA, PLA-OMMT, PLA-MMT and PLA-QAC before and after being

hydrolyzed by water at various time intervals.
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Figure 4.16. DSC thermograms of a) PLA b) PLA-OMMT c¢) PLA-MMT and d) PLA-QAC in

water at 60°C (1% cycle). The numbers on the thermogram indicate the day immersed.

All the film samples on day 0, before exposure showed a T (cold crystallization) peak, but
the peak disappeared once the films disks were introduced in water. This peak can be pertained to
the crystallization induced due to the reorganization of amorphous phase into new crystalline

regions during the immersion process [23,24]. The melting peak is observed at around 153°C,

110



corresponding to the melting of newly developed crystalline fractions resulting from the chain
movements due to higher temperature. As, the hydrolysis proceeds, the cold crystallization peak
disappears. This disappearance can be attributed to the formation of locally organized structures
meaning that PLA has been completely crystallized in the PLA and PLA-nanoclay films during
the cooling process thereby further preventing the occurrence of cold crystallization peak [4]. The
nanoclays acts as a nucleating agent thereby assisting the progress of crystallization [25-28], by
increasing the diffusion of water due to the hydrophilic nature and resulting improved chain
segmental mobility. Double melting peaks are also observed in PLA, PLA-OMMT, PLA-MMT
and PLA-QAC films during the DSC heating process which indicate towards the formation of two
different crystalline structure, but this behavior is not uniform and mostly occurrence of one peak
is observed after day 21. Due to the lower M, and Mw, only one peak is observed starting day 21.
This formed crystalline structure is unstable since the peak disappears after day 21. Of the double
peaks, the higher Tm can be ascribed to the melting of primary and more stable crystal formation
while low T can be assigned to the melting of less stable and reorganized crystals. Fabiola et. Al
has suggested the formation of a-form crystals which also reflects only one melting peak over time
[20]. This single peak indicates the crystals melt directly without undergoing recrystallization. As
the hydrolysis proceeds, Tm is shifted slightly to low temperatures in PLA and PLA-QAC films,
though the heating enthalpy seems to increase with time. Also, a small endothermic peak is seen
at day 45 for PLA-OMMT and PLA-MMT films at 95°C and 125°C. This can be elucidated by
the rearrangement of some amorphous segments into polymer crystallization due to the chain
mobility which would have been increased, right before the melting commenced. The pH was also
monitored when the samples were retrieved. A severe drop was observed until value 2 indicating

the media turning acidic from neutral. In acidic condition, the hydrolysis proceeds by chain
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scission forming small molecular weight oligomers, giving lactide units in the end of the hydrolysis

[29]. Table 5 depicts the change in crystallinity by the end of the test at day 45.

Table 5 Crystallinity for PLA, PLA-QAC, PLA-OMMT & PLA-MMT films in water at 60°C at
end of hydrolysis (45 days).

Material Crystallinity (xc) , %
PLAC 60 + 1.15°
PLA OMMT 66 + 2.52°
PLA MMT 67 +5.13?
PLA QAC 53 +11.01%

Values with different letter are statistically different (a = 0.05 Tukey-Kramer Test)

The development in the global crystallinity of the PLA, PLA-OMMT, PLA-MMT and
PLA-QAC films can be calculated from cold crystallization and heating enthalpies. Initially as
mentioned in Table , the crystallinity was between land 4% before the start of hydrolysis. PLA-
OMMT and PLA-MMT showed the highest crystallinity values among all indicating that the
clays in fact act as a nucleating agent, thereby facilitating the degradation of amorphous region
by enhancing the diffusion of water molecules through the galleries. The increase in crystallinity
for PLA and PLA-QAC films could be ascribed to decrease in molecular weight due to the chain
scission reaction occurring due to the plasticisation of PLA by water, accompanied by the lactic
acid oligomers that provide enough mobility so that the polymer chains can organise and

crystallize further.
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CHAPTER 5

CONCLUSIONS & RECOMMENDATIONS

5.1 Conclusions

As an alternative to the ever-growing demand of petroleum-based conventional polymers,
due to issues such as plastic waste management, global warming and limited availability etc.
biobased polymers that are biodegradable and sustainable have garnered great interest in the
scientific community. One such polymer is poly(lactic acid) (PLA), which has been promoted for
its advantages such as biodegradability, zero toxicity, and excellent barrier to flavor and aroma.
But certain drawbacks such as poor mechanical and thermal properties, and low flexibility have
limited its commercial applications in many sectors such as packaging and automotive industries.
One of the main challenges faced by PLA-based materials is that PLA degrades at a slower pace
as compared to other organic wastes during composting, which affect its admittance into the
industrial composting facilities. Nanoclays in low concentration are known to enhance PLA
properties as well as improve PLA biodegradability. According to the previous studies assessing
the effect of nanoclays on the PLA biodegradation, claims were made which concluded that
nanoclays, in fact increase the biodegradability of PLA in composting environment due to the
increasing water sorption producing more chain cleavages. But no control was exercised over the
initial weight average molecular number (My), crystallinity, and thickness of the films, which are
known to have a huge impact on the biodegradation. Therefore, it was crucial to understand how
nanoclays behave and whether they enhance the biodegradation of the PLA matrix if Mn,

crystallinity, and thicknesses are controlled and kept constant among samples [1-4].
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So, the first objective of this research was to produce films with the same M, crystallinity,
and thickness. These parameters are known to heavily influence the hydrolysis and biodegradation
phenomena [5-7]. The results indicated that PLA films and PLA added with nanoclays with the
same M, crystallinity, and thicknesses were produced. Controlling these parameters ensured that
that they do not exert any influence during the hydrolysis and biodegradation tests and skew the

results in favor of nanoclays.

The second phase was conducted to gauge and understand the role of surfactant and
nanoclays on the biodegradation of PLA. For this, hydrolysis test was conducted in water at 58 +
2°C to decouple the abiotic phase of biodegradation in PLA and PLA nanocomposites films [8].
The results showed that the degradation rate constants for PLA and PLA nanocomposites films
were not significantly different. The DSC results indicated an increase in crystallinity for PLA and
PLA nanocomposites films at the end of the test, implying a recrystallization of the samples and
preponderant biodegradation of the amorphous region. Further research needs to be conducted to

understand the crystallization effect of samples during hydrolytic degradation.

The final phase focused on understanding the effect of surfactant and nanoclays on the
biodegradation process. For this PLA and PLA nanocomposites films were evaluated in inoculated
and non-inoculated vermiculite, and a simulated compost environment (58 + 2°C, 50 + 5% RH)
with an in-house DMR setup by analyzing the evolved CO: [9]. No reduction in lag phase of
biodegradation was observed for PLA due to the addition of nanoclays. For the compost media,
PLA films with QAC showed higher mineralization as compared to PLA nanocomposites films.
This was attributed to the two alkyl tails in the surfactant structure, acting as a plasticizer and

improving the hydrophilicity of PLA. The non-inoculated and inoculated vermiculite media gave
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similar results. Along with CO. evolution, M, was tracked throughout the biodegradation process

and as the results disclosed, nanoclays did not enhance the biodegradation rate of PLA.

5.2 Recommendations

The future work should focus on having a better control on the film processing conditions
even though it is very challenging. Strict control exercised over the processing conditions can
eliminate flaws that may be introduced into the samples and have a major impact on the final
results. In depth studies should be done to further investigate and better understand the

biodegradation mechanism and the interaction and effect of surfactant and nanoclays.

The hydrolysis test should be conducted at different temperatures and in different solutions
to assess the effect of nanoclays and surfactant. Deconvolution of the multimodal peaks is
necessary and should be explored in further detail to decouple the different molecular weight

fractions and underlying mechanism of the hydrolysis process.
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