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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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Arginine 

Glutamine 
acid 
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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 

34



 

 

 

 

 

 

 

 

 

 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 

35



 

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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Only recently, PLA-g-MA with a degree of grafting between 0.25 - 0.9 % 

was used as compatibilizer in PLA/SP composites that improved the tensile 

strength and elongation at break of SP/PLA composites. A finer domain size of 

the soy protein concentrate (SPC) phase was observed, suggesting improved 

dispersion [104]. However, the use of graft-copolymers has a disadvantage 

Figure 11: Methods for blends compatibilization 
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because it tends to form micelles in the bulk phase thereby increasing blend 

viscosity and reducing processability[105]. 

L.A. Utracki[105] listed three main factors that need to be considered in 

designing copolymers as compatibilizers:  

1. to maximize miscibility of the appropriate part of its macromolecule 

with the specific polymeric component of the blends  

2. to minimize its molecular weight to just above the entanglement 

molecular weight for each interaction segment and  

3. to minimize its concentration in the blend 

2.5.2.2 Reactive compatibilization 

The second method is known as reactive compatibilization. From an 

economic point of view, this technique is more attractive than the addition of a 

third component.[106] The concept involves in-situ formation of a block- or graft 

copolymer at the interface between the phases of a polymer blend during melt-

mixing.[107] Reactive extrusion has been shown to be a cost effective processing 

method as it is a continuous process which involves introducing reagents at 

optimum points in the reaction sequence. During extrusion, reagents are 

homogenized at a longer residence time for a high conversion. Batch mixers are 

also used, and have been found to be effective as it is easy to control processing 

parameters such as temperature, mixing time and mixing intensity via the rotation 

speed of motors.[98] 

Reactive extrusion is an effective method for chemical modification of 

polyesters along with the production of compatibilized blends between 

biodegradable polyesters and fillers.[108] During chemical modification of 
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polyesters such as maleation, the reaction kinetics is dependant on the 

concentration of initiator and monomer, while a suitable screw configuration is 

required to meet residence time and mixing requirements to reach a high 

conversion. Also, polymerization needs to be fast enough if processing is in a 

continuous one-stage process. 

Another advantage of using reactive extrusion is the formation of 

additional interactions between two phases at the interphase. During 

polymerization in an extruder, besides production of graft polymers, there are 

unwanted reactions such as chain scission, crosslinking and homopolymerization. 

The initiator radicals attack the polymer to generate macro-radicals that might 

form crosslinking which could produce a higher molecular weight polymer. Other 

advantages of crosslinking are that it can improve properties of the original 

polymer such as increased thermal stability, solvent resistance and mechanical 

properties. Using reactive extrusion,  crosslinking is also possible through ionic 

bonds and physical crosslinking, i.e van der Waals or hydrogen bonds. In PLA, 

the crosslinked structure of triallyl isocyanurate (TAIC) promotes crystallization. 

Although this was achieved using a crosslinking agent, with further increase in 

crosslinking (from 12.1% to 41.2%), the onset crystallization temperature 

increased, resulting in the perfection of crystal lamellas.[109]  

2.6 Characterization of compatibility 

The methods commonly used in the literature to characterize compatibility 

are based on mechanical and thermal properties (Tg) as well as morphology. 

These are discussed in the following sections. 
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2.6.1 Mechanical properties 

By way of example, the mechanical properties of various PLA/protein 

blends are shown in Table 8. Different factors that influence mechanical 

properties such as composition as well as type and amount of compatibilizer used 

are listed and discussed.  

 

Table 8: Mechanical properties of PLA/protein blends 

Material Tensile 

strength 

(MPa) 

Elongation 

at break 

(%) 

Modulus 

(GPa) 

Ref. 

PLA/SPC, 70/30 44.7 1.54 4.17 [104] 

PLA/SPC, 70/30, 2 phr PLA-g-MA 52.2 1.85 4.21 

PLA/wheat-straw, 70/30 57 1.8 4.5 [110] 

PLA/wheat-straw, 70/30,5 phr PLA-g-MA 68 2 4.5 

PLA/SPC, 70/30 48.6 1.13 4.34 [89] 

PLA/SPC, 70/30, 1 phr pMDI 60.3 1.46 4.52 

PLA/SPC, 70/30, 3 phr PEOX 53.8 1.26 4.42 

PLA/SPC, 70/30, 3 phr PEOX, 2 phr 

pMDI 

73 2.29 4.41 

PLA/SPI, 30/70 12.4 1.3 3.96 [82] 

PLA/SPI, 30,70, 5 phr PEOX 20.1 1.9 3.75 

PLA/SPC, 30/70 19.3 1.7 4.43 

PLA/SPC, 30/70, 5 phr PEOX 22.5 2.1 4.25 

 

Zhu et al [104] obtained a brittle material without any yield point as well 

as  an increase in modulus due to the incorporation of rigid SPC. However, 

compatibilized PLA/SPC showed a 16.8% improvement in tensile strength, 20% 

in elongation at break and 1% in modulus when compared to uncompatibilized 
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blends. The tensile strength and elongation of both blends did not change when 

the amount of PLA-g-MA was increased. The improved interfacial adhesion was 

believed to be through the anhydride group in PLA-g-MA reacting with amine 

groups of the protein and hydroxyl groups of carbohydrates in SPC.  

By using the same type of compatibilizer (PLA-g-MA), C. Nyambo et al 

[110] investigated different blending methods to prepare  PLA/wheat starch (WS) 

blends; by reactive compatibilization and by conventional mixing (the 

conventional process of preparing PLA-g-MA via reactive extrusion and using it 

as compatibilizer to the PLA/WS composites) and found that the blends prepared 

through the conventional method showed 28% improvement in tensile strength 

over that at using  reactive compatibilization. This was believed to be due to the 

presence of free radicals from the initiator that caused degradation of the 

materials. This observation is also consistent with studies using PLA/starch 

composites.[111] The tensile strength of blends with PLA-g-MA showed a 19.3% 

improvement accompanied with 11% increase in elongation at break. No changes 

was found in modulus.  

Liu et al [89] used different types of compatibilizers (PEOX and pMDI) in 

PLA/SPC blends (70/30 wt%) and observed an increase in elongation at break 

from 11.5% - 100%, calculated from the lowest to the highest elongation at break 

value compared to uncompatibilized blends. Materials with pMDI showed a yield 

point and using dual compatibilizers had a synergetic effect on the tensile 

strength, elongation at break and modulus. By considering the nature of pMDI, 

which has a high reactivity with water, pMDI was added during injection 

moulding and compared with samples when pMDI was added during extrusion. 

43



 

Samples with pMDI added during extrusion show no compatibilization effect on 

the composites. 

Zhang et al [82] used PLA as a filler in PLA/SPI and PLA/SPC blends 

(30/70) using PEOX as compatibilizer. PLA/SPI showed a 62% improvement in 

tensile strength, 46 % improvement in elongation and a slight reduction (5.3%) in 

modulus compared to uncompatibilized blends. For PLA/SPC, better 

improvement were observed for tensile strength (16.5%), elongation at break 

(23%) as well as modulus (7.3%).  The higher carbohydrate content in SPC 

compared to SPI may have been the reason for this observation. However, 

increasing PEOX showed only a slight improvement in strength. 

 Optimization of tensile properties of thermoplastic blends from SP and 

biodegradable polyester (PCL, PBAT and PBS) using the Taguchi experimental 

design method [112, 113] had concluded that between all factors (polyester type, 

urea content, SS content and glycerol content) selected, polyester type proved to 

have the dominant effect in determining the final properties of the blends.[114] 

PBS was found to improve the tensile properties through crosslinking with 

denatured protein. On the other hand, PCL significantly improved the elongation 

at break of PCL/SP. Increasing PCL content in SPI blends showed ductile 

properties and interfacial adhesion was improved with increasing MDI 

content.[79] 

Other than using a third component as compatibilizer, polymers have been 

modified to create new functional groups on their backbone through grafting or 

crosslinking. Modified PBS containing urethane and free isocyanate groups 

(NCO) blended with SPI showed improved mechanical properties through 
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hydrogen bonding interactions between NCO groups and the functional side 

groups of SPI. When SPI was the matrix (70/30 wt%) at different NCO/OH ratios, 

the tensile strength increased from 4.81MPa to 18.2 MPa, accompanied by an 

increase in modulus, but elongation at break was less affected. PCL-g-MA was 

developed using graft polymerization and the tensile strength and percentage 

elongation were similar to ungrafted polymers, indicating that the polymers was 

not disrupted by copolymer and are capable of being an efficient 

compatibilizer.[115, 116] 

Chemical modifications of proteins with epoxy groups have been trialed 

for the development of biomaterials for medical applications.[117, 118] The 

epoxy functional group is capable to react with amino groups in proteins.[23, 119] 

The reactive groups were further crosslinked by using a coupling agent ethylene 

diamine (EDA, a compound which contains two primary amine groups). 

Reduction in rigidity (storage modulus) was observed due to contribution of 

epoxy end groups but with more crosslinking, the storage modulus increased 

approaching the level of WP. 

2.6.2  Thermal properties 

2.6.2.1 The amorphous phase 

Miscibility in polymer blends can be evaluated by the presence of one or 

more glass transition temperature (Tg) that can be measured by different thermal 

techniques such as differential scanning calorimeter (DSC) or dynamic 

mechanical analysis (DMA). For a miscible system, a single Tg is observed, 

intermediate of the two phases. For an ideal system, the relationship between Tg 

and the composition of the blend is predicted by the Flory-fox equation: 
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where Tg,(blend), Tg1 and Tg2 are the Tgs of polymer 1 and polymer 2 and W1 and 

W2 are the weight fractions of polymer 1 and 2 respectively. The Tg is the 

characteristic transition of the amorphous phase in polymers. Below the Tg, 

polymers are in the glassy state and polymer chains movement is fixed by 

intermolecular interactions. In miscible one-phase systems, macromolecules are 

statistically distributed on a molecular level and only one Tg occurs. In partly 

miscible systems, interaction between polymer chains of the two polymers cause a 

shift in Tg of the pure components towards each other. For immiscible blends, the 

components are completely separated in different phases and the Tg of pure 

components will remain at their original temperatures. 

Generally, protein-based thermoplastics have two main relaxation peaks. 

The first is assigned to the Tg, (60-80 oC) and the other peak is attributed to a β-

transition (-30 to -50 oC).[74] Interactions between proteins with other 

biodegradable polymers usually form stronger interactions through dipole-dipole, 

charge-charge or hydrophobic interactions. These interactions affect the Tg of 

both polymers as well as the damping peak (DMA). However, in most blends, 

comparison between these two Tgs is often limited due to the Tg and melting 

peaks of one or both polymers often overlapping.[80, 120] 

Without any compatibilizers, the main transition of SPI in SPI/PBS 

(70/30) blends moved from  73 oC to a lower temperature, the damping peak was 

reduced and broader compared to pure SPI.[121] The same behavior was observed 

in PLA/SP blends. [104] With incorporation of a compatibilizer, interactions 
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between modified PBS ( toluene-2, 4-diisocyanate (TDI)) and SPI did not 

significantly shift the Tg but further reduced the damping peak.[121] Similar 

observations were made in PLA/SP composites (70/30 ) using pMDI where the 

height of the main Tg peak was lower and broader than those with pure PLA and 

blends without compatibilizer.[89] An increase in Tg was observed in PLA/SPI 

(75/25 ) due to improved compatibility through formation of urethane linkages in 

the presence of NaHSO3 and MDI.[122] 

In blends of PBAT/SPC (70/30), increasing SPC reduced the Tg of PBAT 

by 15 oC and continuously decreased with increasing SPC loading.[120] 

Incorporation of PBAT-g-MA as a compatibilizer, further reduced the Tg  of 

PBAT. In another study, the Tg of SPI blends decreased from 108.4 oC to 84 oC 

when PCL content increased up to 50 % in the presence of 2 % MDI.[79] 

However, the Tg of proteins can also be lowered by moisture absorption. If more 

protein is used in the blends, increasing moisture may lower the Tg and should not 

be confused with the effect of blending.[16, 82] 

Unplasticized proteins should be considered as rigid fillers that would 

restrict chain mobility in blends thereby resulting in broadening and lowering 

damping peaks due to the interaction between phases. Interactions can be further 

increased by using compatibilizers. For example, increasing PLA-g-MA 

concentration was found to decrease the dampening peak height and was 

attributed to more effective adhesion between PLA/SPC (70/30 

compositions).[104]  
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2.6.2.2 The crystalline phase 

In general, there is a possibility that during blending there is competition 

between phase separation and crystallization. The rates of these two processes 

vary differently with temperature which will affect morphology and material 

properties. Considering blends with an amorphous and crystalline phase, as the 

blend is cooled from the melt, crystallization occurs, but decreases when the 

amount of amorphous phase increases. Diffusion of the amorphous component 

from the crystalline region depends on the interaction between these phases. 

Crystallization consists of two major events defined as nucleation and 

crystal growth. Nucleation is the process of forming a nucleus, where molecules 

arrange themselves in a pattern characteristic of a crystalline solid, forming a site 

in which additional particles deposit as the crystal grows. Nucleation starts with 

small, nanometer-sized areas where, as a result of thermal motion, some chains or 

chain segments align. Those seeds can either dissociate, if thermal motion 

destroys the molecular order, or grow further, if the grain size exceeds a certain 

critical value.[123] 

Nucleation and crystal growth continue to occur simultaneously where the 

rate of crystallization is driven by the existing supersaturation state of the 

solution. Depending on the conditions, the competition between crystal growth 

and nucleation results in the formation of different crystal sizes and shapes. The 

process of crystallization is completed when the crystal and remaining liquid 

reach equilibrium as the existing supersaturation state is exhausted.  

In SP/PBS blends, soy protein induced and accelerated crystallization of 

PBS and the enthalpy of crystallisation for PBS in blends (with compatibilizer) 
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was higher than pure PBS which suggested a nucleation effect.[124] This was 

confirmed when modified PBS, containing urethane groups, had a lower 

crystallization temperature and showed a depression in crystallization after 

introduction of urethane groups. The same phenomenon has been observed for SP 

and PLA blends.[125] 

SPC acted as a nucleation agent in PLA and promoted PLA crystallization 

but when pMDI was added in SPC/PLA blends, the cold crystallization 

(crystallization during cooling) temperature increased when pMDI concentration 

increased. The pMDI increased wetting between SPC and PLA, which increased 

the free energy needed for nucleation and therefore decreased the nucleation 

effect of SPC.[89] 

 These observations indicate that most natural polymers acted as nucleating 

agents and the addition of compatibilizer affected this behavior even further. 

Starch also played a role as a nucleating agent in blends.[126] In order to 

understand the crystallization mechanism between phases induced by a 

compatibilizer, further study of this mechanism is needed.  

 

2.6.3  Morphology 

The correlation between the viscosity of polymer phases, interfacial 

properties, blend composition and mixing conditions are the factors that influence 

morphology and ultimately the material properties. The process of blending in 

most mixing equipment involves melting, breaking chain structure, and 

coalescence where two phase domains of the same composition come together to 

form a larger phase domain. To study the morphology development during 

processing, samples at different locations along the screw of an extruder were 
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studied using compatibilized nylon (aPa)/polystyrene-maleic anhydride 

copolymer (PSMA/aPa) and uncompatibized nylon (aPa)/polystyrene 

(PS143/aPa) at 80/20 composition and the process is shown in  Figure 12.[127]  

During the initial mixing stage, the dispersed polymer is stretched 

biaxially into thin sheets within the matrix phase that further break up to mainly 

fibers and some small particles. The relaxation process afterwards, due to the low 

shear rate and shear stress, helps to further break the films of dispersed phase into 

fibers. The fibers are then stretched longer and thinner before coalescence. It is 

believed that the early mixing stage is controlled by droplet breakup, while the 

final stage is controlled by the balance between droplet breakup and 

coalescence.[128, 129] 

Incorporation of compatibilizers only had a slight influence on the 

morphology. The film of dispersed phase are thinner compared to 

uncompatibilized blends. The breaking of the film into fiber was extensive and the 

particles were also smaller and more uniform in size. This led to faster 

morphology changes compared to uncompatibilized blends. 
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 During processing, the major reduction of the dispersed phase’s particle 

size occured at the initial stage (less than 2 minutes) during blending.[130] The 

size of the dispersed phase in compatibilized blends using copolymers will usually 

be very small if the reaction rate is much faster than the rate of change in 

morphology. 

The morphology development during extrusion had a notable influence on 

the final properties of materials, which can be observed from the fracture surfaces 

or cross section of the samples.[131] In PLA/SPI blends, a clear and distinct phase 

fracture surface was observed when no compatibilizer was added to the blends 

where the dispersed SPI phase particles were large and nonuniform due to 

immiscibility. Adding 0.05 % NaHSO3 resulted in much smaller SPI particles, but 

adding more compatibilizer (3 wt%) resulted in agglomeration of SPI particles 

due to breakage of disulfide bonds present in SPI induced by NaHSO3. Despite 

the agglomeration of SPI, the compatibility between PLA and SPI were 

improved.[122] 

 In SPI/PCL blends, a rough and heterogeneous fracture surface was 

observed as PCL content increased with addition of compatibilizer.[10, 79] At 

Figure 12: The flow field in extruder and the evolution of the dispersed phase down 

the length of the extruder  

Stretch Relaxation Relaxation Stretch Breakup vs Coalescence 

1mm 10 µm 1 µm 
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high PCL content,  plastic flow [79] and a fibrillar structure [7] was observed 

indicating an increase in energy to break. Higher MDI concentrations led to 

improved compatibility between phases with no evidence of SPI particles.[79] 

Including glycerol led to good wetting with smaller protein particles resulting in a 

more homogeneous morphology.[132] 

SPC showed irregularly shaped particles with a relatively large particle 

size distribution in SPC/Easter Bio Copolyester (This random copolymer is 

composed of adipic acid, terephtalic acid, and 1,4-butanediol). If SPC is exposed 

to moisture, significant secondary aggregation of the particles occured due its 

hydrophilic nature.[132] In other research, with addition of 7.5 % water, SPC 

changed the morphology of SPC from a rigid particulate filler to a ellipsoidal 

(Figure 13c)  and fine threaded filler (Figure 13d-g), but the incusion of SPC was 

not sufficient to form deformability.[133] 
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Figure 13: SEM micrographs showing the influence of water content in the pre-

compounding SPC on the deformation of the SPC phase. a: Unprocessed SPC; b: 

SPC-0.6% H2O; c: SPC-7.5 % H2O; d, SPC-10% H2O; e: SPC-12.5% H2O; f: SPC-

17.5% H2O; g: SPC-22.5 % H2O. Reprinted with permission from Feng Chen, Jinwen 

Zhang, Polymer 2009, 50, 3770-3770. Copyright (2009), Polymer Elsevier 
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Another type of morphology that is frequently observed when changing 

composition is a co-continuous morphology. A co-continuous morphology is non-

equilibrium morphology where both components form phases that are partially 

continuous and interpenetrating. Considerable attention has been given to co-

continuous morphologies as it could give a maximum contribution to the modulus 

from each component simultaneously.[134] It enables each phase to share the 

load, providing sufficient stress transfer between the phases.  It has been 

suggested that co-continuity occurs at the phase inversion point, which result in a 

significant increase in modulus of blends of polyethylene (PE) with polystyrene 

(PS) or polypropylene (PP).[135] SPC/PLA showed a co-continuous phase 

ranging from 30/70 to 70/30 with improved mechanical properties.[82] However, 

the condition to form a co-continuous blend are still not clear, whether it is 

actually a stable co-continuous structure or it is simply an unstable intermediate 

before change into dispersed morphology. 

As a conclusion, the use of compatibilizer in multicomponent polymer 

mixtures is crucial in order to produce a compatible or miscible blend that 

provides morphological and thermodynamic stablility, higher tensile strength and 

ductility as well as relatively low cost. Development of  completely biodegradable 

blends offer  better advantages in development of polymers towards eco-friendly 

environment that could potentially cover a wide range of industry applications 

such as the coatings and adhesives industry, packaging, agricultural and medical 

applications.  
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ABSTRACT: Novatein thermoplastics from bloodmeal (NTP) were blended with linear low-density polyethylene (LLDPE) using maleic

anhydride grafted polyethylene (PE-g-MAH) as compatibilizer. The compatibilizing effect on mechanical, morphology, thermal prop-

erties, and water absorption were studied and compared with blends without compatibilizer. The amount of polyethylene added was

varied between 20 and 70% in NTP with addition of 10% compatibilizer. An improvement in compatibility between NTP and LLDPE

was observed across the entire composition range and the difference were more pronounced at higher NTP contents where the tensile

strength of blends was maintained and never dropped below that of pure NTP. Theoretical models were compared to the results to

describe mechanical properties. A finely dispersed small particles of NTP in compatibilized blends were observed using SEM.

Improved compatibility has restricted chain movement resulting in slightly elevated Tg revealed by DMA. On the other hand, water

absorption of the hydrophilic NTP has been decreased when blending with hydrophobic LLDPE. VC 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 130: 1890–1897, 2013
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INTRODUCTION

Meat is New Zealand’s second-largest food export and is worth

$5.14 billion.1 One of the by-products from meat processing is

bloodmeal, an insoluble powder of dried blood containing at

least 86 wt % protein and <10% moisture. It is one of the

highest non-synthetic sources of nitrogen coming from meat

processing. Natural proteins are linear, unbranched and have a

precise length with a molecular diversity consisting of up to dif-

ferent 20 amino acids as monomers. An understanding of the

chemical reactivity of the amino acid functional groups is im-

portant because they provide many reaction sites for potential

crosslinking or chemical grafting. Beef blood meal contains

more lysine, threonine, valine, leucine, tyrosine, and phenylala-

nine while pork blood meal contains more histidine, arginine,

proline,glycine, and isoleucine.2 Of these, cysteine and lysine are

the most reactive amino acids.

Utilization of bloodmeal as a bioplastic is an alternative to syn-

thetic polymers and may offer a sustainable option over raw

materials competing with food sources. It has been shown that

bloodmeal can be converted into a Novatein thermoplastic

(NTP) by using an appropriate combination of additives, fol-

lowed by extrusion.3–5 However, the material is very brittle and

water sensitive which may limit its potential applications.

In general, developing blended materials with a full set of

desired properties is much more effective and cheaper compared

to synthesizing new polymers.6,7 Linear low-density polyethylene

(LLDPE) is among the most popular polyethylene products

with significant numbers of short branches, commonly made by

copolymerization of ethylene with longer-chain olefins. LLDPE

is not biodegradable, however some believe that by blending it

with biodegradable thermoplastics, the inert components will

slowly decompose and disappear as long as the particle size of

the thermoplastic resin is fine enough.8,9 Blending LLDPE with

natural polymers such as soy protein,10–12 and starch13–22 has

become an important research interest in degradable plastics.

However, most blends involving natural and synthetic polymer

are immiscible due to the absence of specific interactions, thus

requiring a compatibilizer to achieve miscibility.

Maleic anhydride is one of the popular choices used as mono-

mer to graft onto polypropylene, polyethylene, and various

other polymers.23–25 PE-g-MAH has hydrophilic and hydropho-

bic end tail that can react with protein or starch and compatibi-

lize of PE and polyolefin. The mechanical properties of LDPE

and starch were reduced by increasing starch content despite the

fact that the dispersion of starch particles improved after the

addition of PE-g-MAH.21,26 Research found that improved com-

patibility between rice starch and LDPE from PE-g-MAH was

VC 2013 Wiley Periodicals, Inc..
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attributed to the chemical reaction between hydroxyl groups in

starch and anhydride groups in PE-g-MAH as well as the physi-

cal interaction between PE chains in PE-g-MAH and bulk

LDPE.13 A finely dispersed morphology of starch particles of

about 5–10 mm was observed between LLDPE and thermoplastic

starch, indicating good interfacial adhesion.15 Anhydride groups

were also found effective to improve the compatibility between

immiscible blends of soy protein and thermoplastic polyesters.27

It was found that the glass transition temperature and thermal

properties of the protein and polymer remained unchanged

even after blending. In a different study, reactive compatibilizers

for starch–polycaprolactone (PCL) blends were synthesized and

was found that PCL-g-diethyl maleate (PCL-g-DEM) was a

more efficient compatibilizer than PCL-g-glycidyl methacrylate

(PCL-g-GMA).28

Modeling Mechanical Properties

The behavior of polymer blends in this work was modeled using

known relationships that have been used to predict properties

of polymer blends and composites. These models were devel-

oped for spherical particles distributed in the matrix. For NTP,

it is assumed as near-spherical particles therefore Kerner and

Hashin equation was used. Kerner and Hashin considered the

dispersed polymer phase as spheroidal in shape and modeled

the blend’s modulus using equation:29

E 5 E1

/2E2

7 2 5v1ð ÞE1 1 8 2 10v1ð ÞE2
1

/1

15 1 2 v1ð Þ
/2E1

7 2 5v1ð ÞE1 1 8 2 10v1ð ÞE2
1

/1

15 1 2 v1ð Þ
(1)

where E, E1, and E2 are the modulus for the binary blend, the

matrix and the dispersed phase respectively; /1 and /2 are the

volume fractions of the matrix and the dispersed phase, respec-

tively; v1 is the Poisson’s ratio for the matrix.

In eq. (1), perfect adhesion is assumed between the two poly-

mer phases; however, this is often not the case. In the absence

of adhesion, the Kerner equation is simplified by assuming E2

to be zero

E 5 E1

7 2 5v1ð Þ/1

15 1 2 v1ð Þ/2 1 7 2 5v1ð Þ/1

(2)

The elongation at break for polymer and composites can be

evaluated using Nielsen model. Typically, a decrease in elonga-

tion at break is observed with increase in filler content, and

assuming a spherical dispersed polymer phase, the Nielsen

model can be used.30 For good adhesion between phases, the

following Nielson equation is approximately correct:

ec 5 e0 1 2 /
1

3=
� �

(3)

where Ec is the elongation at break of the blends and E0 is the

elongation at break of polymer constituting the matrix. The ten-

sile strength is expected to decrease with an increase of dis-

persed particle (or dispersed polymer phase) content. The

theoretical values of tensile strength have been modeled by Nic-

olais and Narkis31 assuming no adhesion between phases and

failure is at the filler–matrix interface. In eq. (4), rc is the com-

posite’s tensile strength and rm is the polymer matrix’s tensile

strength:

rc 5 rm 1 2 1:21/
2

3=
� �

(4)

In this study, NTP was blended with low linear density polyeth-

ylene (LLDPE) in different proportions containing PE-g-MAH

as compatibilizer. The effect of PE-g-MAH on the materials

water absorption and mechanical properties were analyzed in

light of the resultant blend’s morphology. Modeling of mechani-

cal properties were also performed and correlated to observed

values.

MATERIALS AND METHODOLOGY

Materials

Bloodmeal was supplied by Wallace Corporation (New Zealand)

and sieved to an average particle size of 700 mm and is mostly

bovine with some chicken blood. Technical grade sodium do-

decyl sulfate (SDS) and analytical grade sodium sulfite were

purchased from Biolab Nz and BDH Lab Supplies. Agricultural

grade urea was obtained from Balance Agri-nutrients (NZ).

LLDPE, Cotene 3901 was purchased from J.R. Courtenay

(N.Z.). Polyethylene-graft-maleic anhydride (PE-g-MAH) and

triethyl was purchased from Sigma Aldrich (NZ). Triethylene

glycol was purchased from Merck (NZ).

Preparation of Novatein Thermoplastic Protein (NTP)

Samples were prepared by dissolving urea (20 g), sodium do-

decyl sulfate (6 g) and sodium sulfate (6 g) in water (80g). The

solution was heated until the temperature reached 50–60�C fol-

lowed by blending with bloodmeal powder (200 g) in a high-

speed mixture for 5 min. Triethylene glycol (40 g) was added to

the mixture and blended for another 3–4 min. The mixtures

were stored for at least 24 h prior to extrusion. NTP, LLDPE

and PE-g-MAH were mixed in a plastic zip-lock bag prior to

extrusion.

Extrusion

Extrusion was performed using a Thermo Prism TSE-16-TC

twin screw extruder at a screw speed of 150 rpm and tempera-

ture settings of 70, 100, 100, 100, 120�C from feed to exit die.

The screw diameter was 16 mm at L/D ratio of 25 and was fit-

ted with a single 10-mm circular die. A relative torque of 50–

60% was maintained, by adjusting the mass flow rate of the

feed. The extrudate was granulated using a triblade granulator

from Castin Machinery, New Zealand.

Injection Molding

Standard tensile bars (ASTM D638) were prepared using a BOY

35A injection molder with a temperature profile of 100, 115,

130, 135, and 140�C from feed to exit die.

Mechanical Testing

Tensile specimens were tested on an Instron model 4204 accord-

ing to ASTM D638-86. For each experiment five specimens

were conditioned at 23�C and 50% relative humidity, equilibrat-

ing to �10% moisture content and tested at a crosshead speed

of 1 mm min 2 1 using 5-kN load cell. Tensile strength,
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elongation at break and Young’s modulus were analyzed for

conditioned samples.

Morphology

The microstructure of NTP/LLDPE was assessed using a field

emission scanning electron microscope (SEM) Hitachi S-4700.

Samples were immersed in liquid nitrogen and the fracture

surfaces were sputter-coated with platinum before scanning. An

accelerating voltage of 5 kV was applied.

Water Absorption

All samples were oven dried at 80�C until constant weight.

Dried samples were immersed in water at room temperature for

total of 9 days. Samples were removed from water, blotted with

tissue paper to remove excess water and then weighed. The

water absorption was calculated on a dry sample weight basis.

Simultaneous DSC-TGA (SDT)

Thermogravimetric analysis of pure LLDPE and blended sam-

ples were measured using a TA instrument SDT 2960. The sam-

ples were sealed in aluminum pan and tested from 50 to 800�C
at a heating rate 10�C min 2 1 using air.

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical properties of NTP/LLDPE were studied

using a Perkin Elmer DMA 8000 fitted with a high temperature

furnace and controlled with DMA software version 14306.

DMA specimens (30 3 6.5 3 3 mm3) were cut from injection

molded samples and tested using a single cantilever fixture at

1-Hz vibration frequency in temperature range of 2 80–120�C.

Formulations

Table I lists the formulations of all samples studied in this

work. NTP was extruded and injection molded with LLDPE

using the same profile as above. NTP was produced first, fol-

lowed by blending with the required LLDPE and compatibilizer

after which it was extruded again.

RESULTS AND DISCUSSION

Mechanical Properties

Figure 1(a) shows the tensile strength of NTP/LLDPE blends

with and without compatibilizer. LLDPE had a tensile strength

of 14 MPa while that of NTP is only 6.2 MPa. It would there-

fore be expected that the blend’s tensile strength would be some

intermediate value of these. However, the specific value would

depend on the phase morphology as well as adhesion between

phases.

The tensile strength of blends without compatibilizer decreased

with increasing NTP contents. Above 50 wt % it dropped to

values less than pure NTP, most likely due to lack of compati-

bility between NTP and LLDPE. This observation is in agree-

ment with the fact that blending synthetic and natural polymers

are challenging because of their dissimilar nature. NTP is hydro-

philic while LLDPE is hydrophobic and the difference resulted

in separation of two phases. In polymer blends it is often

observed that either one of the two polymers will be the dis-

persed phase or the other is a continuous phase. Which poly-

mer forms the specific phase is dependent on the amount

Table I. Formulations of NTP/LLDPE Blends and Control Samples

Sample
name NTP (wt %)

LLDPE
(wt %)

PE-g-MAH
(wt %)

0 NTP 0 100 0

20 NTP 20 70 10

30 NTP 30 60 10

40 NTP 40 50 10

50 NTP 50 40 10

60 NTP 60 30 10

70 NTP 70 20 10

100 NTP 100 0 0

Figure 1. Mechanical properties of NTP/LLDPE blend with and without

PE-g-MAH. (a) Tensile strength, (b) Elongation at break, and (c) Young’s

modulus. Relevant models also included using either NTP or LLDPE as

matrix.
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present. Results would suggest that NTP formed a dispersed

phase at low NTP content and LLDPE forming the dispersed

phase a high NTP content, with significant lack of phase com-

patibility leading to the low tensile strength of the blends.

A similar decrease in tensile strength was observed for blends

containing PE-g-MAH, however, the tensile strength leveled off

at about 50 wt % NTP, never dropping below that of pure NTP.

It was thought that increased interfacial adhesion lead to this

behavior leading to blends with increased tensile strength over

those without PE-g-MAH. As concentration increased, some

phase inversion may have occurred leading to a region where

neither polymer was the dispersed phase. It was thought that at

almost equal proportions, a cocontinuous phases-morphology

could have lead to the observed increase in strength and was

further explored using SEM.

Elongation at break for blends without PE-g-MAH showed a

very sharp drop at low NTP content. Considering that NTP is

much more brittle than LLDPE (20% vs. 1100%), the result is

not surprising and is similar to what is expected of particulate

composites with poor interfacial adhesion or the addition of

second immiscible phase to a ductile material.32 Relevant mod-

els also included using either NTP or LLDPE as matrix.

In the case of compatibilized blends the situation was com-

pletely different. After an initial increase, the elongation at break

dropped gradually from that of LLDPE. The synergistic effect at

20–30% of NTP was consistent with findings by Walia et al.33

using PHEE and starch with different moisture contents.

Despite the decrease over that of pure LLDPE, elongation was

always higher to blends without a compatibilizer. It was con-

cluded that the phase morphology must be the determining fac-

tor governing changes in the observed mechanical properties. At

low NTP content, sufficient interfacial adhesion leads to high

elongation to break values, despite the inclusion of a more brit-

tle NTP phase. As the proportion NTP increased, the elongation

did decrease as the blend’s behavior approached that of pure

NTP. Based on the tensile strength at high NTP content, it was

concluded that NTP must form a continuous phase under these

conditions. This would be consistent to previous observation,

which suggested that as the volume fraction of minor

Figure 2. SEM morphology of NTP/LLDPE blends without PE-g-MAH and with PE-g-MAH (a: 20 NTP, b: 30 NTP, c: 40 NTP, d: 50 NTP, e: 60 NTP, f:

70 NTP).

Figure 3. Schematic illustration of NTP/LLDPE blends when LLDPE as

the matrix (a) and NTP as the matrix (b).
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components increases, the morphology would change from a

dispersed phase to the continuous phase.34

The Young’s modulus for blends with and without PE-g-MAH

showed very similar trends. A sharp drop in modulus was

observed with the inclusion of NTP, but increased with increas-

ing NTP content above 50 wt % NTP in the absence of PE-g-

MAH or 70 wt % with PE-g-MAH. NTP has a higher modulus

than LLDPE and the results would be consistent to what is

expected of including rigid particles in a ductile matrix. At low

filler content, the disruption of chain interaction could lead to a

reduction in modulus, but when as filler content is increased

chain mobility is restricted leading to an increase in modulus.

However, tensile strength and elongation at break values sug-

gested that NTP formed the continuous phase at high NTP

content. All the blends tested had a modulus lower of either of

the polymers, suggesting that either dispersed phase disrupted

chain interaction, as explained earlier.

In this study, theoretical models were used as interpretation of

the mechanical property results. The Poisson’s ratio for NTP

was assumed to be 0.3 and for LLDPE is 0.5. To estimate the

volume fractions, a density of 1.2 and 0.9 g cm 2 3 were used

for NTP and LLDPE, respectively.

In the Kerner model, poor interfacial adhesion is assumed and

most successfully described Young’s Modulus using NTP as ma-

trix in the absence of PE-g-MAH. The assumption of LLDPE

being the dispersed phase would appear to be reasonable in

light of these results.

The theoretical values of tensile strength have been calculated

using the Nicolais–Narkis model, which assumes no adhesion

between NTP and LLDPE. Experimental values with and with-

out compatibilizer was significantly higher than theoretical val-

ues, but compatibilized blends suggested that there is strong

adhesion between NTP and LLDPE when PE-g-MAH was

added. This result is in agreement with the starch-LDPE with

PE-g-MA blends properties that have been reported by

others.13,26,35

Elongation at break calculated from the Nielsen model is plot-

ted in Figure 1(b). The most obvious indication of good adhe-

sion between NTP and LLDPE when PE-g-MAH was added to

the blends were seen from elongation at break values. The Niel-

son model did not show agreement with experimental values,

except at high NTP content for blends without PE-g-MAH. For

compatibilized blends, the model underestimated the behavior,

but at about 50 wt % NTP the Nielson model was unable to

predict elongation at break, using either polymer as matrix.

Morphology

Fracture surfaces of blends with and without PE-g-MAH are

shown in Figure 2. Samples without compatibilizer showed two

distinct phases at all compositions. It was clear that at low NTP

content, NTP formed the dispersed phase with relatively large

particles. The incompatibility between the two polymers was

suspected to lead to large domains of NTP-rich particles sus-

pended in a weak matrix of mostly LLDPE. This result was sup-

ported by mechanical properties where at NTP content between

20 and 30% the tensile strength dropped rapidly indicating that

the dispersion of NTP has disrupted the LLDPE matrix. Veen-

stra et al.36 suggested that when a stiff component (NTP-rich

phase) is the minor phase, the weak matrix (LLDPE rich) will

deform most at the interface between the stiff droplets and the

weak matrix, as illustrated in Figure 3(a). The elongation prop-

erties obtained at low NTP is mainly contributed by LLDPE

polymer matrix and quickly diminishes with increasing NTP

content.

In the case of NTP contents >50%, the influence of a dispersed

phase (LLDPE rich) will be limited as the continuous phase will

contain mostly NTP, further decreasing the elongation at break.

Figure 4. SEM of compatibilized blends containing 50, 60, and 70 wt % NTP after digestion in nitric acid.

Figure 5. DMA thermograms of LLDPE and NTP.
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In all cases where a dispersed phase was observed, a very rough

fracture surface was evident with a clear separation between the

phases. Poor interfacial adhesion would therefore account for

the observed low strength and elongation at break.

During dispersive mixing, the size of minor cohesive compo-

nent is reduced while distributive mixing is the process of dis-

persing the minor component throughout the matrix.37

Including PE-g-MAH as compatibilizer, a large improvement in

dispersion was observed. It was difficult to distinguish between

different phases and the fracture surfaces appeared smooth sug-

gesting fine dispersion between the phases.38 Some interfacial

boundaries were observed as ridges, as indicated in Figure 2(a).

At 40% NTP, a second finely dispersed phase appeared and was

thought to an NTP-rich phase. There was no clear separation

between these phases, suggesting good interfacial adhesion. This

was supported by earlier observations regarding improved me-

chanical properties. It is known that at the point of phase inver-

sion, cocontinuous morphologies are mainly formed. Above

50% NTP a clear LLDPE rich phase was evident from ductile

fracture regions. NTP appeared to have formed a co-continuous

phase with LLDPE, but in addition, larger NTP rich particles

were also observed at higher NTP levels (70%).

The interesting phase morphology in the compatibilized blends

above 50 wt % NTP was further explored by digesting the pro-

tein phase using nitric acid. LLDPE is not digested using this

acid, which would reveal the morphology of the LLDPE phase

in the blends. In Figure 4, SEM images of compatibilized blends

after digestion are shown. Considering NTP was the major con-

stituent, only a small amount of material has been removed af-

ter digestion. This would suggest the presence of a finely

dispersed NTP phase as well as a LLDPE-rich phase which pre-

vented NTP removal during digestion. This would be consistent

to the observed ductile fracture regions observed in the compa-

tibilized blends (Figure 2).

It was concluded that 10% PE-g-MAH was sufficient to compa-

tibilize NTP and LLDPE. The addition of compatibilizer has

reduced the interfacial tension between the phases, increased the

surface area of the dispersed phase, improves adhesion and

stabilized the phase morphology, consistent with other

research.15 The mechanism of compatibilizing was thought to

be through ester bond formation of anhydride groups in PE-g-

MAH and amine groups on protein chains, and chain entangle-

ment between PE-g-MAH and LLDPE.

DMA Analysis

The DMA thermograms for NTP and LLDPE are shown in Fig-

ure 5. NTP had a glass transition (Tg) at �60�C as well as a b-

transition at about 2 20�C, consistent with earlier findings.39

LLDPE had a Tg at about 2 20�C as well as a transition associ-

ated with amorphous regions trapped within crystalline regions

at just under 60�C.40,41

Thermograms for blends containing 40, 50, and 60 wt % NTP

are shown in Figure 6. It can be seen that all samples exhibited

two glass transition temperatures between that of NTP and

LLDPE. Including PE-g-MAH raised the Tg associated with the

NTP rich phase and the storage modulus was also slightly

higher in these blends. It was thought that the addition of PE-

g-MAH improved compatibility, thereby restricting chain

Figure 6. DMA thermograms of blends of (a) 40 wt % NTP, (b) 50 wt % NTP, and (c) 60 wt % NTP with and without compatibilizer.

Figure 7. Equilibrium moisture content determined as mass loss percent-

age at 120�C.
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movement resulting in a slightly higher Tg, but only when the

NTP fraction was low.

Water Absorption

One of the largest challenges with protein-based plastics are

their water sensitivity, attributed to their hydrophilic nature.

Blending with a hydrophobic polymer, such as LLDPE, could

greatly improve water resistance. From Figure 7, it can be seen

that the equilibrium moisture content increased with increasing

NTP content. In most cases, compatibilization further reduced

the moisture content. Moisture content was taken as the per-

centage mass loss at 120�C using thermogravimetric analysis.

Samples were also immersed in water for a period of 9 days.

Absorption occurred rapidly within a day regardless the amount

of LLDPE added. Figure 8 shows the results for water absorp-

tion after a period of 1 day. NTP absorbed the most (214 wt

%) as a consequence of hydrophilic nature, compared to hydro-

phobic LLDPE, which absorbed only 0.09 wt %. Blending these

two polymers was expected to decrease the water absorption of

NTP. From Figure 8, it can be seen that water absorption

decreased with decreasing NTP.

Including PE-g-MAH lead to a slight decrease in water absorp-

tion, probably because PE-g-MAH improved dispersion of NTP

in the LLDPE matrix at low NTP content. Virtually no differ-

ence between blends with or without compatibilizer was

observed at high NTP content.

CONCLUSION

NTP/LLDPE blends with addition of 10% of PE-g-MAH were

shown to be more compatible as evident from a more homoge-

nous distribution of the dispersed phase as well as a finer dis-

persion of each phase. The morphology of compatibilized

blends suggested a cocontinuous phase at NTP >50 wt %. It

was concluded that a 50 wt % NTP without PE-g-MAH, a

phase inversion must have occurred as evident from a signifi-

cant increase in tensile properties. Using PE-g-MAH also pre-

vented the blends mechanical properties to be less than that of

pure NTP, at any level of LLDPE. PE-g-MAH could be

considered as a suitable candidate to toughen NTP/LLDPE

blends as evident from the change to more ductile fracture

surfaces of blended samples. LLDPE has significantly reduced

the water absorption of NTP, but improved phase morphology

did not further improve this at high NTP content.
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Mechanical Properties of Thermoplastic
Protein From Bloodmeal and Polyester Blends

K. I. Ku Marsilla, Casparus J. R. Verbeek*

Blends of bloodmeal-based thermoplastic (NTP) and polybutylene succinate (PBS) were
prepared to study the effect of compatibilization on mechanical properties. The Taguchi
method was used for experimental design and the results were analysed in terms of signal-to-
noise (S/N) ratios using analysis of variance
(ANOVA). Between 5 and 10wt.-% of either poly-
2-ethyl-2-oxazoline (PEOX) and poly [(phenyl
isocyanate)-co-formaldehyde] (pMDI) were used
as compatibilizers in blends of 20–100% NTP. The
tensile strength of the blends depended on the
type of compatibilizer usedwhile for elongation at
break and modulus, NTP content had the largest
influence. Compatibilizing efficiency was more
pronounced at higher NTP content. The blend’s
morphology showed a smaller particle size for
blends at optimal tensile properties while plastic
deformation was observed for samples where
elongation at break was optimal.

1. Introduction

Bloodmeal is dried blood resulting from slaughterhouse

operations and contains about 85% protein, with haemo-

globin accounting for 75% of the protein content and

plasma protein the other 25%with less than 10%moisture.

Recently, biodegradable plastics have been manufactured

using starting materials[1] such as soy protein,[2–4]

starch[5,6] and gluten.[7,8] As a material from non-food

source, research on the utilisation of bloodmeal is on

going.[9–13] Natural proteins are linear, unbranched and

have a precise length with amolecular diversity consisting

of up to different 20 amino acids as monomers. Without

disrupting strong intra- and intermolecular interactions in

proteins, processing using conventional equipment such

as extruders or injection moulders present a challenge.

Sufficient amounts of water and plasticisers are required

to ensure processability. In previous work, a mixture of

bloodmealwith sodiumdodecyl sulphate, sodiumsulphite,

urea, tri-ethylene glycol and water has successfully been

developed into a biodegradable plastic. This material

is known as Novatein Thermoplastic Protein (NTP).[14]

NTP is best suited for agricultural and horticultural

applications such as seedling trays, biodegradable plant

pots, vine clips, containers and pegs.
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Although NTP shows significant potential as a thermo-

plastic, its hydrophilic nature and brittleness could be

disadvantageous. These can be improved by blending NTP

with other polymers to increase its processability and

mechanical properties. Blending is a cheaper and more

convenient method compared to synthesising a novel

material.

Inblending,miscibility isoftendefinedasmiscibilityona

molecular scale. In practice, polymer blends are said to be

compatible when two phases, on amacroscopic level, have

sufficient interactions to provide useful functional or

mechanical properties. Compatibility in polymer blends

is often explained in terms of its property–composition

relationship.[15] Compatibility could be implied when no

gross symptoms of phase separation is present. In other

words, a blend’s properties may be significantly different

depending on the volume fraction of a each polymer, as the

systemmay not be compatible over the entire composition

range.[16]

Another factor that affects compatibilization and prop-

erties of polymer blends is the compatibilizer itself.

Strategies for compatibilization include addition of a third

component that ismisciblewith both phases or addition of

copolymers that is miscible with either phase.[15–18] The

copolymer layer promotes a strongmechanical interface by

forming entanglements with the homopolymer bulk

phase.[19] Polymers modified for this purpose typically

have nucleophilic end-groups such as carboxylic acids,

anhydride, amine or hydroxyl groups. These groups then

form covalent bonds with suitable electrophilic functional

groups, such as epoxide, oxazoline, isocyanate, or

carboiimide.[20]

Liu et al.[21] reported a synergetic effect of dual

compatibilizers by using both poly(2-ethyl-2-oxazoline)

(PEOX) and polymeric methylene diphenyl diisocyanate

(pMDI) in blends of polylactic acid (PLA) and soy protein

concentrate (SPC). 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. The addition of pMDI later

strengthened the interactions, thereby reducing stress

concentration and promoting stress transfer at the inter-

face leading to increased tensile strength.[21] An investiga-

tion by Takasu et al.[22] found a single glass transition

temperature over the entire composition range of blends

betweenpolyvinyl alcohol (PVA) and chitin-g-poly (2-ethyl-

2oxazoline). Solubility of the chitin-g-poly (2-ethyl-2oxazo-

line) was improved, indicating that the crystal structure of

chitin has been destructed during grafting which later

improved interaction with PVA.

Using PEOX to compatiblize PLAwith soy protein isolate

(SPI) andSPC increased the tensile strength, reducedparticle

size and reduced water absorption.[23] pMDI is highly

reactive with hydroxyl functional groups to form urethane

linkages[24] and the residues of untreated MDI are not

expected in blends due to high reactivity of the isocyanate

groups.[25]

Generally, the amount of fillers (or second polymer

phase) in polymer blends will affect mechanical proper-

ties and processability. Injection moulding difficulties

were encountered when using more than 65% protein in

polyesters blends.[26] 45% starch and 0.5wt.-% MDI was

an optimum combination in PLA/starch blends and it

was suggested that each starch level had an optimum

MDI content.[27] A far more effective method to optimise

processing parameters or mechanical properties of

blends is by using a design of experiments (DOE)

approach.

NTP has been blended with low linear density polyeth-

ylene (LLDPE) usingmaleic anhydridegraftedpolyethylene

(PE-g-MAH).[30] Without PE-g-MAH, blends had very poor

mechanical properties. Furthermore, blend morphology

was highly dependent on composition as well as the

presence of a compatibilizer. The main disadvantage of

these blendswas that thematerial’s overall biodegradabil-

ity was compromised by the presence of LLDPE. Li et al.[31]

used urethane functional groups and toluene-2,4-diiso-

cyanate (TDI) to pre-treat polybutylene succinate (PBS)

before blending it with SPI. The modulus and tensile

strength of the blends were improved due to improved

compatibility and a finer dispersion of the polyester in the

protein matrix.

The Taguchi method has considerable popularity

among researchers by limiting the number of experi-

ments involved. This approach has been used in biode-

gradable blends of soy protein to study the effect of

denaturant, plasticiser and polyester type on tensile

properties of the blends.[28] Experimental values at

optimal tensile strength and elongation at break were

very close to the predicted mean value calculated using

the Taguchi approach. Processing parameters were also

successfully optimised using Taguchi method in thermo-

plastic polyurethane (TPU) and poly dimethyl siloxane

rubber (PDMS) blends.[29]

In this study, blends of a succinic acid-based aliphatic

polyester (PBS) and NTP were prepared using different

amounts of NTP, two different compatibilizers and

various levels of compatibilizers. PBS, also known as

Bionolle, is a polyester synthesised by condensation

polymerisation of succinic acid with 1,4-butanediol and

ethylene glycol. The advantages of PBS are excellent

biodegradability, thermoplastic processability and bal-

anced mechanical properties. Despite its good perfor-

mance,manyefforts havebeenmade tomodify PBS-based

materials to reduce the cost. In this study, PBSwas chosen

because its melting point is similar to the processing

temperature of NTP. An L9 Taguchi array was used

allowing 4 three-level factors.
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2. Methodology

2.1. Materials

Bloodmeal was supplied by Wallace Corporation (New

Zealand) and sieved to an average particle size of 700mm

andwasmostly bovinewith some chicken blood. Technical

grade sodium dodecyl sulphate (SDS) and analytical grade

sodium sulphite were purchased from BiolabNZ and BDH

Lab Supplies. Agricultural grade urea was obtained from

Balance Agri-nutrients (NZ). Poly-2-ethyl-2-oxazoline

(PEOX) and poly (phenyl isocyanate)-co-formaldehyde

(pMDI) were obtained from Sigma–Aldrich and were used

as received. PBS was purchased from Showa High Polymer,

injection moulding grade #3020.

2.2. Preparation of Novatein Thermoplastic Protein

(NTP)

Samples were prepared by dissolving urea (20 g), sodium

dodecyl sulphate (6 g), and sodium sulphate (6 g) in water

(80 g). The solution was heated until the temperature

reached 50–60 8C followed by blending with bloodmeal

powder (200 g) in a high-speed mixer for 5min. The

mixtures were stored for at least 24h prior to extrusion.

Extrusion was performed using a ThermoPrism TSE-16-TC

twin screw extruder at a screw speed of 150 rpm and

temperature settings of 70, 100, 100, 100 and 120 8C from

feed to exit die. The screw diameterwas 16mmat L/D ratio

of 25 and was fitted with a single 10mm circular die. A

relative torque of 50–60%wasmaintained by adjusting the

mass flow rate of the feed. The extruded NTP was

granulated using a tri-blade granulator from Castin

Machinery Manufacturer Ltd., China.

2.3. Preparation of Blends

PBSwasmixedwithNTP granules followed by extruding at

the same conditions as for NTP alone. Compatibilizer was

added and was extruded again. In the case of dual

compatibilizer, the secondcompatibilizer, pMDI,wasadded

to the granulated blend just before injectionmoulding. The

pMDI content was maintained at 2%, while the amount of

PEOX was changed. The specimens were conditioned at

23 8C and 50% relative humidity to approximately 10%

moisture. Standard tensilebars (ASTMD638)wereprepared

using a BOY 35A injection moulding machine with a

temperature profile of 110, 115, 120, 120 and 120 8C from

feed to die zone.

2.4. Design of Experiments

2.4.1. Taguchi Method

The Taguchi method involves reducing the variation in a

process through a robust design of experiments in order to

produce high-quality but low-cost product.[32] It was used

to study the effects ofmultiple variables by identifying the

performance trends for each factor and determines the

combination that yields optimum conditions. The Taguchi

method isdescribedby the following steps: identificationof

the factors and their levels; selection of a suitable

orthogonal array (OA) and assignment of the factors and

levels to theOA; conducting experiments; determination of

the optimum levels; verification of the optimum design

factors through experiment.

After the experiments, results are analysed using signal

to noise (S/N) ratios. The (S/N) ratio was calculated for each

experiment to determine the effect of each variable and

parameter level that maximised the performance. The S/N
ratio can be divided into three categories depending on the

desired output performance: nominal, smaller-the-better

and larger-the-better, according to Equations 1, 2, and 3.

S
N ¼ �10 log

Pn
i¼1 ðY i �MÞ2

n ð1Þ

S
N ¼ �10 log

Pn
i¼1 Y2

i

n ð2Þ

S
N ¼ �10 log

Pn
i¼1

1
Y2
i

� �

n ð3Þ

In these equations,M is the average of the observed data,

n is the number of observations, and Y is the observed data.

A higher S/N ratio is generally considered the better result.

The selection of factors and their levels is shown in

Table 1. Three factors and three levels for each factor

were selected. These were chosen after some initial

Table 1. Selected factors and their respective levels.

Factors Symbol Level 1 Level 2 Level 3

Compatibilizer A PEOX pMDI PEOX/pMDI

NTP composition B 20 50 70

% compatibilizer C 5 7 10
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experimentation to determine a feasible range for blend

preparation. Table 2 shows a standard L9 orthogonal

array and is based on the coded levels in Table 1. This

configuration does not allow for the determination of

interactions between factors.

The objective of this work was to study the effect of

various NTP compositions, type and amount of compatibil-

izer on mechanical properties and morphology. As a

comparison, blends of NTP/PBS without compatibilizer

in the range of 0–100% NTP were prepared as a control.

2.4.2. Data Evaluation and Analysis

A larger-is-better response (Equation 3) was chosen for

tensile strength, elongation at break and secant modulus.

The relative effect of factors that affecting the response can

be calculated by analysis of variance (ANOVA). ANOVA is

used to determine statistically significant factors and to

explore the percentage contribution of each factor and level

to the total variation using Statistica version 10.0 MRI.

Regression analysis was used for estimating the rela-

tionship among a selected dependent variable, y, and

several independent variables, xi. A general formula for a

multiple variable linear model is as follows:

y ¼ bo þ b1x1 þ b2x2 þ � � � þ bpxp ð4Þ

Following ANOVA, regression analysis was used to

determine the optimal set of parameters b (b0, b1, b2,....,
bp) in the model by minimising the error of sum of squares

(SS) between the actual and predicted values for each

observed value. A correlation was established between the

factors and by using Statistica software. The predicted

optimum conditions were then verified using Statistica.

3. Mechanical Testing

After conditioning, tensile properties were determined

usingan Instronmodel33R4204according toASTM638–86.

An extension rate of 5mm �min�1 and an extensometer

gauge length of 50mmwere used for testing. Sampleswere

tested in replicas of five after conditioning for 15 d at 23 8C
and50%relativehumiditybefore tensile testing. The secant

modulus was calculated between a strain of 0.0005 and

0.0025 and the toughness was calculated as the area under

the stress–strain graph and is more accurately referred to

as energy-to-break.

3.1. Modelling Mechanical Properties

Thebehaviour ofpolymerblends in thisworkwasmodelled

using known relationships that have been used to predict

properties of polymer blends and composites. The theoreti-

cal values of tensile strength have been modelled by

Nicolais and Narkis[33] and assumes no adhesion between

phases and failure is at the filler–matrix interface. In

Equation 4, sc is the composite’s tensile strength, sm is the

polymer matrix’s tensile strength and � is the volume

fraction:

sc ¼ smð1� 1:21;
2
3Þ ð4Þ

The elongation at break for polymers and composites can

be evaluated using the Nielsen model.[34] Typically, a

decrease in elongation at break is observedwith increase in

filler content, and assuming a spherical dispersed polymer

phase, the Nielsen model can be used. For good adhesion

between phases, the following equation can be used:

ec ¼ e0ð1� ;
1
3Þ ð5Þ

The modulus of polymer blends generally in range

between an upper bound, Eu, given by the parallel model

(Equation6)anda lowerbound,EL, givenbytheseriesmodel

(Equation 7):

Eu ¼ ;1E1 þ ;2E2 ð6Þ

Table 2. Taguchi L9 orthogonal array of designed experiments based on the coded levels.

Experiment trials Compatibilizer NTP[%] % compatibilizer

R1 PEOX 20 5

R2 PEOX 50 7

R3 PEOX 70 10

R4 pMDI 20 7

R5 pMDI 50 10

R6 pMDI 70 5

R7 PEOX-pMDI 20 10 (2 pMDIþ 8 PEOX)

R8 PEOX-pMDI 50 5 (2 pMDIþ 3 PEOX)

R9 PEOX-pMDI 70 7 (2 pMDIþ 5 PEOX)
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1

EL
¼ ;1E1

þ ;2E2
ð7Þ

in which Ei and �i are the modulus and volume fraction of

phase i. These models are frequently used as limiting

models regardless of morphology.

4. Morphology

The microstructures of NTP/PBS were fractured after

immersion in liquid nitrogen and sputter-coated with

platinum before scanning using scanning electron micro-

scopy (SEM) Hitachi S-4700. An accelerating voltage of 5 kV

was used.

5. Results and Discussion

5.1. Mechanical Properties

Figure 1 presents the tensile strength, elongation at break,

secant modulus and toughness of NTP/PBS blends consist-

ing of 0–100% NTP for blends without compatibilizers. For

tensile strength, it was apparent that the tensile strength

generally decreased with increasing NTP content. At 60

NTP/40 PBS, the tensile strength dropped to about 70%

lower than pure PBS. In general, the tensile strength of the

blends was below that of pure NTP, suggesting that

adhesion between the two phases was very poor. This

was also supported by the Nicolais–Narkis model, which

assume that there is no adhesion between the spherical

fillers with matrix if the fracture goes through the filler–

matrix interface.

The addition of NTP decreased the elongation at break of

blends without compatibilizer. At 70% NTP, the elongation

atbreakdroppedbelowtheelongationatbreakof pureNTP.

Considering that NTP is muchmore brittle than PBS (5% vs.

43%), the result is not surprising and is similar to what is

expected of particulate composites. Poor interfacial adhe-

sion or introduction of a dispersed phase into a matrix

typically causes a dramatic decrease in elongation at break.

Despite the poor adhesion, PBS can still elongate signifi-

cantly at lower NTP content. However PBS gets constrained

by NTP at higher NTP content, resulting in a significantly

lower elongation at break comparable to that of NTP.

Themodulus of uncompatibilized blends increased with

increased NTP content. NTP has a highermodulus than PBS

and the trend appeared similar to what would be expected

using the mixing rule of series and parallel model for

polymer blends. These results would be consistent to what

is expected when including rigid particles into a soft PBS

matrix. The increase in modulus was mostly unaffected by

poor adhesion, contrary to what was observed for tensile

strength.

Figure 1. Tensile strength, elongation at break, secant modulus and toughness of NTP/PBS blends without compatibilizer and those from
Taguchi array.
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To achieve a high toughness, a good combination of

strengthandductility is required. The toughness of PBSwas

much higher (2.7MPa) compared to NTP (0.06MPa). At low

NTPcontent, toughnessdecreaseddrastically, but increased

again between 40 and 60%NTP; reaching an optimal value

at 50% NTP (1.9MPa). Above 70% NTP, the toughness was

very poor, similar to that of pure NTP. The results would

suggest thatatabout50%NTPthemorphologyof theblends

must be such that it allows PBS chains to extendunder load,

without significant interference from NTP. This probably

suggests a co-continuous or finely dispersed morphology,

similar to that observed in NTP/LLDPE blends.[35]

In the case of blends with compatibilizer, the tensile

strength generally improved over equivalent samples

without compatibilizer. According to literature, isocyanate

(NCO) groups in pMDI have the capability to react with

amines, carboxylic acids or hydroxyl containing polymers

meanwhile for PEOX, oxazoline functional groups can react

with either amines or carboxylic acid end groups or acid

end-groups of polyesters.[36] It may therefore react with

amine and carboxylic end groups of NTP and hydroxyl end

group of PBS.

At 20% NTP (R4), the tensile strength nearly approached

the tensile strength of pure PBS, suggesting that the

addition of 7% pMDI led to effective interaction between

NTP and PBS phases. This was contrary to the research by

Mohamed et al.[8] that found that the addition of pMDI had

no significant impact on tensile strengthof PCL-MDI-gluten

as theadditiononlyprovided reinforcement in the interface

between PCL and fillers. When using either PEOX (R1) or

PEOX and pMDI in combination (R7), the tensile properties

were below the uncompatibilized blends, indicating that

these compatibilizers did not lead to sufficient interactions.

Using two compatibilizers, at 50 and 70% NTP, showed

the highest tensile strength (R8 and R9). At near equal

proportion NTP and PBS, morphology such as either a co-

continuous phase or that of a finer dispersed phase is likely,

especially when using compatibilizers. Research on PLA/

soy protein blends using two compatibilizers (PEOX and

pMDI) showed a reduction in SPC inclusion size and

increased tensile strength to higher than that of pure

PLA.[21] In this study, using only pMDI (R5 and R6) showed

the second highest tensile strength although the values

were slightly lower than pure NTP, while using PEOX (R2

and R3) showed the lowest tensile strength of compatibi-

lized blends. According to literature, PEOX has the

capability to reduce particle size that results in finer

morphology, although significant improvement in tensile

strength was not observed.[21,23] This is in agreement with

our results where blends of PEOX showed unsatisfactory

results. The changes inmorphology for samples using PEOX

will be discussed later. The biggest improvement in

strength was observed when using two compatibilizers

(R8 and R9). It would appear that introducing pMDI just

before injectionmoulding allowed the greatest interaction

between phases, probably because the functional groups

werenothydrolysed during extrusionas a result of thehigh

water content of NTP.

Elongation at break generally decreased with the

increase in NTP content when a compatibilizer was

included. This is most likely due to improved compatibility

(andachange inmorphologyawayfromdispersedphase, as

used by the Nielsen model) thereby restricting chain

movement and decreasing the elongation at break.

However, R1, R2, and R3 showed the highest elongation

at break values for blends containing a compatibilizer

(PEOX). Considering theseblendsalsohad the lowest tensile

strength of the compatibilized blends, it can be concluded

that PEOX was not an effective compatibilizer and may

simply stiffen the NTP matrix. In the absence of strong

interactions, PBS can likely elongate independently from

NTP leading to higher elongation at break values, especially

at lower NTP content and only using PEOX. This further

supported by changes in morphology, as discussed later.

The secant modulus of compatibilized NTP/PBS blends

was generally higher than uncompatibilized blends. Filling

a flexible matrix with rigid bodies would normally stiffen

the matrix such that given sufficient interfacial adhesion.

The results presented here would support the conclusion

that interfacial adhesion was weak in the absence of

compatibilizers. At 50%NTP and above, improved adhesion

and possible changes in morphology led to significant

stiffening of the flexible PBS matrix. The secant modulus

becameevenhigherwhenusing compatibilizer, suggesting

some interfacial modification promoting chain stiffening.

Toughness of all the compatibilized blends was lower

thanuncompatibilizedblends (exceptR4). The combination

of high stiffness and low elongation at break produced

blends with very low toughness. Improved adhesion

between a dispersed phase and the matrix often leads to

a reduction in toughness, unless the dispersed phase is

rubbery material.[37]

5.2. Optimal Properties

Table 3 lists the average mechanical properties obtained

from repeated measures. The highest tensile strength and

elongation at break corresponded to R4. Using ANOVA of

the calculated S/N ratios, optimal performance can be

estimated and may not correspond to the highest value

observed from the orthogonal array.

The calculated S/N ratio for each parameter and level

(Table 4) allows ranking the relative importance of each

factor influencing a measured property. For tensile

strength, the order of importance was type of compatibil-

izer, NTP content and percentage compatibilizer. The

optimum level was at 7% pMDI and 20% NTP, which was

in agreement with the experimental results (R4).
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In the case of elongation at break, the ranking order was

NTP content, type of compatibilizer and the percentage of

compatibilizer. Optimal results would correspond to 20%

NTP, using 7% PEOX as compatibilizer.

The resultswould suggest that to have a ductile polymer,

NTP content was themost influencing factor. NTP is brittle

and it was expected that a lower NTP content would give

higher elongation at break properties. The percentage

compatibilizer had a greater impact on elongation at break

as this follows a complex mechanism requiring some

interfacial adhesion. Perfect adhesion between rigid

inclusions and a ductile matrix would again lower the

toughness of the material.

It appears that the ranking of secant modulus is similar

with the ranking order of tensile strength but the optimal

result was at different factors level. 5% pMDI in 70% NTP

was the optimal condition for modulus, which corre-

sponded to R6.

ANOVA (Table 5) was done at a 95% level of confidence

and all the factors were found to be statistically

significant. The type of compatibilizer used contributed

the most to tensile strength (41%) while %NTP and %

compatibilizerhadcomparable influences (30.4 and28.2%,

respectively).

For elongation at break, %NTP had the highest percent-

age contribution (68.3%) followed by the type of compa-

tibilizer (18%)andpercentagecompatibilizer (13.7%). These

were inagreementwith theexperimental results.At20%of

NTP and PEOX as a compatibilizer, the best elongation at

break value was observed. NTP itself was brittle and to

increase ductility, such an amount of compatibilizer was

needed to modify the interfacial adhesion. However, from

previous analysis using the S/N ratio, the optimum

condition suggested was 7% PEOX in 20% of NTP/PBS

blends. A confirmatory test was needed to prove the

optimum condition suggested by the Taguchi method. In

the case of modulus, NTP content (51.9%) and type of

compatibilizer (45.1%) showed the highest influence. The

percentage compatibilizer (3.0%) had little contribution to

modulus.

Table 3. Average data of tensile strength and elongation at break of compatibilized NTP/PBS blends.

Experimental trials Tensile strength [MPa] Elongation at break [%] Secant Modulus [MPa]

R1 10.23 16.35 515.42

R2 8.06 9.99 589.14

R3 7.84 6.32 970.35

R4 20.23 18.68 818.43

R5 9.92 4.25 1524.76

R6 9.84 2.99 1503.07

R7 10.37 7.87 670.33

R8 13.80 4.91 1289.64

R9 11.57 3.78 1435.54

Table 4. S/N ratios values of tensile strength, elongation at break and secant modulus of compatibilized blends.

Test Factors Level 1 Level 2 Level 3 Da) Rank

Tensile strength A 12.44 15.75 14.86 3.31 1

B 15.89 13.71 13.45 2.43 2

C 14.58 15.37 13.10 2.27 3

Elongation at break A 17.69 15.56 14.09 3.60 3

B 22.05 14.81 10.49 11.57 1

C 15.39 18.63 13.33 5.30 2

Secant Modulus A 48.62 55.40 54.18 6.79 1

B 49.88 53.39 54.93 5.06 2

C 53.33 52.03 52.84 1.29 3

a)D¼difference between highest and lowest S/N values. Bold letters indicate optimal levels.
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6. Optimum Conditions

Once all the control factors were optimised, confirmatory

tests were performed at the optimum level of each factor.

Table 6 presents the performance at optimum level for

tensile strength (20 NTP/7% pMDI), elongation at break (20

NTP/7% PEOX) and secant modulus (70 NTP/5%pMDI). The

average values, experimental values as well as the

predicted values (calculated using regression) are shown

in Table 6. Results from regression analysis (Statistica) are

shown in Equations 6, 7 and 8:

Tensile strength : y ¼ 15:14þ 0:345A� 0:43B
� 0:25C ð6Þ

Elongation at break : y ¼ 26:75� 0:36A� 0:7B
� 0:16C ð7Þ

Secant Modulus : y ¼ 35:46þ 0:427A� 0:631B
� 0:03C ð8Þ

whereA is compatibilizer type,B isNTPcomposition (%)and

C is percentage of compatibilizer.

The experimental value of tensile strength was 35%

higher than the predicted value while for elongation at

break, the experimental value was 18.8% lower than

the predicted value. About 10% difference in secant

modulus was obtained between experimental and pre-

dicted values. For tensile strength, the optimum condition

calculated by Taguchi was effective to obtain a high

tensile strength. However, for elongation at break and

secant modulus, there was a slight decrease compared to

thepredictedvalueandaveragevalue. Itwasexpected that

morphology could be the determining factor to explain

this behaviour.

The largest discrepancy between predicted and experi-

mental optimal conditions was for tensile strength. This

would imply that other factors, not considered in the

Taguchi array, or large variations in experimental values

are causing the difference. Factors such as processing

conditions may also influence tensile strength, although

care was taken to keep these constant. For modulus and

elongation at break, it would appear that factors other

than the ones selected did not have a significant influence

on the experimental results.

6.1. Morphology

Figure 2 presents the morphology of NTP/PBS blends

without compatibilizer (C1–C3) at different NTP content.

The fracture surface at 20% NTP showed large dispersed

particles of NTP in a PBS matrix. At 50% NTP, the fracture

surface was smooth, but contained a substantial void

fracture indicating poor consolidation. This could be

attributed to lackofadhesion,whichexplained thedecrease

in mechanical properties. Meanwhile at 70% NTP, an

agglomerated NTP rich phase was formed. At low NTP

Table 5. Analysis of variance (ANOVA) of tensile strength, elongation at break and secant modulus.

Factors SS Df MS F % contribution

Tensile strength A 168.1 2 84.06 13.38 41.4

B 123.6 2 61.81 9.84 30.4

C 114.7 2 57.35 9.13 28.2

Total 406.4 6

Elongation at break A 218.1 2 109.1 9.97 18.0

B 827.2 2 413.6 37.81 68.3

C 165.2 2 82.6 7.55 13.7

Total 1210.5 6

Secant Modulus A 2.82Eþ 06 2 1.41Eþ 06 31.49 45.1

B 3.25Eþ 06 2 1.62Eþ 06 36.18 51.9

C 1.89Eþ 05 2 9.46Eþ 04 2.11 3.0

Total 6.26Eþ 06 6

Table 6. Performance at optimum level for tensile strength,
elongation at break and secant modulus.

Experimental

values at

optimal

Values

predicted by

regression

Tensile Strength (MPa) 20.2 13.6

Elongation at Break (%) 13.3 16.6

Secant Modulus (MPa) 1503.1 1350.6
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content NTP was the dispersed phases, while at high NTP

content, PBS was the dispersed phase.

An interesting morphology was observed when compa-

tibilizer was added in NTP/PBS blends. R4, R8 and R9

illustrate the morphology of the highest tensile strength

blends at differentNTP content,while R1, R2andR3present

the morphology of the highest elongation at break blends.

At 20% NTP/7% pMDI (R4), it is clear that NTP formed a

dispersed phasewith amixture of large and small particles

in the matrix. Partial adhesion was also observed between

NTP particles and the PBS matrix, which is in agreement

with the tensile strength results. It can also be noted that at

50% NTP/5% PEOX-pMDI, adhesion was more apparent

between theNTPparticles andPBSmatrix (R8). In the caseof

higher NTP content, particles are less evident from the

fracture surface. It would appear that the addition of 7%

PEOX-pMDI enabled PBS to elongate independently with-

out interference from the NTP phase, evident for the

necking observed on the fracture surface. This was

consistent with elongation at break results in mechanical

properties section.

The morphology of R1 and R2 shows that the addition

of compatibilizer had little effect on the morphology

compared with blends without compatibilizer. This was

in agreement with elongation at break results, which

indicated that the addition of compatibilizer reduced the

elongation at break properties of the blends. On the

other hand, the fracture surface of R3 had fewer particles

evident at the surface. A ductile fracture is evident from

the elongated protrusions from the surface. This supports

the earlier observations that PEOX was effective at

producing a more ductile blend, however, interfacial

adhesion appears to be better thanwhat the tensile results

would suggest.

Figure 3 shows themorphology of NTP/PBS blends at the

optimum formulation for tensile strength (A), elongation

at break (B) and secant modulus (C). Sample A was R4 for

which themorphology has been discussed above.When 7%

Figure 2. Morphology of NTP/PBS blends without compatibilizer at 20% NTP (C1), 50% NTP (C2), 70% NTP (C3) and those from the Taguchi
array.
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of PEOXwasadded in20%NTP (B), clear plastic deformation

was observed. From the elongation at break results, R1 had

an elongation at break value of 16%, which is similar to the

experimental value at optimum conditions, but contained

5% compatibilizer as apposed to 7%. When 5% PEOX was

added to the blend (R1), it reduced the size of NTP particles.

However, when 7% of PEOX was used, the morphology

changed from brittle to ductile. This highlights the

importance of the amount of compatibilizer to optimise

elongation at break. In the case of secant modulus, at 70%

NTP/5%pMDI, the morphology showed a co-continuous

phase, which similar finding was obtained for NTP/LLDPE

blends.[35] This indicated that the type of compatibilizer

played an important role in stabilizing the blend morphol-

ogy to improve the adhesion.

7. Conclusion

The Taguchi approach was used to optimise the formula-

tion of NTP/PBS blends using PEOX, pMDI or PEOX-pMDI as

compatibilizer at 20, 50 and 70% NTP. 20% NTP/7%pMDI

was the optimal combination to obtain high tensile

strength, while for elongation at break, 20% NTP/7%PEOX

was effective to have a ductile blend. In the case of secant

modulus, 5% of pMDI was optimal in 70% NTP/PBS blends.

ANOVA analysis showed that the type of compatibilizer

had the largest contribution to the tensile strength, while

NTP content had the largest contribution to elongation at

break and secant modulus. The experimental results of

tensile strength were found to be much higher than

predicted,whileexperimental resultsofelongationatbreak

were found to be lower than predicted. Although the

elongation at break value for experimental was lower than

predicted, themorphology showed that the sample change

from brittle to a ductile under these conditions.
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Compatibilization of Protein Thermoplastics
and Polybutylene Succinate Blends

K. I. Ku-marsilla, C. J. R Verbeek*

Reactive extrusion was used to prepare blends of Novatein thermoplastic protein (NTP) and
poly(butylene succinate) (PBS) compatibilized with poly-2-ethyl-2-oxazoline (PEOX) and
polymeric methylene diphenyl diisocyanate (pMDI). PEOX improved the dispersion of NTP in
PBS and in conjunction with pMDI led to improved water
resistance and a tensile strength exceeding that of NTP
and PBS. The secant modulus, elongation as well as energy
to break were also improved. The glass transition
temperature (Tg) of compatibilized blends remained
unchanged, however, the melting enthalpy and tempera-
ture decreased. This suggested that the crystalline
structure of PBS has been disrupted by NTP as a result
of compatibilization.

1. Introduction

Raw materials for new biodegradable plastics such as soy

protein,[1–3] starch,[4,5] and gluten[6,7] have received in-

creased attention due to their economic benefits. Novatein

thermoplastic protein (NTP) is a newly developed material

using bloodmeal as starting material.[8] NTP is best suited

for agricultural and horticultural applications such as

seedling trays, biodegradable plant pots, vine clips,

containers, and pegs. NTP consists of complex macro-

molecules containing 20 different amino acids with strong

intra- and intermolecular interactions. The mobility and

flexibility of protein chains are required to enable flow and

consolidation during extrusion. Plasticizers arewidely used

to reduce intermolecular interactions and reducing the Tg.
However, depending on the amount of plasticizer used,

it will affect mechanical properties, equilibrium moisture

content[9] as well as leading to phase separation.[10]

Previous research showed that extrusion and injection

mouldingwere successfully used to produceNTPwith good

mechanical properties.[11–13] However, water evaporates

during processing and storage, which leads to embrittle-

ment and loss of functionality. Blending NTP with other

polymersmayoffer a solution to these problems, otherwise

not possible by using pure NTP.

The properties of polymer blends are determined by four

factors; component properties, composition, structure, and

interactions. The compatibility in polymer blends is often

explained in terms of property–composition relationships.

Typically, thermodynamic incompatibility and poor inter-

facial adhesion between two components decrease the

blend’smechanical properties. These could be improved by

incorporating compatibilizers. Their interactions in the

blend are usually characterized in terms of the distribution

and concentration of inter- and intra-molecular forces such

as hydrogen bonding, van der Waals forces, hydrophobic

interactions, and ionic bonding.[14,15] However, to achieve

such interactions, the polymer composition, type of

compatibilizer, amount of compatibilizer, and processing

techniques are very important parameters.

Polybutylene succinate (PBS) is a succinic acid-based

biodegradable aliphatic polyester, which is synthesized by

condensation polymerization of succinic acid with 1,4-bu-

tanediol and ethylene glycol. It is a semicrystalline polymer

with excellent biodegradability, good processability, and
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mechanical properties similar to those of polyethylene. It is

predicted that by 2020, 50% of packaging will be coming

fromPBS and 15% fromagriculture use.[16] PBS also has been

listed as promising material concerning bone and cartilage

repair. It present better processability than poly (lactic acid)

(PLA) and has higher mechanical properties than polyethyl-

ene (PE) and polypropylene (PP).[17,18] Despite its good

performance, significant research effort is directed at

modifying PBS-basedmaterials to reduce cost.[7] Soy protein

has been blendedwith PBS and the tensile strengthwas the

highest compared to blends with polycaprolactone (PCL) or

soy protein/PCL/PBS, although the elongation at break

showed an opposite trend.[19] PBS was pretreated with

urethane and isocyanate groups before blending with soy

protein and the blend has reduced the glass transition of

the soy protein, improved the morphology to a fine phase

structure and increased the mechanical properties.[20]

Other than modification of PBS, melting behavior of PBS

itself has attracted significant interest.[21,22] The interpre-

tation of multiple melting endotherms can be ambiguous;

sometimes interpreted as a result of the measurement

technique or characteristic of the original polymer. Several

researchers suggested that the behavior corresponded to

the presence of melting, re-crystallization, and re-melting

phenomenon.[21–23] The first step of the process is melting

and re-crystallization of the low melting crystallite with

lower thermal stability and followed by melting of

crystallites with higher thermal stability formed through

the re-crystallization of lower melting fractions. This was

confirmed by observation of only one crystal structure

suggesting that PBS have the same crystal structure even at

different crystallization temperatures.[21,22] However, this

melt and crystallization phenomenon during differential

scanning calorimeter (DSC) depends on the rate of

crystallization during heating and the heating rate.[21]

Therefore, when blending PBS with proteins, complex

crystallization may be observed as a result of protein and

PBS interactions.

Recently,wehave reported on themechanical properties

and morphology of NTP and PBS blends (20–100% NTP)

compatibilized using poly (2-ethyl-2-oxazoline)(PEOX) and

polymeric methylene diphenyl diisocyanate (pMDI) (5–

10%). NTP content had the largest contribution to elonga-

tion at break and secant modulus while type of compati-

bilizer had the largest contribution to the tensile strength in

NTP/PBS blends.[24] NTP has very low energy to break

(0.06MPa) and blends without any compatibilizer showed

an optimal value of 1.9MPa at 50% NTP. Mechanical

properties and morphology varied greatly when using

different amounts and type of compatibilizers. PEOX led

to a significant change in morphology, however, adhesion

between phases was not strong enough to improve the

mechanical properties. On the other hand, pMDI increased

the tensile strength but decreased the elongation at break.

Also for blends with LLDPE, an improvement in compati-

bility was observed across the entire composition range

when using maleic anhydride grafted polyethylene as a

compatibilizer.[25]

The present study further investigates this system at

50wt.-% NTP, but using different methods to incorporate

the compatibilizers. It was postulated that the sequence

in which the compatibilizers are added could further

change the morphology of the blend, leading to additional

improvement in mechanical properties.

2. Methodology

2.1. Materials

Bloodmeal was supplied by Wallace Corporation (New

Zealand) and sieved to an average particle size of 700mm

andwasmostly bovinewith some chicken blood. Technical

grade sodium dodecyl sulfate (SDS) and analytical grade

sodium sulfite (SS) were purchased from BiolabNZ and

BDH Lab Supplies. Agricultural grade urea was obtained

from Balance Agri-nutrients (NZ). Poly-2-ethyl-2-oxazoline

(PEOX) and poly (phenyl isocyanate)-co-formaldehyde

(pMDI) were obtained from Sigma–Aldrich and were used

as received. PBS was purchased from Showa High Polymer,

injection moulding grade #3020.

2.2. Preparation of Novatein Thermoplastics Protein

(NTP)

NTP was prepared by dissolving urea (20 g), SDS (6 g), and

sodium sulphate (6 g) in water (80 g). The solution was

heated until the temperature reached 50–60 8C followed by

blending with bloodmeal powder (200 g) in a high-speed

mixer for 5min. The mixtures were stored at <5 8C for at

least 24hprior to extrusion. Extrusionwasperformedusing

a ThermoPrism TSE-16-TC twin screw extruder at a screw

speed of 150 rpm and temperature settings of 70, 100, 100,

100, and 120 8C from feed to exit die (Figure 1). The screw

diameterwas16mmatL/D ratioof 24:1andwasfittedwith

Figure 1. Extruder screw configuration with temperature profile.
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a single 10mmcircular die. A relative torqueof 50–60%was

maintained by adjusting themass flow rate of the feed. The

extruded NTP was granulated using tri-blade granulator

from Castin Machinery Manufacturer Ltd., China.

2.3. Preparation of NTP/PBS Blends

PBS was extruded with pre-prepared NTP and granulated

according to the formulations listed in Table 1. Standard

tensile bars (ASTM D638), were prepared using a BOY 35A

injection moulding machine with a temperature profile of

110, 115, 120, 120, 120 8C from feed to exit die zone.

Compatibilizers were added after PBS and NTP were

extruded except in the case of using two compatibilizers,

where the second compatibilizer (pMDI) was added to the

granulated blend just before injection moulding (NTP7/3).

However, for sample NTP7/3�, PEOX was dissolved in other

additives during NTP production, but pMDI was still

added before injection moulding. These procedures were

followed to prevent excessive pMDI hydrolysis. Initially,

both compatibilizers were added during extrusion, howev-

er,mechanical propertieswere very poor. Thiswasbelieved

to be due to the reactions of PEOX occurring mostly with

NTP, and preventing reactions with PBS. To overcome this,

NTP and PBS were extruded first, followed by addition of

PEOX, followed by pMDI just before injection moulding.

2.4. Analysis

Injection moulded specimens were fractured after immer-

sion in liquid nitrogen and fracture surfaces were observed

using a field emission scanning electron microscope (SEM)

Hitachi S-4700. Sampleswere sputter coatedwithplatinum

before scanning using an accelerating voltage of 5 kV.

After conditioning, tensile properties were measured

using an Instron model 33R4204 according to ASTM D638-

86. An extension rate of 5mm �min�1 and an extensometer

gauge length of 50mmwere used for testing. Sampleswere

tested in replicas of five directly after removal from the

humidity chamber. Sampleswere conditioned forup to15d

at 23 8C and 50% relative humidity before tensile testing.

The secant modulus was calculated between a strain of

0.0005 and 0.0025 and the toughness was calculated as the

area under the stress-strain graph and is more accurately

referred to as energy-to-break.

Dynamicmechanical properties of NTP/PBS blends were

studied using a Perkin Elmer DMA 8000 fitted with a high

temperature furnace and controlled with DMA software

version14306. DMAspecimens (30� 6.5� 3mm3)were cut

from injection moulded samples and tested using a free

length of 12.5mm using a single cantilever fixture at 1Hz

with displacement of 0.03mm at temperature �80 to

100 8C.
Differential scanning calorimetry (DSC) was conducted

onaDSC8500fromPerkinElmer.Thespecimenswerecrimp

sealed in 30mL aluminum pans and run under constant

nitrogen purge gas. Specimens were heated from �80 to

120 8C at 10 8C �min�1, held for 1min at 120 8C, cooled to

�80 8C (10 8C �min�1) after which the cycle was repeated

using the same method.

Inorder to fully characterize complexmaterials, itmaybe

necessary to determine if there are any overlapping

transitions. Rates of 50 and 250 8C �min�1 were used to

observe theblend’sTgwherehigher scanratesmayseparate

any overlapping peaks; for these, data was collected

between �80 and 100 8C.
All samples were oven dried at 80 8C until constant

weight. Dried samples were immersed in water at room

temperature for 5 d. Samples were removed from water,

blottedwitha tissuepaper to removeexcesswaterand then

weighed. The water absorption was calculated on a dry

sample basis.

3. Results and Discussions

3.1. Morphology

Blending two immiscible polymers at near equal propor-

tions often leads to a co-continuous morphology.[26]

Usually, a compatibilizer is used to reduce the interfacial

tension, stabilizing the morphology, leading to a co-

continuous structure. Blends with low interfacial tension

tend to form co-continuous morphologies over a wider

composition range than those with high interfacial

tension.[27] An inversion point is observed when two

immiscible phases are fully co-continuous such that the

matrix is hardly distinguishable from the dispersed phase.

However, the fundamentals behind the formation of

inversion point is not well understood.[28]

The morphology of blends without compatibilizer

Figure 2A and B revealed NTP particles evenly distributed

Table 1. Formulations of NTP/PBS blends.

Sample

Name

NTP

[wt.-%]

PBS

[wt.-%]

pMDI

[wt.-%]

PEOX

[wt.-%]

PBS 0 100 0 0

NP0/0 50 50 0 0

NP7/0 50 43 7 0

NP7/3 50 40 7 3

NP7/3� 50 40 7 3

NTP 100 0 0 0

�PEOX added as part of additive content used in NTP preparation.
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in the PBSmatrix. At highermagnification, clear separation

between NTP and PBS was observed, indicative of poor

interfacial adhesion.

The blend containing pMDI only (Figure 2C and D)

revealed fewer agglomerated NTP particles. However, clear

phase separation was still visible (Figure 2D), but better

than blends without a compatibilizer. The fracture surface

also revealed bridging between NTP and PBS rich phases,

evident from elongated strands of polymer. It was thought

that the blend formed two phases, a NTP

rich and a PBS rich phase.

Using two compatibilizers did not

drastically change the morphology

(Figure 2E and F). NTP-rich phases were

encapsulated in PBS rich phases with

much less voids. At highermagnification,

NTP-rich phases were somewhat sepa-

rated from PBS-rich phases, but with

improved adhesion compared to using

pMDI only. Zhang et al.[29] found that

addition of 3 phr PEOX in soy protein

concentrate (SPC) and PLAblends showed

aco-continuousphaseat SPC toPLAratios

ranging from 30:70 to 70:30. Liu et al.[30]

reported that theadditionofPEOXinSPC/

PLA blends increased the tensile strength

of the blendswhichwas attributed to the

morphology of SPC particles changing

from circular shape to thread-like struc-

tures due to shearing during mixing. For

compatibilized NTP/PBS blends, it is

proposed that the polymers form two

co-continuous phases, one rich in NTP

and the other PBS, with moderate adhe-

sion between phases.

PEOX is water soluble and it was

thought that its efficiency to compatibi-

lize NTP and PBS would be improved by

dissolving it into water during the

production of NTP. The morphology of

blends using this method showed virtu-

ally no phase separation. Only at high

magnification (Figure 2H), a slight varia-

tion in surface topographywas observed.

This suggests that this resulted in a truly

compatible blend, which was further

explored using thermal analysis and

mechanical properties.

Pure NTP does not have a very even

morphology either (Figure 3A). It appears

tohave largenumberofparticulatematter

distributed throughout the bulk material.

By dissolving PEOX in the water used to

prepare NTP, the morphology of NTP

changed and particles were much smaller and more evenly

dispersed (Figure 3B). Using this method of incorporating

PEOX not only changed the morphology, but also the

mechanical properties of NTP that will be discuss later.

3.2. Mechanical Properties

The tensile strength of PBS and NTP were 22 and 14MPa,

respectively (Figure 4A). In equal proportions, without

Figure 2. SEM morphology of NTP/PBS blends [A:NP0/0; C:NP7/0; E:NP7/3; G:NP7/3�]. Left
pictures and right pictures show magnification of 500 and 5.01 K.
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compatibilizer, the tensile strength reduced to the lowest

compared to all other samples. This suggested thatNTP and

PBS are highly incompatible, with little adhesion between

phases, these findingswere also supported by the observed

morphology.

When using pMDI as compatibilizer (NP7/0), the tensile

strength more than doubled over that of blends without

any compatibilizer. Using two compatibilizers (NP7/3 and

NP7/3�) resulted in a further moderate increase. It appears

that PEOX promoted adhesion between phases. PEOX has

been shown to reduce particle sizes of the dispersed phase,

resulting in finer structure, although not leading to great

improvement in tensile strength.[29–31] However, PLA/soy

protein blends using PEOX and pMDI as compatibilizers

showed a significant increase in tensile strength, higher

than pure PLA.[30] Dissolving PEOX in water prior to

extrusion led to a higher tensile strength than that of pure

PBS (NP7/3�). This was supported by earlier morphological

observations. This suggested that the blending technique

played an important role establishing the required

interactions to form a compatible blend. The results

suggested that the microstructure was a result of the

improved interfacial adhesion between NTP and PBS after

the addition of pMDI. When adding just PEOX to NTP, the

tensile strength increased slightly, suggesting good com-

patibility between PEOX and NTP, the first requirement for

compatibility to be effective.

NTP ismuchmore brittle than PBS, which is already very

brittle, having an elongation at break of only 42%. Blending

NTP and PBS led to a reduction in elongation compared to

PBS. PBS chains are constrained by the inclusion of NTP,

which is present as a dispersed phase similar to particulate

Figure 3. Morphology of NTP and NTP with PEOX (ii).

Figure 4. Tensile strength (A), percent elongation (B), secant moodulus (C) and toughness (D) of NTP/PBS blends.
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reinforced composites. However, when using compatibil-

izers, the strength of interactions and entanglements

between NTP and PBS have been improved, further

restricting movement of polymer chains, thereby decreas-

ing the elongation at break further. Incorporating a

compatibilizer may lead to changes in the properties of

the dispersed phase as well as the matrix. In addition,

interactions between dispersed phase and the matrix may

also have caused a reduction in elongation. Blends with

compatibilizers showed a slight increase compared to pure

NTP, while a considerable increase in elongation at break

was observed for NP7/3�, exceeding that of pure NTP. It was

thought that this improvement was due to the truly

compatible nature of this formulation.

NTP and PBS have a very similar secant modulus. Blends

without a compatibilizer showed the lowest modulus

(Figure 4C). Including compatibilizers, the modulus in-

creased to about the same as the virgin materials. The

secant modulus of NP7/3� was slightly higher compared to

theotherblends,butnotashighNTP-PEOX. Itwasclear, that

in the absence of compatibility, interfacial adhesion was

not sufficient to maintain the stiffness of each component,

however, the degree of interfacial adhesion was not

dominant.

The energy to break of PBSwas 2.7MPawhile that ofNTP

was very low (0.06MPa) and this behavior was also

observed for blends with compatibilizers (Figure 4D).

Energy to break of blends with compatibilizers (NP7/0
and NP7/3) decreased compared to samples without

compatibilizers. However, energy to break for NP7/3�

showed a considerable increase suggesting that the sample

could absorb energy before rupturing mostly due to its

ability to deform more before fracture.

3.3. Reaction Mechanism

PEOX can be considered as a broadly

compatible polymeric solvent or compa-

tibilizing agent for various polymers.[32]

PEOX is highly water soluble because of

its polar hydrophilic groups. The possi-

bility of partial organization of the PEOX-

water system is through specific hydro-

gen bonding interactions between the

carbonyl oxygen on the PEOX side chain

and water molecules in solution.[33] This

behavior was also found to occur in

peptides.[34] The peptide backbone of

NTP is relatively hydrophilic where their

complex folded structures are stabilized

by hydrogen bonding. It is believed that

mutual hydrogen bonded networks be-

tween NTP, water, and PEOX contributed

to better dispersion in NTP leading to

improved mechanical properties. Furthermore, PEOX is

slightlybasicdue to its tertiaryamidestructurewhileNTP is

slightly acidic. This suggested that an acid–base interaction

between PEOX andNTP could also contribute to compatibi-

lization. These were consistent with our morphology

results that showed better dispersion of NTP when PEOX

was dissolved first.

Isocyanate (NCO) is highly reactive with hydroxyl and

carboxyl groups to form urethane linkages.[35] NCO groups

can react with NH2 groups in NTP and OH groups in PBS. Li

et al.[20] reported that NCO groups prefer to react with NH2

groups in soy protein isolate (SPI) rather than OH groups,

therefore PBS was first reacted with isocyanate before

blendingwith SPI. Thiswas done to avoid the occurrence of

an extreme situation where the isocyanate only reacted

with SPI. This was supported by other research, which

reported that the mechanical properties of PCL and gluten

was strengthened mostly by interactions of pMDI with

the gluten rather than interactions with PCL.[7] Others

have shown that there is also the possibility that pMDI

could be interacting predominantly with the hydroxyl

groups of water rather than starch.[7] It was also shown

that covalent bonds were formed at the PLA/starch

interface by pMDI, and such adhesion might not cause

severe restriction of elongation by forming proper chain

entanglement.[36]

One possible mechanism of interaction is shown in

Figure 5. From our observations, without PEOX, the tensile

strengthwas the lowestofall compatibilizedblends (NP7/0).

When PEOX was included, the tensile strength increased,

suggesting that PEOX interacted with NTP through the

organizationofhydrogenbondedwatermolecules adjacent

to the polymer and the addition of pMDI during injection

moulding have further strengthened the interactions

between PBS and NTP. Although the structure may not

entirely describe most of the interactions such as pMDI

Figure 5. Possible reactions between water, PEOX and pMDI with hydroxyl groups of
PBS and amine end group of protein.
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reactingwith itself, pMDI interactingwithwater, hydrogen

bonding, hydrophobic interactions or ionic bonding, this

was considered as the main possible interactions between

the polymers.

3.4. DMA Analysis

In multicomponent blends, the degree of miscibility

between each component could be observed in shifting

andbroadeningof theTg peaks toward eachother. The glass

transition of polymer blends is usually situated between

the Tg’s of the parentmaterials in proportion to the amount

of each phase present in the blend. The change in Tg of two

polymers, frequently moving toward each other, is usually

evaluated as compatibility and good interaction between

two phases.[7,20,37]

Figure 6 shows the storage modulus, loss modulus, and

tan d as a function of temperature for NTP and PBS. PBS

showedaTg at –35 8CwhileNTPshowedaTg at around70 8C
as well as b-transition at about –20 8C.[38] The blends with

compatibilizers showed the highest storage modulus over

the entire temperature range indicating stronger intermo-

lecular interaction between NTP and PBS. At low tempera-

ture (between –80 and –40 8C), the blends were in a glassy

state, however, the compatibilizers did not significantly

affect the Tg observed. At high temperature, blends with

compatibilizer showed a second Tg, consistent with that of

pure NTP.

The effects of compatibilizers are clearly seen from the

loss modulus (Figure 6b). A clear Tg was observed at –35 8C,
consistent with the PBS phase. In blends without compa-

tibilizer, no Tg was observed at high temperature as NTP

was the dispersed phase.When PBSmelts, thematerial lost

its integrity and only melting will be observed. When

compatibilizers were added, a clear Tg was observed at

about 65 8C, and the low temperature Tg increased slightly.

Peaks in tan d peaks (–35 8C) for compatibilized blends

broadened and decreased in intensity. The blend with the

strongest expected chain interactions (NP7/3�) showed the

broadest peak compared to other compatibilized blends.

Furthermore, thedampingpeakat 70 8C shifted to a slightly

higher temperature. It was concluded that without a

compatibilizer, NTPandPBS formsa completely immiscible

blend and that improved compatibility increased the PBS-

rich phase’s Tg, but only to a small extent.

3.5. DSC Analysis

3.5.1. Glass Transition Temperature

Figure 7 shows the Tg of NTP at different heating rates.

Determination of Tg by DSC is difficult as the signal of heat

flow is usuallyweaker than that of conventional polymers.

Theoretically, ahigherheating rate isbeneficial indetecting

Tg and both the temperature and breadth of the glass

transition are affected by increased heating rates.[39,40]

Figure 6. A: Storage modulus, B: Loss modulus and C: tan d of PBS (a), NP0/0 (b), NP7/0 (c), NP7/3 (d), NP7/3�(e) and NTP (f).
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NTP has a Tg above room temperature; at 10 8C �min�1,

the first heating scan detected a endotherm, closely

followed by a Tg, but was not present in second heating

scan. The endothermwas thought to be relaxationbehavior

related to a tightly pocket chain structure where coopera-

tive molecular motion is required for internal readjust-

ments while the second step change is corresponded to the

Tg. This Tg was confirmed by observations at higher higher

heating rate, at which the heating is too fast to observe

endothermic peak.

TheTg of PBS, at aheating rate of 10and50 8C �min�1 are

shown in Figure 8 (taken from the second scan). The Tg
of PBS and the blends were about 10 8C different between

the two scan ratios, as expected. Results at 10 and

50 8C �min�1 for the blends were consistent to that

observed in DMA. The Tg close to that of PBS, increased

only slightly, with no obvious trend between the

various compatibilized blends.

3.5.2. Melting Behavior of NTP/PBS Blends

The DSC thermograms of PBS and NTP/PBS blends for

the first and second scan (10 8C �min�1) are presented in

Figure9 in conjunctionwithdatanormalized to theamount

of PBS in Table 2. During the first heating cycle (Figure 9a),

two small peaks were observed for PBS at low temperature

(35–60 8C) while a prominent peakwas observed at 95.2 8C.
It was suggested that the low temperature endotherms

correspondedtothemeltingoforiginal crystallites followed

by melting of recrystallized PBS.[22] To avoid the effect of

thermal history, melting behavior during a second heating

cycle was also considered. The two small endotherm peaks

during the first scan disappeared, replaced by a single

endothermic peak at 80.6 8C before the melting endotherm

(95.2 8C).
The blends without compatibilizer (NP0/0) had the

same multiple endotherms as PBS at lower temperature.

A smaller peak, similar to what was observed for PBS

during second scan, was also observed at the same

temperature. A small step change corresponding to a Tg
of NTP (68.8 8C) was observed in first scan, but was not

clear in the second scan. This Tg was not observed in

DMA for blends without compatibilizer but was clear

for blends with compatibilizer. The enthalphy of melting

did not change between the first and second scan

suggesting that thermal history did not affect the blend’s

properties however, the enthalphy of melting during first

scan for PBS was much lower compared to uncompati-

bilizedblend. Thiswould imply that eitherNTP influenced

the crystallization process ormore PBS crystallizes during

cooling after production.

In the case of blendswith compatibilizers (first scan), the

first smallermelting endothermhasmergedwith themain

melting endotherm and appeared like a shoulder in those

peaks. Themeltinghasa slightly broadermeltingpeakwith

lower peak temperature reduced by about 5 8C. For blends
with two compatibilizers (NP7/3 and NP7/3�), the enthalphy

value is similar with uncompatibilized blend and the

melting temperature remained unchanged. Neither the

shoulder peak nor the two smaller peaks were observed for

NP7/3�.

During a 10 8C �min�1 cooling cycle, PBS crystallized at

62 8C while blends without a compatibilizer crystallized

almost 5 8C lower (Figure 10, Table 2). Without compatibil-

izer, high interfacial tension between phases resulted in

phase separation. NTP probably hindered the rate of PBS

crystallization thereby reducing the crystallization tem-

perature. The low crystallization rate also led to the

appearance of small endotherms preceding the main

Figure 7. Glass transition (Tg) of NTP.

Figure 8. Tg of PBS and NTP/PBS blends at different heating rates.
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melting peak, even after the first heating cycle. NTP must

havedisruptedorprevented thegrowthof largePBScrystals

resulting in a melting-recrystallization phenomenon.[21].

However, the DHc of uncompatibilized blends almost

tripled over that of pure PBS. This might be due to

nucleation, where high interfacial tension usually induces

nucleating at the interface.[41]

Including compatibilizers, the crystallization temper-

ature increased significantly, exceeding that of pure

PBS while DHc dropped about 20% over that of the

uncompatibilized blends. Thepresence of compatibilizers

probably resulted in reduced interfacial tension as a

result of interactions between phases such as hydrogen

bonding. These interactions were also believed to

promote crystallization of PBS. The

DHc observed was still far greater than

pure PBS suggesting that NTPmay have

nucleated crystallization in the PBS rich

phase. Similar results have been ob-

served in soy-protein and chemically

modified PBS.[42] These serve a good

starting point in the future to better

explaining the crystallization behavior

of complex chain system in protein

blends.

3.6. Water Absorption

PBS is a hydrophobic polymer and is

resistant towardwater absorption, while

NTP can absorb water because of its

hydrophilic nature. One of the major

challenges using natural polymers is to

increase its water resistance. Water

absorption of pure NTP, PBS, and their

blends is presented in Figure 11. Water

absorption occurred rapidly within 1 d;

NTP absorbed about 228% water, while

PBS only absorbed 1%. Without any

compatibilizer, water absorption de-

creased to about 22%. When compatibilizers were added,

a further reduction to 12% was observed, probably due to

the absence of a distinct NTP phase. NP7/0 exhibited the

lowest water absorption compared to blends containing

PEOX probably because PEOX is hydrophilic. This improve-

ment widens their applications especially in agriculture

and packaging applications. For example, because of their

Figure 9. Melting thermograms of NTP/PBS blends of 1st heating scan at 10 8C �min�1

(A), 2nd heating scan at 10 8C �min�1 (B).

Table 2. Summary of DSC data during first melting (Tm1), second
melting (Tm2) and cooling (Tc).

Sample Tm1 DHm1

Tm2

(8C)
DHm2

[J � g�1)
Tc
[8C]

DHc

[J � g�1]

PBS 95.2 40.02 95.2 39.69 62.1 �44.4
NP 0/0 91.9 77.28 92.2 75.9 58.1 �114.4
NP 7/0 90.5 72.00 87.7 79.09 67.7 �89.53
NP 7/3 90.4 77.25 87.6 75.0 68.3 �76.75
NP 7/3� 90.0 77.6 88.14 80.23 68.3 �79 Figure 10. Crystallization of NTP/PBS blends during cooling.
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extend shelf life, it can be used in compostable seedling

trays.

4. Conclusion

Blends contain 50% NTP were successfully produced

through reactive extrusion. Adding PEOX during NTP

production greatly increased tensile strength and energy

tobreak. Thiswas attributed to PEOX, improvingdispersion

ofNTP,whilepMDIstrengthenedtheadhesionbetweenPBS

and NTP. Compatibilization did not affect the Tg of the

blends but shifted the melting peaks to a lower tempera-

ture. The crystallization temperature of compatibilized

blends occurred at higher temperature indicative at

reduced chain mobility. The water resistance of the NTP

was improved significantly due to incorporation of PBS.

However, the compatibilized blends containing PEOX

showedslightly lesswater resistancedue to thehydrophilic

nature of the compatibilizer.
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a b s t r a c t

Itaconic anhydride (IA) was grafted onto poly(lactic acid) (PLA) using dicumyl peroxide
(DCP) as radical initiator using free-radical grafting. Different concentrations of monomer
(2–6 wt.%) and initiator (0.5–0.75 wt.%) at 180 and 200 �C were used for chemical modifica-
tion. Grafting was confirmed using titration and the highest degree of grafting was 0.75%.
The degree of grafting increased gradually with increasing IA and DCP concentration, with
minimal chain scission. Reaction kinetics showed that the initial rate of reaction was
between 0.024 and 0.03 (l/mol s)1/2, depending on temperature. Grafted PLA showed a sig-
nificant change in enthalpy of crystallization, enthalpy of fusion as well as increased tensile
strength and elongation at break accompanied by a reduction in stiffness.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(lactic acid) (PLA) is one of the most promising
biodegradable thermoplastics and has received con-
siderable attention because of its glossy optical appear-
ance, high tensile strength and good barrier properties
toward carbon dioxide, oxygen and water. PLA is used in
compostable packaging materials such as bags, food packa-
ging and disposable tableware, as well as in medical appli-
cations such as ligament reconstruction, suture, tissue
engineering, and controlled release systems [1]. It is also
used in blends with other polymers, but may require
chemical modification to improve compatibility.
However, PLA lacks reactive side-chain groups, which
make surface and bulk modification challenging.

PLA can be modified using techniques such as
plasticization, chemical modification or melt blending with
flexible polymers. High molecular mass plasticizers such
as, polyethylene glycol (PEG), poly(propylene glycol)

(PPG), atactic poly(3-hydroxybutyrate (a-PHB), polyester
diol (PED), poly(diethylene adipate) (PDEA), tributyl
citrate-oligo-ester (DBM-oligoester) and oligoesteramide
(DBM-oligoesteramide) have been reported to be miscible
with PLA and are efficient plasticizers, while acetyl triethyl
citrate and triethyl citrate were shown to be the most
effective plasticizers [2,3]. Although plasticization is well
known, the high amount required (10–20 wt.%) to reduce
the Tg and improve ductility is not always cost effective [4].

Among chemical modification methods used, free radi-
cal grafting is probably the most successful and cost effec-
tive treatment for improving adhesion efficiency and
preparing compatibilizers for polymer/polymer blends. It
can be carried out either in solution or during a melt-com-
pounding process. Maleic anhydride (MA) is by far the
most commonly used monomer for grafting reactions due
to its availability and low propencity for homopolymeriza-
tion. Grafting MA onto polyolefins is an established tech-
nique, however, MA grafted onto PLA (PLA-g-MA) is not
commercially available.

Carlson et al. and Mani et al. first reported grafting MA
onto PLA using twin-screw extrusion, achieving a 0.5 wt.%
degree of grafting [5,6]. However, the grafting efficiency

http://dx.doi.org/10.1016/j.eurpolymj.2015.03.054
0014-3057/� 2015 Elsevier Ltd. All rights reserved.
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was low compared to other polyesters due to PLA’s limited
reactivity [7]. This is due to poor activity of MA toward
macro-radicals resulting from a low-density electron
around ACH@CHA bonds and PLA’s structural symmetry
[8]. The competition between monomer and initiator sug-
gests that there is an optimum radical concentration that
depends on the peroxide/monomer ratio to promote graft-
ing efficiency before termination reactions and chain scis-
sion become predominant [6]. Zhu reported an improved
grafting yield when using an electron-donating monomer
styrene as a co-monomer [9]. Grafting decreased the Tg,
crystallinity (Xc) and thermal stability of PLA. The physical
properties of PLA were affected because of new regular
structures forming after grafting.

The mechanical properties of grafted PLA were not
changed significantly [10] but were improved when
blended with other polymers. Improved interfacial adhe-
sion was observed between granular starch and PLA using
PLA-g-MA [5]. PLA-g-MA also improved tensile strength
and elongation at break of soy protein/PLA composites
and finer domain sizes of soy protein concentrate (SPC)
were observed suggesting improved dispersion [11].
Addition of 3 parts per hundred (phr) and 5 phr PLA-g-
MA to PLA/wheat straw-based composites resulted in a
significant improvement in tensile strength (20%) and
flexural strength (14%) of the composites [12].

Although MA grafted polymers have shown great
importance as compatibilizers their reaction with proteins
may result in unstable amide bonds that can easily be
hydrolyzed. Itaconic anhydride (IA) is less harmful com-
pared to MA and is extremely stable when reacted with
proteins and can used also be used for acetylating lysine,
tyrosine and cysteine [13]. IA is a very reactive monomer
in free radical grafting as it can produce tertiary radicals
[14]. Owing to its chemical similarity to MA, it can be an
alternative to MA, but it has not been studied extensively.
IA has been used as a renewable monomer for the synthe-
sis of biobased (PLA)-graft copolymers via conventional
copolymerization and has potential as bio-based polymer
[15]. IA also has been successfully grafted onto polyethy-
lene with a high degree of grafting [16].

Side reactions such as chain scission, branching and
crosslinking are common and depend on the nature of
the macro-radicals and the polymer backbone [5].
Excessive chain scission usually leads to lower molecular
weight and poor performance of the polymer, while
crosslinking may lead to formation of insoluble polymers
[9]. For polyethylene (PE), crosslinking during grafting
reactions reduced the melt flow index and elongation at
break whilst improving the impact strength and creep
resistance and not affecting the tensile strength [17].
Maleation of propylene (PP) with maleic anhydride (MA)
led to degradation rather than crosslinking due to rapid
peroxide decomposition [18].

In this study, free radical grafting of IA onto PLA was
carried out using dicumyl peroxide (DCP) as initiator in a
twin-screw extruder. The effect of grafting parameters on
the degree of grafting, thermal and mechanical properties
was studied. Grafted PLA can be used as compatibilizer in
blends of thermoplastic proteins and PLA, resulting in a
blend that could potentially be 100% bioderived.

2. Methodology

2.1. Materials

Poly(lactic acid) was purchased from NatureWorks Ltd
in pellet form (3051D). Analytical grade itaconic anhydride
(IA), dicumyl peroxide (DCP), chloroform, acetone, potas-
sium hydroxide, hydrochloric acid and phenolphthalein
were purchased from Sigma Aldrich and were used as
received.

2.2. Sample preparation

2.2.1. Extrusion
PLA was dried at 80 �C for 4 h to remove moisture.

Itaconic anhydride (IA) and dicumyl peroxide (DCP) were
dissolved in 20 mL dehydrated acetone and mixed with
300 g dried PLA according to the specifications in Table 1.
After the acetone evaporated completely, the mixtures
were reactively 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 extruder barrel temperature was
set to 145, 145, 165, 165, 180, 180, 180, 180, 160, 160,
155 �C (feed to die) 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 gen-
erated during extrusion. The extrudate was collected in a
water bath and pelletized. Pellets were dried in a convec-
tion oven at 80 �C for 12 h before further analysis.

2.2.2. Compounder mixer
To determine reaction kinetics, samples were prepared

using a twin blade compounder mixer equiped with a tor-
que sensor (Kistler) and motor unit (Flex 4 M). The mixing
chamber diameter was 40 mm. The temperature was set to
selected temperatures (180 and 200 �C) with a rotor speed
of 100 rpm. PLA was first melted until the torque was con-
stant (around 3 min) before DCP and IA were added.
Samples were collected at different time intervals between
10 and 320 s.

2.3. Sample purification

2.5 g grafted PLA was dissolved in 40 mL chloroform
and 0.75 mL, 1 M hydrochloric acid solution were added
to hydrolyze the anhydride functional groups into car-
boxylic acids at room temperature. The solution was stir-
red vigorously for 30 min. The grafted sample was
further purified by drop-wise precipitating into cold

Table 1
Formulations used in grafting reactions.

DCP (%)

IA (%) 0 0.5 0.75 1

0 PLA – – –
2 – PLA1 PLA6 PLA11
3 – PLA2 PLA7 PLA12
4 – PLA3 PLA8 PLA13
5 – PLA4 PLA9 PLA14
6 – PLA5 PLA10 PLA15
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methanol (200 mL) to remove any homo- and copolymers
of IA. A white sponge of filtered precipitate was collected
and washed by methanol and distilled water several times
and dried in vacuum oven for 24 h. Each sample was pur-
ified and analyzed in triplicate.

2.4. 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 �C. A Ubbelohde viscometer 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 viscos-
ity to zero concentration.

2.5. Degree of grafting

Purified PLA-g-IA (0.4 g) was dissolved in 20 mL chloro-
form and the solution was titrated to a phenolphthalein
end-point using potassium hydroxide in methanol
(0.04 M). Grafted samples were completely soluble and
did not precipitate during titration. The degree of grafting
was calculated using Eq. (1). Each sample was tested in tri-
plicate and average values are reported.

% IA ¼ NKOHVKOH

2Wsample
� 130:099

g
mol

� 100 ð1Þ

where NKOH is the normality (moles per equivalent) of the
KOH solution VKOH is the volume (l) and Wsample is the sam-
ple mass (g).

2.6. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was conducted
using a DSC 8500 from Perkin Elmer. Specimens were
crimp sealed in 30 lL aluminum pans and run under con-
stant nitrogen purge gas. Specimens were heated from 0 to
250 �C at 10 �C/min, held for 10 min at 250 �C, cooled to
0 �C (10 �C/min) after which the cycle was repeated using
the same method. The absolute degree of crystallinity can
be calculated using Eq. (2), from data obtained during the
second scan to avoid thermal history effects.

vc ð%Þ ¼
DHmðPLAÞ � DHcðPLAÞ

DH1m ðPLAÞ � 100 ð2Þ

where DHm is melting enthalphy of material, DHc is
enthalpy of crystallization and DH1m (PLA) is the melting
enthalpy per gram of 100% crystalline PLA (93 J/g) [19].
During the first heating cycle, no exothermic peaks were
observed between 180 and 250 �C, 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 samples; there-
fore, data of unpurified samples were presented. In order

to avoid the effect of thermal history, data from the second
heating cycle was used for analysis.

2.7. Simultaneous DTA–TGA

Thermogravimetric analysis of pure PLA and grafted
PLA were measured using a TA instrument SDT 2960. The
samples were sealed in aluminum pans and tested from
25 to 800 �C at a heating rate 10 �C/min in air.

2.8. Mechanical properties

Tensile properties of blends of 2% PLA-g-IA with PLA
were measured using an Instron model 33R4204 according
to ASTM D638-86. An extension rate of 5 mm/min and an
extensometer gauge length of 50 mm were used for test-
ing. Samples were tested in replicas of five directly after
removal from the humidity chamber. Samples were condi-
tioned for up to 15 days at 23 �C and 50% relative humidity
before tensile testing. The secant modulus was calculated
between a strain of 0.0005 and 0.0025 and the toughness
was calculated as the area under the stress–strain graph
and is more accurately referred to as energy-to-break.

3. Results and discussion

3.1. Intrinsic viscosity

The effect of DCP and IA concentration on intrinsic vis-
cosity is shown in Fig. 1 while PLA’s intrinsic viscosity was
0.63 dL/g. At 0.5 wt.% DCP, all grafted samples had a higher
intrinsic viscosity. Generally, grafting functional groups
onto PLA in the presence of peroxide initiators results in
significant b-chain scission that is reflected in a reduction
in intrinsic viscosity (i.e. a reduction in average molecular
weight) [20]. However, in this situation, an increase in
degree of grafting increased the intrinsic viscosity probably
due to the bulky functional group of IA that altering chain
mobility. This would increase the end-to-end distance of
the dissolved molecule, leading to a higher intrinsic viscos-
ity compared to unmodified PLA. The increase in intrinsic
viscosity was unlikely due to crosslinking, as all samples
dissolved completely.
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Fig. 1. Intrinsic viscosity of PLA and grafted PLA at different DCP and IA
concentrations.
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Increasing the DCP concentration lead to a significant
reduction in intrinsic viscosity between 4 and 6 wt.% IA.
At low IA concentration this reduction was less severe.
This would suggest that chain scission did occur at higher
peroxide concentration and was more severe at high
monomer concentration.

3.2. Degree of grafting

In general, an increase in concentration of either of the
reagents led to a higher degree of grafting (Fig. 2).
Concentrations between 0.5 and 1 wt.% were used by con-
sidering the half-life of DCP (<1 min at 200 �C) [16].
Grafting always compete with side reactions and at lower
concentrations and higher temperature peroxide decom-
position will be too rapid a low degree of grafting. A higher
amount of initiator (1 wt.%) affects the total free radical
concentration that causes greater crosslinking [6].

The degree of grafting increased nearly linearly with
increasing concentration. The highest grafting content
was achieved at 6 wt.% IA for every initiator concentration
used. At higher IA concentration the effect of DCP concen-
tration was more pronounced. Between 2 and 4 wt.% IA,
increasing DCP concentration had a much smaller effect
on grafting, whereas above 5 wt.% IA, the degree of grafting
drastically increased with increasing DCP.

Within the concentration range tested, the continuous
increasing trend suggests that although chain scission
occurred (decreased intrinsic viscosity), grafting was domi-
nant. If chain scission was dominant, the degree of grafting
would have decreased, as observed by some others
[6,20,21]. For example, Mani et al. showed that chain scis-
sion become significant above 5% MA and 0.3% initiator [6].

As the concentration of DCP increased, it would be
expected that a higher amount of macro-radicals be pro-
duced, but the degree of grafting would be limited by the
slower reaction with IA. One would therefore require suffi-
cient IA to react with the excess radicals that form when
using higher DCP concentrations. However, this is not
always linear; the degree of grafting of MA onto PLA was
found to decrease above 1 wt.% initiator [6]. When using
styrene as a co-monomer in grafting of MA onto PLA,
0.75 wt.% initiator was found to be optimal [9].

3.3. Temperature and residence time

Generally, higher temperatures lead to increased reac-
tion rates, brought about by faster initiator decomposition.
However, higher temperatures does not necessarily lead to
a higher degree of grafting as most initiators have an opti-
mum temperature for decomposition [22]. For reactive
extrusion, the grafting reaction will also depend on resi-
dence time, where excessively long residence times may
reduce the degree of grafting due to polymer degradation
[23]. The half time of DCP is 60 s at 180 �C and 15 s at
200 �C while the residence time in the extruder, under
the conditions for this study, is 160 s.

The degree of grafting increased only marginally at
higher temperature (Fig. 3). This was similar to observa-
tions by Carlson et al. [5] who observed a slight difference
in the degree of grafting at temperature between 180 and
200 �C. In other research, a significant increase was
observed at 200 �C when using styrene as a co-monomer
when grafting MA onto PLA [9]. However, at high tempera-
ture, although molecular motion increase, radical decay
and homopolymerization of the monomer will also
increase, thereby reducing the degree of grafting [24].

In the reaction of a polymeric system, the relationship
between residence time and degradation plays a signifi-
cant role. Prolonged reaction time in extruder is required
for sufficient reaction, but it may also contribute to degra-
dation. However, final process design usually needs a
trade-off between higher degree of grafting and a shorter
residence time. The effect of residence time at different
temperatures is shown in Fig. 4. In these experiments, resi-
dence time was increased up to 320 s by performing the
reaction in a compounder mixer instead of a twin-screw
extruder. At 0.5 wt.% DCP (Fig. 4A), the degree of grafting
increased and reached a plateau after about 60 s at
2 wt.% IA, and increased to about 160 s at 6 wt.% IA. At
180 �C, increasing DCP concentration to 1 wt.% shortened
the time to reach a plateau to 60 s for all IA concentrations
(Fig. 4B). However, a small decrease was observed over the
maximum degree of grafting at higher IA concentrations,
similar to what others have observed [6,20]. A lower
degree of grating usually suggests either a lack of mono-
mer or initiator. In this case, higher initiator concentrations
(1 wt.% DCP) showed a higher degree of grafting with
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shorter reaction time compared to low initiator concentra-
tions (0.5 wt.% DCP) and the prolonged residence time (up
to 350 s) had no significant effect on grafting, suggesting
none or a minimal degradation of the polymer.

At higher temperature, the maximum degree of grafting
was reached after about 60 s, regardless of IA concentra-
tion (Fig. 4C). At 1 wt.% DCP, virtually no difference was
observed between 180 and 200 �C (Fig. 4D). Although,
DCP’s half-life is shorter at higher temperature, no signifi-
cant temperature effects were observed, other than a slight
reduction in the time it takes to reach the maximum
degree of grafting, which means higher temperatures could
be beneficial for extrusion at higher rates where a shorter
residence time is expected. The effect of temperature and
consumption of initiator are further explained in light of
the reaction kinetics.

3.4. Reaction kinetics

A schematic of the potential reaction mechanism for
grafting IA onto PLA is presented in Scheme 1. For the
kinetics of grafting, the most important intermediates are
free radicals. Free radicals generated by the decomposition
of DCP (1) initiates grafting which involves removing a
labile atom from PLA to regenerate a reactive center at a
new location. This is followed by initiation reactions (2)
that occur via hydrogen abstraction of an a-carbon relative
to the carbonyl group in PLA when this radical reacts with
the double bond on IA. During initiation, the polymer radi-
cals have the ability to combine with another radicals such
as IA, peroxide, polymer radicals or hydrogen (IA�, R�, RO�

or H�). Propagation (3) is the next step in generating a graft
copolymer by a free radical polymer/monomer mechanism
that depends on the concentration of polymer radicals.
This reaction continues until either the initiator has been
consumed or the radicals have been consumed by termina-
tion (b-scission). During the termination step (4), when no
more radicals are generated, grafting slows and eventually
stops. To obtain a high degree of grafting, it is essential that
the macro-radicals react with the IA monomers before
undergoing side reactions, such as homopolymerization,
recombination and chain scission.

However, Kim and White [25] proposed more simplified
kinetics of polypropylene maleation assuming that
homopolymerization was absent because the temperature
was above the ceiling temperature for homopolymeriza-
tion of MA. By using the same assumption for IA, kp is equal
to 0 and by neglecting the role of impurities, the reaction
can be further simplified to Eq. (1).

It is known that initially, at time zero, the initiator con-
centration is high, leading to a high initial reaction rate.
Reaction rate increases with concentration and can be tem-
perature dependent. The rate of initial rate (Rg) was calcu-
lated by changing the concentration of monomer at
constant initiator and temperature. From a graph of degree
of grafting vs. time (Fig. 4), a steep initial slope is observed,
and an initial rate of reaction can be determined for these
starting conditions.

Fig. 5 presents a plot of initial monomer concentration
vs. Rg at different temperatures and initiator concentra-
tions. The Rg was calculated from a slope between 0 and
20 s, obtained from Fig. 4. A linear correlation was
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observed for Rg vs. initial monomer concentration. At
0.5 wt.% DCP, the slope, which represent the order of reac-
tion with respect of IA, are 0.01440 and 0.0153 at 180 and
200 �C, respectively. When the concentration of DCP
increased (Fig. 5B), the slopes increased slightly, indicating
that at higher amount of macro-radicals, the reaction with
IA proceeded at higher rate. Very little difference was

observed between the initial rate of reaction at 180 and
200 �C, similar to the degree of grafting results.

To calculate the effective rate constant, kg

ð1þf Þ
ffiffiffi
kt

p , Eq. (1)

can be simplified to kg

1þf
ffiffiffi
kt

p ¼
dM
dt

1
½M�

h i
ffiffiffiffiffiffi
2kd

p
½I�1=2, where dM/dt [M] is

the slope of Rg vs. monomer concentration (Fig. 5). Using

Scheme 1. Potential mechanism of IA grafting onto PLA.
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kd = 194.8 s�1 for DCP, the effective rate constant at differ-
ent initiator concentrations is listed in Table 2 and was
consistent with other research [16,26]. The effective rate
constant was slightly higher at higher initiator concentra-
tion and almost independent of temperature. Designing a
reactive extrusion process for grafting IA should therefore
account for the fact that using higher IA concentration
should be balanced by an increase in DCP, but the effect
is not large. Also, using temperatures much higher than
the melting point of PLA will not be required for efficient
grafting.

3.5. Thermal properties

3.5.1. Glass transition temperature
The glass transition temperature (Tg) strongly depends

on chain mobility and grafting a bulky functional group
could alter this by either increasing chain stiffness or creat-
ing free volume. Without any grafting, pure PLA had a Tg of
42 �C but increased to about 48 �C, depending on the per-
centage grafting. The DSC thermograms are shown in
Fig. 6. Increasing the DCP concentration decreased the Tg,
falling below that of pure PLA at 1 wt.% DCP (Fig. 7A).
When the degree of grafting is low, the higher Tg is proba-
bly as a result of decreased chain mobility due to steric
hindrance by the bulky IA molecule. However, at high IA
and DCP concentrations, the reduction in Tg could be the
result of chain scission as evident from intrinsic viscosity
results (Section 3.1). Jang et al. [27] suggested that MA
could also function as a plasticizer after confirming the
absence of chain scission in PLA/starch blends.

3.5.2. Crystallization temperature
PLA showed an exothermic crystallization peak (Tc)

around 100–120 �C (Fig. 6) as a result of rapid cooling from

the melt after the first heating cycle. This would imply that
cooling was rapid enough to prevent crystallization during
cooling. PLA had a Tc around 106 �C. Theoretically, a higher
Tg suggests reduced chain mobility and crystallization
should also occur slower, i.e. a higher Tc (Fig. 7B). At higher
IA and DCP, the reduction in Tc is probably due to steric
effects from IA that possibly reduce the growth of crystals,
similar to grafting MA on PLA [8,28].

3.5.3. Melting temperature (Tm)
PLA showed a double endothermic melting peak (Tm)

around 140–150 �C (Fig. 6). This behavior is typically
observed for crystalline polymers due to melt–recrystal-
lization behavior [29,30]. It has been explained that this
behavior arises from a and a0 forms of PLA whereby a’ is
due to the fusion of crystals with lower thermal stability
corresponding to melting of initial lamellae, while a is
due to the melting of thicker and more perfect lamellae
after structural reorganization.

The melting temperature of grafted PLA shifted to
slightly lower temperatures when using 0.5–0.75% DCP
and was unaffected by IA concentration (Fig. 7C). At higher
IA concentrations, the melting peaks decreased more dras-
tically with increasing DCP. It is expected that grafting
would decrease the melting point as crystal structures
would be disrupted. PLA would probably form less perfect
crystals, which melt at lower temperatures.

3.5.4. Crystallinity
The crystallinity of grafted PLA was higher than PLA

(0.5%), and generally increased with increasing wt.% DCP
(Fig. 8). However, the increase was only modest on an
absolute basis. The samples had low crystallinity due to
rapid cooling applied in this experiment. The slight
increase in crystallinity is somewhat unexpected, as most
other researchers have observed a decrease in crystallinity
[31], probably due to irregularity introduced by the grafted
monomer. On the other hand, the crystallinity of grafted
isotactic polypropylene (i-PP) depended on anhydride unit
concentration [32] and an increase in crystallinity was
observed for MA grafted polybutylene succinate (PBS)
due to heterogeneous nucleation [33]. PLA is highly
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Fig. 5. Initial rate of reaction (Rg) at different temperatures, monomer concentration and initiator concentration; (A) 0.5 wt.% DCP and (B) 1 wt.% DCP.

Table 2
Kinetic parameters determined in this study.

Effective rate constant
(l/mol s)1/2

Initiator
concentration (wt.%)

180 �C 200 �C

kg

ð1þf Þ
ffiffiffiffi
kt

p 0.5 0.024 0.025
1 0.027 0.03
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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  
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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) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 2 4 6 8 10 12 14 16 

a 

b 

c 

d 

e 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 5 10 15 20 25 

R
el

at
iv

e 
C

ry
st

al
lin

ity
, X

t (
%

) 100 oC 
110 oC 

120 oC 

130 oC 

Time (minutes) 

A B 

130



 

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.  

 

 

  

133



 

 

 

 

 

 

 

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 

angle and the second peak similar to annealed PLA. This suggests a larger lattice 
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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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