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ABSTRACT 

Environmental and sustainability issues concerning petroleum-based feedstocks have begun 

a growing emphasis on the opportunity for novel category of eco-friendly materials. The 

domination of biodegradable plastics for packaging sector is expanding as a result of the 

depletion of resources of petroleum-based plastics and the increasing environmental 

problems associated with plastic wastes. In this perspective, the possible replacement of 

conventional plastics with biodegradable and renewable polymers has been explored during 

the past decade. Poly(lactic acid) (PLA) is one of such potential representative 

biodegradable polymers, which has rapidly become the most industrialized bio sourced 

synthetic polyester. However, the drawbacks associated with PLA such as poor ductility, 

slow crystallization rate and barrier effects for gaseous substances (water vapour, oxygen 

(O2), and carbon dioxide (CO2) limit its versatility as food packaging material. An effort has 

been undertaken in the current doctoral work to address these limitations by the fabrication 

of poly(lactic acid) based nanocomposites. 

In the current work, the effect of two different nanofillers, “graphene” (GR) and “sucrose 

palmitate” (SP) on the structural, morphological, optical, thermal, mechanical and barrier 

properties of PLA is investigated. Thermal exfoliation of expandable graphite (EG) is carried 

out at different temperatures ranging from 200-1000 °C. Based on the carbon yield (%), the 

optimum temperature for thermal exfoliation of EG is determined to be 750 °C. X-ray 

diffraction (XRD) results disclose the effect of sonication time on the dispersion ability of GR 

in the PLA matrix. A high resolution transmission electron microscopy (TEM) image of GR 

pictoriated after sonication process demonstrates a monolayer structure of GR. Thermo-

gravimetric analysis reveals that the decomposition temperature for the PLA composite with 

0.5 wt% GR content is increased about 31 °C over neat PLA, when 10% weight loss is taken 

as a point of comparison. Differential scanning calorimetry (DSC) analysis authenticates that 

GR acts as a nucleating agent and enhances the melting point of PLA composites over neat 
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PLA. The enhancement of elongation at break (51%) is obtained for PLA-GR 

nanocomposites as compared to neat PLA. The permeation of oxygen is reduced by 22% 

after incorporating 0.1 wt% GR in the PLA matrix. This is attributed to the tortuous path 

effect generated by the exfoliated GR nanosheets. The ordered orientation of the SP in the 

PLA matrix is visualized by TEM analysis, and this in turn verifies the uniform dispersion of 

SP filler into PLA matrix. DSC and XRD results validate that the incorporated biofiller acts as 

a nucleating agent and partially contributes towards the crystallinity of PLA-SP 

nanocomposites. The enhancement of elongation at break up to 56% is achieved for 5 wt% 

loading of SP in the PLA matrix. The best positive influence for the oxygen barrier is 

confirmed for the PLA-SP nanocomposite film, where the reduction in oxygen permeability of 

69% is achieved in comparison with pure PLA.  

Further, thermal degradation kinetic studies for PLA, PLA-GR and PLA-SP nanocomposites 

are carried out using thermogravimetric analysis (TGA) under the dynamic heating regime of 

10, 20 and 30 °C/min. Various models such as Coats-Redfern, Flynn-Wall-Ozawa and 

Kissinger methods, are employed to understand the thermal degradation kinetics of PLA, 

PLA-GR and PLA-SP nanocomposites. It is observed that the addition of GR in the PLA 

matrix shows enhancement in the activation energy, which is indicative of improvement in 

the thermal stability of PLA. In case of PLA-SP nanocomposites, decreasing trend in the 

activation energy is observed with respect to loading. In addition to this, investigation on the 

non-isothermal cold crystallization kinetics of PLA, PLA-GR and PLA-SP nanocomposites is 

also performed using differential scanning calorimetry (DSC) under the dynamic heating 

conditions of 2.5, 5, 7.5 and 10 °C/min. Avrami and Tobin models used in the study elucidate 

the effect of SP and GR on the cold crystallization kinetic process of PLA. The Avrami and 

Tobin coefficients obtained for both PLA-GR and PLA-SP nanocomposites suggest the 

faster rate of crystallization process in comparison with neat PLA. The nucleation as well as 

the growth of spherulites in case of PLA, PLA-GR and PLA-SP nanocomposites are further 

observed using polarized optical microscopy (POM). After incorporation of GR and SP in the 
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PLA matrix, an increase in the overall crystallization rate for PLA is reflected by the decline 

in the nucleation induction period and subsequent enhancement in the number of primary 

nucleation sites. The influence of GR and SP on the hydrolytic degradation behavior of PLA 

is examined at different temperatures (35 and 55 °C) and pH (acidic, neutral and basic) 

conditions. The results clearly demonstrate that the elevated temperature and basic pH 

conditions highly favor the hydrolytic degradation process, irrespective of PLA, PLA-GR and 

PLA-SP nanocomposites. Improvement in the crystallinity and opacity of the samples is 

observed with respect to the duration of degradation, indicating the leaching of amorphous 

domains from PLA matrix.  It is also found that the presence of SP exhibits greater influence 

on the hydrolytic degradation behavior of PLA. The rate of degradation is also found to be 

faster in case of PLA-SP nanocomposites, as compared to PLA and PLA-GR.  
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CHAPTER 1 
 

INTRODUCTION  
 

The chapter provides a brief outline on the environmental issues spurred by conventional 

plastics derived from fossil-fuel origin. The importance of biopolymers as potential alternatives 

for replacement of petrochemical derived polymers is highlighted. The merits and de-merits of 

biopolymer based packaging materials are discussed. The technological concept used for 

mitigation of limitations associated with biopolymers to achieve targeted properties is discussed. 

Subsequently, the history of various additives used as reinforcements in the PLA matrix 

reported so far in the literature is elaborated. Thereafter, the chapter presents the objectives of 

the doctoral thesis followed by organization of the thesis.   
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1.1. Introduction 

Plastics play a very important role in the modern society due to its potential usage in several 

applications such as automobiles, construction, electronics, biomedical, and packaging (Zhang 

et al., 2012). This is because of certain attributes of plastics such as inexpensive, easy 

processability, light weight and non-corrosive nature (Ali et al., 2011; Simoneit et al., 2005). In 

particular, packaging remains as the prime application in which huge volume of plastics are 

being consumed world-wide (Figure 1.1). The reason behind this is owing to its ease of 

handling, storage efficiency, attractiveness, light weight, inexpensive and prolonged product 

display. It also possibly protects food from spoilage by microbial contamination, physical 

damage or bio-chemical reactions during storage (Dallyn et al., 1988; Siracusa et al., 2008). 

At present, majority of plastics used for packaging application are derived from petrochemical 

sources. The primary polymers which are derived from fossil-fuel origin and currently being 

used in packaging sector include polyethylene terephthalate (PET), polypropylene (PP), 

polyvinyl chloride (PVC), high density polyethylene (HDPE), low density polyethylene (LDPE) 

and polystyrene (PS) (Sorrentino et al., 2007).  

 

Figure 1.1. Percentage consumption of plastics for different applications  
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The plastics mentioned above are used in the packaging sector because of their distinctive 

characteristics. For example, PET possesses very good tensile strength and is transparent even 

after subjected to processing, which makes it suitable for packaging application (Amano et al., 

2004). However, PET can melt easily, which in turn limits its application for storage of hot fluids. 

Similar to PET, PP also exhibits high mechanical properties and finds potential application in the 

production of firm containers. As PVC can be stretched easily and extruded into sheets, it is 

generally used for wrapping purpose in the packaging sector. Both HDPE and LDPE can be 

manufactured using cheaper raw materials. Due to good strength, HDPE finds application in the 

production of clouded containers where optical transparency is not required. In the case of 

LDPE, it exhibits excellent stretch characteristics and therefore, holds the potential to be used 

as bags for storage (Patel et al., 2008). PS is generally used for manufacturing of Styrofoam 

containers, which needs to be essentially firm and also highly resistant to heat. The thermal, 

mechanical and barrier properties of different conventional polymers discussed above are 

presented in Table 1.1. 

Table 1.1. Properties of different conventional polymers  

Properties PET PP PVC HDPE LDPE PS 

Thermal 

Conductivity 

(W/mK) 

0.14 0.11 0.14-0.20 0.47 0.32 0.12 

Tensile strength 

(MPa) 

47 - 71 30 - 40 39 - 50 21 - 30 7 - 30 34 - 50 

Yield Strength 
(MPa) 

59 30 - 36 39 - 43 25 - 32 8 - 14 - 

Percent 
Elongation (%) 

31 - 301 99 - 599 39 - 79 9 -1199 99 - 649 1.1 - 2.3 

Elastic Modulus 
(GPa) 

2.6 - 4 1 - 1.4 2.3 - 4 1.1 0.16 - 0.27 2.1 - 3.1 

Oxygen 
Transmission 
Rate (CC-
MIL/100 SQ IN. 
- 24 HR) 

13 134 16 184 299 329 
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Despite the plastics derived from fossil fuel origin has brought considerable benefits to the 

society, it is important to accept that our ecosystem is being continuously disturbed due to the 

disposal issues associated with these non-degradable polymers. In order to free our 

environment from plastic wastes, two approaches are thought off, which includes (i) Dumping of 

plastic waste materials at landfill sites, (ii) Utilization of waste plastics through incineration and 

recycling process. However, burial of waste plastic materials cannot be practiced in reality due 

to the unavailability of satisfactory landfill sites. The drawback associated with the latter case is 

that incineration process leads to the production of huge quantity of carbon dioxide and other 

toxic gases, which in turn contributes to pollution and global warming problem. Recycling seems 

to be an appropriate option to address the issues associated with the conventional polymers. 

However, recycling is an energy intensive process, which includes several pre-treatment steps, 

before it’s reprocessing into end product and also lacks in terms of quality when compared to 

the fresh manufactured product. Moreover, the accessibility of petrochemical resources is finite. 

Therefore, the development of eco-friendly plastic materials from renewable energy resources 

has become an essential task for mankind at this stage (Ray et al., 2005). The manufacturing 

process of renewable plastics does not comprise the utilization of toxic compounds. Also, the 

renewable plastics possess the advantage of superior biodegradation property in comparison 

with conventional polymers and hence, they could be readily compostable to natural 

degradation products.  Owing to these reasons, research and development units in academia as 

well as industries are more attracted towards the development of environmentally benign 

plastics for packaging, which are biodegradable in nature and non-toxic to the environment 

(Alexandre et al., 2000; Yang et al., 2007; Siracusa et al., 2008).  

1.2. Biopolymers 

Biopolymers are basically polymeric constituents in which, at least one single step in the 

degradation process should be induced by microbial action. As a consequence of microbial 
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metabolism, biodegradation results in the production of fragmented products, which are noxious 

to the environment (Siracusa et al., 2008). However, it becomes essentially important to 

understand the fact that the biodegradation process can be ensured under certain conditions in 

terms of pH as well as temperature conditions, availability of oxygen and level of moisture 

content or humidity, prior to microbial action.  

1.2.1. Classification of biopolymers 

In general, biopolymers are classified into four categories based on their origin as presented in 

Figure 1.2.  

 

 

Figure 1.2. Classification of biopolymers 

•Polyhydroxy butyrate 
(PHB) 

•Poly(hydroxy butyrate 
co-hydroxyvalearate  
(PHBV) 
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•Ligno cellulosic 
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•Polycaprolatones (PCL) 

•Polyester amides (PEA) 
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(e.g. PBSA) 

•Aromatic co-polyesters 
(e.g. PBAT) 

Petrochemical 
derived 

monomers 

Biomass 
Products 

Microbes 
Bio-derived 
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These include 

a) Polymers that can be obtained from agro-based resources. 

b) Polymers that can be obtained through microbial fermentation process.  

c) Polymers that can be synthesized by conventional method using bio-derived monomers. 

d) Polymers that can be synthesized by conventional method using monomers derived 

from petrochemical resources. 

 

The blooming of innovative technologies for massive production with cheaper processing cost 

facilitates poly(lactic acid) (PLA) to occupy a vital position in the mart of sustainable polymers 

(Armentano et al., 2013). PLA is currently explored as a sustainable alternative to 

petrochemical derived polymers of fossil fuel origin and hence, it possesses significant potential 

for application in the field of commodity areas like, packaging. PLA is linear, aliphatic, 

thermoplastic polyester that can be produced from either L-lactic acid or D-lactic acid monomers 

for useful applications. These monomers are obtained through fermentation of corn starch, 

sugarcane juice or other agricultural resources. PLA is commercially available in variety of 

grades and has been approved by the U.S. Food and Drug Administration (FDA). The 

manufacture of PLA provides several benefits as compared to other biopolymers as follows. 

a) The precursor for PLA, i.e., lactic acid can be produced by subjecting the agro-based 

resources to fermentation process. 

b) Carbon dioxide fixation can be possible via cultivation of agro-based resources such as 

corn for production of PLA. 

c) Considerable improvement in terms of agricultural economy is possible. 

d) Substantial savings in terms of energy is probable. 

e) PLA can be recycled again to its precursor lactic acid via hydrolysis process. 
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In addition to this, PLA displays various assets when compared to conventional polymers used 

for packaging application. Those advantages include 

a) Biocompatibility: PLA has the ability to degrade into its monomeric constituent i.e. 

lactic acid, in the human body through scission process. Furthermore, PLA exhibits the 

characteristics of undergoing hydrolytic cleavage under in-vivo conditions without the aid 

of enzymes for catalyzing the same (Anderson et al., 1997). However, the rate of 

degradation depends on the size as well as shape of PLA and temperature conditions of 

the hydrolysis reaction. It has been reported that the extent of degradation of PLA into 

lactic acid continues at least up to two years (Garlotta, 2001).  

b) Degradation in natural ecological conditions: PLA exhibits the potential to undergo 

degradation in natural environmental conditions, which includes soil as well as compost 

(Rudeekit et al 2008). Under such circumstances, the degradation of PLA is known to 

proceed via two stages; (i) hydrolytic and (ii) enzymatic degradation process. In the 

hydrolysis process, water firstly diffuses into the PLA that results in the cleavage of ester 

groups by random chain scission process. This in turn, leads to the subsequent 

decrement in the molecular weight of PLA followed by production of oligomer moieties 

together with lactic acid. Once the molecular weight of PLA is reduced up to 10-20 kg 

mol-1, microbial flora present in the soil can start up assimilating the same and transform 

to CO2, humus and water. Therefore, hydrolytic cleavage forms the basis for degradation 

of PLA followed by enzymatic cleavage process, which is due to microbial action.  

c) Transmission of visible light: PLA demonstrates good optical transparency by 

transmitting the visible light in the 540-560 nm wavelength regime. The percentage 

transmission of visible light for PLA has been demonstrated to be typically higher in 

comparison with the commercial polymers such as PS and PET (Auras et al., 2004).  

d) Processability: PLA holds the flexibility to be processed using several processing 

techniques such as extrusion, injection moulding and thermoforming.   
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Although PLA possess the prospective to compete with the conventional plastics, it is important 

to spell out the drawbacks, which limits its usage in the packaging application (Armentano et 

al., 2013) as follows  

a) PLA is highly brittle in nature which restricts its applications such as flexible films.  

b) PLA exhibits poor thermal resistance. 

c) PLA has slow crystallization rate. 

d) PLA suffers from poor gas barrier properties in comparison with conventional polymers. 

Over the past few years, the incorporation of nano-fillers in PLA matrix to produce 

nanocomposite materials has been explored as an innovative and effective alternative for 

enhancing the mechanical performance, thermal stability and barrier properties of PLA. Polymer 

nanocomposites refer to the multiphase systems, wherein, the nanoparticles with at least one 

dimension in the nanoscale regime are dispersed in the polymer matrix. The term 

“nanocomposites” was first coined by Toyota Central Research Laboratory near the beginning 

of 1990s. Thereafter, extensive research activities have been carried out world-wide on the topic 

entitled “polymer nanocomposites” due to the fact that substantial improvement in the properties 

are possible with incorporation of nanofillers even with exceptionally small loadings. At the 

nanoscale, such particles have significantly large surface area and exhibit the possibility to 

interfere with polymer chain mobility, thereby manipulating the matrix properties. Polymer 

nanocomposites can be prepared via three different routes, as described below: 

a) Solution method: This method involves the dissolution of polymers in an appropriate 

solvent, after which, the nanofillers are usually added in the solvent-polymer mixture. 

After subsequent period of processing, the solvent is removed via evaporation (Rahim 

et al., 2009; Jamshidian et al., 2012; Gong et al., 2014).  

b) Melt-mixing method: This technique involves the melt-integration of polymers with the 

nano reinforcements directly. This relates to the process under which the mixture of 
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polymer and nanofiller is annealed slightly above the softening or melting point of the 

polymer (Najafi et al., 2012; Tawakkal et al., 2014).  

c) In situ polymerization method: In this process, first, the nano materials are allowed to 

be well dispersed in the monomer solution, which in turn, is subsequently polymerized in 

the existence of nano fillers (Song et al., 2007). 

The expected improvements in the properties are deemed to be directly dependent on the 

dispersion of the nanoparticles in the polymer matrix that manipulates physical or chemical 

interaction between the matrix and the reinforcing phases. The optimization of dispersion and 

interactions of nanoparticles in polymer matrices through mechanical and chemical approaches 

has been investigated by several researchers for the development of high quality 

nanocomposites (Krikorian et al., 2003; Ray et al., 2002; Winey et al., 2006; Yoon et al., 

2010; Baghaei et al., 2013; Yu et al., 2014; Tsai et al., 2013). Numerous studies involving a 

variety of fillers in the development of PLA based nanocomposites have endeavored 

(Urbanczyk et al., 2009; Jiang et al., 2007; Paive et al., 2005; Xie et al., 2007; Kumar et al., 

2010; Ramzy et al., 2014; Wu et al., 2013). More recently, clay (Chang et al., 2003; Jiang et 

al., 2007; Najafi et al., 2012; Khatua et al., 2014; Jos et al., 2014), carbonaceous (Tasis et 

al., 2006; Park et al., 2013; Raja et al., 2013; Chen et al., 2013; Lee et al., 2014), silica 

(Yuzay et al., 2010; Wu et al., 2013; Tsai et al., 2013, ) and green fillers (Bax et al., 2008; Liu 

et al., 2010; Song et al., 2013; Oza et al., 2014; Siengehin et al., 2014, ) are increasingly 

used as load-bearing constituents in developing PLA composites. A detailed literature survey on 

the properties of PLA nanocomposites reinforced with the above discussed fillers is as follows: 
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1.3. Literature review on PLA composites 

1.3.1. PLA-clay nanocomposites 

Layered silicates have received significant attention as nano reinforcements in the polymer 

matrix, due to its potential in improving the thermal, mechanical, barrier properties of the 

polymer. The extent to which the layered silicates dispersed in the polymer matrix plays a key 

role in improvement of the fore-mentioned properties. The level of dispersion of layered silicates 

usually depends on the (i) interaction between the polymer and layered silicate and (ii) 

preparation method through which the nanocomposite is synthesized. Therefore, based on the 

variation in the interaction between the polymer and the layered silicate, three different 

structures of polymer nanocomposites are possible as shown in Figure. 1.3. 

 

 

Figure 1.3. Different structures of polymer nanocomposites 

a) Phase separated structure: If the interaction between the layered silicate and the 

polymer is quite low, intercalation of the polymer between the silicate layers will not be 

achieved. The microcomposite, thus resulted under such circumstances is referred to as 

phase separated composites. The properties of such phase separated composites are 
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rather hardly ever enhanced or may exhibit downturn after the reinforcement (Mittal et 

al., 2009; Raquez et al., 2013). 

b) Intercalated structure: If the intercalation of polymer segments between the inter layers 

of silicate occurs to a partial extent, then the resultant structure is referred to as 

intercalated nanocomposite. The formation of intercalated structure is usually 

accompanied by the enhancement in the interlayer distance (Mittal et al., 2009; Raquez 

et al., 2013).  

c) Exfoliated structure: When the layered silicates are dispersed in the polymer matrix as 

individual segments, the resultant structure is referred to as delaminated or exfoliated 

nanocomposite. Achieving exfoliated structures can lead to a profound enhancement in 

the thermal, mechanical and barrier properties of the polymer. Under practical 

processes, it is merely rather difficult to achieve completely exfoliated structures (Mittal 

et al., 2009; Raquez et al., 2013). 

Several studies endeavored the replacement of inorganic cations in the interlayers of layered 

silicate by organic cations with alkyl chains that can further enhance the affinity between the 

layered silicate and the polymer (Krikorian et al., 2003; Mittal et al., 2009; Raquez et al., 

2013). This is because of the presence of organic cations together with alkyl chain can help in 

increasing the distance between the silicate interlayers, thereby, allowing for a superior 

dissemination of polymeric chains inside the galleries.  

 

In this regard, an attempt has been made to fabricate PLA/organoclay (Cloisite 30B, 25A, 15A) 

nanocomposites via solution casting approach (Krikorian et al., 2003). It was mentioned that all 

the nanocomposite systems retained their optical clarity due to the nanoscale dispersion of 

exfoliated clay particles in the PLA matrix. The crystallinity of PLA-organoclay nanocomposites 

was perceived to exhibit inverse order with respect to loading irrespective of the type of clay 

incorporated in the PLA matrix. Transmission electron microscopy (TEM) and X-ray diffraction 
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studies (XRD) indicated that Cloisite 30B demonstrated the best improvements in terms of 

mechanical properties. The incorporation of 15 wt% of Cloisite 30B showed around 61% 

increment in the storage modulus as compared to neat PLA. It was also declared that the 

improvement in the mechanical properties was possible due to the firm affinity between carbonyl 

moieties of PLA and diol groups available in the organoclay.  

 

In a separate contribution, the same research group investigated the effect of trimethyl 

octadecyl ammonium cation modified montmorillonite (MMT) clay on the mechanical, barrier 

and biodegradation properties of PLA (Ray et al., 2003). After the addition of reinforcement in 

the PLA matrix, the storage modulus enhanced by ~66% in comparison with neat PLA.  A 

maximum improvement in the flexural modulus of ~21% was achieved with 4 wt% loading of 

organic clay. Further increment in the loading led to the development of brittleness in the 

nanocomposite system. The relative permeability coefficient obtained for PLA-clay 

nanocomposite system (0.885) was comparatively lower than PLA, which indicated the good 

barrier effect provided by the reinforcement. The organically modified clay also showed 

considerable advancement in the biodegradation properties of PLA. It was discussed that the 

extent of decrement in the molecular weight and the residual weight was same for both PLA and 

PLA-clay nanocomposite. By the completion of first month of the biodegradation study, a sharp 

weight loss for the nanocomposite system was experienced. The compost was completely 

degraded within two months from the time period at which the biodegradation study was 

initiated.  

 

Different weight loadings of organically modified MMT clay were reinforced in the PLA matrix 

through melt extrusion technique and the effect of MMT on the mechanical properties was 

investigated by Ray et al., (2002). TEM analysis revealed the intercalation of silicate layers with 

PLA and random distribution of MMT clay in the PLA matrix. It was observed that the storage 
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modulus showed increasing trend with respect to MMT loading (3-7 wt%). The increment in the 

storage modulus of nanocomposites was reported to be ~ 33-140% higher than that of the neat 

PLA.  

 

In situ polymerization of D, L-lactide in the interlayers of organically modified clay (Cloisite 30B) 

was carried out using supercritical CO2 as the medium of polymerization (Urbanczyk et al., 

2009). A good degree of exfoliation of Cloisite 30B in the PLA matrix was evidenced by the TEM 

analysis. Flexural as well as impact tests were carried out to investigate the effect of clay on the 

mechanical properties of PLA. An improvement in the stiffness and impact resistance up to 

some extent was possible after the reinforcement. The presence of Cloisite 30B in the PLA 

matrix enhanced the flexural modulus by ~17% as compared to neat PLA. In addition to this, the 

reinforcement led to the improvement in the toughness by ~15% when compared with unfilled 

PLA matrix.  

 

Two different organo clays such as MMT and fluorinated mica modified with hexadecylamine 

(C16-MMT and C16-mica), were synthesized (Chang et al., 2003). Thereafter, the respective 

clays were dispersed in the PLA matrix via solution casting approach and the effect of various 

loadings of clays on the thermal and mechanical properties of PLA was investigated. When 2% 

weight loss is taken as a point of comparison, it was found that the thermal degradation 

temperature of the composites (with 8 wt% loading) shifted to lower temperature at a maximum 

of ~49 °C for C16-MMT and ~16 °C for C16-mica. The improvement in the tensile strength of 

~32% and ~57% was obtained for C16-MMT and C16-mica reinforced PLA nanocomposites for 

clay loading of 4 wt%, respectively. With further increase in the loadings, both the 

nanocomposites exhibited decreasing trend in the tensile properties, due to the agglomeration 

of clay nanoparticles resulted by the improper dispersion. In case of modulus, PLA/C16-mica 

nanocomposites showed three fold improvements as compared to neat PLA. The possible 
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reason for this was due to the good orientation of the filler in the PLA matrix as well as high 

aspect ratio of the layered mica.  

 

The effect of chain length of organic modifiers (n-octyl tri-n-butyl phosphonium bromide (C8), n-

dodecyl tri-n-butyl phosphonium bromide (C12), n-hexadecyl tri-n-butyl phosphonium bromide 

(C16) and methyl triphenyl phosphonium bromide (CPh)) on the properties of PLA composites 

was investigated with different clays such as smectite, MMT and mica (Maiti et al., 2002). XRD 

analysis revealed that the d spacing increased with increasing the chain length of the organic 

modifier (d = 1.69, 1.78 and 1.87 for C8, C12 and C16, respectively). In case of fixed organo 

modifier, the d spacing showed increasing trend with an increase in the lateral dimension of the 

reinforcement. In case of CPh, it was observed that no intercalation of PLA occurred due to the 

immiscible nature of the modifier in the PLA matrix. The PLA/C16-smectite nanocomposite 

system showed a maximum improvement in the mechanical properties in terms of storage 

modulus in comparison with other nanocomposite formulations. The storage modulus showed 

increasing trend with respect to clay loadings and a maximum extent of improvement ~65% was 

noticed for 4 wt% loadings of PLA/C16-smectite nanocomposite over neat PLA. The same 

nanocomposite system also performed well in terms of barrier effects with reduction in the 

oxygen transmittance rate of ~40% as compared to neat PLA. The better performance of 

PLA/C16-smectite nanocomposites in terms of mechanical and barrier properties was due to 

good dispersion of clay in the PLA matrix as well as high aspect ratio.   

 

Nano sized precipitated calcium carbonate (NPCC) and organically modified MMT were used as 

reinforcements in the PLA matrix and the nanocomposites were prepared via melt-extrusion 

technique (Jiang et al., 2007). The addition of NPCC in the PLA matrix shifted the cold 

crystallization temperature (Tcc) to lower side indicating the strong nucleation effect of the filler. 

The organically modified MMT clay also showed stronger nucleation effect in comparison with 
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NPCC by shifting the Tcc to even lower temperature range with a greater enthalpy of 

crystallization. The elongation-at-break showed improvements with respect to increase in NPCC 

loadings and a maximum enhancement of ~13% was obtained for 7 wt% loading as compared 

to neat PLA. The PLA/organically modified MMT (2.5 wt%) displayed an increment in the 

elongation-at-break around ~15.9% over neat PLA. In case of tensile properties, 

PLA/organically modified MMT nanocomposites exhibited enhancement in the tensile properties 

up to 5 wt% loading, whereas, in case of PLA/NPCC system demonstrated decreasing trend 

with respect to loading. The reason for downturn experienced in PLA/NPCC nanocomposites 

was due to the poor interfacial adhesion between the filler and the matrix.  

 

Organically modified rectorite was incorporated in the PLA matrix through melt-extrusion 

process (Li et al., 2009). Both XRD and TEM analyses confirmed the presence of partially 

intercalated and exfoliated nanocomposite structures after the reinforcement of the filler in the 

PLA matrix. Polarized optical microscopy (POM) observations together with the differential 

scanning calorimetry (DSC) analysis elucidated the change in the spherulite morphology and 

improvement in the crystallization rate for PLA/organically modified rectorite nanocomposite. 

The reinforcement also led to the improvement in elongation-at-break by ~210% as compared 

to neat PLA. However, the reinforcement guided to decrement in the tensile strength of ~19% in 

comparison with neat PLA, which was explained to be due to the cavitation effect between PLA 

and the clay, as a result of poor interaction.  

 

The effect of two different organically modified MMT clays (Cloisite 25A and Cloisite 30B) on the 

hydrolytic degradation behavior of PLA was investigated (Paul et al., 2005). The melt-

intercalated samples were placed in a phosphate buffer for five months. The decrement in the 

molecular weight of the samples was confirmed by the size exclusion chromatography (SEC) 

with respect to hydrolysis time. The improvement in the crystallization properties for both 
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nanocomposites was evidenced by the DSC analysis. Both the nanocomposite samples 

exhibited loss in the thermal stability and the same was found to be proportional to decreasing 

molecular weight of PLA with respect to the hydrolysis time. It was also reported that the 

hydrophilic nature of the clay layers played a significant role in the hydrolytic degradation 

process of PLA, which led to enhancement in the rate of degradation.  

 

In a separate study, the effect of PLA crystallinity on the hydrolytic degradation process was 

investigated (Zhou et al., 2008). Both the amorphous and semi-crystalline polymer samples 

(pure and organically modified with MMT (5 wt %)) were subjected to hydrolytic degradation 

process in the temperature regime of 50-60 °C. The increased permeation effect led to 

increment in the degradation rate constants for both the amorphous PLA and its 

nanocomposites as compared to semi-crystalline PLA and its composite system. The rate of 

degradation was faster at the elevated temperature conditions irrespective of crystallinity effects 

of PLA and their nanocomposites. It was concluded that the site at which the degradation gets 

initiated is interface between the matrix and the reinforcement leading considerable variations in 

the morphology of the samples subjected to hydrolytic degradation process.  

 

The influence of chain extender (Joncryl-ADR 4368F) on the PLA/organically modified clay 

(Cloisite 30B) based nanocomposites was studied by Najafi et al. (2012). It was inferred that 

the presence of Joncryl chain extender could improvise the degree of dispersion of the filler in 

the PLA matrix. The higher degree of dispersion of the modified clay with the chain extender 

also led to improvement in the barrier effects as compared to that of the unmodified one. The 

PLA nanocomposite synthesized with modified clay showed ~37% reduction in the oxygen 

permeability, whereas, the unmodified nanocomposite sample displayed only ~28% reduction 

as compared to neat PLA. However, it was also discussed that both the PLA nanocomposites 

TH-1405_10610715



 

17 

 

(unmodified and modified with chain extender) could exhibit only ~8% improvement in the 

tensile strength as compared to neat PLA.   

 

Potato starch was gelatinized in the presence of sodium montmorillonite (NaMMT) and then 

incorporated in the PLA matrix through melt mixing method (Khatua at al., 2014). The 

morphological study performed using SEM and TEM indicated that delaminated structure of 

NaMMT was obtained in the potato starch matrix. The PLA/starch/NaMMT nanocomposite 

showed ~75% and 64% improvement in the tensile strength and elongation-at-break, 

respectively, as compared to neat PLA, indicating the existence of better compatibility between 

the PLA and starch. The considerable reduction in the water absorption (~12%) was also 

reported for the nanocomposite system.  

 

The optical properties of PLA nanocomposites synthesized by solution casting method using 

various content (3-7 wt %) of organically modified MMT (Cloisite 30B) was investigated by Cele 

et al. (2014). The variable angle spectroscopic ellipsometry (VASE) studies indicated the 

positive correlation between the refractive index and thickness of the nanocomposite films. 

PLA/Cloisite 30B nanocomposites showed increment in the absorption of light in the visible 

regime of the electromagnetic spectrum, which revealed the improvement in the reflectivity for 

the nanocomposite films. 

 

PLA, wood flour and Cloisite 20A were processed through melt extrusion technique for the 

fabrication of PLA/Cloisite 20A/wood flour nanocomposites (Meng et al., 2010). Along with the 

intercalated structure of Cloisite 20A with PLA, the morphological analysis also revealed that the 

presence of wood flour could lead to improvement in the spacing between the galleries present 

in the intercalated Cloisite 20A. At a clay loading of 5 wt%, the nanocomposites exhibited ~47% 

and ~36% improvement in the tensile as well as flexural moduli, respectively, in comparison 
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with neat PLA. The presence of Cloisite 20A delayed the thermal degradation process by 

improving the degradation temperature around ~10 °C for PLA/Cloisite 20A/wood flour 

nanocomposites when compared to PLA/wood flour composite system. 

 

Sodium MMT (Cloisite Na+) was organically modified with hexadecyl trimethyl ammonium 

bromide (HDTA) and Acteylcholine (ACO) chloride, respectively, and reinforced in the PLA 

matrix through melt compounding method (Jos et al., 2014). The incorporation of HDTA-MMT 

and ACO-MMT in the PLA matrix enhanced the barrier properties. The PLA/HDTA-MMT 

nanocomposite demonstrated ~37% reduction in terms of water vapour transmission rate in 

comparison with neat PLA, whereas, in case of PLA/ACO-MMT nanocomposite reduced the 

transmission by only ~22%. In case of oxygen permeability, both the nanocomposites exhibited 

~40% reduction as compared to neat PLA. The transparency of both the nanocomposites was 

influenced by the presence of clay in the PLA matrix and the same was observed to decrease 

with respect to filler loadings.  

 

Nanomer 1.24TL clay was modified with an alkylamide type organic modifier and incorporated in 

the PLA matrix to achieve exfoliated PLA/Nanomer hybrids via melt compounding method 

(Hung et al., 2013). Exfoliated as well as partial intercalated nanocomposite structures were 

visualized by TEM analysis. The presence of organoclay in the PLA matrix highly influenced the 

nucleation as well as the rate of crystal growth by promoting the crystallization process. It was 

inferred that the alkylamide modified Nanomer acted as a nucleating agent by enhancing the 

crystallinity of the PLA/nanocomposite by ~75% when compared to neat PLA. During the melt 

crystallization process, it was observed that the PLA/organoclay exhibited ~7-17 times faster 

rate of crystallization ability than the neat PLA.  

 

TH-1405_10610715



 

19 

 

A study on the influence of Cloisite 30B on the gas barrier properties of PLA/poly(butylene 

succinate) (PBS) blend was carried out by Bhatia et al. (2012). The PLA and PBS composition 

in the blend were fixed to be 80 and 20 wt%, respectively and then the contents of the clay was 

varied (1-10 wt %). TEM analysis revealed the intercalated and exfoliated structure of clay in the 

PLA/PBS matrix, when the clay content was fixed to be 1 wt%, whereas, clustered structures of 

clay nanoparticles were visualized for higher loadings. The PLA/PBS/5 wt% Cloisite 30B 

nanocomposite exhibited ~26% reduction in the oxygen permeability as compared to neat PLA, 

due to the tortuous path effect of the clay layers.  

 

Investigation on the influence of NB2 nanoclay on the nonisothermal cold crystallization 

behavior of PLA was carried out using DSC analysis (Wu et al., 2007). The DSC results 

revealed that the degree of crystallinity decreased with increasing clay loadings at lower heating 

rates (<5 °C/min). In case of higher heating rate i.e., 10 °C/min, the presence of clay 

considerably increased the degree of crystallinity. Avrami, Ozawa and Kissinger methods were 

used to analyze the crystallization kinetics data obtained by DSC analysis. It was concluded that   

the clay plays as nucleating agent promoting the crystallization process to certain level at lower 

loadings, whereas, the reinforcement impedes the rate of crystallization at higher loadings.  

1.3.2. PLA-carboneceous nanocomposites 

The two main classes of carboneceous nanofillers include carbon nanotubes (CNTs) and 

graphene (GR), which are considered as the most promising reinforcements for the synthesis of 

PLA nanocomposites. CNTs are regarded as one dimensional nanostructure and can be 

obtained when graphene sheet is rolled in tubular shape. CNTs possess huge potential to be 

used as nanofiller due to its superiority in terms of thermal, mechanical and electronic 

properties. CNTs exhibit Young’s modulus value of ~ 1 TPa and the tensile strength properties 

are reported to be fifty times higher than that of stainless steel (63 GPa). In addition to this, 
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CNTs also demonstrate excellent thermal conductivity of ~3000 W/mK (Yang et al., 2002). 

Apart from this, CNTs are also stable to chemical and environmental conditions, which make 

them attractive as nano reinforcements in the PLA matrix. With respect to PLA-CNT 

composites, much of the work is not devoted especially for packaging applications. However, 

the following section discusses the available information on PLA-CNT nanocomposites. 

It is highly difficult to disperse CNTs homogeneously in the PLA matrix to obtain satisfying 

improvements in the properties. Direct blending of CNTs in the PLA matrix led to agglomeration 

and resulted in a heterogeneous composite system, which in turn, affected the mechanical 

properties of PLA deleteriously (Winey et al., 2006). Therefore, functionalization of CNTs before 

mixing in the polymer matrices have received considerable interest, so that, it was deemed that 

the load can be transferred more effectively from the polymer matrix to the filler (Paiva et. al., 

2005; Tasis et al., 2006; Yang et al., 2007; Xie et al., 2007). In view of this, an effort has been 

undertaken to synthesize PLA/multi-walled (MW) CNT nanocomposites and predicted their 

structural property relationship (Yoon et al., 2010). First, MWCNTs were acid functionalized 

followed by the ring-opening polymerization reaction of L-lactide monomer to obtain different 

chain lengths of PLA and added in the commercialized PLA matrix. The morphological analysis 

revealed that the degree of dispersion was much better with respect to increment in the chain 

length of PLA. It was found that the PLA/MWCNT nanocomposite (where the molecular weight 

of PLA grafted onto MWCNT was 530 g/mol) exhibited a highest improvement in the tensile 

modulus (2275 MPa), which is close to the theoretical value of ~2911 MPa, indicating the 

excellent interfacial adhesion achieved between the reinforcement and the PLA matrix.  

Various weight loadings of MWCNT (0-10 wt %) were added in the polymer blend (50/50 wt %) 

made of PLA/maleic anhydride-grafted polypropylene (PP) via melt-mixing process (Lee et al., 

2014). The morphological analysis carried out using SEM disclosed the well dispersed state of 

PLA in the polymer blend and also confirmed the homogeneous dispersion of MWCNTs in the 
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PP domains. The DSC analysis demonstrated the nucleating ability of MWCNTs, which was 

confirmed by the improvement in the melt-crystallization temperature of the nanocomposite 

films. It was observed that the addition of MWCNTs in the blend exhibited the enhanced thermal 

stability of the nanocomposites. The nanocomposite with 5 wt% MWCNT demonstrated ~18% 

enhancement in the thermal degradation temperature as compared to neat PLA/PP blend.  

The effect of DOPO (9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) functionalized 

MWCNT on the thermal properties of PLA nanocomposite was investigated by Yu et al., (2014). 

The morphology of MWCNTs was characterized by the presence of hollow core encompassing 

open ends on both the sides. In addition to this, the TEM image pictoriated for non-

functionalized MWCNTs showed a smooth surface with no evidence of additional phase. In 

case of DOPO grafted MWCNTs, a thin layer covering the surface of the nanomaterial was 

visualized, indicating the successful grafting of DOPO onto the surface of MWCNTs. In terms of 

thermal stability, DOPO-MWCNTs showed considerable increase in the thermal loss in the 

temperature regime of 300-450 °C, owing to the decomposition of the functionalizing agent, 

whereas, non-functionalized MWCNTs were stable for more than 600 °C. However, the 

nanocomposites (PLA/DOPO-MWCNTs) were characterized by the presence of higher weight 

residue of char at 700 °C, as compared to PLA/MWCNT nanocomposite sample. This 

suggested that the functionalizing agent imparts thermal stability for PLA to certain extent.  

The influence of CNT on the mechanical and crystallization properties of PLA was investigated 

for the PLA/CNT nanocomposites synthesized via melt extrusion process (Park et al., 2013). 

The crystallization kinetic data obtained for the PLA/CNT nanocomposites under isothermal 

conditions by DSC analysis was analyzed by Avrami model.  It was inferred that the presence of 

CNTs in the PLA matrix influenced the crystallization rate for the nanocomposites more 

efficiently by heterogeneous nucleation mechanism. Polarized optical microscopy (POM) 

studies revealed that the CNTs acted as the nucleating agent by enhancing the number of 
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primary nucleation sites and therefore, the size of the spherulites decreased significantly. The 

thermal degradation temperature for the nanocomposites was enhanced by the presence of 

CNT up to a maximum of 2 °C, as compared to neat PLA. The improvement in the degradation 

temperature was possibly due to the barrier effect as well as good thermal stability of the CNTs. 

However, mechanical properties such as, tensile strength and elongation-at-break (%), 

decreased with an increase in the CNT content due to the brittleness developed in the 

nanocomposite samples.  

The UV irradiated MWCNTs were incorporated in the thermoplastic polymer blend containing 

polyurethane (PU) and PLA via melt extrusion process (Raja et al., 2013). It was observed that 

the modified MWCNT nanocomposites demonstrated a considerable enhancement in the 

mechanical properties of the polymer blend as compared to unmodified MWCNT incorporated 

nanocomposite. The PLA/PU/MWCNTs displayed better storage modulus properties as 

compared to neat PLA/PU blend due to better interfacial attachment between the filler and the 

matrix, thereby, enforced restriction for the movement of polymeric segments. After 

incorporation of modified MWCNTs in the polymer blend, the resulted nanocomposites exhibited 

even higher improvement in terms of storage modulus i.e., 42% than that of PLA/PU/MWCNTs. 

This indicated the enhancement in the stiffening property owing to the homogeneous distribution 

in the matrix after surface modification. 

In a separate contribution, PLA and MWCNTs were grafted with chloropropyl triethoxy silane 

and vinyl trimethoxy silane respectively, and were cross-linked together (Kuan et al., 2007). 

XRD results revealed the transformation of crystalline nature of PLA into semi-crystalline form 

after the cross-linking reaction. DSC analysis confirmed the reduction in the Tcc during the cold 

crystallization process with respect to increase in the reaction time. A significant improvement in 

the heat deflection temperature (HDT) was also noticed for the cross-linked nanocomposites. 

After covalently linking the PLA and the MWCNTs, it was observed that the HDT significantly 
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improvised up to 106 °C from 62 °C. The nanocomposites showed an improvement of ~13% in 

terms of tensile strength as compared to neat PLA. With respect to loadings of MWCNTs and 

higher reaction period, the tensile properties were not enhanced significantly. In comparison 

with neat PLA the cross-linked PLA/MWCNTs also demonstrated ~11 °C improvement in 

thermal stability.  

CNTs were acid treated and incorporated in the PLA matrix via melt-blending technique in order 

to fabricate PLA/CNT nanocomposites (Chen et al., 2013). The morphological analysis 

revealed the uniform dispersion of CNTs in the PLA matrix and the degree of hydrophilicity for 

the nanocomposite samples was observed to increase with increasing CNT loadings. The DSC 

analysis confirmed that the improvement in the crystallinity of the samples was solely 

determined by the annealing temperature used during the synthesis process. Besides, it was 

also inferred that CNTs acted as nucleating agents by decreasing the Tcc for the nanocomposite 

samples during the cold crystallization process. The presence of CNTs also showed promising 

results in terms of hydrolytic degradation behavior and the extent to which the hydrolytic 

degradation occurred was shown to be associated with the loadings of CNT in the PLA matrix.  

It was inferred that higher the content of CNTs, greater was the extent of hydrolytic degradation 

process due to the development of highly crystalline structure of PLA.  

PLA/poly(butylene succinate-co-L-lactate) (PBSL)/CNT nanocomposites were prepared by melt-

mixing technique and subsequently subjected to compression molding (Chou et al., 2011). The 

flexural strength of the nanocomposites increased up to a maximum of ~6.25% for CNT loading 

of 0.5 wt%. It was discussed that the enhancement in the flexural properties obtained for the 

nanocomposites was due to the high aspect ratio of the reinforcement, which helped in 

improvising the surface area for contact between the filler and the matrix. At further high 

loadings of CNTs, the flexural strength was observed to decrease because, the relatively higher 

surface energies held by the nano reinforcement resulted in agglomeration. The water 
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absorption uptake for all the nanocomposite samples was found to increase with increasing 

soaking time, which  was attributed to the hydrolytic degradation behavior of PLA.  

In situ polymerization technique was followed for preparation of PLA/acid functionalized 

MWCNT based nanocomposites (Li et al., 2013). SEM analysis revealed that the functionalized 

MWCNTs were uniformly distributed in the PLA matrix, whereas, the unmodified MWCNTs were 

characterized by the uneven dispersion due to the lack of affinity between the reinforcement and 

the PLA matrix. XRD analysis revealed the presence of highly intense diffraction patterns for 

acid functionalized MWCNTs as compared to neat MWCNTs. However, the diffraction position 

remained the same irrespective of whether the CNTs are functionalized or not. The presence of 

carboxyl functionalized MWCNTs in the PLA matrix displayed a weight loss of ~98%, whereas, 

the neat PLA presented a mass loss of ~99% after pyrolysis process.  

The influence of covalently and non-covalently functionalized single walled (SW) CNTs on the 

hydrolytic degradation behavior of poly(D,L-lactide-co-glycolide) (PGLA) based nanocomposites 

was examined by Armentano et al. (2008). DSC analysis confirmed that the presence of 

SWCNTs in the PLGA matrix led to considerable decrement in the glass transition temperature 

(Tg), which was attributed to the plasticization phenomenon of water entering inside the PGLA 

matrix upon its acquaintance to hydrolytic medium. The Tg values were found to decrease 

continuously with respect to hydrolytic degradation time for the PGLA/covalently functionalized 

SWCNTs, whereas, the same was observed to decrease for neat PGLA and PGLA/non 

covalently functionalized nanocomposites. This was attributed to the cross-linking phenomenon 

that existed between the PGLA and the reinforcement after the partial chain scission induced by 

the hydrolysis process.  
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1.3.3. PLA-bio filler composites 

PLA/cordenka rayon fibres and flax fibres were reinforced in the PLA matrix via injection 

moulding technique and the effect of reinforced fibres on the mechanical properties of PLA was 

investigated (Bax et al., 2008). PLA/cordenka rayon fibres exhibited ~6.5% improvement in the 

tensile strength as compared to PLA/flax fibres, due to good interfacial interaction between 

cordenka rayon fibres and the PLA matrix. In a separate contribution, flax mat and modified flax 

mat fibres were incorporated in the PLA matrix by hot pressing technique (Siengehin et al., 

2014). The PLA/flax composite demonstrated ~13.5% higher tensile strength as compared to 

neat PLA, whereas, the modified flax did not improve the tensile strength considerably. In terms 

of elongation-at-break (%), the PLA/modified flax composite exhibited 32% enhancement as 

compared to neat PLA, indicating that modification of flax fibre favoured the improvement in 

ductility. 

Cellulose nanofibres were synthesized from flax yams via acid hydrolysis and different weight 

loadings (2.5 and 5.0 wt %) of flax cellulose nanofibres (FC) were reinforced in the PLA matrix 

by solution casting approach (Liu et al., 2010). The reinforcement of FC in the PLA matrix 

showed good improvement in terms of tensile strength and tensile modulus with respect to 

loadings. In comparison with neat PLA, PLA/5 wt% FC nanocomposite showed ~59% and 47% 

improvement in the tensile strength and tensile modulus, respectively. In addition to this, the 

presence of FC acted as a nucleating agent and improved the crystallization of PLA.  

The influence of amphiphilic additives such as mandelic acid and dicumyl peroxide on the 

biodegradation properties of PLA/woven fibre reinforced composites was investigated by Kumar 

et al. (2010). It was noticed that the presence of mandelic acid exhibited 25% reduction in the 

weight after two months and accelerated the biodegradation process. When dicumyl peroxide 

was used as an additive, the weight loss accounted for only 5-10% by the end of three months, 

which was relatively slower as compared to other additive. Therefore, the outcome of this study 
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indicated that amphiphilic additives can be selected based on the application, in which the 

nanocomposite finds its end use. 

The influence of hemp fibres on the thermal and mechanical properties of PLA composites 

processed by compression-moulding technique was investigated (Baghaei et al., 2013). With 

respect to increase in the weight loadings of the hemp fibres, a significant improvement in the 

tensile and flexural strength was noticed. A maximum enhancement of tensile and flexural 

strength by ~50% and ~67%, respectively, was achieved for 45 wt% loadings of the hemp fibre, 

as compared to neat PLA. In a separate contribution, it was reported that the PLA/hemp 

composites showed greater water uptake as compared to neat PLA (Baghaei et al., 2014). The 

crystallinity of PLA was also enhanced, owing to the presence of hemp that encouraged the 

heterogeneous nucleation during the crystallization process.  

The benefit of utilizing maleic anhydride (MA) as a compatabilizer in the fabrication of 

PLA/ramie fiber composites was demonstrated by Yu et al. (2014). The existence of better 

interfacial adhesion between the PLA and the fibre was verified by SEM. The tensile strength of 

PLA/ramie fibre exhibited an improvement of ~23%, whereas, PLA/MA/ramie fibre showed even 

further enhancement of ~30%, as compared to neat PLA.  

Chemical modification of hemp fibre with acetic anhydride, alkali and silane compound was 

carried out and the influence of the same on the thermal properties of PLA was investigated 

(Oza et al., 2014). Thermal degradation kinetic study was done using Flynn-Wall-Ozawa 

method. It was reported that hemp fibre treated with acetic anhydride exhibited 10-13% greater 

activation energy as compared to silane and alkali treated hemp fibres incorporated PLA 

composites. The high bond energy that existed between the acetic anhydride treated hemp fibre 

and PLA led to improvement in the thermal stability for the composites. 
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PLA/hemp fibre composite was fabricated via twin-screw extrusion technique and the effect of 

different loadings (10-40 wt %) of the hemp fibre on the mechanical properties of the 

composites was examined (Song et al., 2013). At 40 wt% loading of hemp fibre, a maximum 

enhancement in the mechanical properties of PLA was noticed. The presence of hemp fibre in 

the PLA matrix accounted for ~40% and ~90% improvement in the tensile strength and tensile 

modulus, respectively. In addition to this, flexural strength as well as flexural modulus were 

improved by ~60% and ~89%, respectively, as compared to neat PLA.  

The influence of different alignments of various dosages (0-100 kGy) of electron beam treated 

jute fibres (random and two-directional alignment) on the thermal properties of PLA was 

investigated and the nanocomposites were prepared by compression molding process (Ji et al., 

2012).The maximum improvement in the coefficient of thermal expansion (CTE) was 

experienced at 100 kGy irrespective of the filler alignments. In contrast, the highest 

improvement in terms of heat deflection temperature (HDT), thermal stability as well as storage 

modulus were obtained for both the alignments irradiated with an electron beam dosage of 10 

kGy. However, it was found that significant difference in terms of the above discussed 

properties was not observed with respect to alignment. 

PLA based composite films were fabricated via solution casting approach by incorporation of 

jute nanofibrils (JNF) and microcrystalline cellulose (MC), respectively (Baheti et al., 2013). In 

comparison with neat PLA, the nanocomposite demonstrated a maximum enhancement of 

tensile strength and modulus of ~206% and 167%, respectively. The presence of improved 

cellulose content and surface active sites in the jute nanofibrils after chemical treatment led to 

the significant improvement in terms of mechanical properties of PLA.  

A new type of nanomaterial (sisal) was incorporated in the PLA matrix and the effect of the filler 

in terms of thermal, water absorption and mechanical properties of PLA was investigated 
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(Ramzy et al., 2014). It was observed that the water absorption reduced by ~50% after 

incorporation of the nanofiller in comparison with neat PLA. A significant improvement in the 

tensile strength was experienced in the presence of nanofiller and the enhancement was found 

to be ~50% higher than that of the neat PLA. The thermal degradation temperature was 

improved by ~20 °C after the reinforcement of sisal fibre in the PLA matrix. In a separate 

contribution, the effect of benzoyl peroxide (BP) treated sisal fibres on the mechanical 

properties of PLA composites fabricated by injection molding process was studied (Asaithambi 

et al., 2013). Morphological analysis carried out by SEM elucidated the better interfacial 

adhesion between the treated filler and the matrix. The tensile and flexural moduli were also 

enhanced after the reinforcement of sisal in the PLA matrix.  

PLA was reinforced with abaca fibres (untreated and treated with acetic anhydride) and the 

biodegradability characteristics of resultant composites were investigated (Naozumi et al., 

2004). It was found that a significant reduction in the weight was not exhibited by both the PLA 

and PLA/treated abaca fibre composites even after two months. However, PLA/untreated abaca 

fibre composite system showed ~10% weight loss for the same biodegradation period. 

The effect of coir fibre on the thermal, mechanical and biodegradation characteristics of PLA 

was investigated (Dong et al., 2014). The tensile as well as flexural strength of the composites 

was found to be lower as compared to neat PLA due to voids and weak bonding between the 

filler and the PLA matrix. With respect to weight loadings, the properties were even affected 

further because of agglomeration of fibre. In particular, the thermal stability of PLA was reduced 

considerably after the reinforcement. The presence of coir in the PLA matrix acted as a 

nucleating agent, which was confirmed from the reduction in TCC during the cold crystallization 

process. Soil burial tests indicated that the addition of coir in the PLA matrix influenced the 

biodegradation characteristics. 
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Investigation on the biodegradation properties of PLA, starch and PLA/starch/coir composites 

was performed by Iovino et al. (2008). It was found that neat starch showed greater extent of 

biodegradation characteristics in comparison with neat PLA and PLA/starch/coir composites. 

The high susceptibility of the starch towards biodegradation was due to the preferential attack of 

the same by microbes. From the evolution percentage of carbon dioxide, it was confirmed that 

the role of fibres in the biodegradation process was secondary. However, optical microscopy 

analysis allowed visualizing the growth of microbes such as bacteria and fungi on the samples 

subjected to biodegradation process. DSC analysis revealed the reduction in the melting 

temperature with respect to incubation period for all the three specimens indicating the polymer 

degradation.  

Jang et al. (2011) investigated the influence of plasma treated coconut fibre on the mechanical 

properties of PLA. The results indicated that the plasma treatment turned to be highly 

influencing in terms of tensile strength of PLA in comparison with untreated coconut fibre, due to 

better adhesion between the PLA and the reinforcement. In case of elongation-at-break (%), the 

PLA matrix reinforced with plasma treated coconut fibre exhibited ~20% improvement as 

compared to neat PLA. 

In the work of Surin et al. (2015), the tensile strength as well as water absorption properties of 

PLA/starch/coir and PLA/MA/starch/coir biocomposites were studied. It was observed that the 

maximum improvement in the tensile properties was achieved at ~20 and ~30 wt% loadings of 

coir in case of PLA/starch and PLA/MA/starch blends, respectively. Water absorption tests 

revealed that swelling ratio was found to be less for MA grafted PLA/starch/coir composites as 

compared to PLA/starch composites.  

The influence of various loadings of untreated and alkali treated coir fibres (10 to 50 wt %) on 

the thermal and mechanical properties of PLA were investigated (Nam et al., 2012). It was 
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found that PLA composites reinforced with alkali treated coir fibres exhibited ~73% improvement 

in the interfacial shear strength as compared to untreated fibres. The best improvement in terms 

of tensile strength was also achieved for the alkali treated composites with 20 wt% coir loading. 

However, thermal stability of both the composites (PLA reinforced with alkali treated and 

untreated coir fibres) was comparatively lower than that of neat PLA.  

Pineapple leaf fibre (PLF) was modified with triethoxy vinyl silane and incorporated in the PLA 

matrix. The effect of thermal as well as mechanical properties of PLA/silane modified PLF 

biocomposites was examined (Shih et al., 2013). The morphological study revealed that better 

compatability existed between the filler and the matrix after silane functionalization, which in turn 

showed positive effect in terms of reduction in the water absorption properties as compared to 

neat PLA. The tensile and flexural strength of the biocomposites were found to be improved by 

~65% and ~66%, respectively, as compared to neat PLA. In addition to this, the biocomposites 

exhibited an improvement of ~75% in terms of heat deflection temperature in comparison with 

neat PLA. 

The effect of alkali, silane and combination of both treatments on the pineapple fibre 

modification and its subsequent influence on the properties of PLA was investigated (Huda et 

al., 2014). The pineapple fibres used after both treatments showed a maximum improvement of 

~9 °C in thermal degradation temperature over untreated, alkali treated and silane treated 

fibres. PLA composites reinforced with alkali and silane treated fibre demonstrated 80% 

improvement in the impact strength as compared to PLA/untreated pineapple composites due to 

enhanced adhesion between the matrix and the fibres.  

Pineapple leaf fibre was modified with silane coupling agent (3-glycidyloxypropyl 

trimethoxysilane) before reinforcement in the PLA matrix and the influence of same on the 

mechanical as well as crystallization properties of PLA was studied (Shih et al., 2014). The PLA 
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composites incorporated with treated pineapple fibres showed improvement in terms of loss 

modulus by ~6% as compared to neat PLA. The enhancement was due to the rigidness and 

toughness developed in the PLA after the reinforcement. POM studies revealed that the 

reinforcement acted as a nucleating agent by increasing the number of nucleation sites. In a 

separate contribution, PLA/pineapple leaf fibre biocomposite was fabricated via twin-screw 

extrusion and the effect of various loadings (10-50 wt %) of pineapple leaf fibre on the 

mechanical properties of PLA was investigated (Kaewpirom et al., 2013). It was found that the 

tensile strength and elongation-at-break (%) of PLA composites (at 40 wt% loadings) were 

improved by ~47 % and ~110%, respectively, as compared to neat PLA.  

Cellulose fibres were extracted from bamboo and then subsequently treated with alkali, silane 

coupling agent and maleic anhydride (MA) before the reinforcement in the PLA matrix (Lu et al., 

2014). The influence of various treatments discussed above on the mechanical characteristics 

of PLA was investigated. The study described that the alkali treatment highly influenced the 

tensile strength and Young’s modulus characteristics of the composites and the improvement 

was reported to be ~28% and ~34%, respectively as compared to PLA composites containing  

untreated fibres. Silane treatment was found to influence the impact roughness and elongation-

at-break (%) to the maximum extent and the improvement was reported to be ~115% and 

~62%, respectively, in comparison with PLA/untreated fibres composites. 

Olive pit powder (OPP) was used as reinforcement for the synthesis of PLA based 

biocomposites and mechanical properties of the composites were investigated 

(Koutsomitopoulou et al., 2013). The results indicated that the mechanical properties 

decreased with increasing weight loadings of the filler, due to agglomeration as well as improper 

distribution of OPP in the PLA matrix. 
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Chitosan and starch were blended with the PLA matrix and the antimicrobial and mechanical 

properties of PLA/chitosan/starch blends were examined (Bie et al., 2013). The results clearly 

demonstrated that chitosan acted as the antimicrobial agent among the other two components 

in the blend. The presence of starch in the blend favoured the diffusion of chitosan from the 

surface of the films and exhibited its antimicrobial action when contacted with the meat, which 

contained moisture. The addition of starch and chitosan in the blend led to the reduction in the 

tensile strength of PLA and improved the ductility of the films. 

The effect of different particle size (715 and 180 µm) and weight loadings (5 and 10 wt %) of 

chitosan on the antimicrobial as well as thermal property of PLA was investigated (Bonilla et 

al., 2013). It was observed that the addition of chitosan in the PLA matrix neither affected nor 

promoted the thermal stability of the PLA films. However, it affected the tensile strength as well 

as elongation-at-break (%), as the PLA/chitosan composite films became more fragile than PLA 

after the reinforcement, irrespective of the particle size. With respect to loadings, similar 

behaviour in the mechanical properties was observed, due to lack of compatibility between the 

chitosan and the PLA matrix.  The microbial count was significantly reduced in the presence of 

chitosan because of the positive charges in the chitosan participated in interacting with the 

negative charges encompassed in the macromolecule content of the microbial cell wall leading 

to collapse in the nutrient exchange process.  

A comparative investigation on the influence of two different fillers such as chitosan and keratin 

on the thermal and mechanical properties of PLA was examined by Tanase et al., (2014). The 

DSC analysis revealed that the addition of chitosan in the PLA matrix led to reduction in the 

percentage crystallinity for PLA composites, whereas, the presence of keratin showed 

improvement in the crystallinity of the samples. However, no significant improvement in terms of 

tensile strength was shown by both the composites, indicating poor compatibility as well as 

interfacial adhesion between the filler and the matrix.   
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In a separate study, chitosan and epoxidized natural rubber were blended with PLA via solution 

casting approach and the composites were subjected to morphological and mechanical 

characterizations (Zakaria et al., 2013). SEM analysis revealed smooth surface as well as 

homogeneous distribution of chitosan in the blend up to 15 wt% loadings and thereafter, 

segregation in the phase as well poor compatibility was visualized. In addition to this, the tensile 

strength of the composites was improved by ~33%, where only chitosan was reinforced in the 

PLA matrix. In case of PLA/chitosan/epoxidized natural rubber blend, it was observed that the 

tensile strength was drastically affected.  

PLA/cellulose nanocrystals (CNC) based nanocomposites were fabricated and the effect of 

functionalization of CNC with glycidyl methacrylate (GMA) and pre-dispersion of CNC in poly 

(vinyl acetate) (PVA) before incorporation in the PLA matrix was investigated (Pracella et al., 

2014). The agglomeration of non-functionalized CNC in the PLA matrix at higher loadings was 

observed by SEM analysis and uniform distribution of functionalized as well as pre-dispersed 

CNC in the PLA matrix was evidenced.  

PLA nanocomposites incorporated with unmodified cellulose nanocrystal (UCNC) and cellulose 

nanocrystal modified with surfactant (MCNC) were fabricated by solvent casting method 

(Fortunati et al., 2012).The morphological analysis carried out by TEM revealed the 

agglomeration of unmodified cellulose crystals in the PLA matrix due to hydrogen bonding with 

each other. The MCNCs were found to be uniformly distributed in the PLA matrix indicating that 

modification of CNC with surfactant influenced the dispersion ability of the nanocrystals. The 

PLA/MCNC nanocomposite system exhibited better oxygen and water vapour barrier effects as 

compared to the unmodified CNC reinforced nanocomposite sample. It was observed that 

maximum reduction in the oxygen transmission rate of ~48% and water vapour permeability of 

~15% was exhibited, when 5 wt% MCNCs were incorporated in the PLA matrix. 
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Acid hydrolysis was used to derive cellulose nanocrystals (CNC) from microcrystalline cellulose 

and the effect of pristine CNC as well as surfactant modified CNC on the thermal and 

crystallization properties of PLA/poly(hydroxyl butyrate) (PHB) was investigated (Arrieta et al., 

2014). It was observed that the presence of surfactant modified CNC enhanced the thermal 

stability of the PLA/PHB blend and the maximum improvement in the thermal degradation 

temperature of ~10 °C was obtained for the PLA/PHB/SCNC nanocomposite system. DSC 

analysis revealed that the reinforcement acted as a nucleating agent by improving the 

crystallinity of the blend.  

Cellulose nanocrystals were functionalized with polyethylene oxide (PEO) before incorporation 

in the PLA matrix and investigation on the mechanical properties of PLA/CNC/PEO 

nanocomposite was performed (Arias et al., 2014). Morphological analysis authenticated the 

agglomeration of CNCs in the PLA matrix and also considerable reduction in the agglomeration 

of CNCs was visualized with respect to PEO concentration. However, the tensile strength was 

enhanced only ~9% for the PLA/CNC/PEO nanocomposite as compared to neat PLA. The 

elongation-at-break (%) of PLA was drastically affected after the incorporation of PEO 

functionalized CNC. 

PLA nanocomposites based on cellulose nanocrystals (CNC), surfactant modified cellulose 

nanocrystals (SCNC) and SCNC/silver nanoparticles (Ag) were fabricated (Fortunati et al., 

2012). The morphological analysis verified that the uniform distribution of cellulose nanocrystals 

was facilitated by the surfactant modification. The tensile modulus enhanced tremendously and 

the increment was found to be ~115% for PLA/SCNC nanocomposite as compared to neat PLA. 

In addition to this, SCNCs promoted the nonisothermal crystallization of PLA by acting as a 

nucleating agent. The presence of Ag nanoparticles together with SCNC influenced the 

antimicrobial properties, which is an essential feature for packaging application. 

TH-1405_10610715



 

35 

 

1.3.4. PLA-silica nanocomposites 

Silica nanoparticles were also used as the reinforcement in the PLA matrix and the effect of the 

same on the thermal and mechanical properties of PLA was investigated (Wu et al., 2013). For 

PLA/silica nanocomposites, the maximum improvement in the elongation-at-break (%) and 

Young’s modulus was observed at silica loading below 1.5 wt%. The addition of silica 

nanoparticles in the PLA matrix improved the HDT significantly by 25 °C, which is due to the 

high thermal stability of silica. The spherulite size was also decreased after the reinforcement, 

which is indicative of nucleating ability of the silica nanoparticle. The incorporation of silica in the 

PLA matrix delayed the thermal degradation process of the composites by enhancing the 

thermal stability of the samples by ~20 °C. In a separate contribution, sol-gel process was 

employed to fabricate PLA/SiO2/Al2O3 nanocomposites (Tsai et al., 2013). The uniform 

distribution of the reinforcement was confirmed through morphological analysis. Positive 

influence in terms of thermal expansion coefficient was reflected by the filler and the 

improvement was around 225 fold greater in comparison with neat PLA. However, the thermal 

stability of PLA decreased with increasing Al2O3. The effect of zeolite 4A and chabazite zeolite 

on the thermal properties of PLA was investigated (Yuzay et al., 2010). Both the zeolites 

enhanced the nucleation sites and improved the crystallinity of the PLA composites, whereas, 

the glass transition and melting temperatures remained unaffected by the addition of zeolites in 

the PLA matrix. The activation energy was found to exhibit downturn for both the zeolite 

incorporated PLA composites as compared to PLA, demonstrating decreased thermal stability 

of PLA after the reinforcement. 

1.4. Outcome of literature review 

The detailed literature survey discussed above reveals the continuing efforts focused on 

improving the thermal, mechanical and barrier properties of PLA. In this regard, the present 

TH-1405_10610715



 

36 

 

doctoral work focuses on the fabrication of PLA based nanocomposites by incorporation of two 

different nanofillers (graphene (GR) and sucrose palmitate (SP)) in the PLA matrix and 

understanding the influence of the reinforcement on the thermal, mechanical and barrier 

properties of PLA. Graphene is selected as reinforcement in the PLA matrix due to the following 

advantages possessed by the filler; (i) when nanoscale graphene sheets are well dispersed in 

the PLA matrix, it is expected that the tremendous aspect ratio of this filler could contribute to 

PLA chain confinement effects leading to improvement in strength, (ii) the nanoscale filler being 

layered structures can provide a zigzag torturous diffusion path leading to enhancement in 

barrier performance for gas transmission. Especially for food packaging applications, it is 

important to understand both mechanical and barrier properties of filler materials as well as their 

compatibility with food during storage. Hence, exploration of non-toxic substances approved for 

food contact needs to be essentially prospected as fillers. In this regard, U.S food and drug 

administration (FDA) approved food additive, sucrose palmitate is chosen as one of non-toxic 

fillers for the fabrication of PLA nanocomposites. Besides, being readily biodegradable and non-

toxic in nature, the novel filler (sucrose palmitate) also offers many advantages such as 

antimicrobial, mechanical and barrier properties, which make them potential for the storage of 

food. Therefore, the objectives of the doctoral work are framed as follows: 

1.5. Objectives 

 Synthesis and characterization of graphene and sucrose palmitate reinforced PLA 

nanocomposites.  

 Crystallization studies of graphene and sucrose palmitate incorporated nanocomposites.  

 Thermal degradation kinetic studies of PLA-graphene and PLA-sucrose palmitate 

nanocomposites. 

 Influence of graphene and sucrose palmitate on the hydrolytic degradation behavior of 

PLA.  
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1.6. Organization of doctoral thesis 

The doctoral thesis is organized in seven chapters as follows: 

Chapter 1: Introduction  

Chapter 2:  Synthesis and Characterization of Graphene Reinforced PLA Nanocomposites 

Chapter 3:  Synthesis and Characterization of Sucrose Palmitate Reinforced PLA-

Nanocomposites 

Chapter 4: Crystallization Studies of Sucrose Palmitate and Graphene Reinforced 

Nanocomposites 

Chapter 5: Thermal Degradation Kinetic Studies of Sucrose Palmitate and Graphene 

Nanocomposites  

Chapter 6: Influence of Sucrose Palmitate and Graphene on the Hydrolytic Degradation 

Behavior of PLA  

Chapter 7:  Conclusions and Future Directions 
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CHAPTER 2 
 

Synthesis and Characterization of Graphene Reinforced PLA 

Nanocomposites 

 

In this chapter, the influence of temperature on the exfoliation of expandable graphite (EG) and 

its structural properties were investigated in detail. The EG exfoliated at 750 °C was subjected 

to sonication and further used as reinforcement material  in the poly(lactic acid) (PLA) matrix to 

investigate the influence of “graphene” (GR) on the structural, morphological, thermal, optical, 

mechanical and oxygen barrier properties of PLA composites. X-ray diffraction results disclose 

the effect of sonication time on the dispersion ability of GR in the PLA matrix. A high resolution 

transmission electron microscopy image of GR pictoriated after sonication demonstrated a 

monolayer structure of GR. Thermo-gravimetric analysis reveals that the Tonset value for the PLA 

composite with 0.5 wt% GR content is increased by 31 °C over neat PLA, when 10% weight 

loss is taken as a point of comparison. Differential scanning calorimetry analysis confirms that 

GR acts as a nucleating agent that enhances the melting point of PLA composites over neat 

PLA. A maximum enhancement of tensile strength (17%) and elongation at break (51%) is 

obtained for PLA composite with 0.1 wt% loading of graphene as compared to neat PLA. This 

part of  work has been published in RSC Advances, 2015, 5, 28410-28423.  
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2.1. Introduction 

PLA composites reinforced with carbonaceous nanofillers, like CNTs are evidenced to reveal a 

noteworthy balance of properties in terms of mechanical, thermal and barrier effects (Hussain 

et al., 2006). However, the high cost factor associated with CNTs limit their widespread 

applications in industrial corners and hence, additional proxies need to be prospected. Recently, 

a new category of cost-effective nanodimensional (2D) material called as graphene, a 

hexagonally arranged sp2-carbon, chemically alike to CNTs and structurally akin to silicate 

layers, has recognition as potential reinforcement material for the polymer matrices (Bao et al., 

2009). Graphite, if exfoliated into graphene and homogeneously dispersed, the target properties 

can be improved at comparatively lower loading than conventional carbon reinforcements. 

However, so far, the exfoliation of graphite to graphene and its reinforcement into polymeric 

materials has not been completely fruitful. Owing to the existence of strong Van der Waals 

interactions (2 eV/nm2) between the interlayer spacing, it is indeed tough to attain a completely 

alienated state of graphene (Stankovich et al., 2006; Cao et al., 2010). Several research 

works have been endeavored describing the exfoliation and optimization of the dispersion of 

graphite sheets via the process of intercalation of alkali metals between the carbon layers 

(Viculis et al., 2005) or by subjecting the same to strong acidic treatment (Carr et al., 1970; 

Chen et al., 2003; Pan et al., 2000). The interlayer spacing has also been expanded via heat 

treatment or microwave irradiation and subsequently trailed by mechanical crushing 

(Kalaitzidou et al., 2007). The process of expansion led to considerable enhancement in the 

surface area of graphite, as a consequence of which, advancement in the inherent properties of 

the polymeric matrix are evidenced (Cao et al., 2010; Cao et al., 2010; Niyogi et al., 2010). 

Murariu et al. (2010) investigated the addition of expandable graphite (EG) on the properties of 

PLA composites which was prepared by the melt compounding method. In their study, complete 
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exfoliation of EG into graphene sheets was not achieved, as a result, the tensile strength of the 

PLA composites exhibited downturn with an increase in the EG (%wt) loading.  To the best of 

our knowledge, study on optimization of exfoliation temperature for GR synthesis and 

highlighting the performance of PLA/GR composites have not been reported before. In this 

chapter, EG is subjected to exfoliation at different temperatures ranging from 200-1000 °C and 

the optimum temperature for exfoliation is identified based on carbon yield (%) and bulk density 

(kg/cm3) of the resultant exfoliated graphite (EXG). Then, sonication technique is adopted to 

completely exfoliate the EXG into graphene sheets (GR).  Thereafter, PLA-GR composites with 

various content of GR are synthesized via solution casting method and resultant films are 

characterized in detail to emphasize their performance.  

2.2. Experimental 

2.2.1. Materials  

Expandable graphite (EG, 99.9%) was obtained from Asbury Carbons (USA). Poly(lactic acid) 

(grade 2003D) obtained from Nature work® was used as the bio-polymer matrix. Chloroform 

obtained from Merck (India) Ltd., was used as the solvent for synthesizing poly(lactic acid)-

graphene (PLA-GR) composites.    

2.2.2. Exfoliation of expandable graphite (EG) 

Accurately, 0.05g of EG was weighed and placed in a silica crucible. Thermal exfoliation of 

expandable graphite was carried out at different temperature ranging from 200 to 1000 °C. The 

crucible containing expanded graphite was inserted in a muffle furnace (which was already set 

at a desired temperature) for 2 min in order to obtain exfoliated graphite samples (EXG 200-

1000 °C). After thermal treatment, an expansion volume was measured using a measuring 

cylinder. The actual reason for exfoliation is the increase in volume, and the resultant pressure, 

caused by the rapid heating of the intercalated compound. The following relations were used to 

calculate bulk density (kg/cm3) and carbon yield (%). 
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Bulk density (kg/cm3)= 
                               
                                 

                                                (2.1) 

Carbon yield (%) = 
                               

                               
                                                   (2.2) 

 
2.2.3. Synthesis of PLA-GR composites  
 
PLA-GR composites were fabricated by a simple solution-casting method as follows: First, PLA 

(~0.95 g) was dissolved in 30 mL of chloroform with continuous stirring for 2 h in order to 

completely dissolve the PLA (Solution A). Graphene (0.1, 0.3, 0.5 wt % with respect to PLA) 

was dispersed in chloroform (20 mL) separately by bath sonication for 30 min (Solution B). 

Subsequently, the solution containing dispersed GR (Solution B) was transferred into PLA-

chloroform mixture (Solution A) and further subjected to bath sonication for 15 min and 30 min 

(Solution C). The corresponding photographs of solution A, B and C are portrayed in Figure 2.1.   

 

Figure 2.1. (a) PLA (Solution A), (b) EXG 750 in chloroform before sonication, (c) EXG in 

chloroform after sonication (Solution B) and (d)  PLA-GR composite  
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(Solution C) 

Finally, the PLA-GR solution was casted on Teflon petriplates and further, dried under ambient 

conditions for 24 h. The dried composite films were peeled off carefully from the petriplates. The 

resulting films were finally dried in a vacuum oven at 40 °C for 12 h. The obtained films were 

stored in airtight bags at room temperature for further characterization. The thickness of the 

fabricated films was measured using a film thickness meter (indi 6156, India). Twenty 

measurements were taken on each film and the average thickness of the films was found in the 

range of 60 ± 5 μm. Thereafter, all the samples were designated as neat PLA, PLA-GR-0.1, 

PLA-GR-0.3, and PLA-GR-0.5 for 0, 0.1, 0.3 and 0.5 (wt%) graphene loading, respectively.  

2.3. Characterization 

2.3.1. X-ray diffraction analysis (XRD)  

XRD analysis of neat PLA and composite films were carried out under air atmosphere at room 

temperature on a Bruker A8 advance instrument using Cu-Kα (λ= 0.15406 nm) radiation 

operating at 40 kV and 40 mA. The diffraction data were recorded in the 2θ range of 1 - 50° with 

a scanning rate of 0.05° s-1 and 0.5 s step size. 

2.3.2. Fourier transform infrared spectroscopy (FTIR)  

FTIR spectra for neat PLA and composite films were recorded between 4,000 and 450 cm−1 

region using spectroscopic quality KBr powder with a Shimadzu IR affinity-1 model 

spectrometer.  

2.3.3. BET surface area analysis  

Nitrogen physisorption measurements were conducted on a Beckman Coulter surface area 

analyzer (COULTER SA 3100 model). The samples were degassed at 105 °C for 4 h prior to N2 

adsorption-desorption measurements. The specific surface area was calculated by BET 
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(Brunauer, Emmett, and Teller) model. The total pore volume was estimated at a relative 

pressure of 0.99, assuming that full surface saturation has been achieved with nitrogen.  

2.3.4. Morphological analyses  

The morphology and the selected area diffraction (SAED) pattern of graphene were visualized 

using transmission electron microscopy (TEM) (JEOLJEM 2100) operated at 200 kV. By direct 

casting of graphene solution over the carbon-coated copper TEM grid, images of the same were 

obtained. The morphology of PLA-GR composites was pictoriated using field-emission scanning 

electron microscopy (FE-SEM) (Zeiss Sigma model) operated at 2 kV. The dispersion of GR in 

PLA composites was investigated by Leica DM 2500P polarizing optical microscope fitted with a 

QICAM FAST1394 camera. 

2.3.5. Thermogravimetric analysis (TGA)  

Thermogravimetric analysis was performed on a Mettler Toledo thermo gravimetric analyzer 

(TGA/SDTA 851® model). Samples (10.5± 0.3 mg) were placed in a 900 μl crucible. Neat PLA 

and PLA-GR composites were heated from 25 to 700 °C in a 60 mL/min flow of N2 at a heating 

rate of 10 °C/min.  

 

2.3.6. Differential scanning calorimetry (DSC)  

Thermal properties and crystallization behavior of PLA and PLA-GR composites were studied 

using a differential scanning calorimetry (Mettler Toledo-1 series). Samples (10±0.5 mg) were 

hermetically sealed in aluminum pans and heated from 25 to 180 °C at a heating rate of 5 

°C/min in the N2 atmosphere (N2 flow rate of 50 mL/min). All the samples were first heated from 

25 to 180 °C and held at this temperature for 5 min to eliminate the effect of thermal and 

processing history. Glass transition temperature (Tg), cold crystallization temperature (Tc), 

enthalpy change at Tc (ΔHc), melting temperature (Tm) and enthalpy of fusion at Tm (ΔHm) for 

neat PLA and composite samples were determined from the DSC thermograph during the 
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second heating cycle. The percentage crystallinity (% Xc) of PLA was calculated according to 

the following relation.  

 

 
% 100%
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H H
X

H

 
 


                                                                                                   (2.3) 

Where, ∆Hm is enthalpy of fusion at melting temperature (Tm), ∆Hc is the enthalpy of fusion at 

cold crystallization temperature (Tc). ∆Hmp is the heat of fusion of a perfect PLA crystal (93.6 J/g) 

(Garlotta et al., 2001).  

2.3.7. UV-Visible spectrophotometry 

Transparency measurement for composite films was carried out using UV-Visible 

spectrophotometer (Make: Perkin Elmer, Model: Lambda 35). The wavelength range was varied 

between 200-600 nm with a scan rate of 50 nm/min and a spectral bandwidth of 2 nm. 

2.3.8. Mechanical testing 

The tensile properties such as tensile strength and elongation-at-break were measured under 

ambient temperature (25 °C) with a 50 kN load cell on a tensile tester (Make: Kalpak 

instruments, Model: KIC-2-050-C, India). The cross-head speed was fixed as 5 mm/min. 

Average specimen parameters were: thickness of 0.06 mm, width of 10 mm and length of 50 

mm. Three specimens of each sample were subjected for testing and the average values were 

reported. The ASTM standard D 882-12 was followed for the preparation of the dumb-bell 

shaped samples used in this test.  

2.4. Results and discussion  

2.4.1. Effect of temperature on exfoliation 

The influence of temperature on exfoliation of EG in terms of volume exfoliated, weight after 

exfoliation, bulk density and carbon yield are presented in the Table 2.1. It is clearly seen from 

the Table 2.1 that the volume of expandable graphite (EG) increases with increasing 
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temperature up to 750 °C. This is due to the maximum swelling of intercalates taking place at 

750 °C that increases the interlayer distance between graphene sheets resulting in high volume 

of expansion. After 750 °C, the expansion volume, bulk density and carbon yield (%) decreases. 

This indiactes that the imparted heat is enough for evaporation of intercalates as CO2 and SO2 

and sample expansion (Chen et al., 2003). It is also important to mention that the carbon yield 

(%) value drops down after 750 °C.  Eventhough, the least bulk density value might correspond 

to a maximum increase in exfoliation rate; two other factors (the volume of exfoliation and 

carbon yield) should be taken into consideration for optimization of temperature. In the present 

study, it is considered that 750 °C is the optimum condition for thermal exfoliation based on the 

information obtained from exfoliation volume, carbon yield, and bulk density. However, no 

significant change in weight is noticed after exfoliation at the temperature ranging between 200 

and 750 °C. Table 2.1 clearly reveals that 80% of carbon yield is obtained at an exfoliation 

temperature of 750 °C. A further upsurge in exfoliation temperature decreases the carbon yield 

(%) to below 70%, which is an indication of defects in the C-C bond of graphitic structure 

(Zhang et al., 2013). When expandabale graphite is subjected to thermal shock, high 

temperature causes the expansion agent to gasify and produces enormous pressure to push 

adjacent graphite layers apart. In addition to this, when intercalates escape from the interlayers, 

it will be converted into gaseous products such as CO2 by reacting with carbon. These gaseous 

products while escaping creates pores in the graphitic structure due loss of carbon and this in 

turn helps in increasing the surface area after exfoliation. 
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Table 2.1. Effect of temperature on exfoliation of EG 

Sample 

name 

Volume 

exfoliated 

(mL) 

Weight 

after 

exfoliation 

(g) 

Bulk 

density 

(mg/cm3) 

Carbon 

yield (%) 

EXG 200 0.1 0.05 500 100 

EXG 300 3 0.046 15.33 92 

EXG 400 4.5 0.043 9.56 86 

EXG 500 9 0.041 4.55 82 

EXG 600 12.5 0.041 3.28 82 

EXG 700 15 0.041 2.73 82 

EXG 750 15.5 0.040 2.58 80 

EXG 800 14 0.034 2.43 68 

EXG 900 12 0.023 1.92 46 

EXG 1000 4 0.007 1.75 14 

 

*EXG 200 represents the EG exfoliated at 200 °C. 

 

2.4.2. Characterization of expandable graphite (EG), exfoliated graphite (EXG) and 

graphene (GR)  

2.4.2.1. XRD analysis 

The XRD patterns of EG and EXG samples are depicted in Figure 2.2.  EG exhibits a sharp 

diffraction peak (0 0 2) at 26.52° indicating that EG is a sort of gas intercalated compounds 

(GIC) containing certain intercalated graphite structure. The basal peak position remains same 

for EG in comparison with natural graphite reported in the literature (Chen et al., 2003; Murariu 

et al., 2010; Xiang et al., 2011; Yasmin et al., 2006). This signifies that the carbon crystal 

layer, which is the elementary constituent, does not undergo any change after intercalation.  

When all the EXG samples are subjected to XRD analysis, no significant deviation in the peak 

position (26.52°) is observed. Nevertheless, the peak intensity (26.52°) gradually decreases 

when compared to EG with an increase in the exfoliation temperature. This represents that 
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lower the peak intensity, higher will be the degree of exfoliation subject to the same sample 

loading and packing density (Yasmin et al., 2006). 

 

Figure 2.2. XRD patterns of expandable graphite (EG) and exfoliated graphite (EXG) 

2.4.2.2. Surface area analysis 

Nitrogen (N2) adsorption-desorption isotherms are shown in Figure 2.3. In the isotherm pattern 

observed for the EG sample, the convexity suggests that adsorption of N2 takes place by 

cooperative mechanism. It means that adsorbate-adsorbent interaction is less importance than 

adsorbate-adsorbate interaction in nonporous materials like EG. Because of weak interaction 

between N2 and EG, the isotherm curve is flat in the initial P/P0 regions. Nevertheless, once 

adsorption of the N2 molecule begins, N2-N2 interaction tends to aggrandize the adsorption of 
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more N2 molecules thus translating the isotherm to be convex with respect to the relative 

pressure values in the abscissa. With respect to increase in exfoliation temperature, type III 

isotherm gradually changes to type II pattern, which is the characteristic feature of EXG (Singh 

et al., 1985). Type II isotherm pattern observed for EXG samples is indicative of enhanced 

interaction between N2 and EXG. This is confirmed by the presence of knee portion in the initial 

P/P0 region for all the EXG samples. It is apparent from the inset graph (Figure. 2.3), that an 

increase in intercept (c) value or knee region for EXG samples with respect to exfoliation 

temperature occurs up to 900 °C.  In general, greater the surface area, maximum will be the 

exfoliation (Xiang et al., 2011).  

 

Figure 2.3. N2 adsorption-desorption isotherms for expandable graphite (EG) and 

exfoliated graphite (EXG) 
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BET surface area and the pore volume of the EXG samples are presented in the Table 2.2. 

Surface area and the pore volume increase with an increase in the exfoliation temperature. This 

behavior reveals that pores are created in the graphite surface due to the removal of 

intercalates that escape from the graphitic interlayers during exfoliation (Stankovich et al., 

2007; Afanasov et al., 2010; Fukushima et al., 2010).  The maximum surface area (51.32 

m2/g) and pore volume (0.29 cc/g) are obtained for EXG 900 sample that signifies the maximum 

degree of exfoliation. However, the surface area, intercept (c) and volume of N2 adsorbed are 

reduced for the EXG-1000 sample. This is because of restacking of graphene layers due to the 

complete removal of intercalates after exfoliation at 1000 °C.  Although, a maximum surface 

area is obtained for EXG 900, carbon yield (%) is drastically reduced to 46%. It is reported that 

carbon yield (%) below 70% leads to defect in the C-C bond of graphitic structure (Zhang et al., 

2013). Considering this fact, 750 °C is chosen as the optimum exfoliation temperature and 

hence, EXG-750 is utilized as a source for the synthesis of GR and PLA-GR composites.   

Table 2.2. Surface area characteristics for EG and EXG obtained at different temperatures 

 

 

 

 

 

 

 

 

 

 

Sample name SBET (m
2/g) Pore volume (cc/g) 

EG 0 0.0429 

EXG 200 0 0.0429 

EXG 300 5.881 0.0434 

EXG 400 19.413 0.1285 

EXG 500 19.732 0.1299 

EXG 600 20.198 0.1375 

EXG 700 33.459 0.1755 

EXG 750 36.325 0.1762 

EXG 800 38.411 0.1769 

EXG 900 51.321 0.2912 
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2.4.2.3. Morphological analyses 

The morphological images of EG and EXG samples are depicted in Figure 2.4. EG is partially 

oxidized form of graphite containing intercalated compounds between graphene layers as 

shown in Figure 2.4(a). EG can undergo exfoliation when subjected to sudden thermal shock at 

a desired temperature. In case of Figure 2.4(b), it can be observed that exfoliation of EG is just 

initiated due to the insufficient exfoliation temperature (200 °C).  Figures 2.4 (c) and (d) show 

selected FE-SEM micrographs of the EXG 750 sample at different magnifications. These 

images elucidate that EG is exfoliated several hundred times along with the c-axis. This results 

in a massive enhancement in volume of EG. Origin of this process lies in the vaporization of the 

intercalate indicating that gaseous products cause the explosive expansion of the EG (Michel., 

et al., 2007).  After expansion, graphite becomes porous structure material with improved 

surface area comprising of many sheets of nanometer thickness.  

The morphology and SAED patterns of GR are visualized by TEM as depicted in Figure 2.4 (e, 

f). The TEM image (Figure 2.4(e)) pictoriated after sonication demonstrates a monolayer 

structure. This suggests that, the graphene sheet obtained after sonication process is indeed a 

monolayer GR. Figure. 2.4(f) depicts the selected area electron diffraction (SAED) pattern of 

graphene, which is recorded by selecting a specified area from the graphene sheet slung 

overhead to a micrometer-sized hole on a 200 mesh copper grid. This clearly displays the 

crystalline structure of GR. The inner six member ring corresponds to the (1 1 0 0) plane, 

whereas six intense dots are ascribed to the [0 0 0 1] diffractions (Michel et al., 2007; Cui et 

al., 2011). The diffraction pattern images confirm that the resulted graphene retains the 

hexagonal symmetry of carbon framework.  
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Figure 2.4. FE-SEM images of (a) expandable graphite, (b) EXG 200, (c) EXG 750 (low 

magnification), (d) EXG 750 (high magnification), (e) TEM image of GR and (f) SAED 

pattern of GR 

 

(a) (b) 

(c) (d) 

(e) (f) 
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2.4.3. Characterization of PLA-GR composites  

2.4.3.1. XRD analysis 

XRD analysis of neat PLA and its composites is carried out to determine the crystallographic 

properties of the PLA composites. The diffractograms recorded for PLA composite samples 

prepared with 15 and 30 min sonication are illustrated in Figure 2.5(a) and 2.5(b), respectively. 

A scattered intense distribution with a broad peak observed at 2θ ≈16.7° corresponds to the 

reflections of (1 1 0) and (2 0 0) planes of orthorhombic α-crystalline phase of PLA (Krikorian et 

al., 2003). In all the composites, the peak position (2θ =16.7°) corresponding to the crystal 

structure of PLA is not altered. Hence it is clear that lattice parameters are not altered with the 

incorporation of GR. However, it is clearly seen from Figure 2.5(a) that for PLA composites, a 

sharp peak appears at 26.5° corresponding to the (0 0 2) graphitic carbon structure (Chen et 

al., 2003; Murariu et al., 2010; Yasmin et al., 2006). This ratifies the existence of pure graphite 

in the form of stacked GR sheets, suggesting that 15 min sonication applied during the 

synthesis of PLA-GR solution is not sufficient to completely exfoliate the graphene layers. Also 

some of the graphene sheets may persist in the aggregate conformation. To overcome this 

issue, 30 min sonication was applied during the synthesis of PLA-GR composites and the XRD 

profiles of the composites are depicted in the Figure 2.5(b). It is clear from Figure 2.5(b) that for 

PLA composites, no peak is appeared at 2θ = 26.5° corresponding to graphite. These results 

elucidate that the graphite has been successfully exfoliated into single- or few-layers of stacking 

platelets and also completely dispersed in the PLA matrix. In the work reported by Narimissa et 

al. (2012) and Murariu et al. (2010) on PLA-nano graphite platelet (NGP) and PLA-expanded 

graphite composites, respectively prepared via melt-compounding process, the XRD results 

confirmed the presence of the graphitic peak at 2θ value of 26.5° for all the composite systems. 

This suggests the fact that the melt-compounding used in their study could not completely 

exfoliate or isolate the graphene layers and several platelets existed in the amassed form, which 

in turn affected the mechanical properties. In reality, as the graphene nanosheets in EG are 
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always interlinked with each other, “complete exfoliation” has no sense as in the case like 

organically modified layered silicates (OMLS) (Murariu et al., 2010). However, a conclusion can 

be drawn from the current study that the sonication used for separating the interlinked 

nanosheets of EXG has the effect on the exfoliation as well as the dispersion quality of 

graphene sheets in the PLA matrix. Based on the XRD analysis, now it is known that 30 min 

sonication (during the preparation of PLA-GR solution) disperses GR well in the PLA matrix and 

hence further analyzes are carried out for the samples prepared with 30 min sonication. 
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Figure 2.5. XRD patterns of neat PLA and PLA-GR composites prepared with (a) 15 min 

sonication and (b) 30 min sonication time  

 

 

(a) 

(b) 
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2.4.3.2. FTIR analysis 

Figure 2.6 portrays the FTIR spectra of PLA and PLA-GR composites. The asymmetric and 

symmetric mode of C-H stretching in PLA is ascribed by the presence of peaks at 3000 and 

2937 cm-1, respectively (Pamula et al., 2001). A strong absorption peak is observed at ~1750 

cm-1, which is attributed to the carbonyl group present in the ester linkage of PLA matrix. The 

existence of the CH3 band in the PLA is characterized by the presence of a peak at 1456 cm-1. 

The appearance of a peak at 1386 cm-1 is assigned to the C-H deformation. The peak present 

around 1083 cm-1 is due to the C-O asymmetric group in the ester group (Mai et al., 2012). The 

stretching frequency observed at 956 and 922 cm-1 are mainly attributed to the rocking mode of 

CH3 (Pamula et al., 2001; Mai et al., 2012). The peak corresponding to the C-C skeleton 

vibration of the carbon ring in the graphene generally appears at 1400-1500 cm-1 (Han et al., 

2013). However, in the PLA-GR composites, the characteristic peak corresponding to the 

carbon ring in graphene is masked by PLA due to the relatively lower content of GR in the PLA 

matrix.  

 

Figure 2.6. FTIR spectra of neat PLA and PLA-GR composites 
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2.4.3.3. Morphological analyses 

The dispersion of graphene sheets in the polymer matrix and their interfacial bonding are vital 

features that influence the enhancement of physical and mechanical properties of the composite 

materials. In order to evidence the dispersion of GR in the PLA matrix, FE-SEM and TEM 

analysis are performed using PLA-GR composite films and the images are shown in Figure. 2.7.  

         

 

                                                

 

 

 

 

 

 

 

Figure 2.7. FE-SEM images of (a) PLA-GR composite (low magnification), (b) PLA-GR 

composites (high magnification) and (c) TEM image of PLA-GR-0.1 

 

(c) 

(b) (a) 
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It is clear from Figure 2.7 that GR sheets are arbitrarily dispersed in the PLA matrix. These 

results are in good agreement with the XRD patterns of PLA-GR composites (See Figure. 2.5), 

where the peak corresponding to the graphite layer structure at 26.5° is not observed even at 

higher loadings of GR. These results suggest that the dispersion of GR in PLA matrix is near to 

a single sheet level. Aggregation of EG in the PLA matrix was reported by Murariu et al. (2010).  

This is in contrast to the present study, where GR sheets are not restacked in the PLA matrix, 

which might be due to the effectiveness of the sonication process used for the synthesis of PLA-

GR composite.  

The morphology of the PLA and PLA-GR composites is also investigated using the polarized 

optical microscopy to know the dispersion of GR in the PLA matrix. Figure 2.8 shows the optical 

reflection micrographs of PLA composites with the various GR contents. The black portion is the 

GR sheets and the background is the polymer matrix. It is seen that, at the microscopic level, 

the GR sheets display a homogeneous distribution in the form of nanosheet clusters throughout 

the PLA matrix. As the content of the GR increases, the black portion of the micrograph also 

increases.  
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Figure 2.8. Optical microscopy images of (a) PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and  

(d) PLA-GR-0.5  

2.4.3.4. Thermo gravimetric analysis  

In order to cognize the influence of GR content on the thermal stability of PLA matrix, TGA 

analysis is carried out for PLA and PLA–GR composites. Figure 2.9 depicts the temperature-

dependent (TGA) and derivative weight loss profiles (DTG) for PLA and PLA-GR composites 

performed under the nitrogen atmosphere at a heating rate of 10 °C/min. In Figure 2.9(a), the 

first region of weight loss up to ~100 °C corresponds to removal of adsorbed moisture. The 

second stage of the thermal degradation process of PLA begins at temperature above 300 °C, 
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which is principally attributed to intra-molecular trans-esterification (backbitting reaction) (Han et 

al., 2004; Fan et al., 2004; Taubner et al., 2001; Wang et al., 2005; Wang et al., 2008; Yu et 

al., 2003). When 10% weight loss is taken as a point of comparison, Tonset is found to be 268, 

278, 283 and 299 °C for PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5, respectively (see 

Table 2.3). The obtained results clearly specify that PLA-GR composites exhibit around 10-31 

°C improvement in thermal stability over neat PLA. The decomposition temperature at 50% 

weight loss for neat PLA and PLA-GR composites (0.1, 0.3, and 0.5 wt%) is 333, 334, 334, and 

337 °C, respectively (see Table 2.3).  

The temperature which corresponds to the maximum rate of weight loss (Tmax.) is regarded as 

another significant thermal property for the polymer composite system. The Tmax is defined as 

the peak value that is obtained from the first derivative curve of TGA thermograph. The first 

derivative curves for PLA, and PLA-GR composites are depicted in Figure 2.9(b). All the PLA-

GR composites and neat PLA show a single peak signifying that the main degradation of these 

materials proceeded in only one step. It can be noticed that there is an improvement in the Tmax 

value (347 °C) for PLA-GR-0.5 sample in comparison with PLA (345 °C) (see Table 2.3). The 

enhancement in thermal stability is ascribed to the “tortuous path” effect of GR layers, which 

deferments the diffusion pathway of the degradation by-products and hinders the diffusion of 

volatile decomposition products (Cao et al., 2010; Wang et al., 2012). The delay in the thermal 

degradation of PLA matrix is also due to the shielding effect presented by flake like nano-filler 

(Yu et al., 2003). Due to the high surface area of graphene, its noteworthy effects on the 

composite properties can be seen at lesser loading (wt%) of GR.  
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Figure 2.9. (a) TGA and (b) DTG curves of neat PLA and PLA-GR composites 

 

(a) 

(b) 
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Table 2.3. TGA and DTG results for PLA and PLA-GR composites 

S:No Sample name T10%  

(°C) 

T50% 

 (°C) 

Tmax  

(°C) 

1 PLA 268 333 345 

2 PLA-GR-0.1  278 334 346 

3 PLA-GR-0.3  283 334 346 

4 PLA-GR-0.5  299 337 347 

 

2.4.3.5. DSC analysis 

Non-isothermal cold and melt crystallization behavior of PLA and PLA-GR composites were 

investigated using DSC analysis. DSC second heating thermographs of neat PLA and PLA 

composites are shown in Figure 2.10. The positive effect of reinforced nanofiller on the 

crystalline properties of PLA can be observed from the Table 2.4. The unimodal endothermic 

peak (Figure. 2.10) can be seen in the melting region of PLA (Tm=149 °C), which reveals the α-

crystalline form of PLA (Peng et al., 2011; Saiwai et al., 2003; Hoogsteen et al., 1990). This 

unimodal endotherm peak indicates the absence of heterogeneous distribution of crystals and 

uniform crystal thickness developed after reinforcement of GR due to the melting of stable 

crystals of PLA formed (Yu et al., 2003; Peng et al., 2011; Saiwai et al., 2003; Hoogsteen et 

al., 1990). The addition of GR in the PLA matrix increases the Tm value by 4-5 °C due to the fact 

that the reinforced nanofiller reduces the critical nucleus size required for the formation of a 

thick and stable crystal in PLA. Besides, the shift in Tm indicates that the addition of the GR 

does not lower the molecular weight of PLA. The current result signifies that the GR acts as a 

better nucleating agent by enhancing Tm.  

In the present study, Tg for PLA composites does not change significantly in comparison with 

neat PLA. This indicates that the reinforcement of GR does not induce the formation of short 

chain PLA molecules (Wang et al., 2005; Hoogsteen et al., 1990). It is noticed that, all the 

composite samples display greater level of crystallinity (see Table 2.4). The neat PLA presents 
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a crystallinity of 6.5%, whereas an addition of GR up to 0.3 wt% in the PLA matrix exhibits 

enhanced crystallinity of 11.83% (Table 2.4). When the GR loading increases above 0.3 wt%, 

the level of crystallinity decreases slightly. This is probably due to aggregation and poorer 

dispersion of GR in the matrix. The improved PLA crystallinity with the addition of GR is 

significant due to the possibility of existence of the greater number of delaminated GR platelets, 

which can facilitate the PLA crystallization process.  

 

Figure 2.10. DSC second heating thermographs for PLA and PLA-GR composites at a 

heating rate of 5 °C/min 

 

 

 

 

Tg 

Tc 
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Table 2.4. DSC results for PLA and PLA-GR composites 

Sample 

name 

Tg 

(°C) 

Tcc 

(°C) 

Tm 

(°C) 

Tmc 

(°C) 

∆Hcc 

(J/g) 

∆Hm 

(J/g) 

Xc  

(%) 

PLA 62 110 148 - 13.7 19.80 6.5 

PLA-GR-0.1 63 114 152 100 6.63 15.04 8.98 

PLA-GR-0.3 64 113 152.8 101 7.80 18.84 11.83 

PLA-GR-0.5 64 110 152.6 101 4.84 14.17 10.01 

Tg = Glass transition temperature, Tcc = Cold crystallization temperature, Tm = Melting 

temperature, Tmc Melt crystallization temperature, ∆Hcc = Enthalpy of cold crystallization, ∆Hm = 

Enthalpy of melting,  Xc = crystallinity (%).    

2.4.3.6. Transparency 

The transmission of both visible light and ultraviolet radiation (200-700 nm) is considered as 

important parameters in designing the packaging materials for specific applications. The 

photochemical degradation of plastics occurs when exposed to high energy radiation called as 

UV-B (315-280 nm). Deterioration of food products that are sensitive to visible light takes place 

in the wavelength region of 400-700 nm (Chen et al., 2008; Auras et al., 2004). Conventional 

plastics like polyethylene terephthalate (PET), occupy a principal position in the packaging 

sectors, because the above mentioned wavelength range cannot transmit through this polymeric 

material (Auras et al., 2004; Hernandez et al., 2009). In the wavelength region of 200-700 nm, 

72% transmission of light through PLA films is noticed as shown in Figure 2.11. This specifies 

that most of the UV-B and visible radiation pass through PLA films. After reinforcement of GR in 

the PLA matrix, the transparency of PLA films declines with an increase in the loading of GR (wt 

%). For the PLA-GR-0.5 sample, maximum reduction in the transparency is 53% in comparison 

with neat PLA. This is an advantage provided by GR filler, such that the PLA-GR composite 

films can find application in the storage of food products containing light sensitive materials such 

as lipids, flavors, vitamins, and pigments. The contact transparency images for PLA and PLA-
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SP composites are illustrated in Figure 2.11 (b). At higher loadings of GR (0.5 wt%), the contact 

transparency of the composites is reduced as compared with neat PLA.  

 

 

Figure 2.11. (a) Transparency measurements and (b) contact transparency for PLA and 

PLA-GR composites  

(a) 
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2.4.3.7. Mechanical properties 

The tensile strength and elongation-at-break (%) for PLA and PLA-GR composites are 

presented in Figure 2.12. The tensile strength of the PLA-GR composites is found to be higher 

for 0.1 wt% loading (40 MPa) of GR when compared with neat PLA (33 MPa). The PLA-GR-0.1 

composite exhibits the highest tensile strength of 40 MPa as compared to PLA-GR-0.3 (37 

MPa) and PLA-GR-0.5 (31 MPa). The gradual decline in the tensile strength values for further 

loadings explicates that addition as well as dispersion of GR in the PLA matrix are the dominant 

factors to enhance the mechanical properties. Therefore, it is clear that noticeable aggregation 

and the quality of dispersion become inferior at higher loading of GR (>0.1%).  As a result, a 

slight decrease in tensile strength is observed for the PLA composites. The improved tensile 

strength of the PLA-GR-0.1 sample is an indication of good adhesion between PLA and the 

filler. It also reveals that the stress applied is transferred from PLA matrix to the GR. The 

elongation at break value obtained for 0.1 wt% of GR content is 51%, which is higher than that 

of neat PLA. This implies that the ductility of PLA is effectively improved with the incorporation 

of GR. GR acts as a bridge to prolong the fracture process of PLA composites and thereby 

reduces the sudden risk of failure. At further loadings of GR (0.3 and 0.5 wt%), elongation at 

break values display the downturn of around ~41% and 45%, respectively. This is because, 

defects induced by the agglomeration of GR sheets account for greater brittleness of the PLA 

matrix. However, GR reinforced in the PLA matrix demonstrates a positive impact on the tensile 

strength as well as elongation at break properties at lower GR loadings (0.1 wt%) in comparison 

with the PLA-EG composites produced by Murariu et al. (2010). In their study, it was reported 

that the addition of EG in the PLA matrix showed a negative impact on the above properties at 

all the loadings (wt%) of EG due to the aggregation of graphene stacks. Hence, it is clear that 

the sonication process utilized in the present study to separate the graphene plays an effective 

role in enhancing the strength and ductility of the PLA composites. 
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Figure 2.12. (a) Tensile strength and (b) elongation at break for PLA and PLA-GR 

nanocomposites 
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2.4.3.8. Film permeability 

For semicrystalline polymers, like PLA, oxygen barrier characteristics are directed by 

permeation and diffusion of oxygen molecules through the amorphous phase of polymer film. To 

enhance the barrier properties of PLA, inclusion of impermeable barriers that reduces the gas 

permeation by creating the tortuous pathway is important. In the current investigation, the 

influence of graphene on inhibition of oxygen transport through PLA films is examined at various 

temperatures (25-45 °C) and the results are presented in Table 2.5. The permeation of oxygen 

is reduced by 22% (25 °C) after incorporating 0.1 wt% GR in the PLA matrix. This is attributed to 

the tortuous path effect generated by the exfoliated GR nanosheets, which hinders the oxygen 

transport in the PLA film.  However, at higher loadings of GR, further improvement in oxygen 

permeation is not observed. This may be caused by the formation of GR aggregates at higher 

loadings. For both PLA and PLA-GR composite systems, oxygen permeation increases with 

increasing temperature, due to the fast diffusion of gas molecules through the PLA matrix at 

higher temperature. When 25 °C is taken as a point of comparison, 22% reduction in oxygen 

permeation is observed for PLA-GR-0.1 over neat PLA. At 45 °C, the oxygen permeation for 

PLA composite containing 0.1 wt% GR is reduced about 40%. This indicates that the addition of 

GR acts as an effective impermeable barrier for oxygen transport even at higher temperature.  
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Table 2.5. Effect of graphene content on oxygen permeability (OP) of PLA-GR composite 

films 

Sample 

Name 

Temperature 

(°C) 

Oxygen permeability 

(cc mm/ m2 day bar) 

% Reduction in oxygen 

Permeability 

PLA 25 23 - 

35 33 - 

45 51 - 

PLA-GR-0.1 25 18 22 

35 22 33 

45 31 40 

PLA-GR-0.3 25 20 13 

35 23 30 

45 35 32 

PLA-GR-0.5 25 22 4 

35 30 9 

45 40 14 

 

2.5. Conclusions  

The optimum condition for thermal exfoliation of EG is determined as 750 °C. The formation of 

monolayer GR is verified by TEM analysis. No diffraction peak corresponding to graphene is 

observed from the XRD patterns of PLA-GR composites prepared with 30 min sonication due to 

exfoliation of GR in the PLA matrix. The TGA analysis reveals that the thermal stability of PLA-

GR-0.5 composites improves about 31 °C when 10% weight loss is taken as a point of 

comparison. The presence of GR greatly improves the melting temperature of about 4-5 °C as 

well as the crystallization ability of PLA during the non-isothermal crystallization processes. This 

indicates that GR acts as an effective nucleating agent in enhancing the crystallization behavior 

of PLA. In the UV-B and visible radiation region (200-700 nm), 53% reduction in the 

transparency for PLA films is observed after reinforcement of GR. The tensile strength of PLA-

GR composites is found to be maximum (40 MPa) for 0.1 wt% loading of GR in comparison with 
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neat PLA, which is an indication of good adhesion between PLA and the filler. The presence of 

GR in the PLA matrix reduces the oxygen permeation by 22% (25 °C) and 40% (45 °C).  
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CHAPTER 3 
 

Synthesis and Characterization of Sucrose Palmitate 

Reinforced PLA Nanocomposites 

 

This chapter investigates the use of a food additive, sucrose palmitate as eco-friendly filler for 

the fabrication of PLA based nanocomposites. TEM analysis reveals the uniform dispersion of 

SP filler in the PLA matrix. DSC and XRD results confirm that the incorporated biofiller acts as a 

nucleating agent and partially contributes towards the crystallinity of PLA-SP nanocomposites. 

Enhancement in the tensile strength and elongation at break up to 25% and 56% respectively is 

obtained. The best positive influence for the oxygen barrier is observed for the PLA-SP 

nanocomposite film where the reduction in oxygen permeability by 69% is achieved in 

comparison with neat PLA. This part of work has been published in Journal of Applied 

Polymer Science, 2015, 132, 41320-41330.  
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3.1. Introduction 

In terms of food packaging applications, it is important to understand not only the physical and 

mechanical properties of filler materials, but also their compatibility with food during storage 

become a foremost pre-requisite factor (Garlotta et al., 2001). Hence, exploration of non-toxic 

substances approved for food contact needs to be prospected as fillers. Few attempts were 

made to produce PLA composite systems based on bio fillers that are non-toxic in nature (Lu et 

al., 2009; Koutsomitopoulou et al., 2014; Fortunati et al., 2014; Bonilla et al., 2013; 

Fortunati et al., 2012; Lee et al., 2009; Zhu et al., 2012; Goriparthi et al., 2012; Wang et al., 

2014). The effect of different bio fillers such as starch (Lu et al., 2009), olive pit powder 

(Koutsomitopoulou et al., 2014), limonene (Fortunati et al., 2014), chitosan (Bonilla et al., 

2013), cellulose nanocrystals (Fortunati et al., 2012), kenaf fibres (Lee et al., 2009), soy 

protein (Zhu et al., 2012), jute fibres (Goriparthi et al., 2012), cellulose actetate butyrate 

(Wang et al., 2014) on the thermal, mechanical and gas barrier properties of PLA are 

investigated. In this regard, U.S food and drug administration (FDA) approved food additive, 

sucrose palmitate (SP) is chosen as eco-friendly filler for the fabrication of PLA nanocomposites 

(Corma et al., 2007). Sucrose palmitate is nonionic as well as amphiphilic in nature, 

characterized by the presence of hydrophilic head (sugar) and hydrophobic tail (ester) moieties 

(Corma et al., 2007). Besides, SP being readily biodegradable and nontoxic, the antimicrobial, 

mechanical and barrier properties exhibited by the same make it ideal candidate for the storage 

of food (Corma et al., 2007). In general, the expected improvements in the final product are 

directly dependent on the dispersion of the nanoparticles in the polymer matrix which 

manipulate physical or chemical interaction between the matrix and the reinforcing phases. The 

optimization of dispersion and interactions of nanoparticles in polymer matrices plays a key role 

for the development of high quality nanocomposites. Therefore, the influence of the biofiller on 
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morphological, thermal, mechanical and barrier properties of PLA composites are examined in 

this chapter.    

3.2. Experimental 

3.2.1. Materials 

Sucrose palmitate manufactured by Sisterna (Netherlands) was used as a filler material. 

Poly(lactic acid) (PLA) grade 2003D obtained from Nature Works® (USA) was used as a 

polymer matrix. Chloroform obtained from Merck (India) Ltd., was used as the solvent for 

fabrication of poly(lactic acid)-sucrose palmitate (PLA-SP) nanocomposites films.    

3.2.2. Synthesis of PLA-SP composites 

PLA-SP composites were fabricated by solution-casting method as follows: ~0.95 g of PLA was 

mixed in 50 mL of chloroform and subsequently the mixture was stirred for 2 h in order to 

completely dissolve the PLA. Likewise above, various concentrations of sucrose palmitate (1, 3, 

5, 10, 15, 30 wt % with respect to PLA) was dispersed in chloroform with continuous stirring for 

1 h.  Subsequently, this solution containing dispersed SP was transferred into PLA-chloroform 

mixture under vigorous stirring. PLA-SP solution was casted on teflon petriplates and further 

dried under ambient condition for 24 h. The dried composite films were peeled off carefully from 

the petriplates. The resulting films were finally oven dried under vacuum for 12 h at 40°C and 

stored in airtight bags at room temperature for further characterizations. All the samples are 

designated as SP, PLA, PLA-SP-1, PLA-SP-3, PLA-SP-5, PLA-SP-10, PLA-SP-15 and PLA-SP-

30 for sucrose palmitate, PLA, PLA/sucrose palmitate 1 (wt%), PLA/sucrose palmitate 3 (wt%), 

PLA/sucrose palmitate 5 (wt%), PLA/sucrose palmitate 10 (wt%), PLA/sucrose palmitate 15 

(wt%) and PLA/sucrose palmitate 30 (wt%), respectively. The thickness of the fabricated films 

was measured using film thickness meter (Indi 1652). Twenty measurements were taken on 

each film and the average thickness of the films is found to be 60 ± 5 µm.  
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3.3. Characterization 

3.3.1. Thermogravimetric analysis (TGA) 

 Thermogravimetric analysis was performed on a Mettler Toledo thermo gravimetric analyzer 

(TGA/SDTA 851® model). Samples (10.5± 0.3 mg) were placed in 900 µl crucible and heated 

from 25 to 700 °C in a 60 ml/min flow of N2 at a heating rate of 20 °C/min.  

3.3.2. Differential scanning calorimetry (DSC) 

Thermal properties and crystallization behavior of PLA and PLA-SP nanocomposites were 

studied using a differential scanning calorimetry (Mettler Toledo-1 series). Samples (10±0.5 mg) 

were hermetically sealed in aluminum pans and heated from 25 to 180 °C at a heating rate of 5 

°C/min in an inert atmosphere (N2 flow, 50 mL/min). All the samples were first heated from 25 to 

180 °C and held at this temperature for 5 min to eliminate the effect of the thermal and 

processing history. Glass transition temperature (Tg), cold crystallization temperature (Tcc), the 

enthalpy change at Tcc (∆Hcc), melting temperature (Tm) and the enthalpy of fusion at Tm (∆Hm) 

of pure PLA and nanocomposites films were determined from the DSC thermograph during 

second heating cycle. The Tg was obtained from the midpoint of heat changes from the DSC 

curves. The percentage crystallinity (% Xc) of PLA was calculated according to the following 

relation (Garlotta et al., 2001).  

 

 
% 100

m cc

c

mp

H H
X

H

 
 


                                                                                                     (3.1) 

Where, ∆Hm is enthalpy of fusion at melting temperature Tm, ∆Hcc is the enthalpy of fusion at 

cold crystallization temperature Tcc. ∆Hmp is the heat of fusion of a perfect PLA crystal which is 

93.6 J/g (Garlotta et al., 2001).  
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3.3.3. X-ray diffraction analysis (XRD) 

XRD analysis of neat PLA and its nanocomposite films was carried out under air atmosphere at 

room temperature on a Bruker A8 advance instrument using Cu-Kα (λ= 0.15406 nm) radiation 

operating at 40 kV and 40 mA. The diffraction data were recorded in the 2θ range of 1 - 50° with 

a scanning rate of 0.05° s-1 and 0.5 s step size.  

3.3.4. Fourier transform infrared spectroscopy (FTIR) 

 FT-IR spectra for pure PLA and composite films were recorded between 4000 and 450 cm−1 

region using spectroscopic quality KBr powder with a Shimadzu IR affinity-1 model 

spectrometer.  

3.3.5. Morphological analyses 

 The dispersion of SP in PLA matrix was visually observed using transmission electron 

microscopy (JEOLJEM 2100), operated at 200kV. By direct casting of polymer composite 

solution over the carbon-coated copper TEM grid, images of the nanocomposite were obtained. 

The morphology of SP and dispersion of SP in the PLA matrix was pictoriated using field-

emission scanning electron microscopy (FESEM) (Zeiss Sigma model).  

3.3.6. UV-visible spectrophotometry 

Transparency measurements were carried out using a UV-Visible spectrophotometer (Make: 

Perkin Elmer, Model: Lambda 35). The wavelength range for the measurements was varied 

between 200-600 nm with a scan rate of 50 nm/min and a spectral bandwidth of 2 nm. 

3.3.7. Mechanical testing 

The uni-axial tensile properties (modulus, tensile strength, elongation at break) were measured 

at room temperature with a 50 kN load cell on a tensile tester. The cross -head speed was set at 
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5 mm/min. Specimens used in this method were prepared according to ASTM standard D 882-

12. Three specimens of each sample were tested and the average results were reported.  

3.3.8. Oxygen permeability measurements 

The oxygen permeability of PLA and PLA-SP composites was measured using a PBI-

Dansensor (Ringsted, Denmark) OPT 5000 oxygen permeability tester at 23±0.03 °C and 

50±2% relative humidity. Dry nitrogen containing less than 0.1 ppm oxygen (Alphagaz 2, Air-

Liquid Denmark, Ballerup, Denmark) was used as carrier gas and 99.995% pure oxygen (Air-

Liquid Denmark) was used as a test gas. Inlet pressure was maintained at ~ 4 Kg/cm2.  At least 

three replicate tests were performed for each samples. 

3.4. Results and discussion 

3.4.1. Thermogravimetric analysis  

Thermo graphs shown in Figure 3.1(a) indicate the weight loss profile in two stages: first stage 

of weight loss ~100 °C is due to evaporation of adsorbed moisture. The second stage of thermal 

degradation process of PLA that occurs in the temperature regime of 300-375 °C can be mainly 

due to intra-molecular trans-esterification (backbitting reaction) (Garlotta et al., 2001; Fan et 

al., 2004; Taubner et al., 2001; Wang et al., 2005; Wang et al., 2008; Yu et al., 2003). From 

the TGA profiles, the onset of degradation (Tonset) that corresponds to 10 wt% loss is determined 

by extrapolating the peak of degradation of the samples. Similar to neat PLA, PLA-SP 

composites also exhibit two stages of degradation. When 10% weight loss is taken as a point of 

comparison, Tonset of the composites for PLA is 301 °C and it declines to 288 °C for 1 wt % of SP 

content. As the SP content increases from 3 to 10 wt%, Tonset reduces from 278 to 249 °C (see 

Table 3.1). The possible reason is the contribution of thermal decomposition profile of SP. It can 

be observed from the TGA curves that SP is thermally stable up to 180 °C. Hence, with 

increasing the concentration of SP content in the PLA matrix, sucrose content also increases in 
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turn leading to early onset degradation of PLA composites. However, thermal decomposition of 

SP occurs via three stages. First stage of thermal degradation is due to the adsorbed moisture. 

The second region of weight loss observed from 180-240 °C reflects splitting of glycosidic 

bridge between glucose and fructose groups present in the sucrose (Hosseini et al., 2005; 

Predoi et al., 2010). The third region of weight loss of SP observed at 240 °C corresponds to 

the decomposition of ester groups present in the palmitate tail (Fang et al., 2011; Li et al., 

2009). 

The decomposition temperatures at 50% weight loss for neat PLA, 1, 3, 5, and 10 wt% PLA-SP 

composites are 348, 347, 336, and 316 °C, respectively (see Table 3.1). The temperature of 

50% weight loss of PLA is comparable with PLA composites (SP: 1 wt % and 3 wt %). In rest of 

the composites, a considerable difference in weight loss can be seen. This is because of the 

excess water released during sucrose hydrolysis that induces autocatalytic cleavage of ester 

groups (Antheunis et al., 2010; Janorkar et al., 2004). Another important thermal property is 

the temperature corresponding to the maximum rate of weight loss (Tmax.), which is defined as 

the peak value of the first derivative of the TGA curve. The first derivative curves for SP, neat 

PLA, and PLA-SP composites are depicted in Figure 3.1(b).  All the samples (neat PLA and 

PLA composites) demonstrate a single peak in the DTG curves indicating that the main 

degradation of these materials proceed in one step. It can be noticed that there is no change in 

the Tmax. value (357 °C) for neat PLA and its composites (up to 5 wt% of SP loading). In the case 

of 10 wt% of SP reinforcement in the PLA matrix, Tmax. shifts to lower temperature (324 °C) (see 

Table 3.1). The downturn exhibited is probably due to the increased acidic sites created during 

the degradation of higher loadings of SP in the PLA matrix (Janorkar et al., 2004; Kelly et al., 

1978). Moreover, it can be observed from Figure 3.1(a and b), the thermal stability of PLA-SP-

10 is drastically reduced in comparison with PLA-SP-5. Hence, PLA-SP-5 is considered as 

optimum loading and further characterizations are carried out only up to 5 wt% SP loading. 
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Figure 3.1. (a) TGA curves and (b) DTG curves for SP, PLA and PLA-SP composites  

 

(a) 

(b) 
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Table 3.1. TGA and DTG results for PLA and PLA-SP composites 

S:No Sample name T10%  

(°C) 

T50% 

 (°C) 

Tmax  

(°C) 

1 SP 219 254 244 

2 PLA  301 348 357 

3 PLA-SP-1  288 347 357 

4 PLA-SP-3  278 343 357 

5 PLA-SP-5 261 336 357 

6 PLA-SP-10 249 316 324 

 

3.4.2. Differential scanning calorimetry 

DSC analysis is carried out to evaluate crystallization and melting behaviors of PLA and PLA-

SP composites. DSC second heating thermographs of neat PLA and PLA nanocomposites are 

shown in Figure 3.2. In the present study, the influence of addition of nano biofiller (SP) on the 

crystalline morphology of PLA is slightly positive effect, which can be seen from Table 3.2. The 

melting region of PLA provides unimodal endothermic peak, (Tm=149 °C), which indicates the 

presence of PLA in α-crystalline form (Ravi et al., 2014). Incorporation of the biofiller does not 

result in bimodal endothermic melting peaks for PLA nanocomposites (see Figure.3.2). 

Unimodal endotherms reveal the melting of stable crystals of PLA formed due to the absence of 

heterogeneous distribution of the crystals as well as uniform crystal thickness developed in PLA 

after reinforcement of the SP filler (Bharadwaj et al., 2006). Addition of biofiller in PLA matrix 

shifts Tm to slightly higher value. The shift in Tm indicates that the addition of the SP filler did not 

lower the molecular weight of PLA. The current result specifies that the SP acts as a better 

nucleating agent by enhancing the Tm, in contrast to the recently reported reinforcements such 

as organically modified montmorillonite (MMT-TAC) (Wang et al., 2012), nickel-containing 

layered double hydroxides (LDH) (Shan et al., 2012) and nanoclay (Vasanthan et al., 2011), 

used for developing PLA composites. The decrease in the Tm values of about ~6, 8, 1, and 3 °C, 

is reported for the respective fillers in comparison with neat PLA. The reduction in the heat of 
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fusion for melting peaks is observed when the SP content increases. This phenomenon is 

attributed to the strong hydrogen bonding interaction between SP and PLA (Ali et al., 2011).  

Several studies reported that lower values of Tg for PLA composites could be attributed to the 

presence of short chain molecules due to filler induced PLA degradation and reduced 

macromolecular interactions (Peng et al., 2011; Liu et al., 2009). Interestingly, in the present 

study, Tg (61 °C) remains unaltered for the PLA composites indicating that the reinforcement of 

SP does not induce the formation of short chain PLA molecules.  Because nanocomposite films 

are prepared by solution casting techniques at room temperature instead of melt extrusion 

where degradation generally occurs if the material exposed for longer time. It can be seen from 

the DSC curves that in comparison with neat PLA, the cold crystallization temperature (Tcc) 

increases significantly by 6, 14, 14 °C for 1, 3, 5 wt% loading of SP, respectively. The increase 

in Tcc is due to the fact that the addition of SP suppresses the diffusion rate leading to the 

slower migration of the polymer chains to the surface of the nucleus (Katiyar et al., 2010, 

Zhang et al., 2012). The higher Tcc values with broadening of its peak width obtained for the 

composites signify that the crystallization rate becomes slower than that of neat PLA; both 

homogeneous and heterogeneous crystallization take place within the composites (Katiyar et 

al., 2010). The increase in Tcc could be further considered due to the nucleation effect of SP 

incorporated in the PLA matrix (Goffin et al., 2011). Another reason for enhancement in the 

crystallization temperature for the PLA composites may be the formation of ordered α-form of 

PLA crystals during cold crystallization process (Pan et al., 2012).   

DSC analysis of nanocomposite films provides data on ∆Hcc and ∆Hm, from which useful insight 

into interactions between PLA and SP can be inferred (Ali et al., 2011). It is noticed from Table 

3.2, that ∆Hcc and ∆Hm for PLA-SP-1 are slightly higher in comparison with neat PLA. This is 

indicative of stable crystals of PLA formed during crystallization process and hence, slight 

enhancement in the percentage crystallinity is observed for 1 wt% SP incorporation. In contrast, 
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∆Hcc and ∆Hm gradually decreases with further increase in the SP content, which is due to the 

melting of PLA crystallites (Zeng et al., 2011). Due to this fact, at higher loadings, despite of 

enhancement in crystallization temperature, crystallization peaks are broaden leading to 

decrease in percentage crystallinity when compared with 1 wt% loading of SP. DSC results 

reveal that there is a slight improvement in the crystallinity of the PLA at very low concentration 

of SP. 

 

Figure 3.2. DSC second heating curves for PLA and PLA-SP composites at the heating 

rate of 5 °C/min  
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Table 3.2. DSC results for PLA and PLA-SP composites 

 

S:No  Sample Tg 

(°C) 

Tcc 

(°C) 

Tm 

(°C) 

∆Hc 

(J/g) 

∆Hm 

(J/g) 

Xc 

( %) 

1 PLA 61 110 149 16.14 27.20 ~12 

2 PLA-SP-1 60 117 150 17.20 31.98 ~16 

3 PLA-SP-3 60 125 152 5.14 19.27 ~15 

4 PLA-SP-5 60 125 152 1.51 13.16 ~12 

 

3.4.3. XRD analysis 

XRD analysis as shown in Figure 3.3 was performed to understand the addition of SP on the 

crystalline structure of PLA. The crystal structure of PLA has been the topic of extensive 

studies. In general, depending on the preparation conditions, two crystal structures may be 

obtained for PLA: a pseudoorthorhombic α-structure and a less stable β-orthorhombic structure 

(Krikorian et al., 2003). The structural analysis of neat PLA displays the most intense peak at 

2θ =16.7° corresponding to the reflections from (1 1 0) and/or (2 0 0) planes of orthorhombic α-

crystalline phase. The less intense peaks appeared at 2θ =15.1°, 19.1° and 21.5° are from the 

(0 1 0), (2 0 3) and (2 1 0) planes of α-phase, respectively (Zhang et al., 2012; Barrau et al., 

2011). The PLA diffraction pattern presented herein matches closely with the α-crystalline 

structure. XRD analysis of SP shows a sharp intense crystalline peak at 2θ =2.27°, 

corresponding to the palmitate ester tail present in the biofiller. The less intense diffraction 

peaks at 4.53° and 22.4° are attributed to the head group of sucrose palmitate (Fang et al., 

2011). 
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Figure 3.3. XRD patterns of SP, PLA and PLA-SP composites 

The nanocomposite diffraction intensities are vertically offset for clarity of presentation. The 

peak at 2θ =4.53° corresponding to the head group of sucrose palmitate is not identified at low 

SP content, due to their relatively low concentration of SP in the PLA composites. The intensity 

of the crystalline peak corresponding to the palmitate ester group increases with an increase in 

the SP concentration. This increased intensity is due to the more diffracted X-rays from the 

dispersion of the additional reinforcing agent in the PLA matrix (Barrau et al., 2011). For all the 

nanocomposites, the peak position (2θ =16.7°) corresponding to the crystal structure of PLA is 

not altered. It is clear that lattice parameters are not altered by the addition of SP (Desantis et 

(degree) 
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al., 1968; Brizzolara et al., 1996; Hoogsteen et al., 1990). The reflection representing the 

crystal structure of PLA is present in all the bio-nanocomposite indicating that the incorporation 

of SP is not significantly disrupted the crystal structure within the PLA matrix (Desantis et al., 

1968; Brizzolara et al., 1996; Hoogsteen et al., 1990). However, it can be seen from Figure 

3.3 that the intensity of the peak (2θ= 16.7°) corresponding to the crystal structure of PLA 

increases for the PLA-SP-1 sample. This supports the increase in amount of crystallinity 

(Krikorian et al., 2003) as discussed in DSC analysis. The presence of a shoulder at around 2θ 

=19.1° for PLA-SP nanocomposite elucidates that SP has the ability to act as a nucleating 

agent, by increasing the crystallinity of the composite system (Fortunati et al., 2012). 

3.4.4. Morphology of PLA nanocomposite films  

The morphological feature of SP is examined by FE-SEM as depicted in Figure 3.4(a). The 

images reveal that the SP exhibits a plate-like structure. The dispersed SP platelets (1 wt%) 

within PLA matrix can also be seen from TEM micrographs in Figure 3.4(b and c). The presence 

of SP in the PLA matrix is shown by circle. The average particle size of the reinforced SP in the 

PLA matrix is found to be 50.84±11.98 nm. In the TEM micrograph, the sheet-like particles (dark 

portion indicated in circles) represent the bio-filler, SP and the bright areas represent the PLA 

matrix. The appearance of homogeneously dispersed SP in the composite system is visualized 

from the TEM image. The uniform dispersion of SP in the PLA matrix can also be observed from 

the FE-SEM images for PLA and PLA-SP nanocomposites as shown in Figure 3.5. It is 

indicative from the FE-SEM image (inset) pictoriated at higher magnification for PLA-SP-5 

nanocomposites that plate like structure of SP filler is homogenously dispersed in the PLA 

matrix without agglomeration. 
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Figure 3.4. FESEM images of SP (a) and TEM images of PLA-SP-1 at different 

magnifications (b, c)  

 

 

 

 

TH-1405_10610715



85 

 

 

 

Figure 3.5. FE-SEM images of PLA and PLA-SP nanocomposites  
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3.4.5. Transparency 

From Figure. 3.6 (a), it can be observed that, 63% (at 250 nm) and 66% (at 300 nm) of UV light 

are transmitted in the neat PLA film, respectively. This indicates that most of the UV-B radiation 

(315-280nm) passes through PLA film (Auras et al., 2004; Hernandez et al., 2009). In case of 

PLA-SP-5 nanocomposite film, the reduction in the UV-B transmittance of 32% and 30% at 250 

and 300 nm, respectively, is noticed in comparison with neat PLA. At 575 nm, the visible light 

transmittance for neat PLA, and PLA-SP-5 films is observed to be 72% and 63%, respectively 

which is 12.5% reduction in transmittance when compared with neat PLA. This is an advantage 

provided by SP filler, such that the optical clarity remains very close to that of the neat PLA film, 

with only a slight decrease in transparency with an increase in SP (wt%) loadings. The contact 

transparency images for PLA and PLA-SP composites are also illustrated in Figure 3.6 (b). As 

observed, all the PLA-composite films illustrate almost a similar contact transparency in 

comparison with neat PLA. This observation specifies that there exists a better compatibility 

between the filler and PLA matrix (Sun et al., 2012).  
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Figure 3.6. (a) Transparency measurements and (b) Contact transparency images for PLA 

and PLA-SP composites 

(a) 

(b) 
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3.4.6. Fourier transform infrared spectroscopy 

Figure 3.7 depicts the FTIR spectra of SP, PLA and PLA-SP composites. In the case of PLA, a 

band observed around 3500 cm-1 corresponds to the stretching of hydroxyl groups present as 

end group in PLA backbone (Vasanthan et al., 2011). The strong bands at 3000 and 2937 cm-1 

correspond to the asymmetric and symmetric mode of C-H stretching, respectively. An 

absorption band present in the region of 1700-1800 cm-1 is attributed to the carbonyl group 

present in the ester linkage of the PLA matrix (Pamula et al., 2001). The existence of CH3 band 

in the PLA is characterized by the presence of peak at 1456 cm-1. The appearance of band at 

1386 cm-1 is assigned to the C-H deformation (Pamula et al., 2001). The band present around 

1083 cm-1 is due to the C-O asymmetric stretching of ester groups (Mai et al., 2012). The 

stretching frequency observed at 956 and 922 cm-1 is mainly attributed to the rocking mode of 

CH3 (Vasanthan et al., 2011; Pamula et al., 2001; Mai et al., 2012). In the FTIR spectrum of 

SP, the strong absorption band found in the region of 3500-3200 cm-1 characterizes the O-H 

stretching of the free hydroxyl groups of SP. The stretching bands at 2917 and 2845 cm-1 are 

assigned to the methylene and terminal methyl groups of palmitate chain of SP, respectively.  

The band at 1058 cm-1 corresponds to the C-O-C stretching vibration of SP (Predoi et al., 2010; 

Bharadwaj et al., 2006).  

It can be observed from the FTIR spectra of PLA-SP nanocomposites that the hydroxyl region is 

exhibited in the range of 3600-3200 cm-1 upon addition of SP in the PLA matrix (Grapnuer et 

al., 2008; Cheng et al., 2009). When the carbonyl region (1700-1800 cm-1) of PLA and PLA-SP 

composites are closely visualized, the corresponding peak become broadened and split into two 

small peaks (1753 and 1746 cm-1) for PLA-SP composites. This reveals the existence of 

intermolecular interaction between PLA and SP (Grapnuer et al., 2008; Cheng et al., 2009). As 

the SP loading increases in the PLA matrix, the content of methylene and terminal methyl 

groups of palmitate in the PLA composites also increases. This fact is well revealed by the 
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increase in the intensity of the bands (2845 cm-1) corresponding to terminal methyl groups of 

palmitate chain of SP (Grapnuer et al., 2008; Cheng et al., 2009). The increase in sharpness 

preceded by the decrease in broadness of the corresponding band region (3200-2800 cm-1) in 

comparison with pure PLA also supports the above statement.  

 

Figure 3.7. FTIR spectra of SP, PLA and PLA-SP composites 

3.4.7. Mechanical properties 

Figure 3.8 shows the effect of SP content on the mechanical properties of PLA matrix. It can be 

seen from Figure 3.8(a) that the tensile strength of PLA composites increases with an increase 

in the SP content. The PLA-SP-5 composite demonstrates a maximum tensile strength and 

modulus of 44 MPa, 2.2 GPa, respectively over neat PLA (tensile strength of 34 MPa and 
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modulus of 2 GPa). The addition of SP improves the tensile strength, which is an indication of 

good adhesion between PLA and the filler. The obtained results are consistent with results 

reported by Graupner et al. (2008) for PLA- cotton fiber composites. As can be seen from 

Figure 3.8(b), the incorporation of SP in the PLA matrix enhances the tensile modulus for PLA 

composites, indicating the reinforcing action of the filler. In comparison with neat PLA, the 

increased modulus of PLA-SP composites can also be associated with the restrictions of 

molecular mobility and deformability imposed by the presence of SP. Figure 3.8(c) shows the 

elongation at break of PLA and PLA-SP composites. The value obtained at 5 wt% of SP content 

is 56% higher than that of neat PLA. It implies that the ductility of PLA is effectively improved by 

the incorporation of SP. This behaviour is due to the plasticization effect provided by 

hydrophobic moieties of SP reinforced in the PLA matrix. The results also indicate that SP acts 

as a bridge to prolong the fracture process of PLA composites and thereby reduces the sudden 

risk of failure. Enhancement in the elongation at break values obtained in the present study is 

comparable to the PLA-chicken feather fiber composites (~55%) reported by Cheng et al. 

(2009). However, drop in the tensile strength and elongation at break (%) is also reported for 

PLA-starch (Lu et al., 2009) and PLA-soy protein (Zhu et al., 2012). It was discussed that both 

the tensile strength and elongation at break (%) of these composites decreased due to the lack 

of affinity between the filler and PLA (Lu et al., 2009; Zhu et al., 2012).  
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Figure 3.8. (a) Tensile strength (b) Tensile modulus and (c) Elongation at break for PLA 

and PLA-SP composites 

3.4.8. Film permeability 

One of the main functions of the films for food packaging is to decrease the oxygen 

transmission between the food and the surrounding atmosphere. Hence, oxygen permeability 

(OP) becomes a significant physical parameter to be considered. In a  view to know the effect of 

novel filler, “SP’ in terms of barrier properties, oxygen permeation studies are performed beyond 

5 wt% SP loading (i.e. 15 wt% and 30 wt% SP). Figure. 3.9 shows the OP values of PLA and 

PLA nanocomposites reinforced with SP. Nanocomposites display reduction in the OP values 

with respect to PLA film and the OP values reduce drastically when the SP content increases. 

This underlines the positive effect of SP in increasing the barrier properties of PLA. The best 

positive influence is confirmed for the PLA-SP-30 nanocomposite films where the reduction in 

OP by ~69% is noticed as comparison with PLA (Figure. 3.9).  

(c) 
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Figure 3.9. Oxygen permeability measurements for PLA and PLA-SP composites 

It is well known that the transport properties of gases through PLA films are strongly influenced 

by tortuousity of their path, which is dependent on several factors including shape and aspect 

ratio of the filler, degree of exfoliation or dispersion, filler loading and orientation, adhesion to 

the matrix, moisture activity, filler-induced crystallinity, polymer chain immobilization, filler-

induced solvent retention and porosity (Sanchez et al., 2008). In our case, dispersion of SP to a 

higher extent in the PLA matrix as shown in TEM analysis and good adhesion between SP with 

PLA matrix via intra molecular hydrogen bonding as revealed in FTIR analysis results in a more 

efficient barrier effect. The reduction in OP of 15.95% and 7.97% are reported for butylated 

hydroxytoluene (BHT)/poly(ethylene glycol) (PEG 400) and α-tocopherol/BHT/PEG 400 blended 

PLA films (Byun et al., 2010), respectively. Around 47-62% reduction of OP for PLA/closite-B 

composite is also reported in a previous study (Katiyar et al., 2011). However, for food 

packaging applications, consideration of compatibility of filler with food during storage becomes 

SP (Wt %) 

0  5  15 30  
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a pre-requisite factor.  In comparison with literature data (Byun et al., 2010; Katiyar et al., 

2011), a significant enhancement in the oxygen barrier effects for PLA-SP nanocomposites is 

evidenced and also the filler chosen in the current work is a food additive which has definite 

compatibility with food during storage. Highly dispersed state of SP in the PLA matrix increases 

the distance (tortuous path) that the oxygen molecules have to travel through the PLA matrix 

and the same is reflected in terms of barrier effects. High oxygen barrier effects and transparent 

nature of the films induced by food additive SP promises that PLA-SP nanocomposite films can 

be used as potential materials for food packaging applications.  

3.5. Conclusions 

The incorporation of SP has brought considerable improvements in the mechanical and barrier 

properties of PLA. From the DSC analysis, it is observed that crystallization takes place in PLA 

through homogeneous crystallization. PLA-SP nanocomposites exhibit both homogeneous as 

well as heterogeneous crystallization, which confirms the nucleation effect of SP. The higher Tc 

values obtained for the composites indicate that crystallization rate becomes dependent on filler 

loading. Uniform dispersion of SP in the PLA matrix identified through morphological analyses 

shows a profound impact on the mechanical and barrier properties. In terms of mechanical 

properties, SP indeed improves the elongation at break (%) due to its plasticizing property. The 

best positive effect is observed for PLA-SP composites, where the reduction in OP by 69% is 

noticed in comparison with neat PLA. This effect in terms of barrier properties is due to increase 

in the tortuous path, which can be correlated to the uniform dispersion of SP in the PLA matrix 

evidenced in morphological studies. 
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CHAPTER 4 
 

Crystallization Studies of Graphene and Sucrose Palmitate 

Reinforced PLA Nanocomposites 

 

This chapter investigates the effect of sucrose palmitate (SP) and graphene (GR) on the 

crystallization kinetics of poly(lactic acid) (PLA). The non isothermal cold crystallization 

kinetic study for PLA, PLA-SP and PLA-GR nanocomposites was carried out using 

differential scanning calorimetry (DSC) at different heating rates of 2.5, 5, 7.5 and 10 °C/min. 

The obtained kinetic data were analyzed using crystallization kinetic models such as Avrami 

and Tobin methods. The decreasing trend obtained in the Avrami as well as Tobin exponent 

(n and nT, respectively) with respect to neat PLA revealed the nucleating effect of both the 

reinforcements. Polarized optical microscopy (POM) was used to observe the growth of the 

spherulites in the PLA, PLA-GR and PLA-SP nanocomposites. With respect to addition of 

GR and SP in the PLA matrix, the reduction in the nucleation induction time and increment in 

the number of nucleation sites were reflected in the POM analysis. 
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4.1. Introduction 

Crystallization is considered as one of the prime factors that shows a profound impact on the 

key characteristics such as mechanical and barrier effects of PLA. As processing of 

polymers are carried out under dynamic conditions in practical cases; it is essentially worth 

to understand the crystallization behaviour of PLA in the presence of graphene and sucrose 

palmitate under non-isothermal conditions (Mubarak et al., 2001; Liu et al., 2010). After 

incorporation of any filler (or additive) in the polymer matrix, investigating the crystallization 

behavior of the resultant composite systems becomes essential.  This is because of the 

incorporated additives affecting the crystallization process of polymers via two ways. First, 

the additives can act as nucleating agents leading to an enhancement in crystallization 

temperature, which have a positive response on the crystallization characteristics. Second, 

additives can impede the movement and diffusion of molecular chains of polymer to the 

surface of the growing nucleus of crystallites in the composite system. This phenomenon 

may lead to a reduction in crystallization temperature, which has a negative response to the 

crystallization process. In view of this, the current chapter is focused on investigation of non-

isothermal cold crystallization behavior of PLA, PLA-GR and PLA-SP nanocomposites using 

differential scanning calorimetry under the dynamic heating regime (2.5, 5, 7.5 and 10 

°C/min). Further, the experimental crystallization data are analyzed using Avrami and Tobin 

models to derive information about the mechanism of the nucleation process in PLA, PLA-

SP and PLA-GR nanocomposites. In addition to this, crystallization rate parameter (CRP) is 

determined for PLA, PLA-SP and PLA-GR nanocomposites using the Avrami parameters (n 

and K). The influence of fillers (SP and GR) as a nucleating agent and its impact on 

morphology as well as growth rate of spherulites is studied by polarized optical microscopy 

(POM) under isothermal crystallization temperature (120 °C) at different intervals (5, 10, 15 

and 20 min) of the cold crystallization process.  
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4.2. Experimental 

4.2.1. Materials  

The chemicals used for the synthesis of PLA-SP and PLA-GR nanocomposites are 

discussed in section 3.2.1 and 2.2.1, respectively. 

4.2.2. Synthesis of PLA-SP and PLA-GR nanocomposites  
 
The synthesis procedure for the fabrication of PLA-SP and PLA-GR nanocomposites is 

discussed in section 3.2.2 and 2.2.3, respectively. 

4.3. Characterization 

4.3.1. Differential scanning calorimetry 

Crystallization behavior of PLA, PLA-SP and PLA-GR nanocomposites were studied using a 

differential scanning calorimetry (Mettler Toledo-1 series). Samples (10±0.5 mg) were 

hermetically sealed in aluminum pans and heated from 25 to 180 °C at various heating rates 

of 2.5, 5, 7.5 and 10 °C/min in an inert atmosphere (N2 flow, 50 mL/min). All the samples 

were first heated from 25 to 180 °C and held at this temperature for 5 min in order to 

eliminate the effect of thermal and processing history. Glass transition temperature (Tg), cold 

crystallization temperature (Tcc), the enthalpy change at Tcc (∆Hcc), melting temperature (Tm) 

and the enthalpy of fusion at Tm (∆Hm) for pure PLA, PLA-SP and PLA-GR nanocomposite 

films were determined from the DSC thermograph during the second heating cycle.  

4.3.2. Polarized optical microscopy 

The nucleation and spherulite growth in PLA, PLA-SP and PLA-GR nanocomposites were 

observed using Leica DM 2500P polarizing optical microscope fitted with a QICAM 

FAST1394 camera. The Linkam LTS420 temperature control stage was used to study the 

morphological changes of the film at isothermal crystallization temperature (120 °C). PLA, 

PLA-SP and PLA-GR nanocomposite films with the thickness of about 60 μm were first 

melted at 180 °C for 5 min in order to erase thermal histories, and immediately transferred to 

the temperature of 120 °C for isothermal crystallization. The micrographs of growing 
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spherulites were pictoriated at a specific interval of time before the impingement of 

spherulites. 

4.4 Theory 

4.4.1. Relative degree of crystallinity 

In order to determine the relative degree of crystallinity (X(t)), as a function of crystallization 

time, the exotherms that correspond to cold crystallization of PLA, PLA-SP and PLA-GR 

nanocomposites is integrated. X(t) as a function of temperature is given by the following 

equation. 

  0

0

T

C

T

T

C

T

dH
dT

dT
X t

dH
dT

dT



 
 
 


 
 
 





                                                                                                          (4.1)      

where, T0 and T∞ denotes the onset and final cold crystallization temperature, respectively 

(Pei et al., 2010; Vasanthan et al., 2011). The crystallization time (t) and the respective 

temperature (T) are related by the following expression: 

0T T
t




                                                                                                                            (4.2) 

where,   is the heating rate (Pei et al., 2010; Vasanthan et al., 2011). 

4.4.2. Crystallization half time 

The half-time of crystallization (t1/2) is defined as the time required to achieve 50% of the 

crystallization process. Determination of crystallization half-time is of prime importance in 

understanding the kinetics of crystallization process and is obtained using the following 

expression (Ravari et al., 2013; Qiu et al., 2011; Tsuji et al., 2009): 

1

1
2

ln 2 n

t
k

 
  
 

                                                                                                                     (4.3) 
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4.4.3. Avrami model 

The kinetic parameters corresponding to the non-isothermal crystallization process of PLA, 

PLA-SP and PLA-GR nanocomposites are determined using the “Avrami model”, which is 

expressed as follows: 

   1 exp nX t kt                                                                                                             (4.4) 

The eq. (4.4) is expressed in the non-linear form as  

  log ln 1 log logX t k n t                                                                                           (4.5) 

where, X(t) refers to the relative crystallinity at any time “t”, n corresponds to the Avrami 

exponent, k is the overall kinetic constant (Bao et al., 2013).  The Avrami exponent (n) and 

the crystallization rate constant (k) are determined using the slope and intercept values 

obtained from the linear plot of log [- ln (1 - X(t))] versus log t. 

4.4.4. Tobin model 

The Tobin equation is given by the following expression: 

1

T

T

n

T
t n

T

K t
X

K t



                   (4.6) 

where, tX  refers to the relative crystallinity at time „t‟, whereas, TK  and Tn  are the Tobin 

parameters related to crystallization rate constant and exponent, respectively (Han et al., 

2013). The type of nucleation and growth mechanism associated with the non-isothermal 

crystallization process of PLA, PLA-SP and PLA-GR nanocomposites are derived from the 

values of Tobin exponent ( Tn ). The eq. (4.6) is rearranged as follows: 

log log log
1

t
T T

t

X
K n t

X

 
  

                                                                  

(4.7) 
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4.5. Results and discussion 

4.5.1. Influence of sucrose palmitate on the non-isothermal cold crystallization 

kinetics of PLA  

Figure 4.1 shows the non-isothermal crystallization and melting behaviors of neat PLA and 

PLA-SP nanocomposites investigated by DSC at various heating rates (2.5, 5, 7.5, and 10). 

The curves show an exothermic cold crystallization peak at about 100-121°C for neat PLA 

films, and at 105-125 °C for PLA-SP nanocomposites. The curves also present an 

endothermic peak related to melting at about 148-151°C for neat PLA and PLA-SP 

nanocomposites. It can be seen from Figure 4.1 that crystallization temperatures (Tcc) shift 

gradually to the higher temperature side with respect to heating rates for both PLA and PLA-

SP nanocomposites. This indicates that PLA requires excess time for crystallization at a 

higher heating rate (shown in Figure 4.2(a)). This phenomenon is related to the lower heat 

conductivity of the PLA, which delays crystallization with increasing heating rates (Ravari et 

al., 2013). For a lower heating rate (2.5 °C/min), two melting peaks for both PLA and PLA-

SP composites are observed. The melting peak that corresponds to the lower temperature is 

ascribed to the melting process of imperfect crystalline structures of PLA formed during the 

primary phase of the cold crystallization process. The higher temperature melting peak is 

attributed to the melting of the perfect crystalline structure of PLA formed at the later phase 

of the cold crystallization process as a result of increased thickness of lamellae (Yasuniwa 

et al., 2008; Kong et al., 2003; Fukushima et al., 2009; Fortunati et al., 2012). In contrast, 

for a heating rate of 5 °C/min, the disappearance of the double melting peak is observed for 

both PLA and PLA-SP nanocomposites. With the further increase in the heating rate i.e. 10 

°C/min, the cold crystallization peak of PLA and PLA-SP nanocomposites becomes very 

small and hard to detect, demonstrating the formation of less perfect crystal structures due 

to faster heating process (Ravari et al., 2013; Nofar et al., 2011). The Tg values for all the 

samples with a constant heating rate remain similar, but the Tg for each material increases 

with the rise in the heating rate, owing to thermal delay (shown in Figure 4.2(b)) (Ravari et 

TH-1405_10610715



101 

 

al., 2013; Nofar et al., 2011). The enthalpy of cold crystallization (ΔHcc) decreases for both 

PLA and PLA-SP composites with an increase in the heating rate. Because PLA molecular 

chains do not possess sufficient time to relax before the formation of crystal structures when 

subjected to faster heating process (Ravari et al., 2013; Nofar et al., 2011). The melting 

enthalpy (ΔHm) also varies at a same pace as ΔHcc indicating that melting behaviors mainly 

arise due to melting of crystal structures formed during the cold crystallization process 

(Ravari et al., 2013; Nofar et al., 2011). 

 

 

Figure 4.1. DSC thermographs at different heating rates of 2.5, 5, 7.5 and 10 °C/min for 

(a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

(c) (d) 
Tg 

Tcc 

Tm 

Tm 

Tm 

Tcc Tcc 

Tcc 

Tg 

Tg 

Tg (a) (b) 

Tm 

TH-1405_10610715



102 

 

 

 

Figure 4.2. Variation of Tcc (a) and Tg (b) with respect to heating rate 

The plots of relative crystallinity versus crystallization time for neat PLA and PLA-SP 

nanocomposites are portrayed in Figure 4.3. The relative crystallinity curves of both PLA and 

its nanocomposites obtained at various heating rates exhibit sigmoidal shape characteristic 

curves, which are attributed to the impingement of spherulites at the later stage of the 

crystallization process (Liu et al., 2010; Wang et al., 2012). From these curves, the lag 

effects of heating rates on the crystallization process can be observed. Figure 4.3 also 

(a) 

(b) 
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shows that at higher heating rates, PLA matrices have a shorter time of crystallization. This 

means that crystallization rates increased with the incorporation of SP (Ravari et al., 2013; 

Wu et al., 2007).  

 

 

Figure 4.3. Relative crystallinity versus crystallization time at different heating rates 

for (a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

In general, shorter the t1/2 values, faster will be the crystallization process. With increasing 

the heating rate, t1/2 values for both PLA and its composites exhibit decreasing trends 

indicating shorter crystallization completion times. Moreover, the t1/2 values for PLA-SP 

nanocomposites are observed to be lower in comparison with neat PLA.  This is due to the 

acceleration of the overall cold crystallization process after reinforcement of SP. However, 

the higher t1/2 values observed for PLA and PLA-SP nanocomposites at lower heating rates 

(a) (b) 

(c) (d) 
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may be attributed to the secondary crystallization process. The variation of t1/2 with   for 

neat PLA and its composites is clearly seen from Figure 4.4. From the Figure, one can 

distinctly interpret the influence of   and SP loading on the overall crystallization rate of PLA 

nanocomposites. It can be noticed that the 1/t1/2 value shoots up for PLA-SP 

nanocomposites when compared to neat PLA. Hence, it becomes mandatory to discuss the 

effect of SP and its content (wt %) on the crystallization performance of PLA. Nucleation and 

growth are the two important aspects associated with the overall crystallization process of 

polymers (Yi et al., 2007). The SP incorporated in the PLA matrix may engage in two distinct 

or contending functions influencing the crystallization process. On one hand, SP may involve 

in providing nucleation effect in order to fasten the non-isothermal crystallization process of 

PLA. On the other hand, there is a possibility that PLA chains will be present in an 

exceedingly intertwined during the melt state. Therefore, while due course of the 

crystallization process, PLA molecular segments must overwhelm definite energy barriers in 

order to migrate and bind onto the surface of the growing crystal front. The SP may serve as 

a cross-linking agent that obstructs the migration of PLA molecular fragments. This in turn 

hampers the growth of crystalline structures by restraining the nearby molecular segments of 

polymer during strong synergistic interactions exist between PLA and SP. There is a 

significant difference in the 1/t1/2 values between PLA and PLA-SP-1 nanocomposite. This is 

due to the predominant nucleation effect induced by 1 wt% loading of SP enhancing the 

crystallization of PLA. However, further increase in the 1/t1/2 values for higher loadings of SP 

is not observed. Although SP might contribute in providing additional nucleation spots at 

higher loadings, the presence of more SP content may also create a much more appreciable 

detention consequence on the crystal growth process of PLA. Since the detention effect 

masks the nucleation effect, the overall crystallization rate is observed to be slow down at 

higher loadings of SP.  

Zhang et al. (1994) introduced a method to evaluate the crystallization rate parameter 

(CRP), which describes the effect of filler on the crystallization rate of polymer quantitatively. 
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Figure 4.4 shows the plot of 1/t1/2 versus   for both PLA and its nanocomposites. The CRP 

is obtained from the slope of a linear plot of 1/t1/2 versus  . The values of CRP are found to 

be 0.0272, 0.0276, 0.0313, and 0.0335 for PLA, PLA-SP-1, PLA-SP-3 and PLA-SP-5, 

respectively. The CRP values obtained for PLA-SP nanocomposites point out that SP 

slightly enhances the cold crystallization of PLA matrix.  

 

Figure 4.4. Effect of SP loading on the crystallization rate parameter (CRP) 

A typical relative crystallinity curves for neat PLA, PLA-SP-1, PLA-SP-3 and PLA-SP-5 are 

shown in Figure 4.3(a-d) and the corresponding Avrami plots for the same are presented in 

Figure 4.5(a-d). It can be noticed from Figure 4.5(a-d), good linearity is obtained for all the 

plots. This suggests that the theory seems to be helpful to appropriately elucidate the non-

isothermal crystallization of PLA nanocomposite systems.  
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Figure 4.5. Avrami plots for non-isothermal cold crystallization of (a) PLA,                   

(b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

In the current work,  n values (presented in the Table 4.1) for neat PLA lie in the range of 4-

5, which is in accordance with literature data (Fortunati et al., 2012; Nofar et al., 2011). 

This suggests that the 3-dimensional (3D) growth of PLA crystals takes place during the 

non-isothermal cold crystallization process and crystal growth is in disk-like nature by 

homogeneous nucleation. The n values for PLA-SP nanocomposites are found to be in the 

range of ~2.5-4, which is slightly lower in comparison with neat PLA. This is ascribed to the 

faster crystallization process that does not provide adequate time for the crystals to grow in 

three dimensions, which results in the heterogeneous nucleation process (Fortunati et al., 

2012; Nofar et al., 2011).  

(a) (b) 

(c) (d) 
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Table 4.1. Avrami model parameters for PLA and PLA-SP nanocomposites 

S:No Sample n log(k) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

1 PLA 4.8 4.2 3.9 4 -4.9 -3.3 -2.6 -2.3 

2 PLA-SP-1 3.9 3.9 3.9 3.7 -2.4 -1.7 -1.6 -1.5 

3 PLA-SP-3 3.8 3.3 2.5 2.4 -3 -1.6 -1.5 -1.3 

4 PLA-SP-5 3.8 3.5 2.9 2.7 -2.8 -1.7 -1.4 -1.3 

 

The Avrami model used for studying the crystallization kinetics of PLA and PLA-SP 

nanocomposites is merely appropriate for investigating the early phase of the crystallization 

process. This is due to the fact that the Avrami model does not involve in describing the 

growth site impingement as well as the secondary crystallization process. In order to 

investigate the phase-transformation kinetics with growth site impingement in the non-

isothermal crystallization kinetics of PLA and PLA-SP nanocomposites, Tobin model is 

utilized. The Tobin exponent ( Tn ), provides information about the type of nucleation and 

growth mechanism involved in the non-isothermal crystallization process. Tobin plots for 

PLA and PLA-SP nanocomposites obtained for different heating rates are shown in Figure 

4.6(a-d), in which log
1

t

t

X

X

 
 
 

 is plotted against log t . Tobin parameters ( Tn and TK ) are 

determined from the slope and intercept of the linear fit, respectively and the same is 

summarized in Table 4.2.  

It can be observed from Table 4.2, that the Tobin exponent, „ Tn ‟ value for PLA is in the 

range of 4-6. It decreases with respect to heating rate and the obtained value is comparable 

with literature data (Han et al., 2013). Tobin parameter, TK , exhibits the increasing trend 

with an increase in the heating rate, which points out the faster crystallization process. In 
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case of PLA-SP nanocomposites, the „
Tn ‟ values show decreasing trend with respect to the 

heating rate. However, the values are found to be in the range of ~3-5, which is relatively 

smaller in comparison with neat PLA, irrespective of the heating rate. This difference in the       

„ Tn ‟ values suggests that the reinforcement of SP in the PLA matrix alters the crystallization 

process of PLA. It is also seen from Table 4.2, that the „ TK ‟ values obtained for PLA-SP 

nanocomposites are higher when compared to neat PLA. This phenomenon indicates that 

the SP accelerates the non-isothermal crystallization process of PLA. The findings of the 

Tobin model discussed above are similar to the trend obtained for Avrami parameters. 

Hence, the Tobin parameters also describe the same physical significance analogous to that 

of Avrami model (Maiti et al., 2012).  

 

Figure 4.6. Tobin plots for non-isothermal cold crystallization of (a) PLA,                     

(b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 
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Table 4.2. Tobin model parameters for PLA and PLA-SP nanocomposites 

S:No Sample nT Log(KT) 

  2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

1 PLA 6.0 4.6 4.1 3.9 -5.0 -3.0 -2.3 -1.9 

2 PLA-SP-1 5.3 4.5 3.9 3.7 -4.5 -3.3 -2.2 -1.8 

3 PLA-SP-3 4.3 3.6 3.8 3.5 -3.1 -1.8 -1.6 -1.3 

4 PLA-SP-5 4.4 3.8 3.7 3.5 -2.5 -1.7 -1.6 -1.1 

 

The influence of SP as a nucleation agent on the crystallization behavior of PLA matrix is 

performed using a polarized optical microscope as shown in Figure 4.7. PLA and PLA-SP 

nanocomposites are heated up to 180 °C and the hot stage containing samples are 

maintained at the same temperature for a time span of 5 min to remove thermal history. 

Optical micrographs are pictoriated in the 0, 5th, 10th, 15th and 20th min at 120 °C after cooled 

from melt state at 180 °C for PLA and PLA-SP composites. In the current study, the process 

of nucleation and growth control the overall crystallization kinetics of PLA. After incorporation 

of SP in the PLA matrix, an increase in the overall crystallization rate of PLA occurs. This is 

reflected through the diminution of the nucleation induction period followed by an increment 

in additional primary nucleation sites. For the PLA-SP nanocomposites, the nucleation 

density of PLA spherulites is found to increase at 5 min, 10 min, 15 min and 20 min in 

comparison with neat PLA (see Figure 4.7).  In addition to this, an appreciable increase in 

the nucleation density with respect to SP loading is noticed, which signifies the better 

dispersion of SP in the PLA matrix. Therefore, more crystals have the ability to undergo 

nucleation and subsequently grow in the enhanced surface area of the interfaces owing to 

increment in the number of nucleating sites.     
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Figure 4.7. Optical microscopy images of PLA and PLA-SP nanocomposites with 

respect to time at 120 °C 

PLA-SP-5 PLA-SP-3 PLA-SP-1 PLA 

5 min 

10 min 

15 min 

20 min 
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For neat PLA and PLA-SP composites, the radial spherulite growth rates are measured as a 

function of time. Figure 4.8 represents the variation of spherulite radius with time at 120 °C. 

For both PLA and PLA-SP composites, the size of the spherulites amplifies linearly with 

respect to time. This conveys that the growth rate is not dependent on the spherulite 

diameter. In case, if it is considered that all the crystallizable species are not eliminated from 

the growing spherulite phase, they are expected to escalate on the surface of the growing 

crystal front. This in turn may consequently impede the migration of the crystallizable 

species from the melt phase to the growing front. This phenomenon leads to a deflection 

from linear spherulite growth after a certain diameter of spherulite attained. As such, no 

deflection from linearity for growth of spherulites is noticed in the PLA-SP nanocomposite 

system (Figure 4.8), it can be inferred that the SP is not eliminated during the spherulite 

growth process. Similar results are reported for PLA-carbon nanotubes (CNT) 

nanocomposites by Xu et al. (2011).  

 

Figure 4.8. Variation of spherulite radius versus time for PLA and PLA-SP 

nanocomposites 
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4.5.2. Influence of graphene on the non-isothermal cold crystallization kinetics of PLA 

The DSC thermographs for neat PLA and PLA-GR nanocomposites obtained at different 

heating regime (2.5, 5, 7.5 and 10 °C/min) are analyzed for understanding the non-

isothermal crystallization and melting behaviors (Figure 4.9). Both PLA and PLA-GR 

nanocomposites display similar Tg value for a single heating rate. However, the shift in the Tg 

values is observed for each sample with increasing heating rate, which is attributed to  

thermal delay (Ravari et al., 2013; Yasuniwa et al., 2008). A cold crystallization exotherm is 

observed in the temperature range of 99-120 °C for neat PLA and 100-126 °C for PLA-GR 

nanocomposites. The steady shift in the Tcc to the greater temperature values with the rise in 

heating rate can be observed for PLA and PLA-GR nanocomposites (Figure 4.9). This is 

ascribed to the lower heat transfer coefficient, which prolongs the time required for the cold 

crystallization process at higher heating rate (Nofar et al., 2011). A peak corresponding to 

melting endotherm is noticed for all the samples in the temperature ranging from 150-156 °C 

(Figure 4.9). Interestingly, it is observed that all the samples exhibited a double melting 

endotherm for a heating rate of 2.5 °C/min. The endotherm observed at lower and higher 

temperature corresponds to the melting phenomenon of imperfect and perfect crystalline 

structures of PLA developed at the primary and secondary phase of the cold crystallization 

process, respectively (Fukushima et al., 2009; Fortunati et al., 2012). However, the 

bimodal melting endotherm is not noticed for both PLA and PLA-GR nanocomposites in case 

of further heating rates.  
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Figure 4.9. DSC thermographs at different heating rates of 2.5, 5, 7.5 and 10 °C/min for 

(a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

The values of relative crystallinity are plotted as a function of crystallization time for both 

neat PLA as well as PLA-GR nanocomposites and the same is portrayed in Figure 4.10. The 

Figure displays a characteristic sigmoidal shaped relative crystallinity curves for all the 

samples at different heating regime.  This discloses the phenomenon of impingement of 

spherulites that occurred at the advanced phase of the cold crystallization process (Wang et 

al., 2012). In addition to this, in case of greater heating rates, the lag effects are not 

experienced on the crystallization behavior of both PLA and PLA-GR nanocomposites.  
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Figure 4.10. Relative crystallinity versus crystallization time at different heating rates 

for (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

The t1/2 values obtained for both PLA as well as PLA-GR nanocomposites exhibit downturn 

with respect to increase in heating rates. This is attributed to the faster crystallization 

completion periods with progress in the heating rate. Also, the t1/2 values obtained for PLA-

GR nanocomposites are noticed to be relatively lower in comparison with neat PLA for all the 

heating rates. The possible reason for this might be due to the fact that the addition of GR in 

the PLA matrix accelerates the cold crystallization rate on the whole. The greater t1/2 values 

obtained at the lower heating rate for both PLA and nanocomposite films result from the 

secondary crystallization phenomenon. In order to study the influence of GR towards the 

crystallization process, 1/t1/2 versus   is plotted for PLA and PLA-GR nanocomposites as 

(c) (d) 

(a)   (b) 
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shown in Figure 4.11. One can see that 1/t1/2 value increases significantly for PLA-GR-0.1 as 

compared to neat PLA. This increment corresponds to the prominent effect of nucleation 

ability of GR that stimulates the crystallization process of PLA. A much profound impact on 

the 1/t1/2 values is not evidenced thereafter with further GR loadings in the PLA matrix. 

However, the increasing trend obtained in the 1/t1/2 values is ascribed to the nucleation effect 

of GR resulting in a faster rate of the crystallization process in PLA. Further, crystallization 

rate parameter (CRP) is calculated from the slope of the linear plots shown in Figure 4.11 in 

order to derive quantitative information about the influence of GR on the crystallization rate 

of PLA. The CRP value for PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5 is determined to 

be 0.0272, 0.0372, 0.0404 and 0.0413, respectively. The increasing trend obtained in the 

CRP values of PLA-GR nanocomposites as compared to neat PLA confirms that 

reinforcement of GR indeed fastens the cold crystallization process in PLA.  

 

Figure 4.11. Effect of GR loading on the crystallization rate parameter (CRP) 

The relative crystallinity curves corresponding to neat PLA, PLA-GR-0.1, PLA-GR-0.3 and 

PLA-GR-0.5 are presented in Figure 4.10(a-d) and the respective Avrami plots for the same 

are depicted in Figure 4.12(a-d). The linear behaviour exhibited by these plots specifies that 
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the Avrami model adequately elucidates the cold crystallization process of PLA under non-

isothermal conditions. The „n’ values corresponding to Avrami exponent for both PLA and 

PLA-GR nanocomposites are presented in Table 4.3. It is observed that the n values show a 

decreasing trend with respect to GR loadings in comparison with neat PLA irrespective of 

the heating rate. The greater „n’ values observed in case of neat PLA is ascribed to the 

homogeneous nucleation, which is responsible for 3-dimensional (3D) growth of PLA 

crystals (Liao et al., 2007). In contrast, the relatively lower „n’ values noticed for PLA-GR 

nanocomposites suggest that heterogeneous nucleation accelerate the crystallization rate. 

This also indicates that PLA crystals do not possess enough time for its growth in three 

dimensions in the latter case (Liao et al., 2007).   

                         

 

Figure 4.12. Avrami plots for non-isothermal cold crystallization of (a) PLA,                  

(b) PLA-GR-0. 1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

(c) (d) 

(b) (a) 
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Table 4.3. Avrami model parameters for PLA and PLA-GR nanocomposites 

Sample 

name 

n  Log(k) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

PLA 4.8 4.2 3.9 4.0 -4.9 -3.3 -2.6 -2.3 

PLA-GR-0.1 4.2 3.9 3.7 3.6 -3.3 -2.5 -1.9 -1.3 

PLA-GR-0.3 4.0 3.4 3.2 3.2 -2.76 -1.85 -1.5 -1.15 

PLA-GR-0.5 3.9 3.3 3.2   2.9 -2.3 -1.5 -1.2 -1.01 

 

The growth site impingement and the secondary crystallization that usually occur during the 

crystallization process of PLA and PLA-GR nanocomposites cannot be described by Avrami 

model. This is due to the fact that the Avrami model accounts only for the investigation of the 

initial stage of crystallization progression. Therefore, in order to have an insight into the 

phase transformation kinetics with growth site impingement, a model proposed by Tobin is 

utilized for studying the non-isothermal crystallization kinetics of PLA and PLA-GR 

nanocomposites. The plot of log
1

t

t

X

X

 
 
 

 versus log t  for PLA and PLA-GR 

nanocomposites for the dynamic heating regime is presented in Figure 4.13(a-d). The 

parameters associated with the crystallization rate ( TK ) and Tobin exponent ( Tn ) are 

calculated from the slope and intercept values obtained from the linear fit, respectively and is 

reported in Table 4.4.  
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Figure 4.13. Tobin plots for non-isothermal cold crystallization of (a) PLA,  

(b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

 

Table 4.4. Tobin model parameters for PLA and PLA-GR nanocomposites 

Sample 

name 

nT Log(KT) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

PLA 6.0 4.6 4.1 3.9 -5.0 -3.0 -2.3 -1.9 

PLA-GR-0.1 3.76 3.65 3.84 2.77 .2.73 -1.99 -1.92 -0.61 

PLA-GR-0.3 4.36 3.57 3.56 4.00 -2.85 -2.13 -1.85 -1.69 

PLA-GR-0.5 3.67 3.35 3.17 2.94 -1.82 -1.36 -0.89 -0.49 

 

      (a)        (b) 

     (c)      (d) 
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The Tobin exponent (
Tn ) values for neat PLA are obtained in the range of ~4-6 (Table 4.4) 

and the same exhibits a decreasing trend with increasing heating rate. This is accordance 

with the values reported in the literature (Han et al., 2013). The crystallization rate 

parameter, „ TK ‟ values corresponding to the Tobin model to demonstrate increasing 

tendency with respect to heating rate, suggesting the acceleration in the non-isothermal 

crystallization process of PLA. For PLA-GR nanocomposites, the ' Tn ' values are found to be 

in the range of ~3-4 and are comparatively smaller than PLA for all the heating rates studied. 

The significant variation between the '
Tn ' values for PLA and PLA-GR nanocomposites 

would have been resulted due to the alteration in the crystallization process of PLA. In 

addition to this, the „ TK ‟ values obtained in case of PLA-GR nanocomposites show greater 

deviation from that of the crystallization rate parameter values calculated for PLA, 

irrespective of the heating rate. This underlines the fact that the addition of GR in the PLA 

matrix leads to noteworthy enhancement in the non-isothermal crystallization progression of 

PLA. The overall trend noticed in the „ TK ‟ and ' Tn ' values for both the PLA and PLA-GR 

nanocomposites are in accordance with the trend followed in case of Avrami parameters. 

This reveals that the physical meaning of Tobin parameters remains the same as the Avrami 

model. 

The influence of GR on the crystallization characteristics of PLA is further explored using  

polarized optical microscopy (POM) observations under isothermal conditions. Prior 

recording the images, the neat PLA and PLA-GR nanocomposite samples are subjected to 

heating up to the melting temperature (180 °C) and held under the same environment for a 

period of 5 min to erase thermal history. Thereafter, the POM images are pictoriated for PLA 

and PLA-GR nanocomposites at an isothermal crystallization temperature of 120 °C in 

various intervals of time (0, 5th, 10th, 15th and 20th min), while cooling from the melt and the 

respective images are shown in Figure 4.14. With the addition of GR in the PLA matrix, 

advancement in the overall crystallization process of PLA is evidenced, which in turn, is 
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confirmed by the reduction in the induction period of nucleation process. In addition to this, 

the dramatic increase in the number of primary nucleation spots with respect to GR loadings 

is also visualized. Hence, it can be concluded that GR acts as an effective nucleating agent 

and thereby, fastens the rate of crystallization.  
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Figure 4.14. Optical microscopy images of PLA and PLA-GR nanocomposites with 

respect to time at 120 °C 

PLA 

PLA-GR-0.1 

PLA-GR-0.3 

PLA-GR-0.5 

5min 10min 15min 20min 
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4.6. Conclusions 

The enhancement in the crystallization process with respect to the heating rate is observed 

for both PLA and PLA-SP nanocomposites. This phenomenon is further confirmed by the 

increasing trend obtained for „ TK ‟ values of Tobin model, with an increase in the heating 

rate. Furthermore, 1/t0.5 value and CRP increase with respect to SP loading that signifies an 

enhancement in the crystallization rate of PLA. The nucleation density amplifies significantly 

in the PLA matrix with an increase in the SP content (wt %), which is verified by POM 

studies. The radial spherulite growth rate increases linearly with time, confirming that the 

growth rate is not dependent on the spherulite diameter. For both PLA and PLA-GR 

nanocomposites, the crystallization exotherm shifts to higher temperature side with respect 

to the heating rate, which is indicative of the faster rate of crystallization process. The 

crystallization rate parameter values of PLA-GR nanocomposites obtained by both Avrami 

and Tobin models show increasing trend with respect to neat PLA demonstrating the 

nucleation effect of GR. The similar physical significance provided by both the models 

suggests the suitability of the same in predicting the crystallization kinetic behavior of PLA 

and PLA-GR nanocomposites. The nucleating ability of GR in the PLA matrix is revealed by 

the reduction in the nucleation induction period, which is observed by POM studies.  

TH-1405_10610715



95 

 

CHAPTER 4 
 

Crystallization Studies of Graphene and Sucrose Palmitate 

Reinforced PLA Nanocomposites 

 

This chapter investigates the effect of sucrose palmitate (SP) and graphene (GR) on the 

crystallization kinetics of poly(lactic acid) (PLA). The non isothermal cold crystallization 

kinetic study for PLA, PLA-SP and PLA-GR nanocomposites was carried out using 

differential scanning calorimetry (DSC) at different heating rates of 2.5, 5, 7.5 and 10 °C/min. 

The obtained kinetic data were analyzed using crystallization kinetic models such as Avrami 

and Tobin methods. The decreasing trend obtained in the Avrami as well as Tobin exponent 

(n and nT, respectively) with respect to neat PLA revealed the nucleating effect of both the 

reinforcements. Polarized optical microscopy (POM) was used to observe the growth of the 

spherulites in the PLA, PLA-GR and PLA-SP nanocomposites. With respect to addition of 

GR and SP in the PLA matrix, the reduction in the nucleation induction time and increment in 

the number of nucleation sites were reflected in the POM analysis.This part of work has 

been published in Journal of Polymer Research, 2015, 175, 1-14 and Polymer Bulletin, 

2015, DOI 10.1007/s00289-015-1468-3. 
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4.1. Introduction 

Crystallization is considered as one of the prime factors that shows a profound impact on the 

key characteristics such as mechanical and barrier effects of PLA. As processing of 

polymers are carried out under dynamic conditions in practical cases; it is essentially worth 

to understand the crystallization behaviour of PLA in the presence of graphene and sucrose 

palmitate under non-isothermal conditions (Mubarak et al., 2001; Liu et al., 2010). After 

incorporation of any filler (or additive) in the polymer matrix, investigating the crystallization 

behavior of the resultant composite systems becomes essential.  This is because of the 

incorporated additives affecting the crystallization process of polymers via two ways. First, 

the additives can act as nucleating agents leading to an enhancement in crystallization 

temperature, which have a positive response on the crystallization characteristics. Second, 

additives can impede the movement and diffusion of molecular chains of polymer to the 

surface of the growing nucleus of crystallites in the composite system. This phenomenon 

may lead to a reduction in crystallization temperature, which has a negative response to the 

crystallization process. In view of this, the current chapter is focused on investigation of non-

isothermal cold crystallization behavior of PLA, PLA-GR and PLA-SP nanocomposites using 

differential scanning calorimetry under the dynamic heating regime (2.5, 5, 7.5 and 10 

°C/min). Further, the experimental crystallization data are analyzed using Avrami and Tobin 

models to derive information about the mechanism of the nucleation process in PLA, PLA-

SP and PLA-GR nanocomposites. In addition to this, crystallization rate parameter (CRP) is 

determined for PLA, PLA-SP and PLA-GR nanocomposites using the Avrami parameters (n 

and K). The influence of fillers (SP and GR) as a nucleating agent and its impact on 

morphology as well as growth rate of spherulites is studied by polarized optical microscopy 

(POM) under isothermal crystallization temperature (120 °C) at different intervals (5, 10, 15 

and 20 min) of the cold crystallization process.  
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4.2. Experimental 

4.2.1. Materials  

The chemicals used for the synthesis of PLA-SP and PLA-GR nanocomposites are 

discussed in section 3.2.1 and 2.2.1, respectively. 

4.2.2. Synthesis of PLA-SP and PLA-GR nanocomposites  
 
The synthesis procedure for the fabrication of PLA-SP and PLA-GR nanocomposites is 

discussed in section 3.2.2 and 2.2.3, respectively. 

4.3. Characterization 

4.3.1. Differential scanning calorimetry 

Crystallization behavior of PLA, PLA-SP and PLA-GR nanocomposites were studied using a 

differential scanning calorimetry (Mettler Toledo-1 series). Samples (10±0.5 mg) were 

hermetically sealed in aluminum pans and heated from 25 to 180 °C at various heating rates 

of 2.5, 5, 7.5 and 10 °C/min in an inert atmosphere (N2 flow, 50 mL/min). All the samples 

were first heated from 25 to 180 °C and held at this temperature for 5 min in order to 

eliminate the effect of thermal and processing history. Glass transition temperature (Tg), cold 

crystallization temperature (Tcc), the enthalpy change at Tcc (∆Hcc), melting temperature (Tm) 

and the enthalpy of fusion at Tm (∆Hm) for pure PLA, PLA-SP and PLA-GR nanocomposite 

films were determined from the DSC thermograph during the second heating cycle.  

4.3.2. Polarized optical microscopy 

The nucleation and spherulite growth in PLA, PLA-SP and PLA-GR nanocomposites were 

observed using Leica DM 2500P polarizing optical microscope fitted with a QICAM 

FAST1394 camera. The Linkam LTS420 temperature control stage was used to study the 

morphological changes of the film at isothermal crystallization temperature (120 °C). PLA, 

PLA-SP and PLA-GR nanocomposite films with the thickness of about 60 μm were first 

melted at 180 °C for 5 min in order to erase thermal histories, and immediately transferred to 

the temperature of 120 °C for isothermal crystallization. The micrographs of growing 
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spherulites were pictoriated at a specific interval of time before the impingement of 

spherulites. 

4.4 Theory 

4.4.1. Relative degree of crystallinity 

In order to determine the relative degree of crystallinity (X(t)), as a function of crystallization 

time, the exotherms that correspond to cold crystallization of PLA, PLA-SP and PLA-GR 

nanocomposites is integrated. X(t) as a function of temperature is given by the following 

equation. 

  0

0
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dT

dT
X t
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dT
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                                                                                                          (4.1)      

where, T0 and T∞ denotes the onset and final cold crystallization temperature, respectively 

(Pei et al., 2010; Vasanthan et al., 2011). The crystallization time (t) and the respective 

temperature (T) are related by the following expression: 

0T T
t




                                                                                                                            (4.2) 

where,   is the heating rate (Pei et al., 2010; Vasanthan et al., 2011). 

4.4.2. Crystallization half time 

The half-time of crystallization (t1/2) is defined as the time required to achieve 50% of the 

crystallization process. Determination of crystallization half-time is of prime importance in 

understanding the kinetics of crystallization process and is obtained using the following 

expression (Ravari et al., 2013; Qiu et al., 2011; Tsuji et al., 2009): 

1

1
2
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t
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                                                                                                                     (4.3) 
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4.4.3. Avrami model 

The kinetic parameters corresponding to the non-isothermal crystallization process of PLA, 

PLA-SP and PLA-GR nanocomposites are determined using the “Avrami model”, which is 

expressed as follows: 

   1 exp nX t kt                                                                                                             (4.4) 

The eq. (4.4) is expressed in the non-linear form as  

  log ln 1 log logX t k n t                                                                                           (4.5) 

where, X(t) refers to the relative crystallinity at any time “t”, n corresponds to the Avrami 

exponent, k is the overall kinetic constant (Bao et al., 2013).  The Avrami exponent (n) and 

the crystallization rate constant (k) are determined using the slope and intercept values 

obtained from the linear plot of log [- ln (1 - X(t))] versus log t. 

4.4.4. Tobin model 

The Tobin equation is given by the following expression: 

1

T

T

n

T
t n

T

K t
X

K t



                   (4.6) 

where, tX  refers to the relative crystallinity at time „t‟, whereas, TK  and Tn  are the Tobin 

parameters related to crystallization rate constant and exponent, respectively (Han et al., 

2013). The type of nucleation and growth mechanism associated with the non-isothermal 

crystallization process of PLA, PLA-SP and PLA-GR nanocomposites are derived from the 

values of Tobin exponent ( Tn ). The eq. (4.6) is rearranged as follows: 

log log log
1

t
T T

t

X
K n t

X

 
  

                                                                  

(4.7) 

 

 

TH-1405_10610715



100 

 

4.5. Results and discussion 

4.5.1. Influence of sucrose palmitate on the non-isothermal cold crystallization 

kinetics of PLA  

Figure 4.1 shows the non-isothermal crystallization and melting behaviors of neat PLA and 

PLA-SP nanocomposites investigated by DSC at various heating rates (2.5, 5, 7.5, and 10). 

The curves show an exothermic cold crystallization peak at about 100-121°C for neat PLA 

films, and at 105-125 °C for PLA-SP nanocomposites. The curves also present an 

endothermic peak related to melting at about 148-151°C for neat PLA and PLA-SP 

nanocomposites. It can be seen from Figure 4.1 that crystallization temperatures (Tcc) shift 

gradually to the higher temperature side with respect to heating rates for both PLA and PLA-

SP nanocomposites. This indicates that PLA requires excess time for crystallization at a 

higher heating rate (shown in Figure 4.2(a)). This phenomenon is related to the lower heat 

conductivity of the PLA, which delays crystallization with increasing heating rates (Ravari et 

al., 2013). For a lower heating rate (2.5 °C/min), two melting peaks for both PLA and PLA-

SP composites are observed. The melting peak that corresponds to the lower temperature is 

ascribed to the melting process of imperfect crystalline structures of PLA formed during the 

primary phase of the cold crystallization process. The higher temperature melting peak is 

attributed to the melting of the perfect crystalline structure of PLA formed at the later phase 

of the cold crystallization process as a result of increased thickness of lamellae (Yasuniwa 

et al., 2008; Kong et al., 2003; Fukushima et al., 2009; Fortunati et al., 2012). In contrast, 

for a heating rate of 5 °C/min, the disappearance of the double melting peak is observed for 

both PLA and PLA-SP nanocomposites. With the further increase in the heating rate i.e. 10 

°C/min, the cold crystallization peak of PLA and PLA-SP nanocomposites becomes very 

small and hard to detect, demonstrating the formation of less perfect crystal structures due 

to faster heating process (Ravari et al., 2013; Nofar et al., 2011). The Tg values for all the 

samples with a constant heating rate remain similar, but the Tg for each material increases 

with the rise in the heating rate, owing to thermal delay (shown in Figure 4.2(b)) (Ravari et 
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al., 2013; Nofar et al., 2011). The enthalpy of cold crystallization (ΔHcc) decreases for both 

PLA and PLA-SP composites with an increase in the heating rate. Because PLA molecular 

chains do not possess sufficient time to relax before the formation of crystal structures when 

subjected to faster heating process (Ravari et al., 2013; Nofar et al., 2011). The melting 

enthalpy (ΔHm) also varies at a same pace as ΔHcc indicating that melting behaviors mainly 

arise due to melting of crystal structures formed during the cold crystallization process 

(Ravari et al., 2013; Nofar et al., 2011). 

 

 

Figure 4.1. DSC thermographs at different heating rates of 2.5, 5, 7.5 and 10 °C/min for 

(a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

(c) (d) 
Tg 

Tcc 

Tm 

Tm 

Tm 

Tcc Tcc 

Tcc 

Tg 

Tg 
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Tm 

TH-1405_10610715



102 

 

 

 

Figure 4.2. Variation of Tcc (a) and Tg (b) with respect to heating rate 

The plots of relative crystallinity versus crystallization time for neat PLA and PLA-SP 

nanocomposites are portrayed in Figure 4.3. The relative crystallinity curves of both PLA and 

its nanocomposites obtained at various heating rates exhibit sigmoidal shape characteristic 

curves, which are attributed to the impingement of spherulites at the later stage of the 

crystallization process (Liu et al., 2010; Wang et al., 2012). From these curves, the lag 

effects of heating rates on the crystallization process can be observed. Figure 4.3 also 

(a) 

(b) 
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shows that at higher heating rates, PLA matrices have a shorter time of crystallization. This 

means that crystallization rates increased with the incorporation of SP (Ravari et al., 2013; 

Wu et al., 2007).  

 

 

Figure 4.3. Relative crystallinity versus crystallization time at different heating rates 

for (a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

In general, shorter the t1/2 values, faster will be the crystallization process. With increasing 

the heating rate, t1/2 values for both PLA and its composites exhibit decreasing trends 

indicating shorter crystallization completion times. Moreover, the t1/2 values for PLA-SP 

nanocomposites are observed to be lower in comparison with neat PLA.  This is due to the 

acceleration of the overall cold crystallization process after reinforcement of SP. However, 

the higher t1/2 values observed for PLA and PLA-SP nanocomposites at lower heating rates 

(a) (b) 

(c) (d) 
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may be attributed to the secondary crystallization process. The variation of t1/2 with   for 

neat PLA and its composites is clearly seen from Figure 4.4. From the Figure, one can 

distinctly interpret the influence of   and SP loading on the overall crystallization rate of PLA 

nanocomposites. It can be noticed that the 1/t1/2 value shoots up for PLA-SP 

nanocomposites when compared to neat PLA. Hence, it becomes mandatory to discuss the 

effect of SP and its content (wt %) on the crystallization performance of PLA. Nucleation and 

growth are the two important aspects associated with the overall crystallization process of 

polymers (Yi et al., 2007). The SP incorporated in the PLA matrix may engage in two distinct 

or contending functions influencing the crystallization process. On one hand, SP may involve 

in providing nucleation effect in order to fasten the non-isothermal crystallization process of 

PLA. On the other hand, there is a possibility that PLA chains will be present in an 

exceedingly intertwined during the melt state. Therefore, while due course of the 

crystallization process, PLA molecular segments must overwhelm definite energy barriers in 

order to migrate and bind onto the surface of the growing crystal front. The SP may serve as 

a cross-linking agent that obstructs the migration of PLA molecular fragments. This in turn 

hampers the growth of crystalline structures by restraining the nearby molecular segments of 

polymer during strong synergistic interactions exist between PLA and SP. There is a 

significant difference in the 1/t1/2 values between PLA and PLA-SP-1 nanocomposite. This is 

due to the predominant nucleation effect induced by 1 wt% loading of SP enhancing the 

crystallization of PLA. However, further increase in the 1/t1/2 values for higher loadings of SP 

is not observed. Although SP might contribute in providing additional nucleation spots at 

higher loadings, the presence of more SP content may also create a much more appreciable 

detention consequence on the crystal growth process of PLA. Since the detention effect 

masks the nucleation effect, the overall crystallization rate is observed to be slow down at 

higher loadings of SP.  

Zhang et al. (1994) introduced a method to evaluate the crystallization rate parameter 

(CRP), which describes the effect of filler on the crystallization rate of polymer quantitatively. 
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Figure 4.4 shows the plot of 1/t1/2 versus   for both PLA and its nanocomposites. The CRP 

is obtained from the slope of a linear plot of 1/t1/2 versus  . The values of CRP are found to 

be 0.0272, 0.0276, 0.0313, and 0.0335 for PLA, PLA-SP-1, PLA-SP-3 and PLA-SP-5, 

respectively. The CRP values obtained for PLA-SP nanocomposites point out that SP 

slightly enhances the cold crystallization of PLA matrix.  

 

Figure 4.4. Effect of SP loading on the crystallization rate parameter (CRP) 

A typical relative crystallinity curves for neat PLA, PLA-SP-1, PLA-SP-3 and PLA-SP-5 are 

shown in Figure 4.3(a-d) and the corresponding Avrami plots for the same are presented in 

Figure 4.5(a-d). It can be noticed from Figure 4.5(a-d), good linearity is obtained for all the 

plots. This suggests that the theory seems to be helpful to appropriately elucidate the non-

isothermal crystallization of PLA nanocomposite systems.  
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Figure 4.5. Avrami plots for non-isothermal cold crystallization of (a) PLA,                   

(b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 

In the current work,  n values (presented in the Table 4.1) for neat PLA lie in the range of 4-

5, which is in accordance with literature data (Fortunati et al., 2012; Nofar et al., 2011). 

This suggests that the 3-dimensional (3D) growth of PLA crystals takes place during the 

non-isothermal cold crystallization process and crystal growth is in disk-like nature by 

homogeneous nucleation. The n values for PLA-SP nanocomposites are found to be in the 

range of ~2.5-4, which is slightly lower in comparison with neat PLA. This is ascribed to the 

faster crystallization process that does not provide adequate time for the crystals to grow in 

three dimensions, which results in the heterogeneous nucleation process (Fortunati et al., 

2012; Nofar et al., 2011).  

(a) (b) 

(c) (d) 
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Table 4.1. Avrami model parameters for PLA and PLA-SP nanocomposites 

S:No Sample n log(k) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

1 PLA 4.8 4.2 3.9 4 -4.9 -3.3 -2.6 -2.3 

2 PLA-SP-1 3.9 3.9 3.9 3.7 -2.4 -1.7 -1.6 -1.5 

3 PLA-SP-3 3.8 3.3 2.5 2.4 -3 -1.6 -1.5 -1.3 

4 PLA-SP-5 3.8 3.5 2.9 2.7 -2.8 -1.7 -1.4 -1.3 

 

The Avrami model used for studying the crystallization kinetics of PLA and PLA-SP 

nanocomposites is merely appropriate for investigating the early phase of the crystallization 

process. This is due to the fact that the Avrami model does not involve in describing the 

growth site impingement as well as the secondary crystallization process. In order to 

investigate the phase-transformation kinetics with growth site impingement in the non-

isothermal crystallization kinetics of PLA and PLA-SP nanocomposites, Tobin model is 

utilized. The Tobin exponent ( Tn ), provides information about the type of nucleation and 

growth mechanism involved in the non-isothermal crystallization process. Tobin plots for 

PLA and PLA-SP nanocomposites obtained for different heating rates are shown in Figure 

4.6(a-d), in which log
1

t

t

X

X

 
 
 

 is plotted against log t . Tobin parameters ( Tn and TK ) are 

determined from the slope and intercept of the linear fit, respectively and the same is 

summarized in Table 4.2.  

It can be observed from Table 4.2, that the Tobin exponent, „ Tn ‟ value for PLA is in the 

range of 4-6. It decreases with respect to heating rate and the obtained value is comparable 

with literature data (Han et al., 2013). Tobin parameter, TK , exhibits the increasing trend 

with an increase in the heating rate, which points out the faster crystallization process. In 
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case of PLA-SP nanocomposites, the „ Tn ‟ values show decreasing trend with respect to the 

heating rate. However, the values are found to be in the range of ~3-5, which is relatively 

smaller in comparison with neat PLA, irrespective of the heating rate. This difference in the       

„
Tn ‟ values suggests that the reinforcement of SP in the PLA matrix alters the crystallization 

process of PLA. It is also seen from Table 4.2, that the „
TK ‟ values obtained for PLA-SP 

nanocomposites are higher when compared to neat PLA. This phenomenon indicates that 

the SP accelerates the non-isothermal crystallization process of PLA. The findings of the 

Tobin model discussed above are similar to the trend obtained for Avrami parameters. 

Hence, the Tobin parameters also describe the same physical significance analogous to that 

of Avrami model (Maiti et al., 2012).  

 

Figure 4.6. Tobin plots for non-isothermal cold crystallization of (a) PLA,                     

(b) PLA-SP-1, (c) PLA-SP-3 and (d) PLA-SP-5 nanocomposites 
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Table 4.2. Tobin model parameters for PLA and PLA-SP nanocomposites 

S:No Sample nT Log(KT) 

  2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

1 PLA 6.0 4.6 4.1 3.9 -5.0 -3.0 -2.3 -1.9 

2 PLA-SP-1 5.3 4.5 3.9 3.7 -4.5 -3.3 -2.2 -1.8 

3 PLA-SP-3 4.3 3.6 3.8 3.5 -3.1 -1.8 -1.6 -1.3 

4 PLA-SP-5 4.4 3.8 3.7 3.5 -2.5 -1.7 -1.6 -1.1 

 

The influence of SP as a nucleation agent on the crystallization behavior of PLA matrix is 

performed using a polarized optical microscope as shown in Figure 4.7. PLA and PLA-SP 

nanocomposites are heated up to 180 °C and the hot stage containing samples are 

maintained at the same temperature for a time span of 5 min to remove thermal history. 

Optical micrographs are pictoriated in the 0, 5th, 10th, 15th and 20th min at 120 °C after cooled 

from melt state at 180 °C for PLA and PLA-SP composites. In the current study, the process 

of nucleation and growth control the overall crystallization kinetics of PLA. After incorporation 

of SP in the PLA matrix, an increase in the overall crystallization rate of PLA occurs. This is 

reflected through the diminution of the nucleation induction period followed by an increment 

in additional primary nucleation sites. For the PLA-SP nanocomposites, the nucleation 

density of PLA spherulites is found to increase at 5 min, 10 min, 15 min and 20 min in 

comparison with neat PLA (see Figure 4.7).  In addition to this, an appreciable increase in 

the nucleation density with respect to SP loading is noticed, which signifies the better 

dispersion of SP in the PLA matrix. Therefore, more crystals have the ability to undergo 

nucleation and subsequently grow in the enhanced surface area of the interfaces owing to 

increment in the number of nucleating sites.     
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Figure 4.7. Optical microscopy images of PLA and PLA-SP nanocomposites with 

respect to time at 120 °C 

PLA-SP-5 PLA-SP-3 PLA-SP-1 PLA 

5 min 

10 min 

15 min 

20 min 
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For neat PLA and PLA-SP composites, the radial spherulite growth rates are measured as a 

function of time. Figure 4.8 represents the variation of spherulite radius with time at 120 °C. 

For both PLA and PLA-SP composites, the size of the spherulites amplifies linearly with 

respect to time. This conveys that the growth rate is not dependent on the spherulite 

diameter. In case, if it is considered that all the crystallizable species are not eliminated from 

the growing spherulite phase, they are expected to escalate on the surface of the growing 

crystal front. This in turn may consequently impede the migration of the crystallizable 

species from the melt phase to the growing front. This phenomenon leads to a deflection 

from linear spherulite growth after a certain diameter of spherulite attained. As such, no 

deflection from linearity for growth of spherulites is noticed in the PLA-SP nanocomposite 

system (Figure 4.8), it can be inferred that the SP is not eliminated during the spherulite 

growth process. Similar results are reported for PLA-carbon nanotubes (CNT) 

nanocomposites by Xu et al. (2011).  

 

Figure 4.8. Variation of spherulite radius versus time for PLA and PLA-SP 

nanocomposites 
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4.5.2. Influence of graphene on the non-isothermal cold crystallization kinetics of PLA 

The DSC thermographs for neat PLA and PLA-GR nanocomposites obtained at different 

heating regime (2.5, 5, 7.5 and 10 °C/min) are analyzed for understanding the non-

isothermal crystallization and melting behaviors (Figure 4.9). Both PLA and PLA-GR 

nanocomposites display similar Tg value for a single heating rate. However, the shift in the Tg 

values is observed for each sample with increasing heating rate, which is attributed to  

thermal delay (Ravari et al., 2013; Yasuniwa et al., 2008). A cold crystallization exotherm is 

observed in the temperature range of 99-120 °C for neat PLA and 100-126 °C for PLA-GR 

nanocomposites. The steady shift in the Tcc to the greater temperature values with the rise in 

heating rate can be observed for PLA and PLA-GR nanocomposites (Figure 4.9). This is 

ascribed to the lower heat transfer coefficient, which prolongs the time required for the cold 

crystallization process at higher heating rate (Nofar et al., 2011). A peak corresponding to 

melting endotherm is noticed for all the samples in the temperature ranging from 150-156 °C 

(Figure 4.9). Interestingly, it is observed that all the samples exhibited a double melting 

endotherm for a heating rate of 2.5 °C/min. The endotherm observed at lower and higher 

temperature corresponds to the melting phenomenon of imperfect and perfect crystalline 

structures of PLA developed at the primary and secondary phase of the cold crystallization 

process, respectively (Fukushima et al., 2009; Fortunati et al., 2012). However, the 

bimodal melting endotherm is not noticed for both PLA and PLA-GR nanocomposites in case 

of further heating rates.  
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Figure 4.9. DSC thermographs at different heating rates of 2.5, 5, 7.5 and 10 °C/min for 

(a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

The values of relative crystallinity are plotted as a function of crystallization time for both 

neat PLA as well as PLA-GR nanocomposites and the same is portrayed in Figure 4.10. The 

Figure displays a characteristic sigmoidal shaped relative crystallinity curves for all the 

samples at different heating regime.  This discloses the phenomenon of impingement of 

spherulites that occurred at the advanced phase of the cold crystallization process (Wang et 

al., 2012). In addition to this, in case of greater heating rates, the lag effects are not 

experienced on the crystallization behavior of both PLA and PLA-GR nanocomposites.  

(a) (b) 

(c) (d) 

Tg 
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Tm 

Tg 
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Tm 
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Figure 4.10. Relative crystallinity versus crystallization time at different heating rates 

for (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

The t1/2 values obtained for both PLA as well as PLA-GR nanocomposites exhibit downturn 

with respect to increase in heating rates. This is attributed to the faster crystallization 

completion periods with progress in the heating rate. Also, the t1/2 values obtained for PLA-

GR nanocomposites are noticed to be relatively lower in comparison with neat PLA for all the 

heating rates. The possible reason for this might be due to the fact that the addition of GR in 

the PLA matrix accelerates the cold crystallization rate on the whole. The greater t1/2 values 

obtained at the lower heating rate for both PLA and nanocomposite films result from the 

secondary crystallization phenomenon. In order to study the influence of GR towards the 

crystallization process, 1/t1/2 versus   is plotted for PLA and PLA-GR nanocomposites as 

(c) (d) 

(a)   (b) 
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shown in Figure 4.11. One can see that 1/t1/2 value increases significantly for PLA-GR-0.1 as 

compared to neat PLA. This increment corresponds to the prominent effect of nucleation 

ability of GR that stimulates the crystallization process of PLA. A much profound impact on 

the 1/t1/2 values is not evidenced thereafter with further GR loadings in the PLA matrix. 

However, the increasing trend obtained in the 1/t1/2 values is ascribed to the nucleation effect 

of GR resulting in a faster rate of the crystallization process in PLA. Further, crystallization 

rate parameter (CRP) is calculated from the slope of the linear plots shown in Figure 4.11 in 

order to derive quantitative information about the influence of GR on the crystallization rate 

of PLA. The CRP value for PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5 is determined to 

be 0.0272, 0.0372, 0.0404 and 0.0413, respectively. The increasing trend obtained in the 

CRP values of PLA-GR nanocomposites as compared to neat PLA confirms that 

reinforcement of GR indeed fastens the cold crystallization process in PLA.  

 

Figure 4.11. Effect of GR loading on the crystallization rate parameter (CRP) 

The relative crystallinity curves corresponding to neat PLA, PLA-GR-0.1, PLA-GR-0.3 and 

PLA-GR-0.5 are presented in Figure 4.10(a-d) and the respective Avrami plots for the same 

are depicted in Figure 4.12(a-d). The linear behaviour exhibited by these plots specifies that 
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the Avrami model adequately elucidates the cold crystallization process of PLA under non-

isothermal conditions. The „n’ values corresponding to Avrami exponent for both PLA and 

PLA-GR nanocomposites are presented in Table 4.3. It is observed that the n values show a 

decreasing trend with respect to GR loadings in comparison with neat PLA irrespective of 

the heating rate. The greater „n’ values observed in case of neat PLA is ascribed to the 

homogeneous nucleation, which is responsible for 3-dimensional (3D) growth of PLA 

crystals (Liao et al., 2007). In contrast, the relatively lower „n’ values noticed for PLA-GR 

nanocomposites suggest that heterogeneous nucleation accelerate the crystallization rate. 

This also indicates that PLA crystals do not possess enough time for its growth in three 

dimensions in the latter case (Liao et al., 2007).   

                         

 

Figure 4.12. Avrami plots for non-isothermal cold crystallization of (a) PLA,                  

(b) PLA-GR-0. 1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

(c) (d) 

(b) (a) 
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Table 4.3. Avrami model parameters for PLA and PLA-GR nanocomposites 

Sample 

name 

n  Log(k) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

PLA 4.8 4.2 3.9 4.0 -4.9 -3.3 -2.6 -2.3 

PLA-GR-0.1 4.2 3.9 3.7 3.6 -3.3 -2.5 -1.9 -1.3 

PLA-GR-0.3 4.0 3.4 3.2 3.2 -2.76 -1.85 -1.5 -1.15 

PLA-GR-0.5 3.9 3.3 3.2   2.9 -2.3 -1.5 -1.2 -1.01 

 

The growth site impingement and the secondary crystallization that usually occur during the 

crystallization process of PLA and PLA-GR nanocomposites cannot be described by Avrami 

model. This is due to the fact that the Avrami model accounts only for the investigation of the 

initial stage of crystallization progression. Therefore, in order to have an insight into the 

phase transformation kinetics with growth site impingement, a model proposed by Tobin is 

utilized for studying the non-isothermal crystallization kinetics of PLA and PLA-GR 

nanocomposites. The plot of log
1

t

t

X

X

 
 
 

 versus log t  for PLA and PLA-GR 

nanocomposites for the dynamic heating regime is presented in Figure 4.13(a-d). The 

parameters associated with the crystallization rate ( TK ) and Tobin exponent ( Tn ) are 

calculated from the slope and intercept values obtained from the linear fit, respectively and is 

reported in Table 4.4.  
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Figure 4.13. Tobin plots for non-isothermal cold crystallization of (a) PLA,  

(b) PLA-GR-0.1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

 

Table 4.4. Tobin model parameters for PLA and PLA-GR nanocomposites 

Sample 

name 

nT Log(KT) 

 2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

2.5 

°C/min 

5 

°C/min 

7.5 

°C/min 

10 

°C/min 

PLA 6.0 4.6 4.1 3.9 -5.0 -3.0 -2.3 -1.9 

PLA-GR-0.1 3.76 3.65 3.84 2.77 .2.73 -1.99 -1.92 -0.61 

PLA-GR-0.3 4.36 3.57 3.56 4.00 -2.85 -2.13 -1.85 -1.69 

PLA-GR-0.5 3.67 3.35 3.17 2.94 -1.82 -1.36 -0.89 -0.49 

 

      (a)        (b) 

     (c)      (d) 
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The Tobin exponent ( Tn ) values for neat PLA are obtained in the range of ~4-6 (Table 4.4) 

and the same exhibits a decreasing trend with increasing heating rate. This is accordance 

with the values reported in the literature (Han et al., 2013). The crystallization rate 

parameter, „
TK ‟ values corresponding to the Tobin model to demonstrate increasing 

tendency with respect to heating rate, suggesting the acceleration in the non-isothermal 

crystallization process of PLA. For PLA-GR nanocomposites, the ' Tn ' values are found to be 

in the range of ~3-4 and are comparatively smaller than PLA for all the heating rates studied. 

The significant variation between the ' Tn ' values for PLA and PLA-GR nanocomposites 

would have been resulted due to the alteration in the crystallization process of PLA. In 

addition to this, the „ TK ‟ values obtained in case of PLA-GR nanocomposites show greater 

deviation from that of the crystallization rate parameter values calculated for PLA, 

irrespective of the heating rate. This underlines the fact that the addition of GR in the PLA 

matrix leads to noteworthy enhancement in the non-isothermal crystallization progression of 

PLA. The overall trend noticed in the „ TK ‟ and ' Tn ' values for both the PLA and PLA-GR 

nanocomposites are in accordance with the trend followed in case of Avrami parameters. 

This reveals that the physical meaning of Tobin parameters remains the same as the Avrami 

model. 

The influence of GR on the crystallization characteristics of PLA is further explored using  

polarized optical microscopy (POM) observations under isothermal conditions. Prior 

recording the images, the neat PLA and PLA-GR nanocomposite samples are subjected to 

heating up to the melting temperature (180 °C) and held under the same environment for a 

period of 5 min to erase thermal history. Thereafter, the POM images are pictoriated for PLA 

and PLA-GR nanocomposites at an isothermal crystallization temperature of 120 °C in 

various intervals of time (0, 5th, 10th, 15th and 20th min), while cooling from the melt and the 

respective images are shown in Figure 4.14. With the addition of GR in the PLA matrix, 

advancement in the overall crystallization process of PLA is evidenced, which in turn, is 
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confirmed by the reduction in the induction period of nucleation process. In addition to this, 

the dramatic increase in the number of primary nucleation spots with respect to GR loadings 

is also visualized. Hence, it can be concluded that GR acts as an effective nucleating agent 

and thereby, fastens the rate of crystallization.  
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Figure 4.14. Optical microscopy images of PLA and PLA-GR nanocomposites with 

respect to time at 120 °C 

PLA 

PLA-GR-0.1 

PLA-GR-0.3 
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4.6. Conclusions 

The enhancement in the crystallization process with respect to the heating rate is observed 

for both PLA and PLA-SP nanocomposites. This phenomenon is further confirmed by the 

increasing trend obtained for „ TK ‟ values of Tobin model, with an increase in the heating 

rate. Furthermore, 1/t0.5 value and CRP increase with respect to SP loading that signifies an 

enhancement in the crystallization rate of PLA. The nucleation density amplifies significantly 

in the PLA matrix with an increase in the SP content (wt %), which is verified by POM 

studies. The radial spherulite growth rate increases linearly with time, confirming that the 

growth rate is not dependent on the spherulite diameter. For both PLA and PLA-GR 

nanocomposites, the crystallization exotherm shifts to higher temperature side with respect 

to the heating rate, which is indicative of the faster rate of crystallization process. The 

crystallization rate parameter values of PLA-GR nanocomposites obtained by both Avrami 

and Tobin models show increasing trend with respect to neat PLA demonstrating the 

nucleation effect of GR. The similar physical significance provided by both the models 

suggests the suitability of the same in predicting the crystallization kinetic behavior of PLA 

and PLA-GR nanocomposites. The nucleating ability of GR in the PLA matrix is revealed by 

the reduction in the nucleation induction period, which is observed by POM studies.  
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CHAPTER 5 
 

Thermal Degradation Kinetic Studies of Sucrose Palmitate 

and Graphene Reinforced PLA Nanocomposites 

 

This chapter focuses on investigation of the influence of graphene (GR) and sucrose palmitate 

(SP) on the thermal degradation behavior of poly(lactic acid) (PLA) nanocomposites. The 

thermal degradation behavior of the PLA nanocomposites was investigated by thermo-

gravimetric analysis (TGA) using the dynamic heating regime. The apparent activation energies 

(Ea) of the thermal degradation of PLA and PLA nanocomposites were evaluated by Coats-

Redfern, Flynn-Wall-Ozawa and Kissinger methods. The thermal degradation mechanism of 

PLA, PLA-GR and PLA-SP nano composites at a particular heating rate is also predicted using 

the Criado method. Part of this work has been published in “International Journal of 

Biological Macromolecules”, 2014, 65, 275-283, RSC Advances, 2015, 5, 28410-28423 

and Journal of Polymer Research, 2015, 175, 1-14. 
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5.1. Introduction 

In general, thermal degradation plays an extremely crucial role during processing of PLA 

composites (Tudorachi et al., 2012; Li et al., 2009). Therefore, understanding the influence of 

the reinforcements on the thermal degradation behavior of the PLA composites become 

essentially important in determining how molten PLA should be processed without causing 

serious thermal decomposition. Thermogravimetric analysis (TGA) is one of the effective 

thermal analysis techniques to study the solid-state thermal degradation kinetics (Wu et al., 

2008; Wu et al., 2006). Overall kinetics can be easily obtained by measuring the change in the 

mass of a composite material with time, based on the isothermal and non-isothermal 

decomposition profile of the TGA analysis (Gotor et al., 2000; Perinovic et al., 2010). Many 

solid-state kinetic models have been developed to describe the thermal degradation behavior of 

biopolymer based composites. Models with different approaches (model-fitting and model-free 

isoconversional) have been proposed to determine kinetic triplets i.e., activation energy (Ea), 

pre-exponential factor (A), and reaction order (n) (Khawan et al., 2006). The model-fitting 

approach involves fitting various models to conversion versus temperature curves and 

simultaneously determining the activation energy and pre-exponential factor. In general, model-

fitting methods make use of only one TGA curve recorded at a certain heating rate to evaluate 

the kinetic parameters. Although model-fitting methods allow direct determination of kinetic 

triplet, these methods are associated with different reaction models that satisfactorily fit the 

kinetic data at the expense of drastic variations in the Arrhenius parameters. Hence, several 

researchers suggested that model-fitting methods produce unreliable kinetic parameters 

(Khawan et al., 2006; Jankovic et al., 2008; Aboyade et al., 2012; Jankovic et al., 2007). On 

the other hand, the model-free approach has gained popularity among the scientific 

communities due to its potential to estimate Ea values as a function of conversion without the 

previous assumption of a kinetic model (f (α)) (Chrissafis et al., 2010). In solid-state kinetic 

studies, the “apparent” Ea is defined as the excess energy obtained from the vibration of an 
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atom or molecule at certain temperature. This energy can also be related to the rupture of 

chemical bonds (Bagg et al., 1969). Since the Ea derived from TGA data is the sum of 

activation energies of chemical reactions and physical processes, the same is denoted as 

apparent activation energy throughout this study. To avoid the problems peculiar to model-fitting 

methods, isoconversional methods for estimating the activation energy are used. The three well-

known representatives of model-free approaches, i.e., Coats-redfern (Armentano et al., 2013), 

Flynn-Wall-Ozawa (Flynn et al., 1966), Kissinger methods (Kissinger et al., 1957) are used to 

investigate the thermal degradation behavior of PLA, PLA-SP and PLA-GR nanocomposites. 

The thermal degradation mechanism associated with the PLA, PLA-SP and PLA-GR 

nanocomposites is also predicted using the Criado method.  

5.2. Experimental 

5.2.1. Materials  

The chemicals used for the synthesis of PLA-SP and PLA-GR nanocomposites are discussed in 

section 3.2.1 and 2.2.1, respectively. 

5.2.2. Synthesis of PLA-SP and PLA-GR nanocomposites  
 
The synthesis procedure for the fabrication of PLA-SP and PLA-GR nanocomposites is 

discussed in section 3.2.2 and 2.2.3, respectively. 

5.3. Characterization 

Thermogravimetric analysis was performed on a Mettler Toledo thermo gravimetric analyzer 

(TGA/SDTA 851® model). Samples (10.5 ± 0.3 mg) were placed in 900 µl alumina crucibles. 

Samples were heated from 25 to 700 °C in a 60 ml/min flow of N2 at heating rates of 10, 20, and 

30 °C/min.  
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5.4. Theory 

Kinetic studies of the degradation process were performed for better understanding of the 

thermal degradation behavior of PLA, PLA-SP and PLA-GR composites. The thermal 

degradation of polymers can be expressed by the following typical kinetic equation:  

( )
d

kf
dt


                                                                                                                              (5.1)                                                                                                                                   

where, α is the conversion degree or the fraction decomposed [α= (w0-wt)/(w0-wf), w0, wt, and wf 

are the initial, time t, and final weights of the polymer], dα/dt is the rate of conversion, k is the 

temperature-degradation rate constant, and f(α) is the differential expression of a kinetic model 

function, which depends on the particular degradation mechanism (Wu et al., 2006; Khawan et 

al., 2006; Yuzay et al., 2010). 

The temperature dependent degradation rate constant (k) can be expressed in terms of 

Arrhenius equation as follows: 

  exp aE
k A

RT

 
  

 
                                                                                                                     (5.2)                                                                                                                                    

where, A is the pre-exponential factor (s-1), Ea is the apparent activation energy of the 

degradation reaction (kJ/mol), R is the universal gas constant (8.314 J mol-1 K-1), and T is the 

absolute temperature (K). Substituting k from Eq. (5.2) into Eq. (5.1), a general expression for 

the kinetic process under isothermal conditions can be derived and expressed as 

  exp aEd
A f

dt RT




 
  

 
                                                                                                              (5.3)                                                                                                                      

In the present study, the thermal degradation kinetic study of  PLA composites is carried out 

under non-isothermal conditions, where samples are heated with a constant heating rate, 

β=dT/dt. Hence, Eq. (5.3) is transformed into an equation describing the degradation reaction 

rate as a function of temperature and then expressed as follows: 
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   exp aEd A
f

dT RT






  
   

   
                                                                                                       (5.4)                                                                                                                 

Eqs. (5.3) and (5.4) are the fundamental expressions of analytical methods to calculate kinetic 

triplets on the basis of TGA data. The degradation reaction is assumed to be a simple nth order 

reaction and kinetic model function, f (α), as (1- α)n, where n is the order of reaction (Chrissafis 

et al., 2010; Flynn et al., 1966; Yuzay et al., 2010). 

Taking integration on both sides of the equation (5.4) and rearranging 

 
 0 0

aT E

RT
d A

g e dT
f





 



                                                                                                     (5.5)    

where,  g   is the integral function of conversion degree,  . The process of polymer 

degradation mainly obeys sigmoidal or deceleration functions.   

5.4.1. Coats-Redfern method 

Using eq. (5.5) and putting    1
n

f     and aE
x

RT
  and rearranging, we get: 

 
2 2

1 exp a

a a

EART RT
g

E E RT




   
    

  
                                  (5.6) 

 g   can be written in different ways for different n  values.  

when    1, ln 1n g                                                                                                       (5.7) 

when    
11

1, 1 1
1

n
n g

n
 

    
 

                                                                                   (5.8) 

The combination of equations (5.7) and (5.8) and by rearrangement, we get: 

 
2

ln 1 2
1, ln ln 1 a

a a

EAR RT
n

T E E RT





     
       

    
                                                                (5.9a) 
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1

2

1 1 2
1, ln ln 1

1

n

a

a a

EAR RT
n

n T E E RT





      
            

                                                              (5.9b) 

Plotting the left hand side term versus 1
T

  gives the straight line and activation energy is 

obtained from the slope of the straight line. The value of the pre-exponential factor, A  is 

obtained from intercept of the straight line, by considering the expression 
2

1
a

RT

E

 
 

 
 inside the 

parenthesis as 1 (Krishna et al., 2011; Poletto et al., 2012). Analysis is done using only single 

heating data, which is different from other kinetic models where multiple heating data are 

required for analysis.  

The Coats-Redfern method requires TG data with only one heating rate to calculate kinetic 

parameters such as activation energy ( aE ), reaction order ( n ) and pre-exponential factor ( A ) 

(Armentano et al., 2013). In this study, TGA data of PLA composite samples with different GR 

and SP loadings are taken at a single heating rate (10 °C/min). For this method, a reaction order 

“ n ” is assumed and the assumed value is substituted in eq. (5.9a) and (5.9b). The plot of the 

left hand side of the eq. (5.9a) and (5.9b) versus 1
T


 
is fitted to calculate the 

2R  values. This 

process is repeated until the best 
2R value is obtained. 

5.4.2. Flynn-Wall-Ozawa method 

The Flynn-Wall-Ozawa method (F-W-O) is one of the integral methods that can determine the 

activation energy for the thermal degradation reaction without any knowledge of reaction 

mechanisms. It represents a relatively simple method for determining the activation energy 

directly from data of weight loss versus temperature obtained at several heating rates. This 

method utilizes Doyle’s linear approximation and is denoted by the following equation: 
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0.457
log log 2.315 aEAE

g R RT




  
   
  

                                                                                        (5.10)                                                                                             

where β, A, Ea, T, and R are the heating rate, the pre-exponential factor, the apparent activation 

energy, the absolute temperature, and the gas constant, respectively, and α is the conversion 

(fractional weight loss). The Ea can be calculated based on the slope of a plot of log (β) versus -

1/T for timed value of conversion (α) (Kim et al., 2000).  

5.4.3. Kissinger method 

To relatively compare the activation energy of PLA and its composites, Kissinger method 

determining the kinetic parameter (Ea) at a fixed conversion rate is also employed. This method 

involves the temperature, Tmax at the maximum weight loss rate (
  

  
)max. The apparent activation 

energy can also be determined without a precise knowledge of the reaction mechanism, using 

the following equation:  

1

max2

max max

ln ln ln (1 )n a

a

EAR
n

T E RT


    

        
   

                                                                            (5.11)                                                    

where, Tmax, and αmax are the temperature corresponding to the inflection point of thermal 

degradation curves, which corresponds to the maximum weight loss and the conversion degree 

at the inflection point, n is the order of the reaction (Khawan et al., 2006; Kissinger., 1957; 

Yuzay et al., 2010). The Ea for decomposition can be obtained from the slope of the straight line 

when 
2

max

ln
T

 
 
 

 is plotted against

max

1

T

 
 
 

.  

5.4.4. Criado Method  

The mechanism of thermal degradation of PLA composites at a particular heating rate is 

predicted using the Criado method (Criado et al., 1989). The reaction mechanism is determined 

with the help of activation energy, pre-exponential factor and the apparent order of the reaction 

calculated using the Coats Redfern method. The Criado equation is given by 
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d

dtZ x T



 


                                                                                                           (5.12) 

where, aE
x

RT
 and  x  is an expression resulted by integration against temperature, that 

cannot be articulated using simple analysis formula. A relationship between  x and  P x is 

reported elsewhere (Flynn et al., 1997) and is given as follows: 

        xx xe P x                                                                                                                  (5.13) 

 where,  P x is expressed as: 

          
3 2

4 3 2

18 86 96

20 120 240 120

xe x x x
P x

x x x x x

   


   
                                                                 (5.14) 

Combining equations (5.12), (5.13) and (5.14), the following relationship can be obtained 

             Z f a g                                                                                                          (5.15) 

Combining equation (5.4) with (5.15) provides the following relationship 

             exp aEd
Z g

A dT RT

 
 

 
  

 
                                                                                     (5.16) 

From the equations (5.12) and (5.13), the following relationship is obtained 

               expa aE Ed
Z P x

dT R RT




 
  

 
                                                                                 (5.17) 

The master  Z    curve of the different reaction mechanisms given in Table 5.1 is plotted 

using Eq.(5.16), and  Z    experimental curve is plotted using Eq. (5.17) (Krishna et al., 

2011). Thereafter, the master  Z    curve has been compared with the experimental 

 Z    curve for predicting the reaction mechanism of the thermal degradation process.  
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Table 5.1. Expression of g(α) for the most frequently used reaction mechanism of the 

solid state processes 

Mechanism g(α) Solid state process 

 

Sigmoidal function 

 

A2 [-ln(1-α)]1/2 Nucleation and growth Avrami Eq.(1) 

 

A3 [-ln(1-α)]1/3 Nucleation and growth Avrami Eq.(2) 

 

A4 [-ln(1-α)]1/4 Nucleation and growth Avrami Eq.(3) 

 

Deceleration function 

 

R2 [-ln(1-α)1/2] Phase boundary controlled reaction: 

contraction area 

 

R3 [-ln(1-α)1/3] Phase boundary controlled reaction: 

contraction area 

 

D1 α2 One-D diffusion 

 

D2 (1-α) ln(1-α) + α Two-D diffusion 

 

D3 [1-(1-α)1/3]2 Three-D diffusion: Jander equation 

 

D4 -ln(1-α) Three-D diffusion: Ginstlinge Brounshetein 

equation 

 

F1 -ln(1-α) Random nucleation having one nucleus on 

individual particle 

 

F2 1/(1-α) Random nucleation having two nucleus on 

individual particle 

 

F3 1/(1-α)2 Random nucleation having two nucleus on 

individual particle 
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5.5. Results and discussion 

5.5.1. Effect of sucrose palmitate on the thermal degradation kinetics of PLA 

The non-isothermal TGA and DTG curves of PLA and PLA-SP composites at three different 

heating rates of 10, 20 and 30 °C/min in the nitrogen atmosphere are shown in Figure. 5.1 and 

Figure 5.2, respectively. The TGA curves reveal the different profiles depending on heating rate 

and loadings of the filler, SP.  It can be seen from Figure. 5.1 that for all the samples, 

temperatures of all the degradation stages (T10%, T50%, Tmax) increase progressively as the 

heating rate increases. The shift of the TGA curves to higher temperatures with increasing 

heating rate could be attributed to the short time provided for a sample to reach a given 

temperature at high heating rate (Yuzay et al., 2010). At constant heating rates, the TGA weight 

loss curves of PLA and PLA-SP composites attributed to the main degradation region imply a 

single stage degradation of PLA and its composites (Yuzay et al., 2010).  
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Figure 5.1. TGA curves at different heating rates (10, 20 and 30 °C/min) for (a) PLA,  

(b) PLA-SP-1, (c) PLA-SP-3, (d) PLA-SP-5 and (e) PLA-SP-10 

(a) (b) 

(c) (d) 

(e) 
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Figure 5.2. DTG curves at different heating rates (10, 20 and 30 °C/min) for (a) PLA,  

(b) PLA-SP-1, (c) PLA-SP-3, (d) PLA-SP-5 and (e) PLA-SP-10 

(e) 
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In the thermal degradation process of PLA-SP composites, the first step involved in the 

degradation is primarily the decomposition of sucrose moieties present in the SP. It is well 

documented that the thermal decomposition of sucrose in aqueous environment occurs via 

hydrolysis (Kelly et al., 1978; Mauch et al., 1971; Richards et al., 1978). It is also to be noted 

that during sucrose hydrolysis, protonation of the oxygen molecule of the glycosidic bond 

between the glucose and fructose moieties takes place resulting in the splitting of the glycosidic 

linkage. When the thermal degradation of sucrose occurs in aqueous environment, the 

hydrogen ion (H+) required for this step will be provided by water. Since water is highly 

dissociated at higher temperatures, and hence it can provide a medium which is more 

conductive for catalysis (pKa =14 at 24 °C and 12.23 at 100 °C), accelerating hydrolysis (Kelly 

et al., 1978). However, in the present study, thermal decomposition of sucrose takes place in 

the absence of an aqueous medium. Hence, the H+ required for sucrose hydrolysis will be 

derived from the dissociation of sucrose molecule itself at higher temperatures (Kelly et al., 

1978; Richards et al., 1978). In addition, another possible source of H+ could be hydrogen 

bonded water molecules on the sucrose crystals. Kelly and Brown reported that pKa values of 

sucrose decreased to 11.07 at 90 °C from 12.43 at 20 °C, indicating that sucrose has acidic 

properties at elevated temperatures (Kelly et al., 1978). Simkovic et al. (2003) also confirmed 

by gas chromatography/mass spectrometry analysis (GC/MS), that the splitting of glycosidic 

bond is the most prominent primary reaction of sucrose thermal decomposition in the absence 

of an aqueous environment. This fact further reveals that sucrose hydrolysis can occur in the 

absence of an aqueous medium. The H+ ions released during the thermal decomposition of 

sucrose will initiate the hydrolysis of alkyl ester (palmitate) that leads to the formation of alkyl 

groups with acid terminals (Song et al., 2012).  

 

Then the released H+ ions diffuse into the amorphous regions of the PLA matrix (Antheunis et 

al., 2009; Jong et al., 2001). The ester bonds in the PLA backbone are hydrolyzed in the 
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amorphous domains in the presence of H+ (Antheunis et al., 2009; Jong et al., 2001; 

Burkersroda et al., 2002). This random chain scission process easily hydrolyzes the ester 

groups of PLA backbone resulting in the formation of oligomers with carboxylic acid terminal 

groups (Vert et al., 1999; Pistner et al., 1993; Grizzi et al., 1995). The terminal carboxylic acid 

groups of PLA oligomers further catalyzes the ester hydrolysis, which generally leads to a faster 

rate of degradation as the PLA degrades (autocatalysis) (Gorrasi et al., 2013; Luo et al., 2012; 

Huang et al., 2012). From the TGA analysis (Figure 5.1), it can be seen that the onset of 

thermal degradation process of the PLA-SP composites decreases with an increase of the SP 

content in the PLA matrix. This decreasing trend can be explained by the fact that higher 

loading of SP (wt %) in the PLA matrix leads to the production of relatively higher concentration 

of acidic sites, thus initiating the early onset of degradation of PLA.  Therefore, the prevalence 

of presumably higher concentration of acidic sites in the PLA matrix, which is released by the 

higher loadings (10 wt %) of SP accelerates the autocatalytic chain-end hydrolysis of PLA 

oligomers (Gorrasi et al., 2013; Luo et al., 2012; Huang et al., 2012). Higher the SP 

concentration, higher will be the terminal carboxyl groups for lower molecular weight 

intermediates, which further accelerate the unzipping depolymerization and intermolecular ester 

exchange (Liu et al., 2006; Zhou et al., 2009). In general, chain-end hydrolysis is usually 

suggested to be faster than the random chain scission reactions (Nostrum et al., 2004). 

Henceforth, PLA with higher loadings of SP degrades at a much greater rate when compared to 

lower SP contents. Based on this hypothesis, the possible mechanism for the degradation of 

PLA-SP composites is presented in Figure 5.3. The cartoon shows the thermal degradation 

process for PLA-SP composites at lower and higher SP contents in the PLA matrix. At higher 

SP loading, relatively high concentration of H+ released during the thermal decomposition of 

sucrose accelerates the hydrolysis of ester bonds in the PLA matrix. This further fastens the 

random chain scission process leading to formation of higher content of carboxylic acid terminal 

groups. This results in the faster degradation rate of PLA in comparison to lower loading of SP. 
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Figure 5.3. Possible mechanism for thermal degradation of PLA-SP composites 

 

Figure 5.4 shows the linear fitted graph for neat PLA and PLA-SP composites for various “n“ 

values. The calculated reaction order at the best R2 value is considered as the reaction order for  

that sample (Table 5.2). Then the activation energy and the pre-exponential factor are obtained 

from the slope and intercept of the fitted straight line. The activation energy of neat PLA and 
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PLA-SP composite samples containing 1, 3, 5 and 10 wt% SP is 125, 74, 68 60 and 46 kJ/mol, 

respectively.  

      

 

Figure 5.4. Coats-Redfern plots for (a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3,        

(d) PLA-SP-5 and (e) PLA-SP-10 

(a) 

 (d)  (c) 

(b) 

 (e) 
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Table 5.2. Activation energy, reaction order and regression co-efficient values obtained 

for PLA and PLA-SP nanocomposites using the Coats-Redfern method 

S:No Sample Ea (kJ/mol) n R2 

1 PLA 125 0.4 0.994 

2 PLA-SP-1 74 0.3 0.995 

3 PLA-SP-3 68 0.2 0.991 

4 PLA-SP-5 60 0.2 0.998 

5 PLA-SP-10 46 0.3 0.997 

 

In case of Kissinger’s method, the plot of ln (β/T2
max) against -1/Tmax provides straight lines as 

shown in Figure 5.5. The obtained slopes of various straight lines were used to calculate the 

corresponding apparent activation energy (Table 5.3). As can be seen from Figure 5.5, smooth 

relativity of the various fitted straight lines demonstrates the feasibility of Kissinger’s method.  

 

Figure 5.5. Kissinger’s plot for PLA and PLA-SP composites 

 

 

TH-1405_10610715



140 

 

Table 5.3. Activation energy and regression co-efficient for PLA and its composites 

obtained by Kissinger and Flynn-Wall-Ozawa method 

S:No Sample name Kissinger method  F-W-O method 

Ea (kJ/mol) R2 Ea (kJ/mol) R2  

1 PLA 177 0.999 170 0.995 

2 PLA-SP-1  109 0.994 115 0.998 

3 PLA-SP-3  105 0.999 111 0.997 

4 PLA-SP-5  94 0.984 108 0.995 

5  PLA-SP-10  53 0.999 83 0.997 

 

Figure 5.6(a-e) displays the plots of log (β) against -1/T obtained using F-W-O method. It can be 

observed that the straight lines obtained at different α values for pure PLA and PLA-SP 

composites are nearly parallel. This proves that F-W-O method is well applicable to the 

investigated system in the conversion degree studied (Chrissafis et al., 2010; Fan et al., 2004; 

Kim et al., 2000). The plots of activation energy as a function of conversion (α) using F-W-O 

method for pure PLA and PLA-SP composites are also shown in Figure 5.7. The activation 

energy for the thermal degradation of both PLA and its composites varies with conversion 

throughout the degradation process. This reveals that the thermal degradation of both PLA and 

composites do not proceed through the simple process (Yang et al., 2002; Chen et al., 2007).  

It can be seen from Figure 5.7, that the Ea value of PLA increases in the conversion range of 

0.1-0.7 and stays constant until complete decomposition. A similar behavior was also observed 

by Li et al., (2009) for PLA sample and the Ea value (177 kJ/mol) obtained for PLA in the 

present study is also in accordance with the data reported by Li et al., (2009). As evidenced, 

the activation energy of the composites decreases after incorporation of SP in the PLA matrix, 

which is consistent with TGA profiles. However, there is no significant variation in the activation 

energies among different PLA-SP (1, 3, 5 wt %) composites except PLA-SP-10.  
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Figure 5.6. Flynn-Wall-Ozawa plots for (a) PLA, (b) PLA-SP-1, (c) PLA-SP-3, 

 (d) PLA-SP-5 and (e) PLA-SP-10 

(a) (b) 

(c) (d) 

(e) 
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Figure 5.7. Conversion versus activation energy for PLA and PLA-SP composites 

The Ea values obtained from both the methods were found to follow a similar trend with respect 

to increase in loadings of the filler, SP. The Ea values obtained from Kissinger method is in good 

agreement with the F-W-O method. However, a slight variation in the Ea values obtained by both 

the methods can be observed for PLA and PLA-SP composites. This is due to the fact that       

the F-W-O method provides activation energies for different conversion levels, while the 

Kissinger method is applicable to the maximum rate of conversion (only one data point) at which 

Tmax appears. The regression coefficient (R2) values obtained in the range of 0.9-0.999 for both 

the methods further proves the applicability of these methods for predicting the thermal 

degradation behavior of PLA and PLA-SP composites (Chen et al., 2007; Chrissafis et al., 

2010).  
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The  Z    master and experimental curves for neat PLA and PLA-SP composites can be 

seen from Figure 5.8(a-d). The overlapping of experimental curves of neat PLA with the master 

curve,  1Z F can be seen from Figure 5.8(a). This suggests that the thermal degradation 

process of neat PLA follows the 
1F  reaction mechanism. This in turn, indicates that random 

nucleation becomes the rate controlling step associated with the nucleation process in case of 

lower α values (0.1-0.55). After the addition of SP in the PLA matrix, during the initial phase, the 

thermal degradation process proceeds via 1F  reaction mechanism for all the PLA-SP composite 

samples. With respect to progress in the degradation process, the system, however, slowly 

changes towards 3A  mechanism (which involves both nucleation and growth) at higher α value 

(0.7-0.95). This might be possibly due to the shift in the thermal degradation mechanism at 

higher temperature conditions.   
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Figure 5.8. Determination of the thermal degradation reaction mechanism by plots of Z(α) 

versus α using Criado method for (a) neat PLA, (b) PLA-SP-1, (c) PLA-SP-3 and 

(d) PLA-SP-5 

5.5.2. Effect of graphene on the thermal degradation kinetics of PLA 

The non-isothermal TGA and DTG curves of PLA and PLA-GR composites at three different 

heating rates of 10, 20 and 30 °C/min in the nitrogen atmosphere are shown in Figure 5.9 and 

5.10, respectively. The TGA curves shown in Figure 5.9 reveal that the thermal stability of PLA 

increases with increasing GR content irrespective of the heating rate. The DTG plots reveal the 

different profiles depending on heating rate and wt% loadings of GR.  It can be seen from Figure 

5.10, that for all the samples, temperatures corresponding to a maximum stage of degradation 

TH-1405_10610715



145 

 

(Tmax) increase progressively with increasing the heating rate. The shift of the DTG curves to 

higher temperatures with increasing heating rate could be attributed to the short time provided 

for a sample to reach a given temperature at a high heating rate (Wu et al., 2006).  

 

 

Figure 5.9.  TGA curves at different heating rates (10, 20, 30 °C) for (a) PLA,                     

(b) PLA-GR-0. 1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

 

(c) (d) 

(a) (b) 
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Figure 5.10.  DTG curves at different heating rates (10, 20, 30 °C) for (a) PLA,                      

(b) PLA-GR-0. 1, (c) PLA-GR-0.3 and (d) PLA-GR-0.5 nanocomposites 

Figure 5.11 shows the linear fitted graph for neat PLA and PLA-GR composites for various “n“ 

values. The calculated reaction order at the best 
2R value is considered as the reaction order for 

that sample (Table 5.4). Then the activation energy and the pre-exponential factor are obtained 

from the slope and intercept of the fitted straight line. The activation energy of neat PLA and 

PLA-GR composite samples containing 0.1, 0.3 and 0.5 wt% GR is 125, 129, 137, and 146 

kJ/mol, respectively. This clearly indicates that GR acts as an effective nucleating agent and 

enhances the thermal properties of PLA matrix. 

TH-1405_10610715



147 

 

 

 

Figure 5.11. Coats-Redfern plots for (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3, and  

(d) PLA-GR-0.5 

Table 5.4. Activation energy, reaction order and regression co-efficient values obtained 

for PLA and PLA-GR nanocomposites using the Coats-Redfern method 

S:No Sample Ea (kJ/mol) n R2 

1 PLA 125 0.4 0.994 

2 PLA-GR-0.1 129 0.4 0.997 

3 PLA-GR-0.3 137 0.2 0.995 

4 PLA-GR-0.5 146 0.3 0.998 

(a) (b) 

(d) (c) 
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In Kissinger’s method, the plot of ln (β/T2
max) against 1/Tmax provides straight lines as shown in 

Figure. 5.12. The apparent activation energy is calculated from the slopes corresponding to 

various straight lines (Figure 5.12) and the same is presented in Table 5.5. As can be seen from  

Figure 5.12, smooth relativity of the various fitted straight lines shows the feasibility of 

Kissinger’s method. The Ea values obtained from Kissinger method is 177, 179, 181, and 184 

kJ/mol for PLA, PLA-GR-0.1, PLA-GR-0.3 and PLA-GR-0.5 respectively. The regression 

coefficient (R2) values obtained in the range of 0.9-0.999 further evidences the applicability of 

this method for envisaging the thermal degradation behavior of PLA and PLA-GR composites. 

 

 

                       

Figure 5.12. Kissinger plot for PLA and PLA-GR nanocomposites 
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Table 5.5. Activation energy and regression co-efficient for PLA and PLA-GR composites 

obtained by Kissinger method and Flynn-Wall-Ozawa method 

S:No Sample name Kissinger method F-W-O method 

Ea (kJ/mol) R2 Ea (kJ/mol) R2 

1 PLA 177 0.999 170 0.995 

2 PLA-GR-0.1  179 0.999 178 0.997 

3 PLA-GR-0.3 181 0.986 185 0.998 

4 PLA-GR-0.5 184 0.997 188 0.996 

 

Figure. 5.13(a-d) displays the plots of log (β) against -1/T obtained using F-W-O method. The 

parallel straight lines can be noticed for both PLA and PLA-GR composites at different α values. 

This indicates the well suitability of F-W-O method for investigating the thermal degradation 

kinetics at all levels of conversion degree (Chrissafis et al., 2010; Fan et al., 2004; Kim et al., 

2000). The plots of activation energy as a function of conversion (α) using the F-W-O method for 

neat PLA and PLA-GR composites can be seen from Figure 5.14. Variation in the activation 

energy for both PLA and PLA-GR nanocomposites with respect to conversion can be noticed all 

through the thermal degradation process. This reveals that the thermal degradation of both PLA 

and composites do not proceed through the simple process (Yang et al., 2002; Chen et al., 

2007). The activation energy value (177 kJ/mol) obtained for neat PLA is in accordance with the 

literature data reported by Li et al., (2009).  Increment in the activation energy after the addition 

of GR in the PLA matrix can be noticed. This indicates that the reinforcement improves the 

thermal stability of PLA. The Ea values obtained from Kissinger and F-W-O methods are in good 

agreement with each other. The slight variation arises in the Ea values obtained by both the 

methods, because, the F-W-O method provides activation energies for various levels of 

conversion, whereas, the Kissinger method can be applied to only maximum rate of conversion. 
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Figure 5.13. Flynn-Wall-Ozawa plots (a) PLA, (b) PLA-GR-0.1, (c) PLA-GR-0.3                   

and (d) PLA-GR-0.5 

(c) 

(a) (b) 

(d) 
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Figure 5.14. Conversion versus activation energy for PLA and PLA-GR composites 

The kinetic parameters obtained for 10 °C/min heating rate using the Coats-Redfern method are 

substituted in the Eqs. (5.16) and (5.17). Figure 5.15 (a-d) illustrates the  Z    master and 

experimental curves for neat PLA and PLA-GR composite samples with 0.1, 0.3 and 0.5 wt% 

GR. It is apparent that the experimental curves of neat PLA (Figure. 5.15(a)) overlaps with the 

master curves of  1Z F , suggesting that the thermal degradation process of neat PLA follows 

the 1F  reaction mechanism. This indicates that random nucleation is the rate controlling step 

associated with the nucleation process at lower α values (0.1-0.55). After adding GR, at the 

initial phase, the thermal degradation process proceeds via 1F  reaction mechanism for all PLA 

composite samples. With further progress in the degradation reaction, the system, however, 

slowly changes towards 3A  mechanism (which involves both nucleation and growth) at higher α 
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value (0.7-0.95). This might be possibly due to the shift in the thermal degradation mechanism 

at higher temperature conditions.   

 

Figure 5.15. Determination of the thermal degradation reaction mechanism by plots of 

Z(α) versus α using Criado method for (a) neat PLA, (b) PLA-GR-0.1, (c) PLA-GR- 0.3, and 

(d) PLA-GR-0.5 
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5.6. Conclusions 

Thermal degradation kinetics of PLA-SP and PLA-GR composites were investigated using 

Coats-Redfern, Kissinger and Flynn-Wall-Ozawa methods. The activation energy for the thermal 

degradation of both PLA and its composites was evaluated as a function of conversion 

throughout the degradation process by F-W-O method. The variation in the activation energy 

obtained with respect to conversion suggests that the thermal degradation of both PLA and 

composites occurs through complex mechanism. The activation energy values obtained for PLA 

and its composites by all the three methods are found to be in good agreement. In case of PLA-

SP composites, a decrease in the activation energy is observed with incorporation of SP. After 

the addition of GR in the PLA matrix, the thermal stability of PLA is enhanced, which is 

evidenced by the increment in the activation energy. Criado method reveals that the PLA-GR 

and PLA-SP composites follow the F1 and A3 nucleation mechanism at lower (0.1-0.6) and 

higher (0.7-0.95) level of conversion, respectively.  
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CHAPTER 6 
 

Hydrolytic Degradation Studies of Sucrose Palmitate and 

Graphene Reinforced PLA Nanocomposites 

 

This chapter discusses the influence of sucrose palmitate (SP) and graphene (GR) on the 

hydrolytic degradation behavior of poly(lactic acid) (PLA) nanocomposites. The influence of 

temperature and pH of the solution on the hydrolytic degradation behavior of PLA and its 

nanocomposites was investigated. The variation in the crystallinity of PLA and PLA 

composites subjected to the hydrolytic degradation process was verified by XRD and DSC 

analysis. The morphological changes that occurred during the degradation process were 

pictoriated using scanning electron microscopy (SEM). Thermo-gravimetric analysis 

confirmed the loss of thermal stability of the neat PLA as well as composites after hydrolytic 

degradation process.  
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6.1. Introduction 

After the disposal of packaging material, it is highly desirable that the same should be 

degraded at a rapid pace owing to environmental concerns (Marsh et al., 2007). The two 

important sequential steps that are associated with the biodegradation process include (i) 

hydrolysis reaction through which molecular weight of the polymer decreases and (ii) 

subsequent assimilation of the same by microbes (Ndazi et al., 2011). Therefore, it is clear 

that water is likely to be the PLA’s most interactive molecule, after completion of its life cycle. 

This in turn, indicates that understanding the hydrolytic degradation behaviour of any 

biopolymer is the most encouraging way to understand the biodegradation process. A series 

of literature reported that PLA has exhibited an excellent hydrolytic degradation behaviour 

(Chen et al., 2013a; Zhou et al., 2008; Gaona et al., 2012; Andersson et al., 2013; 

Kaitlyn et al., 2011; Proikakis et al.; 2005; Olewink et al., 2007). However, any filler 

incorporated in the PLA matrix is expected to certainly have implications in the hydrolytic 

degradation behaviour of the resultant nanocomposite material. In this regard, the present 

work aims to study the effect of two different reinforcements, i.e., sucrose palmitate (SP) and 

graphene (GR) on the hydrolytic degradation behaviour of PLA. The hydrolytic degradation 

experiments for PLA, PLA-SP and PLA-GR nanocomposites are carried out under different 

pH (acidic, neutral and basic) and temperature (35 and 55 °C) conditions. Thereafter, the 

variation in the crystalline behaviour of PLA, PLA-SP and PLA-GR nanocomposites is 

investigated using differential scanning calorimetry (DSC) and X-ray diffraction analysis. The 

influence of hydrolytic degradation on the thermal stability of the PLA, PLA-SP and PLA-GR 

nanocomposite sample is examined using thermo gravimetric analysis (TGA).  Further, the 

morphological changes induced by the hydrolytic degradation process for PLA, PLA-SP and 

PLA-GR nanocomposite are pictoriated using SEM. The transparency of the PLA, PLA-SP 

and PLA-GR nanocomposite samples before and after hydrolytic degradation is analyzed 

using UV-visible spectrophotometer.  
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6.2. Experimental 

6.2.1. Materials 

The chemicals used for the synthesis of PLA-SP and PLA-GR nanocomposites are 

discussed in section 3.2.1 and 2.2.1, respectively. 

6.2.2. Synthesis of PLA-SP and PLA-GR nanocomposites  

The synthesis procedure for the fabrication of PLA-SP and PLA-GR nanocomposites is 

discussed in section 3.2.2 and 2.2.3, respectively. 

6.2.3. Hydrolytic degradation process 

PLA, PLA-SP-5 and PLA-GR-0.1 nanocomposite samples were subjected to hydrolytic 

degradation process at two different temperatures (35 ± 1 °C and 55 ± 1 °C) with three 

different pH solutions, i.e. acidic (pH≈2), neutral (pH≈7) and basic (pH≈12). The pH of the 

solution was adjusted using HCl or NaOH. After placing the sample in the above solutions, 

the same was taken off from the container at a regular interval of time, washed with water 

and finally dried at 35 °C for a time period of 6 h. Thereafter, the weight change between 

before and after degradation was calculated in order to determine the residual weight 

fraction (ɸ). The following relationship was used for the calculation of the residual weight 

fraction (ɸ) as a function of degradation time (t). 

0

100%tW

W
  

                                                                                                                                             (6.1)

 

where, 0W  and tW  correspond to the dry weight (g) of the sample prior to the degradation 

process and the dry weight (g) of the sample after certain time (t) of degradation process, 

respectively. Samples subjected to hydrolytic degradation were designated as PLA-pH-T-t, 

PLA-SP-5-pH-T-t and PLA-GR-0.1-pH-T-t, where, pH refers to the acidic (A), neutral (N) and 

basic (B) conditions under which the degradation process was performed. The symbols, “T” 

and “t” refer to the temperature condition and time adopted for the hydrolytic degradation 

process, respectively. 
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6.3. Characterization 

6.3.1. X-ray diffraction (XRD) analysis 

The influence of hydrolytic degradation on the crystalline behaviour of PLA, PLA-SP-5 and 

PLA-GR-0.1 nanocomposite before and after degradation was studied using X-ray 

diffractometer (Bruker A8 advance). The XRD analysis was done under an air atmosphere at 

room temperature using Cu-Kα (λ= 0.15406 nm) radiation and the instrument was operated 

at 40 kV and 40 mA. The diffraction data were obtained in the 2θ range of 1-50° with a 

scanning rate of 0.05° s-1 and 0.5 s step size. The following relationship was used for the 

calculation of percentage crystallinity (% Xc)  

crystalline

c

crystalline amorphous

A
X

A A





 

                                                                                         (6.2) 

where, 
crystallineA  and

amorphousA , refer to the area under crystalline and amorphous fractions, 

respectively.  

6.3.2. Differential scanning calorimetry (DSC) 

The variation in the thermal and crystallization behaviour of PLA, PLA-SP-5 and PLA-GR-0.1 

nanocomposite before and after hydrolytic degradation was investigated using a differential 

scanning calorimetty (Mettler Toledo-1 series). All the samples were heated from the 

temperature ranging from 30 to 180 °C at a heating rate of 5 °C/min, under N2 flow of 50 

mL/min. First, all the samples were heated from 30 to 180 °C and held isothermally at 180 

°C in order to erase the thermal history. DSC thermographs resulted during the second 

heating cycle were used for interpretation of glass transition temperature (Tg), cold 

crystallization temperature (Tcc), the enthalpy change at Tcc (∆Hcc), melting temperature (Tm) 

and the enthalpy of fusion at Tm (∆Hm).   

6.3.3. Thermogravimetric analysis (TGA) 

The thermal degradation profile of PLA, PLA-SP-5 and PLA-GR-0.1 nanocomposite before 

and after hydrolytic degradation was obtained using thermo gravimetric analyzer. The 
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analysis was performed on a Mettler Toledo thermo gravimetric analyzer (TGA/SDTA 851® 

model). All the samples were heated from 40 to 600 °C, at a heating rate of 20 °C/min, with 

N2 flow of 60 mL/min.   

6.3.4. Scanning electron microscopy (SEM) 

The morphologies of PLA, PLA-SP-5 and PLA-GR-0.1 nanocomposite samples before and 

after degradation were monitored by scanning electron microscopy (SEM) using a Zeiss 

Sigma model (LEO1430VP).  

6.3.5. UV-visible spectrophotometry 

Transparency measurements for PLA, PLA-SP-5 and PLA-GR-0.1 nanocomposite samples 

before and after degradation process were carried out using UV-Visible spectrophotometer 

(Make: Perkin Elmer, Model: Lambda 35). For the measurements, the wavelength range was 

varied between 200 and 600 nm with a scan rate of 50 nm/min and a spectral bandwidth of 2 

nm. 

6.3.6. Gel permeation chromatography (GPC) 

The weight average molecular weight (Mw), number average molecular weight (Mn) and 

polydispersity index (PDI) for PLA, PLA-SP-5 and PLA-GR-0.1 before and after being 

hydrolyzed, were measured by gel permeation chromatography (GPC). GPC was performed 

on a Perkin-Elmer series 200 system (10 μm PL gel 300x7.5 mm mixed-B and mixed-C 

column, linear polystyrene calibration) equipped with a refractive index (RI) detector. 

Chloroform (HPLC grade) was used as a mobile phase at the flow rate of 1 mL/min and the 

analysis was done at room temperature.  
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6.4. Results and discussion 

6.4.1. Effect of sucrose palmitate on the hydrolytic degradation behaviour of PLA 

6.4.1.1. Hydrolytic degradation behaviour  

The residual weight fraction (ɸ) of PLA and PLA-SP-5 nanocomposite was measured as a 

function of degradation time at different pH and temperature conditions. It can be observed 

from Figure 6.1 that the residual weight fraction of PLA and PLA-SP-5 nanocomposite varies 

non-linearly with an increase in the degradation time for all the pH as well as temperature 

conditions studied. It can also be seen that both PLA and PLA-SP-5 nanocomposite exhibit 

similar trend with increasing the degradation period, i.e. ɸ values are noticed to exhibit a 

greater downturn in the shorter time range and vice versa, irrespective of pH and 

temperature conditions. In order to further understand the influence of pH and temperature 

on the hydrolytic degradation behaviour of PLA and PLA-SP-5 nanocomposite, the whole 

degradation process is segmented into three sections (see Figure 6.1). In the first region of 

degradation, ɸ values are observed to vary linearly with time, which is evident from the 

greater slope of the degradation curves as compared to other regions. In the second region 

of degradation, ɸ values vary slightly with time and the degradation rate is relatively slow as 

compared to the first region. In the final region of degradation, it is observed that the ɸ 

values almost remain constant with an increase in the degradation time.  

Further, in case of PLA, the slope corresponding to the initial degradation region is observed 

to be greater for samples subjected to degradation at elevated temperature (55 °C), as 

compared to 35 °C.  This is because, at relatively greater temperature, i.e. 55 °C, intensified 

mobility of molecular chains results in decreased activation energy for chain scission 

reaction (Chen et al., 2013b; Olewnik et al., 2006). It is apparent that the hydrolytic 

degradation rate is faster under basic pH conditions at both the temperatures in comparison 

with acidic as well as neutral pH conditions. Similar degradation behaviour is reported for 

PLA with respect to different pH conditions by Chen et al. (2013b) and Olewnik et al. 

(2006). It is explained that the possible reason for this might be due to the decisive role 
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played by terminal OH groups resulted during the hydrolytic degradation under basic 

conditions.  

       

  

Figure 6.1. Residual weight fraction of PLA and PLA-SP-5 samples as a function of 

degradation time at (a) acid (b) neutral and (c) basic pH conditions 

The PLA-SP-5 nanocomposite sample also exhibits the faster rate of degradation at 

elevated temperature (55 °C) throughout the entire degradation profile, irrespective of pH 

conditions. However, in comparison with PLA, PLA-SP-5 nanocomposite demonstrates 

slower and faster degradation rate at 35 and 55 °C, respectively, under basic pH condition. 

This peculiarity of the degradation phenomenon is due to the fact that the water diffuses 

easily inside the amorphous domain of PLA and initiates the degradation process (Dias et 

al., 2012; Paul et al., 2005; Fernandez et al., 2013; Zhang et al., 2008). After the addition 
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of SP in the PLA matrix, the slower degradation rate exhibited by PLA-SP-5 nanocomposite 

at 35 °C (see Figure 6.1(c)) may be due to the increase in hydrophobicity and crystallinity of 

the resultant nanocomposite material. However, at elevated temperature, due to the 

improvement in the mobility of PLA chains, water might diffuse into the interface between 

PLA and SP and initiate the hydrolysis of PLA, thereby, leading to oozing out of SP from 

PLA matrix. This is evident from XRD and FE-SEM results, which are discussed later in 

details.  

6.4.1.2. DSC analysis 

The second heating thermographs of PLA and PLA-SP-5 nanocomposite samples before 

and after degradation (108 h) at different pH and temperature are presented in Figure 6.2(a 

and b). Prior to the hydrolytic degradation process, the PLA sample exhibits the glass 

transition, crystallization and melting temperature at 62 °C, 110 °C and 149 °C, respectively. 

After the addition of SP in the PLA matrix, the Tg value remained constant, whereas, the Tcc 

and Tm values slightly shifted to higher temperature side. The shift in Tcc is due to the slower 

diffusion rate of polymer chains to the surface of the nucleus. The enhancement in the Tm 

value indicates that SP acts an effective nucleating agent.  

It can be observed from the Figure 6.2(a), that PLA samples subjected to hydrolytic 

degradation at different pH and temperature conditions demonstrate a common endothermic 

peak in the glass transition region. The appearance of the glass transition region for all the 

samples is related to the melting behaviour of mesophase, in which the formation of locally 

ordered structure is induced (Chen et al., 2012).  The Tcc values for all the PLA samples are 

noticed to be shifted to the lower temperature side as compared to the PLA sample before 

degradation process (Saha et al., 2006). This underlines the fact that the cold crystallization 

process of PLA is facilitated by the hydrolytic degradation process (Chen et al., 2012). The 

improvement experienced in the cold crystallization process of PLA could have been 

resulted from the formation of less intensified and loose chain PLA entanglement with due 

course of the hydrolytic degradation process. Therefore, such type of entanglements 
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induced in the material is expected to possess greater mobility leading to promotion in the 

crystallinity of PLA. The much pronounced decrement in Tcc values are observed for PLA 

samples subjected to hydrolytic degradation under basic pH conditions. These results 

suggest that, hydrolytic degradation performed at basic pH conditions induces the faster 

degradation, which is evident from the improvement in the crystallinity observed in both DSC 

as well as XRD analysis (Paul et al., 2005).  

Like PLA samples, PLA-SP-5 nanocomposite also displays an endothermic peak in the glass 

transition region irrespective of various pH conditions and temperature studied. In case of 

PLA-SP-5 nanocomposite samples, decreasing trend in the cold crystallization temperature 

with respect to neutral, acidic and basic pH conditions (at different temperatures) is also 

observed. This indicates that the hydrolytic degradation of PLA-SP-5 nanocomposite sample 

under basic pH occurs at a much faster rate in comparison with acidic as well as neutral 

conditions. This reveals that the base solution easily attacks and hydrolyses the amorphous 

domains of PLA-SP-5 nanocomposite samples. This in turn, leads to greater loss of 

amorphous regions and increment of the crystalline domain in the nanocomposite material. 

Therefore, this phenomenon gives rise to improvement in the cold crystallization process of 

PLA-SP-5 nanocomposite. It can also be noticed from Figure 6.2(b) that the peak 

corresponding to melting region also decreases for all the PLA-SP-5 nanocomposite 

samples for which the degradation was carried out at acidic and basic pH conditions. In 

contrast, the melting peak for the PLA-SP-5 nanocomposite samples remain unaltered in the 

case of the hydrolytic degradation process done at neutral pH condition. The decrement 

observed in the melting peak of PLA-SP-5 nanocomposite samples treated at acidic and 

basic pH conditions is due to the reduction in the molecular weight of the samples. A similar 

phenomenon in the variation of Tcc and Tm values after hydrolytic degradation process is 

reported in the literatures (Tsuji et al., 2010; Saha et al., 2006).  
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Figure 6.2. DSC thermographs for (a) PLA and (b) PLA-SP-5 (before and after 

hydrolytic degradation) 
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6.4.1.3. XRD analysis 

The crystalline structure of PLA and PLA-SP-5 nanocomposite samples after degradation at 

basic pH was studied using XRD analysis as illustrated in Figure 6.3 and the crystallinity (%) 

of the respective samples is presented in Table 6.1. In the XRD pattern of the PLA sample 

(before degradation) depicted in Figure 6.3(a), the peak observed at 2θ = 16.7° corresponds 

to the semi-crystalline phase of PLA. The presence of a peak at 2θ = 16.7° is due to the 

reflections of (1 0 0) and (2 0 0) planes and this reveals the orthorhombic α-crystal form of 

PLA. The broad nature of the respective peak indicates that the PLA possesses low 

crystallinity (Luo et al., 2012). Under the basic pH condition studied, the intensity of the peak 

(2θ = 16.7°) corresponding to the crystalline structure of PLA increases with increasing the 

degradation time (36 and 108 h) as shown in Figure 6.3(a). The increment in crystallinity for 

PLA is further enhanced at higher degradation temperature (55 °C).  This is because, at the 

initial stages of degradation, water firstly penetrates into the amorphous domains of PLA and 

hydrolyses the same. Thereafter, the hydrolyzed amorphous region diffuses out of the 

polymer matrix and this in turn leads to enhancement in the crystallinity (Gorrasi et al., 

2013; Oyama et al., 2009).  

It can be seen from the XRD pattern of PLA-SP-5 nanocomposite sample (before 

degradation) that the peak observed at 2θ = 2.27° reveals the presence of SP incorporated 

in the PLA matrix (Figure 6.3(b)). Interestingly, it can be noticed that the peak corresponding 

to SP tends to almost disappear after the degradation process. The reason for this behaviour 

can be inferred from the oozing out process of SP discussed earlier in the hydrolytic 

degradation behaviour section. A similar trend in the crystallinity behaviour exhibited by neat 

PLA with respect to degradation time is also evidenced for PLA-SP-5 nanocomposite too, as 

discussed earlier. This can be confirmed from the development of strong intensities of the 

diffraction peaks that corresponds to the (1 1 0), (2 0 0) as well as (2 0 3) crystal planes, with 

respect to degradation time, for both PLA and PLA-SP-5 nanocomposite. It can also be 

further noticed that, the presence of the relatively weak peak at 2θ = 22.27° is attributed to 
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the reflection of (0 1 5) plane of PLA, indicating the development of the more perfect 

crystalline structure with respect to degradation time, in case of both PLA and PLA-SP-5 

nanocomposite (Gorrasi et al., 2013). Further, for all the samples, the additional diffraction 

peaks observed at 2θ = 14.7°, 16.8°, 19.3° and 22.2° are ascribed to the reflections of (0 1 

0), (1 1 0)/(2 0 0), (2 0 3) and (0 1 5) planes of α-crystalline form of PLA, respectively. At 

elevated temperature, it is unfeasible to obtain the XRD pattern for the PLA-SP-5 

nanocomposite sample due to complete dissolution of PLA-SP-5 nanocomposite at basic pH 

after 36 h of the degradation process. This reveals the fact that the addition of SP in the PLA 

matrix leads to the faster degradation rate of nanocomposite system.  
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Figure 6.3. XRD patterns of (a) PLA and (b) PLA-SP-5 (before and after hydrolytic 

degradation) 
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Table 6.1. Crystallinity (%) of PLA and PLA-SP-5 samples (before and after 

degradation) 

S:No Sample name Crystallinity  

(%) 

1 PLA 12.5 

2 PLA-B-35-108 39.2 

3 PLA-B-55-108 50.1 

4 PLA-SP-5 16.9 

5 PLA-SP-5-B-35-108 45.6 

6 PLA-GR-0.1-B-55-108 41 

 

6.4.1.4. TGA analysis 

The TGA curves for PLA and PLA-SP nanocomposite before and after degradation under 

different pH conditions are shown in Figure 6.4(a,b). The decomposition temperature for all 

the samples at 50% weight loss is presented in Table 6.2. It can be seen from Figure 6.4(a) 

that the neat PLA sample (before degradation) exhibits a single stage of weight loss in the 

temperature range of 307-402 °C. The temperature at 50% weight loss (T50%) from the TGA 

curve of PLA is extrapolated to be ~358 °C. After degradation time of 108 h, T50% for PLA 

samples hydrolyzed under acidic, neutral and basic conditions at 35 °C is determined to be 

353, 356 and 343 °C, respectively. With increasing in the hydrolytic degradation 

temperature, the T50% further decreases to ~351, 354 and 313 °C for acidic, neutral and 

basic pH conditions, respectively. Comparative analysis of the T50% values before and after 

degradation process under different pH and temperature conditions indicate that the PLA 

exhibits faster rate of hydrolytic degradation under basic pH conditions for the temperature of 

55 °C (Paula et al., 2011).   

It can be observed from Figure 6.4(b) that the PLA-SP-5 nanocomposite (before 

degradation) also degrades by single step and shows weight loss in the temperature regime 

of 288-391°C. This specifies that the PLA-SP-5 nanocomposite undergoes thermal 

degradation relatively faster rate in comparison with neat PLA. The possible reason for this 
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is due to the fact that the bio-filler, SP exhibits thermal stability up to ~180 °C and the faster 

degradation phenomenon shown by PLA-SP-5 nanocomposite is discussed in detail in 

chapter 5. The decomposition temperature of PLA-SP-5 nanocomposite at 50% weight loss 

is determined to be ~338 °C. After hydrolytic degradation at 35 °C for 108 h, the 

decomposition temperature (T50%) of PLA-SP-5 sample is found to be 322, 336, 311 °C for 

acidic, neutral and basic pH conditions, respectively. At higher hydrolytic degradation 

temperature (55 °C), the decomposition temperature of the composite samples shows the 

downturn and the corresponding values are determined to be 313, 326, 306 °C in case of 

acidic (for 108 h), neutral (for 108 h) and basic pH ( for 24 h), respectively. In the present 

case also, comparison of T50% values for PLA-SP-5 nanocomposite before and after 

degradation process under acidic, neutral and basic pH conditions for both the temperatures 

indicate that basic pH and temperature condition of 55 °C favor the hydrolytic degradation 

process of PLA-SP-5 nanocomposite in comparison with other conditions studied 

(Fukushima et al., 2011).  

The thermal degradation profile of both PLA and PLA-SP-5 nanocomposite reveals that the 

addition of SP in the PLA matrix influences the faster rate of hydrolytic degradation process 

as compared to neat PLA under basic pH condition at 55 °C. It is important to note the 

variation in the T50% values for PLA and PLA-SP-5 nanocomposite before and after 

degradation under basic pH at 35 °C. The difference between the T50% value for PLA before 

and after degradation under the above mentioned condition is found to be 15 °C, whereas, in 

case of PLA-SP-5 nanocomposite, the difference is found to be 27 °C (see Table 6.2). From 

these values, it seems that PLA-SP-5 nanocomposite degrades at a much faster rate than 

that of neat PLA. This result is in contrast to the statement that PLA-SP-5 degrades at a 

slower rate under basic pH for the temperature condition of 35 °C in comparison with neat 

PLA, which is discussed in the hydrolytic degradation behaviour section earlier (section 

6.4.1.1). The possible reason for the behaviour exhibited by PLA-SP-5 nanocomposite is 

due to the fact that with increasing temperature during the thermal degradation analysis, 
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decomposition of SP starts before PLA. H+ ions released during the degradation of SP 

further triggers the autocatalytic cleavage of PLA backbone, which in turn leads to an earlier 

degradation of PLA-SP-5 nanocomposite in comparison with PLA, when subjected to TGA 

analysis.  

Table 6.2. Decomposition temperature at 50% weight loss (T50%) for PLA and PLA-SP-5 

nanocomposite samples  

Sample name T50% Sample name T50% 

PLA 358 PLA-SP-5 338 

PLA-A-35-108 353 PLA-SP-5-A-35-108 322 

PLA-A-55-108 351 PLA-SP-5-A-55-108 313 

PLA-B-35-108 343 PLA-SP-5-B-35-108 311 

PLA-B-55-108 313 PLA-SP-5-B-55-24 306 

PLA-N-35-108 356 PLA-SP-5-N-35-108 336 

PLA-N-55-108 354 PLA-SP-5-N-55-108 326 
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Figure 6.4. TGA thermographs of (a) PLA and (b) PLA-SP-5 sample (before and after 

hydrolytic degradation) 

(a) 

(b) 
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6.4.1.5. SEM analysis 

The scanning electron microscopy images of PLA and PLA-SP-5 nanocomposite samples 

after degradation (under basic pH and two different temperatures) process are depicted in 

Figure 6.5(a-f). It can be observed from the Figure 6.5(a,d) that both PLA and PLA-SP-5 

nanocomposite exhibit the smooth surface before the hydrolytic degradation process. Once 

the samples were subjected to degradation process, surface erosion can be seen distinctly 

in case of both PLA and PLA-SP-5 nanocomposite (Figure (b, c, e and f)). Apart from 

surface erosion, both PLA and PLA-SP nanocomposite are characterized by the presence of 

cavities (at 35 °C). In case of PLA, solvent enters into the amorphous domains first and 

initiates the hydrolysis reaction. As a consequence of the reaction, the amorphous domains 

leach out and enter into the base solution, resulting in the formation of cavities (Joachim et 

al., 2004). In case of PLA-SP-5 nanocomposite, the solvent first enters the interface 

between PLA and SP, and initiates the hydrolysis at the interfacial region. With progress in 

the hydrolysis reaction, the bio-filler, SP tends to move away from the matrix towards the 

base solution (Azwar et al., 2012). This can be corroborated with the disappearance of the 

peak corresponding to SP in the XRD analysis. At higher degradation temperature (55 °C), 

surface erosion and the number of cavities in the PLA and PLA-SP-5 nanocomposite 

samples are increased due to the faster degradation phenomenon (George, et al., 2012).  
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Figure 6.5. SEM images of PLA and PLA-SP-5 sample (before and after degradation) 

6.4.1.6. Transparency measurements 

The transparency measurements for PLA and PLA-SP-5 nanocomposite samples before as 

well as after hydrolytic degradation are performed using UV-visible spectrophotometer and 

the transmittance (%) values obtained in the wave length region of 575 nm is presented in 

Table 6.3. It can be observed from the Table that PLA shows the transmittance of around 

72% in the visible light region (575 nm). When PLA is subjected to degradation under acidic 

conditions for 108 h at 35 °C, the transmittance value is found to be 21%. With increasing 

the degradation temperature to 55 °C, the transmittance value is further decreased to 4%. 

(a) (d) 

(b) 

 (c) 

 (e) 

 (f) 
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After degradation under acidic conditions at 35 °C and 55 °C, the optical images of PLA 

were taken at several intervals of degradation as shown in Figure 6.6(a). It can be seen from 

the figure that at 35 °C, the appearance of the PLA samples remains almost invariant. In 

case of 55 °C and acidic conditions, PLA samples exhibit brittleness with due course of 

degradation. In addition to brittleness, the appearance of the sample changes to white color 

representing that crystallinity of the sample may be increased due to the faster degradation 

rate (Gorrasi et al., 2013; Oyama et al., 2009).  

 In case of neutral conditions, the transmittance value is found to be 54% for 108 h degraded 

PLA sample. This is comparatively higher than the value noticed at acidic pH conditions. A 

similar phenomenon in the transmittance (14% for 108 h) is perceived for the PLA samples 

in case of higher temperature (55 °C) under the same pH condition. The corresponding 

optical images are shown in Figure 6.6(b). In case of basic pH conditions at 35 and 55 °C, 

PLA samples display the drastic decline in the transmittance (0.5%) for 108 h of the 

degradation process. This suggests that the basic pH condition favors the opacity of the 

samples, due to increase in the crystallinity, as evidenced by XRD and DSC results. The 

respective optical images are shown in Figure 6.6(c).  

It can be observed from the Table 6.3 that PLA-SP-5 nanocomposite sample exhibits the 

transmittance of 20, 32 and 0.5% under acidic, neutral and basic pH conditions (35 °C) for 

108 h of degradation time. These results point out that an increase in the crystallinity of the 

samples due to degradation is directly reflected in terms of opacity. The color change 

observed in the samples indicates that the increased crystallinity defers the diffusion of light 

through the samples (Figure 6.6(a-c)). At higher degradation temperature (55 °C), it is not 

feasible to measure the transparency. This is because, after 24 h of degradation, the PLA-

SP-5 nanocomposite films become thinner and highly dissociated into the base solution and 

the corresponding optical images are shown in Figure 6.6(a-c).  
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Table 6.3. Transmittance (%) for PLA and PLA-SP-5 nanocomposite at different pH 

and temperature conditions 

Sample name Transmittance (%) Sample name Transmittance (%) 

PLA 72 PLA-SP-5 63 

PLA-A-35-108 21 PLA-SP-5-A-35-108 20 

PLA-A-55-108 4 PLA-SP-5-A-55-108 0.6 

PLA-B-35-108 0.5 PLA-SP-5-B-35-108 0.5 

PLA-B-55-108 0.5 PLA-SP-5-B-55-24 0.25 

PLA-N-35-108 54 PLA-SP-5-N-35-108 32 

PLA-N-55-108 14 PLA-SP-5-N-55-108 4.1 
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Figure 6.6. Optical images of PLA and PLA-SP-5 nanocomposite after degradation in 

(a) acidic (35 and 55 °C) (b) neutral (35 and 55 °C) and (c) basic (35 and 55 °C) pH 

conditions 

55 °C 

(c) 

(c) 

55 °C 

(b) 

35 °C 
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6.4.1.7. GPC analysis 

GPC analysis was employed to determine the polydispersive index (PDI), number average 

molecular weight (Mn) and weight average molecular weight (Mw) distribution of PLA and 

PLA-SP-5 nanocomposite samples after degradation process in basic pH conditions and the 

results are illustrated in Figure 6.7(a-c) and 6.8(a-c). It is well known that a maximum 

molecular weight decrement can occur in the samples which exhibited a higher percentage 

of residual weight loss (Jong et al., 2001; Paul et al., 2005). Before degradation, neat PLA 

shows a Mn, Mw and PDI values of ~130000, 225000 and 1.6, respectively. For both the 

degradation temperature conditions, Mw values are observed to exhibit downturn by 27% at 

35 °C and 34% at 55 °C, out of which, the maximum degradation is confirmed at the 

elevated temperature environment. This is attributed to the enhanced chain mobility of PLA 

molecular chain segments leading to the intensified chain end scission process. The 

increment in the PDI values for PLA also supports the reduction in the molecular weight 

evidenced.  
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Figure 6.7. (a) Mn (b) Mw and (c) PDI for PLA samples (before and after degradation) 
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Figure 6.8. (a) Mn (b) Mw and (c) PDI for PLA-SP-5 samples (before and after 

degradation) 

Similar behaviour is also observed for PLA-SP-5 nanocomposite sample. In case of PLA-SP-

5 nanocomposite, decrement in the Mw values of ~44% at 35 °C and ~50% at 55 °C is 

noticed. The decrement (%) in the molecular weight for PLA-SP nanocomposite sample is 

comparable to that of the value reported in literature (Langlois et al.; 2002). In addition to 

this, PLA-SP nanocomposite sample demonstrates greater reduction (%) in the molecular 

weight of ~32% as compared to neat PLA, at elevated temperature. This signifies that the 

presence of SP in the PLA matrix promotes the hydrolytic degradation process in a favorable 

manner. 
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   (c) 

   (a) 
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6.4.2. Effect of graphene on the hydrolytic degradation behaviour of PLA 

6.4.2.1. Hydrolytic degradation behaviour 

With respect to degradation time, the residual weight fraction (ɸ) of PLA and PLA-GR-0.1 

nanocomposite is calculated under different pH and temperature environments as shown in 

Figure 6.9. When the degradation time increases, the residual weight fraction is found to 

vary non-linearly for all the pH and temperature conditions studied. As evidenced from the 

figure, both PLA and PLA-GR-0.1 nanocomposites demonstrate higher weight loss in the 

initial degradation period for all the pH and temperature environments. It is also observed 

that except basic condition, the PLA displays a higher residual weight fraction as compared 

to PLA-GR-0.1 nanocomposites. 

 

 

Figure 6.9. Residual weight fraction of PLA and PLA-GR-0.1 samples at (a) acid (b) 

neutral and (c) basic pH conditions 

(a) (b) 

(c) 
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With respect to temperature, PLA demonstrates a greater degradation rate at elevated 

temperature condition (55 °C) than 35 °C. This is possibly due to the enhanced chain 

mobility and decrement in activation energy required for chain end scission (Chen et al., 

2013b; Olewnik et al., 2006). Regarding pH conditions, PLA shows the enhanced 

degradation rate at basic pH conditions as compared to acidic and neutral pH conditions. 

The possible reason is that the end OH groups present in the PLA favor the hydrolytic 

degradation process under basic pH conditions (Dias et al., 2012; Paul et al., 2005; 

Fernandez et al., 2013; Zhang et al., 2008). A similar observation in terms of the hydrolytic 

degradation process is experienced for PLA-GR-0.1 nanocomposites with respect to 

temperature as well as pH conditions. However, it is apparent that after the addition of GR in 

the PLA matrix, the nanocomposite sample demonstrates a slower rate of degradation as 

compared to PLA for all pH and temperature conditions studied. This is because, 

incorporation of GR in the PLA matrix results in the improvement of hydrophobicity for the 

nanocomposite sample, which, in turn, hinders the diffusion of water inside the PLA matrix.  

6.4.2.2. DSC analysis 

Figures 6.10(a) and (b) represent the DSC thermographs of PLA and PLA-GR-0.1 

nanocomposite, respectively. The thermographs were recorded for PLA and PLA-GR-0.1 

nanocomposites under different pH and temperature conditions prior and after the 

degradation period. The PLA sample demonstrates the glass transition, crystallization and 

melting temperature of 62 °C, 110 °C and 149 °C, respectively. After the addition of GR in 

the PLA matrix, enhancement in the crystallinity is observed. The melting temperature of 

PLA is also improved by ~5 °C, whereas, the glass transition temperature remains unvaried 

after the reinforcement of GR.  
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Figure 6.10. DSC thermographs for (a) PLA and (b) PLA-GR-0.1 (before and after 

hydrolytic degradation) 

The glass transition peak, which is endothermic in nature, can be seen in all the PLA 

samples after hydrolytic degradation under different pH and temperature conditions (Figure 

6.10(a)). The shift in the Tcc values to lower temperature is noticed for PLA samples (after 
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degradation process) when compared with the prior degradation process. The improvement 

observed in the cold crystallization process of PLA is due to the intensified chain mobility of 

loosely entangled PLA chains resulting in enhanced crystallinity (Saha et al., 2006; Chen et 

al., 2012). The significant reduction in the Tcc values are observed for PLA samples 

subjected to basic pH conditions, indicating the faster rate of degradation. Similar to neat 

PLA, PLA-GR-0.1 nanocomposite also displays a shift in the cold crystallization temperature 

to the lower side irrespective of pH and temperature conditions studied (Figure 6.10(b)). The 

shift is more significant for the samples subjected to basic pH conditions at elevated 

temperature, as compared to other conditions (acidic as well as neutral pH) at 35 °C. 

Similarly, the melting temperature is also shifted to lower temperature side, thus confirming 

the progress of the degradation process under different pH and temperature conditions 

(Figure 6.10(b)). These results are in accordance with the reported literature information 

(Paul et al., 2005; Tsuji et al., 2010; Saha et al., 2006).  

6.4.2.3. XRD analysis 

As evidenced that basic pH condition influences the hydrolytic degradation process of PLA 

and PLA-GR-0.1 nanocomposites greatly, XRD analysis was performed for both samples 

(before and after degradation process) to confirm the improvement in the crystallinity of the 

samples. The XRD pattern corresponding to neat PLA prior and after degradation process is 

depicted in Figure 6.11(a). Before the degradation process, PLA exhibits a semi crystalline 

peak at 2θ = 16.7°, confirming the α-crystalline phase of PLA (Luo et al., 2012). It is found 

that intensity of the crystalline peak increases with an increase in the degradation time. In 

addition to this, the elevated temperature condition also enhances the crystallinity of the PLA 

sample. The calculated percentage crystallinity values for PLA samples (before and after 

degradation process) also agree with the above results (see Table 6.4). The improvement in 

crystallinity is due to removal of amorphous domains from the samples with due course of 

degradation process (Gorrasi et al., 2013; Oyama et al., 2009). 
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Figure 6.11. XRD patterns of (a) PLA and (b) PLA-GR-0.1 (before and after hydrolytic 

degradation) 
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The XRD patterns obtained for PLA-GR-0.1 nanocomposite samples subjected to basic pH 

at different temperatures are presented in Figure 6.11(b). All the samples display the 

presence of an intense crystalline peak at 2θ = 16.7° and extra diffraction peaks at 2θ = 

14.7°, 16.8°, 19.3° and 22.2°, which correspond to the reflections of (0 1 0), (1 1 0)/(2 0 0), 

(2 0 3) and (0 1 5) planes of α-crystalline phase of PLA, respectively (Gorrasi et al., 2013). 

The improvement in the percentage crystallinity is more pronounced in case of PLA-GR-0.1 

samples subjected to degradation at the elevated temperature (55 °C) for the time period of 

108 h (Table 6.4).  

Table 6.4. Crystallinity (%) of PLA and PLA-GR-0.1 (before and after degradation) 

S:No Sample name Crystallinity  

(%) 

1 PLA 12.5 

2 PLA-B-35-108 39.2 

3 PLA-B-55-108 50.1 

4 PLA-GR-0.1 16.9 

5 PLA-GR-0.1-B-35-108 34 

6 PLA-GR-0.1-B-55-108 40 

 

6.4.2.4. TGA analysis 

TGA analysis was carried out for PLA and PLA-GR-0.1 nanocomposite samples after 

hydrolytic degradation process at various pH conditions for 108 h. The TGA curves of PLA 

and PLA-GR-0.1 nanocomposite samples are shown in Figure 6.12(a) and (b), respectively. 

A single stage of weight loss in the temperature regime of ~307-402 °C is noticed for PLA 

(before degradation) and temperature at which 50% weight loss (T50%) occurred is found to 

be ~358 °C. When the degradation progressed for 108 h under different pH conditions, the 

T50% value for PLA samples shows decreasing trend. At 35 °C, the corresponding T50% values 

for acidic, neutral and basic pH conditions are found to be ~353, 356 and 343 °C 

respectively. It is also observed that when the degradation temperature increases to 55 °C, 

T50% value for PLA declines to ~351, 354 and 313 °C for acidic, neutral and basic pH 
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conditions, respectively. This makes clear that basic pH and elevated temperature conditions 

enhance the rate of degradation of PLA samples (Paula et al., 2011). In case of PLA-GR-0.1 

nanocomposite samples, T50% is found to be 2 °C higher as compared to neat PLA    (before 

degradation). This indicates that the reinforcement of GR in the PLA matrix delayed the 

hydrolytic degradation process, which is due to the hydrophobic nature of the GR layers. 

However, after the degradation period of 108 h under different pH and temperature 

conditions, considerable changes in the thermal stability is not evidenced in comparison with 

neat PLA. The T50% values exhibit similar trend like PLA under acidic, neutral and basic pH 

environment, irrespective of the temperature conditions.  
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Figure 6.12. TGA thermographs of (a) PLA and (b) PLA-GR-0.1 (before and after 

hydrolytic degradation) 

 

 

(a) 

(b) 
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6.4.2.5. SEM analysis 

The scanning electron microscopy images for PLA as well as PLA-GR-0.1 nanocomposite 

after degradation (under basic pH at two different temperatures) process is depicted in 

Figure 6.13(a-f). It is clear from the Figure 6.13(a,d) that both PLA and PLA-GR-0.1 

nanocomposite exhibit the smooth surface before the hydrolytic degradation process. With 

due course of degradation, surface erosion and occurrence of cavities appear in the PLA 

samples that are subjected to degradation (Figure 6.13(b, c, e and f)). The observed cavities 

are due to the leaching of amorphous domains (Joachim et al., 2004). The leaching is found 

to be more prominent in case of samples subjected to hydrolytic degradation at 55 °C, 

indicating faster degradation process at elevated temperature (George et al., 2012). In case 

of PLA-GR-0.1 nanocomposite samples, despite surface erosion visualized, the presence of 

cavities is found to be rare as compared to neat PLA. This points out that the presence of 

GR in the PLA matrix affects the degradation process. 
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Figure 6.13. SEM images of (a) PLA and (b) PLA-GR-0.1 (before and after degradation) 

6.4.2.6. Transparency measurements 

Transmittance (%) results for both PLA and PLA-GR-0.1 nanocomposite samples after 

degradation process are presented in Table 6.5. The neat PLA demonstrates 72% 

transmittance in the visible light region. Under acidic pH conditions, PLA exhibits a 

transmittance value of 21% and 4% for the temperature condition of 35 °C and 55 °C, 

respectively after the degradation time of 108 h. The optical images of PLA subjected to 

degradation under acidic conditions at 35 °C and 55 °C pictoriated at various intervals of 

degradation can be seen from Figure 6.14(a). The appearance of PLA samples remains 

almost invariant under acidic pH conditions at 35 °C. With the rise in temperature (55 °C) 

and under acidic conditions, the PLA samples demonstrate brittleness after a certain 

degradation interval. Besides this, the appearance of the sample changes with increasing 

degradation duration. This is an indication of improvement in crystallinity of the samples 

because of the faster degradation rate. The transmittance values (54% and 14% at 35 and 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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55 °C, respectively) obtained in case of neutral pH conditions are found to be comparatively 

higher than that of acidic pH conditions. The corresponding optical images are shown in 

Figure 6.14 (b). Under basic pH conditions, PLA samples display the drastic reduction in the 

transmittance (0.5%) at both the temperature. This elucidates that basic pH condition 

influences the opacity of the samples, due to increase in the crystallinity, as evidenced by 

XRD and DSC results. The respective optical images are shown in Figure 6.14(c).  
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Figure 6.14. Optical images of PLA and PLA-GR-0.1 nanocomposite at (a) acidic (35 

and 55 °C) (b) neutral (35 and 55 °C) (c) basic (35 and 55 °C) pH conditions 

(b) 

(c) 

(c) 

35 °C 

55 °C 

55 °C 
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Table 6.5. Transmittance (%) for PLA and PLA-GR-0.1 nanocomposite at different pH 

and temperature conditions 

Sample name Transmittance (%) Sample name Transmittance (%) 

PLA 72 PLA-GR-0.1 69 

PLA-A-35-108 21 PLA-GR-0.1-A-35-108 19 

PLA-A-55-108 4 PLA-GR-0.1-A-55-108 0.5 

PLA-B-35-108 0.5 PLA-GR-0.1-B-35-108 0.7 

PLA-B-55-108 0.5 PLA-GR-0.1-B-55-108 0.2 

PLA-N-35-108 54 PLA-GR-0.1-N-35-108 40 

PLA-N-55-108 14 PLA-GR-0.1-N-55-108 6 

 

The transparency results obtained for PLA-GR-0.1 nanocomposite samples after 

degradation is presented in Table 6.5. It can be noticed that the nanocomposite sample 

(PLA-GR-0.1) displays the transmittance of 19, 40 and 0.7% under acidic, neutral and basic 

pH conditions at 35 °C for 108 h of degradation time. These results are indicative of 

increased crystallinity of the samples and the degradation is directly reflected in terms of 

opacity. The color change noticed in the samples also signifies that an increase in 

crystallinity hinders the transmission of light through the samples (Figure 6.14(a-c)).  

6.4.2.7. GPC Analysis 

The number average molecular weight (Mn), weight average molecular weight (Mw) and the 

polydispersive index (PDI) of PLA and PLA-GR-0.1 nanocomposite samples after 

degradation process are illustrated in Figures 6.7(a-c) and 6.15(a-c), respectively. Prior to 

degradation, the nanocomposite sample shows a Mn, Mw and PDI of ~131000, 220000 and 

1.6. After the degradation in the base solution for 108 h, the decrement in the Mw values of 

~27% at 35 °C and ~35% at 55 °C is noticed. In comparision with PLA and PLA-SP-5, PLA-

GR-0.1 displays slower degradation rate due to the hydrophobic nature of graphene.  
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Figure 6.15. (a) Mn (b) Mw and (c) PDI for PLA-GR-0.1 samples (before and after 

degradation) 

6.5. Conclusions 

The study elucidates that basic pH conditions and the elevated temperature highly favor the 

hydrolytic degradation process for PLA, PLA-SP-5 and PLA-GR-0.1 nanocomposite 

samples. The higher percentage of residual weight loss observed for PLA-SP-5 

nanocomposite indicates the faster rate of degradation as compared to PLA and PLA-GR-

0.1 nanocomposite.  DSC and XRD analysis reveal the improvement in crystallinity for all the 

samples with due course of the degradation period. The presence of cavities verified by 

SEM analysis signifies the leaching of the amorphous region into the solvent phase. GPC 

analysis also confirms the degradation phenomenon by displaying the reduction in molecular 

weight. On the whole, the presence of SP in the PLA matrix greatly influences the hydrolytic 

degradation of PLA.  
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CHAPTER 7 
 

CONCLUSIONS AND FUTURE DIRECTIONS 

This chapter presents the major inferences drawn from the doctoral work and an outlook for 

future studies.   

7.1. Conclusions 

The major conclusions drawn on the overall observation and main findings of the research 

work are as follows. 

 The optimum temperature for thermal exfoliation of expandable graphite (EG) is 

achieved at 750 °C. The formation of monolayer GR from exfoliated graphite (EXG) 

is confirmed by the TEM image as well as SAED pattern obtained after sonication 

process. The XRD patterns of PLA-GR nanocomposites reveal the absence of 

graphitic peak at 2θ = 26.7°, which is indicative of exfoliation of GR in the PLA 

matrix.  

 The maximum improvement in the thermal stability of ~31 °C is exhibited by PLA-

GR-0.5 nanocomposite than that of neat PLA, when 10% weight loss is considered 

as a point of comparison. DSC analysis discloses the nucleating ability of GR 

nanofiller by showing improvement in the cold crystallization process of PLA. Addition 

of GR in the PLA matrix demonstrates ~4 °C enhancement in the melting 

temperature. The presence of GR in the PLA matrix shows considerable reduction in 

the transparency (53%) of PLA films as compared to neat PLA, in the UV-B region. 

The improvement in the tensile strength and elongation-at-break (%) of ~15% and 

53%, respectively, is obtained for PLA-GR-0.1 nanocomposite as compared to neat 

PLA. In addition to this, the incorporation of 0.1 wt% GR in the PLA matrix guides to 

~22% reduction in the oxygen barrier effects as compared to neat PLA. 
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 A significant improvement in terms of mechanical and oxygen barrier properties of 

PLA is experienced after the reinforcement of SP in the PLA matrix. DSC analysis 

authenticates the shift in cold crystallization temperature of PLA-SP composites to 

higher side with respect to SP loadings. This specifies that the incorporation of SP 

leads to suppress the diffusion rate of the PLA chains to the nucleus surface. The 

uniform dispersion of SP in the PLA matrix is verified through FE-SEM and TEM 

analysis. The maximum improvement in the tensile strength and elongation at break 

(%) by ~17% and ~56%, respectively is obtained for PLA-SP-5 nanocomposite as 

compared to neat PLA. The most significant improvement in terms of oxygen barrier 

effects is evidenced after the incorporation of SP in the PLA matrix. For 30 wt% 

loadings of SP, the reduction in oxygen permeability of 69% is noticed in comparison 

with neat PLA.  

 The crystallization rate parameter values of PLA-GR and PLA-SP nanocomposites 

obtained by both Avrami and Tobin models exhibit increasing trend with respect to 

neat PLA, irrespective of the loadings, indicating the nucleation effect of fillers       

(GR and SP). The addition of both GR and SP displays the reduction in the 

nucleation induction period, which is confirmed by POM studies.  

 The activation energy is found to vary with respect to conversion for PLA, PLA-GR 

and PLA-SP nanocomposites, which suggests that the thermal degradation of both 

PLA and its composites occurrs via complex mechanism. After the addition of GR in 

the PLA matrix, thermal stability of PLA is enhanced that is also confirmed by the 

enhancement of activation energy obtained by Coats-Redfern, Kissinger and Flynn-

Wall-Ozawa methods. In case of PLA-SP composites, the reverse trend in terms of 

activation energy is observed, demonstrating the decrement in the thermal stability 

with addition of SP in the PLA matrix.  

 The elevated temperature and basic pH conditions greatly influence the hydrolytic 

degradation process of PLA, PLA-GR-0.1 and PLA-SP-5 nanocomposites. The faster 
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rate of degradation is confirmed for the PLA-SP-5 nanocomposite, which exhibits a 

greater percentage of residual weight loss as compared to PLA and PLA-GR-0.1 

nanocomposite. DSC and XRD analysis signify the enhancement in crystallinity of 

PLA, PLA-GR-0.1 and PLA-SP-5 nanocomposites with an increase in the 

degradation time. The leaching of amorphous region during the degradation is 

evidenced by the presence of cavities in the SEM images. This leads to decrement in 

the molecular weight, which is confirmed by GPC analysis. The presence of SP in the 

PLA matrix highly favors the hydrolytic degradation of PLA as compared to GR 

nanofiller.  

 

7.2. Scope for future work 

Based on the outcome of this work, some recommendations for future research are 

presented as follows: 

 In order to enhance the barrier properties of PLA-GR composites, the dispersion 

of GR in the PLA matrix needs to be improved. This can be achieved by in-situ 

polymerization of lactic acid on GR followed by solution casting or melt blending 

of the resultant product in the PLA matrix.  

 In order to avoid the earlier degradation of PLA-SP composites, the hydroxyl 

groups present in the SP can be modified and incorporated in the PLA matrix. 

The structural, morphological, thermal, mechanical and barrier properties of 

PLA/modified SP composites can be further investigated.  

 In view of food packaging applications, migration studies for SP and GR from the 

PLA matrix into food material can be carried out to investigate the toxicity 

behaviour of the reinforcements. Further, anti-microbial properties of PLA-SP and 

PLA-GR composites can also be examined.  
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