
Synthesis and Process Engineering of Poly(glycerol-co-diacids) for 
Thermoplastic Materials Development 

 

 

by 

 

Oscar Valerio González 

 

 

A Thesis 

presented to 

The University of Guelph 

 

 

In partial fulfillment of requirements 

for the degree of 

Doctor in Philosophy 

in  

Engineering 

 

 

 

 

Guelph. Ontario. Canada 

© Oscar Valerio, April, 2018  



 
 

ABSTRACT 

SYNTHESIS AND PROCESS ENGINEERING OF POLY(GLYCEROL-CO-DIACIDS) 
FOR THERMOPLASTIC MATERIALS DEVELOPMENT 

Oscar Valerio González       Advisors: 
University of Guelph, 2018      Prof. Amar Mohanty 
         Prof. Manjusri Misra 

Biobased polymeric materials, obtained from renewable biomass resources, are seen as a 

platform which could enable the transition to a more environmentally sustainable economy, by 

gradually replacing fossil based counterparts. In this context, this thesis investigated the 

synthesis and usage of a biobased polymeric material, poly(glycerol succinate) (PGS) and its 

copolyesters, in thermoplastic blend materials synthesis and processing. Upgrading glycerol 

usage by its value added application in synthesis of materials as proposed in this thesis work is 

considered as a key step towards enabling oleaginous biomass biorefinery sustainable growth. 

To compensate for the low stiffness and high toughness of the synthesized polyesters, 

industrially relevant melt blending techniques were used and the synthesized poly(glycerol 

succinate) polyesters were melt blended with commercially available biobased thermoplastics 

poly(lactic acid) (PLA) and poly(butylene succinate) (PBS). The melt blending of these three 

polymeric materials allowed to achieve thermoplastic blend materials displaying tensile 

properties and notched Izod impact resistance comparable to petroleum based poly(propylene) 

and its copolymers. 

In a first section, synthesis conditions for the polycondensation of glycerol and succinic 

acid were screened, aiming to produce a toughness increase in PLA by melt blending with PGS. 

Incorporation of maleic anhydride as comonomer for the synthesis was employed as a tool for 



 
 

the reactive extrusion of PLA and poly(glycerol succinate-co-maleate) (PGSMA) in presence of 

free radical initiators, which favored the toughening of PLA by addition of PGSMA. 

In a second section, the reactive extrusion of PLA and PGSMA was investigated and the 

role of the grafting and crosslinking reactions occurring in the extrusion process was studied. In a 

third section, the incorporation of PBS to the blend system was evaluated. The addition of PBS 

allowed for the creation of biobased ternary blend materials with notched Izod impact resistance 

higher than 100 J/m, while maintaining tensile strength and modulus on the range of 20 – 30 

MPa and 1 – 1.9 GPa, respectively. Linear regression models constructed accurately predicted a 

range of blend compositions were tensile properties and notched Izod impact resistance of the 

biobased PGSMA/PLA/PBS blend formulated was comparable to petroleum based 

poly(propylene) and its copolymers. 
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1 Chapter 1: Introduction and overview of thesis 

Abstract: In this chapter the research motivation is discussed and the research problem 

stated. Hypotheses proposed as solutions to research problem are introduced. Objectives of the 

thesis work are stated and related to specific research milestones and sub-objective goals. 

Finally, an overview of the chapters of this thesis is presented and discussed in relation to the 

achievement of the research objective. 
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1.1. Research problem and motivation 

Antropogenic CO2 generation is a major modern concern which has raised attention of 

scientific community and developed nations, demanding society to take action towards 

decreasing our CO2 emissions. A key contributor to this end is the usage of biobased products, 

created from renewable based carbon with a low carbon footprint as opposed to fossil based 

carbon products. Among biobased products, biobased polymers (also called biopolymers) are 

major candidates for gradual replacement of fossil based polymers in some applications, 

increasing sustainability of plastic usage. Therefore, creation of new biobased polymers is a 

contribution towards the reduction of greenhouse emissions and enhanced sustainability of 

economic activity. 

Glycerol is a major coproduct from the synthesis of the industrially relevant biobased fuel 

biodiesel. The utilization of glycerol as a precursor for biopolymer synthesis is a very attractive 

scenario for the diversification of biobased biodiesel sector and it could strengthen the biobased 

sector in nations where biodiesel is commercialized. In particular, developing synthetic and 

processing strategies for fabrication of glycerol based thermoplastic materials with mechanical 

performance comparable to common petroleum based polymers would be ideal. If such materials 

could be developed, they could be used in commercial applications in partial replacement of 

petroleum based polymers, improving sustainability of plastic usage.  

Poly(glycerol-co-diacid) polyesters are polymeric materials which have emerged in the 

last decade mainly as candidates for tissue engineering applications. These polymers are 

synthesized using glycerol and dicarboxylic acids. An interesting approach for the development 

of biobased thermoplastics using glycerol would be the utilization of succinic acid as the 
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dicarboxylic acid for polyester synthesis, as this dicarboxylic acid has been recently industrially 

produced from biobased resources in Canada and other locations. Poly(glycerol succinate) 

(PGS), the polycondensation products of glycerol and succinic acid has remained almost 

unexplored as a thermoplastic material up to date due to its low molecular weight and poor 

mechanical performance as compared to traditional thermoplastic materials. To overcome these 

issues, the usage of melt blending technologies could be used. Melt blending is commonly used 

in thermoplastic material engineering as a tool for modulating mechanical performance of the 

final blend. For example, impact modification of polyolefins by melt blending with elastomers is 

a widely used industrial practice on thermoplastic material fabrication. Thus, melt blending is 

explored as a tool for the formulations of biobased thermoplastic materials using poly(glycerol 

succinate) and its copolymers. 

In this thesis work the synthesis and processing of PGS and its copolymers for 

thermoplastic applications is researched. The knowledge gap existing in the optimal conditions 

for the synthesis and processing of the polyester materials aiming to maximize their efficiency as 

toughness enhancers in thermoplastic blends is studied. Relationships among synthesis 

conditions, processing conditions and material mechanical performance of thermoplastic blends 

containing glycerol based polyesters are stablished. This study aims to contribute to the 

successful adoption of glycerol based polymers as thermoplastic materials into commercial 

applications in replacement of fossil based counterparts 
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1.2. Hypothesis of the research work 

Polycondensation products of glycerol and dicarboxylic acids such as PGS could be used 

as toughness enhancer or impact modifier on biobased thermoplastic materials given its low 

glass transition temperature and elastomeric behavior at room temperature. 

Through melt blending PGS or other glycerol based copolyesters with commercially 

available biobased thermoplastics such as poly(lactic acid) (PLA) or poly(butylene succinate) 

(PBS), biobased thermoplastics containing glycerol as part of the blend and satisfactory 

mechanical performance could be achieved.  

These thermoplastic blends could afterwards be industrially adopted as materials for 

injection molded parts or as matrixes for biocomposite applications, contributing to improved 

biobased glycerol economics and plastic usage sustainability. 

1.3. Objectives 

1.3.1. General objective 

To employ technical glycerol from biodiesel industry for the synthesis and application of 

a glycerol polyester as toughness enhancer in thermoplastic biobased blends and composites 

1.3.2. Specific Objectives 

Objective 1. To select a set of synthesis conditions for the preparation of a glycerol 

polyester which can be further employed for toughness improvement in bioplastics or bioplastic 

blends.  
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The main objective of this work will be to select a set of synthesis conditions for the 

glycerol polyester leading to a ductile polymer that can be further processed with a bioplastic for 

improving its toughness. Poly(lactic acid) (PLA) will be used as a bioplastic model because of its 

stiffness and ways for improving toughness in the PLA/glycerol polyester blend system will be 

studied by the following sub-objectives 

 To synthesize glycerol based polyesters using a wide set of synthesis parameters and 

conditions 

 To study synthesis conditions effects and relationships with glycerol based polyesters 

physicochemical properties  

 To prepare PLA/glycerol polyester blends by means of melt processing methods 

(extrusion and injection molding) 

 To explore normal and reactive extrusion methods in the preparation of PLA/glycerol 

polyester blends as means for improving compatibility of the blend components 

 To investigate the effect of different synthesis conditions for the glycerol polyester in the 

mechanical performance of poly(lactic acid) and glycerol polyester blends 

 To investigate the morphological features of the blends fabricated using PLA and various 

glycerol polyesters 

 To stablish relationships between the morphology of the blends and their processing 

conditions and mechanical performance 

 To select a set of synthesis parameters leading to a polyester useful for toughening PLA  
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Objective 2. To study reactive extrusion effects in a bioplastic/glycerol polyester blend 

system mechanical performance.  

This objective aims to develop and understanding of the relationships between molecular 

effects taking place on reactive extrusion of a bioplastic/glycerol polyester blend system and its 

mechanical performance. Interfacial interactions between blend components will be discussed 

and their influence on toughness enhancement of a model brittle matrix will be studied. PLA will 

be used as a model bioplastic because of its low impact properties and ways of improving tensile 

and impact toughness of the PLA/glycerol polyester system will be explored with the following 

sub-objectives 

 To synthesize unsaturated PGS and its copolyesters using different formulations to 

modulate reactivity of polyester produced. 

 To prepare PLA/PGS blends in presence of a free radical initiator by means of melt 

processing methods (extrusion and injection molding). 

 To study the effect of crosslinking and grafting reactions between PGS and PLA 

during extrusion process in the mechanical performance of the PLA/glycerol 

polyester  

 To study the effect of free radical initiator concentration and PGS weight fraction on 

the chemical reactions taking place on PLA/PGS reactive extrusion. 

 To characterize thermomechanical and morphological properties of the PLA/PGS 

blend system for further understanding the effects of chemical reactions during 

extrusion in the tensile toughness and impact resistance of the material 
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 To investigate the morphological features of the blends fabricated using PLA and 

glycerol polyesters under various processing conditions 

 To stablish relationships between the morphology of the blends and deformation 

mechanisms on toughness and mechanical performance of the blends 

 To select a formulation and processing conditions for PLA/PGS blend system leading 

to maximum blend toughness. 

Objective 3. To prepare ternary blends of bioplastics and glycerol based polyesters and 

select optimum blend ratios and processing conditions for a stiffness toughness balance 

comparable to petroleum based thermoplastics 

In this work the main goal is the selection of a blend composition for the system 

PLA/PBS/glycerol polyester which can lead to the best balance in mechanical performance when 

compared to polyolefins such as poly(propylene). For this aim, statistical design of experiments 

(DOE) methodology will be used as a tool for screening of tensile and impact properties as a 

function of blend composition. The system will be optimized by means of the following sub-

objectives 

 To prepare PLA/PBS/glycerol polyester blend systems by melt processing methods 

(extrusion and injection molding) using reactive extrusion in presence of free radical 

initiators. 

 To study the effect of the blend composition in the mechanical performance of the 

PLA/PBS/glycerol polyester system and select a blend composition showing good 

balance between tensile strength and modulus and notched Izod impact resistance. 
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 To study the effect of the blend formulation on mechanical performance by means of 

a statistical mixture design of experiments (DOE) and build linear regression models 

for predictions of main mechanical properties. 

 To characterize the PLA/PBS/glycerol polyester system morphology for further 

understanding of the mechanical behavior of the material 

 To stablish relationships between the blend formulations, morphology of the blends 

and mechanical performance 

1.4. Overview of thesis structure and chapter description 

This thesis is composed of seven chapters each of which contributes to achieve the 

objectives of the project. Chapter one is the current introduction chapter where motivation of the 

research work and objectives of the project are described. The subsequent chapters describe in 

detail literature reviewing of the current state of art and experimental research work performed to 

achieve the thesis objectives. 

Chapter two is a literature review of the current state of the art concerning the synthesis 

and applications of glycerol based polyesters. This chapter describes the physicochemical 

phenomenology involved in the synthesis of poly(glycerol-co-diacid) polyesters and engineering 

strategies for the synthesis of customized products. Molecular features of the target polyesters 

such as molecular weight, degree of branching and polymer functionalization are discussed. 

Finally, an overview of the prospective applications of  these polyesters is presented. 

Chapter three describes the synthesis of poly(glycerol succinate) and its copolyester 

poly(glycerol succinate-co-maleate) (PGSMA) targeting the production of a toughness enhancer 
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for a brittle biopolymer such as PLA. The goal of this study was to select synthesis conditions 

yielding a glycerol based polyester product useful for toughening of PLA. In this chapter, the 

effect of the main parameters affecting the synthesis reaction of PGS such as gelation 

occurrence, monomer stoichiometry and temperature were studied regarding the final effect of 

PGS as toughness enhancer for PLA. Additionally, the effect of introduction of unsaturation on 

the PGS polymer backbone and its application in reactive extrusion was shown beneficial for 

achieving a higher toughness on PLA. 

Chapter four reports in depth studies on the reactive extrusion of PGSMA and PLA in 

presence of a free radical initiator. The aim of this chapter was to understand the effect of 

chemical reactions taking place on the reactive extrusion process on final toughness 

enhancement of the polymer blend. A detailed study on the occurrence of crosslinking and 

grating reactions on the reactive extrusion process is provided. Physicochemical characterization 

of polymer blend samples was used for elucidating the role of chemical reactions on toughening 

mechanisms. Additionally, the effect of the blend ratio of PLA to PGS on the mechanical 

behavior and toughness of the blends was investigated and modeled using theoretical and 

statistical linear regression models. The effect of reactivity of glycerol based polyesters and 

blend ratio on the mechanical behavior of the PLA/PGS system was elucidated. 

Chapter five shows a statistical mixture design of experiments approach employed as a 

tool for the screening of mechanical properties of ternary blends containing glycerol based 

polyesters. In this chapter, the introduction of PBS as a third polymer on the PLA/PGS system 

was explored aiming to further improve the stiffness – toughness balance of the polymer blends 

and produce a final blend with tensile and impact properties comparable to petroleum based 

thermoplastics. Using the design of experiment approach, the tensile and notched Izod impact 
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behavior of the blends as a function of the blend composition was studied and modeled using 

linear regression models. These models allowed for accurate prediction of new blend 

formulations with target mechanical behavior comparable to petroleum based poly(propylene). 

Morphological characterization of the blends and their fracture sites was used to correlate the 

mechanical behavior of the blends to their composition and elucidate toughening mechanisms.  

Chapter six presents a patent application written concerning the utilization of glycerol as 

a monomer for the synthesis of polyesters and their utilization in thermoplastic blends. This 

patent application describes multiple examples of utilization of glycerol as monomer for 

polyester synthesis and mechanical data of formulations developed using glycerol based 

polyesters and other biopolymers such as PLA, PBS and poly(hydroxy butyrate-co-valerate) 

(PHBV). The goal of this work was to produce a document aiming to protect the intellectual 

property of the concept of the utilization of glycerol as a monomer for thermoplastic 

formulations development. A scientific discussion related to the different synthesis and 

processing strategies envisioned as industrially relevant in the fabrication of the thermoplastic 

blends is provided. Mechanical behavior of the blends in correlation with their preparation 

strategy is explained.  

Chapter seven provides a brief cost analysis of the materials and its implications towards 

industrial adoption of the materials formulated is provided. Finally, chapter eight presents overall 

conclusions and significance of the results obtained in the project. Remaining technological 

challenges are discussed and further research work is recommended. 
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2 Chapter 2: Literature review * 

Abstract: This chapter reviews the existing knowledge on the utilization of glycerol for 

the synthesis of polyester polymers. Upgrading of biobased glycerol to commercial products is a 

necessary step on sustainable development of oleaginous biomass biorefining. The synthesis of 

poly(glycerol-co-diacid) polyester materials is an attractive option for glycerol usage that can 

produce a wide range of products of commercial interest. These polymeric materials could be 

used on industrial applications as biomedical devices, surfactants and in thermoplastic material 

development. In this review, the process engineering aspects leading to tailorable polymeric 

products are comprehensively analyzed with emphasis on control of molecular architecture and 

functionality. Molecular weight, degree of branching, mechanical properties and surface 

chemistry of the materials can be controlled by fine tuning synthesis procedures to match custom 

specifications in end products. Potential usage of poly(glycerol-co-diacid) materials with tailored 

physicochemical properties on industrially relevant applications is presented. Advantages and 

challenges in the synthesis of these novel polymeric materials for value added application are 

addressed and discussed.  

 

 

 

____________________________________________ 

* A version of this chapter has been published as: Valerio, O. Misra, M., Mohanty, A.K. Poly(glycerol-
co-diacids) polyesters: from glycerol biorefinery to sustainable engineering applications, a review. ACS 
Sustainable Chemistry and Engineering (DOI: 10.1021/acssuschemeng.7b04837)  
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2.1. Introduction 

2.1.1. Glycerol, a pivotal resource from biorefineries 

Glycerol is the common name given to 1,2,3-propanetriol (IUPAC name), the simplest 

polyol, bearing three hydroxyl groups. Glycerol is naturally synthesized biologically by animals, 

plants, and microorganisms by diverse pathways 1. Industrially, glycerol can be produced 

through different processes 2. Biobased glycerol can be obtained as a coproduct from 

saponification or hydrolysis of fats and oils for soap preparation, from fermentation of sugars to 

glycerol by microorganisms and as a coproduct of transesterification of fats and oils in biodiesel 

preparation. Petrobased glycerol can be obtained from chlorination of propene under high 

temperature and from catalytic conversion of allyl alcohol to glycerol. As a consequence of the 

biodiesel boom in the past decade, from 1999 to 2009 the biobased glycerol production capacity 

increased ten times reaching more than 2 million tonnes which represented more than 50% of the 

world glycerol production. Ever since, biobased glycerol has dominated the market of this 

chemical, and synthetic glycerol (obtained from petroleum resources) represents less than 0.25% 

of the total 3. 

The surplus of crude glycerol created last decade caused dramatic effects on the glycerol 

market. For example, in United states in the period 2004 – 2006 the price of crude glycerol 

decreased from 25 USD cents per lb to less than 5 USD cents per lb as a consequence of a ten-

fold increase in biodiesel production forcing many glycerol refineries to stop operations 4. In 

response to the change of market scenario in glycerol production, new industrial processes to 

produce value added chemicals were developed. The production of epichlorohydrin, propylene 

glycol and methanol from glycerol helped to accommodate the glycerol surplus and to increase 
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its commercial value. By middle of 2014 the commercial value of crude glycerol was 240 USD 

per tonne (10.9 USD cent per lb) due to the new pathways for utilization of industrial glycerol 3. 

Further diversification of the glycerol market into new applications is considered a necessary 

step to consolidate and improve the sustainable development of biorefineries on fuel and 

chemical sector 5–8. A highly desirable scenario for development of biorefinery of glycerol would 

involve its utilization for creating various raw chemicals and manufactured products of high 

volume utilization at relatively low cost 9. This scenario has already started to become true with 

glycerol being used nowadays as a precursor of several new highly demanded chemicals which 

were traditionally obtained from petroleum based resources such as propylene glycol 3. Other 

synthetic products from biobased glycerol such as polyglycerols have reached mature 

technological state and could become industrially relevant in partial replacement of petroleum 

based resources in the near future 10. The synthesis of poly(glycerol-co-diacid) polyester 

materials for developing new value added applications in various fields could contribute into 

further diversification of biobased glycerol market. 

2.2. Process engineering aspects on synthesis of poly(glycerol-co-diacids) polyesters 

2.2.1. Industrial production of poly(glycerol-co-diacids) in biorefineries 

The synthesis of glycerol based polyesters is essentially a polycondensation reaction 

where hydroxyl groups from glycerol react with carboxylic end groups of organic acids or their 

derivatives. As a result, ester bonds are formed and a condensation product, usually water, is 

released (Figure 2.1).  
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Figure 2.1. Schematic of polycondensation reaction between glycerol and a dicarboxylic acid. 

In a biorefinery context, the synthesis of glycerol based polyesters has been envisioned as 

an extension in the value chain for oleaginous biomass, where glycerol is a coproduct 11,12. The 

process for the synthesis of poly(glycerol-co-diacids) from biodiesel derived glycerol has been 

simulated using computational models 13,14. Under this scheme, the cost of production of the 

polyesters has been estimated at 0.9 USD/lb making them attractive candidates for the 

development of applications 13,14. In practice, glycerol obtained from biorefineries is not always a 

pure stream 15–17 and thus, purity of the glycerol feedstock must be addressed for a controlled 

polyester synthesis. An example of glycerol composition from different biodiesel producing 

facilities is shown in Table 2.1. 

Table 2.1. Composition of pure glycerol and two different crude glycerol samples. 

Reprinted with permission from Valerio, O.; Horvath, T.; Pond, C.; Misra, M.; Mohanty, A. 
Improved utilization of crude glycerol from biodiesel industries: Synthesis and characterization 

of sustainable biobased polyesters. Ind. Crops Prod. 2015, 78, 141–147. 17 

Component/Sample 
Pure 

glycerol 
(PG) 

Crude 
glycerol 1 

(CG1) 

Crude 
glycerol 2 

(CG2) 
Free glycerol (wt%) 100.3 ± 2.6 30.2 ± 1.2 15.4 ± 1.5  

Soap (as sodium oleate) (wt%) BDLa 29.1 ± 1.4 22.4 ± 1.6 
FFA (as oleic acid) (wt%) BDL 0.5 ± 0.1 2.1 ± 0.1 

FAMEs (wt%) BDL 22.4 ± 2.6 30.9 ± 4.5  
Methanol (wt%) BDL 14.4 ± 1.3 15.5 ± 0.8 

Water (wt%) BDL 0.9 ± 0.1 5.1 ± 0.1 
Ash (wt%) BDL 3.5 ± 0.1 4.2 ± 0.2 

a. Below detection limit 
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Crude glycerol obtained from biodiesel production has been envisioned as a feedstock for 

the production of value added products through fermentation technologies 18. Impurities present 

in crude glycerol streams such as methanol, soaps and salts can limit the usage of glycerol from 

biorefineries on biotechnological fermentation processes 19. Similarly, for the synthesis of 

polyester materials, impurities contained in crude glycerol such as fatty acids and soaps can 

participate in the polycondensation reaction, affecting the thermomechanical properties of the 

products (Figure 2.2) 17. The heterogeneous nature of biobased glycerol often requires crude 

glycerol purification to at least some extent before industrial utilization 20. Purification of 

glycerol to technical grade (~95 wt% glycerol) was shown as an effective strategy for producing 

polyester materials with similar properties to pure glycerol based ones 17. Purification costs of 

glycerol could add extra costs of about 0.15 USD/kg to the production costs of polyesters 10. 

 

Figure 2.2. Comparison of hypothetical chemical structures of poly(glycerol succinate) 
synthesized using A) crude glycerol or B) pure glycerol.  

Reprinted with permission from Valerio, O.; Horvath, T.; Pond, C.; Misra, M.; Mohanty, A. 
Improved utilization of crude glycerol from biodiesel industries: Synthesis and characterization 

of sustainable biobased polyesters. Ind. Crops Prod. 2015, 78, 141–147. 17 

Numerous diacids have been employed in laboratory scale as monomers in the synthesis 

of poly(glycerol-co-diacids) including aliphatic diacids of varying chain length (C4 – C14) 21, 
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aromatic diacids such as phtalic, terephtalic 22,23 and 2,5 furandicarboxylic acid 24, and others 

such as aliphatic unsaturated diacids 25,26 and functional diacids such as citric acid 27, 4-

ketopimelic acid 28 and iminodiacetic acid 29. From these polymers, the most widely studied is 

poly(glycerol sebacate) synthesized from glycerol and sebacic acid 30,31. This is due to its 

reported biocompatibility in vivo, which makes it an attractive material for the development of 

biomedical applications 32. Emerging applications of glycerol based polyesters demand for a 

precise control of the polycondensation reaction to yield materials of the correct chemistry and 

molecular features for each requirement. 

2.2.2. Gelation and its control: neat vs dilute reaction systems 

The polycondensation reaction of glycerol and diacids corresponds to an A2 + B3 system, 

where diacids are the linear chain portion (A2) and glycerol can be either linear or branching unit 

on the polymer backbone (B3). In bulk reactions, the polymerization can lead to gel formation at 

high conversion of reactants due to the trifunctionality of glycerol. This occurs due to the 

esterification of the secondary hydroxyl groups on glycerol units, which leads to hyperbranching 

and eventually to gelation. Gelation marks the onset of the thermoset behavior of the material, 

and therefore its control is crucial in polymer design and engineering. Strategies for avoiding 

gelation involve control of the monomer stoichiometry, quenching of the reaction before 

gelation, controlled esterification reactions on the secondary hydroxyl group of glycerol and/or 

the use of dilute polymerization systems.  

Polymerization simulation has given clear insights about the possibility of avoiding 

gelation by controlling the molar ratio of reactants 33,34. The glycerol/diacid system achieves 

gelation on the molar range of 0.33 – 1.33 of glycerol to diacid 34,35. Thus, polymers synthesized 



17 
 

using stoichiometries outside this range do not form gels. The control of the monomer 

stoichiometry is a strategy that has been used in the preparation of non-crosslinked 

glycerol/succinic acid systems 35. This simple strategy is effective on avoiding gel occurrence. Its 

major short come is the decrease of molecular weight in the final product for non – 

stoichiometric ratios of glycerol/diacids 35. Hence, if high molecular weight of the final product 

is desired, this strategy should not be preferred. 

In neat glycerol/diacid systems, as the molecules react, an increase in viscosity of the 

system is observed 36. Consequently, viscosity monitoring has been employed as a tool for 

avoiding gel formation in glycerol and adipic, succinic and maleic anhydride systems 37,38. In the 

glycerol/adipic acid case, the reaction was stopped at viscosities around 5000 mPa s (measured at 

100 °C) 37. For the glycerol/succinic acid/maleic anhydride system, the reaction has been stopped 

at viscosities around 25000 – 35000 mPa s, measured at 100 °C 38. Quenching of the 

polycondensation reaction in order to avoid gelation is typically performed when an exponential 

increase of viscosity of the media is detected. 

Decreasing or avoiding of esterification reactions on secondary hydroxyl groups of 

glycerol has also been used as a strategy for avoiding gelation. Usually this is accomplished by 

using catalysts that present selectivity towards primary alcohol esterification. The most widely 

used catalyst for this purpose is commercially available Lipase B from Candida Antarctica 

immobilized on a poly(methyl methacrylate-co-butyl methacrylate) resin 26,39–45. Recently, 

diarylborinic acids have been introduced as selective catalyst alternative to the usage of lipases 

46. These could offer advantages in overcoming thermal and shear stability issues reported for 

lipase catalysts 47.   
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Another strategy employed in the polycondensation of glycerol and diacids to avoid 

gelation is the usage of solvents as reaction media. This is commonly known as dilute reaction 

systems. In dilute reaction systems, the space between molecules is larger, which makes the 

probability of crosslinking decrease 48. Several solvents have been used in the synthesis of 

glycerol/diacid systems such as toluene, dimethylformamide (DMF) and dimethylsulfoxide 

(DMSO) 49–51. The best results were obtained when synthesis was performed using toluene as 

solvent media achieving a gel free product of high molecular weight (252 kDa) which is 

considerable higher than the non-gel product from a bulk polycondensation of the same material 

50. 

2.2.3. Reaction kinetics 

In the bulk polycondensation of glycerol and diacids in a conventional batch reactor, two 

phases of reaction can be observed 52. First, a kinetic control of the reaction proceeds, with a first 

order kinetics with respect to the monomer in default. After certain conversion has been 

achieved, the reaction changes to diffusion controlled, due to the increase in viscosity of the 

reaction media, which difficult mass transfer in the system to continue the reaction. Kinetic 

constants for the initial phase of glycerol/sebacic acid system have been reported for different 

temperatures and molar ratio of reactants (Table 2.2) 52. The activation energy of the reaction 

decreased with increasing molar ratio of glycerol to sebacic acid in the range studied (0.6:1 to 

1:1 glycerol : sebacic acid) which indicates that the reaction is favored at equimolar ratio of 

reactants. The kinetics of reaction is increased with increasing temperature, following a classical 

Arrhenius behavior. 
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Table 2.2. Kinetic parameters in poly(glycerol sebacate) synthesis. 

Reprinted with permission from Maliger, R.; Halley, P. J.; Cooper-White, J. J. Poly(glycerol-
sebacate) bioelastomers-kinetics of step-growth reactions using Fourier Transform (FT)-Raman 
spectroscopy. J. Appl. Polym. Sci. 2013, 127 (5), 3980–3986. 52 

Molar ratio 
(glycerol:sebacic 

acid) 

Temperature 
(°C) 

Kinetic 
constant k 

(min-1) x 10-4 

Activation 
energy (kJ/mol) 

Pre exponential 
factor ln A0 

(min-1) 
 120 5.382   

0.6 130 8.805 102.8 22.794 
 140 24.831   
 120 7.194   

0.8 130 14.826 79.8 17.225 
 140 23.445   
 120 7.268   

1.0 130 10.823 71.1 14.483 
 140 20.916   

 

The kinetics of reaction has also been studied in glycerol/sebacic acid using a extruder as 

a batch reactor 53. The kinetic constants obtained were 9.88x10-4 and 5.15 x10-4 min-1 for the 

reaction carried on the extruder and in a conventional dilute system, respectively. This showed 

that the reaction kinetics can be dramatically increased by the usage of high shear systems such 

as extruders, due to decrease in mass transfer limitations observed in conventional batch systems 

due to viscosity increments. Additionally, the degree of polymerization of the product was 

significantly higher in the extruder system as compared to the conventional dilute system at all 

stages of the reaction. 

2.3. Physico chemical aspects of poly(glycerol-co-diacids) polyesters 

2.3.1. Molecular weight evolution and control 

In the polycondensation of glycerol and diacids, the monomers react to yield branched 

oligomers first. These oligomers continue reacting with remaining monomers and other 
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oligomers to yield higher molecular weight species. An illustrative example has been provided in 

the bulk polycondensation of glycerol and succinic acid (Figure 2.3) where the molecular weight 

of the products has been followed over the course of the reaction via gel permeation 

chromatography 36. After three hours of reaction in bulk at 150 °C and a molar ratio of reactants 

of 1:1 glycerol to succinic acid, the monomers are almost completely reacted. The lower 

molecular weight oligomers continue reacting among themselves over the course of reaction to 

give rise to higher molecular weight species, represented by peaks at lower retention volumes. 

Just before gelation, the PGS products were composed of different populations of oligomers, 

with a higher presence of species in the molecular weight range of 4000 – 7000 g/mol, but also 

some species of lower molecular weight and the presence of small amounts of unreacted 

monomers. Thus, a high polydispersity of the final product was obtained (PDI = 3.6). 

 

Figure 2.3. Gel permeation chromatography traces at different reaction times in poly(glycerol 
succinate) synthesis in bulk. Standards of known molecular weights shown in the graph for 

reference. 

Adapted with permission from Pin, J. M.; Valerio, O.; Misra, M.; Mohanty, A. Impact of Butyl 
Glycidyl Ether Comonomer on Poly(glycerol succinate) Architecture and Dynamics for 

Multifunctional Hyperbranched Polymer Design. Macromolecules 2017, 50 (3), 732–745. 
Copyright 2017 American Chemical Society. 36 
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Polycondensations of glycerol and sebacic acid carried in bulk for long reaction times (> 

24 h) at lower temperatures (120 – 130 °C) using vacuum have produced products of molecular 

weight Mn up to 6.3 – 21.3 kDa with polydispersities around 2 to 4 54–58. Reaction at lower 

temperatures coupled with efficient vacuum assisted water removal result in esterification mainly 

at primary hydroxyl groups in glycerol, delaying branching and gel onset which allow for a 

higher polymerization degree 59. Deviations from stoichiometric ratio of reactants (1:1 molar of 

glycerol to diacid) result in lower molecular weights 35,60,61. This is the result of the imbalance of 

reactive hydroxy or carboxyl groups for allowing further reactions between oligomers. 

In dilute systems, it has been reported that the attainable molecular weight before gelation 

can be drastically enlarged due to the spacing of growing oligomers preventing early gelation 

50,51. In toluene diluted systems, the polycondensation products displayed remarkably higher 

molecular weights that those reported for bulk systems, achieving molecular weights as high as 

252 kDa for a 1:1 molar ratio of glycerol : succinic acid synthesized at 155 °C for 24 h 50.  

2.3.2. Degree of branching 

As the reaction in bulk between glycerol and diacids proceeds, different topological units 

arise, as shown in Figure 2.4. The evolution of the different species has been described for both 

the glycerol/succinic acid system and the glycerol/adipic acid system 36,60. Initially, the glycerol 

units are esterified by diacids preferentially on primary hydroxyl positions, due to the higher 

reactivity of these groups in comparison with secondary hydroxyl positions. As the reaction 

proceeds further, the monosubstituted glycerol units evolve to disubstitued units and finally to 

trisubstituted glycerol units, giving raise to hyperbranched polyesters.  
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Figure 2.4. Molecular evolution of chemical species on poly(glycerol succinate synthesis). 

Adapted with permission from Pin, J. M.; Valerio, O.; Misra, M.; Mohanty, A. Impact of Butyl 
Glycidyl Ether Comonomer on Poly(glycerol succinate) Architecture and Dynamics for 

Multifunctional Hyperbranched Polymer Design. Macromolecules 2017, 50 (3), 732–745. 
Copyright 2017 American Chemical Society. 36 

The degree of branching on glycerol and diacid polycondensation products has been 

defined by Frey 62 as: 

𝐷𝐷 = 2𝐷
2𝐷+𝐿1,2+𝐿1,3

∗ 100 (1) 

where D represents the amount of trisubstituted glycerol units and L1,2 and L1,3 represent 

disubstituted glycerol units with substitution on a primary and a secondary hydroxyl or in both 

primary hydroxyl groups respectively. This quantity ranging from 0 to 100% expresses the 

deviation from linear architecture of the synthesized products. In hyperbranched polymers, the 

degree of branching usually ranges from 40 to 60% 63. In glycerol and succinic acid 

polycondensation products synthesized in bulk at stoichiometric ratios (1:1 mol of glycerol to 

succinic acid), the degree of branching obtained was near 35% 36. Similarly to molecular weight, 

the degree of branching is also influenced by the molar ratio of reactants and temperature of 

reaction. An excess of glycerol tends to lower the degree of branching whereas an excess of 
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diacid tends to increase the degree of branching 37,49,60. Lower temperatures of reaction (~120 

°C) decrease esterification of secondary hydroxyls in glycerol, thus decreasing branching degree 

59.  

2.3.3. Mechanical properties 

Mechanical properties for crosslinked polycondensation products have been reported in 

terms of tensile and compressive testing. Crosslinked specimens were obtained by curing of 

prepolymers at high temperature (110 – 180 °C) for several hours or days. The mechanical 

properties of these glycerol and diacids polycondensation products are highly dependent on the 

diacid monomers employed, the synthesis parameters, as well as of the curing conditions 

employed. Thus, the range of mechanical properties reported in literature is wide.  

In terms of tensile properties, various glycerol based polyesters have been studied using 

diacids of increasing chain length. Films of poly(glycerol glutarate) (C5 on diacid) have been 

produced at different ratio of reactants and curing conditions. In one study, the 

prepolymerization was carried at 110 °C for one hour followed by 4 hours at 135 °C. These 

prepolymers were cured to crosslinked films at 150 °C for 24 h. The crosslinked polymer 

specimens produced at 3:2 molar ratio of glutaric acid to glycerol exhibited a tensile strength, 

Young’s modulus and elongation at break of 1.05 MPa, 8.28 MPa and 18% respectively 64. For 

analogous films produced by prepolymerization at 135 °C for 6 h and cured for 12 h at 135 °C, 

the samples produced at 2:1 molar ratio of glutaric acid to glycerol achieved 0.41 MPa, 1.94 

MPa and 26.9% for tensile strength, Young’s modulus and elongation at break respectively. 

Samples produced at 1:2 molar ratio of glutaric acid to glycerol displayed a higher tensile 

strength and modulus (0.62 and 4.58 MPa respectively) and lower elongation at break (16.3%) 65.  
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In the glycerol/azelaic acid system (C9 on diacid), prepolymers were prepared at different 

molar ratios at a temperature of 140 °C for 14 h 66. Curing of the prepolymers to produce 

crosslinked films was performed at 140 °C for either 24 or 48 h. The values of tensile strength, 

Young’s modulus and elongation at break for specimens synthesized at 1:1 molar ratio of azelaic 

acid to glycerol and cured for 24 h were 0.26 MPa, 0.98 MPa and 36% respectively.  An increase 

in the curing time to 48 h further increased the tensile strength and modulus to 0.85 MPa and 

4.14 MPa, whereas elongation at break decreased to 27%. Another set of specimens produced at 

higher excess of acid (1.5:1 molar ratio of azelaic acid to glycerol) and cured for 48 h achieved 

0.68 MPa, 11.1 MPa and 17% for tensile strength, Young’s modulus and elongation at break.  

In the glycerol/sebacic acid system (C10 on diacid), both porous and non porous 

specimens have been produced. For producing porous materials, the prepolymerization was 

carried at equimolar ratio of glycerol to sebacic acid and at 120 °C under argon atmosphere for a 

total time of 29 h of reaction. The prepolymer was dissolved in dioxolane, mixed with NaCl 

particles and solution casted for further curing at 120 °C. NaCl particles were leached out by 

immersion on deionized water to yield porous film specimens of 700 µm thickness. Tensile tests 

of these specimens revealed the elastomeric behavior of the poly(glycerol sebacate) material with 

an elongation at break of the material higher than 200% (267 ± 59%) and a low Young’s 

modulus (0.282 MPa) and strength (0.5 MPa) 32. In non-porous poly(glycerol sebacate) 

specimens synthesized at equimolar ratio of reactants, the influence of synthesis and curing 

temperature on tensile properties has been reported. Both the tensile strength and the Young’s 

modulus of the samples showed an increasing trend with increasing curing temperature, 

attributed to a higher crosslinking density attained. The values for tensile strength were 0.23, 
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0.39 and 0.47 MPa and 0.056, 0.22 and 1.2 MPa of Young’s modulus for samples cured at 110, 

120 and 130 °C, respectively 67.  

The synthesis and curing of poly(glycerol dodecanoate) (C12 in diacid) was studied by 

performing a prepolymerization at 1:1 molar ratio of glycerol to dodecanoic acid at 120 °C for 24 

h followed by polycondensation in vacuum (100 mTorr) for an additional 24 h 68. The 

prepolymer was cured under vacuum (90 mTorr) at 90 °C for 48 h and then the temperature was 

increased to 120 °C for additional 24 h. Tensile tests revealed a clear influence of temperature on 

the mechanical properties of poly(glycerol dodecanoate). At 21 °C, the Young’s modulus, tensile 

strength and strain at break of the samples was 136.6 MPa, 7 MPa and 225% respectively, 

whereas at 37 °C these properties decreased to 1.08 MPa, 0.5 MPa and 123.2%. This can be 

explained in terms of the glass transition temperature (Tg) of the material, reported as 32.1 °C. 

Thus at temperatures lower than Tg, the material exhibits an elastic plastic behavior, whereas at 

temperatures higher than Tg the material exhibits elastomeric behavior.  

These illustrative results highlight both the effect of the curing conditions as well as the 

diacid monomer employed in the tensile properties of glycerol based polyesters. In general, it can 

be concluded that higher temperatures or curing times can produce polymer products with higher 

tensile strength and modulus. The same is realized in most cases for samples synthesized at 

excess of acid. This can be explained by the higher occurrence of condensation reactions at 

terminal hydroxyl groups of polymer branches, increasing crosslinking density. In terms of 

diacid chain length the higher mechanical effects are given by the differences in glass transition 

and crystallinity of the samples, which tend to increase with increasing chain length of the diacid 

employed. In fact, polyesters synthesized using carbon chain lengths lower than C10 on the 

diacid such as succinic acid and azelaic acid have been reported as fully amorphous materials 
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17,69, whereas polyesters synthesized using chain length higher than C9 such as sebacic acid or 

dodecanoic acid have been reported as semi-crystalline 70,71. 

In the case of compressive properties, a detailed study on the influence of synthesis and 

curing conditions on the mechanical properties of poly(glycerol sebacate) has been reported 

recently 72. The results for compressive strength and modulus followed the same trend that 

tensile properties, that is, higher curing times and temperatures led to higher compressive 

strength and modulus on the polyester products. The compressive modulus attained on the 

optimum curing conditions (1:1 molar ratio of sebacic acid to glycerol, 130 °C, 48 h) was 4.63 

MPa. Other studies have reported lower compressive modulus of poly(glycerol sebacate) which 

may be attributed to the presence of uncrosslinked oligomeric species acting as plasticizers 52. 

The compressive modulus of poly(glycerol dodecanoate) samples was significantly higher than 

that of poly(glycerol sebacate) for similar curing conditions (75 MPa) 71. The significantly higher 

modulus achieved in the poly(glycerol dodecanoate) samples can be attributed to its semi 

crystallinity at room temperature. 

2.4. Polymer architecture and functionality and its control 

2.4.1. Linear polyesters bearing hydroxyl pendant groups 

In the synthesis of linear functionalized glycerol based polyesters, enzymatic catalysis is 

usually employed as the first step for the synthesis of a linear glycerol co diacid polyester 

backbone with pendant hydroxyl groups. This is possible due to the selectivity of the enzymatic 

catalyst, particularly of lipases, which can selectively attack primary hydroxyl groups on glycerol 

under specific conditions 73. Under similar reaction conditions and molar ratio of reactants, 

enzymatic catalysts were able to produce poly(glycerol sebacate) polymers with a percentage of 
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dendritic (trisubstituted) glycerol units considerably lower than the chemical catalyst (12.7 vs 

16.6%) 26. The ability of the enzymatic catalysts to produce linear glycerol based polyesters 

depends of the temperature of the reaction media. An increase in degree of branching from 5 to 

30% was observed with a temperature increase from 50 to 70 °C for enzyme catalyzed synthesis 

of poly(glycerol adipate) 42. Several authors have synthesized linear polymers using lipases as 

catalysts on the glycerol/diacid systems 26,39,41,42,44,74. This effective strategy usually yields 

polymers of higher Mn than bulk polycondensations. However, the inactivation of enzymes at 

high temperatures necessary to overcome diffusion constraints in the reaction prevents the 

synthesis at higher temperatures, usually yielding long reaction times. Furthermore, research 

challenges are still present in the enzyme recovery and reutilization in these systems, as well as 

in the increase of branching degree of these polymers at higher temperatures which limits the 

possibility of decrease reaction times by increasing the synthesis temperature if high linearity of 

the product is desired. 

Recently the utilization of diarylboronic acids has been shown as an alternative catalyst 

for the synthesis of linear glycerol based polyesters. In this case the synthesis was carried at a 

temperature of 70 °C yielding linear poly(glycerol sebacate) of high molecular weight (Mn = 

19.2 kDa) with a percentage of tribustituted glycerol units lower than 1% after 5 h reaction 46. 

Further research should address the possibility of conducting the reaction in bulk systems and at 

higher temperatures and the utilization of non-modified diacids for obtaining similar type of 

synthesis products using these novel catalysts.  
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2.4.2. Hyperbranched polyesters with customized terminal end groups 

In the synthesis of hyperbranched polyesters which are performed in bulk systems, it is of 

especial interest the possibility of manipulating the reaction stoichiometry for producing 

hydroxyl or carboxyl terminated polyesters. This has been clearly shown for the glycerol/adipic 

acid system; larger glycerol to diacid molar ratios result on hydroxyl terminated polymers and 

viceversa 75. The bulk reaction system theoretically allows for the synthesis of hyperbranched 

polyesters with tailored end groups using glycerol in combination with any dicarboxylic acid 34. 

In practice, limitations in the polyesterification of some diacids in bulk can arise from poor 

solubility of the diacid on glycerol or by excessively high melting temperature of the diacid. 

High melting point diacids requiring a higher reaction temperature may enhance irreproducibility 

and reduction of reaction extent due to glycerol volatilization 59,76. The bulk reaction in excess of 

glycerol or diacid to tailor end functional groups produces oligoesters containing a considerable 

amount of unreacted monomers and low molecular weight species 34. This may create the 

necessity of purification of the products before their application, which in some cases may 

involve the usage of solvent purification, creating additional costs and environmental concerns 

on the sustainability of their production. 

2.4.3. Functionalized polyesters with tailored side groups 

Functionalized polyesters can be obtained either by the addition of comonomers with 

reactivity towards hydroxyl or carboxyl end groups during the polyesterification (in situ 

functionalization) or by functionalization of the polyester after completion of the synthesis. The 

former strategy produces random functionalized products whereas in the latter it is possible to 
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tune the polymer architecture and degree of functionality, therefore achieving a higher control of 

the polymer physicochemical properties.  

Randomly functionalized lauroyl poly(glycerol succinate) 77, palmitoyl poly(glycerol 

succinate) 78 and stearyl poly(glycerol sebacate) 70 polyesters have been produced by the 

simultaneous reaction of glycerol and the corresponding diacids and monoacids in bulk. 

Although theoretically fatty acids of any chain length could be used for the random acyl 

functionalization of glycerol polyesters, in practice solubility issues arise limiting the reactivity 

of the system for chain lengths higher than C11 for uncatalyzed bulk reactions 79. This limitation 

can be overcome either by the utilization of enzymatic catalysts or by the usage of polymerizable 

comonomers acting as solvents in the reaction media 45,79,80. Recently, a novel strategy for the in 

situ functionalization of poly(glycerol succinate) has been introduced, consisting in the addition 

of epoxy bearing fatty acid tails onto the polyesterification 36. This strategy could be potentially 

applicable to fatty acid tails of different chain length and other functional side groups, although 

solubility issues may still be a limiting factor when using long chain fatty acid derivatives. 

Post synthesis functionalization of glycerol based polyesters has been achieved by 

catalyzed grafting of fatty acid chlorides onto hydroxyl groups of linear polyester backbones. 

Fatty acids of different chain length and at different grafting percentage have been grafted onto 

poly(glycerol adipate) backbones such as butyric (C4) 43, caprylic (C8) 39, lauric (C12) 74, stearic 

(C18) 39, oleic (C18:1) 41 and behenic (C21) 74 acid. These acyl functionalization and their fine 

control in percentage of grafting allows for the design of materials with tailored physicochemical 

properties, such as surface tension, and self-assembly character into nanoparticles with 

controlled morphology and particle size 39,41,43,74. An interesting example of post 

functionalization of glycerol based polyesters is the production of acrylated poly(glycerol 
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sebacate) (Acryl-PGSeb) (Figure 2.5) 81. This modification is of interest since it allows for the 

photo crosslinking of Acryl-PGSeb, making the curing process much faster and less energy 

intensive in comparison with conventional thermal curing of glycerol based polyesters. Very 

recently, photocurable PGSeb was obtained by a direct acylation method consisting in treating 

PGSeb with 2-Isocyanatoethyl methacrylate (PGSeb-IM) 54. This new method allows for a direct 

acylation of the linear PGSeb backbone under milder conditions compared to functionalization 

using acyl chlorides. 

 

Figure 2.5. Example of synthesis route to acrylated functionalized poly(glycerol sebacate) 
polyesters (Acryl - PGSeb). 

Adapted with permission from Nijst, C. L. E.; Bruggeman, J. P.; Karp, J. M.; Ferreira, L.; 
Zumbuehl, A.; Bettinger, C. J.; Langer, R. Synthesis and characterization of photocurable 
elastomers from poly(glycerol-co-sebacate). Biomacromolecules 2007, 8 (10), 3067–3073. 

Copyright 2007 American Chemical Society. 81 

 

2.4.4. Copolyesters based on glycerol and diacids 

The copolymerization of glycerol, diacids and diols or multifunctional polyacid/polyol 

monomers has been introduced mainly as a tool to modulate the mechanical behavior and 

physicochemical properties of the synthesized materials. For example, the synthesis of 
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poly(glycerol sebacate-co-lactide) (PGSeb-co-PLA) with tunable hydrophilicity was realized by 

controlling the molecular weight  of the copolymerized PLA segments 82. Modification of PGSeb 

by copolymerization with PLA allows and adjustment of the mechanical behavior and 

biodegradation rate of the resulting elastomers 83. PGSeb-co-PLA elastomers have been proposed 

in biomedical applications as surgical sealants 84. The introduction of poly(ethylene glycol) 

(PEG) into poly(glycerol sebacate) has also been reported 85. By incorporating hydrophilic PEG 

on the PGSeb structure, the water uptake capacity and degradation rate was remarkably 

increased, and the Young’s modulus of the material could be controlled in a wide range (0.01– 

2.2 MPa). PGSeb-co-PEG copolymers have been proposed as enhancers materials for tricalcium 

phosphate based bone tissue engineering 86. Poly(glycerol adipate) has been also copolymerized 

with PEG, yielding elastomers with tunable Young’s modulus in the range 0.07 – 8.33 MPa 87. 

Additionally, both PEG and PLA have been simultaneously copolymerized with poly(glycerol 

sebacate) to yield PGSeb-co-PEG-co-PLA elastomers with a wide range of mechanical 

properties 88. Another example of biocompatible copolyesters is poly(glycerol sebacate)-co-

caprolactone synthesized from the polycondensation of glycerol, sebacic acid and ε-caprolactone 

89. Recently, the synthesis of poly(glycerol-co-sebacate)-co-poly(hydroxybutyrate), prepared 

from polycondensation of glycerol, sebacic acid and poly(hydroxybutyrate) diols of different 

molecular weight, has been reported as a biocompatible material with tunable mechanical 

properties 90. 
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2.5. Prospective applications of polyesters 

2.5.1. Biomedical applications 

 Tissue engineering 2.5.1.1.

Due to its elastomeric mechanical behavior, the polyesters synthesized from glycerol and 

diacids have been mainly proposed as synthetic scaffolds for the development of soft tissue 

engineering. These applications need for high purity glycerol, due to biocompatibility 

requirements. Poly(glycerol-co-diacids) have been synthesized in diverse ways and processed by 

different means for specific tissue engineering applications. Typically, a prepolymer is first 

obtained by polycondensation and then thermally cured 91. Nevertheless, strategies for curing the 

prepolymer at room temperature have also emerged as an alternative to thermal curing for 

achieving a better control of properties of cured specimens 56,92. 

For skin tissue engineering, researchers have formulated biocompatible porous 

poly(glycerol sebacate) (PGSeb) scaffolds 93. These biodegradable scaffolds have been used for 

in vitro studies of biocompatibility, demonstrating non-toxic nature and cell proliferation of 

mouse dermal fibroblasts on their surface. PGSeb based scaffolds modified by the addition of 

silk fibroins and chitosan showed enhanced crosslinking density, better cell adhesion and 

proliferation as well as slower degradation rate as compared to unmodified PGSeb porous 

scaffolds 94. In vivo tests are necessary to fully reveal the potential of these materials on skin 

replacement applications. 

Nerve tissue engineering has seen advances both on in vitro and in vivo models. 

Poly(glycerol sebacate) (PGSeb) modified by grafting of poly(methyl methacrylate) has been 

proposed as candidates for nerve tissue engineering 95 Electrospun nanofibers of PMMA-PGSeb 
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in blends with gelatin supported differentiation of PC12 cells onto neuron like phenotypes. 

Unmodified PGSeb has also been shown a promising material on nerve regeneration in vivo 96. 

On animal models, PGSeb was implanted onto spinal cord defects along a promoter of neuron 

development (ChABC), and the nerve regeneration and functional recovery was evaluated. 

Animals treated with PGSeb and ChABC together showed outstanding functional recovery after 

12 weeks, and remarkable nerve regeneration with a complete biodegradation of PGSeb. 

In the field of corneal tissue engineering, poly(glycerol sebacate) (PGSeb) has been 

blended with poly(caprolactone) (PCL) and electrospun into semitransparent mats of nanometric 

sized fibers 97,98. It was shown that PGSeb played a crucial role in modulating the mechanical 

properties, adherence and transparency of the electrospun mats. This in turn favored the 

differentiation of human corneal endothelial cells into a hexagonal morphology, suitable for 

development of corneal constructs for tissue engineering 99. Further tests of the candidate 

materials on in vivo studies are needed to assess the suitability of these materials for corneal 

tissue repairing. 

For heart and arterial tissue engineering, there have been advances reported both in vitro 

and in vivo studies. Arterial reconstruction using poly(glycerol sebacate) based materials has 

been demonstrated on in vivo animal models. Vascular grafts of PGSeb covered by a electrospun 

layer of poly(caprolactone) (PCL) promoted regeneration of aorta arterial tissue on implants on 

animal models, with a complete integration of the artificial tissue onto native tissue after 90 days 

100. Moreover the vascular grafts showed excellent long term performance over a 12 month 

period on animal models 101. On cardiac tissue engineering, a remarkable success was reported 

for PGSeb based cardiac adhesives on in vivo studies 57. Acrylated PGSeb was prepared which 

could be crosslinked upon exposure to ultraviolet light. These UV crosslinkable PGSeb based 
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adhesive demonstrated capability to seal cardiac and arterial defects on in vivo animal models 

with a minimal invasive delivering technique.  

On bone tissue engineering, there has been advances both on bone/soft tissue interface in 

vitro engineering as well as in studies on bone regeneration in vivo. Bilayered composites of 

poly(glycerol sebacate) (PGSeb) and β-tricalcium phosphate (β-TCP) have been reported as 

biocompatible materials, with the capability of inducing bone cell adhesion and proliferation on 

in vitro studies 102. Composite scaffolds of bioglass coated with neat poly(glycerol sebacate) 

(PGSeb) and poly(ethylene glycol) modified PGSeb were shown highly effective on producing 

healthy bone tissue after tested on in vivo animal models 58. Unmodified poly(glycerol sebacate) 

showed remarkable results on cell proliferation and bone regeneration on in vivo studies 103. 

Shape memory materials have been proposed as next generation materials for biomedical 

usages, given that they could be introduced on host tissue with minimally invasive procedures 

and change shape once installed on their action site 104,105. Poly(glycerol sebacate) and 

poly(glycerol dodecanoate) display shape memory properties, being able to recover its original 

shape after an increase in temperature 106,107,68. Moreover, these elastomers present high 

toughness, mimicking material behavior of human soft tissue 108. The mechanical properties and 

stimuli responsiveness of poly(glycerol sebacate) have been engineered through simple 

chemistry such as grafting of fatty acid tails onto the polymer structure which enabled the 

material to preserve deformed state at room temperature 109. Also, poly(glycerol sebacate 

urethane) modified with cellulose was capable of recovering shape when exposed to water 110. A 

promising way for controlling mechanical behavior and stimuli responsiveness of these materials 

has emerged with the isocyanate based curing of poly(glycerol-co-diacids) polymers, which 

could result on tailorable shape memory materials for tissue engineering applications 56,111. 
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 3D printing  2.5.1.2.

Three dimensional printing (or 3D printing) is an advanced design technique which 

allows for the fabrication of complex structures through the layer by layer deposition of a molten 

polymeric material onto a collector where it cools down and solidifies. The advantages of this 

technique are numerous, including easier design and fabrication of complex tridimensional 

scaffolds without the need of soluble supports, fast and reliable prototyping of custom made 

structures and in the biomedical field, tailoring the design of synthetic polymeric scaffolds to 

exact dimensions according to each patient specific requirements. Very recently, poly(glycerol 

sebacate), synthesized from neat polycondensation of glycerol and sebacic acid and further 

modified with UV curable monomers has been employed for 3D printing of complex shaped 

porous scaffolds (Figure 2.6). These types of porous structures would be hard to produce using 

other conventional processing techniques. PGSeb modified with acrylated side groups (Acryl-

PGSeb) was firstly employed as a 3D printing material 55. 3D printed complex porous 

biodegradable scaffolds resembling soft tissue human body shapes. demonstrated the capability 

for supporting cell attachment and proliferation. In another recent study, PGSeb modified with 

norbornene pendant groups was used for 3D printing scaffolds with tunable mechanical 

properties, as well as tunable biodegradation ratio by controlling the polymer/crosslinker ratio 92. 

Moreover, the scaffolds were shown as biocompatible, supporting cell attachment and 

proliferation.  
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Figure 2.6. Examples of 3D printed scaffolds resembling human ear and nose shapes. 

Reprinted with permission from Yeh, Y.-C.; Ouyang, L.; Highley, C. B.; Burdick, J. A. 
Norbornene-modified poly(glycerol sebacate) as a photocurable and biodegradable elastomer. 

Polym. Chem. 2017, 8 (34), 5091–5099. 92 

 

 Drug delivery 2.5.1.3.

The usage of poly(glycerol-co-diacids) on drug delivery applications has been envisioned 

by means of different strategies. These strategies need the usage of pure glycerol for the 

synthesis due to biocompatibility requirements. Additionally there is a great need for careful 

control of polymer physicochemical properties and architecture to achieve controlled sustained 

release of drugs. The oldest strategy consisted on the encapsulation of drugs onto poly(glycerol-

co-diacids) nanoparticles. Both hydrosoluble and liposoluble drugs have been encapsulated onto 

poly(glycerol adipate) (PGA) nanoparticles. Drug loading and release from the PGA 

nanoparticles was highly influenced by the type of drug and its molecular interactions with the 

nanoparticle carriers. For example, the acyl functionalization of PGSeb backbone with caprylic 

acid (C8) at 100% grating percentage (all OH groups substituted by the C8 acyl tail) showed 

beneficial for the encapsulation of one drug model (Dexamethasone phosphate) whereas for 
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another model drug (Cytosine arabinoside) the unmodified PGA nanoparticles performed better 

112. Poly(glycerol adipate) nanoparticles were reported as not cytotoxic on in vitro studies, which 

may enable their utilization on in vivo models 113. A few other model drugs and proteins have 

been successfully encapsulated onto nanoparticles of poly(glycerol adipate) and its modifications 

114–116. Poly(glycerol sebacate) has also been used as a material for nanoparticle encapsulation of 

drugs 117,118. Recently, innovative approaches have been demonstrated for the usage of glycerol 

based polyesters as drug delivery materials. Core shell electrospun devices of poly(glycerol 

sebacate)/poly(caprolactone)/gelatin were loaded with dexamethasone and demonstrated 

capability for sustained release of the drug on in vitro studies 119. Another recent approach 

consisted on the direct grafting of drug molecules onto a linear backbone of poly(glycerol 

adipate) (PGA) 44. This interesting approach aims for the delivery of drug onto the host as 

biodegradation of the PGA material itself occurs in vivo avoiding critical processing steps for 

correct encapsulation and delivery of target drugs. 

2.5.2. Non-biomedical applications 

 Surfactants 2.5.2.1.

Given their branched structure and tunable physicochemical properties, in particular 

surface hydrophobicity/hydrophilicity by acyl substitution, poly(glycerol-co-diacid) oligomers 

have been explored as surfactants. For these applications, the purity of glycerol could be as low 

as technical glycerol, given that their usage does not necessarily require biocompatibility. 

Lauroyl poly (glycerol succinate) hyperbranched oligomers synthesized in bulk 

polycondensations were tested as emulsifiers on aqueous solutions 77. These products 

demonstrated good foaming properties and micellar solubilization properties when compared to 



38 
 

commercial standards. In addition, they were reported as biodegradable. Similar findings have 

been reported for palmitoyl poly(glycerol succinate) and the modification of these oligomers 

with sorbitol hydrophilic linkers improved their surfactant properties 78. A detailed study on the 

effect of the fatty acid tail on the surfactant properties of acyl modified poly(glycerol succinate) 

showed that their surfactant properties such as foamability, wetting and critical micellar 

concentration were improved in the range of length C8 – C12 but decreased over that carbon 

chain length 120. Grafting efficiency of longer fatty acid tails was improved by usage of 

copolymerizable solvents such as lactic acid, yielding surfactant products with improved 

hydrophobic/hydrophilic balance, and surfactant properties comparable to commercial products 

79. Thus, the bulk synthesis of acyl modified poly(glycerol-co-diacids) is a feasible alternative for 

the development of new biobased and biodegradable surfactants as emulsifiers for application on 

industrial sector. 

 Thermoplastic materials 2.5.2.2.

Due to their elastomeric properties at room temperature, poly(glycerol-co-diacids) have 

been used as toughening agents in thermoplastic blends. In analogy to rubber modification of 

other industrially relevant thermoplastic materials such as polyolefins, this application involves 

the melt blending of a thermoplastic material with an elastomeric glycerol based polyester to 

impart toughness to the final blend material. Glycerol of technical grade could be used for these 

applications as biocompatibility is not an issue. Poly(lactic acid) (PLA), a compostable 

thermoplastic with good tensile properties but brittle in nature has been toughened by melt 

blending with poly(glycerol-co-diacids). Poly(glycerol sebacate) (PGSeb) synthesized in bulk 

was firstly employed as toughness enhancer for PLA, demonstrating ability for improving 

elongation at break of PLA by more than 100% with the addition of 15 to 30 wt% of PGSeb 121. 
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Similarly, microwaved synthesized poly(glycerol sebacate) and poly(glycerol sebacate-co-

stearate) improved the elongation at break of PLA by 90% upon addition of 10 wt% of the 

elastomer 70. An example of impact toughness modification by melt blending with glycerol based 

polyesters was shown for poly(butylene succinate) (PBS) thermoplastic material. By melt 

blending PBS with gel poly(glycerol succinate) products synthesized in bulk polycondensations, 

the notched Izod impact properties of the material was improved by 344% whereas elongation at 

break of the material was maintained 122. These results demonstrate the usefulness of glycerol 

based polyesters in engineering of biobased thermoplastic blends (Table 2.3), which could lead 

to the adoption of these materials in partial replacement of non- biodegradable thermoplastics for 

applications such as packaging. 
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Table 2.3. Examples of mechanical properties of thermoplastic materials containing poly(glycerol-co-diacids) 

Blend components Composition 
(w/w%) 

Tensile 
strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Elongation at 
break (%) 

Notched Izod 
impact (J/m) Ref 

Poly(lactic acid) (PLA) 100 67.1 ± 0.8 3.114 ± 0.02 4.3 ± 0.3 20.7 ± 0.9 61 

Poly(butylene succinate) 
(PBS) 

100 49.5 ± 4 0.77 ± 0.02 235..7 ± 42.5  22.5 ± 4.2 122 

PBS/Poly(glycerol succinate) 70/30 25.6 ± 0.5 0.331 ± 0.01 220 ± 11 110.9 ± 23.7 122 

PLA/Poly(glycerol sebacate-
co-stearate) 

90/10 47.7 ± 1.0 3070 ± 146 92.8 ± 11.7 28.9 ± 6.2 70 
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2.6. Concluding remarks and outlook 

In the emerging bioeconomy paradigm, where society could obtain sustainable fuels and 

chemicals from biomass, glycerol plays a major role as a precursor for synthesis of commercial 

products and extension of oleaginous biomass value chain. The usage of poly(glycerol-co-

diacids) in value added applications is a realistic approach for improving sustainability of 

biobased chemical sector. Emerging applications for these materials have reached a mature 

research state in academia that could allow for its technological transfer to industrial chemical 

producers on biorefineries. Before this transition happens, some key challenges must be 

overcome for ensuring a succesful transition from laboratories to industrial production. 

Applications in biomedical engineering as biodegradable scaffolds have been 

demonstrated for several areas using in vivo animal models. The advancement of this knowledge 

concerning utilization of these materials on human tissue engineering is the next step on their 

route. The materials have already shown biodegradable nature, biocompatibility and remarkable 

results on promoting tissue regeneration on animal model experiments, which is an encouraging 

scenario towards the testing of these materials on humans. Further experiments on larger animal 

models could pave the route to a future usage of these polyesters in human tissue engineering. 

The possibilities of applications are enormous and comprise diverse human tissues such as heart, 

arterial, nerve, corneal, cartilage and skin tissues. Similarly, potential applications on controlled 

and localized drug delivery on humans and animals for poly(glycerol-co-diacids) are promising. 

The existing technologies allow for efficient drug loading on biodegradable and cytocompatible 
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poly(glycerol-co-diacid) carriers. In vivo testing on larger animal models and clinical trials on 

humans of these newly devised materials could allow for their implementation on human 

pharmacology in the future, with a tremendous potential for replacement of non-site specific 

drug carriers. 

In surfactant applications the technologies developed are already mature and the 

application of poly(glycerol-co-diacids) on industrial processes could be realized soon. These 

biodegradable surfactants have shown similar performance to traditional commercial surfactants, 

thus, their application could happen as a drop in replacement for non-biodegradable surfactants. 

On thermoplastic material development, although the materials developed so far present some 

mechanical properties comparable to commercial non biodegradable thermoplastics, further 

development of the technologies are needed to enable their commercial adoption. In particular, 

studies concerning the durability and compostability of these materials when in service and after 

disposal are needed to prove their full potential. Based on findings from biomedical areas it is 

expected that these thermoplastic materials could be compostable, which would make them very 

attractive candidates for partial replacement of non-biodegradable thermoplastic materials in 

some applications, achieving increased sustainability. 

A key challenge that would further improve the current technologies is the development 

of efficient and solvent free reaction systems for producing higher molecular weight 

poly(glycerol-co-diacids) products of controlled molecular architecture and functionality. Design 

of novel catalyst system and engineering of existing chemical and biological ones as well as 

novel processing schemes and synthesis protocols could help in addressing this issue. 
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Developing strategies for achieving higher control of functionality and architecture for glycerol 

based polyesters synthesized in bulk could be relevant on decreasing processing and purification 

costs of the materials. This should allow for the wider adoption of poly(glycerol-co-diacid) 

materials on fields outside biomedical scope. Strategies for obtaining synthetic products of high 

purity presenting minimal or no purification needs would be desirable for enabling industrial 

large scale production of poly(glycerol-co-diacid) materials at competitive costs.  In summary, it 

can be said the polycondensation of glycerol and diacids is a very versatile system with high 

potential for industrial implementation, provided that some key challenges discussed are 

addressed. A proper and careful selection of synthesis conditions and process engineering for 

each particular application could allow for their industrial application on various technological 

fields. 
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3 Chapter 3. Screening and optimization of synthesis conditions of glycerol based 

polyester for toughening of poly(lactic acid) (PLA) * 

Abstract: The synthesis of polyesters based on glycerol, succinic acid (poly(glycerol 

succinate), PGS) and/or maleic anhydride (poly(glycerol succinate-co-maleate), PGSMA) has 

been investigated aiming to produce a sustainable product suitable for toughening of poly(lactic 

acid) (PLA) by melt blending technologies. Molar ratio of reactants and synthesis temperature 

was screened to find optimum synthesis conditions leading to the highest toughness enhancement 

of PLA. It was found that a molar ratio of reactants of 1:1 glycerol: succinic acid increases the 

effectiveness of PGS as a toughening agent for PLA which was correlated to the achievement of 

higher molecular weight on the synthesis of PGS. The introduction of maleic anhydride as co 

monomer for the synthesis in partial replacement of succinic acid was advantageous for making 

PGS suitable for reactive extrusion (REX) mediated by free radical initiators. The tensile 

toughness of the REX PLA/PGSMA blends was improved by 392% compared to neat PLA 

which was caused by the simultaneous crosslinking of PGSMA within PLA matrix and the in 

situ formation of PLA-g-PGSMA graft copolymers acting as interfacial compatibilizers. A 

further increase of 1600% in toughness of the blends was achieved by lowering the synthesis 

temperature of PGSMA from 180 °C to 150 °C. The optimum synthesis conditions for PGSMA 

leading to the highest increase in toughness of 80/20 PLA/PGSMA blends were found to be 

1:0.5:0.5 mol glycerol: succinic acid: maleic anhydride synthesized at a temperature of 150 °C 

for 5 hours. 
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____________________________________________ 

* A version of this chapter has been published as: Valerio, O.. Pin, J.M., Misra, M., Mohanty, A.K.. 
Synthesis of glycerol-based biopolyesters as toughness enhancers for poly(lactic acid) bioplastic through 
reactive extrusion. ACS Omega, 2016, 1(6), pp. 1284-1295. Supplementary figures and tables provided in 
Appendix A. 
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3.1. Introduction  

Poly(lactic acid) or poly(lactide) (PLA) is a semi crystalline compostable polyester 

produced industrially from renewable resources which are fermented to lactic acid and 

subsequently polymerized to yield high molecular weight products 1. This polymer presents high 

tensile strength and modulus but inherent brittleness evidenced as a low elongation at break 

(~3%) and impact resistance which limits its adoption for flexible plastic parts. Overcoming the 

inherent brittleness of PLA to expand its application field has been the subject of intensive 

research over the past decade with several review articles published on the ways of turning PLA 

from a stiff and brittle material to a ductile one 2–4. Successful toughening of PLA has been 

achieved by melt blending with several commercial and non commercial polymers including 

synthetic polyesters, natural and epoxidized rubbers, thermoplastic elastomers, acrylic 

copolymers and more 5. Although the successful modification of PLA to yield a tough blend has 

been achieved a limiting factor for the introduction of such blends to commercial applications is 

usually the high cost of the secondary polymer used for toughening PLA. An ideal toughening 

agent for PLA should be synthesized using inexpensive synthesis routes and preferentially 

biobased monomers produced industrially at low cost. 

Glycerol and succinic acid are both biobased monomers that gather the aforementioned 

requisites. Glycerol (1,2,3-propanetriol) is the major co product of biodiesel industries with a 

production capacity that has steadily grow in the last decade reaching over 2 million tonnes per 

year 6. Due to this fact, new applications for glycerol are desired in order to expand the 

biorefinery concept in the biodiesel sector 7. This inexpensive molecule is a trifunctional alcohol 
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suitable for performing polycondensation reactions in presence of dicarboxylic acids yielding 

hyperbranched polyesters. Among dicarboxylic acids produced industrially succinic acid (1,4-

butanedioic acid) is currently one of the few dicarboxylic acid produced at commercial scale 

from biomass resources through fermentation technologies. The sustainable production of 

biobased succinic acid from biomass resources represents a major breakthrough towards the 

establishment of a biobased economy. The usage of biobased molecules such as biodiesel 

derived glycerol and fermentation derived succinic acid for the synthesis of products of 

commercial interest is in line with the principles of green chemistry 8. Hence the development of 

a glycerol and succinic acid based toughening agent for PLA can open the possibility for creating 

new toughened biobased blends of PLA with reduced cost and increased sustainability compared 

to blends prepared from PLA and petroleum based polymeric additives. Biodegradable 

polyesters can be synthesized using glycerol and succinic acid in bulk polycondensations in the 

absence of solvent and catalyst 9–11. These polyesters can be called “green” polyesters as they are 

synthesized using renewable resources, environmentally favorable reaction conditions and 

produce no toxic wastes as outlined in green chemistry principles 12,13. Synthesizing a 

hyperbranched polyester using glycerol and succinic acid and tuning this polyester properties for 

an effective toughening of PLA appears as an advantageous strategy towards the creation of 

sustainable materials with an improved cost/performance balance. 

In earlier literature two examples of PLA toughened by means of melt blending with 

glycerol polyesters can be found. The first reported attempt of developing a PLA/glycerol 

polyester tough material belongs to Gu and coworkers 14. In this pioneer work the authors 
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synthesized a polyester using glycerol and sebacic acid as the starting materials and employed 

this polyester for melt blending with PLA. Upon the addition of 15 and 30wt% of glycerol 

polyester the elongation at break of PLA was increased from 7% to 155 and 143% respectively. 

A second example of the usage of glycerol based polyesters for the modification of PLA was 

recently reported by Coativy and coauthors 15. In this study the starting monomers for 

synthesizing the polyesters were glycerol, sebacic acid and stearic acid and the reaction was 

performed using microwave heating. The synthesized polyester material was blended with PLA 

at different mass ratios and the optimum mechanical performance was achieved in the blend ratio 

90/10 PLA/glycerol polyester. In this case, the elongation at break of the system was increased 

from 2.3% for pure PLA to 93% in the 90/10 PLA/glycerol polyester blend. It is noteworthy to 

mention that in both of these publications the diacid of choice was not succinic acid and that the 

reaction conditions were fixed for synthesizing the polyester. To the best of our knowledge no 

study has been conducted on the behavior of the PLA/glycerol polyester blend system using a 

glycerol polyester synthesized using succinic acid as the acid monomer. Moreover, there is no 

available literature correlating the synthesis conditions of the glycerol polyester with the 

mechanical performance of the PLA/glycerol polyester blends. 

The bulk polycondensation of glycerol and dicarboxylic acids can yield a wide range of 

products depending on the reaction conditions employed. This system leads to elastomeric gel 

polyesters if enough time is given for the reaction to achieve gelation 16,17. If the reaction is 

stopped before the gelation occurs the polyesters synthesized are recovered as highly viscous 

liquids with low molecular weight and high polydispersity index 17,18. The monomer ratio and the 
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temperature of synthesis can affect the molecular weight and architecture of the products. This in 

turn can affect important properties of these glycerol based polyesters such as their solubility 

properties and mechanical behavior 9,19. For the development of a polyester material that could 

be used as toughness enhancer for PLA by means of melt blending technology it is of interest to 

investigate how the synthesis conditions for the glycerol based polyester can affect the 

mechanical behavior of the blend system. Therefore the objective of the present research work is 

to investigate the correlations between the reaction conditions employed for the synthesis of the 

glycerol based polyesters and the mechanical behavior of PLA/glycerol polyester blends aiming 

to select synthesis conditions that ensure a successful toughening of PLA. 

3.2. Results and discussion 

3.2.1. Synthesis of glycerol based polyesters (PGS(MA)) 

Table 3.1 presents the polyester products synthesized in this study. When glycerol (gly) 

and succinic acid (succ) were used as monomers for the synthesis the resulting product was 

poly(glycerol succinate) or PGS. When maleic anhydride (mah) was used in addition to glycerol 

and succinic acid as monomers the product was termed poly(glycerol succinate-co-maleate) or 

PGSMA. The reaction parameters were chosen to produce a wide range of products with 

different molecular features. First, a gel material was synthesized (PGS gel) which was obtained 

as an elastomeric material insoluble in common solvents such as tetrahydrofuran and acetone due 

to extensive crosslinking 17. Subsequently, liquid polyesters were synthesized by stopping the 

reaction before the occurrence of crosslinking. The molar ratio of reactants was changed around 
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the stoichiometric balance of reactants (1:1 gly:succ) in order to produce polyesters with 

different terminal groups (hydroxyl or carboxyl) according to polymerization theory 20. Three 

different liquid products synthesized from glycerol and succinic acid were produced (PGS1, 

PGS2 and PGS3) with increasing molar ratio of reactants in the range 0.6:1 to 1.2:1. Finally 

polyesters were synthesized using maleic anhydride as comonomer in addition to glycerol and 

succinic acid. These polyesters (PGSMA1 and PGSMA2) possess unsaturations on its polymer 

backbone as a result of the usage of maleic anhydride as comonomer 21.  

Table 3.1. PGS formulations employed 

Sample 
ID Monomers Molar 

ratio  
Temp 
(°C) 

Reaction 
time (h) 

Yield 
(g 
PGS/g 
reactan
ts) 

Mw 
(Da) 

Mn 
(Da) 

Mw/
Mn 

PGS gel gly:succ 0.6:1 180 1.57 0.78 ND ND ND 

PGS 1 gly:succ 0.6:1 180 1.06 0.74 3119 938 3.3 

PGS 2 gly:succ 0.9:1 180 2.93 0.75 2569 1011 2.5 

PGS 3 gly:succ 1.2:1 180 5.27 0.79 1234 754 1.6 

PGSMA 
1 gly:succ:mah 1:0.5:0.5 180 2.5 0.89 4379 1119 3.9 

PGSMA 
2 gly:succ:mah 1:0.5:0.5 150 5 0.86 4442 1138 3.9 

 

13C Nuclear Magnetic Resonance (NMR) analysis was performed on PGS2 and PGSMA1 

samples, in order to confirm the presence of C=C double bonds on the backbone of PGSMA 
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(Figure 3.1). The presence of multiple peaks in the 140 ppm and 165 ppm region in PGSMA 

spectrum denotes the existence of the carbons in the vinyl and in the ester groups of the PGSMA 

backbone respectively. These peaks are not appearing in PGS spectrum due to the absence of the 

maleic anhydride monomer in the formulation. Although the degree of branching for PGS and 

PGSMA was not calculated from the NMR spectra, the degree of branching for poly(glycerol 

succinate) synthesized at equimolar ratio of glycerol to succinic acid and at 150 °C was recently 

reported by our research group as 37% from NMR analysis 22. 

 

Figure 3.1. 13C NMR spectra of poly(glycerol succinate) (PGS) and poly(glycerol succinate-co-
maleate) (PGSMA). [D8] Tetrahydrofuran as solvent, 150 MHz. 

 

The FTIR spectra of the synthesized polyesters are shown in Figure 3.2. A broad peak 

appears at 3422 cm-1 which corresponds to OH functional groups in the polyester backbone. As 
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the molar ratio of glycerol to succinic acid is increased in PGS products the peak at 3422 cm-1 

becomes more visible suggesting that the polyesters are hydroxyl terminated. The peaks at 1716 

cm-1 and 1153 cm-1 correspond to the C=O and C-O-C groups found commonly on polyesters 23. 

When maleic anhydride was incorporated to the polyester formulations (PGSMA) a new peak 

appears at 1644 cm-1 corresponding to the C=C unsaturation in the polymer backbone. In fact 

previous researchers have observed peaks corresponding to C=C bonds at 1637 cm-1 in 

methacrylate derivatives 24. The C=C double bonds in the PGSMA backbone could be used as a 

site for crosslinking of the polymers in a reactive extrusion mode using free radical initiators. 

 

Figure 3.2. Infrared spectra of polyesters synthesized. 
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3.2.2. Effect of addition of gel vs liquid PGS on PLA/PGS blends mechanical behavior 

As a first approach for the toughening of PLA by PGS the blending of PLA and gel PGS 

was performed using a weight ratio of 80/20 PLA/PGS. The gel PGS was dispersed in particles 

of about 6 -15 µm in diameter (Figure A.1) and the tensile strength and modulus were decreased 

by 40 and 26% respectively (Table A.1) which was expected from the addition of amorphous 

PGS to the semycristalline PLA. Regarding tensile elongation at break and notched Izod impact 

results which are indicative of toughness of the system the elongation at break raised from 4% 

for pure PLA to 11% for the 80/20 PLA/gel PGS blend whereas impact resistance remained 

unchanged. The limited increase in ductility of the system was due to the poor dispersion of 

crosslinked PGS onto the PLA matrix as well as weak interfacial adhesion of the blend 

components. In fact the crosslinked nature of gel PGS impedes the dispersion of this material 

into smaller diameter rubbery particles within PLA matrix which has been proven to be one of 

the key points for and effective toughening of PLA 25–28.  

Aiming to improve the dispersion of PGS within PLA matrix during the extrusion 

process we synthesized a series of liquid PGS by stopping the reaction before the gelation 

occurrence as suggested by previous researchers 18. The reaction was stopped 5 minutes before 

the gelation time recorded on a preliminary synthesis for each molar ratio of reactants used. Gel 

permeation chromatography (GPC) was used to analyze the molecular composition of the PGS 

products (Figure 3.3). Poly(ethylene glycol) (PEG) standards were used to build the calibration 

curve displayed on the background of the GPC traces. The GPC traces of the PGS synthesized 

showed that these hyperbranched condensation products are composed of different molecular 
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weight species ranging from a few hundred to several thousand Daltons. Molecular weight 

averages (Mn and Mw) were calculated using the refractive index measurements and the 

methodology described by Smith 29, consisting on splitting the traces on individual peaks 

representing the different oligomeric populations, and calculating the contribution of each peak 

area to the total area as the molecular weight average. An example of calculation can be found on 

Appendix A (Figure A.1 and Table A.6). The GPC traces for the products PGS1 and PGS2 

showed sharp peaks at the lowest retention times, indicating the possibility of oligomers that 

were above the molecular weight cut off of the columns used, causing these sharp peaks to 

appear. However, the molecular weight cut off of the columns employed (20000 g/mol and 

25000 g/mol for HR2 and PLgel columns respectively) is higher than typical molecular weights 

reported previously for poly(glycerol succinate) copolyesters (Mn < 23000 g/mol) 9,17. 

Furthermore, the estimation of molecular weight averages calculated by the method proposed by 

Smith would show the same trend in terms of presence of oligomers of higher molecular weight 

relevant for the toughening effects on PLA blends discussed in this study. The molecular weight 

average by number (Mn) of the oligomers was maximum for the PGS2 product, due to the 

stoichiometric balance of monomers employed. In terms of molecular weight by average (Mw), 

which relates to the dispersion of the molecular weight distribution, this value increased with 

increasing amount of diacid monomer employed. This can be explained due to the higher 

concentration of diacid on the system which favors esterification of secondary hydroxyls on the 

glycerol monomer, increasing the branching over the linear growth of the oligomers. After 

synthesis, thermogravimetric analysis showed a weight loss of 1.58 wt% at 110 °C on the PGS 
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products, which can be attributed to the presence of residual water from the condensation 

reaction. The products were kept on a sealed poly(propylene) syringe to prevent additional 

moisture intake before processing and used for blending with PLA without further purification. 

 

Figure 3.3. Gel permeation chromatography traces of PGS synthesized. Calibration curve 
employed is shown above with molecular weight values 

 

The PGS products synthesized using three different molar ratio of reactants were blended 

with PLA at a mass ratio of 90/10 PLA/PGS. The mechanical behavior of the system is presented 

in Table A.2. Interestingly the tensile behavior of PLA/PGS blends varies significantly according 

to the molar ratio of monomers used for the synthesis of PGS (Figure 3.4). This phenomenon is a 

result of differences in molecular interactions between blend components due to changes in 

molecular weight and branching architecture of PGS which arise by changing the molar ratio of 

reactants 9. The elongation at break of the PLA/PGS blends revealed relevant information about 

the source of the differences observed in mechanical behavior. In fact, the elongation at break of 
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the system was maximum when the molar ratio of reactants employed for the synthesis of PGS 

was closer to the stoichiometric balance of monomers (PGS2, 0.9:1 mol glycerol/mol succinic 

acid) (Figure 3.4). Elongation at break in a PLA blend system is closely related to the ability of 

the secondary polymer to establish molecular bonding interactions and entanglements with the 

PLA matrix. The ability of entanglement of both polymers in the blend is in turn related to their 

molecular weight and molecular conformation. In particular for linear PLA the chain molecular 

weight required for entanglement occurrence has been reported earlier as 9000 g/mol whereas 

the distance between entanglements was of 4000 g/mol 30. Additionally it has been reported that 

for branched PLA the ability for entanglement is higher due to the higher volume occupied by 

branched structures in comparison with linear ones 31. In the hyperbranched PGS synthesized in 

our study there are oligomers with molecular weight superior to 4000 g/mol particularly in the 

products PGS1 and PGS2 whereas in the PGS3 product most of the oligomers have molecular 

weight below this value. Accordingly the elongation at break of the system was higher for blends 

of PLA with PGS1 and PGS2. This suggests that the molecular weight of PGS synthesized is 

playing a crucial role in the ability of these oligomers to interact and entangle effectively with 

PLA to raise the elongation a break of the blend. Due to the hyperbranched nature of PGS 

polyesters it is reasonable to expect that these dendrimer like molecules can entangle with PLA 

chains if they reach a molecular weight close to the molecular weight between entanglements 

reported for PLA. In fact the maximum elongation at break for the PLA/PGS blend was obtained 

when the number average molecular weight of PGS was maximum (Table 3.1) and the presence 
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of oligomers of lower molecular weight (Mn > 1000 g/mol) was minimum (Figure 3.3) indicating 

a higher degree of polymerization was achieved. 

 

Figure 3.4. Mechanical properties of 90/10 PLA/PGS blends 

Interestingly the impact strength of the PLA/PGS blends increases in average with 

increasing molar ratio of monomers (Figure 3.4). The effect of the glass transition temperature of 

the PGS phase on the blend offers an explanation for this mechanical behavior. In fact the glass 

transition temperatures (Tg) of the synthesized PGS determined by differential scanning 

calorimetry (DSC) were -15.2, -14.8 and -29.9 °C for PGS1, PGS2 and PGS3 respectively. This 

could be attributed to the lower molecular weight of the PGS3 synthesized compared to PGS1 

and PGS2 (Figure 3.3). A lower Tg of the included phase is recognized as one of the factors 

leading to a higher impact strength in thermoplastic-elastomer blends since the capability of the 

elastomer for absorbing impact energy increases when used at room temperature 32.  
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Scanning electron microscopy (SEM) observations of the PLA/PGS blends were 

performed at the fracture site on notched Izod impact tested specimens (Figure 3.5). The 

observations seem to be in agreement with the trend observed in mechanical properties where the 

elongation at break was maximized when using PGS2. In this PLA/PGS blend (Figure 3.5b) the 

fracture site surface shows roughness and there is evidence of plastic deformation of the material 

upon stress which is commonly seen in ductile materials (Figure 3.5b inset). On the other hand 

blends of PLA/PGS synthesized at different molar ratio of reactants displayed a smoother 

fracture surface indicating a higher brittleness of the material and there was no evidence of 

formation of plastic fibrils as seen in the PLA/PGS2 case. Similar morphological observations 

have been provided by previous studies on PLA and hyperbranched polymers blends 33. These 

results confirm that in the case of using a stoichiometric balance of monomers for the synthesis 

of PGS a higher toughness of the PLA/PGS blend can be achieved. This phenomenon apparently 

is caused by reaching a higher Mn of the PGS synthesized which enables molecular 

entanglements with PLA to occur. 
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Figure 3.5. SEM pictures at fracture site of PLA/PGS notched Izod impact tested samples. PLA 
blends with a) PGS1, b) PGS2 and c) PGS3. 

 

3.2.3. Reactive blends of PLA and PGS 

In PLA blend systems previous researchers have shown that reactive extrusion involving 

the simultaneous crosslinking of the secondary polymer as well as graft copolymer formation of 

PLA and the secondary polymer can efficiently increase the ductility of PLA 28,34. In the PGS 

polyesters a way to turn them into reactive molecules suitable for reactive extrusion with PLA is 

the incorporation of C=C double bonds in their backbone by means of employing maleic 

anhydride as a comonomer for the PGS synthesis as demonstrated by previous researchers 21. In 

the present work liquid glycerol based polyesters were synthesized using a combination of 

1:0.5:0.5 mol of glycerol:succinic acid: maleic anhydride as monomers (PGSMA1 entry, Table 

3.1). Although maleic anhydride is currently industrially obtained from petroleum based 

resources which decreases the biobased content in the glycerol polyesters there is scientific 

interest in the production of biobased maleic acid and anhydride and thus this molecules could be 
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obtained from biobased resources in the future 35. The PGSMA synthesized showed similar 

molecular weight and polydispersity as PGS synthesized using only succinic acid as the COOH 

bearing monomer at equal molar ratio of glycerol/diacid monomers (Table 3.1 entries PGS2 and 

PGSMA1) but possesses reactive C=C bonds on its backbone as shown in FTIR spectra (Figure 

3.2). 

Upon reactive extrusion of PLA and unsaturated polymers (polymers bearing C=C bonds 

on their backbone) using peroxides as free radical initiators there are two simultaneous and 

competitive mechanisms taking place as proposed by previous researchers and depicted in Figure 

3.6 24,28,34,36. The first phenomenon corresponds to the crosslinking of the secondary polymer 

within itself by addition mediated by free radical initiation (Figure 3.6 right). The second 

phenomenon is the formation of graft copolymers of PLA and the secondary polymer created 

upon hydrogen abstraction in the PLA chain and addition of secondary polymer free radicals 

(Figure 3.6 left). A third reaction could take place during the reactive extrusion with free radical 

initiator corresponding to the PLA-PLA self crosslinking or branching after the formation of 

PLA macroradicals (not shown in Figure 3.6). Although this reaction is possible, previous 

researchers have demonstrated that due to the higher reactivity of C=C bearing molecules is 

higher that the reactivity of tertiary hydrogen in PLA chains this reaction is not favored at the 

concentration of free radical initiator used in the present study (0.2 phr) 28,34. The simultaneous 

occurrence of these phenomena ultimately results in the formation of a tough PLA blend system 

with a secondary crosslinked phase within and with enhanced interfacial adhesion mediated by 

the graft copolymers which are located primarily at the interface. In our case these mechanisms 
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could allow for an enhanced toughening of PLA by creation of secondary crosslinked structures 

of PGSMA embedded onto the PLA matrix and compatibilized by in situ formed graft 

copolymers of PLA-g-PGSMA. The concentration of free radical initiator employed on the 

reactive extrusion process can affect the mechanical behavior of the system due to an enhanced 

formation of PLA graft copolymers at higher initiator concentrations 28. In the present study this 

parameter was fixed to 0.2 phr based on previous literature where optimum mechanical behavior 

was achieved at similar initiator loadings 28. Nevertheless a more detailed analysis of the initiator 

loading effect in the present system will be provided in a future work. 
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Figure 3.6. Possible routes of reaction in the reactive extrusion of PLA and PGSMA mediated by 
free radical initiators. (I) Grafting of PGSMA onto PLA backbone and/or (II) PGSMA 

crosslinking. 

 

The mechanical behavior and percentage of crystallinity of the PLA reactive blends with 

PGS and PGSMA is shown in Figure 3.7 and Table A.3 where reactive blends compounded in 

presence of free radical initiator are denoted as RPLA. For a proper analysis of reactive extrusion 

effects, the PLA matrix was blended both with saturated glycerol polyesters containing no C=C 

double bond on their backbone (PGS2) and with unsaturated glycerol polyesters containing 

reactive C=C bonds on their backbone (PGSMA1). Also, both blend systems were processed 

with and without addition of a free radical initiator to properly analyze the different effects 
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contributing to mechanical behavior on the system. Upon addition of glycerol polyesters (either 

PGS2 or PGSMA1) to PLA the tensile strength and modulus decreased by about 40 and 30 % 

respectively as observed in the previous section by the addition of the soft liquid PGS to 

semicrystalline PLA (Table A.3). Figure 3.7 displays results of elongation at break of the 

reactive and unreactive blends of 80/20 wt% PLA/PGS(MA) where the most illustrative results 

of mechanical behavior could be observed. First it was seen that the addition of the free radical 

initiator to PLA itself did not change significantly its strain at break (Figure 3.7 entry RPLA) and 

thus this effect is not considered in the analysis of mechanical behavior of the reactive blend 

samples. Not surprisingly in the saturated glycerol polyester case (PLA/PGS2 blend) the ductility 

of the material evidenced as elongation at break remained unchanged when comparing the non-

reactive and reactive extrusion case since the absence of C=C double bonds on PGS2 backbone. 

On the other hand, when unsaturated polyester (PGSMA1) was blended with PLA the 

mechanical behavior of the system showed clear differences between the non-reactive and 

reactive extrusions. The elongation at break of the system was dramatically increased more than 

50% when comparing the non-reactive and reactive extrusion cases. The increased elongation at 

break of the reactive PLA/PGSMA1 blend can be attributed to the simultaneous formation of 

PGSMA crosslinked particles within PLA matrix as well as to the formation of PLA-g-PGSMA 

copolymers as depicted in Figure 3.6. Similar behavior has been observed in reactive PLA blends 

and attributed to an effective stress transfer to the secondary soft phase within PLA mediated by 

the presence of graft copolymers formed in situ during the extrusion process 28,34,37. The role of 

crystallinity of the PLA phase on the blend samples was also investigated by calculating the 
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percentage of crystallinity of PLA phase based on DSC analysis of the first melting cycle of the 

samples (Figure A.3 and Table A.4). The addition of PGS or PGSMA to PLA is causing an 

increase in crystallinity percentage of the PLA phase of nearly 10% at the most according to 

DSC results (Figure 3.7). The increase in crystallinity of PLA phase after addition of PGS or 

PGSMA could be attributed to PGS droplets acting as heterogeneous nucleating sites which 

could enhance the ability of PLA for initiating crystallization. In fact the cold crystallization 

temperature of the PLA/PGS and PLA/PGSMA blends was lower than that of neat PLA in all 

cases, indicating that PLA can initiate crystallization at lower temperature in the melting cycle as 

a result of the nucleation sites provided by PGS particles. This effect has been observed 

previously in PLA blends with amorphous branched additives and attributed to heterogeneous 

nucleation mechanisms and enhanced PLA chains mobility due to the presence of the secondary 

polymer 34,38. Regarding effects of crystallinity of PLA phase on the mechanical behavior of the 

blend samples the increase in crystallinity caused by addition of PGS does not seem to correlate 

with the elongation at break of the system. In fact previous researchers have demonstrated that 

increases in crystallinity of the PLA phase in the range of 10% like those reported in the present 

work have a negligible effect on the mechanical behavior of PLA blends 34. These findings 

suggest that the enhanced elongation at break obtained in the reactive extrusion of PLA and 

PGSMA is a result of an efficient stress transfer from PLA to the PGSMA phase rather than a 

change of nature of the PLA phase itself from brittle to ductile such as in plasticization 

strategies. In fact as pointed out by previous researchers in PLA reactive extrusion strategies 

involving the crosslinking of the secondary polymer within PLA the tensile toughening achieved 
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is mainly due to an stress concentration effect on the rubbery particles created in the extrusion 

process 27,37. These soft particles act as stress concentrators inducing multiple crazing on the 

material. The increase in crazing volume causes a decrease in the actual stress in each individual 

craze which allows for stable void growing 37. Upon further tensile load particle debonding and 

elongation is achieved preventing early failure. Thus, the amount of energy dissipated in multiple 

crazes is higher than in a single craze which explains the increased tensile toughness observed in 

the PLA blends studied. 

 

Figure 3.7. Elongation at break and percentage of crystallinity of reactive and unreactive blends 
of PLA and glycerol polyesters (80/20 wt% PLA/PGS(MA)). 

 

Another parameter used commonly to evaluate toughness of materials is impact 

resistance. This parameter is related to the energy absorption capability until failure of a material 

under a sudden load unlike in the tensile testing where the load is usually applied at much lower 

strain rates 32. When comparing the PLA toughened materials from the present study with 
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previously reported PLA reactive blends we could observe that in numerous cases impact 

resistance is also remarkably enhanced in the final material (>500 J/m) 25,26,39–41. In our case the 

impact resistance remained statistically unchanged with respect to PLA even in the blends 

displaying high elongation at break (24 ± 8.5 vs 22.9 ± 6.3 J/m for RPLA/PGSMA1 and RPLA 

respectively). A similar observation was made by Zhang et al in reactive blends of PLA and 

unsaturated thermoplastic poly(urethane) achieving high elongation at break but unchanged 

impact resistance 28. These authors have attributed the low impact resistance of the materials to 

the thickness of the PLA ligament between dispersed rubbery phases (interparticle distance). In 

fact several researchers have emphasized the existence of a critical ligament thickness of PLA of 

around 1 μm as a necessary condition for achieving impact resistance in PLA 26,27,42. Our future 

research will be directed towards achieving a higher impact resistance of the PLA based 

materials developed by means of increasing the amount of PGS content maintaining a small PGS 

particle size aiming to decrease the PLA ligament thickness in the system. 

Further evidence supporting the findings of increased ductility on the reactive blends of 

PLA and PGSMA was provided by SEM observations of the fracture site on notched Izod impact 

tested specimens (Figure 3.8). In these photographs it was observed that when saturated glycerol 

polyesters (PGS2) were blended with PLA both in non-reactive and reactive modes the PGS 

material was distributed within the PLA matrix as droplets of varying sizes where some of the 

particles showed diameters smaller than 1 µm and others displayed larger diameters in the 5 - 15 

µm range. This suggests that when the blend is compounded the PGS material is distributed as 

small submicronic droplets on the molten PLA matrix by the action of shear in the extrusion 
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process but upon cooling the PGS particles coalesce due to low compatibility of the phases 

forming larger PGS droplets within the solid PLA matrix. In the case of unsaturated glycerol 

polyester (PGSMA1) a clear difference can be observed between the non-reactive and reactive 

PLA blends (Figure 3.8 c and d). In the non reactive case, PGSMA droplets of large diameter 

superior to 10 µm can be observed indicating that spreading and coalescence of PGSMA also 

occurs upon extrusion of the materials. In the reactive case, the PGSMA droplets showed 

significantly lower diameter in the range of 1 – 3 µm and less and in fact no PGSMA particles 

with large diameter (~ 10 µm) were observed as in previous blends. This interesting observation 

indicates that a decrease in surface tension between both components was produced leading to 

the decrease of coalescence of PGSMA phase which in turns results in smaller PGSMA particles 

uniformly distributed into PLA matrix. The decreased surface tension between the blend 

components can be attributed to the formation of PLA-g-PGSMA copolymers which would be 

mainly located at the interface of PLA and PGSMA domains acting as a compatibilizer which 

prevents the occurrence of coalescence of PGSMA droplets (Figure 3.6). Similar decrease in 

diameter of the secondary polymer phase has been reported by previous researchers upon the in 

situ formation of PLA graft copolymers in reactive extrusion studies 36,43. 
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Figure 3.8. SEM pictures at fracture site in notched Izod impact tested 80/20 wt% 
PLA/PGS(MA) blends samples. a) PLA/PGS2 non-reactive blend, b) RPLA/PGS2 reactive 

blend, c) PLA/PGSMA1 non-reactive blend and d) RPLA/PGSMA1 reactive blend. 

 

Direct evidence about the formation of graft copolymers PLA-g-PGSMA was provided 

by two dimensional NMR analysis of both non-reactive and reactive PLA/PGSMA1 blends 

(Figure 3.9). The 1D 13C NMR analysis did not reveal additional peaks corresponding to the 

PLA-g-PGSMA species on reactively extruded blends, even at high number of scans (512). 

Heteronuclear multiple bond correlation (HMBC) NMR has proven to be useful in the 

identification of PLA graft copolymers formed in situ during reactive extrusion 43. In this study, 

the HMBC maps of the PLA/PGSMA non-reactive and reactive blends showed clearly the 

formation of the PLA-g-PGSMA copolymers. In fact, new cross peaks correlating 1H and 13C at 

1.52 and 71.6 ppm and at 1.52 and 172.8 ppm could be observed in the blend prepared in 

presence of free radical initiator (H1C2’ and H1C3’ in Figure 3.9). These new correlations can 

be assigned to the new chemical shifts of the carboxylic and methine groups in PLA as a result of 

the grafting of PGSMA to the PLA backbone. The formation of graft copolymers of PLA and 
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unsaturated polymers through reactive extrusion in the presence of free radical initiators has also 

been reported by previous researchers under similar processing conditions 24,28,34,36.   

 

Figure 3.9. HMBC spectra of 80/20 PLA/PGSMA blends prepared with and without initiator 
([D8] Tetrahydrofuran as solvent, 1H at 600 MHz and 13C at 150 MHz). 

 

To further demonstrate the formation of graft copolymers of PLA and PGSMA the blends 

were fractionated selectively in solvents. The fractionation in solvents consisted on dissolving 

the sample in tetrahydrofuran, capable of dissolving both PLA and uncrosslinked PGS or 



 
 

81 
 

PGSMA to quantify the gel fraction of the blends. Other set of samples was subjected to 

dissolution on acetone, capable of dissolving uncrosslinked PGS and PGSMA only. This fraction 

was named as the extracted fraction. Results obtained for the fractionation are presented in Table 

3.2.  

Table 3.2. Gel fraction and extracted fraction of PLA blends with glycerol polyesters 

Sample gel fraction (wt%) extracted fraction 
(wt%) 

RPLA 0 0 
PLA/PGS 0 NDa 

RPLA/PGS 0 ND 
PLA/PGSMA 0 18.1 ± 0.4 

RPLA/PGSMA 6.9 ± 0.1 9.7 ± 0.6 
aND: not determined 

 

It is noteworthy mentioning that only the reactive blend of RPLA/PGSMA1 processed in 

presence of free radical initiator showed a gel fraction significantly higher than zero (6.9 wt%) 

which indicates that the proposed mechanism of reaction depicted on Figure 3.6 is correct. That 

is, a portion of PGSMA is crosslinking and forming a gel fraction within PLA matrix whereas 

another portion is grafted onto PLA backbone. Moreover, the absence of a gel fraction on the 

PLA samples processed in presence of free radical initiator (RPLA) confirms that the PLA-PLA 

crosslinking reactions are not favored and the dominant reactions are the ones depicted in Figure 

3.4 (PGSMA crosslinking and PLA-g-PGSMA copolymer formation) as suggested by previous 

researchers 28,34. The exact amount of PGSMA grafting onto PLA is very difficult to determine 

precisely by NMR as these polyesters are not uniform in molecular weight. Nevertheless an 



 
 

82 
 

estimation of the grafting percentage was obtained from the quantification of PGS or PGSMA 

recovered upon fractionation in solvents of the blends. In the unreactive PLA/PGSMA blends 

18.1 wt% of the initial load of PGSMA was recovered as soluble PGSMA in acetone. This 

indicates that most of the PGSMA remains unreacted after the extrusion process. In the reactive 

blend of PLA and PGSMA a total of 16.6 wt% of PGSMA was recovered as gel and extracted 

fraction, considering the sum of fractions recovered separately upon dissolution on 

tetrahydrofuran and acetone of blends samples. The difference between the total PGSMA 

recovery in the unreactive (18.1 wt%) and reactive (16.6 wt%) cases is thought to correspond to 

the percentage of PGSMA converted onto PLA-g-PGSMA copolymers (1.5 wt%). Previous 

researchers have reported similar values of 0.6 wt% of conversion of secondary polymer to PLA 

graft copolymers in PLA reactive binary blends studies 43. After drying of the samples dissolved 

in THF to evaporate residual solvent both the soluble and gel fraction were scanned by infrared 

spectroscopy. Figure 3.10a shows the collected spectra in the region of carboxylic and ester 

functionalities (1700 – 1750 cm-1) for the RPLA/PGSMA1 blend. The full wavenumber range 

spectra can be seen in Figure A.4. RPLA showed a distinctive peak at 1747 cm-1 corresponding 

to both ester groups and carboxylic acid terminal groups in the molecule. PGSMA on the other 

hand shows a peak at 1716 cm-1 also corresponding to terminal carboxylic groups and ester 

bonds and a peak at 1644 cm-1 corresponding to C=C double bonds within its backbone. The gel 

fraction recovered from the blend shows absence of the peak at 1644 cm-1 indicating 

consumption of the C=C double bonds via crosslinking or grafting as depicted in Figure 3.6. This 

observation is in agreement with previous researchers who have observed the disappearance of 



 
 

83 
 

C=C double bonds at 1637 cm-1 in free radical mediated reactive extrusions of PLA with 

methacrylate derivatives 24. Additionally the major carboxylic peak in the gel fraction appears at 

1728 cm-1 where a shoulder in the region of 1747 cm-1 can be observed. In fact this peak was 

deconvoluted into two peaks at 1726 cm-1 and 1758 cm-1 (Figure 3.10b) corresponding to 

PGSMA and PLA carboxylic functionalities which indicates that this fraction is composed of 

both PLA and PGSMA molecules. Considering that the gel fraction of PLA/PGS blends was 

significant only for the RPLA/PGSMA blend and that the gel recovered from this sample was 

washed several times with fresh solvent after dissolution, this fraction is free of any 

uncrosslinked PLA and PGSMA. Therefore the presence of both PLA and PGSMA ester peaks 

in the gel fraction suggests that some PLA molecules are grafted onto PGSMA as the free radical 

mediated reactions take place. Upon crosslinking of PGSMA these PLA segments are retained in 

the gel fraction of the blend which causes the double peak observed at 1728 cm-1. Previous 

researchers have found similar observations on infrared spectroscopy analysis of PLA blends 

with unsaturated polymers performed in reactive extrusion mediated by free radical initiators 28. 

This result is in agreement with the results obtained in 2D NMR analysis. 
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Figure 3.10. FTIR spectra of fractionated RPLA/PGSMA1 blend. a) zoom in carboxylic acid-
ester region of neat polymers and blend fractions and b) deconvolution of carboxylic peak on gel 

fraction extracted. 

 

3.2.4. Effect of the synthesis temperature  

The effect of the synthesis temperature in the mechanical properties of PLA/PGS was 

investigated by means of synthesizing another PGSMA formulation at 150 °C as opposed to the 

first PGSMA synthesized at 180 °C (Table 3.1 entries PGSMA1 and PGSMA2). The molecular 

weight distribution of the products was analyzed by GPC and molecular weight averages were 

calculated using the methodology proposed by Smith 29. A calculation example for the molecular 

weight averages can be seen in Appendix A (Figure A.1 and Table A.6). In terms of molecular 

weight, both products synthesized at different synthesis temperatures showed similar molecular 

weight averages and distribution (Mn = 1138 g/mol and Mw = 4442 g/mol vs Mn = 1119 g/mol 

and Mw = 4379 g/mol for the product synthesized at 180 and 150 °C, respectively). However, 
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previous research suggests that the usage of lower temperatures for synthesis of glycerol 

polycondensation products decrease esterification on secondary hydroxyl positions on glycerol, 

resulting on structures with lower branching degree. Li et al showed that in glycerol and sebacic 

acid polycondensations the reactivity of the secondary hydroxyl group on glycerol is lower than 

the reactivity of primary hydroxyl groups 44. Another study dealing with the polymerization of 

glycerol and sebacic acid showed that a decrease in the reaction temperature from 140 °C to 120 

°C decreased the conversion of carboxylic acid groups at gelation from 0.999 to 0.994 19. These 

findings indicate that due to the lower reactivity of secondary hydroxyl groups on glycerol 

monomers an increase in the reaction temperature will likely cause an increase in the 

esterification of secondary hydroxyl groups and thus lead to more branched products as 

suggested by previous researchers 17. Thus, in our study it is reasonable to expect products with 

longer branches and lower degree of branching when decreasing the synthesis temperature from 

180 °C to 150 °C. The reactive blending of PLA and PGSMA2 was performed using identical 

conditions that for the blend of PLA and PGSMA1 (180 °C, 2 min extrusion, 100 rpm, 0.2 phr 

free radical initiator). Tensile testing results were similar for both blends regarding tensile 

strength and modulus (Table A.5). Elongation at break data presented a very significant 

difference as shown in a representative curve of stress strain for both blend systems (Figure 

3.11). In fact the elongation at break of the system was remarkably enhanced from 58.6% in 

RPLA/PGSMA1 to 150% in the blend of PLA and PGSMA synthesized at lower temperature 

(PGSMA2 synthesized at 150 °C). Consequently the toughness of the blend (measured as area 

under the stress strain curve) was increased 4-fold from 10.2 MJ/m3 to 41.6 MJ/m3 comparing 
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both blend systems and increased 16-fold comparing PLA and RPLA/PGSMA2 blend. Based on 

molecular weight determinations the difference in molecular weight between both PGSMA 

synthesized seems to be not large enough for causing such a dramatic change in mechanical 

behavior (Mn equal to 1119 and 1138 for PGSMA1 and PGSMA2 respectively). The increased 

toughness of RPLA/PGSMA2 is likely to be caused by changes in architecture of the PGSMA 

molecule due to the differences in synthesis temperature. In polymeric systems the ability of the 

polymer chains to entangle with each other is inversely proportional to their branching degree 45. 

The increased toughness of the RPLA/PGSMA2 reactive blend could possibly be attributed to a 

higher level of entanglement between both blend components due to a lower branching degree 

and longer linear segments produced by decreasing esterification on secondary hydroxyl groups 

when the synthesis temperature is decreased.. 
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Figure 3.11. Stress vs strain curves indicating fracture toughness (UT) and appearance of (A) 
neat PLA, (B) 80/20 RPLA/PGSMA1 (synthesis of PGSMA1 at 180 °C), (C) 80/20 

RPLA/PGSMA2 (synthesis of PGSMA2 at 150 °C). 

 

The toughened PLA/PGSMA materials developed in the present study via reactive 

extrusion are comparable in terms of tensile toughness with PLA/Poly(glycerol sebacate) 

(PGSeb) blends reported previously (155% elongation at break in 85/15 PLA/PGSeb blend) 14 

and superior to PLA/Poly(glycerol sebacate-co-stearate) (PGSebSt) (90% elongation at break in 

90/10 PLA/PGSebSt blend) 15. Interestingly these previous PLA blends were developed by 

means of conventional unreactive extrusion as opposed to the reactive extrusion strategy 

illustrated in this study. In unreactive blends presented in this study with similar addition of PGS 

(80/20 PLA/PGS) the elongation at break achieved was much lower (11.7%) than in previous 

PLA/PGSeb unreactive blends. PGSeb presents a higher hydrophobic character compared to 
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PGS due to the longer aliphatic chain on sebacic acid as compared with succinic acid. An 

increase in aliphatic chains in the diacid comonomer in the glycerol polyester could increase the 

compatibility with PLA as predicted by solubility parameter theory 46. This could contribute in 

achieving a better interface between the blend components mimicking the effect of the graft 

copolymer formation observed in reactive blends in the present study and enhancing the stress 

transfer between blend components to achieve high elongation at break..  

3.3. Conclusions 

The synthesis of glycerol based polyesters (PGS) oriented to the application of these 

biomacromolecules as toughness enhancers for PLA has been investigated. The effect of molar 

ratio of reactants, monomer type and temperature of synthesis on PGS physicochemical 

properties and is impact on the suitability of PGS as a toughening agent for PLA has been 

established. It was found that the utilization of liquid polyesters synthesized at stoichiometric 

ratio of monomers yielded tougher PLA blends due to achieving a higher molecular weight of 

the synthesized PGS. The usage of maleic anhydride as a comonomer for the synthesis of PGS 

can turn these polyesters onto reactive species which was advantageous for the compatibilization 

of the PLA/PGS blends producing a significant improvement in their toughness. Upon reactive 

extrusion in presence of free radical initiators an in situ compatibilization effect was realized 

involving simultaneous crosslinking of PGS within the PLA matrix and formation of PLA-g-

PGSMA copolymers which act as interfacial compatibilizers in the system increasing the 

toughness of the system by 392% (from 2.6 MJ/m3 to 10.2 MJ/m3). Furthermore a decrease in the 

temperature of synthesis of PGS from 180 °C to 150 °C led to a higher improvement in 
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toughness of the blends of 1600% (from 2.6 MJ/m3 to 41.6 MJ/m3) which was attributed to a 

decrease in the branching degree of the synthesized polyesters. For an effective toughening of 

PLA by reactive melt blending with glycerol based polyesters the optimum synthesis conditions 

found were 1:0.5:0.5 mol glycerol: succinic acid: maleic anhydride synthesized at a temperature 

of 150 °C for 5 hours. 
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3.5. Experimental section 

3.5.1. Materials  

Technical glycerol (gly) was obtained from a local distributor (BIOX Corporation, 

Canada) specified as purified glycerol from biodiesel production. The average glycerol content 

of this source was 95 wt% 16. Pure succinic acid (succ) (99+wt%, KIC chemicals, UK) and 

maleic anhydride (mah) (99 wt%, Sigma Aldrich, Canada) were purchased and used as received. 

Tetrahydrofuran, acetone (99.8 wt%, Fisher Scientific, Canada) and deuterated tetrahydrofuran 

([D8] THF, ≥99.5 atom % D, contains 0.03 % (v/v) TMS, Sigma Aldrich, Canada) were used as 

received. Poly(lactic acid) (Ingeo 3251D) a product of Natureworks as white pellets with a 

melting point of 155 – 170 °C and a melt flow index of 30 - 40 g/10 min (190 °C, 2.16 kg) 

according to supplier was used in this study. 2,5-Bis(tert-butyl-peroxy)-2,5-dimethylhexane 

(Luperox 101) technical grade 90% was used as a free radical initiator for reactive extrusions 

(Sigma Aldrich, Canada).  

3.5.2. Synthesis of glycerol based polyesters  

Polyesters were synthesized using a one pot polycondensation procedure without addition 

of solvent or catalyst to the system. For the reactions a mixture of 200 g of monomers (glycerol, 

succinic acid and maleic anhydride) were put together in a 1 L glass reactor equipped with stirrer 

and Dean-Stark apparatus to collect the water formed during the condensation reaction. The 

temperature was fixed at a certain value and agitation was provided at a fixed speed (250 rpm). 

When glycerol and succinic acid were used as monomers for the synthesis the product was called 
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PGS standing for Poly(glycerol succinate). When maleic anhydride was added as a third 

monomer to the formulations the synthesis product was termed PGSMA standing for 

Poly(glycerol succinate-co-maleate). For the synthesis of PGS gel materials the reaction was 

continued until the material changed from a viscous liquid to an insoluble gel due to extensive 

crosslinking. In the case of synthesizing PGS liquid materials the time for gelation was recorded 

on an initial screening experiment as the time passed from the monomers reaching the reaction 

temperature setpoint (180 °C or 150 °C) and the material changing to a rubbery state. At this 

point the material wraps around the mechanical stirrer making impossible to continue the 

reaction in melt conditions.15 In hyperbranched polymer synthesis by polycondensation the 

molecular weight of the products is increased exponentially in the later stages of polymerization 

until the gelation is achieved.18,19 With this in mind the synthesis reaction was repeated and 

stopped 5 minutes before the previously recorded gel time by removing the vessel from the 

heating element and stopping mechanical stirring in order to obtain non-crosslinked liquid PGS 

polymers of the highest possible molecular weight before gelation. Although the selection of 

quenching 5 minutes before gelation is arbitrary, this synthesis strategy has been commonly used 

as an ending point for gel forming hyperbranched polymers 45. The polyesters synthesized using 

this approach were fully soluble in tetrahydrofuran indicating the absence of gel 

macromolecules. 
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3.5.3. Blending of PLA and PGS(MA) materials 

The blends of PLA and PGS(MA) materials were fabricated by means of extrusion. A 

twin screw extruder (Xplore, DSM, Netherlands) was used with a processing temperature of 180 

°C at a screw speed of 100 rpm. For the extrusion 10 g of materials were weighed in a 

preselected ratio of the blend components and added to the extrusion chamber simultaneously. 

For gel PGS the materials were cut to a desired weight by means of a knife whereas for liquid 

PGS(MA) the material was kept in a plastic syringe which was heated to 80 °C using a 

temperature controlled syringe heater (New Era, NY, USA) in order to melt PGS for weighing 

the desired amount. In the case of reactive extrusions the free radical initiator was added 

simultaneously with the PLA and PGS(MA) at a fixed concentration of 0.2 phr. This 

concentration of initiator was selected based on previous studies for PLA reactive blends 

showing an optimum performance at initiator concentrations in the range of 0.1 – 0.3 phr 27,32. 

After 2 min of extrusion the material was collected in an injection device preheated to 180 °C 

and injected into molds kept at 30 °C for obtaining specimens for mechanical testing. 

3.5.4. Mechanical testing 

Tensile and flexural testing of polymer samples was performed on an Instron universal 

testing machine (Instron, Canada). Tensile testing was carried at a crosshead speed of 5 mm/min 

following the procedure described on ASTM D638 standard. Flexural testing was performed at a 

crosshead speed of 1.4 mm/min following the procedure outlined on ASTM D790 standard. For 

each test five specimens were tested and results reported are the average and standard deviation 
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of the original data. Notched Izod impact testing was performed on an impact testing machine 

equipped with a hammer of 0.5 – 5 ft lbs following the procedures from ASTM D256. Impact 

samples were notched 48 h before conducting the testing. Impact results reported are the average 

of six specimens tested. 

3.5.5. Fractionation of PLA blends in solvents 

The blends of PLA and PGS(MA) were subjected to fractionation in organic solvents to 

determine soluble and gel content. To determine gel content a sample of about 200 mg (mi) was 

dissolved in 30 mL of tetrahydrofuran (THF) at 40 °C for 2 h. THF was able to dissolve both 

PLA and the uncrosslinked fraction of PGS(MA) materials. The crosslinked insoluble fraction 

was recovered by centrifugation at 8000 rpm for 10 min and washed twice with 30 mL THF. 

After drying for 5 h at 80 °C the recovered fraction was weighed (mf) and the gel fraction was 

calculated as 

𝑔𝑔𝑔 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑤𝑓%) =  
 𝑚𝑓

𝑚𝑖
∗ 100 

To determine the PGS(MA) uncrosslinked fraction in the PLA/PGS blends a sample of 

about 200 mg (wi) was immersed in 30 mL acetone and kept under agitation for 24 h at room 

temperature. Acetone can dissolve PGS(MA) uncrosslinked materials but does not dissolve PLA 

or crosslinked PGS(MA) materials. In this way, the uncrosslinked PGS(MA) fraction was 

extracted from the blends. After filtration and washing twice with 30 mL acetone the samples 
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subjected to extraction were dried at 80 °C for 5 h and weighed (wf). The extracted fraction was 

calculated as 

𝑔𝑥𝑓𝑓𝑓𝑓𝑓𝑔𝑥 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑤𝑓%) =  
𝑤𝑖 −  𝑤𝑓

𝑤𝑖
∗ 100 

 

3.5.6. Characterizations 

Molecular weight determinations were performed using gel permeation chromatography 

in a Viscotek GPCmax (Malvern Instruments, UK) equipped with a refractive index detector. 

Two Styragel columns (HR1 and HR2, Waters Corporation, USA) and one PLgel-Mixed E 

column (Agilent Technologies, USA) were connected in series for the injection of samples. The 

range of molecular weight covered by these columns was 0 – 5000 g/mol, 100 – 20000 g/mol 

and 100 – 25000 g/mol for columns HR1, HR2 and PLgel respectively. Tetrahydrofuran was 

employed as solvent at a flowrate of 0.3 mL/min and a temperature of 40 °C. Prior to injecting 

PGS samples a calibration curve was constructed using a series of 8 poly(ethylene glycol) 

standards with molecular weights (Mn) in the range of 106 – 7830 Da (Easy Vial, Agilent 

Technologies, USA). Fourier transform infrared spectra was collected using a Thermo Scientific 

Nicolet 6700 FTIR equipped with ATR accessory. For each sample 64 scans were collected with 

a resolution of 4 cm-1. Scanning electron images were obtained from fractured impact specimens 

using an Inspect S50 SEM (FEI, USA). Samples were coated with a thin layer of gold before 

imaging to prevent deformation of the samples upon observation. Differential scanning 
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calorimetry traces were obtained under a nitrogen flow of 50 mL/min (DSC Q200, TA 

instruments) using samples of 10 – 20 mg. For the neat PGS(MA) the materials were equilibrated 

at 100 °C following a ramp of 10 °C/min to -80 °C and a final temperature ramp of 5 °C/min to 

100 °C where the glass transition temperature (Tg) was observed. For PLA/PGS(MA) reactive 

and unreactive blends the samples were subjected to an initial heating cycle at 10 °C/min from 40 

to 180 °C followed by a cooling cycle at 5 °C/min to -60 °C and a final heating cycle at 10 

°C/min to 180 °C. Crystallinity percentage of the samples was calculated using data from the first 

heating cycle as 

𝑋𝑐 =
∆𝐻𝑚 − ∆𝐻𝑐𝑐

∆𝐻100
∗ 100 

where ΔHm and ΔHcc correspond to enthalpies of melting and cold crystallization and ΔHcc 

correspond to the theoretical melting enthalpy of a 100% crystalline PLA (93 J/g) 36. 

Nuclear magnetic resonance (NMR) experiments were recorded in [D8] THF. Blend 

samples were dissolved in [D8] THF and filtered through a nylon syringe filter of 0.2 μm pore 

size prior to injection to remove the gel fraction from the samples. The residual solvent signal at 

δ=1.72 ppm and δ=67.2 ppm, for 1H and 13C nucleus respectively, were used as a standard 

reference. Experiments were collected on a Bruker AVANCE III spectrometer with a 1H 

operating frequency of 600.0 MHz and a 13C operating frequency of 150 MHz, using a 5mm 

TCI cryoprobe. The sample temperature was regulated at 22 °C. Heteronuclear multiple bond 

correlation (HMBC) spectra (8 Hz coupling) were collected in PLA/PGSMA blends extruded in 
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absence and presence of free radical initiator to investigate the formation of PLA-g-PGSMA 

copolymer formation. 
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4 Chapter 4. Studies on reactive extrusion effects on toughness of poly(glycerol succinate-

co-maleate) and poly(lactic acid) * 

Abstract: This chapter presents an in depth study of the reactive extrusion of 

poly(glycerol succinate-co-maleate) and poly(lactic acid) in presence of a free radical initiator. 

Biobased blends of poly(lactic acid) (PLA) and poly(glycerol succinate-co-maleate) (PGSMA) 

were fabricated by using a dynamic vulcanization strategy involving the simultaneous 

crosslinking and compatibilization of PGSMA within the PLA matrix on reactive extrusion. It 

was found that a balance between PLA/PGSMA compatibility and a low glass transition of 

PGSMA must be achieved in order to maximize toughness of the blends. This was realized by 

setting the succinic acid to maleic anhydride content on the PGSMA synthesis to 1:0.75:0.25 mol 

glycerol : succinic acid : maleic anhydride yielding a C=C bearing reactive PGSMA with a glass 

transition of -1.69 °C as determined by differential scanning calorimetry. The dynamically 

vulcanized PLA/PGSMA blends achieved an interfacial adhesion of B = 0.744 according to the 

Pukanszky model, which was attributed to the formation of PLA-g-PGSMA copolymers as 

shown by FTIR analysis. PLA shear yielding induced by PGSMA debonding was the main 

responsible for enhanced toughness both in tensile and impact testing. Biobased dynamically 

vulcanized blends containing 60/40 wt% of PLA/PGSMA displayed an increment on elongation 

at break and notched Izod impact resistance of 53% and 175% as compared with neat PLA 

material. 

____________________________________________ 
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* A version of this chapter has been published as: Valerio, O., Misra, M., Mohanty, A. K. Sustainable 
biobased blends of poly(lactic acid) (PLA) and poly(glycerol succinate-co-maleate) (PGSMA) with 
balanced performance prepared by dynamic vulcanization. RSC Advances, 2017, 7(61), pp. 38594-38603. 
Supplementary figures and tables provided in Appendix B. 
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4.1. Introduction 

The usage of biopolymers has been extensively proposed as an alternative to mitigate the 

effects of petroleum dependence as well as to alleviate environmental concerns about the use of 

non-biodegradable materials 1. Poly(lactic acid) (PLA) is the frontrunner of bioplastics due to its 

excellent mechanical properties, compostability, biobased nature and a cost comparable to 

conventional polyolefins 2. PLA has been commercially adopted for some applications such as 

food packaging but the inherent brittleness of this polymer often limits its application where 

ductility of the material is required. In this regard, toughening of PLA aiming to increase its 

elongation at break and/or impact resistance has been a major research subject for the last 

decade. Successful toughening of PLA has been achieved by several strategies such as 

plasticization3–9, modification of PLA chemical structure by grafting10–12, introduction of pores 

into PLA materials13, melt blending with rubbers14–18 and polymers19–26, melt blending 

transesterification27–31 and dynamic vulcanization with reactive elastomers 32–37. Among these 

alternatives, those involving melt blending like plasticization, rubber toughening and dynamic 

vulcanization offer advantages in terms of scalability, cost and environmental friendliness27,38. In 

particular, dynamic vulcanization is a very attractive strategy which involves the melt blending 

and simultaneous chemical reactions of PLA and a secondary (or more) polymer(s) and the 

formation of a crosslinked elastomeric phase within the PLA matrix39. As a result, an in situ 

compatibilization effect is realized by the formation of PLA/secondary polymer copolymers 

which act as surfactants at the blend interface. PLA has been toughened by dynamic 
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vulcanization using natural rubber, epoxidized synthetic elastomers and unsaturated polymers 

yielding supertough PLA based materials displaying impact resistance higher than 500 J/m33,35,37. 

In light of the attractiveness of developing PLA toughened materials by the dynamic 

vulcanization method, we recently reported the toughening of PLA by using poly(glycerol 

succinate-co-maleate) (PGSMA) molecules in reactive extrusion experiments 40. These PGSMA 

polyesters can be considered as sustainable given that two of their monomer constituents, 

glycerol and succinic acid, are obtained at industrial level from biobased resources41–44. Although 

the third monomer of PGSMA, maleic anhydride, is not biobased, scientific interest has been put 

on developing routes to biobased maleic acid and anhydride suggesting that industrial production 

of biobased maleic anhydride could be a reality in the future 45. Alternatively, itaconic acid and 

anhydride are emerging biobased molecules that have been suggested as replacement of petro 

based maleic anhydride in the synthesis of sustainable polymers at laboratory scale 46–48. These 

molecules could also be obtained at industrial levels from biobased resources in the future, 

provided that some key scientific challenges in fermentation and downstream processing are 

addressed, which could enable the process to be cost competitive compared to the petrochemical 

route 49,50. 

The usage of the dynamic vulcanization method allowed the utilization of PGSMA in 

thermoplastic blends in spite of its low molecular weight (~1000 g/mol) due to the occurrence of 

crosslinking of PGSMA during the extrusion process. In addition, our group has reported the 

utilization of poly(glycerol succinate) (PGS) gel polyesters as toughness enhancers for another 

biodegradable polymer, poly(butylene succinate) (PBS) 51. In this case, the toughening was 
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achieved in terms of notched Izod impact, with an increase of 200% in impact resistance after the 

addition of 30 wt% PGS to PBS. These earlier results led to the idea that optimizing a dynamic 

vulcanization process could help in overcoming difficulties on synthesis of PGS gel materials 

and render a PGSMA gel material created in situ for impact modification of polymers. Given the 

vast successful toughening of PLA in terms of notched Izod impact reported in scientific 

literature, in this research we aim to explore the utilization of PGSMA polyesters as impact 

enhancers for PLA. The mechanisms occurring in the dynamic vulcanization process of 

PLA/PGSMA blends have been investigated and this has been correlated with the mechanical 

properties of the system which has provided insights into the challenges and ways forward in the 

development of tough sustainable PLA/PGSMA blend materials. 

4.2. Experimental 

4.2.1. Materials 

PLA (Ingeo 3251D) was purchased from Natureworks having a melting point of 155 – 

170 °C and a melt flow index of 30 – 40 g/10 min (190 °C, 2.16 Kg). Technical glycerol (G) was 

provided by a local biodiesel producer (BIOX Corporation, Canada) having a glycerol content of 

95 wt% 52. Succinic acid (S) (99+ wt%, KIC chemicals, UK), maleic anhydride (MA) (99 wt%, 

Sigma Aldrich) and tetrahydrofuran (99.8 wt%, Fisher Scientific, Canada) were purchased and 

used as received. 2,5-Bis(tert-butyl-peroxy)-2,5-dimethylhexane (Luperox 101, technical grade 

90%, Sigma Aldrich) was used as free radical initiator on dynamic vulcanization. 
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4.2.2. Synthesis of poly(glycerol succinate-co-maleate) (PGSMA) 

Poly(glycerol succinate-co-maleate) polyesters were synthesized in a one pot procedure 

without solvents or catalyst as reported before 40. The ratio of succinic acid to maleic anhydride 

was changed in different PGSMA formulations to investigate the effect of the C=C content on 

PGSMA. The reaction was monitored by measuring the viscosity of the product in a cone plate 

rheometer at 100 °C and 100 s-1 (CAP 2000+, Brookfield, USA) and stopped by removing the 

vessel from the heater when the viscosity was in the range of 200 – 300 Poise  to obtain PGSMA 

of the highest molecular weight possible before gelation 53. 

4.2.3. PGSMA characterizations 

FTIR spectra of PGSMA was collected in 64 scans at a resolution of 4 cm-1 on a Nicolet 

6700 FTIR spectrometer equipped with an attenuated total reflection (ATR) accessory. 

Molecular weight determination was carried on a Viscotek GPCmax system (Malvern 

Instruments, UK) as reported before 40. A calibration curve for molecular weight (Mn) was 

constructed using eight poly(ethylene glycol) standards with Mn in the range of 106 – 7830 

g/mol (Easy Vial, Agilent Technologies, USA). 

4.2.4. Melt blending of PLA and PGSMA products 

The blending of PLA and PGSMA was carried in a laboratory scale twin screw extruder 

(Xplore, DSM, Netherlands) as reported before 40. PLA, PGSMA and a predetermined amount of 

free radical initiator were introduced simultaneously to the extruder chamber kept at 180 °C and 
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mixed for 2 min at 100 rpm followed by injection molding at 30 °C. A sample of neat PLA was 

compounded in presence of 0.2 phr free radical initiator. This control sample was denoted as 

RPLA throughout the manuscript. 

4.2.5. Mechanical testing 

Tensile testing was carried on an Instron universal testing machine (Instron, Canada) 

using five type IV specimens according to ASTM D638 with a testing speed of 50 mm/min. 

Notched Izod impact was tested on an impact testing machine using a hammer of 0.5 – 5 ft lbs 

according to the procedure described on ASTM D256 standard. The samples were notched 48 

hrs prior to the test.  

4.2.6. Thermal characterization 

Thermal properties of the materials were studied by differential scanning calorimetry 

(DSC Q200, TA instruments). Samples of 5 – 10 mg were placed on sealed aluminum pans 

under a nitrogen flow of 50 mL/min. The samples were equilibrated at -30 °C followed by a 

heating ramp of 10 °C/min to 180 °C. The glass transition temperatures of PGSMA and PLA as 

well as the percentage of crystallinity of PLA were calculated using data from the first heating 

cycle. For the determination of the PLA crystallinity percentage (Xc), the following formula was 

employed 

𝑋𝐶 = ∆𝐻𝑚−∆𝐻𝑐𝑐
∆𝐻100∙𝑥𝑃𝑃𝑃

∙ 100  (1) 
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where xPLA represents the weight fraction of PLA on a blend, ΔHm and ΔHcc represent the 

melting and cold crystallization enthalpies of the blends and ΔH100 is the melting enthalpy of a 

100% crystalline PLA material (93 J/m)54. 

4.2.7. Dynamic mechanical analysis 

Dynamic mechanical analysis of PLA/PGSMA samples was carried on a Q800 DMA 

(TA instruments, USA). Samples were equilibrated at -100 °C for 10 min and then heated at 3 

°C/min to 100 °C. A periodic deformation of 0.02% strain was applied at 1 Hz in dual cantilever 

mode. The storage (E’) to loss (E”) modulus ratio (tan δ) was plotted as function of the 

temperature.  

4.2.8. Gel fraction determination 

Gel fraction determination was performed by dissolution in tetrahydrofuran (THF) as 

reported before 40. PLA/PGSMA samples of about 200 mg (mi) were dissolved in 30 mL of THF 

at 50 °C and the undissolved residue (mf) was separated by centrifugation, washed with fresh 

THF and dried at 80 °C to remove residual solvent. The gel fraction was calculated as 

𝐺𝑔𝑔 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑤𝑓%) = 𝑚𝑓

𝑚𝑖
∗ 100  (2) 
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4.2.9. Scanning electron microscopy 

Scanning electron microscopy imaging was performed on the fractured surface of tested 

notched Izod impact specimens of PLA/PGSMA blends on a Phenom ProX scanning electron 

microscope (Phenom-World VB, The Netherlands). Samples were coated with a fine layer of 

gold prior to observation to prevent deformation at high magnifications. For performing the 

particle size calculation of PGSMA phase, images were analyzed using the software ImageJ. At 

least 200 PGSMA particles were measured for each blend formulation in terms of diameter for 

calculating the size distribution. 

4.3. Results and discussion 

4.3.1. Effect of succinic acid to maleic anhydride on PGSMA synthesis and blending 

Table 4.1 shows the PGSMA formulations employed as well as molecular weight 

characterization. It can be seen that by monitoring the reaction viscosity, PGSMA products of 

similar molecular weight were obtained for different monomer composition. This allows to 

properly compare the PGSMA effect on dynamically vulcanized PLA/PGSMA blends. 

Table 4.1. Poly(glycerol succinate-co-maleate) (PGSMA) products synthesized 

Sample 
Monomer 

composition (mol G: 
mol S: mol MA) 

Reaction 
time (h) 

Viscosity 
(Poise) Mn (Da) Mw/Mn 

PGSMA 
100 - 0 1:1:0 8.5 221 ± 14 1280 ± 57 4.2 ± 0.3 

PGSMA 1:0.75:0.25 6.3 291 ± 9 1251 ± 31 4.6 ± 0.3 
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75 - 25 

PGSMA 
50 - 50 1:0.5:0.5 5.1 284 ± 16 1255 ± 165 4.5 ± 0.9 

PGSMA 
25 - 75 1:0.25:0.75 3.8 265 ± 6 1034.5 ± 70 3.8 ± 0.4 

PGSMA  
0 - 100 1:0:1 2.8 275 ± 15 906 ± 103 3.6 ± 0.4 

 

With decreasing mol ratio of succinic acid to maleic anhydride (SMA) the infrared 

spectra of the PGSMA products showed an increase in the peak at 1644 cm-1 (Figure 4.1). This 

peak has been attributed to C=C bonds on previous studies 38. Thus the number of unsaturations 

(C=C bonds) on PGSMA can be manipulated by changing the monomer composition of the 

synthesis.  

 

Figure 4.1. Infrared spectra of synthesized PGSMA products. (SMA: molar ratio of succinic 
acid/maleic anhydride employed in the formulation). 
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The melt compounding of PLA and PGSMA in presence of a free radical initiator could 

lead to different reaction products, as shown in Scheme 4.i. Free radicals formed could attack the 

C=C double bond on PGSMA molecules, creating PGSMA macroradicals. These could react 

among themselves to form crosslinked PGSMA (I in Scheme 4.i). Simultaneously, free radicals 

could promote hydrogen abstraction from PLA backbone which could be attacked by PGSMA 

macroradicals. This would result on the grafting of PGSMA molecules onto the PLA backbone 

yielding PLA-g-PGSMA copolymers (II on Scheme 4.i). Another possibility is the 

transesterification between ester groups on PLA and PGSMA and/or the esterification reaction 

between OH and COOH end groups on PLA or PGSMA (III on Scheme 4.i). Although this third 

reaction is possible, the transesterification of PLA and polyesters is usually realized only in the 

presence of transesterification catalysts and at residence times higher than the used in the present 

study 27,55. Moreover, in our previous study we showed that the compounding of PGSMA and 

PLA in absence of free radical initiator did not increase toughness of the resulting material, 

whereas in the presence of free radical initiator the toughness of the blend increased by 392% as 

compared to neat PLA 40. Thus, it can be concluded that the main reactions taking place during 

the dynamic vulcanization of PLA and PGSMA are the PGSMA self crosslinking and PLA-g-

PGSMA formation. The grafting of C=C containing polymers onto PLA mediated by free radical 

initiators has been also described by previous researchers in dynamic vulcanization studies 

33,38,56. 
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Scheme 4.i. Possible reactions between PLA and PGSMA on dynamic vulcanization process 

 

Figure 4.2 shows tensile toughness (calculated as area under the stress strain curve) and 

impact resistance of PLA/PGSMA dynamically vulcanized blends. These blends were 

compounded using a fix free radical initiator loading (1 wt% initiator by PGSMA weight).  
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Figure 4.2 Tensile toughness and notched Izod impact of dynamically vulcanized 80/20 wt% 
PLA/PGSMA blends. 

 

The crystallinity of PLA phase in the blends (Figure B.1) was not significantly affected 

and consequently it can be excluded from the mechanical analysis 33. With an increase in maleic 

anhydride content in the PGSMA phase, it is likely that a higher crosslinking density could be 

achieved on PGSMA phase (reaction I in Scheme 4.i). Similarly, grafting of PGSMA onto PLA 

could be favored with a higher concentration of C=C double bonds on the reactive extrusion 

system (reaction II in Scheme 4.i). The glass transition temperature of the PGSMA phase 

obtained by DSC analysis and the gel fraction of the blends increased with increasing maleic 

anhydride content in PGSMA phase (Figure B.1). The increased gel fraction suggests that with 

higher content of C=C bonds in the backbone of PGSMA, a higher crosslinking percentage of 

this phase is achieved. This could also be ascribed to the higher occurrence of PLA grafting onto 

the PGSMA crosslinked structure. An increment of glass transition temperature has been 
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correlated with an increased crosslinking density in poly(glycerol sebacate) polyesters with 

similar hyperbranched architecture than PGSMA 57. Dynamic mechanical analysis (Figure 4.3) 

confirmed the increase in glass transition of PGSMA shown by DSC and revealed that the 

damping capacity of the PGSMA phase decreased with increased content of maleic anhydride on 

the formulation (Figure 4.3a). Moreover, the damping capacity and glass transition temperature 

of the PLA phase reduced monotonically with the increase of maleic anhydride in the PGSMA 

formulation (Figure 4.3b). The shifting in glass transition of the blend components towards each 

other indicates a better compatibility is achieved on the system with increasing maleic anhydride 

on PGSMA. This can be explained by the increased concentration of PLA-g-PGSMA molecules 

formed as a result of the higher presence of reactive C=C bonds on the reactive extrusion. A 

decreased damping capacity indicates a hindered molecular mobility of the amorphous polymer 

phase. On the PGSMA network, this could be attributed to the achievement of a higher 

crosslinking density, as suggested by previous studies involving dynamic vulcanization of PLA 

and reactive elastomers 32. Also, the decrease in damping capacity of PGSMA could be related to 

a higher interfacial adhesion to PLA phase as a result of the increased concentration of PLA-g-

PGSMA species, causing the restriction on PGSMA mobility. In consequence, as PGSMA 

crosslinking density increases and the interfacial adhesion is promoted by PLA-g-PGSMA 

species, the molecular mobility of the overall system decreases. This leads to the decrease on 

impact resistance of the PLA/PGSMA blends with maleic anhydride higher than 25%. The 

specific contribution of each mechanism (PGSMA crosslinking and grafting to PLA) to the 

mechanical behavior remains a challenge and further experimental work is required given the 
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difficulty on quantifying accurately the amount of PLA-g-PGSMA species formed. Nevertheless, 

the formation of the PLA-g-PGSMA species was clearly demonstrated in the following sections. 

 

Figure 4.3. Tan delta of (a) PGSMA phase and (b) PLA phase of dynamically vulcanized 80/20 
wt% PLA/PGSMA blends. 

 

Figure 4.4 shows a zoom in the ester peak of both the neat PGSMA products and the gel 

PGSMA phase extracted from the reactive PLA/PGSMA blends (1500 – 1900 cm-1 region).  
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Figure 4.4. FTIR spectra of neat PGSMA products (dashed line) and PGSMA fraction extracted 
from dynamically vulcanized 80/20 wt% PLA/PGSMA blends. 

 

When comparing the ester peak of the neat PGSMA products (dashed line) to the gel 

extracted from the blend (solid line) a clear shift towards the PLA ester peak at 1747 cm-1 is 

noticeable for maleic anhydride content higher than 50%, whereas for PGSMA formulations 

with lower maleic anhydride content this peak remains unshifted in the gel PGSMA compared to 

the neat PGSMA.  As demonstrated in our earlier work, a shift of the ester PGSMA peak in the 

PLA/PGSMA reactive blends can be attributed to the formation of PLA-g-PGSMA copolymers 

40. Thus, with higher content of maleic anhydride in the PGSMA formulations, a higher 

formation of PLA-g-PGSMA copolymers seems to occur. These copolymers would be located at 

the interface of both blend components increasing the interfacial adhesion.  

The formation of PLA-g-PGSMA species should also increase the tensile strength of the 

system, as seen in Figure B.2. The Pukanszky model has been commonly used in PLA blends to 
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analyze the interfacial adhesion between the phases in the blend 27,58,59. This model predicts that 

the stress at yield in a binary polymer blend can be calculated as: 

𝜎𝑦 = 𝜎𝑦0
1−𝜑𝑑

1+2.5𝜑𝑑
exp (𝐷𝜑𝑑) (3) 

where σy is the yield stress of the blend, σy0 is the yield strength of the continuous phase and φd 

is the volume fraction of dispersed phase in the blend. The parameter B is an interaction 

parameter related to the interfacial adhesion of both components in the blend. According to this 

model, in absence of interfacial adhesion of the blend components the parameter B equals zero 

and the yield stress should remain constant for different blends prepared at a fixed weight ratio of 

PLA/PGSMA. The experimental data shows considerable variation from this model prediction, 

indicating that in fact there is interfacial adhesion on the PLA/PGSMA blends. This result agrees 

with the infrared spectra observations (Figure 4.4) where it was shown that the formation of 

PLA-g-PGSMA occurs and is favored at higher concentrations of maleic anhydride in the 

PGSMA formulation. Furthermore, SEM analysis (Figure 4.5) of the PLA/PGSMA blends 

confirmed this hypothesis. First, as the PGSMA employed is free from maleic anhydride (Figure 

4.5b), numerous cavities of diameter as high as 6 µm are observed. These cavities were formed 

after PGSMA particles were pulled out from PLA phase as a result of poor interfacial adhesion. 

With the incorporation of maleic anhydride to PGSMA (Figure 4.5b to f), an obvious decrease in 

PGSMA particle diameter is observed. This can be ascribed to the formation of PLA-g-PGSMA 

species acting as compatibilizers at the PLA/PGSMA interphase, allowing for an improved 

dispersion of PGSMA onto PLA matrix. Interestingly as the content of maleic anhydride 
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increases in PGSMA, the situation changes from a weakly bonded PGSMA phase to a strongly 

bonded one. In fact, in the highest content of maleic anhydride on PGSMA (Figure 4.5f) it can be 

seen that well adhered PGSMA particles remained on the PLA phase after impact testing. In 

addition, PLA phase appears deformed around PGSMA particles which shows that stress is 

effectively transferred between both phases. These results confirm that a stronger interfacial 

adhesion is achieved as a result of higher PLA-g-PGSMA formation with increasing content of 

maleic anhydride on PGSMA.  

 

Figure 4.5. Scanning electron microscopy images of fracture surface on notched Izod impact 
tested samples of dynamically vulcanized 80/20 PLA/PGSMA blends. (a) neat PLA, (b) PGSMA 

100 – 0, (c) PGSMA 75 – 25, (d) PGSMA 50 – 50, (e) PGSMA 25 – 75, (f) PGSMA 0 – 100. 
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Ultimately the toughness of the dynamically vulcanized PLA/PGSMA system was 

favored by the balance achieved between an slightly crosslinked PGSMA phase allowing for a 

low glass transition temperature and the formation of PLA-g-PGSMA copolymers which allow 

for an effective load transfer between the phases. Similar mechanical behavior was observed by 

Zhang et al 56; the competition between the self-crosslinking of the secondary polymer and the 

amount of PLA/secondary polymer graft copolymer formed determines the elongation and 

impact behavior on PLA/unsaturated elastomer reactive blends mediated by free radical 

initiators. Both the glass transition of the elastomer and the interfacial adhesion are major 

contributors to the toughness of thermoplastic-elastomer blend systems 60. 

4.3.2. Effect of PLA to PGSMA ratio 

After studying the effects of the different formulations of PGSMA a series of blends of 

PLA and PGSMA 75 – 25 SMA were prepared using a fixed concentration of initiator (1 wt% by 

PGSMA weight) and various weight ratios of PLA/PGSMA. Our aim was to investigate the 

mechanical properties of the binary blend at higher loadings of PGSMA and the mechanisms 

underlying these effects. In another series of experiments, the effect of the initiator was 

investigated. It was observed that at higher initiator loadings the toughness of the system was not 

significantly improved (Figure B.3). Moreover, a slight decrease on the PLA glass transition 

together with the appearance of a double melting peak of PLA was observed on DSC 

experiments (Figure B.4 and Table B.1). Previous research has suggested that the appearance of 

a secondary melting peak at lower temperature is a consequence of the formation of PLA graft 

copolymers with the secondary polymer, leading to the formation of imperfect crystals 38. In the 
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present study, the formation of PLA-g-PGSMA molecules could be favored with increased 

initiator loadings which could promote the formation of imperfect PLA crystals and additionally 

decrease PLA glass transition as shown in the previous section. Other researchers have suggested 

that higher initiator loadings could result in increased PLA chain breakage, which could also 

promote a plasticization effect on PLA decreasing its Tg 
56. Further research could help in 

clarifying these effects. In regards to our aim of increasing toughness in the PLA/PGSMA blend, 

the concentration of initiator was fixed to 1 wt% by PGSMA weight, given that the toughness of 

the blends is not significantly enhanced with increasing initiator loadings.  

The mechanical behavior of the dynamically vulcanized PLA/PGSMA blends can be 

observed in Table 4.2. The tensile strength and modulus of the blends were decreased 

monotonically with the addition of PGSMA due to its elastomeric nature. The elongation at 

break of the blends increased monotonically with the load of PGSMA. This could be due to 

either a mechanism of PGSMA debonding followed by stable void growing or by stress transfer 

and deformation of PGSMA particles or a combination thereof. Both of these plausible 

mechanisms have shown effective on inducing PLA shear yielding, increasing elongation at 

break in PLA systems13,61.  
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Table 4.2. Mechanical properties of dynamically vulcanized PLA/PGSMA blends with various 
amounts of PGSMA. σ: Tensile Strength, E: Young’s modulus, εb: elongation at break. 

PGSMA in blend 
(wt%) σ (MPa) E (MPa) εb (%) 

Tensile 
toughness 
(MJ/m3) 

Notched Izod 
impact (J/m) 

40 32.2 ± 0.9 1879 ± 89 55.3 ± 11 13.6 ± 2.9 55.4 ± 7.1 
30 43.1 ± 0.5 2519 ± 103 45.2 ± 8.1 13.8 ± 2.3 37.3 ± 3.4 
20 47.7 ± 0.6 2804 ± 88 29.5 ± 7.3 9.3 ± 1.9 40.3 ± 4.4 
10 60.8 ± 0.6 3449 ± 94 11 ± 2.1 4.3 ± 0.7 27.9 ± 6.6 
0 81.1 ± 0.5 4081 ± 183 3.6 ± 0.3 2 ± 0.3 20.4 ± 1.4 

 

In order to confirm the mechanism of toughening on tensile testing, scanning electron 

microscopy observations were taken on cryofractured tensile specimens. In these images (Figure 

4.6) the cross section of the tested tensile specimens was photographed aiming to observe the 

behavior of the PGSMA particles upon tensile loading. The observations revealed that debonding 

of PGSMA occurs upon tensile testing, followed by stable void growth from debonded PGSMA 

particles. In addition, PLA matrix showed evidence of extensive shear yielding after PGSMA 

debonding. Thus, the enhanced tensile toughness in the system can be attributed mainly to PLA 

shear yielding induced by PGSMA debonding. 
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Figure 4.6. Scanning electron microscopy of cross sectional area in 60/40 PLA PGSMA tensile 
specimen. Images collected at different locations in necking region. (a) beginning of necking 
zone and (b) fully necked region. (a’) and (b’) correspond to enlarged sections of (a) and (b) 

respectively. Yellow arrows show debonded PGSMA particles. 

 

Elongation at break and tensile modulus of the system were modeled by a linear trend 

with respect to PGSMA load (Figure B.5). The tensile strength of the system was modeled in 

terms of the Pukanszky model for binary blends (equation 3). The coefficient B, representative of 

interfacial adhesion on the binary blend was obtained by linearizing equation 3 as shown by 

previous researchers (Figure B.6) 58,62,63. A B parameter equal to 0.744 was obtained using this 

approach. Previous researchers have reported values of B in the range of 2.38 – 3.77 for PLA 

blend systems 62,63. Although these values seem higher, they were calculated using a much lower 
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strain rate for testing (1.7·10-3 s-1 versus 12.8·10-3 s-1 in the present study). Thus, the value of B 

is not directly comparable to literature reported values due to the dependence of interfacial 

adhesion on the nominal strain rate employed for testing 64. Nevertheless, the experimental data 

for tensile strength seems to be in close agreement with the Pukanszky model (Figure B.7) which 

agrees with the formation of PLA-g-PGSMA copolymers acting as compatibilizers as discussed 

before.  

Notched Izod impact resistance is indicative of dynamic toughness of the PLA/PGSMA 

system as is carried at strain rates much higher than conventional uniaxial tensile testing. In 

average, both tensile toughness and impact resistance were increased with the addition of 

PGSMA as can be observed in Table 4.2 but the trend was not linear as in the case of elongation 

at break. The SEM observation of the fracture site on notched Izod impact tested specimens of 

PLA/PGSMA reactive blends (Figure 4.7) provided evidence of a low interfacial adhesion of 

PGSMA to PLA upon impact testing; PGSMA rubbery particles were pulled out of the PLA 

matrix due to the interfacial adhesion being overcome by the high strain rate of impact testing. 

Wu observed a similar behavior on a rubber toughened thermoplastic system displaying low 

interfacial adhesion 64.  
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Figure 4.7. Scanning electron microscopy images of fracture surface on notched Izod impact 
tested samples of dynamically vulcanized PLA/PGSMA blends containing (a) 10, (b) 20, (c) 30 

and (d) 40 wt% of PGSMA. (e) Size distribution of PGSMA particles 

 

The images in Figure 4.7a-d were analyzed by measuring the diameter of at least 200 

PGSMA particles and particle size distributions were calculated (Figure 4.7e).  The reason for 

change of diameter of PGSMA particles could be the competition of a decrease in viscosity of 

the blend and an increase of coalescence of secondary phase particles at higher loads of PGSMA. 

At loads of PGSMA lower than 20 wt% the decrease of viscosity on the blend is not enough for 

allowing a breakage of PGSMA into very fine droplets upon blending, causing the presence of 

larger particles. After 30 wt% PGSMA load, PGSMA dispersion into fine droplets takes place at 
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the beginning of the blending process but a higher occurrence of coalescence as a consequence 

of the lower viscosity and higher concentration of PGSMA can be expected. Thus a balance 

between these two processes in the case of the 70/30 wt% PLA/PGSMA blend could cause the 

absence of larger PGSMA particles (d > 3.5 µm). To get a better understanding of the variations 

on impact resistance results an analysis of the toughening mechanisms on the PLA/PGSMA 

blends was carried. As suggested in literature, in a successfully toughened PLA blend the impact 

energy is dissipated as a combination of multiple crazing of PLA, cavitation and deformation of 

secondary phase, shear yielding of PLA ligaments and debonding of secondary phase leading to 

crack growth and failure 2. For simplicity and in analogy to linear elastic fracture mechanics 

approaches 65,66, it can be assumed a linear relation of the energy contributions to the impact 

strength as: 

𝐼𝐼 = 𝐸𝑐𝑐𝑐𝑐𝑖𝑐𝑐 + 𝐸𝑐𝑐𝑐𝑖𝑐𝑐𝑐𝑖𝑐𝑐 + 𝐸𝑠ℎ𝑒𝑐𝑐 𝑦𝑖𝑒𝑦𝑑𝑖𝑐𝑐 + 𝐸𝑑𝑒𝑑𝑐𝑐𝑑𝑖𝑐𝑐 (4) 

From the observation of PGSMA pulled out from PLA in SEM it can be assumed that 

plastic deformation of the secondary phase is not achieved and the term for cavitation in equation 

4 can be disregarded giving 

𝐼𝐼 = 𝐸𝑐𝑐𝑐𝑐𝑖𝑐𝑐 + 𝐸𝑠ℎ𝑒𝑐𝑐 𝑦𝑖𝑒𝑦𝑑𝑖𝑐𝑐 + 𝐸𝑑𝑒𝑑𝑐𝑐𝑑𝑖𝑐𝑐 (5) 

For thermoplastic system filled with weakly bonded spherical particles earlier studies 

have modeled the toughness of the system including energy contributions from the matrix 

crazing and shear banding and from the debonding/cavitation of the particles followed by plastic 

void growth of the matrix 65,66. The energy contribution of the debonding, cavitation, plastic void 
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growth and shear banding has been modeled as a function of the volumetric fraction of voids on 

the plastic deformation zone in front of the crack tip 66. Other authors have defined this 

contribution as proportional to the surface area of the particles involved on the plastic 

deformation zone 65. Both of these parameters are proportional (up to a certain limit) to the 

volume fraction of filler 66 and hence they should be also proportional to the weight fraction of 

gel PGSMA on the present system. The contribution of the crazing mechanism has been modeled 

as proportional to the ligament thickness T, defined as the minimum distance between two 

adjacent particles of secondary phase on the matrix 66. Liu established that in a binary blend the 

ligament thickness T can be calculated using 67 

𝑇 = 𝑥 �� 𝜋
6𝜑𝑑

�
1
3� exp(1.5𝑔𝑓2𝜎) − exp(0.5𝑔𝑓2𝜎)� (6) 

where φd is the volume fraction of dispersed phase in the blend (PGSMA), d and σ represent the 

location and the scale of the particle size distribution. The parameters for the particle size 

distribution were calculated fitting a lognormal distribution to the data presented in Figure 4.7. 

Subsequently the ligament thickness T on the PLA/PGSMA reactive blends with different weight 

ratio of PLA/PGSMA was calculated using equation 6 (Table B.2). In order to fit a linear 

regression of the notched Izod energy of the blends to the parameters T and wgel, the gel fraction 

of PGSMA in the blend, these parameters were normalized in the interval [0, 1]. A linear 

regression was fitted using the average notched Izod energy (IS) and the normalized ligament 

thickness (T’) and gel fraction (w’) data as presented in Table B.3. The linear regression 

obtained is  
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𝐼𝐼 = 17 + 15.2 𝑇′ + 30.4 𝑤′ (7) 

with a R-squared value of 0.999 and a R-squared adjusted value of 0.997 indicating a good 

fitting to the experimental data. The fact that the notched Izod experimental data can be well 

represented by the linear contributions of the matrix crazing and plastic deformation further 

confirms that at high strain rates debonding is taking place before plastic deformation of the 

PGSMA phase in the PLA/PGSMA system. Therefore, strategies for improving the interfacial 

adhesion between both blend components while keeping a low glass transition of PGSMA could 

help on increasing stress transfer and deformation of PGSMA, improving impact resistance of 

the system. Figure 4.8 gives an estimation of the contributions of matrix crazing and matrix 

plastic deformation to the total impact energy accounted. The root cause for the variations on 

energy dissipation mechanisms is the particle size distribution of PGSMA. Bucknall and Paul68,69 

demonstrated through a linear elastic fracture mechanics approach that in a binary polymer blend 

an optimum particle size range exists that enables internal particle cavitation followed by plastic 

deformation of the matrix achieving maximum toughening. For quasi-amorphous PLA blends, 

the optimum size of the secondary phase has been reported in the range of 0.7 – 1.1 µm 32,33,61. 

Moreover, these authors showed that on the microscopic deformation processes taking place in 

front of the crack tip, large particles tend to induce crazing of the matrix whereas smaller 

particles favor yielding of the matrix. Therefore, in the case of a distribution of size as in the 

PLA/PGSMA blends the larger particles will contribute to craze initiation whereas particles on 

the optimum size and smaller will favor plastic deformation.  As shown in Figure 4.7, the 

average particle size of the PGSMA particles tends to increase with increasing loads of PGSMA 
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(from 0.469 up to 0.649 µm). With this, a larger proportion of PGSMA particles fall on the range 

of size that induces primarily PLA plastic deformation and yielding (0.7 – 1.1 µm) which 

explains the higher contribution of these mechanisms to toughening at PGSMA loads higher than 

20 wt%. The presence of large particles (d > 3.5 µm) primarily on blends containing 10, 20 and 

40 wt% of PGSMA explains the occurrence of crazing in these blends. Although all weakly 

bonded particles could act as initiation sites for crazing, in practice the larger PGSMA particles 

are able to debond at early stages of crack propagation, before other smaller PGSMA particles, 

and crazing can start preferentially at these initiation sites 68,69. Then, particles smaller than the 

optimum size (0.7 – 1.1 µm) are ineffective on terminating the growing crazes, leading to fast 

crack propagation and failure 61. 

 

Figure 4.8. Impact energy of PLA/PGSMA dynamically vulcanized blends as a function of 
individual contributions of matrix crazing and matrix plastic deformation. 
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4.4. Conclusions 

The dynamic vulcanization of PLA and PGSMA was investigated in detail aiming to 

increase the toughness of PLA. In terms of PGSMA synthesis, it was found that maintaining a 

low glass transition temperature while enabling in situ formation of PLA-g-PGSMA molecules 

by C=C grafting of PGSMA to PLA are the main parameters responsible for controlling 

toughness on the blends. A balance between these two parameters was achieved at a composition 

of 1:0.75:0.25 mol glycerol : succinic acid : maleic anhydride. Increasing the amount of PGSMA 

into the blend showed effective on monotonically increasing toughness of the system both in 

terms of elongation at break and notched Izod impact. Tensile toughness was enhanced through 

debonding of PGSMA particles enabling PLA matrix shear yielding. In the case of impact 

resistance, the toughening effects were controlled by the distribution of size of PGSMA within 

PLA. The blend of 60/40 PLA/PGSMA displayed an enhancement of 53 and 175% on 

elongation at break and notched Izod impact respectively as compared to neat PLA.  
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5 Chapter 5. Design of ternary blends of poly(glycerol succinate-co-maleate) (PGSMA), 

poly(lactic acid) (PLA) and poly(butylene succinate) (PBS) with  mechanical 

performance comparable to petroleum based thermoplastics * 

Abstract: The feasibility of designing novel sustainable thermoplastic materials 

containing poly(glycerol succinate-co-maleate) (PGSMA) as a way for upgrading glycerol 

utilization was explored. The target of the design was to fabricate sustainable blends of PGSMA, 

poly(lactic acid) (PLA) and poly(butylene succinate) (PBS) with mechanical performance 

comparable to petroleum based poly(propylene) and its copolymers. A feasibility region for 

PGSMA blend compositions was found using statistical mixture design of experiments (DOE) 

where tensile and impact properties were comparable to commercial poly(propylene) materials. 

The mechanical performance of new formulations in this feasibility region was modeled through 

linear regression and accurately predicted, with a prediction error of 5 and 13.5% for tensile and 

impact properties, respectively. A blend of 35/40/25 PGSMA/PLA/PBS displayed a tensile 

strength of 33.8 MPa, tensile modulus of 1.47 GPa and notched Izod impact of 159 J/m, being 

comparable to some commercially available poly(propylene) products. 

 

____________________________________________ 

* A version of this chapter has been published as: Valerio, O., Misra, M., Mohanty, A.K. Statistical 
design of sustainable thermoplastic blends of poly (glycerol succinate-co-maleate) (PGSMA), 
poly(lactic acid) (PLA) and poly(butylene succinate) (PBS). Polymer Testing, 2017, 65, pp. 420 
– 428. Supplementary figures and tables provided in Appendix C. 
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5.1. Introduction 

In an effort for decreasing petroleum dependence and thus alleviating environmental 

concerns on its effects, the usage of biobased plastics has been industrially adopted in many 

countries as a strategy for increasing sustainability of plastic consumption. The engineering 

design and synthesis of biobased thermoplastics that can match some key properties of petroleum 

based plastics is thus an important research challenge in current development. In particular, 

designing biobased thermoplastics that could match the mechanical performance of common 

polyolefins such as poly(propylene) at a similar production cost could help in promoting a 

gradual transition towards biobased thermoplastics for certain applications where durability of 

the parts is not an issue. Melt blending technologies are of particular interest in the engineering 

design of thermoplastic materials, given that they can be easily scaled up for adoption at 

industrial level 1,2. Thus, a common technique in the design of biobased thermoplastics is the 

melt blending of biobased polymers displaying poor mechanical behavior but relatively low cost, 

with synthetic high performance biobased polymers in order to produce a final material with a 

balanced cost to performance ratio. The development of biobased thermoplastic starch blends 3–5 

and plasticized proteinaceous blends 6–10 are good examples of this method.  

Poly(glycerol-co-diacid)s are an emerging family of biobased polyesters which can be 

synthesized in simple polycondensation procedures using glycerol and diacids as co-monomers. 

Poly(glycerol sebacate) synthesized using glycerol and sebacic acid is by far the most widely 

studied polyester from this family since its first description as a biocompatible biodegradable 

elastomeric material 11.  Given the attractiveness of biomedical applications, the vast majority of 
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research on poly(glycerol-co-diacids) is oriented to biomedical usages of poly(glycerol sebacate) 

12. Nevertheless, novel applications for different poly(glycerol-co-diacids) are emerging as this is 

required in order to strengthen the biorefinery concept around the oleaginous biomass, where 

glycerol is a major co-product of biodiesel production 13,14. Interestingly, the total cost of 

production at industrial level of these poly(glycerol-co-diacids) using glycerol from biodiesel 

biorefineries has been estimated as ~0.9 USD/lb using process simulation tools 15, which makes 

them attractive candidates for the development of commercially viable applications. In 

particular, poly(glycerol succinate) (PGS) and poly(glycerol succinate-co-maleate) have been 

described as elastomeric materials which can be synthesized using glycerol from biodiesel 

production and biobased succinic acid 16,17. These biobased materials have been used in earlier 

literature as toughness enhancers in thermoplastic blends due to their elastomeric properties 18–20. 

In spite of the simplicity of their production route and an estimated low production cost at 

industrial level, these amorphous elastomers present poor mechanical performance for being 

used as thermoplastic materials in replacement of common polyolefins due to a low achievable 

molecular weight before crosslinking 21. Therefore, the strategy of blending PGSMA with 

secondary thermoplastics to improve the mechanical performance of the final material appears as 

a logical choice. 

Among synthetic biobased and biodegradable polymers, poly(lactic acid) or poly(lactide) 

(PLA) and poly(butylene succinate) (PBS) are currently the materials with highest industrial 

production capacity, jointly reaching nearly 328 kton/year in 2016 22. This includes PBS 

synthesized both from petroleum and renewable sources. PLA is a well-known thermoplastic 
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material, with a high tensile strength (~65 MPa) and modulus (~3.2 GPa) which is produced 

industrially from biomass fermentation to lactic acid followed by polymerization of lactide. This 

fully biobased semi-crystalline thermoplastic has been used in applications such as biomedical 

devices and rigid and flexible packaging 23,24. Its wider adoption in commercial applications has 

been often limited by its brittleness, evidenced as a low elongation at break (~3%) and notched 

Izod impact resistance (~20 J/m) 25. PBS is also a semi-crystalline thermoplastic material 

displaying a lower tensile strength (30 - 35 MPa) and modulus (0.3 – 0.5 GPa) compared to PLA 

26. This ductile material displays a much higher elongation at break than PLA (>200%) but still 

its impact resistance remains low (40 - 70 J/m) 27. Partially biobased PBS is currently produced 

at industrial level from biobased succinic acid and petroleum based 1,4-butanediol, yielding PBS 

of around 60% biobased content 28. It is projected that by 2017 the industrial production of 

biobased 1,4-butanediol will be fully operational, enabling the production of 100% biobased PBS 

29. PBS has been commercially adopted mainly in flexible packaging and agricultural 

applications 22. Being PLA and PBS the most widely produced biodegradable synthetic polymers 

and with a prosperous market forecast, their usage as blending partners for PGSMA seems in line 

with current trends in biobased sector development. 

Due to the complementary mechanical properties displayed by PLA and PBS, melt 

blending of these two polymers has been researched aiming to produce a final material achieving 

a balance between stiffness (tensile modulus) and toughness (elongation at break and impact 

resistance). Blends of PLA and PBS have been reported as immiscible, and thus the mechanical 

behavior of simple blends of PLA/PBS is unsatisfactory 30–32.  Reactive compatibilization has 
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been used to increase the mechanical performance on the PLA/PBS system. The usage of free 

radical initiators has been shown effective on increasing both tensile and impact toughness of the 

blends in samples fabricated using compression molding 33,34. Reactive blending with isocyanate 

resulted on an effective way for improving impact toughness of the system, achieving a non-

break behavior on notched Izod impact testing 35. Similarly, the addition of PBS grafted 

nanocellulose (PBS-CNC) in PLA/PBS blends resulted in a significant improvement of notched 

Izod impact on the final composite 36. Although these strategies were proved successful, the 

fabrication of a PLA/PBS blend displaying high notched Izod resistance without the usage of non 

biobased additives like isocyanides and using a fast and simple, one step blending and injection 

molding strategy remains a challenge to present date.  In this context, the usage of PGSMA as a 

component in a ternary blend PGSMA/PLA/PBS could help in improving impact resistance on 

the PLA/PBS blend while they contribute with strength and stiffness, to achieve a final 

PGSMA/PLA/PBS blend material with balanced mechanical performance. 

Statistical design of experiments (DOE) is a technique commonly used in the engineering 

design of polymeric materials 37–41. The value of DOE is the possibility of analyzing multiple and 

simultaneous effects of selected parameters on experimental responses with a minimal set of 

experiments. Mixture design is a special type of DOE methodology that specially suits the design 

of polymer blends and composites, given that it allows for analyzing the effect of variating the 

proportion of the components in the blend on the responses of interest. Using this approach, the 

mechanical performance of biobased polymeric materials has been tailored in earlier literature 

42,43. Thus, in the present paper the design of a ternary polymeric blend of PGSMA, PLA and 
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PBS using a mixture design of experiments is described, with the aim of achieving a final blend 

displaying balanced tensile (strength and modulus) and impact (notched Izod) properties in a 

range comparable to a reference petroleum based thermoplastic such as poly(propylene). 

5.2. Experimental section 

5.2.1. Materials 

Technical glycerol was obtained from a local biodiesel producer (BIOX corporation, 

Canada) containing 95 wt% glycerol 17. Succinic acid (99+wt%, KIC chemicals, UK), maleic 

anhydride (99 wt%, Sigma Aldrich, Canada) and 2,5-Bis(tert-butyl-peroxy)-2,5-dimethylhexane 

(Luperox 101, technical grade 90%, Sigma Aldrich, Canada) were used as received. Injection 

grade poly(lactic acid) (Ingeo 3251D, Natureworks, USA) with an MFI of 35 g/10 min (190 °C, 

2.16 kg) 44 was purchased in the form of pellets. Partially biobased film grade poly(butylene 

succinate) (FZ91PM, PTT MCC Biochem, Thailand) with an MFI of 5 g/10 min (190 °C, 2.16 

kg) 45 was kindly donated by CG-Tech (Canada). 

5.2.2. Synthesis of poly(glycerol succinate-co-maleate) (PGSMA) 

PGSMA was synthesized using a simple one pot polycondensation procedure as reported 

before 19,20. Glycerol (143 g, 1.5 mol), succinic acid (130 g, 1.1 mol) and maleic anhydride (36 g, 

0.4 mol) were placed on a 1L four mouth glass reactor equipped with a dean stark apparatus, 

heating mantle and mechanical stirrer. The mixture was heated up to 150 °C and stirred at 250 

rpm under an inert nitrogen atmosphere. Viscosity of the PGSMA product was monitored in a 
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cone plate viscometer at 100 °C and 100 s-1 (CAP 2000+, Brookfield, USA). The reaction was 

carried until a viscosity on the range of 250 – 350 P was obtained to reach the highest molecular 

weight possible before gelation 21. The PGSMA product obtained displayed a viscosity of 340 P 

(100 °C and 100 s-1), a molecular weight of 1251 ± 31 g/mol and a polydispersity of 4.6 ± 0.3 as 

determined by gel permeation chromatography. 

5.2.3. Design of experiments and model fitting 

A mixture design was selected to analyze the effect of the blend composition on 

mechanical properties. The goal was to fabricate PGSMA/PLA/PBS blends using a minimal 

amount of PBS. The control factors for the design were the weight percentage of PGSMA, PLA 

and PBS on the blends. For coding the design into the statistical software, weight fractions of 

PGSMA, PLA and PBS adding a total of one were used. The design was built using Minitab 

software with the following inputs: 0.3 < PGSMA < 0.5, 0.3 < PLA < 0.5, 0.1 < PBS < 0.3. 

These limits were chosen based in our previous research and in a preliminary experimental 

design (data not shown). The experimental design obtained consisted of 26 runs considering two 

replicates for each point (13 different blend formulations with a duplicate each) (Figure 5.1 and 

Table C.1). Stepwise regression method was employed on Minitab for fitting the regression 

model to the experimental data. In this method, a full cubic model was used as the reference 

regression model. This methodology starts by estimating the response variable Y with a linear 

model in the form Y = β1*X1 + β2*X2 + β3*X3, where β are the predictors and X1, X2 and X3 are 

the weight fractions of PGSMA, PLA and PBS respectively in the blend formulation. Through 

successive steps, the higher order terms from the reference model are included in the linear 
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model and tested for significance, yielding a reduced model with the minimum amount of 

significant explanatory variables. A significance level α = 0.15 was used as statistical criteria for 

including factors from the full model to construct the reduced model. 

 

Figure 5.1. Mixture design of experiments employed. 

5.2.4. Fabrication of PGSMA/PLA/PBS ternary blends 

The ternary blends of PGSMA/PLA/PBS were prepared by using a lab scale twin screw 

extruder followed by injection molding (Xplore, DSM, Netherlands). PLA and PBS were dried 

for 12 hours at 80 °C before extrusion to a residual moisture below 0.1 wt%. PGSMA was kept 

inside a plastic syringe after synthesis, and used without further purification. For the processing, 

PGSMA was heated up to 80 °C by a syringe heater (New Era, USA) for accurate dispensing. 

PLA, PGSMA, PBS and the free radical initiator were introduced simultaneously to the extruder 

chamber kept at 180 °C with a screw speed of 100 rpm. After 2 minutes extrusion, the material 

was collected in an injection device preheated to 180 °C and injected into molds kept at 30 °C. 
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The free radical initiator concentration was fixed as 0.2 phr for all blends based on our previous 

results in the PGSMA reactive system 19. 

5.2.5. Mechanical testing 

Tensile testing was performed 48 hours after processing on an Instron universal testing 

machine (Instron, Canada) using type IV specimens according to ASTM D638 with a testing 

speed of 50 mm/min. Notched Izod impact was tested on an impact testing machine equipped 

with a 0.5 – 5 ft lbs hammer according to ASTM D256 standard. The samples were notched after 

processing and kept undisturbed 48 h before testing.  

5.2.6. Contact angle measurements and surface tension calculation 

The contact angle of PGSMA was measured using a goniometer (Rame-hart Instrument 

Co., USA) and four probe liquids: water, glycerol, ethylene glycol and diiodomethane. Films of 

PGSMA were fabricated by casting liquid PGSMA on the surface of Teflon plates with a 1 mm 

frame in between and cured at 80 °C for 12 h to produce films of about 1 mm thickness. A 

droplet of 5 µL was placed on top of the PGSMA films under air at room temperature (25 °C) 

and equilibrium contact angle was measured 46. The contact angle data was used for calculation 

of surface tension disperse and polar components using the Owens-Wendt-Rabel-Kaelble 

(OWRK) model as described in earlier research 47. Raw contact angle data can be found in Table 

C.2. Surface tension disperse component for PGSMA was extrapolated from room temperature 

to the mixing temperature (180 °C) by using the coefficient of -0.06 mJ/m2 48. Interfacial tension 
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and spreading coefficient between polymer pairs was calculated using equations (1) and (2) 

respectively, as reported in previous literature 49,50. 

𝛾12 = 𝛾1 + 𝛾2 − 4 � 𝛾1
𝑑𝛾2𝑑

𝛾1
𝑑+𝛾2

𝑑 + 𝛾1
𝑝𝛾2

𝑝

𝛾1
𝑝+𝛾2

𝑝� (1) 

𝜆31 = 𝛾12 − 𝛾32 − 𝛾13 (2) 

where γ denotes total surface tension, γd and γp denote disperse and polar components of surface 

tension, λ is the spreading coefficient and the sub-indexes 1, 2 and 3 denote the polymer matrix, 

major and minor dispersed phases respectively. 

5.2.7. Solubility parameter calculation 

Solubility parameters for PGSMA, PLA and PBS were calculated from polymer 

theoretical structure using Hoftyzer and Van Krevelen method 51. This methodology allows for 

the quantification of individual components of the total solubility parameter (δ), namely, 

dispersive (δd), polar (δp) and hydrogen bonding (δh) components. For PLA and PBS, average 

number molecular weights Mn of 5.77x104 g/mol 52 and 1.42x104 53 g/mol were assumed. For 

PGSMA, a Mn of 1.23 x103 was used as determined by GPC measurements. The individual 

components and the total solubility parameter were computed from published values of group 

contributions (Fd, Fp, Eh) and using equations (3) to (6) 51. 

𝛿2 = 𝛿𝑑2 + 𝛿𝑑2 + 𝛿ℎ2 (3) 

𝛿𝑑 = ∑𝐹𝑑𝑖
𝑉

 (4) 
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𝛿𝑝 =
�∑𝐹𝑝𝑖

2

𝑉
 (5) 

𝛿ℎ = �∑𝐸ℎ𝑖
𝑉

 (6) 

5.3. Results and discussion 

5.3.1. Phase morphology and mechanical behavior 

The fabrication of ternary blends of PGSMA/PLA/PBS in the presence of a free radical 

initiator promotes the crosslinking of PGSMA to form a rubbery phase 19,20. The C=C double 

bond on the backbone of PGSMA is able to react during extrusion, as demonstrated by nuclear 

magnetic resonance and infrared spectroscopy on our earlier work 19,20. This was observed as an 

increase in the extrusion force over time (Figure 5.2), which was not noticed on binary blends of 

PLA/PBS compounded using the same extrusion parameters and free radical initiator loading.  
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Figure 5.2. Extrusion force versus time in reactive polymer blends. 

As the rubbery PGSMA phase develops, is of interest to know how the three components 

of the blend would be distributed, since morphology is a main factor on determining mechanical 

properties of polymer blends. Solubility parameters δ are commonly used as a tool for assessing 

the miscibility or compatibility of polymer blends 46,54,55. The solubility parameters for PGSMA, 

PLA and PBS were calculated using the Hoftyzer and Van Krevelen method (Table C.3). A 

similar solubility parameter indicates a good compatibility of two polymers. In this case, PLA 

and PBS present a similar total solubility parameter δ of 23.3 and 22.1 J1/2 cm-3/2, whereas 

PGSMA has a total δ value of 28.5 J1/2 cm-3/2. The calculated values are similar to those reported 

on earlier literature for PLA and PBS 54,55. The significantly higher solubility parameter of 

PGSMA suggest that in a ternary PGSMA/PLA/PBS blend, a better compatibility of PLA and 

PBS should be expected represented as a fine dispersion of PBS on PLA or vice versa with larger 

PGSMA droplets dispersed. Surface tension (γ) of polymer components in a blend yields semi 
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empirical information about the morphology of the blend.  Surface tension data for PGSMA, 

PLA and PBS is presented in Table 5.1. The surface tension data for PGSMA was obtained by 

contact angle measurements at 25 °C using the OWRK model and then extrapolated to the 

mixing temperature (180 °C). Results show that PBS has a much larger total surface tension 

compared to PLA and PGSMA. The spreading coefficient is a quantitative measurement of 

surface tension differences and states whether the morphology of a ternary blend will be phase 

separated or a core shell type morphology 49. In a ternary system with a matrix (1), a major 

dispersed phase (2) and a minor dispersed phase (3), a positive value of the spreading coefficient 

λ31 indicates the occurrence of encapsulation, rendering a core shell morphology. The surface 

tension between polymer pairs, γ12, γ32, γ13 and the spreading coefficient λ31 for all possible 

combinations of polymer formulations were calculated (Table C.4). From these results it was 

found that the surface tension between PBS and PGSMA is the largest. This results in a positive 

spreading coefficient only in the cases when PGSMA is the matrix, PBS the minor dispersed 

phase encapsulated by PLA or in the case of a PBS matrix with a minor PGSMA phase 

encapsulated by PLA. In other words, the differences in surface tension promote the 

compatibility between PLA and PGSMA or PBS and PLA but not the compatibility of PBS and 

PGSMA. This is in line with the solubility parameter prediction, where the total solubility 

parameter of PGSMA is closer to PLA than to PBS. In addition to these predictions, it was 

observed experimentally that the PGSMA/PLA/PBS blends didn’t show any miscibility 

problems in the range of PBS content from 0 to 35 wt%. On the contrary, a blend fabricated 

using 40/20/40 of PGSMA/PLA/PBS showed evidence of poor miscibility with appearance of 



 
 

149 
 

swollen spots on the molded specimen, probably caused by the poor compatibility of PBS and 

PGSMA (Figure 5.3). This observation suggests that as PBS becomes the matrix and PLA the 

minor dispersed phase, compatibility issues arise from the PBS/PGSMA interface. This 

explanation agrees with the solubility parameter and surface tension predictions, confirming that 

the PGSMA/PBS present the poorest compatibility of the system. 

Table 5.1. Surface tension (γ) of polymeric blend components 

Polymer total surface tension 
γ (mN/m) 

Disperse component 
γd (mN/m) 

Polar component 
γp (mN/m) 

PGSMA (25 °C) 30.1 29.6 0.5 
PGSMA (180 °C) 20.8 20.3 0.5 

PBS 46.4 32.4 14 
PLA 34 30 4 

 

 

Figure 5.3. Aspect of injection molded ternary blends, A) 35/40/25, B) 40/25/35, C) 40/20/40 
wt% PGSMA/PLA/PBS. 
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Atomic force microscopy (AFM) observations were coherent with the theoretical 

morphological predictions discussed before (Figure 5.4). Given that the AFM tip was not 

calibrated for absolute DMT modulus measurements, the DMT modulus values reported are 

arbitrary. Nevertheless, they reveal important morphological information as the AFM tip is able 

to differentiate phases based on modulus differences. The images depict three different phases 

based on differences in DMT modulus of the samples with high modulus depicted as pink and 

low modulus depicted as black. It can be deduced from the composition of the samples and 

relative differences in modulus that PLA is the pink phase, PBS is the blue phase and PGSMA is 

the black phase. It is interesting to notice that PGSMA (black color) is shown as large irregular 

inclusions of low modulus, which could be PGSMA particles or cavities left behind by PGSMA 

being pulled out during the microtoming process. When PLA is the major component in the 

blend (Figure 5.4a) and PBS is the minor dispersed phase, PBS appeared as finely dispersed 

droplets on PLA matrix. As PBS content increases, larger domains of PBS can be seen 

distributed across the PLA matrix (Figure 5.4b). Finally, when PLA and PBS are present in equal 

proportions on the blend (Figure 5.4c), the PLA and PBS phases form a co-continuous matrix 

where PGSMA particles are dispersed. This showed that for most ternary blends studied, PLA 

and PBS form a matrix of changing morphology according to the blend composition, and 

PGSMA acts as a dispersed phase of about 5 µm in size. This was expected from solubility 

parameter analysis and surface tension measurements which suggested a better compatibility of 

PLA and PBS to each other as compared to PGSMA. The PLA to PBS weight ratio determined 

the morphology of the matrix as PBS dispersed on PLA for PLA:PBS lower than 1:1 or as co-
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continuous for PLA:PBS higher than 1:1. Previous research on binary blends of PLA and PBS 

has shown that these materials show a co continuous phase at weight ratios of PLA to PBS in the 

range of 8:2 to 6:4 with phase inversion occurring at 4:6 PLA:PBS 56. This is in agreement with 

the present results where co-continuity was observed at 1:1 (or 5:5) PLA:PBS ratio in AFM 

imaging and phase inversion occurred at higher PBS content as suggested by the appearance of 

sample defects (Figure 5.3) probably caused by PBS acting as continuous matrix and showing 

poor compatibility with the dispersed PGSMA phase. 

 

Figure 5.4. Atomic force microscopy (DMT modulus) of ternary blends. (a) 40/50/10, (b) 
30/40/30, (c) 40/30/30 wt% PGSMA/PLA/PBS. 

 

The tensile mechanical behavior of the ternary blends can be observed in Figure 5.5. 

First, as PLA is the major component in the blend (Figure 5.5c) the material shows a unique 

tensile strength and tensile stress at yield point, resembling PLA. The elongation at break of the 

samples was significantly increased in comparison to PLA, which is not surprising given the 

high content of PGSMA and PBS on the blend (50 wt%). Previous research has shown that both 

PGSMA and PBS promote elongation at break on PLA blends 19,20,56. PLA blends with PBS 
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content as low as 10 wt% have shown elongation at break superior to 250% 56. As the PBS 

content is increased in the ternary system (Figure 5.5d) the material shows a strain hardening 

behavior, resembling PBS. This can be explained in terms of the morphology of the blends. As 

seen in AFM imaging, in the 40/30/30 PGSMA/PLA/PBS blend, PLA and PBS form a co-

continuous matrix with PGSMA particles distributed within. The co-continuity of PLA/PBS 

phase allows the stress to percolate through the polymer network which now acts mechanically 

as PBS, exhibiting the strain hardening behavior. Likewise, in terms of notched Izod impact the 

sample of 40/50/10 PGSMA/PLA/PBS attained an impact energy of 138.5 ± 39.9 J/m whereas 

the 40/30/30 PGSMA/PLA/PBS blend displayed 567.5 ± 462.5 J/m. The latter result, showing 

high standard deviation is due to the occurrence of non-break behavior on some tested samples, 

whereas others broke completely upon testing, which has been observed in previous research at 

the limits of the brittle-ductile transition 57. This difference again highlights how PLA/PBS 

matrix influences the mechanical behavior. A possible toughening mechanism could be as 

follows: as PBS acts a minor dispersed phase embedded onto the PLA matrix, it promotes shear 

yielding over crazing of PLA matrix, increasing the impact behavior of the blend. As PBS 

content is enough to form a co-continuous phase with PLA, the material shows higher ductility 

and the crack is able in some cases to advance through the PBS network, enhancing the energy 

dissipation through shear yielding to cause a non-break behavior on notched Izod impact testing. 

In the case of crack advancing on the PLA phase, the sample would still break but the shear 

yielding promoted by PBS would be effective on increasing impact toughness of the system. 
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Figure 5.5. Stress vs strain diagrams for (a) neat PLA, (b) neat PBS, (c) 40/50/10 and (d) 
40/30/30 wt% PGSMA/PLA/PBS blends. 

 

 

Figure 5.6. Scanning electron microscopy images of fracture site on notched Izod impact testing. 
(a) and (a') 40/50/10, (b) and (b') 40/30/30 wt% PGSMA/PLA/PBS. 
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Scanning electron microscopy imaging of the PGSMA/PLA/PBS ternary blends (Figure 

5.6) confirmed the toughening mechanism in the system. Here it can be seen that upon impact 

testing, cavities of about 5 µm and less appear distributed on the fracture site. Also, the diameter 

of the cavities does not change with the composition of the blend. This suggests that PGSMA 

particles are debonded from the matrix upon testing. After debonding, PBS particles embedded 

on PLA promote shear yielding, as evidence of plastic deformation can be seen in the crack 

advancing zone (Figure 5.6 a and b). At higher PBS loads the plastic deformation is considerable 

higher (Figure 5.6b) due to both the enhanced PLA and PBS shear yielding behavior. A similar 

toughening mechanism was reported in binary PLA/PGSMA blends, where PGSMA particles 

promoted plastic deformation of PLA matrix after debonding 19. Also, it has been shown that 

matrix toughness plays a crucial role in the successful of toughness by blending with rubbers. 

Tougher matrixes can be successfully impact modified using larger rubber particles 58, which 

explains the higher increase on impact toughness for a higher PBS content in the blend, at 

constant content of PGSMA. Thus, the mechanical behavior of the ternary blends is ultimately 

controlled by the PLA/PBS ratio which determines matrix ductility and overall toughness, while 

PGSMA particles debond and promote local shear yielding on the matrix. 

In terms of stability of the prepared blends, it is noteworthy mentioning that the acid 

values of PLA and other synthetic polymers are relatively low, of the order of 0.5 to 1.5 mg 

KOH/ g polymer 59. The synthesized PGSMA oligomers have a much higher acid value, of the 

order of 40 – 80 mg KOH/g PGSMA. This could influence the long term hydrolytic stability of 

the prepared materials, as adding PGSMA to the PLA/PBS system would increase the acid value 
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of the final material. This in turn could promote hydrolysis of the samples, similarly to other 

polymeric systems 60. Hydrolysis is the main responsibly for biodegradability of thermoplastic 

materials, and it could be detrimental or beneficial for the present system, depending on the 

application. Therefore, further research is necessary to assess the hydrolysable nature of the 

prepared materials under conditions similar to their intended applications. 

5.3.2. Experimental design results and model fitting 

The results from the mechanical testing of the design of experiments are presented on 

Table 5.2. These results are the average and standard deviation of two specimens tested for 

tensile and notched Izod impact testing. Although the number of replicates could have been 

larger, in engineering design the number of experiments is maintained at its lowest, as more 

replicates increase experimental costs. Also, the data obtained from two replicates seems 

reasonable, with no large standard deviation except for elongation at break (Table 5.2, run order 

4 and 5) and notched Izod impact on a blend composition (Table 5.2, run order 12, 40/30/30 

PGSMA/PLA/PBS, 567.5 ± 462.5 J/m). For the 40/30/30 PGSMA/PLA/PBS, additional notched 

Izod impact samples were processed and tested to confirm the result or identify a possible 

outlier. The data for four additional impact samples (532.2 ± 343.3 J/m) seems in agreement with 

the original data presented in Table 5.2 which discards the possibility of an outlier on the dataset. 

The occurrence of a brittle to ductile transition in the neighborhood of this blend composition, 

caused by the transition to a co-continuous PLA/PBS matrix as seen in AFM imaging could 

explain the high variability of the notched Izod impact data obtained. In fact, previous research 
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involving PLA based blends have shown that on the brittle to ductile transition zone, a large 

standard deviation on notched Izod impact can be expected 57. Regarding elongation at break 

data, since this mechanical property is not a target response to optimize in this study, the data 

presented in Table 5.2 was considered valid for performing further statistical analysis. 
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Table 5.2. Mechanical properties for PGSMA/PLA/PBS ternary blends. 
 

Run 
order 

PGSMA 
(wt%) 

PLA 
(wt%) 

PBS 
(wt%) 

Tensile 
strength 
(MPa) 

Tensile 
strength 
at yield 
(MPa) 

Tensile 
modulus 

(GPa) 

Elongation 
at break 

(%) 

Notched 
Izod impact 

(J/m) 

𝟏
√𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵

 

(m1/2 J-1/2) 

- 0 100 0 81.1 ± 0.5 81.1 ± 0.5 4.08 ± 0.18 3.6 ± 0.3 20.4 ± 1.4 0.221 
- 0 0 100 49.5 ± 4 41.7 ± 0.7 0.77 ± 0.02 235.7 ± 42.5 22.5 ± 4.2 0.211 
1 40 35 25 28.4 ± 3.8 28.4 ± 3.8 1.45 ± 0.25 82.4 ± 0.8 172.9 ± 1.7 0.076 
2 45 40 15 21.8 ± 1.2 21.8 ± 1.2 1.1 ± 0.11 30.8 ± 10.2 211.1 ± 2.8 0.069 
3 30 40 30 35.3 ± 4.4 34.3 ± 5.8 1.68 ± 0.12 137.7 ± 3.5 133.3 ± 1.7 0.087 
4 40 45 15 27.1 ± 0.1 27.1 ± 0.1 1.49 ± 0.09 52.8 ± 28.9 196.9 ± 21.9 0.071 
5 45 35 20 23.3 ± 0.3 23.3 ± 0.3 1.22 ± 0.09 56 ± 23.5 362.5 ± 7.4 0.053 
6 35 45 20 36.5 ± 2.4 31 ± 0.9 1.48 ± 0.02 176.7 ± 9.9 130.7 ± 7.4 0.087 
7 40 40 20 30.7 ± 1.5 27.8 ± 0.1 1.43 ± 0.06 146.8 ± 12.6 198.8 ± 1 0.071 
8 35 40 25 33.2 ± 1.2 31.8 ± 3.2 1.68 ± 0.13 142.6 ± 20.4 198.5 ± 24.6 0.071 
9 30 50 20 33.9 ± 0.4 33.9 ± 0.4 1.87 ± 0.14 135.3 ± 8.2 100.9 ± 0.9 0.100 
10 50 40 10 19.7 ± 1.4 19.7 ± 1.4 1.12 ± 0.06 29.6 ± 6.7 309.5 ± 5.4 0.057 
11 50 30 20 21.1 ± 1.5 21.1 ± 1.5 1.02 ± 0.04 33.4 ± 8.5 222.3 ± 62 0.067 
12 40 30 30 31.1 ± 1.2 25.2 ± 0.4 1.27 ± 0.06 145.3 ± 9.9 567.5 ± 462.5 0.042 
13 40 50 10 28.9 ± 0.5 28.9 ± 0.5 1.6 ± 0.07 114.9 ± 10.9 138.5 ± 39.9 0.085 
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A multiple linear regression analysis was performed using tensile strength, tensile stress 

at yield, tensile modulus and notched Izod impact data from Table 5.2 as single responses and 

the weight fraction of PGSMA, PLA and PBS on the ternary blend as control variables. The 

weight fraction of PGSMA, PLA and PBS were coded as X1, X2 and X3 for simplicity of the 

analysis. The regression obtained and the statistical related parameters R-squared are presented 

in Table 5.3. For the case of notched Izod impact data, a first linear regression showed a poor 

fitting, evidenced as a non-random distribution of the residuals (Figure C.1). Therefore, the data 

was treated using a Box-Cox transformation, which yields the best estimated alpha for rendering 

a normally distributed transformed variable Y’ in the form Y’=Yα, where Y is the original 

variable (notched Izod impact in this case). The Box-Cox transformation estimated an alpha 

value of α = -0.5 (Figure C.2) which indicates that in the blend composition range studied, the 

inverse of the square root of notched Izod data is normally distributed and therefore it can be 

modeled with a linear regression model. The transformed notched Izod data and the linear 

regression model fitted to the transformed data are presented in Table 5.2 and Table 5.3 

respectively. 
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Table 5.3. Linear regression models and statistical parameters 

Response variable Regression model R2 
(%) 

R2 
(pred) 
(%) 

R2 
(adj) 
(%) 

Tensile strength (MPa) 40.8*X1 - 2.4*X2 + 65.6*X3 - 
382*X1X2*(X1-X2) 

82.13 75.12 79.7 

Tensile stress at yield (MPa) - 16.55*X1 + 57.75*X2 + 53.85*X3 84.92 79.99 83.61 

Tensile modulus (GPa) - 0.9112*X1 + 3.3315*X2 + 
2.2281*X3 

81.31 77.18 79.68 
1

√𝑁𝑓𝑓𝑓ℎ𝑔𝑥𝐼𝑒𝑓𝑥
 0.268*X1 + 0.487*X2 - 0.140*X3 - 

1.274*X1*X2 
69.1 52.91 64.89 

 

The accuracy of the linear regression models presented in Table 5.3 can be evaluated in 

terms of their coefficient of determination, or R2 value. This value ranges from 0 to 100% and 

expresses the percentage of variability around the mean of the response that can be explained by 

the model. In other words the closest the R2 value gets to 100%, the better is the fitting of the 

model to the experimental data. For the models built for tensile properties, the R2 values are 

higher than 80% in all cases. This indicates that the tensile properties can be well modeled as a 

linear function of the blend composition. This is not surprising, as previous research has shown 

that tensile strength and tensile modulus are heavily dependant on blend composition and in fact 

for binary polymer blends these properties can be predicted as functions of polymer blend 

composition 1,56,61,62. For the transformed notched Izod data, the R2 value is only 69.1%, 

indicating that a large portion of the variation observed on notched Izod impact data can not be 

explained as a function of the blend composition alone. This was expected since as shown in 

previous section and as demonstrated in earlier research, notched Izod impact properties rely 

heavily on morphology of the blends and interfacial adhesion 63. Thus, a linear combination of 
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the blend components can not capture the morphological effects regarding PLA and PBS phases, 

especially at higher PBS contents where co-continuity of the phases develops. Additonally, for a 

linear regression analysis, residual plots are used as a tool for confirming the assumptions of the 

model were not violated. Analysis of normal probability plot of residuals, residual versus fits and 

residual versus order of data (Figure C.3) showed residuals falling in a straight line and a random 

distribution respectively, indicating that the assumptions of residuals normally distributed, 

residuals showing constant variance and residuals not correlated were not violated. 

5.3.3. Response optimization and model validation 

Contour plots were built using the linear regression models presented on Table 5.3. 

Linear regression models and statistical parameters (Figure C.4). These graphs show the 

variation of the mechanical properties of the blend according to its formulation. Not surprisingly, 

an increase in PLA content on the blend causes tensile strength and modulus to increase, whereas 

transformed notched Izod impact increases as well, indicating notched Izod impact decreases. 

Conversely, the addition of PGSMA and PBS to the blend decreases tensile modulus and in the 

case of PGSMA it heavily reduces tensile strength. The impact resistance of the material on the 

other hand is increased by the addition of PBS and PGSMA, which can be explained by the 

contribution of shear yielding to the energy dissipation mechanisms, as explained in the previous 

sections. Thus, the counteracting effects of stiffness versus toughness could be balanced by 

managing the blend composition, in order to get a material with tensile and impact properties 

resembling those of common polyolefins such as poly(propylene) copolymers. Many of these 

commercial petroleum based polymers usually present a tensile strength and modulus in the 
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range of 20 – 30 MPa and 1 – 1.5 GPa respectively, whereas their notched Izod impact ranges 

from 30 J/m to higher than 300 J/m 64–68. In order to optimize the formulation of the ternary 

blends PGSMA/PLA/PBS to resemble the tensile and impact properties of commercially 

available poly(propylene) copolymers, an overlaid contour plot was built, using the following 

inputs: tensile strength 30 – 40 MPa, tensile stress at yield 30 – 40 MPa, tensile modulus 1.5 – 2 

GPa, transformed notched Izod impact 0.07 – 0.1 (equivalent to notched Izod impact of 100 – 

200 J/m). The overlaid contour plot, showing the feasibility region for a ternary blend presenting 

the target mechanical properties is shown in Figure 5.7. 

 

Figure 5.7. Overlaid contour plot showing feasibility region for tensile strength, tensile modulus 
and transformed notched Izod impact for ternary PGSMA/PLA/PBS blends. 

 

In order to validate the linear regression model presented, a blend from the feasibility 

region shown in Figure 5.7 was selected at random and compounded using the same PGSMA 

product employed for the fabrication of the blends in the design of experiments. The blend 
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selected consisted of 38/47/15 PGSMA/PLA/PBS. Using the linear regression models for tensile 

strength, modulus and transformed notched Izod impact (Table 5.3), the predicted properties for 

the blend composition were calculated and compared to experimental results from this newly 

fabricated blend (Table 5.4). It was found that the linear regression model predicts satisfactorily 

tensile properties, with an associated error lower than 5% in all cases. For notched Izod Impact 

the prediction of the model overestimated the experimental values attained. The differences in 

the accuracy of the prediction could be due to the lower R2 value of the notched Izod impact 

model, which as explained before arise from the role of morphology on energy dissipation 

mechanisms that the linear model for notched Izod impact cannot capture. Nevertheless, the error 

associated to the prediction was 13.5%, which is still a reasonable value for the prediction of 

impact properties. Previous researchers have built models for prediction of notched Izod impact 

properties using blend composition as predictive variables displaying higher R2 values, but in 

these cases the fracture mechanism was dominated by crazing showing impact values well below 

100 J/m 42. Thus in the present case the contribution of morphology to shear yielding 

mechanisms for increasing impact resistance was not well captured by the linear regression 

model, causing a overprediction of notched Izod impact properties. In the case of thermoplastic 

blends with impact higher than 100 J/m, the R-squared values of linear regression models built 

using mixture design of experiments was comparable to the values obtained in the present work 

43. 
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Table 5.4. Predicted and experimental mechanical properties for 38/47/15 PGSMA/PLA/PBS 
blend 

Data set Tensile 
strength (MPa) 

Tensile stress 
at yield (Mpa) 

Tensile 
modulus (Gpa) 

Notched Izod 
impact (J/m) 

Model prediction 30.4 28.9 1.553 148 

Experimental values 29.1 ± 0.8 29.1 ± 0.8 1.533 ± 0.09 128.1 ± 22.3 

 

A second validation of the model was performed, consisting on repeating one of the 

ternary blend formulations using a newly synthesized batch of PGSMA. This allowed for 

checking the reproducibility of results with the variation of the PGSMA product employed. A 

fresh batch of PGSMA was synthesized displaying a final viscosity of 278 P (100 °C, 100 s-1). 

This PGSMA product was employed to fabricate a blend of 35/40/25 PGSMA/PLA/PBS. The 

comparison of results of the model prediction, the blend compounded for the design of 

experiments (n = 2) and the new blend compounded using fresh PGSMA (n = 5) can be seen in 

Table C.5. This analysis revealed that the percentage of variation in mechanical performance of 

the blend with PGSMA employed was 1.8, 9.1, 12.5 and 20% for tensile strength, tensile stress at 

yield, tensile modulus and notched Izod impact, respectively. Also, the variation of mechanical 

properties with respect to model prediction was lower than 10% in all cases, except for notched 

Izod impact which showed a slightly higher variation with respect to the model prediction 

(12.5%). These results showed that even when variability in mechanical performance exists 

within different synthesis and compounding cycles, the variation is acceptable given that it is 

comparable with the standard deviation values for each specific property. Thus, the linear 
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regression models presented can be considered as a valid tool for the prediction of properties on 

the PGSMA/PLA/PBS ternary system. 

5.4. Conclusions 

Sustainable biobased blends of PGSMA, PLA and PBS were fabricated and characterized 

in terms of miscibility, morphology and mechanical properties. The higher miscibility of PLA 

and PBS as compared to PGSMA promoted the formation of PLA/PBS matrixes with different 

morphology with a PGSMA rubbery phase embedded on it. The morphology of the PLA/PBS 

matrix was controlled by the PLA to PBS ratio on the blend, showing a co-continuous 

morphology at 1:1 PLA:PBS weight ratio. Debonding of PGSMA promoted shear yielding on 

the ternary blends, causing an improvement of impact resistance as compared to the neat PLA 

and PBS base materials. Tensile strength and modulus as well as notched Izod impact resistance 

of the newly fabricated materials was modeled using a linear regression statistical approach. The 

models were able to accurately predict the tensile and impact properties of new blend 

formulations, with a maximum variation of experimental values of 5% and 13.5% from model 

prediction respectively. Using the linear regression models, a feasibility region for 

PGSMA/PLA/PBS ternary blends resembling the mechanical performance of commercial 

petroleum based polymers was found. 
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6 Chapter 6. Formulations from glycerol-based polyesters and their blends with plastics 

and methods of making those * 

Abstract: This chapter discusses a method for the synthesis of crosslinked and 

uncrosslinked glycerol based polyesters from glycerol of different purities and mono and 

dicarboxylic acids. The application of these glycerol based polyesters as biobased materials for 

creating a thermoplastic resin as well as biobased composites is also demonstrated. 

 

 

 

 

 

 

 

 

____________________________________________ 

* A version of this chapter has been presented as a patent application as: Mohanty, A.K., Misra, M., 
Valerio, O., Horvath, T., Pond, C., Coativy, G. Formulations from glycerol-based polyesters and their 
blends with plastics and methods of making those WO 2016061666 A1. Filing Date: 23 October 2015.   
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6.1. Title of the invention 

Formulations from Glycerol-based polyesters and their blends with plastics and Methods 

of Making those 

6.2. Field of the invention 

The present invention relates to the synthesis of oligomeric and polymeric esters from 

glycerol and carboxylic acids and its use in thermoplastic polymeric blends as impact or 

toughness enhancers. 

6.3. Background of the invention 

Glycerol is a molecule containing three hydroxyl groups on its structure. It was 

previously obtained in the 1940’s as a derivative of petroleum resources, and since the last 

decade, it can be obtained in mass as a by-product of the biodiesel industry 1. In spite of the 

intensive utilization of glycerol in many fields of applications such as food, personal care and 

tobacco products, the increase of biodiesel productions could lead to a leftover of glycerol 2 and 

a drop of its price. Consequently, new applications for this molecule have to be found to limit the 

surplus. 

An interesting and economically viable application field for glycerol is the synthesis of 

biopolyesters through a polycondensation reaction with mono or dicarboxylic acids and their 

derivatives. Due to the trifunctionality of glycerol, this route can lead to the synthesis of both 

crosslinked and uncrosslinked polymeric materials according to the synthesis conditions, which 
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will ultimately determine the suitability of a glycerol based polyester in different application 

fields. For example, US Pat. No. 7,722,894 B2 3 describes the synthesis of crosslinked glycerol 

based materials for its use in biomedical applications. On the other hand, US Pat. No. 7,148,293 

B2 4 describes the synthesis of uncrosslinked glycerol based materials and its use as additives in 

adhesive, coatings and paint formulations. 

The patent application WO2009/146109 5 describes a plasticizing agent for biopolymer 

matrices consisting of a compatibilizing unit and a polyester plasticizing unit.  The 

compatibilizing unit consists of a lower alkyl organic acid having a C3 to C7 alkyl backbone, 

while the polyester plasticizing unit is formed from monomers that consists of a multifunctional 

alcohol, a saturated or unsaturated aliphatic anhydride or its equivalent, and optionally, a 

saturated aromatic anhydride or its equivalent. Although WO2009/146109 states that the 

polyester plasticizing unit may optionally include one or more difunctional alcohol, such as 

glycol, every single example included in this document includes both glycerin and diethylene 

glycol.  That is, WO2009/146109 does not enable the synthesis of a plasticizing unit consisting 

only of glycerin. 

The patent application WO2012/038441 6 describes the synthesis and application of an 

impact modifier for biodegradable polymers such as poly lactic acid. In this work the authors 

employed acrylic monomers derived from petroleum resources for the synthesis. That is, the 

impact modifier synthesized is not a biobased product and furthermore does not employ glycerol 

as a monomer in the synthesis of the impact modifier. 
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It would be an advancement in the art to use glycerol from different sources as the only 

alcohol for the synthesis of polymeric plasticizers or impact modifiers for bioplastics, as opposed 

to previous products, such as those described in WO2009/146109, synthesized from a 

combination of glycerol and other alcohols. Gu et al. provided an early example of this concept 

by using a glycerol based polyester as toughening agent for poly(lactic acid) (PLA) 7. Upon the 

addition of 15 and 30 wt% of glycerol based polyester to PLA the authors demonstrated an 

increase of the elongation at break of the material from 7% for neat PLA to 155 and 143% 

respectively. In spite of these encouraging results the authors did not provided further work 

concerning the use of different synthesis strategies, monomers or processing conditions on the 

mechanical performance of PLA/glycerol based materials blends. Furthermore, using low 

molecular weight additives for PLA modification tends to create leaching problems when the 

additive is expelled to the surface of the material with aging. If the glycerol based material is 

susceptible of being crosslinked during the extrusion process, it may reduce these leaching 

problems. 

Additionally according to the differents grade of glycerol varying from crude glycerol to 

pure glycerol different uses are proposed 8. Crude glycerol containing often less than 50% of 

glycerol has low comercial value due to its impurity. The use of this inexpensive feedstock as 

monomer to synthesize cheap polyester fillers for  poly(butylene succinate) (PBS) aiming to 

reduce the price of the obtained biobased-blend is explored in this work. Biodiesel derived 

refined glycerol with a higher degree of purity (higher than 95%) is proposed as monomer for the 

synthesis of elastomeric like polymeric materials for being used in improvement of toughness or 



 
 

175 
 

impact properties of commercially available biopolymers such as poly(lactic acid) (PLA) or 

poly(butylene succinate) (PBS) in normal or reactive extrusion mode in presence of free radical 

initiators. 

6.4. Summary of the invention 

In accordance to the present invention, there is provided the following embodiments. 

In one embodiment, the present application is a glycerol based polyester, the glycerol based 

polyester including (i) glycerol as the only alcohol in the polyester, (ii) at least one saturated 

dicarboxylic acid, and (iii) at least one unsaturated dicarboxylic acid or a derivative thereof.   

In one embodiment of the present invention the glycerol based polyester further includes 

a monocarboxylic acid having a C16 to C18 alkyl chain. 

In another embodiment of the glycerol based polyester of the present invention the molar 

ratio of glycerol to dicarboxylic acid is in the range from about 0.32 to about 1.28. 

In another embodiment of the glycerol based polyester of the present invention the 

saturated dicarboxylic acid is selected from succinic acid, glutaric acid, hexanedioic acid, 

heptanedioic acid, octanedioic acid, nonanedioic acid and decanedioic acid.  

In another embodiment of the glycerol based polyester of the present invention the 

unsaturated dicarboxylic acid or derivative thereof has an alkyl chain of at least 4 atoms of 

carbon. 

In another embodiment of the glycerol based polyester of the present invention the 

unsaturated dicarboxylic acid or derivative thereof is selected from maleic anhydride or fumaric 
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acid or their derivatives. 

In another embodiment, the present invention provides for a resin composition 

comprising a glycerol based polyester according to any one of the previous embodiments and a 

polymer or a polymeric blend. 

In one embodiment of the resin composition of the present invention the polymer or 

polymeric blend include biopolymers, and wherein the biopolymers are selected from poly(lactic 

acid), poly(butylene succinate), poly(hydroxy butyrate-co-valerate) or a combination thereof. 

In another embodiment of the resin composition of the present invention the resin 

composition includes between 1-50% by weight of the glycerol-based polyester. 

In another embodiment of the resin composition of the present invention the resin 

composition is created by reactive extrusion in presence of a free radical initiator leading to the 

crosslinking of the glycerol based polyester within the polymeric blend. 

In another embodiment of the resin composition of the present invention the free radical 

initiator is an organic free radical initiator selected from 2,5-Bis(tert-butylperoxy)-2,5-

dimethylhexane or dicumyl peroxide. 

In another embodiment of the resin composition of the present invention the polymer or 

polymeric blend include non-biobased polymers. 

In another embodiment of the resin composition of the present invention the resin 

composition further includes an additive, a biofiller, a nucleating agent, clay or a combination 

thereof. 

In another embodiment of the resin composition of the present invention the resin 
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composition further includes a biofiber.   

In another embodiment of the resin composition of the present invention the biofiber is 

selected from miscanthus, switch grass, agro-residues, hemp, jute, kenaf or a combination 

thereof. 

In another embodiment of the resin composition of the present invention the additive is 

selected from epoxidized soy bean oil, polymeric methylene diphenyl diisocyanate, isocyanate 

terminated prepolymer, titanate and silane. 

The present invention, in another embodiment, relates to a method for preparing a 

glycerol based polyester, the method including reacting glycerol with at least one saturated 

dicarboxylic acid and at least one unsaturated dicarboxylic acid or a derivative thereof, wherein 

the glycerol is the only alcohol used in the reaction. 

In one embodiment of the method for preparing a glycerol based polyester of the present 

invention, the method further includes adding a monocarboxylic acid having a C16 to C18 alkyl 

chain. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the monocarboxylic acid is added in the range of 15 to 50 wt%. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the reacting includes microwaving the glycerol with the at least one saturated 

dicarboxylic acid. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the molar ratio of glycerol to dicarboxylic acid is in the range from about 0.32 
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to about 1.28. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the saturated dicarboxylic acid is selected from succinic acid, glutaric acid, 

hexanedioic acid, heptanedioic acid, octanedioic acid, nonanedioic acid and decanedioic acid. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the unsaturated dicarboxylic acid or derivative thereof is selected from maleic 

anhydride or fumaric acid. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the glycerol is provided as crude glycerol, technical glycerol or pure glycerol. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the glycerol based polyester is synthesized using glycerol of different purities. 

In another embodiment of the method for preparing a glycerol based polyester of the 

present invention, the purity of the glycerol ranges between 15 to 99 wt% glycerol content. 

The present invention, in another embodiment, relates to a method of producing a resin 

composition, the method including blending a polymer with the glycerol based polyester of the 

previous embodiments. 

In one embodiment of the method for producing a resin composition of the present 

invention, polymer is a single polymer or a blend of polymers. 

In another embodiment of the method for producing a resin composition of the present 

invention, the polymer is selected from poly(lactic acid), poly(butylene succinate), poly(hydroxy 

butyrate-co-valerate), nylon, poly(vinyl chloride), poly(styrene), poly(ethylene), 
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poly(propylene), poly(acrylonitrile), PVB, silicone, or a combination thereof. 

In another embodiment of the method for producing a resin composition of the present 

invention, the resin composition is produced by blending between 1-50 wt% of the glycerol 

based polyester and between 50-99 wt% of the biodegradable polymer. 

In another embodiment of the method for producing a resin composition of the present 

invention, wherein the resin composition is created by reactive extrusion in presence of a free 

radical initiator leading to the crosslinking of the glycerol based polyester. 

In another embodiment of the method for producing a resin composition of the present 

invention, the free radical initiator is organic, and wherein the organic free radical initiator is 

selected from 2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane or dicumyl peroxide. 

In another embodiment of the method for producing a resin composition of the present 

invention, the glycerol is provided as crude glycerol. 

In another embodiment of the method for producing a resin composition of the present 

invention, the method further includes adding an organic free radical initiator, an additive, a 

biofiller, a nucleating agent, or a combination thereof. 

In another embodiment of the method for producing a resin composition of the present 

invention, the method further includes adding a biofiber. 

In another embodiment of the method for producing a resin composition of the present 

invention, the biofiber is selected from miscanthus, switch grass, agro-residues, hemp, jute, kenaf 

or combination thereof. 

In another embodiment of the method for producing a resin composition of the present 
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invention, the additive is selected from epoxidized soy bean oil, polymeric methylene diphenyl 

diisocyanate, isocyanate terminated prepolymer, titanate and silane. 

The present invention, in another embodiment, is a resin composition.  The resin 

composition, in one embodiment, includes a glycerol based polyester and a polymer or a 

polymeric blend, wherein the glycerol based polyester comprises: (i) crude glycerol as the only 

alcohol in the glycerol based polyester, and (ii) at least one saturated dicarboxylic acid. 

In one embodiment of the resin composition, the polymer is selected from poly(lactic 

acid), poly(butylene succinate), poly(hydroxy butyrate-co-valerate), nylon, poly(vinyl chloride), 

poly(styrene), poly(acrylonitrile), poly(vinyl butyral) (PVB), silicone, poly(propylene) and 

poly(ethylene) or a combination thereof. 

In another embodiment of the resin composition the glycerol is crude glycerol. 

In another embodiment of the resin composition the glycerol has a purity range from 1% 

to 99%. 

6.5. Brief description of the drawings 

The following figures illustrate various aspects and preferred and alternative 

embodiments of the invention. 



 
 

181 
 

 

Figure 6.1. Flow chart illustrating the preparation of glycerol based polyester and the blending of 
the glycerol based polyester with a polymer in accordance to one embodiment of the present 

invention 
 
 
 

 

Figure 6.2. Flow chart illustrating the preparation of a glycerol based polyester and the blending 
of the glycerol based polyester with a polymeric blend in accordance to another embodiment of 

the present invention 
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Figure 6.3. Flow chart illustrating the preparation of a glycerol based polyester and the blending 
of the glycerol based polyester with a polymeric blend in accordance to another embodiment of 

the present invention 
 
 
 

 

Figure 6.4. Flow chart illustrating the synthesis of a glycerol based polyester and the blending of 
the glycerol based polyester with a polymeric blend in accordance to yet another embodiment of 

the present invention 
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6.6. Description of the invention 

6.6.1. Definitions 

Unless defined otherwise, all technical and scientific terms used herein have the same 

meaning as commonly understood by one of ordinary skill in the art to which this invention 

belongs.  Also, unless indicated otherwise, except within the claims, the use of “or” includes 

“and” and vice versa.  Non-limiting terms are not to be construed as limiting unless expressly 

stated or the context clearly indicates otherwise (for example “including”, “having” and 

“comprising” typically indicate “including without limitation”).  Singular forms including in the 

claims such as “a”, “an” and “the” include the plural reference unless expressly stated otherwise. 

In order to aid in the understanding and preparation of the within invention, the following 

illustrative, non-limiting, examples are provided.  All numerical designations, e.g., dimensions, 

temperatures and weight, including ranges, are approximations that typically may be varied (+) 

or (-) by increments of 0.1, 1.0, or 10.0, as appropriate.  All numerical designations may be 

understood as preceded by the term “about.”  The priority document as well as all documents 

cited, are incorporated by reference. 

“Biobased” means a plant-made molecule that is either directly expressed from plants, 

such as sugars, starches or fats, or fermented from plant-made molecules.  Although glycerol 

may be obtained by transesterification (chemical reaction), the raw materials used to obtain 

glycerol are biobased, as such glycerol obtained by transesterification may also be considered 

biobased. 

“Biopolymer” refers to a polymer made from plant derived molecules. 
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6.6.2. List of Abbreviations 

“GBP” glycerol based polyester 

“PGS” poly(glycerol succinate) 

“LPGS” liquid poly(glycerol succinate) 

“LPGSMA” liquid poly(glycerol succinate-co-maleate) 

“LPGSFA” liquid poly(glycerol succinate-co-fumarate) 

“PGSeb” poly(glycerol sebacate) 

“PBS” poly(butylene succinate) 

“PLA” poly(lactic acid) 

“PHBV” poly(hydroxy butyrate-co-valerate) 

 

6.6.3. Overview 

The present invention relates to the use of glycerol or crosslinkable glycerol based 

polyesters as materials for the modification of biodegradable and non-biodegradable plastic 

matrices that may result in an improvement in the toughness or impact behavior of commercially 

biodegradable and non-biodegradable plastic matrices by melt compounding with glycerol based 

polyesters. 

Provided herein is a new and inventive utilization of saturated dicarboxylic acid 

monomers in combination with unsaturated dicarboxylic acids or their derivatives for 

synthesizing glycerol based polyesters.  The cross-linkable glycerol based polyesters of the 

present invention contain unsaturation sites which can be further reacted during an extrusion 
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process. The reactivity of these unsaturated glycerol based polyesters may be triggered on the 

extrusion process by using free radical initiators. As a result, a thermoplastic polymeric blend 

with a cross-linked included microphase may be produced leading to improvement of toughness 

or impact properties of the material. Moreover, the crosslinking of glycerol based polyesters on 

the extrusion process can help in reducing migration of the additive from within the matrix in 

order to maintain the mechanical performance with time. Examples of saturated dicarboxylic 

acids employed for the synthesis of glycerol based polyesters include dicarboxylic acids having 

C4-C18 alkyl chain.  Examples of unsaturated dicarboxylic acids and their derivatives include 

maleic anhydride and fumaric acid, the latter being produced from biobased sources leading to 

the synthesis of a biobased glycerol polyester. 

The glycerol based polyester of the present invention may be used for modification of 

polymeric blend systems as described herein below. 

 

6.6.4. Polyesters 

The polyesters, including plasticizers, of the present invention, which may be biobased or 

non-biobased, may be synthesized using a combination of an alcohol and acid molecules. The 

alcohol molecules may include glycerol of different purities and sources. The acid molecules 

include an organic saturated dicarboxylic acid with a carbon chain length of C4 to C10 and an 

organic unsaturated dicarboxylic acid or its derivatives with a carbon chain length of at least C4. 

That is, the organic saturated dicarboxylic acid may have a carbon chain length of C4, C5, C6 

C7, C8, C9 or C10.  The acid molecules may also include an organic monocarboxylic acid.  In 
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one embodiment the organic monocarboxylic acid may have a carbon chain length of C12-C18, 

preferably C18. The molar ratio of alcohol to dicarboxylic acid molecules may be in a range of 

about 0.32 to about 1.28. The molar ratio of hydroxyl to carboxyl functionalities from glycerol 

and total acid molecules respectively may be in a range of about 0.48 to about 1.92. In one 

embodiment, a molar ratio of 1:0.5:0.5 mol glycerol/succinic acid/maleic anhydride may be used. 

Monocarboxylic acid molecules may be added to some formulations to limit or avoid the 

formation of crosslinking during the synthesis and to improve the compatibility. When 

monocarboxylic acid molecules are employed, these may be added in a range of 15-50wt%. 

 

6.6.5. Production of Polyester 

The glycerol based polyester of the present invention, which may be biobased, may be 

synthesized using a polycondensation reaction. The polycondensation reaction may be performed 

in different systems such as in a temperature controlled stirred glass reactor or a microwave 

oven.  

In one embodiment of the present invention a microwave oven may be used for polyester 

synthesis. Such microwaving synthesis may require substantial less time as compared to glass 

vessel-based reaction system.  

The glycerol used to synthesize the polyester of the present invention may be obtained 

from any source, and the purity of the glycerol may range anywhere from about 1% to 99% of 

glycerol content. Preferably, the purity of glycerol may range from about 15% to about 99%. The 

glycerol used to synthesize the polyester of the present invention may be crude glycerol. When 
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reactivity is desired, it may be preferable to use glycerol of higher purity such as technical 

glycerol. 

Glycerol may be the only alcohol used to create, make or synthesize the polyester of the 

present invention.  As such, the polyester, the resins (described below) and articles of the present 

invention may be made just with glycerol as the only alcohol and be free of glycols and/or other 

alcohols. 

 

6.6.6. Production of Resins 

The glycerol based polyesters of the present invention may be used both as a tough 

polymer for modification of plastics trough blending. 

The polyesters of the present invention may be used as blending additives for polymers, 

including non-biodegradable such as nylon, poly(vinyl chloride), poly(styrene), 

poly(acrylonitrile), poly(vinyl butyral) (PVB), silicone, poly(propylene) and poly(ethylene) 

and/or biodegradable polymers such as PLA, PBS, PHBV or combinations thereof in the 

production of blends or resins. The polymers may be provided as single polymers or as a blend 

of polymers.  The percentage of glycerol-based polyester in the final resins or blends of the 

present invention may range anywhere from about 1wt% to about 50wt%, and any range there in 

between. 

Preferably, the method of producing the blend with the glycerol based polyester and the 

polymeric blend may be carried out in the presence of a free radical initiator, including an 

organic free radical initiator, to induce cross-linking.  A combination of glycerol/succinic 
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acid/maleic anhydride can achieve a good balance between reactivity (crosslinkable) and thermal 

properties needed for a successful toughening of PLA. In one embodiment of the present 

invention a molar ratio of 1:0.5:0.5 glycerol:succinic acid:maleic anhydride may be used, 

however other molar ratios may also be used.  Examples of organic free radical initiators include 

2,5-Bis(ter-butylperoxy)-2,5-dimethylhexane or dicumyl peroxide or another organic peroxide. 

The blends of glycerol based polyesters and polymeric blends of the present invention 

may be reinforced with impact modifiers.  The blends of the present invention may be 

compounded with short biofiber/bio-filler such as miscanthus, switch grass, agro-residues, hemp, 

jute, kenaf or combinations thereof and so forth for creating a number of novel biobased, and in 

some cases compostable, rigid composite materials. 

The blends of the present invention may also include additives and/or nucleating agents, 

talc, carbon black and/or clay and so forth.  Additive refers to an additive that could be added to 

a system but without inducing crosslinking. Examples of additives include epoxidized soy bean 

oil, polymeric methylene diphenyl diisocyanate, isocyanate terminated prepolymer, titanate and 

silane. 

The blends of the present invention may be molded into a molded article.  Furthermore, 

the blends of the present invention may be extruded into an extruded article, like a sheet. 

Non-limiting examples of the process of preparing GBPs and blends of the present 

application are illustrated in FIGs. 1-4. 

 

 



 
 

189 
 

6.6.7. Advantages 

a) A new reactive extrusion pathway is provided in the present work which allows the 

crosslinking of the glycerol based polyester within the polymeric blend in the presence of 

organic peroxides as free radical initiators. This can be advantageous in reducing migration of 

the glycerol based polyester as compared with normal blending of glycerol based polyesters and 

a biodegradable polymer such as the work presented by Gu et al. 7. 

b) Blending of glycerol based polyesters with polymer blends. The use of polymeric 

blend system as matrix for the addition of glycerol based polyesters has been explored. Unlike in 

previous work about modification of single polymer using glycerol based polyesters 7 we have 

explored the use of polymeric blends as matrix for modification. This can be advantageous in 

creating materials with enhanced stiffness-toughness balance and desirable thermal properties, as 

well as in reducing the cost of the overall product. Using a combination of monomers for 

glycerol based polyester synthesis which permits the crosslinking of this polyester in a reactive 

extrusion process can decrease the leaching problems when the additive is expelled to the surface 

of the material with aging. A crosslinkable glycerol based polyester is therefore highly desirable 

for toughness modification of commercial bioplastics such as PLA and PBS and their blends. 

c) Production of glycerol based polyesters using different glycerol sources and its blends 

with polymers. The synthesis of glycerol based polyesters has been previously reported using 

pure glycerol (more than 99 wt% glycerol). In the present invention, the polyesters are 

synthesized using glycerol of different purities ranging from 15 to 99 wt% glycerol content. The 

blends of crude glycerol based polyesters with biodegradable and non-biodegradable polymers 
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have not been reported so far. 

d) Microwave produced polyester can substantially decrease the time of production of the 

polyester itself and its blends with thermoplastics like PLA.   

e) The glycerol based polyesters are blended with polymeric blends in the absence of 

solvents such as polyethers, and no enzymes or catalysts may be used. 

In order to aid in the understanding and preparation of the within invention, the following 

illustrative, non-limiting, examples are provided.   

6.7. Examples 

Testing conditions 

ASTM D638, ASTM D790 and ASTM D256 were adopted for tensile, flexural and 

impact testing respectively. Impact specimens were notched 40 h prior to test. Flexural and 

tensile properties were tested in an Instron3382 universal testing machine (Instron, USA). Impact 

properties were tested in an Izod impact tester equipped with a 0-5X0.05 ft. lbs hammer. ASTM 

D648 was adopted for heat deflection temperature (HDT) measurements using a Q800 dynamic 

mechanical analyzer (TA instruments, USA). 

Molecular weight determinations were conducted in a GPC instrument (Viscotek 

GPCmax, Malvern Instruments, UK) equipped with two columns Styragel HR1 and Styragel 

HR2 (Waters Corporation, USA) and one PLgel-Mixed E column (Agilent Technologies, USA) 

connected in series. Tetrahydrofuran was used as solvent at 40 °C and a flowrate of 0.3 mL/min. 

A series of 8 poly(ethylene glycol) standards with molecular weight ranging from 106 to 7830 
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Da was used for calibration (Easy Vial, Agilent Technologies, USA). 

Example 1 – Pure glycerol based gel polyesters and their blends with poly(butylene 

succinate) 

Pure glycerol and pure succinic acid were employed as the reactants. 120 grams of 

reactant mixture was placed in a glass beaker agitated by a magnetic stirrer. The molar ratio of 

reactants was set at one of the following: 0.32, 0.64, 0.85, 1.07 or 1.28 mol glycerol/mol succinic 

acid. The temperature was increased to 180 °C and kept constant throughout the reaction. Water 

produced was evaporated from the open beaker allowing the equilibrium to favor product 

formation. The reaction was finished after stirring was stopped due to a sudden increase in 

viscosity caused by extensive crosslinking. Products synthesized at different molar ratios of 

reactants were designated as PGS which stands for poly(glycerol succinate) followed by the 

molar ratio of reactants employed for its synthesis (MR: mol glycerol/mol succinic acid). PGS 

products were blended with poly(butylene succinate) PBS (Biocosafe 1903, Xinfu, China) at 

70/30 wt% PBS/PGS using a DSM twin screw extruder. Both materials were previously dried at 

80 °C for 5 h. The blend of PGS products and PBS was processed at 150 °C for 2 minutes at 100 

rpm, followed by injection molding into molds at 30 °C shaped in conformity with test 

specimens defined in ASTM standards. Tables 1 and 2 (Examples 1a – 1e) summarizes the 

synthesis conditions and mechanical properties of the 70/30 PBS/PGS blends respectively. 
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Example 2 – Crude glycerol based gel polyesters and their blends with poly(butylene 

succinate) or poly(lactic acid) 

Crude glycerol coming from biodiesel production and pure succinic acid were employed 

as the reactants. Alternatively, glycerol with different purity was employed as the glycerol source 

(Table 3). 180 grams of reactant mixture was placed in a four neck 1L glass reactor equipped 

with temperature controller, stirrer and a condenser connected to a Dean-Stark apparatus to 

collect water produced in the reaction. The mass ratio of reactants was set in a range of 0.5 to 1.9 

g glycerol/g succinic acid (Table 1 examples 2a – 2e). The temperature was increased to 180 °C 

and kept constant throughout the reaction. The reaction was finished after stirring was stopped 

due to a sudden increase in viscosity caused by extensive crosslinking or the presence of 

entanglement or after 6 h when no viscosity increase was observed. Products synthesized at 

different molar ratios of reactants were designated as PGS which stands for poly(glycerol 

succinate) preceded by the glycerol source employed for its synthesis (e.g. PG-PGS stands for 

pure glycerol based PGS). PGS products were blended with poly(butylene succinate) PBS 

(Biocosafe 1903, Xinfu, China) or poly(lactic acid) PLA (Ingeo 3251D, Natureworks, USA) at 

different weight ratios using a DSM twin screw extruder. All materials were previously dried at 

80 °C for 5 h. The blend of PGS and PBS or PLA was processed at 150 °C for PBS and 180 °C 

for PLA for 2 minutes at 100 rpm, followed by injection molding into molds at 30 °C shaped in 

conformity with test specimens defined in ASTM standards. Tables 1 (Examples 2a – 2e) and 2 

(Examples 2a – 2h) summarizes the synthesis conditions and mechanical properties of the 

obtained blends respectively. 
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Example 3 – Technical glycerol based liquid polyesters and their blends with poly(lactic 

acid) 

Technical glycerol (96 wt% glycerol) and pure succinic acid were employed as the 

reactants. For the synthesis, 180 grams of reactant mixture was placed in a four neck 1L glass 

reactor equipped with temperature controller, stirrer and a condenser connected to a Dean-Stark 

apparatus to collect water produced in the reaction. The molar ratio of reactants was set at one of 

the following: 0.6, 1 or 1.2 mol glycerol/mol succinic acid. The temperature was increased to 

180 °C and kept constant throughout the reaction. Reaction was stopped 5 minutes before the gel 

point formation recorded previously in order to obtain non-crosslinked polymers. Products 

synthesized at different molar ratios of reactants were designated as LPGS which stands for 

liquid poly(glycerol succinate) followed by the molar ratio of reactants employed for its 

synthesis (MR: mol glycerol/mol succinic acid). LPGS products were blended with poly(lactic 

acid) PLA (Ingeo 3251D, Natureworks, USA) or poly(butylene succinate) PBS (Biocosafe 1903, 

Xinfu, China) or a combination thereof using a DSM twin screw extruder. All materials were 

previously dried at 80 °C for 5 h. The blend of LPGS and PLA or PBS was processed at 180 °C 

for 2 minutes at 100 rpm, followed by injection molding into molds at 30 °C shaped in 

conformity with test specimens defined in ASTM standards. The addition of organic peroxide 

initiator (Luperox, Sigma-Aldrich, USA) was performed in some formulations in a range of 0.1 

to 0.2 phr. Tables 1 (Examples 3a – 3c) and 2 (Examples 3a – 3h) summarizes the synthesis 

conditions and mechanical properties of the obtained blends respectively. 
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Example 4 – Technical glycerol based liquid polyesters synthesized from mixed 

dicarboxylic acids or derivatives and their blends with poly(lactic acid) PLA or 

poly(butylene succinate) PBS. 

Technical glycerol (96 wt% glycerol), maleic anhydride, fumaric acid and pure succinic 

acid were employed as the reactants. For the synthesis, 180 grams of reactant mixture was placed 

in a four neck 1L glass reactor equipped with temperature controller, stirrer and a condenser 

connected to a Dean-Stark apparatus to collect water produced in the reaction. The molar ratio of 

functionalities was set at 1.5 mol OH/mol COOH. A combination of succinic acid (SA) and 

maleic anhydride (MA) or fumaric acid chosen from 100/0, 50/50 or 0/100 in mol percentage 

was employed as the dicarboxylic acid molecules for the synthesis. The temperature was 

increased to 150 °C or 180 °C and kept constant throughout the reaction. Reaction was stopped 5 

minutes before the gel point formation recorded previously in order to obtain non-crosslinked 

polymers. Products synthesized at different molar ratios of succinic acid to maleic anhydride or 

fumaric acid were designated as LPGSM or LPGSF which stands for liquid poly(glycerol 

succinate-co-maleate) or liquid poly(glycerol succinate-co-fumarate) followed by the molar ratio 

of succinic acid to maleic anhydride employed for its synthesis (e.g LPGSMA 50/50 stands for 

liquid poly(glycerol succinate-co-maleate) synthesized using 50/50 mol ratio of succinic 

acid/maleic anhydride). Liquid products were blended with poly(lactic acid) PLA (Ingeo 3251D, 

Natureworks, USA) or poly(butylene succinate) PBS (Biocosafe 1903, Xinfu, China) or a 

combination thereof using a DSM twin screw extruder. The addition of organic peroxide initiator 

(Luperox, Sigma-Aldrich, USA) was performed in some formulations in a range of 0.1 to 0.2 
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phr. PLA and PBS were previously dried at 80 °C for 5 h. The blend of LPGS and PLA or PBS 

was processed at 180 °C for 2 minutes at 100 rpm, followed by injection molding into molds at 

30 °C shaped in conformity with test specimens defined in ASTM standards. Tables 1 (Examples 

4a – 4d) and 2 (Examples 4a – 4k) summarizes the synthesis conditions and mechanical 

properties of the obtained blends respectively. 

Example 5 – Microwave synthesis of pure glycerol based polyesters and its blends with 

PLA 

Pure glycerol and sebacic acid were employed as the reactants for the synthesis. 43.3 g of 

glycerol were manually blended with 88 g of sebacic acid in a glass beaker. The beaker was then 

put in a labscale microwave oven under stirring at 180 °C. Water produced during the reaction 

was removed by the system of ventilation of the microwave oven. The reaction was stopped 

when magnetic stirring was stopped due to a sudden increment in viscosity, after 2 h 41 min of 

microwaving. Then 25 g of this product (PGSeb-1) was blended manually with 270 g of PLA 

(Ingeo 3251D, Natureworks, USA) and dried during 6 hours at 80 °C to remove the water from 

the PGSeb and the PLA. The PLA/PGSeb mix was blended using a Haake polylab Mixer at 180 

°C during 4 minutes at 50 rpm. The product was dried, thermo-molded at 180 °C in sheets and 

subsequently grinded, dried again, and finally extruded using a DSM explorer twin screw 

extruder (100 rpm, 180 °C, 4 minutes of residence time).Tables 1 and 2 (Example 5) summarizes 

the synthesis conditions and mechanical properties of the obtained blends respectively. 
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Example 6 – Microwave synthesis of polyester using mono and dicarboxylic acids as acid 

molecules and their blends with PLA in multi-step processing. 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 40 g of 

glycerol were manually blended with 88 g of sebacic acid in a beaker. The mixture was then put 

in a labscale microwave oven under stirring at 180 °C. Water produced during the reaction was 

removed by the system of ventilation of the microwave oven. The reaction was stopped after one 

hour of microwaving. At this point 27.7 g of the solution was removed and 46.3 g of stearic acid 

(fatty acid with 18 carbons) was added. Then the mixture was put inside the microwave oven at 

180 °C for 2 h 40 min (until magnetic stirring was stopped due to a sudden increment in 

viscosity). Afterwards, 30 g or 60 g of this product (PGSeb-2) was blended manually with 270 g 

of PLA or 240 g of PLA and left during 6 hours at 80 °C to remove the water of the PGSeb-2 

and the PLA. Finally, the PLA/PGSeb-2 mixture was blended in a Haake polylab Mixer at 180 

°C during 4 minutes at 50 rpm. The product was dried, thermomolded at 180 °C in sheets and 

subsequently grinded, dried again, and finally extruded using a DSM explorer twin screw 

extruder (100 rpm, 180 °C, 4 minutes of residence time). Tables 1 (Example 6) and 2 (Examples 

6a and 6b) summarizes the synthesis conditions and mechanical properties of the obtained blends 

respectively. 
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Example 7 – Microwave synthesis of polyester using mono and dicarboxylic acids as acid 

molecules and their blends with poly(lactic acid) in single step processing 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 30 g of 

glycerol was blended manually with 66 g of sebacic acid (10 carbons) and 46 g of stearic acid 

(18 carbons). The blend was then put in a labscale microwave oven under stirring at 180 °C for 3 

h 35 min (until magnetic stirring was stopped due to a sudden increment in viscosity). The water 

produced by the reaction was removed by the system of ventilation of the microwave oven. The 

obtained product (PGSeb-3) was dried in an oven at 80 °C during 4 hours and PLA was dried 

separately 6 hours at 80 °C. Then the PGSeb-3 was cut in small pieces and fed with PLA directly 

in DSM extruder in order to obtain 80/20 wt% of PLA/PGSeb-3 in the final blend. The extrusion 

process was kept at 180 °C during 4 minutes. Tables 1 and 2 (Example 7) summarizes the 

synthesis conditions and mechanical properties of the obtained blends respectively. 

Example 8 - Microwave mono-step synthesis of polyester using mono and dicarboxylic 

acids (glycerol/sebacic acid/stearic acid: 1/1/0.5) as acid molecules and its blends with PLA 

by twin screw extrusion 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 21.1 g of 

glycerol was blended manually with 46.3 g of sebacic acid (10 carbons) and 32.5 g of stearic 

acid (18 carbons) in a 200 mL beaker. The blend was then put in a labscale microwave oven 
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under stirring at 180 °C for 3 h 45 min ± 15 min (until magnetic stirring was stopped due to a 

sudden increment in viscosity). A silicon lid with a hole was put on the top of the beaker to 

prevent reagent lost. The water produced by the reaction was removed by the system of 

ventilation of the microwave oven. The obtained product was called (PGSeb-4). PLA and PHBV 

were dried 6 hours at 80 °C prior to extrusion. Then the PGSeb-4 was cut in small pieces and fed 

with PLA and PHBV directly in DSM extruder in order to obtain blend having a content of 

PGSeb-4 ranging from 0 to 20%. The extrusion process was kept at 180 °C during 4 minutes. 

Tables 1 (Example 8) and 2 (Examples 8a – 8c) summarizes the synthesis conditions and 

mechanical properties of the obtained blends respectively. 

Example 9 - Synthesis with Dean-Stark apparatus heating system and oven of polyester 

using mono and dicarboxylic acids (glycerol/sebacic acid/stearic acid: 1/1/0.5) as acid 

molecules and their blends with PLA by twin screw extrusion. 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 41.9g of 

glycerol was blended manually with 92.2 g of sebacic acid (10 carbons) and 65 g of stearic acid 

(18 carbons) and then placed in a four neck 1L glass reactor equipped with temperature 

controller, stirrer and a condenser connected to a Dean-Stark apparatus to collect water produced 

in the reaction. The reaction was performed at 180 °C for 4 h. The product was then placed in an 

oven during 4 h 30 min at 130 °C under vacuum on a Teflon sheet. Finally the temperature was 

increased to 150 °C and the product was kept 10 hours in the same conditions. A yellowish resin 
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was obtained. In parallel, PLA was dried separately 6 hours at 80 °C. Then the PGSeb-5 was cut 

in small pieces and fed with PLA directly in DSM extruder in order to obtain 90/10 wt% of 

PLA/PGSeb-5 in the final blend. The extrusion process was kept at 180 °C during 4 minutes. 

Tables 1 and 2 (Example 9) summarizes the synthesis conditions and mechanical properties of 

the obtained blends respectively. 

Example 10 - Microwave mono-step synthesis of polyester using mono and dicarboxylic 

acids (glycerol/sebacic acid/stearic acid: 1/1/0.23) as acid molecules and their blends with 

PLA and PHBV by twin screw extrusion 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 25.6 g of 

glycerol was blended manually with 56.2 g of sebacic acid (10 carbons) and 18.2 g of stearic 

acid (18 carbons) in a 250 mL beaker. The blend was then put in a labscale microwave oven 

under stirring at 180 °C for 2 h 30 min (until magnetic stirring was stopped due to a sudden 

increment in viscosity). A silicon lid with a hole was put on the top of the beaker to prevent 

reagent lost. The water produced by the reaction was removed by the system of ventilation of the 

microwave oven. The obtained product was called (PGSeb-6). PLA and PHBV were dried 6 

hours at 80 °C prior to extrusion. Then the PGSeb-6 was cut in small pieces and fed with PLA 

and PHBV directly in DSM extruder in order to obtain blend having a content of PGSeb-6 

ranging from 0 to 18%. The extrusion process was kept at 180 °C during 4 minutes. Tables 1 

(Example 10) and 2 (Examples 10a – 10c) summarizes the synthesis conditions and mechanical 
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properties of the obtained blends respectively. 

Example 11 - Microwave multi-step synthesis of polyester using mono and dicarboxylic 

acids (glycerol/sebacic acid/stearic acid: 1/1/0.23) acid molecules and PLA (10% in mass) 

and its blend with PLA by twin screw extrusion 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 25.6 g of 

glycerol was blended manually with 56.2 g of sebacic acid (10 carbons) and 18.2 g of stearic 

acid (18 carbons) in a 250 mL beaker. The blend was then put in a labscale microwave oven 

under stirring at 180 °C for 1h. Then 9 g of PLA (10% in mass of the whole mass after synthesis) 

dried pellets were added inside the solution, and the reaction was kept at 180 °C during 1 h 10 

min (until magnetic stirring was stopped due to a sudden increment in viscosity). During all the 

synthesis, a silicon lid with a hole was put on the top of the beaker to prevent reagent lost. The 

water produced by the reaction was removed by the system of ventilation of the microwave oven. 

The obtained product was called (PGSeb-7). PLA was dried 6 hours at 80 °C prior to extrusion. 

Then the PGSeb-7 was cut in small pieces and fed with PLA directly in DSM extruder in order to 

obtain blend having a content of 10% and 15% of PGSeb-7.The extrusion process was kept at 

180 °C during 4 minutes. Tables 1 (Example 11) and 2 (Examples 11a and 11b) summarizes the 

synthesis conditions and mechanical properties of the obtained blends respectively. 
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Example 12 -Microwave mono-step synthesis of polyester using mono and dicarboxylic 

acids (glycerol/sebacic acid/palmitic acid: 1/1/0.5) and its blends with PLA by twin screw 

extrusion 

Pure glycerol was used as alcohol molecule. Sebacic acid was used as dicarboxylic acid 

molecule whereas stearic acid was used as monocarboxylic acid molecule. Briefly, 30.12 g of 

glycerol was blended manually with 65.93 g of sebacic acid (10 carbons) and 41.94 g of palmitic 

acid (16 carbons) in a 250 mL beaker. The blend was then put in a labscale microwave oven 

under stirring at 180 °C 4 h 55 min (until magnetic stirring was stopped due to a sudden 

increment in viscosity). A silicon lid with a hole was put on the top of the beaker to prevent 

reagent lost. The water produced by the reaction was removed by the system of ventilation of the 

microwave oven. The obtained product was called (PGSeb-8). PLA was dried 6 hours at 80 °C 

prior to extrusion. Then the PGSeb-8 was cut in small pieces and fed with PLA directly in DSM 

extruder in order to obtain blend having a content of 20% of PGSeb-8. The extrusion process 

was kept at 180 °C during 4 minutes. Tables 1 and 2 (Examples 12) summarizes the synthesis 

conditions and mechanical properties of the obtained blends respectively. 

Example 13 - Technical glycerol based liquid polyesters synthesized from mixed 

dicarboxylic acids and their blends and biocomposites with poly(butylene succinate) PBS. 

Technical glycerol (96 wt% glycerol), maleic anhydride and pure succinic acid were 

employed as the reactants. For the synthesis, 180 grams of reactant mixture was placed in a four 

neck 1L glass reactor equipped with temperature controller, stirrer and a condenser connected to 
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a Dean-Stark apparatus to collect water produced in the reaction. The molar ratio of 

functionalities was set at 1.5 mol OH/mol COOH. A combination of 50/50 succinic acid (SA) 

and maleic anhydride (MA) in mol percentage was employed as the dicarboxylic acid molecules 

for the synthesis. The temperature was increased to 150 °C and kept constant throughout the 

reaction. Reaction was stopped 5 minutes before the gel point formation recorded previously in 

order to obtain non-crosslinked polymers. Liquid product was blended with poly(butylene 

succinate) PBS (Biocosafe 1903, Xinfu, China) using a DSM twin screw extruder in the presence 

of 0.2 phr of an organic peroxide initiator (Luperox, Sigma-Aldrich, USA). The obtained 

PBS/LPGSMA blend was pelletized and stored in a sealed plastic bag until further use. 

Subsequently, biocomposites of PBS/LPGSMA blend as matrix and Miscanthus fiber (fiber 

average length 4 mm) were fabricated on DSM twin screw extruder. Miscanthus fibers were 

dried at 80 °C for 5 h until reaching a moisture content of around 2.5%. The biocomposite was 

processed at 180 °C for 2 minutes at 100 rpm, followed by injection molding into molds at 30 °C 

shaped in conformity with test specimens defined in ASTM standards. Table 2 (Example 13) 

summarizes the mechanical properties of the obtained biocomposites. 
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Table 6.1. Summary of synthesized glycerol based polyesters and their synthesis parameters 

Example Name Monomers Composition Synthesis 
temperature (°C) 

Synthesis 
method 

Time of 
reaction 

(h) 

Mn 
(Da) 

Mw 
(Da) 

1a PGS 032gel Pure glycerol/ 
succinic acid 0.32:1 molar 180 Conventional 

heating 3.3   

1b PGS 064gel Pure glycerol/ 
succinic acid 0.64:1 molar 180 Conventional 

heating 0.7   

1c PGS 085gel Pure glycerol/ 
succinic acid 0.85:1 molar 180 Conventional 

heating 0.8   

1d PGS 107gel Pure glycerol/ 
succinic acid 1.07:1 molar 180 Conventional 

heating 1.6   

1e PGS 128gel Pure glycerol/ 
succinic acid 1.28:1 molar 180 Conventional 

heating 3.7   

2a PGS PGgel Pure glycerol/ 
succinic acid 0.5:1 mass 180 Conventional 

heating 1.2   

2b PGS TGgel Technical glycerol/ 
succinic acid 0.59:1 mass 180 Conventional 

heating 1.1   

2c PGS CG1gel Crude glycerol 1/ 
succinic acid 0.8:1 mass 180 Conventional 

heating 1.8   

2d PGS CG2gel Crude glycerol 2/ 
succinic acid 1.29:1 mass 180 Conventional 

heating 1.5   

2e PGS RGgel Refined glycerol/ 
succinic acid 1.91:1 mass 180 Conventional 

heating 6   

3a LPGS 1 Technical glycerol/ 
succinic acid 0.6:1 molar 180 Conventional 

heating 1.1 3119 938 

3b LPGS 2 Technical glycerol/ 
succinic acid 1:1 molar 180 Conventional 

heating 3 2569 1011 



 
 

204 
 

3c LPGS 3 Technical glycerol/ 
succinic acid 1.2:1 molar 180 Conventional 

heating 5.3 1234 754 

4a LPGSMA 1 
Technical glycerol/ 

succinic acid/ 
maleic anhydride 

1:0.5:0.5 molar 180 Conventional 
heating 2.5 1040 2218 

4b LPGSMA 2 
Technical glycerol/ 

succinic acid/ 
maleic anhydride 

1:0.5:0.5 molar 150 Conventional 
heating 5 661 1188 

4c LPGSFA 1 
Technical glycerol/ 

succinic acid/ 
fumaric acid 

1:0.5:0.5 molar 150 Conventional 
heating 25   

4d LPGMA 1 Technical glycerol/ 
maleic anhydride 1:1 molar 180 Conventional 

heating    

5 PGSeb-1 Pure glycerol/ 
sebacic acid 1.1:0.9 molar 180 Microwave 

heating 2.7   

6 PGSeb-2 
Pure glycerol/ 
sebacic acid/ 
stearic acid 

1:1:0.5 molar 180 
Microwave 
heating, two 

step synthesis 
3.7  

 
7 PGSeb-3 

Pure glycerol/ 
sebacic acid/ 
stearic acid 

1:1:0.5 molar 180 Microwave 
heating 3.6  

 
8 PGSeb-4 

Pure glycerol/ 
sebacic acid/ 
stearic acid 

1:1:0.5 molar 180 Microwave 
heating 3.8  

 
9 PGSeb-5 

Pure glycerol/ 
sebacic acid/ 
stearic acid 

1:1:0.5 molar 180 
Conventional 
heating/Vacuu

m oven 
18.5  

 
10 PGSeb-6 

Pure glycerol/ 
sebacic acid/ 
stearic acid 

1:1:0.23 molar 180 Microwave 
heating 2.5  
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11 PGSeb-7 
Pure glycerol/sebacic 

acid/stearic acid + 
Poly(lactic acid) 

1:1:0.23 molar 
+ 10 phr 180 

Microwave 
heating, two 

step synthesis 
2.2  

 12 PGSeb-8 Pure glycerol/sebacic 
acid/palmitic acid 1:1:0.5 molar 180 Microwave 

heating 4.9  
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Table 6.2. Summary of mechanical properties of glycerol based polyesters and bioplastic matrices 

Example Blend components Composition 
(w/w%) 

Tensile 
strength 
(MPa) 

Tensile 
Modulus 

(MPa) 

Elongation 
at break 

(%) 

Notched 
Izod impact 

(J/m) 

Flexural 
strength 
(MPa) 

Flexural 
modulus 
(MPa) 

 PLA 3251D Ingeo 100 67.1 ± 0.8 3114 ± 21 4.3 ± 0.3 20.7 ± 0.9 104.8 ± 1.5 3927 ± 27 

 PBS 1903 Biocosafe 100 40.4 ± 0.3 603 ± 9 238 ± 5.3 31.9 ± 1.4 36 ± 0.7 824 ± 31 

 PHBV Y1000P Enmat 100 33.6 ± 0.5 2620 ± 55 2.7 ± 0.3 20.1 ± 4.4 59.5 ± 1.1 2984 ± 63 
1a PBS/PGS 032gel 70/30 23.5 ± 0.9 352 ± 3 223 ± 11 27.9 ± 15.5 18.2 ± 0.3 389 ± 7 
1b PBS/PGS 064gel 70/30 24.9 ± 0.9 329 ± 13 212 ± 16 78.9 ± 21.5 17.2 ± 2.1 368 ± 38 
1c PBS/PGS 085gel 70/30 24.5 ± 0.6 340 ± 13 193 ± 16 86.3 ± 15.1 17 ± 0.5 372 ± 16 
1d PBS/PGS 107gel 70/30 20.2 ± 1.2 342 ± 6 36 ± 12 118.5 ± 24.2 13.1 ± 0.3 343 ± 46 
1e PBS/PGS 128gel 70/30 15.1 ± 3.0 281 ± 19 20 ± 12 126.4 ± 19.1 11 ± 0.8 250 ± 18 
2a PBS/PGS PGgel 70/30 26.8 ± 0.7 325 ± 11 248 ± 6 121.3 ± 24 17.9 ± 0.5 378 ± 10 
2b PBS/PGS TGgel 70/30 25.6 ± 0.5 331 ± 5 220 ± 11 110.9 ± 23.7 16.8 ± 0.4 371 ± 15 
2c PBS/PGS CG1gel 70/30 26.5 ± 0.9 358 ± 25 102 ± 22 32.5 ± 3.7 17.7 ± 0.8 414 ± 12 
2d PBS/PGS CG2gel 70/30 23.6 ± 0.4 406 ± 5 99 ± 23 35.2 ± 4.1 16.8 ± 0.5 400 ± 10 
2e PBS/PGS RGgel 70/30 17.1 ± 0.6 377 ± 5 12 ± 1 23.5 ± 1.1 18.3 ± 0.7 404 ± 14 
2f PLA/PGS PGgel 80/20 40.1 ± 0.2 2310 ± 10 11.6 ± 1.1 23.8 ± 7.6 66.3 ± 0.7 2750 ± 29 
2g PLA/PGS PGgel 70/30 30.6 ± 1 1878 ± 38 4.7 ± 0.7 29.8 ± 6.5 47.6 ± 6.5 2310 ± 55 
2h PLA/PGS PGgel 50/50 17.5 ± 0.6 951 ± 23 17.6 ± 4.7 29.6 ± 5.3 26 ± 0.6 1129 ± 19 
3a PBS/LPGS2 80/20 36.2 ± 0.5 421 ± 7.7 282 ± 3.9 75.3 ± 15.9   
3b PLA/LPGS1 90/10 45.1 ± 1.1 2510 ± 27 7.4 ± 0.8 19.8 ± 5.2   
3c PLA/LPGS2 90/10 48.6 ± 0.4 2380 ± 39 11.7 ± 0.9 27.1 ± 6.7   
3d PLA/LPGS3 90/10 56.8 ± 0.6 2470 ± 57 4.3 ± 0.5 31.7 ± 7.3   
3e PLA/LPGS2 80/20 39.4 ± 1.3 2030 ± 54 10.2 ± 1.8 34.9 ± 1.1 64.6 ± 2 2715 ± 100 
3f PLA/LPGS2/Luperox 80/20 41.5 ± 0.5 2350 ± 22 7.7 ± 0.3 34.9 ± 1.6 64.9 ± 1.6 2733 ± 55 
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+ 0.2 phr 
3g PLA/PBS/LPGS2 72/18/10 42.5 ± 0.9 2040 ± 32 34.8 ± 2.9 35.5 ± 1.5   
3h PLA/PBS/LPGS2 50/25/25 31.9 ± 0.7 1520 ± 35 50.2 ± 21.8 48.1 ± 8.9   
4a PBS/LPGSMA 1/ 

Luperox 
70/30 

+ 0.2 phr 31 ± 0.4 308 ± 2 190 ± 14 74.2 ± 57.8 15.6 ± 0.1 340 ± 1 

4b PBS/LPGSMA 2/ 
Luperox 

80/20 
+ 0.2 phr 42.1 ± 0.4 404 ± 11 199 ± 7.1 123.4 ± 25.2 22.4 ± 0.4 498 ± 5 

4c PBS/PLA/LPGSMA 2/ 
Luperox 

70/10/20 
+ 0.2 phr 38.9 ± 0.7 576 ± 18 176 ± 10.8 118.8 ± 24.7 29 ± 1.3 682 ± 34 

4d PBS/PLA/LPGSMA 2/ 
Luperox 

65/15/20 
+ 0.2 phr 39.1 ± 1 709 ± 8 192 ± 11.6 136.9 ± 26.5 31.6 ± 1 768 ± 27.4 

4e PBS/LPGSFA 1/ 
Luperox 

80/20 
+ 0.2 phr 34.5 ± 1.5 518 ± 23 114 ± 27.2 137.8 ± 47   

4f PLA/LPGMA1 90/10 53.6 ± 1.6 2770 ± 60 5.2 ± 1.1 17.1 ± 1.4   
4g PLA/LPGMA1/ 

Luperox 
90/10 

+ 0.2 phr 60 ± 1 2950 ± 45 2.9 ± 0.2 18.4 ± 2.2   
4h PLA/LPGSMA1 80/20 41.6 ± 1.5 2220 ± 44 15.1 ± 2.2 25.5 ± 8.8 64.5 ± 1 2807 ± 44 

4i PLA/LPGSMA1/ 
Luperox 

80/20 
+ 0.2 phr 41.3 ± 0.4 2140 ± 17 33.2 ± 11.7 21.9 ± 9.4 68.2 ± 1.2 2669 ± 37 

4j PLA/LPGSMA 2/ 
Luperox* 

80/20 
+ 0.2 phr 43.5 ± 0.8 2100 ± 30 150 ± 15 23.4 ± 8.2 66.1 ± 0.8 2770 ± 69 

4k PLA/PBS/LPGSMA1/ 
Luperox* 

50/25/25 
+ 0.2 phr 31.9 ± 1.2 1450 ± 32 226 ± 26 31.9 ± 1.1   

5 PLA/PGSeb-1 92/8 45.4 ± 3.3 3150 ± 126 5.9 ± 1.4 32.8 ± 2.9   
6a PLA/PGSeb-2 90/10 41.9 ± 0.6 2990 ± 110 10.3 ± 1.9 33.1 ± 1.8   
6b PLA/PGSeb-2 80/20 35.7 ± 0.6 2700 ± 29 29.9 ± 6.9 35.1 ± 2   
7 PLA/PGSeb-3 80/20 37 ± 3.5 2720 ± 140 24.7 ± 6.5 39.4 ± 2.9   
8a PLA/PGSeb-4* 90/10 47.7 ± 1.0 3070 ± 146 92.8 ± 11.7 28.9 ± 6.2   
8b PLA/PGSeb-4 80/20 30.3 ± 1 2720 ± 45 17.4 ± 3.2 37.1 ± 2.0   
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8c PLA/PHBV/PGSeb-4 36/60/4 40.4 ± 0.8 2950 ± 75 7.1 ± 2.1 18.3 ± 1.5   
9 PLA/PGSeb-5* 90/10 48.5 ± 1.8 3040 ± 60 68 ± 17 32.9 ± 2.1   

10a PLA/PGSeb-6* 85/15 41.4 ± 1.6 2740 ± 62 93.7 ± 32 32.2 ± 0.9   
10b PLA/PGSeb-6* 82/18 37.6 ± 1.5 2830 ± 63 71.2 ± 21 41.2 ± 2.3   
10c PLA/PHBV/PGSeb-6* 55/30/15 36 ± 1.2 2740 ± 41 67.8 ± 10.7 36.3 ± 1.1   
11a PLA/PGSeb-7 90/10 49.1 ± 1 3210 ± 47 17.1 ± 10 33.5 ± 3.5   
11b PLA/PGSeb-7* 85/15 40.1 ± 1.8 2890 ± 70 56.8 ± 19 36.9 ± 3.9   
12 PLA/PGSeb-8 80/20 28.0 ± 0.9 2580 ± 35 19.0 ± 1.4 34.7 ± 0.8   
13 (PBS/LPGSMA2/Luperox)/ 

Miscanthus 
80(80/20+0.2phr)/ 

20 33.3 ± 0.7 2000 ± 108 3.1 ± 0.2 35.4 ± 2.1 49 ± 1 1481 ± 56 

• PLA based formulations were tested at 5 mm/min and PBS based formulations were tested at 50 mm/min in 

accordance with ASTM D638-14 method. Tests with the mark “* “ had a duration of testing superior to 5 minutes. 
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Table 6.3. Glycerol sources employed for crude glycerol based PGS synthesis 

Glycerol source 
Glycerol content in 

glycerol source 
(wt%) 

Pure glycerol 
Technical glycerol 
Refined glycerol 
Crude glycerol 1 

99 
96 
75 
30 

Crude glycerol 2 15 
 

Table 6.4. Heat deflection temperature (HDT) of selected blend compositions 

Example Blend components Composition (w/w%) HDT (°C) 

 PBS 1903 Biocosafe 100 91 

 PLA 3251D Ingeo 100 57 

 PHBV Y1000P Enmat 100 148 
4b PBS/LPGSMA 2/Luperox 80/20 + 0.2 phr 82 
4c PBS/PLA/LPGSMA 2/Luperox 70/10/20 + 0.2 phr 64 
4d PBS/PLA/LPGSMA 2/Luperox 65/15/20 + 0.2 phr 55 
4e PBS/LPGSFA 1/Luperox 80/20 + 0.2 phr 79 
8c PLA/PHBV/PGSeb4 36/60/4 75 

10b PLA/PHBV/PGSeb6 55/30/15 56 
13 (PBS/LPGSMA2/Luperox)/Miscanthus 80(80/20 + 0.2 phr)/20 98 

 

Through the embodiments that are illustrated and described, the currently contemplated 

best mode of making and using the invention is described. 

Without further elaboration, it is believed that one of ordinary skill in the art can, based 

on the description presented herein, utilize the present invention to the full extent.   

 

 



 
 

210 
 

6.8. References 

(1)  Martin, A.; Richter, M. Oligomerization of glycerol - a critical review. Eur. J. Lipid Sci. 
Technol. 2011, 113 (1), 100–117. 

(2)  Behr, A.; Eilting, J.; Irawadi, K.; Leschinski, J.; Lindner, F. Improved utilisation of 
renewable resources: New important derivatives of glycerol. Green Chem. 2008, 10 (1), 
13–30. 

(3)  Wang, Y.; Ameer, G.; Langer, R. US Pat. No. 7,722,894 B2 Biodegradable Polymer, 
October 21, 2003. 

(4)  Stumbe, J.-F.; Bruchmann, B.; Haring, D. US Pat. No. 7,148,293 B2 Method for the 
production of hyperbranched water-soluble polyesters, 2003. 

(5)  Flynn, A.; Torres, Lennard, F. WO2009/146109 Bioderived Plasticizer for Biopolymers, 
December 4, 2009. 

(6)  Pirri, R.; Girois, S.; Dargelos, P.; Bergeret-Richaud, M. WO2012/038441 New impact 
modifier and impact modified thermoplastic composition, March 30, 2012. 

(7)  Gu, L.; Li, Y.; Cheng, S. Modification of Poly(L-Lactide) by Poly(Glycerol-Sebacate). J. 
Funct. Polym. 2008, 21 (3), 343–348. 

(8)  Zhou, C.-H. (Clayton); Beltramini, J. N.; Fan, Y.-X.; Lu, G. Q. (Max). Chemoselective 
catalytic conversion of glycerol as a biorenewable source to valuable commodity 
chemicals. Chem. Soc. Rev. 2008, 37 (3), 527–549.  



 
 

211 
 

 

6.9. Discussion 

The present invention describes the utilization of glycerol based polyesters as toughness 

enhancers in thermoplastic blends. Gel polyesters are considered as one of the options in the 

blending of the materials using regular extrusion techniques. The usage of glycerol of different 

purities for the synthesis of the polyesters is considered. Although the polyesters synthesized 

from glycerol of lower purity are not effective in promoting tensile or impact toughness on 

thermoplastic blends, they could be used as cost effective fillers for biobased thermoplastics 

aiming to reduce the final cost of the blends. The reason for the decreased effectiveness of the 

polyesters synthesized from crude glycerol as toughness enhancers is the presence of impurities 

on the glycerol source which participate on the synthesis reaction and decrease the compatibility 

of the final blend. This is illustrated in examples 1 and 2. 

In the usage of glycerol based polyesters as toughness enhancers for PLA based blends, it 

was found that the synthesis of polyesters containing unsaturations on their backbones could be 

used as a way for performing reactive extrusion of the materials in presence of a free radical 

initiator. This in turn helped to promote compatibility between the blend components by the 

simultaneous occurrence of crosslinking and grafting reactions during extrusion. Thus, a series of 

unsaturated liquid polyesters (non gelated products) were employed as toughness enhancers for 

PLA using reactive extrusion. This was shown through examples 3 and 4 

The usage of different diacid monomers as well as different synthetic strategies on the 

synthesis of glycerol based polyesters was explored on examples 5 to 12. The usage of 

microwaving as a synthesis tool provided benefits on reduction of synthesis time to yield similar 
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reaction products. This was due to the higher efficiency on delivering thermal energy to drive the 

condensation reaction forward of microwaving as compared to conventional heating. Also the 

usage of sebacic acid as an alternative to succinic acid as dicarboxylic acid for the synthesis of 

the polyesters was employed. Interestingly the usage of monocarboxylic acids in the formulation 

of the glycerol based polyesters was explored, resulting in toughness increase of PLA using 

conventional extrusion. The higher compatibility of the glycerol based polyesters synthesized 

using monocarboxylic acids with PLA as compared to those not synthesized in presence of 

monocarboxylic acids is thought to be caused by the decreased number of free hydroxyl groups 

on the polyester backbone. In fact the monocarboxylic monomers consume hydroxyl groups 

from the backbone of the polyester when reacting, causing the polyester material to become 

more hydrophobic after the reaction. Due to the hydrophobic character of PLA, the increased 

hydrophobicity of the polyester after reaction with monocarboxylic acids resulted beneficial in 

promoting compatibility between the blend phases. In the case of polyesters synthesized in 

presence of monocarboxylic acids, the tensile toughness achieved is higher compared to the 

polyesters synthesized in absence of monocarboxylic acids. Thus, compatibility in the PLA 

based system was favored both by the incorporation of monocarboxylic acids on the synthesis 

and also by the usage of free radical mediated reactive extrusion for the products synthesized in 

absence of monocarboxylic acids but in presence of unsaturated dicarboxylic acids to create C=C 

reactive bonds on the polyester backbone. 
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7 Chapter 7: Preliminary cost analysis of materials formulated 

Abstract: This chapter describes a preliminary production cost analysis of the 

thermoplastic materials developed on previous chapters. Assumptions for the calculations are 

discussed and a calculation of the production cost of the thermoplastic blends and its composites 

is presented. 
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7.1. Cost analysis assumptions 

For a precise and representative calculation of production cost of a material, several costs 

should be considered including raw materials costs and production costs which include labor, 

machinery utilization, fuel and water consumption among others. In order to simplify the 

calculation of the cost for the material produced, the cost of the final thermoplastic blend 

material containing glycerol based polyesters can be estimated as a function of the raw material 

costs only. In fact, for similar thermoplastic blend materials formulations by melt blending, 

previous research has shown that around 96% of the total cost of the material corresponds to raw 

materials costs 1.Therefore, the cost analysis will be reduced to a ponderation of the raw 

materials costs according to their percentage on the blend formulation. Two blend formulations 

will be used as references for the calculations. First blend is 40/50/10 wt% PGSMA/PLA/PBS 

and second blend is 40/30/30 wt% PGSMA/PLA/PBS. These blends were chosen due to the high 

content of PGSMA on their formulation while still presenting mechanical properties comparable 

to petroleum based poly(propylene). In this way, the production cost calculated could be 

compared directly to the market price of commercial poly(propylene) as a reference. 

7.2. Raw materials costs 

The materials used in the fabrication of the novel thermoplastic blends formulated in this 

research are poly(glycerol succinate-co-maleate), poly(lactic acid), poly(butylene succinate) and 

a free radical initiator. From these materials, poly(glycerol succinate-co-maleate) is the only 

material which is non commercially available so far. Therefore, the estimations of costs reported 

for this material were gathered from modeling of its industrial production, whereas the cost 

estimation for other materials was adopted from their current market price. 
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An estimation of the cost of glycerol based polyesters has been provided on earlier 

literature 2. These researchers modeled the industrial production process of poly(glycerol 

adipate) as a reference for the calculation of the industrial cost of the final product. A cost 

estimation of 1.7 €/kg, equivalent to 0.9 USD/lb. Although this cost is not exactly the cost of 

production of the polyester used in the present work, it can be used as a reference for the 

estimation of the cost of production of the thermoplastic blends. 

The cost of the biobased polymers used in the thermoplastic blend has been provided by 

commercial sources. The cost of extrusion grade PLA has been estimated at 1 – 1.5 USD/kg 3 

whereas the cost of film grade PBS has been found as 2 USD/kg 4. The cost of the commercial 

free radical initiator employed in the reactive blending of the polymeric materials was found to 

be 0.22 – 0.44 USD/kg 5. For the calculation, a cost of PLA of 1 USD/lb and a cost of free 

radical initiator of 0.1 USD/lb will be adopted from the ranges reported before, assuming the 

most favorable economic scenario for the fabrication of the novel blend materials. 

7.3.  Cost estimation of thermoplastic blends containing glycerol based polyesters 

Table 7.1 presents a cost estimation for two blends of different formulations. The first 

blend selected is a blend composed of 40/50/10 weight percentage of PGSMA, PLA and PBS, 

respectively. The second blend is composed of 40/30/30 weight percentage of PGSMA, PLA and 

PBS. Both blends were prepared through reactive extrusion in presence of 0.2 phr of free radical 

initiator. These blends were selected for the cost estimation since they present acceptable 

mechanical properties, comparable to some petroleum based counterparts like poly(propylene) 

and due to the high content of PGSMA used in the formulation. The cost estimation was done by 

factoring each component cost by its weight fraction on the final blend and adding to a total 
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ingredients cost. For calculation of the final cost, the total ingredients cost was multiplied by 

1.04 to factor in production costs which account for about 4% of the thermoplastic production 

cost 1.  

Table 7.1. Cost estimation of thermoplastic blends containing glycerol based polyesters 

 40/50/10 PGSMA/PLA/PBS 40/30/30 PGSMA/PLA/PBS 

Components 
Weight 

percentage 
(%) 

Added cost 
(USD/lb) 

Weight 
percentage 

(%) 

Added cost 
(USD/lb) 

Poly(glycerol succinate-co-
maleate) (PGSMA) 40 0.36 40 0.36 

Poly(lactic acid) (PLA) 50 0.5 30 0.3 
Poly(butylene succinate) 

(PBS) 10 0.2 30 0.6 

Free radical initiator 0.2 (phr) 0.0002 0.2 (phr) 0.0002 
Total ingredients cost 

(USD/lb)  1.06  1.26 

Final blend cost (USD/lb)  1.10  1.31 
 

From the data obtained, the final cost estimation of the thermoplastic blends produced on 

the present study is in the range of 1.1 – 1.3 USD/lb. This preliminary cost estimation can be 

used for comparison to petroleum based thermoplastics for assessing commercial viability of the 

materials formulated. 

7.4. Possible market applications and cost comparison with petroleum based alternatives 

The materials formulated on the present study composed of ternary blends of PGSMA, 

PLA and PBS present tensile and notched Izod impact properties comparable to petroleum based 

poly(propylene). Poly(propylene) is widely used in a many commercial applications due to a 

number of commercial advantages which include low cost, easy of processing, good mechanical 

performance and good heat and chemical resistance. The thermoplastic materials developed on 
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the present study are composed of polyesters, which are known for their moisture absorption, 

which limits their application on outdoor applications. Also, two of the three components on the 

materials formulated display low dimensional stability at elevated temperatures, PGSMA and 

PLA. PGSMA is an amorphous elastomeric material with a low glass transition temperature (~ 0 

°C) whereas PLA possesses a lower heat deflection temperature compared to poly(propylene) 

(57 °C for PLA vs 100 °C for PP). This also rules out the possibility of applications where heat 

resistance is required. An ideal application for the materials developed on the present study 

would be disposable packaging of hygiene and personal care products, given that these products 

are usually stored under mild conditions and many of their packages are made out of 

poly(propylene). In terms of cost of the material, the commercial cost of poly(propylene) is 

around 0.7 – 0.8 USD/lb 6. Compared to the materials developed on the present study, 

poly(propylene) is cheaper and thus the replacement of poly(propylene) could not be driven by 

cost only. Nevertheless, environmental advantages of the materials formulated on the present 

study could play an important role on their industrial adoption. For example, the thermoplastic 

materials developed in the present study are partially biobased, with a minor component of 

partially petroleum based poly(butylene succinate). Thus, the biobased content of the materials 

developed is higher than the 100% petroleum based poly(propylene). This could be an advantage 

on markets where incentives towards biobased products are provided. Also, the thermoplastic 

materials developed are likely to be biodegradable, due to the polyester nature of their 

components. Aliphatic polyesters such as PLA and PBS are certified as compostable, whereas 

PGSMA has not been tested for compostability so far, but has demonstrated great ability for 

being biodegraded on biomedical studies. This suggests that the thermoplastic materials 

formulated could be compostable, which could also be benefitial towards commercial adoption 
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of the materials formulated on markets where compostability is commercially valued. Thus, the 

materials developed in the present study could be commercially viable in a near future provided 

that their environmental advantages are recognized or provided that the cost of its components, 

specially of poly(butylene succinate) drops, which is a certain possibility due to the recent 

expansion of PBS production worldwide. 
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8 Chapter 8. Overall conclusions and future work 

Abstract: This chapters summarizes the conclusions drawn from the experimental work 

conducted on this project. Future work directions are also suggested and discussed. 
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8.1. General conclusions  

From the experimental work completed in this research project, the following conclusions 

can be drawn: 

• Glycerol based polyesters can be used as toughness enhancers in thermoplastic blends 

composed of poly(lactic acid) and poly(butylene succinate) 

• Lower temperatures (around 150 °C) and equimolar ratio of glycerol to dicarboxylic 

acids for the synthesis of glycerol based polyesters favour its compatibility with 

poly(lactic acid) 

• Introducing double bonds on the polyester backbone was proven as beneficial for 

performing reactive extrusion mediated by free radical initiator which promoted 

toughness in thermoplastic blends containing glycerol based polyesters 

• The weight ratio of components on thermoplastic blends containing glycerol based 

polyesters has a significant effect on their mechanical properties such as tensile strength 

and modulus and notched Izod impact. Manipulation of blend formulation can be 

employed to tailor the mechanical performance of the blends 

• Ternary thermoplastic blends prepared using glycerol based polyesters, poly(lactic acid) 

and poly(butylene succinate) in presence of a free radical initiator can display tensile and 

notched Izod impact properties comparable to petroleum based poly(propylene) 
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8.2. Future work directions 

The research work presented in this project demonstrated the feasibility of utilizing 

glycerol based polyesters in sustainable thermoplastic blends with mechanical performance 

comparable to petroleum based counterparts. Some suggestions for future research work to 

assess the suitability of the materials fabricated for specific applications are the following: 

• Study of the biodegradability/compostability of the materials fabricated. This could help 

in assessing the suitability of these novel materials in applications where compostability 

is required. It is expected that the hydrolysable nature of all blend components help in 

promoting biodegradation of the material on aerobic conditions, resulting in a 

compostable material according to the standard ASTM definition. 

• Study of the durability of the materials on different environmental conditions. It could be 

interesting to study the durability in terms of reduction of mechanical performance of the 

materials prepared on this research when exposed to different conditions of temperature 

and humidity, simulating operating conditions for their application as packaging 

materials. This could help in assessing the shelf life of the materials prepared and assess 

their suitability for applications as packaging for different shelf life. 

• Study of the barrier properties of the prepared thermoplastic blend materials. A study of 

the barrier properties, in particular water and oxygen barrier properties could help in 

understanding the suitability of the fabricated materials for packaging applications where 

barrier is required. This could help in assessing the usage of the newly formulated 

materials to diverse packaging sectors requiring barrier properties, such as food and/or 

cosmetics.  
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Appendix A. Supporting information. Chapter 3 

Screening and optimization of synthesis conditions of glycerol based polyester for 

toughening of poly(lactic acid) (PLA) 

Table A.1. Mechanical properties of 80/20 wt% PLA/PGSgel blends 

Blend components σ (MPa) E (MPa) εb (%) 

Notched 
Izod 

impact 
(J/m) 

PLA 67.1 ± 0.8   3114 ± 21 4.3 ± 0.3   20.7 ± 0.9   
PLA/PGSgel 40.1 ± 0.2 2310 ± 10 11.6 ± 1.1 23.8 ± 7.6 

 

Table A.2. Mechanical properties of neat PLA and 90/10 wt% PLA/PGS blends 

Blend components σ (MPa) E (MPa) εb (%) 

Notched 
Izod 

impact 
(J/m) 

PLA 67.1 ± 0.8   3114 ± 21 4.3 ± 0.3   20.7 ± 0.9   
PLA/PGS1  45.1 ± 1.1 2510 ± 27 7.4 ± 0.8 19.8 ± 5.2 
PLA/PGS2 48.6 ± 0.4 2380 ± 39 11.7 ± 0.9 27.1 ± 6.7 
PLA/PGS3 56.8 ± 0.6 2470 ± 57 4.3 ± 0.5 31.7 ± 7.3 

 

Table A.3. Mechanical properties and crystallinity percentage of 80/20 wt% reactive blends of 
PLA and glycerol polyesters 

Blend components σ (MPa) E (MPa) εb (%) 

Notched 
Izod 

impact 
(J/m) 

Xc,PLA (%) 

PLA 67.1 ± 0.8   3114 ± 21 4.3 ± 0.3   20.7 ± 0.9   14.3 ± 0.9 
RPLA 70.4 ± 0.3   2850 ± 12 4.3 ± 0.3   22.9 ± 6.3   13.3 ± 0.1 

PLA/PGS2 39.4 ± 1.3   2030 ± 54 10.2 ± 1.8   34.9 ± 1.1   24 ± 3.5 
RPLA/PGS2 41.5 ± 0.5  2350 ± 22 7.7 ± 0.3  34.9 ± 1.6  16.6 ± 0.5 

PLA/PGSMA1 45.5 ± 2  2129 ± 56  5.8 ± 1.3  27.6 ± 7.8  20.1 ± 2.1 
RPLA/PGSMA1 47.6 ± 0.8  2125 ± 32  58.6 ± 5.9  24 ± 8.5  23.5 ± 2 
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Table A.4. Analysis of DSC results for first melting cycle for 80/20 wt% PLA/PGS reactive and 
unreactive blends 

Blend Tcc 1 (°C) ΔHcc 1 (J/g) Tm (°C) ΔHm (J/g) Xc (%) 
PLA 101.5 ± 0.3 28.1 ± 0.2 169.3 ± 0.5 41.4 ± 0.6 14.3 ± 0.9 

RPLA 101.7 ± 0.7 27.2 ±0.1 168.5 ± 0.6 39.6 ± 0.1 13.3 ± 0.1 
PLA/LPGS1 92.6 ± 1.1 22.8 ± 0.3 167.6 ± 0.3 40.6 ± 2.3 24 ± 3.5 

RPLA/LPGS1 94.5 ± 0.7 24.6 ± 1.6 167.1 ± 0.8 36.9 ± 1.3 16.6 ± 0.5 
PLA/LPGSMA1 92.5 ± 0.6 24.9 ± 0.9 167 ± 0.5 39.8 ± 0.6 20.1 ± 2.1 

RPLA/LPGSMA1 91.8 ± 0.1 21.3 ± 1 167.1 ± 0.2 38.8 ± 0.5 23.5 ± 2 
 

 

Table A.5. Mechanical properties of reactive 80/20 wt% PLA/PGSMA blends with PGSMA 
synthesized at 180 °C (PGSMA1) and 150 °C (PGSMA2). 

Blend components  σ (MPa)  E (MPa)  εb (%)  
Notched 

Izod impact 
(J/m)  

RPLA 70.4 ± 0.3 2850 ± 12 4.3 ± 0.3 22.9 ± 6.3 
RPLA/PGSMA1 47.6 ± 0.8  2125 ± 32  58.6 ± 5.9  24 ± 8.5  
RPLA/PGSMA2 43.5 ± 0.8 2100 ± 30 150 ± 15 23.4 ± 8.2 
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Figure A.1. (a) GPC trace for PGS1 with standard molecular weights used for calibration curve 
shown and (b) subdivision of GPC trace on individual oligomeric peaks for calculation of 

molecular weight averages. 

 

Table A.6. Calculated parameters for individual peaks on GPC traces of PGS1 as shown in 
Figure A.1(b) 

Peak 
number 

Peak RV 
(mL) 

Mi: Mw 
of peak 

RI Area Hi: Normalized 
area 

Hi/Mi Hi*Mi 

1 16.26 8355 21.91 0.14839 0.00002 1239.81 
2 16.76 5419 23.17 0.15693 0.00003 850.38 
3 17.82 2854 31.34 0.21226 0.00008 605.79 
4 19.31 1315 30.25 0.20488 0.00016 269.41 
5 20.90 833 4.06 0.02750 0.00003 22.91 
6 21.24 753 3.00 0.02032 0.00003 15.30 
7 21.59 674 4.32 0.02926 0.00004 19.72 
8 22.02 585 5.45 0.03691 0.00006 21.59 
9 22.60 484 4.32 0.02926 0.00006 14.16 
10 23.23 382 7.46 0.05052 0.00013 19.30 
11 24.40 249 3.54 0.02398 0.00010 5.97 
12 25.55 151 6.73 0.04558 0.00030 6.88 

Sum    1 0.00107 3135.80 
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Table A.6 shows the areas and molecular weight estimation for each individual peak. 

Molecular weight average by number (Mn) and by weight (Mw) were calculated using the 

following equations: 

 

 

where Hi and Mi represent the area under the ith peak and the molecular weight of the ith peak 

calculated from the calibration curve for the retention volume corresponding to the peak 

maximum in each ith region respectively. 

 

Figure A.2. SEM pictures at fracture site in notched Izod impact tested 80/20 wt% PLA/PGSgel 
blends. a) neat PLA, b) PLA/PGSgel 80/20 wt% blend. 
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Figure A.3. DSC traces of first melting cycle for 80/20 wt% PLA/PGS reactive and unreactive 
blends. 

 

 

Figure A.4. FTIR spectra of PGSMA and RPLA neat polymers and gel and soluble fraction on 
RPLA/PGSMA1 blend. 
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Appendix B. Supporting information Chapter 4 

Studies on reactive extrusion effects on toughness of poly(glycerol succinate-co-

maleate) and poly(lactic acid) 

Table B.1. Glass transition temperature of PLA phase and melt flow index of dynamically 
vulcanized 80/20 wt% PLA/PGSMA blends in the presence of different free radical initiator 

loadings 

Initiator content in 
blend (wt% with 

respect to PGSMA) 

Tg PLA 
(°C) 

Melt flow index (g/10 min) 
(190 °C, 2.16 kg) 

1 60.6 ± 0.1 23.7 ± 0.8 
2 59.5 ± 0.5 38.6 ± 0.8 
3 58.2 ± 0.8 36.1 ± 1.3 

 

Table B.2. Morphological parameters of PGSMA phase on dynamically vulcanized 
PLA/PGSMA blends 

Blend d (μm) σ Φd (v/v) T (μm) 
60/40 PLA/PGSMA 0.649 0.49 0.43 0.651 
70/30 PLA/PGSMA 0.532 0.51 0.33 0.563 
80/20 PLA/PGSMA 0.467 0.49 0.22 0.736 
90/10 PLA/PGSMA 0.469 0.58 0.11 0.682 

 

Table B.3. Normalized ligament thickness (T) and gel fraction (Wgel) and experimental data of 
notched Izod impact (IS) on dynamically vulcanized PLA/PGSMA blends. 

Blend T (μm) Wgel (wt%) T’ W’ IS (J/m) 
60/40 RPLA/PGSMA 0.651 16.6 0.51 1 55.4 
70/30 RPLA/PGSMA 0.563 12.5 0 0.67 37.3 
80/20 RPLA/PGSMA 0.736 7.5 1 0.28 40.5 
90/10 RPLA/PGSMA 0.682 4 0.69 0 27.6 
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Figure B.1. Crystallinity percentage of PLA, glass transition of the PGSMA phase and gel 
fraction of dynamically vulcanized 80/20 wt% PLA/PGSMA blends. 

 

 

 

Figure B.2. Tensile strength and modulus of dynamically vulcanized 80/20 wt% PLA/PGSMA 
blends. Dashed line represents a low interfacial adhesion model (B=0) for 80/20 wt% 

PLA/PGSMA blends. 
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Figure B.3. Elongation at break and notched Izod impact of dynamically vulcanized 80/20 wt% 
PLA/PGSMA blends at different free radical initiator loadings. 

 

 

 

Figure B.4. Differential scanning calorimetry analysis of dynamically vulcanized 80/20 wt% 
PLA/PGSMA blends using different free radical initiator loadings. Second heating cycle data is 

shown. 
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Figure B.5. Tensile modulus and elongation at break of dynamically vulcanized PLA/PGSMA 
blends. 

 

 

 

Figure B.6. Linearization of tensile strength data of dynamically vulcanized PLA/PGSMA 
blends for calculation of B parameter on Pukanszky model for tensile strength. 
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Figure B.7. Tensile strength of dynamically vulcanized PLA/PGSMA blends (black) and 
Pukanszky model for tensile strength with two different adhesion levels (red and blue). 
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Appendix C. Supporting information Chapter 5 

Design of ternary blends of poly(glycerol succinate-co-maleate) (PGSMA), 

poly(lactic acid) (PLA) and poly(butylene succinate) (PBS) with  mechanical performance 

comparable to petroleum based thermoplastics 

 

Table C.1. Experimental design 

RunOrder PtType Blocks PGSMA PLA PBS 
1 -1 1 0.35 0.45 0.2 
2 0 1 0.4 0.4 0.2 
3 -1 1 0.35 0.4 0.25 
4 1 1 0.4 0.3 0.3 
5 1 1 0.5 0.3 0.2 
6 -1 1 0.4 0.45 0.15 
7 1 1 0.4 0.5 0.1 
8 1 1 0.5 0.4 0.1 
9 -1 1 0.45 0.35 0.2 
10 0 1 0.4 0.4 0.2 
11 1 1 0.5 0.3 0.2 
12 -1 1 0.45 0.4 0.15 
13 -1 1 0.4 0.35 0.25 
14 -1 1 0.4 0.35 0.25 
15 -1 1 0.35 0.45 0.2 
16 1 1 0.4 0.5 0.1 
17 -1 1 0.35 0.4 0.25 
18 1 1 0.3 0.4 0.3 
19 -1 1 0.45 0.4 0.15 
20 1 1 0.5 0.4 0.1 
21 1 1 0.4 0.3 0.3 
22 1 1 0.3 0.5 0.2 
23 -1 1 0.45 0.35 0.2 
24 -1 1 0.4 0.45 0.15 
25 1 1 0.3 0.5 0.2 
26 1 1 0.3 0.4 0.3 
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Table C.2. Contact angle data for PGSMA films at room temperature (25 °C) 

Liquid θ, PGSMA contact angle (°) 
water 97.85 ± 2.12 

diiodomethane 58.25 ± 2.02 
glycerol 96.6 ± 2.12 

ethylene glycol 83.86 ± 0.48 
 

Table C.3. Solubility parameters (δ) of polymeric blend components 

Polymer total δ (J1/2 cm-3/2) 
Disperse 

component δd 
(J1/2 cm-3/2) 

Polar 
component δp 

(J1/2 cm-3/2) 

Hydrogen 
bonding 

component δh 
(J1/2 cm-3/2) 

PLA 23.3 17.6 9.7 11.8 
PBS 22.1 18.1 7.4 10.3 

PGSMA 28.5 19.5 9.7 18.5 
 

Table C.4. Surface tension between polymer pairs (γ) and spreading coefficients for different 
blend compositions. Sub indexes 1,2 and 3 denote the matrix, major and minor dispersed phases 

respectively. 

Blend γ12 
(mN/m) 

γ32 
(mN/m) 

γ13 
(mN/m) 

λ31 
(mN/m) 

PLA 2; PGSMA 3; PBS 1 5.65 4.59 15.35 -14.29 
PLA 2; PBS 3; PGSMA 1 4.59 5.64 15.35 -16.4 
PGSMA 2; PLA 3; PBS 1 15.35 4.59 5.65 5.11 
PGSMA 2; PBS 3; PLA 1 4.59 15.35 5.65 -16.4 
PBS 2; PGSMA 3; PLA 1 5.65 15.35 4.59 -14.29 
PBS 2; PLA 3; PGSMA 1 15.35 5.65 4.59 5.11 
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Table C.5. Comparison of experimental and predicted values for 35/40/25 PGSMA/PLA/PBS 
blend using two different PGSMA batches. 

Data set Tensile 
strength (MPa) 

Tensile 
stress at 

yield (MPa) 

Tensile 
modulus (GPa) 

Notched Izod 
impact (J/m) 

Model prediction 32.4 30.8 1.571 176.6 
Original PGSMA batch 33.2 ± 1.2 31.8 ± 3.17 1.68 ± 0.13 198.5 ± 24.6 

New PGSMA batch 33.8 ± 0.7 28.9 ± 1.2 1.472 ± 0.06 158.8 ± 11.9 
 

 

 

 

Figure C.1. Residual plots for linear regression of notched Izod impact data versus blend 
composition 
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.  

Figure C.2. Box-Cox transformation of notched Izod impact data. 
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Figure C.3. Residual plots for linear regression models for (a) tensile strength, (b) tensile stress at 
yield, (c) tensile modulus and (d) transformed notched Izod impact. 
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Figure C.4. Contour plots for (a) tensile strength, (b) tensile stress at yield, (c) tensile modulus 
and (d) transformed notched Izod impact for PGSMA/PLA/PBS ternary blends. 
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