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Abstract 

This study investigated the compatibilization of Novatein® Thermoplastic 

Protein (NTP) blends with other polymers. NTP was blended with three different 

types of polymers; a petroleum-based polyolefin, (low-linear density 

polyethylene, LLDPE); a biodegradable synthetic polyester, (polybutylene 

succinate, PBS) and a bioderived, compostable polyester, (poly (lactic acid), 

PLA).  It was a relatively straightforward process to produce a compatible blend 

of LLDPE and NTP using a compatibilizer, regardless of the obvious difference in 

chemical structure between these polymers.  Blending NTP with PBS, on the 

other hand, was much more challenging. It required two compatibilizers, added at 

different stages of blending to produce a compatible blend.  For blends with PLA, 

a novel copolymer, itaconic anhydride grafted PLA (PLA-g-IA) was produced to 

be used as a compatibilizer and initial results suggested that PLA-g-IA may be a 

successful approach. 

Two different methods of compatibilization pathways were explored: the 

addition of a graft copolymer based on one of the components (in the case of 

NTP/LLDPE blends) or using compatibilizers that are not chemically the same as 

either component  (in the case of NTP/PBS blends). Polyethylene grafted maleic 

anhydride (PE-g-MAH) was added to NTP/LLDPE blends and produced a blend 

with synergistic mechanical properties (the elongation at break exceeded the raw 

LLDPE properties). The water resistance of NTP was improved after blending 

with LLDPE, but it may compromise the compostability of the material. For 

NTP/PBS blends, two compatibilizers with different functional end-groups were 
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used; these were (poly-2-ethyl-2-oxazoline)(PEOX) and (polymeric diphenyl 

diisocyanate)(pMDI). Using either of the compatibilizers individually in blends 

containing 50 % NTP resulted in poor mechanical properties. Compatibilization 

was accomplished with the addition of both two compatibilizers at different stages 

of blend preparation; PEOX dissolved in water and added during NTP production, 

while pMDI was added during injection moulding. This approach led to a tensile 

strength greater than that of pure PBS (24 MPa compared to 22 MPa). Dissolving 

PEOX in water improved the dispersion of the NTP phase throughout the PBS 

matrix via hydrogen bonding between water, PEOX and NTP. The addition of 

pMDI during injection moulding stabilized and strengthened the interactions 

between PBS and NTP, thereby leading to a superior blend. 

The compatibility between NTP and LLDPE or NTP and PBS were 

characterized using thermal and morphological properties as well as water 

resistance. Two Tgs were obtained for all blends, however, the addition of 

compatibilizers improved the adhesion between phases, evident from broader and 

lower height of Tg peaks. The morphology provided evidence of a homogenous 

dispersion of NTP in LLDPE. In NTP/PBS blends, the fracture mechanism 

changed from brittle to ductile with the addition of PEOX. Both NTP/LLDPE and 

NTP/PBS blends showed a phase inversion from a particle- dispersed morphology 

to a co-continuous morphology at compositions greater than 50% NTP. The water 

resistance also improved with the addition of LLDPE and PBS.  

Reactive extrusion was used to produce a copolymer, itaconic anhydride 

grafted poly (lactic acid) (PLA-g-IA). Different initiator (dicumyl peroxide) and 

monomer (IA) concentrations were used to optimize the degree of grafting. 0.75% 

was the highest degree of grafting and showed minimal chain scission evident 
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from the polymer’s intrinsic viscosity. The reaction kinetics of grafting and the 

effect of grafting on thermal and mechanical properties were investigated. 

Grafting increased the crystallization rate of PLA, increased the crystallinity and 

also raised the thermal decomposition temperature. The mechanical properties of 

PLA-g-IA blended with PLA were also improved. 

Crystallization of PLA and PLA-g-IA were investigated during annealing 

at different annealing temperatures and durations using differential scanning 

calorimetry (DSC) and wide angle X-ray scattering (WAXS). The rate of 

crystallization increased after grafting and affected the formation of PLA crystals 

by increasing the lattice spacing at the (110) plane, suggesting an expanded 

helical structure of PLA. The crystallinity of PLA-g-IA was also higher than that 

of neat PLA. 

Although polymer blending offers an attractive route to modify selected 

polymer properties, it is not always successful without the addition of 

compatibilizers. Despite the subtle differences in methods to incorporate 

compatibilizers, development of NTP blends with different polymers, whether a 

petroleum based polymer, synthetic biodegradable polyester or bioderived 

compostable polyester, offers material with improved mechanical properties and 

thermal stability. Water resistance is also improved, however, biodegradability 

will likely be compromised if the second polymer is not also biodegradable. These 

blends offer a potentially wider range of commercial NTP grades. 
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Introduction 
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Introduction 
 
 

Recent development of biodegradable polymers has greatly been driven by a 

desire to replace synthetic plastics. More recently, Novatein® Thermoplastic 

Protein (NTP) have been developed from by-products of animal rendering 

(bloodmeal) which do not compete with human food, such as raw materials used 

for biofuel production.[1] NTP is currently being commercialized by Aduro 

Biopolymers LP.[2]  

Bloodmeal is produced by steam coagulating, dewatering and drying animal 

blood into a powder with at least 85 wt% protein and less than 10% moisture, and 

is used as a fertilizer or as a pet food additive in low quantities. Efficient 

utilization is required to reduce the impact on the environment and to increase 

income by finding higher value applications. Transformation of bloodmeal into 

NTP involves the addition of water (plasticizer), a denaturant (urea), a reducing 

agent (sodium sulfite, SS) and a surfactant (sodium dodecylsulfate, SDS).[3, 4] 

These additives break covalent crosslinking and reduce hydrophobic and 

hydrogen bonding between chains and allow the formation of new interactions 

after processing. The resulting material consolidates during extrusion, and can be 

injection moulded and formed into products. Products that can be produced from 

protein-based thermoplastics include seedling trays, biodegradable plant pots, 

vine clips, containers and pegs.   

NTP is easily composted due to the hydrophillic nature of protein. It is 

sensitive towards moisture, capable of breaking down in a matter of weeks in high 

humidity, or even days when immersed in water. This makes NTP an ideal 

starting material as biodegradable-based polymers especially in polymer 

blends.[5]  
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However, the mechanical properties of NTP are not exceptional. One of the 

most apparent limitations of NTP is brittleness. Although water is an efficient 

plasticizer to increase toughness, during production and storage, water desorbs 

from the moulded plastic over time and makes the materials brittle. TEG has been 

used as plasticizer in addition to water, but it has been shown that the tensile 

strength and the modulus of the materials are lower than desirable.[6] 

Blending is an interesting option that offers the possibility to develop new 

materials with more desirable properties. Among the reasons for the popularity of 

polymer blends is the versatility in tailoring the end products’ properties; whether 

to produce synergistic combinations of two components, such as high modulus 

and toughness, improving water-resistance, biodegradability and recycling or to 

lower costs. For instance, in the packaging industry, excellent mechanical 

properties are required as well as, for example water-resistance. The hydrophilic 

nature of NTP could potentially be manipulated by blending it with hydrophobic 

polymers, offering an excellent combination of mechanical properties from two 

different polymers whilst maintaining some of its biodegradation. Although the 

rate of decomposition of the materials might be compromised, optimal 

formulation in terms of composition could minimize these concerns. 

However, polymer blending is one of those things that is “easier said than 

done”. Developing miscible blends has been proven to be a daunting task where 

the principal challenges include the variability in the morphology obtained, 

possible reduction in thermal stability and mechanical properties. 

This study was done to explore the potential of blending NTP with other 

thermoplastics using extrusion to improve NTP’s material properties. The 
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objective of this study was to investigate the influence of blending NTP with three 

different types of polymers: 

1. blending with petroleum based polymers; low-linear density polyethylene 

(LLDPE) 

2. blending with biodegradable synthetic polymers; polybutylene succinate 

(PBS) and  

3. a bioderived, compostable polymer, namely polylactic acid (PLA). 

More specifically, the goals of the study were to develop an understanding of 

interactions between NTP and other polymers that influences the mechanical, 

thermal properties, water sensitivity, and morphology of the blends. In achieving 

this goal, processing conditions, compatibilization, morphology and mechanical 

properties were key issues, central to all of the blends studied.  

The objectives were addressed in six chapters including a critical literature 

review and five journal papers: 

Chapter 2 contains a critical review of current research within the scope of 

this research. This includes an overview of biodegradable polymers, proteins, the 

theory of polymer blending, factors influencing blend properties and 

characterization of compatibility. 

In Chapter 3, the potential of blending NTP with linear low density 

polyethylene (LLDPE) was assessed. LLDPE is among the most popular synthetic 

polyolefin products, especially in agricultural and farming industry for products 

such as plastic films, seedling trays and containers. LLDPE is not biodegradable 

but has an exceptional elongation at break. By blending LLDPE with NTP, a 

reduction in the brittleness of NTP can be expected. A commercial grade of 

compatibilizer, polyethylene-graft-maleic anhydride (PE-g-MAH) was used to 
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improve compatibility. The mechanical properties of the blends was modeled to 

evaluate performance.  

In Chapter 4, the potential of blending NTP with a synthetic biodegradable 

polymer (PBS) was assessed with the motivation to produce a completely 

biodegradable blend. Here, PBS was chosen because it has a similar range of 

processing conditions to NTP. Processing methods and compatibilization were 

assessed in light of using two different compatibilizer; poly-2-ethyl-2-oxazoline 

(PEOX) and polymeric diphenyl diisocyanate (pMDI). NTP compositions (0-

100%) and concentration of compatibilizers (5-10%) on mechanical properties 

was investigated to optimize mechanical properties.  

In Chapter 5, different methods to incorporate compatibilizers in 

PBS/NTP blends were investigated, by using the same processing conditions used 

in Chapter 4. It was postulated that the sequence in which the compatibilizers 

were added could further change the performance of the blends.  

In Chapter 6, the potential of blending NTP with synthetic bioderived and 

biodegradable polymer (PLA) was assessed. PLA was chosen because it has high 

tensile strength, almost double that of PBS. However, it has a high melting 

temperature (Tm), at which NTP will degrade. Therefore, a suitable processing 

temperature is required. Considering the efficiency of maleic anhydride (MA) 

copolymers in NTP/LLDPE blends, a similar type of copolymer was considered 

as compatibilizer, except PLA-graft-maleic anhydride is not commercially 

available. The first objective of this chapter was to produce an itaconic anhydride 

grafted PLA (PLA-g-IA) copolymer. Itaconic anhydride was chosen as an 

alternative to MA as it is less harmful and is extremely stable when reacted to 

proteins.[7] To the author’s knowledge, this is a novel copolymer (PLA-g-IA) 
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using IA as reactive groups. Free radical grafting of itaconic anhydride (IA) onto 

PLA was carried out using dicumyl peroxide (DCP) as initiator in a twin screw 

extruder. This chapter discusses work conducted to prepare and characterize PLA-

g-IA that has the potential as a compatibilizer in PLA/protein blends, in terms of 

grafting kinetics, thermal and mechanical properties of the copolymer.  

The complexity of blending proteins with PLA required further study into 

the behavior of the graft-copolymer on its own. In Chapter 7, assessment of the 

effect of grafting on the crystallization behavior of PLA was carried out using 

wide-Angle X-ray scattering (WAXS) and differential scanning calorimetry 

(DSC). Insight into crystallization of PLA after grafting is required for 

understanding the behavior of PLA during blending with proteins.  

After the experimental chapters, the thesis concludes with a brief 

discussion, threading the material covered in the individual chapters into a single 

“Concluding remarks” chapter, including comments regarding on-going work and 

recommendations.  
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Polymer Blends 

2.1 Introduction 

Polymer blending is a well-used technique for polymer modification and 

has been one of the most prolific research areas in polymer science and 

technology in the past five decades.[1] The development of polymer blends has 

attracted attention for two major reasons. Firstly, from the plastic industry’s point 

of view, blending is a much more effective and cheaper method to improve 

properties compared to synthesizing new polymers. Secondly, from an 

environmental point of view, blending polymers may offer potential solutions to 

growing pollution problems. However, blending synthetic polymers with 

biodegradable polymers only leads to disintegration of the material, reducing it to 

small particles. On the other hand, biodegradation is the ability of a material to be 

decomposed by the action of bacteria or other living organisms, leaving no trace 

of their original composition. Biodegradable polymers are often very expensive, 

or have inferior mechanical properties. Blending these with cheaper alternatives 

may offer a solution to the aforementioned problems.  

Polymer blends using biodegradable materials have been studied 

extensively, with increased interest in their application in the agriculture, food and 

electronic industries. The global biodegradable plastics market is expected to 

grow from 664 thousand metric tons in 2010 to 2330 thousand metric tons in 

2016.[2] Amongst all market segments, the starch-based plastic market has the 

largest share in volume, while PLA-based plastics lead the market in terms of 

revenue. These markets are expected to continue growing, driving demand for 

sustainable, eco-friendly biodegradable plastics in the coming decade.  
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In the U.S., the natural polymer market has been predicted to expand 6.9% 

annually and rise from $3.3 billion in 2012 to $4.6 billion in 2016.[2] Starch, 

protein-based polymers, and marine-based polymers lead the market in bio-based 

polymers. However, for natural polymers, most materials require chemical 

modification before it can be processed into thermoplastics. Starch for example, 

needs plasticizers such as water, glycerol, urea or glycol as well as heat and shear 

(processing) to be converted into a thermoplastic material. These plasticizers 

improve processability and prevent degradation.[3] Beside that, most natural 

polymers are hydrophilic or water soluble. Although it improves degradability, 

the presence of water usually compromises mechanical properties.  

The use of biodegradable polymers in practical situations are often limited. 

Blending offers several distinct advantages such as better mechanical properties, 

water resistance and cost reduction without reducing biodegradability. However, 

it is well known that one of the most significant challenges for blending two 

different materials is compatibility. Selection of component materials, the 

processing method and interaction between the materials are still somewhat 

unresolved issues. Significant research on these issues is essential to overcoming 

limitations and will lead to improvement in material performance as well as 

fostering development of new applications. 

Table 1 provides a summary of the primary purpose of blending proteins 

with other polymers. These include modification to be suitable for packaging or 

medical applications as well as improving mechanical properties and water 

sensitivity. In addition, cost saving is often the main purpose of blending with 

with low cost polymers or fillers. 
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Table 1: Summary of different objectives for making blends 

Base 
polymer 

Second 
component 

Objectives 

Packaging Mechanical 
Property 

Water 
sensitivity Medical 

Cost 
reduction 

Soy 
protein 

PLA [4]  [5]   

Starch PLA  [6]    

Soy 
meal 

PBS     [7] 

Starch PBAT [8]     

Soy 
protein  

PBAT  [9]    

Soy 
protein 

PCL [10]     

Starch PBS  [11]    

Protein PEG    [12]  

2.2 Proteins 

 The purpose of this section is to briefly review some of the important 

notes on protein structure and sources of proteins. 

2.2.1 Protein Structure 

Natural proteins are linear and unbranched and have a precise length with 

a molecular diversity consisting up to 20 amino acids joined by peptide bonds, 

forming a polypeptide chain. The 20 amino acids are linked into proteins by the 

condensation of two amino acids as illustrated in Figure 1. The peptide bond is 

synthesized when the carboxyl group of one amino acid molecule reacts with the 

amino group of the other amino acid molecule, causing the release of a molecule 

of water (H2O). 
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 Different amino acids interact differently with their environment and the 

physical properties of the protein are determined by the sequence of amino acid 

groups. Figure 2 shows the 20 different amino acids in the primary structure of a 

protein.   

Cysteine and lysine are the most reactive amino acids. The cystine usually 

ionizes at slightly alkaline pH where it can react rapidly with alkyl halides to give 

stable alkyl derivatives. Cysteine residues play a valuable role by crosslinking 

proteins, which increase the rigidity of proteins. Amine group of lysine residues is 

active towards acylation, alkylation and amidination reactions 

The amino acid functional groups can interact with other polymers to 

develop protein blends with enhanced properties such as toughness and strength. 

There are four targets functional groups for majority of crosslinking or chemical 

interactions as listed in Table 2. 

 

 

 

 

Figure 1:Condensation of two amino acids 
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Figure 2: 20 amino acids in protein structure 
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Table 2: Four chemical targets account for the majority crosslinking and chemical 

interaction [13] 

Target side Explanation 

Primary 
amines 

(-NH2) this group exists at the N-terminus of each 
polypeptide chain and in the side chain of lysine 
(Lys) residues 
 

Carboxyl (-COOH) this group exists in the C-terminus of each 
polypeptide chain and in the side chains of 
aspartic acid (Asp) and glutamic (Glu) 
 

Sulfhydryl (-SH) this group exists in the side chain of cysteine 
(Cys). Often, as part of a protein’s secondary or 
tertiary structure, cysteine is joined together 
between their side chains via disulfide bonds 
 

Carbonyls (RCHO) these aldehyde groups can be created by 
oxidizing carbohydrate groups on glycoprotein 

 

Protein structure is broadly categorised into four structural forms; called 

primary, secondary, tertiary and quaternary structures (Figure 3). An increase in 

temperature, pressure, pH or the addition of certain chemicals can disrupt the 

folded state of proteins, resulting in unfolding of higher order structural forms of 

proteins (denaturing). Proteins are only marginally stable at best and the folded 

conformations are balanced by many interactions between amino acids. 
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 The primary structure refers to the sequence of amino acid residues in the 

polypeptide chain. Secondary structures are ordered structures constructed by 

internal hydrogen bonding between amino acid residues. It will become stabilized 

in a position where amine groups become close enough to form hydrogen bonds 

with carboxyl groups on another chain, or further along the same chain. The two 

main secondary structures are α-helices and β-sheets, and are the most stable 

structures. The tertiary structure is the three dimensional conformation of a single 

protein molecule. The structure is stable when chains are locked in place by 

disulfide bonds formed among two cysteine amino acids. The structure that have 

less disulfide bonds are usually rigid but still bendable, tough and can oppose 

rupture such as hair and wool while structures that have more disulfide bonds are 

Primary protein 
structure 
is the sequence of a chain 
amino acids 

Secondary protein 
structure 
occurs when the sequence of 
amino acids are linked by 
hydrogen bonds 

Tertiary protein 
structure 
occurs when certain 
attractions are present 
between alpha helices and 
pleated sheets 

Quaternary protein 
structure 
is a protein consisting of 
more than one amino acid 
chain 

polypeptide 
chain  

polypeptide 
chain 

polypeptide 
chain 

heme 

 

 

Figure 3: Four levels of protein structure 
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stronger, stiffer and harder.[13] The quaternary structure is the arrangement of 

more than two peptide chains, forming an entire unit of ultimate shape. A range of 

intermolecular interactions listed below exist holding the variety of chains 

together. 

i. Hydrophobic interactions. These interactions are to minimize 

interactions of the non-polar amino acids with water. 

ii. Hydrogen bonding between NH and C=O moieties of functional 

groups. The secondary and tertiary structures are stabilized by 

hydrogen bonding between polar amino acids. 

iii. Ionic interactions can occur between positively charged side chains 

and negatively charged side chains. 

iv. Covalent disulfide linkages to other groups. These linkages maintain 

tertiary structures. These bonds are only broken at high 

temperatures, acidic pH or in the presence of reductants. 

The quaternary structure is stabilized by noncovalent interactions and 

disulfide bonds as the tertiary structure. There are two foremost categories of 

proteins, based on their quaternary structure, i.e., fibrous (keratin, wool) and 

globular protein (insulin, hemoglobin).[13] 

 

2.2.2 Sources of proteins 

2.2.2.1 Protein from plants 

Plant protein is one of the major biopolymers from agricultural feedstocks. 

Table 3 lists the source, composition and major protein group from different 

plants. Henry Ford pioneered the use of soy protein in plastics and fibers in 

1930s.[14] He patented an invention of panels in automobile bodies made from 
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soy meal with the addition of phenol or urea to increase strength and resistance to 

moisture. Later, it has been used as food ingredient, film formation, composites 

and food packaging. The United States is one of the major producers of soybeans 

in the world. It is available commercially in three different grades from soybean 

processing plants: soy protein isolate (90% protein), soy protein concentrate (65-

72% protein content) and soy flour (54% protein). Soy protein (SP) is hydrophilic 

due to presence of a high proportion of glutamic and aspartic acid compared to 

other proteins. [15] 

SP consists of both polar and non-polar side chains. Between these, there 

are strong intra- and inter-molecular interactions, such as hydrogen bonding, 

dipole–dipole, charge–charge, and hydrophobic interactions. The strong charge 

and polar interactions between side chains of soy protein molecules restricts 

segment rotation and molecular mobility, which increase stiffness, yield point, 

and tensile strength of SP films.[16] Molecular conformation can be altered with 

the help of physical [17, 18], chemical[19, 20] or enzymatic agents.[21] 

Whey is the by-product of cheese and casein manufacture that contains 

approximately 7% dry matter. In general the dry matter includes 13% protein, 

75% lactose, 8% minerals, approximately 3% organic acids, and less than 1% 

fat.[22] Whey Protein Concentrate (WPC, protein concentration 65–80% in dry 

matter) or whey protein isolate (WPI, protein concentrations over 90% in dry 

matter) can be obtained through a membrane filtration process followed by spray 

drying. 

Strong interactions within whey protein (WP) involving intermolecular 

and intramolecular associations in conjunction with crosslinking via disulfide 
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bonds usually produce brittle materials. The amount of amine groups in WP is 

very low, (mainly on the side chains of lysine). This limits the potential of 

crosslinking WP with other polymers. Kurniawan L et al [23] used excess amount 

of poly (ethylene oxide) diglycidyl ether (PEODGE) which was added to graft the 

PEODGE onto WP via reactions between the epoxy groups in PEODGE and the 

amine groups of WP. The ungrafted amount of PEODGE was then coupled with 

the grafted PEODGE segments by the addition of ethylene diamine (EDA).  

Pure protein isolate from gluten is obtained by washing off the soluble 

component (mostly starch). It has good elastic properties because of disulfide-

linked glutenin chains, making it a good candidate for film formation.[24] Zein is 

extracted from maize gluten meal (corn) with hydrophobic properties, 

characterized by high percentage of proline. The most popular application of zein 

is in the textile fiber market.[25]  

Sunflower meal is a by-product obtained after oil extraction from 

sunflower seeds. The high amount of histidine and arginine in sunflower meal 

increases its nutritive value that potentially can be used as additives in the food 

industry.[26] Peanut protein is extracted from defatted flour which provides the 

food industry with a new high protein food ingredient for product formulation. 

Peanut proteins with high oil and water binding ability are widely use in meats, 

sausages and breads, while proteins with high emulsifying and foaming capacity 

are good for salad dressing,  bologna, soups, confectionery, frozen desserts and 

cakes.[27] 
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Table 3: Protein from plants 

Sources Protein content Amino acid residues Ref. 
Gluten 80% glutenin [28] 

Corn zein 65% glutamine, proline, alanine, 
and leucine 

 

[29] 

Soy 
protein 

90 % glutamic acid, aspartic acid, 
leucine, arginine 

 

[30] 

Sunflower 
seed 

30-50 % lysine,isoleucine,arginine, 
histidine 

 

[26] 

Peanut 85% arginine, histidine [31] 

 

2.2.2.2 Protein from animals 

 Protein from animal by-products such as bovine bloodmeal, fish, gelatin 

and collagen can be processed to form thermoplastics, fibers, films and coatings 

with interesting properties. Gelatin for example, has been produced on a large 

scale and  used widely in the pharmaceutical and food industries. Gelatin film 

from mammals have the highest mechanical properties compared to fish gelatin 

film.[32] Meat bone meal which contain 50% protein, 9.5% fat, 10.1% calcium, 

and 4.8% phosphorus are being considered in  adhesive for poly-wood industry 

[33] and sand replacement in cement based materials.[34] In other research, milk 

protein is effective in delaying browning reactions on the surface of sliced 

fruits.[35] Dragline silk is one of the strongest fibers produced by spiders. The 

fiber is stronger and is one-tenth the weight of the high tensile steel and consists 

of mainly hydrophobic amine groups such as glycine and alanine.[36] However, 

the mass production of the silk is too expensive and time consuming and limits its 

widespread applications. 
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2.3 Bioderived polymers 

Generally, biopolymers can be classified into three categories according to 

their synthesis process; natural polymers, synthetic polymers from natural sources 

and polymers from microbial fermentation (Table 4).[37]  

Table 4: Classification of main biodegradable polymers 

 

2.3.1 Poly lactic acid (PLA) 

PLA is a biodegradable plastic that is produced from the ring opening 

polymerization of lactide, a dimer of lactic acid. Lactic acid (2-hydroxy propionic 

acid) is produced via fermentation. Currently, corn is used as raw material for 

lactic acid production but other potential starting materials such as corn stalks, 

wheat bran, cassava, cellulose, barley starch, potato starch, beet molasses, rye 

flour, and carrot processing waste are also considered.[49]  

 

 

 

 

Types of 

polymers 
Classification Ref. 

Natural polymers polysaccharides (e.g starch, cellulose, 
chitosan), proteins 
 

[13, 38-42] 

Synthetic 
polymers from 
natural sources 
 

polylactic acid (PLA), polybutylene succinate 
(PBS) 

[43-46] 

Polymers from 
microbioal 
fermentation 

poly(hydroxybutyrate) (PHB), Poly(hydroxy-
alkanoate) (PHA) 

[47, 48] 
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Interestingly, other sources of carbohydrates such as kitchen waste, fish meal and 

paper sludge are also being considered.[50-54] PLA presents great potential for 

industrial and commodity applications due to its good mechanical properties, 

biodegradability, transparency and sustainable biomass resources. These include 

packaging and automotive applications, similar to polyethylene terephthalate 

(PET), polystyrene (PS) and polycarbonate (PC).[55] However, the use of PLA 

for the cases may be limited because of its high Tg (60 oC), high brittleness and 

poor barrier properties.[43] 

Plasticization have been employed to improve brittleness of PLA 

including the use of polyethylene glycol (PEG), triethyl citrate (TEC), tributyl 

citrate (TBC), and glycerol. The thermal and mechanical performance of PLA 

plasticized with different modifiers are listed in Table 5. PEG was found to be 

efficient in decreasing Tg with improved mechanical properties. In addition, the 

crystallization temperature of PLA also decreases without affecting the melting 

point significantly.[56, 57] However, plasticizer leaching was observed in PLA/ 

tributyl O-acetylcitrate (ATbC) materials but was improved with the addition of 

maleic anhydride grafted PLA.[58] Soy protein concentrate (SPC) existed as large 

SPC agglomerates in SPC/PLA blends when glycerol was used as plasticizer 

which turned into stretched threads with certain degree of interconnectivity when 

extra water was added.[5] Although plasticizers provide substantial reduction of 

Tg and adequate mechanical properties, higher amount of the plasticizers are 

needed (10- 30 wt% wt) which sometimes leads to a phase separation. 
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Table 5: Thermal and mechanical properties of PLA plasticized with different 

modifiers 

Modifiers Concentration 

(wt%) 

Tg 

(oC) 

Tensile 

(MPa) 

Strain 

(%) 

Modulus 

(GPa) 

Ref. 

PLA - 60 48-110 2.5-100 3.5-3.8 [59] 

PEG 
(1000g/mol) 

10 

20 

37.9 

32.9 
51 
52 

3.06 
15.4 

3.3 
1.9 

[57] 

PEG 
(20 000g/mol) 

10 57.4 28 2.5 2.42 [60] 

ATbc 17 58 40.9 5 1.39 [61] 

TBC 10 42 38.5 0.025 2.4 [58] 

Glycerol 

Glycerol+extra 
water 

10 

10 +20 

53.9 

55 
45.5 

39.7 

1.2 

1.21 

3.96 

3.56 

[5] 

 

2.3.2 Polybutylene succinate (PBS) 

PBS is a thermoplastic polymer of the polyester family that is 

biodegradable with properties that are comparable to polypropylene (PP). PBS is 

usually synthesized via polycondensation of succinic acid and 1,4-butanediol 

(BDO). Succinic acid can be obtained from fermentation of renewable feedstocks, 

such as glucose, starch or xylose as well as  hydrogenation of maleic anhydride to 

succinic anhydride, followed by hydration to succinic acid.[62] The advantages of 

PBS are excellent biodegradability, thermoplastic processability and balanced 

mechanical properties. It has been used in foaming and food packaging 

application. However, the main problem is the high fermentative cost to produce 

succinic acid. It also possess some limitations in medical applications due to its 

hydrophobicity.[63] 
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PBS has a melting point of around 90 – 120 °C and a glass transition 

temperature of about -45 °C to -10 °C. It has a tensile strength of 34 MPa with 

elongation at break around 560 %. In comparison to PLA, PBS is tougher and 

easier to process, but has poor thermal stability and slow crystallization rate. The 

slow crystallization rate of PBS resulted in multiple melting peaks (DSC), 

interpreted as melt-recrystallziation of different PBS crystals.[64, 65] These 

different crystals affect the physicochemical properties of PBS, such as its melting 

point.  

Development of PBS composites [66, 67], physical blending [44] and 

chemical treatment [68]  are areas of interest. Jute fibres were used as 

reinforcement filler in PBS/jute fibre composites where the mechanical strength 

and modulus reach an optimum value at 20 wt% fiber.[67] Blending PBS with 

PLA improved tensile strength and elastic modulus. Addition of 20% PBS in PLA 

changed the brittle properties of PLA to ductile from 24% to more than 200%.[69] 

Mechanical properties of PBS nanocomposites were improved after 

compatibilization with PBS-g-MA through improved dispersion of organo-

montmorillonite (OMMT) filler in PBS matrix. However, the presence of 

alkylammonium groups on the OMMT surface catalyzed the degradation, leads to 

a reduction in the thermal stability.[68] 

2.3.3 Novatein Thermoplastic Protein from bloodmeal (NTP) 

Bloodmeal is a dry, inert powder made from blood used as a high-nitrogen 

fertilizer and a high protein animal feed. It is one of the highest non-synthetic 

sources of nitrogen coming from meat processing. Bloodmeal is different from 

meat bone meal in that bloodmeal contains a much higher amount of nitrogen, 

while meat bone meal contains phosphorus. Beef bloodmeal contains more lysine, 
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threonine, valine, leucine, tyrosine, and phenylalanine while pork blood meal 

contained more histidine, arginine, proline, glycine, and isoleucine.[70] The 

structure of these amino acids can be found in Figure 2. Cysteine and lysine are 

the most reactive amino acids. Cysteine residues play a valuable role by 

crosslinking proteins, which increase the rigidity of proteins while the amino 

group of lysine residues is active towards acylation, alkylation and amidination 

reactions. 

2.3.3.1 NTP production 

The steps involved in production of NTP are shown in Figure 4. 

Transformation of bloodmeal into NTP involves addition of additives. The 

additives are water, a protein denaturant (urea), a reducing agent (sodium sulfite, 

SS) and a surfactant (sodium dodecylsulfate, SDS).[38] These additives are 

needed to break the covalent cross-links to allow formation of new interactions in 

order to stabilize the final structure. Urea disrupts hydrogen bonding while SS 

disrupts the cysteine-cysteine crosslinkages. However, changing the concentration 

and composition of these additives will compromise its mechanical properties. For 

example, materials containing low water and high SS had reduced tensile strength 

and elongation, compared to higher water content at the same SS content.[71] 

Although water is an efficient plasticizer, water desorbs from the moulded plastic 

over time and the material becomes brittle and loses its toughness.  

During extrusion processing, there are many thermal events that occur in 

the material at the temperatures as shown in Figure 5. At temperature around  

100-120 oC, denaturing, disassociation, unraveling and alignment of the protein 

chain occurred which allow it to flow and form new interactions during cooling. 
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Other than that, evaporation of water and additives also occur at this stage, which 

could possibly lead to aggregation of the protein. 
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Figure 4: Production steps of NTP 

Figure 5: Thermal events occur in protein at typical extrusion 
temperatures 
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Excessive aggregation can cause physical crosslinking, increased viscosity 

and further limit processing.[72] Therefore, the majority of reactions in proteins 

need to occur just before, or just after, exiting the die. Injection-molding 

conditions do not influence the mechanical properties of NTP to a large extent. 

The observed changes are relatively small, which means that the protein-based 

material is robust enough for injection molding.[73]  

Tri-ethylene glycol (TEG) was employed as a plasticizer in NTP. The 

mechanical properties of conditioned NTP at different TEG contents are listed in 

Table 6.  Without TEG, the strength was at maximum, but it had poor energy to 

break. Increasing the TEG content slightly improved the energy to break but 

sacrificed its strength. TEG accumulated, migrated and evaporated upon 

heating.[74] Plasticizer migration and evaporation occured very slowly, which 

will affected the properties if exposed to high temperatures for pro- longed 

periods.  

Table 6: Mechanical properties of NTP with varying TEG contents [74] 

TEG content 

(pph) 

Stress at max 

load (MPa) 

Strain at break 

(mm/mm) 

Secant 

Modulus 

(MPa) 

Energy to 

break (MPa) 

0 15.6 0.01 1799 0.1 

10 11.3 0.28 710 2.8 

20 5.7 0.53 251 2.8 

30 3.7 0.43 126 1.4 

 

 Without plasticizers, the Tg of NTP is near its decomposition temperature. 

Plasticizers improve processability by increasing the free volume and alter the 

forces that hold the chains together. Although TEG had a plasticizing effect in 
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NTP and reduced the Tg, the tensile strength dropped, but increased its 

ductility.[74] 

2.3.3.2 Thermal properties of NTP 

NTP showed two transitions in the temperature range of -100-120 oC. The 

first transition was characterized as the Tg (~60 oC) where the second was the β-

transition associated to relaxation transition temperature of NTP (-20 oC).TEG 

had significant impact on the Tg than the peak at β-tansition where the damping 

peak (DMA) at Tg was broadened and shifted to a lower temperature.[74]  

2.3.3.3 Physical properties of NTP 

NTP is in a denatured state and the typical secondary structures consist of 

clusters of crystalline α-helices and β-sheets distributed in a random coil protein 

structure and the proportion is affected with processing. To have a better strength, 

it is desirable to increase the β-sheet content as it has stronger hydrogen bonding 

interactions compared to α-helices.[72] Additives had a large  influence on the 

amount of random coils and β-sheets, which processing might also affect  the 

proportion  of β-sheets.[75] Without TEG prior to extrusion, the formation of 

additional β-sheets was observed and decreased when TEG was increased due to 

effect of additional free volume induced by the plasticizer that prevented tight 

packed interactions from occurring. During extrusion, chain rearrangement lead to 

an increase in β-sheets that are evenly distributed throughout a more disordered 

matrix. Further processing in injection molding had a less significant effect on 

chain rearrangement.[73, 75] In this study, NTP was used as the polymer base. 

Development of NTP blends offer a sustainable option over other natural 

materials competing with food sources. 
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2.4 Polymer blend physics 

2.4.1 Miscibility and compatibility 

A true thermodynamicically miscible blend is a mixture containing two or 

more components that form a single phase system, but this definition of 

miscibility may be rather ambiguous. In many instances, it is desirable to have 

two phases present, as long as the multicomponent systems can be manipulated 

for structure, polymer interactions and phase domain sizes. Figure 6 shows the 

terminology used that describes the differences between miscible, immiscible, 

compatible and incompatible blends. Towards achieving miscibility, the 

interfacial adhesion increases, resulting in single phase component. Immiscible 

blends usually form aggregates that are totally phase separated. In compatible 

blends, the mixing between two polymers has high interfacial tension giving a 

rough structure and poor adhesion. The interfacial tension is much higher with 

increasing particle size with uneven distribution in incompatible blends. Thermal 

and mechanical properties are other characterization methods to distinguish 

between these types of blends and will be discussed in the next section. 

 

 

 

 

 

 

 

 

Figure 6: Blends terminology 
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2.4.2 Gibbs Free Energy of polymer blends 

Miscibility is described as a necessary condition for two substances to mix 

at a certain temperature which is related to the enthalpic (∆Hm) and entropic (∆Sm) 

components through the relationship: 

∆𝐺! = ∆𝐻! − 𝑇∆𝑆! (1) 

where ∆𝐺! is the free energy of mixing, ∆𝐻! is the enthalphy of mixing and ∆𝑆! 

is the entropy of mixing with T being the absolute temperature. ∆Hm is a measure 

of the extent of interactions between molecules while ∆Sm is related to the 

increase in the total entropy of a compound system, when different material 

components are mixed. For  miscibility to occur, the Gibbs free energy should be 

less than 0. Although this is a necessary criterion, it is not sufficient as for a stable 

one-phase system; criteria for phase stability of binary mixtures at a fixed 

temperature, T, and pressure, P, must also be met: 

∆𝐺!   < 0  ,
𝜕!∆𝐺!
𝜕𝜙!

!,!
  > 0 (2) 

 The value of T∆Sm is always positive since there is an increase in the 

entropy upon mixing. Therefore, the sign of ∆G always depends on the value of 

the enthalpy of mixing ∆Hm. In a polymer – polymer mixture the number of 

possible arrangements is much smaller than in a polymer – solvent system. Thus, 

the contribution of the volume of mixing to the free energy of mixing becomes 

significant. This results in limited solubility and other solubility behaviour such as 

phase separation at high temperatures and dissolution at lower temperatures. The 

Flory-Huggins model [76, 77] that was originally developed for polymer solutions 

can also be extended to polymer/polymer mixtures by introducing the concept of a 

reference segment volume (VR) that is approximated to the smallest polymer 

repeat unit (Equation 3). 
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∆𝐺!"# = 𝑘𝑇𝑉
𝜑!𝑙𝑛𝜑!
𝑉!

+
𝜑!𝑙𝑛𝜑!
𝑉!

+ 𝜑!𝜑!𝜒!"𝑘𝑇𝑉/𝜐! (3) 

where V = total volume, 𝑉!   = molecular volume of component i, 𝜑!   = volume 

fraction of component i, k = Boltzman’s constant, 𝜒!"  = Flory-Huggins interaction 

parameter and 𝜐!   = interacting segment volume (such as a repeat unit volume) or 

reference volume. For polymers, the assumption is made that the lattice is 

comprised of N cells with a volume of V. Each polymer molecule occupies 

volumes VA and VB, respectively. The volume fractions A and B are represented 

by the equations: 

𝜑! =
𝑉!𝑁!

𝑉!𝑁! + 𝑉!𝑁!
;     𝜑! =

𝑉!𝑁!
𝑉!𝑁! + 𝑉!𝑁!

     (4) 

 

and                                      𝑉 = 𝑉!𝑁! + 𝑉!𝑁! 

 

(5) 

The variables that one can control in polymer blends are usually 

temperature and composition. A lot of polymer pairs are only miscible when there 

is a lot more of one polymer than of the other. There will be a range of 

compositions for which the two polymers won't mix. At certain composition, a 

number of phases could be schematically presented in the  free energy versus 

composition diagram for system with limited solubility (Figure 7). Immiscible 

blends is represented as (A), miscible system (B) and partially miscible system 

(C). In partially miscible systems, a single phase is present when the composition 

of polymer b is less than Φb1 or more than Φb2  where at that composition, it has a 

lower free energy than the two phase system. For composition between Φc and 

Φd, the system is unstable and the phases separate. 
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But the composition range over which the two polymers phase separate is 

not always constant, it also depends on temperature. Liquid-liquid and polymer-

solvent mixtures (that are borderline in miscibility) usually exhibit an upper 

critical solution temperature (UCST) while polymer-polymer mixtures generally 

exhibit a lower critical solution temperature (LCST), as shown in Figure 8a.The 

range of miscibility gets smaller as temperature increases where at low 

temperatures, the UCST cannot be determined due to the glassy state restricting 

molecular motion (phase separation); and at higher temperatures, polymer 

degradation occurs before phase separation can be observed. Phase separation 

takes place when a single-phase system suffers a change of either composition, 

temperature or pressure that forces it to enter either the metastable or the spinodal 

region. 

 

 

 

 

 

 

 At both USCT and LCST, there are two regimes for phase separation, the 

binodial and spinodial decomposition (Figure 8b). At the binodial conditions, 

phase separation occurs by nucleation and growth while spinodial decomposition 

arises from concentration fluctuation. The specific characteristics of the initial 

Figure 7: Schematic of free energy versus composition where A: immiscible 

system, B: fully miscible system and C: partially miscible system 
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stages of phase separation by these processes are noted  in Table 7. At 

temperature T', for compositions between b and c, a single phase is metastable. In 

between c and d, the system is unstable for even the smallest concentration 

fluctuations and spinodial decomposition occurs (Figure 8c).  

One strategy to enhance miscibility between two polymers is to force the 

enthalpic term to be negative by introducing specific interactions. In the context 

of true thermodynamic compatibilization, the presence of a third component 

mediates enthalpic interactions between the first two components, which in turn, 

creates a single homogeneous phase which is referred to as thermodynamic 

compatibilization.[78] 

 

Table 7: Initial stages of phase separation [1] 

Property Nucleation and Growth Spinodial 

Decomposition 

size of phase separated 
region 

increase with time size constant 

 

concentration of phase 
separated region 
 

 

constant with time 
 

increases with time 

diffusion coefficient positive negative 

 

phase structure 

 

 

separated 
 

interconnected 

activation energy required not required 

 

region of phase diagram 

 

metastable or unstable 
region 

 

only unstable region 
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2.5 Protein-based polymer blends  

There are many factors that determine the properties of polymer blends, 

most important of which are the composition and compatibilizer. The properties 

of polymer blends depend greatly on interactions, which induced can be altered by 

Figure 8: Phase diagram of binary polymer blend with illustration of LCST and 

UCST 
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compatibilizers. The importance of composition and compatibilizer in 

determining the blend properties is discussed in the following section. 

2.5.1 Composition 

Generally, the mechanical properties of two-phase blends consisting of a 

continuous polymer phase and a dispersed phase follow the mixing rule. This 

concept does not only exist for blends, but may even be better known in the field 

of composite materials. Consider a simple model of continuous fiber composites 

as a solid block with the volume of each phase proportional to its relative 

abundance in the composite, as shown in Figure 9.  The overall property in the 

direction parallel to the fibers (rules of mixtures) may be as high as 

𝐸! = 𝑓𝐸! + (1− 𝑓)𝐸! (6) 

where       𝑓 =    !!
!!!  !!

, Ef is the material properties of fibers and Em is the material 

properties of matrix. If the load is applied perpendicular to the fibers (inverse 

rules of mixtures), the properties of composites can be as low as  

𝐸! =
𝑓
𝐸!
+
1− 𝑓
𝐸!

!!

 (7) 

 

 

 

 

 

 

 

 

1-f 
f 

1-f 
f 

Rules of mixture 

Inverse Rules of mixtures 

Figure 9: Parallel and perpendicular loading to fibers 
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 The composite or blend’s mechanical properties will fall between that of 

the mixing rule and inverse mixing rule, as shown in Figure 10. Changes in 

morphology may affect mechanical properties and can be related to a phase 

inversion with changes in composition. A phase inversion is when the blend’s 

structure change from a matrix of polymer A containing a dispersed polymer B to 

a dispersed polymer A within matrix B. For example, the morphology of soy 

protein isolate and polycaprolactone blend (SPI/PCL) change from smooth 

surface to a rough and heterogeneous fracture surface as the PCL content 

increased and showed a bi-continuous phase at 60/40 (SPI/PCL) accompanied by 

an increased in toughness.[79] 

It was observed that as the amount of protein increased in modified 

polyester blends, there was more interactions with the reactive groups in the 

protein that resulted in an increase in tensile strength, but blends containing more 

than 65% protein were difficult to injection mould.[80] The Tg of SPI in SPI/PCL 

blends decreased as PCL content increased (≤50% PCL) accompanied by 

Figure 10: The mechanical property predicted by mixing rules and inverse mixing 

rules 
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decreasing crystallinity (Xc), indicating that the crystallization of PCL in blends 

was difficult.[79] In a blend of SPI/PLA (80/20) with 10 phr triacetin (TA), a 

highly ordered porous matrix of SPI and homogenously dispersed PLA domains 

were formed to a complex coarsened phase structure for both SPI and PLA 

domains at 60/40.[81]  

It is known that  SPI is richer in protein than SPC, which also affected the 

properties of the blends. For example, SPC/PLA blends showed a fine co-

continuous phase structure compared to SPI/PLA blends which presented severe 

phase coarsening. Due to higher protein content in SPI and its highly polar and 

hydrophilic nature compared to PLA which is hydrophobic, poor adhesion was 

observed. A high viscosity disparity between SPI and PLA further exaggerated 

this.[82] In other research of PLA and soluble eggshell membrane-protein (SEP), 

PLA is in a semi-crystalline state when SEP is added as a filler and changes to 

amorphous PLA when SEP content increased. Increasing SEP also improved the 

biocompatibility of the blends.[83] 

2.5.2 Compatibilizers 

In practice, polymer blends are said to be compatible if they exhibit two 

phases on a microscopic level but the interactions between polymer groups might 

be reasonable in a manner that provides useful properties of the multicomponent 

system. One of the strategies to improve compatibilization involves addition of at 

least one substance with a highly reactive group that can interact with more than 

one component of the blend.[84] There are two methods for blend 

compatibilization (Figure 11). The first is by addition of a third component or by 

reactive compatibilization. 
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2.5.2.1 Addition of a third component 

Introducing a third component in binary blends reduces interfacial tension 

between components, improving the dispersion and enhancing the adhesion 

between phases. The compatibilizer should be miscible and have a high affinity 

for both phases (Figure 11). Polymeric methylene diphenyl diisocyanate (pMDI) 

and poly-2-ethyl-2-oxazoline (PEOX) are among the most used compatibilizers in 

protein blends. pMDI is the polymeric form of methylene diphenyl diisocyanate 

(MDI) and distillation of MDI yields pMDI. pMDI is highly reactive with 

hydroxyl functional groups to form urethane linkages [85] and the residues of 

untreated MDI are not expected in the blends due to high reactivity of the 

isocyanate groups.[86] Compatibility between SPI and PCL was improved with 

the addition of MDI in blends containing 50% of each component.[79] 

  Another compatibilizer often used in protein blends is poly(2-oxazoline), 

the properties of which can be tuned by changing the side chain of its 

monomer.[87, 88] In recent years, the use of poly (2-oxazoline) in biomedical 

applications has evolved as its biocompatibility and biodistribution are similar to 

polyethylene oxide (PEO).[87] PEO has been used widely in protein adsorption, 

protein conjugates and drug carriers. In PLA/SPC blends, hydrogen bonding 

between carbonyl groups in PEOX and hydroxyl and carboxylic end-groups 

(PLA) reduced SPC inclusion size and increased interfacial bonding between PLA 

and SPC. [89] The carboxyl groups and/or amino group functionalities present in 

proteins are capable of reacting with the oxazoline functional group. The reaction 

between the carboxylic and oxazoline groups will result in an ester-amide linkage 

and is a fast reaction.  
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Maleic anhydride and its isostructural derivatives such as fumaric, 

citraconic and itaconic acids are being widely used as a copolymer through graft 

modification of various thermoplastic polymers. Graft modification onto 

polyolefins, especially polypropylene (PP) started back in 1969s when maleic 

anhydride (MA) was grafted onto isotactic PP below its melting point.[90] Since 

then, much effort has been put to study the mechanism of grafting polyolefins 

under a variety of conditions.[91-94] Grafting has been done either in an extruder 

or an internal mixer.[95-100] By using an internal mixer, polymers need to be 

dissolved in suitable solvent at the appropriate temperature. To obtain a high 

yield, solution grafting is an effective method, however, costs and simple 

processing conditions favour reactive processing (using extrusion).  

These maleic anhydride graft copolymers have been used as 

compatibilizers to improve interfacial adhesion between two polymers. The 

compatibility between synthetic polyolefin-MA group with soy protein and starch 

was improved evident from morphology, mechanical properties and thermal 

properties.[80, 101, 102] PLA-g-MA has been successfully used in starch and 

PLA blends. The maleation of PLA proved to be very efficient in promoting 

strong interfacial adhesion with hydroxyl group on starch.[99, 103]  
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amorphous, and a low degree of grafting may lead to simi-
lar heterogeneous nucleation.

In other words unreacted monomer, impurities or chain
fragments could act as nucleating agents leading to a
higher degree of crystallinity. At higher degrees of grafting
(high DCP and IA concentration) the irregularity

introduced by the grafted groups led to a reduction in crys-
tallinity relative to the other grafted polymers.

3.5.5. Thermal decomposition
All the grafted polymers had a higher thermal stability

(rate of maximum mass loss) compared to PLA (Fig. 9, only

Fig. 6. Glass transition temperature (Tg), crystallization peak (Tc) and melting endotherms of PLA and PLA-g-IA at different initiator concentration; 0.5 wt.%
DCP (A), 0.75 wt.% DCP (B) and 1 wt.% DCP (C).
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selected data presented). Increased thermal stability could
be as a result of many factors such as increased crys-
tallinity or molecular mass or crosslinking. The thermal
decomposition temperature for PLA-g-MA decreased due
to irregular chain branching of MA onto the PLA backbone,
but was also accompanied by a decrease in crystallinity
[5,8,28]. The increase in thermal stability would support
earlier observations regarding an increase in crystallinity
observed using DSC as the molecular weight (intrinsic vis-
cosity) was not increased by crosslinking. A slight increase
in mass loss at low temperature was observed, probably as
a result of lower molecular fractions forming (chain scis-
sion) during grafting.

3.6. Mechanical properties

In general, the mechanical properties of grafted poly-
mers only show minor changes over that of the pure poly-
mer. It depends on the degree of crosslinking, chain
scission as well as crystallinity. If grafting exclusively takes
place in the amorphous phase, an enhancement in
mechanical properties could be observed, however, a
higher degree of grafting could also disrupt crystallinity
which may reduce the tensile strength and modulus [31].

The mechanical properties of PLA and PLA blended with
2 wt.% PLA-g-IA generally increased, and was dependent
on the degree of grafting (Fig. 10). PLA had a tensile
strength of 48 MPa and a secant modulus of 3.5 GPa, but
have a relatively low elongation at break (�6%). Typical
stress–strain displacement curves for PLA and grafted
PLA are presented in Fig. 11. The addition of PLA-g-IA
had less impact on tensile strength compared to other
mechanical properties and varied almost in a similar man-
ner to crystallinity. Blending PLA-g-IA with PLA probably
resulted in strengthening the amorphous parts of PLA
because PLA-g-IA has a higher crystallinity than PLA.
However, when the degree of grafting is too high
(PLA10), PLA’s crystallinity could be disrupted too much
leading to the lower mechanical properties of that sample.

The drop in secant modulus is likely related to the lower
Tg associated with the grafted polymer. Adding 2 wt.% IA-g-

Fig. 7. Tg, Tc and Tm2 vs DCP concentration.
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PLA would therefore effectively plasticize the PLA matrix,
leading to a reduction in stiffness.

4. Conclusion

PLA-g-IA was successfully produced using reactive
extrusion. The reaction efficiency depends on the interac-
tion between monomer and initiator concentration, tem-
perature and residence time. These interactions were also
found to affect the thermal properties and thermal stability
of PLA-g-IA. The thermal properties of PLA-g-IA were sig-
nificantly altered, leading to a reduction in Tg and an
increase in crystallinity, depending on the degree of graft-
ing. Blending PLA-g-IA with pure PLA modified the
mechanical properties of the blend, but did not adversely
affect its properties and it would therefore be suitable as
a compatibilizer in blends of PLA and other polymers.
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Abstract 

The effect of annealing poly (lactic acid) (PLA) and PLA grafted with itaconic 

anhydride (IA) at different temperatures (80-130 oC) was studied using differential 

scanning calorimetry (DSC) and wide angle X-ray scattering (WAXS). For PLA, two 

crystal forms were obtained when annealed between 110-120 oC, transforming into 

only the α-form at 130 oC while a mixture of α’ and α-form were obtained in 

grafted PLA. Grafting accelerated the rate of crystallization of PLA but inhibited the 

development of large crystallites during annealing, resulting in a lower melting point. 

Incorporation of a bulky IA functional group slightly increased the lattice spacing by 

extending the helical conformation of the grafted PLA chain.  

Keywords: annealing, crystallization,  crystallinity, itaconic anhydride, PLA  

114



 

Introduction 

Poly (lactic acid) (PLA) is a biodegradable polymer that is produced from lactic acid 

and presents great potential for commodity applications due to its good mechanical 

properties and biodegradability. However, it thermally degrades easily, is brittle and 

has a low rate of crystallization; these often limit its application. PLA can be modified 

using free radical grafting, which could be a method to overcome these limitations [1, 

2] but may also introduce new opportunities, such as being a compatibilizer in 

polymer blends [3]. 

In polymer blends, the crystallization rate of miscible blends is Tg-dependent. 

Molecular mobility of restricted domains may depress the rate of crystallization, 

while nucleation is dependent on the blend composition [4]. Additionally, in 

crystalline/amorphous blends, the amorphous polymer could be completely rejected 

from the crystal lattice, or be uniformly included (but only to certain amount) due to 

high viscosity of amorphous material [4, 5]. It is therefore important to understand 

how a polymer like PLA’s crystallization is influenced by grafting, which prepares it 

for use in blends. 

PLA exhibits more than one form of crystalline structure with the same chemical 

composition (polymorphism). The earliest identified crystalline form of PLA is the α 

form with 103 helical conformations (10 monomeric units are included in the fiber 

period, turning three times) packed in an orthorhombic crystal system [6, 7]. In the 

disordered modification, α’, the chain conformation and crystal system is looser [8, 

9] and is believed to be due to a larger lattice dimension and weaker inter-chain 

interactions [10, 11]. The α’-type is formed below 100 oC, and crystallization 
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above 120 oC will transform α’ to α-crystals; between these, a mixture can be 

expected.  

During extrusion and injection molding of PLA, it is difficult to achieve high 

crystallinity in a short cooling time due to its low crystallization rate. As a result, PLA 

is usually amorphous after processing. Crystallization is affected by the presence of a 

small amount of monomer (copolymer), while chain irregularities (introduced by 

grafting) reduces the ability of a polymer to form perfect crystal arrangements. A 

random copolymer can potentially crystallize in two ways. It can form a two phase 

system of a crystalline phase composed of A-units and a non-crystallizable phase of 

co-monomer B-units (comonomer exclusion). In the second way, the comonomer B-

units produce defects in the crystal lattice of A-units and both phases has the same 

composition (co-monomer inclusion). Both suggested mechanisms will result in a 

depression of the crystalline melting point [12, 13]. 

Nucleation during crystallization could also play an important role [14, 15]. Inclusion 

of a copolymer sometimes act as  a nucleating agent that is usually characterized by 

an observed increase in crystallization rate. Crystallization of PLA in the presence of 

starch (1 to 40%) reduced the crystallization half time from 14 to about three 

minutes,[16] and the effect was even stronger when using thermoplastic starch.[17] In 

another study, transformation of most original spherullite crystals of PLA into sheaf-

like crystals was observed when using a nucleating agent [18]. 

The slow crystallization rate of PLA can be improved by annealing [11, 19-21]. 

During heat treatment, semi-crystalline polymers can change their physical and 

morphological structures as a result of reorganization leading to a state of order with a 

lower free energy. The quality of the crystal (i.e thickness), however, depends on 
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annealing temperature and time [22].  Another method to improve the crystallization 

rate of PLA include varying the processing parameters [23-27], which is often 

accompanied by mathematical modeling of crystallization kinetics [8, 9, 28, 29]. 

Using natural polymers, such as protein or starch in polymer blends, annealing 

parameters such as temperature and time are important, e.g. longer annealing time 

could lead to protein degradation. On the other hand, starch and soy protein were 

suggested to act as a nucleating agent in PLA blends, [3, 30] but the role of the 

compatibilizer was not clear.  

This study addresses the role of the grafting in the crystallization process of PLA. In 

our previous work of grafting itaconic anhydride (IA) onto PLA, the degree of 

grafting strongly affected thermal properties and crystallinity of PLA-g-IA. This study 

assesses the rate of crystallization and the effect of annealing on the crystallinity of 

PLA-g-IA using thermally resolved X-ray scattering and differential scanning 

calorimetry.  

Methodology 

Materials 

Poly (L-lactic acid) (PLA polymer 3051D) in pellet form was purchased from Nature 

Works. Analytical grade itaconic anhydride (IA), dicumyl peroxide (DCP), 

chloroform, acetone, potassium hydroxide, hydrochloric acid and phenolphthalein 

were purchased from Sigma Aldrich and were used as received.  
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Extrusion 

Itaconic anhydride (IA) and dicumyl peroxide (DCP) were dissolved in 20 mL 

dehydrated acetone and mix with PLA. After the acetone was evaporated completely, 

the mixtures were compounded using a LTE-20-44 twin-screw co-rotating extruder 

with a L/D of 44:1 and a screw diameter of 20 mm. The formulations of grafted PLA 

are listed in Table 1. The barrel temperature was set to 145, 145, 165, 165, 180, 180, 

180, 180, 160, 160, 155 °C and the screw speed was maintained at 100 rpm. A 

vacuum pump was connected to the vent at the 7th heating zone on the barrel to 

remove vapor generated during extrusion. The extrudate was collected in a water bath 

and pelletized. Pellets were dried in a convection oven at 80 oC for 12 h before further 

analysis. The residence time in the extruder, under this conditions for this study, is 

160 s. 

Purification 

About 2.5 g grafted PLA was dissolved in 40 mL chloroform, and 0.75 mL 

hydrochloric solution in water (1 M) was added to hydrolyze the anhydride groups 

into carboxylic acids. The solution was stirred vigorously for 30 min at room 

temperature. The grafted sample was further purified by drop wise precipitating into 

cold methanol (200 mL) to remove any homo- and copolymers of IA. A white sponge 

of filtered precipitate was collected and washed with methanol and distilled water 

several times and dried in vacuum oven for 24 h. Samples were analysed in triplicate. 

Degree of grafting 

Purified PLA-g-IA (0.4 g) was dissolved in 20 mL chloroform and titrated to a 

phenolphthalein end-point using potassium hydroxide in methanol (0.04 M). The 

grafted sample was completely soluble and did not precipitate during titration.The 

degree of grafting was calculated using Equation 1.  
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%  𝐼𝐴 =   
𝑁!"#𝑉!"#
2𝑊!"#$%&

  ×  130.099
𝑔
𝑚𝑜𝑙×  100 (1) 

where NKOH is the normality (moles per equivalent) of the KOH solution VKOH is the 

volume (liters) and Wsample is the sample mass (grams). 

Intrinsic viscosity  

The intrinsic viscosity of PLA and grafted PLA were determined by dissolving the 

polymer in chloroform to concentrations between 0.88 and 8.28 g/dL at a constant 

temperature of 20 oC.  A Ubbelohde viscometer (Type 1B) was used partially 

submerged in a temperature controlled water bath. The elution time of the solvent was 

determined and used to calculate the relative viscosity of each sample for each 

concentration. The intrinsic viscosity was obtained by extrapolating a plot of 

concentration vs. relative viscosity to zero concentration. 

Table 1: Formulations of grafted PLA 

Samples DCP 
(wt%) 

IA 
(wt%) 

Grafting 
content  

(%) 

Intrinsic 
Viscosity 

(dL/g) 

*Molecular 
weight 

PLA 0 0 0 0.63 
 

26 420 

PLA-2-IA 0.75 2 0.37 0.57 
 

23 200 

PLA-3-IA 0.75 3 0.41 0.55 
 

22 148 

PLA-4-IA 0.75 4 0.45 0.47 
 

18 059 

PLA-5-IA 0.75 5 0.48 0.36 
 

12 773 

PLA-6-IA 0.75 6 0.61 0.33 11 408 
* From Mark Houwink equation, using 𝜂 = 2.48  ×  10!!𝑀𝑊!.!!  [31] 
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Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was conducted using a DSC 8500 from 

Perkin Elmer. The specimens (weight approximately 10 mg) were crimp sealed in 30 

μL aluminium pans and run under constant nitrogen purge gas. Thermal history was 

removed by heating specimens from 0 to 200 oC  at 10 oC/min, holding for 10 minutes 

at 250 oC, followed by cooling to 0 oC (50 oC/min). During the first heating cycle, no 

exothermic peaks were observed between 180-250 oC, indicating that the grafting 

reaction was complete (data not presented). The difference between unpurified and 

purified PLA-g-IA was also considered, and it was found that the DSC curve of 

purified samples was similar to unpurified; therefore data of unpurified samples were 

presented. For annealing, samples were heated to the specified crystallization 

temperature (Ta), and maintained at this temperature for one hour before finally being 

heated 200 oC. Annealing temperatures used were 80, 100, 110, 120 and 130 °C. 

X-ray diffraction 

Isothermal crystallization was carried out using a PANalytical Empyrean X-ray 

diffractometer at 45kV and 40mA using CuKα1 radiation. Powdered samples were 

mounted in an Anton Paar CHC Plus chamber with air cooling and scanned between 

25 – 200 oC in 10 oC increments, controlled by an Anton Paar TCU 110 temperature 

control unit. The diffraction data was collected in the 2θ range from 5o to 40o  with a 

step size of 0.0131o. A soller slit of 0.04 rad was used, with a fixed 7.5 mm anti-

scatter slit.  A fixed temperature profile was used to ensure complete removal of 

thermal history, prior to annealing. Specimens were heated to 200 oC and immediately 

cooled to 25 oC and scanned. Samples were then heated to the annealing temperature 

(80, 90, 100, 110, 120 and 130 oC) and scanned every 5 minutes over a 60 minute 
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isothermal period. After annealing, samples were heated to 200 oC, cooled 25 oC to 

repeat the annealing procedure. 

Lattice spacing was calculated using Bragg’s law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 (2) 

where λ is the wavelength (1.542) and n is positive integer (n = 1). 

Results and Discussions 

Effect of grafting before annealing 

The effect of grafting before annealing (25 oC isotherm) on the crystallization 

temperature (Tc) and melting temperatures of PLA (TmI and TmII) are shown in Figure 

1. These values were obtained from the second DSC scan at different IA 

concentrations (Table 1). PLA and grafted PLA showed a broad crystallization peak 

while the double melting peak at around 110 oC and 135-155oC was barely visible for 

pure PLA. Multiple melting peaks are typically observed in semi-crystalline polymers 

due to melt-recrystallization, and for PLA, corresponds to melting of initial lamellae 

and that of thicker, more perfected crystals formed during heating.[27] It would 

appear that grafting made this phenomenon a little more prevalent, even before 

annealing.   

Grafting increased the crystallization temperature from 106 oC (PLA) to 110-116 oC 

as the result of increased chain interaction, making it more difficult for these chains to 

disentangle from each other to crystallize. Grafting also reduced Tm possibly due to 

IA forcing PLA to form thinner, less perfect crystals that melt at lower temperatures. 

Imperfect crystals also could be due to poor folding of grafted PLA due to the bulky 
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IA groups attached to the polymer backbone. A higher degree of grafting (higher IA 

concentrations) led to a greater reduction in Tm, indicating increased disruption to the 

regularity of PLA crystals.  

Side reactions during grafting process, such as chain scission and crosslinking are 

common, in which excessive chain scission usually leads to lower molecular weight 

and poor mechanical performance of the polymer while crosslinking may lead to an 

insoluble polymer. A reduction in molecular weight was observed after grafting, 

(Table 1). A lower molecular weight would  introduce more chain ends that could 

disrupt crystal structures, leading to a lower melting point [32] as well as increase 

chain mobility, [33, 34] allowing chains to rearrange into an ordered state more easily 

by diffusing to lamella growth fronts [35]. This would increase the rate of 

crystallization. Other work have shown that a graft copolymer can show an increase 

in the rate of crystallization despite chain irregularities introduced by the grafted 

monomer [16, 33, 36-38]. 

In our previous study, grafted PLA has slighty better crystallinity than PLA 

accompanied by improved thermal decomposition temperature and mechanical 

properties. Therefore, annealing was conducted in order to further improve the 

crystallization rate of grafted PLA. 

Annealing 

Generally, PLA changes its physical properties when annealed at temperatures below 

the melting point. During annealing between the Tg and Tm, PLA chains can 

reorganize into a state of lower free energy [22]. Chains with high mobility can 

rearrange into an ordered state by moving to lamella growth fronts, leading to more 
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uniform lamellae and regular fold-surfaces [35]. Crystals also eventually thicken and 

increase in size with longer annealing time, resulting in more ordered crystals [22]. 

DSC traces of PLA annealed for 1 hour at different temperatures (Ta) are shown in 

Figure 1. When PLA was annealed at 80 oC, crystallization was incomplete, resulting 

in a broad exothermic peak in the subsequent heating scan (ΔHc =1.92 J/g), not 

evident in Figure 1 because of scale.  When annealed at higher temperatures, the 

crystallization peak decreased and was absent at higher Ta (120-130 oC) and is 

consistent with other research [20, 23, 39]. 

Two melting peaks were observed when annealed at temperatures lower than 110 oC, 

merging into a single peak above 120 oC. The appearance of TmI and TmII depend on 

the annealing temperature, but the peak position also depends on annealing time 

(Figure 2). At 110 oC, TmII never disappeared, but decreased in intensity over time, 

while only a single peak was observed at 120 oC after 60 minutes. If annealed at 130 

oC, the single melting peak was at the highest temperature. Also evident from Figure 

2, is the relative size of TmI and TmII; as the annealing temperature was increased, 

TmII decreased in size relative to TmI.   (i.e. first melting peak increase as annealing 

temperature increased and peak temperature increased.) 
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Figure 1: Melting endotherms of PLA and grafted PLA at different annealing 

temperatures for 1 hour. 

The two melting peaks can be explained by melt-recrystallization in which TmI 

corresponded to melting of crystals that were formed during annealing and TmII that 

of crystals perfected during heating (melt-recrystallisation). When Ta increased to 100 

-110 oC, more perfect crystals formed during annealing, evident from a higher melting 
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point (TmI), but significant re-crystallization during heating still occurred (TmII). At 

120 - 130 oC, merging of these peaks indicates that crystallization was completed 

during annealing. 

 

Figure 2: Heat flow of DSC curves at different annealing time temperature a) 110 oC, 

(b) 120 oC and c) 130 oC 

Figure 3 shows the melting temperature and enthalpy of PLA versus annealing 

temperature. TmI increased linearly with Ta while TmII did not change much. It is 

evident that both melting peaks resolved into one at 110 oC. It has been suggested that 

a mixture of α’ and α type crystals form in this region [40]. A similar observation 

was reported elsewhere which concluded that the peak profiles discretely changes at 

Tc = 113 oC and was ascribed to the difference in crystal structures [41]. It is expected 
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that the crystallinity or crystal size during annealing increases with increasing Ta ,[42] 

and as expected, ΔHm increased almost linearly with Ta. The discontinuity at Tc = 

100 - 120 oC has been observed by others, and was it was postulated that the 

crystallization mechanism and crystal structure of PLA above and below this point 

may be different.  

  

 

 

 

 

Figure 3: Relationship between Tm and ΔHm with Ta 

Effect of annealing on grafted PLA  

In the case of grafted PLA, melt-recrystallization was much more pronounced, even at 

higher annealing temperatures. For annealing between 110 - 130 oC, crystallization 

was observed preceding annealing (Tc approximately 110 oC). Prolonged annealing 

scarcely affected crystal structure during a 60 minute annealing cycle (Figure 2); the 

relative size of TmI and TmII stayed approximately constant. However, at high 

annealing temperature, TmII was significantly smaller, but never disappeared 

completely. At a higher degree of grafting (PLA-6-IA), the distinction between the 

two melting peaks was not as obvious and the melting point was also lower.  

TmI and TmII versus annealing temperature is shown in Figure 4. The melting peaks 

did not resolve into one, as observed for PLA. As the annealing temperature 
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increased, TmI increased but not linearly, as for PLA. TmI reached a plateau at Ta = 

100 oC, while TmII remained constant (although decreasing with increasing degree if 

grafting). For grafted PLA, it seems like the more perfected α-type crystal structure 

cannot be formed to the same extent as PLA.  

An exothermic crystallization peak was not observed for PLA after annealing,  

however,  grafted PLA showed significant crystallization preceding annealing, as the 

sample was heated (Figure 1). Grafting increased the crystallization temperature of 

PLA to higher temperature as a result of increased chain interaction. However, 

annealing at different temperatures for 1 hour improved the rate of crystallization of 

grafted PLA Considering the rate of crystallization of grafted PLA, annealing above 

100 oC it is not possible, as significant crystallization  occurred at an annealing 

temperature of 100 oC. 

Therefore, to calculate the crystallinity of grafted PLA, only values at 100 oC was 

considered to avoid crystallization during heating. Table 2 showed the enthalphy and 

crystallinity of grafted PLA at 100 oC. After grafting, the enthalphy and crystallinity 

increased more than half than PLA. This suggested a heterogenous nucleation induced 

by IA. PLA is highly amorphous and grafting and anenaling probably resulted in 

acceleration in nucleation of the grafted samples. However, increasing in degree of 

grafting has slight effect on the enthalphy and final crystallinity.  
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Figure 4: Effect of annealing temperature on melting temperature of grafted PLA (a) 

PLA-2-IA, (b) PLA-3-IA, (c) PLA-4-IA, (d) PLA-5-IA and (e) PLA-6-IA for 1 hour 

It can be concluded that, for PLA, an annealing temperature of 130 oC was sufficient 

to obtain maximum crystallinity in PLA. In contrast, for grafted PLA, it is sufficient 

to conduct the annealing at 100 -110 oC. It is evident that different types of crystals 

were formed during heating and annealing and for grafted PLA could not be fully 
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converted into the, presumably, more ordered α-form crystals. This was confirmed 

after extending annealing of PLA-6-IA to 120 minutes. At 120 and 130 oC, PLA-6-IA 

show similar behaviour and it was thought that 60 minutes was sufficient for 

annealing grafted PLA.  

Plots of relative crystallinity versus time for PLA and grafted PLA are shown in 

Figure 5. The process of crystallization during annealing for grafted PLA was 

considered only at an annealing temperature of 100 oC to avoid crystallization before 

annealing. Xt is the relative crystallinity at a given time, and is calculated from the 

integrated area of the DSC curve during annealing from t = 0 to t divided by the total 

area (Equation 4 and 5). 

𝑋!   =
𝑑𝐻
𝑑𝑡 𝑑𝑡

!
!
𝑑𝐻
𝑑𝑡

!
! 𝑑𝑡

 (3) 

where the first integral represents the heat generated at time t, while the second 

integral represents the total heat generated up to the end of the crystallization process. 

By dividing the areas of isothermal DSC curves, the following equation is obtained; 

𝑋! =
𝐴!
𝐴!

 (4) 

The kinetics of crystallization was analysed using well known Avrami equation: 

𝑋! = 1− exp −𝑘𝑡!     𝑜𝑟   ln − 𝑙𝑛 1− 𝑋 𝑡 = 𝑛 ln 𝑡 + ln 𝑘 (5) 
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where k is the crystallization kinetic constant for nucleation and growth, and n is the 

Avrami exponent reflecting the mechanism of nucleation and growth. By plotting ln[-

ln(1-Xt))] versus ln t, the Avrami exponent, n, and the logarithm of kinetic constant, 

ln k can be determined.  

 

 

 

 

 

Figure 5: Plots of relative crystallinity as a function of crystallization time for (A) 

PLA at different temperature and (B) grafted PLA at 100 oC; (a) PLA-2-IA, (b) PLA-

3-IA, (c) PLA-4-IA, (d) PLA-5-IA and (e) PLA-6-IA 

For PLA, the rate of crystallization increased with temperature and at 130 oC, 

crystallinity was double that at 100 oC (time to reach 50% crystallinity, Table 2). For 

grafted PLA annealed at 100 oC, an increase in IA concentration (i.e. higher degree of 

grafting) increased the rate of crystallization significantly. At low degree of grafting 

(PLA-2-IA) the time to reach 50% crystallinity was 4.4 minutes while at higher 

degree of grafting (PLA-6-IA), it was only 1.5 minutes. A large effect on 

crystallization rate after grafting was observed, evident from the crystallization half 

time between PLA and PLA-2-IA. The half time of PLA-2-IA was reduced 

significantly, despite a small reduction of molecular weight (12.8% reduction) 
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suggesting that grafting had a bigger influence on crystallization rate than chain 

scission. 

The Avrami equation describes how solids transform from one phase to another at 

constant temperature. It generally considered that the value of n = 0 corresponds to 

instantaneous or heterogeneous nucleation and 1 to sporadic or homogeneous 

nucleation. A value of 2 or 3 represents axialites (two dimensional lamellar 

aggregates) and spherullites (three dimensional aggregates of radial lamellae), 

respectively. Figure 6 displays the typical Avrami double-logarithmic plots for PLA 

and grafted PLA annealed at 100 oC. 

The Avrami parameters n and lnk were obtained from the plots with slope n and 

intercept ln (k) (Table 2). For grafted PLA,the crystallization rate was increased, 

induced by homogenous nucleation and crystal growth (n >2), producing a two 

dimensional microstructure. This led to a higher degree of crystallinity and different 

crystal structure of grafted PLA (discussed in the next section). Crystallization rate 

generally increase with increased degree of grafting evident from a significant 

reduction in t1/2 (Table 2). However, the formation of new nuclection sites was 

limited, as the value of n remained less than 3. The value of n would be expected to 

increase from 2 to 3 if the the nucleation sites increased, indicating a transformation 

of two dimensional  structures to three dimensional structures. 

It has been suggested that k is temperature dependant following the Arrhenius 

equation [43]. Therefore, a decresase in ln(k) would suggest a decrease in activation 

energy. The results were separated into three groups (Figure 6); PLA, low to medium 

degree of grafting and those with a higher degree of grafting. Those with a high 

degree of grafting also had the most significant chain scission. One would thefore 
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conclude that grafting did reduce the activation energy, but as chain scission became 

more significant, the effect of shorter chains on the rate of crystallization was more 

important.    

Table 2: Crystallization half times, ∆𝐻!, 𝑋!, and Avrami constant (n, ln (k) and R 

values) of PLA and grafted PLA at 100 oC  

 

 

 

 

 

 

 

Figure 6: Avrami plot of PLA and grafted PLA at 100 oC 
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PLA 10.7 19.04 27.7  1.39 -5.21 0.9987 

PLA-2-IA 4.4 40.07 43.09  2.52 -4.93 0.9954 

PLA-3-IA 4.2 40.75 43.82  2.41 -4.71 0.9915 

PLA-4-IA 3.8 40.29 43.33  2.43 -4.62 0.9879 

PLA-5-IA 1.7 42.68 45.9  2.22 -2.48 0.9933 

PLA-6-IA 1.5 41.78 44.9  1.91 -2.16 0.9920 
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Wide Angle X-ray Scattering (WAXS) 

 The WAXS diffraction patterns of PLA and grafted PLA at different Ta, annealed for 

1 hour are shown in Figure 7. For grafted PLA, similar diffraction patterns were 

observed for all samples, therefore only the highest grafting degree is shown. The 

thermal history of samples was removed in order to observe the crystallization 

behavior at different temperature during annealing. For comparison, all the diffraction 

patterns given are normalized using the strongest peak corresponding to the (110/200) 

plane. Indexing of the observed diffractions is based on the crystal structure of α 

form of PLA [8, 40, 44]. 

PLA showed seven diffraction peaks, evident from the enlarged diffractogram (Figure 

8). A small peak that represent the (110/200) plane appeared at 80 oC and a peak 

corresponding to the (203) plane appeared at 90 oC.  A peak representing the (010) 

plane appeared above 100 oC. With increasing Ta, all the peak intensities increased 

dramatically. The transformation of crystal structure from α’ to α form can be 

concluded from the appearance of five characteristic peaks in the α form (above 100 

oC). This results are in good agreement with other research that report growth of α’ 

crystals at low Tc and α modification at high Ta [40, 45]. At a glance, the WAXS 

pattern of the α’ form (100-110 oC) is similar to the α form, but differ in intensity. 

The presence of the α-form at 120-130 oC, as observed using DSC, was confirmed 

using WAXS and will be discussed in the next section.  
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Figure 7: X-ray diffraction profile of PLA and grafted PLA obtained after annealing 

for 1 hour at different Ta. 

For grafted PLA, no peaks were detected at Ta = 80 oC. At 90 oC, four main peaks 

were observed and at 100 oC, a diffraction peak appeared at 2θ = 26.9o that represents 

the (207) plane. This peak formed much faster in grafted samples, probably because 

of increasing rate of crystallization as observed in previous section. Figure 9 shows 

the effect of grafting on XRD diffractrograms for PLA and grafted PLA at 130 oC. 

The peaks corresponding to the (203), (015), (115),(016) (207) and (018) shifted to a 

slightly lower angle after grafting. This may be explained by inclusion of the bulky IA 

groups onto PLA backbone expanding the helical structure of PLA.  

By considering the molecular weight of semi-crystalline PLA is approximately 26 420 

g/mol, the degree of polymerization can be estimated to be around 203. This gives an 

average of 1 IA molecule for every 123 PLA repeat units (by considering the grafting 

content is 0.61%). However, grafting is random and a variation in this number is 

expected around this average. The occurrence of this random pendant group is what 

disrupts the crystal lattice of PLA. 
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Figure 8: Enlarged diffractograms 

  

  

 

 

 

Figure 9: Enlarged diffractrograms of PLA and grafted PLA at 130 oC 

A closer examination of diffraction intensities at the strongest peak corresponding to 

the (110/200) plane was carried out in order to observe the differences in crystal 

structure and is shown in Figure 10. The diffraction angles of the main peak at 90 oC 

are marked by dotted lines as a reference to distinguish the shift in the diffraction 

angle. For PLA, as Ta increased, the peak at 100-110 oC shifted to slightly higher 

angles. This indicated that crystals formed at these annealing temperatures are 

different compared with those formed at Tc<100 and Tc>110. At 120-130 oC, the 

peaks shifted to an even higher angle indicating a more compacted chain structure and 
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a transformation from the α’ to α form crystal structure. Similar observations were 

obtained elsewhere [11, 45]. This behavior was confirmed in the lattice spacing 

calculated from the strongest diffraction peak at different Ta, as shown in Figure 11 

using Bragg’s law. 

 

Figure 10: Enlarge diffraction peaks at (110/200) 

Diffraction at the (110/200) plane also shifted to higher angles for grafted samples, 

but also split into two peaks above an annealing temperature of 100 °C. In 

consideration of grafted PLA could not be converted to more ordered α-form crystals 

at higher temperature, the appearance of two peaks suggests a different crystal lattice 

spacing obtained for grafted samples, where the first peak was at a slightly lower 
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spacing due to incorporation of bulky itaconic anhydride, as schematically indicated 

in Figure 12. 

 

Figure 11: Lattice spacing of PLA at different Ta 

 

 

 

 

 

 

 

 

 

Figure 12: Illustration of crystal structure of PLA and grafted PLA at ab projections 

with d-spacing at (110) at 130 oC 
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The appearance of the five peaks representing the α-form is time dependent and 

differ for PLA and grafted PLA (Figure 12). For PLA, they are fully formed after 30 

minutes annealing, while for grafted PLA (PLA-6-IA), 15 minutes were enough. This 

would suggest a higher crystallization rate for grafted PLA, supporting previous DSC 

results. It was thought that the chain conformation after grafting and during annealing 

are affecting this behavior. Grafted PLA increased the lattice spacing and free volume 

during annealing, allowing them to crystallize faster. 

 

Figure 12: X-ray diffraction patterns of PLA(A) and PLA-6-IA(B) at different 

annealing time at 100 oC. 
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Conclusion 

In this work, the effect of annealing on PLA at different crystallization temperatures 

was investigated using DSC and WAXS. Annealing at 130 oC for 1 hour changed the 

α’-crystal to α-form while a mixture of both types crystals was obtained for grafted 

PLA. Incorporation of bulky IA groups increased the rate of crystallization of PLA 

with increasing in degree of grafting but limits the formation of a larger and more 

compacted crystals, evident from lower melting point of grafted PLA. Grafted PLA 

had a more extended helical conformation and a slightly increased lattice spacing. The 

grafted PLA was thought to crystallize faster due to increase in the lattice spacing and 

free volume as a result of grafting.  
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Concluding Remarks 

NTP was blended with LLDPE and PBS with and without compatibilizers, 

using extrusion and injection moulding. Different types of compatibilizers such as 

PE-g-MAH, PEOX, and pMDI were used in blending NTP with these polymers. 

A novel compatibilizer, PLA-g-IA was successfully produced as a potential 

compatibilizer for NTP/PLA blends. 

Generally, blending NTP with other polymers without adding any 

compatibilizers resulted in an immiscible blend with a mostly rough morphology 

and poor interfacial adhesion between the two very distinct phases of different 

polymers. The results were supported by two different Tgs. Addition of 

compatibilizers improved the adhesion and stabilized the morphology, leading to 

significant improvements in mechanical and thermal properties, as well as 

improved water resistance.   

The objective to combine the best properties of two different polymers has 

been met by both LLDPE and PBS/NTP blends. For example, using LLDPE, the 

blend’s elongation at break exceeded that of the raw polymers when using PE-g-

MAH as a compatibilizer (at 20-30 % NTP). Increasing NTP content (for 

compatibilized blends) led to a reduction in mechanical properties, but never 

dropped below the properties of pure NTP. The hydrophobic nature of LLDPE 

also improved the overall hydrophobicity of the blend, allowing for better water 

resistance, but will ultimately compromise compostibility.  For PBS blends, the 

tensile strength of the blend exceeded the tensile properties of pure PBS. Blends 

containing 50 wt% NTP had a tensile strength of 24 MPa (22 MPa for PBS) and 
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greatly improved water resistance, without compromising compostibility. 

However, the cost of using PBS may prohibit large-scale commercial implication.  

Assessment of different methods to incorporate the compatibilizers in 

NTP/PBS blends led to the biggest improvement in tensile strength and secant 

modulus when two compatibilizers were used (at 50% NTP). Introducing pMDI 

just before injection moulding, but PEOX during extrusion, allowed for the 

greatest interaction between phases. Dissolving PEOX during NTP production 

improved acid-base interactions between PEOX and NTP as well as forming a 

network of hydrogen bonding between NTP, water and PEOX. pMDI increased 

bonding between NTP and PBS through reaction between amine terminal-groups 

from NTP and either the hydroxyl or carboxyl terminal-groups in PBS. PEOX 

improved the dispersion of NTP and the morphology showed no phase separation 

between NTP and PBS.  

Crystallization of PBS in the NTP/PBS blends increased, which is likely to 

be due to nucleation effects by NTP or the presence of the compatibilizers, this 

served as a starting point for subsequent assessment on the rate of crystallization 

of PLA copolymer (PLA-g-IA).  

Production of PLA-g-IA as a potential compatibilizer in NTP/PLA blends 

was successful, with a maximum degree of grafting of 0.75 wt%, with minimal 

chain scission. Grafting had a significant impact on crystallization and led to a 

reduction in melting point. It also increased the crystallinity, thermal 

decomposition temperature and mechanical properties of PLA, which lead to a 

similar hypothesis regarding the effect of blending, as observed in NTP/PBS 

blends. The presence of compatibilizers modified the formation of crystals and led 
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to an increase in crystallization rate in the blends, compared to pure polymers 

(PLA) or uncompatibilized blends (NTP/PBS).  

The effect of grafting on thermal properties of PLA and its copolymer at 

different crystallization temperatures were investigated using DSC and WAXS. It 

was evident that the rate of crystallization of PLA increased significantly after 

grafting but limited the formation of larger and more compact crystals, leading to 

a lower melting point of grafted PLA. Reduction in Tm was also observed in 

NTP/PBS blends in spite of the fact that it crystallizes faster. These provide 

evidence that the rate of crystallization has increased after blending and the 

compatibilizers promoted crystallization although limited the formation of perfect 

crystals. Annealing at 100 oC increased the crystallinity of PLA and PLA-g-IA in 

short time such that reduces the possibility of NTP degradation to occur in 

NTP/PLA blends during extrusion. Incorporation of a bulky IA on the PLA 

backbone disrupted the crystal lattice of PLA by increasing the lattice spacing at 

the (110) plane (observed at an annealing temperature of 130 oC), suggesting that 

the helical structure of PLA was expanded.  

Overall, it was found that blending NTP with LLDPE was less 

complicated compared with PBS. This is really surprising considering PBS is a 

linear biodegradable synthetic polymer consisting of more terminal groups than 

LLDPE. The ease of processing for NTP/LLDPE blends could be due to 

significant numbers of short branches in the LLDPE structure that possibly 

increased the interactions between the copolymers (PE-g-MAH), LLDPE and 

NTP. Apart from that, the method of compatibilization mechanisms themselves 

might also influence the processing. PE-g-MAH was added as copolymer in 

NTP/LLDPE blends while PEOX and pMDI were added as a third component in 
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NTP/PBS blends. The difficulties that occurred during NTP/PBS processing in 

which two-time extrusion is needed as well as  two different compatibilizers, 

might be due to in-situ interactions at the interface of NTP and PBS phases during 

extrusion. 

Blending NTP (at 50wt% or less NTP compositions) with different types 

of polymers in the presence of compatibilizer successfully produced synergistic 

combinations of two components such that include higher modulus, toughness (or 

more accurately referred to as energy to break) and improved water-resistance. 

However, at higher NTP compositions in the blends, restricted chain mobility 

after blending was evident and the effect of adding different types of 

compatibilizer was much less, reducing the toughness of the materials. The 

restriction in mobility of the molecular chains also affected thermal properties (Tm 

and Tc) of the blends. The results obtained from this study have laid down an 

important platform from which to further produce  new blends with higher NTP 

compositions such that can be achieve using completely miscible compatibilizer 

with a high affinity for both phases. This would make NTP blends more valuable. 

On-going research in to NTP/PLA blends using PLA-g-IA as 

compatibilizer is ongoing at the University of Waikato and includes studies into 

extrusion and injection moulding processing parameters. NTP/PLA blends have 

very narrow processing temperature because PLA has a high Tm  (180 oC) while 

NTP starts degrading at a much lower temperature (~140 oC). Depending on 

composition, a suitable processing temperature is needed to process the blends 

with optimum mechanical properties.   
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For future work, other interesting topics to explore are the crystallization 

behavior of NTP/PLA blends and the spherullitic growth. Current work showed 

that the rate of crystallization increased with increasing of PLA-g-IA contents but 

limited the formation of perfect crystals. Crystallization can also be affected by 

addition of NTP. Therefore, a study on crystallization rate of PLA, PLA with 

PLA-g-IA and NTP/PLA blends as well as morphological development i.e the 

spherullitic growth will be valuable to manipulate the processing parameters. 

Furthermore, annealing could also be used to obtain a stable and high 

performance NTP/PLA blend.  

The application of NTP-based blend has potential in the agricultural and 

packaging industry, especially in foamed products or where high impact 

resistance is required. Building a large-scale plant to produce NTP in New 

Zealand is an interesting prospect and blended grades may offer valuable 

alternatives to current grades of NTP. 
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