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STARCH / CASSAVA PULP/ BIOCOMPOSITES 

 

 In this study, effect of PBS contents on physical properties of poly (lactic acid) 

(PLA) and poly (butylene succinate) (PBS) blends was investigated. The content of PBS 

was varied from 0 – 40 wt%. With increasing PBS contents, impact strength and 

elongation at break of PLA/PBS blends were increased. Nevertheless, elongation at 

break of blends was decreased for the blend with PBS content more than 20 wt%. 

However, Young’s modulus and tensile strength of the PLA/PBS blends were 

decreased with increasing PBS contents. From SEM micrographs of PLA/PBS blends, 

the size of coalescence was increased with increasing PBS content in PLA matrix. 

Glycidyl methacrylate (GMA) and maleic anhydride (MA) were grafted onto 

PLA. PLA grafted with glycidyl methacrylate (PLA-g-GMA) and PLA grafted with 

maleic anhydride (PLA-g-MA) were prepared by using an internal mixer. The 

interaction between PLA and monomer (GMA or MA) was characterized by using 

FTIR. A titration method was used to determine the content of monomer grafted onto 

PLA molecule. PLA-g-GMA was used as a compatibilizer in PLA/PBS blends. PLA-

g-GMA improved compatibility between PLA and PBS. Tensile strength and 

elongation at break of PLA/PBS blends were increased with addition of PLA-g-GMA.  
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Cassava pulp was used to prepare thermoplastic starch. Thermoplastic starch 

from cassava pulp (CP) was used as a filler for CP/PLA/PBS composites. Effect of 

CP content on physical properties of CP/PLA/PBS composites was studied. Tensile 

strength, Young’s modulus, elongation at break and impact strength of CP/PLA/PBS 

composites were decreased with increasing CP content. PLA-g-GMA and PLA-g-MA 

were used as compatibilizers in CP/PLA/PBS composites. Mechanical properties of 

CP/PLA/PBS composites can be improved by using compatibilizer. 
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CHAPTER I 

INTRODUCTION 

1.1 General Background 

In recent years, the environmental pollution caused by the plastic wastes is an 

emerging problem. To overcome it, the development of new polymeric materials, 

which are easily degradable to replace the petroleum-based plastics is proposed. 

Biopolymers are polymers that are biodegradable. The input materials for the 

production of these polymers may be either renewable (based on agricultural plant or 

animal products) or synthetic. There are four main types of biopolymer based 

respectively on: starch, sugar, cellulose and synthetic materials. Poly (lactic acid) 

(PLA) degrades biologically into lactic acid, a product of the carbohydrate 

metabolism, and its importance as a substitute for the non-degradable thermoplastics 

is an attractive feature. It exhibits good physical properties including high strength, 

thermoplasticity, processability and excellent biodegradability. PLA can be used in 

mostly biomedical applications such as sutures and controlled drug delivery systems. 

However, PLA is quite brittle (low strain at break and high modulus) at room 

temperature, its applicability has been somewhat limited (Van Cong et al., 2012). 

The flexibility and toughness of PLA can be improved by some approaches, 

such as copolymerization (Ouchi et al., 2004), blending (Gu et al., 2008), and addition 

of plasticizers (Baiardo et al., 2003). Generally, blending is a relatively simple and 

easy way compared to other approaches. Flexible polymers such as polycaprolactone 
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(PCL) (Broze et al., 2003), poly (butylene succinate) (PBS) (Shibata et al., 

2006), poly (butylene succinate-co-adipate) (PBSA) and poly (butylene adipate-co-

terephthalate) (PBAT) (Pivsa-Art et al, 2011.) were blended with PLA. 

Poly (butylene succinate) (PBS) is a biodegradable aliphatic polyester 

produced by the polycondensation reaction of 1, 4-butanediol with succinic acid 

(Bhari et al. and Doi et al., 1998 and 1996). It has high flexibility, excellent impact 

strength, and thermal and chemical resistance (Doi et al., 1994). It can be processed 

easily and is one of the choices to blend with PLA. However, PLA/PBS blends 

produced by conventional melt-processing usually exhibit poor impact strength, 

mainly due to the poor miscibility between PLA and PBS. Moreover, PLA/PBS 

blends still suffer from poor tensile strength. (Bhatia A. et al., 2007) 

Generally, the tensile strength of PLA is greatly improved when reinforced 

with fibers. Many studies have investigated the addition of natural fibers such as flax 

fibres (Oksman et al., 2003), kenaf fibers (Ochi, 2008), hemp fiber (Islam et al. and 

Sawpan et al., 2010 and 2011) and cassava bagasse (Teixeira et al., 2012) 

as reinforcing fillers in PLA. Raw cassava pulp (RCP) is one of attractive natural 

reinforcement that can be used to improve tensile strength of PLA. It is a tropical 

plant. RCP is a byproduct of starch production. RCP contains 50–60% residual starch. 

It may be dried in the sun and used as filler in cattle feed (Panichnumsin et al., 2010). 

It has also been tested as a feedstock for ethanol production and other fermentation 

processes (Iyer et al., 2010). However, most of the RCP are simply discarded as a 

wasted resource (Panichnumsin et al., 2010). RCP is composed of starch and fiber. 

Therefore, it is expected that the addition of thermoplastic starch from cassava pulp 
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(CP) in PLA/PBS blends can improve tensile strength and an inexpensive price can be 

obtained.  

The drawbacks in bio-filler especially its high moisture absorption lead to 

their low mechanical properties and poor adhesion in composites. Hence bio-filler 

need to be treated to change their structural and surface properties by physical and 

chemical methods, and thereby improve the mechanical properties in their 

applications. Heat treatment is considered to enhance the fiber strength. Bio-filler 

after heat treatment is expected to improve mechanical properties of composites. Heat 

treatment is the useful way to modify the natural fibers in the traditional method. 

Bamboo fibers were treated by heat treatment. Effect of heat treatment on the tensile 

strength of bamboo fibers was investigated. The tensile strength of bamboo fiber was 

decreases at high temperatures of heat treatment. Temperatures of heat treatment 

should be treated below 140 °C in order to prevent strength reduction due to thermal 

degradation (Ochi, 2012). Kenaf fibers were treated by heat treatments. Compared 

with the untreated fiber, the tensile strength increased at heat temperature 140 °C. 

With heat treatment temperature was more than 140 °C, the color of the fibers became 

brown and black gradually by the observation of naked eye. Moreover the fibers 

became easily brittle and broken due to low tensile strength (Cao et al., 2007). 

Mostly of PLA blend are highly immiscible blend, which can lead to poor 

mechanical properties. Many researchers try to improve their compatibility by using 

compatibilizer. Maleic anhydride (MA) is widely used as compatibilizer to improve 

the compatibility of PLA blend and composites. Corn starch and maleic anhydride 

were synthesized to obtain a maleic anhydride esterified starch (ES). It was blended 
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with PLA (Zuo et al., 2014). Compatibility between PLA and starch was improved by 

addition of ES. The improvement in the inter-face compatibility led to increase in the 

tensile strength, flexural strength and elongation at break of the starch/PLA 

composites. Maleic anhydride-grafted PLA (PLA-g-MA) was used to improve the 

mechanical properties of PLA and Ganoderma lucidum fibre (GLF) composites, 

compared with that of PLA/GLF composites. The PLA-g-MA/GLF composites 

exhibited superior mechanical properties, attributed to the greater compatibility 

between the polymer and GLF (Wu, 2014). Glycidyl methacrylate (GMA) grafted 

polymers are often used as reactive compatibilizers in polyester blends. Glycidyl 

methacrylate grafted poly (ethylene octane) (GPOE) was used as compatibilizer of 

PLA/TPS blends. The elongation at break and impact strength of the PLA/TPS blends 

were greatly increased with addition of GPOE, compared to non-GPOE blends (Shi et 

al. 2011). GMA was added as reactive compatibilizer to improve the interfacial 

adhesion between immiscible phases of PLA and PCL. Elongation at break and 

impact strength of PLA/PCL blends was improved with the addition of GMA 3 wt%, 

compared to pure PLA/PCL blends (Chee et al., 2013). MA and GMA expect to 

improve the compatibility of PLA blend and composites. 

1.2 Research objectives 

The main objectives of this research can be classified as follows: 

 (i) To study the effect of PBS content on properties of PLA/PBS blends. 

 (ii) To study the effect of PLA grafted glycidyl methacrylate (PLA-g-GMA) 

on properties of PLA/PBS blends. 
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 (iii)  To study the effect of thermoplastic starch content from cassava pulp 

(CP) on properties of CP/PLA/PBS composites. 

 (iv)  To study the effect of compatibilizer, PLA grafted glycidyl methacrylate 

(PLA-g-GMA) and PLA grafted maleic anhydride (PLA-g-MA) on 

properties of CP/PLA/PBS composites. 

1.3 Scope and limitations of the study 

The PLA/PBS blends were melt blended using an internal mixer. The effect of 

PBS content on mechanical, morphological and thermal properties of PLA/PBS 

blends was studied. PLA-g-GMA and PLA-g-MA were prepared using an internal 

mixer. Dicumyl peroxide (DCP) was used as an initiator in the system. The structures 

of PLA-g-GMA and PLA-g-MA were characterized by Fourier Transform Infrared 

Spectroscopy (FTIR). The effect of compatibilizer, PLA-g-GMA, on properties of 

PLA/PBS blends was studied.  Heat treatment method was made to obtain heat treated 

RCPt. RCPt was mixed with glycerol in an internal mixer to obtain CP. CP was used 

as filler at various contents from 0 to 40 wt% in CP/PLA/PBS composites. The 

CP/PLA/PBS composites were prepared using an internal mixer. The effects of CP 

content on mechanical, morphological and thermal properties of CP/PLA/PBS 

composites were investigated. PLA-g-GMA and PLA-g-MA were used as 

compatibilizer in composites. The effect of PLA-g-GMA and PLA-g-MA on 

properties of PLA/PBS blends and CP/PLA/PBS composites were investigated. The 

interaction between PLA and monomer (GMA or MA) was characterized by using 

FTIR. A titration method was used to determine the content of monomer grafted onto 

the PLA molecule. The morphology of the blends and composites were observed by 
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scanning electron microscopy (SEM). Thermal properties of PLA/PBS blends and 

CP/PLA/PBS composites were studied by differential scanning calorimetry (DSC) 

and thermo gravimetric analysis (TGA). The mechanical properties of all blends and 

composites were investigated. 
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CHAPTER II 

LITERATURE REVIEW 

2.1 Poly (lactic acid) (PLA) 

PLA is one of the widely used aliphatic polyesters, due to its environmentally 

friendly properties. Figure 2.1 shows the chemical structure of PLA. Lactic acid is 

derived from agricultural products, such as corn starch, or other starch-rich substances 

such as maize, sugar or wheat. The lactic acid catalytically cyclized to make a 

cyclic dilactate ester, lactide, ring opening polymerized to the wanted poly (lactic 

acid) (Lunt, 1998). In addition, PLA is proven as a biocompatible material with 

appreciable mechanical properties comparable to other commodity plastics. PLA has 

high mechanical properties and biocompatibility. It has been proposed as a renewable 

and degradable plastic for uses in service ware, grocery, loose-fill packaging, compost 

bags, food packaging, and disposable tableware. The products made from PLA are 

bio-degradable and reverts in less than 60 days in ideal conditions; namely, in 

commercial composting installations. Although PLA has several advantages, PLA is 

still more expensive than many petroleum-derived commodity plastics and some of 

other properties such as impact strength are frequently insufficient for various end-use 

applications (Rudnik, 2008). 
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Figure 2.1 Chemical structure of poly (lactic acid) (PLA) 

2.1.1 PLA blend 

PLA has high modulus and tensile strength but low impact strength and 

elongation at break. Blending of PLA with other more flexible polymers are the 

interesting technique. The expectation of this operation is the increase of impact 

strength and elongation at break while blending of PLA maintains high modulus and 

tensile strength of PLA blend. 

PLA has many good physical properties including tensile strength, 

thermal plasticity, processing ability and biocompatibility compared to many 

petroleum-based plastics (Martin and Averous 2001). However, PLA is very brittle 

under tensile and bending loads leading to serious physical aging during application 

(Lunt, 1998).Improvement of drawback of PLA, Generally, blending was a relatively 

simple and easy way compared to other approaches. Flexible polymers, such as PCL 

(Broze et al., 2003), PBS (Shibata et al., 2006), poly (butylene succinate-co-adipate) 

(PBSA) and poly (butylene adipate-co-terephthalate) (PBAT) (Pivsa-Art et al, 2011.), 

were blended with PLA. Those flexible polymers were expected that these polymers 

can improve mechanical properties of PLA. The experimental results showed that 

impact strength of the PLA blend was greatly increased. A significant increase in the 



 

 

 

 

 

 

 

 

13 

 

elongation at break and decrease in tensile strength can be observed. The stress-

extension curve showed the material changed from brittle of PLA to ductile failure 

with the addition of flexible polymers. These works demonstrate that blending 

between PLA and other flexible polymers can improve weakness of PLA. 

2.1.2 Miscibility of PLA blend 

Gajria et al. (1996) studied poly (lactic acid) (PLA) and poly (vinyl 

acetate) (PVA). A single glass transition temperature showed for all PLA/PVA blend 

compositions, indicating that PLA and PVA form miscible blends. Results obtained 

from physical property testing indicated that the blends exhibit synergism in the range 

of 5 to 30% PVA, probably due to some interactions taking place in that region. The 

elongation is also seen to increase at 95% of PLA in PLA/PVA blend.  

Then, reactive blending was work by Park et al. (2003). Poly (vinyl 

acetate-co-vinyl alcohol) copolymers [P(VAc-co-VA)] were prepared by acidic 

hydrolysis of poly(vinyl acetate) (PVAc) at various reaction time, and the degree of 

hydrolysis was analyzed by 13C nuclear magnetic resonance spectroscopy (NMR). 

Blends of PLA and P(VAc-co-VA) were prepared by a solvent casting method using 

chloroform as a co-solvent. The PLA/PVAc blends exhibited a single glass transition 

over the entire composition range, indicating that the blends were miscible systems. 

On the contrary, for the blends with even 10% hydrolyzed PVAc copolymer, the 

phase separation and double glass transition were observed. With increasing neat 

PVAc contents, the heat of fusion decreased and the melting peaks shifted to lower 

temperature. The interaction parameter indicated negative values for up to 10% 

hydrolyzed samples, but positive values at more than 20% hydrolyzed one. Small 



 

 

 

 

 

 

 

 

14 

 

angle X-ray scattering analysis revealed that the long period and the amorphous layer 

thickness increased with PVAc composition, suggesting that a considerable amount of 

PVAc component located in the interlamellar region. Polarized optical microscopy 

showed that the texture of spherulites became rougher on increasing the PVAc 

content. In the case of P(VAc-co-VA) copolymer, the intensity of polarized light 

decreased significantly, indicating that P(VAc-co-VA) component seemed to be 

expelled out of the interfibrillar regions. Scanning electron microscopy analysis 

revealed that the significant phase separation occurred with increasing the degree of 

hydrolysis. In the case of P(VAc-co-VA) 30% with vinyl alcohol, the P(VAc-co-VA) 

copolymer formed the regular domains with a size of about 10 mm. 

2.1.3 Compatibilizer for PLA blend 

Most of PLA blends are highly immiscible blend, so immiscible blend 

can leading to poor mechanical properties. Accordingly, many researchers have done 

on improving miscibility while maintaining the biodegradability of polymer blend. 

Firstly, Jun (2000) studied properties of PLA and starch blend. PLA 

and starch blend are important biodegradable polymers. Mechanical properties of 

blends of PLA and starch using conventional processes were very poor because of 

incompatibility. In Jun’s study, PLA and starch were blended with a reactive agent 

during the extrusion process. The effects of the reactive blending were investigated 

and significant improvements were confirmed by measuring the tensile strength and 

elongation at break, IR spectra, and DSC. Very brittle PLA was blended with 25% 

and 50% of starch and addition of only 1% reactive agent resulted in very useful, 

wholly biodegradable polymeric material with 1000–1400 N/ cm
2
 of tensile strength 
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and about 40–80% elongation. Aliphatic diisocyanatohexane (DIH) was a very 

effective agent for the reactive blending of PLA/starch. The effect of plasticizer on the 

PLA/starch was also investigated. Depending on the processes of adding the reactive 

agents, different results were obtained. The two-step process, in which the reactive 

agent was added after all other ingredients were compounded, was more effective 

than the simple one-step process, in which all parts were compounded at the same 

time. 

Then, Chen et al. (2006) also investigated PLLA/starch blends. They 

used poly (L-lactide)-g-starch copolymer (PLLA-g-St) as a compatibilizer. The results 

showed that the use of PLLA-g-St as a compatibilizer in PLLA/starch blends can 

improve the performances without changing their whole biodegradability. PLLA-g-St 

is a good compatibilizer for the blend of hydrophobic PLLA and hydrophilic granular 

corn starch. The PLLA-g-St effectively improved the interfacial adhesion and the 

mechanical properties of the composites. The PLLA-g-St compatibilized 

PLLA/Starch blends showed better mechanical properties and stronger medium-

resistance in comparison with the simple starch/PLLA blend.  

Huneault and Li (2007) investigated the properties and interfacial 

modification of blends of PLA and glycerol-plasticized TPS. A twin-screw extrusion 

process was used to gelatinize the starch, devolatilize the water to obtain a water-free 

TPS and then to blend into the PLA matrix. The investigated TPS concentration 

ranged from 27 to 60 wt%. In the absence of interfacial modification, the TPS/PLA 

blend morphology observed through SEM was very coarse with TPS particles sizes 

between 5 and 30 mm. Huneault and Li improved miscibility of these blends by free-
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radical grafting of MA onto the PLA and then reacting the modified PLA with the 

starch macromolecules. Blends comprising MA-grafted PLA showed much finer 

dispersed phase size, in the 1- 3 µm range and exhibited a dramatic improvement in 

ductility. Elongation at break of modified blends was in the 100-200% range 

compared to 5-20% for non-modified control and for the pure PLA. Huneault and Li 

suggested that this improvement was due to a more homogeneous blend and smaller 

TPS particle sizes and possibly due to an improvement of interfacial adhesion 

between the TPS and PLA phases.  

Shibata et al. (2006) studied mechanical properties, morphologies, and 

crystallization behavior of plasticized PLLA/poly (butylene succinate-co-L-lactate) 

(PBSL) blends. The blends of PLLA with PBSL containing the lactate unit of 3 mol% 

and Rikemal PL710 (RKM) which is a plasticizer mainly composed of diglycerine 

tetraacetate. The RKM content in PLLA/PBSL/RKM blends was 0-20 wt%, and the 

PLLA/PBSL weight ratio was 100/0 to 80/20. Although elongation at break in the 

tensile test did not increase by the addition of 10 wt% RKM to PLLA, the addition of 

a small amount of PBSL to the PLLA/RKM blend caused a considerable increase of 

the elongation. The SEM and DSC analyses revealed that all the PLLA/PBSL/RKM 

blends were immiscible blends where the PBSL particles were finely dispersed, and 

they suggested that there was some compatibility between PLLA-rich phase and 

PBSL-rich phase in the amorphous state when the RKM content is 20 wt%. As a 

result of investigation of the crystallization behavior by DSC and polarized optical 

microscopic measurements, it was revealed that the addition of RKM caused the 

acceleration of crystalline growth rate at a lower annealing temperature, and the 

addition of PBSL mainly enhanced the formation of PLLA crystal nucleus.  
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Ho et al. (2008) used a thermoplastic polyolefin elastomer-graft-

polylactide (TPO–PLA) as a compatibilizer for PLA/starch blends. TPO–PLA was 

prepared by grafting polylactide onto maleic anhydride-functionalized TPO (TPO–

MAH) in the presence of 4-dimethylaminopyridine (DMAP). A Molau test and the 

SEM images of cryo-fractured surface of PLA/TPO binary blends and 

PLA/TPO/TPO–PLA ternary blends, indicated that the particle size dispersed in PLA 

matrix substantially decreased as the concentration of the compatibilizers increased, 

until the content exceeded the critical micelle concentration. Compatibilizing the 

PLA/TPO (80/20) blend with TPO–PLA copolymer reduced the tensile strength and 

tensile modulus because of the natural elastic property with low strength and 

modulus. However, the enhanced interfacial adhesion strength markedly increased the 

elongation at break and tensile toughness. Moreover, the result indicated that a TPO–

PLA copolymer is more efficient than TPO–MAH in compatibilizing the PLA/ TPO 

(80/20) blend; it is associated with the smaller particle size, narrower size distribution 

and higher elongation at break and greater tensile toughness. 

Then, Li and Shimizu (2009) also improved the toughness of PLLA 

through reactive blending with acrylonitrile–butadiene–styrene copolymer (ABS). 

The results showed that uncompatibilized blends of PLLA and ABS have morphology 

with big phase size and weak interface. The blends exhibited poor mechanical 

properties with low elongation at break and low impact strength. 

Styrene/acrylonitrile/glycidyl methacrylate copolymer (SAN-GMA) was found to be 

an effective reactive compatibilizer for PLLA/ABS blend by the presence of 

ethyltriphenyl phosphonium bromide (ETPB) as a catalyst.  The results showed 

significant improvement in the dispersion of rubber particles as well as the clearly 
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shifted glass transition temperature of both PLLA and ABS. Compatibilized 

PLLA/ABS blends exhibit an increase of impact strength and elongation at break with 

a slight loss in the modulus and tensile strength. 

Another research on reactive blending was conducted by Oyama 

(2009) toughened PLA by reactive blending with poly (ethylene-glycidyl 

methacrylate) (EGMA). Oyama’s study demonstrated a dramatic improvement in the 

mechanical characteristics of PLA by its reactive blending with EGMA. The results 

showed that very high performance of PLA blends was obtained by reactive blending 

of PLA and EGMA. The elongation at break of PLA blends showed 40 times higher 

than that of neat PLA. Annealed PLA/EGMA blends had impact strength over 50 

times higher than that of the neat PLA. Here, it is considered that the epoxy group in 

EGMA reacts with both the carboxyl groups and the hydroxyl groups located at the 

PLA chain ends during melt-mixing leading to an improvement in miscibility and 

mechanical properties of PLA blend.  

Leadprathom et al. (2010) studied reactive compatibilization of PLA 

and TPS. For all blend ratios, the tensile strengths of PLA/TPS reactive blends were 

higher than the physical blend of PLA/TPS. The reactive phase adhesion between 

PLA and TPS was improved by adding reactive compatibilizer. The addition of 

reactive compatibilizer into the PLA and TPS showed improvement in the mechanical 

properties and phase adhesion. The differential thermal analysis (DSC) indicated that 

the crystallization temperature of the reactive blend of PLA/TPS shifted to a lower 

temperature compared to the physical blend of PLA/TPS. This suggested that the 

compatibility between TPS and PLA was improved for the reactive blend system. 
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Most of PLA/TPS reactive blends showed the better water resistance compared to the 

physical blend of PLA/TPS. 

2.2 Poly (butylene succinate) (PBS) 

Poly (butylene succinate) (PBS) are aliphatic synthetic polyester. It is 

synthesized from dicarboxylic acids (e.g., succinic and adipic acid) (Tokiwa, Y. et al., 

2009). It has high flexibility, excellent impact strength, and thermal and chemical 

resistance (Doi et al., 1994).It can be processed easily and is the one of the best choice 

to blend with PLA. Listed in Table 2.1 are some average physical properties of PBS. 

 

Figure 2.2 Chemical structure of Poly (Butylene Succinate) (PBS) 
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Table 2.1 Physical properties of PBS (Mitsubishi Chemical Corporation, 2011). 

Physical property Value Units 

Density 1.26 g/cm
3
 

Glass transition temperature -22 
o
C 

Melting temperature 115 
o
C 

MFR(190℃/2.16 kg) 5 g/10 min 

Flexural modulus 650 MPa 

Flexural strength 40 MPa 

Yield stress 39 MPa 

Tensile Stress at Break 30 MPa 

Elongation at Break 160 % 

Izod impact strength (23 °C) 7.3 kJ/m
2
 

Heat Deflection Temperature (HDT) (0.45 MPa) 91 
o
C 

 

2.2.1 PBS blend 

Chen et al. (2005) studied effect of reactive organoclay on PLLA and 

PBS blends. The twice functionalized organoclay (TFC) was prepared by treating the 

organoclay, Cloisite
®
 25A (C25A) with (glycidoxypropyl) trimethoxy silane. The 

result showed that when a small amount of TFC was incorporated in a PLLA/PBS 

blend the clay layers were fully exfoliated and were located almost exclusively in the 

PLLA phase. The domain size of the dispersed PBS phase did not change 

considerably when the TFC content was 0.5 wt%. However, as the TFC content 
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increased, the clay layers were dispersed in both the PBS and PLLA phases, and the 

domain size of the dispersed PBS phase grew significantly smaller. The addition of 

TFC to the PLLA/PBS blend not only improved the tensile modulus but also 

improved the elongation at break. 

Shibata, M. et al. (2006) studied the mechanical properties of blends of 

PLLA with PBSL and PBS. The tensile strength and modulus of the blends 

approximately followed the rule of mixtures over the whole composition range except 

those of 1% of PBS in PLLA/PBS blend which were exceptionally higher than those 

of pure PLLA. All the blends showed considerably higher elongation at break than 

pure PLLA, PBSL, and PBS. PBSL contents at 1 to 10% in PLLA/PBSL blends are 

promising material shaving better flexibility than pure PLLA. In addition, it is 

interesting that addition of 1% of PBS in PLLA/PBS blend has higher tensile strength 

and modulus than pure PLLA. 

  Another study of research to reactive blending was conducted by 

Bhatia et al. (2007) about blends of PLA and PBS. The morphological investigation 

by SEM revealed that both the polymers are immiscible beyond 20 wt% of PBS in 

PLA. Tensile strength and modulus of the blends decreased with PBS content but 

followed approximately the mixing rule for 90/10 and 80/20 (PLA/PBS) blends. It is 

concluded that percentage elongation at break remains almost constant for all the 

blends. Modulated DSC showed that the composition beyond 20 wt% PBS have two 

distinct melting peaks indicating immiscibility of the two polymers. However, 

compositions 90/10, 80/20 (PLA/PBS) seem to be miscible. Rheological study 

concluded that both the neat PBS and PLA polymers exhibited Newtonian behavior. 
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50/50 wt%(PLA/PBS) blend showed strong shear thinning behavior at low 

frequencies, while other blends showed similar behavior as that of neat polymers. The 

shear viscosity of the blend system exhibited shear thinning behavior similar to 

biodegradable polymers. Viscosities of blends increased as PBS content increased 

from 50 wt% while 10 wt% and20 wt% PBS content had viscosities in between the 

neat polymers which indicate that below 20 wt% of PBS, blends were miscible and 

above that they become immiscible. Also, values of the blends below 20 wt% of PBS 

were quite near to the predicted values from the log-additivity rule for viscosity, thus 

could be considered as miscible. Blends of up to 20 wt% PBS content in PLA was 

also expected to overcome the deficiencies of PLA such as brittleness, flexural 

properties, heat distortion temperature and impact strength for applications in food 

packaging, compost bags, and other biodegradable disposable bags. 

  Tsi et al. (2009) studied the blend between poly (butylene succinate) 

and propylene-co-ethylene copolymer. Propylene-co-ethylene elastomer resin (PER) 

had been blended into biodegradable PBS by a melt-blending process to develop a 

novel semi-biodegradable thermoplastic elastomer. The PBS/PER blends displayed 

good compatibility in the range of weight ratio at 70/30 of PBS/PER blends was better 

than that of 30/70 of PBS/PER blends according to analyses by DSC, DMA and the 

Couchman method. Although the PBS/PER blends displayed compatibility, SEM 

analyses of most of the PBS/PER blends revealed two-phase structures including sea-

island and irregular fiber-shaped morphologies, except for 70% of PBS in PBS/PER 

blends. At 50 to 60 % of PBS in PBS/PER blends displayed low tensile strength due 

to large sea-phase and irregular fiber shaped morphologies, even though they had 

good compatibility. At 70% PBS in PBS/PER blends apparently exhibited a single 
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phase by SEM and showed the best compatibility by DSC and DMA. Furthermore, 

the tan d, elongation and initial moduli of the PBS/PER blends were seen to increase 

with increasing PER content, indicating that the toughness and shock resistance of 

PBS are improved by incorporating PER into the composition.  

  Wang et al. (2009) also studied toughening modification of PLLA/PBS 

Blends. Biodegradable polymer blends consisting of PLLA and PBS were prepared in 

the presence of dicumyl peroxide (DCP). The effects of DCP content on the 

mechanical properties, thermal and rheological behavior, phase morphology as well as 

the toughening mechanism of the blends were investigated. The notched Izod impact 

strength of 20% PBS in PLLA/PBS blend significantly increased after the addition of 

0.05–0.2 phr DCP, but the strength and modulus monotonically decreased with 

increasing DCP content. PBS acted as a nucleating agent at the environmental 

temperature below its melting temperature and accelerated the crystallization rate of 

PLLA but had little effect on its final degree of crystallinity. The degree of 

crystallinity of PBS and the cold crystallization ability of PLLA gradually reduced 

with increasing DCP content. The addition of DCP induced an increase in viscosity of 

the blends at low frequencies as well as finer dispersion of PBS particles and better 

interfacial adhesion between PLLA and PBS, indicating the in situ compatibilization 

occurred between the two components. The optical clarity of PLLA/PBS blend was 

significantly improved after the addition of DCP, which was in accordance with the 

crystallization behavior and phase structure of the blends. 
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2.3 Thermoplastic starch (TPS) 

Starch is an annually renewable resource. Starch is inherently biodegradable 

which is a low-cost material and readily available resource. It is often used as filler for 

the replacement of petroleum-derived synthetic polymers to decrease environmental 

pollution. However, starch has severe limitations because of its water solubility and 

poor water-resistance, making starch products very sensitive to the relative humidity 

at which they are stored and used (Lee et al., 2008). 

The starch was first plasticized under heating to obtain thermoplastic starch, 

giving rise to a continuous phase in the form of a viscous melt which can be processed 

by conventional plastic processing technique. In general, plasticizers used include 

polyols such as glycerol, glycol, xylitol and sorbitol. Moreover amide groups such as 

urea, formaldehyde and acetamide or a mixture of plasticizers were also used as 

plasticizer. 

2.3.1 Thermoplastic starch blend 

Rodriguez-Gonzalez et al. (2003) studied LDPE/TPS blends. TPS was 

prepared by containing 36% glycerol. The elongation at break and modulus of 

PE/TPS blend with addition 45% TPS maintained 94 and 76% of polyethylene. At a 

composition 29 % of TPS in PE/TPS for the same glycerol content, the blend retained 

96% of the elongation at break and100% of the modulus of polyethylene. These 

excellent properties were achieved in the absence of any interfacial modifier and 

despite the high levels of immiscibility in the polar–nonpolar TPS–PE system. The 

45% TPS of blend possessed a 100% continuous or fully interconnected TPS 
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morphology, as measured by hydrolytic extraction. This highly continuous TPS 

configuration within the blend should enhance its potential for environmental 

biodegradation. The elongation at break in the cross direction of these materials, 

although lower than the machine direction properties, also demonstrated ductility at 

high TPS concentrations. At a glycerol content of 36% in the TPS, the blends 

demonstrated only very low levels of sensitivity to moisture. A high degree of 

transparency was maintained over the entire concentration range due to the similar 

refractive indices of PE and TPS and the virtual absence of interfacial micro voiding. 

Effective control of the glycerol content, TPS concentration and processing conditions 

could result in a wide variety of morphological structures including spherical, fiber-

like, highly continuous and co-continuous morphologies. These various blend 

morphologies were shown to be the determining parameters with respect to the 

observed mechanical properties. 

Lee et al. (2008) investigated about tapioca starch and poly (lactic 

acid) nanocomposite foams. Tapioca starch (TS), PLA, and four different organoclays 

(Cloisite 10A, Cloisite 25A, Cloisite 93A and Cloisite 15A) were used to produce 

nanocomposite foams by melt-intercalation. The morphological study showed that the 

four nanocomposites had higher cell densities and exhibited smaller and more 

uniform cells with noticeably decreased cell size. From the DSC study, the 

TS/PLA/10A and TS/PLA/93A nanocomposite foams had the same Tg of 63.8 °C 

which was quite similar to the Tg of TS/PLA foam. The Tg of TS/PLA/25A and 

TS/PLA/15A nanocomposite foams were lower than the Tg of TS/PLA foam at 60.8 

and 62.4 °C, respectively. From the DSC thermographs of the first heating scans, Tm 

of the TS/PLA/10A, TS/PLA/93A and TS/PLA/15A nanocomposite foams were 
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164.2, 157.4 and 169.1 °C, respectively, were lower than the Tm of the TS/PLA foam. 

TS/PLA/25A nanocomposite foam had the same Tm of the TS/PLA foam. From the 

second heating scans, Tm of all the nanocomposite foams was lower than the TS/PLA 

foam. The largest increase in young’s modulus 96% was obtained from TS/PLA/10A 

nanocomposite foam as compared to the TS/PLA foam, followed by the TS/PLA/25A 

(14%) and TS/PLA/15A (6%) nanocomposite foams. TS/PLA/93A nanocomposite 

foam had a significantly lower young’s modulus because of its softer texture. 

Another research on starch blending was conducted by Chuayjuljit et 

al. (2009). Biodegradable cassava starch, montmorillonite (MMT) and low density 

polyethylene (LDPE) were blended in their research. MMT was first modified by 

sorbitol via a solid state method. Results from X-ray diffraction (XRD) indicated that 

sorbitol molecules were intercalated in between MMT layers along 001 direction. 

Cassava starch was plasticized with sorbitol and formamide on a two-roll mill to 

obtain thermoplastic starch (TPS). The TPS/modified-MMT nanocomposites were 

prepared by means of melt blending of TPS with various amounts of MMT (0, 2, 4, 

and 6 phr). XRD and transmission electron microscopy (TEM) results showed that the 

nanocomposites formed were all exfoliated. The prepared nanocomposites were 

subsequently blended with a mixture of 80% LDPE and 20% PE was blended and was 

waxed on a two-roll mill followed by a compression molding machine. The obtained 

polymer blends were examined for their impact and flexural strength, water 

absorption, morphology and biodegradability. The mechanical properties of LDPE 

were improved by incorporating 10 phr of TPS nanocomposite that contained MMT 2 

phr and gained the highest impact and flexural strengths of 2900 J m
-2

 and 17 N m
-2

, 

respectively. The scanning electron micrographs displayed that the TPS 
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nanocomposites with a high loading of starch and MMT exhibited poor distribution in 

Beatrix. Water absorption and biodegradability of the nanocomposites were enhanced 

with the increasing amount of cassava starch. However, silicate layers with high 

aspect ratio could serve as a barrier and reduce the water-uptake ability of these 

materials. 

2.4 Cassava pulp  

 Cassava (Manihot esculenta Crantz) is one of the main sources of industrial 

starch. Its consumption is high and is important in the preparation of many typical 

food dishes in Brazil as well as in other tropical countries. The bagasse or pulp 

resulting from the industrial process to obtain the starch is composed by fibrous 

materials and by remaining starch that was not extracted. The amount of pulp 

produced by the industry is significant, being roughly equal to 900 kg of pulp with 

85% of moisture for each ton of processed root. The precise composition of dry pulp 

depends on the cassava origin as well as on the processing procedure, but starch 40-

60% and fiber about15-50% predominates followed by small quantities of proteins 

and lipids. In Brazil, cassava pulp is a problem for the starch industry due to its 

elevated percentage of water, which makes drying and transport expensive. Many 

companies, as a shortcut, deposit this waste in their neighborhoods. Usually it is 

carried away by animal owners to be used for feeding. The improper disposal of the 

material creates an environmental problem and waste of a raw product, which could 

be used for other purposes (Matsui et al., 2004). 

  



 

 

 

 

 

 

 

 

28 

 

2.4.1 Cassava pulp blend  

  Teixeira et al. (2009) studied cassava bagasse cellulose nanofibrils 

reinforced thermoplastic cassava starch. Their work showed that high added-value 

products can be obtained from an agricultural waste residue. All-cassava 

nanocomposite materials were processed. Cellulose nanofibrils with high length (360–

1700 nm) and low diameter (2–11 nm) were directly extracted from cassava bagasse. 

The cellulose cassava bagasse nanofibrils (CBN) reinforced to cassava starch 

thermoplastic could be verified for all compositions. The addition of cellulose 

nanofibers in the thermoplastic starch matrix results in a decrease of its hydrophilic 

character and capacity of water uptake especially for glycerol plasticized samples.  

  Teixeira et al. (2012) also investigated cassava bagasse and cassava 

starch and blends with poly (lactic acid). It contains roughly 50% cassava starch along 

with mostly fiber and could be a valuable feedstock for various bioproducts. Cassava 

bagasse and cassava starch were used in this study to make fiber-reinforced 

thermoplastic starch (TPSB and TPSI, respectively). In addition, blends of poly (lactic 

acid) and TPSI (20%) and TPSB (5, 10, 15 and 20%) were prepared as a means of 

producing low cost composite materials with good performance. The TPS and PLA 

blends were prepared by extrusion and their morphological, mechanical, spectral, and 

thermal properties were evaluated. The results showed the feasibility of obtaining 

thermoplastic starches from cassava bagasse. The presence of fiber in the bagasse 

acted as reinforcement in the TPS matrix and increased the maximum tensile strength 

(0.60 MPa) and the tensile modulus (41.6 MPa) compared to cassava starch TPS (0.40 

and 2.04 MPa, respectively). As expected, blending TPS with PLA reduced the tensile 

strength (55.4 MPa) and modulus (2.4 GPa) of neat PLA. At higher TPSB content 
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(20%) the maximum strength (19.9 MPa) and tensile modulus (1.7 GPa) were reduced 

about 64%and 32%, respectively, compared to the PLA matrix. In comparison, the 

tensile strength (16.7) and modulus (1.2 GPa) of PLA blends made with TPSI were 

reduced 70% and 51% respectively. The fiber from the cassava bagasse was 

considered a filler since no increase in tensile strength of PLA/TPS blends was 

observed. The TPSI (33.1%) had higher elongation to break compared to both TPSB 

(4.9%) and PLA (2.6%).The elongation to break increased from 2.6% to 14.5% by 

blending TPSI with PLA. In contrast, elongation to break decreased slightly by 

blending TPSB with PLA. Thermal analysis indicated there was some low level of 

interaction between PLA and TPS. In PLA/TPSB blends, the TPSB increased the 

crystallinity of the PLA component compared to neat PLA. The fiber component of 

TPSB appeared to have a nucleating effect favoring PLA crystallization. 

Nevertheless, the reported previous studies of PLA blends, PLA 

blended with flexible polymer and adding reinforcement by cassava pulp in PLA 

blend, including by fiber and starch, were relatively unexplored.  In my context, I will 

study about the improvement of PLA/flexible polymer blend and addition of cassava 

pulp for reinforcement in blend. 
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CHAPTER III 

EXPERIMENTAL 

3.1 Materials 

A commercial grade of PLA (PLA 4043D) was purchased from Nature Works 

LLC. A commercial grade of PBS (PBS FZ91PD) was purchased from Mitsubishi 

Chemical Co., Ltd. Dicumyl peroxide (DCP, 99%), glycidyl methacrylate monomer 

(GMA, 99%), maleic anhydride monomer (MA, 99%) and glycerol were supplied 

from Sigma-Aldrich. GMA was purified to remove inhibitors by a basic alumina pack 

column before used. Raw cassava pulp (RCP) was purchased from Ratchasima 

Boonpa Co., Ltd.  

3.2 Experimental 

3.2.1 Preparation of raw cassava pulp (RCPt) 

  Raw cassava pulp (RCP) was ground with a grinder. Then, it was 

separated by sieve with a wire rack. The size of the mesh is 150-250 μm. RCP was 

dried in an oven at 120°C for 24 hours for the removal of excess moisture. RCP was 

modified by heat treatment to obtain RCPt at the temperature of 180°C for 1 hour 

before mixing. Figure 3.1 showed diagram for preparation of RCP. RCP was analyzed 

and measured content of crude fiber, starch and other components. Crude fiber of 

RCP was analyzed by using Association of Official Analytical Chemists Fiber 

(Crude) in Animal Feed and Pet Food 978.10 (AOAC 978.10) and starch was using 
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Anthrone method. Content of crude fiber, starch and other components were shown in 

Table 3.1. Crude fiber contained cellulose, hemicellulose and lignin. Amount of 

cellulose, hemicellulose and lignin of RCP were determined by Van Soest method 

fiber analysis (Fibretherm FT 12 machine). Cellulose, hemicellulose and lignin 

contents of RCP are shown in Table 3.2.  

Table 3.1 Component of RCP (starch and fiber). 

Component 

Raw cassava pulp 

(RCP, dimension size 150-250 µm) 

Starch (%) 43.14 

Crude fiber (%) 30.02 

Other components (%) 26.84 

 

Table 3.2 Amount of cellulose, hemicellulose and lignin of RCP before and after heat 

treatment. 

Name 

Cellulose 

(%) 

Hemicellulose 

(%) 

Lignin 

(%) 

Non 

Lignocellulose 

(%) 

RCP before heat treatment 

(RCP) 

20.89 5.14 3.99 69.96 

RCP after heat treatment 

(RCPt) 

22.82 4.42 2.79 69.95 
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Figure 3.1 Diagram for preparation of RCPt. 

3.2.2 Preparation of thermoplastic starch from cassava pulp (CP) 

  RCPt was mixed to obtain CP with 20 - 60 wt% of glycerol in an 

internal mixer (Hakke Rheomix, 3000p) at 120 °C and mixing speed was 60 rpm for 

10 minutes. CP was used for filler in CP/PLA/PBS composites in this study. Figure 

3.2 showed diagram for preparation of CP. The test specimens were prepared by a 

compression molding machine (LabTech, LP20-B). The compression condition was 

processed at the temperature of 120ºC for 10 minutes and the pressure of 100 MPa. 

 

Figure 3.2 Diagram for preparation of CP. 

3.2.3  Preparation of poly (lactic acid) grafted with glycidyl methacrylate 

(PLA-g-GMA) 

RCP 

Grinding 

Separating 

size 

RCP 

(150 - 250 

µm) 

Drying 
120°C, 24 hrs. 

Heat treatment 
180°C, 1 hr. 

RCP
t
 

(150 - 250 

µm) 

Analyzing 

components 

RCP
t
 

(150 - 250µm) 
CP 

20 - 60 wt% of glycerol 

Mixing 
120°C, 60 rpm, 10 min.  
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  PLA-g-GMA was prepared using an internal mixer (Hakke Rheomix, 

3000p). PLA pellet was dried at 70ºC for 4 hours before mixing. The mixing 

temperature was kept at 170°C. A rotor speed was 60 rpm and mixing time was 7 

min. First, PLA and DCP were added in the internal mixer. After 2 minutes, GMA 

was added. The formulation which used to prepare PLA-g-GMA was shown in Table 

3.3. 

Table 3.3 Formulation of the preparation of GMA grafted PLA.  

Ingredients 

PLA 

(wt%) 

GMA 

(phr) 

DCP 

(phr) 

PLA-g-GMA 100 10 0.2 

 

3.2.4 Preparation of poly (lactic acid) grafted with maleic anhydride 

(PLA-g-MA) 

  PLA-g-MA was prepared using an internal mixer (Hakke Rheomix, 

3000p). PLA pellet was dried at 70ºC for 4 hours before mixing. The mixing 

temperature was kept at 170°C. A rotor speed was 60 rpm and mixing time was 7 

min. First, PLA and DCP were added in the internal mixer. After 2 minutes, MA was 

added. The formulation which used to prepare PLA-g-MA was shown in Table 3.4. 

Table 3.4 Formulation of the preparation of MA grafted PLA.  

Ingredients 

PLA 

(wt%) 

MA 

(phr) 

DCP 

(phr) 

PLA-g-MA 100 10 0.2 
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3.2.5  Characterization of PLA-g-GMA and PLA-g-MA 

3.2.5.1 Determination of glycidyl methacrylate and maleic 

anhydride content 

   The quantity of glycidyl methacrylate and maleic anhydride 

content on PLA was determined by titration method. The acid groups of PLA-g-GMA 

and PLA-g-MA derived from functions group by using phenolphthalein as an 

indicator. Samples were dissolved in chloroform. It was precipitated by methanol for 

removal of residual monomers (GMA and MA) and initiator (DCP). Then, PLA-g-

MA was accurately weighed and completely dissolved in chloroform : methanol for 

ratio 80:20 %v/v and it was titrated with potassium hydroxide solution (KOH). The 

grafting degree of GMA was defined as the weight percentage of GMA in PLA-g-

GMA. It was determined by means of acid–alkali titration. About 0.5 g of the purified 

sample was first dissolved in 70 ml refluxing chloroform for 1 h, in which a few drops 

of trichloroacetic acid/ chloroform solution were added. The hot solution was titrated 

immediately with 0.05 N NaOH methanol solution, after adding drops of 1% 

phenolphthalein in methanol as indicator. Titration was stopped when the coloration 

remained for 30 s (Su et al., 2009). The acid number and the graft content (%G) were 

calculated using Eq. 3.1, Eq. 3.2 for PLA-g-MA. %G was calculated using Eq. 3.3 for 

PLA-g-GMA. Pure PLA without GMA and MA was also titrated under the same 

condition to obtain blank values (Wu, 2003)  

Acid number (mg KOH/g) = 

 

VKOH (ml) × NKOH (N) 

× 56.1 

sample (g) 

(3.1) 
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     %G of PLA-g-MA = 

(Acid number – M0) 

× 98.06 

2 × 561 

 

(3.2) 

     %G of PLA-g-GMA = 

142.15 × (V0-V)×c 

× 100 

1000 × m 

 

(3.3) 

  

Where N is the normality (mol/L), V is the volume (ml); M0 is the 

blank titration value of pure PLA; 98.06 is the molecular weight of MA. 

Where V (ml) and V0 (ml) represent the volume of KOH solution used 

for titration of grafted and blank samples, respectively; c (mol/L) is molar 

concentration of KOH solution; m (g) is the weight of grafted sample; 142.15 is the 

molecular weight of GMA (Su et al., 2009). 

3.2.5.2 Fourier Transform Infrared Spectroscopy 

 The structural characterization of PLA-g-GMA and PLA-g-MA 

were conducted by Bruker Tensor 27 FTIR Fourier transform infrared spectroscopy 

using attenuated total reflectance (ATR) equipped with platinum diamond crystal 

(TYPE A225/QL). Spectra were obtained at 4 cm
-1

 resolution in the wave range from 

4000 – 400 cm
-1

. All samples were dried in oven at 70°C for 4 hours before testing. 

3.2.6  Preparation of PLA/PBS blends 

 The blends of PLA and PBS at various PBS contents of 10, 20, 30 and 

40 wt% were investigated. The blend which gave maximum elongation at break was 

selected to study the effect of PLA-g-GMA on the properties of the PLA/PBS blends. 

The compatibilizer, 10 phr of PLA-g-GMA was added in the blends. The 
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compositions of blends are shown in Table 3.5. Before blending, PLA and PBS were 

dried in an oven at 70ºC for 4 hours. PLA/PBS blends were prepared using an internal 

mixer (Hakke Rheomix, 3000p).The mixing temperature was kept at 170°C. A rotor 

speed was 60 rpm and a mixing time was 10 min.  The PLA/PBS blend was ground 

into small pellets with a grinder (Emod Motoren Gmbh 36364). The test specimens 

were prepared by a compression molding machine (LabTech, LP20-B). The 

compression condition was processed at the temperature of 170ºC for 10 minutes and 

the pressure of 100 MPa.  

Table 3.5 Blends composition.  

Name 

PLA 

(wt%) 

PBS 

(wt%) 

PLA-g-GMA 

(phr) 

PLA 100 - - 

PBS10 90 10 - 

PBS20 80 20 - 

PBS30 70 30 - 

PBS40 60 40 - 

PBS20-G10 80 20 10 

PBS - 100 - 

 

3.2.7 Preparation of CP/PLA/PBS composites 

 In cases of CP/PLA/PBS composites, CP was added as a filler in 

PLA/PBS blends which gave maximum elongation at break. CP contents were 10, 20, 

30 and 40 wt%. Effect of compatibilizer, PLA-g-GMA and PLA-g-MA, on the 
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properties of the CP/PLA/PBS composites was studied. The compatibilizer, 10 phr of 

PLA-g-GMA and 10 phr PLA-g-MA were added in the composites. The composition 

of composites is shown in Table 3.6. Before mixing, PLA, PBS and CP were dried in 

an oven at 70ºC for 4 hours. CP/PLA/PBS composites were prepared using an internal 

mixer (Hakke Rheomix, 3000p). The mixing temperature was kept at 170°C. A rotor 

speed was 60 rpm and mixing time was 10 min.  The CP/PLA/PBS composites were 

ground into small pellets with a grinder (Emod Motoren Gmbh 36364). The test 

specimens were prepared by a compression molding machine (LabTech, LP20-B). 

The compression condition was processed at the temperature of 170ºC for 10 minutes 

and the pressure of 100 MPa.  
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Table 3.6 Composite composition.  

Name 

PLA 

(wt%) 

PBS 

(wt%) 

CP 

(wt%) 

RCPt 

(wt%) 

PLA-g-GMA 

(phr) 

PLA-g-MA 

(phr) 

PLA 100 - - - - - 

PBS20 80 20 - - - - 

PBS20-C10 72 18 10 - - - 

PBS20-C20 64 16 20 - - - 

PBS20-C30 56 14 30 - - - 

PBS20-C40 48 12 40 - - - 

PBS20-RCPt20 64 16 - 20 - - 

PBS20-G10 80 20 - - 10 - 

PBS20-G10-C20 64 16 20 - 10 - 

PBS20-M10-C20 64 16 20 - - 10 

PBS - 100 - - - - 

 

3.2.8 Characterization of PLA/PBS blends and CP/PLA/PBS composites 

3.2.8.1 Mechanical properties 

   Tensile properties of PLA, PBS, PLA/PBS blends and 

CP/PLA/PBS composites were performed using an Instron universal testing machine 

(UTM, model 5565) with a load cell of 5 kN and a crosshead speed of 1 mm/min. The 

specimens were obtained according to ASTM D638. Impact testing was using an 

Atlas testing machine (model BPI). Impact tests were performed according to 

unnotched Izod impact strength (ASTM D256). A pendulum of 2.7 J was selected. 
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3.2 mm 

mm 12.7 mm 

mm 

 

 Figure 3.3 ASTM D638 Type V specimens for tensile testing. 

 

Figure 3.4 The standard specimen for impact testing. 

  3.2.8.2 Morphological properties 

Tensile fracture surfaces of all blends and composites were 

investigated by a scanning electron microscope (SEM, model JEOL JSM6010LV). 

The specimens were coated with gold prior to the examination. Acceleration voltage 

of 10 kV was used to collect SEM images of the sample 

3.2.8.3 Thermal properties 

   Thermogravimetric analysis (TGA) was performed using a 

Mettler Toledo STARe System (TGA/DSC1 Modulae) by heating sample under a 

nitrogen atmosphere. The sample with a weight between 5 to 10 mg was used for each 
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run. Each sample was heated from room temperature to 650 °C at a heating rate of 10 

°C/min.   

Thermal properties of samples were investigated using 

differential scanning calorimetry (DSC: DSC204F1 Phoenix). The degree of 

crystallinity of the sample was heated from 40°C to 200°C with a heating rate of 

5°C/min (First heating scan) under a nitrogen atmosphere, and was held at 200°C for 

5 min to remove thermal history. Then, the sample was cooled to 40°C with a cooling 

rate of 5°C/min (Cooling scan).  After keeping the sample at 200°C for 5 min it was 

cooled to 40°C at 5°C/min. The sample was heated again from 40°C to 200°C with a 

heating rate of 5°C/min (second heating scan). Diagram of thermal programming for 

DSC was shown in Figure 3.3. The degree of crystallinity (%X) was determined using 

the following equation (Amash and Zugenmaier, 2000): 

100% 





WH

H
X

om

m                                                 (3.4) 

mH  is the measured melting enthalpy, 
omH is the melting 

enthalpy of purely crystalline sample (93.0 J/g for PLA and 110.3 for PBS) and W is 

the weight fraction in the blends.  
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Figure 3.5 Diagram of thermal programming for DSC. (T0 = 40°C, T1 = 200°C) 

Stage I : Heating from 40°C to 200°C with a heating rate 

of 5°C/min under a nitrogen atmosphere. (First heating scan) 

Stage II : Isothermal at 200°C for 5 min under a nitrogen 

atmosphere. 

Stage III : Cooling from 200°C to 40°C with cooling rate 

of 5°C/min under a nitrogen atmosphere. (Cooling scan) 

Stage IV : Isothermal at 40°C for 5 min under a nitrogen 

atmosphere. 

Stage V : Heating again from 40°C to 200°C with a 

heating rate of 5°C/min under a nitrogen atmosphere. (Second heating scan) 

3.2.8.4 X-ray diffraction (XRD) 

The diffraction patterns were obtained using a diffractometer 

(AXS Nanostar-D8 Discover, Bruker) equipped with a CuKα generator (λ = 1.5404 
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Å) at 40 kV and 40 mA, in a 2θ range from 2.0° to 90.0°. Average crystallite size was 

calculated by Scherrer's Equation (Monshi, A. et al., 2012) 

 L = 

(Kλ) 

(3.5) 

 (Bcosθ) 

L is average crystal size, K is a constant related to crystal 

shape, normally taken as 0.9, λ is X-ray wavelength (CuKα radiation, wavelengths λ = 

0.154178 nm, 1.54178 Å), B is Full width at half max (Δ2θ in radian) and θ is Bragg 

angle. 

   

Figure 3.6 Position of sample for XRD testing. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

4.1  Characterization of PLA-g-GMA and PLA-g-MA 

 Melt grafting of glycidyl methacrylate (GMA) and maleic anhydride (MA) 

onto PLA molecule chain were prepared by an internal mixer. Infrared spectrometry 

was used to identify the grafting reaction of PLA-g-GMA and PLA-g-MA. This 

analysis was performed with a Fourier transform infrared spectrophotometer (FTIR). 

The FTIR spectra of PLA, PLA-g-GMA and PLA-g-MA were scanned. The graft 

content was determined by a non-aqueous titration method. 

 4.1.1 PLA-g-GMA 

FTIR spectra of neat PLA and PLA-g-GMA were given in Figure 4.1. 

Graft content (%) of PLA-g-GMA was shown in Table 4.1. FTIR spectrum of neat 

PLA showed CH3 stretching at 3000–2940 cm
-1

. The C=O cm
-1

 stretching at 1761 cm
-

1
 and the O–C=O stretching at 1190–1090 cm

-1
 were characteristics of ester peak 

(Orozco et al., 2009). Polyglycidyl methacrylate (PGMA) spectrum showed band at 

907 cm-1, 1716 cm-1 and 1153 cm-1 which were corresponded to the characteristic of 

epoxy group, carbonyl group (C=O) and ester group (C–O) (Juntuek, 2011). 

Compared with the spectrum of pure PLA, a new peak was appeared at 910 cm
-1

 in 

the spectrum of PLA-g-GMA. This peak was associated with the asymmetric 

stretching of the epoxy group (Xu, et al., 2012). This showed that the GMA was 
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successfully grafted onto the PLA chain. The probable mechanism for grafting 

reaction was suggested in Figure 4.2. 

 

Figure 4.1 FTIR spectra of PLA and PLA-g-GMA. 

 

Figure 4.2 Mechanism of the grafting of GMA onto the PLA chain (Xu, et al., 

2012). 
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 4.1.2 PLA-g-MA 

   FTIR spectra of PLA, PLA-g-MA and MA are shown in Figures 4.3 

and 4.4. Graft content (%) of PLA-g-MA is shown in Table 4.1. FTIR spectrum of 

neat PLA showed CH3 stretching at 3000–2940 cm
-1

. The C=O cm
-1

 stretching at 

1761 cm
-1

 and the O–C=O stretching at 1190–1090 cm
-1

 were characteristics of ester 

bonds (Orozco et al., 2009). In comparison, PLA-g-MA exhibited a very similar 

spectrum to neat PLA. According to John et al., 1997 cyclic anhydrides should exhibit 

an intensive absorption band near 1780 cm
-1

 due to the symmetric of C=O. The new 

peak of PLA-g-MA observed at 1850 cm
-1

 was ascribed to the asymmetric C=O 

stretching of the succinic anhydride ring. These peaks indicated that MA monomers 

were grafted onto the PLA.  

   The organic peroxide was used as an initiator. Some free MA 

monomer could react directly with the PLA macroradicals. The grafted macroradicals 

could react with MA monomers with a hydrogen atom on its PLA chain to form a new 

macroradical. This process continued until grafting was terminated by recombination. 

The probable mechanism for grafting reaction was suggested in Figure 4.5. 
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Figure 4.3 FTIR spectra of PLA and PLA-g-MA. 

 

Figure 4.4 FTIR spectra of MA.  
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Figure 4.5 Possible reaction of MA on PLA (Mani, Bhattacharya, and Tang, 

1999). 

Table 4.1 Graft content of PLA-g-GMA and PLA-g-MA. (Graft content (%G) was 

calculated using Eq. 3.2 for PLA-g-MA and Eq. 3.3 for PLA-g-GMA, 

respectively). 

Name Graft content (%) 

PLA-g-GMA 0.500 

PLA-g-MA 1.814 

   

4.2 Effect of PBS contents on physical properties of PLA/PBS 

blends 

 4.2.1 Mechanical properties of PLA/PBS blends 
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Figure 4.6 indicated tensile strength of PLA, PBS and their blends. The 

tensile strength of neat PLA was 61.44 MPa, which was higher than that of PBS 

(27.53 MPa). With increasing PBS contents from 10 to 40 wt%, tensile strength of 

PLA/PBS blends was decreased. Hassan et al. (2013) also studied PLA/PBS blends. 

The tensile strength of blends was decreased with increasing PBS content. Young’s 

modulus of PLA, PBS and PLA/PBS blends at various PBS contents was shown in 

Figure 4.7. Young’s modulus of PLA/PBS blends was decreased with increasing PBS 

content. The reduction in tensile strength and Young’s modulus was due to the result 

of the flexible property of PBS. Figure 4.8 exhibited elongation at break of PLA/PBS 

blends with various contents of PBS. Elongation at break of blends was increased 

with increasing PBS content up to 20 wt%. Elongation at break was increased from 

5.20% for neat PLA to 52.82% for PBS20. This may be attributed to more elastic 

characteristic of PBS. With increasing PBS content to 30 wt% and 40 wt%, 

elongation at break of PLA/PBS blends was decreased. The decrease of elongation at 

break of PLA/PBS blends at high PBS contents was due to the coalescence of PBS 

phase. Larger PBS phases may induce stress concentration. Stress concentration took 

place in the vicinity of the dispersed phase separations due to the difference of elastic 

modulus between the dispersed phases (PBS) and the matrix (PLA), and initiates 

localized micro-damages in this region. Therefore, tensile strength, Young’s modulus 

and elongation at break were decreased at high PBS contents. This behavior was also 

found in Poly(L-lactide) (PLLA) and poly(ε-caprolactone) (PCL) blends (Todo et al., 

2007). Impact strength of PLA/PBS blends was shown in Figure 4.9. The impact 

strength of PLA was 12.61 kJ/m
2
. Impact strength of PLA/PBS blends was increased 

with increasing PBS content. When the PBS content reached 40 wt%, impact strength 
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of PLA/PBS blend was 25.91 kJ/m
2
, which was about 2 times higher than that of neat 

PLA. This suggested that the impact strength of PLA could be improved by addition 

of PBS. Impact strength of PLA/PBS blends was improved due to toughness of PBS, 

in comparison with PLA. Hassan et al. (2013) also observed this behavior in 

PLA/PBS blends. Impact strength of PLA/PBS blends was increased with increasing 

PBS contents. Impact strength of PLA/PBS blends was higher compared to impact 

strength of neat PLA. Tensile strength, Young’s modulus, elongation at break and 

impact strength of PLA/PBS blends are summarized in Table 4.2. 

 

Figure 4.6  Tensile strength of PLA/PBS blends at various PBS contents. 
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Figure 4.7  Young’s modulus of PLA/PBS blends at various PBS contents. 

 

Figure 4.8  Elongation at break of PLA/PBS blends at various PBS contents. 
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Figure 4.9  Impact strength of PLA/PBS blends at various PBS contents. 

Table 4.2 Tensile strength, elongation at break, Young’s modulus and impact 

strength of PLA/PBS blends.  

Name 

Tensile  

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Elongation  

at break 

(%) 

Impact  

strength 

(kJ/m
2
) 

PLA 61.44±2.29 890.20±12.64 5.20±0.39 12.61±0.75 

PBS10 50.66±4.70 874.45±13.57 40.07±2.59 13.88±0.99 

PBS20 46.10±1.37 860.90±8.74 52.82±3.43 16.03±0.61 

PBS30 40.67±1.96 652.43±17.59 11.76±0.86 22.77±2.24 

PBS40 37.36±2.08 567.06±17.48 11.29±1.27 25.91±1.64 

PBS 27.53±1.90 571.96±27.72 82.28±2.82 29.26±1.22 
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4.2.2 Morphological properties of PLA/PBS blends 

  SEM micrographs of tensile fractured surface of PLA, PBS and 

PLA/PBS blends are shown in Figure 4.10. The particles represent the PBS phases 

distributed in the PLA matrix. The particle size of PBS was increased with increasing 

PBS content. Type of fracture surface of neat PLA in Figure 4.10(a) was brittle 

fracture. PLA/PBS blends with PBS content up to 20 wt% exhibited plastic 

deformation and higher elongation at break compared to that of neat PLA. PBS10 and 

PBS20 were shown in Figure 4.10(c – d). PLA/PBS blends with PBS 30 - 40 wt% 

was shown in Figure 4.10(e) and Figure 4.10(f), respectively. The poor distribution of 

PBS at  high loading PBS was observed. These caused the decrease in elongation at 

break of PLA/PBS blend at 30 - 40 wt% of PBS. The space between the particles and 

the matrix indicating poor surface adhesion between those two polymers was 

observed. Moreover, the phase interface between PBS and PLA was clearly shown, 

which also indicates that they were immiscible blend. The behavior was also observed 

in the PLA/PBAT blends (Dong, W. et al., 2013)  
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Figure 4.10 SEM micrographs (100x) of tensile fractured surface of PLA (a), PBS 

(b), PBS10 (c), PBS20 (d), PBS30 (e) and PBS40 (f).  

a b 

d c 

e f 
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 4.2.3 Thermal properties of PLA, PBS and PLA/PBS blends 

Thermogravimetric analysis (TGA) and derivative thermogravimetry 

(DTG) curves of PLA, PLA/PBS blends and PBS are shown in Figure 4.11 and 4.12, 

respectively. The degradation temperature (Td) of PLA, PBS and PLA/PBS blends 

was listed in Table 4.3. Td1 of PLA and Td2 of PBS were 365.86 °C and 406.51 °C, 

respectively. This indicated the higher thermal stability of PBS compared to that of 

PLA. Td1 and Td2 of PBS10, PBS20, PBS30 and PBS40 are shown in Table 4.3. 

Moreover, all ratios of PLA/PBS blends were shown a two-step decomposition 

process due to the different thermal resistance of PLA and PBS. The first 

decomposition step was corresponded to the decomposition of PLA, while the second 

decomposition step was corresponded to the decomposition of PBS due to poor 

compatibility between PLA and PBS. Ojijo et. al. (2012) studied thermal properties of 

PLA and poly(butylene succinate adipate) (PBSA) blends. They found that thermal 

stability of the PLA was increased with increasing PBSA up to 30 wt%.  
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Figure 4.11  TGA curves of PLA, PBS and PLA/PBS blends. 

 

Figure 4.12  DTG curves of PLA, PBS and PLA/PBS blends. 
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Table 4.3  TGA analysis of PLA, PBS and PLA/PBS blends. 

Name 

Td1 Td2 

Peak(°C) Peak(°C) 

PLA 365.86 - 

PBS10 364.69 404.43 

PBS20 364.32 405.69 

PBS30 363.26 405.10 

PBS40 364.70 405.95 

PBS - 406.51 

 

DSC thermograms recorded during cooling scan and second heating 

scan of PLA, PBS and PLA/PBS blends are reported in Figure 4.13 and Figure 4.14, 

respectively. The data derived from DSC analyses was reported in Table 4.4 and 

Table 4.5. Crystallization temperature on cooling scan (Tc) of neat PBS, PBS30 and 

PBS40 were 79.6°C, 51.3°C and 56.3°C, respectively. Tc of PLA/PBS blends shifted 

to higher temperature. This indicated that the crystallization of PBS was promoted in 

the blends (Zhang et al., 2012). PLA did not show Tc peak upon cooling as generally 

observed in other papers (Ji et al., 2014). Tc of PLA (76.3°C) in PBS40 was observed. 

This indicated that high loading PBS induced PLA crystallization on cooling scan. 

Yokohara and Yamaguchi (2008) also observed this result in PLA/PBS blends. Tc of 

PLA was clearly detected around at 90 °C, demonstrating that PBS droplets acted as 

nucleating entities for PLA. Glass transition temperature (Tg) of PLA and PBS were 

52.5°C and -22.0°C, respectively. Tg of blends was decreased with addition of PBS. 
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This also indicates that PBS is partially miscible with PLA. Jun and Im (2002) also 

observed this behavior in PLA/PBS blends. Cold crystallization temperature on 

heating step (Tcc) of neat PLA was observed at 108.8°C. This indicated that 

crystallization of neat PLA occurred during heating. Tábi et al. (2010) also found Tcc 

of PLA at 107.7 °C (heating rate at 5 °C/min). Tcc of PBS10 and PBS20 shifted to a 

lower temperature when PBS content was not more than 20 wt%. Tcc of PBS30 and 

PBS40 shifted to higher temperature. This indicates that the addition of PBS up to 20 

wt% enhanced the crystallization of PLA. Melting temperature (Tm) of PLA was 

146°C and 155°C. Tm of PLA in PLA/PBS blends was decreased with increasing PBS 

contents. Tm of neat PBS was 106.0 °C and 113.5 °C. Tm of PBS in PLA/PBS blends 

was increased with increasing PBS contents. The degree of crystallinity of PLA 

(%XPLA) was increased with increasing PBS content. However, the degree of 

crystallinity of PBS (%XPBS) was decreased with increasing PLA contents. It means 

that crystallization of PLA was promoted by PBS but crystallization of PBS was 

restricted by PLA.  

The double melting temperature of neat PLA and neat PBS also was 

explained by the melting and recrystallization. Tm1 (low temperature melting) 

corresponded to the melting of the crystals formed during the nonisothermal melt 

crystallization, while Tm2 (high temperature melting) corresponded to the melting of 

the crystals formed through melting and recrystallization during DSC heating scans. 

Zhang et al. (2013) found this behavior in PLA and Song and Qiu (2009) found that in 

PBS. 
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Figure 4.13 DSC curves from the cooling scan of PLA/PBS blends. 

 

Figure 4.14 DSC curves from the second heating scan of PLA/PBS blends. 
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Table 4.4  Thermal properties of PLA, PBS and PLA/PBS blends. 

Name 
Tg 

(°C) 

Tm1PLA 

(°C) 

Tm2PLA 

(°C) 

Tm1PBS 

(°C) 

Tm2PBS 

(°C) 

Tcc 

(°C) 

Tc 

(°C) 

PLA 52.5 146.6 155.0 - - 108.8 - 

PBS10 47.2 142.5 154.0 - 111.5 90.8 - 

PBS20 46.4 142.1 153.6 - 111.9 89.3 - 

PBS30 46.3 142.6 153.6 - 112.6 91.5 51.3 

PBS40 47.4 143.4 153.7 - 113.0 94.5 56.3 

PBS -22.0 - - 106.0 113.5 97.8 79.6 

 

Table 4.5  ΔHm, ΔHcc, ΔHc, %X of PLA, PBS and PLA/PBS blends. 

Name 
ΔHmPLA 

(J/g) 

ΔHmPBS 

(J/g) 

ΔHcc 

(J/g) 

ΔHc 

(J/g) 

%XmPLA 

(%) 

%XmPBS 

(%) 

PLA 39.28 - 37.28 - 42.23 - 

PBS10 36.19 1.73 30.33 - 43.24 15.68 

PBS20 34.13 5.97 25.88 - 45.87 27.06 

PBS30 29.77 21.28 25.76 15.39 45.73 64.31 

PBS40 24.82 31.99 25.27 27.56 44.48 72.51 

PBS - 84.07 9.548 86.27 - 76.22 
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4.3 Effect of PLA-g-GMA on physical properties of PLA/PBS 

blends 

 4.3.1 The stress-strain curves of PLA, PBS, PLA-g-GMA and PLA/PBS 

blends with and without PLA-g-GMA 

Figure 4.15 shows the stress-strain curves of PLA, PBS, PLA-g-GMA 

and PLA/PBS blends with and without PLA-g-GMA. PLA exhibited brittle fracture. 

PLA/PBS blends showed higher elongation at break compared to that of neat PLA. 

PLA/PBS blends exhibited a relatively low ductility probably due to the weak 

interfacial adhesion between PLA and PBS phases. In contrast, PLA-g-GMA showed 

ductile fracture. Necking and cold drawing was occurred during tensile stress in a case 

of PLA-g-GMA. This indicates the ability of the molecular chain of PLA-g-GMA to 

reorganize and cold crystallization can take place under tensile stress. However, this 

cold crystallization under tensile stress was not shown in PLA indicating the 

difference in crystallization behavior between PLA and PLA-g-GMA. The elongation 

at break of PLA-g-GMA (263.93%) was significantly higher than that of PLA 

(5.20%). The elongation at break of the blends was dramatically increased up to 

308.87% with adding 10 phr of PLA-g-GMA. The elongation at break of PBS20-G10 

was higher than that of PLA and the tensile stress was not different with PLA. 

Moreover, strain induced crystallization was appeared on PBS20-G10. This indicated 

that PLA-g-GMA improved compatibility between PLA and PBS. Fracture behavior 

in the tensile test changed from the brittle fracture of neat PLA to the ductile fracture 

of PLA/PBS blends with and without PLA-g-GMA. 
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Figure 4.15 Tensile stress-strain curves of PLA, PBS, PLA-g-GMA and PLA/PBS 

blends. 

4.3.2 Mechanical properties of PLA/PBS blends with and without PLA-

g-GMA 

Figure 4.16 shows tensile strength of PLA, PBS, PBS20 and PBS20-

G10. The tensile strength of PLA/PBS blend increased with addition of PLA-g-GMA. 

Elongation at break of PLA, PBS, PBS20 and PBS20-G10 were shown in Figure 4.17. 

The elongation at break of PBS20-G10 was increased up to 308.87%. The ductility of 

this material was clearly much higher than that of neat PLA and PLA/PBS blend 

without PLA-g-GMA (PBS20). Figure 4.18 shows Young’s modulus of PLA, PBS, 

PBS20 and PBS20-G10.Young’s modulus of PLA/PBS blends was decreased with 

addition of PLA-g-GMA. The reduction in this Young’s modulus was due to the 

result of the flexible property of PLA-g-GMA. Impact strength of PLA, PBS, PBS20 

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300

T
en

si
le

 s
tr

es
s 

(M
P

a
) 

Tensile strain (%) 

PLA-g-GMA 

PBS20-G10 

PLA 

PBS20 

PBS 



 

 

 

 

 

 

 

 

67 

 

and PBS20-G10 were shown in Figure 4.19. The impact strength of PBS20 was 

increased with addition of PLA-g-GMA. The impact strength of PBS20-G10 was 

22.54 kJ/m
2
, which was about 2 times higher than that of neat PLA. In contrast, the 

impact strength of PBS20 was only about 1.5 times higher than that of neat PLA. This 

resulted from an improvement in compatibility between PLA and PBS. Tensile 

strength, Young’s modulus, elongation at break and impact strength of PLA/PBS 

blends are summarized in Table 4.6. 

 

Figure 4.16 Tensile strength of PLA, PBS, PBS20, PBS20-G10 and PLA-g-GMA. 
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Figure 4.17 Young’s modulus of PLA, PBS, PBS20, PBS20-G10 and PLA-g-

GMA. 

 

Figure 4.18 Elongation at break of PLA, PBS, PBS20, PBS20-G10 and PLA-g-

GMA. 
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Figure 4.19 Impact strength of PLA, PBS, PBS20, PBS20-G10 and PLA-g-GMA. 

Table 4.6 Tensile strength, elongation at break, Young’s modulus and impact 

strength of PLA, PBS, PLA-g-GMA and PLA/PBS blends with and 

without PLA-g-GMA.  

Name 

Tensile  

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Elongation  

at break 

(%) 

Impact  

strength 

(kJ/m
2
) 

PLA 61.44±2.29 890.20±12.64 5.20±0.39 12.61±0.75 

PBS20 46.10±1.37 860.90±8.74 52.82±3.43 16.03±0.61 

PBS20-G10 55.15±1.09 676.33±21.71 308.87±12.45 22.57±0.23 

PBS 27.53±1.90 571.96±27.72 82.28±2.82 29.26±1.22 

PLA-g-GMA 39.76±1.62 544.43±31.35  263.93±30.91 27.38±2.48 
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4.3.3 Morphological properties of PLA/PBS blends with and without 

PLA-g-GMA 

  Figure 4.20 (a-d) shows SEM micrographs of tensile fractured surface 

of PLA, PBS, PBS20 and PBS20-G10. The blend without PLA-g-GMA showed large 

PBS dispersed phase size. PBS dispersed phase was pulled out from the PLA matrix 

indicating poor interfacial adhesions between PLA and PBS as show in Figure 

4.20(c). The domain sizes of PBS of blend with PLA-g-GMA (Figure 4.20d) were 

much smaller than that of PBS20 (Figure 4.20c). This indicated that the compatibility 

between PLA and PBS was improved when PLA-g-GMA was used as a 

compatibilizer. The reaction most probably took place between the epoxy group of 

GMA and hydrolyzed carboxyl or hydroxyl groups of PLA. Reaction between PLA 

and GMA was also found by Brito et al. (2012) and Kumar et al. (2010). Meanwhile, 

PLA-g-GMA showed fractured rough surface (Figure 4.20 (f)) indicating ductile 

behavior as confirmed by the stress-strain curve in Figure 4.15. 
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Figure 4.20 SEM micrographs (500x) of tensile fractured surface of PLA (a), PBS 

(b), PBS20 (c), PBS20-G10 (d) and PLA-g-GMA (f). 

a b 
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4.3.4 Thermal properties of PLA/PBS blends with and without PLA-g-

GMA 

TGA and DTG curves of PBS20 and PBS20-G10 are shown in Figure 

4.21 and 4.22. PBS20-G10 showed higher Td than that of PBS20 because PLA-g-

GMA enhanced interfacial adhesion between PLA and PBS. The increasing thermal 

stability of PBS20-G10 may be attributed to the good compatibility between PLA and 

PBS. Moreover, PBS20 showed a two-step decomposition process due to the different 

thermal resistance of PLA and PBS. The two-step decomposition process of PBS20-

G10 was unclear. Therefore, PLA-g-GMA improved compatibility between PLA and 

PBS. Td3 at 532.72°C of PBS20-G10 was observed. This result was probably due to 

reaction of PBS and GMA. High thermal stability of sample at Td3 may be due to 

structure of reaction between PBS and GMA. Glycidyl methacrylate-grafted 

poly(butylene succinate) (PBS-g-GMA) was studied by Wu et al. (2013). Composites 

of PBS-g-GMA and palm fibre (PBS-g-GMA/PF) exhibited excellent mechanical 

properties compared with those of PBS/PF composites. Td of PBS20 and PBS20-G10 

were summarized in Table 4.7.  
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Table 4.7 TGA analysis of PLA, PBS and PLA/PBS blends with and without PLA-

g-GMA. 

Name 

Td1 Td2 Td3 

Peak(°C) Peak(°C) Peak(°C) 

PLA 365.86 - - 

PBS20 364.32 405.69 - 

PBS20-G10 374.80 406.56 532.72 

PBS - 406.51 - 

 

 

Figure 4.21  TGA curves of PLA/PBS blend with and without compatibilizer. 
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Figure 4.22  DTG curves of PLA/PBS blend with and without compatibilizer. 

The DSC thermograms recorded during cooling scan and second 

heating scan of PBS20, PLA-g-GMA and PBS20-G10 were reported in Figure 4.23 

and Figure 4.24, respectively. The data derived from DSC analyses was reported in 

Table 4.8 and Table 4.9. Crystallization temperature on cooling scan (Tc) of PLA-g-

GMA shows melt crystallization upon cooling at 88.9°C. This may be due to the 

nucleation effect caused by GMA under cooling stage. Glass transition temperature 

(Tg) of PBS20-G10 was slightly lower than that of PBS20. This indicated that PLA-g-

GMA improved compatibility between PLA and PBS.  Tg of PLA-g-GMA (48.6°C) 

was lower than that of PLA (52.5°C) indicating more flexibility of PLA-g-GMA than 

that of PLA. Cold crystallization temperature on second heating (Tcc) of neat PLA 

appeared at 108.8°C. This indicated the recrystallization of neat PLA occurred during 

heating. Tcc of PLA-g-GMA shifted to lower temperature (75.0°C) than that of neat 

PLA. This indicated that the recrystallization of PLA-g-GMA can be initiated at lower 

crystallization temperature.  However, Tcc of PBS20-G10 was higher than that of 
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PBS20 due to PLA-g-GMA hindered the crystallization in PBS20-G10. Melting 

temperatures (Tm) of PLA were 146°C and 155°C while PLA-g-GMA shows single 

peak of Tm at 142.8°C. This implied that PLA-g-GMA hindered the lamella formation 

and led to less perfect crystals of PLA-g-GMA. For PLA, Tm1 (low temperature 

melting) corresponded to the melting of the crystals formed during the nonisothermal 

melt crystallization, while Tm2 (high temperature melting) corresponded to the melting 

of the crystals formed through melting and recrystallization during DSC heating scans 

(Kumar et al., 2010 and Zhang et al., 2013). Tm of PBS20-G10 decreased 

approximately 1–2°C with the addition of PLA-g-GMA. This indicated that PLA-g-

GMA could improve compatibility between PLA and PBS. The degree of crystallinity 

of PLA in PBS20-G10 (%XmPLA) was decreased with the addition of PLA-g-GMA. 

However, the degree of crystallinity of PBS (%XmPBS) was increased with addition of 

PLA-g-GMA. The degree of crystallinity of PLA was more than that of PLA-g-GMA. 

 

Figure 4.23 DSC curves from the cooling scan of PBS20, PLA-g-GMA and 

PBS20-G10. 
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Figure 4.24 DSC curves from the second heating scan of PBS20, PLA-g-GMA and 

PBS20-G10. 

Table 4.8  Thermal properties of PLA, PBS and PLA/PBS blends. 

Name 
Tg 

(°C) 

Tm1PLA 

(°C) 

Tm2PLA 

(°C) 

Tm1PBS 

(°C) 

Tm2PBS 

(°C) 

Tcc 

(°C) 

Tc 

(°C) 

PLA 52.5 146.6 155.0 - - 108.8 - 

PBS20 46.4 142.1 153.6 - 111.9 89.3 - 

PBS20-G10 46.1 142.1 151.1 - 111.1 94.5 - 

PBS -22.0 - - 106.0 113.5 97.8 79.6 

PLA-g-GMA 48.6 - 142.8 - - 75.0 88.9 
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Table 4.9 ΔHm, ΔHcc, ΔHc, %X of PLA, PBS and PLA/PBS blends. 

Name 
ΔHmPLA 

(J/g) 

ΔHmPBS 

(J/g) 

ΔHcc 

(J/g) 

ΔHc 

(J/g) 

%XmPLA 

(%) 

%XmPBS 

(%) 

PLA 39.28 - 37.28 - 42.23 - 

PBS20 34.13 5.97 25.88 - 45.87 27.06 

PBS20-G10 28.11 7.80 24.01 - 37.78 35.36 

PBS - 84.07 9.548 86.27 - 76.22 

PLA-g-GMA 24.39 - 7.42 11.43 24.33 - 

   

 4.3.5 X-ray diffraction analysis 

The XRD patterns of neat PLA and PLA-g-GMA are shown in Figure 

4.25 and Figure 4.26. PLA-g-GMA before applying tensile stress, diffraction peak 

(2θ) at 9°, 14°, 16°, 19° and 22° were clearly observed. In contrast, these peaks were 

not observed in neat PLA indicating different crystallization behavior. The 

crystallization behavior of PLA-g-GMA in this study is similar to that found from the 

annealing process of PLA (Lai et al., 2013). After applying tensile stress to PLA and 

PLA-g-GMA, no significantly change in XRD patterns of PLA was observed (Figure 

4.25). In case of PLA-g-GMA after tensile test, diffraction peak (2θ) of PLA-g-GMA 

was clearly changed as shown in Figure 4.26. Intensity of diffraction peak (2θ) at 

about 29° increased but intensity at 19° decreased. Such a result indicated that 

applying tensile force significantly influence the crystallization of PLA-g-GMA. 

Moreover, intensity of 2θ at about 35°, 38°, 42°, 56°, 60°, 65°, 72°, 76° and 83° were 

appeared in PLA-g-GMA after applying tensile force. This result indicated that 

applying tensile force significantly influences the crystallization of PLA-g-GMA. 
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Crystalline size was calculated by the Scherrer's equation. 2θ, crystalline size and 

intensity of PLA and PLA-g-GMA were shown in Table 4.10 and Table 4.11, 

respectively. 

 

Figure 4.25  XRD patterns of neat PLA. 

 

Figure 4.26  XRD patterns of PLA-g-GMA. 
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Table 4.10 X-ray diffraction analysis of PLA and stressed PLA. 

 

 

 

 

PLA PLA-stressed 

2Theta 

(degrees) 

Crystalline size 

(Å) 

Intensity 

2Theta 

(degrees) 

Crystalline size 

(Å) 

Intensity 

9.380 748.6 335 9.422 856.1 140 

- - - 14.120 87.4 93 

17.201 145.8 87 16.799 133.7 63 

28.309 223.4 419 28.229 291.0 488 

- - - 34.934 179.5 119 

38.552 330.8 144 38.615 171.8 231 

42.315 386.4 148 42.336 243.2 191 

46.671 321.7 225 46.400 173.2 450 

47.733 272.8 181 47.712 132.9 276 

- - - 56.728 101.9 126 

- - - 59.999 137.9 102 

- - - 63.987 135.2 105 

- - - 72.307 274.8 79 

- - - 76.085 271.8 58 

- - - 80.401 95.7 58 

- - - 82.631 106.2 81 
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Table 4.11 X-ray diffraction analysis of PLA-g-GMA and stressed PLA-g-GMA. 

PLA-g-GMA PLA-g-GMA-stressed 

2Theta 

(degrees) 

Crystalline size 

(Å) 

Intensity 2Theta 

(degrees) 

Crystalline size 

(Å) 

Intensity 

9.483 1085.1 854 9.392 785.0 69 

14.727 269.7 205 14.017 198.2 61 

16.652 337.8 7713 16.593 136.2 878 

19.041 190.3 469 19.038 117.0 168 

22.227 282.6 324 22.341 306.1 62 

- - - 27.956 458.8 298 

28.665 481.0 481.0 28.815 423.0 3344 

- - - 30.929 422.5 141 

- - - 35.356 400.3 399 

- - - 38.857 433.8 718 

- - - 42.623 418.2 659 

46.585 1.948 454.4 46.984 365.4 956 

47.714 1.904 321.5 47.975 364.4 976 

- - - 56.035 405.4 125 

- - - 56.893 344.9 270 

- - - 60.924 197.1 167 

- - - 64.161 337.8 165 

- - - 65.152 305.8 102 

- - - 69.776 394.8 71 
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Table 4.11 X-ray diffraction analysis of PLA-g-GMA and stressed PLA-g-GMA. 

 

4.4 Effect of glycerol content on physical properties of CP  

 4.4.1 Mechanical properties of CP 

 Tensile strength, Young’s modulus and elongation at break of CP with 

various glycerol contents are shown in Fig 4.27 - 4.29. CP with different glycerol 

loadings from 20–60 wt% was prepared. Elongation at break of CP was increased 

with increasing glycerol contents. However, with increasing glycerol contents, tensile 

strength and Young’s modulus of CP were decreased. These results indicate that the 

ductility of material increases and, as expected, a plasticization effect was obtained by 

glycerol. Glycerol reduced direct interaction between starch chains, thus facilitating 

movement of starch chains under tensile forces (Saiah, R. et al., 2012). During the 

thermoplastic processing of starch in the presence of a plasticizer a semicrystalline 

granule of starch is transformed into a homogeneous material with hydrogen bond 

cleavage between starch molecules. This process called gelatinization (Mekonnen et 

al., 2013). At 20 wt% of glycerol could not be form to TPS. 30 wt% of glycerol was 

PLA-g-GMA PLA-g-GMA-stressed 

2Theta 

(degrees) 

2Theta 

(degrees) 

2Theta 

(degrees) 

2Theta 

(degrees) 

2Theta 

(degrees) 

2Theta 

(degrees) 

- - - 72.419 361.8 73 

- - - 76.713 273.0 69 

- - - 81.008 429.1 88 

- - - 83.320 339.1 75 
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enough for the gelatinization of CP. CP with 30 wt% of glycerol was chosen to study 

effect of CP content on physical properties of CP/PLA/PBS composites. Tensile 

strength, elongation at break and Young’s modulus of CP was summarized in Table 

4.12. 

Table 4.12 Tensile strength, elongation at break and Young’s modulus of CP. 

Glycerol content 

(%) 

Tensile strength  

(MPa) 

Young's modulus 

(MPa) 

Elongation at break  

(%) 

30 4.09±0.21 207.42±17.45 7.18±0.78 

40 2.73±0.13 89.24±6.34 10.22±0.80 

50 1.62±0.21 46.20±9.33 12.04±1.45 

60 1.00±0.02 26.37±4.61 18.18±2.93 

 

 

Figure 4.27 Tensile strength of CP with various glycerol contents. 
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Figure 4.28 Young’s modulus of CP with various glycerol contents. 

 

Figure 4.29 Elongation at break of CP with various glycerol contents. 
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4.4.2 Comparison mechanical properties of composites from CP and 

RCPt 

Figure 4.30 – 4.32 show tensile strength, Young’s modulus and 

elongation at break of CP/PLA/PBS composite and RCPt/PLA/PBS composite. 

Tensile strength and elongation at break of composite were improved by using CP. 

These indicated that addition of glycerol in the starch – polymer blend aided the 

distribution of starch in CP. Starch granules were stabilized by a cross linking effect 

of glycerol inside the granule (Van Soest et al., 1995). Tensile strength, elongation at 

break and Young’s modulus of CP/PLA/PBS composite and RCPt/PLA/PBS 

composite were summarized in Table 4.13. 

Table 4.13 Tensile strength, elongation at break and Young’s modulus of       

CP/PLA/PBS composite and RCPt/PLA/PBS composite 

Name 

Tensile strength 

(MPa) 

Young's Modulus 

(MPa) 

Elongation at break 

(%) 

PBS20-C20 24.03±1.14 673.00±31.86 6.22±0.33 

PBS20-RCPt20 18.68±1.15 638.49±61.74 2.08±0.22 
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Figure 4.30 Tensile strength of CP/PLA/PBS composites and RCPt/PLA/PBS 

composite. 

 

Figure 4.31 Young’s modulus of CP/PLA/PBS composites and RCPt/PLA/PBS 

composite. 
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Figure 4.32 Elongation at break of CP/PLA/PBS composites and RCPt/PLA/PBS 

composite. 

4.5 Effect of CP contents on physical properties of CP/PLA/PBS 

composites 

 4.5.1 Mechanical properties of CP/PLA/PBS composites 

  Figure 4.33 shows tensile strength of PBS20 and its composites. 

Tensile strength of PBS20 without CP was 46.10 MPa. Tensile strength of 

CP/PLA/PBS composites was decreased with increasing CP content. The reduction of 

tensile strength might be attributed to the coalescence of CP, especially at high 

loading of CP. This may be attributed to poor interfacial interaction between the 

matrix and CP. The coalescence of CP caused stress concentrations in the composites 

and led to the decrease of tensile strength. These results were corresponding to SEM 

micrographs. Young’s modulus, elongation at break and impact strength of 
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CP/PLA/PBS composites (Figure 4.34, Figure 4.35 and Figure 4.36) were decreased 

with increasing CP content. This may be due to that an increasing CP contents was 

possibly increased coalescence of CP in CP/PLA/PBS composites. Another reason 

was the present of poor interfacial adhesion between matrix and natural filler. PLA 

and PBS had hydrophobic surface (Peltzer et al., 2014 and Kim et al., 2005), but 

natural filler, CP had hydrophilic surface (Kim et al., 2010). This led to poor 

compatibility on the CP/PLA/PBS composites. Chen et al. (2014) studied ternary 

composites of PLA/PBS/calcium sulfate whiskers (CSW). The tensile strength of 

ternary blends was decreased with addition of CSW. Kim et al. (2010) also found this 

reason in PLA and PBS composite with bamboo flour (BF) and wood flour (WF). 

Tensile strength, elongation at break, Young’s modulus and impact strength of 

CP/PLA/PBS composites are summarized in Table 4.14. 

Table 4.14  Tensile strength, elongation at break, Young’s modulus and impact 

strength of CP/PLA/PBS composites. 

Name 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(Mpa) 

Elongation 

at break 

(%) 

Impact 

strength 

(KJ/m
2
) 

PBS20 46.10±1.37 860.90±8.74 52.82±3.43 16.03±0.61 

PBS20-C10 23.61±0.56 659.83±10.54 7.28±0.28 5.20±0.75 

PBS20-C20 22.34±0.81 633.71±9.53 6.03±0.42 4.91±0.80 

PBS20-C30 11.87±0.43 489.13±13.28 5.18±0.55 3.28±0.86 

PBS20-C40 10.20±0.97 310.31±11.55 5.69±0.19 2.32±0.67 
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Figure 4.33 Tensile strength of CP/PLA/PBS composites with various CP contents. 

 

Figure 4.34 Young’s modulus of CP/PLA/PBS composites with various CP 

contents. 
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Figure 4.35 Elongation at break of CP/PLA/PBS composites with various CP 

contents. 

 

Figure 4.36 Impact strength of CP/PLA/PBS composites with various CP contents. 
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 4.5.2 Morphological properties of CP/PLA/PBS composites 

  Figure 4.37 shows scanning electron micrographs of CP/PLA/PBS 

composites with various CP contents. Surface roughness and non-uniform droplet of 

CP were found in CP/PLA/PBS composites (Figure 4.37 (b-e)). This may be due to 

poor compatibility between CP and PLA/PBS blends. A clear edge and gap between 

the CP and matrix were observed. With increasing CP contents, coalescence of CP 

was increased and the hydrophilic nature of CP that led to poor adhesion (miscibility) 

with PLA and PBS.  
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Figure 4.37  SEM micrographs (1000x) of tensile fractured surface of PBS20 (a), 

PBS20-C10 (b), PBS20-C20 (c), PBS20-C30 (d) and PBS20-C40 (e).  

a b 

c d 
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4.5.3 Thermal properties of CP/PLA/PBS composites 

  Thermogravimetric analysis (TGA) and derivative thermogravimetry 

(DTG) curves of of CP/PLA/PBS composites were shown in Figure 4.38 and 4.39, 

respectively. The degradation temperature of CP/PLA/PBS composites, degradation 

temperature of CP and residue at 650°C were listed in Table 4.15. First point 

degradation (Td1) around 80 - 160ºC was the mass loss of moisture and highly volatile 

materials.  Second point degradation (Td2) around 200 ºC - 290 ºC was glycerol. 

Third point degradation (Td3) around 300 ºC was starch and fourth point degradation 

(Td4) at 360ºC was the decomposition of the cellulose. Td5 of PLA and Td6 of PBS in 

PBS20-C10, PBS20-C20, PBS20-C30 and PBS20-C40 were lower than PBS20. This 

suggested that degradation temperature of composites was decreased with increasing 

CP content. Thermal stability of CP/PLA/PBS composites was decreased with 

increasing CP content due to the lower thermal stability of CP (Azwa, Z.N. and 

Yousif, B.F., 2013). Moreover, CP/PLA/PBS composites showed a three-step 

decomposition process due to the different thermal resistance of PLA, PBS and CP. 

First decomposition step (25°C-300°C) corresponded to the decomposition of CP, 

while second decomposition step (300°C-370°C) corresponded to the decomposition 

of PLA. The final decomposition step (370°C-410°C) corresponded to the 

decomposition of PBS. This indicates that the compatibility between PLA, PBS and 

CP was poor. Residue of CP in CP/PLA/PBS composites was increased with 

increasing CP content. This result confirmed that CP was added into the composites. 

Td3 and Td4 overlap with Td5 of PLA. 
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Table 4.15 TGA analysis of CP/PLA/PBS composites. 

Name 

Td1 

(°C) 

Td2 

(°C) 

Td3 

(°C) 

Td4 

(°C) 

Td5 

(°C) 

Td6 

 (°C) 

Residue 

at 650°C 

(%) 

PBS20 - - N/A* N/A* 368.32 405.69 0.00 

PBS20-C10 150.20 251.22 N/A* N/A* 357.01 393.05 0.34 

PBS20-C20 150.01 250.93 N/A* N/A* 333.86 392.78 2.27 

PBS20-C30 144.70 231.52 N/A* N/A* 330.29 392.75 4.70 

PBS20-C40 143.78 230.15 N/A* N/A* 328.38 382.88 5.35 

CP 88.11 216.93 298.01 338.55 - - 13.20 

*overlap Td5 

 

Figure 4.38  TGA curves of CP and CP/PLA/PBS composites. 
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Figure 4.39  DTG curves of CP and CP/PLA/PBS composites. 

The DSC thermograms recorded during cooling scan and second 

heating scan of CP/PLA/PBS composites were reported in Figure 4.40 and Figure 

4.41, respectively. The data derived from DSC analyses was reported in Table 4.16 

and Table 4.17. Crystallization temperature on cooling scan (Tc) of PBS in PBS20-

C10, PBS20-C20 and PBS20-C30 were observed. This may be due to the nucleation 

effect caused by CP under cooling. At high loading of CP, Tc of PBS in CP/PLA/PBS 

composites was not found.  Tc of PBS in the composites shifted to lower temperature. 

This indicated that the crystallization of PBS was restricted by high loading of CP. 

Similar in PLA, Tc of PLA in composites appeared with addition of CP. Tc of PLA in 

the composites shifted to lower temperature. Glass transition temperature (Tg) of 

CP/PLA/PBS composites was higher that of PLA/PBS blends due to the addition of 

CP reduced chain mobility of the composites. Tg of composites insignificantly 
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changed with increasing CP content. Cold crystallization temperature on heating step 

(Tcc) of composites shifted to low temperature with increasing CP up to 20wt%. This 

indicated that crystallization ability of composite was enhanced. The melting 

temperature (Tm) of composites was decreased with addition of CP. This implied that 

CP hindered the lamella formation and led to less perfect crystals of PLA. This 

behavior was also observed in PLA/PBS/calcium sulfate whiskers (CSW) composites 

(Chen et al., 2014). The degree of crystallinity of PLA in CP/PLA/PBS composites 

(%XmPLA) was improved with addition of CP up to10 wt%. The degree of crystallinity 

of PBS in CP/PLA/PBS composites (%XmPBS) was improved with addition of CP up 

to 20wt%. This result indicated that high loading of CP inhibited %Xm of PLA and 

PBS. 

 

Figure 4.40 DSC curves from the cooling scan of CP/PLA/PBS composites. 

PBS20 

PBS20-C10 

PBS20-C20 
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Figure 4.41 DSC curves from the second heating scan of CP/PLA/PBS composites. 

Table 4.16 Thermal properties of CP/PLA/PBS composites. 

Name 

Tg 

(°C) 

Tm1PLA 

(°C) 

Tm2PLA 

(°C) 

Tm1PBS 

(°C) 

Tm2PBS 

(°C) 

Tcc 

(°C) 

Tc 

(°C) 

PLA 52.5 146.6 155.0 - - 108.8 - 

PBS20 46.4 142.1 153.6 - 111.9 89.3 - 

PBS20-C10 54.0 138.5 - 102.9 - 83.2 63.2/78.6 

PBS20-C20 54.8 133.7 - 101.6 - 79.4 57.1/76.8 

PBS20-C30 54.8 139.7 - 106.5 - 79.0 61.1/75.8 

PBS20-C40 54.5 140.6 - 107.9 - 79.7 - 

PBS -22.0 - - 106.0 113.5 97.8 79.6 

 

PBS20 

 

PBS20-C10 

PBS20-C20 

PBS20-C30 

PBS20-C40 
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Table 4.17 ΔHm, ΔHcc, ΔHc and %Xm of CP/PLA/PBS composites. 

Name 

ΔHmPLA 

(J/g) 

ΔHmPBS 

(J/g) 

ΔHcc 

(J/g) 

ΔHc 

(J/g) 

%XmPLA 

(%) 

%XmPBS 

(%) 

PLA 39.28 - 37.28 - 41.92 - 

PBS20 34.19 5.48 26.55 - 45.61 27.06 

PBS20-C10 34.70 16.00 2.05 43.08 51.82 80.58 

PBS20-C20 26.36 14.68 4.55 41.61 44.29 83.18 

PBS20-C30 21.73 11.13 9.32 20.59 41.72 72.08 

PBS20-C40 5.82 3.17 2.66 - 13.04 23.95 

PBS - 84.07 9.55 86.20 - 76.22 

 

4.6 Effect of compatibilizer on physical properties of CP/PLA/PBS 

composites 

4.6.1 Mechanical properties of CP/PLA/PBS composites with and 

without compatibilizer 

Tensile strength, elongation at break, Young’s modulus and impact 

strength of CP/PLA/PBS composites with compatibilizer are shown in Figure 4.42-

4.45. Tensile strength, elongation at break, Young’s modulus and impact strength of 

CP/PLA/PBS composites (PBS20-G10-C20) are improved by the addition of PLA-g-

GMA. Especially, impact strength of composite was distinctically increased with 

addition of PLA-g-GMA as a compatibilizer. Tensile strength, elongation at break, 

Young’s modulus and impact strength of CP/PLA/PBS composites (PBS20-M10-
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C20) was also improved by addition of PLA-g-MA. It was explained the reaction 

between the hydroxyl group of CP and anhydride group of MA on PLA-g-MA. This 

indicated that compatibility between CP and PLA/PBS blends was improved by using 

PLA-g-GMA and PLA-g-MA. Young’s modulus of PBS20-M10-C20 was slightly 

higher than that of PBS20-G10-C20. PLA-g-MA improved stiffness property of 

CP/PLA/PBS composites. Impact strength and elongation at break of composite with 

PLA-g-GMA were higher than those of PBS20-M10-C20. Toughness property was 

improved by addition of PLA-g-GMA. Tensile strength, elongation at break, Young’s 

modulus and impact strength of CP/PLA/PBS composites are summarized in Table 

4.18. 

Table 4.18  Tensile strength, elongation at break, Young’s modulus and impact 

strength of CP/PLA/PBS composites with and without compatibilizer. 

Name 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(MPa) 

Elongation 

at break 

(%) 

Impact 

strength 

(kJ/m
2
) 

PBS20-C20 22.34±0.81 633.71±9.53 6.03±0.42 4.91±0.80 

PBS20-G10-C20 33.24±2.10 703.21±13.99 11.07±1.24 12.76±0.50 

PBS20-M10-C20 26.85±1.02 750.46±38.51 9.88±1.17 6.74±0.24 
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Figure 4.42  Tensile strength of CP/PLA/PBS composites with and without 

compatibilizer. 

 

Figure 4.43  Young’s modulus of CP/PLA/PBS composites with and without 

compatibilizer. 
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Figure 4.44   Elongation at break of CP/PLA/PBS composites with and without 

compatibilizer. 

 

Figure 4.45 Impact strength of CP/PLA/PBS composites with and without 

compatibilizer. 
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 4.6.2 Morphological properties of CP/PLA/PBS composites with and 

without compatibilizer 

  Figure 4.46 (a) - (c) shows SEM micrographs of tensile fractured 

surface of CP/PLA/PBS composites. Figure 4.46 (a) and Figure 4.46 (b) show SEM 

images of PBS20-C20 with and without of PLA-g-GMA, respectively. The elongated 

fibrils in CP/PLA/PBS composites with compatibilizer were observed. This result 

confirmed that compatibilizer improved compatibility between CP and PLA/PBS 

blends. The expected mechanism of compatibilization may be that PLA-g-GMA had 

the glycidyl functional group of the epoxide, which could react with hydroxyl groups 

of the CP. Moreover, the glycidyl functional group of the epoxide also could react 

with carboxyl end groups of PLA. As a result, PLA-g-GMA was incorporated into 

both PLA phase and starch phase as a compatibilizer (Liu, J. et al., 2012). Figure 4.46 

(c) shows CP/PLA/PBS composites with PLA-g-MA. Starch in CP could react with 

MA in PLA-g-MA (Wootthikanokkhan et al., 2012). Some carboxylic acid groups 

from a ring opening of the MA reacted with starch. PLA-g-MA was improved 

compatibility of composite. However, PBS20-MA10-C20 showed brittle fracture. The 

elongated fibril in CP/PLA/PBS composites with PLA-g-MA was found. This result 

confirmed that compatibilizer improved compatibility between CP and PLA/PBS 

blends of composites.   
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Figure 4.46  SEM micrographs (1000x) of tensile fractured surface of PBS20-C20 

(a), PBS20-G10-C20 (b) and PBS20-M10-C20 (c). 

4.6.3 Thermal properties of CP/PLA/PBS composites with and without 

compatibilizer 

  Thermogravimetric analysis (TGA) and derivative thermogravimetry 

(DTG) curves of PLA, PLA/PBS blends and PBS were shown in Figure 4.47 and 

4.48, respectively. The degradation temperature of CP/PLA/PBS composites was 

listed in Table 4.19. First point degradation (Td1) around 80 - 160ºC was the mass loss 

of moisture and highly volatile materials.  Second point degradation (Td2) around 200 

ºC – 290 ºC was glycerol. Td3 of PLA and Td4 of PBS in PBS20-G10-C20 were higher 

a b 

c 
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than PBS20-C20. This suggested that degradation temperature of composites was 

increased with addition of PLA-g-GMA. Thermal stability of CP/PLA/PBS 

composites was increased with addition of PLA-g-GMA. The compatibility between 

CP and PLA/PBS blends was improved by using PLA-g-GMA as a compatibilizer. 

Moreover, CP/PLA/PBS composites showed step decomposition process due to the 

different thermal resistance of PLA, PBS and CP. The first decomposition step (25°C-

300°C) corresponded to the decomposition of CP, while the second decomposition 

step (300°C-370°C) corresponded to the decomposition of PLA. The final 

decomposition step (370°C-410°C) corresponded to the decomposition of PBS. This 

indicated that the compatibility between PLA, PBS and CP was poor. The step 

decomposition process of PBS20-C20 showed more clearly than that of PBS20-G10-

C20. PLA-g-GMA improved compatibility between CP and PLA/PBS blends. Td5 at 

472.19°C of PBS20-G10-C20 was observed. This result was probably due to reaction 

of PBS and GMA. glycidyl methacrylate-grafted poly(butylene succinate) (PBS-g-

GMA) was studied by Wu et al. (2013).  

Table 4.19 TGA analysis of CP/PLA/PBS composites with and without 

compatibilizer. 

Name 

Td1 

(°C) 

Td2 

(°C) 

Td3 

 (°C) 

Td4 

 (°C) 

Td5 

(°C) 

Residue at 

650°C 

(%) 

PBS20-C20 150.01 250.93 333.86 392.78 - 2.27 

PBS20-G10-C20 155.23 250.55 334.10 392.80 472.19 0.00 
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Figure 4.47 TGA curves of CP/PLA/PBS composites with and without 

compatibilizer. 

 

Figure 4.48 DTG curves of CP/PLA/PBS composites with and without 

compatibilizer. 
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The DSC thermograms recorded during cooling scan and second 

heating scan of CP/PLA/PBS composites with and without PLA-g-GMA were 

reported in Figure 4.49 and Figure 4.50, respectively. The data derived from DSC 

analysis was reported in Table 4.20 and Table 4.21. Crystallization temperature on 

cooling scan (Tc) of PLA and PBS in PBS20-C20 was observed. Tc of PBS20-G10-

C20 showed one peak. This indicated that compatibility of composites was improved 

by PLA-g-GMA as compatibilizer. Tc of PBS20-G10-C20 shifted to higher 

temperature. The crystallization of composites was promoted by addition of 

compatibilizer. Glass transition temperature (Tg) of PBS20-G10-C20 was lower than 

that of PBS20-C20. The addition of PLA-g-GMA improved compatibility between 

CP and PLA/PBS blends. Cold crystallization temperature on heating step (Tcc) of 

PBS20-G10-C20 did not appear. PBS20-G10-C20 completely crystallized on cooling 

stage. The melting temperature (Tm) of PLA in PBS20-G10-C20 was increased but 

that of PBS was decreased. This implied that PLA-g-GMA hindered the lamella 

formation and led to less perfect crystals of PBS but perfect crystal was formed in 

PLA with PLA-g-GMA. The degree of crystallinity of PLA in PBS20-G10-C20 

(%XmPLA) was improved with addition of PLA-g-GMA. The degree of crystallinity of 

PBS in CP/PLA/PBS composites (%XmPBS) was decreased with addition of PLA-g-

GMA. This result indicated that PLA-g-GMA inhibited %Xm of PBS but %Xm of 

PLA was improved by PLA-g-GMA. 
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Figure 4.49  DSC curves from the cooling scan of CP/PLA/PBS composites with 

and without compatibilizer. 

 

Figure 4.50 DSC curves from the second heating scan of CP/PLA/PBS composites 

with and without compatibilizer. 
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Table 4.20 Thermal properties of CP/PLA/PBS composites with and without 

compatibilizer. 

Name 

Tg 

(°C) 

Tm1PLA 

(°C) 

Tm2PLA 

(°C) 

Tm1PBS 

(°C) 

Tm2PBS 

(°C) 

Tcc 

(°C) 

Tc 

(°C) 

PBS20-C20 54.8 133.7 - 101.6 - 79.4 57.1/76.8 

PBS20-G10-C20 53.5 140.7 - 105.1 - - 83.2 

 

Table 4.21 ΔHm, ΔHcc, ΔHc and %X of CP/PLA/PBS composites with and without 

compatibilizer. 

Name 

ΔHmPLA 

(J/g) 

ΔHmPBS 

(J/g) 

ΔHcc 

(J/g) 

ΔHc 

(J/g) 

%XmPLA 

(%) 

%XmPBS 

(%) 

PBS20-C20 26.36 14.68 4.55 41.61 44.29 83.18 

PBS20-G10-C20 38.02 10.47 - 41.44 63.88 58.76 
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CHAPTRER V 

CONCLUSIONS 

 PLA-g-GMA was used as compatibilizer for PLA/PBS blends and 

CP/PLA/PBS composites. The graft content of GMA grafted onto PLA molecule 

determined from the titration method was 2.277%. PLA-g-MA was also used as 

compatibilizer CP/PLA/PBS composites. The graft content of MA grafted onto PLA 

molecule determined from the titration method was 1.814%.  

Tensile strength and Young’s modulus of PLA/PBS blends was decreased 

with increasing PBS contents. Elongation at break of blends was increased with 

increasing PBS content up to 20 wt%. Elongation at break was increased from 5.20% 

for neat PLA to 52.82% for PBS20. Impact strength of PLA/PBS blends increased 

with increasing PBS content. At PBS 40 wt%, impact strength of PLA/PBS blend was 

about 2 times higher than that of neat PLA. From SEM result, the particles represent 

the PBS phases distributed in the PLA matrix. The particle size of PBS was increased 

with increasing PBS content. Tc of PLA/PBS blends shifted to higher temperature. 

PLA/PBS blends with PBS up to 20 wt%, Tcc of the blends was decreased. This 

indicates that the addition of PBS up to 20 wt% enhanced the crystallization of PLA. 

Tg of blends was decreased with addition of PBS.Tm of PLA in PLA/PBS blends was 

decreased with increasing PBS contents but Tm of PBS was increased. The degree of 

crystallinity of PLA (%XPLA) in PLA/PBS blends was increased with increasing PBS 

contents. 
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From the stress-strain curves, PLA exhibited brittle fracture. PLA/PBS blends 

showed higher toughness compared to that of neat PLA. PLA-g-GMA showed ductile 

fracture. Necking and cold drawing of PLA-g-GMA was observed. The elongation at 

break of PLA/PBS blends was dramatically increased up to 308.87% with adding 10 

phr of PLA-g-GMA. 

Tensile strength, elongation at break and impact strength of PLA/PBS blends 

with addition of PLA-g-GMA were increased. PLA-g-GMA improved the mechanical 

properties of PLA/PBS blends due to enhanced interfacial adhesion between PLA and 

PBS. The domain sizes of PBS of blend with PLA-g-GMA were much smaller than 

that of PBS20. Moreover, thermal stability of PLA/PBS blends was improved with 

addition of PLA-g-GMA. Tc of PLA-g-GMA was observed. Tcc of PBS20-G10 was 

high than that of PBS20. Tg of PLA/PBS blends was decreased with adding PLA-g-

GMA.  Tm of PBS20-G10 decreased approximately 1–2°C with the addition of PLA-

g-GMA. The degree of crystallinity of PLA in PBS20-G10 was decreased with 

addition of PLA-g-GMA.  

Tensile strength, Young’s modulus, elongation at break and impact strength of 

CP/PLA/PBS composites were decreased with increasing CP contents. Thermal 

stability of composites was decreased with increasing CP contents. Tc of composites 

shifted to low temperature. Tg of composites insignificant changed with increasing CP 

contents. Tcc of composites shifted to low temperature with increasing CP up to 

20wt%. Tm of composites was decreased with addition of CP. The degree of 

crystallinity of PLA in CP/PLA/PBS composites was improved with addition of CP 

up to10 wt%. 
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PLA-g-GMA and PLA-g-MA were used as compatibilizer of CP/PLA/PBS 

composites. Tensile strength, Young’s modulus, elongation at break and impact 

strength of CP/PLA/PBS composites was improved by using compatibilizer. Young’s 

modulus was improved with addition of PLA-g-MA more than that of PLA-g-GMA. 

PLA-g-GMA was shown to be an effective for tensile strength, elongation at break 

and impact strength of composites than that of PLA-g-MA. Thermal stability of 

CP/PLA/PBS composites was increased addition of PLA-g-GMA. The compatibility 

between CP and PLA/PBS blends was improved by using PLA-g-GMA as 

compatibilizer. Two peak of Tc in PBS20-C20 were observed. Tc of PBS20-G10-C20 

showed one peak. This indicated that compatibility of composites was improved by 

PLA-g-GMA as compatibilizer. Tc of PBS20-G10-C20 shifted to high temperature. Tg 

of PBS20-G10-C20 was lower than that of PBS20-C20. Tcc of PBS20-G10-C20 did 

not appear. Tm of PLA in PBS20-G10-C20 was increased but that of PBS was 

decreased. The degree of crystallinity of PLA in PBS20-G10-C20 was increased with 

addition of PLA-g-GMA. 
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Cost analysis of PLA/PBS blends and CP/PLA/PBS composites 

1. Cost of materials for preparing PLA/PBS blends 

Total cost of materials for preparing PLA/PBS blends based on 1 kg of the 

blends are shown in Table A.1 

Table A.1 Cost of materials for preparing PLA/PBAT blends based on 1 kg of the 

blends. 

Sample Component 

Content 

(kg) 

Price/Unit 

(bath/kg) 

Total Price 

(bath/kg) 

PLA PLA 1.00 100.00 100.00 

PBS10 

PLA 0.90 100.00 

120.00 

PBS 0.10 300.00 

PBS20 

PLA 0.80 100.00 

140.00 

PBS 0.20 300.00 

PBS30 

PLA 0.70 100.00 

160.00 

PBS 0.30 300.00 

PBS40 

PLA 0.60 100.00 

180.00 

PBS 0.40 300.00 

PBS PBS 1.00 300.00 300.00 
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 2. Cost of materials for preparing CP  

CP was used as a filler for CP/PLA/PBS composites. Total cost of materials 

for preparing CP based on 1 kg is shown in Table A.2. 

Table A.2 Cost of materials for preparing CP based on 1 kg 

Sample Component 

Content 

(kg) 

Price/Unit 

(bath/kg) 

Total Price 

(bath/kg) 

CP 

RCPt 0.70 3.00 

11.70 

Glycerol 0.30 32.00 
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3. Cost of materials for preparing CP/PLA/PBS composites 

CP was used as a filler for CP/PLA/PBS composites. Total cost of materials 

for preparing CP/PLA/PBS composites based on 1 kg of the composites are shown in 

Table A.3. 

Table A.3 Cost of materials for preparing CP/PLA/PBS composites based on 1 kg of 

the blends. 

Sample Component 

Content 

(kg) 

Price/Unit 

(bath/kg) 

Total Price 

(bath/kg) 

PBS20 

PLA 0.80 100.00 

140.00 

PBS 0.20 300.00 

PBS20-C10 

PLA 0.72 100.00 

127.17 PBS 0.18 300.00 

CP 0.10 11.70 

PBS20-C20 

PLA 0.64 100.00 

114.34 PBS 0.16 300.00 

CP 0.20 11.70 

PBS20-C30 

PLA 0.56 100.00 

101.51 PBS 0.14 300.00 

CP 0.30 11.70 

PBS20-C40 

PLA 0.48 100.00 

88.68 PBS 0.12 300.00 

CP 0.40 11.70 

 



 

 

 

 

 

 

 

 

121 
 

4. Cost of materials for preparing PLA-g-GMA and PLA-g-MA 

PLA-g-GMA and PLA-g-MA were used as a compatibilizer. Total cost of 

materials for preparing PLA-g-GMA and PLA-g-MA based on 1 kg of the 

compatibilizer are shown in Table A.4. 

Table A.4 Cost of materials for preparing PLA-g-GMA and PLA-g-MA based on 1 

kg of the compatibilizer. 

Sample Component 

Content 

(kg) 

Price/Unit 

(bath/kg) 

Total Price 

(bath/kg) 

PLA-g-GMA 

PLA 0.9074 100.00 

120.36 
GMA 0.0907 320.00 

DCP 0.00181 320.00 

PLA-g-MA 

PLA 0.9074 100.00 

120.36 
MA 0.0907 320.00 

DCP 0.00181 320.00 
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5. Cost of materials for preparing compatibilized PLA/PBS blends and 

compatibilized CP/PLA/PBS composites 

Total cost of materials for preparing compatibilized PLA/PBS blends and 

compatibilized CP/PLA/PBS composites based on 1 kg of the blends and composites 

are shown in Table A.5. 

Table A.5 Cost of materials for preparing compatibilized PLA/PBS blends and 

compatibilized CP/PLA/PBS composites based on 1 kg of the blends and 

composites. 

Sample Component 

Content 

(kg) 

Price/Unit 

(bath/kg) 

Total Price 

(bath/kg) 

PBS20-G10 

PLA 0.80 100.00 

138.21 
PBS 0.20 300.00 

PLA-g-GMA 0.10 120.36 

PBS20-G10-C20 

PLA 0.64 100.00 

114.89 

PBS 0.16 300.00 

CP 0.20 11.70 

PLA-g-GMA 0.10 120.36 

PBS20-M10-C20 

PLA 0.64 100.00 

114.89 

PBS 0.16 300.00 

CP 0.20 11.70 

PLA-g-GMA 0.10 120.36 
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