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 Biodegradable polymers are currently materials of considerable interest due to their superior 
advantages such as an environmental benign, originating from renewable feedstock and comparable 
mechanical properties with conventional plastics. Despite numerous advantages, thermal instability is 
considered to be the major drawback, which limits their use for some specific applications. Therefore, 
the objective of the research was to enhance thermal properties of biodegradable polyesters by different 
three approaches, including the nanocomposite, the grafting reaction and using chain extender method. 
Biodegradable polyester polymers; poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), 
poly(butylenes succinate) (PBS) and poly(lactic acid) (PLA) were selected in this work. For 
nanocomposite approach, silica nanoparticle was used as filler. Polymers were mixed with silica at 
content varied from 0.1 to 5.0 wt% in a twin screw extruder. The improvement in thermal properties of 
PHBV, PBS and PLA/silica nanocomposites were achieved which confirmed by TGA and HDT 
results. The presence of silica nanoparticles increased the onset and inflection temperature of thermal 
degradation in PLA, PBS as well as PHBV nanocomposites. It showed the great improvement for 
PHBV nanocomposite. Similar to the HDT results, it was greatly improved for PHBV/silica 5wt% 
nanocomposites. However, the mechanical performances of nanocomposites depended on the content 
and the dispersion of silica particles in the polymer matrix. At low silica content of 0.1-0.2 wt%, the 
mechanical properties were slightly increased, whereas their mechanical properties became deteriorated 
at the higher silica loading. In the case of the grafting reaction method, maleic anhydride (MA) and 
benzoyl peroxide (BPO) were used as grafting agent and initiator, respectively. The ratio of MA: BPO 
was fixed at 2:1. The grafting reaction was carried out by the high speed ball mill with the rotation 
speed of 325 rpm. The mechanical grafting by ball mill polymers was successfully achieved. MA 
grafted onto polymers could improve the thermal stability of biodegradable polyester by retarding the 
formation of cyclic rings (cis-elimination) which is the thermal degradation pathway of polyester. In 
addition, because the β-C–H bond of PHBV could be activated by the neighboring carbonyl group 
more readily than in the case of PLA and PBS. Therefore, the thermal stability provided by this method 
was more prominently observed for PHBV. For the grafting reaction by using supercritical carbon 
dioxide method, the free radical grafting of PHBV, PBS and PLA film with MA were successfully 
prepared. The result showed that the average degree of grafting by this method was relatively high 
achieved. In addition, polymers film grafted with MA showed the improvement of the hydrophilicity, 
but poor thermal stability. However, the sacrificed molecular weight reduction can be probably caused 
by the excess or high loading of MA and peroxide, leading to the chain scission reaction, which is the 
competition reactions occurred during the grafting of MA onto polymer. In the case of improvement, 
thermal stability of biodegradable polymer by using chain extenders, PLA and 0.5 phr of chain 
extenders were mixed in the twin screw extruder under the four temperature profiles from the feed zone 
to die. The processing temperature was varied from 220-250 oC. The results indicated that the addition 
of two chain extenders, polycarbodiimide (PCD) and multifunctional epoxide chain extender (ECE) to 
PLA could prevent the further mechanical deterioration and thermal degradation from the high 
processing temperature. TGA data of chain extenders added PLA samples showed the improvement of 
thermal stability by an increase in onset and deflection temperatures when compared to processed PLA 
alone. In addition, the presence of both chain extenders in PLA also improved elongation at break and 
impact strength whereas these mechanical properties decreased for processed PLA samples. 
 
Program of Polymer Science and Engineering                                     Graduate School, Silpakorn University 
Student's signature ........................................                                                                       Academic Year 2014 
Thesis Advisors' signature 1. .........................   2. ..........................   3. ...........................     



d 
 

Acknowledgments 

My dissertation would not have been possible without the support of several 
thoughtful and generous individuals. 

Foremost I would like to thank my advisor, Asst. Prof. Dr. Supakij 
Suttiruengwong who believes in me, gave me the inspiration and opportunity to study 
as well as the constant advices and willingly support, during I was studying. I also 
considerably thankful to my co-advisors Asst. Prof. Dr. Sommai Pivsa-Art and Prof. 
Hiroyuki Hamada for giving me the helps, consulting and opportunities for working at 
Kyoto Institute of Technology (KIT, Japan). My sincerely thanks also to the 
examination committee, Asst. Prof. Dr. Nattakarn Hongsriphan and Dr. Tatiya 
Trongsatitkul for their invaluable time and comments on the research. 

I am grateful to Assoc. Prof. Manus Seadan who gave me the inspiration to 
study in Doctor of Philosophy degree. He always gives me the knowledge, consult 
and the fruitful discussion for my work.  

I would like to express my gratefulness to the Department of Materials 
Sciences and Engineering, Faculty of Engineering and Industrial Technology, 
Silpakorn University for research funding and providing research facilities. I also 
want to thank all technical staffs for technical assistances. I also would like to 
acknowledge National Center of Excellence for Petroleum, Petrochemicals and 
Advanced Materials, Chulalongkorn University, and the Office of the National 
Research Council of Thailand (NRCT) for financial support in scholarship and 
presentation abroad.  

I wish to thank teachers and students in KIT who helped me in everything. I 
had many experiences and I really enjoyed when I was there. 

I gratefully appreciate Mr. Wasin Koosomsuan for the help in heat deflection 
temperature testing at Mahidol University. I also want to thank my best friend, Miss 
Faungchat Thammarakcharoen for her kindness and conducting the contact angle 
testing at National Metal and Materials Technology Center (MTEC).  

A special acknowledgement is extended to all my friends and research group 
members for their helps, profound sympathy, encouragement, supports and always 
gives the lively and friendly atmosphere during my study at Silpakorn University. 

I would like to thank Mr. Pakhawit Phattharawanee who takes care of me and 
gives me the support, encouragement and always being by my side. I also gratefully 
appreciate Phattharawanee family for their love and care. I would never forget it. 

Finally and very especially, I really would like to thank my family, my sisters, 
and brothers for always being by my side, especially my mother, Janphorn Saetan. I 
would not have today without her love and care. Her love is helping me gets through 
the difficult times. I would like to dedicate my work to her. 
 



 

 e

Table of Contents  
   Page 
 
Abstract ...................................................................................................................  c 
Acknowledments.....................................................................................................  d 
List of Figures .........................................................................................................  h 
List of Tables ..........................................................................................................  k 
Chapter 
     1       Introduction ...............................................................................................  1 
                       Biodegradable polymers and situation .............................................  1 
                       Biodegradable polyester...................................................................  5 
                                    Poly(lactic acid) (PLA)...........................................................  5 
                                 Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) ............  10 
                                 Poly(butylene succinate) (PBS) .............................................  13 
                                    Objectives of research ............................................................  17   
          
     2       Literature review .......................................................................................  18 
                     Nanocomposite ................................................................................  18 
    Chemical grafting reaction ...............................................................  21 
                 Mechanochemical method .....................................................  22 
                     Types of the mill .....................................................  23 
                     The milling process variables ..................................  24 
  Supercritical fluids .................................................................  26 
      The application of supercritical carbon dioxide ......  27 
    Chain extenders ................................................................................  29 
 
     3       Research Methodology  ............................................................................  33 
                      Part 1. To enhance mechanical and thermal properties of  
                      biodegradable polymers through nanocomposite approach ..............  33 
     Materials .............................................................................  33 
     Biodegradable polyester/silica nanocomposite  
     preparation ..........................................................................  33 
     Characterization and testing ................................................  33 
       
       Part 2. To enhance thermal properties of biodegradable polymers  
                       through reactive milling method ......................................................  34 
     Materials .............................................................................  34 
     Powder Preparation .............................................................  34 
     Polymer grafted with maleic anhydride ..............................  34 
                                                Characterization and testing .................................................  35 
       
    Part 3. To enhance thermal properties of biodegradable polymers  
                       through supercritical carbon dioxide method. .................................  35 
     Materials .............................................................................  35 
     Study the solubility of MA in supercritical  
     carbon dioxide .....................................................................  36 
     Grafting reaction in the supercritical carbon dioxide .........  37 



 

 f

Chapter ....................................................................................................................  Page 
 
  Characterization and testing ...................................................  37 
 
  Part 4. To enhance thermal properties of biodegradable  
                        polymers by using chain extenders .................................................  38 
                                             Materials ................................................................................  38 
                                 Melt extrusion ........................................................................  38 
                                 Characterization and testing ...................................................  38 
 
     4       Results and discussion  .............................................................................  40 
                       Part 1. Enhancement of mechanical and thermal properties of  
                       biodegradable polymers through nanocomposite approach .............  40 
  The dispersion of silica in the polymer matrix ......................  40 
  Thermal properties .................................................................  44 
  Mechanical properties of biodegradable  
      polyester/silica nanocomposites ............................................  48 
  Heat deflection temperature ...................................................  49 
      
    Part 2. Enhancement of thermal properties of biodegradable  
    polymers through reactive milling method ......................................  51 
  Particle size of polymer powder ............................................  51 
  Spectrophotometric analysis ..................................................  51 
  Degree of grafting ..................................................................  57 
  Water contact angle ...............................................................  57 
  Thermal properties .................................................................  58 
      
    Part 3. Enhancement of thermal properties of biodegradable  
    polymers through supercritical carbon dioxide method ..................  62 
  The solubility of MA in supercritical carbon dioxide ............  62 
  Physical charcteristics of polymer films ................................  63 
  Characterization of grafted polymers ....................................  64 
  Degree of grafting ..................................................................  66 
  Morphology of samples .........................................................  67 
  Water contact angle ...............................................................  70 
  Molecular weight measurement .............................................  70 
  Thermal properties .................................................................  73 
   
      Part 4. Enhancement of thermal properties of biodegradable  
                        polymers by using chain extenders .................................................  76 
     Molecular weight analysis .....................................................  76 
  Melt flow Index of processed PLA and PLA added  
  chain extenders ......................................................................  77 
  Reaction of chain extenders with PLA ..................................  78 
  Thermal properties .................................................................  80 
            Differential scanning calorimetry (DSC) ...................  80 
   Thermogravimetric analysis (TGA) ...........................  81 



 

 g 

Chapter       Page 
 
  Mechanical properties ............................................................  81 
     PLA/Polyamide 6 blend .........................................................  83
    
      5       Conclusions and suggestion ......................................................................  84 
                       Conclusions ......................................................................................  84 
                       Suggestion and recommendation .....................................................  85 
References ...............................................................................................................  87 
Appendices ..............................................................................................................  99 
                      Appendix A. Research data ...............................................................  100 
                      Appendix B. Publication and Presentation .......................................  125 
Biography ................................................................................................................  165 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 h 

List of Figures 
 

Figure  ........................................................................................................... Page 
 
     1 Three basically different groups of biopolymers ......................................  2 
     2       Global production capacities of biopolymers ...........................................  2 
 3  Cyclic process by which agricultural products and fermentative routes  
         can yield biodegradable polymers .....................................................  3 
     4       The biodegradable polymers capacity based on precursor .......................  4 
     5       Chemical structure of PLA and synthesis methods for obtaining  
   high molecular weight .......................................................................  8 
     6       The cyclic transition state from degradation of PLA ................................  9  
     7       The possible mechanisms of the degradation of PLA ..............................  10 
     8       Generic chemical structure of the polyhydroxyalkanoates .......................  11 
     9       Six membered ring reaction of PHBV ......................................................  13 
   10       Flow chart of PBS synthesis .....................................................................  14 
   11       Cis-elimination as basic pyrolysis mechanism of PBS .............................  16 
   12       Transesterification as basic pyrolysis mechanism of PBS .......................  16 
   13       Various types of nanoscale materials .......................................................  19 
   14       Movements of working parts and balls in a planetary mill ......................  23  
   15       Diagrammatic view of the attritor.............................................................  24 
   16       An overview of the main factors to be considered in the milling process  24 
   17       Phase diagram of a pure materials and the thermodynamic state  
  of various separation processes .........................................................  26 
   18       Reaction of a bi-functional chain extender ...............................................  30 
   19       Reaction of a tri-functional chain extender ..............................................  30 
   20       Supercritical fluid process ........................................................................  36 
   21       SEM micrographs of fracture surface of PBS/silica nanocomposites  
  at various content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%,  
  (d) 1.0 wt%, (e) 2.5 wt% and (f) 5.0 wt%. ........................................  41 
   22      SEM micrographs of fracture surface of PLA/silica nanocomposites  
  at various content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%,  
  (d) 1.0 wt%, (e) 2.5 wt% and (f) 5.0 wt%. ........................................  42 
   23      SEM micrographs of fracture surface of PHBV/silica nanocomposites  
  at various content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%,  
  (d) 1.0 wt%, (e) 2.5 wt% and (f) 5.0 wt%.content. ............................  43 
   24       TGA thermograms of (a) PBS nanocomposites,  
  (b) PLA nanocomposites and (c) PHBV nanocomposites with  
  different silica content .......................................................................  44 
   25      Network formation during melt processing:  
    (a) PLA/silica nanocomposites   prepared by melt compounding,  
    (b) PLA chains grafted onto silica surfaces,  
    (c) dense network formed by the entanglement of PLA chains.........  47 
   26 Tensile modulus of polymer/silica nanocomposites at various content  
   of silica. .............................................................................................  48 

 
 



 

 i 

List of Figures 
 

Figure ......................................................................................................................  Page 
    
    27      Elongation at break (%) of polymer/silica nanocomposites at various  
  content of silica ..................................................................................  49 
   28       Impact strength of polymer/silica nanocomposites at various content  
  of silica. ..............................................................................................  49 
   29       FT-IR spectra of PHBV grafted with MA at concentration of  
   (a) 3 phr and (b) 5 phr at various of time ............................................  52 
   30       FT-IR spectra of PBS grafted with MA at concentration of  
  (a) 3 phr and (b) 5 phr at various of time. ..........................................  53 
   31      FT-IR spectra of PLA grafted with MA at concentration of  
  (a) 3 phr and (b) 5 phr at various of time. ............................................  54 
   32      1H NMR spectrum of PHBV grafted with MA (PHBV3phr6h sample) ..  55            
   33      1H NMR spectrum of PBS grafted with MA (PBS3phr6h sample)..........  56            
   34      1H NMR spectrum of PLA grafted with MA (PLA3phr6h sample).. .......     56            
   35      TGA thermograms of PHBV grafted MA (a) 3 phr and (b) 5 phr  
  at various milling times .....................................................................      59 
   36      TGA thermograms of PBS grafted MA (a) 3 phr and (b) 5 phr  
   at various milling times. ....................................................................      60 
   37      TGA thermograms of PLA grafted MA (a) 3 phr and (b) 5 phr  
  at various milling times.. ...................................................................  61 
   38     The solubility of MA in the supercritical carbon dioxide. ........................  62            
   39      Half-life of peroxide .................................................................................  63                     
   40      Physical characteristics of polymer before and after grafting in  
  supercritical carbon dioxide. ..............................................................  63                     
   41      1H NMR spectrum of PHBV grafted with MA in supercritical  
  carbon dioxide ...................................................................................  64 
   42      1H NMR spectrum of PBS grafted with MA in supercritical  
  carbon dioxide. ..................................................................................  65 
   43  1H NMR spectrum of PLA grafted with MA in supercritical  
  carbon dioxide. ..................................................................................      65 
   44     1H NMR spectrum of PLA pellet grafted with MA in supercritical  
  carbon dioxide. ..................................................................................  66 
   45     SEM micrographs of cross section of pure PHBV film ((a) and (b))  
  and cross section of PHBVgMA Sc ((c), (d) and surface of  
  PHBVgMA Sc (e)), cross section of PHBVgMA Sc after wash ((f)  
  and (g)) and surface of PHBVgMA Sc after wash ((h)). ......................  68 
   46     SEM micrographs of cross section of pure PBS film ((a) and (b)) 
   and cross section of PBSgMA Sc ((c), (d) and surface of  
  PBSgMA Sc (e)), cross section of PBSgMA Sc after wash ((f)  
  and (g)) and surface of PBSgMA Sc after wash ((h)).  .....................  68  
  47     SEM micrographs of cross section of pure PLA film ((a) and (b)),  
  cross section of PLAgMA.Sc ((c) and (d)), surface of PLAgMA Sc  
  ((e)), cross section of PLAgMA Sc after wash ((f) and (g)) and  
  surface of PLAgMA Sc after wash ((h)). ..........................................  69 



 

 j 

List of Figures 
 

Figure ......................................................................................................................  Page 
     
   48     SEM micrographs of cross section of pure PLA pellet (a),  
   surface of pure PLA pellet (b), cross section of PLApgMA  
   after wash (c) and surface of PLApgMA after wash (d) ...................      69 
    49     SEM micrograph of MA crystal.. .............................................................  70 
   50     The possible reaction mechanisms for free-radical melt-grafting  
  of MA onto PLA.. ..............................................................................  72 
   51      The probable mechanism for β-scission reaction during grafting  
  reaction of PBS.. ................................................................................  72 
   52      Acid hydrolytic chain cleavage mechanism of PLA.  
   Adapted from reference [148] ...........................................................  73 
   53     TGA thermograms of pure polymers and polymers grafted with MA  
  (a) PHBV samples, (b) PBS samples and (c) PLA samples. .............  74 
     54  Molecular weight distribution curves of processed PLA and  
  PLA added chain extenders at various processing temperatures;  
  (a) 220 oC, (b) 230 oC, (c) 240 oC and (d) 250 oC. ............................      77 
   55     Melt flow index of PLA and PLA added chain extender at  
  various process temperatures.. ...........................................................  78 
   56     FT-IR spectra of processed PLA, PCD, solid mixture of  
  PLA/PCD and PLA/PCD for processing temperature of 250 oC. .....  79 
   57     FT-IR spectra of processed PLA, ECE, solid mixture of  
  PLA/ECE and PLA/ECE for processing temperature of 250 oC.. .....  79 
   58     Reaction of carboxylic acid (a) and hydroxyl (b) chain end of PLA  
  and epoxide group of chain extender.. ...............................................  80 
   59     Modulus of processed PLA and PLA added chain extenders  
  at various processing temperatures.. ..................................................  82 
   60     Tensile strength of processed PLA and PLA added chain extenders  
  at various processing temperatures. ...................................................      82 
   61      Elongation at break of processed PLA and PLA added chain extenders  
  at various processing temperatures.. ...................................................................... 83 
   62      Impact strength of processed PLA and PLA added chain extenders  
  at various processing temperatures.. ..................................................  83 
 
 
 
 
 
 
 

 
 
 
 
 



 

 k 

 
List of Tables 

 
Table .......................................................................................................................  Page 
 
     1       Grade name and producers of PLA. ..........................................................  6 
     2       The typical properties of PLA ...................................................................  8 
     3       Main PHAs homopolymer structures based on the structure  
  of PHAs in fig.8 .................................................................................  11 
     4       Main PHA abbreviations ..........................................................................  11 
     5       Polymer and grade name of producer of PHAs ........................................  12 
     6       Properties of PHBV (ENMAT, Tianan) ...................................................  13 
     7       Manufactures of poly(butylene succinate) ( PBS ) and its copolymers. ...  15 
     8       Typical properties of PBS from Mitsubishi Chemical Corporation .........  16 
     9       Critical points of gases ..............................................................................  27 
   10       Onset and inflection temperature of all samples .......................................  47 
   11       HDT value of neat polymer and its nanocomposite. ..................................  51 
   12       Degree of grafting (%) of PHBV, PBS and PLA grafted with MA  
  at various conditions.. .........................................................................  57 
   13       Contact angle results of neat polymers and polymers grafted MA.. ........  58 
   14       TGA data of all samples. ..........................................................................  60 
   15       The average degree of grafting (%) of samples ........................................  66 
   16       The average contact angle of samples ......................................................  70 
    17       Molecular weights data of pure polymers and  
   polymer grafted with MA samples.. ..................................................  71 
   18       Molecular weights data of processed PLA and PLA added  
  chain extender samples at various processing temperatures..............  77 
   19       DSC data of processed PLA and PLA added chain extenders  
   at various processing temperatures ....................................................  81 
   20       Onset and deflection temperature of processed PLA and PLA  
   added chain extender samples at various processing temperatures ...  81 
 
  
 
  
 
    
 



1 
 

CHAPTER 1 
 

INTRODUCTION 
 
1. Biodegradable polymers and situation 
 
 The plastic industry grows drastically among the materials industries because 
it can be used in various fields of applications because their low price, light weight, 
the ease of processability and tunable mechanical and thermal properties. The 
widespread utilization of plastics in various applications makes the polymeric 
materials so convenient and useful to human life. However, it also creates a serious 
plastic waste problem. Today, the environment problems of disposal caused by the 
very inertness and durability of plastics arose from more than 200 million tons of 
plastics are being produced worldwide every year. The plastic wastes are becoming a 
global environment issue. Consequently, a variety of techniques need to be available 
to solve this problem. 
 Attempt to reduce the input of plastics by eliminating the weight of polymer in 
the product, for example, the use of thinner film by the improvement in materials and 
processing condition. The recovery of polymers from municipal solid wastes (MSW) 
has proved to be rather difficult, requiring high technology input, hence economically 
insensible. The segregation of MSW is prior required to achieve a high throughput of 
plastic recovery and recycling. The landfill is the most widely used technique. It 
minimizes environment impact and is associated with the anaerobic generation of 
methane which can be used as fuel. For incineration method, it needs the equipment 
capable of dealing with the high calorific value waste, able to resist the corrosion 
caused by the toxic residues and also scrubbing the exhaust gases to meet atmospheric 
purity standard. 
 From the serious nature of the growing problem of waste disposal, the efforts 
to reduce the volume flow of waste as well as the increasing and widespread 
environmental awareness and increase the use of renewable raw materials have 
directed the focus on the disposal properties of different materials. Disposal or 
recycling potential of polymers received more and more emphasis and an increasing 
number of degradable biopolymers have been developed since the end of the 1980s, 
[1] based mainly on renewable resources and it has received increasing attention in 
nowadays. 
 The concept of biopolymers can be described as a polymer material that 
fulfills at least one of following properties: 

• consists (partly) of bio-based (renewable) raw materials 
• is biodegradable in some way 

 The classification of biopolymers was showed in fig. 1. Biopolymers do not 
have to come exclusively from renewable resources. In addition, biodegradable 
biopolymer can also be produced from petroleum or petrochemical raw materials 
(lower right in fig.1). However, not all biopolymers based on renewable resources are 
necessarily biodegradable (above left in fig. 1) such as vulcanized rubber
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Fig. 1 Three basically different groups of biopolymers [1]. 

 
According to European Bioplastics Association, a growing demand for more 

sustainable solutions is reflected in growing production capacities of biopolymers: in 
2012 production capacities amounted to approximately 1.4 million tons. Market data 
of European Bioplastics forecasts production capacities will multiply by 2017 – to 
more than 6 million tons as showed in fig.2 [2]. 

 
  

Fig. 2 Global production capacities of biopolymers [2]. 
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For biodegradable polymers, they are derived from renewable raw materials or 
sometimes referred to biomass (for example starch, corn, tapioca). Biodegradation 
converts them to CO2, CH4, water, small biomass, humic matter, and other natural 
substances. Biodegradable polymers are thus naturally recycled by biological 
processes (see fig.3). It disposes in bioactive environments degrade by the enzymatic 
action of microorganisms such as bacteria, fungi, and algae. Their polymer chains 
may also be broken down by non-enzymatic processes such as by chemical hydrolysis. 

 
Fig. 3 Cyclic process by which agricultural products and fermentative routes can yield 
biodegradable polymers [3].  
 

Upon disposal in bio-bins (which is the innovation to find a better, safer, 
greener and cheaper way to dispose the waste [4]) and exposure to a bioactive 
environment, biodegradable polymers will biodegrade to natural substances such as 
CO2, water, humic matter, and biomass. New agricultural crops, using nutrients from 
the compost and fixing CO2, will produce new polymer building blocks, monomers, 
and polymers [3]. 

Biodegradable polymers can be sorted according to their chemical 
composition, synthesis method, processing method, etc. These classifications provide 
different and useful information. Biodegradable polymers can be classified into two 
groups: natural polymers and synthesis polymers,  [5]. 

(1) Biodegradable polymers from natural origins or bio-based polymers are 
based on renewable resources and are compostable. It includes six sub-groups:  

1. polysaccharides (e.g., starch, cellulose, lignin and chitin) 
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2. proteins (e.g., gelatin, wheat gluten, silk and wood) 
3. lipids (e.g., plant oil and animal oil) 
4. polyesters produced by micro-organism or by plants (e.g., polyhydroxy 

alkanoates and poly-3-hydroxybutyrate) 
5. polyesters synthesized from bio-derived monomers (polylactic acid) 
6. miscellaneous polymers (natural rubbers, composites) 

 
(2) Biodegradable polymers from mineral origins or petroleum-based 

polymers are based on hydrocarbon monomers and oligomers gained from crude oil, 
natural gas, or coal by various methods of fractionated distilling and targeted cracking, 
as are conventional plastics. It includes four sub-groups: 

1. aliphatic polyesters (e.g., polyglycolic acid, polybutylene succinate, 
polycaprolactone) 

2. aromatic polyesters or blends of the two types (e.g., polybutylene 
succinate terephthalate) 

3. polyvinyl alcohols 
4. modified polyolefins 
However, nowadays 1,4-butanediol can be produced from renewable 

carbohydrate feed stocks by Genomatica and Tate & Lyle company [6, 7]. 
Consequently, PBS can be also classified in bio-based polymers. 

 
The worldwide consumption of biodegradable polymers has increased from 14 

million kg in 1996 to an estimated 68 million kg in 2001 [3].  
 

 
Fig. 4 The biodegradable polymers capacity based on precursor [8]. 

 
Target markets for biodegradable polymers include packaging materials (trash 

bags, wrappings, loose-fill foam, food containers, film wrapping, laminated paper), 
disposable non-woven (engineered fabrics) and hygiene products (diaper back sheets, 
cotton swabs), consumer goods (fast-food tableware, containers, egg cartons, razor 
handles, toys), and agricultural tools (mulch films, planters). However, it hampered by 
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competition with commodity plastics that are inexpensive, familiar to the customer 
and properties. 
 
2. Biodegradable polyester 
 

Several biodegradable polyesters are now in the market or at an advanced 
stage of development and it was one of the most promising materials for degradable 
products. The important characteristic of aliphatic polyesters is their degradability 
under various conditions, therefore, aliphatic polyesters have attracted much attention 
as biodegradable thermoplastic and it was wildly used for environmental fields and 
also in medical applications. Among the family of aliphatic polyesters, the polymers 
consisting of hydroxyalkanoic acid monomeric units such as poly(L- lactide) [poly(2-
hydroxypropionic acid); PLLA], poly(3-hydroxybutyric acid) [P(3HB)] and their 
copolymers have been most extensively investigated [9-14]. Despite numerous 
advantages of this type of polymer, some properties have limited their use as final 
products, especially the poor heat stability and the degradation at elevated 
temperatures. 

The thermal stability of biodegradable polyesters is a key factor in 
determining the processing feasibility. It has long been evaluated in order to 
understand their processing characteristics and applications. The reason for the 
thermal degradation of aliphatic polyesters arises from their chemical origin. Such 
polyesters are synthesized through the esterification reaction. The reaction is 
reversible and can be accelerated by heat or catalysts. The degradation at elevated 
temperature can lead to the random chain scission (cis-elimination) reaction. 
Furthermore, the thermal decomposition of aliphatic polyesters consisting of the 
hydroxyalkanoic acid monomeric unit predominantly progresses via cyclic rupture of 
polymer molecules [15]. However, thermal degradation of polymers is dependent on 
several factors such as molecular weight, processing temperature, moisture content 
and structure of chain ends. 
 
Poly(lactic acid) (PLA) 
 

Poly(lactic acid) (PLA) is the one of popular choices for biodegradable 
polymer as it originates naturally from renewable resources. It is a chiral polymer 
containing asymmetric carbon atoms with helical conformation. Two isomers, L- and 
D-lactic acid which can be produced by different ways, i.e., biologically or chemically 
synthesized. In the first case, lactic acid is obtained by fermentation of carbohydrates 
by lactic bacteria belonging mainly to the genus Lactobacillus, or fungi [16]. This 
fermentative process requires a bacterial strain but also a carbon source 
(carbohydrates), a nitrogen source (yeast extract, peptide), and mineral elements to 
allow the growth of bacteria and the production of lactic acid. The lactic acid as-
formed exists almost exclusively as L-lactic acid and leads to poly(L-lactic acid) 
(PLLA). In contrast, the chemical process could lead to various ratio of L- and D-
lactic acid. The chemical reactions lead to the formation of a cyclic dimer.  The 
lactide was as an intermediate step to the production of PLA and it could lead to long 
macromolecular chains with L- and D-lactic acid monomers. This mechanism of ring-
opening polymerization (ROP) from the lactide explains the formation of two 
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enantiomers (as showed in the fig 5). This ring-opening polymerization (ROP) 
reaction has the advantage of producing high molecular weight of PLA [17, 18]. 
Grade name and producers of PLA as showed in the table 1. 
 

Table 1. Grade name and producers of PLA [19]. 
 

Grade name Producer 

Bio-Flex® A 4100 CL 

FKuR 

Bio-Flex® Bin Liner 
Bio-Flex® F 1137 
Bio-Flex® F 1138 
Bio-Flex® S 9533 
Bio-Flex® Shopper 
Bioplast® 105 

BIOTEC Bioplast® 2149 
Bioplast® GS 2189 
Compostable® 1006 

Cereplast 

Compostable® 1010 
Compostable® 2000D 
Compostable® 2002D 
Compostable® 2020BD 
Compostable® 2020D 
Compostable® 3002 
Compostable® 3010 
Compostable® 3015 
Compostable® 3020 
Compostable® 3050 
Compostable® 3050W 
Compostable® 4008D 
Compostable® 5000D 
Compostable® 5002D 
Compostable® 6015 
Compostable® 7003 
Compostable® 7003A 
deTerra® PR146 

IFS 

deTerra® XP696 
deTerra® XP698 
deTerra® XP758 
deTerra® XP759 
deTerra® XP760 
deTerra® XP761 
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Table 1. Grade name and producers of PLA (cont.) 

 
Grade name Producer 
Ecodear® V554R10 

Toray Industries 
Ecodear® V554X51 
Ecodear® V751X53 
Ecodear® V911X51 
Ecopond PLA-873 Kingfa 
FT1 

Minima 
GP1003 
GP1025 
GP3002 
Ingeo™ 2003D 

NatureWorks 

Ingeo™ 2500HP 
Ingeo™ 3001D 
Ingeo™ 3052D 
Ingeo™ 3100HP 
Ingeo™ 3251D 
Ingeo™ 3260HP 
Ingeo™ 4032D 
Ingeo™ 4043D 
Ingeo™ 4044D 
Ingeo™ 4060D 
Ingeo™ 6060D 
Ingeo™ 6100D 
Ingeo™ 6201D 
Ingeo™ 6202D 
Ingeo™ 6204D 
Ingeo™ 6252D 
Ingeo™ 6260D 
Ingeo™ 6302D 
Ingeo™ 6361D 
Ingeo™ 6400D 
Ingeo™ 6752D 
Ingeo™ 7001D 
Ingeo™ 7032D 
Ingeo™ 8052D 

 
The properties of PLA and other polymers, depend on their molecular 

characteristics as well as ordered structures such as crystalline thickness, crystallinity, 
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spherulite size, morphology, and degree of chain orientation. Depending on the 
preparation conditions, poly(L-lactide) crystallizes into different forms. The α-form 
exhibits a well-defined diffraction pattern. This structure is more stable than the β-
structure, with a Tm at 185 oC compared to 175 oC for the β structure. This latter can 
be formed at a high draw ratio and high drawing temperature [20]. The -form is 
found by epitaxial crystallization. PLA is a slowly crystallizing polymer similar to 
PET. To determine crystallinity levels by DSC, the value, most often referred in the 
literature concerning the PLA melt enthalpy at 100 % crystallinity, is 93 J/g [21]. The 
physical and mechanical properties of PLA were showed in the table 2. 
 

 
Fig. 5 Chemical structure of PLA and synthesis methods for obtaining high molecular 
weight [22]. 
 
Table 2. The typical properties of PLA [23]. 
Properties Ingeo 2003D ASTM Method 
Physical Properties 
Specific Gravity 1.24 D792 
Melt Index, g/10 min (210ºC/2.16kg) 5-7 D1238 
Clarity Transparent - 
Mechanical Properties 
Tensile Strength at Break, psi (MPa) 7,700 (53) D882 
Tensile Yield Strength, psi (Mpa) 8,700 (60) D882 
Tensile Modulus, kpsi (Gpa) 500 (3.5) D882 
Tensile Elongation, % 6 D882 
Notched Izod Impact, ft-lb/in (J/m) 0.24 (12.81) D256 
Shrinkage is similar to PET - - 
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PLA possesses high mechanical strength and modulus is now available largely 
in a commercial scale, thus PLA is most likely to replace commodity and even some 
engineering plastics. However, some properties such as brittleness, limited gas barrier 
properties, low melt strength and low thermal stability are its important drawback 
[24]. In terms of the thermal processing, PLA is vulnerable to severe thermal 
degradation when processed at high temperature. It has been reported that the thermal 
degradation of PLA predominantly consist of random main chain scission and 
unzipped depolymerization or back-biting depolymerization. The random degradation 
reaction involves hydrolysis, oxidative degradation, cis-elimination and 
intramolecular and intermolecular transesterification [25]. 

The decrease of molecular weights and weight loss occurred via hydrolysis 
reactions and back-biting depolymerization respectively [26, 27]. The back-biting 
ester interchange reaction involving OH chain ends and reaction mechanism can 
depend upon the size of the cyclic transition state, produce lactide (n = 0), oligomers 
(n ≥ l), or acetaldehyde plus carbon monoxide [28]. Moreover, another type of cyclic 
transition state can lead to an olefinic double bond plus a carboxyl group [29] as 
showed in the fig.6. 
 

 
Fig. 6 The cyclic transition state from degradation of PLA [29]. 

 
During processing, the moisture content in the polymer (for PLA usually >200 

ppm) and heat absorbed by the polymer can accelerate the hydrolysis reaction. The 
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weight loss of PLA can occur via the depolymerization, releasing the oligomers or the 
lactide monomer as a consequence. The possible mechanisms of the degradation of 
PLA are shown in fig. 7. They include hydrolysis and random main-chain scission β-
C-H hydrogen transfer reaction [25]. The presence of the small amount of absorbed 
moisture in the resin can serve as a key molecule to stimulate the degradation reaction 
unexpectedly.  

Sodergard and colleagues  [30] studied the melt degradation of poly(l-lactide) 
at temperature above 180 oC and the result showed that the thermal degradation was 
found to proceed by random main chain scission. Wachsen and colleagues also 
reported that the temperature of above 200 oC led to the formation of cyclic oligomers 
[31]. Moreover, PLA could be degraded at 160 oC under injection molding as 
described by Gogolewski and colleagues [32]. 

 
 

 

 
 

(a) Hydrolysis of PLA. 
 

 
(b) Chain scission β-C-H hydrogen transfer reaction. 

 
Fig. 7 The possible mechanisms of the degradation of PLA [25]. 

 
However, the actual thermal degradation of PLA is more complex. When PLA 

is melt-processed during the manufacturing of industrial products at high temperature, 
the undesired molecular weight reduction and weight loss occur. 
 
Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) 
 

Polyhydroxyalkanoates or PHAs are a family of intracellular biopolymers 
synthesized by many bacteria as intracellular carbon and energy storage granules. 
PHAs are mainly produced from renewable resources by fermentation. PHAs are 
considered as biodegradable and thus suitable for e.g., short-term packaging, and also 
considered as biocompatible in contact with living tissues and can be used for 
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biomedical applications. The main biopolymer of the PHA family is the poly 
hydroxybutyrate homopolymer (PHB), but also different poly(hydroxybutyrate-co-
hydroxyalkanoates) copolyesters exist such as poly(hydroxybutyrate-co-
hydroxyvalerate) (PHBV), poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHx), 
poly(hydroxybutyrate-co-hydroxyoctanoate) (PHBO), and poly(hydroxybutyrate-co-
hydroxyoctadecanoate) (PHBOd) as showed in table 3 and table 4 [33]. The 
formulation of PHAs as showed in fig.8 where x is 1 or higher, and R can be either 
hydrogen or hydrocarbon chains of up to around C16 in length. The main members of 
the PHA homopolymer family are presented in table 3. 

 
Fig. 8 Generic chemical structure of the polyhydroxyalkanoates [33]. 

 
Table 3. Main PHAs homopolymer structures based on the structure of PHAs in fig.8 
[33]. 
Chemical name Abbreviation x value R group 
Poly(3-hydroxypropionate) P(3HP) 1 Hydrogen 
Poly(3-hydroxybutyrate) P(3HB) 1 Methyl 
Poly(3-hydroxyvalerate) P(3HV) 1 Ethyl 
Poly(3-hydroxyhexanoate) or P(3HHx) or P(3HC) 1 Propyl 
   poly(3-hydroxycaproate) 
Poly(3-hydroxyhexanoate) P(3HH) 1 Butyl 
Poly(3-hydroxyoctanoate) P(3HO) 1 Pentyl 
Poly(3-hydroxynonanoate) P(3HN) Hexyl 
Poly(3-hydroxydecanoate) P(3HD) 1 Heptyl 
Poly(3-hydroxyundecanoate) or P(3HUD) or P(3HUd) 1 Octyl 
Poly(3-hydroxydodecanoate) P(3HDD) or P(3HDd) 1 Nonyl 
Poly(3-hydroxyoctadecanoate) P(3HOD) or P(3HOd) 1 Pentadecanoyl 
Poly(4-hydroxybutyrate) P(4HB) 2 Hydrogen 
Poly(5-hydroxybutyrate) P(5HB) 2 Methyl 
Poly(5-hydroxyvalerate) P(5HV) 3 Hydrogen 

 
Table 4. Main PHA abbreviations [33]. 
Conventional abbreviations (short) Full abbreviations Structures 
PHB P(3HB) Homopolymer 
PHV P(3HV) Homopolymer 
PHBV P(3HB-co-3HV) Copolymer 
PHBHx P(3HB-co-3HHx) Copolymer 
PHBO P(3HB-co-3HO) Copolymer 
PHBD P(3HB-co-3HD) Copolymer 
PHBOd P(3HB-co-3HOd) Copolymer 
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Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a member of the 
polyhydroxyalkanoate (PHA)-family. Polymer and grade name of producer of PHAs 
was showed in the table 5. PHBV is a copolymer of PHB having randomly arranged 
3-hydroxybutyrate (HB) groups and 3-hydroxyvalarate (HV) groups. It is a kind of 
thermoplastic polyester that is produced by various microorganisms as an intracellular 
carbon and energy reserve from agricultural feedstocks such as sugars and plant oils 
under unbalanced growth conditions [34]. It possesses many desirable properties such 
as biodegradability, biocompatibility, piezoelectricity, etc., making them attractive as 
environmental friendly materials and medical biomaterials also [35, 36]. PHBV can 
be processed by conventional techniques such as extrusion, injection and compression 
molding. However, brittle behavior caused by high crystallinity, poor thermal stability 
and narrow processing windows limit the application of PHBV [37]. The general 
properties of PHBV were showed in table 6. 
 
Table 5. Polymer and grade name of producer of PHAs [38, 39]. 

Polymer and grade name  Producer 
PHA  Metabolix 
PHA  Tiajin Bio Green 
PHA  Biomer 
Biocycle® 1000  

PHB Industrial 
PHB Biocycle® 189C-1  
PHB Biocycle® 189D-1  
PHB Biocycle® 18BC-1  
PHB Biomer® P209  

Biomer PHB Biomer® P226  
PHB Biomer® P304  
PHBV  

Tianan Biologic 

Y1000- PHBV Powder  
Y1010- PHBV Powder with nucleating 
agent 

 
 

Y1000P-PHBV Pellets  
5010P- Injection Molding  
6010P- Blown Film  
Y2000D- Higher Valerate Content for 
Increased Flexibility 

 
 

 
Thermal degradation of PHB and PHBV have been suggested to occur almost 

exclusively by a non-radical random chain scission reaction (cis-elimination) 
involving a six-membered ring transition state (as showed in fig.9). Chain scission 
reaction of the ester groups to form olefinic and carboxylic acid end groups which 
results in a severe reduction in molecular weight during melt processing and volatile 
products are formed when extensive polymer chain degradation occurs to yield 
oligomers [40, 41]. 
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Table 6. Properties of PHBV (ENMAT, Tianan) [42]. 
Property Value 
Specific Gravity  1.25 
Yield Stress (MPa )  31-36 
Tensile Strength ( MPa)  31-34 
Elongation at Break (% )  2.5-4 
Young’s Modulus (MPa)  2800-3500 
Flexural Strength (MPa) 61 
Flexural Modulus (MPa)  3520-4170 
Impact Strength ( kJ /m2)  8 
Vicat Sofening Temperature (oC)  124-130 
Melt Temperature (oC)  145-150 
Crystalization Temperature (oC)  109 
Degree of Crystallinity (%) 46 

 
 

 
Fig. 9 Six membered ring reaction of PHBV [43]. 

 
The random chain scission by cis-elimination mechanism, also called 

Mclafferty rearrangement had been considered as the general pathway of PHB or 
PHBV thermal degradation up to now [41, 44, 45]. The formation of the six-
membered ring ester is also determined by the electron-donating effect of substituent 
group of carbon atoms at β-position to the ester oxygen. The strong electron denoting 
effect of substituent group makes it easy to form the six-membered ring ester. 
 
  
Poly(butylene succinate) (PBS) 
 

Poly(butylene succinate) (PBS) is one of polyester which is synthesized by 
condensation polymerization from succinic acid (or dimethyl succinate) and 1,4-
butanediol (BDO). The monomers can be derived from fossil-based or renewable 
resources. The flow chart of PBS production is shown in fig. 10. From fig.10, succinic 
acid is commercially manufactured by the chemical process, however it can also be 
obtained from fermentation of microorganisms on renewable feedstocks, such as 
glucose, starch, xylose, etc [46] and bacterial production strains [47-49]. Conventional 
commercial processes for 1,4-butanediol synthesis use petrochemical feedstocks. 
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However, an alternative biobased process for 1,4-butanediol production has been 
announced recently. It was produced through the direct fermentation of 1,4-butanediol 
from sugar. Genomatica (a San Diego-based company) has genetically engineered E. 
coli to metabolize sugar into 1,4-butanediol [50]. 

 

 
 

Fig. 10 Flow chart of PBS synthesis [51]. 
 

PBS presents controllable biodegradation rate and high processability. Its 
mechanical properties such as elongation at break and tensile strength are comparable 
to those of PP and LDPE [52]. While their crystallization behavior is similar to that of 
polyethylene with well-formed lamellar morphologies which is considered highly 
promising as an alternative for a commercial commodity polymer [53]. The major 
manufacturers of PBS and general properties of PBS are listed in table 7 and table 8, 
respectively. 
 
 
 
 
 
 
 
 



15 
 

Table 7. Manufactures of poly(butylene succinate) ( PBS ) and its copolymers [54]. 
Manufacturer Product Monomers Production 

capacity 
(ton/year) 

Hexing Chemical, China PBS and its 
copolymers 

Succinic acid, 
butanediol, branched 
alkanedicarboxylic 
acid 

10,000 

Xinfu Pharmaceutical, 
China 

PBS, PBSA Succinic acid, adipic 
acid ,butanediol 

3,000 

Jinfa Tech, China PBSA Succinic acid, adipic 
acid ,butanediol 

300 

BASF, Germany Ecoflex Adipic acid, 
terephthalic acid, 
butanediol 

14,000 

Eastmann, USA East Bio Adipic acid, 
terephthalic acid, 
butanediol 

15,000 

Showa, Japan Bionolle Succinic acid, adipic 
acid ,butanediol 

5,000 

Mitsubishi Chemical, 
Japan 

GS Pla Succinic acid, adipic 
acid ,butanediol 

3,000 

Mitsubishi Gas 
Chemicals, Japan 

Iupec Succinate, carbonate, 
butanediol 

 

Nippon Shokubai, Japan Lunare Succinic acid, adipic 
acid, ethylene glycol 

 

Ube, Japan ETERNACOLL 
3050 

Decanedicarboxylic 
acid, ethylene glycol 

 

Ire Chemical, Korea Enpol Succinic acid, adipic 
acid, terephthalic acid, 
butanediol 

 

SK Chemicals, Korea Skygreen Succinic acid, adipic 
acid, butanediol, 
ethylene glycol 
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Table 8. Typical properties of PBS from Mitsubishi Chemical Corporation [55]. 
 

Properties Test 
Method Unit Extrusion, 

Film grade 

Film, 
Injection 

grade 

Injection 
grade 

MFR(190 oC/21.18N) ISO1133 g/10 min 4 22 40 
Specific gravity ISO1183 g/cm3 1.26 1.26 1.26 
Flexural modulus ISO 178 MPa 530 540 550 
Flexural strength ISO 178 MPa 34 35 35 
Yield stress ISO 527 MPa 37 34 34 
Stress at break ISO 527 MPa 37 28 26 
Strain at break ISO 527 % 300 290 140 
Izod impact strength
(23 oC) ISO180 kJ/m2 8.2 6.9 6.2 
Deflection temperature 
under load (0.45MPa) ISO 75-2 oC 84 84 83 
Rockwell hardness  
(R scale) ISO 2039-2  96 97 96 

 
Although PBS has many good properties but limited works have been reported 

so far, in the literature, about their thermal stability and their degradation kinetics 
[56]. From other works, the major pyrolysis products of poly(butylene adipate) (PBA) 
and poly[(butylene succinate)-co-(butylene adipate)] (PBSA) observed on the 
pyrolysis-gas chromatography (Py-GC) pyrogram are various ester compounds 
containing an adipate unit, a succinate unit, and hybrid dimers. These products were 
generated from the reaction of random chain cleavages via cis-elimination as showed 
in the fig.11 [57] which related to the first-order reaction.  
 

 
 

Fig. 11 Cis-elimination as basic pyrolysis mechanism of PBS [57]. 
 

Furthermore, the cyclic compounds were found which should be formed 
through intramolecular transesterification [29, 58] as showed in fig. 12. 
 

 
Fig. 12 Transesterification as basic pyrolysis mechanism of PBS [58]. 
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Chrissafis and colleagues studied the thermal degradation mechanism of 
poly(ethylene succinate) (PES) and poly(butylene succinate) (PBS). The results 
showed that in both polyesters degradation takes place in two stages, the first stage 
corresponds to a very small mass loss that occured at low temperatures and the second 
stage is at elevated temperatures where is the main degradation stage [53].  

From the background problems about the poor thermal stability of 
biodegradable polyesters, it could be noted that biodegradable polyester PLA, PHBV 
and PBS could be degraded at elevated temperature and the possible mechanisms of 
the degradation involve random main-chain scission β-C-H hydrogen transfer 
reaction. Many researchers have attempted to overcome this problem by several 
methods such as blending with more stable polymers [59], polymer modification [60], 
and nanocomposite [61-63]. Nanocomposite approach is a relatively easy and fast 
method. It was wildly used for enhancement of thermal degradation of polymer. 
Furthermore, from the thermal degradation pathway of biodegradable polyester, the 
introduction of reactive agent onto polymer chain may inhibit the formation of chain 
scission pathway. Consequently, the modification of biodegradable polyester by 
grafting reaction was an alternative approach for solving the problem. However, 
polyester can be degraded during the processing at high temperature yielding the 
polymer with lower molecular weight with -OH or -COOH as the terminal groups. 
This result leads to lower thermal stability. One other possibility to ensure that the 
final properties are counter-balanced by the effect of several mechanisms such as 
degradation, chain extension, branching, is to investigate the addition of chain 
extenders. The reconnection of two end groups of low molecular weight chains by 
using two different chain extenders. 

Therefore, in this work the poor thermal stability of some biodegradable 
polyesters will be considered and the influence of the nanocomposite, the grafting 
reaction and the chain extender method are systematically investigated. 

 
3. Objectives of research 

The objective of the research was to enhance thermal properties of 
biodegradable polyesters through melt mixing biodegradable polyester/silica 
nanocomposites approach in the extrusion process. The content of hydrophilic 
amorphous nanosilica was studied. To improve thermal properties of biodegradation 
polymers, grafting and crosslinking reaction were carried out by two different 
methods; reactive milling and supercritical carbon dioxide method with the presence 
of a small amount of maleic anhydride and peroxide. The optimum concentration of 
crosslinking agents and the optimum conditions for reactive milling crosslinking such 
as rotor speed and time were studied. In case of supercritical carbon dioxide method, 
pressure and soaking time were studied to achieve the high improved biodegradable 
materials. Furthermore, effect of chain extenders on the thermal and mechanical 
properties of PLA and chain extenders processed at high temperatures in a twin screw 
extruder having four different sets of temperature profiles with the die temperature 
ranged from 220 to 250 oC. Two types of chain extenders, polycarbodiimide (PCD) 
and multifunctional epoxide chain extender (ECE) were selected for comparison.  
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CHAPTER 2 
 

LITERATURE REVIEW 
 
Biodegradable polymers have the enormous advantages such as it is an 

environmental benign materials, an origin of renewable resources and comparable 
mechanical properties with conventional plastics. However, its main drawback is low 
thermal stability. Therefore, the aim of this chapter is to offer the view of methods 
and researches which related to the enhancement of thermal stability of biodegradable 
polyesters.  

 
1. Nanocomposite 
 

There has been an expanding search for new and alternative materials with 
high performance at affordable costs and with growing environmental awareness. A 
variety of biodegradable polymer being developed for special applications include 
high chemical, hydrolytic, radiation and abrasion resistance, inherent flame retardant, 
etc., especially, thermal stability of biodegradable polymers which is of a great 
disadvantage to its widespread commercial use. To overcome these disadvantages, 
there are many approaches to improve heat stability of biodegradable polymers. These 
include the nanocomposite approach [64-68], addition of additives and other polymers 
[69, 70], and forming stereocomplex by blending with enantiomeric monomer [71-73]. 
In addition, for polyesters; the thermal degradation can be retarded or reduced by 
chemical crosslinking of polymer molecules [74, 75].  

Generally, the composite method has often been used to improve the 
mechanical, thermal and physicochemical properties. The advantage of nanofillers is 
that they are partial compatible with the polymer matrix exploiting unique synergisms 
between the combined materials. These mixing of polymer with fillers in nanometer 
size range are referred as nanocomposites. They had been the extremely growing field 
of research for developing the materials in the last few decades. Researches had been 
mainly focused on the structure–property relationships and their development for wild 
applications. This is because polymer-nanocomposites can overcome the limitations 
of traditional micro-composites. With the rapid development of nanotechnologies and 
nanomaterials since 1990s, the studies on polymer-based nanocomposites had been 
extensively carried out in order to find their promising alternatives to traditional 
composites, though mainly focused on general mechanical and multifunctional 
properties and filler dispersion. Properties of thermoplastics which had shown 
substantial improvements due to the incorporation of nanoparticles include: 

• Mechanical properties, e.g., strength, modulus and dimensional stability; 
• Decreased permeability to gases, water and hydrocarbons; 
• Thermal stability and heat distortion temperature; 
• Flame retardancy and reduced smoke emissions; 
• Chemical resistance; 
• Surface appearance;
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• Electrical and thermal conductivity; 
• Optical clarity in comparison to conventionally filled polymers 
 
Nanocomposites are novel materials with drastically improved properties due 

to the incorporation of a small amount (less than 10 wt%) of nano-sized fillers into a  
polymer matrix. Nanofillers can be classified according to their morphology (fig. 13), 
such as particles that are as follows; [76] 
   (i) Layer, the particulates which are characterized by only one dimension in 
nanometer scale are nanolayers/nanosheets. In this case the filler is present in the form 
of sheets of one to a few nanometer thick to hundreds to thousands nanometers long, 
such as clays (layered silicates), layered double hydroxides (LDHs), etc. 
   (ii) Spherical or particle, when the three dimensions of particulates are in the order 
of nanometers, they are called isodimensional nanoparticles. They include spherical 
nanoparticles, nanogranules and nanocrystals. 
   (iii) Acicular, when two dimensions are in the nanometer scale and the third is 
larger, forming an elongated structure, they are generally called ‘nanotubes’ or 
nanofibers/whiskers/nanorods and they include carbon nanotubes (CNTs), silica and 
titanium nanotubes, cellulose whiskers, etc. 

Their specific geometrical dimensions, and thus aspect ratios, partly affect the 
final materials properties. 

 

 
 

Fig. 13 Various types of nanoscale materials [67]. 
 

 In recent years polymer nanocomposites have emerged as a promising class of 
materials, and have attracted abundant interest worldwide from both academic and 
industrial. Inorganic fillers as dispersed phases in nanocomposites are nanosized, 
preferably with at least one dimension of the order of nanometers (1–100 nm). It is 
believed that these property improvements in nanocomposites come from the reactive 
end groups of polymer which can interact with inorganic nanoparticles surface. 
Hydrogen or covalent bonds can be formed, which can increase the adhesion of 
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nanoparticles with the polymer matrix, resulting in higher dispersion degrees. This, in 
most cases, leads to substantial enhancement of thermal decomposition temperature 
and mechanical properties. Nanocomposite was obtained by adding nanofillers to 
biopolymers, resulting in very promising materials since they show improved 
properties with preservation of the material biodegradability and without eco-toxicity. 
There are many works that study composite approach by blending polymer with 
organic/ inorganic fillers to enhance mechanical and thermal performance of 
biopolymers [76-80]. 
 Suprakas and colleagues studied the nanocomposite of PBSA with organically 
modified synthetic fluorine mica (OSFM). PBSA nanocomposite had been prepared 
by melt-mixing in a batch mixer. Results demonstrated substantial enhancement in the 
mechanical properties of PBS, for example, at room temperature, storage flexural 
modulus increased from 0.5 GPa for pure PBS to 1.2 GPa for the nanocomposite, an 
increase of about 120% in the value of the elastic modulus and the thermal stability of 
PBSA increased moderately in the presence of OSFM [81].  

Moreover, the same research group studied thermal properties of 
poly(ethylene succinate) nanocomposite. The nanocomposites of PES with 
organically modified montmorillonite (o-mmt) were prepared by solution-
intercalation-film-casting technique. Results showed that the incorporation of o-mmt 
stops the super-cooling effect and accelerates the mechanism of nucleation and crystal 
growth of PES matrix significantly. The incorporation of o-mmt also improved the 
thermal stability of neat PES dramatically [82]. 

Liang Song and Zhaobin Qiu studied in the topic of crystallization behavior 
and thermal property of biodegradable poly(butylene succinate)/functional multi-
walled carbon nanotubes nanocomposite. It was found that the presence of f-MWNTs 
had a significant heterogeneous nucleation effect on the crystallization and 
morphology of PBSU, resulting in that the crystallization was enhanced during both 
nonisothermal and isothermal crystallization in the nanocomposite. Moreover, it 
exhibited an improvement in thermal stability of PBSU by around 10 oC in the 
presence of f-MWNTs compared with that of neat PBSU [83]. 
 Harintharavimal and colleagues developed a novel toughened polylactic acid 
(PLA) nanocomposite by using linear low density polyethylene (LLDPE) and 
organophilic modified montmorillonite (MMT). The results showed  Young’s and 
flexural modulus improved with increasing content of MMT indicating that MMT 
was effective in increasing stiffness of LLDPE toughened PLA nanocomposite. The 
crystallization temperature and glass transition temperature dropped gradually while 
the thermal stability of PLA improved with the addition of MMT in PLA/LLDPE 
nanocomposites [84]. 

Silica nanoparticle is widely used to improve tensile strength, modulus, 
hardness, abrasion resistance and thermal properties. Jian-Zhong Ma and colleagues 
studied Polyacrylate/silica nanocomposite that prepared by sol–gel process via in situ 
emulsion polymerization. The result showed that the glass transition temperature of 
polyacrylate/nano-SiO2 (Tg = -24  oC) was higher than that of polyacrylate (Tg = -36 
oC) [85]. 
 Qian Zhang and colleagues studied a novel biodegradable nanocomposite that 
was fabricated based on poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) 
and silane-modified kaolinite/silica core–shell nanoparticles (SMKS), via solution-
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casting method. It was found that the composite filled with a low loading of SMKS 
increased the tensile strength and toughness from 18.2 to 23.5 MPa and 2.6 to 4.2 
MPa, respectively [86]. 
 Chrissafis and colleagues prepared nanocomposites of poly(L-lactic acid) 
(PLLA) containing 2.5 wt% of fumed silica nanoparticles (SiO2) and organically 
modified montmorillonite (OMMT) by solved evaporation method. The results 
showed that all nanocomposites exhibited higher mechanical properties compared to 
neat PLLA, except elongation at break, Nanoparticles also affected the thermal 
properties of PLLA and especially the crystallization rate [66]. 
 Bikiaris reviewed about the effect of nanoparticles on the thermal properties of 
polycondensation polymers. The results in most cases, thermal stability enhancement 
took place at low loading (4–5 wt%) of nanoparticles. In the case of thermal 
decomposition from TGA for the PLA/SiO2 nanocomposites gradually increased for 
SiO2 contents up to 5 wt%, then decreased slowly with further increase of filler 
loading. PLA/SiO2 nanocomposite with 5 wt% SiO2 exhibited the highest Tonset (365.1 
◦C), which was shifted approximately 35 ◦C towards higher temperature compared to 
Tonset for neat PLA. However, a much larger amount of SiO2 (10 wt%) gave a further 
temperature shift of only 14 ◦C [68]. 
 In addition to the common composites method, the specific methods can be 
provided for individual biodegradable polymer. For instance, stereocomplex method 
for PLA which consisting of both PLLA and its enantiomer, poly(D-lactic acid) 
(PDLA), had been expected to be a potentially high-performance polymer [26, 72, 73, 
87-89].  
 
2. Chemical grafting reaction 
 

Some attempts have been made to enhance thermal stability of polyester 
including grafting modification. Such polyesters are synthesized through the 
esterification reaction. The reaction is reversible and can be accelerated by heat. The 
degradation at elevated temperatures can lead to the random chain scission (cis-
elimination) reaction. Furthermore, the thermal decomposition of aliphatic polyesters 
consisting of the hydroxyalkanoic acid monomeric unit predominantly progresses via 
cyclic rupture of polymer molecules [15]. The cis-elimination is always dominant for 
esters which have an activated C-H bond. For example PHB or PHBV, the thermal 
degradation reaction of PHB is a non-radical, random chain scission and cis-
elimination reaction of -CH including a six-membered ring transition as fig. 9 which 
results in a drastic reduction in molecular weight during melt processing. The random 
chain scission by cis-elimination mechanism, also called Mclafferty rearrangement 
had been considered as the general pathway of PHB or PHBV thermal degradation up 
to now. 

PLA possesses β-C-H bonds which are available for a cis-elimination reaction 
similar to PHB. The methyl group in PLA is non-activated. Therefore, the other 
principal reaction mechanism, the trans-esterification, can successfully compete. 
Meanwhile, PBS was also random chain cleavage via cis-elimination as in fig. 11 [57]. 
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 Many researches improved thermal properties of biodegradable polymers by 
modification via crosslinking and grafting.   
 Meri Suhartini and co-workers studied the improvement of poly(butylene 
succinate) by radiation crosslinking of Poly(butylene succinate) in the presence of 
inorganic materials. It was found that silicon dioxide and carbon black significantly 
can improve heat stability of PBS and the presence of these inorganic materials in 
cross-linked PBS accelerates the rate of biodegradation [90]. 
 Cheng Chen and colleague studied the kinetics of the thermal decomposition 
of poly(3-hydroxybutyrate) and maleated poly(3-hydroxybutyrate). The results of 
thermogravimetry (TGA) showed that the thermal stability of maleated PHB was 
evidently better than that of PHB. With an increase in graft degree, the thermal 
decomposition temperature of maleated PHB gradually increased and then declined. 
Because the MA group grafted onto PHB chain disturbed the regularity of PHB chain 
and increase the steric hindrance of PHB chain. It was led to inhibit the formation of 
six-membering which is the mechanism for the random chain scission of PHB [91]. 
Therefore, MA group grafted onto PHB chain could retard the random chain scission 
of the polyester at the ester groups according to β-hydrogen elimination, resulting in 
improvement of thermal stability of PHB. 
 Hiroshi Mitomo and coworkers studied to improve heat stability of poly(L-
lacic acid) via addition of  small amount of crosslinking agents and irradiated with 
various irradiation doses to introduce crosslinking between polymer chains. The most 
effective agent for radiation crosslinking was triallyl isocyanurate (TAIC). The results 
showed that PLLA mixed with 3% of TAIC and irradiated at 50 kGy showed 84% of 
gel fraction. Furthermore, when sample was annealed at 90 oC for 1 h and irradiated at 
50 kGy, it showed typical heat stability above glass transition temperature. It also held 
the shape above the melting point even though it elongated to some extents due to the 
partial crosslinking[74]. 
 Tran Minh Quynh and colleagues studied on the topic of the radiation 
crosslinked films based on PLLA/PDLA stereocomplex after TAIC absorption in 
supercritical carbon dioxide. It was found that PLLA/PDLA  blends are much 
improved by radiation crosslinking at a suitable dose and the crosslinked samples 
become harder tougher and can also improve thermal stability [92].  
 From the related articles above, the use of maleic anhydride (MA) is of 
interest for the modification of polymers. MA can remarkably increase thermal 
decomposition temperature of biodegradable polymer as demonstrated in many works 
[91, 93] which might be attributed to two factors: (1) the introduction of MA 
increased the steric hindrance of polymer chain and thus inhibited the formation of a 
six-membered ring on the chains, and (2) the strong interaction among the chains of 
maleated polymer restricted the mobility of the segments so that the cyclisation 
process involving the MA group became very difficult. Usually the modification 
polymers by maleic anhydride are carried out through solution method and melt 
mixing. The reactive ball milling (Attrition mill) is the one of interested method to 
initiate the reaction.  
 
2.1 Mechanochemical method  

Recently, surface modification with a combined action of modifying agent and 
mechanochemical effect is intensively studied [94-96]. In this process, combined 
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surface modification by polymer grafting has attracted particular attention of 
researchers. The surface polymer grafting modification activated by 
mechanochemical effect uses monomer as well as polymer and the modifying agent, 
and usually is carried out in the mill at room temperature. Besides size reduction, 
severe and intense mechanical action on the solid surface during the mill process are 
known to lead to physical and chemical changes (termed as physicochemical effect) in 
the near-surface region where solids come into contact under mechanical forces due to 
the huge amount of energy delivered by the mills.  
 
2.1.1 Types of the mill [97] 
Vibration Mills 

A vibration mill is a reservoir or tank-like type of mill containing material and 
milling media, either wet or dry. The milling chamber is usually set in motion along a 
circular or elliptic trajectory by the rotation of out-of-balance weights. Vibration mills 
are frequently applied for the preparation of very fine powders and in case of induced 
mechanical activation the nanosized particles have been prepared. 
 
Planetary Mills 
 The planetary ball mill owes its name to the planet-like movement of its vial. 
Since the vials and the supporting disc rotate in opposite directions, the centrifugal 
forces alternatively act in like and opposite directions. This causes the milling balls to 
run down the inside wall of the vial – the friction effect, followed by the material 
being milled and milling balls lifting by of and travelling freely through the inner 
chamber of the vial and colliding against the opposite inside wall. The charge inside 
vials performs two relative motions: a rotary motion around the mill axis and a 
planetary motion around the vial axis (fig. 14). 

 
Fig. 14 Movements of working parts and balls in a planetary mill [97].  

 
Attritors (Stirred Ball Mills) 

Attritors (attrition mills, stirred ball mills) consist of a cylindrical grinding 
chamber with a drive shaft having multiple impellers sticking out from the rotating 
shafts (fig. 15). There is a wide variety of impeller types including flat discs, discs 
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with various geometric openings, and concentric rings. This rotating shaft puts the 
fine media, particles and, possibly a liquid into a stirring motion. The impellers 
energize the balls charge, causing powder size reduction because of impact between 
balls, between balls and container wall, and between balls, agitator shaft and 
impellers. Common media materials are glass, sand, alumina, zirconia, silicon 
carbide, steel, rubber, polyurethane and various plastics. The most important concept 
in the attritor is that the power input is used directly to agitating media to achieve 
milling. It is not used for rotating or vibrating a heavy grinding chamber in addition to 
the media. 

 
Fig. 15 Diagrammatic view of the attritor [97]. 

 
2.1.2 The milling process variables  

There are several variables which influence the milling process as showed in 
the fig.  16. 

 
 

Fig. 16 An overview of the main factors to be considered in the milling process [97]. 
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- Type of mill   

Usually specially designed mills are used for specific purposes. Sometimes the 
stress mechanism is decisive for particle size reduction in the mill, sometimes it is the 
size of the feed and the product size distribution which are most important. 

 
- Material of Milling Media 

The material used for the milling media (milling chamber, vial, balls) is 
important due to impact of the milling balls on the inner walls of the milling chamber. 
Some specific materials are used for specific purposes. Commonly materials include 
various steels. The specific gravity plays an important role. In general, high-density 
and larger balls give better results because of high impact forces on the powders. The 
balls should be denser than the material to be milled. 

 
- Extent of Filling of the Milling Chamber 

It is necessary that there is enough space for the balls and the powder particles 
to move around freely in the milling chamber. The filling depends on type of mill. 
Generally about 50% of the space is left empty but in attritors this value is 20–30%. 

 
- Milling Speed  

The milling speed can have an important influence but this varies with the 
type of mill. Above a certain critical speed, the balls will be pinned to the walls of the 
milling chamber and not exert any impact force on the powder. For the higher speeds 
the temperature of the milling chamber may reach a high value. 

 
- Milling Time 

The milling time is the most important milling parameter. However, the level 
of contamination may be increased with milling time and some undesirable phases 
may form if a powder is milled too long. 

The mechanically initiated physicochemical effects in particles are generally 
termed as mechanochemical effect. The mechanochemical effect is evident in solids 
when they are ground with equipment based on impact and shear among the particles 
[98]. Therefore, this method was suited for biodegradable polymers because polymer 
can be modified without using any liquid solvent which effect on the hydrolysis 
degradation of biodegradable polymers. Furthermore, this method can reduce the 
effect of thermal during the process which leads to degradation of biodegradation 
polymers. There are many researches using this method to initiate the reaction [96, 
98-100]. 
 Bo Zhao and co-workers studied the solid-state mechanochemical processing, 
that is, pan-milling, was used to conduct the esterification of poly(vinyl alcohol) 
(PVA) with maleic anhydride (MA) through stress-induced reaction. The results 
showed that the glass transition temperature of maleic anhydride cross-linked PVA 
was 20 oC higher than the original linear PVA and the thermal stability was also 
improved [101]. 
 Shinn-Gwo Hong and colleague studied the effects of impurities and grafted 
chemicals on crystallization and thermal degradation behaviors of biosynthesized 
polyhydroxybutyrate (PHB). The thermal stability of PHB can be greatly improved by 
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grafting maleic anhydride (MA) onto PHB molecules through melt and mechanical-
grafting methods. The crystallization rate and melting temperature of MA-grafted 
PHB also considerably increase. The melt-grafting method has a higher grafting ratio 
but its high temperature and shear force environment degrades PHB more seriously 
during processing than the mechanical-grafting method [75].  
 
2.2 Supercritical fluids 
 In addition to reactive milling method, the use of supercritical fluids as 
processing for grafting reaction has become the focus interests. 
 A gas, when compressed isothermally to pressures more than its critical 
pressure, exhibits enhanced solvent power in the vicinity of its critical temperature. 
Such fluids are called supercritical fluids and their corresponding thermodynamic 
state is illustrated in fig.17.  
 

 
Fig. 17 Phase diagram of a pure materials and the thermodynamic state of various 

separation processes [102]. 
  

A supercritical fluid exhibits desirable transportation properties that enhance 
its adaptability as a solvent for liquid extraction processed. The density of a 
supercritical fluid is closer to that of liquids and its viscosity is low comparable to that 
of gases. High density of supercritical fluid contributes to high diffusivity equivalent 
to that of liquids; hence the faster dissolution of solute particles in supercritical fluid 
has contributed to the increasing usage of supercritical fluid as solvent. 
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 Carbon dioxide is the most common used supercritical fluid because it is 
nontoxic, inexpensive, environmentally acceptable substance, no harmful effect on the 
environment and human health and reveals an easily obtainable critical condition (Tc 
= 304.17 K (31.1 oC), Pc = 7.386 MPa) [103] as showed in table 9. 
 
Table 9. Critical points of gases. 

Fluid 
Critical temperature 

(K) 
Critical pressure 

(MPa) 
Helium 3 3.311 0.115 
Helium 4 5.188 0.227 
Hydrogen 33.25 1.297 
Neon 44.40 2.6545 
Nitrogen 126.24 3.398 
Carbon monoxide 132.85 3.494 
Argon 150.66 4.86 
Oxygen 154.58 5.043 
Methane 190.55 4.595 
Krypton 209.46 5.49 
Carbon tetrafluoride 227.60 3.74 
Ethylene 282.35 5.04 
Xenon 289.70 5.87 
Chlorotrifluoromethane 302.00 3.92 
Carbon dioxide 304.17 7.386 
Ethane 305.34 4.871 
Acetylene 308.70 6.247 
Nitrous oxide 309.15 7.285 
Sulfur hexafluoride 318.82 3.765 
Hydrogen chloride 324.55 8.263 
Bromotrifluoromethane 340.08 3.956 
Propylene 365.05 4.60 
Chlorodifluoromethane 369.27 4.967 
Propane 369.85 4.247 
Hydrogen sulfide 373.40 8.963 

 
 
The application of supercritical carbon dioxide  

From the table 9, fluids other than carbon dioxide showing critical temperature 
vicinity are often difficult to handle and to obtain in pure form, may be toxic or give 
rise to explosive mixture, or ecologically prohibited, or highly reactive chemicals. For 
such logical reasons, supercritical carbon dioxide has emerged as an attractive unit 
operation for the processing of food and biological materials. 
 Nowadays, the using supercritical fluids (SCFs) for processing pharmaceutical 
materials and there are several reviews about the use of SCFs in pharmaceutical 
processing have been published [104-107]. SCFs can be applied in pharmaceutical 
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fields, such as drug delivery, chromatography, synthesis, purification and extraction, 
providing efficient processes with increased yields and selectivity, as comparable with 
conventional techniques [108, 109]. Carbon dioxide is mostly employed for the use of 
SCF in drug delivery due to the aforementioned reasons. The design of chemical or 
pharmaceutical processes based on supercritical fluid technology and optimum 
operating conditions relies on knowledge of phase equilibria and drug solubility in 
fluid. Recently, many researchers attempt to investigate of drugs in the supercritical 
carbon dioxide with or without a co-solvent [105, 107, 110] over various ranges of 
pressure and temperature.  

Moreover, supercritical carbon dioxide can be used to polymerization, 
polymer processing and extraction of the residual monomers or solvents from 
polymers. Supercritical carbon dioxide treatment can also be applied for absorption of 
various additives into polymer such as nucleation agents and crosslinkers. Similar 
processes have been studied for impregnation of polymer with drug in the production 
of controlled release device.  

Chunsheng Li and co-workers studied the copolymerization of styrene and 
maleic anhydride in supercritical carbon dioxide. It was found that styrene and maleic 
anhydride were easy to copolymerize in supercritical carbon dioxide and the 
conversion can reach 97%, and very fine and dry powders were obtained [111]. 

Kunita and colleague studied free-radical grafting of glycidyl methacrylate 
(GMA) onto polypropylene (PP) films by using supercritical carbon dioxide as a 
solvent and a swelling agent. As the reaction temperature was below the melting 
point, PP was modified in the solid phase. The PP film was first soaked with the 
monomer GMA and benzoyl peroxide (BPO) as an initiator using supercritical carbon 
dioxide at different experimental conditions of pressure, temperature, and thermal 
treatment time. After releasing CO2, film GMA molecules were grafted onto PP in 
different times. Using this method, the degree of grafting and the morphology could 
be controlled through the combination of pressure, temperature, and soaking time. 
FTIR spectra confirmed that GMA had been grafted onto PP and that polypropylene-
graft-glycidyl methacrylate [112]. 

Alessandro Galia and colleague studied the grafting of maleic anhydride (MA) 
onto isotactic polypropylene (iPP) by thermal decomposition of dicumylperoxide 
(DCP) using supercritical carbon dioxide as a solvent and swelling fluid. The results 
showed that the thermal grafting of maleic anhydride, delivered inside isotactic 
polypropylene swollen by SCCO2 in the presence of DCP, was successfully controlled 
by varying the initial concentration of the organic peroxide, the anhydride, and the 
density of the supercritical fluid. In addition, melt blending of PA6 and iPP in the 
presence of the iPP-g-MA synthesized in this study resulted in a well-compatibilized 
system with a uniform particle size distribution. The amount of grafted maleic 
anhydride in the functionalized polypropylene used seemed to have a minor influence 
on the compatibilizing effect, probably because part of the unsaturated compound was 
incorporated in pendant chains of poly(MA) [113]. 

Guang-Ming Qiu and colleague studied the surface modification of 
poly(vinylidene fluoride) (PVDF) microporous membrane via thermally induced graft 
copolymerization with maleic anhydride (Man)/styrene (St) in supercritical carbon 
dioxide as a solvent and carrier agent, could accelerate mass transfer of monomers 
inside polymer matrixes and then facilitate the graft copolymerization on the surface 
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of the membrane and within membrane pores. The results from the Solid-state 13C 
CP/MAS NMR and DSC indicated that the grafted SMA on the PVDF membrane had 
the alternative sequence structure and formed the different phases in the modified 
membrane, where the grafted SMA was associated with Tg of 122.8 ◦C and the PVDF 
matrix with Tm of 161.2 ◦C. The static contact angle measurements revealed that 
remarkable and permanent hydrophilicity was obtained upon grafting SMA. 
Moreover, the experiments of BSA adsorption and cell growth also showed that the 
surface of SMA-based PVDF membrane had excellent biocompatibility [114]. 

Heather J. and co-workers studied the heterogeneous free-radical grafting of 
maleic anhydride (MAH) onto poly(4-methyl-1- pentene) (PMP) using supercritical 
carbon dioxide as the solvent/swellant. By varying time and temperature, the 
maleation of poly(4-methyl-1-pentene) was effectively controlled in supercritical 
carbon dioxide. The optimum temperature for these reactions was found to be 125 °C, 
which allowed for rapid reaction without significant sample deformation. A 
comparison of two initiating systems was made throughout this study, showing 
dicumyl peroxide to be the more effective reagent compared to benzoyl peroxide. The 
advantages of using supercritical carbon dioxide to conduct maleation reactions of 
substrate materials include the ability to control the degree of maleation in bulk 
samples without the need for efficient extruder mixing or solution processing [115]. 
 
3. Chain extenders 

Above all methods, the one method which is considered to be an easy-to-apply 
alternative for many industries gain the optimum mechanical and processing 
properties is using a chain extender as an additive. The chain extender is normally 
applied to ensure the suitable properties of the final products when the polymers are 
undergone the thermal degradation e.g. PET, PLA and so on. They can react with 
small polymeric molecules, which thermally degraded during melt-processing and 
recombined to obtain larger molecule. In term of thermal stability point of views, the 
chain extender is indirectly made the polymer melt more stable, rather the 
reconnected polymer chains can counter-balanced or retarded the thermal degradation 
process.   

Many authors have shown the interest of using a chain extender, which is able 
to reconnect cleaved chains by increasing molecular weight of polymer [116-118], 
strength of melt [119] and can also be used as a reactive compatibilizer in blends 
[119-121]. In general, the chain extender can have bi or more functional groups such 
as diisocyanate [118, 122], dianhydride [123, 124], diamine [125], epoxy, etc. to 
couple the two end groups of low molecular weight polymer chains as showed in the 
fig. 18-19. The variety of these compounds allows the bonding of specific chain 
structures. 
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Fig. 18 Reaction of a bi-functional chain extender [126]. 

 
 
 

 
 

Fig. 19 Reaction of a tri-functional chain extender [126]. 
 

Hassan Eslami and coworkers prepared biodegradable polymer blends based 
on poly(lactic acid) (PLA) and poly[(butylene succinate)-co-adipate] (PBSA) and an 
epoxy-based, multifunctional chain extender was used to enhance the melt strength of 
the blends. The results showed that the blends with chain extender exhibited strong 
strain-hardening behavior, whereas the blends without chain extender exhibited only 
weak strain-hardening behavior. Measurements of the linear viscoelastic properties of 
the melts suggested that the chain extender promoted the development of chain 
branching. The results showed that PBSA contributed to significant improvements in 
the ductility of the PLA/PBSA blends, whereas the chain extender did not have a 
significant effect on the elastic modulus and strain at break of the blends. The 
combined blending of PLA with PBSA and the incorporation of the chain extender 
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imparted both ductility and melt strength to the system. Thus, such an approach yields 
a system with enhanced performance and processability [127]. 

Sahas R. Rathi and coworkers had attempted to quantify the functionality of 
various reactive oligomers and characterize their effects on the molecular weight 
increase of PLLA, and the stereocomplex crystallization, mechanical properties and 
hydrolytic stability of triblock copolymer/PLLA/Plasticizer blends. Three reactive 
oligomers with low, medium and high epoxy functionality were studied. It was found 
that acid groups were consumed in all the blends but the molecular weight increase 
depended on the functionality of the reactive oligomer. The molecular weight of the 
degraded PLLA chains increased with an increase in the functionality of the reactive 
oligomer up-to a functionality of 5–11. Further increase in functionality led to a 
plateau in the molecular weight increase possibly because of steric effects. This study 
provided a better understanding of the degradation and chain extension reaction of 
PLA with epoxy functional reactive oligomers and showed how the functionality of 
the reactive oligomers controlled the molecular weight increase of the degraded PLA 
chains. The results showed that in modified PLA based systems where the rate of 
degradation was increased, higher functionality epoxy oligomers, at higher 
concentrations, than those used for unmodified PLA need to be used to bring about a 
sufficient increase in the molecular weight. Use of the high functionality reactive 
oligomers causes a significant increase in the blend molecular weight and hence the 
hydrolytic stability and processability. These findings will be useful for increasing the 
hydrolytic stability and durability of PLA based blends and composites [128]. 

Yves-Marie Corre and co-workers had attempted to enlarge PLA processing 
window and rendering it suitable for new application fields by using an epoxy-
functionalized chain extender to improve its melt strength. It was found that the 
molecular weight distributions (MWD) of the modified PLAs revealed the creation of 
a high molecular weight shoulder. The rheological experiments highlighted the 
enhancement of the melt properties brought about by the chain extension. 
Furthermore, thermal stability was also improved which confirmed by dynamical time 
sweep measurements. The result showed that the normalized storage modulus with 
time (G’(t)/G’(0)) of chain extended PLA delayed the degradation process onset and 
reduced its kinetic when compared to neat PLA. However, it had been shown that a 
too high extension ratio can lead to some process limitations mainly due to high melt 
elasticity [129]. 

Racha Al-Itry and co-workers studied the mechanisms and thermal 
degradation of poly (lactic acid) (PLA), poly (butylene-adipate-co-terephtalate) 
(PBAT) and their blends upon melt processing conditions. These blends were mixed 
with epoxy functionalized chain extender. The result from TGA showed that the onset 
temperature of the decomposition of PLA slightly decreased with the extrusion 
process because the degradation of the polymer during the processing. The same trend 
was also observed for processed PBAT. Moreover, thermal degradation was 
confirmed by the rheological measurement. The result showed that the viscosity 
decreased at very high residence time. Meanwhile, the addition of chain extender into 
both PLA and PBAT showed an improvement of their thermal stability. Moreover, the 
presence of chain extension in blend of PLA/PBAT (80/20 wt/wt) showed an increase 
in the tensile modulus and the elongation at break when compared to unmodified 
blend [25]. 



32 
 

 
Therefore, a feasible way to improve the thermal stability of biodegradable 

polymer is to prepare biodegradable polymer nanocomposites. Hydrophilic 
amorphous silica nanoparticle was selected to use for improvement the thermal 
stability of polymer. In addition, the thermal degradation of polymer can be improved 
by grafting and crosslinking reaction. There are the powerful methods to introduce 
crosslinking between polymer molecules. This research was focused on using the 
reactive milling and supercritical carbon dioxide methods. Although there are recent 
reports concerning the improvement of thermal stability by grafting and crosslinking 
but there were very few studies reported the chemical crosslinking via these two 
methods. Thereby, in this study, the introduction of crosslinking was performed 
through reactive milling and supercritical carbon dioxide methods. For the most 
effectiveness crosslinking, the processing condition and the concentration of 
crosslinking agent were determined. Moreover, the use of chain extenders was very 
interesting for study because it is an easy method to apply for industries. 
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CHAPTER 3 
 

RESEARCH METHODOLOGY 
 

 To achieve the objectives of the research, the methodology was formulated 
and divided into 4 parts. Each part consisted of materials used, preparation of samples 
and characterization and testing. 

 
Part 1. To enhance mechanical and thermal properties of biodegradable 
polymers through nanocomposite approach   
 
Experimental 
1.1 Materials 

Poly(lactic acid) (PLA) (2003D NatureWork® ) , poly(3-hydroxybutyrate-co-
3 hydroxyvalerate) (PHBV) (EnMAT Y1000P, Tian An) and poly(butylenes 
succinate) (PBS) (GS Pla, FZ91PD) were used in this work. Silica Aerosil® 200 was 
obtained from Aerosil. The silica was the hydrophilic fumed silica with silica content 
≥99.8 wt%, specific surface area (BET) of 200 ± 25 m2/g and the average particle size 
of 12 nm [130]. 
 
1.2 Biodegradable polyester/silica nanocomposite preparation 

PLA, PHBV and PBS pellets were first dried in an oven at 50ºC for 24 hr 
before use. Polymers were premixed with silica at content from 0.1 to 5.0 wt% for 
polymer based. Then, they were compounded in a twin screw extruder (SHJ-25, 
china) with the profile temperature was 100/120/130/140/150/150/155/155 oC, 
130/140/150/160/175/175/180/180 oC and 140/150/160/170/180/180/185/185 oC for 
PBS, PLA and PHBV, respectively. The screw speed was set at 60 rpm. The 
extrudates were pelletized, dried at 50 ºC for 12 hr and kept in zip-lock plastic bags to 
prevent moisture adsorption. 
 
1.3 Characterization and testing 

The dispersion of silica particles in the polymer matrix was investigated by 
SEM technique with the back scattered mode. The samples were cooled in liquid 
nitrogen and then fractured. They were gold-coated and studied under a working 
voltage of 15 kV with CamScan, MX 2000 scanning electron microscope. 

The thermal properties of nanocomposites samples and its neat polymer were 
characterized with TGA (TGA/DSC1, STARe System, METTLER TOLEDO). The 
scan was performed from 50 ºC to 600 ºC with a heating rate of 10 ºC/min under 
nitrogen atmosphere.  

Differential Scanning Calorimetry (DSC) was used to study the crystallization 
behavior and crystallinity of samples. The measurements were carried out with 
METTLER TOLEDO, DSC1 operated with STARe system software. 7-10 mg 
samples were weighted. The temperature scan was performed with a heating and 
cooling rate of 10oC/min under nitrogen atmosphere 
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Moreover, the nanocomposites and its neat polymer were tested the heat 
deflection temperature (HDT) according to ASTM D648. A test specimen was loaded 
in 3- point bending in the edgewise direction. The stresses used for testing was 0.455 
MPa. The temperature was increased at 2°C/min until the specimen deflected by 0.25 
mm.  

Tensile properties were tested according to ASTM D638 standard using 
(Instron 5969, Instron) and impact test was performed in accordance with ASTM 
D256 (Zwick B5102.202, Izod type) HDT, tensile and impact specimen were 
prepared by compression molding (Labtech, LP-S-50, Labtech Engineering Co., Ltd.) 
at 150 ºC, 170 ºC and 190 ºC for PBS, PLA and PHBV samples, respectively. 
 
Part 2. To enhance thermal properties of biodegradable polymers through 
reactive milling method 
 
Experimental 
2.1 Materials 

Three biodegradable polymers used in this work were poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) EnMAT Y1000 (powder form, Tian 
An), poly(butylenes succinate) (PBS) (GS Pla, FZ91PD) and Poly(lactic acid) (PLA) 
2003D was purchased from NatureWork® LLC, USA. Maleic anhydride (MA) and 
benzoyl peroxide (BPO) initiator were purchased from Aldrich. Chloroform (lab 
grade), dichloromethane (lab grade) methanol (lab grade) and acetone (lab grade) 
were purchased from RCI Labscan. 
 
2.2 Powder Preparation 

Polymers were used in this work should be in powder form. PHBV already 
was powder whereas PBS and PLA were in pellet form.  Therefore, PBS and PLA 
powder were prepared.  

First, PBS was dissolved in a solvent (10%w/v in chloroform) then 
precipitated in methanol. The precipitated PBS was dried in the vacuum oven at 50 oC 
for 12 h. Then PBS was ground with grinder. PBS powder was obtained. 

PLA powder was prepared by ultrasonic spray technique. PLA pellets were 
dissolved in dichloromethane (concentration for 1 %w/v). PLA solution was pumped 
to the nozzle by a peristaltic pump with flow rate of 15 rpm and power of the 
broadband ultrasonic generator at 2.2 watt. Then the solution was sprayed through 
ultrasonic spray nozzle (Sono-Tek, German). PLA powder was collected. 
 
2.3 Polymer grafted with maleic anhydride 

The mechanical grafting was done by ball milling (SM-1P-1, Bangkok Mold 
Pattana Ceramic Ltd., Thailand). The rotation speed was 325 rpm (Photo/contact 
Tachometer). MA was added for concentration 3 and 5 part with 100 parts of polymer 
and MA: BPO was fixed at a ratio of 2:1. MA and BPO were premixed and then the 
mixture was introduced to a ball mill chamber for 6, 8 and 10 h at room temperature. 
PLA grafted with MA 3 phr and reaction time for 6 h was denoted as PLA3phr6h. 
This name code was also for other polymers and was used for further discussion. 
Unreacted residual MA and BPO were removed by rinsing with acetone for two 



35 
 

times. The samples were then dried at 50 oC for 12 h and were kept in plastic zip-lock 
bags. 
 
2.4 Characterization and testing  
 The particles sizes of polymers were investigated by SEM technique. They 
were gold-coated and studied under a working voltage of 15 kV with HITACHI 
TM3030 Tabletop microscope. 

For FT-IR analysis, a sample was ground and mixed with KBr and then the 
mixture was compressed to form a disc. The sample discs were analyzed by using FT-
IR spectrometer VERTEX70 at a resolution of 4 cm-1 with background and sample 32 
scans in the spectral range of 4000-400 cm-1. 

NMR analysis, the sample was first dissolved in CDCl3. The 1H NMR spectra 
were obtained using Bruker Avance 300 NMR Spectrometer. 

For contact angle determination, the sheet samples were prepared by 
compression molding (Labtech, LP-S-50, Labtech Engineering Co., Ltd.). A specimen 
was held on a glass slide and conditioned at room temperature. Then, water droplets 
were dripped by a micropipette on the sample surface. The contact angle was 
measured with Goniometer (Model 200, Rame-Hart Instrument). 
 The graft degree of maleated polymers can be determined by back-titration 
using phenolphthalein as indicator. One g of sample was completely dissolved in 100 
ml of chloroform. Then the excess 0.02 N of KOH in ethanol solution was added 
which made MA throughly react after that, 0.02 N HCl in ethanol solution was titrated 
against KOH. Finally, KOH ethanol solution was added again to the titration end 
point [131]. Graft degree (G%) was calculated from the consumed quantity of KOH, 
by the following equation (1): 
 

                  
0% ×98.06×100%

2
KOH KOH HCl HClV N V N M

G
W

      (1) 

 
where V is the volume (L), N is the normality (mol/L), M0 is the blank value, and W is 
the specimen weight (g). 

The thermal properties of the neat polymers and their grafted polymer samples 
and its neat polymer were characterized with TGA (TGA/DSC1, STARe System, 
METTLER TOLEDO). The scan was performed from 50 ºC to 600 ºC with a heating 
rate of 10 ºC/min under nitrogen atmosphere. The peak temperatures of derivative 
weight-loss curves and weight-loss percentages were obtained from TGA 
thermograms. 
 
Part 3. To enhance thermal properties of biodegradable polymers through 
supercritical carbon dioxide method 
 
Experimental 
3.1 Materials 

Three biodegradable polymers used in this work were poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) EnMAT Y1000 (powder form, Tian 
An), poly(butylenes succinate) (PBS) (GS Pla, FZ91PD) and poly(lactic acid) (PLA) 
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2003D was purchased from NatureWork® LLC, USA. Maleic anhydride (MA) and 
benzoyl peroxide (BPO) initiator were purchased from Aldrich. 
 
3.2 Study the solubility of MA in supercritical carbon dioxide 
 To ensure the reaction in supercritical phase, the measurements of the 
solubility of MA at different pressure and dissolution time were required. The 
solubility of MA in supercritical carbon dioxide was measured using the set-up of 
supercritical fluid process as showed in fig. 20.  
 

 
 

Fig. 20 Supercritical fluid process. 
 
Firstly, the MA (1 g) was placed in the reactor (Re248-D150L230, CHAREON TUT 
Co., Ltd, Thailand, No. 6 in fig. 20). The temperature of the reactor was set at 40±1 
oC. Then the reactor was closed and was gradually introduced with carbon dioxide. 
Carbon dioxide was pumped (No. 3, SITEC, SITEC-Sieber /engineering AG, 
Switzerland) into the reactor until the desired pressure was reached. The studied 
pressures were 80, 90 and 100 bars and the dissolution time was varied for 6, 12 and 
24 hours. After that, the system fluid was purged slowly. The purged MA in high 
pressure carbon dioxide was carefully collected with methanol. Then the 
concentration of MA in methanol was measured by using UV-Vis spectrometer (T80+ 
UV/Vis spectrometer, PG Instruments Ltd., Bangkok High LAB Co., Ltd) to confirm 
the results with the gravimetric method. The rest of MA in the reactor was removed 
from the reactor and weighted. The solubility of MA in the supercritical carbon 
dioxide can be calculated from the decrease in weight of MA and could be calculated 
as followed equation (2). The amount of carbon dioxide in the reactor was calculated 
from the known volume and carbon dioxide density. The values of carbon dioxide 
density were taken from the NIST (The National Institute of Standards and 
Technology) standard reference database [132]. 

 

2

Mass of soluble MA
%Solublity = 100

Mass of soluble MA  Mass of CO
    (2) 
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3.3 Grafting reaction in the supercritical carbon dioxide 
After measurement the solubility of MA in supercritical carbon dioxide and 

the suitable condition for grafting reaction was obtained, the reaction was carried out 
according to condition as in the maleic anhydride solubility measurement process. 
The film sample was fabricated by compression molding (Labtech, LP-S-50, Labtech 
Engineering Co., Ltd.) at 150 ºC, 170 ºC and 190 ºC for PBS, PLA and PHBV 
samples, respectively. The film thickness was around 0.2-03 mm. The film was cut 
into the sample of 50x30 mm. Then film sample, maleic anhydride and benzoyl 
peroxide (MA: BPO 2:1) were placed in the reactor. The reactor was sealed tightly. 
The temperature of the reactor was set at 40 oC. Then carbon dioxide was filled into 
the reactor. After that the temperature was increased to 70 oC to decompose the 
initiator. Finally, the pressure was increased according to the suitable condition and 
keeps the reaction for 3 hours. After the reaction, carbon dioxide was vented out. The 
system was allowed to cool down and the sample was removed from the reactor. 

 
3.4 Characterization and testing 

NMR analysis, all samples were first washed with methanol and dried to 
remove the unreacted MA. All samples were dissolved in CDCl3. The 1H NMR 
spectra were obtained using Bruker Avance 300 NMR Spectrometer. 
 The graft degree of maleated polymers can be determined by back-titration 
using phenolphthalein as indicator. First, PLA grafted MA sample was dissolved in  
chloroform then precipitated in methanol to remove the unreacted MA. A 1 g of 
sample was completely dissolved in 100 ml of chloroform. The excess 0.02 N of 
KOH in ethanol solution was added which made MA thoroughly react then, 0.02 N 
HCl in ethanol solution was titrated against KOH. Finally, KOH ethanol solution was 
added again to the titration end point [131]. Graft degree (G%) was calculated from 
the consumed quantity of KOH as equation (1). The sample was determined for three 
times and the average degree of grafting was reported. 

 Morphology of cross section and surface of film samples was investigated by 
SEM technique. The samples were cooled in the liquid nitrogen and then fractured. 
Then, sample film was rinsed with water and dried to remove the unreacted MA in the 
sample. They were gold-coated and studied under a working voltage of 15 kV with 
CamScan, MX 2000 scanning electron microscope. 

For contact angle Determination, the sheet samples were prepared by 
compression molding (Labtech, LP-S-50, Labtech Engineering Co., Ltd.). The 
specimens were held on the slide glass and were conditioned at room temperature. 
Then, water droplets were dripped by a micropipette on the sample surface. The 
contact angle was measured with Goniometer (Model 200, Rame-Hart Instrument). 

Molecular weight and polydispersity index of polymer grafted with MA 
samples were measured by gel permeation chromatography (GPC). The sample of 10 
mg was dissolved in the tetrahydrofuran (THF) 3 ml for measurement. Gel 
permeation chromatograph (GPC) analyses were carried out on Waters 2414 
refractive index (RI) detector, equipped with Styragel HR5E 7.8 x 300 mm column 
(molecular weight resolving range of 2000-4,000,000 Da). The GPC columns were 
eluted using tetrahydrofuran with a flow rate of 1.0 mL/min at 40 oC and calibrated 
with polystyrene standards. 
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Polymers grafted with MA samples were precipitated for removing the 
unreacted MA in the samples. The thermal properties of samples and its neat polymer 
were characterized with TGA (TGA/DSC1, STARe System, METTLER TOLEDO). 
The scan was performed from 50 ºC to 600 ºC with a heating rate of 10 ºC/min under 
nitrogen atmosphere. The peak temperatures of derivative weight-loss curves and 
weight-loss percentages are obtained from TGA thermograms. 
 
Part 4. To enhance thermal properties of biodegradable polymers by using chain 
extenders 
 
Experimental 
4.1. Materials 
Poly(lactic acid) (PLA) 2003D was purchased from NatureWork® LLC, USA. Two 
types of chain extenders, multifunctional epoxide chain extender (ECE) and 
polycarbodiimide (PCD) were chosen for comparison. The multifunctional epoxide 
chain extender (ECE) (Joncry® 4368) was kindly supported from BASF, Thailand. Its 
molecular weight (Mw) was 6800 Da with the epoxy equivalent weight of 285 g/mol. 
Polycarbodiimide (PCD) or Bioadimide® ,RheinChemie, Germany, was kindly 
supplied by Optimal Tech Co., Ltd, Thailand. PCD with carbodiimide content higher 
than 13.0% has the melting temperature in the range of 70-80 oC.  
 
4.2 Melt extrusion 

PLA pellets were first dried in a vacuum oven at 60 oC for 24 h before further 
use. PLA and 0.5 phr of chain extenders were mixed and then introduced to the twin 
screw extruder (SHJ-25, China) with length to diameter ratio (L/D) of 40. The barrel 
temperature was divided to eight zones from feed zone to die. The mixture was mixed 
under the four temperature profiles from feed zone to die set 
at: (1) 140/160/190/210/220/220/220/220,  
     (2) 150/170/200/220/230/230/230/230,  
     (3) 160/180/210/230/240/240/240/240 and  
     (4) 170/190/220/240/250/250/250/250 oC.  
The die temperature of 220, 230, 240 and 250 oC was referred to the processing 
temperature and was used for further discussion. The rotation speed was kept at 50 
rpm. The processing of processed PLA was also carried out at the same four 
conditions. The extrudates were cut, dried at 60 oC for 12 h. Then the moisture 
content was measured with moisture analyzer (METTLER TOLEDO, HX204) and 
kept the samples in zip-lock plastic bags to avoid the moisture adsorption. 
 
4.3 Characterization and testing 

Molecular weight and polydispersity index of PLA and modified PLA with 
chain extenders samples at various process temperatures were measured by gel 
permeation chromatography (GPC). The sample of 10 mg was dissolved in the 
tetrahydrofuran (THF) 3 ml for measurement. Gel permeation chromatograph (GPC) 
analyses were carried out on Waters 2414 refractive index (RI) detector, equipped 
with Styragel HR5E 7.8 x 300 mm column (molecular weight resolving range of 
2000-4,000,000 Da). The GPC columns were eluted using tetrahydrofuran with a flow 
rate of 1.0 mL/min at 40 oC and calibrated with polystyrene standards. 
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Melt flow index of all samples was performed on a melt flow indexer (Intro 
D7053, KAYENESS) operating at 190 oC with 2.16 kg load according to ASTM 
D1238. 

The thermal stability of processed PLA and PLA added chain extenders 
samples was analyzed by TGA (PERKIN ELMER, TGA7). The 3-5 mg of sample 
was heated from 50 oC to 550 oC with a heating rate at 10 oC/min under nitrogen 
atmosphere. 

Differential scanning calorimetry (DSC). The measurements were carried out 
with METTLER TOLEDO, DSC1 operated with STARe system software. 7-10 mg 
samples were weighted. The temperature scan was performed with a heating and 
cooling rate of 10 oC/min under nitrogen atmosphere. The samples were heated from 
30 to 200 oC, held for 1 min to erase thermal history effects and cooled to 30 oC, held 
for 1 min and then heated to 200 oC again for the second scan. The glass transition 
temperature (Tg), melting temperature (Tm), cold crystallization temperature (Tcc) 
and melting enthalpy ( Hm) of samples were determined from the second heating 
scan. 

The FT-IR analysis, the extrudate of sample was first dissolved in the 
dichloromethane. Then the solution was casted onto the petri dish, dried for an hour in 
the room temperature to allow solvent evaporation. The film samples were analyzed 
by using FT-IR spectrometer VERTEX70 at a resolution of 4 cm-1 with background 
and sample 32 scans in the spectral range of 4000-400 cm-1. 

The mechanical test specimens were fabricated by injection molding 
(Battenfeld BA250 CDC). The processed PLA and PLA added chain extenders 
samples were injected at 160 oC, injection speed of 60 m/s, pressure of 50 bars, mold 
temperature at 30 oC and cycle time of 45 s. 

Tensile properties were measured using Universal Testing Machine (Instron 
5969, Instron) in accordance with ASTM D638, specimen type I. The specimens were 
tested at a cross-head speed of 5 mm/min. Ten specimens were tested. The average 
value and standard derivation were calculated and reported. 

Impact testing was performed according to ASTM D256 (Zwick B5102.202, 
Izod type). Twenty specimens were tested. The average value and standard derivation 
were calculated and reported. 
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CHAPTER 4 
 

RESULTS AND DISCUSSION 
 

  
 In this chapter, the results of characterization and testing by several techniques 
in each part of works were discussed. 

 
Part 1. Enhancement of mechanical and thermal properties of biodegradable 
polymers through nanocomposite approach 
 
 Biodegradable polyester PHBV, PBS and PLA were mixed with silica 
nanoparticle in a twin screw extruder. Silica nanoparticle content was various from 
0.1-5 wt%. The temperature profile of twin screw extruder was set specifically for 
each polymer. The morphology, thermal and mechanical properties of polymer/silica 
nanocomposites were characterized and test which were compared to their neat 
polymers.  
 
1.1 The dispersion of silica in the polymer matrix 
 
  SEM micrographs of neat polymer and polymer nanocomposites were shown 
in fig.21-23. From the SEM micrographs of PBS/silica nanocomposite, it can be seen 
that the addition of silica at low contents between 0.1-0.5 wt%, the dispersion of silica 
nanoparticles (the bright spots) through the polymer matrix was good but above that 
contents, the silica particles tended to agglomerate and formed larger particles as 
showed in the fig. 21 (d)-(f) and the diameter of large particles was in range between 
10-20 m at 5.0 wt% of silica content (fig. 21(f)). This result was similar to the PLA 
and PHBV samples as showed in the fig. 22 and fig. 23. SEM micrographs of 
PLA/silica nanocomposite showed the fine dispersion of silica nanoparticles into PLA 
matrix at content 0.1-0.5 wt%. At load content higher than 0.5 wt%, some of 
agglomerate of silica particles with size in the range of 1-10 m (fig 22 (d)) was 
observed. When the silica loading was higher, the agglomerated particles size was 
bigger and the particle size was in the range of 10-20 m at 5.0 wt%. In the case of 
PHBV/silica nanocomposite, the good dispersion of silica nanoparticles could be seen 
at the silica content up to 1 wt%. However, some agglomerates were formed when 
silica content was added to 2.5 wt% and above. These agglomerate particles size 
around 10-20 m in the diameter (fig. 23 (f)). The formation of agglomerates was the 
result of the interaction between the hydroxyl groups on the surface of silica, causing 
a tendency to agglomerate between itself [133]. 
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Fig. 21 SEM micrographs of fracture surface of PBS/silica nanocomposites at various 
content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%, (d) 1.0 wt%, (e) 2.5 wt% and 

(f) 5.0 wt%. 
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Fig. 22 SEM micrographs of fracture surface of PLA/silica nanocomposites at various 
content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%, (d) 1.0 wt%, (e) 2.5 wt% and 

(f) 5.0 wt%. 
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Fig. 23 SEM micrographs of fracture surface of PHBV/silica nanocomposites at 

various content of silica, (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5wt%, (d) 1.0 wt%, (e) 2.5 
wt% and (f) 5.0 wt%. 
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1.2 Thermal properties 

The thermal gravimetric curves of nanocomposites and its neat polymer were 
showed and compared in Fig 24 and the onset and the inflection temperature of all 
samples were summarized in the table 5.  

 
 

 
 

 
 
Fig. 24 TGA thermograms of (a) PBS nanocomposites, (b) PLA nanocomposites and 

(c) PHBV nanocomposites with different silica content. 
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       From the TGA thermograms of biopolymer/silica nanocomposites, it was 
observed that both of onset temperature and inflection temperature of almost 
nanocomposite samples slightly increased when compared to its neat polymer. TGA 
data of all samples were summarized in table 10. 
 
Thermal decomposition of PBS  
 In the case of PBS samples, the onset and inflection temperature of PBS/SiO2 
composited was greatly increased. For instance, the onset and inflection temperature 
of PBS added SiO2 1.0 wt% was increased from 376.84 ºC to 382.34 ºC and inflection 
temperature was improved from 400.91 to 406.26 ºC when compared to neat PBS and 
became comparable value after addition SiO2 higher than 1.0 wt%.  

 The onset temperature and inflection temperature of PHBV nanocomposites 
were greatly increased at a content of silica 5.0 wt%. Its onset temperature increased 
from 273.29 ºC to 289.11 ºC and inflection temperature arose from 281.75 ºC to 
296.09 ºC.  

In the case of PLA nanocomposites, the onset temperature and inflection 
temperature of  neat PLA increase from 345.36 ºC and 364.44 ºC to 350.50 ºC and 
367.00 ºC respectively for PLA/SiO2 5.0 wt%. 

From the thermal gravimetric curves, it can be seen that the degradation of 
polymer/silica nanocomposites started at the higher temperature compared to neat 
polymer due to the high surface area of the nanoparticle, the interfacial area between 
particle and polymer matrix is increased. The applied heat can easily be transferred 
from polymer to the filler particles.  

For the thermal decomposition of PBS, the slope of decomposition curve was 
slightly different. This first decomposition step corresponded to the small weight loss 
that resulted from the volatilization of small molecule devaluated from the chain end. 
Chrissafis and coworkers reported that succinic acid degraded at temperatures around 
200 oC while ethylene glycol and butylene glycol evaporate at slightly higher 
temperatures, nevertheless lower than 300 oC [53]. When the temperature was higher, 
PBS decomposed quickly and lose almost their whole weight. The predominant 
mechanism for the main decomposition of polyester was proposed by Buxbaum L. H. 
[134], who explained that a random cleavage of the ester bond was occurred due to 
the -CH hydrogen transfer. Carboxylic end groups and vinyl groups were generated 
during this chain scission. When adding silica nanoparticle into PBS, thermal stability 
of PBS was slightly increased as compared to neat PBS. This result was usually 
observed in polymer matrix containing nanoparticle. This stabilization is attributed to 
the shielding effect of nanoparticles, the produced gases during decomposition were 
more difficultly liberated from matrices containing inorganic particles like SiO2 [135, 
136]. Furthermore, silica nanoparticles have surface silanol groups which could 
interact with the hydroxyl end groups of macromolecular chains, forming covalent 
bonds. Consequently, thermal stability of PBS containing silica nanocomposite was 
improved. 

In addition, Vassiliou and colleagues [136] studied thermal degradation of 
PBS and its nanocomposites with fumed SiO2 by TGA analysis. It was found that the 
decomposition temperature of PBS added silica 1 wt% exhibited the maximum shifted 
to a higher temperature. However, this trend was not continuous. When silica was 
added to 5wt%, a slight decrease of decomposition temperature was observed. This 
result was agreed with the findings in this work. Furthermore, Vassiliou and 
colleagues [136] analyzed more deeply the degradation mechanisms of PBS and its 
nanocomposites by determination of activation energy using isoconversional methods. 



46 
 

The result showed that the activation energy of thermal degradation for PBS/silica 
nanocomposite was slightly higher than that of neat PBS. This increase indicated that 
silica nanoparticle can improve thermal stability for PBS. 

 
Thermal decomposition of PLA 

For PLA, the thermal stability of PLA was associated with two main reaction 
stages which took place during the degradation of PLA. The first stage was related to 
the decomposition of PLA chain ends at the temperature before 300 oC. The second 
stage was related to the random scission of the polymer chains which occurred at the 
temperature between 300 oC and 400 oC [68]. McNeil1 and Leiper studied the detail 
of thermal degradation of PLA [28]. It was found that the main products were cyclic 
oligomer including lactide and other lower boiling point products, such as carbon 
dioxide, acetaldehyde, ketene and carbon monoxide. Moreover, Kopinke and 
colleagues also studied the thermal decomposition of PLA. The result confirmed that 
the dominant reaction pathway was an  intramolecular transesterification [29].  

For PLA/silica nanocomposite, the weight loss of polymer because of the 
formation of the volatile product after degradation at elevated temperature was 
monitored as a function of temperature. The small polymer chain fragments could 
evaporate at its decomposition temperature and it would leave from the polymer 
sample. The volatile substances might be physically or chemically adsorbed by silica 
nanoparticle due to the high specific surface area of silica nanoparticles. For the small 
molecules which decomposed at the earlier stage, the end group of cleavage polymer 
chain might be adsorbed and interacted with silanol groups on silica particles. 
Therefore, the weight loss of sample was delayed and thus shifted to a higher 
temperature. Another possible mechanism for retarding the degradation could be due 
to the barrier layer formed by nanostructured particles. For polymer/layered silicate 
nanocomposites, generally, the incorporation of layered silicate into polymer matrix 
was found to improve thermal stability by acting as an insulator and mass transport 
barrier to the volatile products formed during decomposition. Furthermore, 
polymer/layered silicate nanocomposites exhibited reduction in the permeability of 
small gases such as O2, H2O, He, CO2 and ethyl acetate vapors [137]. In addition, the 
permeability was seen to decrease with increasing aspect ratio [24, 138]. Wen and 
colleagues [65] studied thermal stabilization mechanism of poly(L-lactide)/silica 
nanoparticles. They found that the stabilization mechanism was attributed mainly to 
the barrier effect of the network formed, which was demonstrated by the improved 
nitrogen and oxygen barrier properties of PLA. The gas barrier effect of PLA was 
increased with increasing of silica content up to 5 wt% then it was decreased with 
further increase silica loading [65]. In addition, they also presented thermal 
stabilization mechanism of PLA/silica nanocomposite (as showed in fig 25). 
Branched PLA chains could be form during the processing and the end of PLA chain 
might be linked to hydroxyl groups on the silica surface. On the other hand, branched 
PLA chains could entangle between themselves. Silica nanoparticles could act as 
crosslinking sites and PLA chains are linked and entangled around them. Therefore, 
silica nanoparticles were embedded into PLA matrix. This result led to a dense 
network structure which greatly enhanced barrier effect. In addition, this network 
structure could restrict the mobility of PLA chains and the active hydroxyl end 
groups. Consequently, it inhibited decomposition reactions.  
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For thermal degradation kinetic of PLA/silica nanocomposite, it was studied 
deeply by Chrissafis and colleagues [66]. The result showed that PLA 
nanocomposites decomposition takes place with a complex reaction mechanism with 
the two different mechanisms. The activation energy of PLLA/silica 2.5 wt% 
nanocomposite for the first area of mass loss was higher and for the second one was 
slightly lower than that of neat PLLA. 

 

 
Fig. 25 Network formation during melt processing: (a) PLA/silica nanocomposites 
prepared by melt compounding, (b) PLA chains grafted onto silica surfaces, (c) dense 
network formed by the entanglement of PLA chains [65]. 
 
Thermal decomposition of PHBV 

In the case of PHBV, PHBV chain can degrade at temperature slightly higher 
than its melting temperature and generated the shorter chain fragments with 
carboxylic end group and crotonic acid as one of the signature by-products. From the 
TGA thermograms, thermal stability of PHBV was greatly improved by the addition 
of silica nanoparticle. This indicated that silica nanoparticle was an effective barrier to 
the heat and mass transport for PHBV [139]. This result was similar to work of Ma 
and colleagues, who studied the effects of fumed silica on the crystallization behavior 
and thermal properties of PHBV. The result showed that the thermal onset 
degradation temperature of PHBV/fumed silica was greatly improved than that of 
PHBV by about 10 oC [140]. Since, silica is the nanosize particle with the plenty of 
hydroxyl group on its surface. The well-dispersed of silica nanoparticle and strong 
interaction of silica and PHBV end groups might be led to the enhancement of 
thermal stability for PHBV.  
 
Table. 10 Onset and inflection temperature of all samples.  

 
Silica content 

(wt%) 

PLA PHBV PBS 

Onset 
(oC) 

Inflection point 
(oC) 

Onset 
(oC) 

Inflection point 
(oC) 

Onset 
(oC) 

Inflection point 
(oC) 

Neat 345.36 364.44 273.29 281.75 376.84 400.91 
0.1 347.73 364.93 286.67 296.54 381.71 405.72 
0.2 345.54 362.56 281.64 292.48 378.10 406.66 
0.5 349.48 366.47 286.47 294.69 378.36 405.27 
1.0 345.68 364.40 288.01 297.85 382.34 406.26 
2.5 350.11 367.60 287.03 297.51 380.74 406.63 
5.0 350.50 367.00 289.11 296.09 379.09 404.99 
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In the PHBV/clay nanocomposite system, the improvement of thermal 
stability for polymer was attributed to increase barrier properties by creating a maze 
or tortuous path that retards the progress of gas molecules through the polymer matrix 
[141]. From the similar reason, this could lead to the increase of their thermal stability 
for PHBV/silica nanocomposite. 

However, the increasing of the onset and inflection temperature was not 
related to the silica content. This could result from the non- uniform dispersion of 
silica nanoparticles throughout the polymer matrix as shown by SEM micrographs. 

1.3 Mechanical properties of biodegradable polyester/silica nanocomposites 
 The tensile modulus and elongation at break (%) of PBS, PLA and PHBV 
nanocomposites were shown in the fig.26 and fig.27. It can be seen that the modulus 
of PLA nanocomposites were comparable to neat polymer at the low content of silica 
(0.1-0.2 wt%) whereas PHBV/silica nanocomposites were slightly increased as 
compared to neat PHBV. However, at the higher silica contents (2.5-5.0 wt%), the 
modulus of PLA and PHBV were lower and slightly increased again with 2.5 and 5.0 
wt% of silica. In the case of PBS nanocomposites, there was no significant difference 
in modulus as compared to neat PBS.   
 

 
 

Fig. 26 Tensile modulus of polymer/silica nanocomposites at various content of silica. 
 

For elongation at break (%) in the case of PLA, the elongation at break (%) 
slightly increased when the content of silica was low (0.1-0.5 wt%). Meanwhile the 
addition of silica at low content in PBS and PHBV samples, the results showed the 
comparable value as those neat polymers. But upon increasing silica content, 
elongation at break (%) tended to drop. These results were similar to PBS and a 
PHBV nanocomposite when the silica content was higher than 0.5 wt%. This may 
arise from the agglomerates of silica nanoparticles which can see from SEM 
micrographs that agglomerated particle may act as sites of stress concentration [142]. 
Therefore, it led to decreasing in elongation at break (%) of polymer nanocomposites. 
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Fig. 27 Elongation at break (%) of polymer/silica nanocomposites at various content 
of silica. 

 
The impact strength of all samples was showed in fig.28. It was observed that at 

the low content of silica (0.1 wt%), there was no significantly change in impact 
strength of all polymer nanocomposites compared to its neat polymer. However, at the 
higher silica loading (above 0.5wt% of silica), the impact strength of all samples were 
decreased. Especially, in the case of PBS and PHBV samples, they were halved (at 
5.0 wt%) compared to its neat polymer. Silica particles may act as stress concentrators 
in the polymer matrix and these results similar to the observed trend with the 
elongation at break (%) which also decreased with the addition of silica at the higher 
content. This led to the decreased deformability of polymer because of the restriction 
imparted by the rigid filler particles [143]. 
 

 
Fig. 28 Impact strength of polymer/silica nanocomposites at various content of silica. 

 
1.4 Heat deflection temperature 

Generally, when one desires to improve the heat deflection temperature of the 
polymeric materials, the comprehensive understanding of the dynamic thermos-
mechanical properties is required. The storage modulus of such polymers should be 
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sufficiently high at the tested range of the temperature. There are a few important 
factors responsible for this phenomenon. These include the increase in crystallinity 
and the improved stiffness. The former is to find the way to improve the 
crystallization of polymer e.g. nucleating agents. The latter can be achieved by adding 
some fillers or composites e.g. making the materials stiffer.  

The heat deflection temperature value of neat polymers and its nanocomposites at 
5 wt% of silica loading were showed in the table 11. It was observed that the heat 
deflection temperature of PLA/silica nanocomposites was found to be 55.3ºC which 
was lower than that of neat polymer. The glass transition temperature (Tg) of PLA 
was around 55-60 ºC which was comparable to HDT of PLA (55-57 ºC) [143], so the 
material became softer and deflected when the temperature was scanned to this range 
of temperature. Therefore, the silica nanoparticles in the matrix could not prevent the 
distortion of the materials. This was also agreed with the small changes in the 
modulus of PLA and PLA with 5 %wt of silica nanoparticles. In the case of PHBV, 
the HDT value was greatly improved from 140.0 ºC for neat PHBV to 145.7 ºC for 
PHBV/silica nanocomposites that was similar to the observed trend with the modulus 
and TGA results. For HDT of PBS/silica nanocomposites, it was also improved by 2.5 
ºC when compared to the neat PBS although the modulus of PBS nanocomposites 
were relatively unaffected by silica contents.  

The heat deflection temperature of a polymeric material is an index of heat 
resistance towards applied load or a measure of modulus of materials as the 
temperature increased. Harder materials generally have higher HDT value than soft 
material. The hardness of material was related to the polymer chains to move when 
the load and heat were applied. The polymer chains were more restricted than in soft 
material. Therefore, the addition of additive which can increase the stiffness of 
material will increase the HDT.  In addition, the glass transition temperature (Tg) of 
polymer matrix was an important parameter which controls different properties of the 
composite materials. For PLA, it has a low crystallization rate and relatively low of 
crystallinity. Its Tg is about 55-60 ºC which is above room temperature, this is in a 
glassy state. Consequently, PLA is rigid and brittle at room temperature. When the 
load was applied and temperature was raised, the mobility of polymer chains was 
increased and specimen was deformed. This is because the HDT of amorphous or 
slightly crystalline polymer was controlled by its glass transition temperature [144]. 
Meanwhile, Tg of PBS and PHBV was -30 ºC and 10 ºC, respectively which below 
room temperature. Those polymers were in rubbery state but with the high 
crystallinity. For semi-crystalline polymer, heat resistance and modulus could be 
improved by adding filler. Fillers compensate for the softening of amorphous phase 
when material was above their Tg. Therefore, the reinforce effect of silica in the case 
of PBS and PHBV was dominant and led to the increasing of HDT value. From the 
result of HDT indicated that polymer/silica nanocomposite had the higher thermal 
stability than that of its neat polymer. The HDT enhancement was due to the heat 
barrier as well as the mechanical reinforcement effect of silica nanoparticle. 
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Table 11. HDT value of neat polymer and its nanocomposite. 
Samples HDT (ºC) 
Neat PLA 57.3 ± 0.6 
PLA/silica 5.0 wt% 55.3 ± 0.2 
Neat PBS 87.8 ± 0.3 
PBS/silica 5.0 wt% 90.3 ± 0.6 
Neat PHBV 140.0 ± 1.0 
PHBV/silica 5.0 wt% 145.7 ± 4.0 

 
 Biodegradable polyesters PLA, PBS and PHBV /silica nanocomposites have been 
prepared for improvement of thermal stability. From SEM micrographs, it showed the 
non-uniform dispersion of silica particles through polymer matrix and the silica 
particles tended to agglomerate when addition silica at 1 wt% and after. However, the 
improvement in thermal properties of polyester/silica nanocomposites were achieved 
both of onset and inflection temperature which measured by TGA but the increasing 
of the onset and inflection temperature was not related to the silica content. This could 
result from the non- uniform dispersion of silica nanoparticles which agreed with 
SEM results. Moreover, the HDT value was also improved, excepted PLA/silica 
nanocomposites. However, the mechanical performances of nanocomposites depend 
on the content and the dispersion of silica particles in the polymer matrix. At low 
silica content, the mechanical properties were slightly increased, whereas it became 
deteriorated properties at the higher silica loading.  

 
Part 2. Enhancement of thermal properties of biodegradable polymers through 
reactive milling method 
 
 The mechanical grafting was done by ball mill. The rotation speed of ball mill 
was constant at 325 rpm. After the reaction, the mixture was washed with acetone for 
two times for removing of unreacted MA and BPO. Then the mixture was dried at 50 
oC for 12 h before further characterization. MA grafted onto polymer were 
characterized and measured for degree of grafting. Thermal properties of all samples 
were tested by TGA analysis to prove that MA grafted onto polymer could enhance 
thermal properties of biodegradable polyesters.  
 
2.1 Particle size of polymer powder 
 The average particles size of polymers was characterized by SEM technique 
with program software TM3030. The dimension of particle was measured by drawing 
outer marks on the image. The average size of polymer particle was report. The 
particle size of PHBV as received was around 731 nm. In case of PBS which was 
prepared by precipitation, the average size was 77 μm.  For PLA powder which was 
prepared by ultrasonic spray technique, the average size was 26 μm.   
 
2.2 Spectrophotometric analysis 

Fig.29 (a) and fig.29 (b) showed the FT-IR spectra of neat PHBV and PHBV 
grafted with MA at various of time via ball milling. It could be seen that MA showed 
the characteristic peaks at around 1780 and 1860 cm-1 which corresponded to 
symmetric and asymmetric C=O of anhydride, respectively. For PHBV, the peak 
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appeared at around 1722 cm-1 correspond to C=O stretching of PHBV and the peaks 
at around 2940 and 3003 cm-1 were assigned to CH2 and CH3 stretching mode of 
PHBV. For the solid mixture of PHBV and MA, it could be observed the 
characteristic peaks of both PHBV and MA. In the case of PHBV grafted with MA 
showed the intensive peak at around 1730 cm-1 which may refer to C=O of PHBV. 
However, the characteristic peaks of MA were not clearly observed. This may be 
caused of the merging between C=O peaks of PHBV and MA. However, this peak 
appeared within the spectra range of MA. 

 

 
Fig. 29 FT-IR spectra of PHBV grafted with MA at concentration of (a) 3 phr and (b) 
5 phr at various of time.  
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Fig. 30 FT-IR spectra of PBS grafted with MA at concentration of (a) 3 phr and (b) 5 
phr at various of time. 
 

Fig.30 (a) and fig.30 (b) showed the FT-IR spectra of neat PBS and PBS 
grafted with MA at various of time via ball milling. It showed the characteristic peak 
of PBS at around 1740 cm-1 attributed to the C=O stretching vibrations of ester 
groups in PBS. The bands at 1049 cm–1 was due to –O–C–C– stretching vibrations in 
PBS. A peak was at around 1178 cm–1 corresponded to the –C–O–C– group in the 
ester linkages of PBS. Moreover, the peaks at 2880 and 2972 cm –1 were assigned to –
CH2 stretching mode of PBS. In the case of PBS grafted with MA, the characteristic 
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peaks of MA were not clearly observed which might result from degree of grafting of 
MA onto polymer was low. 

 

 
Fig. 31 FT-IR spectra of PLA grafted with MA at concentration of (a) 3 phr and (b) 5 
phr at various of time. 
 

Fig.31 (a) and fig.31 (b) showed the FT-IR spectra of neat PLA and PLA 
grafted with MA samples. The characteristic band at around 1770 cm-1 was referred to 
the carbonyl group (-C=O) of the ester group in PLA. The peak at 1465 cm-1 was 
corresponded to the vibration of -CH3. The peaks at 2966 and 2908 cm-1 were 
assigned to C-H stretching. The characteristic adsorption bands at 1780 and 1860 cm-1 
correspond to symmetric and asymmetric stretching of the carbonyl group (C=O) of 

(a) 
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the cyclic anhydride, respectively. The peak band at 1590 cm-1 corresponds to the 
cyclic C=C stretching of anhydride and these peaks also appeared in the physical 
mixture of PLA and MA. Since the amount of MA grafted onto PLA may be small, 
the characteristic peaks of MA might be hardly noted. The asymmetric stretching of 
the C=O of MA could have a weak intensity, and could overlap with the C=O of the 
PLA. However, the peak band at 1590 cm-1 which assigned to the cyclic C=C 
stretching of anhydride can be observed in the case of PLA5phr10h sample (in 
fig.31(b)). 
 

Since the characteristic peaks of MA grafted on polymers from FT-IR spectra 
were not clearly observed. Therefore, samples need to prove by NMR spectroscopy. 
Fig. 32-34 showed the 1H NMR spectra of the MA grafted onto PHBV, PBS and PLA 
samples, respectively. 
 
 

 
 

Fig. 32 1H NMR spectrum of PHBV grafted with MA (PHBV3phr6h sample). 
 

From Fig.32 the NMR signals for PHBV appeared at around 0.88 and 1.61 
ppm were assigned to -CH2 and -CH3 of hydroxyvalerate part, respectively. The 
intensive peak at around 1.3 ppm was associated with methylene group of 
hydroxybuthyrate part. The band at region 2.5 ppm and 5.2 ppm corresponded to –CH 
stretching in the backbone of PHBV [9]. In addition, the peaks at around 2.03 and 
2.30 ppm appeared. These two peaks were related to maleic anhydride. This result 
demonstrated that graft of MA onto PHBV was achieved. 
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Fig. 33 1H NMR spectrum of PBS grafted with MA (PBS3phr6h sample). 
 

From fig.33, the 1H NMR resonance signal of pure PBS appearing at 2.5 ppm 
was associated with the methylene protons in the succinic moiety. The resonances at 
around 4.2 and 1.7 ppm were assigned to the methylene protons in the 1,4-butanediol 
unit. The 1H NMR weak signal at approximate 3.7 ppm region which is related to the 
resonance of the methane proton formed due to the grafting of MA [145]. 

 

 
 

Fig. 34 1H NMR spectrum of PLA grafted with MA (PLA3phr6h sample). 
 

From fig.34, the succinyl functional groups generally are found in the region 
of 2-3 ppm [146]. A signal at around 2.6 ppm was assigned to the succinyl group of 
MA on PLA. The results indicated that graft of MA onto PLA was successively 
achieved. 
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2.3 Degree of grafting 
In the work of Wulin and colleagues [147], they prepared maleic anhydride 

grafted polypropylene by ball milling technique. The results showed that the degree of 
grafting reach maximum at concentration of MA was 3 phr and BPO was 1.5 phr at 
milling time for 8 hr. Therefore, by using this as a reference, the variation of MA 
content (ratio of MA: BPO was 2:1) and milling times were studied for preparation of 
polymers grafted with MA by this technique. The degree of grafting of polymers 
grafted with MA at various of MA concentration and times were showed in the table 
12. 
Table 12. Degree of grafting (%) of PHBV, PBS and PLA grafted with MA at various 
conditions. 

Samples 
%Degree of 

grafting    Samples 
%Degree of 

grafting    Samples 
%Degree of 

grafting  
PHBV3phr6h 0.401 ± 0.029 PBS3phr6h 0.391 ± 0.041 PLA3phr6h 0.449 ± 0.028 
PHBV3phr8h 0.478 ± 0.034 PBS3phr8h 0.428 ± 0.022 PLA3phr8h 0.362 ± 0.038 
PHBV3phr10h 0.362 ± 0.038 PBS3phr10h 0.474 ± 0.046 PLA3phr10h 0.374 ± 0.034 
PHBV5phr6h 0.314 ± 0.019 PBS5phr6h 0.464 ± 0.025 PLA5phr6h 0.409 ± 0.022 
PHBV5phr8h 0.381 ± 0.015 PBS5phr8h 0.450 ± 0.032 PLA5phr8h 0.468 ± 0.032 
PHBV5phr10h 0.459 ± 0.031   PBS5phr10h 0.442 ± 0.040   PLA5phr10h 0.463 ± 0.037 

 
From the table 12, it could be seen that %degree of grafting of polymer grafted 

MA samples at fixed of MA concentration and vary of times were insignificant 
different. In addition, the degree of grafting was also comparable even increase of 
MA content. After 6 hours, the grafting reaction seemed to reach maximum. Because 
the energy to mill depend on many parameters such as the type of mill, speed of 
rotation of mill, the temperature of milling and the duration of milling [148]. The ball 
mill used in this work can provide the sufficient energy to induce the reaction. 
However, the constant speed of rotation gives the limited energy. Therefore, the 
increasing of mill times may not effect on the reaction and led to an insignificant 
difference of degree of grafting. Furthermore, when milling took a longer time, 
energy loss during milling might be occurred due to the deformation of polymer 
particles at the contact area. The energy was consumed for changing in particle shape. 
In the experiment, PBS powders after the reaction became flat and stuck around the 
wall of the milling chamber. In the case of PLA and PHBV powders, polymer 
powders after the reaction agglomerated because the particles adhered on each other. 
In addition, the polymer particles also adhered around milling chamber and balls. 
Therefore, the energy required for the reaction was lower. This might be result in the 
limited degree of grafting. 

Furthermore, from the work of Hong et al, who prepared PHB grafted with 
MA by mechanical grafting in a ball mill at 300 rpm for 10 h at room temperature. It 
was found that the ratio of MA grafted onto PHB from mechanical grafting was 
relatively low [75, 149] even though MA was added to 5 phr (about 0.26%). 
Moreover, they also reported that the addition of MA was more than 5 phr could not 
improve the thermal stability significantly. This in agreement with the results in this 
work that the degree of grafting was comparable even increase of MA content.  
 
2.4 Water contact angle 
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The contact angle was used to investigate the hydrophilic properties of neat 

polymers and polymers grafted with MA. The average values of contact angle for all 
samples were showed in the table 13. As it could be seen from the table 13 that the 
contact angle of PHBV grafted with MA was lower than that of neat PHBV. Similar 
results were also observed for PBS and PLA. The decreasing of contact angle was 
assigned to the more hydrophilic properties of sample. It indicated that MA can graft 
onto polymers. However, it can be seen that the contact angle of all conditions were 
comparable. This may result from the comparable of degree of grafting. 
 
Table 13. Contact angle results of neat polymers and polymers grafted MA. 

Sample 
Contact 
angle (o)   Sample 

Contact 
angle (o)   Sample 

Contact 
angle (o) 

PHBV powder 76.7  1.0 PBS powder 84.6  4.5 PLA powder 87.6  1.3 
PHBV3phr6h 75.6  0.6  PBS3phr6h 76.1  0.3  PLA3phr6h 84.7  4.0  
PHBV3phr8h 73.3  1.4 PBS3phr8h 76.0  2.5 PLA3phr8h 84.6  0.1  
PHBV3phr10h 75.9  0.8 PBS3phr10h 74.6  0.9 PLA3phr10h 84.8  2.6   
PHBV5phr6h 73.3  0.2  PBS5phr6h 75.1  0.8 PLA5phr6h 81.5  0.6 
PHBV5phr8h 76.1  0.4  PBS5phr8h 72.4  0.9  PLA5phr8h 85.2  0.6  
PHBV5phr10h 76.0  2.0   PBS5phr10h 73.5  0.7   PLA5phr10h 78.4  1.2 

 
2.5 Thermal properties 
 

The TGA thermogram of PHBV, PBS and PLA grafted MA samples were 
presented as in fig 35, 36 and 37, respectively and the onset and inflection 
temperature of all samples were summarized in table 14. From TGA thermograms, it 
can be seen that the decomposition of polyester grafted with MA at various conditions 
progress monotonously with temperature. This result indicated that the residual MA 
and peroxide were totally removed from the samples. Furthermore, TGA 
thermograms showed the weight loss rate of neat polymers were faster than that of 
polymers grafted with MA. The degradation of polymers grafted with MA started 
later than that of neat polymer. However, the degradation temperature of those was 
similar. In the case of PHBV, the TGA results showed that the thermal property of 
PHBV grafted with MA was greatly improved from PHBV powder. For example, the 
onset and inflection temperature of PHBV powder were 268.29 and 282.95 oC, 
respectively whereas the onset and deflection temperature of PHBV grafted with MA 
at concentration of 3 phr, milling time 6 h were increased to 281.61 and 291.82 oC, 
respectively. Similarly, MA grafted onto PBS and PLA can improve thermal 
properties of PBS and PLA. For the same condition at concentration of 3 phr, milling 
time 6 h, the onset temperature of PBS increased from 372.36 to 376.52 oC and its 
inflection temperature was slightly increased from 402.27 to 403.69 oC. In the case of 
PLA, the thermal properties of PLA were also improved. Its onset and inflection 
temperature arose from 326.19 and 345.27 oC to 337.43 and 359.42 oC, respectively. 
It could be demonstrated that MA grafted onto polymers affected on degradation 
temperature and increasing the thermal stability of polyester. MA grafted onto 
polyester molecules retards the formation of cyclic rings (cis-elimination) by 
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contributing steric hindrance through the bulky MA molecules. Consequently, all 
MA-grafted onto polymers have better thermal stability than neat polymers.  
 From the thermal degradation data, it obviously observed that PHBV had the 
lower degradation temperature than PBS and PLA. This may be caused of the 
structure of polymer. The relationship between the structure of monomeric unit and 
the thermal degradation mechanism for aliphatic polyesters with different carbon 
atom was reported by Hideki Abe [15]. The results found that polymer presented the 
β-C–H bond to the ester oxygen and had a carbonyl group as a neighboring carbon 
atom, the β-C–H bond of the methylene group may be activated by the neighboring 
carbonyl group (PHBV is in this case), resulting in the thermal degradation taking 
place in a lower temperature region via the cis-elimination reaction. In contrast to the 
other polyesters, the methylene group at the β-position may be hardly activated by the 
neighboring methylene group at the -position (PBS and PLA), and the cis-
elimination reaction occurs in a higher temperature region. Therefore, from the reason 
above, the improvement of thermal properties by grafting for PHBV was more 
evidently observed than in the case of PBS and PLA. 
 

 
 

 
 
Fig. 35 TGA thermograms of PHBV grafted MA (a) 3 phr and (b) 5 phr at various 
milling times. 
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Table 14. TGA data of all samples. 

Sample  
Tonset 
(oC) 

Tinflection 
(oC)   Sample  

Tonset 
(oC) 

Tinflection 
(oC)   Sample  

Tonset 
(oC) 

Tinflection 
(oC) 

PHBV powder 268.29 282.95 PBS powder 372.36 402.27 PLA powder 326.19 345.27 
PHBV3phr6h 281.61 291.82 PBS3phr6h 376.52 403.69 PLA3phr6h 337.43 359.42 
PHBV3phr8h 282.98 292.85 PBS3phr8h 379.19 406.36 PLA3phr8h 336.62 354.59 
PHBV3phr10h 279.66 289.91 PBS3phr10h 372.78 402.92 PLA3phr10h 339.68 362.49 
PHBV5phr6h 282.27 292.09 PBS5phr6h 377.73 406.10 PLA5phr6h 331.49 351.48 
PHBV5phr8h 275.84 286.13 PBS5phr8h 375.75 404.62 PLA5phr8h 331.88 356.49 
PHBV5phr10h 281.64 290.58   PBS5phr10h 372.63 402.38   PLA5phr10h 340.56 359.90 

 
 
 

 
 

 
 

Fig. 36 TGA thermograms of PBS grafted MA (a) 3 phr and (b) 5 phr at various of 
milling times. 
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Fig. 37 TGA thermograms of PLA grafted MA (a) 3 phr and (b) 5 phr at various of 
milling times. 
 

The thermal degradation of biodegradable polyester can be retarded by grafting 
various unsaturated chemicals, or alternatively changing chemical structures. The 
mechanochemical reaction has been recognized as an easy method in many aspects. 
Several advantages include no need for external heat supply, very high efficient of mixing 
and solvent-free for the reaction. Biodegradable polyesters PHBV, PBS and PLA grafted 
with maleic anhydride (MA) through the free radical grafting via the ball-milling 
technique. NMR results showed that the mechanical grafting by ball mill polymers was 
successfully achieved. The degree of grafting of MA onto all polymers was comparable 
even increasing of MA content and duration time of milling. This may result from the 
constant speed of rotation gives the limited energy. However, MA grafted 
biodegradable polyester exhibited more hydrophilic characteristics when compared to its 
pure polymer confirming by contact angle testing. For the thermal properties, MA grafted 
polymers showed the improvement of thermal stability as indicated by increasing of onset 
and inflection temperature when compared to its pure polymers, specially, more 
pronounced in the case of MA grafted PHBV. β-C–H bond of PHBV could be activated 
by the neighboring carbonyl group easier than in the case of PLA and PBS. The 
introduction of MA remarkably increased the steric hindrance of polymer chain and 
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inhibited the formation of a six-membered ring on the chains. Therefore, the 
improvement of thermal properties by grafting for PHBV was more evidently observed. 

 
Part 3. Enhancement of thermal properties of biodegradable polymers through 
supercritical carbon dioxide method 
 

PHBVgMA Sc, PBSgMA Sc, PLAgMA Sc and PLApgMA Sc were referred 
to PHBV, PBS, PLA and PLA pellet grafted with MA in supercritical carbon dioxide 
condition, respectively. Its pure polymer without MA was also prepared by using 
supercritical carbon dioxide for comparison and denoted as Pure PHBV Sc, Pure PBS 
Sc and Pure PLA Sc for PHBV, PBS and PLA, respectively. 

 
3.1 The solubility of MA in supercritical carbon dioxide 

  
 

Fig. 38 The solubility of MA in the supercritical carbon dioxide. 
 

The solubility of MA in the supercritical carbon dioxide at pressure between 
80-100 bar was presented in fig. 38. To ensure the equilibrium and for any constant 
pressure, the solubility of MA was measured at different dissolution times. It was 
found that the solubility of MA in supercritical carbon dioxide reached maximum at 
24 hr for the pressure of 80 and 90 bar whereas at the pressure of 100 bar, the 
solubility of MA in supercritical carbon dioxide did not depend on the dissolution 
time. The solubility of MA in this pressure range lied between 0.35-0.63%. The 
pressure of 100 bar was chosen for further experiments due to its highest solvent 
power and independence of dissolution time. 

When considering the system consisting of peroxide, the decomposition 
temperature should be taken into account. The decomposition temperature of BPO is 
at least 70 oC with a half-life time of 92 minutes (as showed in fig. 39). Therefore, the 
reaction temperature should be increased to 70 oC and the dissolution time would be 
sufficiently reduced to 3 hours. 
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Fig. 39 Half-life of peroxide [150]. 
 

3.2 Physical characteristics of polymer films  
Polymer Before After 

PHBV film 

  

PBS film 

  

PLA film 

  

PLA pellet 

  
Fig. 40 Physical characteristics of polymer before and after grafting in supercritical 
carbon dioxide. 
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The physical characteristics of PHBV, PBS, PLA film and PLA pellet before 

and after grafting reaction in supercritical carbon dioxide were shown in the fig.40. 
PHBV film and PBS film before processing in supercritical carbon dioxide were 
opaque (fig.40 (a) and fig.40 (c)). After grafting reaction, PHBV and PBS films were 
more opaque (fig.40 (b) and fig.40 (d)). Similarly, clear PLA film (fig. 40(e)) was 
whitened and became opaque (fig.40 (f)) after grafting reaction. This result was 
similar to PLA pellet as showed in fig. 40 (g) and fig. 40 (h). In addition, the 
distribution of crystal particles onto polymer films could be seen in all polymer films 
after grafting reaction. 
 
3.3 Characterization of grafted polymers 

After the reaction, the sample was removed from the reactor and kept in the 
desiccator at room temperature 24 hours to remove CO2 residues. Then, all samples 
were characterized by NMR spectroscopy  Deuterated chloroform (CDCl3) was used 
as solvent for all samples. A signal at 7.2 ppm in the spectrum is the characteristic of 
CDCl3.

 
 

Fig. 41 1H NMR spectrum of PHBV grafted with MA in supercritical carbon dioxide. 
 

From fig.41, the NMR signal for PHBV appeared at around 0.8 was assigned 
to C-H and of hydroxyvalerate part. The intensive peak at around 1.3 ppm was 
associated with methylene group of hydroxybuthyrate part. The band at region 2.5 
ppm and 5.2 ppm corresponded to –CH stretching in the backbone of PHBV. In 
addition, the peak at around 2.1 ppm was related to maleic anhydride. This result 
demonstrated that graft of MA onto PHBV was successfully achieved. 
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Fig. 42 1H NMR spectrum of PBS grafted with MA in supercritical carbon dioxide. 
 

From fig.42, the 1H NMR resonance signal of pure PBS appearing at 2.6 ppm 
was associated with the methylene protons in the succinic moiety. The resonances at 
around 4.1 and 1.7 ppm were assigned to the methylene protons in the 1,4-butanediol 
unit. The 1H NMR weak signal at approximate 3.6 ppm region which is related to the 
resonance of the methane proton formed due to the grafting of MA 

 
 

Fig. 43 1H NMR spectrum of PLA grafted with MA in supercritical carbon dioxide. 
 

From fig.43, the signal appeared at 1.5 and 5.1 ppm were corresponded to – CH3 and 
–H of PLA, respectively. The succinyl functional groups generally are found in the 
region of 2-3 ppm. A signal at around 2.6 ppm was assigned to the succinyl group of 
MA on PLA. The results indicated that the grafting of MA onto PLA was successfully 
achieved. From fig. 44, it showed 1H NMR spectrum of PLA pellet grafted with MA 
which exhibited the characteristic signals were the same as in the case of PLA grafted 
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with MA film (as showed in fig. 43). A signal at around 2.4 ppm was assigned to the 
succinyl group of MA on PLA. 
 

 
Fig. 44 1H NMR spectrum of PLA pellet grafted with MA in supercritical carbon 

dioxide. 
 
3.4 Degree of grafting  

The MA grafting yields were determined by the back -titration method. The 
sample was first precipitated to ensure that the unreacted MA was removed. The 
average degree of grafting of samples is listed in table 15. 
 
Table 15. The average degree of grafting (%) of samples. 

Samples %Degree of grafting  
PHBVgMA Sc 0.77  0.10 
PBSgMA Sc 0.58  0.06 
PLAgMA Sc 1.02  0.13 
PLApgMA Sc 0.88  0.04 

 
From table 15, it could be seen that the average degree grafting of MA onto 

PLA film showed relatively high as well as in the case of PLA pellet grafted with MA. 
This may be a result from the temperature of reaction was increased to 70 oC which 
was higher than the glass transition temperature of PLA (55-60 oC) and supercritical 
carbon dioxide could swell polymer [113]. From work of Mahmood and coworkers 
[151] who studied the solubility of carbon dioxide in PLA at various of pressures and 
temperatures. The results indicated that swelling and solubility of PLA increased with 
increasing of pressure whereas these properties decreased when increasing in 
temperature. The increasing of volume swelling of PLA attributed to carbon dioxide 
dissolution. Due to the higher pressure, the density of gas was higher, more carbon 
dioxide molecules could permeate with PLA matrix and increasing the extension. This 
resulted in increasing of volume swelling of polymer. Therefore, polymer chain has 
higher mobility, higher free volume and sample became softer. Consequently, this 
provides good transfer of MA and BPO into polymer result in high degree of grafting. 
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In the case of PBS and PHBV samples, they have high crystallinity, which prohibited 
or reduced the transport of reactive molecule and carbon dioxide into polymer. 
Because crystals and surrounding volume of crystals would affect the solubility of 
carbon dioxide in polymer [151]. Therefore, this resulted in low degree of grafting 
when compared to PLA samples. 
 
3.5 Morphology of samples 
 Morphology of cross section and surface of film samples were characterized 
by SEM technique as showed in fig. 45-48. Compared to polymer grafted with MA, it 
was observed that pure polymer film illustrated the smoother surface. Meanwhile, 
polymer grafted with MA presented a rougher surface than that of pure polymer film 
and there were some solid particles impregnated in polymer matrix. These particles 
size was around 10-20 μm. Furthermore, from the experiment, the residual MA which 
was placed in the reactor came to recrystallize after releasing pressure and 
temperature was cool down. Therefore, to prove the solid particles impregnated in 
PLA, MA crystal was introduced to characterize by SEM. SEM picture of MA crystal 
was showed in fig. 49, the MA crystal size was in range of 10-20 μm. The shape of 
crystal was non-uniform. The rectangle and hexagonal flat face of MA crystal could 
be observed. However, the shape and size of the solid particles impregnated in PLA 
was similar to MA crystal. Thus, it indicated that this particle was MA crystals, which 
penetrated into the polymer film during the process and then the recrystallization of 
the finely dispersed MA within the polymer occurred upon reducing the pressure, thus 
allowing the encapsulation of MA crystals. The recrystallizations of unreacted MA 
could occur during the reaction. This also confirmed the transport of reactive 
molecule into bulk PLA. Furthermore, the voids around impregnated MA could be 
seen. This result clearly showed in the case of PLA grafted with MA (fig.47 (d)). This 
could be attributed to that MA particles may act as stress concentrators in the polymer 
matrix and this led to the brittleness in polymer film. The other reason for this was the 
dissolution of supercritical carbon dioxide and reactive compounds in PLA as carbon 
dioxide was vented, the simultaneous recrystallization of MA occur. Thus, the void 
was created around the MA crystal. However, the sample film after rinse with water 
also examined and the result showed that a little bit of MA crystal still remained in 
films. This could be from the tightly impregnated of recrystallized MA in polymers 
matrix. When considering the surface of the film, it could be seen that the surface of 
polymer grafted MA samples were rough and wavy (as showed in the fig. 45(c), 46(c) 
and 47(c)). The thickness of rough surface of PHBVgMA Sc, PBSgMA Sc and 
PLAgMA Sc were around 10 μm. It was more pronounced in the figure 45(e), 46(e) 
and 47(e) and it was also observed in the samples after rinse with water (fig. 45(h), 
46(h) and 47(h)). This result was similar to work of Zhimin L.et. al. This phenomenon 
was explained for grafted polypropylene after treating with supercritical carbon 
dioxide by the different initiation rate of amorphous and crystalline site, partly arising 
from different swelling rate in amorphous and crystalline region.  
 In the case of PLA pellet grafted with MA, its cross section was rather rough 
when compared to pure PLA pellet and it could be observed the MA crystal distribute 
throughout PLA matrix (fig. 48(c)). In addition, the impregnated MA was also 
observed on the surface of sample (fig. 48 (d)).  
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Fig. 45 SEM micrographs of cross section of pure PHBV film ((a) and (b)) and cross 
section of PHBVgMA Sc ((c), (d) and surface of PHBVgMA Sc (e)), cross section of 
PHBVgMA Sc after wash ((f) and (g)) and surface of PHBVgMA Sc after wash ((h)). 

  

 

   

   
Fig. 46 SEM micrographs of cross section of pure PBS film ((a) and (b)) and cross 
section of PBSgMA Sc ((c), (d) and surface of PBSgMA Sc (e)), cross section of 
PBSgMA Sc after wash ((f) and (g)) and surface of PBSgMA Sc after wash ((h)). 
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Fig. 47 SEM micrographs of cross section of pure PLA film ((a) and (b)), cross 
section of PLAgMA.Sc ((c) and (d)), surface of PLAgMA Sc ((e)), cross section of 
PLAgMA Sc after wash ((f) and (g)) and surface of PLAgMA Sc after wash ((h)). 
 

  

  
Fig. 48 SEM micrographs of cross section of pure PLA pellet (a), surface of pure 

PLA pellet (b), cross section of PLApgMA after wash (c) and surface of PLApgMA 
after wash (d). 
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Fig. 49 SEM micrograph of MA crystal. 
 
3.6 Water contact angle 

All sample films were investigated the hydrophilic properties by water contact 
angle testing. The average values of contact angle for all samples were showed in the 
table 16. 
 
Table 16. The average contact angle of samples. 

Sample Contact angle (o) 
Before washing After washing 

Pure PHBV Sc 88.8 ± 3.9  - 
PHBVgMA Sc 72.4 ± 1.0 66.2 ±  0.6 
Pure PBS Sc 70.3 ±  0.4  - 
PBSgMA Sc 30.7 ± 0.6 17.4 ±  1.5 
Pure PLA Sc 100.1 ± 0.8  - 
PLAgMA Sc 86.1 ± 1.9 77.3 ± 2.7 

 
From table 16, it was observed that the average contact angle of polymers 

grafted with MA that both before and after washing with solvent was lower when 
compared with pure polymers. The decreasing in contact angle was mainly ascribed to 
the modified surface of polymer films as showed in SEM results and it corresponded 
to the improvement of the hydrophilicity by maleic anhydride grafted onto polymers.  
 
3.7 Molecular weight measurement 

The molecular weight data Mn, Mw and polydispersity of pure polymer and 
polymer grafted with MA samples were showed in the table 17. 

It could be seen that the molecular weight of all polymer grafted with MA 
samples was dramatically decreased when compared to its pure polymer. However, in 
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the case of PLApgMA Sc exhibited slightly increased in Mn whereas decreased in 
Mw when compared to PLA pellet.  

To prove this, PLA film added BPO and PLA film added MA alone including 
PLA pellet were also prepared in the same condition of grafting. It could be observed 
that the molecular weight of both PLA added BPO and PLA added MA alone samples 
were also decreased, especially PLA added MA alone. Meanwhile, Mn and Mw of 
PLA pellet added BPO alone were slightly increased when compared to PLA pellet. 
However, when adding MA in PLA pellet, Mn and Mw of PLA were significantly 
decreased when compared to PLA pellet. 

It is known that the graft content increased as the MA or initiator 
concentration increased. The increase in graft content with initiator concentration is 
due to the increase in radical formation through the decomposition of initiator. 
However, it was observed that concentration of MA graft onto polyester decreased at 
a higher concentration of maleic anhydride and peroxide in melt process and it can 
cause more chain scission [152, 153] and result in decreasing in molecular weight of 
polymer grafted with MA samples. 
 
Table 17. Molecular weights data of pure polymers and polymer grafted with MA 
samples. 

Samples Mn  Mw Polydispersity 
Pure PHBV Sc 308506 317407 1.03 
PHBVgMA Sc 41959 75603 1.80 
Pure PBS Sc 9937 10783 1.09 
PBSgMA Sc 1977 2227 1.13 
Pure PLA Sc 106177 158239 1.49 
PLAgMA Sc 12808 20429 1.60 
PLA+BPO 79101 128276 1.62 
PLA+MA 20345 34831 1.71 
PLA pellet 120324 195442 1.62 
PLApgMA Sc 122470 190041 1.55 
PLAp+BPO 124346 195356 1.57 
PLAp+MA 98705 165245 1.67 

 
 Calson and co-workers [154] described the possible reactions occurring during 
maleation of PLA with peroxide in the twin screw extrusion as showed in the fig. 50. 
It was found that the addition of MA and peroxide at high loading had the negative 
effect on the molecular weight of samples. Peroxide was decomposed to form 
radicals. Then, radicals abstract hydrogen from PLA backbone and MA react to trap 
radicals which formed on PLA backbone. Next, it undergoes β-scission or combines 
with other PLA radicals. However, the PLA radical backbone can also undergo β-
scission. The byproducts of this reactions (e.g., hydroxyl and carboxylic end groups 
and oligomers) including residual monomers can accelerate the thermal degradation 
of PLA and result in decreasing of molecular weight and weight loss of TGA [155]. 
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Fig. 50 The possible reaction mechanisms for free-radical melt-grafting of MA onto 

PLA [154]. 
 

In addition, R. Mani and colleagues [152] proposed the probable mechanism 
β-scission reaction by peroxide for MA grafting polyester PBS as showed in the 
fig.51.  

From fig.51, the reaction starts with the homolytical scission of organic 
peroxide.  This is followed by the hydrogen abstraction of the α- carbon atom relative 
to the ester carbonyl group and results in the formation of a polyester macroradical, 
which undergoes a β-scission with the simultaneous formation of a radical chain end 
and vinylidene chain end. 
 

 
Fig. 51 The probable mechanism for β-scission reaction during grafting reaction of 

PBS [152]. 
 

In addition, this result could also be observed in the grafting of maleic 
anhydride onto polypropylene in the presence of supercritical carbon dioxide [113, 
156] which result in decreasing in viscosity and molecular weight. These results are in 
agreement with this research indicating that the dominant side reaction of maleated 
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polyester prepared by free-radical grafting is degradation. During the process, there 
were the competition reactions between grafting of MA onto polymer and chain 
scission. Once, the radical is formed, hydrogen abstraction can occur, producing 
reactive site in polymer which may react with the MA. The resulting polymer radical 
may then combine with another radical (peroxide, or polymer radicals or hydrogen) 
and further undergo a chain scission (as showed in fig. 50). 

In the case of polymer films added MA alone, polyesters might be degraded 
by chain scission via acid hydrolytic reaction. The presence of moisture in the 
ambient reactor, MA could be hydrolyzed to maleic acid. This result was led to acidic 
media. The example for the mechanism of acid hydrolytic for PLA was showed in 
fig.52 

For this other reason, polyester might be degraded by maleic anhydride 
without passing through free-radical reaction. However, the effect of maleic 
anhydride on degradation of polyester was still unclear.  

 
Fig. 52 Acid hydrolytic chain cleavage mechanism of PLA. Adapted from reference 

[157]. 
 
3.8 Thermal properties 

The thermal stability of polymers grafted with pure polymers were illustrated 
in the weight loss curves as showed in fig.53 

Comparison of TGA results from pure polymer film and polymer grafted with 
MA by supercritical carbon dioxide indicated the difference in thermal stability. The 
onset temperature for thermal decomposition of the starting pure PHBV film was 
277.3 oC and inflection temperature was 286.3 oC. The onset and inflection 
temperature of pure PBS film were 374.3 oC and 400.2 oC, respectively. In the case of 
pure PLA film, the onset and inflection temperature were 341.4 oC and 361.8 oC, 
respectively. 
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Fig. 53 TGA thermograms of pure polymers and polymers grafted with MA (a) 

PHBV samples, (b) PBS samples and (c) PLA samples. 
 
 From the TGA thermograms of polymer film grafted with MA samples, it 
could be seen that the degradation of polymer film grafted with MA started since 50 
oC and slightly decreased when compared to its neat polymer. For PHBVgMA Sc 
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sample, the thermogram was slightly decreased and exhibited the inflection 
temperature at 288.5 oC. For PBSgMA Sc sample, the decomposition was slightly 
decreased and inflection temperature was slightly decreased to 398.7 oC when 
compared to pure PBS film. Meanwhile, the %weight of PLAgMA Sc sample was 
gradually decreased since 50oC. Its inflection temperature was 362.9 oC. In the case of 
PLApgMA Sc sample, TGA thermogram was slightly decreased like as PLAgMA Sc 
sample (fig. 53(c)). 

Meanwhile, thermogram of solid mixture of PHBV and MA exhibited two 
steps of decomposition with the first decomposition temperature of around 150 oC and 
the second step was main decomposition of PHBV. The former decomposition at 150 
oC was assigned to the decomposition of MA. Similarly, the TGA thermograms 
exhibited two steps of decomposition in the case of solid mixture of PBS and MA as 
well as PLA mixed with MA (as showed in the fig. 53(b) and 53(c), respectively). 
This indicated that the earlier decomposition of polymer film grafted with MA 
samples was related to the decomposition of MA. Therefore, the presence of MA 
could lead to decrease in molecular weight of polymer and result to lower 
decomposition temperature of polymers. 

The free radical grafting of PHBV, PBS and PLA film with MA were 
successfully prepared in the supercritical carbon dioxide. Pressure of CO2 and 
dissolution time affected the solubility of MA in the supercritical carbon dioxide. 
Thus, the reaction was carried out at 100 bar with 3 hours reaction time for the 
effective grafting reaction. From the SEM micrographs of polymer grafted with MA 
film after rinse with water exhibited the recrystallized MA remained in the samples. 
Therefore, to ensure that unreacted MA was removed and it did not effect on the 
degree of grating of MA onto polymer, sample was first precipitated and then 
introduced to titration. The average degree of grafting by this method was relatively 
high achieved. It was 0.59%, 0.56% and 0.98% for PHBVgMA Sc, PBSgMA Sc and 
PLAgMA Sc sample, respectively. In addition, polymers film grafted with MA 
showed the improvement of the hydrophilicity as confirmed by the decreasing in 
contact angle of polymer grafted with MA sample when compared to its neat polymer. 
However, the sacrificed molecular weight reduction can be probably caused by the 
excess or high loading of MA and peroxide, led to chain scission reaction which is the 
competition reactions occurred during the grafting of MA onto polymer. From TGA 
result, it was found that the thermal stability of the samples was influenced by 
grafting of MA. In addition, the onset decomposition temperature of samples started 
earlier than its pure polymer due to the residual unreacted MA in the sample and 
might be result from the decreasing of molecular weight of grafted polymers.  

In terms of industrial production, the grafting reaction of as-received PLA was 
also prepared. The results showed the success of grafting MA onto PLA pellet and 
provided the relative high grafting yield was 0.88%. In any case, it also encountered 
with the decreasing in molecular weight and led to lower thermal properties when 
compared to pure PLA pellet. 
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Part 4. Enhancement of thermal properties of biodegradable polymers by using 
chain extenders 

The drying of PLA samples was essential in this study to ensure that the 
fluctuation of the residual moisture within the samples will not interfere the 
experimental results. The processed PLA and PLA added chain extender samples 
were dried before further work and the moisture content of samples after drying were 
around 0.02wt%. This value was acceptable and typical for moisture absorption value 
for PLA pellets. This amount of moisture contents was less than the recommended 
value in the literature [158] to ensure the ease of the hydrolytic degradation during 
extrusion process. The drying rates of PLA samples were constant when applied the 
drying condition in this study.  

 
4.1 Molecular weight analysis 

The information of molecular weights (Mw) of processed PLA and PLA 
added chain extender samples at various processing temperatures were summarized in 
Table 18. It was observed that the molecular weight of processed PLA decreased with 
increasing the processing temperature when compared to PLA pellet* (decreasing 
from 168,158 to 117,250 Da for 250 oC), except for 240 oC (155,935 Da). The thermal 
degradation of PLA during thermal processing is mainly caused by random scission to 
generate linear and cyclic oligomers. However, the recombination reaction of cyclic 
oligomers and linear oligomers were also possibly occurred [31, 159], leading to the 
increase of the molecular weight. This was an evidence for processed PLA at 240 oC 
whereas for other processed temperature, the molecular weights tended to decrease. 
The addition of both PCD and ECE into PLA showed that MWD shape stayed closely 
to the one without PCD and ECE. Considering the addition of chain extenders into 
PLA samples, the molecular weight of PLA for PLA/PCD samples increased slightly 
compared to that of processed PLA. The MWD of PLA/PCD also shifted towards 
higher molecular weight as compared to processed PLA. In the case of PLA/ECE, the 
molecular weight of PLA was significantly increased to 2 folds when compared to 
processed PLA (e.g. increased from 117,250 to 259,430 Da for 250 oC). In addition, 
the MWD of PLA/ECE was bimodal and shifted towards higher molecular weights 
with little shoulder peak as shown in fig.56. These results were also similar to those 
reported by Yves-Marie Corre et al [129] who found the high molecular weight 
population growth when the chain extender ECE was added in PLA processed at 210 
oC. The bimodal distribution characteristic of PLA/ECE was associated with two 
peaks; higher molecular weight population and the normal molecular weight 
population. Interestingly, at highest processing temperature (250 ºC), the normal 
molecular weight distribution population tended to shift to the high molecular weight 
population as illustrated in fig. 54(d). The higher molecular weight peak of PLA/ECE 
could result from the reactions of chain extenders. At this highest experimental 
temperature, the thermal degradation could be very severe, but it could be overcome 
by and the reaction of chain extenders with low molecular weight PLA, subsequently 
resulting in the bimodal characteristics with the population of higher molecular 
weight PLA. 
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Table. 18 Molecular weights data of processed PLA and PLA added chain extender 
samples at various processing temperatures. 

 
 
 
 

  

   
Fig. 54 Molecular weight distribution curves of processed PLA and PLA added chain 
extenders at various processing temperatures; (a) 220 oC, (b) 230 oC, (c) 240 oC and 
(d) 250 oC. 
 
4.2 Melt flow Index of processed PLA and PLA added chain extenders. 

The melt flow index (MFI) is related to the molecular weight of the polymer. 
The MFI results of all samples were showed in fig. 55. The MFI results showed that 
MFI of processed PLA was increased with the processing temperatures, implying the 
reduction of molecular weights, whereas the PLA added chain extenders showed the 
lower values compared to processed PLA. This finding supported the reactions 
between PLA and chain extenders and was consistent with the molecular weights 
results discussion above.  
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Fig. 55 Melt flow index of PLA and PLA added chain extender at various process 

temperatures. 
 
4.3 Reaction of chain extenders with PLA 

The reaction of PLA with PCD and PLA with ECE were followed using FT-
IR and also compared to the solid mixture of them. The FT-IR spectra of processed 
PLA, chain extenders, solid mixture of them, PLA/PCD and PLA/ECE under the 
processing temperature of 250 oC were showed in fig. 56 and fig. 57, respectively. 
From fig. 56, the intensive peak located at around 1750 cm-1 was referred to the 
carbonyl group (-C=O) of the ester group in PLA. The peak (C-O-C) appeared at 
1220 cm-1 belonged to the ester bond and the peak at 1470 cm-1 was corresponded to 
the vibration of –CH3. The peak at 2999 and 2949 cm -1 were assigned to C-H 
stretching. For PCD, the functional group of PCD is carbodiimide (-N=C=N-), which 
has the characteristic peak of FT-IR at around 2160 cm-1 [160] and this peak also 
appeared in the solid mixture of PLA and PCD. However, this peak disappeared in the 
spectrum of PLA/PCD. This result implied that the carbodiimide groups might react 
with the end group of PLA [161].  

Fig. 57 showed the FT-IR spectra of processed PLA, ECE, solid mixture of 
PLA/ECE and PLA/ECE under processing temperature of 250 oC. For the ECE 
spectrum, ECE is the multifunctional epoxide compound, therefore it exhibited peak 
at around 842, 908 and 1255 cm-1, which were attributed to the C-O stretching of the 
epoxy groups and these peaks also appeared in the spectrum of ECE and solid mixture 
of PLA/ECE. 

However, these peaks were not clearly observed in the case of PLA/ECE, 
indicating that all of the epoxide groups have been consumed. The epoxy groups of 
ECE could react with both hydroxyl and carboxyl groups of the polyester although the 
reaction of epoxide is more favorable in the case of carboxyl groups [162]. The 
coupling between ECE and end groups of PLA involved with epoxide ring-opening 
reaction and the creation of covalent bonds via hydroxyl side group formation and the 
reactions between the multifunctional epoxide chain extender and carboxylic acid and 
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hydroxyl end group of PLA were showed in fig. 58 [129]. However, ECE has the 
multifunctional groups therefore it would be possible to obtain the branched 
structures. 
 

 
Fig. 56 FT-IR spectra of processed PLA, PCD, solid mixture of PLA/PCD and 

PLA/PCD for processing temperature of 250 oC. 
 

 
Fig. 57 FT-IR spectra of processed PLA, ECE, solid mixture of PLA/ECE and 

PLA/ECE for processing temperature of 250 oC. 
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Fig. 58 Reaction of carboxylic acid (a) and hydroxyl (b) chain end of PLA and 

epoxide group of chain extender. 
 

4.4 Thermal properties 
 
4.4.1 Differential scanning calorimetry (DSC) 

The thermal properties of processed PLA and PLA added chain extenders at 
various processing temperature were analyzed by DSC. All data from DSC were 
summarized in Table 19. From table 19, it could be seen that the glass transition 
temperature of processed PLA at various processing temperatures was insignificantly 
changed. The cold crystallization temperature (Tcc) of processed PLA tended to 
decrease with increasing processing temperatures. Moreover, the melting enthalpy 
( Hm) of PLA was increased with increasing the processing temperatures. It is known 
that the melting enthalpy is directly proportional to the crystallinity of polymer, 
therefore it implied that the crystallinity of processed PLA was increased. These 
results were attributed to a decrease of the chain length, which led to better mobility 
of polymer chain and crystallinity [163]. The single and broad melting peak could be 
observed for processed PLA at various temperatures, except at 250 oC where two 
melting peaks could be observed. However, there were no changes in the melting 
range for all cases. In the case of PLA added chain extenders, the samples of PLA 
added both PCD and ECE showed the single melting peak and their melting enthalpy 
decreased when compared to processed PLA at the same condition. The melting 
enthalpy of processed PLA decreased from 26.56 J/g to 25.85 J/g for PLA/PCD and 
22.87 J/g for PLA/ECE at 250 oC. In addition, the cold crystallization temperature of 
PLA added chain extenders increased when compared to processed PLA. Tcc of PLA 
increased from 111.84oC to 115.48 oC for PLA/PCD and 118.36 oC for PLA/ECE for 
processing temperature of 250 oC. Santonja-Blasco et al. [164] has found that the 
samples crystallized at lower Tcc or fast crystallization exhibited double melting 
peaks. In addition, if Tcc occurred at around or higher than 120 oC, the two melting 
peaks merged into a single peak [165]. It could be observed in the case of processed 
PLA at 250 oC, where its Tcc was 112 oC and it showed the two melting peaks. The 
two melting peaks characteristics could be also explained based on the melt 
recrystallization model [166, 167]. The result is associated with the melting of some 
amount of the original crystals and the melting of crystals formed through a melt-
recrystallization process during a heating scan, respectively. 
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Table 19. DSC data of processed PLA and PLA added chain extenders at various 
processing temperatures. 

 
 
4.4.2 Thermogravimetric analysis (TGA) 

The thermal degradation of all samples was characterized by TGA technique 
to investigate the effect of chain extenders on the thermal degradation behavior of 
PLA. The onset and deflection temperature of processed PLA and PLA added chain 
extenders were concluded in Table 20. As expected, TGA results showed the slightly 
increasing in onset and deflection temperatures of both PLA added PCD and ECE 
samples when compared to processed PLA. This improvement in the thermal stability 
might be resulted from the incorporation of reactive group of chain extender with the 
hydroxyl or carboxyl group of PLA chain end and led to the decrease in the number of 
active site of chain ends, thus preventing them from promoting the depolymerization 
by back-biting and, hence retarding the degradation rate of PLA. 
 
Table 20. Onset and deflection temperature of processed PLA and PLA added chain 
extender samples at various processing temperatures. 

 
 
4.5 Mechanical properties 

The modulus, tensile strength and elongation at break of processed PLA and 
PLA added chain extenders were showed in fig. 59-61. It can be seen that modulus 
and tensile strength of processed PLA, PLA/PCD and PLA/ECE were comparable. 
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These results might be a consequence of the decrease of the chain length and the 
increase of the degree of crystallinity of processed PLA at high processing 
temperature as indicated by DSC results. In the case of elongation at break, processed 
PLA samples showed the deteriorated values which resulted from the reduction of 
molecular weight, the decrease of the chain length whereas PLA/PCD and PLA/ECE 
samples exhibited the greatly improved elongation at break, even at the temperature 
above 220oC. The elongation at break of PLA/PCD at processing temperature of 250 
oC was increased from processed PLA by 37.4% and 40.3% for PLA/ECE sample. 
Moreover, the impact strength of PLA added chain extenders were also higher than 
that of processed PLA as showed in fig. 62. The impact strength was improved by 
33.7% and 35.5% for PLA/PCD and PLA/ECE sample respectively for processing 
temperature of 250 oC. This improvement could result from the reaction between PLA 
chains with the reactive functional group of chain extender which can react with both 
hydroxyl and carboxyl of polyester. PLA were capped and reconnected. 
Consequently, it led to improve in both molecular weight and mechanical properties. 

 
Fig. 59 Modulus of processed PLA and PLA added chain extenders at various 

processing temperatures. 

 
Fig. 60 Tensile strength of processed PLA and PLA added chain extenders at various 

processing temperatures. 
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Fig. 61 Elongation at break of processed PLA and PLA added chain extenders at 

various processing temperatures. 

 
Fig. 62 Impact strength of processed PLA and PLA added chain extenders at various 

processing temperatures. 
 
 
4.6 PLA/Polyamide 6 blend 

For high processing temperature, polyamide 6 (PA6) was selected as a blend 
pair. In general, the large different processing temperature between PLA/PA6 would 
cause PLA to degrade thermally and severely. Therefore, the blend of this polymer 
pair was very challenging. To ease this effect, the influence of chain extender PCD or 
ECE on thermal and mechanical properties was evaluated and discussed. The results 
and discussion of this section were showed in the appendix A. 
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CHAPTER 5 
 

CONCLUSIONS AND SUGGESTION 
 
1. Conclusions
 
  Biodegradable polyesters PLA, PBS and PHBV /silica nanocomposites have 
been prepared. The improvement in thermal properties of polyester/silica 
nanocomposites were achieved both of onset and inflection temperature which 
measured by TGA. Moreover, the HDT value was also improved in the case of 
PHBV/silica 5 wt% and PBS/silica 5 wt% samples (excepted PLA/silica 
nanocomposites). However, the mechanical performances of nanocomposites depend 
on the content and the dispersion of silica particles in the polymer matrix. At low 
silica content, the mechanical properties were slightly increased, whereas it became 
deteriorated properties at the higher silica loading. Because of the interaction between 
the polar groups on the surface of silica, consequently it has a tendency to 
agglomerate between itself. 

For improvement thermal stability of biodegradable polymer via grafting 
reaction, the results showed that the mechanical grafting by ball mill polymers was 
successfully achieved. MA grafted onto polymers can improve the thermal stability of 
biodegradable polyester by retarding the formation of cyclic rings (cis-elimination) 
caused contributing steric hindrance through the bulky MA molecules. The 
improvement of thermal properties by grafting for PHBV was greatly improved when 
compared to PBS and PLA. Because of the β-C–H bond of PHBV could be activated 
by the neighboring carbonyl group easier than in the case of PLA and PBS. The 
introduction of MA remarkably increased the steric hindrance of polymer chain and 
inhibited the formation of a six-membered ring on the chains. Therefore, the 
improvement of thermal properties by grafting for PHBV was more dominantly 
observed. 

For grafting by using supercritical carbon dioxide method, the free radical 
grafting of PHBV, PBS and PLA film with MA were successfully prepared in the 
supercritical carbon dioxide. Pressure of CO2 and dissolution time affected the 
solubility of MA in the supercritical carbon dioxide. Thus, the reaction was carried 
out at 100 bar with 3 hours reaction time for the effective grafting reaction. The 
average degree of grafting by this method was relatively high achieved when 
compared to both solution and melt processes. The high grafting degree is required for 
tailoring most of the hydrophobic biodegradable polymers. In addition, polymers film 
grafted with MA showed the improvement of the hydrophilicity as confirmed by 
contact angle. However, the sacrificed molecular weight reduction can be probably 
caused by the excess or high loading of MA and peroxide, led to chain scission 
reaction which is the competition reactions occurred during the grafting of MA onto 
polymer. From TGA result, it was found that the thermal stability of the samples was 
influenced by grafting of MA. In addition, the onset decomposition temperature of 
samples started earlier than its pure polymer. This might be result from the decreasing 
of molecular weight of grafted polymers. Nevertheless, in terms of industrial 
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production, the easy-to-setup supercritical fluid technology and high effectiveness are 
very attractive and can provide alternatives and versatile products. 

In the case of improvement thermal stability of biodegradable polymer by 
using chain extenders, the results indicated that the addition of two chain extenders, 
PCD and ECE, to PLA could prevent the further mechanical deterioration and thermal 
degradation from the high processing temperature. The molecular weight of PLA for 
PLA/PCD increased slightly while it increased to 2 folds for PLA/ECE and their 
MWD curves shifted towards higher molecular weight population and exhibited 
bimodal distribution for PLA/ECE when compared to processed PLA. This could be 
due to the multifunctional of ECE which could react with PLA and would be possible 
to form the long branched structures whereas PCD is bi-functional group, providing 
the long linear of reconnected PLA chain. Therefore, they exhibited the difference in 
the improvement of molecular weight and molecular weight distribution. TGA data of 
PLA added chain extenders samples showed the improvement of thermal stability by 
an increase in onset and deflection temperatures when compared to processed PLA 
ones. More reactions and reconnection of chains, larger molecules plus less ester 
groups led to more thermal stability of molecules. From DSC results, the Tg and Tm of 
PLA remained unaffected. In addition, the presence of both chain extenders in PLA 
also improved elongation at break and impact strength. For processed PLA samples, 
these mechanical properties decreased. Therefore, the using chain extender was found 
to be the effective approach for prevention PLA under high processing temperature. 
In addition, the chain extenders have the great potential to use in blend of PLA and 
high melting temperature plastics.  
 
2. Suggestion and recommendation 
 

For improvement thermal stability of biodegradable polyesters through 
composite approach, this method was suitable for all of PHBV, PBS and PLA. 
However, the dispersion and loading content of silica nanoparticle were important and 
should be considered for improvement thermal stability of polymers without sacrifice 
of mechanical properties. At the higher loading content of silica, silica tend to 
agglomerate and led to decrease in elongation at break and impact properties. For 
mechanical grafting by ball milling, it is interesting, if the speed of rotation can be 
increased for providing the higher energy for the reaction, the higher degree of 
grafting might be obtained. This method was more dominantly observed for PHBV.  

In case of grafting via supercritical carbon dioxide, it is the effective method 
for grafting MA onto polymers. However, because of the limitation of reactor 
therefore, the study of the solubility of MA in supercritical carbon dioxide was limited 
at 100 bar. The higher pressure, carbon dioxide has more powerful solvent for the 
reaction. It might be provide the higher grafting yield. Besides, high loading of MA 
and peroxide can lead to chain scission reaction and result in decrease of molecular 
weight and thermal properties of polymers. Therefore, the concentration of MA and 
peroxide should be considered. 

For using chain extenders method, it is an easy-to-apply alternative for 
industry. This method was suitable for polymer which presence the -OH or -COOH 
terminal groups. Chain extenders will reconnect polymer chains therefore polymer 
was prevented thermal degradation from the high processing temperature. However, 
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the moisture content in polymer was important. It might accelerate the hydrolysis. 
Consequently, the drying of polymer samples was essential to ensure that the 
fluctuation of the residual moisture within the samples will not interfere the 
experimental results.  
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APPENDIX A 

RESEARCH DATA 

Part 1. Enhancement of mechanical and thermal properties of biodegradable 
polymers through composite approach 

Properties of silica Aerosil ® 200 
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Thermal properties (DSC results) 

Sample Tm1 Hm1 Tm2 Hm2 Tc Hc 
Neat PHBV 133.1 9.8 147.24 52.88 87.3 70.0 
PHBV + SiO2 0.1 phr 142.9 0.7 155.4 69.5 103.0 71.6 
PHBV + SiO2 0.2 phr 126.4 3.8 148.9 36.0 86.5 57.6 
PHBV + SiO2 0.5 phr 125.8 3.0 148.7 31.9 87.0 52.2 
PHBV + SiO2 1.0 phr 139.8 3.7 155.4 27.0 100.5 62.8 
PHBV + SiO2 2.5 phr 141.1 4.5 156.0 28.1 100.7 67.5 
PHBV + SiO2 5.0 phr 148.4 61.2 - - 82.5 55.8 

 

Sample Tcc Hcc Tm Hm Tc Hc 
Neat PBS 98.5 10.7 115.1 64.0 74.2 61.4 
PBS+ SiO2 0.1 phr 98.8 10.0 115.1 65.6 72.6 62.3 
PBS+ SiO2 0.2 phr 99.7 8.8 114.7 66.8 76.6 62.6 
PBS+ SiO2 0.5 phr 99.7 9.7 115.1 63.0 75.2 61.1 
PBS+ SiO2 1.0 phr 100.1 8.8 115.4 59.6 75.1 58.4 
PBS+ SiO2 2.5 phr 101.5 7.0 114.7 59.3 76.5 59.3 
PBS+ SiO2 5.0 phr 104.1 3.1 115.0 51.2 81.3 55.9 

 

Sample Tg Tcc Hcc Tm Hm 
Neat PLA 60.4 114.2 16.3 150.7/155.0 20.3 
PLA+ SiO2 0.1 phr 61.0 129.6 3.9 153.9 3.2 
PLA+ SiO2 0.2 phr 61.3 126.9 10.8 154.9 15.5 
PLA+ SiO2 0.5 phr 61.4 129.9 8.1 155.0 6.9 
PLA+ SiO2 1.0 phr 61.2 129.2 8.9 154.5 6.5 
PLA+ SiO2 2.5 phr 61.5 131.7 3.5 155.5 3.6 
PLA+ SiO2 5.0 phr 62.0 132.9 1.5 155.4 1.5 
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Tensile properties 

Sample Modulus (MPa) SD Elongation at break (%) SD
Neat PHBV 2523.22 224.82 3.62 0.43
PHBV +SiO2 0.1 phr 2664.87 125.57 3.56 0.93
PHBV +SiO2 0.2 phr 2602.55 119.35 3.92 1.05
PHBV +SiO2 0.5 phr 2455.76 40.80 4.26 0.44
PHBV +SiO2 1.0 phr 2699.92 110.80 1.21 0.46
PHBV +SiO2 2.5 phr 2576.87 143.03 1.78 0.48
PHBV +SiO2 5.0 phr 2665.46 110.21 2.06 0.27  

Sample Modulus (MPa) SD Elongation at break (%) SD
Neat PBS 604.63 20.66 11.08 0.511
PBS+SiO2 0.1 phr 639.66 21.94 10.73 0.431
PBS +SiO2 0.2 phr 630.40 15.94 11.24 0.553
PBS +SiO2 0.5 phr 636.15 26.03 10.78 0.324
PBS +SiO2 1.0 phr 573.97 10.94 8.85 1.35
PBS +SiO2 2.5 phr 618.16 14.27 7.92 0.439
PBS +SiO2 5.0 phr 645.80 16.28 7.11 0.622  

Sample Modulus (MPa) SD Elongation at break (%) SD
Neat PLA 2,577.57 62.28 1.81 1.27
PLA+SiO2 0.1 phr 2,547.30 86.60 4.49 2.15
PLA+SiO2 0.2 phr 2,430.11 91.58 4.76 1.76
PLA+SiO2 0.5 phr 2,373.86 71.20 4.00 1.72
PLA+SiO2 1.0 phr 2,321.66 17.59 3.60 2.26
PLA+SiO2 2.5 phr 2,380.22 89.35 3.65 0.60
PLA+SiO2 5.0 phr 2,450.48 91.15 3.29 1.04  
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Impact strength 

Samples Impact strenght (kJ/m2) SD
PHBV Pellet 3.68 0.48
PHBV Neat 3.68 1.41
PHBV + SiO2 0.1 phr 3.82 0.49
PHBV + SiO2 0.2 phr 4.35 0.68
PHBV + SiO2 0.5 phr 4.66 1.09
PHBV + SiO2 1.0 phr 2.73 0.65
PHBV + SiO2 2.5 phr 2.19 0.50
PHBV + SiO2 5.0 phr 1.80 0.32  

Samples Impact strenght (kJ/m2) SD
PBS Pellet 5.38 0.71
PBS Neat 6.24 0.80
PBS + SiO2 0.1 phr 6.17 0.62
PBS + SiO2 0.2 phr 5.71 0.76
PBS + SiO2 0.5 phr 5.58 1.00
PBS + SiO2 1.0 phr 3.20 0.49
PBS + SiO2 2.5 phr 2.92 0.82
PBS + SiO2 5.0 phr 2.68 0.26  

Samples Impact strenght (kJ/m2) SD
PLA Pellet 3.20 0.33
PLA Neat 2.85 0.35
PLA + SiO2 0.1 phr 2.78 0.38
PLA + SiO2 0.2 phr 2.85 0.65
PLA + SiO2 0.5 phr 2.60 0.28
PLA + SiO2 1.0 phr 2.36 0.53
PLA + SiO2 2.5 phr 2.20 0.40
PLA + SiO2 5.0 phr 2.44 0.34  
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Heat deflection temperature 

Sample 
No. width depth 

load 
(kg) HDT 

Neat PLA 
sample 1 4.233 13.2 153.503 57.0 
sample 2 4.183 13.4 157.709 58.0 
sample 3 3.983 13.3 143.285 57.0 

Avg 57.3 
SD 0.58 

PLA + SiO2 5.0 phr 
sample 1 4.05 13.5 153.675 55.5 
sample 2 4.083 13.167 144.316 55.0 
sample 3 4.083 13.2 145.419 55.5 

Avg 55.3 
SD 0.29 

Neat PBS 
sample 1 4.017 13.1 138.545 87.5 
sample 2 4 12.883 130.665 88.0 
sample 3 3.95 13 131.801 88.0 

Avg 87.8 
SD 0.29 

PBS + SiO2 5.0 phr 
sample 1 3.967 12.967 131.637 90 
sample 2 3.933 13.017 131.455 90 
sample 3 4.033 12.9 132.911 91 

Avg 90.3 
SD 0.58 

Neat PHBV 
sample 1 3.8 12.683 114.36 141.0 
sample 2 3.883 12.65 117.499 139.0 
sample 3 3.883 12.683 118.514 140.0 

Avg 140.0 
SD 1.0 

PHBV + SiO2 5.0 phr 
sample 1 3.933 12.85 126.182 150.0 
sample 2 3.85 12.767 119.396 142.0 
sample 3 3.9 12.617 117.31 145.0 

Avg 145.7 
SD 4.04 
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Part 2. Enhancement of thermal properties of biodegradable polymers through 
reactive milling method 

Particle size of polymer powder 

 

Fig. A1 SEM micrographs of PHBV particles. 

 

Fig. A2 SEM micrographs of PBS particles. 
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Fig. A3 SEM micrographs of PLA particles. 

Calculation of % Degree of grafting 

Graft degree (G%) was characterized by back titration. It was calculated from the 
consumed quantity of KOH, by the following equation (1): 
 

                  
0% ×98.06×100%

2
KOH KOH HCl HClV N V N M

G
W

       

 
where V is the volume (L), N is the normality (mol/L), M0 is the blank value, and W is 
the specimen weight (g). 
For example  Titration of PHBV3phr8h  
  Weight of sample     = 1.0052 g 
  0.02 N of excess KOH was added  = 100 ml  
  0.02 N HCl was titrated against KOH = 42.1 ml 

KOH was added again to the titration end point = 1.1 ml 
  HCl was titrated against KOH from blank sample  = 53.0 ml 
Therefore;  

3{[(100 0.02) (0.02 42.1)] (0.02 53.0)} 98.06 10%G = 100%
2 1.0052

 

       = 0.489% 
Therefore, degree of grafting of PHBV3phr8h was 0.489% 

 
 



108 
 

Degree of grafting  

Samples %Degree of grafting  Average  S.D. 
sample 1 sample 2 sample 3 

PHBV3phr6h 0.397 0.432 0.374 0.40 0.029 
PHBV3phr8h 0.452 0.52 0.489 0.48 0.034 
PHBV3phr10h 0.318 0.389 0.379 0.36 0.038 
PHBV5phr6h 0.293 0.318 0.331 0.31 0.019 
PHBV5phr8h 0.388 0.364 0.391 0.38 0.015 
PHBV5phr10h 0.488 0.427 0.462 0.46 0.031 

 

Samples %Degree of grafting  Average  S.D. 
sample 1 sample 2 sample 3 

PBS3phr6h 0.436 0.355 0.382 0.391 0.041 
PBS3phr8h 0.407 0.451 0.426 0.428 0.022 
PBS3phr10h 0.467 0.432 0.523 0.474 0.046 
PBS5phr6h 0.444 0.492 0.456 0.464 0.025 
PBS5phr8h 0.475 0.461 0.414 0.45 0.032 
PBS5phr10h 0.476 0.398 0.452 0.442 0.040 

 

Samples %Degree of grafting  Average  S.D. 
sample 1 sample 2 sample 3 

PLA3phr6h 0.429 0.437 0.481 0.449 0.028 
PLA3phr8h 0.357 0.402 0.327 0.362 0.038 
PLA3phr10h 0.385 0.336 0.401 0.374 0.034 
PLA5phr6h 0.429 0.412 0.386 0.409 0.022 
PLA5phr8h 0.447 0.505 0.452 0.468 0.032 
PLA5phr10h 0.492 0.476 0.421 0.463 0.037 
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Water contact angle 

Sample 
Contact angle Average 

value sample 
1 

sample 
2 

sample 
3 

PHBV 76.9 77.5 75.6 76.7 
PHBV3phr6h 74.9 75.8 76.1 75.6 
PHBV3phr8h 71.6 74.0 74.2 73.3 
PHBV3phr10h 74.9 76.3 76.4 75.9 
PHBV5phr6h 73.3 73.4 73.1 73.3 
PHBV5phr8h 76.5 76.1 75.8 76.1 
PHBV5phr10h 77.9 74.0 76.1 76.0 

 

Sample 
Contact angle Average 

value sample 
1 

sample 
2 

sample 
3 

PBS 89.4 83.9 80.5 84.6 
PBS3phr6h 75.8 76.2 76.3 76.1 
PBS3phr8h 77.1 73.2 77.8 76.0 
PBS3phr10h 75.3 73.6 74.9 74.6 
PBS5phr6h 76.0 74.5 74.9 75.1 
PBS5phr8h 72.6 73.2 71.4 72.4 
PBS5phr10h 72.9 73.3 74.3 73.5 

 

Sample 
Contact angle Average 

value sample 
1 

sample 
2 

sample 
3 

PLA 86.4 89 87.5 87.6 
PLA3phr6h 86.9 80.1 87.0 84.7 
PLA3phr8h 84.5 84.7 84.6 84.6 
PLA3phr10h 87.4 82.2 84.8 84.8 
PLA5phr6h 80.9 82.0 81.6 81.5 
PLA5phr8h 84.5 85.5 85.6 85.2 
PLA5phr10h 79.8 77.7 77.7 78.4 
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Part 3. Enhancement of thermal properties of biodegradable polymers through 
supercritical carbon dioxide method 

Reactor size  

Diameter of reactor (D) 54.9 mm 
Length of reactor (L) 105.45 mm 
Volume of reactor (V) 0.000249494 m3 
Molecular weight of CO2 44.01 g/mol 

 

Data of carbon dioxide 

Pressure Density Volume Mass Mass
(bar) (kg/m3) (m3/kg)  (kg) (g)

40 80 277.9 0.0035985 0.069334 69.3344 1.575423
40 90 485.5 0.0020597 0.121129 121.129 2.752314
40 95 580.01 0.0017241 0.144709 144.7 3.288094
40 100 628.61 0.0015908 0.156834 156.834 3.563609

Temperature (oC) Mol CO2

 

Temperature 
(oC) 

Time 
(hr) 

Pressure 
(bar) 

Conc. 
(ppm) 

weight 
lost (g) 

 MA in 
CO2(g/g) 

Solubility 
% 

40 6 80 63.5 0.4076 0.005879 0.5844 
  12 80 49.5 0.3963 0.005716 0.5683 
  24 80 73.2 0.4423 0.006379 0.6339 

40 6 90 107.6 0.4449 0.003673 0.3659 
  12 90 102.5 0.6181 0.005103 0.5077 
  24 90 114.7 0.6701 0.005532 0.5502 

40 6 100 122.4 0.8965 0.005716 0.5684 
  12 100 112 0.9242 0.005893 0.5858 
  24 100 98 0.91 0.005802 0.5769 

 

Solubility of MA in supercritical carbon dioxide 

2

Mass of soluble MA
%Solublity = 100

Mass of soluble MA  Mass of CO
 

For example at temperature of 40 oC, pressure 80 bar 

0.4076% Solubility  100
(0.4076 69.3344)

 

           = 0.5844% 
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% Weight lost of MA after treated in supercritical carbon dioxide 

Temperature 
(oC) 

Time 
(hr) 

Pressure 
(bar) 

Conc. 
(ppm) 

weight lost  
(g) 

weight initial  
(g) 

%weight 
lost 

40 6 80 63.5 0.4076 1.0021 40.67 
  12 80 49.5 0.3963 1.0040 39.47 
  24 80 73.2 0.4423 0.9441 46.85 

40 6 90 107.6 0.4449 0.9822 45.30 
  12 90 102.5 0.6181 0.9986 61.90 
  24 90 114.7 0.6701 1.0029 66.82 

40 6 100 122.4 0.8965 1.0039 89.30 
  12 100 112.0 0.9242 1.0014 92.29 
  24 100 98.0 0.9100 1.0010 90.91 

 

Maleic anhydride 

 

Fig. A4 TGA thermogram of maleic anhydride. 
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Fig. A5 Concentration of MA in methanol obtained by UV-Vis spectroscopy. 

 

 

Fig. A6 %Weight lost of MA after treated in supercritical carbon dioxide.  
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Degree of grafting using supercritical carbon dioxide 

Samples %Degree of grafting  
PLAgMA SC (precipitation) 0.92 

0.98 
1.17 

Avg 1.02 
PBSgMA SC (Precipitation) 0.59 

0.59 
0.49 

Avg 0.56 
PHBVgMA SC (Precipitation) 0.69 

0.49 
0.59 

Avg 0.59 
PLApgMA Sc 0.88 

0.92 
0.85 

Avg 0.88 
 

Water contact angle 

Sample Contact angel (o) Avg 
sample 1 sample 2 sample 3 

Pure PHBV Sc 87.5 93.2 85.7 88.8 
PHBVgMA.Sc 73.3 72.5 71.3 72.4 
PHBVgMA.Sc (washing) 66.7 65.5 66.4 66.2 
PHBV 83.9 85.8 85.0 84.9 
Pure PBS Sc 69.9 70.2 70.7 70.3 
PBSgMA.Sc 30.2 31.4 30.5 30.7 
PBSgMA.Sc (washing) 19 17 16.1 17.4 
PBS 78.2 78 78.1 78.1 
Pure PLA Sc 99.8 101.0 99.6 100.1 
PLAgMA.Sc 87.6 83.9 86.8 86.1 
PLAgMA.Sc (washing) 74.2 79.1 78.6 77.3 
PLA 90.8 87.1 91.2 89.7 
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Part 4. Enhancement of thermal properties of biodegradable polymers by using 
chain extenders 

Properties of Bioadimide ® 500XT 
 
General information 
 
Chemical composition  : Aromatic carbodiimide  
Physical form as supplied  : - free flowing powder (contains approx. 4%  

  aerosil to prevent lumping)  
  - pastilles 

Density (20 °C)   : approx. 1,05 g/cm³ 
Melting range: Solubility  : approx. 70 - 80 °C (158 - 176°F) 
Solubility   : soluble in organic solvents, e.g.toluene, xylene,  

  petrol, tetrahydrofuran insoluble in water, ethyl    
  acetate, ethanol 

Carbodiimide content (N=C=N) : 13.0 % 
 

Properties of Joncryl ® ADR 4368 

 

General information 
 
Appearance    : Solid flake and powder 
Specific gravity, 25° C   : 1.08 
Mw      : 6800 
T

g 
(°C)     : 54 

Non-volatile by GC (%)   : >98.7 
Epoxy equivalent weight (g/mol)  : 285 
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Melt flow Index of processed PLA and PLA added chain extenders 

Sample Temperature 
(oC) 

MFI 
(g/10min) SD 

Neat PLA 220 4.28 0.04 
  230 5.40 0.03 
  240 6.36 0.14 
  250 7.71 0.18 
PLA/Bio 220 2.42 0.09 
  230 2.36 0.05 
  240 3.23 0.06 
  250 4.65 0.05 
PLA/Jon  220 1.63 0.16 
  230 1.82 0.05 
  240 2.51 0.11 
  250 2.55 0.12 

 

Mechanical properties of processed PLA and PLA added chain extenders at 
various processing temperatures. 

Samples 
Modulus 

(GPa) SD 
Tensile strength 

(MPa) SD 
Elongation at 

break (%) SD 
PLA pellet 1.58 0.016 64.54 0.69 7.62 0.34 
Neat PLA-220 1.58 0.022 63.58 0.70 9.08 0.72 
Neat PLA-230 1.64 0.047 65.62 1.71 8.77 0.46 
Neat PLA-240 1.65 0.049 65.72 0.91 7.20 0.89 
Neat PLA-250 1.62 0.019 61.30 1.38 8.04 0.76 
PLA/Bio 0.5 220 1.56 0.022 64.60 1.02 10.45 0.55 
PLA/Bio 0.5 230 1.55 0.059 65.74 0.90 10.19 0.25 
PLA/Bio 0.5 240 1.61 0.036 64.70 1.09 10.31 0.43 
PLA/Bio 0.5 -250 1.57 0.057 64.10 0.76 11.05 0.34 
PLA/Jon 0.5 220 1.55 0.033 67.13 0.52 10.36 0.45 
PLA/Jon 0.5 230 1.54 0.019 67.00 0.18 11.40 1.04 
PLA/Jon 0.5 240 1.49 0.015 64.81 0.10 11.42 0.91 
PLA/Jon 0.5 -250 1.58 0.014 64.33 0.49 11.28 0.56 
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Mechanical properties of processed PLA and PLA added chain extenders at 
various processing temperatures. 

Samples 
Modulus 

(GPa) SD 
Tensile strength 

(MPa) SD 
Elongation at 

break (%) SD 
PLA pellet 1.58 0.016 64.54 0.69 7.62 0.34 
Neat PLA-220 1.58 0.022 63.58 0.70 9.08 0.72 
Neat PLA-230 1.64 0.047 65.62 1.71 8.77 0.46 
Neat PLA-240 1.65 0.049 65.72 0.91 7.20 0.89 
Neat PLA-250 1.62 0.019 61.30 1.38 8.04 0.76 
PLA/Bio 0.5 220 1.56 0.022 64.60 1.02 10.45 0.55 
PLA/Bio 0.5 230 1.55 0.059 65.74 0.90 10.19 0.25 
PLA/Bio 0.5 240 1.61 0.036 64.70 1.09 10.31 0.43 
PLA/Bio 0.5 -250 1.57 0.057 64.10 0.76 11.05 0.34 
PLA/Jon 0.5 220 1.55 0.033 67.13 0.52 10.36 0.45 
PLA/Jon 0.5 230 1.54 0.019 67.00 0.18 11.40 1.04 
PLA/Jon 0.5 240 1.49 0.015 64.81 0.10 11.42 0.91 
PLA/Jon 0.5 -250 1.58 0.014 64.33 0.49 11.28 0.56 

 

Impact strength of processed PLA and PLA added chain extenders at various 
processing temperatures. 

Sample 
Impact strength 

(kJ/m2)  SD 
PLA Pellet 2.50 0.40 
PLA-220 2.46 0.46 
PLA-230 2.33 0.43 
PLA-240 2.35 0.28 
PLA-250 2.17 0.36 
PLA/Bio 0.5 220 2.84 0.24 
PLA/Bio 0.5 230 2.73 0.32 
PLA/Bio 0.5 240 2.44 0.22 
PLA/Bio 0.5 250 2.90 0.34 
PLA/Jon 0.5 220 2.99 0.34 
PLA/Jon 0.5 230 2.85 0.32 
PLA/Jon 0.5 240 2.85 0.41 
PLA/Jon 0.5 250 2.95 0.53 
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Melt flow index of processed PLA, PLA/PA6 and PLA/PA6 added chain 
extenders. 

Condition : 190 oC/2.16 kg 

Sample No. Time (s) 
 Weight 

(g) 
MFI 

(g/10min) 

PLA/PA6 70/30 
1 20.61 0.1059 3.08 
2 20.22 0.105 3.12 
3 20.11 0.1044 3.11 

Avg 3.10 
SD 0.02 

PLA/PA6/Bio 
70/30/0.5 

1 20.91 0.0579 1.66 
2 20.4 0.0542 1.59 
3 20.48 0.0531 1.56 

Avg 1.60 
SD 0.05 

PLA/PA6/Jon 
70/30/0.5 

1 60.36 0.0147 0.15 
2 60.1 0.0165 0.16 
3 60.09 0.0179 0.18 

Avg 0.16 
SD 0.02 

 

 

Melt flow index of neat PA6 

Condition : 235 oC/2.16 kg 

Sample No. 
Time 

(s) 
 Weight 

(g) 
MFI 

(g/10min) 

Neat PA6 
1 28.32 1.7714 37.53 
2 26.97 1.6489 36.68 
3 27.2 1.8337 40.45 

Avg 38.22 
SD 1.98 
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Mechanical properties of PLA/PA6 and PLA/PA6/chain extender blends 

Samples 
Modulus 

(GPa) SD 
Tensile strength 

(MPa) SD 
Elongation at 

break (%) SD 
Processed PA6 439.54 26.27 52.53 1.44 >200%   
Processed PLA 1618.17 19.39 61.30 1.38 8.04 0.76 
PLA/PA6 70/30 1293.72 48.47 47.27 1.14 4.52 0.15 
PLA/Bio 0.5 -250 1567.81 56.74 64.10 0.76 11.05 0.34 
PLA/Jon 0.5 -250 1581.47 14.18 64.33 0.49 11.28 0.56 

 

PLA/Polyamide 6 blend 

The moisture content in PLA/PA6 blends was controlled by the drying process 
to eliminate the effect of the surplus moisture, which might accelerate the hydrolysis. 
The moisture content of PLA/PA6 blend samples was recorded and constant at 0.02 
wt%. 

1.  Morphology of blends 

From SEM micrographs of PLA/PA6 blend in fig. A7(a), it showed the dispersion of 
PA6 particles within the PLA matrix with the dimension of PA6 dispersed phase of 
less than 5 μm. From The holes appeared in fig. A7(a) indicated the poor interface 
and the voids between PLA matrix and dispersed PA6 particles could be observed. In 
the case of PLA/PA6/PCD (fig.A7(b)), the micrograph illustrated poor interfacial 
adhesion between PLA and PA6 similar to that of PLA/PA6. The reaction between 
carbodiimide groups and carboxylic acid end group of PLA, which involved the 
formation of an amide group on the reconnected PLA chain as reported by Yang et al 
[160] did not affect the blend morphology. In the case of PLA/PA6/ECE (fig.A7(c)), 
the micrograph showed however the variation in the size of PA6 dispersed phase in 
the PLA matrix when compared to fig.A7(a) and (b), indicating that the addition of 
ECE could influence the dispersion and matrix morphology of the blend. This may be 
associated with the reaction between epoxide group with amide group of PA6 and 
hydroxyl group of PLA [168], therefore it showed the partial interfacial adhesion 
between dispersed phase and the matrix.  
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Fig. A7 SEM micrograms of (a) PLA/PA6, (b) PLA/PA6/PCD and  

(c) PLA/PA6/ECE. 

2. Melt flow index of blends 

The melt flow index of processed PLA and its blends with PA6 were carried 
out at 190 0C with 2.16 kg, while that of PA6 was performed at 235 0C with 2.16 kg 
according to ASTM 1238. From fig.A8, MFI value of processed PLA was 7.71 g/10 
min and processed PA6 was 38.22 g/10 min. PLA/PA6 added chain extenders showed 
lower value than that of without the chain extender (at the same testing condition). 
These MFI value was significantly decreased in the case of PLA/PA6/ECE (from 3.10 
to 0.16 g/10 min), indicating the possible reaction between ECE and PLA/PA6 blend 
as described previously. 

 

Fig. A8 Melt flow index of processed PLA, PLA/PA6 and PLA/PA6 added chain 
extenders. 

3. Thermal properties 

The DSC thermograms of samples were showed in fig. A9. It should be noted 
that all the curves in fig. A9 (a) were obtained from the second heating scan. It was 
seen from fig. A9 (a) that processed PLA exhibited the glass transition temperature at 
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around 62 oC, exothermic peak or cold crystallization peak at 111.84 oC and two 
peaks of melting temperature at 149.26 and 155.71 ºC. The presence of the shoulder 
of the main Tm peak or two melting peaks in DSC of semicrystalline PLA was usually 
observed [87, 119, 169, 170]. The two melting peaks behavior was explained based 
on the melt recrystallization model as the previous discussion. Other researches have 
been linked to this process with the existence of two different crystal structures; -
form (pseudo-orthorhombic) melts at higher temperature and -form (orthorhombic), 
known as imperfect crystals melts at lower temperature within the melting 
temperature range [165, 171, 172]. In the case of PLA added chain extenders, the 
single and broad melting peak appeared within the melting temperature range of 
processed PLA. Nevertheless, the melting enthalpy of PLA added chain extenders 
decreased, whereas the cold crystallization temperature increased when compared to 
processed PLA. In the case of PA6, it showed the large peak of melting temperature at 
220 oC with the lower temperature shoulder peak beside the main melting peak as 
reported elsewhere [173]. For PLA/PA6 and PLA/PA6/chain extender blends, their 
thermograms exhibited the characteristic peaks of both of PLA and PA6. There was 
no significantly change in Tg and Tm of blends compared to processed PLA and PLA 
added chain extenders. The double melting peak could be observed for PLA/PA6, the 
low melting peak about 149 oC and the higher melting peak at 155oC. This result also 
could be found for PLA/PA6/ECE thermogram, whereas PLA/PA6/PCD thermogram 
showed the single broad peak. It was also observed that the melting peaks of both 
PLA/PA6/PCD and PLA/PA6/ECE blends were slightly shifted to the lower melting 
peak and the peak area of low temperature seemed higher than the higher temperature 
peak. This might be the crystal transformation in PLA from the common α-crystals 
into β-crystals which is less stable crystal that provided the lower melting 
temperature. Nevertheless, the reason for the influence of chain extenders on the 
crystal transformation in depth was still unclear. In addition, it was observed that Tcc 
of PLA in PLA/PA6 added chain extender was higher than that of blend without chain 
extenders. This result may be due to the reactions of reactive group of chain extender 
with the hydroxyl or carboxyl group of PLA chain end as previously discussed. Fig. 
A9(b) showed DSC cooling thermograms of blends. The crystallization temperature 
of processed PA6 was observed at 190 oC whereas there was no peak of 
crystallization temperature for processed PLA and PLA added chain extenders at this 
cooling rate, indicating its slow crystallization ability.  
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Fig. A9 DSC thermograms of processed PLA, processed PA6, PLA added chain 
extenders, PLA/PA6 and PLA/PA6 added chain extenders (a) second heating scan and 

(b) cooling scan. 

For PLA/PA6 blend, it showed the exothermic peak at 187 oC, which 
represented the crystalline temperature of PA6. Moreover, it also exhibited the 
exothermic peak at around 100 oC. This peak could be regarded as the crystallization 
temperature of PLA. The presence of the crystallization temperature of PLA may 
result from the effect of the hydrogen bonding between amino group of PA6 and 
hydroxyl end group of PLA and induced to form the crystalline of PLA [174, 175]. In 
the case of PLA/PA6 added chain extender PCD or ECE, the crystallization 
temperature of both PA6 and PLA remained unchanged. 
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4. Mechanical properties of PLA/PA6 and PLA/PA6/chain extender blends 

The tensile and impact specimens of PLA/PA6 and PLA/PA6 added chain extenders 
were prepared by injection molding. The tensile strength and elongation at break were 
showed in fig.A10. It could be seen that the tensile strength of PLA/PA6 blend 
(70/30) was lower than that of processed PLA and processed PA6. However, when 
chain extender was introduced to the blends, their tensile strength increased to 57.3 
MPa for the blend added PCD and was comparable to that of processed PLA and the 
blend added ECE (59.5 MPa). For the elongation at break, processed PLA showed the 
brittleness properties with elongation at break of only 8.0%, while processed PA6 
exhibited high elongation more than 200%. In the case of PLA/PA6 blend, the 
reduction of elongation at break was observed. This result may be caused by the poor 
adhesion between matrix phase PLA and dispersion phase PA6 [174, 176], as 
observed by SEM. After addition of chain extenders, the elongation at break of blend 
added PCD was higher than without one. Moreover, elongation at break was greatly 
improved for blend added ECE. This was increased by 92.2 % when compared to the 
blend without ECE. The impact strength of all samples was showed in Table A1. It was 
observed that the addition of PCD or ECE improved the impact strength of blend. 
Especially in the case of PLA/PA6 added ECE, impact strength was greatly increased 
from 1.6 to 4.5 kJ/m2 whereas PLA/PA6 added PCD showed the slightly increased of 
impact strength when compared to PLA/PA6 blend alone. The improvement in 
elongation at break and impact strength may be attributed to the addition of soft and 
tough PA6 phase that enhanced impact load transfer and led to toughening of the 
blend [177]. In addition, the multifunctional epoxide chain extender (ECE) exhibited 
the efficiency to protect PLA from the thermal degradation under high processing 
temperature with PA6 and it also expressed the positive effect on compatibilizing 
PLA and PA6, hence improving mechanical properties. 
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Fig. A10 Tensile strength and elongation at break of processed PLA, processed PA6, 
PLA/PA6 and PLA/PA6 added chain extenders. 

Table A1. Impact strength of processed PLA, processed PA6, PLA/PA6 and 
PLA/PA6 added chain extenders. 

 

To improve thermal stability of biodegradable by using chain extender was 
successful. The results showed that the addition of two chain extenders, PCD and 
ECE, to PLA could prevent the further mechanical deterioration and thermal 
degradation from the high processing temperature. The molecular weight of PLA 
added chain extender samples were increased and their MWD curves shifted towards 
higher molecular weight population when compared to processed PLA. TGA data of 
PLA added chain extenders samples showed the improvement of thermal stability by 
an increase in onset and deflection temperatures when compared to processed PLA 
ones. From DSC results, the Tg and Tm of PLA remained unaffected. In addition, the 
presence of both chain extenders in PLA also improved elongation at break and 
impact strength. For processed PLA samples, these mechanical properties decreased. 
Therefore, the chain extenders have the great potential to use in blend of PLA and 
high melting temperature plastics. PLA was performed by blending with PA6 and 
added chain extender PCD or ECE. Both of PCD and ECE could provide the 
improvement in modulus and tensile strength, especially ECE, it was not only 
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preventing PLA from the thermal degradation but also exhibited the positive effect on 
the compatibility between PLA and PA6 by improvement of elongation at break and 
impact strength when compared to blend without ECE. The chain extender ECE was 
found to be the effective chain extender for prevention PLA under high processing 
temperature as well as the compatibilizer for PLA/PA6 blend.  
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2. Effect of chain extenders on thermal and mechanical properties of 
poly(lactic acid) at high processing temperatures: Potential application in 
PLA/Polyamide 6 blend, Polymer Degradation and Stability, volume 108 (2014), 
page 232-240. 
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