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Abstract

Development of polymeric foams evolved as major research area due to its unique exclusive
properties like lightweight, low density and optimum usage of polymeric materials compared
to non-foamed counterparts. However, degradability is a major area of concern for petro-based
polymeric foams. The ultimate disposal and environmental aspects of the non-degradable
foams leads to the development of bio-based and biodegradable green foams. Major developed
biodegradable foam mainly includes starch-based foams, polycaprolactone (PCL) foams,
water-soluble polyvinyl alcohol (PVOH) and ethylene vinyl alcohol (EVOH) foam. The
applications of these sustainable foams are mainly limited to multilayer packaging applications
due to the limitations of oxygen barrier, mechanical properties etc. The improvement in above
properties of these foams is a major concern of current research. One of the most promising
biodegradable polymers is poly(lactic acid) (PLA) due to its greener routes and comparable
properties with some of the conventional petro-based polymers like polystyrene (PS),
polypropylene (PP) etc. However, improvement in the properties of PLA-based foams are still
lacking in order to substitute the non-degradable foams. The improvement of properties of
PLA-based foams can be achieved by incorporation of additives, flame retardants, plasticizers,
and so on according to the targeted application. The use of bio-derived nanobiofillers for the
improvement of above properties of PLA-based foam provides a greener approach towards the
environment point of view. The nanofillers are derived from bio-feedstock that are abundantly
available in nature. Therefore, the utilization of these nanobiofillers in PLA foam matrix has
both economic and environmental impact. The incorporation of nanobiofillers in the PLA

matrix for tailoring various properties is still a growing field of the research.

From the literature, it is observed that a knowledge gap exists towards the fabrication of PLA-
based foams using bio-based nanobiofillers for tuning different properties like thermal,

mechanical, gas barrier etc. according to the applications. Based on the knowledge gap, the

vii
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current doctoral research is mainly focused on the development of a hydrophobic, microcellular
interconnected, and highly porous PLA-based foam utilizing lab developed bionanofillers like
cellulose nanocrystals (CNC), modified chitosan (MC), modified gum arabic (MG) and silk
nanocrystals (SNC). Further, no prior art has been observed regarding the incorporation of
these bionanofillers in PLA-based foam matrix for proper tuning of different foam properties.
The current research has been performed using the less expensive and innocuous casting and
leaching (C/L) technique for foam fabrication utilizing the non-toxic and cost-effective sugar
particles as porogen medium. The C/L technique is further modified for better dispersion of

porogen particles in the polymer matrix.

The main motivation of the current doctoral research is to investigate the influence of bio-based
nanofillers like CNC, MC, MG, and SNC on the foam processing and tailoring of its properties
like thermal, wettability, crystallinity, cell size and cell density along with other
physicochemical properties. Further, the effect of nanobiofillers in different degradation

techniques like thermal, hydrolytic and photodegradation is investigated, first time.

The orientation of the doctoral thesis is as follows:

Chapter 1 mainly focuses on a brief description of non-degradable and biodegradable foams.
Different available methods of fabrication of polymeric foams are discussed in this chapter.
This chapter also provides a general overview of bio-based foams and its environmental aspects
and market shares. This chapter also focuses on available foaming process which are in
practice. This chapter consists of a thorough literature review of PLA-based foams. Based on
the knowledge gap provided by literature review, different objectives of the research are
highlighted in this chapter along with the motivation of current research. Finally, a brief

orientation of the thesis is also provided in this chapter.

viii
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Chapter 2 provides information regarding various materials and chemicals utilized in the
doctoral research. This chapter mainly discusses the technique utilized for the fabrication of
the PLA/nanaobiofiller-based foams. This chapter also demonstrates the preparation methods of
bio-based nanobiofillers used in the thesis. The various analytical methods for characterization
of the developed foam and associated sample preparation techniques are discussed in this

chapter.

Chapter 3 discusses the fabrication and detailed study of PLA and PLA/CNC-based foams
using C/L technique. From this chapter, it is observed that CNC mainly acts as a nucleating
agent in the PLA matrix generating smaller pores. CNC improves crystallinity and thermal
stability at lower loadings. CNC also influences the thermo-mechanical properties in
PLA/CNC-based foams. The wettability phenomena are also affected by the addition of CNC.
Both “model-free” and “modelistic” approaches like Kissinger-Akahira-Sinouse, Flynn-Wall-
Ozawa, Friedman, Augis Bennet, Criado etc. are utilized to calculate the activation energy of
thermal degradation. From the investigation, it is observed that complex degradation
mechanism like three-dimensional diffusions is taking place at higher conversions of the
fabricated foams. From the non-isothermal crystallization investigations, it can be concluded
that CNC acts as a nucleating agent in lower loadings and also supress to the chain folding of
PLA at higher CNC loading. The chapter provides a comprehensive characterization of

PLA/CNC-based foams.

Chapter 4 demonstrates the fabrication of PLA/modified chitosan (MC) based foams by C/L
technique. The results suggest that MC acts as a plasticizing agent in the PLA matrix due to
the presence of low molecular weight oligomers. The cell size decreases and cell density
improves with the incorporation of MC in the PLA matrix. Increase in surface area with MC

loading is also observed. However, decrement in crystallinity and thermal stability is observed
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with MC. The hydrophobicity increases with MC addition due to the change in surface

morphology.

Chapter 5 provides in-depth analysis of developed PLA/modified gum arabic (MG) based
composite microcellular foams by using C/L technique. It is noticed that MG acts as a
plasticizing agent for PLA matrix due to pendent oligomer present in it. The thermal stability
and crystallinity decrease with MG incorporation. The decrement in cell size and increments
in cell density observed with the incorporation of MG bionanofillers. MG also influences the
wettability phenomena. The different degradation techniques like hydrolytic and

photodegradation of PLA/MG-based foams are examined in this chapter.

Chapter 6 demonstrates the development of PLA/silk nanocrystal (SNC) based microcellular
composite foam. It is observed that SNC acts as a nucleating agent in the PLA matrix and helps
in the improvement of crystallinity and thermal properties. Increase in cell density and a
decrease in cell size is observed with SNC loading in PLA/SNC-based foams. Cell size up to
~0.6 pum is noticed for highest loading (PLA/SNC 3) of SNC. Improvements in hydrophobicity
and improvement in thermo-mechanical properties of fabricated PLA/SNC-based foams are
observed. The effect of SNC in hydrolytic and photodegradation are carried out in this chapter.
It is also observed that SNC gives thermal stability under UV degradation to the PLA/SNC-

based foams compared to neat PLA based foams.

Finally, Chapter 7 mainly focus on a thorough discussion of the research outcomes. The
comparative conclusions of the research are drawn in this chapter. The chapter also provides

probable future directives of research for PLA/nanobiofiller-based biocomposite foams.
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Chapter 1

Introduction and Literature Review

This chapter mainly discusses the biodegradable, non-toxic poly (lactic acid) (PLA) and its
advantages over non-degradable petro-based polymers. The main motivation of this research
is to fabricate a bio-based, biocompatible PLA-based foam for different probable applications.
This chapter also contains different available technique of fabrication of polymeric foams. The
advantages of the porous foam materials over their non-foam counterparts is also focused. A
brief discussion on degradable and non-degradable polymeric foams is also reported. The
different aspects poly (lactic acid) (PLA) is also discussed in this chapter. Different
classifications and applications of polymeric foams are discussed thoroughly in this chapter.
A detailed literature survey of different aspects of PLA based foams is discussed in this chapter
with some important outcomes reported so far. A literature survey is conducted for different
bionanofillers used in this investigation followed by knowledge gap in the investigation. The
objectives of the research are also highlighted in this chapter. A brief illustration of the thesis

chapters is highlighted in the later portion of this chapter.

Parts of this chapter are published/ready to communicate as follows:

1. Narendren Soundarajan, Shasanka Sekhar Borkotoky, and Vimal Katiyar “Up-to date
Advances of Biobased Biodegradable Polymers in Food Packaging” In “Bio-based Plastics
for Food Packaging Applications”. (Smithers Rapra, ISBN: 9781910242582)

2. Shasanka Sekhar Borkotoky and Vimal Katiyar “Biodegradable Nanocomposite Foam:
Processing, Structure, and Properties. ” (Book chapter: to be submitted to “Advances in
Sustainable Polymers, Springer)

3. Tabli Ghosh, Shasanka Sekhar Borkotoky, Vimal Katiyar “Porous and Non-Porous
Structures of Green Composites: Processing and Application.” (Book chapter: to be
submitted to “Advances in Sustainable Polymers, Springer)
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1.1 General introduction

Polymers are one of the most useful materials developed by humankind. The ease of
application, longevity, cost of production, lightweight and applicability in almost every aspect
of daily life makes polymer a household name in recent years. Polymers have some added
advantages compared to metals and ceramics, as these are not corroded by the atmosphere.
Researches are going on to replace metals and ceramics by polymers. Polymers can be broadly
classified into two categories: non-degradable polymers and degradable polymers. The petro-
based non-degradable polymers like polystyrene (PS), polypropylene (PP) and so on, which
mainly dominate the recent market of polymers. The main environmental concern associated
with these non-degradable polymers is the end-life disposal [1,2]. Bio-based degradable
polymers have some limitations in properties to compete with the major market players [3].
Researches are going on to improve the properties of biodegradable polymers comparable with
non-degradable polymers and make it a replacement for different applications. Among
available biodegradable polymers, some of the most utilized biodegradable polymers so far
includes chemically derived poly (lactic acid) (PLA), microbial-derived poly
(hydroxyalkanoates) (PHA) and its various fractions, petrochemical feedstock based
polycaprolactone (PCL), and polyglycolic acid (PGA) attaining significant focus due to their
potential use in various application in day to day life [4-6]. However, formulation of blends
and composites of available biodegradable polymers can provide tailored properties according
to the necessity [7-9]. Interestingly, the biocomposites and blends of these polymers with other
available biopolymers including cellulose, starch, chitosan, proteins, gelatin are capturing the
main focus. Formulations of biocomposites help in improving the polymer properties by

transferring the filler load in to the matrix [10].

Another dimension of polymeric research is to reduce the material usage by fabricating foam
(porous) structure. Foam is a material, which consists of gaseous voids (75%-95%). Polymeric
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foams have some unique properties. It has some added advantages like low weight, low density
and less usage of materials compared to non-foam counterparts [11]. The cost of production
can also be reduced by these factors. All three types of materials (metals, ceramic and
elastomer) can be utilized to fabricate foams. However, elastomeric foams have been widely
utilized in different fields of applications. The use of polymer foaming technology is growing
day by day and has established as one of the major areas of research. Foaming is gaining
importance enormously, where any novel material is targeted for investigating the foaming
behaviour immediately for the probable area of applications. The polymeric foam industry was
initially developed from the 1930s to 1950s. It took an established shape in the 1980s. Among
available polymeric foam materials, polystyrene (PS) foam was firstly developed in 1931. The
driving force for the recent investigation of foams are directed towards the tailored property of
foamy materials for extensive applications. Polymeric foams can be classified according to
different parameters as shown in Fig. 1.1. The polymeric foams can also be broadly classified
into two major parts: non-degradable foams and biodegradable foams. Non-degradable
polymeric foams mainly dominate the current market share of total polymeric foams [12,13].

The recent shares by volume in various applications of polymeric foams are shown in Fig. 1.2.

Polymeric Foams

Classification

.

Material Structure Nature Mechanism Cell Size Density Dimension
Thermoplastic i Closed cell Flexible | Soluble Micro M('f_’ Broad
Thermoset Open cell Rigid Reactive Nano ioﬁm Thin

Fig. 1.1 Classifications of polymeric foams based on different parameters.
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The demand for polymeric foams in different new areas is rapidly increasing day by day.
Researchers are also trying to find new areas of replacement to the conventional non-foamed
polymers. A recent market survey suggests the use of high-performance polymeric foams will
increase ~4.8% annually due to the growth in emerging technologies. However, the above
foam market is mainly dominated by the non-degradable conventional foams. The ultimate
disposal of these foams is a major concern in the environmental point of view. The
environment-friendly technologies are now a primary requisite followed by international
agreements such as the Kyoto protocol, Montreal protocol and so on. Hence, the need for bio-
based and degradable foams are gaining attention in recent years. Bio-based and bio-degradable
foams show a tremendous and promising impact on different fields like biomedical tissue
engineering applications [14,15]. Major differences between biodegradable and non-

degradable foams are illustrated in Fig. 1.3.

I Construction o e
- oth ers E :r::;::retation o
- Household/gaskets b 34.52%

B Furniture/Bedding

27.38%

Bl Refrigeration 8% 7.7%
| Automobiles 4.6% v 8
B Packaging 8.3%
13.3%
58.1%

Global sales of polymeric foams in different segment (2015)

Fig. 1.2 Global market shares of polymeric foams in various segments.

(https://www.smithersrapra.com/resources/2017/february/high-performance-polymer-
foams-market-forecast)
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From past few years, synthetic biodegradable polymers are acquiring significant attention over
fossil-derived conventional polymers due to their non-toxic, biocompatible nature. Further,
biodegradable polymers can possibly diminish carbon footprint, plastic-based waste, municipal
solid waste, which in turn reduce global warming, and preserves soil fertility through soil
composting. Biodegradable foams including starch, polycaprolactone (PCL), polyvinyl alcohol
(PVOH) and so on, provides promising properties in some sophisticated biomedical
applications [16]. However, it has limitations for replacement of non-degradable foams in
various commodity applications. Mainly the use of these biodegradable foams is still limited
to packaging, tissue engineering, and thermoformable sheets. The in-depth investigation on
biodegradable foams is still required for improved properties to a comparable level with

conventional foams [17].

One of the promising biodegradable polymer, which gains attention to the scientific community
for the replacement of conventional polymeric foam, is poly (lactic acid) (PLA). Recent

researches on bio-based foams are mainly focused in the development of PLA-based foams.

'

Degradable Non-Degradable

Limitations

PLA, Starch, Limitations

PU, PS, PP etc.
PHBA etc. U, PS e

Non degradable
Advantages Waste disposal Advantages
Biocompatible

A LlRIeIE Low mechanical properties gl sl e s

Degradable
Bio medical use

Fig. 1.3 Degradable and non-degradable foam.
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1.1.1 Poly (lactic acid) (PLA)

Poly (lactic acid) (PLA) is a bio-based and biodegradable polymer synthesized from natural
bio-resources such as corn, sugar feedstock and so on. PLA has the properties comparable to
some non-degradable petro-based polymers. The pictorial illustration of the life cycle of
biodegradable PLA can be observed in Fig. 1.4. PLA has good processability and
compostability. Mainly PLA is synthesized by ring opening polymerization (ROP) of lactide
monomer [4]. The thermal degradation of PLA leads to the production of environmental
friendly products such as CO, H2O and so on due to chain hydrolysis of the ester linkage. PLA
is a glossy, transparent and thermoplastic in nature. The production of PLA requires less energy
(up to 25-55%) compared to the energy consumed in the production of petroleum-based non-
degradable foams. It is semi-crystalline in nature. The content of D-isomer present in PLA
influences the ultimate property. The mechanical and other properties of PLA is comparable
with most of the petro-based conventional polymers. The properties of PLA can be improved
by tuning it with the addition of different nanofillers [18], plasticizers [19,20], chain extenders

[21] and so on.

/\

Blodegradable

Natural Resources

" S
. ) Transparency @ Biocompatibility
A \

q Processability
M
. = comPOSt -
f Life cycle of
blodegrada ble O
Nature ||| plastlcs
Waste ©
\ CHg n
Biodegradable/
plastics

Fig. 1.4 Lifecycle of poly (lactic acid).
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One of the limitations of PLA is its low melt strength. The short degradation time of PLA
makes it unsuitable for engineering applications. Another limitation of PLA is low thermal
properties. The current researches on PLA are mainly in the directions to tune these limitations.
PLA-based foams are mainly utilized in sophisticated bio-based medical applications like cell
culture, tissue engineering and so on due to its bio-degradability nature. Simultaneously, it can
be useful in other applications by properly tuning it. The other applications include mainly
packaging, housewares, automobile parts, cushioning applications, insulation, furniture, high-
grade decorative items, and electrical appliances. A lot more focused study has to be performed

to make it suitable for different areas of application.

1.2 Development of polymeric foam

Polymer foaming can broadly be carried out in different established process classified as batch
foaming process and continuous foaming process. Pictorial representation of these two
processes can be found in Fig. 1.5. The batch process is mainly limited to the research in
development fields to investigate the newly developed materials and their foaming behavior.
On the other hand, the continuous process is an economically and industrially viable scale-up
process in larger magnitude. A continuous process is achieved by an extrusion technique,

consisting of steps like mixing with additives and pressurization of inert gases [22].

Batch foaming: Fabrication of polymeric foams can be performed by using batch process. In
this process of fabrication, foamed samples are prepared in batch-wise. It is a discontinuous
foaming process and the reproducibility of the results of this process is very good by
maintaining exact process parameters. This process is mainly utilized to investigate the initial
foaming behavior of polymers and composite systems. The process is also industrially viable
with some limitations. In this process, carbon dioxide or nitrogen are mainly used as physical

blowing agent [9].
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Pressure release valve
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Foamed sample

Supersaturated sample
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Fig. 1.5 Pictorial representation of A) batch and B) continuous process of foaming.
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From very earlier days, two different methods are generally utilized in the batch foaming
process. In the first process, pressure drop initiates foaming in the polymer sample resulting
thermodynamic disequilibrium. The method is very useful to understand different foaming
parameters as well as the influence of additives or blending on cell nucleation. The influence
of pressure decrease rate on foaming can be further optimized along with the material and

foaming process [23,24].

In the second technique, the thermodynamic disequilibrium is reached due to the temperature
increase. The foam processing window of the polymer can be investigated and the temperature

of foaming can also be evaluated for foam extrusion process by this method.

Continuous foaming: This process of fabrication of polymeric foam generally consists of
extrusion and injection techniques. Different zones of the extruder can be operated at different
temperatures, which makes it possible to use temperature sensitive additives to the polymer.
This is one of the most beneficial CO2-based foaming techniques for the addition of different
additives to the bio-based polymeric foams. In the die section of the extruder, the pressure is
released and ultimately polymer foam is generated. In this continuous process also, the foam
parameters like screw speed, saturation pressure, type and amount of additives (clay, plasticizer
etc.) etc. process parameters can be optimized. The influence of the die geometry and
temperature on the nucleation rate or the expansion ratio of the fabricated foams can be
investigated by this process. In this process, the main advantage is the continuous high-speed
production and scale up the technology. The different parameters affecting the polymer foam
characteristics are shown in Fig. 1.6. It can be observed from the figure that different
parameters like melt strength, viscosity, solubility, end groups, glass transition temperature and

so on effects the polymeric foam [25, 26].
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Parameters

l

! ' ! }

Polymers Blowing agent(PBA/CBA) Cell nucleators Additives
Melt strength, Solubility, Cell size, Permeability
Viscosity, Permeability, Type, modifiers,

End groups Diffusion, Distribution, Processing aids,
T Tey Tg Injection pressure, Concentration Flame retardants

Point of injection,
Concentration,
Dispersion

v

Foam characteristics

Cell structure (Size, Shape, Distribution, Open Vs. Closed)
Density and gas retention in cells

Mechanical properties (Tensile, Compressive, Impact, Bending)
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Fig. 1.6 Different parameters affecting the foaming process [27].
1.3 Polymer foam processing techniques

The polymeric foams can be manufactured by the above-discussed processes using different
technology. The different techniques used in the above two processes are illustrated in Fig. 1.7.
Generally, two basic methods are utilized for foaming [28]. In one method, gas is induced

directly to the liquid and in the other method, gas bubbles are generated within the liquid phase.
The foaming process involves three general steps [29] as discussed below:

1. Bubble formation

2. Bubble growth

3. Bubble stabilization

Additionally, polymeric foam fabrication can be carried out by using soluble foaming and

reactive foaming.
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1.3.1 Physical/soluble foaming: It involves the dissolution of physical blowing agents (PBA)
in the polymer melt. Extrusion and injection molding with PBA is a common example of this
technique. The advantage of this process is that it permits high-speed continuous processing of

foams. Soluble foaming can be achieved by using
a) Casting and leaching (C/L) technique

b) Foaming by using gases

c¢) Thermally Induced Phase Separation (TIPS)

Polymeric Foams

Reactive foaming

Soluble foaming

Casting and
Leaching

5 S S 2
[ riroo BT scco. I et

Fig. 1.7 Different techniques used for polymer foaming.

1.3.1.1 Casting and leaching (C/L): This technique involves the dissolution of the polymer
into a highly volatile solvent and thereafter casting the prepared solution into a mold (of
different shapes of requirements) which contains a solid porogen. The porogen is a particle,
which is a water-soluble salt, for example, NaCl, KCI etc. which can be washed out after the

solvent has been evaporated. This will ultimately leave a porous and foamed polymeric
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structure, which contains gaseous voids in its structure. The pore size and morphology of the
fabricated foam can be changed in this method by controlling the size and distribution of the
porogen particles and the amount added in the solution [30]. The main advantage of this process
involves less machinery usage, low consumption of energy and ease of the operation. The

process is illustrated in Fig. 1.8.

Porogen bed

Water

Solvent evaporation

—

Polymer foam
&D Porogen leaching

Fig. 1.8 Casting and leaching (C/L) technique for fabrication of polymeric foam.

1.3.1.2 Foaming by using gases: In this technique, Physical blowing agents (PBAS) are used
for foaming the polymer. Problems concerning the environment and the need for developing
environmentally friendly foaming agents have triggered researchers in this technique. Here
mainly inert gases like nitrogen, carbon dioxide are used as a blowing agent, which acts as
greener solvent for foaming [14]. The factors affecting the selection of PBAs includes
following

a) Physical: Volatility, Critical Temperature, Latent heat etc.

b) Chemical: Reactivity and Stability

¢) Transportation: Permeability and Diffusivity

d) Safety: Toxicity and Flammability

e) Environmental issues
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f) Availability: Cost and Storage

The main advantages of Foaming by using gasious technique is that it is a non-toxic and
environmentally friendly process. Though nitrogen is also used as a blowing agent, extensive
use of carbon dioxide as a foaming agent has been observed in literature, as CO2 helps in
enhancing the processability of the polymer. The use of carbon dioxide in the supercritical
stage has some added advantages. Because in supercritical fluid there are no distinct liquid and
gas phases and it can diffuse through solids like a gas, and dissolve materials like a liquid.
1.3.1.3 Thermally induced phase separation (TIPS): TIPS process mainly involves two
steps. Polymer pellets with blowing agents are partly foamed in steam in the first step. These
foamed pellets are then transferred into a mold and again comes into contact to steam, in the
second step, which results in extra foaming of the pellets. The pellets stick together and take
the shape of mold due to the further expansion. Generally, a low boiling liquid such as pentane
and hydrochlorofluorocarbons (HCFCs) is used as a foaming agent in this technique [31].
1.3.2 Reactive foaming: In this technique, the final foam production is yielded from a chemical
reaction. It initially requires a certain amount of gases, which will finally form a foamed
structure. Chemical blowing agents (CBA) are used in this method, where CBAs are capable
of liberating gaseous components via reactions and/or thermally induced decomposition [32].
The examples include Azodicarbonamide, Titanium hydride, Isocyanates, where the selection
is made based on some properties as described below:

a) Processing capability with the base polymer

b) Type and amount of decomposed gas

c¢) Appropriate decomposition with other additives

d) Color from leftover or by-products

e) Nucleating effects out of decomposed particles
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1.4 Improvement of properties in sustainable polymeric foams using nanobiofillers

The main bioplastic foams used for packaging includes starch, PLA, poly(3-hydroxybutyrate-
co-3-hydroxy valerate), poly(hydroxy ester ether) and PHA. However, the combination of the
above polymeric materials can also studied for foam packaging applications.

For food packaging applications, Green cell foams® are now available in the market for
commercial purposes. Biodegradable Green cell foam® (GCF) made from a proprietary corn-
starch blend [33]. Lots of research has been done to improve various mechanical properties
(Impact, compression, tension and flexural behavior) so that it can be utilized in the wide area
of applications. It was observed that moisture levels and extrusion temperature affect the
properties of sustainable foams. Also, the blending of starch with various other bio-plastics was
investigated. It was observed that the incorporation of PLA, PHEE, and PHBV promote higher
expansion ratio and lower density foams. The foam prepared are found to be more water
resistant than normal starch foams [34] Hybrid PLA foams have also been fabricated by
compression molding [8]. PLA/starch nanocomposite foams with different organoclays have
also improved the foam properties [35].

Poly (lactic acid) foam is now showing a promising impact in the foam industry due to its
various properties comparable with non-degradable counterparts. Lots of literature are
available for PLA foams in various packaging applications. Applications of PLA foams in cups,
thermal insulators, disposable food trays, and cushioning materials have also been explored by
researchers [36]. Researchers have also investigated the blending of PLA/Polystyrene (PS)
foam and then created an interconnected porous structure by first foaming the PLA/PS blend
and then extracting the PS phase. PS phase extraction ensured the interpore connectivity of the
cells. The fabricated foam has tissue engineering applications [37]. In recent literature, it can
be observed that improvements in biodegradable foams can be done by using nanofillers and

other additives. PLA-based foams show a promising improvement in properties compared to
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other bio-based foams. Greener approach for improvement in PLA-based foams can be
achieved by using some naturally derived bio-based nanofillers like cellulose nanocrystals
(CNC), chitosan, silk, gum and so on. These bionanofillers have the potential to tune the
properties of PLA-based foams according to the requirements. One of the advantages of these
nanobiofillers is their greener route and environment friendliness. Some useful nanobiofillers
are discussed below.

1.4.1 Cellulose nanocrystals (CNC): Cellulose nanocrystals are naturally derived
nanobiofillers. CNC can improve the mechanical and barrier properties of the neat polymer
matrix drastically. CNC has a lot of potentials to improve the property of existing biopolymers.
It is observed from recent investigations that CNC has a tensile strength of 500 MPa and
stiffness of 140-220 GPa. Incorporation of CNC in the polymer matrix improves the
mechanical properties drastically [38—40]. CNC can be fabricated by using acid hydrolysis of
nature driven cellulose fibers. CNC has the morphology of rod-like structure with nanometer
dimensions. CNC can be referred in several terms such as nanowhiskers, nanocrystals,
nanoparticles, microcrystallites or nanofibers. The length of CNC generally observed around
~500-700 nm and width of ~20-30 nm. The rod-like structure of CNC possess various unique
morphological aspects like nanoscale dimension, high aspect ratio, high surface area as well as

favourable properties such as high specific strength, unique optical transparency and so on [41].

1.4.2 Silk nanocrystals (SNC): Silk nanocrystals (SNC) is relatively new developed
nanobiofiller comes from the natural source of silk. Polymer crystals can be generated from a
number of living organisms [42]. From silk, crystals can be obtained by removing the
amorphous bulky and polar amino acids. Highly organized -sheet nanocrystal and amorphous
region of silk can be interplayed by using molecular modeling [43]. The beta sheet nanocrystals

are mainly responsible for the ultimate tensile strength related to the crystal size. The SNC
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consists of nanofilaments and the distribution lengths ranged from ~100 nm -~600 nm. The

silk nanofilaments are normally ~160 nm long and ~2 nm thick [44].

Silk nanocrystals could be quite promising when compared to organic nanocrystals. They are

obtained from nature, thus have the following advantages such as [45] described below:

a) Stable in suspension

b) Renewability

c) Low cost

d) Easy availability

e) Good biocompatibility

f) Easy chemical and mechanical modification

g) Mechanical stability

h) Withstand processing conditions

i) Long-term sustained release of drugs

j) Slow degradability

1.4.3 Chitosan: Chitosan is derived from bio-based chitin, which is abundantly available
polysaccharide in nature after cellulose. Conversion of chitosan from chitin depends on the
degree of deacetylation (DD%) of chitin. The conversion of chitosan depends on different
parameters. Chitosan is a very useful bionanofiller. It has the approval of the Food and Drug
Administration (FDA) as a non-toxic material and can be utilized in foods and other biomedical
applications. Generally, chitosan is hydrophilic in nature. Some investigations have
demonstrated the use of chitosan in the polymer matrix as nanobiofillers. Chitosan has the

excellent film-forming ability and high gas barrier applications. It is mainly used in the food

16| Page
TH-2018 136107011



packaging sector. However, due to its hydrophilic nature, some modifications in the surface
has to be conducted to make it compatible with hydrophobic biopolymers. Various fields of
applications of chitosan include cosmetics, agriculture, biomedical, pharmaceutical, chemical
industry, biotechnology and so on. It has the potential to be utilized as nanobiofillers in

biopolymer foam matrix for different sophisticated bio-based applications [46,47].

1.4.4 Gum arabic: Gum arabic (GA) is a polysaccharide-based gum obtained from trees like
Acacia Senegal and Acacia Seyal. It has some added advantages like non-toxicity,
biodegradability and easy availability as it comes from natural resources. GA has tremendous
applications in fields like paints, cosmetics, beverages and pharmaceuticals due to its
emulsifying and stabilizing property. GA can be described as a neutral or slightly acidic salt of
polysaccharides consisting of Ca, K and Mg cations. The structure of GA can be divided into
three main fractions namely arabinogalactan (AG), arabinogalactan-protein (AGP) and
glycoprotein (GP). GA has GRAS (Generally Recognized as Safe) certification by USFDA
(United States Food and Drug Administration). Hence, it is widely used in food, drug,
lithography, ceramics, pharmaceuticals and in different sophisticated biomedical applications

[48].

1.5 Literature review and knowledge gaps

This section of the chapter mainly focuses on the literature available on the fabrication of PLA-
based foams. Literature available on recent developments in PLA/nanocomposite-based foams
and other nanofiller-based PLA foams are discussed thoroughly in this section. This section is
divided into five subsections based on biopolymer and PLA-based foams, CNC-based,

chitosan-based, gum arabic-based, and SNC related prior arts.
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1.5.1 Literatures in nanobiofillers

Many investigations on CNC, chitosan, gum arabic and SNC had been reported regarding the
surface modification and its compatibility with biopolymers. In the recent investigations, it is
observed that these nanobiofillers can be utilized for the improvement in the ultimate properties

of different biopolymers especially PLA. Some existing literatures are discussed below.

Sethi etal. (2017) investigated the impact of CNC with semi-interpenetrating polymer network
structure in PLA/PU blends. The investigation was conducted using 1,4-dioxane as a solvent
in solution casting technique. They have reported improvements in elastic modulus by ~54%
of the composite with 1% CNC concentration. The thermal behavior and thermomechanical
properties of the composite improve due to the reinforced PU network in the PLA matrix along

with CNC [49].

Braun et al. (2012) developed PLA and CNC based eco-friendly nanocomposites. The
hydroxyl-group initiated ring opening polymerization leads to the grafting of PLA chains in
the surface of CNC. This surface modification of CNC improves different properties of PLA

[50].

The isolation of CNC from microcrystalline cellulose (MCC) and for the improvement of the
property has been demonstrated by Capadona et al. (2009) [51] Simultaneously, Zheng et al.
(2016) demonstrated the grafting of CNC with poly(butylene succinate) (PBS) for the
improvement of PBS)/ PLA blends. They have demonstrated that the grafting in CNC helps in
the dispersion of CNC in the blend phases which enhances the crystallinity and various

mechanical properties [52].

Frone et al. (2011) developed two different types of cellulose fiber and fabricated PLA
composite. The two types of cellulose fiber were obtained from acid hydrolysis and mechanical

disintegration. The surface modification of cellulose fibers was performed by using 3-
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aminopropyl triethoxysilane to make it compatible with the PLA matrix. Improvements were

observed in storage modulus of PLA [53].

Martinez-Sanz et al. (2011) demonstrated the dispersion of CNC in ethylene-vinyl alcohol
copolymer (EVOH). The melt compounding technique was utilized after pre incorporation
methods like electrospinning. Improvements in elastic modulus and tensile strength were
observed in the EVOH copolymer. The morphology, thermal stability, crystallinity, water

barrier, and the mechanical property was also influenced by CNC [54].

Martinez-Sanz et al. (2012) investigated the dispersion of unmodified bacterial cellulose into
the PLA matrix. They have used the melt compounding techniques. Electrospinning and
solution precipitation was utilized and enhancements in the barrier and mechanical properties

were observed [55].

Gupta et al. (2017) recently developed spray-dried lignin coated cellulose nanocrystals (L-
CNCs) for the improvement of rheological and thermo-mechanical properties of PLA-based
composites. The storage modulus was drastically increased by ~60% due to the improved

rheological behavior and blown film processing of PLA-based composite [56].

Haque et al. (2017) studied the effect of reactive functionalization in the presence of glycidyl
methacrylate (GMA) in polyvinyl acetate (PVAc) for PLA/CNC composite. The miscibility of
the two different phases was improved by this method. PVAc was acting as a dispersing
medium for CNC. Chemical modification of CNC was carried out using reactive monomer
GMA. They have suggested that this technique can also be effectively used with other

biopolymers [57].

Bondeson et al. (2007) also investigated the dispersion of surfactant-modified CNC in the
nanocomposite. They have used polyvinyl alcohol (PVA) to improve the dispersion of CNC in

the PLA matrix. However, due to the phase separation of PLA and PVA, no significant
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improvements in thermal and mechanical property was observed. It was also observed that
CNC is more favorable towards the PVA matrix compared to PLA. Hence, it is mainly

localized in PVA [58].

Similarly, some prior arts on silk-based nanobiofillers in PLA is observed in the literature. Cai
et al. (2002) investigated the surface modification of PLA with the help of silk fibroin. They
have utilized solvent casting technique for film preparation taking chloroform as a solvent. The
investigation gives light to the cell proliferation study in the PLA surface. The modification

also helps to incorporate hydrophilicity in the PLA surface [59].

Zhao et al. (2010) fabricated PLA/silk fiber biocomposite utilizing the melt compounding
technology. Improvements in storage modulus, stiffness were observed in the matrix, however,
the thermal stability noticed to be decreased. They also observed that silk acts as a nucleating
agent in the PLA matrix [60]. Similarly, Cheung et al. (2010) studied the probable
biodegradable implant applications of silk/PLA-based composite materials. They have
observed faster biodegradation of ~4 months for the PLA/silk-based composite material.
Improvements in stiffness and ductility were observed in the composite material compared to

neat PLA [61].

Fabrication of electrospun nanofiber by tussah silk fibroin/PLA composites was demonstrated
by He et al. (2011) Some improvements were observed in breaking stress and breaking strain,

however, increasing in PLA content results phase separation in the matrix [62].

Patwa et al. (2018) investigated the effect of silk nanodisc dispersion on different properties
of PLA-based nanocomposites. They have fabricated the silk nano-disc from waste Muga silk
by using acid hydrolysis. Improvements observed in crystallinity, thermal and mechanical

properties of PLA on the incorporation of silk nano-disc. The uniform dispersion of silk nano-
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disc in the PLA matrix leads to the improvement in toughness, storage modulus and percentage

elongation [63].

Niamsa et al. (2009) fabricated chitosan-based films using PLA as a solvent with the help of
the solution casting method. Different molecular weight chitosan was used for their
investigation. They have observed that solvent affected the mechanical properties for PLA. The
ratio of L and DL-forms of lactic acid has an impact on the wettability and flexibility of the

chitosan films [64].

Svagan et al. (2012) investigated the fabrication of extruded PLA-based films with alternate
layers of MMT and chitosan. They have investigated the properties of extruded PLA with 70
bilayers with neat PLA films. The optical clarity remains close to neat counterpart however it

affects the transmittance value [65].

Schreiber et al. (2013) demonstrated the fabrication of neat chitosan films with the addition
of antioxidants to enhance the functionality [66]. Similarly, Peng et al. (2013) also utilized
antioxidants such as green tea extracts (GTE) and black tea extracts (BTE) for fabrication of
chitosan films in solution casting technique. The reduction in mechanical properties and
apparent viscosity was observed on the incorporation of antioxidants in chitosan. However,

improvements were observed in solubility and swelling degree of chitosan [67].

Li et al. (2013) utilized chitosan and CNC as coating layers in PET films utilizing the layer-
by-layer (LBL) technique for the improvement in oxygen barrier properties. They concluded
that the system is very effective for producing films with high gas barrier properties. The

reduction up to ~94% in oxygen permeability was observed compared to uncoated films [68].

The applicability of chitosan scaffolds in tissue engineering applications was demonstrated by
Croisier et al. (2013) They have fabricated 2D and 3D scaffolds of chitosan for different

applications. Similar types of investigations are also observed for gum arabic [69]. The
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improvement in film forming ability and properties of gum arabic by using plasticizers and

cross-linkers was investigated by Wyasu et al. (2012) [70].

Sakloetsakon et al. (2016) fabricated chitosan and gum arabic films. They have investigated
mechanical and physicochemical properties of the fabricated films. They have utilized a solvent
casting method of fabrication. The investigation was useful in the direction of drug delivery
and coating applications of gum arabic/chitosan films [71]. The food applications of gum arabic
were investigated by Ali et al. (2010) They have used gum arabic coating to increase the shelf

life of tomato and postharvest quality [72].

From this section of prior arts, it can be concluded that nanobiofillers can be effectively utilized
by surface modification or other methods for the improvement of the properties of biopolymers.
The utilization of nanobiofillers in biopolymer matrix is a greener approach for the

environmental point of view.

1.5.2 Literatures in PLA-based foams

The melt strength and thermomechanical stability are very important properties of polymeric
material from processing and application point of view. From the previous literature, it was
observed that PLA has low melt strength and some modifications have to be done for tuning
of properties for making it as a green replacement for the conventional polymers [73].
Researchers have used various nanofillers to tune the properties of PLA foams. Nanofillers like
organically modified montmorillonite (OMMT), organically modified layered silicates
(organoclay) have been used in the recent past to tune various properties of PLA foam
according to applications [18,74]. Silk composite [75], graphene oxide [76] chain extenders
and paraffin spheres [77] are also used by the researchers for various improvement in

properties.
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Kothapalli et al. (2005) fabricated a biodegradable nano-hydroxyapatite (HA)/PLA scaffold
by C/L method and investigated the effect of these nanofiller content on scaffold properties [7].
They observed an increase in compression modulus by increasing the filler content. Mikos et
al. (1994) fabricated PLA foams by using salt as a porogen particle and investigated the
porosity, crystallinity, and morphology of the foam [13]. Blaker et al. (2005) investigated the
mechanical properties of PDLLA/Bioglass® composite foams with high porosity for possible
applications in tissue engineering [78]. Ma et al. (2014) used sucrose as a porogen to fabricate
biodegradable foam [79]. Pinto et al. (2016) investigated the effect of the porous structure of
polymeric foam on the remediation of oil spills [80]. They noticed that pore size below 500
microns is able to reach oil absorption capacities. Preechawong et al. (2005) prepared and
characterized starch/PLA hybrid foams [8]. They have used different type and amount of
plasticizers and investigated their effects on water absorption, mechanical properties etc. The
flame-retardant properties of PLA foams have been improved up to 28.4% by using starch as
a natural charring agent [81]. Some researchers have investigated the non-isothermal melt

crystallization behavior of the PLA foams in the recent past.

Dlouha et al. (2014) investigated cellulose nanofiber/poly (lactic acid) microcellular foams.
Their investigation was limited to the mechanical and morphological aspects of the composite
foams. One of the interesting observation of their research was the effect of acetylation on
cellulose nanofiber in the ultimate tensile properties. Increments in strain at break up to 32
times for foam (containing 3% nanofiller) was reported by them. They also demonstrated the
effect of cellulose nanofiber on the specific modulus and specific strength with a comparison

to their effect in solid counterparts [82].

Youn Cho et al. (2013) investigated the effect of cellulose nanofibers on poly (lactic acid)
foaming. Their research was mainly focused on the physical and morphological aspects of the
fabricated foams. They used supercritical carbon dioxide as a physical blowing agent. They
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had prepared the nanofibers utilization sonication technique. The decrease in cell size and
increase in cell density was also reported by them with the incorporation of cellulose
nanofibers. One of the interesting aspects of the research was the relating the observation with
viscosity. They have noticed that initially, CNF acted as nucleating agent at low concentrations
but at higher concentrations, it physically hinders the chain mobility of PLA. Dynamic
rheological studies showed that the PLA/CNF nanocomposites had a higher viscosity than pure
PLA. They have demonstrated that the observed foam density of neat PLA was higher than that
of the nanocomposites with 1 and 3 wt% of CNFs owing to its weak melt strength to resist the

cell expansion [22].

Xiaofei et al. (2015) investigated the method of producing lightweight microcellular injection
molded parts with improved ductility and toughness. They used microcellular injection
molding. They used nitrogen gas as a physical blowing agent. They used different types of
polymeric blends like PP, HDPE, LDPE, PLA, and PHBYV at different ratios and studied their
mechanical properties like tensile strength, Young's modulus, strain at break etc. for both the
foamed and unfoamed counterparts. They have demonstrated that 75/25 PP/HDPE foamed
blend showed promising improvement in ductility and toughness as compared to the solid
counterpart. It was also observed that PLA typically fails in a brittle manner before plastic

deformation occurs [83]

Song et al. (2015) highlighted the designing aspects of biocompatible shape memory polymer
(SMP) blend foams. They make biocompatible shape memory polymer (SMP) blend foams
composed of thermoplastic polyurethane (TPU) and polylactic acid (PLA). These blends were
fabricated by melt blending the TPU and PLA pellets with a twin-screw micro compounder.
They used CO> as a physical blowing agent in a batch foaming process. They used 50 °C as the
foaming temperature. They investigated the thermal properties of TPU/PLA blends by DSC
and found that a significant decrease of the cold crystallization temperatures in the 50/50 and
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65/35 TPU/PLA blends compared to neat PLA. They studied mainly the effect of polymer
blending (the composition of TPU and PLA) on the porous morphology of TPU/PLA blends.
They made three blends of 80/20, 65/35 and 50/50 TPU/PLA. It was found that all the
TPU/PLA blends and neat TPU formed close-celled porous structures each containing pores

significantly different in size and shape [84].

Di et al. (2005) studied the properties and foam processing of reactively modified PLA. They
had utilized the sequential addition of chain extenders (1,4-butanediol and 1,4-butane
diisocyanate) to modify poly(lactic acid) for applications, where high melt viscosity and
elasticity is prerequisite condition. The thermal and mechanical properties of fabricated foams
were compared with the unmodified PLA. In the foaming process, they used the mixture of
compressed CO; and N2 (20/80) as a physical blowing agent. Crosslinking increases the T4 of
the polymer by introducing restrictions in chain mobility. They concluded that higher viscosity
and elasticity for the chain extended/cross-linked resins allowed the production of PLA foams

with smaller cell size, higher cell density, and lower foam density compared to neat PLA [85].

Lee et al. (2008) studied the preparation and characterization of tapioca starch-PLA
nanocomposite foams. They used the melt intercalation technique. They used four different
types of organoclays Cloisite 10A, Cloisite 25A, Cloisite 93A, and Cloisite 15A to produce
nanocomposite foams. It was found that Young’s modulus (E) of the foams were significantly
affected (p < 0.05) by type of organoclay. They noticed that the largest increase in E (96%)

was obtained from TS/PLA/10A nanocomposite foam as compared to the TS/PLA foam [35].

Lee et al. (2008) studied the preparation and characterization of tapioca starch/poly(lactic
acid)/cloisite Na® nanocomposite foams. They used the melt intercalation method. They
prepared tapioca starch, PLA, and Cloisite Na* nanocomposite foams, with different clay

contents and their various properties were characterized. It was observed that nanoclay was
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intercalated to a lesser extent as clay contents increased. The effect of nanoclays in PLA foam
was mainly observed in cell size reduction, increase in cell density and in bulk compressibility

[86].

Hwang et al. (2009) investigated the effect of montmorillonite (MMT) content on the
mechanical and thermal properties of microcellular injection molded polylactide/clay
nanocomposites. They used CO. as a physical blowing agent. They prepared the
nanocomposite by a twin-screw extruder. It was found that the MMT increases the
decomposition temperature and decreases the crystallization temperature. It was also found that
the layer spacing of clay was also increased as the increase of clay content. They have observed
that PLA/1% organoclay has the highest tensile strength. It is observed that polymer with lesser

cell size has low weight residue which increases the tensile strength [87].

Zhai et al. (2009) studied the crystallization, melting, and foaming behaviors of linear
polylactic acid in compressed CO.. It was found that CO> exposure significantly increased
PLA’s crystallization rate. The investigation suggested that crystallinity, foaming window, and
cell morphology affects the foaming time due to the crystallization equilibrium of PLA. It is
also concluded that strain-induced crystallization has slightly effect on the final crystallinity of

the PLA [5].

Ji et al. (2013) investigated the tensile properties of microcellular poly (lactic acid) foams.
They had utilized compressed CO. for foaming. They also studied the influences of
crystallinity, foam density and cell morphology on the tensile properties of PLA foams. The
decrease in tensile property was observed for foamed PLA compared to unfoamed counterpart
due to volume expansion. The elongation at break of PLA samples was increased to ~15 times.
The microcellular foaming of PLA foams increased its specific tensile strength to to ~53%.

They have noticed that crystallinity and relative foam density affects the specific tensile
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strength and elongation at break. It was also noticed that the presence of open cellular structure

tended to decrease the tensile properties of PLA foams due to the breakage of the cell wall [88].

Taki et al. (2011) investigated the effect of growing crystalline phase on bubble nucleation in
PLA/CO> batch foaming. They found that the number of bubbles increased as a function of the
spherulites area (yc). The experimental results indicated that increase in yc resulted in an

increase in the number of bubbles that were present [89].

Zhou et al. (2011) utilized solid-state foaming process for immiscible polymer blends to
fabricate tissue engineering scaffolds. They have made polylactic acid (PLA) and polystyrene
(PS) blends and then created an interconnected porous structure by first foaming the PLA/PS
blend and then extracting the PS phase. The increase in the pore size and porosity was observed
after the PS extraction process. They also investigate the cell culture in the fabricated porous
structure. It was found that the cells grew well and a fibrous structure was formed. They
achieved a very wide range of pore size. PS phase extraction ensured the interpore connectivity

of the cells [37].

Liang et al. (2014) fabricated tissue engineering scaffolds with immiscible polymer blends by
a solvent-free method. Immiscible polymer blends of PLA and sucrose were obtained using
twin-screw extrusion and foamed using the solid-state foaming process. They had achieved
PLA scaffolds with above 90% porosity and 25-200 um pore size. The co-continuous structure
of PLA and sucrose was obtained at the 35/65 weight ration. It was reported that pore size and
porosity can be controlled with process parameters like extrusion temperature. By adjusting the
sucrose particle size and extrusion temperature, large pores can be controlled. They concluded

that by controlling the foaming parameters the small pores can be achieved [79].

Tang et al. (2011) prepared expanded polypropylene/ PLA blend bead foams with an autoclave

batch foaming process. They used n-pentane as the physical blowing agent. They reported that
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parameters like pressure, solubility could control the cellular morphology and expansion of the
bead foam. They used nitrogen (N2) into the autoclave to build up high-pressure drop rate. They
observed that n-pentane was highly soluble in polymer due to its plasticizing effects and

reduced the foaming temperature. [90].

Ameli et al. (2014) developed high void fraction polylactide composite foams by an injection
molding technique. They mainly studied the crystallization and foaming behavior. They used
talc at various concentrations. They utilized nitrogen as the physical blowing agent. They had
prepared the PLA composite foams by using regular foam injection molding (RFIM) and foam
injection molding with mold opening (FIM+MO) techniques. They observed that the combined
effects of nanofiller affected the PLA foams morphology to more uniform and finer cell
structure (cell size < 50 um). They found that the PLA’s crystallization kinetics were affected
by parameters like the foaming action, the presence of talc/nanoclay, the pressurized N2 and

the mold opening stage [91].

Wang et al. (2012) developed a continuous process poly (lactic acid) foams with precise
cellular morphology. They utilized CO: as the physical blowing agent. They systematically
investigated the extrusion foaming behaviors of linear and branched PLAs. They had prepared
successfully the foams with a low density, closed-cell microcellular structure, and controllable
crystallinity by using branched PLA using a tandem system. They observed that molecular
branching increases melt strength and elasticity, and finally it increased the integrity of cells,
cell density, and expansion ratio during low- density foaming. One of the major findings of
their study suggested that the surface property of PLA foams can be controlled by varying the

crystallinity [92].

Frerich et al. (2015) investigated the thermodynamics, foaming behavior and mechanical

characteristics of biopolymer foaming with supercritical CO2 (sc-CO2). They used direct
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foaming of poly(lactide) (PLA), poly (butylene succinate) (PBS) and a blend of poly(lactide)
and poly (hydroxybutyrate) (PLA-PHB), under compressed COz. They also studied the
influence of saturation temperature and applied pressure on the resulting foamed material. They
mainly studied the thermal behavior of the foamed sample in the presence of CO2. They
demonstrated that PLA-PHB blend showed a lower value of porosity and the highest values of
the compressive modulus. They recommended both PLA and PLA-PHB blend for further

examination even under higher pressures [93].

Matuana et al. (2009) utilized endothermic chemical foaming agent for foaming of PLA by
melt extrusion process. They investigated the polymer melt flow index, CFA content, the
processing speed of cellular structure, void fraction and a cell population density of foamed
PLA. They found that void fraction was strongly dependent on polymer melt flow index. The
processing speed has also an effect on the morphology of polymeric foams. They concluded
that if we properly combined the parameters like polymer melt flow index, CFA content, and

processing speed then we can achieve a homogeneous and finer cellular morphology [32].

Makoto et al. (2008) fabricated porous 3D structure from poly (L-lactide) based
nanocomposites foams. They also studied the enzymatic degradation. The enzymatic
degradation of the resultant nanocomposite foam having different cell density was investigated
by them. They used using proteinase-K as a degrading agent. It was observed that the linear
degradation rate of nanocellular foam was about two times higher than that of microcellular
foam. They have noticed that the enzymatic degradation of foam enhances due to the large
surface area available inside the foam structure. The nanocellular foam can take a large amount
of water compared with that of microcellular counterparts, which enhances foam swelling and

thus assists the enzymatic degradation [94].
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Richards et al. (2008) investigated the biodegradable PLA foams using PLA and PHBYV by
using subcritical CO; as a physical blowing agent. They studied mainly the morphology and
the thermal properties of the foams. It was found that the PLA and PHBYV form an immiscible
blend and there is only a physical dispersion of one component to the other. Further, they had
prepared cell sizes in the range of 20-1,500 um and 3—14 um for PLA and 75/25 PLA/PHBV

blend [95].

Preechawong et al. (2005) prepared the starch/poly (L-lactic acid) hybrid foams and
investigated their various characteristics. They studied mainly the effects of relative humidity,
storage time, PLA content, and type and content of added plasticizer (e.g. glycerol, urea, or
ammonium chloride) on moisture and water absorption, mechanical properties, and enzymatic
degradability of the prepared foams. They prepared the hybrid foams by baking a mixture of
starch, PLA, and other ingredients in a hot mold. They used compression molding technique to

prepare the foams and the maximum expansion ratio they acheived was 6 [8].

Hao et al. (2008) studied the different effects on the foaming process of biodegradable
PLA/starch composites in compressed/ sc-CO». Their main objective was to find the various
potential applications of the prepared foam in biomedical applications and as a drug container.
They had performed sorption/desorption experiments. They used batch foaming technique for
the preparation of foams. They observed that foaming treatment with sc-CO: increased the
crystallinity of PLA/starch composite. They also reported that the longer is the saturation time,
larger is the cell produced and lower is the bulk foam density. They got maximum expansion

ratio as 13 and average minimum cell size as Spum [96].

Mihai et al. (2007) investigated the foaming of PLA and PLA/starch blends by using CO: as
a blowing agent. They utilized the extrusion foaming process. From this study, we came to

know that CO:> is highly soluble blowing agent for PLA. They got the maximum expansion
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ratio as 50 and minimum average cell size as 25um. They observed a significant increase of
crystallization rate associated with CO foaming. For the foaming process, they had observed

that crystallinity was mainly affected by chain mobility compared to nucleating sites [19].

Zhang et al. (2007) studied the cellular size distribution, cellular structure and water resistance
of biodegradable foams of PLA/starch. They used water as a blowing agent and talc as a
nucleating agent. They had utilized extrusion foaming technology. They produced foams with
relatively fine cellular size and uniform cellular size distribution under optimized condition of
PLA/starch ratio. They found that water was a good blowing agent for PLA/starch systems.
They observed maximum expansion ratio as 55 and minimum average cell size as 500 pm. The
presence of PLA significantly improved the water resistance of foam in high moisture

conditions [97,98].

Yuan et al. (2009) studied the PLA/poly(butylene adipate-co-butylene terephthalate) blend
foaming. They used nano silica particles, which helped in the formation of nucleating sites.
The maximum expansion ratio was found as 3.2 whereas the minimum average cell size was
observed between 10-20um. They used maleic anhydride (MAH) and 2,5- dimethyl-2,5-di-
(tertbutylperoxy)hexane (L101) as an additive to improve the compatibility of PLA with
PBAT. They found that the addition of PBAT significantly increased the elasticity and
viscosity of blends. They found that cells can grow in a much bigger form if we increase the
amount of MAH content. The physical and mechanical properties of the PLA/PBAT composite

foams were improved by maleicing reaction [99].

Pilla et al. (2010) investigated the poly(lactide)/ poly (butylene adipate-co-terephthalate) blend
foaming utilizing the extrusion process. They had utilized CO; as a blowing agent. They used
talc to enhance the heterogeneous nucleation. They investigated mainly the effects of different

processing parameters on foaming. It was found that the addition of talc has decreased the
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average cell size, VER and it improves the cell density along with crystallinity. They had
reported the maximum expansion ratio as 1.8 and the minimum average cell size as 10um

[100].

Zhao et al. (2013) investigated the foam processing of PLA/ polyhydroxybutyrate-valerate
(PLA/PHBYV) blend. They used N in supercritical state as a PBA. They found the minimum
average cell size as 25um. They also noticed the decrease in cell size and increase in cell density
with PHBV content in the foamed samples. They observed that at low concentrations of PHBV
significantly increases the strain-at-break for both solid PLA/PHBV (85:15) and microcellular

PLA/PHBV (70:30) respectively [12].

Pilla et al. (2009) studied the microcellular and solid poly lactide-flex fiber composites. They
used silane as a coupling agent. They used an injection molding technique. They found that the
degree of crystallinity increased with increase of fiber content. It was found that silane did not
have any effect on cell morphology. They have noticed that the degree of crystallinity increased
with the fiber content while silane treatment has no effect on it. Interestingly, In microcellular
samples, the fiber content and silane treatment have not shown any effect on toughness and
strain at break. It was also observed that the glass transition temperature was not affected by

fiber content and the silane treatment [101].

Fabrication of PLA/silk composite foam was reported by Kang et al. (2009) using sc-COx.
They had obtained a well-controlled porous structure. They used silk fibroin power with
different concentrations to make biodegradable PLA composite by solution processing
technique. They had utilized CH2Cl as a solvent. They used batch foaming technique for
preparation of foams. In this investigation, they found that at higher silk content, the composite

foam exhibited a reduction in cell size and an increase in cell density compared with PLA foam.
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They also noticed that saturation temperature and pressure affected the cellular morphology of

the PLA/silk foams. They had achieved the minimum average cell size of 15um [75].

Fujimoto et al. (2003) prepared a well-controlled biodegradable nanocomposite foam. They
prepared PLA/ layered silicate nanocomposite. They utilized sc-CO as a foaming agent. They
used batch foaming technology to prepare the foams. They claimed that it was the first report
that deals with the possibility of preparing biodegradable nanocellular polymeric foams via
nanocomposite technology. They suggested that dispersed silicate particles acted as nucleating
sites for cell formation. They achieved a maximum expansion ratio of 2.7 and minimum

average cell size of 360 nm [102].

Di et al. (2005) studied the thermal, rheological properties and foam processing of poly(lactic
acid)/organoclay nanocomposites. They had used a batch foaming process and a mixture of
CO:2 and N2 was used as a foaming agent. They got the maximum expansion ratio as 13.5 and
the minimum average cell size as 25um. They also observed that as we increase the organoclay
content, the cell size was decreased and both cell density and foam density were increased

[103].

Ema et al. (2006) studied the foam processing polylactide-based nanocomposites. They had
utilized an autoclave for foaming and utilized the batch foaming technique. They used sc-CO>
as a foaming agent. They reported the processing of PLA and PLA nanocomposites. They got
the maximum expansion ratio 5 and minimum average cell size as 200 nm. The nucleating
effects of nanoclay and its effects in cell growth and formation was also reported in the
investigation. They observed that PLA nanocomposite foams were having high cell density

compared to neat counterpart [104].

Pilla et al. (2010) investigated the foam processing of polylactide/hyperbranched

polyester/nanoclay composites. They also reported the effects of nanoclay and hyperbranched
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polyester on cellular morphology fabricated by both conventional and injection molding
process respectively. They used N as a physical blowing agent. They had achieved maximum
expansion ratio as 1.2 and minimum average cell size as 10um. They concluded that the
addition of hyperbranched polyester and nanoclay decreases the cell size and increases the cell
density. They observed that the reduction in strength was almost similar for microcellular

specimens and solid specimens [74].

Matuana et al. (2010) studied the cell nucleation of microcellular poly (lactic acid) foamed.
They utilized sc-CO> as a physical blowing agent. They utilized the continuous extrusion
foaming process. Their main motive of this work was to understand the nucleation mechanism
of foaming. They observed that temperature effects the cell nucleation rate for PLA. The
addition of nanoclay allowed both heterogeneous and homogeneous nucleation to occur during
foaming. They had achieved a minimum average cell size of 6.9 um. They finally concluded
that the processing temperature has an important effect on the rheology and cell nucleation rate

of the melt [105].

The effect of surface modified nanoclay on PLA foam processing was investigated by
Tsimpliaraki et al. (2011) They had used organically modified montmorillonite clay for
preparation of nanocomposites. They had utilized supercritical CO2 as a PBA. The loading of
OMMT leading to heterogeneous cell nucleation and also it reduced the cell size and increased
the cell density. They had observed that if the clay loading was used more (the longer the
alkylammonium surfactant) and higher the modification level of the clay, then the pores of
small diameter would form and larger pore densities could be obtained. They observed that
supercritical COz also acted as a clay dispersion medium. They achieved a maximum expansion

ratio of 6.2 and minimum average cell size of 6um [73].
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Dlouha et al. (2012) investigated the role of CNF in supercritical foaming of PLA and their
effect on the foam morphology. It was observed that the CNFs effects the surface morphology
of PLA foams. They concluded that parameters like amount of CNFs and surface acetylation
affected the cell size and cell density. The result indicated the importance of the shear thinning

behavior in the foaming process [106].

Hopmann et al. (2015) studied the foaming technology using gas counter pressure to improve
the flexibility of foams. They utilized high amounts of CO> as a blowing agent. They observed
that if a defined pressure reduction inside the mold, the foaming process can be controlled.
They studied on polyurethane foams. A gas counterpressure inside the mold cavity enables the
precise control of the physical foaming process. Using this new foaming technology, a density
of 116 kg/m®was achieved for rigid foams. In the case of flexible foams, density was reduced

[107].

The utilization of silk cocoons in synthetic polyurethane foam was demonstrated by Shah et
al. (2015) They observed that natural silkworm cocoons had the potential to be used as a
volume occupying filler in the polymer matrix. They reported that the ultimate properties of
cocoon based foams were comparable with volume occupying reinforcements like cork in rigid,

low density polymeric foams [108].

Huang et al. (2014) studied the crystallization behavior of porous PLA. They used modified
solvent casting and particulate leaching technique for preparation of tissue engineering
scaffolds. They obtained pore size of around 250 um. They used NaCl as porogens. They
inserted a step of thermal treatment to recrystallize the polymer matrix before leaching process.
They observed that linear cooling is sufficient to achieve certain crystallinity and macro-

structure [109]
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Jia et al. (2015) investigated the cell morphology and improved heat resistance of
microcellular Poly (L-lactide) foam. They introduced stereocomplex crystallites of PLA in the
matrix. They utilized stereocomplex crystallites (SC) having improved melting point and heat
stability in the PLLA foam matrix. They utilized the melt blending technique for making PLLA
and poly (D-lactic acid) (PDLA) composites. They used CO> as a physical blowing agent. They
reported that heat resistance had improved for PLLA/PDLA foams compared to PLLA foam.
The incorporation of SC improved the properties like melting point, heat resistance and cell

nucleation ability in the PLLA/PDLA foams [110].

Ludwiczak et al. (2015) studied the foaming of polylactide in the presence of chain extender
(CE). The effect of CE on crystallinity and viscosity were investigated. The chain extender
utilized was Joncryl 4368. They observed that CE has a significant impact on the foaming
process of PLA during the extrusion. They reported that CE affected the crystallization
temperature, melt viscosity of the foam. However, reduction in crystallinity and barrier
properties was observed by them. They concluded that finest cellular structure (pore size of
about 20-50 pum) of PLA can be achieved in the addition of CE (1.0 and 1.5 %). CE also

influenced in the density (0.7 g/dm®) and thermal conductivity (0.1 W/mK) of the foam [111].

Kuang et al. (2015) fabricated poly(lactic acid)/graphene oxide (GO) foams using sc-COx.
They used solid-state batch foaming process to obtain highly oriented and elongated cell
structures. They reported that GO influenced the rheological properties of the PLA/GO
nanocomposite foams. The CO: absorption of the foams was also improved by the
incorporation of GO in the matrix. The increased expansion ratio and d average cell size was

observed during the foaming process of PLA/GO nanocomposite [76].

Zhou et al. (2015) studied the crystallization, rheology and foam morphology of branched

PLA. They used a novel type of CE. CE utilized was a random copolymer of
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polystyrene/poly(glycidyl methacrylate). PLA was branched through melt compounding. They
observed that comparing to the neat PLA, the new branched products significantly improved

complex viscosity as well as elongational viscosity [112].

Goswami et al. (2013) studied the processing of poly (lactic acid) based composites for
medical purposes. They investigated three-components systems such as poly(lactic acid)
(PLA), poly(e-caprolactone) (PCL) and wollastonite (W) for possible bio medical applications.
They used batch foaming technique using compressed CO». They observed that presence of the
filler generates heterogeneous nucleation sites in the matrix, which ultimately improves the

foamability and producing uniform microcells [113].

Wang et al. (2014) improved the flame-retardant properties of PLA foams using starch as a
natural charring agent. They had used microcellular foaming technology with compressed CO>
as the blowing agent. They had used phosphorus-containing flame retardant (FR) with
decomposition temperature higher than 260 °C. They observed a significant improvement in
limiting oxygen index (LOI) of PLA foams from 18.2% to 24.8—28.4% at incorporation of
15-25 wt % FR in the matrix. The expansion of PLA foam was also increased from 4.4 to
7.5-16.0. They also reported that LOI could be increased up to 30.6% with addition of starch

at 1-5 wt% [81].

Mills et al. (2009) used a finite element micromechanics model to find the impact compression

of closed-cell polymer foams [114].

Jun Jin et al. (2001) has fabricated biodegradable polymeric scaffolds by using gas foaming
and salt leaching method and studied the hydrolytic behavior. They had used a combination of
two effervescent salts, ammonium bicarbonate, and citric acid. They noticed that by adjusting
the reaction between the two salts, the porosity and mechanical properties could be controlled.
They demonstrated that degradation behaviors of three PLGA scaffolds with different
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compositions exhibit significant dimensional changes during degradation depending on their

degradation rates [115].

Liao et al. (2002) has fabricated biodegradable polymeric scaffolds by utilizing C/L technique.
They fabricated a solvent merging/particulate leaching method for preparing 3D porous
scaffolds. They observed that ratio and particle size of porogens effects the porosity and the

pore size of the scaffold [116].

Lizundia et al. (2017) investigated the tunable hydrolytic degradation of poly(L-lactide)
scaffolds triggered by ZnO nanoparticles. They have successfully fabricated the porous PLLA
and PLA/ZnO scaffolds with porosity ranging from 10-90% and average pore diameter of 125-
250 um. They had utilized the solvent casting/particulate leaching technique to produce the
foam. They have observed that the addition of ZnO nanoparticles into PLLA matrix accelerates

the hydrolytic degradation kinetics of scaffolds [117].

Ikada et al. (1997) investigated the photodegradation behavior of aliphatic polyesters. From
the investigation, they have concluded that the photodegradation of PLA follows the Norish 11

type of photocleavage [118].

Schliecker et al. (2003) investigated the effect of oligomers on degradation rate and
crystallinity of hydrolytic degradation of poly(lactide-co-glycolide) films. They have observed
that With increasing oligomer concentration the glass transition temperature (Tg) and the
molecular weight of films decreased prior to erosion. They thoroughly investigated the role of
oligomers on the degradation process. They also studied the influence of the average molecular
weight and the concentration of d,I-lactic acid oligomers added on the degradation rate and

crystallinity of PLGA 50:50 film [119].
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Elsawy et al. (2017) investigated the hydrolytic degradation of PLA and its composites. They
had observed that the degradation of the PLA polymer matrix is restricted to its surface if the

temperature remains below the Tq value [120].

From the above literature, it is observed that researchers are developing new technologies to
tune the properties of the existing PLA foams. Different types of additives are used to get the
desired properties. Nanotechnology is becoming one of the vibrating sectors in biodegradable

foaming.

1.6 Knowledge gaps in the existing literature

From the literature study, we observed that the fabrication of biodegradable PLA foam is a

vibrant area of current research studies in the world. It is because of

a) Biocompatible, non-toxic and degradable in nature,

b) Competitive material and processing costs, that of non-degradable foams,

c) Comparable mechanical properties to that of petroleum-based foams,

d) Various properties can be tuned by using additives.

PLA has the potential to replace the non-degradable PS and PU foams in near future. From the
literature, it is observed that various researchers utilized nanofillers to tune different properties

of PLA foams. The nanofillers acts as a nucleating site in the polymer matrix.

However, a lot needs to be done in this area. Based on the prior art as discussed in earlier
sections, it is observed that no investigation (as per best of our knowledge of concern) has been
demonstrated on the use of different nanobiofillers like CNC, SNC, modified gum arabic, and

modified chitosan in PLA-foam matrix. The study of their effects on the ultimate properties
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of foam has not been extensively done yet. The crystallization behavior of the nanobiofillers in
PLA matrix needs to be performed extensively with different established methods. The effect
of these nanobiofillers in different degradation techniques like thermal, hydrolytic and
photodegradation (UV) needs to be investigated for different fields of applicability of the PLA-
based foams. The degradation mechanism of the PLA-based foams needs to be thoroughly
investigated with the help of established models. Further, the effect of nanobiofillers on
important foam properties like cell size and cell density needs to be analyzed thoroughly. On
the other hand, focus and modifications need to be done in some less expensive and easy
techniques like casting and leaching (C/L). The selection of porogens in C/L technique needs

to be carried out in a perfect and in an economical way.

1.7 Hypothesis and motivation

The fabrication of completely bio-based and biodegradable polymer foam is growing interest
in worldwide due to its environmental friendliness. The improvements in PLA foams by
utilizing natural resources and bio-derived nanobiofillers (as cellulose, chitosan, gum, and silk
are abundantly available in nature) has the potential to meet the required environmental and
bio safety protocols with required properties for different sophisticated biomedical and other

applications.

The main aim of this doctoral research is to fabricate PLA and PLA/bionanofillers based open
cellular, hydrophobic, interconnected and highly porous foam structure. The required
improvements in properties can be achieved by the addition of bionanofillers. The fabrication
of PLA-based foams will be performed by utilizing less expensive and easy techniques like
casting and leaching (C/L) with easily available and cost effective porogen like sugar which
can easily be leached out by water. The batch process of foaming will help to maintain the

foaming parameters constant in different systems of PLA/CNC, PLA/chitosan, PLA/gum
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arabic, and PLA/SNC. The formulations by C/L technique will also help in the cost-

effectiveness of the fabrication process.

1.8 Objective of the current research

To achieve the above-discussed knowledge gaps in PLA-based foams, the preliminary doctoral

research has to be conducted towards the following directions.

a) Fabrication and characterization of biodegradable PLA/CNC, PLA/chitosan, PLA/gum

arabic and PLA/silk-based foams.

b) Different degradation investigations (hydrolytic, UV and thermal) in the mechanistic

approach of the fabricated foams.

c) Comparative studies of properties.

d) Porosimetric investigations of the fabricated foams.

1.9 Orientation of the doctoral thesis

The current doctoral thesis provides in-depth analysis and fundamental research of PLA/CNC,
PLA/ chitosan, PLA/ gum arabic and PLA/SNC-based foams. The method of fabrication of
foams and detailed investigations will be described systematically in the following chapters

and schematic representation is presented.

Chapter 1: Introduction and Literature Review.

In this chapter, a brief introduction of the development of polymer foams and different
techniques of foam fabrication has been discussed along with a comprehensive study of prior
arts in the related fields to find out the knowledge gap in the current research. The objectives

of the doctoral research are formulated from the gaps of the prior arts.

41 |Page
TH-2018 136107011



Chapter 2: Materials and Methods.

In this chapter, different materials used in this research and fabrication process along with

different analytical methods are thoroughly discussed.

Chapter 3: Fabrication and Characterization of poly (lactic acid) and cellulose nanocrystals

(CNC) based microcellular composite foams.

This chapter mainly focuses on the fabrication of development of PLA/CNC-based foams by
using casting and leaching (C/L) technique. Different foam related investigations like
mechanical, wettability, physicochemical, porosimetric properties and thermal properties have
been discussed thoroughly in this chapter. Crystallization kinetics and thermal degradation
behavior of the fabricated PLA/CNC-based foams are discussed in this chapter. This chapter

gives a deep insight into the developed PLA/CNC-based foams for their probable applications.

Chapter 4: Poly (lactic acid)/Modified Chitosan (MC) based Nanocomposite Foams: Non-
isothermal Crystallization and Thermal Degradation Kinetics with Wettability and

Porosimetric Investigations.

This chapter mainly deals with the development of PLA/modified chitosan (MC) based
microcellular foams. The structure-property relationship of the developed foams has been
addressed in this chapter. The crystallization kinetics behavior and thermal degradation kinetics
of the fabricated PLA/MC-based foams have been discussed in this chapter along with

porosimetric investigations.

Chapter 5: Prospects of Poly (lactic acid)/Modified Gum Arabic (MG) based Microcellular

Composite Foams.
This chapter is mainly focuses on the development of PLA/modified gum arabic (MG) based

foams. The different physicochemical characterizations along with wettability and
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crystallization studies of the developed foam have been discussed in this chapter. The non-
isothermal crystallization Kinetics of the developed foams along with different degradation
studies like hydrolytic, photodegradation and thermal degradation have also been thoroughly

discussed in this chapter.

Chapter 6: Development of Silk-based Poly (lactic acid) Microcellular Composite Foams.

This chapter mainly deals with the fabrication and characterization of PLA/silk nanocrystal
(SNC) based foams. The structure-property relationship of the developed foams has discussed
in this chapter. Thermal stability along with crystallization behavior and different degradation
(photodegradation and hydrolytic) behavior of the fabricated PLA/SNC-based foams are
discussed thoroughly in this chapter. This chapter provides useful and through insight into the

PLA/SNC-based foamed structure.

Chapter 7: Conclusions and Future Prospects.

This chapter delivers concluding remarks based on doctoral research work. A brief comparison
of fabricated PLA/nanobiofillers-based foams in the current research has been discussed along

with useful information regarding the future scope and directions of the current research work.
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Chapter 2

Materials and Methods

This chapter deals with materials used in the current doctoral research and different methods
of fabrication for the PLA and PLA/nanaobiofiller based foams. The selection procedure of the
porogen particles along with the pre-treatment of porogen are discussed in this chapter. The
modified casting and leaching technique (C/L) is discussed in details with schematic
representations. It also contains brief information about the preparation of cellulose
nanocrystals (CNC), modified chitosan (MC), modified gum arabic (MG) and silk nanocrystals
(SNC) used in this research. The detailed fabrication process of PLA and PLA/CNC, PLA/MC,
PLA/MG and PLA/SNC-based foams are also reported in this chapter. This chapter also
includes the brief description of different analytical instruments and their experimental

procedures utilized for analysis of the fabricated foams.
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2.1 Materials

Poly (L-lactic acid) (PLA) 2003D grade (granules form, L-lactic acid: 98.6%, D-lactic acid:
1.4%, density: 1.24 gem™; number average molecular weight (M,): ~150000 Da; weight
average molecular weight (My): ~200000 Da; melt flow index (MFI): 0.73 g min™' at 210°C)
used in the research was procured from NatureWorks® LLC, USA. The sugar cubes were
purchased from Dourala Pvt. Ltd. (India). The 1, 4 dioxane used as a solvent in the research,
was supplied by Loba Chemie Pvt. Ltd. For preparation of CNC, we have used chemicals like
sodium hydroxide (NaOH), sodium hypochlorite (NaOCl), sulphuric acid (H2SO4), hydrogen
peroxide (30% (wt/v) H20z), acetone and chloroform (analytical grade) which were purchased
from Sisco Research Laboratories (SRL Chemicals, India). Chitosan (commercial grade with
medium molecular weight and degree of deacetylation (DD)>70%), L-lactic acid with 20%
assay and acetic acid were purchased from Sigma-Aldrich, India. HPLC grade chloroform was
supplied by Merck (India). Millipore water (Metrohm, ELIX 3) was used for the wettability
investigations. Biopolymer gum arabic (GA), was supplied by Sigma-Aldrich, India. Muga silk
(Antheraea assama) was supplied by Regional Muga Research Station (RMRS), Boko, Assam,
India, which was utilized for fabrication of silk nanocrystals (SNC). Sodium carbonate (>97%)
(analytical grade) supplied by Merck, India was used for degumming of silk. Sulphuric acid
(>99%) was utilized as a hydrolyzing agent for SNC preparation was supplied by Sisco
Research Laboratories (SRL Chemicals, India). Nitrogen cylinders used for creating inert
atmosphere, were supplied by Jainex Pvt. Ltd., Assam, India. All chemicals were used as

purchased without any purification or treatment.
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2.2 Methods

This section of this chapter mainly discuss about the different methods utilized for the
fabrication of nanobiofillers and PLA/nanobiofiller-based foams along with the pre-treatment

procedure of the porogen.

2.2.1 Synthesis of nanobiofillers for PLA matrix

In the current research, four different nanobiofillers (cellulose nanocrystals, chitosan, gum
arabic, and silk nanocrystals) were prepared to investigate the effect on various properties of
PLA foam. Since, chitosan and gum arabic is hydrophillic in nature, so surface modifications
needs to be carried out to make it compatible in hydrophobic PLA-based systems. Silk
nanocrystals (SNC) were extracted from Muga silk, which is abundantly available in the
northeastern state of India, Assam. All these nanobiofillers were lab developed and their

detailed investigations have been demonstrated elsewhere [63,121-123].

2.2.1.1 Preparation of cellulose nanocrystals (CNC)

CNCs were fabricated through acid hydrolysis from the purified cellulose extracted from the
bamboo pulp through a pre-treatment method using sulphuric acid as a hydrolyzing agent. In
brief, pretreatment of cellulose pulp was carried out with soda pulping method with 2 wt %
NaOH at 85 °C for 2 h, followed by bleaching with H2O» (2 wt %) and hypochlorite treatment
with NaOCIl (2 wt %) at 90 °C for 2 h respectively. The pulp was filtered out, washed with of
Milli-Q at each step three times and further dried in an oven (at~80 °C), to remove the trace
amount of chemicals. CNCs were fabricated by hydrolyzing the pretreated cellulose pulp (2 g)
with sulphuric acid (64 wt%, 100 ml) under vigorous magnetic stirring for 2 h, at room
temperature (~25 °C). After 2 h, the reaction was stopped instantly by adding equal volumes
of the chilled deionized water. The CNC suspension was centrifuged (Remi, India) at 10000

rpm for 20 min and the precipitate was collected. It was thereafter transferred to cellulose
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acetate dialysis membrane with cut-off molecular weight 12-14 kDa (Sigma Aldrich, India).
Dialysis was carried out in a water bath until the pH of the CNC suspension reached at pH~7

[121]. Pictorial representation of the fabrication process can be observed in Fig. 2.1.

Natural Sources

_ . Cellulose Nano
-‘ Acid Hydrolysis - Crystals (CNCs)

"Rod-like
Lignocellulosic biomass (50-60 nm long
5-10 nm wide)

Disordered region

100 nmCellulose chains

Ordered region

l Acid hydrolysis
High Aspect Ratio (30-40)

Disintegration of amorphous region High Tensile Modulus (200-220 GPa)

High Tensile Strength (500 MPa)
=N

Cellulose nanocrystals (CNC)

Fig. 2.1 Pictorial representation of fabrication of CNC.

2.2.1.2 Preparation of modified chitosan (chitosan -g- oligo L-lactic acid) (MC)

Initially, chitosan and lactic acid (LA) were mixed in 1:3.33 (wt/wt %) in a round bottom flask
and properly mixed. The inert atmosphere was maintained for the mixture. The addition of
chitosan to the LA was performed under constant magnetic stirring (~400 rpm). The whole
mixture was kept for 12 h in the round bottom flask at room temperature for complete soaking
of LA. The setup was placed in a microwave under an inert nitrogen atmosphere for microwave
assisted condensation polymerization. The temperature of the microwave was maintained at
110 °C for 30 min at 240 W. The microwave was set at “convection cum microwave” mode.
A heating belt (maintained at ~100 °C) was utilized as a connector between the round bottom
flask and the condenser to avoid condensation of unbound water and other by-products. A dark
brown color product was obtained with high viscosity. LA was grafted on the chitosan
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backbone. The My and M, of the obtained product were calculated and was found as 1400 Da
and 3000 Da respectively. Generally, PLA foam is brittle in nature, MC has been used to
improve elongation and flexibility of PLA foams. Pristine chitosan is hydrophilic in nature and
cannot be used with PLA (hydrophobic) due to the phase separation problems. So, chitosan has
been modified to transform its hydrophilic nature into hydrophobic and subsequently, used as

a filler in the PLA matrix [123].

2.2.1.3 Preparation of modified gum arabic (GA-graft-oligo L-lactic acid) (MG)

The modification of biopolymer GA was done in order to make it compatible with PLA for
improved properties of formulated foams. The synthesis was done by taking LA: GA in the
ratio of 5:1 (wt/wt%), which was mixed prior to synthesis in a round bottom flask. Microwave-
assisted synthesis of MG was carried out at temperature 130 °C for 45 min at 240 W under
convection cum microwave mode. To avoid any clogging of by-products formed, a temperature
of 100 °C was maintained between the outlet of the round bottom flask and the condenser. The

formulated MG were used as filler to the PLA for developing foams [122].

2.2.1.4 Preparation of silk nanocrystals (SNC)

Synthesis of silk nanocrystals (SNC) was carried out in two steps: degumming process
(removal of sericin) and isolation of SNCs. The extraction process of fibroin from Muga silk
cocoons was performed using the degumming process. In the degumming process, firstly
sulphuric acid was utilized as a hydrolyzing agent. For the extraction process, 0.02 M Na;COs
maintained at 98 °C for 30 min was utilized. The extracted degummed silk was filtered out and

washed with Mili-Q water three times.

In the next step, ~5 g of this extracted degummed silk has been acid hydrolyzed with ~50 ml
of sulphuric acid (64 wt%) under a combined atmosphere of mechanical stirring (Speed: ~500

rpm) and sonication (Temp: 45 °C, ~40 kHz). The process of SNC fabrication was then

49 |Page
TH-2018 136107011



followed by centrifuging at 10,000 rpm and the precipitate was dialyzed (Cellulose acetate
membrane with cut-off molecular weight 12-14 kDa supplied by Sigma Aldrich) to obtain
neutral medium. The process was followed by freeze-drying using a lyophilization setup
(Scanlaf, Denmark) at ~-110 °C [124]. The schematic presentation of the SNC preparation is

shown in Fig. 2.2 below.

Degummed silk

Dialysis ) Freeze drying |se SNC

~500rp
H,S0,

45 °C

Sonication

Acid Hydrolysis of Muga Silk Cocoons

Fig. 2.2 Schematic representation of the preparation process of SNC.

2.2.2 Fabrication of PLA and PLA/nanobiofillers-based foams

In the current investigation, fabrication of PLA and PLA/bionanofiller-based foams were
carried out by using less expensive and easy casting and leaching method (C/L method). The
aim of this research is mainly to fabricate biodegradable PLA based foams for probable
biomedical and other applications. C/L method is generally used for fabrication of foams for
biomedical applications. In this study, the C/L technique of fabrication of foam is slightly
modified then the conventional C/L technique for better dispersion of porogen in the polymer

matrix.

Generally, in the C/L technique, the polymer solution was cast in a porogen bed followed by
drying and leaching to remove the porogen particle. However, it has some disadvantages like

the non-uniform dispersion of porogen in the polymer matrix and comparatively large size of
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the porogen particles, which affected the ultimate foam properties. In view of this, to maintain
proper dispersion of porogen in the PLA matrix and to decrease the size of the porogen particles
in the current investigation modifications has been introduced in the conventional C/L

technique.

The fabrication of PLA and PLA/nanobiofiller-based foams were carried out batch wise. Four
different batches of fabrications of foams are as follows: PLA and PLA/CNC-based foam, PLA
and PLA/MC-based foam, PLA and PLA/MG-based foam and PLA and PLA/SNC-based
foam. Different parameters like temperature, amount of porogen, time of rotation has been
changed according to the nanobiofiller batch and its prior arts available for incorporation in the
PLA matrix. The protocols for the fabrication of PLA/CNC, PLA/MC, PLA/MG, and
PLA/SNC are optimized by several trials and errors. The same protocol was used for
fabricating foams consisting of PLA as well as nanobiofillers of the same batch. The protocols

followed for the fabrication of different batches are discussed below.

2.2.2.1 Selection and pre-treatment of porogen particle

From the literature, it was observed that generally salts like NaCl are generally used as
porogens for C/L technique of foam fabrication. However, it was observed that salts are not so
easily leached by water and maintaining the size of porogen is difficult. In addition, it was
observed that salt, as porogen, is not so suitable for flexible foam preparation by C/L technique.
One of the easily available particles, which have the potential to be used as a porogen in C/L
technique, is sugar. In the first phase of this research, to check the applicability of sugar as a
porogen, we have utilized table sugar cubes directly in PLA solution followed by leaching.
Sugar is easily available and less expensive material. The initial experiments indicated that

sugar could be utilized as a porogen medium. However, to get better foam structure, size of the
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porogen particles must be decreased. The schematic representation of the initial experiments is

shown in Fig. 2.3.

>
— A A PLA solution

— -—

Sugar cubes

. . Leaching
Leaching technique

Very high pore size.
Low cell density

Low mechanical strength

» Sugar can be used as a porogen medium.

Fabricated foam

» Size of the sugar must be reduced.

Fig. 2.3 Initial experiments for selection of porogen for PLA matrix.

In our investigation, we have used sugar as porogen for foam fabrication. Very less literature
was observed for sugar as a porogen medium. For reducing the size of the pores of foam, finely
ground table sugar cubes has been utilized in this investigation. Porogen size was responsible
for the ultimate cell size and cell density of the fabricated foam [30]. One of the other reason
for taking sugar as porogen was that it can easily be dispersed in 1,4 dioxane solvent, which
also happens to be a good solvent for PLA. Hence, some modifications in the C/L technique is

feasible in this process.

The process of pre-treatment of the porogen is shown in Fig. 2.4. The table sugar cubes were
finely grinded using a marble grinder and the fine sugar power was obtained. The fine sugar

(~30 g) was dispersed in 20 ml of solvent (1, 4 dioxane). The mixture was placed under constant
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magnetic rotation (~800 rpm) for ~12 h. This pre-treated porogen has been used for PLA foam

preparation in the next step.

Sugar cubes _—
Grinding Fine powder
Paste like sugar solution is observed
~12 h magnetic stirring
Ready to mix with PLA solution
1,4 dioxan
C°U/;i§_i9£_~e}e°t _ Finé sugar powder
Pre-treated dispersed porogen

Fig. 2.4 Pre-treatment of porogen dispersed in PLA matrix.

The conventional C/L technique and the modified C/L technique can be seen in Fig. 2.5. In the
modified C/L technique, the collision between particles in solvent influences the ultimate size
of the porogen. In the modified C/L technique, the pre-treated porogen particles were mixed to
the polymer solution in 1, 4-dioxane solvent and allowed to stir magnetically for ~12 h. The

mixed solution was then cast in Teflon petri dish followed by drying and leaching.
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Conventional vs. Modified C/L Technique
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Fig. 2.5 Conventional and modified C/L technique.

The general representative scheme of the fabrication process of the PLA-based foam is shown

in Fig. 2.6 below.

Dispersed porogen

1, 4-dioxane PLA/bionanofiller

Increase in surface area Highly porous foam structure
Lightweight

Leaching process

Fig. 2.6 General representation of the fabrication process of PLA-based foams.
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2.2.2.2 Fabrication of PLA and PLA/CNC-based foam

For the fabrication of PLA and PLA/CNC based foams, C/L technique has been utilized. Sugar
cubes were taken and grinded in a grinder to prepare fine sugar particles. An amount of ~30 g
of sugar powder was taken and dispersed in 25 ml of 1, 4-dioxane and kept it under continuous
magnetic stirring for ~12 h. Simultaneously, PLA solution was prepared by dissolving ~4 g of
PLA granules in 20 ml of 1, 4-dioxane and kept under magnetic stirring for 6 h in a 250 ml
conical flask followed by transfer of pre-treated sugar solutions to this. The mixed solution was
kept under magnetic stirring for another 12 h. After 12 h, the mixed solution was cast in a glass
petri dish of diameter 14 cm and height of 2 cm. The dish was kept under fumehood for 6 h
followed by hot air oven for 2 h. After complete removal of the solvent, the samples were
peeled-off from the glass petri dish surface and the dry weight was measured. Then the sample
was placed in a water bath for leaching out of the sucrose particles. The water was continuously
replaced in every half an hour. The process was continued until the removal of all the porogen
particles. The sample was dried in a hot air oven at 35°C. An amount of ~4 g of PLA was
dissolved in 20 ml of 1, 4 dioxane and allowed to stir under constant magnetic stirring for 6 h.
After that CNCs were mixed in the solution and the temperature was raised to 70 °C and the
solution was allowed to stir for an hour. After complete dispersion of CNCs in the mixture, the
solution was mixed with the sucrose solution and allowed to stir for 12 h at 70 °C. Rest of the
protocol for PLA/CNC foam is similar to the PLA foam, as described in the above. PLA/CNC
nanocomposite foams were fabricated by using three different loading of CNCs, 1%, 2%, and
3% and will be abbreviated in the subsequent sections as PLA/CNC 1, PLA/CNC 2 and
PLA/CNC 3 respectively whereas neat PLA foam will be abbreviated as nPLA. All samples
were dried at 35 °C overnight to remove any residual solvent or moisture present in it before

analysis.
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2.2.2.3 Fabrication of PLA and PLA/MC-based foam

For the fabrication of PLA and PLA/MC based foam, marble grinder was utilized to grind the
sugar cubes (1cmx1cm) into a fine powder as discussed in an earlier section. Approximately,
~30 g of sugar particles were added to the solvent (1, 4 dioxane) and kept under magnetic
stirring (rpm: ~800) for 8 h. Simultaneously, ~4 g of PLA was added to the 1, 4 dioxane solvent
under magnetic stirring (rpm: ~800) for 4 h. The sucrose solution was then mixed with PLA
solution under continuous stirring (rpm: ~800) for 6 h. After 6 h of mixing, a Teflon petri dish
was used for casting the solution. The sample was placed under water for leaching the sugar
particles present in the sample. The water was replaced in every 30 min for 4 h. Subsequently,
sugar was removed (by using weight analysis to get an idea of sugar leached in water) from the
sample, the sample was dried and the dry weight was observed. If the weight was observed
more than 4 g (as we have taken ~4 g of PLA initially for casting), then we again executed the
leaching and measured the weight until a steady weight (below ~4 g on a dry weight basis) of

foam was observed. The sample was dried and ready for further analysis.

For the fabrication of modified chitosan-based PLA/MC foams, MC was first kept in a conical
flask (250 ml) and placed under constant magnetic rotation (~600 rpm) with 10 ml of 1,4
dioxane. After 1 h, the MC solution was filtered by using Whatman® filter paper. The filtrate
was collected and mixed with PLA solution (as discussed above) and magnetically stirred for
1 h. The PLA/MC solution was then mixed with the sugar solution. The final mixture was
placed under continuous magnetic stirring for 6 h. The rest of the process of fabrication of the
PLA/MC based foams was same as that of the PLA foam. PLA/MC based foams were
fabricated by using three different concentrations of MC (i.e. 1%, 2%, and 3%) and abbreviated
as PLA/MC 1, PLA/MC 2 and PLA/MC 3. The percentage calculation of MC (1%, 2%, and
3%) has been performed on wt/wt% basis of PLA as the solvents used in fabrication are not
the part of the final product. Before analysis, all the fabricated foams were kept in a vacuum
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oven at 35 °C overnight for removal of any moisture present. The process for the fabrication

of PLA/MC-based foam can be represented by the schematic shown in Fig. 2.7.
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Fig. 2.7 Process of fabrication of PLA/MC based foams.

2.2.2.4 Fabrication of PLA and PLA/MG-based foam

The supplied sugar cubes were grounded using a marble grinder for obtaining the fine sugar
particles for developing foams. The influencing factors for developing foams are quantity and
size of porogen, which in turn affect the foam properties such as its pore volume, porosity, pore
size, density, wettability, surface area etc. The porosity of polymeric foams plays a significant
role in determining various properties. The fabrication of foams was performed by dissolving
sucrose in 1, 4-dioxane followed by vigorous stirring for 12 h in the ratio of 1:1.2 (w/v)
(solution A). Consecutively, PLA granules were dissolved in 1, 4-dioxane (1:3 w/v %) and kept
under magnetic stirring for 2 h. After this, the prepared PLA solution was transferred to the
solution A and was magnetically stirred for 6 h. The final solution was cast on a Teflon petri
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dish and further kept in a hot air oven for 2 h to ensure the removal of the solvent. Thereafter,
the dry weight was taken and the casted films containing sugar were placed in deionized water
(replaced with new water after equal intervals), where porogen particles got leached out. The
complete leaching was confirmed by taking the dry weight at an equal time interval (weight
must be constant at final stages) as discussed earlier. Finally, the obtained foams were dried
and the final weight was taken. A highly porous and lightweight foam structure was obtained,
which was further utilized for different analysis. For developing PLA/MG based fabricated
foams, the process is similar as above mentioned. Additionally, the required amount of MG
was added in 10 ml of solvent and kept under stirring for an hour and filtered by using
Whatman® filter and the filtrate was collected and mixed with PLA solution. The PLA/MG
solution was further kept stirring for 2 h. The solution was transferred to the sugar solution and
magnetically stirred for 6 h at 60 °C. Then the final casting and leaching method was followed
as discussed earlier. The MG based foam were made incorporating nanobiofiller in the ratio
(W/w%) of 1%, 2% and 3%, which were named as PLA/MG 1, PLA/MG 2, PLA/MG 3. All
the developed samples were dried (~45°C) overnight for removing any residual in the foam

and ready for various analysis.

2.2.2.5 Fabrication of PLA/SNC-based foams

For the fabrication process, approximately ~4 g of PLA granules were dissolved in ~20 ml of
solvent and the mixture was kept under magnetic stirring for ~2 h. After that, the required
amount of SNC powder (w/w%) was added to the above PLA solution and the system was kept
under magnetic stirring (~800 rpm) for ~6 h for proper dispersion of the nanobiofillers. After
the time period, the pre-treated porogen particles (as discussed in the earlier section) were
mixed with the PLA/SNC solution. The mixed solution was again kept under magnetic stirring
(~800 rpm) for ~4 h. The mixed solution was then cast on a Teflon petri dish and allowed to
dry under the fume hood for ~2 h and placed under vacuum oven at temperature 40 °C for ~6
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h. The leaching process of the samples was performed by using Mili-Q millipore water and the
protocol of the leaching process was similar as utilized for the previously described fabricated

foams.

After the leaching process, the samples were dried to obtain a highly porous foam structure.
The fabricated PLA/SNC based foams were dried overnight at 35 °C in a vacuum oven to
remove any entrapped water present before characterizing the foams. The fabricated foams
were abbreviated as PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 for 1%, 2%, and 3% loading of

SNC nanobiofillers. Neat PLA foam was abbreviated as nPLA.
2.3 Analytical methods and instrumentation

This section of the chapter provides discussion about different analytical methods and

instrumentation used in the current doctoral research.
2.3.1 Fourier transform infrared spectroscopy (FTIR)

For the investigation of various functional groups present in the PLA/bionanofillers based
foams, FTIR analysis was performed. FTIR analysis was carried out by using Frontier FTIR
(Perkin-Elmer, USA). All the samples were dried at 50 °C for 2 h before analysis to remove
the moisture present in the samples. The samples were prepared by cutting the homogeneous
parts of the foam into small pieces (3cmx3cm). The samples were analyzed under ATR
(Attenuated Total Reflectance) mode scanned in the range of 4000—700 cm™* with a resolution
of 4 cm™ for 128 scans at room temperature. The FTIR spectrum was taken in transmittance

mode for all the samples.
2.3.2 X-ray diffraction (XRD) analysis
The crystallographic investigations of the developed foam were executed by diffractometer

(Model: D8 Advanced™; Make: Bruker, Germany) equipped with Cu-Ka radiation (A=0.1541
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nm) and voltage (40 kV). The investigations were performed under scan speed (1 s/scan) with
an increment (0.05°/s). All the fabricated foam samples were placed in a hot air oven at a
temperature of 80 °C for 2 h before the analysis. The % crystallinity index (C.l.) values were

measured by the equation below

ACrystaIIine

Cl.=
ACrystaIIine + AAmorphous

(2.1)

Where, Aswsta,"ne and AAmorphous are the area under the crystalline peaks and area under the

amorphous peaks, respectively.
2.3.3 Density (p), porosity (P) and volume expansion ratio (VER) of fabricated foams

The density and porosity of the foam are considered as one of the important characteristics of
foam as they influence various properties. The density of the fabricated foams was measured
by using an International Equipment® densitometer, India. For the density calculations, small
squares of (2 cmx2 cm) were cut from different locations of the foam. Further, the volume

expansion ratio (VER) is a very important parameter of foam as it is required for calculation
of cell density (N ) and also its value is significant of the type of foam. Five samples were

prepared for each fabricated foam and the average density value was calculated [125]. The
average density was calculated from the data. Volume expansion ratio was calculated from the

equation below.

VER = Pslie 2.2)
IOFoam

Where Ogyiq and Pryan are the respective densities of material and foam, respectively.

The classification of foam can also be done by VER values as
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VER <4 (high-density foam), 4< VER <10 (medium density foam) and VER>10 (low-density

foam).

Porosity (P) of the foam samples can be calculated by using density values using the equation

below [78].

p=1-£ (2.3)

Po

Where P is the porosity, o is the density of the foam and 0, is the density of the material before

foaming.
2.3.4 Gel permeation chromatography (GPC)

With the aid of GPC, the Mw, My, polydispersity index (PDI) of developed foams were
determined using refractive index detector (RID-10A), taking polystyrene for calibration
purpose. For the experiment, the eluent flow rate and sample injection volumes were 1 ml/min
and 40 ml, respectively. The developed foams (20 mg) were dissolved in 1 ml of HPLC grade
chloroform. The solution was then collected by using Dispo Van®syringe and filtered by using
Axiva® syringe filter of 0.2um. The Mw, Mn and polydispersity index (PDI) values were

measured with the help of standard polystyrene prepared in chloroform (CHCI5).
2.3.5 Color investigations

The color factors (L*, a* and b*) of the developed foams were measured using color
measurement spectrophotometer supplied by Datacolor Technology, Suzhou Co. Ltd., China
(Model: Datacolor 550). The foam samples were prepared by cutting in the square (2cmx2cm)
from the different locations of the surface. Colorimetric investigations was carried out in three
different locations and the value was calculated by taking average triplicates. The meaning of

different values of color parameters is given below.
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L* scale: Light vs. dark where a low number (0-50) indicates dark and a high number (51-100)

indicates light.

a* scale: Red vs. green where a positive number indicates red and a negative number indicates

green.

b* scale: Yellow vs. blue where a positive number indicates yellow and a negative number

indicates blue.

2.3.6 Porosimetric investigation (mercury intrusion porosimetry)

Porosimetric investigations of the prepared foams were performed by mercury intrusion
porosimeter (MIP) (Model: AMP-60K-A-1) procured from Porous Materials Inc., India.
Sample weight of ~0.2 gm was taken for the analysis. The contact angle of mercury (~140°),
surface tension (480 dyn/cm) with pressure (Range: 0 to 10000 psia) was utilized for the
investigations. Porosimetric studies are very important in the context of foams as it gives an
idea of porosity (%), surface area and average pore diameter of the fabricated foams.
Porosimetric investigations of the fabricated PLA and PLA/nanobiofiller-based were carried
out for deep understanding of average pore size, surface area and porosity. The average cell
size were also measured from the FESEM micrographs. The results obtained from porosimetric
investigations were further corroborate with the results obtained from visual observation

methods (FESEM).

2.3.7 Thermogravimetric analysis (TGA)

The thermal stability analysis of the developed foams was executed using TG analyzer (Model:
TGA-4000, Make: PerkinElmer, USA) under the inert environment (Rate: 50 mL/min) inside
the chamber. For the analysis, the selected amount of sample (~8 mg) was placed in the alumina

crucible and analysis was performed (Scanning range: 30 °C -700 °C; Rate: 10 °C/min). From
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the TGA, onset degradation temperature (Tonset), maximum degradation temperature (Tmax) and

90% degradation temperature (Tgo) Were measured.

The isothermal TGA investigations were performed by heating the sample from 30 °C to 150
°C at the rate of 10 °C/min and then kept it isothermally for 25 min at that temperature followed
by heating at the rate of 10 °C/min to 200 °C and kept isothermally for 25 min at that
temperature. The sample was again heated to 250 °C at the rate of 10 °C/min and kept
isothermally for 25 min in that temperature. In the last cycle, the samples were heated from

250 °C up to 700 °C at the rate of 10 °C/min.

2.3.8 Differential scanning calorimetry (DSC)

The thermal and crystallization behavior of developed foams were determined by using DSC
(Model: Netzsch DSC Phonix, Germany) in the flow of inert gas flow condition (50 ml/min).
For this investigation, an approximate of ~8 mg samples were taken for each analysis. For the
investigation, two thermal cycles were used, in the first heating cycle, samples were heated
from 30 °C to 200 °C (Rate: and isothermally kept for 2 min, which was again cooled to 30°C
and again kept for 2 min in the second cycle. Finally, the samples were again heated to 200 °C
(Rate: 10 °C/min). The second heating cycle was utilized for our investigation after erasing the
processing history of the first heating cycle. The degree of crystallinity, X (%) of the samples

are calculated by using the equation below [126]

_AH 100 (2.4)

0
m

Xc

Where AH,?, is the melting enthalpy of the second heating cycle, AH,?, is the melting enthalpy
for 100% crystalline PLA (taken as 93 J/g).
For non-isothermal crystallization investigations, samples are investigated at different

heating/cooling rates of 2.5 °C/min, 5 °C/min, 7.5 °C/min and 10 °C/min.
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2.3.9 Dynamic mechanical analysis (DMA)

The developed foams were analyzed for their thermomechanical properties using dynamic
mechanical analyzer (DMA242, Netzsch, Germany) under tensile and compressive mode.
Both the tensile and compressive modes were used for the analysis. For tensile mode, samples
were prepared (measuring 15mmx5mm) from the homogeneous regions of the fabricated
foams. All the analysis was carried under an inert nitrogen atmosphere (flow rate=100ml/min).
For the compressive mode of analysis, circular cubic samples were cut from homogeneous
sections of the fabricated foam (circle diameter 15 mm). For all the samples thickness were
measured using Schut® electronic micrometer. All samples were investigated at frequency of
1Hz with dynamic force of 2 N (for compressive mode), 1 N (for tensile mode) and heating at
the rate of 3 °C/min from 30 °C to 100 °C (tensile mode) and from 30 °C to 120 °C
(compressive mode). The measurement of compressive strength was done at frequency 1 Hz
applying 2 N dynamic force for a temperature range of 30 to 120 °C. This investigation

provides information about the storage and loss modulus at dynamic temperature range.
2.3.10 Polarized optical microscope (POM)

Polarized Optical Microscope (Eclipse LV100N POL, Nikon Co., Japan) was used to analyze
the particle size of the sucrose. The finely grinded sucrose particles were manually placed in a
glass slide and placed under POM to analyze the particle size. The size of the sucrose particles

was then analyzed by using Image J® software.
2.3.11 Hyphenated TGA-FTIR investigations

Hyphenated TGA (TGA4000, Perkin-Elmer, USA) coupled with FTIR (Frontier, Perkin-
Elmer, USA) analysis was carried out for fabricated foams at temperature ranges from 30 °C
to 700 °C (heating rate= 10 °C/min) under inert nitrogen atmosphere (flow rate= 50 mL/min)

to investigate the evolved gases from TGA instrument at various temperatures. TGA instrument
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was coupled with FTIR by using an interface line containing a gas transfer tube and gas cell.
The interface line was heated to 250 °C to avoid any condensation of evolved gas. The evolved

gases were analyzed by FTIR.

For the better understanding of the gaseous products evolved at different conversions and the
better understanding of the reaction mechanism, isothermal hyphenated TGA-FTIR
investigations were carried out at conversion (0=0.3 and 0.7). The investigations were done for
nPLA and the PLA/CNC fabricated foam, which has the highest activation energy suggested
from different models. For the investigations, ~8-9 mg sample was taken for all the cases.
Samples were first heated to the desired temperatures at 10 °C/min heating rate and kept at the
corresponding temperature of the conversion for 1 h under inert nitrogen atmosphere and then
reached to 400 °C at a heating rate of 10 °C/min. The gaseous products evolved was

investigated with the help of the IR spectrometer.
2.3.12 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) (Model: JEM-2100, Make: JEOL, USA) was used
for the morphological investigations of modified chitosan (MC). HPLC grade chloroform was
used to disperse the prepared nanobiofillers (MC and MG) and placed for 2 h under constant
magnetic stirring (~600 rpm) for proper uniform dispersion of nanobiofillers (MC and MG)
followed by drop casting on carbon-coated grids (Tedpell, USA). The prepared sample was
kept at 60 °C overnight before analysis. ImageJ® software was used to measure the dimension
of nanobiofillers. On the other hand, SNC samples were first sonicated for ~30 min in water

(0.01 wt%) before drop casting. Rest of the protocol was same as above.
2.3.13 Field emission scanning electron microscopy (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) analysis was carried by using

Zeiss™, Germany, Model Sigma, installed at CIF, IIT Guwahati, India to investigate the
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morphology of the foam surfaces of the fabricated foams. The foam samples were placed on a
stub with carbon tape and further coated in gold sputtering unit for 270 secs and then
characterized at an accelerating voltage of 2-4 kV. Both the fractured cross-section and surface
of the foam were investigated. For cross-sectional view, the samples were prepared by dipping
into liquid nitrogen and fractured. The fractured surface was then cut by using a sharp
Wilkinson Blade® in downward direction carefully so that there is no effect of compression on
cell structure of foams. The cell morphology of the foam samples was investigated. The
micrographs were analyzed by using Image J® software for cell density (Nr) and average cell
size. The cell density (Nf) and average cell size were calculated for all the samples. The

following equation [127] was used for calculation of cell density (Nr)

n 1.5
N, =VER {K} (2.5)

where VER is the volume expansion ratio, N is the number of bubbles detected in the area A
of the FESEM micrograph. The diameter of pores was measured at different locations of the
micrograph and average value of pore diameter with standard deviation was reported.

In the investigation, the meaning of cell size and pore size was same. However, pore was used
for the porosimetric investigations to avoid any confusion with the cell size measured from
FESEM.

2.3.14 Particle size analysis (Delsa Nano)

The particle size of the porogen after dispersing into the solvent after different hours of
magnetic stirring was measured by a particle size analyzer (Make: Beckman Coulter
(Switzerland), model: Delsa Nano C). A very dilute solution of the sucrose after 2 different
hours (7 h and 12 h) of magnetic stirring of the sample was first diluted in a solvent and kept
under sonication for 15 mins. The diluted solution was transferred to a cuvette and was
examined. For the irradiation of the sample, HeNe laser of 632.8 nm wavelength was used.
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This produced intensity fluctuation occurred rapidly for smaller and faster-moving particles,
and slowly for the larger and slower moving particles. The size distribution was directly

observed from the software associated with the instrument.
2.3.15 Wettability investigation

Contact Angle Measurements were carried out by using Kruss® DSA 25 Contact Angle
instrument. The samples were first dried at 40 °C in a hot air oven for 2 h and then the samples
of dimension 2cm x 2cm dimensions were pasted on a glass slide for analysis. The static
contact angles values were measured at three different locations on the foam surface and the
drops were allowed to settle for ~200 s and then the value was taken. The static contact angle
was taken as the average value of the contact angles. On the other hand, the static contact angle
was calculated for compressed foam in order to eliminate the effect of surface texture. The
compressed sample was prepared by applying a load of 150 kg/cm? for 10 mins on the samples
using a hydraulic press supplied by Kimaya Engineers, India. The advancing and receding
contact angles for the foam surface were measured as the liquid initial droplet of volume 1 pLb
was continuously increased to a volume of 11 pL at a rate of 10 pl/min and again it was
decreased back to 1 pL at the same rate. The whole process was observed and the contact angle
hysteresis was measured along with the Young's contact angle. The above process was carried

out at three times at different locations of the fabricated foam.

2.3.15.1 Dynamic contact angle and linear modeling

Wetting is an interesting phenomenon. It is the interaction of the liquid with the solid surfaces,
which forms a contact angle with the solid surfaces. This is a very important property of any
material. Wetting and non-wetting phenomena are one of the most important criteria of
selection of material for a specific usage. If the contact angle is greater than 90°, than it can be

considered as a non-wetting surface in some of the cases. Hydrophobicity can be defined by
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the contact angle analyses. So to define the wetting on the textured surface contact angle

measurements were investigated. Advancing contact angle, gad\, is the maximum contact angle

at the three-phase contact line and receding contact angle, Hrec is the minimum contact angle

at the three-phase line. The difference between the advancing and receding contact angle is
known as contact angle hysteresis (CAH). Surface roughness is the major cause of CAH.
Generally, a large no of surfaces shows contact angle hysteresis. There are generally two
methods to measure contact angle hysteresis. One method is the tilted plane method and the
second method is the sessile drop method or the captive bubble method. In this investigation,
the second method was used to calculate the contact angle hysteresis [128—131].

For general ideal surfaces, the equilibrium contact angle is the Young's contact angle. Young’s
contact angle is very much essential along with CAH to understand the wettability of surfaces.
Young’s CA and CAH govern the various phenomenon occurring in the surface (solid/liquid
interface) like spreading and sliding the liquid drops.

Young’s contact angle can be defined as,

cos@, = (cos@,,, ercos O..c) (2.6)

where ey is the Young's contact angle. For ideal smooth surfaces, young’s contact angle is the

equilibrium contact angle. But in some of the literatures, it was found that Young’s contact
angle can be determined by simple averaging of advancing and receding contact angles [132—
134].

For partially wetting surfaces, three factors are affecting, they are the interfacial tensions of
solid-vapor, solid-liquid, and liquid-vapor. So equilibrium contact angle (96 ) is the function of

all three parameters[135].

cos 6, = Us =7s) 2.7)

Vv
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where )5y , J/sand )|y are the interfacial tensions of solid-vapor, solid-liquid, and liquid-

vapor respectively.
Schulze et al. in their investigation suggested a plot of advancing/receding contact angles in

the function with hysteresis [134]

H=0,-0. (2.8)

They suggested that,
6., =6 +kH (2.9)
6..=6,-(1-kH (2.10)

where 0<k<I1 and k is the positive slope of the curve Hadv —H . In some of the solid-liquid

systems, the curves Qadv —H deviate from the linearity at high H values.

In the current investigation, a linear model was used to predict the young’s contact angle and
analyze the predicted values with the experimental ones.

2.3.16 Water immersion test

The water immersion test of the fabricated foam samples was performed as per ASTM D570-
98. The fabricated samples were prepared (5 cmx5 cm) and kept under vacuum oven at 80 °C
for 24 h. The weight of the sample was measured and immersed in water for 24 h at a
temperature of 25+2 °C. During the period, the sample was collected and the surface was
cleaned to remove the other water droplets by a blotting paper periodically at every 3 h and
weight of the sample was measured. Three replicates of each sample were used and the average

value was reported.
2.4 Thermal degradation investigation of the fabricated foams

The thermal investigations of PLA and PLA/bionanofiller based foams were carried by using
TGA 4000 (Perkin Elmer, USA) analyzer. The fabricated foam samples (~8 mg) were placed
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in a platinum crucible and started heating ranging from 30 °C-700 °C under an inert nitrogen
atmosphere. The samples were heated at four different heating rates for dynamic TGA analysis
(5 °C/min, 10 °C/min, 15 °C/min and 20 °C/min) to investigate the non-isothermal degradation
kinetics behaviour of the fabricated PLA and PLA/nanobiofiller-based foams by using some
well-known “model-free” and “modelistic” approaches. These methods help to determine the
apparent activation energy (Ea) of the fabricated foams without prior knowledge of the

degradation mechanism.
2.4.1 Non-isothermal degradation Kinetics studies

The fundamental rate equation for all type of kinetic investigations is given below [136]
d%tzkf(a) (2.11)

Where k denotes rate constant and f («) denotes reaction model. & denotes the rate of

conversion and can further be expressed as

o= _W%NO ~W,) (2.12)

Where W0 is the initial weight of the sample, Wt is the weight of the sample at time t and W,

is the final weight of the sample.

In equation 2.11, the k represents rate constant, which can further be expressed as

k = Aexp[_E%T} (2.13)

Where E, is the apparent activation energy in kJ/mol, R is the gas constant (8.314 J/K mol), T

is the temperature in Kelvin, A is the pre-exponential factor [137]

By putting the value of k
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d Aexp[ /T]f(a) (2.14)

For the dynamic thermogravimetric analysis (TGA) the heating rate is very important. So by

introducing the term “ g in the above equation where /= d%t

Ao =(5%)exp| Ser [T@ (2.15)

The above equation is the basic equation for dynamic TGA Kinetic analysis for the calculation of
kinetic parameters. There are normally two approaches model free and model fitting approach for
thermal degradation Kkinetics. The model fitting approach is generally more popular due to the
direct finding of kinetic triplets. However, it has a disadvantage of inability to predict reaction

model [138].
2.4.1.1 Iso-conventional methods (“model-free” approach)

The iso-conventional method is used to calculate the activation energy (Ea) at different conversion
rates (o) without any prior modelistic assumptions [139]. The main advantage of these methods is
that it does not require any previous knowledge of reaction mechanisms. We have used the most
common established “model-free” methods like Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-
Sunose (KAS), Friedman method, Augis and Bennett model to calculate kinetic parameters at

different heating rates.

Friedman method: This method is a useful iso-conventional method for calculation of activation

energy. The method can be written as

Inﬁﬂ |n{ﬂ3ﬂ In[ Af (a )]

(2.16)
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da
Graphs are plotted between In {E} vs 1/T for constant conversions and from the slope of the

linear lines, we can calculate the activation energy [140].

Kissinger-Akahira-Sunouse method: KAS method is based on Murray and White approximation

for temperature integral [141].

da A E,
e w @1

This method utilizes the initial condition of ¢=0 and T=T, for obtaining the expression below

S da Af E AE [E
_ — _Sa gt = 2E a 2.18
9@ =] @ ﬂ{exp[ RTJd ﬂRp[RT} 219)
The KAS method can be written as given below
Jij AR E
In==In -2 2.1
T? E,g(e) RT (219)

This method is based on Coats-Redfern approximation [142]. The assumption of this method is

that A, f(a) and Ea are independent of temperature T. A and Ea are also assumed of independent

. 3 . 2 . .
of conversion. In this method, plots have been made in between |n(ﬂ / T )vs 1/T. Straight lines
are obtained at each conversion and the slope from these lines we can calculate activation energy

(Ea).

Flynn-Wall-Ozawa method: This method is an integral isoconversional method, based on Doyal’s
linear approximation [143]. The equation comes from the Arrhenius rate equation. The FWO

equation can be expressed as given below
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Ing = In[AE%g(a)]—5.331—1.052 & (2.20)

In this method, we have plotted a graph between In  vs 1/T for PLA and PLA/CNC based
fabricated foams. Straight lines should be obtained at various conversions in different heating

rates. The slopes of these lines can be utilized to calculate the activation energy (Ea) [144,145].

Augis and Bennett model: This is an iso-conversional method in which temperature dependency

on heating rates is established [146]. The equation can be written as

In{ s }:—iﬂnA (2.21)
T,—-T, R

m

In this method, single activation energy is obtained for the samples at maximum degradation

temperature (Tm). Graphs are plotted between |n[,% r } vs 1/Tm. Straight lines are obtained.

m (o]

From the slope and intercept of the lines, we can calculate activation energy and pre-exponential

factor ( A) [146].

Modified Coats Redfern (Modified CR) model: This method is a combination of Coat-Redfern

and Friedman method. The method can be expressed as below.

In(ﬁzj:m{—ARa—ZRT&/Ea)}_ = (2.22)
i E, In(a) RT,

a

Graph is plotted against left side of the above equation vs _lo_l_ﬂ and a series of linear curves

are generated for each conversion and activation energy (Ea) values is calculated for each

conversion.

All the equations are summarized in Table 2.1.
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Table 2.1 Equations used for thermal degradation investigation

Method Equation Plots
FWO log 8 = log(AE, /Rg(a))-2.315-0.4567E, / RT log 3 vs /T
Kissinger In(ﬂ/sz): In(AR/E, )+ (Y/T,)(-E,/R) |n(ﬂ/Tp2) vs UT,
KAS |n(£j=|n( AR J_ Ea |n(ﬂ/T2) vs 1/T
7% E.g(x) ) RT
Friedman In [d%t} ~ In[Af (@)]- E%T In [d%t] vs UT
Augis and E
g In[%m _To:l y %Tm In[[%m _Tojl A l/Tm
Bennett
. in[ £.)_ | ZARQ-2RT, /E,) | E,
Modified CR a2 - Ea In(a) RTa |n(ﬁ/T2) vs 1/T

2.4.1.2 Model-fitting approach

By using the model-fitting approach, also we can calculate activation energy, pre-exponential
factor by different model fitting at a particular temperature. One of the most popular models
fitting approach is the Kissinger method. We have used the Kissinger method for the

calculation of activation energy and pre-exponential factor ( A).

Kissinger method: The assumption of the Kissinger method is that the reaction rate is maximum
at Tmax (maximum degradation temperature) which can be found from the DTG curve. It is
used for calculating Ea values for solid-state reactions. This method calculates the activation

energy at Tmax. Only one activation energy can be obtained for each sample. The assumption
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also includes the constant degree of conversion (¢) at maximum degradation temperature. At
Tmax , the first and second derivative of conversion “a” is zero. The Kissinger equation can be

written as

" {%J:_E%Tm B In[AVEJ (2.23)

Activation energy (Ea) can be obtained from the slope of the straight lines plotted between

In { % 2} vs 1/Tm [147,148]

Criado method: This method is mainly used for a better understanding of the reaction
mechanism if the activation energy of the system is known. Criado method is used to determine
the mechanism of mainly solid state reaction process [149,150]. Master plots are used for
different types of the mechanism by plotting between Z(a) vs o, where Z(a) can be expressed

as

"%
Z(a) = Tdtﬂ(x)T (2.24)

Where x = E%T and ~(x) is an approximation of temperature integral, 7(X) =Xe*P(X)

Different mechanisms are shown for Z(a) in Table 2.2. For master plots, the expression used

as given below

Z(ax) = f(@)g(x) (2.25)

In Criado method, the experimental curve is plotted by using the expression given below
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7 () :‘;—i‘%e%w(x) (2.26)

x 3 )
Where p(x) = £ ; X 43—18x +§36x+96
X X" +20x°+120x° +240x+120

The degradation mechanism can be determined by comparing the experimental curves with

master plots.
2.4.2 Measurements of thermodynamic variables

Entropy of activation (AS) can be defined as the difference between change in entropy of the

activated complex and the summation of the entropies of the reactants [151]. This can be

Ah
AS = RMEJ} (2.27)

Where k is the Boltzmann constant (1.38x10% m? kg/s’k'), h is the Plank’s constant

represent mathematically as

(6.626x10* m?kg/s), R is the gas constant (8.3144598 J mol*K™), A is the pre-exponential

factor and T, is the maximum degradation temperature given by DTG curves. The other

thermodynamic parameters AG (Gibb’s free energy) and AH (Enthalpy of activation) were

calculated by using the equations 2.28 and 2.29 below.

AG=AH-T _AS (2.28)
AH =E, -RT_ (2.29)
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Table 2.2 g(a) and f(a) values for the master plot of Criado method.

Mechanism: Solid state process g(a) f(a)

Az: Nucleation and growth (Avrami [—In(l—a)]”z 2(1—a)[—|n(1—a)]1/2
Eq. 1)

As: Nucleation and growth (Avrami [_|n(1_a)]ﬂ3 3(1_a)[_ |n(1_a)]2/3
Eq. 2)

Aus: Nucleation and growth (Avrami [_|n(1_a)]1/4 41— o) [_ |n(1_a)]3/4
Eq. 3)

R1: Phase boundary controlled reaction a 1

(One-dimensional movement)

R2: Phase boundary controlled reaction [1_ (1- a)]lfz 2(1_ a)uz
(contracting area)
Rs: Phase boundary controlled reaction [1_ (1- a)]lls 3(1_ a)m
(contracting volume)
D1: One-dimensional diffusion al A/
D2: Two-dimensional diffusion l-a)in(l-a)+a [—In(l—a)]_l
(\Valensi equation)
Ds: Three-dimensional diffusion [1_(1_a)u3]2 (3/2) [l—(l—a)“]_l
(Jander equation) ’s

(1-a)
D4: Three-dimensional diffusion [1_ 2/ 3)a] ~(1-a)* (312 [1— (1—05)1/3]_1
(Ginstling-Brounshtein equation)
F1: Random nucleation with one —In(l-a) l-a
nucleus on the individual particle
F.: Random nucleation with two nuclei 1/1l-a) (1—0{)2
on the individual particle
Fs: Random nucleation with three 1/ (l—a)2 (1/ 2)(1—05)3
nuclei on the individual particle
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2.5 Non-isothermal melt crystallization studies

Generally, two types of crystallization occur in polymers i.e. cold crystallization and melt
crystallization. When the crystallization occurs from a melting state of polymers it is known as
melt crystallization and when crystallization occurs from the glassy state than it is known as
cold crystallization. Various physical and mechanical properties of polymers are directly and

indirectly dependent on the crystallization [152,153].

In this present research, crystallization of microcellular foam is investigated. The DSC kinetics
investigations were carried out by using Netzsch® DSC (201 F1 Phoenix™) under an inert
nitrogen atmosphere. For nonisothermal melt crystallization study, the analysis was carried out
at three different temperatures of 2.5 °C/min, 5 °C/min and 7.5 °C/min. Samples were first
heated from room temperature (30 °C) to 200 °C at 10 °C/min and kept isothermally for 5 min
at that temperature for removal of any thermal history and moisture present in it. Samples were
then cooled at 3 different cooling rates of 2.5 °C/min, 5 °C/min and 7.5 °C/min respectively
for the second cycle from 200 °C to 30 °C and kept isothermally at that temperature for 5 min.
In the third cycle, samples were again heated to 200 °C at respective heating rates of 2.5
°C/min, 5 °C/min and 7.5 °C/min. The cooling cycle was taken for kinetic analysis.

Approximately ~8 mg of sample mass was taken for each analysis.

For non-isothermal cold crystallization investigations, different heating rates of 2.5 °C/min, 5
°C/min, 7.5 °C/min and 10 °C/min were taken for analysis. The first heating cycle was from
30°C to 200 °C at the above mentioned heating rates and then isothermally kept at that
temperature for 2 min. Sample were than cooled down to 30 °C at 10 °C/min and isothermally
kept for 2 min. Finally, in the second heating cycle samples were again scanned at the above
mentioned different temperatures to 200 °C. The second heating cycle was taken into

consideration for the cold crystallization kinetics investigations.

78 | Page
TH-2018 136107011



Relative Crystallinity: The relative crystallinity (Xt) can be expressed in terms of time of
crystallization (t) by integrating the exotherms of melt crystallization for PLA and PLA/CNC
based fabricated foams. The relative crystallinity as a function of temperature can be expressed

as given below

cdT

(2.30)

Where TO denotes the onsetand T, denoting final melt crystallization temperature. T is the

temperature at crystallization time (t) can relate as

(_T-T, (2.31)

Where g is the heating rate.

Crystallization half-time (tos): This is the time required by the sample for 50% crystallization.

This is a very important parameter for prediction of the rate of crystallization.

Avrami model: For non-isothermal crystallization of polymers, the Avrami model is

generally utilized to investigate kinetic parameters [154].
X, =1-exp(-kt") (2.32)

log[-In(L- X,)]=logk + nlogt (2.33)

where Xt ’ indicates relative crystallinity at a time ‘t’, ‘k” indicates the crystallization rate

constant and ‘N’ denotes the Avrami exponent. The ‘NI’ and ‘k’ values are a very important

parameter for crystallization and can be calculated from the slope and intercepts of the straight
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line between log [— In(1- Xt)] VS logt. The ‘n’ value signifies the mechanism of nucleation and
growth of crystals.

Ozawa model: This method can be considered as the modified version of the Avrami model.
Time variable of the Avrami model is replaced by cooling rate in this model. The assumption

of this model is that the sample was cooled from a molten state in a constant cooling rate. The

general equation can be expressed as;

1-X(T) =exp[_KG—%m} (2.34)

Where x (1) is the relative crystallinity degree, K (T) is the kinetic parameter at temperature
‘T, g’ is the cooling rate and ‘M’ is the Ozawa exponent. The equation can be rearranged

as

log[-In(l— X (T)]=log K(T)-mlog B (2.35)

The graph can be plotted between log[—In(1— X (T)] vs log g to get the value of K (T) and

‘M~ from the intersection with the Y-axis and slope of the line [153].

Mo model: Mo model is a developed model which is in relation with Avrami and Ozawa model.
Avrami model is based on the relation between X;with t and Ozawa model relates to X(T) with
B. In this model relationship between ‘t” and ‘B’ can be established. This two terms can relate

as

t=-" (2.36)

Where To is the temperature at initial crystallization (at t=0), ‘ T ’ is the temperature at time‘t’.
The following equation was developed from the Avrami and Ozawa model assumptions
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log K, +nlogt =log K(T)-mlog (2.37 a)

log £ =(1/m)log[K(T)/K,]-(n/m)logt (2.37 b)

log B =logF(T)—alogt (2.37¢)

1/m
K(T
where F(T):{%} and a=n/m

t

Slopes and intercepts can be calculated from the reasonable linear graph plotted between In 3

vs In t to calculate the “ @ ’ and “log F (T ) ”.The physical significance of log F(T) and a is very

important for crystallization point of view [155].

Tobin model: Avrami model only gives an idea of initial crystallization, it cannot describe the
whole crystallization process alone. Secondary crystallization is also taking place in most of
the cases. Tobin model is very much useful for the understanding of primary and secondary
crystallization process. This model gives a better insight into the phase transformation kinetics
and growth impingement. The Tobin model can be expressed as

K. t™

=— 2.38
CLEK T (2.38)

Where KT > is Tobin parameter for crystallization rate constant, ‘[l > is the Tobin exponent

and ° XI ’ is the relative crystallinity at a time “t’, <N is responsible for different nucleation

and growth mechanisms.

X
Iog{1 ;( }: log K, +n; logt (2.39)

t
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The graph is plotted between Iog{l X;( } vs log t and the values of ¢ KT’ and ‘I, ’ can be

t

calculated from the intercept and slope of the linearly fitted lines [156].

Kissinger method for effective activation energy of crystallization: Energy of activation of

crystallization generally depends on two factors
1. Minimum requirement of the diffusion energy to reach the crystallization sites.

2. The requirement of energy to form crystallites of a critical size from where growth starts.
AE is a temperature dependant term and it depends on the morphology and dimensions of the

nanofillers

The effective change in the activation energy of crystallization ( AE ) by using the Kissinger

To

equation below [157]

where ¢ s is the heating rate (°C/min), ¢ Tp ’ is the peak crystallization temperature and ‘ R’

is the universal gas constant [156].
2.6 Hydrolytic degradation investigations of the fabricated foams

With the aid of hydrolytic degradation of developed nanocomposite foams, the change in a
property of foams with respect to different condition (pH and temperature) can be analyzed.
The hydrolytic degradation was carried out at temperatures 35 °C + 2 °C and 55 °C £ 2 °C with
acidic (pH=2), neutral (pH=7) and basic (pH=12) solution. The degradation temperature was
selected as per various previous literature [158,159]. The pictorial representation of the process

can be found in Fig. 2.8. The targeted samples for hydrolytic degradation were cut into uniform
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pieces of dimension 2 cmx2 c¢cm and dipped into the above-mentioned solutions. A similar
amount of solutions (~50 ml) was taken for all the samples. For the experiment, the samples
were taken off from the solution after a regular interval, washed twice with MiliQ (millipore
water), then dried at 60 °C for 2 h and further taken for analysis. The residual weight fraction
of the foams was determined by gravimetric analysis, where the weight of the samples before
and after degradation measures. The residual weight fraction was measured following the
below equation as a function of degradation time (t).

W,
= —Lx100%
¢ v 0 (2.41)

0

Where ¢ is the residual weight fraction, W, is the weight after time t and W0 is the initial

weight of the sample. The hydrolytic investigations were carried out for 120 h and degraded
samples were dried at ~40 °C for 6 h for further analysis. Different investigations like XRD,
FESEM, TGA, DSC, GPC, colour, wettability phenomena etc. were performed for the

degraded samples to study the effect of hydrolytic degradation on foam properties.

Fabricated foam

Ly e <

Acid Basic Neutral
pH=2 pH=12 pH=7
) W W

Hydrolytic degradation

Fig. 2.8 Hydrolytic degradation investigation of fabricated foams.
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The different hydrolytic samples used in this research (MG and SNC-based fabricated foams)
were abbreviated as nPLA_acid_35, PLA/MG 1 acid_35, PLA/MG 2_acid_35, PLA/MG
3_acid_35, PLA/SNC 1 acid_35, PLA/SNC 2_acid_35 and PLA/SNC 3_acid_35 for acidic
medium at 35 °C. Similarly, samples for basic medium at 35 °C were abbreviated as
nPLA basic_35, PLA/MG 1 basic 35 PLA/MG 2 basic_ 35 PLA/MG 3 basic_35,
PLA/SNC 1 basic_35, PLA/SNC 2_basic_35 and PLA/SNC 3_basic_35. The samples for
neutral medium at 35 °C were abbreviated as nPLA neutral 35, PLA/MG 1 neutral_35,
PLA/MG 2 neutral 35, PLA/MG 3 neutral 35, PLA/SNC 1 neutral 35, PLA/SNC

2_neutral_35 and PLA/SNC 3_neutral_35.

Similarly, for 55 °C, the MG and SNC-based fabricated foams were abbreviated as
nPLA acid 55, PLA/MG 1_acid 55, PLA/MG 2 _acid 55, PLA/MG 3 acid 55, PLA/SNC
1 acid_55, PLA/SNC 2_acid 55 and PLA/SNC 3_acid 55 for acidic medium at 55 °C.
Similarly, samples for basic medium at 55 °C were abbreviated as nPLA_basic_ 55, PLA/MG
1_basic_55, PLA/MG 2_basic_55, PLA/MG 3_basic_55, PLA/SNC 1_basic_55, PLA/SNC
2 _basic_55and PLA/SNC 3_basic_55. Samples for neutral medium at 55 °C were abbreviated
as nPLA_neutral 55, PLA/MG 1 _neutral 55, PLA/MG 2_neutral 55, PLA/MG 3_neutral_55,

PLA/SNC 1_neutral_55, PLA/SNC 2_neutral 55 and PLA/SNC 3_neutral_55.

2.7 UV irradiated degradation of fabricated foams

For the photodegradation (UV) investigations, the fabricated PLA and PLA/bionanofiller based
foam samples (5 cmx5 cm) were exposed to UV lamp. The UV lamp (8 W, dominant
wavelength: ~360 nm, Narva, Germany) was installed 25 cm above the exposed top foam
surface. The temperature of the UV chamber was maintained at ~40 °C. Samples were collected
after an interval of 1 week, 2 weeks and 3 weeks for further analysis. Different analytical

methods like FTIR, FESEM, TGA, DSC, GPC, contact angle, color etc. were investigated to
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study the effect of UV irradiation on the fabricated PLA based foams. The photodegraded MG
and SNC-based fabricated foam samples in the current investigation were abbreviated as

according to the week of degradation as 1 week, 2 weeks and 3 weeks.
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Chapter 3

Studies on Poly (lactic acid) and Cellulose nanocrystals (CNC)
based Microcellular Composite Foams

This chapter addresses the fabrication and detailed investigations of PLA and PLA/CNC based
foams. The pore size of less than 10 microns is achieved for the fabricated foams. From the
porosimetric investigations of the fabricated foams, an increase in surface area with nanofiller
concentration is observed. CNC mainly acts as a nucleating agent in the PLA foam matrix.
Effect of CNC is mainly observed in thermal, wettability and thermo-mechanical properties of
the fabricated foams. Static and dynamic wettability investigations are performed for the
fabricated foams. Thermal degradation investigations along with a mechanistic approach to
degradation behavior of PLA/CNC based foam has discussed thoroughly in this chapter.
Isothermal TGA hyphenated FTIR investigations are carried out to understand the degradation
mechanism. Both “model free” and “modelistic ” approaches like Kissinger-Akahira-Sinouse,
Flynn-Wall-Ozawa, Friedman, Augis Bennet, Criado etc. are utilized to calculate the
activation energy. From the investigation, it is observed that complex degradation mechanism
like three-dimensional diffusions might be taking place at higher conversions of the fabricated
foams. From the non-isothermal crystallization investigations, it can be concluded that CNC
acts as a nucleating agent at lower loadings and gives hindrance to the chain folding of PLA
at higher loading. Combined effects of porosity and CNC are mainly observed in thermal
degradation studies whereas the effect of CNC is mainly observed in the crystallization studies.
A detailed comparison between porous and non-porous PLA/CNC system is also included in

this chapter.

Parts of this research work has received scientific recognition as follows:

1. Shasanka Sekhar Borkotoky, Prodyut Dhar and Vimal Katiyar. "Biodegradable poly
(lactic acid)/Cellulose nanocrystals (CNCs) composite microcellular foam: Effect of
nanofillers on foam cellular morphology, thermal and wettability behavior.” International
Journal of Biological Macromolecules 106 (2018): 433-446.

2. Shasanka Sekhar Borkotoky, Gourhari Chakraborty and Vimal Katiyar. “Thermal
degradation behavior and crystallization kinetics of poly (lactic acid) and cellulose
nanocrystals (CNC) based microcellular composite foams.” International Journal of Biological
Macromolecules 108 (2018): 1518-1531.
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3.1 Introduction

The importance of bio-based and biodegradable porous polymers is growing day by day due to
the generation of plastic waste, which in turn raises the ultimate disposal materials, carbon
footprint, global warming etc. In this regard, porous materials have some very important
properties such as high surface area, low thermal conductivity, lightweight, high permeability,
low density etc. Foams can be prepared from all three types of materials e.g. metal, ceramic
and elastomers. However, the use of elastomeric foam is tremendous in our daily life. The
polymeric foams got attention in the market due to the demand for materials such as shock and
sound absorbers, lightweight materials etc. Due to its huge demand in the above fields, the
annual production of polymeric foams has a large share of the total polymer production in the
world [27,160-162]. At present, the major market players for polymeric foams are the
conventional non-degradable foams like polyurethane, polystyrene, polypropylene etc.
However, due to the ultimate disposal problems of these non-degradable polymers,
biodegradable polymeric foams can play a major role in the future. Recently, a handful of
investigations have been reported in biodegradable poly (lactic acid) (PLA) foams. PLA foams
can be a better replacement in green packaging to the non-degraded foams [163]. PLA foams
have the potential to compete with conventional non-degradable petroleum-based foams like
polyurethane, polystyrene etc. in some of the applications where degradability is a major area
of concern [164]. Foam materials have to fulfill some requirements for the specific type of
applications (biomedical applications, drug delivery etc.) including cell size, cell density and
porosity. In recent investigations, it was observed that the melt strength of polymers is the most
important parameter to fabricate desired foams [165,166]. PLA has poor melt strength, where
some modifications need to be carried out for improved melt strength of PLA. The properties
of the biodegradable PLA foams can be tuned by using various nanofillers, additives etc.

Various properties of the degradable PLA foams may be improved by incorporation of clay
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nano particles [167]. However, the addition of bionanofillers in the PLA foams has not been
extensively investigated yet. The cellulose nanocrystals (CNC) are smart nanobiomaterials,
which can be derived from natural resources [38,39,168]. It has the potential to be used in
various applications like sensor, biomedical and pharmaceutical and in packaging industries
[169,170]. CNCs has lots of advantages over other nanoparticles such as high surface area,
high aspect ratio, non-toxicity, biodegradability and other optical properties [40]. In general
studies, CNCs are used to improve various mechanical and barrier properties of various
biopolymers [121].

The thermal degradation behavior of the polymeric foams is very important to investigate for
their ultimate mode of application. It is observed in various literature that at high temperatures
polymeric chains starts to separate and react with one another [171]. Researches are going on
for the thermal degradation kinetics of polymeric foams. The thermal degradation kinetics of
PLA foams have investigated by GePu et al. [172]. Thermal degradation investigations are
very important to understand the thermal behavior and degradation mechanism of PLA foam
and the product formed during degradation. Various factors affects the degradation of PLA
such as molecular weight distribution, nanofillers, oligomers, monomers and catalyst [173].
From literature, it is observed that the main degradation products of PLA based foams are
mainly cyclic oligomers, carbon monoxide, carbon dioxide, acetaldehyde, hydrocarbons and
so on. The intensity of this product can vary with concentrations of nanofillers, catalyst and so
on [7,174,175].

Crystallization of polymer is the process of formation of a particular array of polymer chains
from a random state. Nucleation and crystal growth are the two major phenomena, which
govern the crystallization process. The nano reinforcement materials acting as nucleating
substance can alter the crystallization behavior of virgin polymer. Therefore, the rate of
crystallization, the morphology of crystals of polymer composites sometimes gets affected
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because of the presence of reinforcements, thus the property of the composites also changes.
The efficiency of properties for biodegradable polymers like PLA is very much relied on the
degree of crystallinity of the matrix. Therefore, investigation of crystallization kinetics is
highly needed to understand the effect of the reinforcement on chain folding behavior. Non-
isothermal and Isothermal crystallization kinetics study are the two general methods to study
the polymer crystallization.

In our investigation, CNC nanobiofillers are used at different loadings in the foam matrix to
investigate the effects on surface morphology and other properties of the foam. The effects of
CNCs in PLA foam at different loadings in thermal properties have been investigated in this
chapter. Dynamic mechanical analysis has been performed for the foamed samples to
investigate the thermo-mechanical behavior of the fabricated foam both in tensile and
compressed mode. The detailed wetting investigations have been performed in all the samples
in foamed and compressed conditions to see the effects of CNCs in the surface morphologies
on wetting. Wettability study is very important for various types of applications like coating,
printing, waterproofing etc. We have performed both the static and dynamic contact angle
studies of the fabricated foams. Contact angle hysteresis (CAH) has been investigated to see
the effects of nano bio-fillers in wetting. The morphological changes, changes in density and
porosity with CNCs loadings has also investigated in the current study. A linear model has
been used to find the Young’s contact angle and is compared with experimental values. The
study has been conducted to develop an approach to fabricated biodegradable PLA foams in a
cheap and comparatively easy way than the conventional techniques like solid-state foaming.
The cell density and average cell size has been calculated by using FESEM micrographs. The
thermal degradation kinetics behavior of the fabricated foams is thoroughly investigated by
dynamic TGA studies at different heating rates. The activation energy (Ea) values of the
fabricated foams are calculated using different approaches (Flynn-Wall-Ozawa (FWO),
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Kissinger-Akahira-Sinuose (KAS), Friedman Augis-Bennet and Kissinger). Finally, the
degradation mechanism of the fabricated PLA and PLA/CNC based foams are proposed by
using Criado method and isothermal hyphenated TGA-FTIR investigations at two different
conversions as suggested by the Criado plots. The crystallization kinetics of the fabricated
foams are investigated thoroughly in this chapter. Different models for crystallization kinetics
like Avrami, Tobin, Ozawa, Mo etc. have been utilized in this investigation. This chapter
provides enough information on the thermal degradation Kinetics, degradation mechanism
along with product formed during degradation process and crystallization Kinetics of the
fabricated PLA and PLA/CNC based foams for their probable applications in fields like
biomedical, packaging etc. The main objective of this chapter is to develop a biodegradable
foam with improved properties for various useful applications so that the fabricated foam can
be a possible green replacement to the conventional foams.

3.2 Results and discussions

In this section of the chapter, the results and observations obtained from various analytical

methods is discussed along with probable scientific explanations.

3.2.1 Chemo-physical properties of foams

The average density of PLA granules is found to be 1.223 g/cm3. However, in the case of nPLA
foam, the density is found as 0.20+0.01 g/cm?®. The significant reduction in the density is mainly
due to the leaching of porogen molecules with subsequently filling of spaces with air in the
pores, which decreases the mass of the sample and ultimately affects the density. However,
the density (Table 3.1) shows an increasing pattern with the addition of CNCs into the polymer
matrix. The addition of CNCs in the matrix increases the number of cells in the matrix and
hence influenced the ultimate density of the foam samples. The densities are found to be
0.22+0.01 g/cm?®, 0.23+0.01 g/cm? and 0.24+0.01 g/cm?® for PLA/CNC 1, PLA/CNC 2 and
PLA/CNC 3 respectively. It is essential to mention here that low density of foam is always
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desirable for several applications like biomedical scaffold applications, drug delivery
applications etc. This is a phenomenon that could be explained by FESEM images of the foams.
The increase of the density of PLA based foams with CNC loading might be due to the effect
of CNC in the PLA matrix which influences the mass of the foam [11]. The results of the weight
analysis are shown in the table below. The volume expansion ratio (VER) of the fabricated
foams (Table 3.1) are calculated by using the formula discussed in the previous chapter. The
porosity (P) values are calculated as shown in Table 3.2.

Table 3.1 Weight analysis, density and expansion ratio of PLA/CNC-based foams.

Samples Dry Dry Avg. density VER Foam Type
weight weight
(before (after (g/cc)
leaching)  leaching)
(9) (9)
nPLA 34.6 2.8 0.20+0.02  6.05+0.38 Medium
density
PLA/CNC 1 31 3.6 0.22+0.02  5.49+0.31 Medium
density
PLA/CNC 2 34 3.8 0.23+0.02  5.21+0.30 Medium
density
PLA/CNC 3 32 3.5 0.24+0.02  5.05+0.30 Medium
density

Avg. density of the PLA granules is found to be 1.22+0.01 g/cc.

X-ray diffraction patterns of nPLA foams and PLA/CNC foams with different loadings are
shown in Fig. 3.1. The sharp peak is observed at 16.6° and 19.1° that corresponds to the (1 0
1) and (1 1 0/2 0 0) planes of a-crystals in nPLA foam. In the case of CNC, two peaks
corresponding to (1 1 0) and (2 0 0) plane are observed at 19.8° and 21.9°. In the case of
PLA/CNC based foams, these peaks are found at 19.1° and 22.4° with 1% loading of CNCs.
Peaks at 22.4° represent the presence of CNCs in the composite foams and indicate the

existence of hydrogen bond type of interaction between PLA and CNC in nanocomposites foam
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[121,176]. An increase in peak intensity is observed in PLA/CNC based foams while other
parameters of experiments and XRD analysis are kept identical. The increase in peak intensity
is due to the higher crystallinity, which may be due to the nucleating effect of CNCs within the
PLA matrix. This is only possible when a good degree of polymer-filler interaction exists
between the two. The crystallinity index (lcr) values are calculated from the XRD graph, where
the crystallinity of the nPLA foam is measured as 42.9%. Further, with the increase in CNCs
content, the crystallinity (%) are also increasing. Crystallinity (%) values of PLA/CNC 1,
PLA/CNC 2 and PLA/CNC 3 are found to be 43.6%, 44.0% and 55.6% respectively. The
crystallinity of the highly expanded foams is mainly occurred during processing of the material.
The a-crystals are mainly dominant in the PLA foams. This affirms that the presence of CNCs
in the matrix promotes nucleating sites, which causes the increase in crystallinity without

changing the crystal structure.
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Fig. 3.1 XRD patterns of various samples of PLA and PLA/CNC-based foams.
93 |Page

TH-2018_136107011



Additionally, number average molecular weight (My), weight average molecular weight (Mw)
and polydispersity index (PDI) values (Table 3.2) are calculated by using GPC system. It is
observed that nPLA foam has a Mn and My value of ~124580 Da and ~219750 Da. The
introduction of CNCs in the foam matrix has not affected the molecular weight values of the
foam samples. No significant changes in molecular weight are observed in PLA/CNC 1,
PLA/CNC 2 and PLA/CNC 3 foam samples. The PDI values are observed in the range of ~1.74
to ~1.76 for the foam samples.

Table 3.2 TGA, Porosity and molecular weight investigations of PLA/CNC-based foam.

Sample TGA Analysis Porosity GPC Analysis
(%)
Tonset Tmax Too M (Da) Mw (Da) PDI
(°C) (°C) (°C) (P)
nPLA 359.7° | 376.4° | 385.9° 83.4+1.2 124580 | 219750 | 1.76

PLA/CNC1 | 353.0° 372.3° | 381.9° 81.7+1.0 125760 | 215560 | 1.71

PLA/CNC 2 | 360.1° 378.0° | 385.5° 80.7+1.3 126990 | 223140 | 1.76

PLA/CNC 3 | 352.3° 373.7° | 383.4° 80.1+1.0 125200 | 217330 | 1.74

From the FTIR spectrum (Fig. 3.2), distinct characteristic FTIR peaks are observed around
~866 cm™, ~1073 cm™, ~1454 cm™, ~1742 cm™ and 2926 cm corresponding to -C—-O—C—
bond stretching, —CHs asymmetric vibrations, —CH bending vibrations, —C=0 vibrations and —
CHzs symmetric vibrations respectively for nPLA foam. The characteristic peaks of sucrose are
present in lower wavenumbers. The peak at 908 cm™ attributed to —.C—O stretching vibrations
of sucrose. Peaks around ~1300 cm™ and ~1400 cm™ attributed to the bending vibrations of —

OH group and bending vibrations of C—H group of sucrose respectively. The peaks observed
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at 3380 cm™ and 3556 cm™ attributes to the stretching vibrations of —OH group of sucrose
[177]. For the case of CNCs, peak at 2908 cm™ represents the —CH stretching band, peaks
around ~1163 cm™* represents the C-O-C stretching in p-1,4- D glycosidic linkage present in
CNCs and peaks at ~1427 cm* represents the symmetric —CH bending peak. The prominent
peaks of ~908 cm™* for —C-O stretching vibrations and ~3556 cm™* for stretching vibrations of
—OH of sucrose are not present in other samples. A broad peak at around ~3500 cm™ in all the
PLA/CNC foamed samples represents the —OH functional groups. This peak indicates the
formation of strong intra or intermolecular hydrogen bond of CNCs with the PLA matrix. The
presence of peaks near ~1750 cm™ in all the nanocomposite foams indicates the presence of
free —C=0 groups. Similarly, the peaks around ~1450 cm™ and ~2940 cm™ in all the
nanocomposites represents the symmetric —CH2 bending and stretching vibrations, respectively

[40,121,176].
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Fig. 3.2 FTIR spectrum of the CNC, sucrose, PLA and PLA/CNC-based foams.

3.2.2 Thermal properties of PLA/CNC-based foams
Thermogravimetric analysis (TGA) (Fig. 3.3) is used to determine the onset degradation
(Tonset), maximum degradation (Tmax) and temperatures at which 90% reduction of weight

occurs (Tgo) of nPLA and PLA/CNC based foams (Table 3.2). In case of nPLA foam, the onset
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degradation is found to be ~ 359.8 °C and Tmax 0f ~376.48 °C, which is due to hydrolysis, and
oxidative chain scissions of PLA chains present in the matrix [178]. All the graphs show a
single step degradation of foams. The introduction of CNC did not show any significant
improvement in the thermal properties of the foam. In the case of PLA/CNC 1 the Tonset Value
slightly decreases (~5 °C) to a value of 353.1 °C compared to PLA. The DTG plot (Fig. 3.3)
suggests the maximum degradation temperature (Tmax). The Tmax Value also decreases (~4 °C)
compared to the neat counterpart. However, in case of PLA/CNC 2, a comparable value of
Tonset, Tmax IS found in regards to PLA, which may be due to the uniform dispersion of CNCs
in the matrix compared to PLA/CNC 1. At higher loading of CNC (PLA/CNC 3) the Tonset and
Tmax values decrease (~7 °C for Tonset and ~3 °C for Tmax) than neat PLA counterpart. It is
observed that CNC enhances the degradation of PLA and hence effects the thermostability
[121] of the fabricated foam.

Non-isothermal melt crystallization behavior of nPLA and PLA/CNC foams are investigated
at a heating rate of 10 °C/min by using Differential scanning calorimetry (DSC) analysis under
inert atmosphere (Fig. 3.4). For the analysis, DSC second heating thermographs of nPLA and
PLA/CNC foams are considered. The single peak in the melting region indicates a
homogeneous distribution of crystals in an ordered arrangement. However, the addition of
CNC into the matrix is not affecting much in the melting point of the foams as seen from the
endothermic peak for PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3. At higher temperatures, the
peak indicates the melting of the perfect crystals [179]. From the thermographs, it was observed
that in the case of nPLA foam, the T was at 61.4 °C. Temperature of crystallization (T¢) value
for all the samples are found near ~110 °C, indicating that CNCs has no significant effect in
Tc. The Ty value of the PLA foam was not changing much on the incorporation of the CNC
which indicates that there is no formation of short-chain PLA molecules. Single Tq4 values are
found in all the samples which indicate the good compatibility of CNC in the PLA matrix.
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3.2.3 Characterization of the gaseous products evolved using TGA-FTIR hyphenated

system

To understand the thermal decomposition behavior of the fabricated foams, the generated

gaseous products from TGA are analyzed by hyphenated TGA-FTIR system for nPLA and

PLA/CNC 3 foams. The 3-D graphs of the samples in a dynamic temperature range of 30 °C-

700 °C are shown in Fig. 3.5. The weight loss observed from the graph is similar for all the

samples and a single step degradation pattern is observed for all the samples as discussed

earlier. The evolution of various gaseous products is observed beyond ~300 °C. The main

degradation of PLA/CNC foam is observed in a temperature range of ~320 °C-~450 °C with

TH-2018_136107011
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two prominent peaks, representing cyclic oligomers (~1790 cm™) and carbon dioxide (CO5)
(~2350 cm™). The FTIR peaks corresponding to various degradation temperatures (with ~20
°C increments) are shown (from ~300 °C to ~400 °C) in Fig. 3.6. The intensities of the peaks
of degraded products are found to be highest at Tmax for the samples, which indicates that
decomposition of PLA is maximum at that temperature. The main degraded products obtained
from the nPLA and PLA/CNC 3 foam are identified as water (H20) (~3577 cm™),
hydrocarbons (HC) (~2952 cm™* and ~3010 cm™), carbon dioxide (CO,) (~2350 cm™), carbon
monoxide (CO) (~2180 cm™ and ~2106 cm™) and cyclic oligomers or lactides (~1790 cm™)
[124,180,181]. Other noticeable FTIR peaks include -CH- stretching (~1377 cm™), -C=0-
stretching (~1240 cm'Y), -C-O- stretching (~1100 cm™) and -C-C- stretching (=930 cm™).

The prominent peak of oligomers is generated around ~340 °C and vanishes after ~400 °C,
which indicates that maximum decomposition of foam is happening at this temperature range
for the samples. Carbon dioxide (CO>) is generated beyond 360 °C corresponds to the chain
hemolysis of PLA [180]. Formation of carbon monoxide might be due to some extent of
decomposition of hydroxyl end initiated ester and the reduction of peak intensity after ~380 °C
might be due to the insignificant effect of hydroxyl end initiated ester decomposition [124,182].
The main degraded products of nPLA and PLA/CNC foam are same and they follow the same
pattern of degradation, hence it can be concluded that the incorporation of the CNC fillers in

small loadings does not alter the main degradation products of the foam.
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3.2.4 Thermo-mechanical analysis

The dynamic mechanical response of the various foams as a function of temperature in terms
of storage modulus (E") and loss modulus (E™) in compression and tensile mode of analysis are
shown in Fig. 3.7. The influence of the CNC on the thermos-mechanical behavior in terms of
E'and E" are investigated. In the compressive mode, it is observed that on the introduction of
CNCs in the foam matrix, the E' values increases by ~1.5 times for PLA/CNC 3 compared to
nPLA foam. The increase in E' with CNCs concentration might be due to the formation of
cross-linked structure, crystallinity (more ordered regions developed) and better dispersion of
CNC in the PLA matrix which leads to better adhesion of CNC. It is observed that no effect of
parameters until the onset of the softening of the foam. After 55 °C, there is a sudden increase
in the value of storage modulus in all the samples is noticed, which is due to the sudden
densification of the foams in the onset of glass transition temperature (Tg) of the foam [78]. In
case of E" curve also similar phenomenon is observed.

It is observed from the curve that in the tensile mode, the storage modulus values of the foams
increase with the increase in filler concentration (~2.5-fold increase in PLA/CNC 3 compared
to nPLA foam), which can be supported by crystallinity values as discussed above in
subsequent section. The CNC are uniformly dispersed in the PLA matrix which leads to the
formation of more ordered crystalline regions in the matrix and leads to the effective transfer
of CNC modulus to the PLA matrix which might be the reason of increasing values of E' which

is accompanied by the values of E".
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3.2.5 Wettability studies of PLA based foams

Wettability investigations are carried out by using contact angle analysis (Fig 3.8). The static
contact angle for nPLA is found to be 127.0°+3.2°, which indicates the hydrophobic nature of
the foam surface. The hydrophobic nature of the foam surface might be due to the surface
texture. To understand the wetting phenomenon, we have analyzed the wettability of the
compressed foam, foamed surfaces are compressed to investigate the effect of surface
morphology in the contact angle. Due to which the foamed structure is collapsed and a smooth
surface is obtained. From the results (Table 3.3) it can be concluded that the contact angles are
decreased to a large extent (~53°) in case of NnPLA, which is due to the absence of the effects
of foamed morphology. The static contact angle decreased to (~60°) in case of PLA/CNC based
foams due to the possible rearrangement of CNC fillers in the PLA matrix, which is possibly

due to the combined effects of PLA and CNCs present on the surface.

Table 3.3. Static contact angle values of PLA and PLA/CNC-based foams.

Samples Static Contact Angle Static Contact Angle

(Surface with texture) (Compressed surface without texture)

nPLA 127.0°+3.2° 74.1°%2.1°
PLA/CNC 1 131.0°+2.4° 75.0°+2.1°
PLA/CNC 2 138.0°+1.8° 77.0°+1.1°
PLA/CNC 3 140.0°£1.5° 80.0°+2.2°

It is also found from the studies that on increasing the concentration of CNC, the contact angle
increases to 140.0°+1.5° in case of PLA/CNC 3. The dispersion of nanobiofillers alters the
surface morphology affecting the wettability of the foams. The better dispersion of the
nanobiofillers in the matrix generates more pores in the sample, which ultimately gives a

comparative uniform, and smaller pores (~1.79+0.31 um). The introduction of CNC increases
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a total number of pores, which affects the contact angle as the contact angle is depending on
the surface morphology and roughness. However, higher contact angles are observed in
rougher surfaces [183]. All the values of contact angles are measured and it is observed that all
the surfaces act similarly in wetting phenomena. From the study, we can conclude that the
higher angles present in the foamed structure are due to the effects of surface morphology and
texture along with the combined effects of PLA and CNC present in it. Due to the collapse of
the foamed structure, we observe a similar trend in wettability. Therefore, the previously made
assumption on the effect of surface texture and morphology of foam on its wettability property
can be justified here. To understand more into the reason behind such behavior, we have made
a rigorous study on the dynamic contact angles of the PLA foam and its nanocomposites in the

next section of the linear model.

A B

nPLA I 127°43.2° | PLA/CNC 1 il3l°t2.4° nPLA ' 74.1°42 1° | PLAICNC 1 ' i by

s .0 ®&  ®

PLA/CNCZI 138°+1.8° PLA’CNC3| 140°1.5° | loLareNG 2 S PLA/CNcsl 80°42.2°

0o 0o .8 ®

Fig. 3.8 Static contact angle values of PLA and PLA/CNC based foams in A) surface with
texture, B) surface without texture (compressed surface).

3.2.5.1 Comparison between experimental and predicted values of Young’s contact angle
The linear modeling of the dynamic contact angle in all the foam samples are carried out to
evaluate the concept behind the effect of CNC onto the PLA foams (Fig. 3.9). The advancing

contact angle and receding contact angle values are calculated from both experimental and as
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predicted by the linear model (Table 3.4) at 27 °C. The advancing and receding contact angles
strongly suggest the applicability of this model in the studied system of PLA/CNC 2, which

may be due to more numbers of pores generated and the dispersion of CNC on the foam surface.
The slope (k) values for the curves (t9adv —H ) and hysteresis (H) values are shown in Table

3.5. The CNCs has no such significant effect on advancing and receding contact angle of the

fabricated foams.
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Fig. 3.9. Advancing C.A. vs. Hysteresis for PLA and PLA/CNC-based foams.

Young’s contact angles are calculated for all the samples of PLA/CNC foams along with nPLA

foam. In the case of PLA/CNC 1, the regression value is 0.88, which means the model slightly
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deviates from linearity. In the case of PLA/CNC 2, the model has strong applicability than the
other samples (regression value 0.96). Higher loading of CNCs may lead to some
agglomeration effecting the overall state of nanofiller dispersion within its polymer matrix.
Nevertheless, it is understandable from the analysis that the hydrophobic nature of a polymeric
foam is greatly determined by the surface topography, which again is dictated by the
incorporated nature of bionanofillers. Young’s contact angle from both experimental and
predicted by the linear model is tabulated in Table 3.6.

Table 3.4 The experimental and predicted values of advancing and receding contact angles.

Samples (foamed) | Advancing Contact Angle Receding Contact Angle
Experimental Predicted Experimental Predicted
nPLA 139.5°+5.1° 131.12°+4.2° 108.3°+£13.6° 100.0°%9.8°
PLA/CNC 1 142.0°+4.1° 129.5°+3.9° 108.9°+£18.9° 96.4°+11.6°
PLA/CNC 2 136.8°+10.9° 134.2°+6.2° 84.5°+£11.3° 81.8°+7.5°
PLA/CNC 3 144.3°+13.8° 152.1°+8.9° 103.8°%5.8° 111.6°+8.8°

Table 3.5 The value of slope (k) from the graph (&, —H ) and hysteresis (H= 0,5, = 0.)

Samples Slope (k) Hysteresis (H)
nPLA 0.27 31.2°+£3.3°
PLA/CNC 1 0.17 33.0°£2.9°
PLA/CNC 2 0.49 52.3°1+4.9°
PLA/CNC 3 0.75 40.5°£3.7°
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Table 3.6 Young’s contact angle values (experimental vs predicted)

Samples Young’s C.A. (experimental) Young’s C.A. (predicted)
nPLA 122.5°+7.8° 114.5°46.6°
PLA/CNC 1 123.8°+£9.9° 112.0°48.5°
PLA/CNC 2 108.4°+8.0° 106.1°+6.8
PLA/CNC 3 121.7°46.5° 128.7°+6.0

It can be observed from the table that in the case of PLA/CNC 2, the linear model is more

accurate compared to other cases.

3.2.6 Morphological studies

The morphology of the PLA based foams can be observed from FESEM micrographs (Fig.

3.10). From the FESEM it is confirmed the presence of open cells in all types of foams. The

CNCs having dimensions ranging from ~500 nm to ~600 nm in length and ~70 nm to ~98 nm

in diameter are shown from FESEM images (Fig. 3.11). In case of CNC based foams, the

dispersion of needle-like CNC in the foam matrix is clearly visible in the cross-sectional views

of PLA/CNC-based foam micrographs at different magnifications (Fig. 3.12) with porous foam

structure observed in all samples. The foam samples are highly dominated by open cell

interconnected structures.

TH-2018_136107011
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Interconnected pores %’

Mag— 8.00 KX

Fig. 3.10 FESEM image of nPLA and PLA/CNC-based microcellular foam.

The cell density and average cell size are calculated in all the foam samples (Fig. 3.13). In case
of nPLA foam, the cell density (N;) is found to be 2.1x10°® cells/cm® with an average pore

diameter of 2.8+1.3 um. In the case of PLA/CNC 1, the cell density is found to be 3.0x10®
cells/cm® and the average cell diameter is found to be 1.04+0.43 pum. The cell density of
PLA/CNC 2 is calculated as 2.7x10% cells/cm® with an average diameter of cells as 1.5+0.54
um. The cell density increases to a value of 2.9x108 cells/cm® with an average cell diameter of
1.81£0.61 um in the case of PLA/CNC 3. The value of cell density is increased than the value

of nPLA foam, which might be due to the formation of more number of nucleating sites by the
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nanobiofiller results in the formation of more number of cells in the foam matrix. The reason
for the observed increasing pore numbers is associated with reduced average pore size on the
incorporation of CNC into the PLA matrix could be attributed to the nucleating effect of the

nanobiofiller [24,27,29]

B Mag= 46.62 KX e

Fig. 3.11 FESEM image of fabricated CNC.

The average particle size of the sugar (finely grinded) before dispersed in the solvent is
analyzed by a polarized optical microscope (POM) (Fig. 3.14). The average particle size
(diameter) is calculated by measuring particle size at different locations of the micrograph and
averaging the values. The average particle size (diameter) is found to be 1.23+0.45 pm. The

sucrose particles are then dispersed in the solvent for fabrication of foams.

111 |Page
TH-2018 136107011



PLA/CNC 1

Mag= 26.48 KX

&
%

PLAICNC 3 PLAICNC 3

Mag= 50.52 KX i — Mag= 50.00 KX ZEISS

Fig. 3.12 CNC nanofiller in PLA/CNC based microcellular foams at different magnification.
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Cell Density (x10° cells/cm’)
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nPLA PLA/CNC 1 PLA/CNC 2 PLA/CNC3
Samples

Fig. 3.13 Cell density, average cell size and volume expansion ratio of foams at different

concentrations of CNC.

s

Sucrose Particles

/\

Fig. 3.14 POM images of sucrose particles before dispersed in the solvent.
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3.3 Dynamic thermal degradation studies of PLA and PLA/CNC based foams
Thermogravimetric analysis (TGA) and DTG plots of the PLA and PLA/CNC based fabricated

foams are shown in Fig. 3.15. The dynamic TGA analysis is performed at four different heating
rates (5 °C/min, 10 °C/min, 15 °C/min and 20 °C/min). The thermal degradation investigations
of the PLA and PLA/CNC based foams are carried out by using different “model-free” and

“modelistic” approaches.

Friedman plots are shown in Fig. 3.16. The model is more suitable at higher conversion values
as observed from the result. At lower conversion values, the method is deviating from linearity.
We have calculated the apparent activation energy values from this model and the values are
found to be ~201.0 kJ/mol, ~205.1 kJ/mol, ~198.2 kJ/mol and ~195.3 kJ.mol for nPLA,

PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 respectively.

FWO plots for the PLA and PLA/CNC based fabricated foams are shown in Fig. 3.17 parallel
straight lines are observed at different conversions for all the foams. The parallel lines observed
in each conversion ranging from a=0.1 to 0.9 for every sample indicates the suitability of the
FWO model to our system. The slopes of the straight lines increase with an increase in the
conversion after a=0.4. The calculated activation energy (Ea) values are tabulated in Table 3.7.
In the case of nPLA foam, the apparent activation energy is observed as ~174.8 kJ/mol and a
similar value is observed earlier [184]. The activation energy is almost similar till a=0.4 which
indicates the less energy requirement for bond breaking at the initial level of conversions and
also indicates the breakage of a similar type of bonds [185]. After 0>0.5 an increase in
activation energy is observed in nPLA foam. This indicated that the thermal decomposition of
the nPLA foam follows a complex mechanism that may include random scission,

depolymerization, diffusion, inter and intramolecular esterification and so on [186].
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Fig. 3.15 TGA and DTG profiles of PLA and PLA/CNC based foams at different heating

rates.
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It can be observed from all the PLA/CNC foam systems that there is a variation of activation
energy with respect to conversion, which indicates that the decomposition of nanobiofillers
also proceeds through a complex mechanism. The apparent activation energy of PLA/CNC 1
foam is observed as ~194.6 kJ/mol. In PLA/CNC 1 foam, the dependence of Ea with a is
observed mainly in two regions. The first region is a=0.1 to 0.3, where a similar E, value is
observed. In the second region, a=0.4 to 0.9, a gradual increase in Ea value is observed (as
shown in Fig. 3.18) which suggests a complex process of decomposition of nanocomposite
foam with at least two different mechanisms. The increase in activation energy might be due
to the effect of CNC nanobiofillers. More energy is required to break the bonds due to the
uniform dispersion of nanobiofillers as suggested by FESEM images. At higher loadings of
CNC, in case of PLA/CNC 2, it is observed that the apparent activation energy is ~175.5 kJ/mol
and in case of PLA/CNC 3, apparent activation energy value is ~171.8 kJ/mol. The decrease
in apparent activation energy compared to PLA/CNC 1 might be due to the presence of an
increasing number of sulfate groups at higher loadings, which may degrade the PLA, and hence
the reduction in activation energy is observed [121]. However, in both the cases of PLA/CNC
2 and PLA/CNC 3, two similar regions are observed as in PLA/CNC 1 for the dependency of

Ea with o. This also suggests the complex mechanism of degradation of the fabricated foams.
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Fig. 3.17 FWO plots for PLA and PLA/CNC-based foams.
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Table 3.7. Apparent activation energy (Ea) at different conversions for PLA and PLA/CNC-

based foams.

Samples FWO KAS Friedman
Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol)
nPLA 174.8 165.3 201.0
PLA/CNC 1 194.6 183.8 205.1
PLA/CNC 2 175.5 165.1 198.2
PLA/CNC 3 171.8 164.3 195.3
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Fig. 3.18 Activation energy (Ea) values from FWO for PLA and PLA/CNC based foams.

KAS plots for PLA and PLA/CNC based fabricated foams are shown in Fig. 3.19. Straight

parallel lines are observed for different conversions which indicate the suitability of the model
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to this system. Linearity is observed in this method. It is observed that the activation energy
values are increasing on increasing the conversion. The slope of the lines is also increases on
increase in conversion values. The apparent activation energy for nPLA is found to be ~165.3
kJ/mol. In case of PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3, the apparent activation energy
is observed as ~183.8 kJ/mol, ~165.1 kJ/mol, and ~164.3 kJ/mol. The Ea values observed is
this method (Fig. 3.20) is in a similar trend as the FWO method, which indicates both iso-
conversion method is suitable for our foam system. However, Friedman method is not suitable
for lower conversion rates. The graphs obtained from Augis and Bennett model is shown in

Fig. 3.21 Almost parallel straight lines are obtained for each sample.
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Fig. 3.19 KAS plots for PLA and PLA/CNC-based foams at different conversions.
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Single Ea is observed from samples. The activation energy obtained for nPLA is ~186.9 kJ/mol.
The activation energies of PLA/CNC based foams are found to be ~217.3 kJ/mol, ~198.2
kJ/mol and ~182.5 kJ/mol for 1%, 2% and 3% loading of CNC. The suitability of the model is
judged by the R? values obtained. The R? values of FWO and KAS are found to be ~0.99. The
above results are found to be in accordance with the above models. We have calculated the
values of “ A ” (Table 3.8) from this model. These values are also in accordance with the
values obtained from other methods. Pre-exponential factor depends on the collision of the

molecules while degradation taking place.
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Fig. 3.21 Augis and Bennett plots for PLA and PLA/CNC based foams.
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Table 3.8 Activation energy (Ea), regression and pre-exponential factor (A) for PLA and
PLA/CNC-based foams at a heating rate of 10 °C/min.

Sample Augis & Bennett model at Kissinger model at
10 °C/min 10 °C/min
Ea(kJ/mol) | R? A sV Ea (kJ/mol) R? A(s?h
nPLA 186.9 0.99 6.3x10% 183.6 0.97 3.3x10%
PLA/CNC 1 217.3 0.92 1.2x10% 198.9 0.96 6.3x10%?
PLA/CNC 2 198.8 0.81 4.5x10%° 185.4 0.99 4.3x10%?
PLA/CNC 3 182.6 0.99 2.5x101 167.0 0.99 1.6x10%°

For the case of “modelistic” approaches, we have calculated the activation energy and the

mechanism of degradation of the PLA and PLA/CNC based foams.

From the Kissinger plots (Fig. 3.22), single activation energy is calculated for each sample. For
nPLA the activation energy is found to be ~183.7 kJ/mol. For PLA/CNC based fabricated foams,
activation energy values are found to be ~198.9 kJ/mol, ~185.4 kJ/mol and ~167.0 kJ/mol for
PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 respectively. From Kissinger method, we have
calculated the value of pre-exponential factors (A), which is required to calculate the values for
thermodynamic parameters. The trend observed from Kissinger is also in good accordance with

the “model-free” approaches.
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The degradation mechanism of PLA and PLA/CNC based microcellular composite foams are
proposed by using Criado method. The Criado plots at 10 °C/min are shown in Fig. 3.23. The
master and experimental curves are shown for PLA and PLA/CNC based fabricated foams.
Master curves are plotted for different degradation mechanisms as discussed in the earlier
chapter. The activation energy (Ea) calculated by using the Kissinger method was used for the

calculations of Criado method.
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Fig. 3.23 Criado plots for PLA and PLA/CNC-based foams.

From the shape of the experimental curves, we can propose the degradation mechanism of the
fabricated PLA and PLA/CNC based foams. It is observed from nPLA, Criado experimental
curves that at lower conversions (0=0.1) overlap F1 and R1 mechanism. On higher conversion,
the mechanism shifted to D3 at a=0.3. Degradation mechanism follows R1 in the range 0=0.4-
0.6. The degradation of nPLA follows F2 mechanism at a=0.4-0.6. At higher conversion 00.8,
mechanism follows D4 type mechanism followed by D1 mechanism. In the case of PLA/CNC-
based foams, it is observed that all the composite foams behave almost similar type of
degradation mechanism. In the case of PLA/CNC 1, the degradation mechanism follows F1/R1
mechanism till a<0.2. Mechanism shifted towards F3 in conversion ranging from a=0.3-0.4.
It follows the F2 mechanism at 0=0.6. At higher rates of conversion (0>0.7), the reaction
mechanism follows D4 followed by D1 mechanism. Similar types of degradation mechanism
can be observed at higher loadings of CNC. In PLA/CNC 2, initially, the degradation follows
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F1/R1 mechanism till 0<0.3. The experimental line overlaps on R1 and F2 at a=0.5 followed
by R1 mechanism till 0=0.6. At higher conversions, degradation mechanism follows D4
mechanism of degradation (¢>0.7). For the case of PLA/CNC 3, it follows F1 mechanism till
0<0.4. At 0=0.4, the experimental line overlaps F3 and F1 mechanisms. The degradation
mechanism follows, F1 till a=0.6. On conversion of 0=0.6, it follows, F2 mechanism. At the
higher conversion of 0>0.7, the degradation mechanism follows, D4 followed by D1 and D2
mechanisms. From the above Criado plots, we can conclude that the mechanism of degradation

of all the composite microcellular foams is similar.
3.4 Investigations from isothermal TGA hyphenated FTIR

The isothermal studies of TGA-FTIR system for PLA and PLA/CNC based fabricated foams
are shown as the 3D plot in Fig. 3.24. The various gaseous products obtained on degradation
is investigated. The investigations are done in two conversions (0=0.3 and 0=0.7). The two
conversions are selected on the basis of Criado plots as it suggests a change in the mechanism
of degradation at these conversions for PLA and PLA/CNC based fabricated foams. The
analysis is done for nPLA and PLA/CNC 1 foam at their respective conversion temperatures
for 1 h. nPLA foam is kept isothermally at ~365 °C and ~379 °C. It is observed from the figure
that the intensity of peaks increased at higher conversion. However, some new peaks are also
observed at higher conversion. Peaks around ~2022 cm™ at 0=0.3 corresponds to -C-O- can
be seen for both the component after 2000 s. Peaks around ~1756 cm™ indicate the formation
of cyclic oligomers. Other small peaks are also observed around ~1110 cm™, ~1246 cm™ and
~1382 cm indicating —C-O stretching, -C=0 stretching and —CH stretching. At higher
conversion (0=0.7), A new peak is observed around ~2344 cm™ indicating the formation of
carbon dioxide at higher conversion. This peak is not present at lower conversion. Other
prominent peaks at higher conversion include ~1228 cm™ and ~1804 cm indicating -C=0
stretching and cyclic oligomers respectively. So a change in the mechanism of degradation is
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observed at higher conversions. Polymers degrade via random depolymerization to produce the

above products. However, at higher conversion, complex mechanisms like three-dimensional

diffusion (D1, D2, and D3) might be occurring which produces products like carbon dioxide

due to chain homolysis of PLA [182].
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Fig. 3.24 Isothermal TGA-FTIR of nPLA and PLA/CNC 1 at conversion (¢=0.3 and 0=0.7).

The results are in accordance with the mechanisms suggested by the Criado method as
discussed earlier. For the case of PLA/CNC 1 foam, it is observed that at lower conversion
(a=0.3) at ~358°C, prominent peaks are observed at ~1790 cm™ indicating the formation of
cyclic oligomers after ~1800 s in isothermal conditions. Other peaks are observed around

~1110 cm™* and ~1246 cm™ indicating the formation of —C-O- stretching and —C=0 stretching.
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Fig. 3.25 Schematic representation of the degradation mechanism of PLA and PLA/CNC-

based foams.

These peaks are also observed in nPLA at lower conversion. At higher conversion (0=0.7) and
at 374 °C, for PLA/CNC 1, a prominent sharp peak is noticed around ~1768 cm™ indicating

the formation of cyclic oligomers after 2000 s of the isothermal condition. Other prominent
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peaks at higher conversion include ~1120 cm™ and ~1264 cm™ indicating the formation of —
C-O- stretching and —C=0 stretching after ~1800 s. Peaks are also observed around ~2344 cm’
1 and ~2187 cm indicating the formation of carbon dioxide and carbon monoxide at higher
conversions. Peak around ~1400 cm™ indicates hydrocarbon formation at this conversion.
Peaks are also observed around ~2671 cm™, ~3000 cm™ and ~3500 cm™ indicating the
formation of C-H=0, hydrocarbons, and water at higher conversions [186]. Therefore, it can
be concluded that the degradation of PLA/CNC follows a complex mechanism and the
mechanism changes at higher conversion. At higher conversions the production of various
products like carbon dioxide, carbon monoxide, water etc. might be due to a complex
mechanism like 3-dimensional diffusion (D1, D2, and D4) causes chain homolysis of PLA and
some extent of hydroxyl end initiated ester decomposition [187]. A schematic representation
of the degradation mechanism of the PLA and PLA/CNC-based foams are shown in Fig. 3.25.
It can be concluded that PLA and PLA/CNC-based foams degraded in similar mechanisms.
CNCs does not alter the degradation mechanism of the PLA based foams. The results from

TGA-FTIR is in accordance with the results obtained from the Criado method [136].
3.5 Melt crystallization kinetics of the PLA and PLA/CNC-based foams

Crystallinity is a very important phenomenon for foams as it influences the cell integrity and
degree of expansion of cells [188-191]. Effects of nanobiofillers in crystallinity, nucleation
rate, spherulite size and temperature of crystallization are well established [124]. It can be seen
from the relative crystallinity curve (Fig. 3.26) that at 2.5 °C/min cooling rate over all time of
crystallization is less for the CNC loaded composite as compared to nPLA. In the case of nPLA
the value is 5.7 min. Whereas the values are observed as ~5.5 min, ~5.8 min and ~5.7 min for
PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 respectively. However, in the case of higher
cooling rates (5 °C/min and 7.5 °C/min), it is similar. At 5 °C/min cooling rate, the value is
observed as ~3.7 min for nPLA whereas, the value is observed as ~4.2 min, ~4.0 min and ~3.5
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min for PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 respectively. In the case of 7.5 °C/min

cooling rate, the values are found as ~2.4 min, ~2.7 min, ~2.3 min and ~2.3 min for nPLA,

PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 respectively. It can be concluded that half time of

crystallization i.e. t o5 is not affected by CNC loading where as for the CNC loaded composites

to.s decreased with the loading of CNC. It may be due to the nucleation effect of the CNC

nanobiofillers in the PLA matrix.

Relative Crystallinity

sl 7.3 min
1.0 4 e~ [ |
nPLA AA“/ o**’ " /
4 A .. | |
A L] n 11.0 min
0.8 - °
A ° .
4 A ® ..
o [ ]
0.6 - A -
A 'Y m
0.4 L e n
4 . e I.
1 A o | n
® - m
0.2 A o L
- o° o at m 2.5°C/min
a¥ : : 0 .
.0 - aun®” . ® 5°C/min
0.0 mtl- 24m /37m|n E/'57mm A 75C/min
] R T T T T
0 2 s 8 10 12
Time (min)
139 | Page

TH-2018_136107011



i 7.7 min
1.0 - A‘A/ 5.0 l:l.lr; ......l
| PLA/CNC1 A o® o /
A J - 10.3 min
A ® . :
2 e -
£ 4 ® a
= 0.6 4 A ® m
> IEEECEEEEEEEEEEEEEE SSEELEE . R R
© 04- A o *®
g o . ®
= ] A o . T
‘?t: A ® .
' |
Y 0.2 N . - :
) o 2" : m  2.5°C/min
At et 5°C/mi
A ofun" : : - ¢ min
0.0 - sabdfsnat 2.7 min ‘4.2 min 5.5 min A 7.5C/min
ol A -
I ! I ! 1 ' | ! I ! | !
0 2 4 6 8 10 12
Time (min)
i 8.2 min
1.0 4 ‘M 4.8 mm...." ....ll;
| PLA/CNC 2 e o
A P A 10.5 min
0.8 A o* .
z | 4 ° =
£ A o. "
— _ |
g 0.6 A .o .
g m ® .
o 04 A .’ "
= A ® |
TB' T 5.. n
O A o N
o 0.2 - B m
Ao n :
1 ® | a m 2.5°C/min
o gt °C/mi
0.0 M‘l-lll!'. ' 40min | 5.8 min s ijm_
5/2_3 min@/ A 75C/min
T ‘ g i . II r T T T T
0 2 4 6 8 10 12
Time (min)

140 |Page
TH-2018 136107011



4.8 min  _7.3 min
1.0 AA/' oe” mEN
A o®® o L
) ..l ,/.

PLA/CNC 3 e o .
A o’ a” 10.8 min
0.8 A ° n
A ° .
= ] ® ]
'E A ® | |
— ® u
E 0.6 A ® [ |
7] PY u
5 R
o 044 . @ [
= | A e ]
o 0.2 o . g
A . " m 2.5°C/min
] “ A E...l;. ® 5°C/min
2.3 mins /5
o ; i
I T T T I T T T I T T T
0 2 4 6 8 10 12
Time (min)

Fig. 3.26 Relative crystallinity plots for PLA and PLA/CNC-based foams.

Avrami plots for PLA and PLA/CNC based fabricated foams are shown in Fig. 3.27. From the
plots we have calculated the values of Avrami exponent “l1”” and crystallization rate constant
“K” and values are summarized in Table 3.9. The values are calculated from the slope and
intercept of the linear region of the plots. These to parameters are useful for understanding the
crystallization process. Avrami exponent gives an idea of the nucleation mechanism of CNC
in the PLA matrix in terms of growth of crystals. It can be seen from the plot that all the
fabricated foams behave similarly. A slight deviation from linearity is observed in all the cases
indicating the presence of both primary and secondary crystallization [11]. Avrami plot
suggests the presence of two different types of crystal growth rate in low crystallinity region
and high crystalline region. From the linear region of Avrami plot exponent and rate, constants
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were determined. It is found that the “N” value is ranging from ~2.5-~4.0. In most of the cases,
it is observed that “N” value is found near to ~3 which indicated the plate-like growth of nuclei

over the time.
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Fig. 3.27 Avrami plots for PLA and PLA/CNC-based foams.
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As the value comes nearer to ~2 it indicates the two-dimensional growth of crystals [124]. It is
also observed from the rate constant value that it increases with an increase in cooling rate. A
similar type of observation is noticed for all the PLA and PLA/CNC based foams. From the
rate, constant values it can be confirmed that CNCs act as a nucleating agent and helps in
generation of more numbers of nucleating sites in the PLA matrix and thus affecting the
crystallization rate of the PLA and PLA/CNC-based fabricated foams. The non-integral values

of “n” suggesting both thermal and athermal nucleation in the crystallization process.

Table 3.9 Crystallization parameters from the Avrami and Kissinger.

Sample Cooling Rate tos k N AE
(°C/min) min (min™) (kJ/mol)

2.5 5.7 0.002 3.2

nPLA 5 3.7 0.02 2.7 72.4
7.5 24 0.07 2.7
2.5 55 0.001 R.5

PLA/CNC 1 5 4.2 0.002 3.8 81.3
7.5 2.7 0.03 3.0
2.5 5.8 0.0004 4.0

PLA/CNC 2 5 4.0 0.04 2.2 153.5
7.5 2.3 0.09 2.6
2.5 5.7 0.002 3.2

PLA/CNC 3 5 3.5 0.02 2.9 316.2
7.5 2.3 0.09 2.5

Ozawa plots for fabricated foams are shown in Fig. 3.28. Nonlinearity of the curves are increasing
in the incorporation of CNC nanofillers, which may be due to the nucleation effect of the
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nanobiofiller. The composites are not following homogeneous crystallization behavior like PLA.

Mo plots of the fabricated foams are shown in Fig. 3.29. The value of “a” and F(t) are calculated

from the slope and intercepts of the curves obtained. The range of “a” value of the components
are similar it is in the range of 0.9 to 1.9. In case of nPLA, the values are found as ~1.1, ~1.3, ~1.3
and ~1.4 respectively for 20%, 40%, 60% and 80% relative crystallinity. Almost similar trends
are observed for PLA/CNC based foams. The change in value at a different degree of crystallinity
suggests the change in the mechanism of crystallization. The nonlinearity in the curves also
suggests the primary and secondary crystallization in accordance with the previous methods. The
different values of “a” and “F(t)” at different degrees of crystallinity are summarized in Table
3.10. Increase in “F(t) "value with a degree of crystallization indicating higher cooling rate is
required for higher crystallinity. Tobin plots for PLA and PLA/CNC based fabricated foams are
shown in Fig. 3.30. This method is useful for prediction of the crystallization process as alone

Avrami method cannot predict the whole crystallization process. Tobin method describes the

crystallization with growth site impingement. The value of “N; ” and “Kr ” are calculated from the

plots and summarized in Table 3.10.
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Fig 3.28 Ozawa plots for PLA and PLA/CNC-based foams.
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The I values are found in a range of ~2.0-~5.2. The value is observed in the range of ~3.0-

~3.9 for nPLA, ~3.4-~4.2 for PLA/CNC 1, ~2.0-~5.2 for PLA/CNC 2 and ~2.8-~3.5 for

PLA/CNC 3 respectively. A similar range of Tobin rate constant (KT) and Avrami

crystallization rate constant (k) is observed. Tobin exponent (;) is also in accordance with

Avrami exponent “N”. Hence, good accordance of Tobin kinetic parameters with Avrami is
observed. It is also observed that nt value is generally higher than n value of Avrami at same
sample and the same cooling rates. Tobin plots also deviate slightly from linearity indicating

secondary crystallization in the PLA and PLA/CNC-based fabricated foams [192].
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The change in energy for crystallization is calculated by using the Kissinger method and the
AE values are summarized in Table 3.9. It is observed from the literature that energy of
activation of crystallization is very much related to the transportation of the macromolecular
chains of the polymer in the growing surface. Some earlier investigations of isothermal
crystallization of PLA/CNC film indicates the presence of nucleating effects of CNC
nanobiofillers and also the restriction of chain mobility by the nanobiofillers affecting the
crystallization [193-195]. A more prominent effect of CNC as a nucleating agent and
restriction in chain mobility in non-isothermal crystallization of poly(B-hydroxybutyrate)
composite films is also reported [196]. Increase in crystallization energy on the incorporation
of CNC compared to neat PLA films and CNC acted as a chain diffusion barrier in non-
isothermal crystallization kinetics of PLA/CNC films is also reported by Dhar et.al. [157].
Similarly, in our investigation of non-isothermal crystallization of PLA/CNC based foams, it
is observed that an increase in CNC loading, the AE value also increases. For the case of nPLA
the value is observed as ~72.4 kJ/mol. An increase of ~4 fold is observed for PLA/CNC 3. For
PLA/CNC 1, the value is found to be ~81.3 kJ/mol. The value further increased to ~153.5
kJ/mol for PLA/CNC 2. The increase in the value of AE might be due to the introduction of
CNCs hinders the chain folding of PLA, and thus change in activation energy becomes higher.
The higher value indicates that the crystallization is slower in the case of PLA/CNC based
foams than nPLA [197]. At highest loading of CNC (PLA/CNC 3), an abrupt increase in AE
value is observed which might due to the agglomeration of CNC nanobiofillers in the PLA

matrix which may cause phase separation and more energy is required for crystallization [157].

It is observed from the literature that CNCs act as a nucleating agent and it also restricts the
movement of polymer chains in PLA/CNC based composite films [193,196]. In our PLA/CNC

foam system, it can be concluded that at lower concentrations, CNC mainly acts as a nucleating
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agent, however at higher concentration, due to the agglomeration, CNC gives hindrance to the

movement of polymer chains.

Table 3.10 Crystallization parameters from the Mo and Tobin Analysis.

Sample Mo Cooling Tobin
Xt (%) F () a Rates K, n.
(°C/min)
20 12.4 1.1 2.5 0.002 3.3
nPLA 40 22.2 1.3 5 0.02 3.0
60 28.6 1.3 7.5 0.06 3.9
80 44.2 1.4
20 28.8 1.9 2.5 0.002 3.4
PLA/CNC 1 40 33.9 1.6 5 0.002 4.2
60 81.4 1.9 7.5 0.03 3.9
80 90.9 1.8
20 10.5 0.9 25 0.0002 5.2
PLA/CNC 2 40 16.7 1.1 5 0.06 2.0
60 29.7 1.3 7.5 0.07 3.5
80 34.8 1.2
20 11.3 1.0 3.5 0.003 2.8
PLA/CNC 3 40 16.6 1.1 5 0.01 3.5
60 28.3 1.3 7.5 0.09 3.1
80 34.9 1.3

From the above discussion, it can be concluded that PLA and PLA/CNC-based foams undergo

both primary and secondary crystallization and CNCs acts as a nucleating agent in the matrix.
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3.6 Porosimetric investigations of PLA and PLA/CNC-based foams

The various properties of fabricated foams investigated by MIP are summarized in Table 3.11.
The average pore diameter is decreasing on increasing the CNC loading which might be due to
the nucleating effect of the nanobiofillers, which creates nucleating sites in the PLA matrix
leads to the generation of more number of smaller pores. The increase of ~66% and ~96% in
surface area is observed for PLA/CNC 1 and PLA/CNC 2 respectively compared to their neat
counterpart can also be justified by the above logic. However, for the highest loading
(PLA/CNC 3), a comparable average pore diameter (~1.28um) and surface area (14.48 m?/g)
is observed with nPLA. This decrease in surface area and increase in average pore diameter
might be due to the agglomeration of the CNC nanobiofillers, which creates a phase separation
in the PLA matrix. The porosity of the fabricated PLA/CNC based foam decreases on
increasing the filler concentration due to the generation of smaller pores and larger surface
area. However, in the case of PLA/CNC 3, the porosity observed near to nPLA foam due to the
presence of larger pores compared to other PLA/CNC based foams. CNC is agglomerating and

phase separation is taking place at higher CNC loading.

Table 3.11 Summary of Mercury Intrusion Porosimetry (MIP) Investigation.

Sample Average pore Porosity (%) Surface area (m?/g)
diameter (um)
nPLA 1.45 82 13.62
PLA/CNC 1 0.59 76 22.66
PLA/CNC 2 0.45 74 26.80
PLA/CNC 3 1.28 81 14.48
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3.6.1 Corroboration of foam properties with respect to porosity

In literature, up to ~2-fold increase in crystallization activation energy (AE) of PLA/CNC non-
porous system is reported for the loading of 1% CNC to its neat counterpart [157]. An
increment of ~1-fold in AE than the neat counterpart is also reported for poly(p-
hydroxybutyrate)/CNC based non-porous system at 2% loading indicating the nucleating effect
of CNC in the non-porous system [196]. Similarly, in our porous PLA/CNC system, ~1-fold
and ~2-fold increment in AE is observed for PLA/CNC 1 and PLA/CNC 2 respectively
indicating the nucleation of CNC. However, at highest loading the CNC agglomerates and acts
as a physical barrier for chain movements. The change in AE increments in both the porous and
non-porous system is quite similar. In this investigation, non-isothermal melt crystallization is
performed, where samples are first melted to the desired temperature and then allowed to cool.
So the effect of porosity is not so prominent and the effect of nanofiller is mainly governing
the crystallization process. However, the thermal degradation activation energy of the
PLA/CNC based non-porous system from various models are comparatively less than the
results we found in our PLA/CNC based foam system as discussed earlier. An increment of
~40-~50 kJ/mol in activation energy is observed in the case of PLA/CNC based porous system
[182,186]. The probable reason might be due to the presence of gaseous voids in the foam
system that effects the transfer of heat in the foamed structure and ultimately requires slightly
higher energy for degradation. In addition, it retards the gas diffusion because of the increase
of the tortuous path length due to the porous nature of the fabricated foams. Due to the presence
of voids, the effective heat transfer coefficient reduces. From the previous findings (in section
3.3), mainly diffusion is the governing mechanism of thermal degradation of PLA/CNC system
and the above-mentioned features of porous system effects both heat diffusion and gas

diffusion within the system during thermal degradation. A schematic representation of the
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process is shown in Fig. 3.31. It is observed that in the case of thermal degradation kinetics,

the effect of both the porous morphology and nanofiller is prominent in degradation.

The porosity of the fabricated foams can be correlated with the activation energy of thermal
degradation. It can be concluded from the MIP investigation that on decreasing the porosity,
the activation energy improves along with thermal stability. However, at the highest
concentration of CNC, the porosity increases and the thermal stability along with activation
energy decreases due to the presence of comparatively larger pores and agglomeration of CNC
nanobiofillers. Porosity increases mean the presence of more gaseous voids in the foams, which
reduces the heat transfer rate [187]. The surface area of PLA/CNC 3 is observed near to that of
nPLA foam. Due to the reduction in a surface area, less number of degradation cites will
generate which ultimately decreases the energy of activation required for thermal degradation

to take place. Results are in accordance with our previous discussions of thermal degradation

kinetics.
Thermal degradation
Voids
Gas Diffusion
Gaseous
Products ™

Tortuous Paths

/

Increase in Porosity

Fig. 3.31 Schematic representation of thermal degradation in porous PLA/CNC based system.
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3.7 Summary

This chapter demonstrates the fabrication of biodegradable PLA and PLA/CNC based foams
with porous, cellular and open cell structure and interconnected pores, which have been
developed using sucrose as porogen medium. This investigation is successfully demonstrated
an elegant method for the production of biodegradable foams. The density of composites foams
is successfully reduced to ~6.1folds compared to PLA granules. The introduction of CNCs
affects the surface morphology and wettability of the fabricated foam due to the generation of
more nucleating sites with the loading of CNCs. From the FESEM images, it is observed that
the PLA/CNC foams have a porous structure with uniformly dispersed CNC nanobiofillers.
However, while compression of the foamed surface, the contact angle is decreased, which
indicates the effect of surface morphology on wetting. It is further observed that the storage
modulus (E') and loss modulus (E") values of the foams increases with CNC loading. It is
noteworthy to mention that due to a reduction in cell size with CNCs loading, which eventually
generates more nucleating sites, which enhances the cell density (Nf). Crystallinity increases
on increasing the CNCs content, highest crystallinity is observed for PLA/CNC 3 foam that is
around ~55%. However, the effect of CNCs onto the thermal degradation stability of the nPLA
and PLA/CNC foam samples are observed, which later aggravated its thermal degradation at
higher CNC loading. The rigorous study on wettability property, morphology, mechanical and
thermal property of CNC based PLA nanocomposite foams may open up a new prospect

towards its applicability in the field of biomedical and drug delivery application.

Thermal degradation kinetics and non-isothermal crystallization kinetics of PLA and
PLA/CNC based fabricated foams are also thoroughly investigated in the present chapter. From
the MIP investigations, it can be concluded that CNC nanobiofillers are acting as nucleating
agent in the PLA matrix thus a decrease in pore diameter and porosity is observed on increase
in CNC loading. However, at higher loading, CNC agglomerates results in increasing average
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pore diameter and a decrease in surface area. From the “model-free” and “modelistic”
approaches, it is observed that on increasing the conversion value the Ea values increase for the
fabricated foams. The results obtained by the different methods are in good agreements. The
decreasing value of Ea on higher loading is due to the presence of more number of sulfate
groups on higher loading, which affects thermal stability, and agglomeration might be taking
place in the matrix. This investigation confirms that PLA/CNC 1 (Ea is in range of ~183.8
kJ/mol-~205.1 kJ.mol) has the most thermostable compared to higher loading. The degradation
mechanism of the PLA and PLA/CNC based foams are proposed by using Criado method.
Complex degradation mechanism like three-dimensional diffusions might be taking place at
higher conversions as suggested by the formed products from hyphenated TGA-FTIR studies
which are in accordance with Criado method. From the non-isothermal crystallization
investigations, it can be concluded that CNC acts as a nucleating agent in lower loadings and
hinders the PLA chain folding at higher loading. It is observed that both primary and secondary
crystallization is taking place in all the PLA and PLA/CNC based fabricated foams. It can be
concluded that the effect of porosity is more prominent in thermal degradation than in
crystallization. The investigation is useful to understand the probable applications of the
fabricated PLA and PLA/CNC-based microcellular composite foams. The fabricated
bionanocomposite PLA/CNC-based foam has the ability as a green replacement for the
petroleum-derived non-degradable foams and can be useful in applications such as biomedical,

packaging due to the fact that CNC improved various properties of the fabricated foam.
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Chapter 4

Poly (lactic acid)/Modified Chitosan (MC) based Nanocomposite
Foams: Non-isothermal Crystallization and Thermal Degradation
Kinetics with Wettability and Porosimetric Investigations

This chapter mainly deals with the development of PLA/modified chitosan (MC) based
microcellular foams. The detailed investigations of crystallization kinetics and thermal
degradation behavior is thoroughly discussed in this chapter. The structure-property
relationship along with porosimetric investigations of the developed foams is also reported.
The decrease in the pore diameter up to ~33.3% and increase in the surface area up to ~30.2%
for the highest concentration (3%) is also observed from the porosimetric study with an
increase in MC. MC also influences the hydrophobicity (up to ~10° increment in contact angle)
of the foams. Thermal degradation kinetics and degradation mechanism of the fabricated foams
are investigated by using different approaches like modified Coats Redfern (modified CR),
Flynn-Wall-Ozawa (FWO), Kissinger and Criado. Crystallization behavior of the fabricated
foams is also discussed thoroughly in this chapter. The crystallization studies of the PLA and
PLA/MC based foams suggest the nucleating behavior of MC in the PLA matrix. Porosimetric
investigation of the fabricated foam also corroborates the nucleating effect of MC. From the
porosimetric investigation, it can be concluded that the effect of porous morphology is

prominent in the thermal degradation compared to crystallization.
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4.1 Introduction

Recently polymeric foams gain many attentions in research due to its unique characteristics
over non-foamed counterparts like lightweight and low density. These unique properties make
it suitable to penetrate in almost all aspects of our daily life. The cost of production of these
materials is also comes down due to the less usage of material [198]. The ultimate disposal and
recycling of petro-based foams have some detrimental effects in nature. Due to this reason,
now researchers are mainly focused on the development of green biodegradable foams, which
can be easily fed to the ecological system [2,3]. Foamed materials already made their strong
presence in some sophisticated areas of application like drug delivery, tissue engineering, and
other biomedical applications. The need for new greener sustainable polymeric foam for the
environmental point of view is opening new opportunities for biobased, non-toxic and
biodegradable polymers like poly (lactic acid) (PLA), polycaprolactam etc. In some
sophisticated applications, biodegradability is a major area of concern. In the recent past, PLA
based foams get more attention in the research community due to its comparable properties
with petroleum-based conventional polymeric foams. It can be used as green packaging for
various applications. The requirements of foam properties (like cell size, cell density etc.)
varies with the applications [5,6]. Hydrophobicity of PLA foam is required for some

applications in the biomedical field.

Chitosan is derived from chitin and it is the most recommended biopolymer for food packaging
and biomedical applications. One of the most important properties that make chitosan more
favorable for various applications is its film-forming ability. Chitosan is a green biopolymer
with properties like biodegradability and non-toxicity. Chitosan is hydrophilic and can be used
for edible purposes [123,199]. In recent researches, it is observed that chitosan microspheres
have been utilized in the PLA matrix as a carrier for peptide [200]. Additionally, chitosan is
used for the fabrication of porous PLGA/PLA micro particles as a scaffold for investigations
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of breast cancer cells [201]. Chitosan in the PLLA matrix shows an excellent cell study by Jiao
et al.[202] Biocompatibility studies of poly (chitosan-g-lactic acid) scaffolds were investigated
by Zhang and his co-workers [203]. Some investigations on hybrid PLA/chitosan scaffold
were carried out by Haaparanta et al. [204]. They have used the freeze-drying technique for
the fabrication of the scaffold. However, in all the above investigations the incompatibility of
chitosan in PLA is a major concerned area. For sophisticated applications like cell culture,
tissue engineering etc. increase in surface area with interconnected and highly porous foam
structure is favorable and much-needed prerequisite condition [205]. From the literature, it is
observed that the mixing of chitosan and PLA is a challenging task due to the hydrophilic
nature of chitosan in hydrophobic nature of PLA matrix. Researchers used different techniques
to address this issue. To overcome this obstacle some modifications in the chitosan have been
carried out by making it hydrophobic and thus make it compatible in the PLA matrix by Pal et
al. Their investigations were mainly focused on PLA/chitosan-based films for different
applications [123,174]. Thermal degradation of the polymer is very much essential to establish
technology for processing applications and it also gives an insight to the thermal decomposition
mechanism, which is really very helpful in the recycling of polymeric materials [136]. From
the above discussion, it is observed that a knowledge gap is existing in a systematic
investigation of the effect of chitosan in PLA based foam’s degradation mechanism,
crystallization, wettability and porosimetric behavior for different applications along with a

comparison between porous and non-porous system.

In this chapter, the fabrication of PLA/modified chitosan (MC)-based foams applying casting
and leaching technique using sucrose as porogen medium has been thoroughly discussed. This
chapter mainly focuses on the thermal and wettability phenomena of the fabricated foam. The
influence of MC at different concentrations in the properties of PLA foam (physicochemical,

thermal etc.) has been investigated in this study. The thermal degradation investigations have
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been thoroughly investigated and activation energies have calculated by using different models.
The degradation mechanism has been investigated by using Criado method [206] for the
fabricated foams. The crystallization behavior of the fabricated foam at dynamic heating rates
have been thoroughly investigated. Wettability phenomenon is very important for the foams
for application point of view like coating, waterproofing, and printing etc. Wettability
phenomenon has been thoroughly investigated for both static and dynamic conditions.
Dynamic study of wettability is important because Young’s contact angle along with CAH
governs some phenomenon in the surface like spreading and splitting of the liquid drop in the
surface. The influence of MC in the morphology, cell size and cell density of the foam samples
have been thoroughly investigated in this chapter. The main motivation towards the
investigation is to fabricate a biodegradable PLA/chitosan-based foam using a less expensive
and innocuous method for potential applications in biomedical fields. The major requirements
of foam for applications like cell culture are wettability, increased surface area, interconnected
pore structure with high porosity. In this investigation, we are mainly focused in these areas to
make it compatible for different applications as chitosan is already an established material for
biomedical applications [207]. The structure-property relationship is also well investigated in
the study to establish the probable thermal window with degradation mechanism useful for
different applications to replace the established conventional petrol based foams. As per
authors’ knowledge of concern, no such investigations have been reported on bio-based
modified chitosan (MC) as a nanofiller for the fabrication of hydrophobic, microcellular
interconnected PLA/MC-based foam with significantly improved flexibility and porosimetric
results. Schematic representation of the fabrication process of PLA/MC-based foams is shown

in Fig. 4.1.
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Fig. 4.1 Schematic representation of the fabrication process of PLA and PLA/MC-based

foams.

4.2 Results and discussions

In this section of chapter, the results and observations are discussed with probable scientific

conclusions.

4.2.1 Chemo-physical properties

The chemo-physical properties of the fabricated foams are investigated. The density of PLA
based foam is significantly reduced to 0.16+0.02 g/cc (~7.7-fold reduction) compared to PLA
granules (1.24+0.02 g/cc) (Table 4.1). The reduction in the bulk density of the foam sample
might be due to leaching of porogen particles and subsequently, the void spaces filled with air
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are generated which is responsible to the reduction of the mass per unit volume of the sample.
Whereas, a slight increase in density of the PLA/MC-based foams is observed while the
increase in the MC loading. It is observed that the addition of MCs in the PLA matrix has no
significant influence in the bulk densities of the fabricated composite foams. The addition of
the nanobiofillers increases the number of pore generation might be due to the nucleating effect
and influences the amount of air that can be accommodated in the pores. The low density and
lightweight characteristics of these biodegradable foams are prerequisite for applications like
drug delivery, tissue engineering, and biomedical scaffold. It is observed from the average
density values that all the fabricated foams are lies in the range of ~0.2 g/cc which falls under
80% reduction in the bulk density of the pristine polymer matrix. Further, from the observed f3
values (Table 4.1), all the fabricated foams can be categorized as medium density foams. This

value is further utilized to calculate the cell density (Nf) of the fabricated foams.

Table 4.1 Weight, density and volume expansion ratio (VER) of PLA and PLA/MC-based

foams.
Sample Dry weight Dry weight Avg. VER Foam Type
before leaching after density
(9) leaching (g) (g/cc)
nPLA 33.8 3.8 0.16+0.02 7.8 Medium density
PLA/MC 1 34.2 3.5 0.19+0.01 6.5 Medium density
PLA/MC 2 34.8 3.1 0.21+0.02 59 Medium density
PLA/MC 3 32.8 3.9 0.22+0.01 5.6 Medium density

Avg. density of PLA granules is found to be 1.24+0.02 g/cc; g/cc: gram/cm?®

The XRD patterns of the fabricated foams are shown in Fig. 4.2. From the figure, it is observed
a sharp peak around 26=16.65° for all the fabricated foams from [2 0 0/1 1 O] planes indicating

the a-form of the crystalline structure of PLA. The pattern of [2 0 0] reflections indicating the
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orthorhombic crystal structure of the PLA [123]. Three more peaks are observed at 260=14.8°,
19.15° and 22.35° indicating reflection patterns of [0 1 0], [2 0 3] and [0 1 5] respectively.
These peaks confirm the presence of a-form (19.15° and 22.35°) and B-form (14.8°) of crystals
in the matrix. However, no significant shifting in peaks is observed in the XRD indicating that
no phase separation ordered crystal structures are noticed due to the introduction of the

nanobiofillers. The semi-crystalline nature of the fabricated foams can be confirmed from the

discussion above.
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Fig. 4.2 XRD patterns of PLA and PLA/MC-based foams.

From the FTIR spectrum (Fig. 4.3), It is observed that distinct characteristic peaks around ~753

cm?, ~869 cm, ~1450 cm™ corresponding to -CH bending of the molecular structure of PLA,
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-C-C- bond stretching (amorphous phase of PLA) and -CHs bending vibrations or methyl
asymmetric deformation of PLA respectively present in PLA and PLA/MC-based foams. An
intense peak around ~1750 cm attributes to —C=0 (carbonyl stretching) valance vibrations of
fabricated foams. Peaks around ~1082 cm™ and ~1182 cm™ represent the —CO stretching of
PLA. Peak around ~1383 cm™ attributes to —CH bending in PLA. In the case of sucrose,
characteristics peaks are present at lower wavenumbers. Characteristics peaks of sucrose are
observed around ~908 cm™, ~1295 cm™ and ~1418 cm™ corresponds to —CO stretching
vibrations, —OH bending vibrations and —CH bending vibrations respectively. Peaks around
~3556 cm™ and ~3380 cm represents the—OH group of sucrose (stretching vibrations). It is
observed that prominent peaks of sucrose (~908 cm™ and ~3556 cm™) are absent in fabricated
foams. In the case of MC, prominent peaks are observed around ~1450 cm™ and ~1750 cm™*
attributing to —CHz bending and —C=0 stretching. The grafting of oligomer on chitosan can be
confirmed by the presence of peaks around ~1543 cm™ and ~1638 cm™ of MC representing

amide | band (-C=0 stretching) and amide Il band (-N-H bending) [123].
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Fig. 4.3 FTIR spectra of MC, Sucrose, PLA, and PLA/MC-based foams.

Gel Permeation Chromatography (GPC) results of the fabricated PLA/MC-based foams are

shown in Table 4.2. The M, and My values of nPLA are observed as of ~114300 Da and
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~202400 Da respectively. The presence of low molecular weight oligomer (OLLA) in the MCs
might be responsible for the reduction of molecular weight of fabricated PLA/MC-based
foams. On increasing the MC (increase in OLLA) loading to the PLA matrix the Mn decreases
because M is sensitive to molecules of low molecular weight. However, My, values increased
slightly due to more contribution of the large chain while calculation of M. In the leaching
process, some of the low molecular weight oligomers may come out from the surface of the

foam matrix. The PDI values are observed between ~1.6 to ~1.8 for the foam samples.

Table 4.2. Values obtained from DSC (2.5 °C/min), TGA (10 °C/min) and GPC analysis of PLA
and PLA/MC based foams.

Sample DSC Analysis TGA Analysis GPC Analysis
AH a X c Tonset Tmax Too Mn Mw PDI
m
0 ) “C) D D

Gy (@) . R
nPLA -28.6 30.7 359.6  376.4 3859 114270 202380 1.77
PLA/MC 1 -27.8 29.8 351.7 3753 3853 110000 181050 1.64
PLA/MC 2 -27.3 294 349.6 3747 384.6 107430 185920 1.73
PLA/MC 3 -26.3 28.4 337.1 3679 3752 104350 188420 1.80

4.2.2 Thermal properties

From DSC thermographs (Fig. 4.4) the crystallization and melt behavior of the fabricated
foams were investigated with two heating cycles at a heating/cooling rate of 10 °C/min. During
the first heating cycle, the thermal history and physically bound water or moisture present in
the sample were removed. It is observed from the graph that the glass transition (Tg)
temperature was reduced up to ~7 °C with the increase of the MC loading. The decrease value
of T4 might be due to the plasticizing effect of MC (presence of low molecular weight OLLA)
as the diffusion of short polymeric chains (low molecular weight) are easy. The glass transition
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is effected by the change in molecular weight. This justifies the reduction of molecular weight
of the fabricated foams as discussed earlier in this article. A small reduction of ~4 °C is
observed in cold crystallization temperature (Tcc) at the highest loading of MC, which might
be due to the presence of some deformed crystals in the PLA. A slight decrease (~2 °C) in
melting point (Tm) is observed for PLA/MC based foams at the highest loading of MC
(PLA/MC 3). The decrease in melting point can be justified with the reduction in thermal
stability of the PLA molecules with an increase in bionanofiller. Single T is observed in all
the cases which indicates that no phase separation is taking place in the foams. The DSC graphs
at different heating rates (at 2.5 °C/min, 5 °C/min and 7.5 °C/min) for crystallization kinetics
investigation can be found in Fig. 4.5. The percentage crystallinity of the fabricated samples is
calculated from the enthalpy values and tabulated (Table 4.2). A slight decrease in crystallinity
is observed with increase in MC might be due to the presence of short PLA chains, which may

affect in the chain folding [208].

Thermogravimetric analysis (TGA) plots are shown in Fig. 4.6. It can be observed that single
step degradation behavior is followed by all the fabricated samples. The maximum stability is
observed in case of pristine PLA foam and the values of Tonset, Tmax and Tgo are found to be
359.6 °C, 376.4 °C, and 385.9 °C respectively (Table 4.2). It is observed that on increasing
the MC concentration, the values of Tonset, Tmax and Too decreases. A reduction of ~20 °C in
Tonset, ~10 °C in Tmax and ~10 °C in Tgo are observed in the case of highest loading of
nanobiofiller foam (PLA/MC3). This observation can be justified by the fact that on increasing
the loading of bionanofiller, the generation of acidic sites during the degradation is also
increased in the PLA matrix of the foam, which attributes to the degradation of the foam at a
lower temperature. The weight loss (%) at Tmax is found to be 37% (nPLA), 31% (PLA/MC 1),

32% (PLA/MC 2) and 27% (PLA/MC 3) for the fabricated foams.
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4.2.3 Wettability of PLA and PLA/MC-based foams

From wettability investigations (Fig. 4.7), it can be observed that nPLA foam has a contact
angle value 123.5°+4.5° indicating hydrophobic nature. This hydrophobicity can be attributed
to the influence of surface texture as observed from FESEM. An increase in contact angle is
observed on the increasing of nanobiofillers content to the PLA matrix. An increment of ~8°
is observed for the highest loading (PLA/MC 3). The increment in contact angle of the
fabricated foam can be explained from the Fig. 4.8. PLA is hydrophobic in nature whereas the
fabricated modified chitosan has a hydrophobic shell with the hydrophilic core. As the loading
of MC increases the effect of the hydrophobic shell also increases and hence the increase in
contact angle. It is also evident from the FESEM images that MC is uniformly dispersed in the
surface of the fabricated foam. Introduction of MC influences the pore generation and the size
of the cell. The higher contact angle is observed in rough surfaces [183]. The contact angle for
the foam samples without any surface texture is also measured (Table 4.3). The decrease of
contact angle up to ~49° is observed for PLA/MC 3. Hence, it can be concluded from the
analysis that both the surface texture and the nanobiofillers influence the wettability behavior
of the fabricated foams [121]. From the dynamic contact angle investigations, it is observed
that Young’s contact angle value also increases with increase in filler concentration. Young’s
contact angle utilizes both the splitting and spreading phenomenon of liquid in the contact
surface. Young’s contact angle values are also in good agreements with the static contact angle
analysis. The increment in hydrophobicity along with an increase in MC is quite useful for
various biomedical applications [207]. Similar behavior of wetting phenomena is observed for

all the fabricated foams.
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Fig. 4.7 Static contact angles of PLA and PLA/MC-based foams.
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Self assembled modified chitosan micro 3D spheres

Fig. 4.8 Schematic of OLLA-g-chitosan (MC).

Table 4.3 Static and dynamic contact angle values of PLA and PLA/MC based foams.

Sample Static Contact Angle Dynamic Contact Angle
Surface with Surface Advancing Receding | Young’s
texture without 0adv Orec Oy
texture
nPLA 123.5°+4.5° | 76.1°+3.7° | 134.2°+10.3° | 94.5°+8.6° 112.8°
PLA/MC 1 127.3°45.4° | 78.8°+2.8° | 135.6°+13.6° | 98.2°+9.8° 115.4°
PLA/MC 2 128.2°+6.1° | 81.6°+3.1° | 140.8°+14.5° | 104.5°+11.2° | 120.8°
PLA/MC 3 131.7°45.3° | 82.8°+2.9° | 139.5°#5.1° | 108.3°+13.6° | 122.5°

It can be concluded from the porosimetric investigation that effect of porous morphology and

MC nanobiofiller is mainly prominent in thermal degradation than in the crystallization process

of the fabricated foams.
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4.2.4 Morphological investigations of PLA/MC-based foams

Polarized optical microscopy (POM) micrograph is shown in Fig. 4.9 A. The average particle
size of the sucrose is observed as ~1.13+£0.34 um. These porogen particles are further utilized

for the fabrication of foams.

The surface topography has been observed using TEM analysis, which is the most evident
observation to check the distribution of nanofiller in the matrix (Fig. 4.9 B). It is clearly visible
that the various size of spherical form of chitosan nanoparticles are uniformly dispersed in the
matrix. The diameter of spherical chitosan particles varies in the range of ~20-80 nm. It is also

noticed that the spherical particles are attached with the OLLA chain.

Hence, such kind of arrangement of spherical particles with low molecular weight OLLA chain
may be termed as a nano-amphiphilic molecule in which the tail shows hydrophobic nature and
the head represents hydrophilic nature. It can be observed from the FESEM micrographs that

all the fabricated foams have an open cell porous structure.

Porogen Particles\

Fig. 4.9 A) Optical microscopy image of porogen particles and, B) TEM image of OLLA-g-
chitosan (MC).
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It is observed from the cross-sectional view of the fractured surface of the PLA and PLA/MC
based foam (Fig. 4.10) that all the foam morphology has highly dominated by the
interconnected porous structure. The dispersion of MC nanobiofillers in the cell walls of the
fabricated foams can be observed from Fig. 4.11. The MC nanobiofillers are self-assembled
and form agglomerates and uniformly dispersed in the cell walls of the fabricated foams as
shown from the fractured and horizontal surfaces of foam (Fig. 4.12). The average size of the
self-assembled MC in the cell walls is found to be ~0.24 um (PLA/MC 1), ~0.39 um (PLA/MC
2) and ~0.40 um (PLA/MC 3). The increase in the size of the self-assembled MC is due to the
fact that more the loading of nanobiofillers more number of nanobiofillers gets assembled in
the matrix and hence the increase in diameter. The uniformly dispersed MC nanobiofillers
observed in the PLA matrix are in the range in micrometers due to the micellar behavior of MC
in the PLA matrix, which also has self-assembling property in the matrix. The spheres that are
observed in the PLA matrix foam are an aggregate of MC (chitosan behaves as head and
attached oligomer chain denotes the tail of polymeric micelles) due to its self-assemble

properties [123].
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Fig. 4.10 FESEM micrographs of cross sections of the fractured surface of PLA and
PLA/MC-based foams.

A representative image of MC micelle is shown in Fig. 4.8. The cell density (Nf) and cell sizes
(Fig. 4.13) are also calculated from the FESEM micrographs. It is found the nPLA has cell
density value of ~1.02x10* cells/em?®. The cell density value increases on increasing of MC.
The generation of more number of uniform cells per unit volume on the introduction of MC
might be due to the possible availability of more nucleating sites, which helps in generation of

more number of cells per unit volume.
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Fig. 4.11 Dispersion of MC in the cell walls of the PLA/MC-based foams.

The cell densities of PLA/MC 1, PLA/MC 2 and PLA/MC 3 are observed as ~1.92x10%!
cells/cm®, ~2.13x10™ cells/cm® and ~2.3x10'! cells/cm® respectively. From FESEM
micrograph, the average cell size of the nPLA foam is found to be ~2.23+0.08 pum. The value
of cell size decreases on increase in nanobiofillers loadings. The average cell size of PLA/MC
based foams are found to be ~2.03+0.09 um, ~1.88+0.07 um and ~1.79+0.04 um for 1%, 2%
and 3% loadings of MC as suggested by FESEM. The reason of reduced average cell size of
the PLA/MC-based foams can be associated with the increase in cell density of the fabricated

foams due to the nucleating effect of the nanobiofiller.
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Fig. 4.12 FESEM micrographs of horizontal surfaces of PLA/MC-based foams.
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Fig. 4.13 Cell density and cell size of the PLA and PLA/MC-based foams.
183 |Page

TH-2018_136107011



4.3 Thermal degradation kinetics investigation of the fabricated PLA/MC-based foams
The non-isothermal thermal degradation behaviour of the fabricated PLA and PLA/MC-based

foams are investigated utilizing different “model-free” and “modelistic” approaches as

discussed below.

4.3.1 Analysis of non-isothermal degradation Kinetics

Non-isothermal degradation kinetics has been performed at dynamic heating rates (Fig. 4.14)
under an inert nitrogen atmosphere. From DTG curves (Fig. 4.15), it can be observed that on
increment heating rates, the peak degradation temperatures shifted to a higher temperature due
to the faster release of gaseous products. The main information obtained from different

theoretical approach is the measurement of activation energy (Ea) with respect to conversion

(Table 4.4).
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Fig. 4.14 TGA thermographs of PLA and PLA/MC-based foams at different heating rates.
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Fig. 4.15 DTG graphs of PLA and PLA/MC-based foams at different heating rates.

Table 4.4 Apparent activation energy distribution with conversion (o) for PLA and PLA/MC-

based foams.

Sample o FWO Coats-Redfern (Modified)
Ea (kJ/mol) R? Ea (kJ/mol) R?
nPLA 0.1-0.9 145-196 0.94 135-185 0.92
PLA/MC 1 0.1-0.9 139-186 0.99 129-175 0.99
PLA/MC 2 0.1-0.9 114-185 0.99 104-174 0.99
PLA/MC 3 0.1-0.9 138-182 0.99 129-171 0.98
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4.3.1.1 Flynn-Wall-Ozawa model

The activation energies are calculated by using the FWO method (Table 4.4). Graphs are
plotted by taking In 3 vs -1/T. It can be observed from Fig. 4.16 that parallel lines are achieved
at conversion rates (o= 0.1-0.9), which also confirms the applicability of this model to our
system. The activation energy (Ea) of nPLA is calculated as 175.8 kJ/mol, which is in
accordance with previously obtained results [184]. The Ea values gradually decrease on
increase in nanofiller loading which means that lesser energy requirement for bond breaking
higher loading of MC. Therefore, we can conclude that nanobiofiller reduces the thermal

stability of the fabricated foams. Distribution of activation energy with conversion is shown in

Fig. 4.17.
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. 4.17 Distribution of activation energy for PLA and PLA/MC-based foams at different
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4.3.1.2 Modified CR model

The distribution of activation energy with different conversions are shown in Table 4.4. The
graph was plotted between In p/T? vs 1/T for fabricated foams. It is observed that parallel lines
are obtained (Fig. 4.18) at different conversions in case of all the fabricated foams, which
justifies the applicability of this model to the used polymeric system. It is noticed that with the
conversion, the slope of the lines increases. It is observed from the table, that activation energy
value decreases with increase in nanobiofillers. The activation energy distribution with
conversion can be observed in Fig. 4.19. The values of activation energies calculated by
modified CR and FWO models are close enough to each other, which indicates the applicability

of these isoconversional model to PLA/MC foam.
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4.3.1.3 Kissinger model

This method is used to calculate the activation energy at Tmax. The graph was plotted (Fig.
4.20) between In B/T?max Vs (-1000/Tmax) for the calculation of slope values. The lines are fitted
properly indicating the applicability of this model to the current polymeric system. From the
Kissinger method, the same trend of activation energy is noticed as shown by FWO and
modified CR methods (Table 4.5). This model gives only one Ea at Tmax, However, in case of
FWO and modified CR provide Ea values at each conversion. The calculated values of
activation energies by Kissinger method have been used to measure various thermodynamic
parameters. The reduction in activation energy with nanobiofiller loading is due to the increase
in acidic sites. The acidic site increases the degradation and decreases the activation energy.
During thermal degradation, hydrolysis of ester group taking place, which again converts to
acids. Higher acidic sites enhance the random chain scission of ester groups in PLA backbone

[204].
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Fig. 4.20 Kissinger plots of PLA and PLA/MC-based foams.

Table 4.5 Kinetic parameters and thermodynamic variables for PLA and PLA/MC-based

foams from Kissinger method at a heating rate of 10 °C /min.

Sample Kinetic Parameter Thermodynamic Variables
Ea R2 A (s AG AH AS
(kJ/mol) (kJ/molK1) (kJ/mol) (kJ/mol)
nPLA 183.6 0.97 |3.25x10! 1.5x10* -5215.8 -31.1
PLA/MC 1 171.9 0.99 1.11x10% 2x10* -5218.6 -39.9
PLA/MC 2 164.0 0.99 |8.2x10° 3.4x10% -5215.9 -61.6
PLA/MC 3 160.9 0.96 |5.5x10° 3.6x10* -5167.7 -64.8
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4.3.2 Estimation of thermodynamic parameters

Thermodynamic variables are calculated for fabricated foams (summarized in Table 4.5). Itis
observed that AS value for all the fabricated foam is negative. This negative value indicates
that the activated complex was formed at higher temperatures and some extent of chain
alignment is taking place in polymeric chains. It also indicates that the degree of disorder of
product is lower than an initial disorder of the reactants. The negative value of AH for all the
fabricated foam indicates the process bond dissociation is exothermic in nature. The value of
AG is observed as positive for all the cases indicating the non-spontaneous nature of the

dissociation process [151,209,210].

4.3.3 Reaction mechanism for degradation

Criado method is utilized for a better understanding of the degradation mechanism. Activation
energy values obtained from Kissinger model are utilized to evaluate the mechanism (Heating
rate:10°C/min). The master and experimental curves of the fabricated foams are shown in Fig.
4.21. 1tis observed that all the foam follows F3 and F2 mechanism initially at low conversions.
At higher conversions (0=0.6), it undergoes R1 mechanism followed by D4 mechanism. In Fn,
mechanism decomposition begins with random nucleation which propagates thermal
degradation of the sample. R1 mechanism involves phase boundary controlled one-
dimensional movement reactions. The D4 mechanism promoting an acceleration in
decomposition by three-dimensional diffusion process at higher temperatures. It can be
concluded from the study that all the fabricated foams follow similar degradation mechanism

for thermal decomposition [211].
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Fig. 4.21 Criado master and experimental plots for PLA and PLA/MC-based foams.
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4.4 TGA-FTIR investigations of the PLA and PLA/MC-based foams

TGA coupled with FTIR investigations have been carried out for detailed observation of the
volatile gaseous products obtained during thermal degradation of the fabricated foams. This
information can be utilized for justification of the reaction mechanism followed by the PLA
and PLA/MC-based foams. The height of the IR peaks indicates the concentration variations

of the products obtained.
4.4.1 Release of volatile products from PLA based foams

The 3D and 2D FTIR spectra at a dynamic temperature ranging 30 °C to 700 °C are shown in
Fig. 4.22. Plots at different degradation temperature indicate that the gaseous volatile products
are mainly observed above the temperature of ~360 °C, which is in accordance with the TGA
investigations discussed earlier. The main volatile products obtained from TGA-FTIR for
nPLA with two prominent peaks at ~1790 cm™ representing lactide or cyclic oligomers and at
~2350 cm! representing the carbon dioxide (CO2) generated. The intensities of these products
are found to be maximum at Tmax. Other products obtained are identified as water (~3577 cm”
1, hydrocarbons (~2952 cm™ and ~3010 cm™) and carbon monoxides (~2180 cm™ and ~2106
cm™). Generation of CO is mainly due to decomposition of the ester with hydroxyl end
initiation. Some peaks are also noticed around ~1377 cm™ (-CH stretching), ~1240 cm™ (-
C=0 stretching), ~1100 cm™ (-CO stretching) and 930 cm™ (-C-C- stretching). The prominent
peaks vanish after ~400 °C, indicating maximum decomposition of the fabricated foam
happens at a temperature range of 360 °C-400 °C. Generation of CO> at a temperature above
~360 °C might be due to chain homolysis of PLA. The above results suggest that the

degradation follows a random chain scission mechanism [3,6].
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4.4.2 Release of volatile products from PLA/MC-based foams

The TGA-FTIR 3D spectra of PLA/MC 3 is shown in Fig. 4.22. It is observed from the FTIR
spectra at different temperatures that the volatile products generated in thermal decomposition
are almost similar to that of PLA based foam (nPLA). However, it is observed that the
intensities of the peaks are less compared to that of nPLA. Maximum peak intensity is observed
in the range of 367.9 °C-380 °C. The peaks are positioned at similar wavenumbers as in the
case of nPLA. Three new small intensity peaks are observed in the case of PLA/MC 3. Peaks
at 1650 cm™, 1542 cm™ and 1529 cm indicating amide I, amide 11 and —NH stretching of MC.
This also indicates the grafting between OLLA and chitosan. The amount of polymers present
is in a trace amount in MC, so the intensities of these bonds are very small. Intensities of the
peak of CO are very less compared to the nPLA, which is an advantage for the environmental
point of view. The decrease in peak intensities of the PLA/MC based foam compared to nPLA
might be due to the generation of radicles in the thermal decomposition of MC. Radical
reactions can take place at higher temperatures due to the formation of these gaseous products

[174].
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Fig. 4.22 3D and 2D spectra of hyphenated TGA-FTIR for nPLA and PLA/MC 3.

4.5 Crystallization behavior at dynamic heating rates
Crystallization can be explained on the basis of arrangement of polymer chains. Crystallization
of polymeric foam plays a crucial role in the degree of expansion and integrity of cellular
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structure [11]. DSC plots at different heating rates are shown in Fig. 4.5. The non-isothermal
crystallization studies have been investigated to study the effect of MC in the PLA

crystallization. The results obtained from various methods are summarized in Table 4.6.

Table 4.6 Crystallization parameters from the Avrami and Kissinger Analysis.

Sample Heating tos k n AE (kJ/mol)
Rate min (min™)
(°C/min)
nPLA 2.5 7.7 0.0009 1.9 66.8
5 5.9 0.003 1.9
7.5 3.3 0.02 2.4
10 2.8 0.04 2.3
PLA/MC 1 2.5 11.1 0.0003 2.0 69.2
5 7.0 0.003 1.5
7.5 4.5 0.006 2.3
10 3.9 0.01 2.2
PLA/MC 2 2.5 9.6 0.001 1.5 65.3
5 5.7 0.004 2.1
7.5 4.6 0.005 2.0
10 3.3 0.04 1.9
PLA/MC 3 2.5 9.1 0.0004 2.3 65.4
5 6.2 0.002 2.3
7.5 3.2 0.02 2.3
10 2.7 0.05 2.2

Avrami equation is utilized to plot a graph between In[-In(1-Xy)] vs In t (Fig. 4.23). The values
of Avrami exponent (n) and crystallization rate constant (k) was measured from the slopes and
intercepts from the linear region. The straight linear pattern indicates the primary
crystallization. In the Avrami plots, deviation from linearity is observed for foams suggesting
the presence of secondary crystallization. The primary crystallization indicates the growth of
lamellar structure whereas the secondary crystallization indicates the perfection of
crystallization with spherulite impingement. The value of “n” is useful to understand the

mechanism of nucleation and form of crystal growth [212].
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207 |Page

TH-2018_136107011



In this study, we observed that “n” value of the fabricated foam is ~2 which indicates truncated
spherical structures. The “n” value also suggests the two-dimensional nucleation and growth
of crystals. The non-integral values of “n” suggests the presence of thermal and athermal
nucleations in the mechanism of nucleation [123]. The “k” values are in accordance with tos
values, suggested that nanofiller helps in producing more nucleating sites and hence effects the
crystallization rate of PLA. The presence of both primary and secondary crystallization in the
fabricated foams can also be observed from Tobin plots (Fig. 4.24) in accordance with Avrami
plots. The tos value decreases on increasing the heating rate (Fig. 4.25) suggesting that the rate

of heating effects the crystallization of the PLA and PLA/MC-based foams.
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Fig. 4.25 Relative crystallinity vs time plots for PLA and PLA/MC-based foams.

Crystallization also depends on the dilution effects of gas molecules present in the fabricated
foams [212]. The change in the activation energy of crystallization (AE) of the fabricated foams
are measured by utilizing Kissinger plot (In (B/Tp?) vs 1/Tp) (Fig. 4.26). It is observed from
Table 4.6 that by increasing nanobiofillers the AE values slightly decreases compared to nPLA.
The AE value slightly increases for PLA/MC 1 compared with nPLA. Nanofiller at higher
loading increases the mobility of the polymer chains due to which the energy required for
retraction and folding of molecular chain decreases [213]. It can be concluded that MC enhance
the folding of PLA chains and hence the change in energy becomes less. The slight reduction
observed in cold crystallization temperature (T¢) is mainly due to the presence of some

deformed shape and size crystals in the PLA matrix. Crystal growth depends on short chain
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diffusion, which hampers crystallization. Subsequently, the nucleating effect of MC is also

justified by the crystallization kinetics studies.
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Fig. 4.26 Kissinger plots for PLA and PLA/MC-based foams.

4.6 Porosimetric investigations of PLA/MC-based foams

The results obtained from porosimetric investigations are summarized in Table 4.7. The
porosity of the nPLA foam is observed as ~82% and no significant change is observed in
porosity with a change in MC loading. The porosity of PLA/MC 1, PLA/MC 2 and PLA/MC
3 are found to be ~81%, ~81%, and ~82% respectively. However, a reduction in the surface
area and average pore diameter is observed, indicating the possible nucleation of the
nanobiofillers in the PLA matrix. On increasing the loading, the MC generates more nucleating

sites in the PLA matrix, which generates more number of smaller pores, thus there is a decrease
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in pore diameter. The highest surface area is observed in the case of PLA/MC 3 (~17.7 m?/g).
The increase in surface area is helpful in the generation of cell culture studies as observed in
the literature [214]. It can be concluded from the MIP study that MC nanobiofillers are acting
as nucleating sites in the PLA foam matrix and generating more number of pores in the
PLA/MC- based fabricated foams [121]. The results obtained from porosimetry investigations

are in line with the earlier investigation of cell density and cell size obtained from FESEM.

Table 4.7 Porosimetric investigations of the PLA and PLA/MC-based foams.

Sample Porosity (%) Avg. Pore Dia. (um) Surface Area (m?/g)
nPLA 82 15 13.6
PLA/MC 1 81 1.2 14.5
PLA/MC 2 81 11 15.7
PLA/MC 3 82 1.0 17.7

Porosimetry can also be related to the thermal degradation of PLA/MC-based foams. The
increase in surface area with MC loading indicating generation of more degradation sites
available for thermal degradation of foams so ultimately less activation energy is required as
per our earlier discussion. From the results obtained from thermal degradation kinetics, it is
observed that PLA/MC 3 requires less activation energy for degradation compared to nPLA.
The degradation process is schematically represented in Fig. 4.27. Comparisons can be made
with available literature on PLA/OLLA-g-chitosan non-porous system and it can be seen that
the activation energy required for thermal degradation is slightly higher in the non-porous
system (up to ~31% for 3% loading of MC) than the porous system [174]. The presence of
porous structure, effective heat transfers between pores, dispersion of MC in the cell walls and
more available degradation sites (more easily available surface area for degradation) might be
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responsible for the less energy requirement for degradation [187]. The pore size achieved in
our investigation is very much less than the available literature on some chitosan-based foam
system indicating generation of smaller pores with increasing surface area which are favorable
in tissue culture application study in the fabricated system [203,204]. However, in the
crystallization process, the effect of pores present is not so prominent in the porous system of
PLA/MC based foams as the second heating cycle is considered for crystallization studies to
remove any thermal history present [215]. Effect of nanobiofiller is mainly dominating the

crystallization process.

It can be concluded from the porosimetric investigation that effect of porous morphology and
MC nanobiofiller is mainly prominent in thermal degradation than in the crystallization process

of the fabricated foams.
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Fig. 4.27 Schematic representation of the degradation process of PLA and PLA/MC-based

foams.
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4.7 Summary

This investigation successfully demonstrated an elegant and less expensive technique for
fabrication of porous cellular and interconnected open-cell structured hydrophobic
biodegradable PLA and modified chitosan-based foams using casting and leaching method.
The highly porous structure is observed from FESEM analysis where MC is uniformly
dispersed in the cell walls of fabricated foams. The density of the fabricated foams is reduced
successfully up to ~7.8-folds compared to PLA granules. An increase in cell density (up to
~2.3-fold) on the introduction of MC and reduction of cell size is observed in the fabricated
foams. The hydrophobic shell of the MC along with surface texture influences the wettability
phenomenon of the fabricated foams. Static contact angle values along with dynamic contact
angle (Young’s contact angle) increased to ~9° (for static contact angle) and ~10° (for Young’s
contact angle) for highest loading of MC compared to nPLA foam. It is also observed from
TGA studies that the MC reduces the thermal stability (Tonset ~20°C for PLA/MC 3) along with
a number average molecular weight of the fabricated foam. Thermal degradation investigation
suggests the plasticizing effect of MC nanobiofiller in the PLA matrix. Degradation mechanism
of the fabricated foams are investigated by Criado method and it is observed that PLA and
PLA/MC based foams follow the same degradation mechanism. The crystallization studies of
the PLA and PLA/MC based foams have suggested the nucleating behavior of MC in the PLA
matrix. Porosimetric investigation of the fabricated foam also corroborates the nucleating effect
of MC. From the porosimetric investigation, it can be concluded that the effect of porous
morphology is prominent in the thermal degradation compared to crystallization. The decrease
in pore diameter up to ~33.3% and increase in the surface area up to ~30.2% for PLA/MC 3 is
also observed from the porosimetric study with an increase in MC. From the investigation it
can be concluded that fabricated hydrophobic interconnected porous PLA and PLA/MC-based

foams with increased surface area might be effectively utilized in biomedical applications such
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as tissue engineering, drug delivery, cell proliferation studies due to the bio-friendly nature of
both PLA and nanofillers and the lightweight characteristics gives added advantages compared

to other PLA/MC-based biocomposite films.
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Chapter 5

Development of Poly (lactic acid)/Modified Gum Arabic (MG)
based Microcellular Composite Foams

This chapter mainly investigates the development of PLA/modified gum arabic (MG) based
composite foams. The different physicochemical characterizations along with wettability and
crystallization studies of the developed foam has thoroughly discussed in this chapter. It has
been observed that there is a decrease in ~7% crystallinity of fabricated composite foams,
which might be due to the plasticizing effect of MG. The thermomechanical and thermal
investigations also confirm the plasticizing effect of MG. Further, an increment of ~16%
contact angle is observed for highest loading than the neat counterpart. The hydrophobic
nature of MG along with the surface texture might be responsible for the change in wettability
behavior with MG. The porosimetric investigations reveal the increment in surface area and
decrement in pore diameter with MG indicating the nucleating effect of nanobiofiller at lower
concentrations. Interestingly, the increase in surface area, decrease in pore size, and
hydrophobic nature is favorable for biomedical applications. The different degradation studies
like hydrolytic and photodegradation of the fabricated foams have been discussed in this
chapter. Hydrolytic degradation is performed under three conditions of acidic, basic and
neutral medium for 120 h. Various characterization techniques including TGA, DSC, GPC,
XRD, colorimetric studies, FESEM, and wettability is investigated and the effect of MG in

degradation are discussed in this chapter.

Parts of this research work are published/ready to communicate as follows:

1. Shasanka Sekhar Borkotoky, Tabli Ghosh, Purabi Bhagabati and Vimal Katiyar “Poly
(lactic acid)/Modified Gum Arabic (MG) based microcellular composite foam: Effect of MG
on foam properties, thermal and crystallization behavior. ” International Journal of Biological
Macromolecules, 125 (2019), 159-170.

2. Shasanka Sekhar Borkotoky, Tabli Ghosh and Vimal Katiyar “Hydrolytic and UV
irradiate degradation of Modified Gum Arabic (MG) reinforced Poly (lactic acid)-based
microcellular nanocomposite foams: A mechanistic approach” (T0 be submitted to “Polymer
Degradation and Stability”, Elsevier).
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5.1 Introduction

Recently, polymeric foams have gained a lot of attention over non-foamed materials due to its
unique advantages such as lightweight, less usage of materials etc. that positively affects the
production cost. The detrimental effects of non-degradable polymeric foams can be overcome
by replacing with biodegradable polymeric foams [216-219]. Biodegradable polymeric foams
are now showing their presence in different acoustic, thermal insulation, commaodity, biomedical
and commodity applications. Nowadays, the use of PLA based polymeric foam is increasing due
to their potentiality in the field of food packaging, tissue engineering for developing scaffolds
for tissue [220,221]. In a greener approach, bio-based and biodegradable PLA foams are now
commercialized for packaging applications and are projected as an alternative to nondegradable
conventional polystyrene (PS) foams [222]. Interestingly, increase in surface area and a decrease
in the cell size of the foam are two important parameters for biomedical applications including
cell proliferation study, tissue engineering etc. [205]. In literature, some investigations are
observed on the effect of polysaccharide-based gums like gum tragacanth, gum karaya and so
on in PLA matrix. Recently, investigations on Gum tragacanth/poly(L-lactic acid) scaffolds have
been demonstrated by Ranjbar-Mohammadi et al. They mainly focused the investigations for
regeneration of peripheral nerve [223]. Gum arabic (GA) is a biocompatible and biodegradable
polysaccharide, which can be derived from Acacia trees mainly include Acacia Senegal and
Acacia Seyal. GA has distinct advantages over other available polysaccharide gums due to its
vast applications in the paint industry, food industry, beverage industry, cosmetics, and
biomedical fields. It has the status of GRAS (Generally Recognized as Safe) by USFDA (United
States Food and Drug Administration). Moreover, GA acts as adhesives having properties of
antimicrobial, antibacterial, adhesiveness, stabilizers etc., which imparts its wide application
including food and pharmaceuticals for stabilizing the emulsion, for acting as encapsulating

agents to engulf bioactive materials etc. [48,122]. GA is a kind of biopolymer having highly

220| Page
TH-2018 136107011



branched chains of galactose units with B-1,3-glycosidic linkage. Adversely, the hydrophilicity
of GA makes it unsuitable for filler materials, so in this regard, modification of GA can make it
compatible for PLA, where grafting of GA with oligomers of lactic acid or use of cross-linking
agent and compatibilizer can put a good impact on formulating PLA based biocomposites.
Several reports are also available for the food and biomedical applications of GA [224-227].
The availability of GA is abundant in Indian subcontinent compared to other polysaccharide
gums and also it is an established gum for different food and biomedical applications. However,
there are certain other polysaccharide gums of similar characteristics like gum karaya, gum
olibanum, gum tragacanth etc., but their use in food or different biomedical applications is

limited unlike gum arabic.

The present study aims towards developing biodegradable PLA/ modified gum arabic (MG)
based foams using a simple and cost effective technique, where sugar is used as porogen
particles. Interestingly, sugar is extensively available, cost-effective, non-toxic, biocompatible
material and mainly consists of glucose and fructose molecules. A schematic representation of

the fabrication process of PLA/MG-based foam is shown in Fig. 5.1.
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Fig. 5.1 Schematic representation of the fabrication process of PLA/MG-based foam.

5.2 Results and discussions

In this section, the results and observations obtained from various analytical techniques are

scientifically discussed with probable conclusions and explanations.
5.2.1 Morphological investigations of the PLA/MG-based foams

The FESEM images of both the horizontal and cross-sectional surfaces of the prepared foams
can be observed in Fig. 5.2 and Fig. 5.3. Presence of open cellular interconnected porous
structure of the foams can be visualized from the figures. The dispersion of MG in the cell walls
can be visible from FESEM images. The MG nanobiofiller having particle dimensions of 80 nm
to 900 nm in length are shown in Fig. 5.4. From the FESEM image, the measured average cell

size (diameter) of PLA based foams was ~3.8+0.08 um. However, the incorporation of MG
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nanobiofiller effects the average cell size. In the case of PLA/MG 1, the cell size was observed
as ~3.2+0.06 um, which was further decreased to ~2.8+0.1 um for PLA/MG 2. For the

biocomposite foam with the highest loading of 3% MG (PLA/MG 3), the value of cell size was

observed as ~3.1+0.1 pm.
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Fig. 5.2 FESEM micrographs of PLA and PLA/MG-based foams.

Similarly, the cell density (Nf) of the fabricated foams were also calculated by FESEM
micrographs as shown in Fig. 5.5. The cell density of the neat PLA foam is observed as
~1.0x10%° cells/cm® whereas the value was increased to ~1.3x10%° cells/cm® for PLA/MG 1.
Moreover, the cell density is increased to ~1.5x10% cells/cm?®for PLA/MG 2, which is further
increased to ~1.4x10%° cells/cm? for the loading of 3% MG. The increase in cell density and a

decrease in cell size is observed with increasing filler concentration. However, at highest
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loading, the value is little bit decreased due to probable agglomeration of MG. This
phenomenon may have attributed to the nucleation effect of MG, which results in increasing
the generation of cell numbers. Further, reports suggest that B-lactoglobulin/ acacia gum

generates number of nucleating sites for nucleation and growth mechanism [228].

) 2

»

Mag= 4.00 KX

Fig. 5.3 Cross-sectional FESEM view of PLA/MG-based foams.
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Fig. 5.4 FETEM images of Modified GA.
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Fig. 5.5 Cell density and cell size of the PLA and PLA/MG-based foams.
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5.2.2 Chemo-physical investigations

The average density of the fabricated foams was calculated and tabulated in Table 5.1. The
average density of the nPLA foam was found to be ~0.17+0.01 g/cc, whereas the density of the
PLA granule was observed as ~1.24+0.1 g/cc. The significant reduction of density in case of
foams is mainly due to the presence of voids in the matrix, which caused by the leaching of
porogen particles. The presence of air voids in the PLA matrix reduces its weight, which directly
affects the density. The lightweight foam materials are preferable in various applications with
the aid of cost reduction for using a lesser amount of materials. The measured density of PLA/MG
1 was found to be ~0.17+0.01 g/cc, which is similar for nPLA. Subsequently, in the case of
PLA/MG 2 and PLA/MG 3 the average density values are observed as ~0.15+0.01 and
~0.16+0.01 g/cc, respectively. The small reduction in density at higher loadings can be attributed
to the phenomena of nucleation of MG nanobiofiller, which contributes to more number of pores

by reducing the mass and finally effects the average density [228].

Table 5.1 Dry weight, density and volume expansion ratio (VER) of foams.

Sample Dry weight before Dry weight after Avg. VER Foam Type

leaching leaching density
(9) (9) (g/cc)
nPLA 34.6 3.8 0.174#0.01 7.5+0.4 Medium density
PLA/MG 1 33.8 3.5 0.17£0.01  7.1+0.3 Medium density
PLA/MG 2 34.8 3.2 0.15£0.01 8.4+0.5 Medium density
PLA/MG 3 32.8 3.6 0.16£0.01 7.7£0.3 Medium density

Avg. density of PLA granules is found to be 1.24+0.02 g/cc.

TH-2018_136107011
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The VER of the foams are calculated and are summarized in Table 5.1. The VER of nPLA
foam is observed as 7.5+0.4 indicating medium density foam. It can be observed from Table 1
that all the fabricated foams can be categorized as medium density foam. The FTIR spectra of
porogen, MG, and fabricated foams are shown in Fig. 5.6. The characteristic FTIR peaks of
sucrose can be observed around ~908 cm™ (-C-O- stretching), ~1300 cm™ attributes to the —
OH group (bending vibrations) and peak around ~1400 cm indicates to —CH group (bending
vibrations) of sucrose. Two peaks (~3380 cm™ and ~3556 cm™) indicates the —OH groups
(stretching vibrations) of sucrose [177]. Further, for MG peaks around ~1750 cm™ (-C=O-
stretching) and 1128 cm™ (—C-O- stretching) are observed. The peaks observed at MG are also
observed in PLA/MG based fabricated foams. Characteristic peaks are observed for nPLA
around ~868 cm™ (—~C-O-C- stretching), ~1073 cm™ (-CH3 asymmetric vibrations), ~1450 cm"
1 (-CH bending vibrations) and ~1742 cm™ (-C=0 vibrations). Moreover, the peak around
~2930 cm™ represents the —CH3 symmetric vibrations. For the case of all PLA/MG based
foams, a broad peak around ~3500 cm™ representing —OH is observed. In case of all the
fabricated foams, sharp peaks around ~1750 cm™ (-C=0- stretching) and 1454 cm™ (~CHs
stretching) are observed [122,123]. Peaks around ~1198 cm™, ~1133 cm™* and ~1083 cm
representing —C-O- stretching in the structure of MG [188]. Other characteristic peaks are
observed around ~1045 cm™ and ~1595 cm™ indicating —OH stretching and —C=0 stretching
as well as —N-H- bending, respectively [229]. The XRD patterns of fabricated foams are
represented in Fig. 5.7. For nPLA foam, a sharp peak was observed at 20=16.6° which indicates
[110]/[2 00] planes. This sharp intense peak confirmed the a-form of crystals, which presents
in the structure. Other peaks were observed at 26=14.9°, 19.5° and 22.5° corresponding to [0 1
0], [2 0 3] and [0 1 5] planes, respectively [122]. Sharp peaks around 26=~16.6° are present in
all concentrations of PLA/MG-based foams, which confirms the presence of ordered crystals
in the fabricated foams. It was also observed from the figure that no significant shifting of
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peaks occurs which confirmed that no phase separation of ordered crystals held in PLA/MG
based foams. MG nanofiller acting as plasticizing agent may also affect the crystallinity of the
fabricated PLA/MG based foams compared to their neat counterpart. The peak intensity of
26=~16.6° for PLA/MG 1 is observed as Imax=4479, for PLA/MG 2 the value is Imax=4153 and
for PLA/MG 3 the value is observed as Imax=3159 whereas Imax= 3833 for nPLA keeping other
parameters constant for XRD analysis. The increase in intensity value may also be due to a
good degree of interaction of polymer-filler and the nucleation effect of MG filler in the
polymer matrix. It is observed from the investigation that a-form of crystals are mainly

dominating the fabricated foams.
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Fig. 5.6 FTIR spectra of Sucrose and PLA/MG-based foams.
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Fig. 5.7 XRD spectra of PLA and PLA/MG-based foams.

The calculated values of Mn, Mw, and PDI from GPC analysis are summarized in Table 5.2.
The Mn and My values of nPLA foam were observed as ~114270 Da and ~202380 Da,
respectively. The PDI value of nPLA foam was observed as ~1.8. However, on the addition of
MG nanobiofillers, a reduction in molecular weight was observed. This phenomenon is
occurring due to the presence of low molecular weight oligomer (OLLA) present in MG, which
was used as a filler material to fabricate the composite foams. It can be seen from the table that
M value decreases with MG due to the presence of low molecular weight oligomer. Moreover,
the My value is also decreasing on increasing the filler concentration. Further, the PDI of the
fabricated foams lies in the range of ~1.7-~1.8.
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Table 5.2 Thermal analysis data and molecular weight investigations.

Sample TGA Analysis GPC Analysis
Tonset Tuax °C)  Too (°C) Ma (Da) Mw(Da) PDI
O
nPLA 358 392 403 114270 202380 1.8
PLA/MG 1 349 389 398 107450 184010 1.7
PLA/MG 2 345 388 397 95240 17480 1.8
PLA/MG 3 342 387 397 90070 153070 1.7

5.2.3 Colorimetric investigations of the fabricated PLA and PLA/MG based foams

The color parameters of formulated polymeric foam materials using PLA and its biocomposites
are significantly influenced by the use of various loading of MG as shown in Table 5.3. The
observed L value of the prepared nPLA foam was found to be 96.48+0.51, which is having a
close agreement to 92.1+0.2 obtained by Samsudin et al. [230]. Further, incorporation of MG
to the PLA materials reduce the L value by ~18.2, ~28.90 and ~44.66 % with the loading of 1, 2,
and 3% biofiller materials, respectively, where the fabricated dark brown color of MG is
responsible for such change. Further, color factor shows a drastic change to redness from
greenness due to the incorporation of filler material and observed values significantly switch
from -0.04+0.02 to 6.50+0.13 with an increase in loading of bionanofiller. Interestingly, there
was also found an increment in b* values where there is shown a significant improvement of
yellow color which may be due to the effect of temperature and % loading during processing of
filler materials. The chroma values are also observed to be influenced by filler materials and are
found to be enhanced which shows the increase in saturation values of color with increasing MG
nanobiofiller. It can be concluded that MG significantly effects the color parameters of the

fabricated foams.
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Table 5.3 Colour properties of biodegradable composite foam.

Parameters nPLA PLA/MG 1 PLA/MG 2 PLA/MG 3
L 96.48+0.51 78.96+0.19 68.59+0.39 53.39£1.05
a* -0.04+0.02 3.63+0.07 4.79+0.09 6.50+0.13

b* 0.89+0.09 13.85+0.14 18.38+0.13 19.39+0.22
Chroma 0.89+0.09 14.31+0.14 19.00+0.10 20.45+0.24

5.2.4 Thermal investigations

The thermogravimetric plots of fabricated foams are represented in Fig. 5.8. The calculated
Tonset, Tmax and Tgo from the TGA profile are summarized in Table 5.2. The hydrolysis along
with the oxidative scissions of PLA chains might be responsible for the Tmax Value obtained for
nPLA (~392 °C) [178]. It can be observed from the TGA profile that degradation is undergoing
in a single step for all the cases. However, on the introduction of MG filler, no such significant
changes were observed. At the highest concentration of MG (PLA/MG 3), there was a
reduction of ~5 °C in Tmax value. In the case of Tonst, it was observed that PLA/MG 3 has a
reduction of ~16 °C compared to nPLA foam. A reduction of ~6 °C was also observed in Tgo
for PLA/MG 3 than its neat counterpart. The degradation process of PLA is enhanced by MG
and thus affecting the thermostability. On increasing the concentration of MG, the generation
of acidic sites are also increased which enhances the degradation at a slightly lower

temperature.
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Fig. 5.8 TGA and DTG profile of PLA and PLA/MG-based foams.
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The crystallization behaviors of the fabricated foams are represented in Fig. 5.9 and the second
heating cycle of the analysis were considered for the present experiment. The glass transition
temperature (Tg), crystallization temperature (T¢) and melting temperature (Tm) of PLA and
PLA/MG based foams can be measured from the DSC plot. T4 value of nPLA was found around
~63.7 °C. However, a reduction in T4 value was observed on increasing MG filler concentration
which might be due to the plasticizing effect of MG and formation of short chains. Single Tg
indicates good compatibility of nanofiller in the polymer matrix. No such significant reduction
in melting point was observed in PLA/MG based foams compared to nPLA. The single
endothermic melting peak indicates the homogeneous distribution of MG filler in the PLA
matriX. The melting peaks indicate the melting of perfect crystals at higher temperature [179].
So it can be concluded that introduction of MG has no significant effects in melting
temperatures of PLA/MG based foams. However, there was a reduction in T value was also

observed in PLA/MG-based foams compared to the neat counterpart.
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Fig. 5.9 DSC thermograms of PLA and PLA/MG-based foams.
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5.2.5 Wettability Phenomena

Wettability investigations of developed foams (Fig.5.10A), are performing observing both static
and dynamic contact angle values (Table 5.4). The static contact angle value of nPLA was
observed as ~118.4°+2.2°. On introduction of MG nanobiofiller, the increase in hydrophobicity
in PLA matrix was observed. Further, the static contact angle also increases with MG nanofiller
concentration. Almost ~20° increment in contact angle was observed for PLA/MG 3. The
increase in contact angle for both PLA/MG 1 and PLA/MG 2 was found to be around ~17°. The
contact angle studies of the compressed foam (surface without texture) has been performed to
understand the influence of surface morphology in wettability. It can be seen from the table that
a reduction of ~45° contact angle is observed in nPLA foam, whereas the contact angle reduction
for PLA/MG 1 and PLA/MG 2 are ~60°. Similarly, in the case of PLA/MG 3, a reduction of
~55° in contact angle was observed. The reduction in contact angle of compressed foams might
be due to the collapse of the foamed structure in the matrix. However, an increase in contact
angle with MG loading was also observed in compressed foam surfaces. Hence, we can conclude
that MG fillers along with the surface morphology has combined effects in wettability of foams.
Due to the hydrophobic nature of MG, the contact angle might be affected. The probable
reorganization of MG in the PLA might be responsible for the decrement of the contact angle of
compressed surface effecting wettability. From the dynamic contact angle analysis, a slight
increase (~2°) in Young’s contact angle was observed for the fabricated foams. Dynamic
wettability analysis considers both the spreading and splitting phenomena of the liquid drops in
the surface. As discussed in the previous section, the MG nanofiller increases the generation of
the number of pores which directly increases the cell density and decreases pore size as supported
by FESEM (~2.8+0.1 um for PLA/MG 2). Parallel conclusions can also be made from the contact
angle hysteresis (CAH) values (Table 5.4) obtained. It is observed that on increasing MG

concentration in the PLA matrix, the hysteresis value also increases. The CAH value depends on
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the surface morphology and in our investigation, the highest value of CAH is observed for
PLA/MG 3. The change in surface morphology of the PLA based fabricated foams with the
increase in MG might be the reason behind this change in CAH value. The observations are in
agreement with some previous investigation of wettability in PLA based foams [128]. Hence,
comparatively smaller pores are present in PLA/MG-based foams, which affects the wettability,
as it depends on surface roughness and morphology [183]. It can be concluded that the combined
effect of MG nanobiofiller along with surface morphology of the fabricated foams is responsible

for wettability phenomena.

nPLA PLAIMG 1 — nPLA —_— PLAIMG 1
compressed compressed
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I PLAMG 2 l o I compressed I compressed

Fig. 5.10 A) Static contact angle of PLA and PLA/MG-based foams, B) Digital photograph
of

the fabricated foams.
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Table 5.4 Wettability analysis of the fabricated PLA and PLA/MG-based foams.

Sample Static Contact Angle Dynamic Contact Angle
Surface Compressed Advancing Receding Young’s Hysteresis
with texture surface
without 0adv Orec Oy CAH
texture
nPLA 118.4°£2.2°  73.0°+£3.6°  136.5°+5.1° 95.8°+8.8° 114.4°+4.8° 40.7°
PLA/MG 1 135.2°43.2° 73.5°42.8°  141.5°49.8° 98.8°+6.8° 117.9°+7.5° 42.7°
PLA/MG 2 134.2°+2.6° 76.2°42.6°  140.8°£8.8° 96.4°+8.4° 116.3°+6.8° 44 4°
PLA/MG 3 137.5°+3.1° 82.8°+3.4° 145.6°+7.7° 93.8°+6.8° 116.4°+5.8° 51.8°

5.2.6 Porosimetric investigations

The digital photograph of fabricated foams can be observed in Fig. 5.10 B. The results obtained
from porosimetric investigations are summarized in Table 5.5. A reduction of ~ 20 % and ~
53.3 % average pore diameter is observed for PLA/MG 1 and PLA/MG 2 compared to nPLA
respectively. However, the average pore diameter value slightly increases for foam with highest
MG loading. Interestingly, the reduction in average pore diameter can be related to the
nucleation of MG. The increase in MG generates more nucleating cites which might enhance
the number of pores. The agglomeration of MG at highest loading might be the probable reason
of the slight increment in average pore diameter. The average cell diameter observed from this
investigation are in good agreements with the cell size obtained from FESEM micrographs as
discussed in the previous section. The surface area is also related with the pore size and it is
observed that an increment of ~15.4 % and ~59.6 % in surface area was caused with an increase
in MG for PLA/MG 1 and PLA/MG 2 compared with PLA foam, respectively. Similarly, a

slight decrease of surface area is observed for PLA/MG 3, where an increase in surface area
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can be related to the decrease in pore size. As discussed earlier, the increase in surface area and
a decrease in pore size is very much useful for different applications including cell proliferation
and tissue culture [205]. The porosity value also slightly decreases with an increase in surface
area due to the presence of smaller pores. The porosity of the PLA foam is observed as ~82%

and the value slightly decreases to ~80% and ~78% for 1% and 2% loading of MG respectively.

Table 5.5 Porosimetric investigation of PLA and PLA/MG based foams.

Sample Porosity (%) Avg. Pore Dia. (um) Surface Area (m?/g)
nPLA 82 1.5 13.6
PLA/MG 1 80 1.2 15.7
PLA/MG 2 78 0.7 21.7
PLA/MG 3 80 1.0 1715

5.3 Crystallization kinetics investigations of PLA/MG-based foams

The DSC thermogram of different heating rates for non-isothermal crystallization kinetics of
developed foams is shown in Fig. 5.11. Crystallinity is a phenomenon, which can be explained
on the basis of arrangements of polymer chains in the matrix. The nanofillers effects the
crystallinity, nucleation rate, crystallization temperature and spherulite size [231] The
crystallinity is also important for the degree of expansion and integrity of the cellular structure
of foams [232]. The investigation is mainly focused on the effect of MG nanobiofiller on the
crystallization properties of PLA foams. The non-isothermal cold crystallization kinetics of
PLA and PLA/MG based foams are carried out at 4 different heating rates 2.5 °C/min, 5
°C/min, 7.5 °C/min and 10 °C/min and relative crystallinity plots and summarized values are

shown in Fig. 5.12 and Table 5.6. It is observed from the table that to 5 value got decreased on
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increasing the heating rate of PLA and PLA/MG based foams, suggesting the rise in the rate of

crystallization on increase in heating rate.
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Fig. 5.11 DSC thermograms of PLA and PLA/MG-based foams.
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The Avrami plots of the PLA and PLA/MG based foams are shown in Fig. 5.13. The values of
Avrami exponent (n) and crystallization rate constant (k ) are calculated and tabulated in Table
5.6. The values are calculated from the slope and intercept of the linear region of the Avrami

plots and the linear pattern of the plot suggests primary crystallization.
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Fig. 5.12 Relative crystallinity vs time plots of PLA and PLA/MG-based foams.
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However, it was observed that all the fabricated foams behave similarly and slightly deviates

from linearity, suggesting the occurrence of secondary crystallization [123]. The primary

crystallization suggests the outward growth of lamellar stacks depicting the perfection of

internal spherulite crystallization and impingement of spherulite. Avrami exponent value is

used to have an idea of nucleation mechanism of MG and form of crystal growth. In this

investigation, it is observed that “n” value ranging from ~1.9-~3.0. The value of

€C_ 9

n’’ nearer to

~2 suggesting two-dimensional nucleation and growth of the crystals [231], whereas the value

of “n” close to ~3 suggesting plate-like growth from nuclei initiated over time [233]. The non-

integral values of “n” suggesting that the nucleation mechanism consists of both thermal and

athermal nucleation [123].
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Fig. 5.13 Avrami plots of PLA and PLA/MG-based foams.

From the value of “k ” we can confirm that MG fillers helps in generation of more nucleating

sites and thus affecting the crystallization rate of PLA and PLA/MG based foams. Ozawa plots

for PLA and PLA/MG based fabricated foams are shown in Fig. 5.14. The plots are mostly

linear in nature, however, the non-linearity of the plots suggests the secondary crystallization

process taking place in the fabricated foams. From the Mo plots (Fig. 5.15) the values of “a”

and F(t) are calculated and tabulated in Table 5.6. The values are found to be in the range of

~1.08-~1.25, ~1.10-~1.27, ~2.02-~2.04 and ~1.12-~1.22 for nPLA, PLA/MG 1, PLA/MG 2

and PLA/MG 3 respectively at a different degree of crystallization suggesting a change in

crystallization mechanism. The F(t)values are increasing with the degree of crystallization

TH-2018_136107011
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indicating higher heating rate is required for higher crystallinity. The non-linearity is also
observed in Mo plots suggesting primary and secondary crystallization. Tobin plots (Fig. 5.16)

also indicates non-linearity and thus in accordance with the previous investigations.

Table 5.6 Crystallization parameters from the Avrami and Mo plots.

Sample Heating tos k n Xt% a F(t)
Rate min (min™)
(°C/min)
2.5 1.2 0.0009 1.9 20 1.08 20.26
nPLA 5 5.3 0.004 2.3 40 1.18 28.98
7.5 4.1 0.006 2.8 60 1.24 38.25
10 2.3 0.06 2.8 80 1.25 47.98
2.5 6.3 0.0009 2.5 20 1.10 16.58
PLA/MG 1 5 4.1 0.009 2.5 40 1.18 22.60
7.5 3.2 0.02 2.6 60 1.25 29.95
10 1.2 0.1 2.8 80 1.27 39.08
2.5 4.6 0.005 24 20 2.02 33.19
PLA/MG 2 5 3.2 0.01 2.9 40 2.13 55.36
7.5 2.9 0.02 2.6 60 2.13 78.81
10 2.3 0.04 3.0 80 2.04 105.37
2.5 6.4 0.002 2.2 20 1.12 16.80
PLA/MG 3 5 4.6 0.01 2.3 40 1.19 24.32
7.5 3.3 0.03 2.5 60 1.23 31.87
10 2.0 0.1 2.3 80 1.22 38.81
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Fig. 5.14 Ozawa Plots for PLA and PLA/MG-based foams.
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5.4 Hydrolytic degradation studies of PLA and PLA/MG-based foams

The hydrolytic degradation investigations of the PLA and PLA/MG-based fabricated foam
samples are shown in Fig. 5.17. The different analytical techniques are utilized to investigate
the hydrolytic degradation of the fabricated foams. The samples are degraded at 35 °C and 55
°C and analyzed after 120 h of degradation. The temperatures are selected as per different
literature available [158,159]. It can be visually observed from the figure that degradation is
more prominent at elevated temperature as compared to lower temperature. The increase in
degradation at elevated temperature might be due to the chain mobility and formation of low
molecular weight products. Also from the figure, it is observed that degradation is more

prominent in the basic and acidic medium compared to the neutral solution.

At 35°C

Fig. 5.17 Visual observation of degraded PLA and PLA/MG-based foams after 120 h.
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The residual weight (%) of the hydrolytically degraded PLA and PLA/MG-based foams
observed at an equal interval of time as represented in Fig. 5.18. It can be observed from the
figure that degradation is more significant in the acidic medium and basic medium compared
to neutral medium in hydrolytic degradation. At elevated temperature (55 °C), the weight
residue (%) decreases than at 35 °C. The decrease in weight residue (%) might be due to the
formation of short chains oligomers in the matrix and movements of PLA chains. Degradation
proceeds via mechanisms like random chain scission, surface erosion, chain cleavage and so
on [234,235]. The degradation at basic medium is more noticeable due to the presence of -OH
group which attacks the ester linkage present in PLA structure [236,237]. The degradation rate
observed from the figure can be divided into three regions: initially the degradation is faster
followed by mid degradation stage and finally, a steady degradation region is observed in the
figure. the similar trend is followed by all the fabricated PLA and PLA/MG-based foams [238—

240].
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Fig. 5.18 Residual weight of PLA and PLA/MG-based foams for 120 h.
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The degradation in presence of water in PLA-based foams can be represented by the following

reaction
-CO0—-+H,0 —-—-COOH + HO - (5.1

The degradation in the alkaline medium of PLA-based foam proceeds via chain-end cleavage
[241-243]. The morphology of the foamed structure and the available surface area for
degradation is also responsible for the degradation rate. The generation of smaller pores in the
PLA/MG-based foam increases the surface area, thus the available surface for degradation is
higher, which generates of more degradation cites in the matrix. The hydrolytic degradation is
more effective in the surface compared to the core [244]. Further, surface erosion are also taken

place on the surface by the surrounding medium [245-248].

The XRD plots for degraded PLA and PLA/MG-based foams are shown in Fig. 5.19 at 35 °C
and 55 °C. The crystalline region of the PLA is more hydrolytic resistant compared to the
amorphous region. In the initial stages of hydrolytic degradation, the assess ability of water
molecules to the ordered crystalline region is difficult compared to the chains present in the
amorphous region. The hydrolytic degradation initially takes place in the available amorphous
region of the PLA by producing some water-soluble monomers and low molecular weight
products. The crystalline region left over from the initial hydrolytic degradation in the polymer
matrix is known as “crystalline residue” [244,249]. The second step of degradation is focused
on the crystalline residues. The surrounding media has influenced the degradation of the chains
present in the crystalline region and the amorphous chains present between the ordered
crystalline region [250-254]. From the XRD the presence of crystalline residue in the
PLA/MG-based system is clearly visible. The crystalline peaks are observed in the degraded
foam samples indicating the degradation of the amorphous region. Sharp crystalline peaks are
mainly observed in the acidic and basic medium compared to the neutral solution at 35 °C.
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However, at elevated temperature (55 °C), crystalline peaks can be visualized from the plots in

all the three mediums indicating the hydrolytic degradation of the amorphous region in all the

fabricated PLA and PLA/MG-based foam samples. The peaks are more prominent in acidic

and basic medium indicating the good agreements of results with a previously described section

of residual weight (%)[255].
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Fig. 5.19 XRD plots for degraded PLA and PLA/MG-based foams at 35 °C and 55 °C.

The morphological changes of the PLA and PLA/MG-based foams on hydrolytic degradation

can be visualized from Fig. 5.20. The morphological changes in the degraded samples of PLA

and PLA/MG-based foams can be easily visualized from the figure. Significant changes in

surface morphology are visible in acidic medium samples of PLA/MG-based foam compared

to untreated samples (Fig. 5.2). The rupture of cell wall and the development of cracks are

more noticeable at an elevated temperature of degradation. The effect of degradation on surface

TH-2018_136107011
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morphology of PLA/MG-based foam is more significant in acidic and basic medium. The
change in morphology of the porous structure leads to the generation of larger pores in the
structure, which may affect the wettability phenomena. From the morphological investigation,

the effect of hydrolytic degradation on the cellular structure can be observed.
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Fig. 5.20 FESEM micrograph of degraded PLA and PLA/MG-based foams.

The wettability phenomena of the hydrolytic degraded PLA and PLA/MG-based samples are
investigated and the obtained contact angles are shown in Fig. 5.21. It is observed that the
wettability is affected by degradation, where the change in contact angle is observed compared
to the untreated PLA/MG-based foam samples. The change in wettability in the degraded

samples might be due to the morphological changes as observed in FESEM. The breakage of
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cell walls generated larger pores, which increases the water penetration in the foam structure and
thus hydrophilicity increases. However, in the neutral medium, the contact angle is not effected
much compared to other mediums. The decrease in contact angle is due to the cleavage of ester
linkage by the hydrolytic degradation, resulting in formation of hydrophilic terminal end groups
like hydroxyl and carboxyl groups in the PLA surface. Therefore, the hydrophilicity increases

on increase in hydrolytic degradation [256-258].

nPLA_neutral_35 PLA/MG 1_neutral_35

nPLA base 35 PLA/MG 3_acid_35

PLA/MG 2 neutral 55
PLA/MG 1_base_55 - -

nPLA_acid_55
PLA/MG 3_neutral_55

Fig. 5.21 Representative contact angle values for hydrolytic degraded PLA and PLA/MG-

based foam.
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The increase in hydrophilicity can be observed from the figure compared to untreated PLA and

PLA/MG-based foam surfaces (Fig. 5.10).

Further, the molecular weight (Mw) investigation of the hydrolytically degraded PLA/MG-

based samples are shown in Fig. 5.22.
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Fig. 5.22 Molecular weight investigations of the degraded PLA and PLA/MG-based foams.

The reduction in molecular weight can be observed in elevated temperature compared to lower
temperature. Similarly, it is also observed from the figure that with an increase in MG, the
molecular weight decreases due to the formation of short chains in the PLA matrix by the MG.
MG acts as a plasticizing agent in the matrix by enhancing the chain mobility, which helps in
the degradation process. In the elevated temperature, the mobility of polymeric chains
increases, and thus increases the formation of low molecular weight monomers resulting in the
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decrease of the molecular weight. The reduction in molecular weight is prominent in acidic

medium and basic medium. In neutral medium, the reduction is comparatively less due to the

fact that the degradation is low in the neutral medium as discussed in an earlier section.

The influence of hydrolytic degradation on thermal properties of PLA and PLA/MG-based

foams has been investigated. The DSC thermograms of hydrolytic degraded samples are shown

in Fig. 5.23.
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Fig. 5.23 DSC plots for PLA/MG-based foam at 35 °C and 55 °C.
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From the DSC plots of the degraded samples, the decrease in the glass transition temperature

(Tg) on hydrolytic degradation can be observed. The increase in chain mobility has occurred

due to the reduction of molecular weights [255]. The decrease in melting point (Tm) of the

hydrolytic degraded samples are observed from the figure above as compared to the untreated

foam samples discussed earlier. However, the melting point reduction is more prominent in the

acidic and basic medium compared to a neutral medium resulting from the decrement in the

crystalline thickness and change in surface morphology of crystalline region [259]. The results

obtained from DSC are in accordance with the previous results obtained in hydrolytic

degradation as discussed earlier.
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The thermal stability of the degraded PLA and PLA/MG-based foam samples are investigated
by TGA. The TGA plots of the degraded foam samples are shown in Fig. 5.24. The onset
temperature of degradation (Tonset) decreases on hydrolytic degradation. The reduction is
prominent in acidic and basic medium as discussed earlier. It is also observed that on the
incorporation of MG in the PLA matrix decreases the thermal stability on hydrolytic
degradation. The plasticizing effect of MG is responsible for the reduction in thermal stability.
MG enhances the molecular chain mobility in the PLA matrix. It can be observed that at
elevated temperatures the thermostability reduces further due to the formation of low molecular
weight oligomers. The maximum degradation temperature (Tmax) is significantly reduced on
the incorporation of MG in the acidic medium and basic medium as observed from the figure.
A similar reduction in Tmax can also be observed in the neutral medium but the magnitude of

reduction is less compared to the acidic and basic medium.

From the above discussions on hydrolytic degradation investigations of PLA and PLA/MG-
based foams, it can be concluded that hydrolytic degradation proceeds with surface erosion and
breakage of cellular structure in the foam matrix and a change in morphology is observed in

the foam surface. It is also noticed that the weight loss is more in acidic and basic medium.
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The hydrolytic degradation also affects the wettability and thermal properties of the PLA/MG-
based foam samples. It is also noticed that MG reduces the thermal stability on hydrolytic

degradation and it is more prominent at elevated temperature.

5.5 Photodegradation (UV-irradiate) of PLA and PLA/MG based foams

The UV-irradiated photodegradation of the PLA and PLA/MG-based foams samples are
investigated by using different analytical techniques. The fabricated foam samples are exposed
to UV light and investigations has been performed after 1 week, 2 weeks and 3 weeks of
exposure to UV light. The change in color of PLA/MG-based foam samples is observed after
UV exposure. The fading of color is more significant after the higher time of UV exposure.

The colorimetric investigations of the photodegraded foam samples are illustrated in Fig. 5.25.
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Fig. 5.25 Colorimetric values of photodegradation studies of PLA/MG-based foams.
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The change in color parameters is observed on photodegradation due to the presence of MG in
the matrix along with the photoexcitation of —-C=0 linkage present in the PLA structure. The
photoexcitation causes some chemical reactions in the PLA like o and B cleavage, atom
abstraction, radical addition and so on [260,261]. The —C=0O chromophore group is highly
reactive to UV radiation. Due to the photochemical reactions, the fading of color is observed
in the PLA/MG-based foams. The change in color parameters on UV exposure is illustrated in
Fig. 5.25. The change is more prominent in higher weeks of UV exposure. From the figure, it
is observed that the change in L* parameter is more prominent in PLA/MG-based foams
compared to PLA. The dark brown color of MG might be responsible for this change. On UV
exposure, the fading of color is observed. The addition of MG affects the whiteness value of
the fabricated PLA/MG-based foams. The increment in whiteness can be observed in
PLA/MG-based foams with a higher period of UV exposure. The greenness of the PLA/MG-
based foams is also increased on UV exposure. Similarly, form the figure it is observed that
the value of b* parameter decreases on UV exposure suggesting the decrease in yellowness in
the PLA/MG-based foams on UV exposure. The photochemical reactions like transfer of
electrons (n-n*), atom abstraction etc. in the PLA under UV exposure might be the reason

behind the change in color [118,262].

The morphological investigations of the photodegraded PLA and PLA/MG-based foam
samples are illustrated in Fig. 5.26. The FESEM micrographs of the UV exposed surfaces of
foam indicates the change in cellular morphology. The absorption of UV energy causes
changes like the development of cracks and breakage of cellular structure in the PLA/MG-
based foams as compared to the unexposed PLA/MG-based foams as discussed in earlier
section 5.2.1 in Fig. 5.2 and Fig. 5.3. The change in morphology is more prominent at higher
exposure periods. Development of cracks and rupture of cell walls is more significant in

PLA/MG-based foams compared to nPLA. The change in surface morphology of the
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photodegraded foam can influence various properties like wettability and thermal properties.

The photodegradation also affects the molecular weight.
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Fig. 5.26 FESEM micrographs of photodegraded PLA and PLA/MG-based foam.

The change in cellular morphology of the UV exposed foam samples can be clearly visible in
FESEM micrographs. The MG effects the degradation of PLA/MG-based foams as compared

to neat PLA as suggested by the FESEM above.

The wettability investigations of the photodegraded PLA and PLA/MG-based foams are shown
in Fig. 5.27. The change in contact angle is observed for the PLA based photodegraded foams.
The decrease in contact angle is observed for nPLA and PLA/MG 1 foams with UV exposure
period. However, no such trend is observed for PLA/MG 2. However, at higher loading of MG
(PLA/MG 3), the decrease in contact angle is observed. The change in wettability phenomena

of the photodegraded PLA/MG-based foams might be due to the change in surface morphology
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as suggested by FESEM. The development of cracks and breakage of the cell wall in the
PLA/MG-based foams on photodegradation impacts the wettability. The incorporation of MG
further enhances the degradation due to its plasticizing effect and formation of oligomers in the
matrix. The wettability phenomena are influenced by the change in cellular morphology and

the MG nanobiofiller present in the PLA matrix under the exposure of UV irradiation.
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Fig. 5.27 Wettability investigation of PLA and PLA/MG-based foam.

The molecular weight (M) investigations of the photodegraded PLA/MG-based foam samples
are shown in Fig. 5.28. It can be easily observed from the figure that the molecular weight
decreases on UV irradiation. In all the cases of PLA and PLA/MG-based photodegraded foam
samples, a reduction in molecular weight is observed with the UV irradiation. The reduction in
molecular weight might be due to the photodegradation effect on the PLA. It can be easily

noticed from the GPC results that reduction of molecular weight is more significant in the
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PLA/MG-based foams compared to nPLA. The reduction of molecular weight is observed for
PLA/MG-based photodegraded foams. The reduction is more prominent on samples of higher

loadings of MG.
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Fig. 5.28 Molecular weight investigation of photodegraded PLA and PLA/MG-based foam.

The highest decrement of molecular weight is observed for PLA/MG 3. The incorporation of
MG in the PLA matrix has plasticizing effects, which increases the chain mobility and increases
the formation of low molecular weight oligomers on UV irradiation. The degradation observed
is mainly due to the absorption of UV light by C=0 groups and via n-r* electron transfer and
resulting in the formation of chromophores [4,260]. The other groups present in PLA such as
C-C and C-H absorbs wavelengths below 180 nm. In the case of PLA/MG-based foams, the

presence of MG influences the degradation of molecular weight in the presence of UV light.
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Fig. 5.29 DSC thermographs of photodegraded PLA and PLA/MG-based foam.

The thermal property of the photodegraded PLA and PLA/MG-based foams are investigated
by DSC and TGA. The DSC plots of the PLA and PLA/MG-based foams under UV exposure
of 1 week, 2 weeks and 3 weeks (Fig. 5.29). The decrease in glass transition temperature (Tg)
is observed with the increase in the concentration of MG in the PLA matrix. The decrease in
glass transition is the evidence of the formation of short chains in the matrix. The decrease in
Tg is more prominent in PLA/MG 3. On UV exposure, the Tq further decreases with time of
exposure indicating the formation of short-chain low molecular weight products. Similarly, the
reduction in melting point is also observed with an increase in UV exposure time indicating
the structural change in the crystalline region and reduced size of the crystal. Therefore, it can
be observed that UV influences the crystal structure along with structural surface changes in

the foam matrix.
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Fig. 5.30 TGA plots of photodegraded PLA and PLA/MG-based foams after UV exposure.

The TGA plots of the UV exposed PLA and PLA/MG-based foams can be observed in Fig.
5.30. From the figure, the reduction in onset degradation temperature (Tonset) Can be observed
with an increase in UV exposure time of the PLA and PLA/MG-based foams. It is also observed
that with the incorporation of MG, the Tonset Value further decreases. The decrement in Tonset IS
more prominent for samples of higher UV exposure compared to the low exposure time. The
reduction in maximum degradation temperature (Tmax) i also observed with UV exposure time.
It is also observed that at a higher exposure time of 3 weeks under UV irradiation, the PLA/MG-
based foams thermally degraded faster and the thermal stability is also affected. The thermal
stability of nPLA is also reduced with UV exposure but the reduction is lesser than the

PLA/MG-based foams.
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From the photo degradation investigations of the PLA and PLA/MG-based foams, it can be
concluded that UV irradiation effects the surface morphology of the fabricated foams. The
wettability, molecular weight, and thermal properties are also deeply affected by UV
degradation. The incorporation of MG enhances the degradation process and reduces the thermal

stability and other properties under UV exposure.

5.6 Summary

This chapter demonstrates the fabrication of microcellular, interconnected, hydrophobic and
highly porous PLA based foams applying an innocuous and cost-effective technique using
sucrose as a porogen medium. A ~86% reduction in density is observed in PLA/MG based
composites than PLA granules. Effect of MG in cell size and cell density of the fabricated foams
can be observed from FESEM. A decrement of ~7% in crystallinity is also observed in fabricated
foams might be due to the plasticizing effect of MG. The thermomechanical and thermal
investigations also indicate the plasticizing effect of MG. An increment of ~16% in water contact
angle is observed for the highest loading than the neat counterpart. The hydrophobic nature of
MG along with the surface texture might be responsible for the change in wettability behavior
with MG. Porosimetric investigation reveals the increment of surface area and decrement of pore
diameter with MG indicating the nucleating effect of nanofiller at lower concentrations. The
increase in surface area, decrease in pore size and hydrophobic nature is favorable for biomedical
applications. Further, investigations like colorimetry also suggest the effect of MG in the color
parameters. Crystallization studies also suggest the nucleating effect of MG in the PLA matrix
and both primary and secondary crystallization. The chapter provides a thorough analysis of the
structure-property relationship of bio-based composite foam material having the ability for
applications in the area of biomedical such as tissue engineering for preparing scaffolds. From
the hydrolytic investigation, it is observed that PLA/MG-based foams are more prone to degrade

in the basic and acidic medium compared to the neutral medium. The incorporation of MG also
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influences the thermal stability and wettability more prominently at elevated temperature. The
hydrolytic degradation effects the cellular structure of the fabricated foam. The surface
morphology, cell size, and surface area also have influence in hydrolytic degradation of the
fabricated foams. The photodegradation investigation also suggesting the influence of MG on
degradation. The photodegradation effects the thermal properties, wettability and structural
morphology of the fabricated PLA and PLA/MG-based foams. The MG nanobiofiller enhances

the degradation process of the fabricated foams.
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Chapter 6

Development of Silk-based Poly (lactic acid) Microcellular
Composite Foams

This chapter mainly deals with the fabrication and characterization of PLA/silk nanocrystal
(SNC) based foams. The structure-property relationship of the developed foams has thoroughly
been discussed in this chapter. The crystallization kinetics along with other foam properties
like cell density, cell size etc. has been discussed in the chapter. Porosimetric investigations of
the fabricated PLA/SNC-based foams reveals the nucleating effect of the SNC. A brief
comparative study on available literature of non-porous PLA/SNC system with PLA/SNC foam
system is also included in this chapter. Thermal stability of the fabricated PLA and PLA/SNC
based foams are thoroughly analyzed with the help of thermogravimetric analysis. It is
observed that SNC improves the thermal stability of the fabricated PLA based foams. The
hydrolytic and photodegradation behavior of the developed foams has been investigated in this
chapter. This chapter provides useful information of the fabrication, effect of SNC in PLA foam
properties, thermal stability and mechanism of degradation of the fabricated PLA and
PLA/SNC- based foams for their probable applications in different biomedical and commodity

areas.

Parts of this chapter are ready for communication as:

1. Shasanka Sekhar Borkotoky, Rahul Patwa, Tabli Ghosh, and Vimal Katiyar “Silk
nanocrystal (SNC) based Poly (lactic acid) (PLA) foams: structure-property relationships.”
(To be submitted to “Composite Science and Technology”, Elsevier)

2. Shasanka Sekhar Borkotoky, Tabli Ghosh and Vimal Katiyar “Degradation studies of
PLA and PLA/SNC based microcellular nanocomposite foams.” (To be submitted to
“European Polymer Journal”, Elsevier)
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6.1 Introduction

The demand for bio-based and environmentally friendly products for day-to-day commodity
applications leads to the development of various biodegradable polymeric products. However,
still, petro-based non-degradable plastics mainly dominates the polymer market [263,264].
Researchers are now mainly focused on the development of bio-based cost-effective, low
density and lightweight products, which can be a replacement to the petrol-based non-
degradable polymers for commodity applications [265]. One of the useful way to reduce the
cost by less use of material, which can be easily achieved by polymer foams. Polymeric foams
have many advantages like low density, lightweight and less requirement of materials, which
ultimately leads to the reduction in the cost of production [216,266]. Foams have been utilized
in the various commaodity as well as sophisticated biomedical applications. It almost penetrates
in every field of applications where lightweight and low density is a prerequisite condition
along with some rigid structural dimensions. Recent developments on polymeric foams are in
lines with the improvement of properties by the addition of additives, plasticizers,
nanobiofillers [111]. Some researchers are focusing on the green replacement of non-
degradable polymeric foams by bio-based and biodegradable foams by enhancing its property
to a comparable level. The properties of PLA is comparable with the conventional petrol-based
polymers and it comes from a bio-based route [4]. A wide range of applications of PLA-based
foams is recently observed. Addition of bio-based and bio-derived nanobiofillers can further
improve its properties and helps in the disposal of biodegradable foams. These nanobiofillers
also helps in environmental friendliness in the handling of the disposal. Development of new

bionanofillers for tuning of PLA-based foams is now a prominent area of research.

Silk can be termed as nature’s own nylon. Silk can be extracted from different insects. Silk has
also had UV resistant property as demonstrated by some of the researchers [267-269]. Silk
nanoparticles can be utilized as nanobiofillers to PLA matrix [75]. Preparation of silk
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nanoparticles from Mulberry, Eri, and Muga has been demonstrated by some of the researchers
[270-272]. Another investigation regarding the preparation of silk nanoparticles from silk
fibroin was reported by Kundu et al. where dimethyl sulphoxide (DMSO) as a desolvating
agent [273]. Zhang et al. demonstrated the fabrication process of silk fibroin nanoparticles
(SFNss) with sizes ranging from 35-125 nm [274]. Some investigations have been observed for
crystalline silk nanoparticles in the literature. Tao et al. demonstrated the preparation of
crystalline silk fibroin (CSFs). They have utilized CSFs in the polyurethane matrix and
investigated the properties. Some investigations have been observed for PLA/silk-based
nanocomposites in available literature [45]. PLA/silk-based porous structured scaffolds were
fabricated by Wang et al. where they have utilized electrospinning techniques to fabricate the
porous structure with PLA fibers in the outer layer and silk in the inner layer [275]. Fabrication
of well-controlled microcellular biodegradable PLA/silk composite foams has been reported in
previous literature using silk fibroin powder at different concentration [75]. Dispersion of silk
nanocrystals (SNC) on PLA matrix has been investigated by some researchers along with its

application in cancer therapy [276,277].

However, no literature is available for PLA/silk nanocrystal (SNC)-based fabricated foams as
per our knowledge of concern. It is observed from the literature that a knowledge gap exists on
the fabrication of PLA and PLA/SNC-based foams and to investigate the effect of SNC on the
foam properties of PLA such as cell size, cell density, wettability, thermal and crystallization
behavior. In addition, a detailed investigation in different degradation methods has to be

thoroughly investigated in order to understand the effect of SNC on PLA foam matrix.

This chapter demonstrates the development of PLA and PLA/SNC-based foams using casting
and leaching (C/L) technique. Detailed investigation of the structure-property relationship of
PLA/SNC-based foams has been reported in this chapter. Effect of SNC on the wettability
phenomena and the porosimetric investigation has been discussed thoroughly. Detailed
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investigations on the effect of SNC in hydrolytic and photo-degradation (UV) has been
performed. This chapter will provide enough information regarding the effect of SNC on the

PLA foam matrix and the probable application area of the fabricated PLA/SNC-based foams.
6.2 Results and discussions

This section discusses the results and observations obtained from different investigations along

with scientific explanations and conclusions.
6.2.1 Porogen size analysis

The particle size distribution of prepared finely grinded sucrose particle (porogens) after 7 h
and 12 h under continuous magnetic rotations are shown in Fig. 6.1. From the Delsa Nano
investigations, it was observed that the particle size of sucrose was ~7.6 um. However, after
12 h of magnetic stirring the porogen particle size was found to be ~1.9 um, which was
dispersed in the PLA matrix for the fabrication of PLA and PLA/SNC-based foams. The
decrease in porogen particle size after rigorous magnetic stirring might be due to the collision

effect between the dispersed porogen particles in 1,4 dioxane.
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Fig. 6.1 Particle size analysis of sucrose (Delsa nano).
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6.2.2 Morphological investigations

The morphological investigations of the fabricated PLA and PLA/SNC-based foams have been
investigated by utilizing FESEM and FETEM. The FESEM micrographs of PLA and
PLA/SNC-based foams are shown in Fig. 6.2 (horizontal surface). The cross-sectional view of
the fabricated PLA/SNC-based foams can be found in Fig. 6.3. From the FESEM micrographs,
the open cellular, interconnected and highly porous structure of fabricated PLA and PLA/SNC-
based foams can be confirmed. The dispersed SNC nanofiller in PLA matrix can be observed
in Fig. 6.3. The uniform dispersion of SNC in the PLA matrix can be observed from the FESEM

micrographs.

PLA/SNC 2

Mag= 4.00 KX

Fig. 6.2 FESEM view of PLA and PLA/SNC-based foams (Horizontal surface).

281 |Page
TH-2018 136107011



The size and shape of SNC nanofiller can be observed from TEM micrographs in Fig. 6.4.
From the figure,, it can be observed that the prepared SNC nanofiller are in the range of 20 nm-
50 nm. The disc type morphology of the fabricated SNC can be visualized from the TEM
image. The underlying SNC nanobiofiller can also visualize from the SNC situated over them

from the figure.

The average pore diameter of the fabricated PLA and PLA/SNC-based foams are calculated by
using Image J® software. The average cell size of nPLA is measured as ~2.1+0.08 um from the
micrograph. The cell size and cell density of the fabricated PLA and PLA/SNC-based foams
can be observed from Fig. 6.5. The cell size decreases up to ~1.9+0.07 um for PLA/SNC 1.
Similarly, ~23% and ~47% reduction in cell size is observed for PLA/SNC 2 and PLA/SNC 3
respectively. The cell size of the fabricated PLA/SNC-based foams decreases on increasing

SNC.

g

Py
3

& pLA/SNC 1

Fig. 6.3 FESEM micrograph of PLA/SNC-based foams (Cross-sectional surface).
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?5,. J‘\‘_}. R b . -2
Fig. 6.4 FETEM micrographs of SNC nanobiofiller.

The decrease in the cell size of the fabricated foams might be due to the nucleating effect of
SNC. The nanofiller generates nucleating sites in the PLA matrix in addition to the effect of
porogen leaching increasing the number of smaller pores in the foam structure [30].
Simultaneously, the increase in cell density is also observed with increase in SNC. Number of
smaller pores are accumulated in the same volume of the fabricated PLA/SNC-based foams,
which effects in cell density. The cell density of the nPLA is observed as ~1.02x10%° cells/cm?®.
The value is increased to ~1.9x10%° cells/cm? for PLA/SNC 1. The cell density further increases
to ~2.3x10%° cells/cm? for PLA/SNC 2. For the highest concentration foam sample (PLA/SNC

3), the cell density drastically increases to ~1.3-times compared to the neat counterpart.
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Fig. 6.5 Cell size and cell density of PLA and PLA/SNC-based foams.

It can be concluded from the morphological investigation of fabricated PLA/SNC-based foams
that SNC nanofiller effects the foam morphology by generating more number of nucleating

sites in the PLA matrix.
6.2.3 Chemo-physical investigation of PLA/SNC-based foam

The density of the fabricated PLA/SNC-based foams is measured and tabulated in Table 6.1.
From the table, it is observed that a huge reduction of density (~85%) is observed for the
fabricated foams compared to neat PLA granules (~1.23+0.04 g/cc). The reduction in density
is more prominent at highest concentration (PLA/SNC 3) might be due to the generation of

more nucleating sites by the nanobiofiller, which ultimately increases the cell density and
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reduced the cell sizes. Presence of more gaseous voids in the matrix leads to the reduction in
weight and affects the volume and density. Dry weight analysis of the fabricated foams (Table
6.1) indicates the removal of porogens from the PLA matrix eventually leads to the porous
structure. From the VER values, it is observed that all foam can be categorized as medium

density foam.

The FTIR spectrum of the fabricated PLA/SNC-based foams, SNC and sucrose are shown in
Fig. 6.6. From the figure, characteristic peak of sucrose can be observed around ~908 cm
indicating —C-O- stretching, sharp peak around ~1235 cm indicates bending vibrations of —
OH group and peaks observed around ~3400 cm™ and ~3500 cm™ indicates the stretching
vibrations of ~OH groups of sucrose [177]. From the FTIR spectrum of SNC, peaks observed
around ~963 cm™ and ~1047 cm™ attributes to alanine and glycine of amino acids present in
the SNC [278]. Peaks around ~1222 cm™ and ~1630 cm™ indicates the amide 111 and amide |
linkage present in SNC [279]. Another peak around ~1695 cm™ (amide 1) indicates the presence
of highly ordered p-sheets in the SNC [124]. In case of nPLA, peaks are observed around ~890
cm?, ~1073 cm™, ~1189 cm?, ~1450 cm™ and ~1740 cm* attributes the —C-O-C- stretching,
-CH3 asymmetric vibrations, -C-O- stretching, -CH bending vibrations and —C=0 vibrations
respectively. Similarly, for PLA/SNC-based foams, peaks are observed around ~1630 cm™ and
~1695 cm™ indicating the presence of amide I linkage and highly ordered B-sheets of SNC in

the PLA/SNC-based foams [63].
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Fig. 6.6 FTIR spectra of PLA and PLA/SNC-based foam.
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Table 6.1 Weight, density and volume expansion ratio of the nPLA and PLA/SNC based

foams.
Sample Avg. VER Dry Weight Analysis Foam Type
density Before After
(gm/cc) Leaching (9) Leaching ()
nPLA 0.23+0.04 54 34.6 3.1 Medium density
PLA/SNC 1 0.23+0.03 54 32.8 3.8 Medium density
PLA/SNC 2 0.21+0.01 5.9 34.8 3.6 Medium density
PLA/SNC 3 0.18+0.02 6.9 33.8 34 Medium density

The XRD spectrum of the PLA and PLA/SNC-based foams are shown in Fig. 6.7. It is observed
from the figure that a distinct sharp peak is present around 26=16.6° associated with the [1 1
0]/[2 0 0] planes of PLA and also suggesting the presence of a-form of crystals [123,280,281].
This prominent peak is present in all the fabricated PLA/SNC-based foams suggesting the
presence of ordered crystal structure in the PLA/SNC-based foams. Similarly, small intensity
peaks observed around ~14.6°, ~19.1° and ~22.4° corresponds to [0 1 0], [20 3] and [0 1 5]
planes respectively. From the XRD spectra of SNC, peaks are observed around ~16.8°, ~20.1°
and ~23.8° indicating [2 0 1] and [0 0 3] lattice planes of orthorhombic (3-sheet crystal structure
respectively [271]. In case of PLA/SNC-based foams, the characteristic peak of ~16.7° of SNC
is overlapped with PLA peak and thus producing a single intense peak around ~16.6° [63]. In
the case of PLA/SNC-based foams, other peaks are observed around ~20.2° and ~~23.9°
respectively indicating the presence of crystalline SNC structure in the PLA matrix. The
crystallinity Index (C.1.) values of PLA and PLA/SNC-based foams are calculated. The C.I.
value of nPLA is found to be ~52.3%. The value of C.I. increases with the increase of SNC

loading in the matrix. The values of C.I. observed as ~54.8%, ~56.1% and ~61.1% for
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PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 respectively. On the other hand, the crystallization
index (C.1.) of SNC developed is found to be ~87.6%. Hence, it can be concluded that SNC
helps in chain folding of the PLA and increases the formation of the more ordered region and
hence crystallinity of PLA. The increase in crystallinity also helps in the improvement of

different mechanical and thermal properties of PLA-based foams [282-284].
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Fig. 6.7 XRD spectrum of PLA and PLA/SNC-based foams.
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The molecular weight investigations of the fabricated PLA and PLA/SNC-based foams are
shown in Fig. 6.8. There is no significant change in both My and M is observed for PLA/SNC-
based foams as observed from the results. The PDI value of nPLA is found to be ~1.9. the PDI
values of PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 are observed as ~1.9, ~1.8 and ~1.8
respectively. Hence, it can be concluded that SNC does not have any significant influence on

the degradation of PLA and the molecular weight, which is useful for various probable

applications.
250000 >
M,

200000 / / 7
© |
Q
£ 150000 -
2
L J
= 3 ]
& 100000 -
=
o
2 -
o
= 50000

0 L} L] L)
nPLA PLA/SNC 1 PLA/SNC 2 PLA/SNC 3
Samples

Fig. 6.8 Molecular weight investigations of PLA and PLA/SNC-based foams.

The colorimetric investigations of the fabricated PLA/SNC-based foams can be found in Fig.
6.9. It is observed from the colorimetric investigation that SNC has some effect in the ultimate
color of the PLA/SNC-based foams. The L* parameter value of nPLA is observed as ~97.21,
which is in close agreements with previous similar research [230]. However, no significant
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change in the L* value is observed on the incorporation of SNC in the PLA matrix. Similarly,
the hue value of the fabricated foams is also not significantly affected by the incorporation of
SNC. On the other hand, a significant increase is observed for a* and b* parameters indicating
the drastic changes from redness to greenness and improvement of yellow color present in the
foam matrix. The chroma* parameter of the fabricated PLA/SNC-based foams are also
influenced by the incorporation of SNC, indicates the increase in saturation values. The brown
color of the SNC might be responsible for this change in color parameters. The improvements
in yellowness might be due to the effect of temperature and color of SNC. The value of these

parameters increases with increase in the concentration of SNC in the matrix.
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Fig. 6.9 Colour parameters of PLA and PLA/SNC-based foams.

6.2.4 Water absorption test of PLA and PLA/SNC-based foams

The investigation of water absorption test for the fabricated PLA and PLA/SNC-based foams
are shown in Fig. 6.10. For the nPLA foam, ~86% of weight increase is observed. However,
the value decreases to ~67% for PLA/SNC 1. Further increasing the concentration of SNC, the
weight increase (%) value decreases. At highest loading (PLA/SNC 3) the value further
decreases to ~55%. The decrement of percentage weight increase is due to the generation of
smaller pores in the PLA matrix. In the case of nPLA foam, the pore size is bigger due to which
water can easily penetrate the surface and thus more water can be accumulated. The
hydrophobic nature of SNC might also be the reason behind this. However, in the case of
PLA/SNC-based foams due to the generation of smaller pores, the water penetration is difficult

compared to nPLA. Swelling of SNC nanobiofiller also blocked the pores and thus the rate of
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water adsorption is drastically reduced. The surface area of PLA/SNC-based foam is also
higher than the nPLA and it is difficult to penetrate the higher surface with smaller available

pores, hence the percentage weight is reduced and accumulate less amount of water in the

available pores.
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Fig. 6.10 Water absorption test for PLA and PLA/SNC-based foams.

6.2.5 Thermal investigations of PLA and PLA/SNC-based foams

The DSC curves of PLA and PLA/SNC-based foams are shown in Fig. 6.11. The glass
transition (Tg), crystallization temperature (T¢) and temperature of melting (Tm) values of the
fabricated foams can be observed from the figure. The glass transition value of nPLA is
observed as ~61.2 °C. On incorporation of SNC, no significant change in Tg is observed for
PLA/SNC-based foams, indicating the absence of short-chain formation. Good compatibility

of the SNC with PLA can be concluded by observing single T4 for all the PLA/SNC-based
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foams. The T4 values of PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 are observed as ~61.4 °C,

~61.8 °C, and ~61.3 °C respectively.
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Fig. 6.11 DSC thermographs of PLA and PLA/SNC-based foams.

The temperature of crystallization value (T¢) of the fabricated PLA and PLA/SNC-based foams
are observed around ~120 °C. However, a slight decrease in T can be observed on increasing
SNC concentration indicates that SNC might enhance the chain folding of PLA. From the
endothermic peaks of PLA and PLA/SNC-based foams, it can be noticed that SNC has no
significant effect in melting point of PLA/SNC-based fabricated foams. Interestingly, a single
peak in the endothermic melting region suggests the homogeneous distribution of the ordered
crystals. The endothermic single peaks at higher temperatures (>150 °C) indicate the melting

of perfect crystals [179].
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The TGA isotherms of PLA and PLA/SNC-based foams is illustrated in Fig. 6.12. The
thermostability of the fabricated foams can be observed from the figure. It can be observed that

all the fabricated PLA and PLA/SNC-based foams are thermally stable until 200 °C.
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Fig. 6.12 TGA isotherm of PLA and PLA/SNC-based foams.

The PLA and PLA/SNC-based foams are found to be thermally stable at 150 °C and 200 °C
after 25 min of the isotherm. No weight loss is observed. Interestingly, it can be observed from
the isotherm at 250 °C that the thermostability of nPLA reduces as the weight % values
decrease drastically. However, at 250 °C, in the case of PLA/SNC 1, reduction in weight % is
observed, thought the reduction is lower compared to the neat counterpart. As the concentration
of SNC increases in the PLA foam matrix, the increase in thermostability is observed from the
graph and it can be seen that PLA/SNC 2 and PLA/SNC 3 is almost thermostable at 250 °C.
From the investigation, it can be concluded that SNC improves the thermostability of the

fabricated PLA/SNC-based foams and hence, SNC has not influenced enhancement of the
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degradation of PLA. The enhancement of stability might be due to the uniform dispersion of

SNC in the PLA matrix. Single step degradation is observed for all the fabricated PLA and

PLA/SNC-based foams.
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Fig. 6.13 TGA plots for PLA and PLA/SNC-based foams at 10 °C/min.

The onset temperature of degradation (Tonset), maximum degradation temperature (Tmax) and

offset of degradation (Torfset) Of the fabricated PLA and PLA/SNC-based foams can be observed

from the TGA plots (Fig. 6.13). The Tmax of NPLA is observed around ~368.5 °C which might

be due to the hydrolysis and oxidative scission of chains present in PLA matrix [178]. The Tmax

value slightly improves to a higher temperature on the incorporation of SNC and it is observed

around ~373.3 °C for PLA/SNC 1, further increases to ~374.6 °C and ~376.8 °C for PLA/SNC

2 and PLA/SNC 3 respectively. Similarly, in the case of Tonset Values of fabricated PLA/SNC-

based foams, improvement is observed. The onset value increases on increasing SNC
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concentration in PLA matrix. An increment of ~5 °C in onset temperature is observed for
PLA/SNC 3. The thermal degradation kinetics behavior and the crystallization kinetics

investigations of fabricated PLA and PLA/SNC-based foams will be thoroughly discussed in

the later sections of this chapter.

The evolution of various gaseous products obtained from thermal degradation has been

investigated by hyphenated TGA-FTIR system and the results are shown in Fig. 6.14.
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Fig. 6.14 TGA-FTIR spectrum of PLA and PLA/SNC-based foam.
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The 3D FTIR spectrum and FTIR peaks corresponding to different degradation temperatures
(~300 °C-~400 °C) are shown in Fig. 6.14 with dynamic temperature ranging from 30°C to
700°C. The investigation was carried out for nPLA and PLA/SNC 3 and a single step
degradation process was adopted as discussed earlier. The formation of various gaseous
products was mainly noticed in the range of ~360 °C-~400 °C for the prepared foam. In the
case of nPLA foams, at Tmax, two prominent peaks were observed at ~1790 and ~2350 cm*
representing cyclic oligomers and carbon dioxide, respectively. From the figure, it was
observed that the intensity of the peaks is maximum at Tmax. Other peaks observed in both the
nPLA and PLA/SNC 3 are around ~3575 cm™, ~2950 cm™ and ~3010 cm™ for —OH group, —
CHs symmetric stretching and asymmetric stretching, respectively. Two peaks around ~2180
and ~2106 cm™* were observed in both the samples indicating the —C-O- bending vibrations of
carbon monoxide (CO). It was observed that on the addition of SNC, the intensity of these
peaks decreases compared to nPLA, which is a favorable result in terms of environmental
issues concerned. Peaks were also observed at ~1375, ~1240, ~1100 and ~930 cm* indicating
the —CH- stretching, -C=0- stretching, -C-O- stretching and —C-C- stretching, respectively.
The presence of a B-sheet structure of SNC might be the reason for the presence of peaks around
~1230 cm™* and ~1248 cm* (amide 111) of —CH stretching in the PLA/SNC-based foam. Hence,
we can conclude that the main degraded gaseous products evolved during the degradation of
PLA and PLA/SNC-based foams are cyclic oligomers, carbon dioxide, water, and carbon
monoxide. The formation of carbon dioxide in degradation might be due to the chain homolysis
of PLA [123]. It was also noticed that carbon dioxide is present until the end of the degradation.
Carbon monoxide formation might be due to decomposition of hydroxyl end initiated esters.
The intensity of other gaseous products is decreasing after Tmax. It can also be concluded that
the degradation of PLA and PLA/SNC-based foams might be via random depolymerization,
which ultimately leads to the formation of various gaseous products. In addition, it is found

298 |Page
TH-2018 136107011



that on the introduction of a small percentage of loading of SNC in the PLA foam matrix does

not change the main degraded gaseous products [181,285-291].

6.2.6 Thermo-mechanical investigations of PLA and PLA/SNC-based foams
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Fig. 6.15 DMA investigations of the PLA and PLA/SNC-based foams (Compressed mode).

The storage modulus (E') and loss modulus (E") of the fabricated PLA and PLA/SNC-based
foams are shown in Fig. 6.15 performed under compressed mode. The dynamic mechanical
responses are presented as a function of temperature in the figure above. It can be observed
from the figure that both the storage as well as loss modulus increases with increase in the
concentration of SNC. The values of E' and E" are tabulated in Table 6.2 at two different
temperatures of 60 °C (near the T4 value of PLA) and 80 °C. It can be observed that in all the
cases, the E' and E" curves are linear until 50 °C. Then an increase in E' and E" values are

observed in the curves, which might be because at near Tg, rapid densification happens on
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compression to the fabricated PLA and PLA/SNC-based foams [78]. The increase in storage
modulus and loss modulus of PLA/SNC-based foams might be due to an increase in more
ordered crystalline regions in the PLA matrix on the incorporation of SNC. The uniform
dispersion of SNC in the PLA matrix is also responsible for the improvements in dynamic

mechanical behaviors of the fabricated foams.

Table 6.2 Storage and loss modulus of PLA and PLA/SNC-based foams.

Samples Storage Modulus (E') kPa Loss Modulus (E™) kPa
60 °C 80 °C 60 °C 80 °C
nPLA 1209.1 1199.8 204.9 479.8
PLA/SNC 1 1479.2 1547.6 268.8 617.8
PLA/SNC 2 1821.8 1680.1 391.8 768.7
PLA/SNC 3 2076.6 1998.0 435.3 920.4

There is an increase of ~0.7-times is observed in storage modulus of PLA/SNC 3 compared to
the neat counterpart. Similarly, in the case of loss modulus, an increase of ~1.2 times is

observed for highest loading of SNC compared to nPLA.

6.2.7 Wettability phenomena of the fabricated PLA and PLA/SNC-based foams

The water contact angle (CA) values of the fabricated PLA and PLA/SNC-based foams can be
observed from Fig. 6.16. The CA value of nPLA is found to be ~126° + 3.1°. It is clearly visible
from the figure that on the incorporation of SNC in the PLA matrix, the hydrophobicity of the
fabricated PLA/SNC-based foams increases. An increment of ~13° is observed for PLA/SNC
3 compared to nPLA. The hydrophobicity depends on the surface morphology and the effect
of nanobiofillers. To understand the effect of SNC in hydrophobicity, the wettability

investigations on compressed foam surface was performed. A huge reduction in CA is observed
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for compressed PLA and PLA/SNC-based surfaces compared to foamed samples. The
reduction in CA might be due to the collapsing of the foamed morphology and reorganization
of SNC nanofiller of PLA and PLA/SNC-based foams. The CA values obtained from
compressed foam studies (surface without texture) are found to be ~74.6° + 2.2°, ~76.4° + 1.9°,
~78.8° + 2.8° and ~80.8° £ 1.8° for nPLA, PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3
respectively. Around ~8° increase in CA is observed for compressed PLA/SNC 3 compared to
nPLA compressed foam. From the investigation on the compressed surface without texture, it
can be concluded that SNC has also effected the increase in CA along with the surface
morphology. The increase in hydrophobicity of the fabricated PLA/SNC-based foams might
be due to the morphological changes in the PLA foam matrix. Incorporation of SNC generates
number of smaller pores in the PLA matrix and also effects in cell density due to its nucleating

effect.

I 126°£3.1° I 127.2°42.6°

nPLA PLA/SNC 1

| Oinm l 136.8°+3.8° ] l 138.8°+1.6°

Temp: 27°C  Time: 200 sec

PLA/SNC 2 PLA/SNC 3

Fig. 6.16 Wettability phenomena of PLA and PLA/SNC-based foam.
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6.2.8 Porosimetric investigations of PLA and PLA/SNC-based foams

The results obtained from MIP studies (porosimetric investigations) are tabulated in Table 6.3.
The porosity of all the fabricated PLA and PLA/SNC-based foams are in the range of 78%-
82%. The nPLA has the porosity of ~82%. The value has slightly reduced to ~80% for
PLA/SNC 1, further reduced to ~78% for the highest loading of SNC (PLA/SNC 3). This slight
reduction in porosity can be attributed to the generation of more nucleating sites in the PLA
foam matrix, which ultimately leads to the generation of smaller pores and slightly decreases

the porosity.

Table 6.3 Porosimetric investigations (MIP) of PLA and PLA/SNC-based foams.

Samples Porosity (%) Avg. Pore dia. (um) Surface Area
(m?/g)
nPLA 82 1.5 13.6
PLA/SNC 1 80 1.1 15.9
PLA/SNC 2 81 0.8 17.3
PLA/SNC 3 78 0.6 22.6

Similarly, in the case of average pore diameter of the fabricated foams, it can be observed from
the table that nPLA has avg. pore dia. Value of ~1.5 um. A reduction of ~26% in average pore
diameter is observed for PLA/SNC 1. The average pore diameter further reduced to ~46% and
~60% for PLA/SNC 2 and PLA/SNC 3 respectively. It is observed that an increase of nanofiller
concentration, the pore diameter decreases. The phenomena can be explained on the basis of
nucleation theory of nanofiller. The results obtained from porosimetric investigations are in
good accordance with the morphological investigation of the fabricated PLA and PLA/SNC-

based foam as discussed in the earlier section. The increase in the concentration of the SNC
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nanofiller enhances the number of nucleating sites in the PLA foam matrix, which helps a
generation of an increasing number of smaller pores in the matrix. The generation of smaller
pore leads to an increase in pore density. From the porosimetric results, it can be observed that
the loading of SNC also affects the surface area of the fabricated PLA-based foam. Increase in
surface area is observed for PLA/SNC-based foams with the increase in the concentration of
SNC. An improvement of ~17% in surface area is observed for PLA/SNC 1. The surface area
of the fabricated PLA/SNC-based foam is further increases up to ~27% for PLA/SNC 2. At
higher concentration of SNC, the surface area drastically improves to ~66% compared to nPLA
foam. The improvement in the surface area might be due to the generation of smaller pores and

increase in pore density with SNC loading.

6.3 Crystallization behavior of PLA and PLA/SNC-based foams

DSC thermographs at four different heating rates are shown in Fig. 6.17. Crystallization is the
ordered arrangement if polymeric chains in the matrix. It is observed from the previous
discussion that SNC increases the crystallinity of PLA in PLA/SNC-based fabricated foams.
The relative crystallinity (X:) with time of crystallization plots can be observed from Fig. 6.18.
It can be observed from the figure that the overall time for crystallization reduces with increase
in SNC loading. At 2.5 °C/min heating rate, the overall time of crystallization value for nPLA
foam is observed as ~21 min, which is reduced to ~20 min for PLA/SNC 1 foam. The value
further reduced to ~11 min and ~9.5 min for PLA/SNC 2 and PLA/SNC 3 respectively. A
similar trend can be noticed for higher heating rates from the figure. The crystallization half-
time (tso) at 2.5 °C/min is observed as ~7.8 min for nPLA. The value reduced to ~7.3 min, ~5.0
min and ~4.9 min for PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 respectively. For higher
heating rates, also similar trend is observed. In case of 5 °C/min heating rate, the value observed
as ~4.3 min, ~4.3 min, ~4.3 min and ~2.8 min for nPLA, PLA/SNC 1, PLA/SNC 2 and
PLA/SNC 3 respectively. Similarly, in the case of 7.5 °C/min, the values are observed as ~3.0
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min, ~2.8 min, ~2.8 min and ~2.4 min for nPLA, PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3
respectively. A similar trend is observed in higher heating rate also. It can be concluded that

SNC might be acting as a nucleating agent in the PLA matrix.
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Fig. 6.17 DSC thermographs of PLA and PLA/SNC-based foams at different temperatures.
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Fig. 6.18 Relative crystallinity vs. time plots of PLA and PLA/SNC-based foams.
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The Avrami plots for PLA and PLA/SNC-based fabricated foams can be observed in Fig. 6.19.
The crystallization rate constant “k’ and Avrami exponent “n” values are calculated from slope
and intercept of the plots and are summarized in Table 6.4. The values are very important to
understand the crystallization behavior. A slight deviation from the linearity is observed in the
Avrami plots indicating the presence of both primary and secondary crystallization in the

PLA/SNC-based system.
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Fig. 6.19 Avrami plots for PLA and PLA/SNC-based foams.

From the Avrami plots, it can be observed that all the fabricated PLA/SNC-based foams behave
similarly. From the value of “n” the nucleation mechanism of SNC can be understood by the
crystal growth. The value of “n” observed in the range of ~2.1-~3.9 as observed from the table.
The “n” value nearer to ~2 suggested the 2-dimensional growth of crystals and its value nearer
to ~3 suggested the plate-like growth of crystals. Similarly, from the rate constant value, it can
be noticed that “k” increases on increasing the heating rate for all the fabricated PLA and
PLA/SNC-based foams. It can be concluded that SNC acts as a nucleating agent in the matrix
and enhances the generation of smaller pores and also takes part in the crystallization process
[123,231]. Similarly, Tobin plots of crystallization of PLA and PLA/SNC-based foams are
shown in Fig. 6.20. The deviation from linearity in the Tobin plots are observed suggesting
both primary and secondary crystallization in the PLA/SNC-based foams.
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Tobin plot is helpful in understanding the whole crystallization process along with Avrami.
The value of Tobin parameters “nt” and “Kt” are tabulated in Table 6.5. The observed value
of “nt” are in the range of ~3.1-~4.1 for PLA and PLA/SNC-based foams. The value is similar
to the Avrami plots. The increase in the value of “Ky” is also observed with the increase in
heating rates which also in agreements with Avrami constant. The observed Tobin parameters
are higher than the Avrami parameters [192]. The Tobin parameters are in good accordance

with the Avrami parameters.

The Kissinger plots for the energy of crystallization (AE) of PLA and PLA/SNC-based foams
are shown in Fig. 6.21. The AE values are calculated from the slope of the linearly fitted

Kissinger plot and are tabulated in Table 6.4.
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Fig. 6.21 Kissinger plots for crystallization energy of PLA and PLA/SNC-based foams.
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It is observed from the table that AE value of nPLA foam is ~66.8 kJ/mol. The value slightly
increases to ~71.2 kJ/mol for 1% loading of SNC nanobiofillers. The value of AE further
increases to ~87.2 kJ/mol for PLA/SNC 2. At the highest loading of SNC (PLA/SNC 3), the
value is observed as ~81.0 kJ/mol. The slight increase in AE value might be due to the
hindrance of SNC in the chain folding behavior. Therefore, higher energy is required for
crystallization. At higher loading, there might be some agglomeration of SNC, which requires

more energy for crystallization [157].

Table 6.4 Crystallization parameters from the Avrami and Kissinger analysis.

Sample Heating tos Kk n AE
Rate (min) (min™) (kJ/mol)
(°C/min)
2.5 7.8 0.0008 2.9
nPLA 5 4.3 0.009 2.1 66.8
7.5 3.0 0.04 2.8
10 1.9 0.2 2.6
2.5 7.3 0.0005 3.3
PLA/SNC 1 5 4.3 0.004 3.3 71.2
7.5 2.8 0.03 2.9
10 2.0 0.1 2.8
2.5 5.0 0.004 3.1
PLA/SNC 2 5 4.3 0.004 3.5 87.2
7.5 2.8 0.02 3.2
10 1.8 0.1 2.8
2.5 4.9 0.003 3.4
PLA/SNC 3 5 2.8 0.04 2.6 81.0
7.5 2.4 0.1 2.6
10 1.8 0.2 2.6

The Mo plots of crystallization of PLA and PLA/SNC-based foams can be observed in Fig.
6.22. The values of “a” and “F(z)” at different crystallization degrees are tabulated in Table

6.5.
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Table 6.5 Crystallization parameters from the Mo and Tobin analysis.

Sample Mo Heating Tobin

Xt (%0) F(t) a Rate K, .
(°C/min)

20 20.3 1.1 2.5 0.04 3.1
nPLA 40 28.9 1.2 5} 0.1 3.9
60 38.2 1.2 7.5 0.3 3.7
80 47.9 1.3 10 0.5 3.5
20 15.2 1.0 2.5 0.03 4.1
PLA/SNC 1 40 19.9 1.1 5 0.08 4.1
60 24.8 1.1 7.5 0.2 4.1
80 30.4 1.1 10 0.4 4.0
20 14.4 1.1 2.5 0.1 3.8
PLA/SNC 2 40 20.6 1.2 5 0.09 4.1
60 28.6 1.3 7.5 0.2 3.8
80 38.9 1.3 10 0.5 3.6
20 13.9 1.3 2.5 0.08 4.0
PLA/SNC 3 40 21.6 1.4 5 0.2 3.7
60 30.3 1.5 7.5 0.3 3.6
80 43.9 1.5 10 0.5 3.5

The range of “a” value for NnPLA are observed in the range of ~1.1, ~1.2, ~1.2 and ~1.3 at 20%,
40%, 60%, and 80% relative crystallinity. Similarly for the value lies in the range of ~1.0-
~1.1,~1.1-~1.3and ~1.3-~1.5 for PLA/SNC 1, PLA/SNC 2 and PLA/SNC 3 respectively. The
change in “a” value at different crystallization degree suggest the change in crystallization
mechanism. The non-linearity observed in the Mo plots also suggesting the presence of primary
and secondary crystallization, which are in good agreements with Avrami and Tobin plots. The
increase in F(t) value with the increase in the degree of crystallinity is observed from the table.
A similar trend is followed in all the fabricated PLA/SNC-based foams indicating the higher

heating rate is required at higher crystallinity [155,156].
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From the above discussions of crystallization of PLA and PLA/SNC-based foams, it can be
concluded that SNC acts as a nucleating agent and both the primary along with the secondary

process of crystallization are undergoing in the PLA foam matrix.

6.4 Degradation behavior of PLA and PLA/SNC-based foams

The hydrolytic and photodegradation behaviour of the fabricated PLA and PLA/SNC-based

foams are discussed in this section.

6.4.1 Hydrolytic degradation of PLA and PLA/SNC-based foams

The hydrolytic degradation behavior of the fabricated PLA and PLA/SNC-based foams are
investigated in three different mediums of acid, basic and neutral. The weight reduction of
samples after an equal interval of time is shown in Fig. 6.23. Two different temperatures of 35
°C and 55 °C are taken for the investigation to study the effect of temperature on hydrolytic
degradation. The ester linkage present in the PLA chain in more susceptible towards hydrolytic
degradation [292,293]. It can be seen from the residual weight graphs that the degradation of
PLA and PLA/SNC-based foams are comparatively higher at elevated temperature. This
phenomenon can be explained on the basis that at higher temperature the polymeric chain
movements are higher and it requires less energy of activation for bond breaking [245,294—
296]. From the figure, it is observed that the degradation rate of the fabricated PLA and
PLA/SNC-based samples are higher in acidic and basic solutions compared to neutral medium
might be due to the fact that —OH group of alkaline medium attacks the ester linkage of PLA
matrix. It is observed that in the neutral medium the degradation is slower than the other

mediums [242]. The weight loss is measured in equal intervals till a steady region is observed.
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Fig. 6.23 Residual weight fraction vs. degradation time plots for degraded PLA and
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Generally, hydrolytic degradation occurs in three stages: Initial or faster degradation stage, mid
degradation stage, and slow and steady degradation stage. The weight loss observed in the
degraded sample is due to the formation of low molecular weight oligomers and monomers by
the cleavage of chains. Hydrolytic degradation mainly occurs in the surface of contact than the

core of the surface [248,297,298].

6.4.1.1 Morphological changes due to hydrolytic degradation

Due to the hydrolytic degradation, some morphological changes are observed due to erosion

occurred in the surface of the fabricated PLA and PLA/SNC-based foams.

M. Cell wall breakage
T e/ T

10 ym

Fig. 6.24 Surface erosion and cellular breakage of PLA and PLA/SNC-based foams caused
by hydrolytic degradation (at different magnifications).
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The FESEM micrographs of hydrolytic degraded PLA and PLA/SNC-based foams after 120 h
can be found in Fig. 6.24. The breakage of the cell wall and surface erosion of the fabricated
foam samples are clearly visible from the micrographs as compared to Fig. 6.2 of untreated
foam samples. The cellular morphology of the foam changes and due to the breakage of cell
walls, the pore size increases. It can also be observed that due to the degradation of the surface
morphology of the fabricated foam changes, which might also effect in other properties like
wettability. However, in the neutral medium, the degradation is a little bit less compared to
acidic and basic medium also suggested by the residual weight fraction investigations

[250,251].

6.4.1.2 Influence of hydrolytic degradation on wettability phenomena

The contact angle values of the hydrolytic degraded PLA and PLA/SNC-based samples at 35
°C and 55 °C are measured and shown in Fig. 6.25. It can be observed from the figure that the
contact angle value decreases than the untreated samples as discussed in an earlier section
(6.2.7). The drastic change in wettability might be due to the morphological changes observed
in the foam surface and the erosion of the surface by the different medium used. The decrement
IS no so prominent compared to the untreated samples for neutral medium. The degradation
and the change in surface morphology are comparatively lesser than the acidic and basic
medium. However, from the wettability investigation, it is also observed that at elevated
temperature, the decrement is more prominent in all the three medium used. From the previous
section, it is confirmed that the degradation rate is faster at elevated temperature compared to
low temperature. The region behind the decrements in contact angle at elevated temperature
may be the more prominent surface morphological changes and erosion. The trend is similar
as compared with the contact angles at 35 °C. So it can be concluded from this investigation
that hydrolytic degradation has effects in wettability phenomena of the fabricated foams. The
effect is more prominent in the acidic and basic medium compared to the neutral medium.
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6.4.1.3 Effect of hydrolytic degradation on the molecular weight

The molecular weight investigations of the hydrolytic degraded PLA and PLA/SNC-based
foams can be found in Fig. 6.26. From the investigation, it can be observed that the molecular
weight (both My and M») decreases on hydrolytic degradation compared to untreated PLA and

PLA/SNC-based foams as observed in Fig. 6.8.
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Fig. 6.26 Molecular weight (Mw and M) investigations of degraded PLA and PLA/SNC-

based foams.

In neutral medium, the molecular weight reduction is less compared to other two mediums.
The maximum reduction is observed in the acidic medium due to the degradation of the PLA
in acidic medium. It can also be observed that the reduction of molecular weight is higher in
PLA-based foams compared to the PLA/SNC-based fabricated foams in all the medium. This
much be due to the hydrophobic nature of SNC and also the uniform dispersion in the PLA
matrix [63]. The drastic reduction in molecular weight (Mw and My) might be due to the
formation of more short chains at higher temperature and low molecular weight products [299].
The degradation process is followed by chain scission of ester linkages, producing carboxylic
acid end groups. The porous structure of the developed PLA and PLA/SNC-based foams also

affected the degradation. The larger surface area and penetration of the medium by the pores
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also affected the degradation. In PLA/SNC-based foams the average pore size is smaller
compared to PLA-based foams, makes it a little bit difficult to penetrate to the core of the
matrix (as discussed in earlier section 6.2.4). At elevated temperature, the chain mobility
increases that effects the faster degradation of the fabricated PLA and PLA/SNC-based foams
by forming oligomers and monomers of low molecular weight, which ultimately reduced the

molecular weight [241,242].

6.4.1.4 Effect of hydrolytic degradation on thermal properties of PLA and PLA/SNC-

based foams

The TGA plots at a heating rate of 10 °C/min for the hydrolytic degraded PLA and PLA/SNC-
based foams at 35 °C and 55 °C temperatures can be observed in Fig. 6.27. The thermal stability
of the fabricated foam decreases on increasing in degradation temperature. The prominent
degradation of thermal stability is observed for PLA/SNC-based foams in a basic medium. The
thermal stability also reduced for the samples in acidic medium. The reduction in onset
temperature of degradation (Tonset) IS Observed in an acidic and basic medium more
significantly at 35 °C from the figure. The formation of oligomers might be the reason behind
this change. At elevated temperature (55 °C), a similar trend can be observed. At elevated
temperature, the mobility of polymeric chains increases and thus affecting the thermal stability.
The thermal stability drastically reduced for nPLA foam in a basic medium at 55 °C. The results
obtained are in good accordance with our previous observations from weight reduction and
morphological analysis. From the analysis, it is also observed that PLA/SNC-based foams have
more stability in neutral medium. The decrement of Tonset Value is observed in acidic and basic

medium. The reduction is more prominent at an elevated temperature of degradation.
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Fig. 6.27 TGA plots for degraded PLA and PLA/SNC-based foams at 35 °C and 55 °C.
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The DSC plots of degraded PLA and PLA/SNC-based foams are shown in Fig. 6.28.
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Fig. 6.28 DSC thermoplots for degraded PLA nd PLA/SNC-based foams.

From the DSC thermographs, it is clearly visible that the glass transition temperature decreases
on hydrolytic degradation of the fabricated foams. The decrease in T4 might be due to the
decrease in molecular weight on degradation. Formation of low molecular weight oligomers
has plasticizing effects on PLA chains. The melting point of the hydrolytically degraded PLA
and PLA/SNC-based foams increases compared to undegraded samples as discussed earlier
(Fig. 6.10) [259]. The decrease in melting point is observed on hydrolytic degradation due to
the increase in the formation of the short chain and a decrease in crystalline thickness on
hydrolytic degradation. The initial stage of degradation consists of removal of amorphous

regions and producing crystalline residue [249,299-302]. The sharp crystallization peak in
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acidic samples indicates the crystalline residue in the sample since the amorphous region is
wiped off by the acidic medium. It can also be observed here that for the samples in a neutral
medium, the increase in melting point is less compared to other two medium. These results are
also in accordance with the previously discussed outcomes of hydrolytic degradation of

fabricated PLA and PLA/SNC-based foams.

The influence of hydrolytic degradation is also affected by the porous structure of the fabricated
PLA and PLA/SNC-based foams. The cell size, breakage of the cell wall, available surface
area for degradation and so on are the various parameters of hydrolytic degradation if we
compare the porous system with different non-porous PLA/SNC-based systems [63]. Due to
the cellular morphology, the available surface area for degradation is higher in foam system

compared to the non-foamed system.

6.4.2 Photodegradation (UV) of PLA and PLA/SNC-based foams

The fabricated PLA and PLA/SNC-based foams are exposed under UV light and the
degradation is investigated using different analytical techniques. The photodegradation is
mainly caused by the absorption of light energy by the low molecular weight compounds
present in the PLA matrix. The absorption leads to different chemical reactions like bond
cleavage, chain scission, oxidation and cross-linking of polymeric chains [260,261]. The
photodegradation studies of the fabricated PLA and PLA/SNC-based foams are carried out to
understand the effect of SNC in the photodegradation. The main observation notices are the
change in color or color fading of the surface and increase in brittleness [262]. The
morphological investigation of the PLA and PLA/SNC-based foams after 1 week, 2 weeks and

3 weeks of exposure to UV light can be observed in Fig. 6.29.

328 | Page
TH-2018 136107011



PLA/SNC 1_UV_3w
10 um Mag= 4.00 KX
—_—

% 3

PLA/SNC 2_UV_2w

10 pm Mag= 4.00 KX
—

Fig. 6.29 FESEM of photodegraded PLA/SNC-based foams.

The morphological changes can be observed from the FESEM micrographs compared to
unexposed samples as discussed in section 6.2.2. The UV exposed samples shows cell wall
breakage and increasing pore sizes due to the rupture of cell walls. The morphological changes

are more prominent at the higher exposure samples.

The colorimetric investigations of the UV exposed PLA and PLA/SNC-based foam samples
are shown in Fig. 6.30. The change in color parameters is observed on exposure of UV light to
the fabricated foam surfaces. The scientific representation of the color change can be
demonstrated by a change in the value of color parameters. From the investigation, effects the
color parameters on photodegradation and fading of color is observed in the fabricated foams
on UV exposure. The intensity of change in color is more prominent at higher UV exposures.
The change in color is due to the breaking of bonds. PLA has C-O, C-C, C=0 and C-H bonds
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in its chemical structure [303]. The C=0 bond is generally a photoexcited bond. The absorption
of a photon by this bond leads to different photochemical reactions like electron transfer, o and

B cleavage, radical generation and so on [304].
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Fig. 6.30 Colorimetric investigation of UV exposed PLA and PLA/SNC-based foams.
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The single bonds present in the structure of PLA can only absorb wavelength lesser than 180
nm. So the ultimate photodegradation process of PLA is depends on the excitation of the highly
reactive C=0 chromophore groups of ester linkage present in the structure. The carbonyl group
absorbs UV radiation via an n-n* electron transfer at a wavelength of ~280 nm [118]. From the
figure, it is observed that, color parameters L, a, b, chroma and hue value changes with UV
exposure. The huge difference in a, b and chroma value in PLA/SNC-based foams with nPLA
is due to the presence of SNC. The brownish color of SNC is responsible for the reducing value
of whiteness. Decreasing value of L indicates an increase in darkness. The UV exposure does
not effect much in the whiteness of the fabricated PLA and PLA/SNC-based foams. However,
the UV exposure affects the redness and greenness (a) and yellowness (b) of the fabricated
PLA/SNC-based foams. The photochemical changes in PLA and PLA/SNC-based foams are

responsible for the color fading observed in the PLA/SNC-based foams.

The TGA plots of the UV exposed PLA and PLA/SNC-based foams are shown in Fig. 6.31. it
can be observed from the figure that thermostability changes with exposure time. Silk is a well-
known UV resistant material. From the graph, it can be visualized that the thermostability of
PLA based foams decreases on UV exposure. However, on the incorporation of SNC in the
PLA matrix gives thermostability on UV exposure to the PLA/SNC-based foam. The
PLA/SNC-based foams are observed to be more thermostable as compared to neat PLA foam.
This is a very promising result for thermal properties of PLA/SNC-based foams. The onset
degradation temperature (Tonset) Of PLA-based foams decreases compared to PLA/SNC-based
foams. The uniform dispersion of the SNC in the PLA foam matrix is also responsible for the

improved thermostability of PLA/SNC-based foams.

The DSC plots of the UV exposed PLA/SNC-based foam samples are shown in Fig. 6.32. The
glass transition temperature (Tg) of the PLA based foam decreases on increase in UV exposure
as suggested by the figure. The decrease in Ty indicates the formation of short chains due to
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the degradation of PLA. However, in the case of PLA/SNC-based foams, no such decrements
in Ty is observed indicating that the degradation is slow compared to PLA based foam. A
similar type of observations can be noticed from melting point (Tm) and temperature of
crystallization (T¢) for the PLA/SNC-based foams. The results observed are in good

agreements with the other investigations as discussed earlier.

The wettability investigations of the UV exposed PLA and PLA/SNC-based foam samples are
tabulated in Fig. 6.33. From the investigation, it can be observed that the hydrophobicity of
the fabricated foams decreases on UV exposure. The probable reason for these wettability
phenomena is the change in morphology as wettability mainly depends on the surface
morphology of the samples. The exposed surface morphology changes due to the formation of
cracks and rupturing of cell walls. The pore size increases due to cell wall breakage and thus

affecting the wettability phenomena of the PLA and PLA/SNC-based sample.
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Fig. 6.31 TGA plots for the UV exposed PLA and PLA/SNC-based foams.
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Fig. 6.33 Wettability of UV exposed PLA and PLA/SNC-based foams.

However, the change is not so prominent with UV exposure time as shown from the figure.

Therefore, the wettability phenomena are not significantly affected by UV exposure.

The molecular weight investigations (Mw and M) of the UV exposed samples are shown in
Fig. 6.34. It is observed that the molecular weight value decreases on UV exposure. The
reduction in molecular weight is more prominent in nPLA compared to PLA/SNC-based
foams. The reduction in molecular weight is due to the photochemical reactions, which causes
chain scission, a, § cleavage, atom abstraction, electron transfer and radical addition in the PLA
matrix and causes degradation [305,306]. It is observed at higher loading of SNC in PLA/SNC-
based foams, the molecular weight change is very less compared to nPLA, might be due to the
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presence of SNC, and uniformly dispersed in the matrix. Uniform dispersion makes the bond

breakage more difficult and more energy is required to break the bond compared to nPLA.
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Fig. 6.34 Molecular weight of UV exposed PLA and PLA/SNC-based foams.
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The FTIR spectra of UV exposed PLA and PLA/SNC-based foams are shown in Fig. 6.35.
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Fig. 6.35 FTIR spectra of UV degraded PLA and PLA/SNC-based foams.

From the spectra, the characteristic peaks of PLA and PLA/SNC-based foams can be observed
as discussed in section 6.2.3. Prominent peaks are observed at ~1755 cm™ indicating the
presence of a carbonyl group in the PLA matrix. This carbonyl group is mainly responsible for
the photodegradation of the fabricated PLA and PLA/SNC-based foams. The intensity of the
carbonyl group is less in PLA/SNC-based foams compared to nPLA. The high-intensity
carbonyl peak observed in PLA indicates the occurrence of chain scission reactions initiated
by photoexcited C=0 groups [307,308]. Therefore, the degradation of nPLA is higher than

PLA/SNC-based foams.
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The results observed in FTIR is in accordance with the previous results obtained for
photodegradation of PLA and PLA/SNC-based foams. From this section, it can be concluded
that the presence of SNC imparts UV resistance to the PLA matrix. The thermal stability is also
improved in PLA/SNC-based foams compared to PLA-based foam. Therefore, silk-based SNC

nanofiller can be effectively utilized in the PLA matrix for photoresistance.

6.5 Summary

This chapter mainly focuses in the development of PLA/SNC-based microcellular, highly
porous and interconnected open cellular morphological foam by utilizing less expensive C/L
technique taking easily available and cost-effective sugar as porogen medium. The results
obtained in the development of PLA/SNC-based foams are very promising. It is observed that
SNC improves the crystallinity of the PLA-based foams. SNC nanobiofiller mainly acts as a
nucleating agent and helps to generate smaller pores in the matrix influencing foam properties.
The decrement in cell size is observed up to ~60% at highest loading of SNC. The thermal
stability of the fabricated PLA/SNC-based foams is also improved by the uniform dispersion
of the SNC in the PLA matrix. The TGA isotherm suggests that the PLA/SNC-based foams are
more thermally stable and applicable up to 250 °C compared to nPLA. Almost ~10 °C
increments in Tmax IS observed for foam sample with the highest concentration of SNC. The
change in color parameters is observed in the fabricated PLA/SNC-based foams; however, the
change is not so prominent in visualization as compared to MC and MG as discussed in earlier
chapters. SNC nanobiofillers are also helpful in improving the thermo-mechanical properties
of PLA and PLA/SNC-based foams. The improvements in hydrophobicity are also observed in
the PLA/SNC-based foams due to the surface changes and the effect of nanobiofillers. The
nucleating behavior of SNC in the PLA matrix is also confirmed by the crystallization kinetics

study. Both the primary and secondary crystallization is taking place in the polymer matrix.
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From the hydrolytic degradation studies, it is observed that degradation is more prominent in
the basic and acidic medium compared to the neutral solution. The degradation is also affected
by the porous foam structure, cell size, and SNC. From the photodegradation studies of the
PLA and PLA/SNC-based foam, it can be concluded that SNC improves the thermostability of
PLA foam under UV exposure and morphological changes also observed due to
photodegradation. PLA/SNC-based foams can be useful in some sophisticated biomedical
applications where a higher surface area is required for the growth of cells and in tissue
engineering applications. In addition, it can be applied in areas where biodegradability,

hydrophobicity along with operations under sunlight is a prerequisite condition.
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Chapter 7

Conclusions and Future Prospects

This chapter draws conclusions based on the current research work. This chapter also provides
farsighted information regarding the future scope and directions for subsequent research work.
In this research, we have successfully fabricated highly porous, interconnected cellular,
hydrophobic biodegradable PLA based foams with average pore diameter <10 microns. The
utilization of easily available sucrose particles as a porogen medium is also an interesting
point of view in this research. The decrease in average pore size (<10 micron) achieved in the
research might be due to the slight modification of the conventional C/L technique (pre-
treatment of porogen).
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7.1 Conclusions of the doctoral research

The current doctoral research is based on the fabrication of PLA and PLA/nanobiofiller-based
microcellular composite foams and its investigation. The selection of the nanobiofillers is based
on the abundant availability of bio-based resources from where it can be fabricated. The
research is based on four different bionanofillers: Cellulose nanocrystals (CNC), modified
chitosan (MC), modified gum arabic (MG) and silk nanocrystals (SNC). The fabrication of
PLA/nanobiofiller-based foams has been carried out using cost-effective and innocuous
method casting and leaching (C/L) technique with slight modifications. The use of easily
available and non-toxic sugar as porogen particle in the C/L technique is one of the interesting
aspect in the current research. The structure-property relationships, thermal, crystallization and

different degradation methods are thoroughly investigated in the current research.

The major findings and observations drawn on the basis of overall doctoral research can be
broadly organized into four chapters. The overall conclusions of the research work are

discussed below.

7.1.1 Specific conclusions from PLA/CNC-based investigations

This research successfully demonstrates the fabrication of PLA/CNC-based microcellular
composite foams with improved hydrophobicity and interconnected porous structure. The
reduced density is observed for the fabricated PLA/CNC-based foams compared to PLA
granules. It is witnessed from the investigations that CNC acts as a nucleating agent in the PLA
matrix. CNC helps in generation of more number of smaller pores in the PLA foam matrix,
thus affecting properties of fabricated PLA/CNC-based foams. Porosimetric investigation
suggests the increase up to ~2-fold in surface area for PLA/CNC 2. The minimum average pore
diameter achieved up to ~0.45 um for PLA/CNC 2. The uniform dispersion of CNC in the PLA
matrix as suggested by FESEM also improves the thermo-mechanical properties of PLA/CNC-
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based fabricated foams. Improvements in storage and loss modulus are observed with increase
in CNC concentration. CNC also positively affects the crystallinity of the fabricated
PLA/CNC-based foams. The crystallinity is observed as ~55.6% for the highest concentration
foam sample (PLA/CNC 3). At higher loading of CNC, a reduction in thermal properties is
observed due to the probable agglomeration of CNC and the increasing number of sulfate
groups. The thermal degradation kinetics investigation of fabricated PLA/CNC-based foams
suggests the increase in activation energy (Ea) with CNC and optimum thermal stability is
observed at PLA/CNC 1. However, the value decreases to some extent due to the
agglomeration. The Ea value of the fabricated PLA/CNC-based porous system is more than
~40 kJ/mol-~50 kJ/mol higher than the PLA/CNC-based film system as observed from
literature. The increase in activation energy might be due to the presence of gaseous voids in
the foam system, which eventually retards the heat transfer due to the tortuous path length.
Similarly, from the crystallization investigation, it can be concluded that CNC acts as the
nucleating agent in lower loadings and give hindrance to chain folding at higher loadings. It is
also concluded from the investigation that effect of porosity, the morphology of surface and
surface area mainly influences the thermal degradation than in crystallization phenomena. It is
also observed that CNC does not have any significant influence in volatile product released
during degradation and the degradation mechanism of the PLA-based foams. From the results
discussed above, it can be concluded that the fabricated PLA/CNC-based foams have the
probable applications in areas of interest in degradability and in packaging sectors. It has also
the potential to replace some of the non-degradable polymeric foams in some of the commodity

applications.
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7.1.2 Specific conclusions from PLA/MC-based investigations

The fabrication of highly porous, interconnected cellular PLA/MC-based foams is successfully
carried out using the C/L technique. From the investigation, it is observed that MC acts as a
plasticizing agent in the matrix due to the presence of low molecular weight oligomers. MC
also helps in generating a number of smaller pores in the PLA matrix and an increase of ~2.3
fold in cell density is observed compared to the PLA-based foams. The change in surface
morphology due to the presence of MC influences the wettability phenomena and an increase
in ~9° in case of static contact angle and ~10° in case of dynamic Young’s contact angle is
observed. MC influences the thermal stability of the fabricated PLA/MC-based foams.
Porosimetric studies of the fabricated foam suggest an increase in the surface area up to ~30.2%
and reduction in cell size up to ~33.3% on the incorporation of MC in the PLA matrix. The
decrease in activation energy for thermal degradation and reduction in energy of crystallization
is also observed, which further confirms the plasticizing effect of MC in the PLA matrix. Based
on the above discussions, it can be concluded that the fabricated PLA/MC-based foams might
be effectively used in some sophisticated biomedical applications, where degradability,

hydrophobicity and surface area is a major concern.

7.1.3 Specific conclusions from PLA/MG-based investigations

In the current research, we have successfully developed a highly porous, interconnected
microcellular PLA/MG-based foam utilizing C/L technique. From the investigation, it is
observed that MG helps in the generation of smaller pores in the PLA matrix along with the
influence of porogen size and shape. An improvement in the surface area up to ~60% and
reduction in cell size up to ~53% is observed on the incorporation of MG in the PLA matrix.
The results also suggests the plasticizing effect of MG in the PLA matrix. The decrease in glass

transition and thermal properties of PLA/MG-based foams is observed with MG. The
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improvement in hydrophobicity is observed due to the change in surface morphology and MG.
The crystallization studies suggesting the nucleating effects of nanobiofiller in the matrix and
simultaneous happening of both primary and secondary crystallization. The hydrolytic
degradation investigation of the fabricated PLA/MG-based foams indicates that degradation is
more prominent in the basic and acidic medium compared to the neutral solution. The
hydrolytic degradation proceeds via surface erosion and rupture of a cellular structure for the
fabricated foams. MG also enhances the degradation process. The photodegradation studies
suggest that the fabricated PLA/MG-based foams are more prone to degrade under UV
exposure than neat counterpart. From the investigation, it can be concluded that the fabricated
PLA/MG-based foams can demonstrate its applications in biomedical fields, where the surface
area is a major concern and, further, it can be used in food storage packaging due to the proven

reduced oxygen permeability [123].

7.1.4 Specific conclusions from PLA/SNC-based investigations

The development of PLA/SNC-based microcellular composite foams has been performed by
C/L technique utilizing sugar as porogen medium. The results suggests that SNC is acting as a
nucleating agent in the PLA matrix. A reduction of ~60% in average cell size is observed on
the incorporation of SNC. It has also been noticed that SNC improves the thermostability of
PLA/SNC-based foams. Isothermal TGA investigation suggests that PLA/SNC-based foams
are thermally stable up to ~250 °C, whereas nPLA foam starts to thermally degrade at that
temperature. Enhancement in thermomechanical properties is also observed for PLA/SNC-
based foams than the neat counterpart. Improvements in hydrophobicity are also observed in
PLA/SNC-based foams due to the change in surface morphology. Hydrolytic investigation
suggests that degradation is more prominent in basic and acidic solutions. One of the major
findings of PLA/SNC-based foams is that SNC improves the thermal stability under UV
irradiation compared to neat PLA. This result can open a wide window in the area of
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applications of the developed PLA/SNC-based foams under sunlight/open atmospheric
conditions. From the result obtained, it can be concluded that the developed PLA/SNC-based
foams have probable applications in some biomedical sophisticated areas and some commodity
applications under sunlight. The PLA/SNC-based foams have the potential to replace some
conventional petro-based polymeric foams in their fields of application and thus it may develop

a sustainable approach towards the environment.

7.1.5 Overall conclusions of the research work

From the above discussions, it can be concluded that the bionanofillers used in the current
research have good compatibility with the PLA foam matrix. The incorporation of these
nanobiofillers in the PLA matrix helps in improvement of various foam properties.
Improvements in thermal and thermomechanical properties are mainly witnessed in PLA/CNC
and PLA/SNC foams compared to neat PLA counterpart. On the contrary, a reduction in
thermomechanical and thermal properties are observed for PLA/MC and PLA/MG-based
foams due to presence of oligo pendent group in MC and MG. These reductions in properties
for PLA/MG and PLA/MC-based foam limits its applications where thermal and mechanical
enhancement is required. However, the increase in surface area and the nanobiofillers used (as
chitosan and gum arabic are regarded as safe by USFDA) in the matrix makes these foams
more suitable for different biomedical and food-related applications. Similarly, reduction in
cell size is observed in all the four different developed PLA-based foams. In such a way, the
current research can be utilized towards the sustainability of the environment and overall

development of mankind.

The overall major findings of the current doctoral research are summarized in Table 7.1. It can

be observed from the table that CNC and SNC mainly act as a nucleating agent in the PLA
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foam matrix. On the other hand, MC and MG mainly act as a plasticizing agent in the PLA-

based foam matrix. The pictorial illustration of the research can be observed in Fig. 7.1.

Swelling

Larger Pores

Small Pores

Nanobiofillers

Available Surface Area Large Surface Area

Fig. 7.1 Effect of nanobiofillers on PLA-based foam.
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Table 7.1 Summary of major findings of the research work.

PLA/nanobiofiller based

Foams

Research Findings

PLA/cellulose nanocrystals

(CNC)

CNC mainly acts as a nucleating agent and helps
in crystallization at lower loadings.

Improvements observed in mechanical, thermal,
wettability phenomena of the PLA based foam. An
increase in surface area is observed.

The combined effect of porosity and CNC is
observed in thermal degradation, not in

crystallization.

PLA/modified chitosan
MC)

MC acts as a plasticizing agent in the PLA matrix.
Improvements are mainly observed in wettability,
cell density etc.

MC has not any significant effect in improvement
in thermal properties.

The combined effect of porosity and MC is

observed in thermal degradation

PLA/modified gum arabic
(MG)

Nucleating and plasticizing effect of MG is mainly
observed in PLA/MG based foams.

MG degrades PLA based foams under UV
exposure.

MG induced the crystallization of PLA matrix.

PLA/silk nanocrystals
(SNC)

<

SNC mainly acts as a nucleating agent in the PLA
matrix.

Average cell size up to ~0.6 microns is achieved.
Improves thermal and mechanical properties.

SNC imparts thermal stability under UV exposure.
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7.2 Future directives of the doctoral research

Based on the major outcomes of the current research, few recommendations and suggestions

for future research directives can be made as given below.

e The cell proliferation study can be performed in the fabricated PLA based foams. The
decrease in cell size and an increase in the surface area of the foam has an added
advantage in this regards.

e The fabrication of the PLA/nanobiofillers-based foams can be performed by utilizing
other methods of fabrication of foams such as extrusion foaming, high-pressure
foaming, by using TIPS method, using inert supercritical gases and so on.

e Scale up the production of PLA/nanobiofillers-based foams.

e Investigation in the direction of biomedical applications of the fabricated foams.

e Investigations can be carried out for different probable applications like acoustic,
insulation, structural and so on with the incorporation of different additives in the
PLA/nanobiofiller matrix.

e The other established nanaobiofillers extracted from the abundantly available resources

from nature can be utilized in PLA matrix for enhancement in various properties.
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The current investigation addresses the thermal degradation and non-isothermal crystallization behaviour of the
fabricated poly (lactic acid) foam (nPLA) and poly (lactic acid) (PLA)/cellulose nanocrystal (CNC) based foams at
three different loadings of CNC (i.e. 1%, 2% and 3%) as PLA/CNC 1, PLA/CNC 2 and PLA/CNC 3 having highly porous,
interconnected and microcellular morphology. The formation of various gaseous products at two different con-
versions (a = 0.3 and oo = 0.7) are investigated by using thermogravimetric analyser hyphenated Fourier trans-
Keywords: mission infrared spectroscopy (TGA-FTIR) analysis in isothermal condition. Effect of porosity and CNC
Poly (lactic acid) (PLA) reinforcement towards thermal degradation and crystallization of the PLA is thoroughly investigated by using
Foam mercury intrusion porosimetry (MIP). “Model-free” and “modelistic” approaches like Friedman, Flynn-Wall-
Cellulose nanocrystals (CNC) Ozawa (FWO), Kissinger-Akahira-Sinouse (KAS), Kissinger and Augis & Bennet have been utilized for non-
isothermal degradation kinetics of the fabricated foams. Non-isothermal melt crystallization kinetics of fabricated
foams reveals that both primary and secondary crystallization process taking place. The apparent activation en-
ergy calculated from FWO are ~175.8 kJ/mol, ~198.6 kJ/mol, ~175.5 k]/mol and ~174.7 k]/mol for nPLA, PLA/CNC 1,
PLA/CNC 2 and PLA/CNC 3 respectively. It is also observed that at higher conversions, complex three dimensional

diffusion mechanism of degradation might be taking place in accordance with Criado plots.

© 2018 Elsevier BV. All rights reserved.

1. Introduction

The demand of biodegradable polymeric substances is growing day
by day due to environmental hazards caused by the conventional non-
degradable petroleum based polymers [1]. The requirement of green
technology for bringing more and more biodegradable polymers to
the market has become one of prime interest for academia as well as in-
dustries. However, some properties of the biodegradable polymers are
not upto the mark and can be tuned to compete with major commercial
polymers like polystyrene (PS) and polypropylene (PP). Biodegradable
polymers from natural feedstock like poly (s-caprolactone) (PCL),
polyhydroxybutyrate (PHB), starch and poly (lactic acid) (PLA) is now
started to flourish in the market. Now days many researchers are focus-
ing on PLA due to its bio based, biodegradable and biocompatible nature
along with comparable strength, modulus with conventional petroleum
based non-degradable polymers [2].

One of the concerning factor of biodegradable polymers is the cost of
production. The cost of production of a material can easily be reduced by
converting it to foam. Foam production required less material usage
compared to unfoamed products which also effects the cost of produc-
tion of the materials. Foaming technology is used to create gaseous
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voids in polymeric materials to produce lightweight products [3,4]. De-
velopment of biodegradable foam is a current hot topic due to its appli-
cability in various biomedical related fields like drug delivery [5], tissue
engineering 6] etc. where degradability is a factor. Researches are going
to establish biobased foams like PLA (due to its comparable properties)
as a green replacement [7] of conventional petro based polymer foams
for different applications [8,9]. The various foam properties can be
tuned by addition of nanofillers, additives [10,11] etc. Biobased
nanofillers like cellulose nanocrystals (CNC) can be used for PLA based
biodegradable foams. CNC is a smart biomaterial comes from natural
feedstock. Lots of researches are going on CNC based biomaterials due
to its advantages like high surface area, non-toxicity and biodegradable
nature [10,12].

Polymer foaming is generally done in batch or in continuous process
| 13]. Solid state foaming of polymers is done by using inert gases like ni-
trogen (No) [14], carbon dioxide (CO,) in supercritical state under high
temperature and pressure [15,16]. Foaming can also be done by using
chemical foaming agents (CFA) in the polymer matrix [17], by using
thermally induced phase separation (TIPS) process [18] and by using
casting and leaching method [10]. In C/L method, normally a water sol-
uble porogen particles are used to fabricate the porous polymer struc-
ture. In this technique the pore size and morphology of the fabricated
foams can be controlled by the amount and size of the porogen particles
[19,20].
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pores and the effect of CNCs in the cell density (N¢) and cell size of foams are thoroughly investigated by
morphological analysis. The thermo-mechanical investigations are performed for the foam samples and
almost ~1.7 and ~2.2 fold increase in storage modulus is observed for the compressive and tensile mode

Available online 7 August 2017

Key Words.: ) respectively. PLA/CNC based bionanocomposite foams displayed similar thermal stability as base PLA
Poly (lactic acid) P .. . . . . .
Foam foam. Detailed investigations of decomposition behavior are studied by using hyphenated thermogravi-

metric analysis-fourier transmission infrared spectroscopy (TGA-FTIR) system. Almost ~13% increment
is observed in crystallinity at highest loading of CNCs compared to neat counterpart. To investigate the
splitting and spreading phenomenon of the wettability of the samples, linear model is used to find the
Young's contact angle and contact angle hysteresis (CAH). Besides, ~6.1 folds reduction in the density of
PLA and the nanocomposite foams compared to PLA carries much significance in specialized application

Cellulose nanocrystals (CNCs)

areas where weight is an important concern.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The importance of bio-based and biodegradable polymers is
growing day by day due to the generation of plastic waste and the
problem of their ultimate disposal [1]. PLA is a bio-based, biocom-
patible and biodegradable material and getting global importance
due to possible adverse impact on the environment by the use
of petrochemical based synthetic polymers [2,3]. PLA is a lin-
ear aliphatic polymer, which can be derived from ring opening
polymerization of lactide. Lactide is produced from natural bio
feedstock like corn, sugar etc. [4]. However, the cost of production
of PLA is relatively higher than other synthetic petroleum based
polymers for similar applications. In order to match its applications
with conventional polymers, it is demand of time to adopt strate-
gies by which, the cost of production of articles made of PLA can be
reduced. In order to fulfil the above criteria, foaming process seems
to be a viable process where significantly less polymeric material
can be used because foam contains enormous gaseous voids in its
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structure, Inrecent years, the need of polymeric foam has increased
dramatically. Porous materials have some very important proper-
ties like high surface area, low thermal conductivity, light weight,
high permeability, low density etc.[5]. Foams can be prepared from
allthree types of materials e.g. metal, ceramic and elastomers. How-
ever, the use of elastomeric foam is tremendous in our daily life. The
polymeric foams got attention in the market due to the demand of
materials such as shock and sound absorbers, light weight materials
etc.[6]. Due to its huge demand in the above fields, the annual pro-
duction of polymeric foams has a large share in the total polymer
production in the world [7]. At present, the major market players
for polymeric foams are the conventional non-degradable foams
like polyurethane, polystyrene, polypropylene etc. [8]. But due to
the ultimate disposal problem of these non-degradable polymers,
biodegradable polymeric foams can play a major role in the future
[9]. Recently, a lots of investigations has been done in biodegrad-
able PLA foams. Poly (lactic acid) foams can be a better replacement
in green packaging to the non-degraded foams [ 10]. PLA foams have
potential to compete with conventional non-degradable petroleum
based foams like polyurethane, polystyrene etc. in some of the
applications where degradability is a major area of concern [11].
Foam materials have to fulfil some requirements for specific type
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The article demonstrates a simple and innocuous method for fabrication of poly (lactic acid) (PLA)/modified gum
arabic (MG)based hydrophobic, microcellular, highly porous and interconnected composite foam. The observed
density of the composite foams was remarkably reduced by ~86% in comparison to PLA granules. Further, there
was noticed an increase in cell density and a decrease in cell size due to the addition of MG nanofiller. The ther-
mogravimetric analysis (TGA) of developed foam showed no significant effect of MG in maximum degradation
Keywords: temperature (Ty,a ). Dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC) investiga-
Poly (lactic acid) tions suggested the plasticizing effect of MG nanofiller in the PLA matrix. The hydrophobicity of fabricated foam
Foam was found to increase with an increase in loading of MG and an increment of ~20° in contact angle was observed
Gum arabic for highest loading of MG (3%) in comparison to neat PLA foam. Further, an increase in the surface area up to ~60%
and a decrease in pore diameter up to ~-53% were observed for PLA/MG based foam by porosimetric investiga-
tions. Based on this investigation, the fabricated PLA/MG based foams have the potential for specialized applica-

tions as an alternative to non-degradable petro-based foams in various fields of life.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Recently, polymeric foams have gained a lot of attention over non-
foamed materials due to its unique advantages such as lightweight,
less usage of materials etc. that positively affects the production cost
[1]. Foaming process is generally carried out by using different
established techniques such as casting and leaching (C/L) [2], thermally
induced phase separation (TIPS) [3,4], using inert gases CO,, N> [5,6],
using supercritical gases | 7] etc. Among all available techniques, solvent
casting and particulate leaching is one of the simple and less expensive
methods compared to other techniques of foaming. In this technique,
porogens like salt, sugar etc. are used which on leaching left a porous
structure in the polymer matrix [8]. In recent times, the polymeric
foam market is mainly dominated by petroleum based, non-
degradable conventional foams like polyurethane (PU) foam [9], poly-
styrene (PS) foam etc. [10]. The leftover carbon footprint and the dis-
posal of these materials is an environmental concern [11]. The
detrimental effects of non-degradable polymeric foams can be over-
come by replacing with biodegradable polymeric foams [12]. Biode-
gradable polymeric foams are now showing their presence in different
acoustic, thermal insulation, commodity, biomedical and commodity
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applications. However, to compete with conventional non-degradable
polymeric foams, it needs some tuning in properties [ 13]. Among avail-
able biodegradable polymers, poly (lactic acid) (PLA) is maintaining a
significant interest in providing a wide application in the area of biode-
gradable polymeric materials for tissue engineering application. Nowa-
days, the use of PLA based polymeric foam is increasing due to their
potentiality in the field of food packaging, tissue engineering for devel-
oping scaffolds for tissue [ 14,15]. In recent researches, it is observed that
nanofillers like clay [16], cellulose nanocrystals (CNC) [13,17], starch
[18], graphene oxide [19], etc. are utilized to tune various properties of
the PLA based microcellular and nanocellular foams. In a greener ap-
proach, bio-based and biodegradable PLA foams are now commercial-
ized for packaging applications and are projected as an alternative to
nondegradable conventional polystyrene (PS) foams [20]. Blaker et al.
formulated poly b, L lactic acid (PDLA)/Bioglass® based foams, which
is highly porous, degradable foam providing a remarkable application
inthe field of bone tissue engineering [21]. Interestingly, increase in sur-
face area and a decrease in the cell size of the foam are two important
parameters for biomedical applications like cell proliferation study, tis-
sue engineering an so on. [22]. In current situation, researchers are
mainly interested in the biobased, biocompatible nanofillers for tuning
the properties of biodegradable foams. In literature, some investigations
are found on the effect of polysaccharide-based gums like gum traga-
canth, gum karaya and so on in PLA matrix. Recently, investigations on
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ABSTRACT: This article addresses a less expensive and elegant method for the fabrication of hydrophobic poly(lactic acid) (PLA)/modi-
fied chitosan (MC)-based bionanocomposite foams with high porosity (>~80%) and open cellular interconnected morphology. An incre-
ment of ~2.3-fold of cell density and reduction of ~1.3-fold of cell size are observed at highest loading of MC (i.e. 3 wt %). The MC also
influences the hydrophobicity (up to ~10 increment in contact angle) of the foams. Structure-property relationship of the fabricated
foams has been investigated along with wettability behavior. Thermal degradation kinetics and degradation mechanism of the fabricated
foams have been investigated by using different approaches like modified Coats Redfern (modified CR), Flynn-Wall-Ozawa (FWO), Kis-
singer, and Criado. Crystallization behavior of the fabricated foams are also investigated. Increase in surface area with MC-loading and
nucleating behavior of MC in the PLA matrix is confirmed by the porosimetric investigation of the fabricated foams. © 2018 Wiley Period-

icals, Inc. J. Appl. Polym. Sci. 2018, 00, 47236.
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INTRODUCTION

Recently polymeric foams gain many attentions in research due to
its unique characteristics over non-foamed counterparts like light-
weight and low density. These unique properties make it suitable
to penetrate in almost all aspects in our daily life. The cost of pro-
duction of these materials are also comes down due to the less
usage of material." Polymeric foams are mainly fabricated by using
established techniques like casting and leaching (C/L),>* solid state
foaming using inert gases,4 thermally induced phase separation
(TIPS),” and so on. Currently, polymeric foam market is mainly
dominated by conventional petroleum-based polymeric foams like
polystyrene (PS), polypropylene (PP), and so on.° The ultimate
disposal and recycle of these polymers have some detrimental
effects in nature. Due to this reason, now researchers are mainly
focus on development of green biodegradable foams, which can be
casily fed to the ecological system.” Foamed materials already
made their strong presence in some sophisticated areas of applica-
tion like drug delivery, tissue engineering, and other biomedical
applications. The need of new greener sustainable polymeric foam
for the environmental point of view is opening new opportunities
for biobased, non-toxic, and biodegradable polymers like

poly(lactic acid) (PLA), polycaprolectum, and so on. In some
sophisticated applications, biodegradability is a major area of con-
cern.” In the recent past, PLA-based foams gets more attention in
the research community due to its comparable properties with
petroleum-based conventional polymeric foams. It can be used as
a green packaging for various applications.” The requirements of
foam properties (like cell size, cell density etc.) varies with the
applications. The limitations of PLA like low melt strength and
brittleness can be tuned to desired level depending on applications
by incorporating nanofillers,’’ plasticizing agent,'' chain
extender,'”” and so on in the PLA matrix. Nanofillers like organi-
cally modified montmorillonite,”*"'* organically modified layered
silicates (organoclay)m has been used in the recent past to tune
various properties of PLA foam according to applications. Silk
composite,'” graphene oxide,'® chain extenders,”” and paraffin
spheres'” are also used by the researchers for various improvement
in properties. PLA foam can be a possible candidate for biomedical
sophisticated applications if some of its properties can be tuned by
using bio-based, bio derived, and biodegradable materials.*’

More greener approach of development and improvement of
PLA foams can be done by using some naturally derived

Additional Supporting Information may be found in the online version of this article.
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