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ABSTRACT 

INJECTION MOLDED BIOPLASTICS FROM PLASTICIZED SOY MEAL AND 
BIODEGRADABLE POLYMER BLENDS 

 
 

 
Xiaobo Zhou        Advisor:    Dr. Amar K. Mohanty 
University of Guelph, 2012     Co-Advisor: Dr. Manjusri Misra 
 
 

 

Soy meal, a coproduct of the soy oil-based biodiesel industry, has up to 50 wt% protein 

content. The main aim of this work was to develop value-added application for soy meal by 

blending with biopolymers. The chosen biopolymers were poly(butylenes adipate-co-

terephthalate) (PBAT) and poly(lactic acid) (PLA). This study is divided into two parts: the first 

part explained the plasticization of soy meal and modification of soy meal by denaturation. 

Characterization by Fourier transform infrared (FTIR) spectroscopy confirmed that the soy meal 

was plasticized and denatured. This part also discussed the fabrication, testing and 

characterization of blends of PBAT/soy meal (SM), PBAT/plasticized soy meal (PSM) and 

PBAT/modified plasticized soy meal (mPSM). The elongation at break of the bioblend was found 

to increase after plasticization of soy meal, and improved furthermore after denaturation while the 

tensile strength remained the same. Scanning electron microscope (SEM) images showed that the 

blends PBAT/mPSM had smoother surfaces and better internal structures than the other two. The 

second part of the study investigated the properties of mPSM blended with PBAT and PLA at 

varying ratios. The results revealed that with an increase in PLA content, the tensile strength 

improved, but the elongation of the blend reduced.  No phase separations between PBAT and 

PLA were observed in the SEM pictures of the ternary blends, indicating limited miscibility 

between PBAT and PLA.  
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Chapter 1- Literature Review 

1.1 Introduction 

Plastics are ubiquitous in daily lives and play a crucial part in packaging and other 

consumer products. Plastics are typically polymers of large molecular weight. Chemically, 

polymers are long chains of molecules composed of repeated structural units. The first 

polymers used were the products of nature, especially starch, wool, cotton and proteins. 

Because of the demands and shortages that arose during World War II, scientists and 

researchers were encouraged to seek substitutes for natural polymers. Phenol-formaldehyde 

(Bakelite) is considered to be the first synthetic plastics 1. The success of Bakelite and 

demand for such materials in electronics, packaging, medical, aerospace and other industries 

led to more intensive research to study the structure of polymers, and numerous new 

polymers were invented.  

Over the past two decades, polymers from renewable resources have gained 

increased attention mainly due to the environmental concerns that mount over the disposal of 

synthetic polymers. The next most influential factor that spurs biopolymer research is the fact 

that petroleum resources are finite.  It is time to find alternatives for the polymers derived 

from these resources. The obvious advantage is that biopolymers would either be 

biodegradable or renewable which would help to alleviate global issues such as decreasing 

landfill space, depleting petroleum sources and greenhouse gas emissions. Cargill Dow, the 

manufacture of poly(lactic acid) (PLA) from renewable recourses,  found that PLA is lower 

in greenhouse emission compared to the conventional petrol-based through life cycle 

inventory analysis 2.  
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1.2 Biopolymers  

Biodegradable polymers, first introduced in the 1980s, are considered as potential 

substitutes for certain existing petroleum-based synthetic polymers owing to their 

renewability or biodegradability. Depending on the structure and composition, biopolymers 

may or may not be biodegradable. The classification of bio-based/biodegradable polymers is 

represented in Figure 1-1.  

   

Figure 1-1: The classification of bio-based/biodegradable polymers                              
(redrawn after reference 3 ) 

Based on the sources of the materials, the biopolymers can be divided into three 

classes. Polymers that belong to the first class are synthesized from renewable resources. For 

example, poly(lactide) (PLA) is derived from starch, sugarcanes or tapioca products. On the 

other hand, polyhydroxyalkanoates (PHAs) are produced by bacterial fermentation of sugar 

or lipids. Polymers from mixed resources come under the second class of biopolymers. One 

of the monomers used for the synthesis of these polymers come from petroleum resources 
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while the other monomers are derived from renewable resources, thus making up a 

biopolymer from mixed resources. The third class comprises of biopolymers derived from 

petroleum resources but is biodegradable. All biobased polymers are not biodegradable, and 

not all biodegradable polymers are biobased.  

Reduced uses of petroleum-based raw materials, biodegradability, renewability and 

reduction of greenhouse gases are some of the major reasons for increased interest towards 

biopolymers 4.  However, non-biodegradable petroleum-based polymers are still the main 

polymers that are being used today.  Dealing with the wastes of plastics is a problem. Recent 

U.S. statistics show that 31 million tons of plastic waste was generated in 2010, representing 

12.4 percent of total municipal solid waste 5. Only 8% of the total plastic waste generated 

was used for recycling 5. The use of biodegradable polymers in such scenarios offer a 

potential solution for waste-disposal problems associated with traditional petroleum-derived 

plastics 6. Biodegradable polymers are being targeted for packaging bags as they are 

compostable, environmentally friendly, and also durable. The life cycle of biodegradable 

polymers is presented in Figure 1-2.  
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Figure 1-2: Life cycle of biodegradable polymers (redrawn after reference 3) 

 

1.2.1 Poly(butylene adipate-co-terephthalate) 

Poly(butylene adipate-co-terephthalate) (PBAT), an aliphatican–aromatic 

copolyester, was first commercialized by BASF (Germany) under the trade name of Ecoflex® 

in 1981 7. The chemical structure of PBAT is shown in Figure 1-3.   

       

Figure 1-3: Chemical structure of PBAT 
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PBAT is synthesized based on the polycondensation reaction of the monomers of 

adipic acid, 1,4-butanediol and terephthalic acid. The main role of aromatic acid in the 

polymer is to reinforce the copolyester structure up to a maximum of 40 wt% of terephthalic 

acid, without altering the biodegradability of the co-polyester chains 8. In 1998, BASF 

presented the biodegradable results of Ecoflex® and stated that more than 90% of this 

material can be metabolized within three months under composting conditions 9. The 

biodegradability of PBAT has been studied by several researchers 10-11. The glass transition 

temperature (-17 oC) and melting temperature (120 oC) of PBAT offer an excellent 

compromise between the service and processing temperatures. It also has superb properties 

of softness and ductility. 

PBAT is a flexible biodegradable plastic, with mechanical properties similar to that 

of low-density polyethylene (LDPE). This makes PBAT suitable for food packaging and 

agricultural films applications. However, because of its relatively high cost and certain 

limitations in mechanical properties, like low tensile strength and modulus, the commercial 

large scale applications of this biodegradable polymer are limited. Numerous research works 

have been conducted on blending PBAT with other biodegradable polymers and natural 

fibers. The discussions of the literature on PBAT blends are presented in a later section. 

 1.2.2 Poly(lactic acid) 

Poly(lactic acid) (PLA), a linear aliphatic polyester, was first produced in 1931 by 

Wallace Carothers, a scientist from DuPont, by heating lactic acid under vacuum 12. The 

main concern was to increase the molecular weight of the polymer. Later on, PLA with high 

molecular weight was synthesized by ring-opening polymerization of the lactide. The 

chemical structure of PLA is shown in Figure 1-4.    
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Figure 1-4: Chemical structure of PLA 

Normally, PLA is derived from corn starch or sugar cane. The single monomer of 

PLA, lactic acid (2-hydroxy propionic acid), is produced via chemical synthesis or 

fermentation. Industrial lactic acid production utilizes the anaerobic fermentation of micro 

organisms such as bacteria or certain fungi. Lactic acid produced by fermentation is optically 

active, the L(+) and D(−) stereoisomers can be achieved by using an appropriate lactobacillus 

13. PLA of high molecular weight can be produced in two different ways. One method is the 

condensation polymerization in which water is removed by the use of a certain solvent under 

high vacuum temperature. The other method is the catalytic ring opening polymerization of 

the lactide (a dilactone of lactic acid) 14. The synthesis methods for high-molecular weight 

PLA is shown in Figure 1-5 14-16. Ring opening polymerization of lactide is being industrially 

applied for producing high molecular weight PLA.  Meso (L, D) lactide, D-lactide and L-

lactide are products of D-lactic acid and L-lactic acid 17. There are four forms of PLA that 

can be produced by different kinds of lactide. The L-PLA and D-PLA are the two optically 

active regular forms, prepared from L-lactide and D-lactide, while L, D-PLA is obtained 

from the mixture of L-lactide and D-lactide, and meso-PLA are the optical inactive forms. 

Depending on the ratio of D (-) and L (+) lactic acid monomers as well as the molecular 

weight, PLA can be modified as totally amorphous or up to 80% crystalline 18. It has been 

found that PLA with more than 93% of L-lactic acid is semi-crystalline while PLA 

containing 50–93% L-lactic acid is amorphous 19.  
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PLA is one of the most promising biopolymers and has a wide range of applications 

in food packaging, compostable bags, disposal tableware, nonwoven textiles, and biomedical 

applications 2. However, certain drawbacks like low impact strength, low elongation at break, 

poor barrier property, slow crystallization and low heat deflection temperature hinder the 

wide scale industrial applications of PLA. Various studies have been conducted to overcome 

the above mentioned demerits of PLA.   

 

Figure 1-5: Synthesis methods for high molecular weight PLA (redrawn after reference 16 ) 
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1.3 Bioblends  

Polymer blending is regarded as an effective and economical way to produce new 

materials with required properties. Normally the blend has the unique chemical and physical 

properties which are absent in individual moieties.  

Poly(butylene succinate) (PBS) is one of the typical biodegradable polyesters, which 

can be derived from renewable sources. John et al. 20 studied the compatibility of 

biodegradable polyester blends. From differential scanning calorimetry (DSC), the blends of 

Ppoly(ε-caprolactone) (PCL)/PBAT, PBAT/PBS and PCL/PBS all have two melting points. 

This indicates that these blends are not completely miscible. Interestingly, only one glass 

transition temperature (Tg) was observed for the PBAT/PBS blends due to the proximity of 

individual Tg of PBAT and PBS polymer.   

Ibrahim et al. 21 investigated the morphology, thermal and mechanical properties of 

PBS/PBAT/clay nanocomposites. They used X-ray diffraction, thermogravimetric analysis 

(TGA), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and dynamic mechanical analysis (DMA) 

for characterization. The blend composition (wt%) of PBAT/PBS was kept at 30/70 and the 

organoclay, as a compatibilizer, was varied from 0 to 7 wt%. In that study, the formulation of 

1 wt% organoclay created the greatest improvement in tensile strength. SEM micrographs 

revealed that inorganic particles distributed homogeneously in the blend of PBS/PBAT with 

organoclay, indicating the compatibility of PBS and PBAT was improved in the presence of 

clay. TGA data confirmed that the thermal stability was enhanced by adding clay into 

PBS/PBAT blend system. 
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PBS is investigated as one of the modifiers of PLA.  Slow crystallization is one of 

the major problems for industrious applications of PLA.  The researchers clarified that 

adding PBS accelerates the crystallization and  enhances the cold-crystallization of PLA 22. 

In the PLA/PBAT blend system, PBS acts as a nucleating agent for PLA crystallization. 

Yokohar and Yamaguchi 23 studied the structures and properties of PLA and PBS blends. 

They found that the cold-crystallization temperature of PLA shifted to lower temperature, 

indicating the nucleating effect of PBS in the matrix of PLA. Bhatia et al. 24 found a partial 

miscibility exists in the PLA and PBS blend system when the composition of PBS is less 

than 20 wt%. 

PCL, an aliphatic polyester, is one of the important biodegradable polymers used in 

the packaging and medical applications. However, the two semicrystalline polymers of PLA 

and PCL are immiscible, and the interfacial tension between the two phases is high 25. 

Various compatibilizers were used to improve the miscibility between PLA and PCL and the 

literature on PLA/PCL blend is reviewed and presented below. 

Aslan et al. 26 tried to surpass the demerits of PLA, such as brittleness and flexibility, 

by blending with PDLLA at 10 wt% of PCL. The blends showed enhanced mechanical 

properties compared with neat PDLLA. After adding 5 wt% of copolymer poly (D, L-lactide-

co-ε-caprolactone) as a compatibilizer, the properties further improved. The morphology 

analysis of the blends showed that the addition of a PDLLA-co-PCL copolymer as 

compatibiliser further reduced the average size of PCL domains. 

Maglio et al. 27 used PLLA-poly(oxyethylene oxide) (PEO) diblock copolymer and 

PLLA-PCL-PLLA block copolymer as interfacial agents in the PLLA/PCL blend. They 
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reported the development morphology and thermal properties of PLA/PCL (70:30) blend in 

the presence of 2 wt% of a PLLA-PEO diblock copolymer.  SEM data revealed that the 

formulation with PLLA-PEO showed higher emulsification efficiency compared to that of 

the PLLA-PCL-PLLA block copolymer.  

Takayama and Todo 28 investigated the effect of lysine triisocyanate (LTI) as an 

additive and investigated the fracture properties of PLA/PCL with the mixing ratio of 85:15 

in weight fraction. The content ratio of LTI was 1wt%. They compared the impact fracture 

properties of PLA/PCL/LTI and PLA/PCL blends and found that impact properties improved 

with the addition of LTI. They studied the SEM micrographs of the cryofractured surfaces. 

The spherulite size of PCL was reduced in the PLA/PCL/LTI blend, suggesting the 

miscibility of PCL and PLA was improved by the addition of LTI. 

Owing to high toughness and elongation of PBAT, it was considered a suitable 

candidate for toughening PLA. Jiang et al. 29 tried to modify the toughness of PLA by 

blending with PBAT. Dynamic mechanical analysis (DMA) of PLA/PBAT blends showed 

two Tg peaks which suggested that PLA and PBAT were immiscible. Moreover, the addition 

of PBAT was found to accelerate the crystallization rate of PLA but had little effect on its 

final crystallinity. For the mechanical properties of the blends, they reported that the 

elongation at break and toughness of PLA increased significantly with the increase of PBAT 

from 5 to 20 wt%.  

Xiao et al. 30 studied the crystallization behavior of PLA/PBAT blends with the 

blending ratios of 100/0, 80/20, 60/40, 40/60, and 0/100 by DSC, polarizing optical 

microscopy (POM) and wide angle X-ray diffraction (WAXD) studies.  The DSC data 

revealed that the crystallization rate of PLA increased with the increase in PBAT content 
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except for the blend of PLA with 60 wt% PBAT.  The cold crystallization temperature of 

PLA shifted to a higher temperature and the peak became narrower, which indicated the 

enhanced crystalline ability of PLA with the incorporation of PBAT. From the WAXD 

measurement, it was shown that the crystal structure of PLA remained almost unchanged 

upon blending. In the crystallization temperature range of 123–142oC, the spherulitic 

morphology and growth of PLA and its blends with PBAT were observed under POM. 

As a two-phase system, the incompatibility between PLA and PBAT is a major 

obstacle for wide range applications of this blend. Extensive works have been done to 

improve the miscibility between PBAT and PLA. Sirisinha and Somboon 31 investigated the 

modification of PLA/PBAT blends by adding a small amount of dicumyl peroxide (DCP) for 

blown-film processing. The blends of PBAT/PLA were studied at the ratio of 70:30. The 

content ratio of DPC varied from 0–0.5 wt%. A parallel-plate rheometer, a melt flow index 

(MFI) tester and a melt strength tester were used for investigating the effects of DCP addition 

on melt characteristics of the blends. The authors found that the elasticity and viscosity of the 

blends increased with the addition of DCP.      

Kumar et al. 32 studied the effect of  glycidyl methacrylate (GMA) on the 

mechanical, thermal and morphological property of PLA/PBAT blend and its 

nanocomposites. They prepared the blends of PLA/PBAT at 85:15, 80:20 and 75:25 ratios. 

GMA and nanoclay (C20A) were added to the 75:25 blend of PLA/PBAT at a varying 

concentration of 3-5 wt%.  They reported that the impact strength increased with the 

incorporation of GMA while the tensile strength remained the same. Furthermore, the 

addition of C20A increased tensile modulus from 1.8 GPa to 2.1 GPa. The morphology 

analysis by SEM revealed that the interfacial adhesion between the phases of PBAT and PLA 
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was improved after adding GMA and nanoclay. From the DSC curves, it was observed that 

the melting peaks of individual polymers shifted closer to each other, indicating the 

enhancement of the interfacial adhesion between the two polymers. 

Zhang et al. 33 used a terpolymer of ethylene, acrylic ester and glycidyl methacrylate 

(T-GMA) as a reactive processing agent to prepare PLA/PBAT blends. The blend was made 

by twin-screw extrusion in the presence of T-GMA. They prepared the blends of PLA/PBAT 

at variable ratios of 90/10, 80/20, 70/30 and 60/40. T-GMA was added to the blend at a 

varying concentration of 1-10 wt% respectively. They found that the tensile toughness of the 

blends increased with the addition of 2 and 5 wt% T-GMA and the impact strength also 

increased significantly at 1 wt% of T-GMA but remained the same with increasing 

concentration of T-GMA. The morphology analysis by SEM revealed that the formulation 

with T-GMA showed increased miscibility between PLA and PBAT.  From the DSC curves, 

two glass transition temperatures can be seen, indicating that the blend was still a two phase 

system after adding T-GMA. 

1.4 Soybeans 

Soybean (Glycine max) is one of the widely grown edible beans which have 

numerous uses. It has high quality protein and is processed to make foods and food additives. 

Soybean meal is a significant source of protein for animal feeds. Soybeans are often referred 

to as a miracle crop as it also has a wide range of industrial applications varying from 

industrial adhesives, crayons, printing inks, lubricants and toners. Table 1-1 represents the 

composition of soybean 34. Figure 1-6 shows the primary soybean producing countries 35.  In 

2010, the total production of soybean in Canada was about 4 million metric tons, and the 

total  production for  Ontario was 3 million 36.  
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Composition Wt. % 

Protein 38 

Soluble carbohydrates 15 

Oil 18 

Moisture, ash and other 14 

Insoluble carbohydrates 15 

Table 1-1: Composition of soybean (redrawn after reference  34) 

 

Figure 1-6: Primary soybean producer countries (redrawn after reference  35) 

Soy meal, the high protein material obtained after oil extraction of soybean, is a 

widely used vegetable protein meal in animal feeds production. The main producer countries 

of soy meal are presented in Figure 1-7  37. Table 1-2 represents the main composition of soy 

meal  38.  
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Figure 1-7: Primary soy meal producer countries (redrawn after reference  37) 

 

Composition Wt % 

Dry Matter 89 

Protein 48 

Crude Fiber 0.03 

Neutral Detergent Fiber 07.1 

Table 1-2: Composition of soy meal 38 
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1.5 Biodiesel  

Biodiesel is a clean-burning, sustainable, biodegradable and renewable fuel derived 

from new or used vegetable oil or animal fat.  It can be used in pure or blended with petro-

diesel at any level 39. Generally, B20 (20% biodiesel and 80% petro diesel) is the most used 

biodiesel blend in USA for the majority of diesel engines 40. The usage of biodiesel can 

reduce green house gas emissions considerably as it is obtained from plants or animal 

sources. It is less toxic than petroleum based diesel,  and it is essentially free of aromatics 

and sulfur 40.  

Figure 1-8 shows the development and prediction of biodiesel production from 2005 

to 2020 41. The biodiesel production is projected to continue to expand rapidly over the next 

ten years. Canada produced around 980 million liters of biodiesel in 2010, and Ontario 

occupied about 31% in total Canadian production 42.  

 

Figure 1-8: The development and prediction of biodiesel production from 2005 to 2020 
(redrawn after reference  41) 
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Various vegetable oils have been converted to biodiesel. Soybeans have proved to 

give good yield of biodiesel. It is important to mention that use of nitrogen fertilizer is a cost 

consuming aspect in crop production. The nearly zero use of nitrogen in soybean production 

makes it advantageous for use as feedstock for biodiesel production 43. The basic process of 

producing biodiesel is shown in Figure 1-9 40. From the figure, we can see that soy meal is 

the coproduct obtained during the process of oil extraction from soybeans, while crude 

glycerol is the byproduct that is a result of transesterification reaction involved in the 

synthesis of biodiesel. Generally, a bushel of soy bean (60 lbs) will produce about 1.5 gallons 

of biodiesel, 48 lbs of soy meal and 0.15 gallons of leftover crude glycerol 44.  Since soy 

meal and crude glycerol are the main coproducts and bioproducts of the soybean based 

biodiesel industry, finding value added industrial applications for these coproducts as green 

materials is expected to add economic benefits to the biodiesel industry. 

Critics who support food versus fuel debate argue that biofuels contribute to the 

global food crisis by using up large areas of land that were previously used to grow crops for 

food production. Report published by grain farmers of Ontario 45 proclaims that the grain 

deficiency for the hungry people that exists in the world’s most hungry countries is 

equivalent to 1.1% of annual world grain production. The problem here is lack of local food 

production in hungry rural areas, and not supply of grain from the developed world 46. 

Authors of this report claim that sharp increase in cost of food production in 2008 and 2011 

is the increased cost of oil and gasoline, which drove food production and transportation 

costs up.  
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Figure 1-9: The basic process of producing biodiesel 

1.6 Soy protein  

Protein based biopolymers are gaining increasing interest because of their low cost, 

renewability, easy availability and biodegradability. Soy protein is one of the various protein 

materials which has been widely used in biopolymers. 

Generally, soy protein is available in different forms such as soy isolate, soy flour, 

soy concentrate and soy meal. Each of the four forms contains different protein content. Soy 

protein isolate has the highest protein content of about 90%, whereas soy flour, soy meal and 

soy protein concentrate contains 56, 48 and 72% protein, respectively 47. The rest is 

composed mainly of carbohydrates 48. The lower the protein content, the lower the price as 

additional processing steps are required with increasing protein content. The fractions of soy 

protein have been characterized by their sedimentation constants which is the time unit used 

in calculating protein molecular weight. 7S and 11S are known as two main fractions (S 

stands for Svedberg units); the numerical coefficient is the typical sedimentation constant in 
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water at room temperature (20 oC) 49. The content of 7S in soy protein is about 35% and of 

11S is 52% 48. The 7S fraction is heterogeneous and consists of beta-conglycinin which is a 

sugar containing globulin. The principal component of 11S fraction is glycinin which is the 

major protein of soybean. It is found that the polypeptides in glycinin are tightly stabilised 

and folded via intermolecular disulphide bonds. Soy protein can participate in intra- and 

intermolecular interactions as it contains 20 different amino acids 49. Side groups like -SH, -

OH and –NH that are present in soy protein could facilitate crosslinking reactions while 

blending with other polymers 50.  

1.6.1 Modification of soy protein 

Soy protein has a complex molecular structure. Unlike normal thermoplastics, it is 

difficult to process without a certain amount of plasticizers or denaturants. To improve the 

processability and to modify the properties of the final product, plasticizers are usually 

introduced to the soy protein matrix. Plasticization can be achieved by the incorporation of 

either internal or external plasticizers into the polymer 51. In internal plasticization, the 

copolymerization of monomers and the plasticizers occur in which the plasticizer is an 

integral part of the polymer molecular chain. In external plasticization, plasticizers are added 

to the matrix or the resin as an external additive which interacts with the polymer chain. 

External plasticizers are always substances with low molecular weight and low volatility 52. 

The plasticizers used for soy proteins are typically external plasticizers. There are several 

theories that can be applied to explain the plasticizing mechanism. The “lubricity theory” 

explains that the plasticizer acts as a lubricant to promote movements of the macromolecules. 

The “Gel theory” considers the plasticizers’ disruption for polymer-polymer interactions, 

such as hydrogen bonds, Van der Waals forces, and ionic forces. The "free volume theory" 
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states that plasticization increases the free volume and mobility of polymer chains, and is 

used in understanding the effect of plasticizers in the decreasing of glass transition 

temperature 53.    

Extensive work has been done to study the plasticization of soy protein.  Mo and 

Sun 54 investigated the plasticization effect of different polyol-based plasticizers on soy 

protein isolate (SPI) based plastics. In this study, glycerol, propylene glycol, 1,2-butanediol, 

and 1,3-butanediol were used as plasticizers. They investigated the effect of these different 

plasticizers on glass transition temperature of soy protein. They reported that the degree of Tg 

drop could be used as an indicator of chemical compatibility of a plasticizer with a protein 53. 

Furthermore, they found that glycerol and propylene glycol are more compatible with soy 

protein than the other two plasticizers. In the mechanical study, they observed that plastics 

with glycerol showed the largest strain at break and samples with 1,3-butanediol gave the 

highest tensile strength. SEM micrographs showed that the SPI plasticizers had ductile 

fracture, whereas the unplasticized SPI had brittle fracture.    

Wu and Zhang 55 investigated the effect of different ethylene glycol (EG) contents 

on the  properties of SPI thermoplastic sheets by using infrared, X-ray diffraction, SEM, and 

tensile test.  They prepared the SPI/EG sheet at various ratios of 100 g of dry SPI with a 

different weight content of EG (20-70 g). They found that the tensile strength and modulus 

decreased with increasing EG content. The analysis of SEM and X-ray revealed that the 

plasticized SPI sheets have homogeneous phases. FTIR analysis indicated strong 

intermolecular hydrogen bonding in the SPI sheet when the EG content was increased to 50 g. 

Chen and Zhang 56 found some new evidence of glass transitions and 

microstructures of glycerol plasticized soy protein. They prepared SPI sheets at different 
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ratios of glycerol (10-50%) and SPI. In their study, DSC and dynamic mechanical thermo 

analysis (DMTA) were used to clarify the glass transition and relaxation behaviors of the 

plasticized SPI sheet. The microphase structures were investigated by small-angle X-ray 

scattering (SAXS) and WAXD patterns. Thermogravimetric analysis combined with Fourier 

transform infrared (TGA–FTIR) was applied to reveal the origin of the thermal transitions 

recorded with DSC. When the contents of glycerol were above 25 wt%, DSC curves showed 

two glass transition temperatures which were assigned to glycerol-rich and protein-rich 

domains in the SPI sheets. The SAXS results indicated the existence of the stable structure of 

the protein compact chains. The WAXD data analysis revealed that glycerol-rich and protein-

rich domains both existed as amorphous morphology in the SPI sheets. They also observed 

that tensile strength and Young’s modulus decreased significantly when the glycerol content 

was more than 25 wt% and the concentration at which the phase separation happened. On the 

basis of these findings, the authors concluded that there were two domains in the SPI sheet, 

the protein-rich and the glycerol-rich domains. The protein rich domain was less compatible 

with glycerol compared to the glycerol rich domain. 

Tian et al. 57 studied the plasticization effect of hydroxyamine in soy protein sheets. 

They prepared three kinds of soy protein sheets, one with diethanolamine (DEA), and 

another with triethanolamine (TEA) and the last with glycerol. They measured the 

transmittance of the soy protein sheets by an ultraviolet–visible spectrometer and found that 

the plastics with TEA possessed better optical transmittance than the other two plasticizers, 

which indicated that TEA is more compatible with soy protein. Moreover, they also observed 

that TEA plasticized soy protein sheet had lower water uptake, better mechanical properties 

and higher thermal stability than those with glycerol and DEA.   
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Tummala et al. 58 investigated the influence of different plasticizers on the 

mechanical, morphological and thermal properties of soy protein based bioplastics. The 

plasticizers used were glycerol, D-sorbitol, and their blends. They prepared the plasticized 

soy flour with plasticizers in the weight ratio of 70/30 by premixing in a kitchen mixer 

followed by extrusion. They then made the bioplastics by blending plasticized soy flour with 

polyester amide in the ratio of 2:1 through extrusion and injection molding.  They found that 

the bioplastic with D-sorbitol (SSBP) had the highest tensile modulus, tensile strength and 

thermal stability than glycerol-plasticized bioplastic (GSBP) and mixed plasticizers based 

bioplastic (MSBP), whereas GSBP had the highest impact strength. The morphology study 

by environmental scanning electron microscopy showed that GSBP had local ductile fracture 

features, but SSBP had brittle fracture features. From the Tg observation in thermal analysis, 

they found that the Tg of soy protein shifted to a lower place and Tg of polyester amide 

shifted to a higher place in SSBP. However, for GSBP, only Tg of polyester amide changed. 

This indicated that D-sorbitol is a more compatible plasticizer for improving the 

compatibility of soy protein and polyester amide than glycerol.  

Water is another effective plasticizer in protein based biopolymers. It causes the 

biomaterial to undergo glass transition thereby improving the processing window, and it also 

facilitates the deformation 59. Without the addition of water, proteins cannot be melted down 

because they would thermally be degraded before reaching the melting temperatures 59. 

However, excess amount of water would decrease polymer melt viscosity during the 

extrusion process, which would result in low product temperature that could affect the degree 

of transformation and interaction of protein 60. 
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External plasticizers like glycerol, D-sorbitol, DEA, TEA and ethylene glycol tend 

to leach out from the soy protein plastics gradually after preparation because of the weak 

hydrogen bonding between polypeptide chains. This shortcoming can be overcome by using 

an internal plasticizer that forms strong covalent bonds with protein molecules 61. Lodha and 

Netravali 61 studied the effect of the internal plasticizer, stearic acid, on thermal and 

mechanical properties of SPI plastic. They found that stearic acid  modifed SPI plastics have 

enhanced thermal and mechanical properties than that of glycerol plasticized SPI.  Park et al. 

62 with glutaraldehyde (GA) crosslinked the SPI in order to improve the mechanical 

properties of the injection molded protein. They found that the molecular weight of soy 

protein increased after cross linking with GA. Tensile strength and elongation at break of 

SPI–GA biopolymer films were significantly higher than those of glycerol-plasticized soy 

protein films and increased with increasing GA concentrations. 

Proteins are stabilized by hydrogen bonds, hydrophobic interactions and disulfide 

bonds. Therefore, it is necessary to break these interactions in order to process the 

biopolymers. Denaturation process unfolds protein from its native state into a partially 

unstructured state without any fixed residues 63. Protein denaturation is usually associated 

with changes in physical–chemical and functional properties. Denaturation can be induced 

both by mechanical force such as extrusion and by denaturants. The most commonly used 

denaturants are guanidine hydrochloride and urea, which have the ability to break hydrogen 

bonds and disulphide bridges phenomenon important for restructuring of soy protein 50,64. 

Zhong and Sun 64 studied the mechanical, thermal properties and water sorption of 

guanidine hydrochloride (GHCl) modified 11S protein based plastics.  In order to reduce the 

factors that affect the properties of the product, the authors chose only 11S protein for 
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investigation because it is the main component of soy protein.  They dissolved 11S in GHCl 

solutions with different concentrations (25 g of 11s in 250ml GHCl solution with the 

concentration of 0.5, 0.9, and 2.4M). They then stirred the mixture for 6 hours and freeze 

dried it. Afterwards they powdered the freeze-dried mixture and made test specimens through 

compression-molding. The authors found that the Tg of 11S decreased with increased 

concentration, which indicated that GHCl acted as a denaturant as well as a plasticizer.   

They observed that the 11S protein with 0.9 unit GHCl had the highest tensile properties and 

lowest water absorption.   

Reddy et al. 47 prepared urea and glycerol modified plasticized soy meal in a micro-

compounder (DSM Research, The Netherlands). The micro extruder used has the capacity for 

measuring the axial force when a polymer is fed into the extruder, providing valuable 

rheological information. From this force versus time graph, they found that the force 

decreased with an increase in urea content. The authors attributed this force reduction to the 

denaturation of protein structure. During the denaturation process, the interaction between 

proteins was reduced and the chain mobility was improved. From FTIR spectra, they 

observed that the peak of the amide group in soy meal shifted from 1626 cm-1 to 1649 cm-1. 

This shift indicated hydrogen bonding addition during denaturation of soy protein by urea.   

1.6.2 Soy protein and biopolymer blends  

Although the properties of soy protein plastic can be controlled successfully by 

adjusting processing parameters such as molding temperature, residence time, pressure and 

initial moisture content 65-67, the final products still show relatively low mechanical 

properties. This is because of the addition of plasticizer, which significantly improves the 

flexibility of plasticized soy protein, also reduces the tensile strength 67. This reduction in 
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mechanical properties and increased water sensitivity of soy protein plastics limit its 

applications in many areas. Among the approaches that are explored to overcome the 

drawbacks of soy protein plastics, blending soy protein plastic with biodegradable polyesters 

is the most effective and widely adopted. However, natural polymer such as soy protein is 

not miscible with most biodegradable polyester because of the difference in polarities. Most 

often a third component (compatibilizer) is needed to reduce the domain size of the soy 

protein and to increase the interfacial interactions between the soy protein and the 

biodegradable polyester.  Extensive research works have been done on blending soy protein 

and biodegradable polymers. Zhong and Sun 68 investigated the thermal and mechanical 

properties as well as water absorption of SPI/PCL blends. They prepared the blends with the 

weight ratios of 90/10, 80/20, 70/30, 60/40 and 50/50, with or without the addition of 0.5, 1.0, 

2.0 and 5.0% methylene diphenyl diisocyanate (MDI) as compatibilizer. Their DSC and 

DMA results show that the Tg of SPI decreased with increasing MDI. Similar trends were 

observed with the melting point and crystallinity of the blend as well. Their data suggested 

that MDI reacted with both SPI and PCL. As a result, the mechanical properties and the 

water resistance of SPI/PCL blends were enhanced with addition of MDI as a compatibilizer. 

Zhang et al. 18 investigated the morphology and properties of soy protein (SP) and 

PLA blends. They used SPI and soy protein concentrate (SPC) as the source of SP, and 

prepared the blends of SP (SPI or SPI) and PLA on different ratios of 30/70, 50/50 and 70/30 

alone or with 1, 2, 3 and 5 parts per hundred (Phr) of poly(2-ethyl-2-oxazoline) (PEOX) 

through extrusion and injection molding. Rheological testing revealed the flowablity and 

processibility of SP increased after blending with PLA. By phase morphology, thermal and 

mechanical properties analyses, they found that SPC had a higher compatibility with PLA 
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than SPI as SPC/PLA had finer phase structures and higher mechanical properties than that 

of SPI/PLA blend. They also reported that the mechanical properties and water resistance of 

SP/PLA blends improved with the addition of PEOX, and the compatibilization effect was 

more significant on SPI/PLA blend than on SPC/PLA blend. 

Chen and Zhang 69 investigated the effects of water content on the development of 

SPC phase morphology in PBAT/SPC blend. They prepared formulated SPC with dry SPC 

(100 parts), sodium sulfite (0.5 parts), glycerol (10 parts) and/or water. There were six levels 

of water content in SPC namely, 0.6 (after drying), 7.5 (as received), 10, 12.5, 17.5 and 22.5 

wt%. The formulated SPC was mixed and left overnight at room temperature for 

equilibrating. They prepared maleic anhydride (MA) graft PBAT by reactive extrusion using 

98% dicumyl peroxide as initiator. They have reported a grafting degree of 1.4 wt % which 

was determined by titration method. They then compounded 30% formulated SPC, 67% 

PBAT and 3% MA-g-PBAT in a co-rotating twin-screw extruder. After obtaining the pellets, 

they made testing samples through injection molding.  In the SPC phase structure study, they 

found that dry SPC (0.6% water content) retained the sizes and shapes of unprocessed SPC 

and behaved like rigid filler in the mixing system. When the as received SPC (7.5% water 

content) was used, the average domain size of SPC was larger than that of dry SPC and its 

phase appeared ellipsoidal. Here, the SPC acted as deformable filler. When water content 

was more than 7.5%, the SPC phase appeared as fine thread like in morphology. In the 

tensile test, they reported that the yield stress and modulus of the blend increased 

significantly after adding water to as received SPC. They concluded that water content 

played a crucial role for developing SPC phase structures; with 10% or more water in the 

pre-compounding, SPC exhibited percolated thread structure.       
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1.7 Thermoplastic extrusion 

Extrusion is one of the mostly commonly applied processing methods for 

thermoplastics. The first extrusion machine for thermoplastics was built around 1935 in 

Germany 70. Typically, an extruder consists of a feeding hoper, single or twin screws, barrels 

and the die. 

Both single and twin screws have been used in protein based thermoplastic extrusion 

71-73. Single screw extruders are being widely used in the polymer industry. Its advantages are 

straightforward design, relatively low cost, good performance/cost ratio, ruggedness and 

reliability 74. The flow in single screw extruders is shear dominated. These kinds of extruders 

are suitable for polymer melting because a large amount of heat is generated by viscous 

dissipations during the shear flow, which helps in the melting of solid polymer 75. This heat 

buildup, however, can cause degradation of some thermally sensitive materials such as 

protein. Another demerit of single screw extruders is the poor mixing characteristics. As the 

flow is shear dominated, it can only provide a limited mixing of the components 75.  

Twin screw extruders were developed to overcome the limitations of single screw 

extruders.  The first twin screw extruder used for polymer processing  was made in the late 

1930’s in Italy 74.  There are two key differences between single screw extruders and twin 

screw extruders. One is the transport of material in the extruders. In the single screw 

extruders, it is a combination of frictional drag in the solid conveying zone and viscous drag 

in the melt conveying zone. Materials that have unfavorable frictional properties are difficult 

to feed to the single screw extruder which might lead to feeding problems. In the case of twin 

screw extruders, the transport of material follows positive displacement. The extent of 

positive displacement depends on the arrangement of the flights of the screws 74. The other 



 
 

27 
 

difference is the velocity pattern in the machine. The velocity profiles for single screw 

extruders are fairly easy to describe. Because of the complex flow pattern, it is complicated 

to describe the twin screw extruders. Nevertheless, this flow pattern in twin screw extruders 

has some advantages such as mild heat transfer and mixing, good devolatilization capacity 

and large melting capacity 74. Table 1-3 summarizes the classification of twin screw 

extruders. Intermeshing counter-rotating twin screw extruders, which have better positive 

conveying capability than intermeshing corotating twin-screw extruders, are suitable for 

profile extrusion, whereas corotating twin-screw extruders are the machines of choice for 

applications such as mixing, compounding and chemical reaction 76-77. Non-intermeshing 

count-rotating twin-screw extruders have good mixing and conveying capabilities because of 

their gap area between the screws for calendaring action. They are often applied for 

devolatilizing of solvent from the concentrated polymer solutions. However, unlike the 

intermeshing twin-screw extruders, they don’t have self-cleaning capabilities 76. 

 

 

 

 

 

 

 

 



 
 

28 
 

Table 1-3: the classification of twin screw extruders (retabulated after 74) 

Intermeshing  

Extruders 

Corotating   

Extruders 

- Low speed Extruders (profile extrusion) 

- High speed Extruders (Compounding, 

devolatilization) 

Counterrotating   

Extruders 

- Conical Extruders (profile extrusion) 

- Cylindrical Extruders (profile extrusion) 

 

 

 

Nonintermesing 

Extruders 

Counterrotaing 

Extruders 

- Equal Screw Length 

- Unequal Screw Length 

Corotating   

Extruders 

- Not used in practice 

 

Coaxial 

Extruders 

-Inner Melt Transport Forward 

-Inner Melt Transport Rearward 

-Inner Solids Transport Rearward 

-Inner Plasticating, Rearward, Transport 

 

The extensive literature surveyed above has given excellent background information 

on the biopolymers, soy protein plastics and their blends, as well as the plasticizers, 

denaturant and compatibilizers used for modifying the properties. Widely used processing 

methods have also been reviewed. This survey reveals that limited research has been 

conducted on modifying the soy meal although it contains 48% of protein. Therefore, in this 

study we focused on plasticizing the soy meal followed by denaturation.  Water and glycerol 

were used as plasticizers and GHCl was selected as a denaturant. Tummala et al 58 used 30% 

glycerol to plasticize soy flour. Because soy meal and soy flour have similar protein content, 
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we used 30% glycerol as plasticizer. The GHCl ratio is 7.5 Phr in the modified soy meal 78.  

The plasticized, denatured soy meal is referred to as modified plasticized soy meal (mPSM) 

in this study. The mPSM was blended with PBAT. Blending of PBAT and PLA with 

modified soy meal at varying loading was also investigated.  All the blends were completed 

through an intermeshing co-rotating twin screw extruder.  

1.8 Objectives  

The objectives of the present research are as listed below:  

 To develop value-added application for soy meal by blending with biopolymers. 

 To plasticize soy meal using water and glycerol; and process this pre-formulated soy 

meal in a twin screw extruder to obtain plasticized soy meal (PSM). 

 To denaturize pre-formulated soy meal with GHCl and prepare GHCl modified 

plasticized soy meal (mPSM). 

 To fabricate PBAT blends with soy meal, unmodified and GHCl modified PSM by 

extrusion followed by injection molding technique and evaluate the performance of the 

prepared blends. 

 To blend mPSM with PBAT/PLA at different weight ratios and investigate the effect of 

different blending ratios on the final properties of the blend.  
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Chapter 2- Materials and Methods 

2.1 Materials 

Soy meal (SM), with protein content of 48 % was obtained from Sharpe Farm 

Suppliers Ltd.  Moffat, ON, Canada. Glycerol G7757 grade was procured from Sigma-

Aldrich Canada, Ltd. The chemical structure of glycerol is presented in Figure 2-1. 

Guanidine hydrochloride (GHCl) practical grade was supplied by MP Biomaterial, OH, USA. 

Figure 2-2 represents the chemical structure of GHCl.  

 

 

Figure 2-1: Chemical structure of glycerol 

 

Figure 2-2: Chemical structure of GHCl 

Poly(butylenes adipate-co-terephthalate) (Biocosafe 2003, Tm=120 oC) was 

produced by Zhejiang Hangzhou Xinfu Pharmaceutical Co., Ltd., China.  Poly (lactic acid), 



 
 

31 
 

PLA, trade name “Ingeo™ Biopolymer” and product name “3251D”, designed for injection 

molding, was supplied by NatureWorks LLC. USA. 

2.2 Fabrication of Bioblends  

2.2.1 Preparation of Pre-formulated Soy meal 

PSM and modified mPSM are referred to as pre-formulated soy meal. Preparation of 

plasticized soy meal was accomplished by mixing 70 wt% soy meal, 30 wt% glycerol, and 10 

Phr of water in a kitchen mixer (KitchenAid Ultra Power Plus Stand Mixer) at constant speed 

for 30 minutes. To prepare modified soy meal, 7.5 Phr of GHCl (denaturant) was added to 

the above formulation and mixed in a similar way.  The pre-formulated soy meal was stored 

in a sealed zip-lock plastic bag and left overnight at room temperature to ensure complete 

plasticization. The preformulated soy meal was then compounded in a co-rotating twin screw 

extruder (Leistriz-Micro 27) and pelletized by a strand cutter. The diameter of the screws was 

27 mm and the ratio of length to diameter (L/D) was 48. The temperature at all zones and at 

the die was set to 150oC.  The speed of screw was maintained at 100 RPM for all 

compounding. The pre-formulated soy meal pellets were dried in a vacuum oven at 60 °C for 

12 hours. Neat polymer pellets were dried in an oven for 6 hours at 80 °C before extrusion. 

 

 

 

 

 



 
 

32 
 

2.2.2 Fabrication of bioblends 

Fabrication of the bioblends was achieved by extrusion followed by injection 

molding. The prepared formulation of biobased blends are given in Table 2-1. 

Table 2-1:  Prepared formulations of biobased blend. 

       Material ratio 

Formulations 

PBAT 

(wt%) 

PBAT/PLA 

(wt%) 

SM 

(wt%) 

PSM 

(wt%) 

mPSM 

(wt%) 

Neat PBAT 100 - - - - 

PBAT/SM 72 - 28 - - 

PBAT/PSM 60 - - 40 - 

PBAT/mPSM 60 - - - 40 

PBAT/PLA(80/20)-

mPSM 

- 60   40 

PBAT/PLA(70/30)-

mPSM 

- 60   40 

PBAT/PLA(60/40)-

mPSM 

- 60   40 

 

Extrusion 

PBAT/SM, PBAT/PSM and PBAT/mPSM were blended in a Liestritz extruder. 

They were fed in the feeding port of the extruder by two separate gravimetric feeders. The 

die temperature and screw speed was maintained at 150oC and 100 rpm, respectively, for the 



 
 

33 
 

whole run. After exiting the die, the extrudate was cooled in a water bath before being 

granulated by a pelletizer.  

To prepare PBAT/PLA/mPSM blend, PBAT and PLA at different weight ratios 

were blended first and the pellets of PBAT/PLA were later blended with mPSM. While 

extruding PBAT/PLA blend, PBAT was fed into the extruder first followed by PLA which 

was fed to the extruder from the second feeding port. A temperature profile of 150- 180oC 

was used for the extrusion of PBAT/PLA. The screw was set to 100 rpm. The same 

temperature profile and screw speed were used, and followed by extrusion of PBAT/PLA 

blend at different weight ratios.  

The mPSM was blended with the extruded PBAT/PLA in the next step. PBAT/PLA 

was fed to the extruder first followed by the feeding of mPSM from the second feeding port. 

The temperature profile of 150 - 180 oC was used to ensure the melting of PLA. To prevent 

the degradation of mPSM, the temperature was reduced to 150 oC for the barrel heating 

zones near the second feeder. The screw spend was set at 100 rpm for all runs.     

The extrudate was cooled in a water bath and then granulated by a pelletizer. The 

pellets were then dried in an oven at 80 oC for 9 h before injection molding.  

Injection molding 

Standard tensile (ASTM D638 type ІII), flexural (ASTM D790) and Izod impact 

(ASTM D256) test samples were prepared by injection molding (Ray-Ran Injection Molding 

Apparatus) of the previously prepared blends. The blend pellets were fed into the feed and 

melted in the barrel under set temperature until the material was liquid enough to push 

through the sprue. The melted material was then injected into a metal mould within about 15 
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S. The conditions for all samples with same formulations were kept constant. The processing 

conditions adopted for the different blends are given in Table 2-2.  

Table 2-2: Processing condition in injection molding 

            Condition 

Formulation 

Barrel temperature 

(oC) 

Mold temperature 

(oC) 

Pressure 

(psi) 

Neat PBAT 150 40 100 

Neat PLA 175 45 90 

Blends based on 

PBAT and Soy meal 

150 40 100 

Blends based on 

PBAT, PLA and Soy 

meal 

170 45 90 

 

2.3 Methods  

2.3.1 Tensile test 

Tensile test characterizes the ability of a material to resist breaking under tensile 

stress of a material. A mechanical testing machine, Instron 3382 was used to evaluate the 

tensile properties according to the ASTM D-638 standard. The test specimens were prepared 

by injection molding based on the prescribed sample size of ASTM D-638. Five specimens 

of each blend were tested. The crosshead speed for tensile was set as 50 mm/min for 

PBAT/SM (PSM or mPSM) and 5 mm/min for the blends of PBAT/PLA/mPSM. The load 

value and the maximum load were recorded by the test instrument. Tensile stress, elongation 

at break and modulus were represented automatically at the end of the test. 
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2.3.2 Flexural test 

Flexural test measured the force to bend a beam under three-point loading using 

Instron 3382 testing machine. The test was conducted according to the ASTM D 790 

standard. A pan length of 52 mm and cross head speed of 1.4 mm/min was used during the 

test. Test specimens were prepared by injection molding with the size of 3.2 mm x 12.7 mm 

x 125 mm (according to ASTM D 790).  Flexural strength and modulus were calculated by 

the software. The flexural modulus is regarded as an indication of stiffness of materials when 

deflected.  The average values of five samples with standard deviation were reported. 

2.3.3 Impact test 

Impact strength is defined as the ability of a material to resist shock load, and it is 

related to the toughness of material.  The Izod impact strength of the blends according to 

ASTM D256 standard was accomplished using a TMI 43-02 impact tester machine. The 

impact energy of the pendulum used was 5 ft-lb and notches of 4.0 mm in depth were cut on 

the impact samples by a TMI notching cutter. Six samples were made by injection molding. 

The average values with standard deviation of these samples were reported.  

The results of mechanical property were statistically analyzed by one way ANOVA 

and Tukey method of multiple comparisons in MINITAB® software. The sample size ‘n’ 

was 5, and the analysis was conducted at 95% confidence level to determine if the bioblends 

properties were significantly different. 
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2.3.4 Fourier-transform infrared (FTIR) spectroscopy  

FTIR is mostly used for identifying types of chemical bonds (functional groups) in a 

substance. In order to observe the chemical changes that occurred in the structures, and study 

the combined effect of  glycerol and guanidine hydrochloride (GHCl) in soy meal structure, 

soy meal (as received), PBAT, PLA, PSM, mPSM and all the blends were tested by FTIR 

spectrophotometer (Nicolet 6700 FTIR, USA).   

2.3.5 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) measures the energy (temperature and heat 

flows) associated with thermal transitions of a material. The sample material was sealed in an 

aluminum pan referenced to an empty pan; both the sample and the reference were heated 

and cooled at the same temperature. TA Instruments, DSC Q-200 was employed to study the 

crystallization behaviors of all the blends. All the samples were dried prior to the 

measurements and analyses were done in nitrogen atmosphere using standard aluminum pans. 

Calorimetric measurements were done while the samples (6–8 mg) were exposed to the 

following temperature scans: for PBAT and soy meal blends, heating was at a rate of 10 

oC/min to 160 oC, holding for 5 mins to erase thermal history effects, and then cooling to -60 

oC at a rate of 5 oC/min and again heating to 160 oC at the rate of 10 oC/min; for PLA, PBAT 

and mPSM blends, heating was at a rate of 10 oC/min up to 200 oC, holding for 5 mins to 

erase thermal history effects, and then cooling to -60 oC at a rate of 5 oC/min and again 

heating to 200 oC at the rate of 10 oC/min. Cooling scans were used for crystallization studies 

and second heating scans for their melting behavior. The peak of crystallization exotherm 

during cooling scan was taken as the crystallization temperature (Tc). The heat of fusion (ΔHf) 
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was determined from the areas of the melting. The heat of fusion (ΔHf) values are used to 

calculate the percent crystallinity of the samples using the following equation 79: 

%100%
0

×
∆×

∆
=

f

f
c Hf

H
X ----- (1) 

where ΔHf is the heat of fusion of the sample, f  is the weight fraction of the polymer in the 

blends and 
0f

H∆ is the heat of fusion for 100% crystalline polymer. 
0f

H∆  of PLA is 93.7 J/g 

80 and of  PBAT is 114 J/g  81.  

2.3.6 Dynamic mechanical analysis (DMA) 

Generally, DMA is used for studying the viscoelastic behavior of polymers, and can 

produce data in terms of loss modulus, storage modulus and tan delta at different frequencies 

and temperatures. 

The storage modulus and tan delta were determined in a TA Instruments, DMA 

Q800, operated in multifrequency strain mode, using a single cantilever clamp, following the 

standard ASTM D4065. Measurements were made at the frequency of 1Hz, amplitude of 

15μm and heating rate was 3 oC/min, the range is from -100 to 100 oC.  Replicates of three 

samples were tested to check repeatability of the results. 

2.3.7 Scanning electron microscopy (SEM) 

Hitachi S-570 SEM was used to evaluate the morphology. The specimens were 

fractured in liquid nitrogen in the middle of the molded sample and then sputter coated with 

gold prior to observation. 
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Chapter 3- Results and Discussion 

3.1 Part One: Bioblends from PBAT and soy meal 

In this section, three kinds of PBAT/soy meal blends were prepared.  An investigation 

has been made on the properties of the newly developed bio-blends.  

3.1.1 Mechanical properties 

The effects of plasticizers and GHCl on tensile strength and modulus are represented 

in Figure 3-1, and elongation at break of the PBAT blends is presented in Figure 3-2. The 

detailed mechanical properties are presented in Table 3-1 combined with the results from 

statistical analysis. Tensile strength and elongation of PBAT/SM decreased significantly 

compared to neat PBAT, but the modulus of the blends increased. The poor interfacial 

adhesion between the two phases might have contributed to the reduction in mechanical 

properties and supported by our observations from scanning electron microscopy analysis. 

Similar observations for plasticized starch blended with PLA have been reported by Huneault 

and Li 82; tensile strength and percent elongation at break is shown to depend strongly on the 

interfacial adhesion between the two polymer phases 82. The soy meal is dispersed as a rigid 

phase in soft PBAT matrix, which means the soy meal might have restricted the molecular 

mobility of PBAT. The restriction is reflected as increased modulus of the blends. Similar 

observations have been reported 50. 

Tensile strength and elongation values for PBAT/PSM blends were statistically not 

different as compared to PBAT/SM. However, the modulus of the PBAT/PSM was reduced 

in comparison to that of PBAT/SM. This decrease results from the increased ductility of the 

blend. This increase in ductility is a manifestation of plasticization of soy meal. After 
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plasticization, hydrogen bonds are formed, and ductility is increased, which also indicates 

that the molecules were allowed to stretch freely unlike the molecules in PBAT/SM.  

In case of PBAT/PSM blends, the tensile strength and elongation were statistically 

not different from that of PBAT/SM. The modulus of the PBAT/PSM was reduced in 

comparison to that of PBAT/SM. This decrease results from the increased ductility of the 

blend. This increase in ductility is a manifestation of plasticization of soy meal. After 

plasticization, hydrogen bonds are formed between plasticizers and polymers and yield 

increased ductility. The percent elongation in PBAT/mPSM blend increased significantly 

going from 167 to 302% compared to that of PBAT/PSM, while the modulus was observed 

to decrease. This may due to the denaturation of soy protein by GHCl. After adding GHCl, 

the protein chain became more flexible and the space between the chains was increased. The 

improvement of elongation at break could be attributed to the increased interfacial adhesion 

between the two phases of PBAT and soy meal, which has been confirmed by SEM of liquid 

N2 fractured surfaces of the blends in later section.  
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Figure 3-1: Tensile strength and modulus of PBAT and soy meal blends: (a) neat PBAT (B) 
PBAT/SM (72 wt%/28 wt%), (C) PBAT/PSM (60 wt%/40 wt%), (D) PBAT/mPSM (60 

wt%/40 wt%) 

   

Figure 3-2: Elongation at break of PBAT and soy meal blends: (A) neat PBAT (B) 
PBAT/SM (72 wt%/28 wt%), (C) PBAT/PSM (60 wt%/40 wt%), (D) PBAT/mPSM (60 

wt%/40 wt%) 



 
 

41 
 

Table 3-1: Mechanical property data with one way ANOVA results for neat PBAT and 
bioblends 

Sample 

Tensile  

Strength 

(MPa) 

Tensile  

Modulus 

(MPa) 

Elongation 

at  Break  

(%) 

Flexural 
Modulus 

 (MPa) 

Impact 
Strength 

(J/m) 

  Neat PBAT 16.4±0.9 
(A) 

64.2±3.1   
(C) 

503±47.1 
(A) 

91.7±8.9    
(B) 

Non-break 
(A) 

  PBAT/SM 7.9±0.4  
(B) 

191.0±9.4 
(A) 

167±22.3 
(C) 

214.8±14.0 
(A) 

200.2±12.3 
(B) 

  PBAT/PSM 8.0±0.6  
(B) 

80.2±7.5  
(B) 

235±2.8  
(C) 

110.1±18.5 
(B) 

101.0±4.6 
(C) 

PBAT/mPSM 8.5±1.0  
(B) 

43.0±1.6  
(D) 

304±20.3 
(B) 

99.0±19.4  
(B) 

197.2±12.6 
(B) 

*Alphabets in the bracket correspond to results generated by one way ANOVA using 
Tukey method of multiple comparisons. Mean values that do not share the same alphabet 
are significantly different. 
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Figure 3-3: Stress and strain curves of Neat PBAT, PBAT/SM (72 wt%/28 wt%),  
PBAT/PSM (60 wt%/40 wt%), PBAT/mPSM (60 wt%/40 wt%) 

 

The strain-stress curves for neat PBAT and its blend with soy meal are presented in 

Figure 3-3. The stress strain curves suggested that the tensile strength at yield decreased for 

PBAT/SM and the Young’s modulus increased. Similar behavior was observed in the case of 

the PCL/PBS /soy meal blend reported by Reddy et al. 50. Toughness of the blend is 

represented by the area under the stress-strain curve. This quality appears to be related to the 

elongation at break recorded for different blend systems. As shown in Figure 3-3, 

PBAT/mPSM exhibited increased toughness, but did not approach neat PBAT, while 

PBAT/SM has very low toughness. 

Due to the high flexibility of the sample, flexural samples were not broken at 5% 

strain rate. Figure 3-4 shows that the flexural modulus increased significantly upon the 

addition of soy meal in PBAT. The inherent stiffness of soy meal probably caused the 
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improvement. The flexural modulus of neat PBAT, PBAT/PSM and PBAT/mPSM were 

statistically the same. The flexural modulus followed the same behavior as that of tensile 

modulus. 

 

Figure 3-4: Flexural modulus of PBAT and its blends with soy meal blends: (A) neat PBAT 
(B) PBAT/SM (72 wt%/28 wt%), (C) PBAT/PSM (60 wt%/40 wt%), (D) PBAT/mPSM (60 

wt%/40 wt%) 
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The impact strength evaluation is mostly used to study the fracture toughness of 

polymer blends. The comparison of PBAT impact strength and its blends to that of soy meal 

is presented in Figure 3-5. The impact strength of PBAT decreased as expected because of 

the poor interfacial adhesion of soy meal and PBAT. The impact strength of PBAT/SM was 

statistically not different as compared to PBAT/mPSM. Although PBAT/SM has 12% more 

PBAT content than the other two, the PBAT/mPSM blend has equivalent impact strength.  

This outcome may result from the addition of GHCl which could improve compatibility of 

soy meal and PBAT. 

 

Figure 3-5: Impact strength of PBAT and its blends with soy meal blends:   

Neat PBAT: no-break, (A) PBAT/SM (72 wt%/28 wt%), (B) PBAT/PSM (60 wt%/40 wt%), 
(C) PBAT/mPSM (60 wt%/40 wt%) 
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3.1.2 Dynamic mechanical analysis 

Dynamic mechanical analysis is a thermal analysis technique that measures the 

properties of materials as they are deformed under periodic stress. Storage modulus, loss 

modulus and tan (δ) can be directly determined by the test, while a variety of other 

fundamental material parameters, such as Tg, can be defined from them. The storage modulus 

values of PBAT and its blend with soy meal are shown in Figure 3-6 and the tan (δ) curves 

are presented in Figure 3-7. It can be noticed from Figure 3-6 that the neat PBAT and 

PBAT/SM blend showed a sharp transition at the primary relaxation zone of PBAT due to 

glass transition. The storage modulus decreased with an increase in temperature because of 

the softening of the polymer at higher temperatures.  

In the case of PBAT/PSM and PBAT/mPSM, the storage modulus at sub zero 

temperatures were found to be higher than that of the neat polymer and PBAT/SM. This 

could be attributed to the effect of plasticizers.  Neat polymer and all the blends showed a 

sharp decrease in storage modulus near the glass transition zone of PBAT. It can be noticed 

that the trend in storage modulus was not the same for these blends throughout the 

temperature range. Although PBAT/SM showed lower storage modulus at sub zero 

temperatures, the modulus was considerably higher than PBAT/PSM and PBAT/mPSM at 

room temperature.  

The storage modulus value, at room temperature, had magnitudes of 92.7, 329.5, 

144.4, and 95.0 MPa for the neat PBAT, PBAT/SM, PBAT/PSM, and PBAT/mPSM, 

respectively. The storage modulus reflects the stiffness of materials. The enhancement of the 

storage modulus of PBAT/SM is due to the higher stiffness of the SM as compared with neat 

PBAT 83. For the blends of PBAT/PSM and PBAT/mPSM, storage modulus decreased by 
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56.2% after the addition of glycerol and water as plasticizers, and decreased by 71.2% after 

GHCl modification. This is in accordance with the mechanical property data achieved for 

these blends. 

Several researchers have reported that plasticized soy protein has Tg’s  , one at -33 

oC and another at 41 oC 84. From the tan (δ) curve, we can see three Tg for PBAT/PSM and 

PBAT/mPSM blends: the sharp peak at -17 °C corresponds to PBAT 85, while the first and 

third peaks observed around -45 °C and 56 °C represents the Tg  of plasticized and denatured 

soy meal.   

 

Figure 3-6: Storage modulus of PBAT and its blends with soy meal blends: (A) neat PBAT 
(B) PBAT/SM (72 wt%/28 wt%), (C) PBAT/PSM (60 wt%/40 wt%),                                       

(D) PBAT/mPSM (60 wt%/40 wt%) 
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Figure 3-7: Tan δ  curves of Neat PBAT, PBAT/SM (72 wt%/28 wt%),  
PBAT/PSM (60 wt%/40 wt%), PBAT/mPSM (60 wt%/40 wt%) 

 

The experimental investigations on the main relaxations observed in the neat 

polymer and the blends are summarized in Table 3-2. It has been previously reported that in a 

blend system, the shifting of  Tg values of the components toward each other is a 

manifestation of improved miscibility 86. The observed significant Tg shifts from -45.18 oC to 

-44.00 oC and 68.01 oC to 56.27 oC for PBAT/PSM and PBAT/mPSM, indicating that adding 

GHCl to the blend improved the compatibility of PBAT and PSM.  
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Table 3-2: Glass Transition Temperatures (Tg) and storage modulus at 25 °C for Neat PBAT, 
PBAT/SM (72 wt%/28 wt%), PBAT/PSM (60 wt%/ 40 wt%)                                               

and PBAT/mPSM (60 wt%/ 40 wt%) 

Sample  
                    Tg (oC)    Storage modulus  

       PBAT        Soy protein  

Neat PBAT  -17.35        /        /      92.7  

PBAT-SM  -16.68        /        /     329.5  

PBAT-PSM  -17.92  -45.18 68.01      144.4  

PBAT-mPSM  -17.42  -44.00 56.27       95.0  

 

3.1.3 Differential Scanning Calorimetry 

The second heating traces of PBAT and its blend with soy meal obtained from DSC 

are shown in Figure 3-8. The results are summarized in Table 3-3. From the figure, it is 

observed that Tg of PBAT decreased slightly with the addition of plasticizers. This may be 

caused by the effect of plasticizing.  The small molecular plasticizers improved flexibility of 

the PBAT molecules. Similar kinds of observations have been reported by previous 

researchers 87. No change was observed in the melting temperature of PBAT while blending 

with soy meal. ΔHf values of PBAT decreased upon blending with SM (PSM, mPSM) simply 

because the blends have less PBAT content than neat PBAT. The values are used to calculate 

the percent crystallinity of the sample using Equation 1.  The crystallinity of PBAT 

decreased on blending with SM (PSM and mPSM); because Tg of soy protein is higher than 

that of PBAT, it may have restricted the crystallization of the polymer phases 50.  
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Figure 3-8: DSC heating scans of Neat PBAT, PBAT/SM (72 wt%/28 wt%), PBAT/PSM (60 
wt%/ 40 wt%) and PBAT/mPSM (60 wt%/ 40 wt%) 

 

Table 3-3: Effect of soy meal on crystallization and melting behavior of PBAT 

Sample  Tg(oC)  Tm (oC)  ΔHf (J/g)  
Tc  (oC)  

Xc (%)  
PBAT  Soy  protein 

Neat PBAT -34.76  120.60  6.09  96.41    /   5.34 

PBAT/SM  -34.70  121.86  3.41  93.42    /   4.15 

PBAT-PSM -35.86  119.65 3.44  84.63  117.59   5.03 

PBAT-MPSM -35.19  119.07 3.43 84.24  117.39   5.01 
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Figure 3-9 presents the DSC cooling scans for PBAT and its blend with soy meal. It 

was observed that Tc of PBAT decreased upon blending PSM and mPSM. This decrease 

might be due to the crystallization of soy meal, accordingly a small crystallization peek for 

soy meal was observed in PBAT/PSM and PBAT/mPSM blends. Zhang et al. 18 have studied 

the blends of poly(lactic acid) (PLA) with soy protein isolate and they found that soy protein 

induced and accelerated the crystallization of the PLA. However, in our study soy meal was 

found to restrict the crystallization of PBAT. Plasticization or/and denaturation of soy protein 

could be the reason for this occurrence. In the modified soy protein, the unfolded protein 

offered ordered structures similar to that of semi-crystalline plastics 88. 

 

Figure 3-9: DSC cooling scans of Neat PBAT, PBAT/SM (72 wt%/28 wt%), PBAT/PSM (60 
wt%/ 40 wt%) and PBAT/mPSM (60 wt%/ 40 wt%) 
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3.1.4 FTIR Analysis 

The FTIR spectra of SM, PSM, mPSM and GHCl are shown in Figure 3-10. For the 

spectrum of SM, the broad peak observed from 3600 to 3000 cm−1 was attributed to the free 

and bound -OH and -NH groups, which could form hydrogen bonds with the carbonyl groups 

of the peptide linkage in the protein 89. The absorption bands at 1629 cm-1 and 1535cm-1 were 

attributed to C=O stretching (amide І) and -NH bending (amide П), respectively 90.  The 

absorption band at 1045 cm-1 was due to C-N stretching. The absorption peaks at 1626 cm-1 

of C=N stretching and at 3276 and 1537 cm-1 of N-H bending were observed in the spectrum 

of GHCl. The peak intensity of the broad peak from 3600 to 3000 cm−1 for the -OH and -NH 

groups was greater in PSM and mPSM than that in SM, which can be attributed to the 

addition of glycerol and/or GHCl.  A shift from 1629 cm-1 in SM to 1654 cm-1 in mPSM was 

observed, indicating the addition of hydrogen bonding. A similar observation has been 

reported by Reddy et al. 50. They used glycerol as a plasticizer and urea as a denaturant to 

modify soy meal. 
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Figure 3-10:  FTIR spectra of SM, PSM, mPSM and GHCl 
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Figure 3-11 represents FTIR spectra of neat PBAT, PBAT/SM, PBAT/PSM and 

PBAT/mPSM. For PBAT, the absorbance bands at 1018, 1409 and 1463 cm−1 are 

characteristic of group stretching of the phenylene group, and the absorbance peak at 1710 

cm-1 is characteristic of the stretching vibration of ester (-COO-) 91. The absorption peaks that 

are characteristic of groups of neat PBAT are also shown in the spectrum of PBAT/SM, 

PBAT/PSM and PBAT/mPSM without any changes, indicating that few chemical 

interactions occurred between PBAT and soy meal. The broad peaks observed from 3600 to 

3000 cm−1 in the spectrum of PBAT/mPSM and PBAT/PSM were attributed to the free and 

bound -OH and -NH groups, which can be attributed to the addition of glycerol and/or GHCl.  

The peak shifts from 3278 cm−1
 in PSM to 3289 cm−1 in PBAT/PSM and from 3278 cm−1 to 

3301 cm−1 in PBAT/mPSM were observed. This may be caused by hydrogen bonding of 

interactions between carbonyl groups of the PBAT and the amide groups and hydroxyl 

groups in PSM or mPSM  55. 
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Figure 3-11: FTIR spectra of Neat PBAT, PBAT/SM (72 wt%/28 wt%), PBAT/PSM (60 
wt%/ 40 wt%) and PBAT/mPSM (60 wt%/ 40 wt%) 
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3.1.5 Morphology  

The properties of polymers are affected by their morphology. The phase 

morphology of all the blends fractured by liquid nitrogen was examined by SEM.  Figure 3-

12 shows the phase morphologies of PBAT/SM (72/28 wt%), PBAT/PSM (60/40 wt%) and 

PBAT/mPSM (60/40 wt%). For the blend of PBAT/SM (Figure 3-12a), the fractured surface 

was coarse with large soy meal particles which showed poor dispersion of soy meal in the 

PBAT matrix. This indicates that it is difficult to achieve desired properties while blending 

immiscible materials because of the high interfacial tension existing between the two phases.  

Soy meal is hydrophilic and has high polarity, while PBAT is hydrophobic and 

nonpolar. This hydrophilic-hydrophobic disparity leads to poor interfacial adhesion between 

the two phases. Li et al. 92 blended high polarity SPI with nonpolar PBS in their work. They 

reported a similar poor interfacial adhesion between the two phases. In contrast, the fracture 

surface of PBAT/PSM blends showed a much finer phase for both domains (Figure 3-12b), 

indicating improved interfacial adhesion between PBAT and soy meal with the addition of 

plasticizers. Glycerol is hydrophilic and a low molecular weight plasticizer. It can easily 

position itself within the soy protein structure, and disrupt the hydrogen bond connection 

between the protein molecules 93. This has consequently improved the dispersion of soy meal 

in the PBAT matrix.  However, certain small soy meal particles were still observed on the 

PBAT/PSM blend surface (Figure 3-12b). For the blend of PBAT/mPSM, the addition of 

GHCl resulted in a finer phase structure. This might be attributed to the combined effects of 

plasticizer and denaturant. As a denaturant, GHCl is expected to break the intermolecular 

disulfide bonds between or inside the protein molecular. As a result, the contact area between 

the protein molecules was increased 64. Aithani et al. 78 also observed that the presence of 
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GHCl enhanced the interfacial adhesion between the phases of poly(caprolactone) and corn 

gluten meal.   

 

 

Figure 3- 12:  SEM images of PBAT and soy meal blends: (A) PBAT/SM (72 wt%/28 wt%), 
(B) PBAT/PSM (60 wt%/40 wt%), (C) PBAT/mPSM (60 wt%/40 wt%) 
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3.2 Part Two: Effect of PLA in the blends of PBAT and soy meal. 

In this section, PLA was added into the formulation of PBAT with modified 

plasticized soy meal (mPSM). The blends of PBAT/PLA (80 wt%/20 wt%, 70 wt%/30 wt% 

and 60 wt%/40 wt%) were made before blending with mPSM. The ratio of biopolymer blend 

(PBAT/PLA) and mPSM was kept at 60 wt%/40 wt%. An investigation of the properties of 

the new bio-blends was made.   

3.2.1 Mechanical properties  

The detailed mechanical properties of neat PLA, neat PBAT and their blends with 

mPSM are presented in Table 3-4 combined with the results from statistical analysis. The 

data obtained of neat PBAT and PLA was found to be closed to the given technical data 

sheets. In the table, it is observed that PLA exhibits relatively high tensile strength at 68.6 

MPa but low elongation at break (4.6%). In contrast, PBAT exhibits relatively low tensile 

strength at 16.4 MPa but particularly high elongation at break (503%). Similar kinds of 

observations have been reported by previous researchers 94. With the addition of high 

strength PLA in the blend of PBAT/mPSM, the tensile strength decreased significantly.  This 

may be due to the incompatibility in the ternary blending system. The tensile strength of 

PBAT/PLA (70/30)-mPSM were statistically not different as compared to PBAT/PLA 

(60/40)-mPSM. The same results were observed for flexural strength. The elongation at 

break and impact strength dropped drastically upon adding PLA in the blends, and decreased 

further with the increase of PLA content. A similar observation was reported by Jiang et al. 18.  

The tensile and flexural modulus both increased significantly with addition of PLA in the 

system, and increased with more  PLA content, because PLA exhibits a much higher 

modulus than PBAT. 
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3.2.2 Differential Scanning Calorimetry 

DSC analysis of PBAT, PLA and their blends with mPSM was conducted to 

investigate the melting point (Tm), crystallization point (Tc),  cold crystallization temperature 

(Tcc), glass transition temperature (Tg) and enthalpy of fusion (ΔHf). The detailed data are 

represented in Table 3-5. DSC second heating traces of all the formulations are shown in 

Figure 3-13.  Two separate endothermic peaks for both polymers were observed, attributing 

for the melting point of both polymers. Comparing the curves of the blends with neat 

polymers, the melting point of PLA decreased significantly by 8 oC and that of PBAT 

decreased by 2 oC. This could be due to the fact that soy protein acted as compatibilizer 

between PLA and PBAT. The same phenomenon has been observed previously for soy meal, 

PBS and PCL blends 50. The Tg of PLA is 62 oC and Tg of PBAT is -35 oC. The blends were 

characterized by two Tg values which corresponded to PLA and PBAT, respectively. A 

reduction in Tg of PLA was observed in the blends, which may suggest that the blends have 

some degree of compatibility between PLA and PBAT.  An exothermic peak was observed 

for each blend and the neat PLA, attributing to the cold crystallization temperature (Tcc) of 

PLA. The Tcc of neat PLA is 101 oC. Tcc was found to shift towards a lower temperature 

region, indicating an enhanced crystalline ability of PLA. The crystallinity of PLA and 

PBAT both decreased in all the blends because Tg of soy protein is higher than that of PLA 

and PBAT, restricting the crystallization of the polymer phases. Similar results have been 

reported by other researchers 50.   

Figure 3-14 presents the DSC cooling scans for neat polymers and the blends. No 

change of Tc of PLA was observed, but the Tc of PBAT decreased to a lower temperature. 
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This may due to the confinement of the PLA segments to PBAT crystallization, indicating 

the limited compatibility between PLA and PBAT. 

 

 

Table 3-5: Summarized DSC data for the bioblends 

Sample  

 

Tg (oC)  Tm (oC)  ΔHf  (J/g)  Tcc 

(oC) 

Tc  (oC)  Xc (%)  

1 2 1 2 1 2 1 2 1 2 

Neat PBAT -35 120  6.40  / 84  5.6  

PBAT/PLA 

(80wt%/20wt%)

-mPSM 

-35 58 118 162 2.1  5.0 92  76 / 3.8 44.5 

PBAT/PLA 

(70wt%/30wt%)

-mPSM 

-35  57 118 162 2.0  7.6 92 75  97 4.2 45.1 

PBAT/PLA 

(60wt%/40wt%)

-mPSM 

-35  55 118 162 1.7 10.0 90 75  95 4.1 44.5 

Neat PLA 62 170 45 101 96 48 
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Figure 3-13: DSC heating scans of Neat PBAT, Neat PLA, PBAT/PLA (80 wt%:20 wt%)-
mPSM, PBAT/PLA (70 wt%:30 wt%)-mPSM and PBAT/PLA (60 wt%:40 wt%)-mPSM 
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Figure 3-14: DSC cooling scans of Neat PBAT, Neat PLA, PBAT/PLA (80 wt%:20 wt%)-
mPSM, PBAT/PLA (70 wt%:30 wt%)-mPSM and PBAT/PLA (60 wt%:40 wt%)-mPSM 
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  3.2.3 Dynamic mechanical analysis 

Viscoelastic properties of the ternary bioblends were studied by using a dynamic 

mechanical analyzer (DMA). The storage modulus of neat PBAT and the ternary blends is 

shown in Figure 3-15 and the tan (δ) curves are presented in Figure 3-16.  The storage 

modulus and tan (δ) curve of neat PLA are shown in Figure 3-17. The experimental 

investigations on the main relaxations observed in the neat polymer and the blends are 

summarized in Table 3-6. The neat PBAT and the ternary blends showed a sharp transition at 

the primary relaxation zone of PBAT (Tg of PBAT). The storage modulus decreased with 

increasing temperature because of the softening of the polymer at higher temperature. All the 

blends exhibited higher storage modulus than neat PBAT. This may be caused by the 

addition of PLA. A similar observation was reported for the ternary blends of 

PLA/PBAT/thermoplastic starch 95. The storage modulus value, at room temperature, had 

magnitudes of 201.7, 261.7 and 312.1 MPa for the ternary blends of PBAT/PLA (80/20)-

mPSM, PBAT/PLA (70/30)-mPSM and PBAT/PLA (80/20)-mPSM, respectively. The 

storage modulus value increased with increasing of PLA content, which corresponded with 

tensile and flexural modulus data.  

From the tan (δ) curves, we can see that neat PLA and PBAT represented a glass 

transition peak around 73 °C and −17 °C respectively. In the case of ternary blends, the Tg of 

PLA decreased by 1-3 oC and without any significant changes in Tg of PBAT. This 

confirmed the DSM data, indicating that PBAT and PLA are compatible to some extent in 

these bioblends. 
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Figure 3-15: Storage modulus of neat PBAT and the ternary blends: (A) neat PBAT, 
(B) PBAT/PLA (80 wt%:20 wt%)-mPSM, (C) PBAT/PLA (70 wt%:30 wt%)-mPSM,          

(D) PBAT/PLA (60 wt%:40 wt%)-mPSM 
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Figure 3-16: Storage modulus and tan δ curve of neat PLA 
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 Figure 3-17: Tan δ  curves of Neat PBAT, PBAT/PLA (80 wt%:20 wt%)-mPSM, 
PBAT/PLA (70 wt%:30 wt%)-mPSM and PBAT/PLA (60 wt%:40 wt%)-mPSM 
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Table 3-6: Glass Transition Temperatures (Tg) and storage modulus at 25 °C of neat PBAT, 
neat PLA and bioblends 

Sample  

 

          Tg (oC)  Storage modulus  

   at 25 oC (MPa) PBAT  PLA  

Neat PBAT  -17.35    /    92.7  

Neat PLA / 73.01    2860 

PBAT/PLA (80 wt% 

:20 wt%)-mPSM  
-16.68  70.16    201.2  

PBAT/PLA (70 wt% 

:30 wt%)-mPSM 
-17.92  72.19    261.7  

PBAT/PLA (60 wt% 

:40 wt%)-mPSM 
-17.42  71.05    312.1  
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3.2.4 Morphology 

The liquid nitrogen fracture phase morphology of all the blends were examined by 

SEM and the results are represented in Figures 3-18 and 3-19. From Figure 3-18, it is 

observed that all the blends with PLA content had a coarse surface and many soy meal 

particles, indicating that mPSM is not compatible with the biopolymer blend (PBAT/PLA), 

whereas the blend of PBAT/mPSM had a more homogeneous phase structure. Similar 

observations have been reported for the ternary blends of PBAT, PLA and thermoplastic 

starch 95.  

Kumar et al. 96 studied the morphology of  PBAT/PLA by SEM test and found that 

the blend of PBAT and PLA had two phase structures, indicating that PLA and PBAT are 

immiscible with each other. However, no phase separation can be seen in Figure 3-19 for the 

two biopolymers in all the new bioblends, indicating PBAT and PLA are compatible to some 

extent in these bioblends. These results were confirmed by DSC and DMA data. The 

compatibility between PLA and PBAT in these blends may be caused by the existence of 

mPSM because soy meal has a different polarity than the biopolymers. For the blend of 

PBAT/mPSM, the compatibility between PBAT and soy meal was increased after 

modification of soy meal. However, the soy meal is still hydrophilic after modification. With 

the addition of the hydrophobic PLA into the system, the compatibility of PBAT and soy 

meal was affected because PBAT preferred to be close to PLA rather than to soy meal 

because of the same polarity. Similar results were reported for PCL-PBS-plasticized soy 

meal 50.  
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Figure 3-18: SEM images of the bioblends: (A) PBAT/PLA (80 wt%:20 wt%)-mPSM, (B) 
PBAT/PLA (70 wt%:30 wt%)-mPSM, (C) PBAT/PLA (60 wt%:40 wt%)-mPSM,               

(D) PBAT/mPSM 
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Figure 3-19: SEM images of the bioblends: (A) PBAT/PLA (80 wt%:20 wt%)-mPSM, (B) 
PBAT/PLA (70 wt%:30 wt%)-mPSM, (C) PBAT/PLA (60 wt%:40 wt%)-mPSM 
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3.3 Conclusion 

The reported work has added new knowledge to the value-added applications of soy 

meal, a coproduct of the soy oil-based biodiesel industry. This work was divided into two 

parts where the previously stated objectives were accomplished successfully.  

 In the first part, injection molded bioplastic from the blends of soy meal based 

bioplastic and PBAT were developed. In FTIR spectroscopy, it was observed a strong peak 

for the amide group at around 1626 cm-1 in soy meal which had shifted to 1649 cm-1 in 

mPSM. This indicates the addition of hydrogen bond after plasticization and modification 

which results from GHCl. The mechanical, thermal and thermo-mechanical properties of the 

PBAT blends with different modified soy meals (SM, PSM and mPSM) were investigated. 

The results revealed that the blends with GHCl modification significantly influenced the 

overall performance of the blends. The storage modulus of plasticized and denatured blends 

were found to be higher at sub-zero temperature, however, the storage modulus of PBAT/SM 

was higher than that of PBAT blended with plasticized and modified soy meal (PSM and 

mPSM) at room temperature. This was in agreement with Young’s modulus data obtained 

from mechanical testing.  

The shifting of Tg towards each other in PBAT/mPSM blends confirms the 

compatibility between the blend phases. The elongation of PBAT/SM increased by 40.6% 

after adding glycerol and water as plasticizers, and increased significantly from 167 to 304% 

when blended with GHCl modified plasticized soy meal. This indicates the increased 

ductility of the blend after modification with GHCl. Furthermore, morphological data 

showed that highly plasticized and denaturized soy meal improved the interfacial adhesion 

between the phases of PBAT and soy meal. This observation was in accordance with the 
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mechanical property data. The elongation at break of PBAT/mPSM was found closed to 

high-density polyethylene (HDPE) and impact strength of PBAT/mPSM is much higher than 

that of HDPE (elongation of break: 300%, impact strength: 50 J/m) 78, which shows the 

developed bioblends have the potential  to substitute HDPE in packaging applications. 

In the second part of the study, the effect of different contents of PLA was 

investigated in the developed formulations.  The detailed mechanical properties with 

statistical analysis were studied. The overall properties of the blends PBAT/mPSM were 

affected drastically by the content of PLA: the tensile and flexural strength decreased with 

the increase of PLA content, whereas the tensile and flexural modulus both increased 

significantly with the addition of PLA in the system with the increase of PLA content.  The 

elongation at break and impact strength dropped drastically upon adding PLA into the blends. 

The morphological data revealed that the ternary blend is not compatible, but there is limited 

miscibility between the biopolymer of PBAT and PLA. The depressions of Tc and Tm in DSC, 

and the shifting of Tg towards each other in PLA and PBAT from DSC and DMA all 

confirmed that PLA and PBAT are compatible to some extent in the ternary blends.    

The blend of PBAT/mPSM, with high elongation of 300%, has potential to be the 

substitute for HDPE in packaging application. However, for the blends of PBAT/PLA/mPSM, 

because of the inferior mechanical properties and incompatibility between mPSM and the 

biopolymers, future research needs to be done on the ternary blends.  Finding appropriate 

compatiblizers for the blends will be the next step in this study. Crude glycerol, the 

byproduct of biodiesel industry, will be utilized to substitute glycerol as plasticizer in the 

bioblends in future research. 
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As the properties need to improved and the cost needs to lower down, biopolymers 

still have a long way to go before it can compete with the conventional polymers. 
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