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ABSTRACT

GREEN THERMOSETTING FACTORY: NOVEL STAR-SHAPED BIOBASED SYSTEMS AND THEIR THERMOSETTING RESINS;
SYNTHESIS, CHARACTERIZATION, OPPORTUNITIES AND
DRAWBACKS
ARASH JAHANDIDEH
2017
Increasing attentions toward sustainable development, economic and
environmental issues have led to many attempts at replacing the petroleum-based
materials with renewables. Substitution of petroleum-based platforms with green
alternative technologies is beneficiary in different ways. Using bio-renewables reduces
the dependency of the national plastic industry to the petroleum resources and
substantially promotes the environmental profile and sustainability of the product. It is
expected that the emergence of the corn-based thermosetting industry generates
substantial profits for the corn production sector. Developments in the emerging biobased
thermosets are spectacular from a technological point of view. However, there are still
several disadvantages associated with the current biobased thermosetting resins, e.g. low
processability, environmental issues, expensive sources and poor thermomechanical
properties. Use of natural fibers not only contributes to the production of a more
environmentally friendly product, but also has advantages such as low-weight
product and low manufacturing costs. The results of this study show a possibility of
production of biocomposites made from natural fibers and star-shaped resin, synthesized

xxiii
from corn-based materials (lactic acid and itaconic acid) and different multihydroxyl core
molecules. These resins were synthesized via two-steps strategy: polycondensation of the
monomers with the core molecules followed by end-functionalization of the branches by
methacrylic anhydride or itaconic acid.
The results have shown that these resin are capable of competing with or even
surpassing fossil fuel based resins in terms of cost and eco-friendliness aspect.
Inexpensive biobased raw material, better environmental profile, low viscosity, and better
processability of the matrix along with better thermomechanical properties of the
produced biocomposites are of advantages expected for these systems.

1

Chapter 1 - Foreword

This dissertation is consisted of two different parts. Part A is entitled as
“Synthesis, characterization and curing kinetics of novel star-shaped resins synthesized
from lactic acid” in which the synthesis and characterization of various star-shaped resins
with different core molecules will be discussed. The employed core molecules include:
glycerin, pentaerythritol, ethylene glycol and xylitol. In the Part B which entitled as “the
synthesis and characterization of novel star-shaped itaconic acid based thermosetting
resins”, star-shaped biobased thermoset resins will be synthesized employing itaconic
acid molecules and glycerin core molecule. The objectives, incentives and the rationales
for these studies will be presented below.
1.1 Part A: the Synthesis, characterization and curing kinetics of novel star-shaped resins
synthesized from lactic acid.
The first objective of this phase is to synthesize and characterize the resins and
optimize the curing process. Then, the effect of LA chain-length on the
thermomechanical properties was investigated.
The second objective was to model the curing kinetics and the rheology. Finally,
employing the curing and rheology models, the resin were employed for production of
biocomposites reinforced by natural fibers. The results have shown that these resin are
capable of competing with or even surpassing fossil fuel based resins in terms of cost and
eco-friendliness aspect. Successful outcome of the project will result in synthesis and
characterization of a novel star-shaped resin, suitable for biocomposite production with
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possible wide range of applications. Inexpensive biobased raw material, better
environmental profile, low viscosity, and better processability of the matrix along with
better thermomechanical properties of the produced biocomposites are of advantages
expected for these system.
1.1.1 Synopsis of the Part A study
Composites are engineered materials with wide range of applications which are
currently produced from petroleum based resins and synthetic fibers. Due to a shortage of
petroleum resources, and ecological-economic concerns associated to petroleum based
resins, different biobased raw materials have been suggested for production of
composites. Versatile and economical renewable sources of lactic acid (LA) make LA a
suitable source for production of bioplastics.
Thermoplasts are a class of polymers with high molecular weight in which the
chains are associated through intermolecular forces in which structure is weaken rapidly
upon temperature increase. In contrast, thermosets form chemical bonds during the curing
process and the structure cannot be reformed upon heating-cooling processes. Limitations
in impregnation of the matrix to fibers, make the thermoplast processing to be slow and
costly and also reduce the mechanical strength of the produced composites. In addition,
PLA’s hydrophobic nature makes it incompatible with natural fibers (Oksman, Skrifvars,
and Selin 2003, Wambua, Ivens, and Verpoest 2003, Qin et al. 2011). The other privilege
of the thermoset systems is that thermosets can be tailored for a certain functionality by
altering the chemical structure or by changing crosslinking density which ultimately
result in variety of resins (Raquez et al. 2010a). However, there are also several
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disadvantages associated with current thermosetting resins, e.g. environmental issues,
nonrenewable expensive sources and poor thermomechanical and impact properties.
Different studies have been performed on synthesis of star-shaped thermosetting
resins from LA (Sachlos and Czernuszka 2003, Åkesson, Skrifvars, et al. 2010b, Bakare,
Åkesson, et al. 2015, Bakare et al. 2014b). It is presumed that more hydroxyls of the core
molecule provide a better extended network of the final thermosets. In addition,
unsaturated hydroxyl groups of the core molecule may ultimately increase the
hydrophilicity of the produced resin which makes the resin more compatible with
hydrophilic inexpensive natural fibers. The major goal of this phase is to produce
biocomposites made from natural fibers and a novel star-shaped synthesized resins.
The privilege of this state-of-the-art thermoset system over other systems is that
this resin can be engineered for a certain functionality by changing the chemical structure
or altering the crosslinking density. For example, substitution of the end-functionalization
agent with groups containing phosphorous, can add flame retardancy features to the
biocomposites, or by increasing the LA chain-length of the oligomer, the flexibility of the
product is increased. The already established knowledge on biopolymer synthesis and
biocomposite production, a network of experts working closely on different areas related
to the subject, promising preliminary results and available resources required for
conducting the experiments, have encouraged us to work on this project.
1.1.2 Rationale and Specific Objectives of Part A-Using Xylitol Core molecule
Substitution of current petroleum-based platforms with renewable-based
technologies would be beneficiary in different ways. First, using the corn-based LA
instead of conventional petroleum based monomers, will reduce the dependency of the
national thermosetting plastic industry to the petroleum resources. Thus, in the long term,
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it will enhance the national energy security. Second, compared to petroleum based
products, using biobased materials will substantially promote the environmental profile
and sustainability of the production chain. Third, using corn-based LA and inexpensive
natural fibers as the raw materials, will subsequently promote economic diversification in
rural areas of the United States.
It is expected that the emergence of the LA based thermosetting industry will
generate substantial profits for individuals involved in the corn production sector. The
multidisciplinary nature of this proposal promotes the collaborative partnerships between
different participants, from agriculture-sector individuals to experts of different fields of
agricultural engineering, chemical and polymer engineering and mechanical engineering.
The incentives for suggesting xylitol as the core molecule in this star-shaped polymer are
that 1) it is biobased and relatively inexpensive, 2) it lowers the viscosity of the final
resin and enhances the resin’s processability, 3) xylitol’s hydroxyl groups provide a
better extended network which results in better thermomechanical properties of the cured
resin and 4) hypothetically, unsaturated branches of xylitol molecule, increase the
hydrophilicity of the produced resin. Therefore, it leads to a resin which is more
compatible with inexpensive natural fibers and it eventually increases the mechanical
properties and lowers the final costs of the biocomposites produced from natural fibers
and PLA thermosets.
Objectives: The specific objectives of this phase are as follows:
Objective 1: Resin Synthesis, Characterization and Optimization. In the first
phase, the resins are synthesized and characterized and the curing process is optimized.
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The thermomechanical properties of cured resins is also investigated and the effect of the
LA chain-length on the thermomechanical properties of the resins will be investigated.
Objective 2: Cure kinetics and Rheology Characterization. Cure kinetics and
Rheology of the synthesized resins is investigated by means of DSC and viscometer.
These models then were applied for composite processing.
Objective 3: Biocomposite production. Biocomposites were prepared using
natural fibers by compression molding method. The composite laminates were then
prepared and cut with a laser cutting machine and the thermomechanical properties of
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1.1.3 Summary of Methods Used in Part A
1.1.3.1 Objective 1.1- Resin Synthesis
The resins will be synthesized via a two steps method: poly-condensation and
end-functionalization. The first-step reactions result in oligomers with a xylitol center and
LA branches. In the poly-condensation reactions, LA and Xylitol will be mixed in
presence of toluene and the catalyst, methanesulfonic acid. The condensation of LA will
occur under toluene reflux from an azeotropic distillation apparatus. The ratio of the
reacted to initial carboxylic groups in the reactants can be attributed to the degree of
completion of the condensation reaction in the polymerization-condensation step.
The number of carboxylic groups will be measured based on an acid-base titration
method (ASTM D974). The branches will be functionalized further to improve their
reactivity by adding carbon double bonds. For this mean, in presence of hydroquinone,
methacrylic anhydride will be added as the end-functionalizing agent. The chemical
reactions and idealized structures are presented in Figure 1. The chemical structures of
the resins will be confirmed by a 13C NMR spectrometry at 400 MHz and the FTIR
analysis which will be carried out on a spectrometer in the range of 4000–600 cm−1.
1.1.3.2 Objective 1.2- Resin Optimization
The aim of the curing optimization is to obtain the complete, cured samples,
which has no imperfections in the final casted product. For the curing purpose, benzoyl
peroxide will be used as the radical-initiator. Different curing strategies will be
investigated and the completion of the curing process will be confirmed by analyzing the
exotherms of the DSC of the samples. Finally, mechanical strength of different neat
samples will be checked and the best curing method will be introduced. The FTIR
analysis of the cured samples will be carried out on a spectrometer in the range of 4000–
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600 cm−1. TGA of the cured resins will also be carried out to study the thermo-stability
and DMA will be performed to check the viscoelastic properties of the biocomposites.
1.1.3.3 Objective 1.3- Effect of Chain-Lengths on Thermomechanical Properties.
In this part, the effect of LA chain-lengths on the thermomechanical properties of
the resins will be investigated. The resins with three different LA chain-lengths of: 3, 5
and 7 will be synthesized in a similar way as explained in the resin synthesis part. Resins
will be characterized by 13C-NMR, FTIR, Viscoanalyzer, DSC, DMA, TGA and also by
Flexural and Tensile tests. The resin with desired thermomechanical properties will be
identified and used for production of biocomposites.

Xylitol Lactic Acid

Step-one Resin

Natural fibers

Step-two Resin

MAA
Poly Condensation Rxn

Reactants

Hot Press
Molding

B-Proxide
End-Functionalization Rxn

Step-one Resin

Cured Resin

Optimized Cured Resin
BioComposites

Step-two Resin

Crosslinked Resin

Figure 1. 2. Schematic of the methodology proposed in this proposal
1.1.3.4 Objective 2- Cure Kinetics and Rheology Characterization.
For cure kinetics, the DSC will be used to measure the heat flow of dynamic and
isothermal curing processes. Non-isothermal curing experiments will also be performed
to study the curing kinetics of the reactions. The curing process will be then modeled by
the change of various kinetic parameters, reaction orders and evolutions of activated
energy under the test reaction conditions. Rheology of the synthesized resins will also be
investigated by a viscometer. The change in viscosity under isotheral conditions will be
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measured and used for phenomenological modeling of the rheology. These models then
will be applied for composite processing.
1.1.3.5 Objective 3: Biocomposite Production.
Biocomposites will be prepared using different natural fibers (e.g. Jute, flax and
hemp) by a layout method. The optimized resin will be impregnated in to natural fiber
reinforcements and then compression molded at elevated temperature to produce
thermoset composites. The composite laminates will be cut with a laser cutting machine
and the mechanical properties will be characterized by flexural and tensile testing. The
thermal properties of composites will be also investigated by DMA and TGA. The water
adsorption tests will be performed based on ASTM D 570 to determine the relative rate
of water absorption of the biocomposite samples.
It is possible to manipulate the biocomposites’ properties by changing the nature
and the portion of the block units of copolymers of LA and xylitol. This manipulation
could be in terms of changing the hydrophilicity as well as designing and altering the
voids’ sizes of the polymers network. It means that the next generation biocomposites can
be engineered for a specific application. One future scope of this study might be to
engineer the resins for a certain functionality, e.g. to add antimicrobial properties by
embedding antioxidant agents or to add flame-retardancy property by adding phosphorus
containing groups in the chains. Manipulation of both void’s size and hydrophilicity will
provide the unique opportunity for designing a polymeric matrix which is specifically
designed for certain chemical component release or a desired drug delivery with a
substantial control over release rate.
1.1.4 Deliverables expected for Part A
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Successful outcome of the Part A of this project will result in synthesis and
characterization of a novel, inexpensive, biobased, star-shaped resin, suitable for
biocomposite production with possible wide range of applications. By studying the effect
of LA chain-length the resin formulation will be optimized for a certain biocomposite
production purposes. Curing kinetic and Rheology models will be developed and used for
production of biocomposites in which the natural fibers are used as reinforcements. The
outcome of this dissertation would be served as the cornerstone of future plans for more
collaborative projects between different parties, working on the functionalized
composites. The proposed platform will create a paradigm for future studies on
engineered star-shaped thermosetting.
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1.2 Part B: The Synthesis and Characterization of Novel Star-Shaped Itaconic acid based
Thermosetting Resins
1.2.1 Synopsis of the Part B study:
In this part of this dissertation, the synthesis and characterization of corn-based
thermosetting resins suggested based on itaconic acid and the star-shaped lactic acid
based resins (S-LA). In part A of this dissertation, we have introduced the method for
synthesizing the S-LA, and in this part, the substitution of the expensive methacrylic
anhydride (MAA) with the corn-based itaconic acid has been proposed. MAA which is
currently used for end functionalization of resins, is a toxic and reactive liquid which
does not have a known renewable source. Itaconic acid (ITA) is a non-toxic, readily
biodegradable chemical which is produced commercially by the fermentation of corn
based carbohydrates using Aspergillus terreus.
These properties candidate ITA as a sustainable industrial building block.
Inexpensive biobased raw material, better environmental profile, low viscosity and better
processability of the matrix along with better thermomechanical properties and low
weights of the produced biocomposites are of advantages expected for the ITA based SLA composites. Successful outcome of this phase results in synthesis and characterization
of an inexpensive, biobased, biodegradable resin, suitable for biocomposite production
with possible wide range of applications.
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Figure 1. 3. Reaction scheme for a) the synthesis of star-Ita-Gly resins, and b) endfunctionalization with ethanol to synthesis Tstar-Ita-Gly resins.
1.2.2 Commercial Potential of Itaconic based Resins
Commercial composites are typically manufactured from glass fibers and fossil
fuel derived polymers. In this part of this dissertation, the synthesis of the corn-based
thermosetting resins suggested based on itaconic acid and glycerol core molecules. ITA
has been listed as one of the top 12 value-added chemicals by the U.S. Department of
Energy which can be commercially produced from corn starch using fungi. Glycerol is an
inexpensive abundant renewable compound which is the main byproduct of the biodiesel
production. The produced star-shaped resins would be inexpensive, biobased, suitable for
biocomposite production with possible wide range of applications.The previous results
support that these resins are more compatible with inexpensive natural fibers which
eventually increases the mechanical properties and lower the final costs of the
biocomposites. These composites can be engineered for specific applications such as
automotive, electrical, furnishing or food packaging.
We firmly believe that these thermoset resins are capable of competing with or
even surpassing expensive commercial thermoset resins include polyesters, vinyl esters,
epoxies, maleimides, polyimides, etc. (with a huge market demand) in terms of cost and
eco-friendliness concerns. The composites’ market is mainly dominated by the aerospace,
wind energy and transportation appliances due to their excellent properties and low
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weight. The suggested thermosetting resin is made up of up to 96 wt% corn-based raw
materials with a high potential market demand for different industries. In addition, the
global price of the MAA which is currently employed for end functionalization, is
estimated to be around $10/kg while the global price of the ITA is expected to be around
$1/kg. Therefore, substitution of the MAA with ITA in the thermosetting resins is
believed to substantially improve the economy of the process.
1.2.3 Objectives of Part B
The specific objectives of this part of the dissertation are as follows:
Objective 1: Resin Synthesis, Characterization and Optimization. In the first
phase, the resins will be synthesized and characterized and the curing process will
be optimized.
Objective 2: Substitution of hydroxyl groups with more reactive groups. In the
second phase, the resins will be synthesized by treating the resins with biobased
and reactive alcohols. The resins will be then characterized and the curing process
will be optimized.

1.2.4 Methods used in Part B of this study
1.2.4.1 Resin Synthesis:
We have already shown the synthesis of star-shaped oligomers in our previous
studies via a two-step method. The first-step reactions result in oligomers with a glycerol
center and LA branches. The degree of completion of the condensation reaction in the
polymerization-condensation step will be measured based on an acid-base titration
method. Previous results showed that although macromolecules have reactive groups, yet
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the reacti1vity is not enough for efficient crosslinking. So far, MAA has been used for
efficient end-functionalization of the thermoset resins which is toxic, expensive and
doesn’t have a biobased source. In this proposal, the ITA is proposed for endfunctionalization. The chemical structures of the resin will be evaluated by H NMR, 13C
NMR and FTIR analysis.
1.2.4.2 Curing Optimization:
The aim of the curing optimization is to obtain the completely cured samples,
which has no imperfections in the final casted product. Different curing strategies will be
investigated and the completion of the curing process will be confirmed by analyzing the
exotherms of the DSC of the samples. Finally, mechanical strength of different neat
samples will be checked and the best curing method will be introduced. TGA of the cured
resins will also be carried out to study the thermo-stability and DMA will be performed
to check the viscoelastic properties of the crosslinked resins.
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Abstract
Shortcomings of the conventional PLA synthesis methods have encouraged
researchers to investigate on alternative methods for PLA synthesis. Utilization of chain
extenders is an effective way to achieve high MW polymers. The concept of using starshaped resins as the reinforced matrices for biocomposites or in biomedical applications
is gaining more and more attention day by day. Star-shaped lactic acid based resins are a
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class of branched resins with a multifunctional core molecule and lactic acid branches. In
order to increase the reactivity of branches, the star-shaped resin oligomers can get endfunctionalized which yields in a crosslinkable product. Changing the architecture of a
polymer from a linear to a multiarm or hyperbranched one, would change its chemical,
diffusional and physical-mechanical properties.
This review paper presents the current state and recent advances in the synthesis,
characterization, properties and applications of the star-shaped resins made from lactic
acid or lactide and multi-hydroxyl core molecules with a focus on the role of the
morphology of the polymer on the properties of resins. Rheological, physiochemical and
thermomechanical properties of to date synthesized star-shaped resins are compared and
discussed. Special emphasis would be made on potential opportunities, probable
applications and also gaps and drawbacks concerning these systems. This review aims to
provide useful information to help future development of efficient, highly engineered
bioresins which can be especially designed for a certain application.
Keywords
Star-shaped; Lactic acid; Thermosetting resins; Applications; Limitations
Highlights


Recent advances in the synthesis and properties of the star-shaped resins are
discussed.



Physiochemical and thermomechanical properties of S-LA resins are compared
and discussed.



Opportunities, probable applications and also drawbacks of the star-shaped resins
are discussed.
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2.1. Introduction
Different studies have been published on the synthesis of resins from lactic acid
(LA) or lactide and branching point molecules. In order to increase the MW of PLA and
induce branching points in the structure, different techniques have been employed,
including free-radical branching in the presence of epoxides (Takamura et al. 2008),
beam irradiation (Wang et al. 2011), copolymerization with cyclic monomers having
hydroxyl groups in the cycle (Wolf and Frey 2009) or use of polyfunctional chain
extenders. Generally, the star-shaped thermosetting resins are synthesized via a two-step
strategy: poly-condensation of LA with the core molecule followed by endfunctionalization of the branches. So far, star-shaped LA based resins (S-LA) were
synthesized employing core molecules, including ethylene glycol, xylitol, glycerol and
pentaerythritol for different applications.
The rationales for employing a core molecule in the structure of star-shaped
polymers are that it potentially changes the properties of the polymer, increases the MW
of the oligomers, lowers the viscosity and enhances processability of the resin; this
technique is also provides a better extended network resulting in better thermomechanical
properties of the cured resin. In addition, the core molecule will provide reactive sites
which can be further used for the addition of a special functionality, e.g. a flame retardant
agent, a drug carrier, an anti-microbial agent, etc. It is also possible to manipulate the
biocomposites’ properties by changing the nature and the portion of the block units of
copolymers of LA and the core molecule. This manipulation could be in terms of
changing the hydrophilicity or designing and altering the voids’ sizes of the crosslinked
polymer’s network. For example, by employing longer oligomers, it is possible to
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increase the size of the voids in the network and by using hydrophilic monomers, the
hydrophilicity of the product can be tailored. Manipulation of both void’s size and
hydrophilicity will provide the unique opportunity for designing a polymeric matrix for
certain component release or a desired drug delivery with a substantial control over
release rate.
Different methods have been introduced for synthesizing and characterizing the SLA. The differences between the S-LA properties, resulted from employing of different
core molecules, different lengths of the LA monomers (or co-polymers) in branches,
utilization of different end-functionalization (EF) agents, employing different curing
techniques as well as using different curing initiators. Choosing a combination of these
factors results in a unique product with specific characteristics which could be suitable
for a certain purpose. The concept of using star-shaped resins as the reinforced matrices
for biocomposites or in biomedical applications is gaining more and more attention day
by day.
The increasing number of publications during the recent years, concerning the
synthesis and characterization of star-shaped resins for different applications, including
biocomposites (Bakare et al. 2014b, Bakare, Åkesson, et al. 2015, Bakare et al. 2016,
Åkesson et al. 2011b), coating (Åkesson, Skrifvars, et al. 2010b), biomedical (Zeng et al.
2013, Kim, Kim, and Kim 2004), drug delivery (Park et al. 2003, Lin and Zhang 2010,
Lin, Zhang, and Wang 2012), tissue engineering (Sakai et al. 2013), smart packaging,
functionalized polymers (Finne and Albertsson 2002, Biela et al. 2005) and so on, reflects
the growing importance of these new resins. To date, there is no comprehensive study
exists on the different synthesis methods and characteristics of the synthesized S-LA.
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This review paper presents the recent advances in the synthesis, characterization,
properties and applications of S-LA and their thermosetting systems using a multihydroxyl clustering core molecule. The synthesis, chemical and thermomechanical
properties of S-LAs are assessed. Special emphasis would be made on potential
opportunities, probable applications and also drawbacks concerning the use of the multihydroxyl core molecules in the structure of the S- LA. Finally, the limitations and
technological gaps of these systems are highlighted. This paper will not address other
branched LA based polymers, including dendritic (Mezzenga, Boogh, and Månson 2001),
hyperbranched (Hult, Johansson, and Malmström 1999), grafted or comb-like polymers
(Plate and Shibayev 1971); and also, synthetic fiber reinforcements for bio composites
are out of the scope of this paper. In addition, studies on fiber treatment for composite
productions are excluded from this review article.
This review paper consisted of four different sections. In the first part, the
synthesis of the S-Las and linear PLA systems are explored. Different synthesis methods
of PLA are discussed and currently applied multi-hydroxyl monomers as the core
molecule for S-LAs are introduced. The role of EF and attributed methods of endfunctionalizing of the branches as well as different methods for curing of the resins are
emphasized.
In the second part, the characterization of the S-LAs are discussed, including
chemical characterization, general properties and thermomechanical properties. In
chemical characterization, titration, nuclear magnetic resonance (NMR) and Fourier
transform infrared spectroscopy (FT-IR) of S-LAs are briefly discussed. Special
emphasis are made on rheological properties of the star-shaped crosslinkable resins. The
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general properties section presents the current knowledge on water absorption properties
and the biobased contents of the S-LAs. Finally, the thermomechanical properties of the
cured resins are discussed based on the reported results of dynamic mechanical analysis
(DMA), flexural and tensile analysis. The third part will discuss different applications of
these systems, including biocomposites, drug delivery and tissue engineering. In the
fourth part, the limitations and future of these systems are discussed.

2.2. Introduction to PLA synthesis methods
Lactic acid (2-hydroxy propionic acid) exists as the two stereo isomers of L-LA
and D-LA, and can be produced via bacterial fermentation of carbohydrates or chemical
synthesis. The LA produced by the chemical rout is an optically inactive racemic mixture
(50/50 L-D) while fermentation-derived LA exists almost exclusively as L-LA (Lunt
1998). Due to major limitations of chemical synthesis, the fermentation pathway is often
preferred (Datta and Henry 2006, Jamshidian et al. 2010). Poly lactic acid (PLA), an
aliphatic polyester made up of LA monomers, is a biodegradable and compostable
thermoplastic, which has extensive applications in biomedical fields, including bone
fixation, drug delivery and tissue engineering (Lasprilla et al. 2012). The applications of
PLA are not limited to biomedical field and it has potential for use in a wide range of
applications, including food applications, packaging, structural composites, furnishings,
etc. (Jamshidian et al. 2010, Madhavan Nampoothiri, Nair, and John 2010).
Synthesis of PLA from LA can follow two different routes of polymerization,
condensation polymerization (CP) of LA and polymerization through lactide formation
(presented in Fig. 1) (Jamshidian et al. 2010). The condensation polymerization route
includes direct condensation-polymerization of LA (see Fig. 1, Pathway A) and
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azeotropic dehydration condensation (ADC) of LA (see Fig. 1, Pathway C). In direct
condensation polymerization, esterification of monomers happens with the aid of solvents
and the consequent water is removed progressively at high temperatures and partial
vacuum. The molecular weight of the condensation derived polymer is low, which results
in poor mechanical properties (Jamshidian et al. 2010, Hartmann 1998). In the ADC
method, the azeotropic solution and catalysts are employed to produce a high molecular
weight PLA. The azeotropic solution helps to reduce the distillation pressure and enables
the separation of the PLA from the solvent. In general, PC methods require a good
control over the reaction for achieving a PLA with desired MW, and water, as a
byproduct of the condensation, must be efficiently removed from the solution for
achieving a high MW PLA (Drumright, Gruber, and Henton 2000).
In the lactide formation pathway or ring opening polymerization (ROP) (see Fig.
1, Pathway C), first LA is dimerized to lactide. Adding a proper catalyst at elevated
temperatures under vacuum, the PLA is synthesized with relatively high MW. Reaction
time, temperature, purity of lactide and type of the employed catalysts are of key
parameters in ROP method (Xiao, Wang, et al. 2012). The ROP of LA is a complicated
and expensive method for production of high MW PLA and condensation methods result
in low MW PLA (Esmaeili and Javanshir 2013).
2.2.1. Synthesis of the PLA by chain extension

In direct polymerization DP (also called solution poly-condensation or melt polycondensation), LA is condensate polymerized to yield a low MW brittle glassy polymer.
Presence of water, the high viscosity of the polymer melt, the presence of impurities, low
concentration of reactive groups and occurrence of the unwanted “back biting” reactions
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which result in lactide formation are of reasons for achieving a low MW polymer
(Ajioka et al. 1995, Hartmann 1998). Therefore, the resulted polymer is not suitable for
any application without further utilization of the chain extenders which are employed to
increase the MW of the polymer (Hartmann 1998). Azeotropic condensationpolymerization is also sensitive to the presence of impurities of the supplied LA. The
impurities endcap the polymer and limit the chain growth and have a large effect on the
MW of the final polymer. In addition, in azeotropic condensation-polymerization, various
diacids, diols or hydroxyl acids interfere with polymerization step and affect the purity of
the produced polymer. Residual catalysts in the products is another drawback of this
method (Hartmann 1998).
From the other hand, the yield and efficiency of ROP method heavily depend on
the type of the employed catalyst and the employed polymerization mechanism. Cationic
(Kricheldorf and Dunsing 1986), anionic (Kurcok, Matuslonicz, and Jedlinski 1995) and
coordination-insertion (Hartmann 1998) are the three mechanisms of catalytic reactions
in the ROP, which are sensitive, complex and expensive (Ray and Bousmina 2005). Tin
compound catalysts, e.g. tin (II) bis-2-ethylhexanoic acid (C16H30O4Sn, referred to as tin
octoate, stannous octoate, octoate or Sn(Oct)2) are the most common catalysts used in the
ROP method (Garlotta 2001b). It is shown that the rate of chain growth varies greatly,
depending on the presence of lactide impurities and also by formation of crystalline phase
during polymerization. It is believed that the presence of impurities does not significantly
affect the rate of polymerization, but it dramatically reduces the final MW of the
polymer. However, carboxylic impurities have an inhibitory effect on the rate of
polymerization as well, which could be due to deactivation of the catalyst by forming a
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complex. Substantial sensitivity of the ROP method to impurities, indicates that a
rigorous purification of lactide is required beforehand in those processes which impose
substantial costs to the process (Hartmann 1998, Gu et al. 2008).
Shortcomings of the DC methods and complexity of ROP, encouraged researchers
to investigate on alternative methods for PLA synthesis. Utilization of chain extenders is
an effective way to achieve high MW polymers. Generally, chain extenders are
multifunctional low MW chemicals which are attached to the low MW oligomer and link
it into a polymer with higher MW. The most common chain extenders for polyesters
which contain –OH and –COOH groups include diisocycanates, diepoxides,
bisoxazolines, dianhydrides and bisketeneacetals (Gu et al. 2008, Hartmann 1998).
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Figure 2. 1. Synthesis methods for high molecular weight PLA. Condensation/coupling
(Pathway A), Azeotropic dehydration condensation (Pathway B) and Ring Opening
Polymerization (ROP) of lactide (Pathway C) (Hartmann 1998).
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2.2.2. Synthesis of star-shaped resins
Currently, polymers are designed for a certain application. In order to add especial
physical properties, it is sometimes desirable to change the architecture of the polymer
from linear to a star-shaped polymer (Finne and Albertsson 2002). Changing the
architecture of a polymer to achieve a multiarm or hyperbranched one would change its
morphological and physical-mechanical properties (Alward et al. 1986). Different
methods for achieving star-shaped polymers have been introduced, including employ of
multifunctional linking agents or multifunctional initiators (Kanaoka, Sawamoto, and
Higashimura 1991, Finne and Albertsson 2002, Fukui, Sawamoto, and Higashimura
1994, Dong et al. 2001, Marsalko, Majoros, and Kennedy 1993, Lutz and Rempp 1988).
However, a few studies have been devoted to syntheses of star-shaped polyesters. The
early star-shaped polyesters have been synthesized by the reaction of multifunctional
hydroxyl compounds and Sn(Oct)2 using an ROP approach (Kim et al. 1993, Choi, Bae,
and Kim 1998).
Currently, different polyol molecules with various hydroxyl groups have been
employed as the core molecule in S-LA. In the next part of this review article, the recent
methods for synthesis of different star-shaped resins using these polyols are explored. In
addition, although the two-armed PLA systems, with 2 hydroxyl group compound chain
extenders, doesn’t have a star shaped architecture and are linear, due to similarities
between these systems and other S-LA systems in terms of synthesis, physiochemical
properties, and applications, the two armed linear PLA systems are also discussed in the
next part.
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Two-arm linear LA based polymers: Modification of linear PLA is a technique
often employed for controlling the degradation rate or increasing the flexibility of the
polymers for biomedical application (Baiardo et al. 2003). PLEG often produced from
poly ethylene glycol and poly lactic acid or lactide (Fig. 2.1) by direct conjugation
method (Cheng et al. 2007) for modification of the PLA polymers. Poly lactic acidethylene glycol, PLEG, has also been synthesized from lactide and ethylene glycol using
Sn(Oct)2 as catalyst at 200 °C (Sawhney, Pathak, and Hubbell 1993, Tsuji et al. 2008).
Biela et al. employed diethylene glycol and synthesized hydroxyl group terminated R(PLA-OH)2 according to the procedure explained by Arvanitoyannis et al.
(Arvanitoyannis et al. 1995) employing Sn(Oct)2 as co-initiator. Sealed glass ampules
using a standard high vacuum technique were employed for polymerization at 120 °C
(Biela et al. 2003) (Fig. 2.4). Tetra(ethylene glycol), TEG, has also been used as the chain
extender and telechelic polylactides having two CH-OH end groups were obtained. The
ratio of LA to TEG was set to 20:1 mole and dry chlorobenzene was added under an
atmosphere of dry nitrogen. The reactants were heated to 120 °C and after 5 min,
Bi(OAc)3 was added – with a ratio of 0.02 mole to mole of TEG (Kricheldorf,
Hachmann-Thiessen, and Schwarz 2004).
The two-armed lactic/glycolic acid polymers (PLGA) have been used to fabricate
devices for drug delivery and tissue engineering applications for several decades
(Makadia and Siegel 2011, Kumari, Yadav, and Yadav 2010) owing to their outstanding
biocompatibility and nontoxic and absorbable degradation end-products (Wise 1995).
Physical properties of PLGA are dependent on multiple factors, including the MW of the
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polymer, the ratio of lactide to glycolide (or lactic to glycolic acid) in the structure, time
of exposure to water and the surface shape (Houchin and Topp 2009).
Generally, PLGA copolymers are synthesized by ring-opening copolymerization
of lactide and glycolide and common catalysts used include Sn(Oct)2, tin(II) alkoxides, or
aluminum isopropoxide (Jeong et al. 2000, Astete and Sabliov 2006). Wang et al.
reported the synthesis and characterization of a series of PLGA with various molar ratios
of lactic to glycolic acid with various molecular weights, using the ROP method (Fig.
2.2). The PLGA polymers were amorphous, glassy with a Tg, ranged from 21 °C to 52
°C, depending on the MW and the composition (Wang et al. 2000, Wu and Wang 2001).
Butanediol is also used as the chain extender in the synthesis of the S-LA (Fig.
2.3). The oligomers were polymerized via ROP method from lactide at 160 °C for 3 h. In
the presence of 0.02 mole % Sn(Oct)2 as an initiator, the appropriate amount of the
extender to LA molecules were added in which the ratio of the LA monomer to
butanediol was varied between 100:12.5 to 100:5 (Helminen, Korhonen, and Seppälä
2002). Wang et al. reported the synthesis and characterization of linear PLA polymers
with two arms, using the 1,6-hexanediol and lactide through ROP method at 125 °C (Fig.
2.5). In the reported synthesis method, Sn(Oct)2 was used as the catalyst (Wang and
Dong 2006). The summary of the synthesis methods is presented in the table 1.
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Figure 2. 2. Synthesis of PLLAs with different chain extenders with two hydroxyl groups.
Chain extenders used: 1) ethylene glycol, 2) glycolic acid, 3) 1,4-butanediol, 4)
diethylene glycol and 5) 1,6-hexanediol.
Core molecules with three hydroxyl groups: Early S-LA polymers with three
hydroxyl groups’ core molecules were synthesized by reaction of lactide and glycerol by
Arvanitoyannis et al (see Fig 3.1). The star shaped polymers were synthesized through a
ROP method using pressurized ampoules in presence of Sn(Oct)2 or tetraphenyltin as
catalysts at 130 °C in a duration of 4 days. Amorphous polymers obtained when the ratio
of lactide to glycerol was below 20:1 (mol:mol) and semicrystalline thermoplast obtained
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when this ratio is higher than 20:1. In addition, MW of the polymers decreased
proportionally to the glycerol content in the polymer (Arvanitoyannis et al. 1995). Bakare
et al. synthesized a thermoset S-LA with glycerol core molecules. The thermoset resins
was synthesized in two stages: direct condensation reaction of LA with glycerol and EF
of the oligomers with MAAH. Resins with different LA chain lengths of 3, 7 and 10 were
synthesized. Condensation reactions performed in the presence of toluene reflux from an
azeotropic distillation apparatus as an auxiliary solvent for water removal containing 0.1
wt% of the catalyst, methanesulfonic acid. The temperature was set to 145 °C for two
hours, increased to 165 °C for another two hours and to 195 °C for one more hour.
For EF, in the presence of 0.1 wt% of hydroquinone as the stabilizer, 3.3 mole
MAAH per mole of glycerol was added under a nitrogen atmosphere. The resin was
purified from the remained water/toluene and the produced MAA by a rotary evaporator
at 13 mbar at 60 °C for 2 hours (Bakare et al. 2014b). 1,1,1-tri(hydroxymethyl)propane
(THMP) (see Fig 3.2) has also been used as the core molecule where a three-armed S-LA
with three CH-OH end groups was formed. The ratio of lactide to THMP was 20:1 mole
to mole and dry chlorobenzene was added under an atmosphere of dry nitrogen. The
reactants were heated to 150 °C for homogenization before cooling to 120 °C and after 5
min, Bi(OAc)3 was added with a ratio of 0.02 mole to mole of THMP (Biela et al. 2003,
Kricheldorf, Hachmann-Thiessen, and Schwarz 2004). In another similar study, the same
core molecule, THMP, was used with Sn(Oct)2 as initiator in which lactide was
polymerized with the polyol, at 120 °C (Biela et al. 2005).
In a more recent study, tri(hydroxymethyl)benzene (see Fig 3.3), used as the core
molecule using a Sn(Oct)2 catalyst, for producing S-LA oligomers with 10 lactide
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monomer units arms. Polymerization reaction was performed at 125 °C for 8 h under
nitrogen atmosphere. The precipitation in cold methanol was employed for separation of
the polymers from the reactants (Perry and Shaver 2011). The summary of the synthesis
methods is presented in the table 1.
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Figure 2. 3. Synthesis of S-LA with different core molecules with three hydroxyl groups.
Core molecules used: 1) glycerol, 2) 1,1,1-tri(hydroxymethyl)propane, 3) 1,3,5benzenetrimethanol.
Core molecules with four hydroxyl groups: Kim et al. showed the possibility of
the preparation of higher MW S-LA with pentaerythritol (PENTA) (see Fig 4.1) as the
core molecule. The used catalyst was Sn(Oct)2 and the resulted resin showed a lower
intrinsic viscosity compared to those of the linear ones, which confirms the lower
viscosity of the star-shaped architecture (Kim et al. 1993, Kim et al. 1992). Åkesson et al.
synthesized a crosslinkable thermoset resin from LA and PENTA core molecules. The
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resin was synthesized via direct condensation reaction of LA with PENTA and itaconic
acid (IT) followed by EF of the oligomers with MAAH. At 120 °C, the catalyst, 0.05
wt% of Sn(Oct)2, was added, and the reaction temperature was set to 180 °C. The total
polymerization time was 15 h and the resulted product was a yellowish, transparent, rigid,
brittle resin. It is assumed that IT was only reacted with one branch of PENTA. For EF at
100-110 °C, first, 0.1 wt% of hydroquinone was added as the stabilizer and then, 15 wt%
of MAAH was added dropwise.
The reaction continued at 120 °C for 3 h under nitrogen purge (Åkesson,
Skrifvars, et al. 2010b). In another study, Biela et al. synthesized four hydroxyl groups
terminated R-(PLA-OH)4 employing di(trimethylolpropane) (see Fig 4.2) as the core
molecule according to the procedure explained by Arvanitoyannis et al. (Arvanitoyannis
et al. 1995) employing Sn(Oct)2 as catalyst in which sealed glass ampules used for ROP
polymerization at 120 °C (Biela et al. 2003). The summary of the synthesis methods is
presented in the table 1.
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Figure 2. 4. Synthesis of S-LA with different core molecules with three hydroxyl groups.
Core molecules used: 1) pentaerythritol (PENTA) and 2) di(trimethylolpropane).
Core molecules with five hydroxyl groups: In a recent study, the utilization of
xylitol (see Fig 5.1) molecule was examined and evaluated as the core molecule in a
thermoset S-LA resin. The resin was synthesized via direct condensation reaction of LA
with xylitol, in the presence of toluene reflux from an azeotropic distillation apparatus. 50
g toluene per mole of LA was initially added as an auxiliary solvent for water removal
containing 0.1 wt% of the catalyst, methanesulfonic acid. The reaction temperature was
set to 145 °C for two hours and then increased to 165 °C for 7 hours. The branches were
then end-functionalized at 90 °C with methacrylic anhydride (5.5 mole MA per mole of
LA) in the presence of 1 wt% hydroquinone. Finally, under partial vacuum, the residual
toluene and the released methacrylic acid were removed - ~10 mbar, 1 h at 60 °C and two
hours at 90 °C (Jahandideh and Muthukumarappan 2016a).
S-LA thermoplasts have also been synthesized from lactide and xylitol core
molecules. Teng et at. reported synthesizing of S-LA polymers with xylitol core
molecules by ROP of lactide in glass ampoules (see Fig 5.2). In this method, lactide and
xylitol were first transferred in 10 mL ampoules and deoxygenated frozen ampoules were
then filled with argon, thawed and immersed in a 130 °C oil bath. After 24 hours of

32
polymerization, the products were dissolved in dichloromethane and isolated by vacuum
filtration resulting in a white solid powder (Teng et al. 2015). The summary of the
synthesis methods is presented in the table 1.
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Figure 2. 5. Synthesis of S-LA with xylitol core molecules with five hydroxyl groups.
Using 1) LA and 2) lactide.
Core molecules with more hydroxyl groups: Biela et al. reported the synthesis of
S-LA with six hydroxyl groups. The dipentaerythritol (DPE) (see Fig 6.1) core molecules
were used to produce 6 arms S-LA with Sn(Oct)2 coinitiator with ROP in glass ampoules
at 120 °C. Perry and Shaver also synthesized and characterized a S-LA, using cyclic
hexa(hydroxymethyl)benzene core molecule (see Fig 6.2) and a Sn(Oct)2 catalyst with 10
lactide monomer units in arms. Polymerization reaction was performed at 125 °C for 8 h
under nitrogen atmosphere (Perry and Shaver 2011). The ROP method with glass
ampoules was also employed for synthesizing a 13 arms S-LA polymer with poly(3ethyl-3-hydroxymethyloxetane) (see Fig 6.3) core molecule (Biela et al. 2002). In this
method, Sn(Oct)2 catalyst was used and polymerization was occurred at 120 °C. The
summary of the synthesis methods is presented in the table 1.
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Figure 2. 6. Synthesis of S-LA with different core molecules with hydroxyl groups >3.
Core molecules used: 1) dipentaerythritol, 2) hexa(hydroxymethyl)benzene and 3) poly(3ethyl-3-hydroxymethyloxetane).
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Table 1. 1. Synthesis of multiarm PLA systems
Chain
monomer

Arm
s

Synthesis
method

Catalyst

Reaction
Temperature

Ref

2

Chain
extender/ core
molecule
Glycolic acid

Lactic

ROP

150

(Wang et al. 2000)

Lactic

2

Glycolic acid

DMC

180

(Lan and Jia 2006)

Lactide
Lactide

2
2

ROP-A
ROP

100-150
200

Lactide

2

Glycolide
Ethylene
glycol
Tetra ethylene
glycol

Stannous 2-ethylhexanoate
Tin chloride dehydrate
/p-toluenesulfonic acid
Fe(acac)3 – Fe(OEt)3
Sn(Oct)2

ROP-A

Bi(OAc)3

120

Lactide

2

ROP-A

Sn(Oct)2

120

Lactide

2

Diethylene
glycol
Butanediol

(Dobrzynski et al. 2002)
(Sawhney, Pathak, and
Hubbell 1993)
(Kricheldorf, HachmannThiessen, and Schwarz
2004)
(Biela et al. 2003)

ROP

Sn(Oct)2

160

Lactide

2

ROP

Sn(Oct)2

125

LA
Lactide

3
3

1,6hexanediol
glycerol
glycerol

PCP
ROP-A

145-190
130

Lactide

3

ROP

Lactide

3

tri(hydroxyme
thyl)benzene
THMP

Methanesulfonic acid
Sn(Oct)2tetraphenyltin
Sn(Oct)2

ROP

Bi(OAc)3

150

Lactide
Lactide
LA

3
4
4

THMP
PENTA
PENTA

ROP-A
ROP-A
DCP

Sn(Oct)2
Sn(Oct)2
Sn(Oct)2

120
130
180

Lactide

4

ROP-A

Sn(Oct)2

120

LA

5

di(trimethylol
propane)
xylitol

PCP

Methanesulfonic acid

165

Lactide
Lactide

5
6

ROP-A
ROP-A

Sn(Oct)2
Sn(Oct)2

130
120

Lactide

6

ROP

Sn(Oct)2

125

(Perry and Shaver 2011)

Lactide

13

xylitol
dipentaerythri
tol (DPE)
hexa(hydroxy
methyl)benze
ne
poly(3-ethyl3hydroxymeth
yloxetane)

(Jahandideh and
Muthukumarappan
2016a)
(Teng et al. 2015)
(Biela et al. 2003)

ROP-A

Sn(Oct)2

120

(Biela et al. 2003)

125

(Helminen, Korhonen,
and Seppälä 2002)
(Wang and Dong 2006)
(Bakare et al. 2014b)
(Arvanitoyannis et al.
1995)
(Perry and Shaver 2011)
(Kricheldorf, HachmannThiessen, and Schwarz
2004)
(Biela et al. 2005)
(Kim et al. 1992)
(Åkesson, Skrifvars, et al.
2010b)
(Biela et al. 2003)

2.2.3. End functionalization of oligomers
The star-shaped oligomers, resulted from the condensation reaction of LA with a
multifunctional hydroxyl core molecule, have reactive groups (either the terminal LA’s hydroxyl
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groups or the core molecules’ unreacted hydroxyls) but yet, the groups are not reactive enough
for a satisfactory cross-linking or further esterification (Jahandideh and Muthukumarappan
2016a, Åkesson, Skrifvars, et al. 2010b). Esterification of lactic acid oligomers can be promoted
by post reaction with brassylic acid, fumaric acid, and acid anhydrides such as maleic and
succinic (components with two carboxylic end groups). This modification, results in conversion
of the hydroxyl end-groups to carboxyl ones (Hartmann 1998, Ibay and Tenney 1993). The option
of free radical crosslinking can also be added to the oligomers, using unsaturated compounds for
the end-functionalization (Ibay and Tenney 1993).
In order to produce a thermoset, capable of efficient crosslinking, branches must be
further functionalized- or end capped- with an EF agent. The role of EF is to improve the
reactivity of branches, generally by adding carbon-carbon double bonds. The stoichiometric
amount of the EF agent is calculated from the theoretical molecular weight of the synthesized
oligomer and the functionality of the co-initiator (Helminen, Korhonen, and Seppälä 2002).
Common EF agents, used in the S-LA thermoset systems presented in the literature are MAAH
(Jahandideh and Muthukumarappan 2016a, Bakare et al. 2014b, Bakare, Ramamoorthy, et al.
2015, Liu, Madbouly, and Kessler 2015, Chang et al. 2012b) (see Fig. 7.A.1), MAA (Åkesson et
al. 2011b) (see Fig. 7.A.2), IT (Åkesson et al. 2011b) (see Fig. 7.A.3) and 2-Butene-1,4-diol
(Wang et al. 2008) (see Fig. 7.A. 4). The content and the reactivity of the olefinic bonds of the EF
molecule are two essential factors in the final crosslinking density. Therefore, the two olefinic
bonds of the MAAH, bestow a higher reactivity to the molecule and make it more desired for EF
purpose, compared to other EF agents. The schematic of different end-functionalization reactions
are presented in the Fig. 7.B. Usually, a stabilizer agent, e.g. hydroquinone, is used to protect the
olefinic carbon-bonds during the EF reactions and avoid subsequent cross-linking reactions and
gelation. Generally, EF reactions are sensitive to high temperatures, which induce gelation inside
the reactor; therefor, a good control over the temperature is required.
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Figure 2. 7. A. End functionalization agents: A.1.: methacrylic anhydride (MAAH), A.2:
methacrylic acid (MAA), A.3: itaconic acid (IT) and A.4: 2-Butene-1,4-diol. B: End
functionalizing reactions. B.1.: PLA esterification promotion functionalization, B.2.: End
functionalized LA oligomers capable of free radical crosslinking.
2.2.4. Thermal curing of the resins
Curing involves the irreversible transformation of low molecular weight
oligomers of a resin into a solid network (Vergnaud and Bouzon 2012). The liquid resin
is usually composed of several ingredients (e.g. fillers, blowing agents, coupling agents,
surfactants, colorants, etc. (Ratna 2009)) with three or more reactive groups per molecule
that can react by an external action, such as heating or UV irradiation which results in a
tridimensional cross-linked structure (Auvergne et al. 2013). Generally, thermal curing of
resins consists of two different stages: the heating period and the curing reaction phase.
During the heating phase, the heat is transferred by conduction through the resin which is
heated up to a temperature at which the cure reactions start. In the curing reaction phase,
the heat evolved from the overall cure reaction zone at a constant temperature which can
be described by an Arrhenius equation (Vergnaud and Bouzon 2012).
Often, in the S-LAs, a free-radical polymerization method is employed for curing
in which the reaction starts by the assistance of a radical initiator. Common studied
initiators for free radical polymerization include benzoyl peroxide (Jamshidian et al.
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2010, Esmaeili et al. 2015, Bakare et al. 2014b), 2,5-bis(tert-butylperoxy)-2,5dimethylhexane (Sakai et al. 2013), 2-butanone peroxide (Helminen, Korhonen, and
Seppälä 2002), cobalt naphthenate (Finne and Albertsson 2002), tert-butyl
peroxybenzoate (Åkesson, Skrifvars, et al. 2010b), N,N-dimethylaniline (Bakare,
Åkesson, et al. 2015) and tert-butyl peroxybenzoate (Chang et al. 2012b, Åkesson et al.
2011b). Different factors are involved in free radical curing reactions, including the
nature of the initiator, initiator-to-resin ratio, applied heat regimes, retention times and
cooling strategies. Often, 1-2 wt% of the initiator is utilized for the thermal curing. Using
excess amount of the curing agent or applying high temperatures for curing may result in
higher exotherms, faster gelation and more shrinkage due to excessive thermal zoning
(Jahandideh and Muthukumarappan 2016a, Pereira and d’Almeida 2016). Fig. 8 presents
the reaction Scheme for the synthesis steps and the curing reaction.
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Figure 2. 8. Reaction Scheme for the two-step synthesis of the S-LA and the thermosetting
network
Differential scanning calorimetry (DSC), Raman spectroscopy, and dielectric
analysis (DEA) are of common techniques used for analyzing the curing behavior of the
unsaturated polyesters and thermosets (Zhao et al. 2002, Hardis et al. 2013, Martín,
Cadenato, and Salla 1997, Xu, Shi, and Shen 2004). The analytical models of cure
kinetics have wide applications in numerical simulations of composite manufacturing
processes (Du et al. 2004, Kamal and Sourour 1973, Kamal 1974, Liang and

38
Chandrashekhara 2006, Cole 1991). Phenomenological –also called empirical- modeling
approach is commonly employed for the analytical expression of the cure kinetics based
on an Arrhenius type equation in which the approximated relationship of the curing
parameters of the mathematical model are compared with the experimental data (Liang
and Chandrashekhara 2006).
Several phenomenological models are presented in the literature for modeling the
curing kinetics of the thermosetting resins (Du et al. 2004, Kamal and Sourour 1973,
Kamal 1974, Liang and Chandrashekhara 2006, Cole 1991); however, a few studies
performed for the modeling of the curing kinetics of the S-LAs (Liang and
Chandrashekhara 2006, Chang et al. 2012b). Chang et al. studied the curing kinetics of a
set of methacrylated four-armed S-LA systems with PENTA core molecule. The effect of
architecture and the LA chain length (with 5 to 15 LA units) on the curing behavior were
investigated using DSC analysing for non-isothermal and isothermal curing. Chang et al.
successfully applied an autocatalytic phenomenological model (presented in the equation
1) for the modeling and the parameters of the model were obtained.
𝑑𝛼
𝑑𝑡

= 𝐾𝛼 𝑚 (1 − 𝛼)𝑛

Equation 1

where α is the degree of cure and presents the extent of the curing reaction, K is the
reaction rate constant which is presented based on an Arrhenius equation, and m and n are
the reaction orders obtained from the experimental data (Chang et al. 2012b). The
autocatalytic model represents the autocatalytic effect of the curing reactions. This model
considers a single rate constant for the reaction and the maximum reaction rate is
supposed to take place in the intermediate conversion stage. Their experimental results
have shown that the curing time is dependent to the thermal initiation condition and can
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vary from several minutes to more than an hour. The authors have also reported that
changing the LA arm length of the S-LA (with 4 arms) affects the curing process and
results in different curing parameters, reaction orders and evolutions of activation energy
(Chang et al. 2012b).
2.3. Characterization of the S-LA systems
2.3.1. Chemical characterization
Titration: The condensation retention time is a crucial factor in poly-condensation
reactions. From one hand, insufficient retention time in the reactor results in unreacted
reactants and from the other hand, excessive reaction times result in promoting
transesterification reactions, which gradually degrades the structure of the oligomers
(Jahandideh and Muthukumarappan 2016a). The progress of the condensation reaction
can be evaluated by determination of the Total Acid Number (TAN) for residual acidic
constituents (carboxyl groups) during the poly-condensation step. According to the
ASTM D974-12, the TAN is defined as the quantity of KOH (in mg), required for the
titration of 1 g of the sample which is dissolved in a specified solvent system (Knothe
2006). The samples are diluted in predefined solvent systems, capable of dissolving the
S-LA, and then, titrated with a base in the presence of an indicator, e.g. phenolphthalein
1% (Murillo, Vallejo, and López 2011).
The currently used solvent systems for the TAN determination are 1:1 v/v
xylene/isopropyl alcohol solutions (Jahandideh and Muthukumarappan 2016a, Bakare et
al. 2014b, Murillo, Vallejo, and López 2011), acetone (Shao and Agblevor 2015) and a
mixture of toluene and isopropyl alcohol (based on the ASTM D664 and D974-12). The
ratio of the reacted to initial available carboxylic groups, indicates the degree of
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completion of the condensation reaction (Knothe 2006). The titration data for S-LA
systems is very rare in the literature. Moreover, the reported conversion rates of the
polycondensation reactions for different S-LA systems cannot be directly compared. In
other words, the conversion rates of S-LA systems depends on several factors, including
the type and the load of the used catalysts, the employed solvents, reaction temperatures
and other factors. Bakare et al. showed that the condensation reaction of lactic acid
oligomers and the glycerol core molecules almost starts immediately at 160 °C with
methanesulfonic acid as the catalyst (Bakare et al. 2014b); however, using the same
polymerization method, the same reaction temperature and the same solvents, Jahandideh
et al. reported that reaction of xylitol core molecules with LA oligomers delayed for 100
min.
In addition, 95% of conversion achieved after 360 min for glycerol, while 94% of
conversion for xylitol S-LA systems achieved after 720 min. using the same
polymerization method, the differences between the conversion rates can be attributed to
the differences between the number of hydroxyl groups in the glycerol and xylitol core
molecules. Therefore, increasing in the number of the hydroxyl groups of the core
molecule in the S-LA architecture results in lower conversion rates, during the
polycondensation phase (Bakare et al. 2014b, Jahandideh and Muthukumarappan 2016a).
NMR: The Nuclear magnetic resonance (NMR) is a technique frequently used for
identifying the chemical structure of the synthesized resins as well as LA chain length in
the branches. The 13C NMR data for different S-LA is presented in the literature
(Jahandideh and Muthukumarappan 2016a, Bakare et al. 2014b, Åkesson, Skrifvars, et al.
2010b, Park et al. 2003, Lin and Zhang 2010, Choi, Bae, and Kim 1998, Helminen,
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Korhonen, and Seppälä 2002, Murillo, Vallejo, and López 2011, Xiong et al. 2014,
Abiko, Yano, and Iguchi 2012). Of particular interest is the carbonyl region (160-180
ppm) (Jahandideh and Muthukumarappan 2016a, Bakare, Åkesson, et al. 2015). For neat
S-LA, different types of carbonyl bonds are expected, including a) main-chain carbonyls,
b) LA carbonyl groups adjacent to the (–O-CH2) branches of the core molecule, and c)
carbonyls of the LA end-group for unreacted LA. For the end-functionalized resins,
signals in the carbonyl area would be broad, because signals for carbonyls of LA next to
the core molecule (or next to the end-capping agent) differ from that of LA in chains. In
addition, the end-group agent may add other carbonyl bands. The other class of chemical
shifts used for characterization, belongs to a carbon atom adjacent to an oxygen atom
which is revealed in the range of 60–75 ppm (Xiao, Mai, et al. 2012).
These CH groups could be a) in the structure of the core molecule, b) next to the
reacted LA carbonyl groups and an oxygen atom, or c) adjacent to the hydroxyl endgroup. The other expected groups are methyl groups. The LA methyl groups are detected
in the 16–22 ppm range (Jahandideh and Muthukumarappan 2016a). Hydroxyl
functionalized end-group of methyl groups are present in the S-LA, but not present in the
EF resins. The probable CH3 groups of the end-capped agent in the resin structure and the
olefinic carbon sites of the end-groups are other characteristic signals of the EF resins.
Moreover, the NMR technique can also be used for measuring the chain length of the
branches (Bakare, Åkesson, et al. 2015), the percentage of the LA in forms of reacted
with the core molecule as well as the percentage of the LA reacted into free oligomers
(Jahandideh and Muthukumarappan 2016a, Bakare et al. 2014b).
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FT-IR: The FT-IR analysis of the S-LA is often performed for verifying the
structure of polycondensation resins, the end functionalized resins and also the cured
samples. Infrared spectroscopy data of the S-LAs’ functional groups is presented in the
literature (Bakare et al. 2014b, Bakare, Åkesson, et al. 2015, Xiong et al. 2014, Nouri,
Dubois, and Lafleur 2015b, Cui et al. 2003, Lin, Zhang, and Wang 2012, Chang et al.
2012b, Xiao, Mai, et al. 2012, Åkesson, Skrifvars, et al. 2010b, Hisham et al. 2011) and
summarized in the Table 2. Different groups might appear in the IR spectra of the S-LA,
end functionalized resins and the cured samples. Generally (─OH) Stretch spectra is just
present in polycondensation resins as hydroxyl groups will react with an EF agent during
the end-capping reactions. The spectra for (─CH─ stretch and bend), (─C=O carbonyl
stretch) and (─C─O─C─ Stretch), generally presented in both neat and crosslinkable SLA systems. The spectra for (─C=C─ stretch) and (=CH2 bending) are just expected in
EF resins in which carbon-carbon double bonds are present.
Table 1. 2. Infrared spectroscopy data of the S-LAs’ functional groups.
Assignment

Peak position, cm-1
3380 (Cui et al. 2003), 3428 (Bakare, Åkesson, et al. 2015), 3491 (Xiong et al. 2014), 3500

─OH Stretch (free)

(Bakare et al. 2014b, Bakare, Åkesson, et al. 2015), 3506 (Lin, Zhang, and Wang 2012), 3508
(Chang et al. 2012b), 3520 (Nouri, Dubois, and Lafleur 2015b, Cui et al. 2003)
2870 (Lin, Zhang, and Wang 2012), 2879 (Nouri, Dubois, and Lafleur 2015b), 2900 (Bakare et

─CH─ stretch

al. 2014b), 2994- 2943 (Xiong et al. 2014), 2947 (Lin, Zhang, and Wang 2012), 2990 (Xiao,
Mai, et al. 2012)

─CH─ bend

1382-1454 (Xiong et al. 2014), 2947 (Lin, Zhang, and Wang 2012)
1705 (Cui et al. 2003), 1722 (MAAH) (Chang et al. 2012b), 1734 (Lin, Zhang, and Wang

─C=O carbonyl stretch

2012), 1749 (Chang et al. 2012b), 1755 (Xiong et al. 2014), 1757 (Bakare, Åkesson, et al.
2015), 1758–1763 (Nouri, Dubois, and Lafleur 2015b), 1759 (Bakare, Åkesson, et al. 2015)

─C=C─ stretch

1635 (Bakare et al. 2014b), 1638 (Chang et al. 2012b), 1640 (Åkesson, Skrifvars, et al. 2010b,
Bakare et al. 2014b, Bakare, Åkesson, et al. 2015)
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=CH2 bending

815 (Hisham et al. 2011), 816 (Bakare et al. 2014b, Bakare, Åkesson, et al. 2015, Chang et al.
2012b, Hisham et al. 2011)

─CH3

1453, 2999 (Lin, Zhang, and Wang 2012)

─C=O bend

757 (Nouri, Dubois, and Lafleur 2015b)

─C─O─C─ Stretch

─CH ring of lactide

1095–1130 (Nouri, Dubois, and Lafleur 2015b), 1170 (Lin, Zhang, and Wang 2012), 12711188-1093 (Xiong et al. 2014)
932–934 (Nouri, Dubois, and Lafleur 2015b)

2.3.2. Thermomechanical properties
The thermomechanical tests currently employed in characterizing
thermomechanical properties of the S-LA and their thermosets include DMA tests,
tension tests, bending or flexural tests and impact tests. The type of the employed testing
methods on the specimen depends on the service expected for the produced thermoset.
The more testing applied on a specimen, the more information acquired for the intended
S-LA. It is believed that the mechanical properties of S-LA is very dependent on the
molecular weight and the structure of the network. Generally, employ of a star branching
point in the S-LA systems, results in lower melting temperatures (Tm), lower glass
transition temperatures (Tg) and lower crystallization temperatures (Tc) for
polycondensation resins compared to linear PLA (Kim, Kim, and Kim 2004).
However, analyzing a series of S-LA systems with flexible polyols (PENTA and
dipPENTA) and rigid polyols (tri(hydroxymethyl) benzene and
hexa(hydroxymethyl)benzene) as core molecules, Perry and Shaver concluded that the
length of LA chain primarily determines the physical properties, including glass, melt,
crystallization, and decomposition temperatures (Perry and Shaver 2011, Zhao et al.
2002). The lower Tc indicates that the staring points make the material harder to

44
crystallize, while lower Tm indicates that it makes stacking of the polymers more difficult
(Corneillie and Smet 2015, Choi, Bae, and Kim 1998). Abiko et al. reported that
changing the terminal groups of S-LA systems from hydroxyl to carboxyl groups slightly
affects the thermal properties, while it greatly increases the solubility and degradability of
these S-LA polymers (Abiko, Yano, and Iguchi 2012).
Presence of cracks in the casted resins is a common problem in determining the
mechanical properties of the casted S-LA thermosets (Jahandideh and Muthukumarappan
2016a). Therefore, it is very hard to determine the mechanical properties such as flexural
and tensile properties of neat casted resins. However, the viscoelastic properties of the
neat S-LA thermosets have been reported in the literature. The viscoelastic properties of
crosslinked S-LA can be acquired with dynamic mechanical analysis. In DMA, a
sinusoidal stress is applied to the specimen and the resulting displacement (strain) is
measured. Properties such as storage modulus, loss of modulus, lag phase and Tg are
measured with this technique (Menard 2008). The storage modulus, which measures the
stored energy, represents the elastic characteristic of a polymer.
The storage modulus G’ is related to the molecular packing density in the glassy
state (Vergnaud and Bouzon 2012, Chang et al. 2012b) and higher G’ means the better
mechanical properties. Jahandideh et al. reported that applying a stepwise curing method
for curing of the methacrylated S-LA with xylitol core molecules results in higher G’
compared to continues heating curing method or immediate heating method. Stage curing
of crosslinkable S-LA allows gradual solidification and more relaxed state with less built
in stresses and result in lower G’ (Jahandideh and Muthukumarappan 2016a, Vergnaud
and Bouzon 2012). The G’ is decreasing upon elevated temperatures when the polymer
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chain is in the rubbery plateau region (Bakare, Ramamoorthy, et al. 2015) due to the free
movements of the polymer chains.
The same trend was reported for curable S-LA resins with different core
molecules including glycerol (major changes between ~45 °C to 80 °C), PENTA (major
changes between 65 °C to 105 °C) and xylitol (major changes between 48 °C to 83 °C).
The loss modulus, G”, measures the energy dissipated as the heat and represents the
viscous part. Generally, smaller G” suggests better mechanical properties and the strong
tendency for reversibility in the samples (Bakare, Ramamoorthy, et al. 2015) and in the
reported crosslinked S-LA thermosets, a rather small and broad loss modulus curve can
be seen (Jahandideh and Muthukumarappan 2016a). At the glass transition temperature,
Tg, the G’ decreases dramatically while G” reaches its maximum. The Tg value of
polymers and thermoset systems can be reported based on DSC analysis, loss modulus
analysis or peak of tan δ. In order to compare the Tg of different systems, it is inevitable
to use the same technique.
The Tg of the crosslinked S-LA systems, often presented based on the peak of tan
δ in DMA curves. The peak of tan δ for the linear PLA is reported as ~50 °C (Oksman,
Skrifvars, and Selin 2003); however, rather higher Tg values are reported for S-LA
thermoset systems. The Tg values reported for crosslinked S-LA systems with glycerol
core molecule (LA chain length of 5), PENTA core molecule (LA chain length of 4) and
xylitol core molecule (LA chain length of 3) were reported as 83 °C, 97°C and 98 °C,
respectively (Bakare et al. 2014b, Jahandideh and Muthukumarappan 2016a, Åkesson,
Skrifvars, et al. 2010b). The Tg of the crosslinked S-LA systems is a function of chain
length and the number of arms in the cured S-LA. A direct comparison between these
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reported systems is not valid, as both the chain length and number of arms differ between
these systems; however, all the reported Tg values for the crosslinked S-LA are higher
than the Tg of the thermoplast PLA. In addition, even higher Tg values, and consequently
better mechanical properties are expected if the reinforcement fibers applied to the
crosslinkable S-LA (Adekunle, Åkesson, and Skrifvars 2010, Bakare, Ramamoorthy, et
al. 2015).
Helminen et al. reported that the crosslinking density of methacrylated S-LA
thermosets is increasing with an increase in the number of arms of the core molecule
(butanediol, PENTA and polyglycerine used as the core molecules with 2, 3 and 4 arms,
respectively) and also, the compressive yield strength will built up (Helminen, Korhonen,
and Seppälä 2002). The same trend was also confirmed for methacrylated S-LA systems
with glycerol and xylitol core molecules with 3 and 5 arms, respectively (Jahandideh and
Muthukumarappan 2016a, Bakare et al. 2014b). Jahandideh et al. have shown that in SLA thermosets with xylitol core molecule, different factors affect the final distribution
and propagation of cracks, including the mix ratio of the curing agent to S-LA resin,
severity of the mixing, applied mixing method and the mixing temperature. They have
shown that cracks can occur, propagate and terminate due to the presence of bubbles in
the casted product; however, the crack’s problem fully resolved by changing the mixing
method, applying partial vacuum and implementing a stage curing technique for the
xylitol S-LA system (Jahandideh and Muthukumarappan 2016a).
The flexural modulus and strength of S-LA with xylitol core molecule with
different LA chain lengths of 3, 5 and 7 have also been reported by Jahandideh et al. The
authors reported higher flexural strengths for S-LA casted samples with longer LA length
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chains. However, Chang et al. have reported inferior mechanical properties for S-LA with
PENTA core molecule with higher LA chain lengths (Chang et al. 2012b). The DMA
results also provides evidences showing that in S-LA with xylitol core molecule, the short
LA chain of three imposes steric hindrance which finally reduced the flexural properties.
By increasing the chain length, this hindrance is decreased and flexural properties
improved. However, the trend showed that when the chain length is long enough and
doesn’t impose the steric hindrance, the length of the arms adversely affect the
mechanical properties. The same trend was also reported for the tensile strength and the
maximum elongation (Jahandideh and Muthukumarappan 2016a).
It is believed that the tensile properties of the star-shaped structure are different
with linear oligomers. The strength can be lower for networks with flexible extension
units, or higher for structures with rigid staring points. It is reported that S-LA systems
with high crosslinking density demonstrate similar mechanical properties to those of
other biodegradable composites; however, longer LA chains will decrease tensile
properties (Helminen, Korhonen, and Seppälä 2002). Helminen et al. reported lower
tensile strength for butanediol-LA systems (despite higher crosslinking density), which
was ascribed to the flexible butanediol units used in the linear oligomers (Helminen,
Korhonen, and Seppälä 2002). However, it is believed that the tensile strength is a
function of crosslinking density and generally, a higher crosslinking density results in
higher tensile strength (Storey et al. 1993). In summary, star branching point in the S-LA
systems results in lower Tm, lower Tg and lower Tc compared to linear PLA, while the
length of the LA chain in S-LA systems primarily determines the glass, melt,
crystallization, and decomposition temperatures. In S-LA thermoset systems, the
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crosslinking density of methacrylated S-LA thermosets is increasing with an increase in
the number of arms of the core molecule and by increasing the arm length, the flexural
and tensile modulus are decreased; thus longer chains reduce the crosslinking density and
result in inferior mechanical properties.
Water absorption: The water absorption rates of polymers and composites are of
interest, especially when the material is supposed to exposure to relatively humid
conditions. The moisture content affects polymers’ properties such as electrical insulation
resistance, dielectric losses, mechanical strength, appearance, and dimensions. It is
believed that the diffusion of water into polymer matrix is dependent to several factors,
including a) the square root of immersion time, b) the type of immersion, c) dimensions
and shape of the specimen and d) the inherent properties of the polymer (Jahandideh and
Muthukumarappan 2016a, Qiu and Bae 2006). In composites, the type and characteristics
of the reinforced fiber also affect the water uptake. For example, using the same matrix,
the flax/basalt composites showed a lower water uptake than the flax composites (Bakare
et al. 2016, Nawab et al. 2013). The fiber volume fraction of the composite is also
believed to be proportional to the water uptake rate of the composite (Yousefi, Lafleur,
and Gauvin 1997, Murillo, Vallejo, and López 2011).
The water absorption tests are generally carried out based on the ASTM D 57098 in 3 modes: Long-Term Immersion, Two-Hour Boiling Water Immersion and
Immersion at 50°C. In Long-Term Immersion, the sample is immersed in a distilled water
bath at 23ºC and the total water absorption versus time is recorded, in the two-hourboiling-test, the water absorption is measured after 2 hours of immersion in the boiling
distilled water bath and in the Immersion at 50°C mode, water absorption is measured at
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50°C at different time intervals. Tests are continued until the samples get substantially
saturated (achieved water absorption rates to be ≤ 1% or 5 mg between intervals). The
initial slope of the water-absorption versus time curve is proportional to the diffusion
constant of water in the matrix (Qiu and Bae 2006).
Biobased content: The biobased content or “Percent biobased” is a measure of
the proportion of the biobased carbon fraction to the total carbon in the product. The
ASTM D6866 has set a standard method based on radiocarbon analysis for the
calculation of the biobased content included in a resin, which is frequently used for
measuring the biobased content of resins (Jahandideh and Muthukumarappan 2016a,
Bakare, Ramamoorthy, et al. 2015, Tiwari et al. 2012). This standard method is also used
by the U.S. Department of Agriculture (USDA) BioPreferred program1 to calculate the
biobased content included in a material. Based on this standard, the biobased standard
can be calculated using the following formula:

Biobased content =

𝑏𝑖𝑜𝑏𝑎𝑠𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
× 100
𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

The total carbon content includes both renewable based and petroleum based carbons.
2.3.3. Rheological properties of the star-shaped crosslinkable resins
Viscosity of the resins: Inadequate and poor impregnation of a viscous matrix to
fibers is a major problem in composite manufacturing. It makes the production process to
be slow and also reduce the mechanical strength of the product [12, 13]. The viscosity is
of importance for manufacturing processes, maximizing the production efficiency,
improving processability as well as for improving the impregnation efficiency of the

1

https://www.biopreferred.gov/BioPreferred/
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matrix to the reinforcement fiber for composite production (Komkov, Tarasov, and
Kuznetsov 2015). It is believed that the linear PLA shows a long Newtonian plateau
typical in polymers having a linear chain structure (at low to moderate oscillation
frequencies <100 rad/sec). For the S-LA systems however, a non-Newtonian behavior
has been reported. Also, the S-LA systems show an intensified shear thinning response
(similar to comb-like PLA) compared to the linear PLA (Nouri, Dubois, and Lafleur
2015a, Kim, Kim, and Kim 2004). In composite manufacturing industry, low viscosity of
thermoset resin is a crucial factor for several processing methods, including vacuum
infusion, spray and hand lay-up, filament winding, and pultrusion (Åkesson, Skrifvars, et
al. 2010b).
A proportional relationship between the MW and the viscosity of the PLA
systems has been reported (Nouri, Dubois, and Lafleur 2015a, Cooper‐White and Mackay
1999, Othman et al. 2011). Comparably lower viscosities of thermosets, suggest better
processability and better impregnation in these systems and make thermosets desirable as
a matrix for reinforced composite applications. Generally, the lower the viscosity, the
better rheological properties and more desired matrix to be used for reinforced composite
applications (Liang and Chandrashekhara 2006). For a satisfactory composite
manufacturing, Li et al., suggests that the resin flow viscosity needs to be below 5 Poise
(0.5 Pa s) (Li, Wong, and Leach 2010). It is believed that employing a core molecule in
the structure of oligomers can reduce the viscosity of the resins. This reduction can be
ascribed to the coiling character of polymers (Corneillie and Smet 2015); therefore, as the
star-shaped polymers have smaller hydrodynamic volume compared to that of linear
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polymers with the same molecular weight, the viscosity will be lower (Chang et al.
2012b, Finne and Albertsson 2002, Choi, Bae, and Kim 1998).
However, the contradictory observations have also been reported by Nouri et al.
in which higher viscosity and elastic modulus was observed for branched PLA structures
(Nouri, Dubois, and Lafleur 2015a). The viscosity of the S-LA is generally measured
based on stress viscometry technique at different temperature intervals. Increasing the
length of the LA branches will increase the MW and the viscosity. Bakare et al. reported
the same trend for S-LA thermosets with glycerol core molecules with different LA chain
lengths in which resins with shorter arms proportionally had lower viscosities. The same
trend was reported for the S-LA thermosets resins with xylitol core molecules, and
similarly up on increasing the temperature, the viscosity of resins substantially dropped
down. Low viscosity, even at elevated temperatures (up to curing temperature), is
substantially important as low viscosity facilitates the impregnation of the resin into the
fiber reinforcement at higher temperatures. There is not a considerable number of studies
exist on the effect of star-shaped structures and the Table 3 summarizes the viscosities
reported for to date synthesized S-LAs.
Table 1. 3. The effect of the core molecule and the LA chain length on the viscosity of the
crosslinkable S-LA.
Core molecule

LA Chain
length

Endfunctionalization

Number of
branches

Viscosity at
25 °C Pa. s

Viscosit
y min
Pa. s

Ref

Unsaturated
polyester

-

none

-

0.3

0.1 at 70
°C

(Bakare et al. 2016)
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xylitol

3

MAAH

5

2.97

0.06 at
85 °C

(Jahandideh and
Muthukumarappan
2016a)

pentaerythritol

5

IT-MAAH

4

7000

4 at 80
°C

(Åkesson, Skrifvars, et
al. 2010b)

glycerol

3

MAAH

3

1.09

0.04 at
100 °C

(Bakare et al. 2014b)

glycerol

7

MAAH

3

80

0.33 at
100 °C

(Bakare et al. 2014b)

glycerol

10

MAAH

3

900,000

1.05 at
100 °C

(Bakare et al. 2014b)

pentaerythritol

5

MAAH-Allyl
alcohol

4

0.02

0.01 at
70 °C

(Bakare et al. 2016)

Curing kinetics: Curing involves the irreversible transformation of low molecular
weight oligomers into a solid network. Thermal curing of thermosets consists of the
heating period stage and the curing reaction stage. During the heating period, the resin is
heated up to a temperature at which the curing reaction starts, while in the curing reaction
stage, the heat evolved from the overall curing mass at a constant temperature (Vergnaud
and Bouzon 2012). Often, in the S-LA thermosets, curing reaction starts by the assistance
of a radical initiator. The tuning of curing parameters, including temperatures, pressures,
time, etc. (Liang and Chandrashekhara 2006) is of importance, especially in thermosets,
as it affects the properties of the final product and applying improper conditions for
curing, may result in higher exotherms, faster gelation and more shrinkage due to
excessive thermal zoning (Jahandideh and Muthukumarappan 2016a, Pereira and
d’Almeida 2016). Understanding of the cure process is substantially important, especially
for more complex systems such as industrial formulations, as a variety of additives are
interfering in the curing procedure, resulting in a more complex cure kinetics. These
factors indicate that an excellent control over curing process is required for production of

53
thermosets with desired properties (Yousefi, Lafleur, and Gauvin 1997, Nawab et al.
2013). The cure process can be evaluated based on two methods: a) monitoring the
changes in concentration of the reactive groups and b) by monitoring the changes in the
physiomechanical properties of the sample (Yousefi, Lafleur, and Gauvin 1997). Cure
kinetics correlate heat release rate (HRR) with the temperature (or time) and the resultant
degree of cure (Liang and Chandrashekhara 2006). The analytical models of cure kinetics
have wide applications in numerical simulations of composite manufacturing processes.
Phenomenological –also called empirical- modeling approach is commonly employed for
the analytical expression of the cure kinetics based on an Arrhenius type equation in
which the approximated relationship of the curing parameters of the mathematical model
are compared with the experimental data (Liang and Chandrashekhara 2006). Several
phenomenological models are presented in the literature for modeling the curing kinetics
of the thermosetting resins; however, a few studies are performed for the modeling the
curing kinetics of the S-LAs (Liang and Chandrashekhara 2006, Chang et al. 2012b). The
degree of cure, α, presents the extent of the curing reaction and is proportional to the
amount of heat released by bond formation. The degree of cure is defined as:

𝛼=

𝐻
𝐻𝑢

where H is accumulative reaction heat up to time t, and Hu is the total heat released
during curing reaction. Hu is evaluated by
𝑡𝑓𝑑

𝐻𝑢 = ∫
0

𝑑𝑄
( ) 𝑑𝑡
𝑑𝑡 𝑑
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where tfd is the total reaction time and (dQ/dt)d is the instantaneous heat flow during the
dynamic scanning. The curing rate which is proportional to the rate of heat generation, is
defined as:
𝑑𝛼
1 𝑑𝐻
=
( )
𝑑𝑡
𝐻𝑢 𝑑𝑡

Table 3 provides a summary of suggested phenomenological models in the literature.
Table 1. 4. phenomenological models suggested for curing kinetics of the thermosetting
systems.
Model

Equation

Parameters

Dependent parameters

Ref

𝐾0: Arrhenius
frequency factor

nth- order
rate

𝑑𝛼
= 𝐾(1 − 𝛼)𝑛
𝑑𝑡

K: reaction rate constant
𝐾 = 𝐾0 exp (−

∆𝐸𝐴
)
𝑅𝑇

∆𝐸𝐴 : activation
energy
(Du et al. 2004)
R: universal gas
constant
T: absolute
temperature
𝐾0: Arrhenius
frequency factor

K: reaction rate constant.
Autocatal
ytic

𝑑𝛼
= 𝐾𝛼 𝑚 (1 − 𝛼)𝑛
𝑑𝑡

∆𝐸𝐴
𝐾 = 𝐾0 exp (−
)
𝑅𝑇
m, n: reaction orders defined
by experimental data.

∆𝐸𝐴 : activation
energy
R: universal gas
constant

(Kamal and Sourour
1973)

T: absolute
temperature

Ki: reaction constants.

Kamal

𝑑𝛼
= (𝐾1 + 𝐾2 𝛼 𝑚 )(1 − 𝛼)𝑛
𝑑𝑡

𝐾𝑖 = 𝐾𝑖0 exp (−

∆𝐸𝑖
) , (𝑖
𝑅𝑇
= 1,2)

m, n: reaction orders defined
by experimental data.

𝐾𝑖0 : Arrhenius
frequency factors.
∆𝐸𝑖 : activation energy
R: universal gas
constant
T: absolute
temperature

(Kamal 1974)
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Ki: reaction constants.

Modified
Kamal

𝑑𝛼
= (𝐾1 + 𝐾2 𝛼 𝑚 )(𝛼𝑚𝑎𝑥
𝑑𝑡
− 𝛼)𝑛

∆𝐸𝑖
𝐾𝑖 = 𝐾𝑖0 exp (−
) , (𝑖
𝑅𝑇
= 1,2)
m, n: reaction orders defined
by experimental data.
𝛼𝑚𝑎𝑥 : maximum degree of
cure at a given temperature

𝐾𝑖0 : Arrhenius
frequency factors.
∆𝐸𝑖 : activation energy
R: universal gas
constant

(Liang and
Chandrashekhara
2006)

T: absolute
temperature

K: reaction rate constant.
𝐾 = 𝐾0 exp (−

Cole

𝑑𝛼
𝐾𝛼 𝑚 (1 − 𝛼)𝑛
=
𝑑𝑡 1 + 𝑒 𝐶(𝛼−(𝛼𝑐0 +𝛼𝐶𝑇 𝑇))

∆𝐸𝐴
)
𝑅𝑇

m, n: reaction orders defined
by experimental data.
C: diffusion constant.
𝛼𝑐0 : critical degree of cure at
T=0 K.
𝛼𝐶𝑇 : increase in critical resin
degree of cure with
temperature.

𝐾0: Arrhenius
frequency factor
∆𝐸𝐴 : activation
energy
(Cole 1991)
R: universal gas
constant
T: absolute
temperature

The nth- order rate equation is the simplest phenomenological model proposed
for predicting the rate of the curing reaction in thermosets. The nth-order reaction
predicts the maximum curing rate at the beginning of the curing phenomenon and does
not account for the autocatalytic effect (Du et al. 2004). The autocatalytic models
represent the autocatalytic effect of the curing reactions. This model considers a single
rate constant for the reaction and the maximum reaction rate is supposed to take place in
the intermediate conversion stage. A more accurate model has been proposed by Kamal
and Sourour considering two rate constants for the curing kinetics (known as Kamal’s
model) (Kamal 1974, Kamal and Sourour 1973).
However, more parameters in the model have made the model to be more
complicated. The limitation of all the mentioned models is that they are just valid when
the kinetic of bond formation, is considered to be the only rate controlling step in the
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curing reactions. The vitrification effect (transforming to a non-crystalline amorphous
solid) has been considered in a modified version of Kamal’s model in which the
fractional conversion has been considered to not exceed the degree of cure associated
with vitrification. In the Cole’s model, another controlling mechanism for the curing is
considered in expressing the curing kinetic equation. This diffusion constant term in the
equation, explicitly accounts for shifting from the kinetics to the diffusion control (Cole
1991, Liang and Chandrashekhara 2006).
2.3.4 Thermomechanical properties
In this part, the effect of external forces on the behavior of cured S-LA thermosets
and their composites are discussed and the thermomechanical tests currently employed in
determining various properties, including elastic modulus, yield stress, ultimate strength,
toughness, flexural modulus, storage modulus, flexural modulus and glass transition
temperature are highlighted. The mechanical tests currently employed in characterizing
thermomechanical properties of S-LA thermosets, including DTMA tests, tension tests,
compression tests, bending or flexural tests, hardness tests, fatigue tests, creep tests,
thermogravimetry analysis, dynamic scanning calorimetry and impact tests. The type of
the employed testing methods on the specimen depends on the service expected for the
produced thermoset. However, the more testing applied on a specimen, the more
information acquired for the intended S-LA. The mechanical properties of S-LA is very
dependent on the molecular weight and the structure of the network. Generally, employ
of a star branching point in the S-LA systems, results in lower melting temperatures (Tm),
lower glass transition temperatures (Tg) and lower crystallization temperatures (Tc) for
polycondensation resins. The lower Tc indicates that the staring points make the material
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harder to crystallize, while lower Tm indicates that it makes stacking of the polymers
more difficult (Corneillie and Smet 2015). The following section provides a short
description of the current mechanical testing methods and the type of information
obtained from these methods.
Tension or tensile tests are the most fundamental tests employed for
characterizing mechanical properties of S-LA based matrices. In tensile tests, a specimen
is subjected to a controlled tension until failure happens and stress to strain curve is
obtained. The modulus of elasticity (Young's modulus), E, is a measure of the stiffness of
the sample in the linear region of the curve in which the specimen can return to its exact
initial conditions, if the load is removed; the yield strength is the stress applied to the
material at which plastic deformation starts to occur; and ultimate tensile strength (UTS)
is the maximum load the specimen sustains during the test. Increasing the temperature
generally increases the ductility (the extent of plastic deformation before fracture) and the
toughness of a material while decreases the yield stress, tensile strength and the modulus
of elasticity (Callister and Rethwisch 2007, Kalpakjian, Schmid, and Sekar 2014).
It is believed that the tensile properties of the star-shaped structure are different
with linear oligomers. The strength can be lower for networks with flexible extension
units, or higher for structures with rigid staring points. It is reported that S-LA systems
with high crosslinking density demonstrate similar mechanical properties to those of
other biodegradable composites, however, longer LA chains will decrease tensile
properties (Helminen, Korhonen, and Seppälä 2002). Helminen et al. reported lower
tensile strength for butanediol-LA systems (despite higher crosslinking density), which
was ascribed to the flexible butanediol units used in the linear oligomers (Helminen,
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Korhonen, and Seppälä 2002). However, it is believed that the tensile strength is a
function of crosslinking density and generally, a higher crosslinking density results in
higher tensile strength (Storey et al. 1993).
In compression tests, the specimen is subjected to a compressive load usually by a
solid cylindrical object between two well-lubricated flat platens. For the brittle materials,
a disk test is applied instead, in which the disk is subjected compression and uniform
tensile stresses develop perpendicular to the centerline of the disc (Hodgkinson 2000,
Kalpakjian, Schmid, and Sekar 2014). The bending, flexural or transverse beam test
measures behavior of brittle materials (usually with a rectangular cross section) by
applying vertical load in which tensile stress produced on the convex side of the
specimen and compression stress in the concave side. The load is applied on either one
point (3 point bending) or two points (four-point bending) and the specimen deflection is
measured by the crosshead position.
The bending test provides values for the modulus of elasticity in bending (Ef),
flexural stress (σf), flexural strain (ϵf) and the flexural stress-strain response of the
material. Usually, the 3-point bending test is applied to polymers and the values like
flexural strength and flexural modulus are reported. Flexural strength is defined as the
maximum stress in the outermost fiber, the modulus of rupture is defined as the stress at
fracture in bending and the flexural modulus is the slope of the stress-deflection curve
(Mujika 2006, Wool and Sun 2011).
Hardness, which is defined as the resistance to permanent indentation, is an
indicator of the strength of a material and its resistance to scratching or wear. The
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resistance to indentation depends on the shape of the indenter and the applied load;
therefore, several hardness test methods have been developed to measure the hardness of
a material, including Brinell test (using a steel or tungsten-carbide ball indenter (Biwa
and Storåkers 1995)), Rockwell test (using a diamond cone or steel ball indenter
(Herrmann 2011)), Vickers test (using a diamond pyramid indenter), Knoop test (using a
diamond pyramid indenter) and Scleroscope and Leeb test (using a diamond-tipped
indenter) (Herrmann 2011, Kalpakjian, Schmid, and Sekar 2014).
Impact tests measure the ability of a specimen to resist high-rate loading and it is
used for determining the energy absorbed in fracturing a test specimen at high velocity
which is important for estimating the service life of a test piece. Typically, this test is
performed by placing a notched specimen in an impact tester (supported at both ends in
Charpy test, or at one end in Izod test) and breaking it with a swinging pendulum. In
brittle materials, less energy is required for starting a crack, and a little more to propagate
it to the shattering climax (Kalpakjian, Schmid, and Sekar 2014).
Dynamic mechanical, thermal analysis (DMTA) is another technique frequently
employed to characterize the viscoelastic properties of polymers, in which a sinusoidal
stress is applied to the specimen and the resulting displacement (strain) is measured.
Properties such as storage modulus, loss of modulus, lag phase (between stress and
strain) and glass transition temperature can be measured with this technique (Menard
2008). The storage modulus, which measures the stored energy, represents the elastic
characteristic of a polymer. The storage modulus G’ is related to the molecular packing
density in the glassy state (Vergnaud and Bouzon 2012, Chang et al. 2012b) and higher
G’ means the better mechanical properties. The G’ is decreasing upon elevated
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temperatures when the polymer chain is in the rubbery plateau region (Bakare,
Ramamoorthy, et al. 2015) due to the free movements of the polymer chains. The loss
modulus, G”, measures the energy dissipated as the heat and represents the viscous part.
Generally, smaller G” suggests better mechanical properties and the strong tendency for
reversibility in the samples (Bakare, Ramamoorthy, et al. 2015). At the glass transition
temperature, Tg, the G’ decreases dramatically while G” reaches its maximum.
Temperature sweep tests, frequency sweep tests and dynamic stress-strain tests are the
most common test modes employed for characterizing the viscoelastic properties of
polymers in DTMA studies.
Thermogravimetric analysis (TGA), is a technique currently employed for
measuring changes in physical and chemical properties versus temperature (constant
heating rate mode) or time (constant temperature or mass loss mode). As the temperature
increases, various components of the sample decomposed. Commonly, in TGA, the
percentage of weight loss or the rate of weight loss would be presented versus
temperature, which are referred to as the thermogravimetric curve and the differential
thermogravimetric curve, respectively (Gabbott 2008). For thermosets, TGA can provide
information about the thermal stability, loss of volatiles, decomposition rate and
oxidation-reduction reactions and it is employed to study of degradation mechanisms and
reaction kinetics (Chatterjee 2009). The degradation in thermoset systems starts with
decomposition of the crosslinked network and follows by the random scission of the
linear chains (Adekunle, Åkesson, and Skrifvars 2010).
2.4. Applications
2.4.1. Biocomposites
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Inexpensive biobased raw material, better environmental profile, low viscosity
and better processability of the matrix along with better thermomechanical properties of
the produced biocomposites are of advantages expected for the crosslinkable S-LA based
composites. The employ of multihydroxyl core molecules in the structure of S-LA
polymers for biocomposite production has many advantages. A class of employed polyols
(e.g. glycerol and xylitol) has biobased sources and are relatively inexpensive; therefore,
employ of these molecules in the structure of S-LA reduces the final costs for the
produced composites. In addition, employ of these core molecules lowers the viscosity of
the final crosslinkable resins and enhances the resin’s processability, which are crucial
factors in biocomposite manufacturing.
Also, the core molecules’ hydroxyl groups provide a better extended network
which results in better thermomechanical properties of the cured resins and the
biocomposite. Finally, it is believed that the unsaturated branches of the core molecule,
increase the hydrophilicity of the produced resin. The higher hydrophilicity, makes the
resin more compatible with inexpensive natural fibers and it eventually increases the
mechanical properties and lowers the final costs of the biocomposites produced from
natural fibers and S-LA thermosets.
To date, composites of crosslinkable S-LA matrix and different reinforcements,
including viscose fiber (Esmaeili et al. 2015), flax fibers (Åkesson et al. 2011b, Bakare et
al. 2016), surface modified cellulose fibers (Ramamoorthy et al. 2015) and flax/basalt
(Bakare et al. 2016) have been produced. Esmaeili et al. reported rather good mechanical
properties for biocomposites made from methacrylated glycerol based S-LA, reinforced
by up to 70 wt% regenerated cellulose fiber using different fiber alignments. Using the

62
same matrix, better mechanical properties obtained for unidirectional alignment of the
reinforcements (tensile modulus: 11-14 GPa, flexural modulus: 10-11.5 GPa, impact
strength: 130-150 kJ/m2) and lower mechanical properties reported for bidirectional and
nonwoven fiber alignments (Esmaeili et al. 2015). Bakare et al. synthesized a
crosslinkable S-LA thermoset with low viscosity from LA, allyl alcohol and PENTA and
used it as the matrix for production of biocomposites reinforced with flax and basalt
fibers (up to 40 and 60 wt% fiber loads, respectively). Rather good mechanical properties
were reported for flax/ballast composites (tensile modulus: 9-14 GPa, flexural modulus:
10-12 GPa, impact strength: 46-54 kJ/m2) and lower mechanical properties reported for
pure flax composites (Bakare et al. 2016).
Ramamoorthy et al. produced composites from silane and alkali treated
regenerated cellulose fibers (Ramamoorthy, Skrifvars, and Rissanen 2015) and
methacrylated glycerol S-LA thermosets. Good mechanical properties reported for these
biocomposites (tensile modulus: 9.5 GPa, flexural modulus: 6.2 GPa, impact strength: 28
kJ/m2 (Ramamoorthy et al. 2015). It has been shown that unsaturated branches of the core
molecule increase the hydrophilicity of the produced resin and make it more compatible
with inexpensive natural fibers which eventually increases the mechanical properties and
lower the final costs of the biocomposites. However, sometimes a hyper branched core
molecule in the structure of the S-LA thermoset can adversely affect the
thermomechanical properties, and also it is plausible that unsaturated groups available in
the core molecule of the polymer affect the water absorption capacity of the matrix which
results in altering the electrical and physiochemical properties of the product.
2.4.2. Biomedical
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Drug delivery: Wide diversity in the topology and the chemistry, ease of
formulation for various devices, excellent bio-compatibility, biodegradability and desired
mechanical strength have introduced a class of FDA approved aliphatic polyesters such
as PLA, PGA, and PLGA to be used in controlled release of drugs, especially for cancer
therapy (Tiwari et al. 2012, Bummer 2004, Qiu and Bae 2006, Xiong et al. 2014,
Makadia and Siegel 2011). It is believed that the architecture of the polymer, called
topology, often influences the physicochemical properties and effects the microsphere
preparation and drug delivery properties (Qiu and Bae 2006, Wolf and Frey 2009). The
polymer architectures plays a crucial role in the drug delivery control and in the
fabrication of drug delivery systems; however, it is relatively unfamiliar to pharmacists.
Different polymer topologies have been studied for drug delivery, which can be
categorized in to linear, branched, cross-linked, block (Cheng et al. 2007,
Ghahremankhani, Dorkoosh, and Dinarvand 2008, Jeong, Bae, and Kim 2000), starshaped and dendrimer topology (Qiu and Bae 2006). Compared to linear polymers with
the same MW, the star-shaped polymers provide smaller hydrodynamic radius and so, a
lower solution viscosity. The star-shaped polymers can be synthesized via arm-first or
core-first methods. In the arm-first methods, the linear arms are prepared via a controlled
polymerization pathway; then, the chains are reacted with multifunctional terminating
agents. The core-first method which is the dominant employed technique, provides a
better control over the process and starts with a multifunctional initiator and the
propagation of the arms through a controlled polymerization pathway. Research on S-LA
polymers as drug vectors seem rather limited so far and the study experience on different
PLA architectures and new drug carriers is still quite limited. Thus, so far there are not
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enough experimental data exists to explain the exact role of polymer architectures on the
fate of the conjugated drugs (Qiu and Bae 2006). However, different core molecules have
been suggested so far for the drug delivery purposes, including, PEG (Choi, Bae, and
Kim 1998), THMP (Biela et al. 2003, Biela et al. 2005), PENTA (Kim et al. 1992),
di(trimethylolpropane) (Biela et al. 2003), cholic acid (Xiao, Mai, et al. 2012) and
luminescent ruthenium tris(bipyridine) (Wang et al. 2011).
Different drug carries have been suggested when star shaped polymers are used
for drug delivery purpose, including unimolecular micelles and injectable hydrogels (solgel transitions). The drug encapsulation is an important property when star-shaped
architecture polymers are used along with unimolecular micelle drug carrier. When
injectable hydrogel drug carriers employed, lower critical solution temperature and gel
strength is resulted in star-shaped polymers. The controlling factors for the release rate in
star shaped polymers include the dimension of the hydrophobic core, the arm number and
the arm length. In the linear two-arm PLA-PEG structure, manipulation of the molecular
weights of EG to LA in the structure is an important factor in designing a system with
high control over the hydrophilic/hydrophobic balance and core protection (Qiu and Bae
2006).
Zeng et al. developed a cholic acid functionalized star-shaped PLGA-b-TPGS for
sustained and controlled delivery of docetaxel for treatment of cervical cancer (Zeng et
al. 2013). Choi et al. reported the synthesis of star shaped PEO-PLA polymers by a
divergent synthetic method which could be used as the delivery carrier for polypeptide.
The authors also reported that the melting point, crystallinity, and phase separation are
decreasing with an increase in the degree of branching (Choi, Bae, and Kim 1998). Jeong
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et al. have also shown the capability of employing star-shaped PEO–PLA block
copolymers to be used as parenteral injectable drug delivery (Jeong et al. 1999).
Tissue engineering: Tissue engineering aims to apply engineering methods to
create artificial substitutes for defective tissues and organs (Shin, Jo, and Mikos 2003,
Tabata 2000). The matrix can be served as a substrate for attachment, grow and migration
of cells or can be utilized as a drug carrier to activate cellular function in the region
(Saltzman and Olbricht 2002, Shin, Jo, and Mikos 2003). Biodegradable polymers, by
providing exogenous matrices suitable for facilitating tissue regeneration, play an
important role in most tissue engineering strategies (Whang, Goldstick, and Healy 2000).
Successful utilization of biomaterials for tissue engineering is dependent on several
factors. The biomaterial must resorb after its service and should provide conditions for
sufficient growth rate and effective cell adhesion, while it is -or its degradation materials
are- nontoxic, when implanted in vivo.
The material which is designed for tissue engineering should also meet certain
physical properties, including but not limited to having a) high porosity (≤90% for
providing enough surface area in a 3D structure), b) minimum diffusional constraints
(sufficient to meet the metabolic requirements), c) sufficient space for extracellular
matrix regeneration and d) adjustable degradation rate (to match the rate of tissue
regeneration in vivo) (Sheridan et al. 2000, Langer 1994). The microarchitecture of the
device is also of importance as it influences the interconnection between the pores for cell
proliferation. In addition, as scaffolds are subjected to remain in intimate contact with the
cells for prolonged periods, the influence of the polymeric materials on viability, growth,
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and function of the attached or adjacent cells is of crucial importance (Saltzman and
Kyriakides 2014, Wu, Wang, and Li 2015).
Different biodegradable polymers, including linear PLA, polylactide,
polyglycolide and PLG have been employed for cell transplantation or for various tissue
regeneration, including bone, cartilage, liver, and skin (Langer 1994, Whang, Goldstick,
and Healy 2000). The mechanical strength and the rate of degradation of the PLG is
typically adjusted based on the ratio of lactic to glycolide and polymer’s degree of
polymerization. Although the polymer blends must be well optimized by refining their
properties to be used for tissue engineering, yet, polymer properties are not the only
crucial factors in tissue engineering. The interaction of the cells with the surface of the
polymer is another crucial factor and polymers that allow surface modification like PLG
are particularly promising for tissue engineering purposes (Lucke et al. 2000).
Go et al. synthesized a heparin-conjugated S-LA by coupling heparin to the S-LA
with PENTA core molecules. Authors reported a lower protein adsorption and platelet
adhesion as well as higher cell activity on the surface of the S-LA-Hep along with a
higher cell spreading area on the surface. These features candidate the S-LA-Hep to be
used as blood-tissue compatible materials for implantable medical devices (Go et al.
2008). Cai et al. reported the synthesis of star-shaped polylactide attached to
poly(amidoamine) polymers with potentials to be used for hydrophilic drug delivery of
growth factor and antibodies in tissue engineering (Cai et al. 2003). Cheng et al. also
synthesized a functionalized S-LA polymer with a cholic acid core molecule which had
better wettability and higher surface energy compared to the linear PLA. These features
result in higher cell adhesion and better cell proliferation (Fu et al. 2007).
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2.5. Perspectives, opportunities and limitations
2.5.1. Perspectives and opportunities
Substitution of current petroleum-based platforms with renewable-based
technologies would be beneficiary in different ways. First, using the corn-based LA
instead of conventional petroleum based monomers, will reduce the dependency of the
national thermosetting plastic industry to the petroleum resources. Thus, in the long term,
it will enhance the national energy security. Second, compared to petroleum based
products, using biobased materials will substantially promote the environmental profile
and sustainability of the production chain. In addition, the biodegradability of the
products will alleviate carbon footprint and the environmental burdens associated with
the final product. Third, using corn-based LA and inexpensive natural fibers as the raw
materials, will subsequently promote economic diversification in rural areas. It has been
shown that the S-LAs are capable of competing with or even surpassing fossil fuel based
resins in terms of cost and eco-friendliness concerns (Jahandideh and Muthukumarappan
2016a, Bakare et al. 2014b, Bakare et al. 2016, Åkesson et al. 2011b, Lin and Zhang
2010).
Modifications for biomedical use: Using a core molecule with adjustable
functional groups at the center of the S-LA provides the unique opportunity of designing
and controlling over properties of the resin. It is presumed that more hydroxyl groups of
the core molecule, provide a better extended network to the final product. The
unsaturated hydroxyl groups of the core molecule ultimately increase the hydrophilicity
of the produced resin which make the resin more compatible with hydrophilic systems.
The privilege of these thermoset systems over other systems is that these resins can be
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engineered for a certain functionality by changing the chemical structure or altering the
crosslinking density. Moreover, by changing the nature and the portion of the block units
of copolymers chain, it is possible to further manipulate the polymers properties.
This manipulation could be in terms of changing the hydrophilicity properties as
well as designing and manipulation of the void sizes of the polymer network. By
employing longer arms which will act as plasticizers, it is possible to increase the size of
the voids in the network and by using hydrophilic monomers in copolymers the
hydrophilicity of the polymer network can be tailored. Manipulation of both void sizes
and the hydrophilicity of voids will provide the unique opportunity for designing a
polymeric matrix which is specifically designed for certain chemical component release
or a desired drug delivery –based on drugs chemical structure, molecular weight, polarity,
etc. with a substantial control over the release rate. In these systems, the polymer’s
network can be tailored based on different parameters, including substitution of LA
hydrophobic groups with a more hydrophilic group such as glycolic acid, by changing the
ratio of the chain extender to the oligomer units or by changing the cross-linking density
of the cured thermoset system. Using short oligomer chains in the network of the polymer
leads to a compact network structure results in more resistance on diffusion. In addition,
by reducing the ratio of methyl groups to the carbonyl groups in the structure (which
results by applying higher ratios of glycolic acid units to lactic ones in the PGLA
polymer), more hydrophilic structure is achieved.
Smart packaging applications: The S-LA thermosets provide an adjustable
polymeric network, which potentially can be tailored for active packaging of productions.
Active packaging (also called intelligent or smart packaging), means having active
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functions beyond the inert, passive containment and protection of the product and refers
to packaging systems currently employed for foods, pharmaceuticals, and several other
types of products (McCabe-Sellers and Beattie 2004, Byun, Kim, and Whiteside 2010).
Nowadays, PLA is employed as an active packaging material for antibacterial packaging
with the ability of controlled release of antimicrobial or antioxidant compounds.
Antioxidant packaging is a well-known, promising technique for increasing food quality
and extending food production shelf life (Byun, Kim, and Whiteside 2010). The addition
of antioxidants to the polymeric packages has two facets. First, available antioxidants in
the polymer formulations protect the ester bonds of the polymer structure from
degradation (Dainelli et al. 2008, Yam, Takhistov, and Miltz 2005, Jamshidian et al.
2010).
Second, it helps protecting the food contents by migration of antioxidants from
packaging material to the food medium. It is believed that antioxidant compounds can
defuse and migrate from the packaging material to the food product and help maintaining
the quality of the food. Previously, antioxidants have been successfully incorporated into
different polymeric matrices, including low density polyethylene (LDPE), polyvinyl
chloride (PVC) and polypropylene (PP), for various foods (Wessling, Nielsen, and
Giacin 2001, Wessling et al. 1999, Jamshidian, Tehrany, and Desobry 2012). The release
of antioxidants is a result of the biodegradation of the polymer matrix as well as the
diffusion phenomenon. In the diffusion of antioxidants, the migrant diffuses through the
polymer matrix toward the interface and then partitioned between the polymer matrix and
the food medium until the equilibrium. Therefore, antioxidant release can be presented as
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a result of diffusion, dissolution and finally, the equilibrium process (Soto-Cantú et al.
2008, Jamshidian, Tehrany, and Desobry 2012).
Flame retardancy: Many additives have been developed and employed to reduce
the risk of fire hazards and to pass safety specifications in polymers. A flame retardant
additive reduces the flammability of the product and the smoke generation capability
(Morgan and Gilman 2013, Bourbigot and Fontaine 2010). In the S-LA systems, the
flame-retardancy feature can be potentially obtained by adding the phosphorus containing
groups (or other flame retardant groups) to the structure of the network. In these systems,
the core molecule provides different reactive sites (hydroxyls) which may be employed
for addition of a special functionality. The other sites which may be used to add a
functional group, are the chains. In addition, using an EF agent with groups containing a
flame retardant component, can potentially add flame retardancy feature to the S-LA
thermosets.
2.5.2. Gaps and limitations
In this section, shortcomings and gaps of S-LA systems are discussed. S-LA and
their composites have been synthesized and employed for several applications for
decades. Employing a core molecule makes the structure of these systems more complex
compared to linear thermoplast PLA. Moreover, the combination of different
polymerization steps, EF reactions and curing reactions have imposed more complexity
to these systems. In addition, numerous applications are considered for these systems,
including biomedical applications, adhesives, coatings and biocomposites, and each
certain application requires certain characteristics. In order to manipulation of the S-LA
for a specific desired property, these systems must be thoroughly characterized.
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Shortcomings and gaps in the different steps must be well studied. The aim of the
following section is to discuss drawbacks associated with different steps of preparation
and characterization of these systems. These gaps are classified into two categories: the
synthesis and manufacturing concerns and the characterizing issues.
Generally, using a chain extender imposes more complexity to the system which
inevitably leads to a comparably poor control over the polymerization. The choice of the
core molecule would be one of the most important factors. It can directly effect on the
crosslinking density, mechanical properties, thermostability, degradation rate and the
hydrophobicity of the system. The ratio of the core molecule to the LA monomers is
another important factor which affects the crosslinking density and the final properties of
the produced network. Too much core molecule makes the resin brittle and reduces the
diffusion rates. The thermostability of the core molecule is of importance, as the
synthesis often occurs at high temperatures and molecules with susceptible bonds can be
degraded during the synthesis.
Steric hindrance, increased by employing the core molecules with multi-hydroxyl
branches and may result in an incomplete reaction of branches with the hydroxyl groups
which leaves unsaturated sites in the core molecule. Even if the complete reaction of
hydroxyl groups ensured, still the length of chains might vary between oligomers which
results in unpredictable mechanical and diffusional properties for the batch to batch
resins. This is problematic, especially when the resin is expected to be used for the drug
delivery and biomedical applications. In addition, the polycondensation synthesis
pathway, which is commonly employed for the synthesis of the S-LAs, is an energy
extensive step, due to the long reaction times at high temperatures. It also requires large
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quantities of organic solvents for effective water removal which must be recycled through
the azeotropic condensation.
This purification and water removal step imposes a substantial environmental
load. Thus, there is a need for optimization of the required energy for the synthesis. The
energy inputs can be alleviated by optimization of the process and choosing more
effective solvents, more efficient catalyst systems or choosing an alternative synthesis
method. The EF reaction is the other important synthesis step. Despite the condensation
step, the EF reactions occur at moderate temperatures and shorter reaction durations.
However, this step requires a crucial control over the temperature as at elevated
temperatures, the undesired partial crosslinking happens and the risk of gelation is
increased. In this step, in order to avoid unwanted crosslinking, an inhibitor agent often
used for protecting the olefinic carbon bonds. The origin of the EF agents, the presence of
releasing products during the reaction, e.g. MAA, the progress of EF reactions and the
degradation products are of other concerns, especially when the cured resin is intended to
service in-vivo in biomedical applications.
The optimization of the EF reactions would be a tackle as applying insufficient
reaction times and temperatures result in poor crosslinking density and subsequently
inferior mechanical properties of the product, and applying excess reaction times and
elevated temperatures increase the risk of gelation. Therefore, successful substitution of
the nonrenewable EF agents with nontoxic renewable ones is of interest. The rheological
properties of these systems are the other hotspot. The rheological properties of the S-LA
systems have not been studied intensively in the literature. Although employing a core
molecule in the structure of oligomers is believed to reduce the viscosity of the resins
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(Chang et al. 2012b, Finne and Albertsson 2002), yet, resulted viscosities are still far
from the desired viscosity for manufacturing processes. It is believed that a proportional
relationship exists between the MW and the viscosity of these systems (Nouri, Dubois,
and Lafleur 2015a, Cooper‐White and Mackay 1999, Othman et al. 2011).
Employing core molecules with fewer hydroxyl groups, reduction in the LA chain
length of branches and an efficient functionalization of the remaining hydroxyl groups
can further reduce the viscosity of resins. The curing procedure is also of importance and
must be well optimized as it can affect the properties of the final product. Applying
improper curing techniques result in undesired mechanical strength on the matrix
(Gledhill et al. 1978). Different factors are involved in the free radical curing reactions
which are often employed for curing of the S-LA systems, including the nature of the
initiator, initiator: resin ratio, applied heat regimes, retention times and cooling
strategies. Using excess curing agent or applying high temperatures for the curing may
result in higher exotherms, faster gelation and more shrinkage due to excessive thermal
zoning (Jahandideh and Muthukumarappan 2016a, Pereira and d’Almeida 2016).
There are also shortcomings exist in the characterization methods of these
systems. Currently, the titration method is employed for monitoring the progress of the
polycondensation step which is based on TAN measurements titration of available acidic
groups. The samples are diluted in the predefined solvent systems, capable of dissolving
the S-LA, and then titrated with KOH. However, these solvent systems have been
optimized for petroleum based materials and might not be capable of efficient dissolving
of the high MW oligomers of the S-LA which results in unrealistic high conversion
degrees. In addition, comparably more complex structure of these systems makes the
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interpretation of the FT-IR and NMR analysis to be hard. Therefore, too many peaks
often can be found in the spectrums, especially in the carbonyl area of the EF resins,
which can obscure the results and make them very hard to interpret. In addition, these
techniques provide no solid information about the degree of completion of the
polycondensation and EF reactions.
2.6. Conclusions
The need for designing polymers for a certain application and the shortcomings
associated with the conventional synthesis methods, encouraged researchers to explore
for the alternative PLA synthesis routes. Utilization of chain extenders and core
molecules are of promising ways to achieve a high MW polymer capable of being
engineered for a certain functionality. It is well known that changing the architecture of
the linear PLA would change its properties. The concept of using star-shaped resins for
biocomposites or in biomedical applications is gaining more and more attention day by
day. The polymer architecture is a crucial factor for the drug delivery control; however, it
is relatively unfamiliar to pharmacists. Employing a multifunctional core molecule at the
center of the S-LA systems, provides the unique opportunity of designing and controlling
over release properties of the resin. Adjustable structure of these aliphatic polyesters,
provides the chance for altering the chemistry, ease of formulation, excellent biocompatibility and biodegradability and makes them a suitable candidate for the controlled
release of drugs, especially in cancer therapy. In addition, altering the linear structure of
the PLA, often results in lower viscosity, better extended network and better
thermomechanical properties.
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Comparably lower viscosities of the S-LA thermosets, results in better processability
and better impregnation of the matrix to the reinforcing fibers which is beneficiary for the
composite applications. It is believed that often unreacted hydroxyl groups of the core
molecule increase the hydrophilicity of the matrix and make it more compatible with
hydrophilic natural fibers which results in the better mechanical properties of the
biocomposites. However, in some cases, worse mechanical properties may result
depending on the type of the employed core molecule. It is also plausible that unsaturated
groups increase the water absorption capacity which results in altering the electrical and
physiochemical properties of the matrix.
Developments in the emerging S-LA systems are spectacular from a technological
point of view. However, these systems still suffer from different limitations and
technological gaps and have a long way to go. These limitations can be categorized into
the synthesis deficiencies and the characterization gaps. Firstly, employ of a core
molecule makes the structure of these systems relatively more complex and reduce the
control over the polymerization step. Association of multi-step reactions, including
different polymerization steps, EF reactions and curing reactions also impose more
complexity to these systems. The steric hindrance, increased by employ of the core
molecule, may result in an incomplete reaction which leaves unsaturated hydroxyl groups
in the network. Even if the complete reaction ensured, still the risk of inconsistent
product remains as the length of chains cannot be efficiently controlled. The former
results in the unpredictable mechanical and diffusion properties of the batch to batch
product. The properties of the S-LA is dependent on several factors, including the

76
molecular weight, the architecture of the network, rigidity of the core molecule, length of
branches, crosslinking density and the degree of conversion.
These interrelated factors, make the optimization and characterization to be
complicated and hard. In addition, the type of the employed testing methods depends on
the expected service for the product. The tuning of the curing parameters is also a
challenge, especially for more complex systems such as industrial formulations. Applying
improper curing method results in inferior mechanical properties, higher exotherms,
faster gelation and more shrinkage in the cured resins. In addition, the polycondensation
synthesis is known as an energy extensive step. Large quantities of organic solvents
required also impose substantial environmental load.
This is a very exciting period in the development of biocompatible polymers, in
particular, biobased S-LA resins. Although these state of the art, adjustable S-LA systems
look very interesting and promising for various applications, yet their usage is limited.
Therefore, future use of these systems requires systematic optimization and invention of
better characterization methods.
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Abstract
A biobased thermoset resin was synthesized by direct condensation reaction of
lactic acid with xylitol followed by the end-functionalization of the hydroxyl groups of
branches by methacrylic anhydride. Chemical structures of resins were evaluated and
confirmed by 13C NMR and Fourier-transform infrared spectroscopy (FT-IR). Different
techniques were employed for the optimization of the curing process. Techniques
including Microscopy, Differential Scanning Calorimetry (DSC) and Dynamic
Mechanical Thermal Analysis (DMTA) were employed for characterization of the cured
resins. Thermogravimetric analyses (TGA) were also carried out to check the thermal
stability of the cured resins. The viscosity of the neat resin was measured at different
temperatures and different stress levels. Water adsorption tests were also carried out to
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check the water absorption properties of cured resins. The glass temperature (Tg) of the
resin was 98°C, and the viscosity of the resin was 2.97 Pa s at room temperature which
drops to 0.07 Pa s upon increasing the temperature to 85°C. The biobased content of the
resin was calculated as 77%. Cheap raw materials, high biobased content,
biodegradability, good thermomechanical and rheological properties, good processability
and good thermal stability are of advantages of the synthesized resin which makes the
resin comparable with commercial unsaturated polyester resins.
Keywords: synthesis; thermosets; crosslinking; renewable resources; lactic acid; thermal
mechanical properties

3.1. Introduction
Due to a shortage of petroleum resources, ecological and economic concerns
associated to petroleum based resins, different biobased raw materials have been
suggested for production of biobased resins including vegetable oils (Mashouf Roudsari,
Mohanty, and Misra 2014, Liu, Madbouly, and Kessler 2015, Xiong et al. 2013), polyols
and polyphenols (Auvergne et al. 2013, Bakare et al. 2014b) and lactic and itaconic acid
(Ma et al. 2013). Poly lactic acid (PLA) is a biodegradable aliphatic polyester which is
derived from lactic acid (Lunt 1998). Versatile and economical renewable sources of
lactic acid (LA), and biodegradability of the products makes LA a suitable source for
production of bioplastics (Martinez et al. 2013, Jimenez, Peltzer, and Ruseckaite 2014).
Thermoplasts are a class of polymers with high molecular weight where the chains are
associated through intermolecular forces and their structure is weaken rapidly upon
temperature increase. In contrast, thermosets form chemical bonds during the curing
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process and the structure cannot be reformed upon further heating-cooling processes
(Raquez et al. 2010b, Jimenez, Peltzer, and Ruseckaite 2014). Thermosets can be tailored
for a desired property by changing cross-linking density or structure which makes them
capable of being engineered for a certain functionality.
Limitations in impregnation of viscous matrix to fibers is a major problem in
composites. Poor impregnation makes the production process to be slow and also reduces
the mechanical strength of the composites (Komkov, Tarasov, and Kuznetsov 2015, Han
et al. 2015). Low viscosity of thermosets results in better processability and better
impregnation of fibers making thermosets desirable as a matrix for reinforced composite
applications (Liang and Chandrashekhara 2006). In addition, PLA’s hydrophobic nature
makes it incompatible with natural fibers (Oksman, Skrifvars, and Selin 2003, Wambua,
Ivens, and Verpoest 2003, Qin et al. 2011). Hydrophilic fibers cannot be efficiently
employed for reinforcing the PLA matrix as the adhesion of the fiber to the hydrophobic
resin is poor which contributes to poor mechanical properties of the produced composites
(Garlotta 2001a). Several studies carried out to enhance the compatibility of the natural
fibers in the matrix include treating the fibers with hydrophobic functional groups such as
maleic anhydride (Sutivisedsak et al. 2012, Kabir et al. 2012), ultrasonic and plasma
treatment (Liu et al. 2008, Bozaci et al. 2013) and co-polymerization of PLA with a more
hydrophilic monomer like glycolic acid monomers (Makadia and Siegel 2011).
Different studies have been performed on synthesis of LA based thermosetting
resins suitable for different applications including structural composites, biomedical
applications, drug-delivery applications, tissue engineering, coating applications or smart
packaging. (Bakare, Ramamoorthy, et al. 2015, Åkesson, Skrifvars, et al. 2010b, Bakare,
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Åkesson, et al. 2015, Sakai et al. 2013, Chang et al. 2012b, Åkesson et al. 2011b,
Makadia and Siegel 2011). Recently, thermoset resins prepared by direct condensation of
LA with glycerol (Bakare et al. 2014b), allyl alcohol terminated LA oligomers (Bakare,
Åkesson, et al. 2015), and pentaerythritol (Åkesson, Skrifvars, et al. 2010b) have been
introduced for biocomposite productions. Star-shaped molecules resulted after direct
condensation of the core molecule with LA were further functionalized with an endcapping agent (Åkesson et al. 2011b). It is presumed that more hydroxyl groups of the
core molecule provide a better extended network of the final thermosets (Moon et al.
2001). In addition, unsaturated hydroxyl groups of the core molecule may ultimately
increase the hydrophilicity of the produced resin and make the resin more compatible
with natural fibers which ultimately increases the mechanical properties of biocomposites
produced from natural fibers and PLA thermoset.
In this study, the possibility of producing resins from LA and xylitol have been
investigated. Thermoset resin was synthesized in a two-step synthesis procedure: a direct
condensation-polymerization followed by an end-functionalization reaction. The structure
of the resin was confirmed using 13C-NMR and FTIR. The curing process was optimized
and the thermomechanical properties of cured resins was investigated using dynamic
mechanical thermal analysis (DMTA), differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The advantages of using xylitol as the core molecule
are that 1) it is biobased and relatively inexpensive, 2) it lowers the viscosity of the final
resin enhancing its processability, 3) xylitol has more hydroxyl groups providing a better
extended network which results in better thermomechanical properties of the cured resin
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and 4) unsaturated branches of xylitol molecule, increase the hydrophilicity of the
produced resin leading to a resin which is more compatible with natural fibers.
3.2. Materials and Methods
3.2.1 Materials
L (+)-lactic acid (≥90%; Acros Organics) and xylitol (≥99%; Sigma-Aldrich)
were used as the main reactants. Toluene (≥99.8%; Sigma-Aldrich) as the solvent,
Methanesulfonic acid (≥99.0%; Sigma-Aldrich) as the catalysts, Hydroquinone (≥99.5%;
Sigma-Aldrich) as the inhibitor, Methacrylic anhydride (≥ 94%; Sigma-Aldrich) as the
end-functionalization agent were also used in synthesis. Benzoyl peroxide (≥98%;
Sigma-Aldrich) was used as the free radical initiator for crosslinking phase. Xylenes
(≥98.5%; Sigma-Aldrich) and Isopropyl alcohol (99.5%; Sigma-Aldrich) were employed
for the titration. Potassium hydroxide (≥85%; Sigma-Aldrich) solution in absolute
ethanol was used as the titrant with phenolphthalein (1% in ethanol, Fluka) as the
indicator.
3.2.2 Synthesis
The resin was synthesized by direct condensation reaction of LA with xylitol and
further end-functionalizing of the hydroxyl groups of branches by methacrylic anhydride.
Xylitol molecules played the role of a clustering agent in the final polymer structure.
Eventually, a star-shaped oligomer of xylitol and LA was prepared in the step-one
reaction. In the step-two reactions, branches were end-functionalized with methacrylic
anhydride. The chemical reactions and idealized structures are presented in figure 1.
3.2.2.1 Step-one reactions: poly-condensation of LA with xylitol
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The first synthesis step was carried out employing a direct condensation
polymerization technique in the presence of toluene as an auxiliary solvent for water
removal. LA (1.5 moles) was added to 0.1 mole of xylitol diluted in 75 g of toluene
containing 0.1% wt of the catalyst methanesulfonic acid (see figure 1). The components
were transferred to a three-neck, round-bottom flask, equipped with a magnetic stirrer in
which one neck was connected to a nitrogen flow and toluene reflux from and the
azeotropic distillation apparatus. The other two necks were used for toluene reflux from
an azeotropic distillation unit and connecting a thermometer. In the third neck, an
azeotropic distillation unit was connected to a condenser for toluene recovery. The flow
of the nitrogen in the system was ensured by employing a mini gas bubbler in the outlet
of the condenser. The temperature inside the flask was set to 145°C for two hours and
then increased to 165°C for seven hours.
3.2.2.2 Step-two reactions: End functionalization of the Oligomers
The oligomers resulted from condensation reactions would have reactive groups
but yet, the groups are not reactive enough for a satisfactory cross-linking. The branches
were further functionalized with methacrylic anhydride to improve their reactivity by
adding carbon double bonds. The resulted resin was cooled to 90°C and 1% wt
hydroquinone was added to the reaction mixture for stabilization as well as inhibiting
unwanted cross-linking reactions and gelation. Under a constant stirring rate and nitrogen
purge flow, 0.55 mole of methacrylic anhydride was added dropwise and the temperature
was maintained at 90°C for four hours. The medium was then transferred to a dropshaped glass flask connected to a rotary evaporator under partial vacuum conditions (~10
mbar, 1 hour at 60°C and two hours at 90°C) to remove the residual toluene and released

83
methacrylic acid. The chemical reactions and idealized structures are presented in figure
1.
3.2.3 Curing optimization
The thermal curing was performed by a free-radical polymerization method which
forms a rigid three dimensional network. Different curing methods were investigated to
obtaining an optimal curing procedure including different initiators: resin ratios, applying
different heat regimes, applying different temperatures and retention times, applying
different pressures and also applying different cooling strategies. The aim of the curing
optimization was to obtain completely cured samples with no cracks or bubbles with the
desired mechanical properties. To avoid premature cracks, the dispersion of the curing
agent in the form of a fine powder and in the form of dissolved in toluene were examined.
For identifying the sufficient ratio of the initiator to the neat resin, curing was
performed with different ratios of 0.5, 1, 1.5, 2 and 3 wt%. For fully cured samples, a
microscopy technique was applied for checking the samples to stablish the presence and
cause of cracks and bubbles in the cast resins. Using the proper initiator to resin ratio, the
temperatures in the range of 90 to 140°C for 20 minutes periods were applied for thermal
curing. Three different post curing methods, called a, b and c, were investigated and
effects of the methods on mechanical properties of the final samples were investigated. In
method a, curing was started by heating samples from room temperature to 150°C at a
heat rate of 5°C/min.
Samples were kept at 150°C for 20 minutes and after curing, they were cooled at
room temperature. In method b, curing was started at 50°C for 10 minutes followed by
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another 10 minutes at 90°C. Finally, samples were post cured at 150°C for 20 minutes
and cooled and stored at room temperature. In method c, curing was started at 150°C in a
preheated oven and continued for 20 minutes. After curing, samples were cooled and
stored at room temperature. Completion of the curing processes were investigated by
analyzing the DSC residual exotherms. Finally, mechanical strength of different cured
samples cured via different techniques were evaluated through mechanical testing and the
best curing method was identified.
3.2.4 Characterization
The progress of the condensation reaction was monitored by titrating the residual
carboxyl groups during the step-one resin synthesis. The conversion progress was
determined by titrating aliquot samples (1 g) taken hourly during the condensation
reaction. The samples were first diluted with 20 mL of 1:1 v/v xylene/isopropyl alcohol
solutions and then titrated with 0.5 M KOH in absolute ethanol with phenolphthalein 1%
as the indicator.
The chemical structure of step-one and step-two resins were determined with a
Carbon Nuclear Magnetic Resonance (13C NMR) spectrometry (Bruker BioSpin GmbH,
Germany) at 400 MHz. Sample concentration in 5 mm tubes was 10% by weight in
CDCl3 and the measurement temperature was 45ºC. The internal standard was
tetramethylsilane, TMS, and the shifts were expressed in ppm.
IR spectra of step-one, step-two and cured samples were recorded at room
temperature on Nicolete 6700 spectrometer, supplied by Thermo Fisher Scientific,
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Massachusetts, USA in the range of 4000–600 cm−1. Each spectrum was recorded after
the sample was scanned 60 times.
Calorimetric analyses were carried out by a DSC on a TA Instrument Q 100 (V9.9
Build 303- supplied by Water LLC, New Castle DE) thermal analyzer. Samples of
approximately 10 mg were sealed in aluminum hermetic pans and tested under a nitrogen
atmosphere. The calorimeter was calibrated using an indium standard (heat flow
calibration) and an indium– lead–zinc standard (temperature calibration). Uncured resin
was analyzed from -20°C to 220°C at a heating rate of 10°C/min in order to investigate
the crosslinking reaction. Isothermal curing of resins was also performed at 90°C, 100°C,
120°C, 130°C, 140°C and 150°C for 20 minutes and residual exotherms were analyzed
from 25°C to 200°C at a heating rate of 10°C/min.
Thermogravimetric analyses of the cured resins were carried out with a Q50 from
a TA Instrument supplied by Waters LLC. Samples with an approximate mass of 10 mg
were heated from 30°C to 600°C, at a heat rate of 10°C/min under a N2 purge gas stream
of 20 mL/min. Weight percent data versus time was plotted.
Dynamic Mechanical Thermal Analysis was performed on cured samples from
different methods on a DMTA (Q800 from TA Instruments, supplied by Waters LLC).
The tests were performed on samples with dimension of approximately 60×15×3 mm
from -20°C to 150°C in a dual cantilever bending mode with a heat rate of 5°C/min; the
frequency was 1 Hz, the amplitude was 15 µm and the tests were performed under a
nitrogen atmosphere.
The viscosity of the uncured resin was determined using a viscoanalyzer
rheometer (TA instrument, Sweden). All measurements were done with a truncated cone
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plate configuration (Ø15 mm, 5.4°C). Viscosities of uncured resins were measured in a
temperatures range of 25 to 85°C in increments of 10°C. Shear stress ranged from 0.2 to
400 Pa.
3.2.5 Water adsorption tests
The water adsorption tests were carried out based on ASTM D 570–98 standard to
determine the relative rate of absorption of water by the cured samples when immersed.
The dimension of test specimens were 60 × 60 × 1 mm. The tests were perform in 3
modes: Long-Term Immersion, Two-Hour Boiling Water Immersion and Immersion at
50°C. In Long-Term Immersion, the specimens were placed in a container of distilled
water maintained at a temperature of 23 ± 1°C and the total water absorbed by samples
versus time were measured. In the two-hour-boiling-test, adsorption of samples was
measured after 120 min of immersion, in the boiling distilled water and in Immersion at
50°C mode, water adsorption was measured at a temperature of 50°C for different time
intervals.
3.3. Results and discussion
3.3.1 Titration
The proper condensation-reaction time is essential, as insufficient reaction time
results in unreacted reactants and excessive reaction time results in transesterification
reactions which degrades the structure (Bakare et al. 2014b). The ratio of the reacted to
initial carboxylic groups in the polymerization-condensation step is related to the degree
of completion of the condensation reaction in the polymerization-condensation step. In
this step, -COOH groups are reacting with the -OH groups of xylitol core molecules (see
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figure 1). As the reaction proceeds, the -COOH groups react and the length of LA arm
increases. The number of carboxylic groups was measured with an acid-base titration
method (Murillo, Vallejo, and López 2011, Xiao, Mai, et al. 2012).
The solvent system was chosen based on ASTM D974. The conversions during
the first 720 minutes of the reaction were calculated based on the mL of consumed KOH
by the 1 g samples. From figure 2, it can be seen that the reaction started almost after 100
minutes. The conversion reaction proceeds rapidly during the next 320 minutes. The
reaction continues until 720 minutes and after that the conversion rate did not change due
to transesterification reactions. Based on the titration results, a 12 hours condensation
reaction period was considered for the first-step reaction which results in a 94%
conversion of the carboxylic groups. Bakare et al. employed a similar acid-base titration
method for measuring the degree of reaction of LA with glycerol and reported 95%
reaction competition after 360 minutes (Bakare et al. 2014b). The less reaction times
required for LA- glycerol reaction compared to that of LA-xylitol reaction can be
explained by the differences between the number of hydroxyl groups in glycerol and
xylitol.
3.3.2 13C-NMR spectroscopic analysis
The NMR analysis was performed to confirm the chemical structure of the stepone and step-two resins and also for measuring the obtained LA chain length. The 13CNMR spectra of the step-one and end-capped resins are shown in figure 4. The expected
and observed chemical shifts and assignments are shown in table 1. Shifts for different
carbon environments have been assigned based on data from the literature (Åkesson,
Skrifvars, et al. 2010b, Bakare, Åkesson, et al. 2015, Bakare et al. 2014b, Adekunle,
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Åkesson, and Skrifvars 2010, Xiao, Mai, et al. 2012) Carbon environments for the ideal
structures of step-one and step-two resins are presented in figure 3a. and 3b.,
respectively. As it can be seen in figure 3a. for the step-one resin, 9 different carbon
environments were expected: A1,2 for methyl groups, B1-4 for CHs adjacent to different
groups (shown in table 1), C1,2 for carbonyl groups and the CH2 (B4, B5) in the central
xylitol structure.
The number of expected chemical shifts would be even greater in the end-capped
resins case as the chemical structure is more complex. Apart from chemical shifts of
methyls (A), CHs (B) and carbonyls (C), another chemical shift for C=C bond is also
expected.
In the carbonyl area (160 – 180 ppm) (Bakare, Åkesson, et al. 2015), two peaks
for the carbonyl groups of LA were expected: C1 for the main-chain carbonyl C=O and
C2 for LA carbonyl group adjacent to the –O–CH2– branch of the xylitol core molecule
which both of them were clearly raised at 169.59 (C1) and 169.89 (C2) (Bakare, Åkesson,
et al. 2015). Also, another weak peak was observed in the step-one resin at 174.80 ppm
which can be assigned to C=O of the LA end-group, for the remaining unreacted LA
(Bakare et al. 2014b, Lunt 1998).
For the end-capped resin however, in the carbonyl area, the signal is broad, as LA
carbonyls next to the xylitol core molecule, and next to the methacrylic end, will give
different signals compared to a LA carbonyl next to another LA component (Fig 4b.). In
addition, another carbonyl group belongs to a methacrylic end-group is also expected
which can be seen at 166.57 ppm. Another weak peak was also observed at 171.19 ppm
which can be assigned to carbonyl of methacrylic acid, released during the end-capping
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reactions. The weak peak which is seen at 163.18 ppm is corresponded to carbonyl
groups of methacrylic anhydride (Raquez et al. 2010b).
The chemical shifts for carbon atom adjacent to an oxygen atom would be in the
range of 60–75 ppm (Xiao, Mai, et al. 2012). CH groups of xylitol core molecules
showed signals in range of 68 ppm to 71 ppm- the CH next to the reacted LA carbonyl
group and an oxygen atom gives a broad signal from 68 ppm to 71 ppm (Xiao, Mai, et al.
2012) and it is assigned as B2, 3 and B~6. B4 and B5 peaks represent the CH groups in the
xylitol core molecule with chemical shifts of 68.7 ppm and 70.2 ppm, respectively. The
CH adjacent to the hydroxyl end-group, B1, gives a signal at 66.61 ppm. The CH2 group
in the xylitol core group can be seen as a weak peak at 68.71 ppm (Murillo, Vallejo, and
López 2011). No signal was detected around 64.4 ppm for the CH2 group of unreacted
xylitol molecules suggesting that the reaction of xylitol molecules and LA molecules was
complete.
The LA methyl groups were detected in the 16–22 ppm range (Wambua, Ivens,
and Verpoest 2003). The hydroxyl functionalized end-group of methyl groups, A1, are
present in the step-one resin and were detected at 20.28 ppm. The CH3 groups in the LA
chains, A2, were also detected in the range of 16.59-16.67 ppm (Xiao, Mai, et al. 2012).
The same signals were identified in the end-capped resin for the A2 position. Absence of
the A1 signal in the step-two resins, indicates that the end-functionalization reactions
were complete. The methyl groups of methacrylate in the end-capped resins A3, were
detected at a range of 17.83 – 18.07 ppm (Kabir et al. 2012).
The olefinic carbon sites, D1 and E1, presented in the methacrylated end-groups
give signals in range of 126–127 ppm and 135-136 ppm. In addition, presence of free
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methacrylic acid, which is formed during the end-capping reaction was confirmed by
observing the signal at 129.2 ppm which belongs to the olefinic carbon (Liu et al. 2008).
The NMR analysis confirmed that oligomers from the first synthesis step mainly
have
alcohol end-groups. The reaction of xylitol and LA was also confirmed, because there
was no evidence of carboxylic acid groups in the NMR spectrum of the step-one resin.
The length of the xylitol-LA chains was estimated based on the carbonyl peak areas
based on the method described by Bakare et al [25]. The percentage of the LA in forms of
reacted with the xylitol and in form of LA reacted in to free oligomers were also
calculated based on the same method. From the peak areas of the LA end-groups at
169.59 ppm and the main-chain lactic acid components at 170.8 ppm, the average chain
length of the branches was estimated as around three lactic acid units. The branch lengths
was measured as 3.3 LA and the percentage of LA reacted to oligomers or lactide was
14%. The percentage of lactic acid reacted with xylitol was measured to be 82.3% and
the percentage of chain ends reacted with methacrylic anhydride was 86.7%. The reaction
of methacrylic anhydride with the alcohol groups of chains was confirmed by detecting
the corresponding signals.
3.3.3 FTIR spectroscopy analysis
The FTIR analysis was applied for further analysis of the synthesized resins.
Figure 5, shows the FTIR spectra of step-one, step-two and cured samples. The spectra of
the first synthesis step shows a signal at 3500 cm-1 which can be attributed to an alcohol
end-group (Xiao, Mai, et al. 2012, Bakare et al. 2014b, Bakare, Åkesson, et al. 2015). As
expected, this group is not presented in methacrylic anhydride functionalized resins
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where hydroxyl end groups were reacted with methacrylic anhydride. The peak for the
CH group bond around 2990 cm-1 (Xiao, Mai, et al. 2012) can be found in all three
spectra; while cured resins show two peaks in the carbonyl range 1740 – 1750 cm-1 which
indicates two different C=O groups in the structure (Xiao, Mai, et al. 2012, Bakare et al.
2014b).
The presence of signals which correspond to carbon-carbon double bonds at 1635
cm-1 (stretching C=C) (Bakare et al. 2014b) and 815 cm-1 (bending CH2) (Hisham et al.
2011) confirm that the end functionalization by the methacrylic anhydride did occur.
These bonds are not present in step-one resin spectra. In addition, disappearance of
signals related to C=C bond in the cured resin spectra and an increase in the bond –CH
stretching from 2850 to 3000 cm-1 indicates that the crosslinking reaction did occur
(Bakare et al. 2014b, Bakare, Åkesson, et al. 2015).
3.3.4 Biobased content
The biobased content of the resin was calculated based on ASTM D6866 standard
using the following formula:

Biobased content =

=

𝑏𝑖𝑜𝑏𝑎𝑠𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
× 100
𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

𝑋𝑚 + 𝐿𝐴𝑚 − 𝑊𝑚
× 100
𝑋𝑚 + 𝐿𝐴𝑚 − 𝑊𝑚 + 𝑀𝐴𝐴𝑚 − 𝑀𝐴𝑚

Where, Xm is the weight of Xylitol core molecule, LAm is the weight of LA, Wm is the
weight of released water during condensation polymerization. MAAm is the weight of
methacrylic anhydride and MAm is the weight of the released methacrylic acid during the
end-capping reactions (Bakare, Åkesson, et al. 2015).
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C5H12O5 + 15C3H6O3

C50H72O35

C50H72O35 + 5C8H10O3

C70H92O40 + 5C4H6O2

+ 15H2O

Bio based content is found to be 76.7%.
3.3.5 Curing optimization
Presence of cracks in casted resins dramatically reduces the mechanical strength
of the matrix (Gledhill et al. 1978). The proper mix ratio, severity of mixing, applied
mixing method and mix temperatures would affect final distribution and propagation of
cracks (Phillips, Scott, and Jones 1978, Carfagna, Amendola, and Giamberini 2013,
Heinrich et al. 2013). Improper mix ratio of the curing agent and resins results in higher
exotherms, faster gelation and subsequently more shrinkage due to excessive thermal
zoning (or hot spots) during the curing process (Pereira and d’Almeida 2016, Le Corre et
al. 2012). Investigating different mix ratios, demonstrates that 1% wt curing agent was
proper for the synthesized resin. However, poor dispersion of solid state benzoyl peroxide
results in benzoyl peroxide rich areas causing different rates of curing within the mixed
product and subsequently, initiation of cracks. In other words, gradients in concentration
of the hardener causes microcracks to be initiated during gelation phase which develop as
the material cures or during thermal cycling (Campbell Jr 2003).
Figure 6a. shows the initiation of cracks in the cured samples. As it can be seen,
the cracks can occur due to presence of bubbles. However, propagation of the cracks can
also be terminated when they reach the microbubbles (figure 6b.) as well as another crack
propagating in the other direction (figure 6a.). The twofold effect of the bubbles can be
better seen in figure 6c. were the microcrack is been initiated from one micro bubble and
is also terminated at the other end by colliding with another microbubble. It can be seen
in the figure 6d. that presence of benzoyl peroxide solid particles results in the initiation
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of cracks. When curing agent was added in form of powder, micro particles are
inevitable. This problem was overcome by dissolving the curing agent in a solvent and
mixing the solvent with the matrix at elevated temperatures (up to 50°C) for better
mixing.
The presence of bubbles in the casted samples was another problem which
reduces the mechanical strength of the product and causes microcracks. Uncured resins
were kept at ambient temperature under partial vacuum (20 millibars) for an hour which
resulted in evaporation of the added solvent as well as eliminating the bubbles in the
matrix. By changing the mixing method, applying partial vacuum and implementing a
stage curing technique, the cracking and bubble problems were fully resolved.
3.3.6 Differential Scanning Calorimetry
DSC technique is currently applied to investigate curing of resins by detecting
crosslinking reaction exotherms as well as residual exotherms of cured samples at
different temperatures (Liang and Chandrashekhara 2006, Mohan, Ramesh Kumar, and
Velmurugan 2005, Bakare, Ramamoorthy, et al. 2015). Figure 7 presents the exothermic
heat reaction of the curing reaction.
From the thermogram, it was observed that the resin cured between 100°C and
140°C, (revealing an exothermic peak). The reaction heat was measured as 275.5 J/g, and
the peak temperature was 117.25°C. The onset temperature is defined as the intersection
of the tangent of the peak with the extrapolated baseline, and measured as 108.10°C.
Bakare et al. reported a curing temperature range of 80°C to 130°C with exothermic heat
evolved at 227.4 J/g for a glycerol-LA thermoset resin with a length chain of 3 LAs
(Bakare et al. 2014b). In a more recent study, a curing temperature range of 90°C to
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150°C and a heat of reaction of 194 J/g for an allyl alcohol-LA resin was reported
(Bakare, Åkesson, et al. 2015).
The peak exotherms in figure 7a. present the residual exotherms of DSC analysis
from 25°C to 200°C at a heating rate of 10°C/min for resin samples cured at 90°C,
100°C, 110°C, 120°C, 130°C, 140°C and 150°C for 20 minutes. Presence of substantial
residual heat in the DSC curves is an evidence showing that samples cured at
temperatures below 110°C did not cured completely. However, there is a substantial
reduction in exotherms of samples cured at temperatures above 110°C which is explained
as the onset temperature of the resin was measured as 108.1°C. The residual exotherms
were also shifted to higher temperatures for samples cured at 120°C, 130°C and 140°C.
The absence of residual exotherms for samples cured at 150°C for 20 minutes, indicates
that the curing reaction is fully completed. Therefore, in this study, the post curing
conditions for curing was selected as 20 minutes at 150°C.
3.3.7 Thermogravimetric analysis
Oxidative temperature is a measure of thermal stability. Higher oxidation
temperature is associated with better overall quality of the tested products (Mashouf
Roudsari, Mohanty, and Misra 2014). The degradation in thermoset systems, occurs after
decomposition of the crosslinked polymer network as well as the random scission of the
linear chains (Adekunle, Åkesson, and Skrifvars 2010). In this study, the TGA was
performed to check the thermal stability of resins by recording the percentage weight loss
of the cured samples versus time. The sample was heated from 30°C to 600°C, at the
uniform heat rate of 10°C/min in a N2 gas purge stream of 20 mL/min. The
thermogravimetric curves of cured resin at 150°C for 20 minutes is presented in figure 8.
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The degradation occurred in the temperature region of 170°C to 462°C. The maximum
rate of decomposition which indicates the maximum rate of oxidation was observed at
380°C. The char weight percent was 3.6% wt and the appearance of weak multiple peaks
is an evidence for the presence of volatile substances in the resin.
3.3.8 Dynamic Mechanical Thermal Analysis
DMTA was performed to characterize the crosslinked resins, cured via different
methods. There is evidence that stage curing increased mechanical properties of cured
samples as it allows gradual solidification which results in a more relaxed state with less
built in stresses (Vergnaud and Bouzon 2012). Figure 9a. shows the storage modulus G’
in the temperature range of -20°C to 150°C for samples cured by the different methods.
The measured storage modulus with standard deviations at 25°C are given in table 2. The
storage modulus is related to the molecular packing density in the glassy state (Vergnaud
and Bouzon 2012, Chang et al. 2012b). Storage modulus curves in figure 9a. show that
the resin cured with method b has a higher storage modulus than all other analyzed resins.
Therefore, better mechanical properties are expected for the resins cured with this
method. Due to the free movement of the polymer chain in the rubbery plateau region
(Bakare, Ramamoorthy, et al. 2015), the storage modulus of samples decreases in this
temperature interval. The temperature range for major changes in storage modulus for
method b cured resins is observed between 48°C and 83°C. This interval for resins cured
with method a was 36°C to 75°C showing that stage curing was effective for increasing
mechanical properties.
Figure 9b. shows the loss modulus G” curves for the samples cured with different
methods and in table 2 the loss modulus of different samples at 25°C is given. The loss
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modulus is broader and shorter in samples cured with method b, suggesting better
mechanical properties. The rather low value of the loss modulus was due to the rubbery
plateau state of the cured resin and indicates the strong tendency for reversibility in the
samples (Bakare, Ramamoorthy, et al. 2015).
Figure 9c. shows the tan δ curves for the samples cured by the different methods
and in table 2, peaks of tan δ for the different cured resins are presented. The tan δ peaks
were recorded at 93°C, 98°C and 95°C for resins cured via method a, b and c,
respectively. The higher tan δ peak values for resins cured with method b indicates better
mechanical properties. The tan δ peak for thermoplast PLA was reported at 50°C
(Oksman, Skrifvars, and Selin 2003). However, in LA based thermoset systems, tan δ
values would be comparably higher. Åkesson et al. reported a tan δ of 83°C for a
synthesized resin from pentaerythritol and LA. The observed tan δ for a Glycerol-LA
thermoset resins was observed at 97°C (Bakare et al. 2014b). In addition, the tan δ value
is believed to shift to higher temperatures after applying reinforcement fibers. The better
adhesion of the fiber to the matrix generally results in the higher tan δ value and better
mechanical properties (Adekunle, Åkesson, and Skrifvars 2010, Bakare, Ramamoorthy,
et al. 2015).
3.3.9 Viscosity measurements
The viscosity for thermoset resins is of importance because the resin must flow
around and impregnate the reinforcement (Komkov, Tarasov, and Kuznetsov 2015). The
viscosity of the resin was monitored using stress viscometry at temperatures 25°C, 35°C,
45°C, 55°C, 65°C, 75°C and 85°C and is presented in figure 10. The resin has a viscosity
of 2.97 Pa s which drops to 0.06 Pa s upon increasing the temperature to 85°C. Åkesson
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et al. previously reported a viscosity of 7000 Pa s at room temperature and 4 Pa s at 80°C
for a four armed, star-shaped oligomer, synthesized by reacting pentaerythritol with LA
(Åkesson, Skrifvars, et al. 2010b). The high viscosity at room temperature makes the
resin unsuitable for impregnation of to the fiber reinforcement by the resin, even at
elevated temperatures (Komkov, Tarasov, and Kuznetsov 2015). In a more recent study,
Bakare et al. synthesized a glycerol-LA resin with a better processability at room
temperature with a viscosity of 1.09 Pa s and 0.04 Pa s at temperatures above 100°C
(Bakare et al. 2014b).
3.3.10 Water adsorption tests
The moisture content of a polymer affects its properties such as electrical
insulation resistance, dielectric losses, mechanical strength, appearance, and even its
dimensions. Diffusion of water into polymer matrix is a function of the square root of
immersion time, type of water exposure, dimensions and shape of the specimen, and
inherent properties of the plastic (ASTM D570-98(2010)e1 2010). In this study, the water
adsorption tests were performed to determine the effects of exposure to water on water
absorption rate of cured samples based on ASTM D 570–98. In the performed tests,
samples with water adsorption rates of less than 1 % or 5 mg between intervals, were
considered as substantially saturated, and the duration time that it took the samples to
reach the saturation state was considered the water saturation time. The water saturation
time is dependent on specimen thickness and the difference between the substantially
saturated weight and the dry weight was reported as the water absorbed.
Figure 11a. presents the percent of absorbed water versus immersing time at
50°C. For long-term immersion, the increase in weight was reported as a function of the
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square root of immersion time- presented in figure 11b. The initial slope of the graph is
proportional to the diffusion constant of water in the matrix which is 0.252 and 0.699 at
23°C and 50°C, respectively. The water saturation for long-term immersion at 23°C was
504 h. The water saturation for immersion at 50°C was 110 h. Percentage water adsorbed
after saturation of 50°C immersion and Long term immersion at 23°C were 14.02 ±0.35
and 8.08 ± 0.61%, respectively. Saturated water adsorption based on Two-Hour Boiling
Water Immersion was 7.27 ± 0.42 %.
3.4 Conclusion
In this study, a biobased thermoset resin was synthesized by poly-condensation of
LA and xylitol followed by end-functionalization of branches with methacrylic
anhydride. Chemical structure of resins were confirmed employing 13C NMR and FTIR
techniques. The resins were thermally cured employing a free-radical polymerization
strategy. Different curing strategies and techniques were investigated for optimization
and characterization of the curing process. Thermogravimetric analyses of the cured resin
was also carried out to check the thermal stability of the cured resins. The viscosity of
neat resins was measured at temperatures in the range of 25°C to 85°C. It is observed that
at room temperature the resin has a viscosity of 2.969 Pa s which drops to 0.056 Pa s
upon increasing the temperature to 85°C. Finally, water adsorption tests were carried out
to check the water absorption properties of cured resins. Water absorbed percentage after
saturation for 50°C immersion and Long term immersion at 23°C were 14.02 ±0.35 and
8.08 ± 0.61%, respectively. Saturated water adsorption after Two-Hour Boiling Water
Immersion was 7.27 ± 0.42 %. The synthesized thermoset resin showed a Tg,
substantially higher than that of thermoplast PLA, at 98°C. The biobased content of the
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resin was calculated as 76.7%. High biobased content of the structure, good
thermomechanical and rheological properties and good thermal stability are of
advantages of the synthesized resin.
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Table 3. 1, Assignment of peaks from 13C-NMR
Peak

Exp Chem shift
(ppm)

Obs Chem
Shift (ppm)

Assignment

A1

21.5

20.3

CH3 -Hydroxyl terminated

A2

16.5

16.6-16.7

A3

17.9

17.8 – 18.1

B1

65.6

66.6

CH C( O) OH CH3

B2

70.6

70-71

CH

C(

B3

70.3

70-71

CH
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B4
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68.7

CH
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70.2

CH

B~6
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CH
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C1
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C
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O (CH2)
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Table 3. 2, Thermal-Mechanical Characterization Results of the Resin
DSC
Heat of exotherm for uncured resin (J/g)

275.5

Curing temperature interval

100 -140°C

Heat of exotherm for cured resin (J/g) at 150°C

0

Peak temperature

117.25°C

Onset temperature

108°C

DMA

method a

method b

method c

tan δ peak (Tg °C)

93°C

98°C

95°C

Storage modulus (MPa) at 25°C

2739 ± 102

2938 ± 101 2875 ± 101

Loss modulus (MPa) at 25°C

171 ± 14.6

155.8 ±
14.5

141.7 ±
15.2

TGA
Degradation temperature range

170 – 462°C

Degradation temperature at 10 wt % loss (°C)

269°C

Maximum degradation (°C)

380°C

Second derivative peak (°C)

435°C
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Chapter 4 - Effect of lactic acid chain lengths on thermomechanical
properties of star-LA-xylitol resins and jute reinforced biocomposites
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Abstract
Star-shaped bio-based resins were synthesized by direct condensation of lactic
acid (LA) with xylitol followed by end-functionalizing of branches by methacrylic
anhydride with three different LA chain lengths (3, 5 and 7). Thermomechanical and
structural properties of resins were characterized by 13C NMR, FT-IR, Rheometer, DSC,
DMA, TGA and flexural and tensile tests. An evaluation of the effect of chain length on
synthesized resins showed that the resin with five LAs exhibited the most favorable
thermomechanical properties. Also, the resin’s glass transition temperature (103 °C) was
substantially higher than that of the thermoplast PLA (~55 °C). The resin had low
viscosity at its processing temperature (80 °C). The compatibility of the resin with natural
fibers was investigated for biocomposite manufacturing. Finally, composites were

* Corresponding author current address: Agricultural, Biosystems and Mechanical Engineering
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produced from the n5-resin (80 wt% fiber content) using jute fiber. The
thermomechanical and morphological properties of the biocomposites were compared
with jute-PLA composites and a hybrid composite made of the impregnated jute fibers
with n5 resin and PLA. SEM and DMA showed that the n5-jute composites had better
mechanical properties than the other composites produced. Inexpensive monomers, good
thermomechanical properties and good processability of the n5 resin make the resin
comparable with commercial unsaturated polyester resins.
Keywords: Synthesis; Thermosets; Star-shaped; Lactic acid; Biocomposites;
Thermomechanical properties

4.1 INTRODUCTION
Due to the global burden on petroleum-derived materials and ecological and
economic concerns associated with petroleum based resins, different bio-based raw
materials have been evaluated for the production of composites. Lactic Acid (LA) is a
renewable resource abundantly available via the fermentation of carbohydrates.(Martinez
et al. 2013, Jimenez, Peltzer, and Ruseckaite 2014, Lunt 1998) A limitation of the
impregnation of fibers with the thermoplast Polylactic Acid (PLA) viscous matrix is that
it slows down the manufacturing process and also reduces the mechanical strength of the
composites.(Komkov, Tarasov, and Kuznetsov 2015, Han et al. 2015) Thermosets have
the inherent advantage of the lower viscosity, which results in better processability and
improved impregnation of fibers. These characteristics make thermosets desirable for
reinforced composite applications.(Liang and Chandrashekhara 2006) The star-shaped
LA (star-LA) based thermosetting resins and their potential for composite manufacturing
have been investigated previously by researchers.(Bakare, Åkesson, et al. 2015,
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Adekunle, Åkesson, and Skrifvars 2010, Sakai et al. 2013, Chang et al. 2012b, Åkesson
et al. 2011b) To make the LA based resins cross-linkable, the hydroxyl terminal groups
of the LA chains are substituted with unsaturated groups, which can be used in the
crosslinking reactions to create a rigid three-dimensional network structure. Another
strategy for increasing the crosslinking density of thermosets is to employ a core
molecule in the structure of the LA oligomers which consequently improves the
mechanical properties of the crosslinked thermoset.(Sachlos and Czernuszka 2003,
Bakare, Åkesson, et al. 2015, Åkesson, Skrifvars, et al. 2010b)
In our research group’s previous work, star-shaped resin from LA and xylitol was
synthesized and characterized.(Jahandideh and Muthukumarappan 2016a) Resins were
synthesized via a two-step synthesis strategy: direct condensation polymerization and an
end-functionalization reaction. The aim of this study was to synthesize and characterize
star-LA-xylitol resins with chain lengths of 3, 5 and 7 LA monomers. The chemical
structure of these resins were determined by Nuclear Magnetic Resonance (13C NMR)
spectroscopy and Fourier Transform Infrared Spectroscopy (FT-IR) techniques. The
thermomechanical properties of the cured resins were also investigated via Rheometer,
Dynamic Mechanical Analyzer (DMA), Differential Scanning Calorimetry (DSC),
Thermogravimetric Analyzer (TGA) and flexural and tensile testing. The compatibility of
the produced resins with natural fibers was also investigated employing jute fibers. The
mechanical properties of the biocomposites compared with that of the jute-PLA and
hybrid composites made up of n5 resin-impregnated jute fibers and PLA, respectively.
These composites were further characterized by Scanning Electron Microscopy (SEM)
and DMA.
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4.2. EXPERIMENTAL
4.2.1. Materials
All chemicals used in this study were purchased from Sigma-Aldrich (MO, USA)
at the highest purity available and used as recieved. L (+)-lactic acid and xylitol were
used as the primary reactants, toluene was used for water removal, and methanesulfonic
acid was used as catalysts during polycondensation reactions. Benzene-1,4-diol was used
as the inhibitor and methacrylic anhydride was used for end-functionalization. Dibenzoyl
peroxide was used as the free radical initiator for crosslinking. Xylenes, propan-2-ol,
potassium hydroxide and phenolphthalein (1% in ethanol) were used for the titration.
Commercial jute fibers provided by James Thompson & Co Inc., 100% (NY, USA) was
used as reinforcement in the biocomposites. Acetone was used for fiber preparation.
NatureWorks Ingeo™ 4043 (MN, USA) PLA pellets were used for preparation of PLA
sheets.
4.2.2. Resin synthesis and curing
The star-LA-xylitol resins with LA chain lengths of 3, 5 and 7 were synthesized via a
direct condensation reaction of LA with xylitol and end-functionalizing of branches with
methacrylic anhydride, which has been described in a previous study by our research
group.(Jahandideh and Muthukumarappan 2016a) The reaction schemes are presented in Fig. 1A
and 1B. The thermal curing was performed using an optimized free-radical polymerization
method.(Jahandideh and Muthukumarappan 2016a) Resins were mixed with 1 wt% dibenzoyl
peroxide dissolved in toluene, at 50 °C, in order to avoid premature curing(Chang et al. 2012b)
and then thermally cured using a heating regime. Curing was initiated at 50 °C for 10 minutes
followed by 10 minutes at 90 °C, and then post-cured at 150 °C for 20 minutes. The same curing
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procedure was then applied for the production of biocomposites via a compression molding
method.

A
Step-one Resin

Lactic acid

Xylitol

B
Step-one Resin

Methacrylic anhydride

Step-two Resin

Methacrylic acid

Figure 4. 1. Reaction scheme for A: the step-one resins, and B: the step-two
(functionalized) resins- n=3, 5 and 7.
4.2.3. Resin characterization
An acid-base titration method was employed to evaluate the progress of the
polycondensation reactions. In this method, aliquot samples (1 g), taken hourly for 12 h,
were diluted with 20 mL of 1:1 (mol mol-1) xylene/ propan-2-ol solutions, and then
titrated with 0.5 M KOH in absolute ethanol in the presence of 1 wt% phenolphthalein.
The chemical structure of resins was determined via 13C NMR spectrometry
(Bruker BioSpin GmbH, Germany) at 400 MHz. The sample’s concentration in 5 mm
tubes was 10 wt% in CDCl3. The internal standard was tetramethylsilane (TMS) and the
shifts were expressed in ppm.
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The FT-IR analysis were carried out using Nicolete 6700 spectrometer
(ThermoFisher Scientific, MA, USA) in the range of 600-4000 cm−1 using 60 scans and 4
cm-1 resolution.
Calorimetric analyses were carried out by a DSC on a TA Instrument Q 100 (V9.9
Build 303, Water LLC, DE, USA) thermal analyzer. Approximately, 10 mg samples of
uncured resins were sealed in hermetic aluminum pans and analyzed under nitrogen
atmosphere from 0 °C to 220 °C at a heating rate of 10 °C min-1.
TGA of the cured resins were carried out on a Q50 (TA Instruments, Waters LLC,
DE, USA). Approximately, 10 mg samples were heated from 30 °C - 600 °C, with a heat
rate of 10 °C min-1 under a N2 purge of 20 mL min-1.
Dynamic mechanical analysis was performed on a DMA (Q800, TA Instruments,
Waters LLC, DE, USA). The dimensions of the samples were approximately 60 mm × 15
mm × 3 mm and the tests were performed in a temperature range of -20 °C - 150 °C in a
dual cantilever bending mode with the heat rate of 5 °C min-1 and frequency of 1 Hz at an
amplitude of 15 µm. These tests were performed under nitrogen atmosphere.
The viscosity of the neat resins was determined using a viscoanalyzer (ATS
Rheosystems, Rheologica Instrument Inc., NJ, USA) using a truncated cone plate
configuration (Ø15 mm, 5.4 °C) in temperature range from 20 °C - 120 °C. The shear
stress ranged between 0.2-400 Pa, 70-1280 Pa and 200-1280 Pa for n3, n5 and n7 resins,
respectfully.
The cured samples were further characterized by a three-point bending flexural
test and tensile test according to ASTM D790-03 and ASTM D638-10, respectively using
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a MTS Insight 5 (MTS Systems Corporation, USA). For flexural tests, the machine was
equipped with a 5 kN load cell. The cross head speed was 1.5 mm min-1 and the span was
35 mm. For the tensile tests, the machine was equipped with a 10 kN load cell and a
mechanical extensometer. A minimum of five test specimens were tested.
4.3. Composites preparation
The reinforcement mats were cut into 20 cm × 20 cm pieces, washed thoroughly
with acetone, and dried in a vacuum oven at 15 mbar and 105 ºC for 2 h. For the n5-jute
composites, impregnation was carried out via the hand lay-up method. The neat resin was
mixed with 1 wt% dibenzoyl peroxide in toluene and then applied on the surface of the
fiber mats. The fabric laminates included six sheets of resin impregnated jute mats. The
hybrid (n5-PLA)-jute composites were fabricated by an initial impregnation of the mats
with the n5 resin. The n5 resin (10 wt%) was spread on the dried sheets at ambient
temperature, and the fibers were pressurized at 2 MPa to obtain satisfactory
impregnation. The stacks were kept under partial vacuum at ~15 mbar. The PLA pellets
were compress molded to produce PLA sheets of 18 cm × 18 cm with approximately 0.3
mm thickness. The sheets were then placed between the impregnated jute mats and the
stack was placed in a Teflon frame. Laminate stacks consisted of 6 layers of impregnated
mats and 5 PLA sheets containing 80 wt% fiber, 10 wt% n5 resin and 10 wt% PLA. PLAjute composites were prepared utilizing the prepared PLA sheets with a fiber load of 80
wt%. The samples were compression molded with a hydraulic press (automatic hydraulic
30-ton press, Carver-Wabash, USA) at 2-4 MPa to produce composites. The exact fiber
weight load was measured by weighing the dry fiber sheets and the final composites. The
schematic of composites preparation methods is presented in Fig. 2.

120
a)

P.V. C.M.
n5 Resin

Raw Jute

Prepared Jute

Composites

Acetone
C.M.

b)
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Figure 4. 2. Schematic of composites preparation methods. a) n5-jute composites, b)
PLA-jute composites and c) hybrid (n5-PLA)-jute composites. P.V. represents the
applied partial vacuum and C.M. represents compression molding.
4.4 Composites characterization
Dynamic mechanical analysis was performed using a DMA (Q800 from TA
Instruments, Waters LLC, DE, USA). The dimensions of samples were: 35 mm × 8 mm
and thickness of ~3 mm. The tests were performed in a temperature range of -20 °C - 150
°C in a dual cantilever bending mode with a heat rate of 5 °C min-1 and a frequency of 1
Hz at an amplitude of 15 µm. Fractured surfaces of the composites were studied with a
SEM (Hitachi S-3400N, Tokyo, Japan) with an accelerate voltage of 25 kV. The sample
surfaces were sputter coated with gold (CrC-150 sputtering-10nm Au layer) to avoid
charging.
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4.5. RESULTS AND DISCUSSION
The star-shaped resins were synthesized by polycondensation of LA with xylitol
followed by end-functionalizing of branches by methacrylic anhydride. Insufficient
retention time in the polycondensation reactions results in unreacted reactants and
excessive reaction time promotes transesterification reactions, which degrades the
structure of the macromolecules.25 The conversion rate carboxylic groups was defined
based on the ratio of the reacted to initial available carboxylic groups.(Knothe 2006) For
all resins, the concentration of carboxylic groups were unchanged for the first 100 min
and reduced rapidly during the next 320 min. After 720 min, the reaction was completed
with a final conversion of ~94%.
Using the same technique, Bakare et al. reported that the polycondensation
reaction of LA and glycerol core molecules started almost immediately and reached a
conversion rate of 95% after 360 min.(Bakare et al. 2014b) In these studies, the LA chain
lengths had a minimal effect on the conversion rates. The differences between the
conversions of the polycondensation reactions in xylitol and glycerol star-shaped resins,
can be attributed to the differences in the number of hydroxyl groups in the glycerol and
xylitol core molecules. Therefore, increasing in number of hydroxyl groups in the core
molecule of the star-LA architecture resulted in slower conversions (compare 720 min to
360 min for xylitol and glycerol), during the polycondensation phase.
NMR was conducted to investigate the chemical structures and the LA chain
lengths in the different resins used in this study. The assignments of the peaks was based
on the literature and previously reported data.(Adekunle, Åkesson, and Skrifvars 2010,
Bakare, Åkesson, et al. 2015, Bakare et al. 2014b, Xiao, Mai, et al. 2012, Murillo,
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Vallejo, and López 2011, Wambua, Ivens, and Verpoest 2003, Kabir et al. 2012, Liu et
al. 2008, Raquez et al. 2010b, Jahandideh and Muthukumarappan 2016a) The shifts at
60–75 ppm were attributed to the carbon atoms adjacent to oxygen atoms. The CH
groups of xylitol core molecules showed signals in the range of 68 ppm -71 ppm. The
CHs adjacent to the hydroxyl end-groups, showed a peak at ~ 66.6 ppm and the CH2
group of the xylitol core molecules showed a peak at ~ 68.7 ppm. There was no evidence
of the presence of the CH2 group of unreacted xylitol molecules, which suggests the
reaction was complete.
The signals detected in the 16-22 ppm range were attributed to methyl groups. Of
these signals, those in the 16.5-16.7 ppm range were attributed to the methyl groups in
the LA chains and signals in the 20-21 ppm range were attributed to the methyl groups at
the end of the chains, next to the hydroxyl group. The completion of the endfunctionalization reaction was confirmed by two results: the absence of signal shifts at
20-21 ppm in the step-two resins spectra, and the presence of signal shifts in the 17.8 –
18.1 ppm range. The absence of the first peak in the spectra indicates that the unreacted
hydroxyl end-groups were not present in the step-two resins. Therefore, hydroxyl endgroups have been fully reacted with the end-functionalizing agent.
Also, the presence of signal shifts in the 17.8 – 18.1 ppm range represent the
methyl groups of methacrylate in the end-functionalized chains, which indicates the endfunctionalization reactions occurred. The presence of the olefinic carbon shifts of
methacrylated end-groups (the shift for CH2 at 126–127 ppm and the shift at 135-136
ppm for C=C) provides further evidence of the successful end-functionalization reaction.
In addition, the shift of the olefinic group (~129.2 ppm) of methacrylic acid, which is
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released during the end-functionalization reactions, provides further evidence the endfunctionalization occurred.
The 13C NMR spectra of the carbonyl area (160-180 ppm) of the step-one and
end-functionalized resins are shown in Fig. 3 for n3, n5 and n7 resins. In the carbonyl
area, two signals for the carbonyl groups of LA were observed: the signal for the mainchain carbonyl (~169.6 ppm) and a signal for the LA carbonyl group adjacent to the –O–
CH2– branch of the xylitol core molecule (~169.9 ppm). The LA end-group carbonyls are
located at 174.5 - 175.5 ppm, which include both LA-xylitol branches and the LA
oligomers. In addition, the presence of peaks at 172-173 ppm in the spectra of n5 and n7
resins can be attributed to the carbonyl adjacent to the hydroxyl groups. The presence of
the peaks in the 170-171 ppm range of the step-two resins is attributed to the carbonyl
group of methacrylic acid, which further suggests the reaction did occur as expected and
methacrylic acid was formed.
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Figure 4. 3. Carbonyl area 13C NMR spectra for a) step-one n3 resin, b) endfunctionalized n3 resin, c) step-one n5 resin, d) end-functionalized n5 resin, e) step-one
n7 resin and, f) end-functionalized n7 resin.
The length of the LA chains were estimated based on the carbonyl peak areas
from the method described by Bakare et al. (Bakare et al. 2014b) The percentage of LA
in form of reacted with the xylitol, and in form of LA reacted in free oligomers were also
calculated based on the same method. Table 1 presents the branch lengths, percentage of
LA reacted, percentage of LA as lactide and oligomers, and also the percentage of the
chain-ends reacted for all resins.
Table 4. 1. Summary of the 13C NMR Results
Feature

n3 resin

n5 resin

n7 resin

% LA reacted with xylitol

82.3

85.9

86.7

% LA reacted into LA oligomers

14.0

10.0

0.11

% LA as lactide

3.7

4.1

3.2

Chain length of X-LA polymer

3.8

5.1

6.6

% ends reacted with MA

86.7

93.3

87.5

FT-IR spectroscopy data of the functional groups of the star-LA based
thermosettings have been previously reported in the literature(Bakare et al. 2014b,
Bakare, Åkesson, et al. 2015, Xiong et al. 2014, Nouri, Dubois, and Lafleur 2015b, Cui et
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al. 2003, Lin, Zhang, and Wang 2012, Chang et al. 2012b, Xiao, Mai, et al. 2012,
Åkesson, Skrifvars, et al. 2010b, Hisham et al. 2011) and were used for assigning the
signals in this study. Figure 4, illustrates the FT-IR spectra of the step-one, step-two and
cured samples for resins with different chain lengths. The (─OH) stretch spectra (a signal
at 3500 ppm cm-1) was only present in the polycondensation resins as the hydroxyl
groups reacted during the end-functionalization reactions.(Xiao, Mai, et al. 2012, Bakare
et al. 2014b, Bakare, Åkesson, et al. 2015) The peak at 2990 cm-1 was attributed to
(─CH─ stretch and bend), and was present in all FT-IR spectra.(Xiao, Mai, et al. 2012)
In addition, the end-functionalization was confirmed by observing the signals at
1635 cm-1 for the stretching carbon-carbon double bond,(Bakare et al. 2014b) and the
signal at 815 cm-1 which can be attributed to the bending CH2 group.(Hisham et al. 2011)
The occurrence of the cross-linking reaction was confirmed by the signals for –CH from
2850 to 3000 cm-1, as well as the disappearance of signals related to C=C bond in the
cured resin.(Bakare et al. 2014b, Bakare, Åkesson, et al. 2015)
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Figure 4. 4. The FT-IR spectra of the step-one (a), step-two (b) and cured samples (c) for
I: n7, II: n5 and III: n3 resins. O: presence of OH group, NO: absence of OH group, CB:
carbonyl group, CC: presence of carbon double bond, NCC: absence of carbon double
bond, CH2: presence of CH2 group, NCH2: absence of CH2.
The bio-based content of resins were calculated based on the ASTM D6866
standard.(Jahandideh and Muthukumarappan 2016a, Bakare, Åkesson, et al. 2015) The
bio-based contents of n3, n5 and n7 resins were 76.7%, 83.9% and 87.7%, respectively.
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This indicates that the bio-based content of resins increased as the LA chain lengths
increased. Bakare et al. evaluated the effect of chain lengths on the bio-based contents of
the star-LA-glycerol based thermosettings, and reported a similar trend (78% for n=3,
89% for n=7 and 92% for n=10). The density of the resins was measured based on the
ASTM D1475 standard as 1.23 g mL-1, 1.24 g mL-1 and 1.25 g mL-1 for n3, n5 and n7
resins, respectively. This is comparable to the density of the other thermosets, including
the epoxy resins, phenolic resins and the unsaturated polyester. It is apparent that by
increasing the chain length, the bio-based content and density of resins increased.
Figure 5 illustrates the exothermic heat reaction (thermograms) of the curing
reactions for the n3, n5 and n7 resins and these results are summarized in Table 2. The
results showed that the evolved heat reactions decreased when the chain lengths
increased. Bakare et al. reported a similar trend for star-LA-glycerol resins with chain
lengths of 3, 7 and 10, with heat reactions of 227.4 J g-1, 162.2 J g-1 and 94.3 J g-1,
respectively.(Bakare et al. 2014b) A similar trend was also reported by Chang et al. for
star-LA-pentaerythritol resins with chain lengths of 5, 10 and 15, with 106 J g-1, 75 J g-1
and 56 J g-1, respectively.(Chang et al. 2012b)
The exothermic peak of the commercial unsaturated polyester occurred between
50 °C and 150 °C, with reaction heat of ~198 J g-1.(Bakare, Åkesson, et al. 2015) The
exothermic peak of methacrylated LA-allyl alcohol resins occurred between 90 °C and
150 °C, with reaction heat of 194 J g-1. Employing pentaerythritol (PENTA) core
molecules in the structure of the same resin resulted in substantially lower reaction heat
(~26 J g-1), in the same interval.(Bakare, Åkesson, et al. 2015) Figure 5 illustrates the
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substantial reduction in the reaction heats which are shifted to lower temperatures by
increasing the chain length of the star-LA-xylitol resins.
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Figure 4. 5. DSC curve for unreacted star-LA-xylitol resins
DMA was performed to characterize the viscoelastic properties of the crosslinked
resins. Figure 6a shows the elastic modulus (G’) values for resins. The G’ values for
different resins at 25 °C are shown in the Table 2. The G’ of resins decreased
substantially in the temperature intervals related to the rubbery plateau region, due to the
free movement of the polymer chains.(Bakare et al. 2014b) The same trend was also
observed for crosslinkable star-LA resins with different core molecules including
glycerol (~45 °C to 80 °C) and PENTA (65 °C to 105 °C).(Bakare et al. 2014b, Bakare,
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Åkesson, et al. 2015) The temperature range for major changes in the G’ for n3 resins
occurred between 44 °C and 82 °C. This temperature interval shifted from 56 °C to 87 °C
for n5 resins. These results show that the G’ values increased 14% by increasing the resin
chain length from 3 to 5.
This indicates that the n5 resins had an increased packing density in the glassy
state,(Vergnaud and Bouzon 2012, Chang et al. 2012b) which occurred due to improved
crosslinking during the curing process. This observation does not concur with the results
of Chang et al., which reported inferior mechanical properties for star-LA-PENTA with
longer chain lengths.(Chang et al. 2012b) The contrasting results can be explained due to
the increased steric hindrance which is imposed by the shorter LA chain lengths in 5armed core molecules. Increasing the chain lengths resulted in a 5% reduction in the
elastic modulus values. By increasing the chain length from 3 to 5, the hindrance
decreased and the elastic modulus improved. Bakare et al. reported the same trend for
star-LA-glycerol based resins in which the G’ values were decreased by an increase in
the chain lengths.(Bakare et al. 2014b)
Table 4. 2. Thermomechanical characterization results of resins
Resins

n3 resin

n5 resin

n7 resin

Heat of exotherm for uncured resin (J g-1)

279.1

191.9

187.5

Curing temperature interval (°C)

100 -150

87-160

85-160

Peak temperature (°C)

117.3

115.3

105.7

Onset temperature (°C)

108

90

90

tan δ peak (°C)

96

103

81

DSC

DMA
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Elastic modulus (MPa) at 25 °C

2884

3525

3335

Viscous modulus (MPa) at 25 °C

142

95

160

Degradation temperature range (2%-99%) (°C)

170 – 449

201-438

167-457

Degradation temperature at 10 wt% loss (°C)

268

289

266

Maximum degradation (°C)

368

373

378

Second derivative peak (°C)

438

443

419

TGA

Based on the results of this study, we conclude that the optimal chain length was
5. The shorter LA chains resulted in higher crosslinking density, and in this resin, the
shorter LA chain lengths impel steric hindrance, which consequently hinders the
crosslinking reactions. The G’ values for n5 and n7 resins were higher than G’ value
reported for the commercial polyester resin (2956 MPa at 25 ºC).(Bakare et al. 2014b)
Figure 6b shows the viscous modulus G” for resins with different chain lengths.
The G” of the n3 resins is broader and shorter in height than that of n5 and n7 resins.
This can be attributed to the n3 resin’s higher crosslinking density compared to n5 and n7
resins. However, rather low values of the G” above the glass transition temperatures
indicates the strong tendency for reversibility.(Bakare, Åkesson, et al. 2015) The peak
value of G” increased ~40% by increasing the chain length from 3 to 5. Figure 6c shows
the tan δ curves of crosslinked resins. The glass transitions temperatures (Tg) were 96 ºC,
103 ºC and 81 ºC for n3, n5 and n7 resins, respectively. The higher tan δ peak value for
the n5 resin suggests comparably better mechanical properties.
The Tg of the thermoplastic PLA (based on the tan δ peak) was reported as ~50
°C.(Oksman, Skrifvars, and Selin 2003) However, higher Tg values were reported for the
LA based thermosets. For example, the Tg of 83 °C was reported for a crosslinked star-
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LA-PENTA thermoset (LA chain length of 4) and a Tg of 97 °C was reported for starLA-glycerol thermosets (LA chain length of 5).(Bakare et al. 2014b, Adekunle, Åkesson,
and Skrifvars 2010) Generally, by increasing the crosslinking density, tan δ becomes
broader and smaller.(Bruining et al. 2000) The Tg value is dependent on the chain length
and the number of arms in the crosslinked resins. Therefore, a direct comparison between
the Tg values of the star-LA based resins is not possible. However, the reported Tg values
for the star-LA based thermosets are relatively higher than the Tg value of the
thermoplast PLA.
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Figure 4. 6. DMA curves ((a) elastic modulus, (b) viscous modulus and (c) tan δ) for
cured samples of different resins.
Thermal stability of the crosslinked resins was evaluated by TGA and presented
in Fig. 7 and summarized in Table 2. The thermal degradation of thermosets occurs via
decomposition of the crosslinked network, followed by random scission of the linear
chains.(Adekunle, Åkesson, and Skrifvars 2010) Bakare et al. and Chang et al.
previously reported that shorter arms result in higher crosslinking and subsequently,
better thermal stability.(Chang et al. 2012b, Bakare et al. 2014b) This trend was also
observed for n5 and n7 resins. However, the n3 resins showed inferior thermal stability
because of the imposed steric hindrance in the structure. Thermal degradation led to a
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two stage weight loss from the decomposition of the network followed by degradation of
the methacrylic anhydride homopolymer.(Finne and Albertsson 2002)
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Figure 4. 7. TGA curves for cured resins with LA chain length of 3, 5 and 7.
The viscosity of resins was measured using stress viscometry at temperatures
ranging from 20 ºC to 120 ºC (Fig. 8). The viscosity of n3, n5 and n7 resins at 25 ºC were
2.97 Pa s, 86.67 Pa s and 293.91 Pa s, respectively. When the temperature was increased
to 85 ºC, the viscosity of n3, n5 and n7 resins decreased to 0.06 Pa s, 0.12 Pa s and 0.42
Pa s, respectively. The viscosity at this temperature is of great significance as this
temperature can be considered the conservative processing temperature for the mixture of
resins and the hardener. Figure 8 also shows that n3 and n5 resins have moderate
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viscosities at higher temperatures, which facilitates the impregnation into the fiber
reinforcement.
Åkesson et al. reported a viscosity of 7000 Pa s at 25 °C and 4 Pa s at 80 °C for
star-LA-PENTA thermoset resins.(Adekunle, Åkesson, and Skrifvars 2010) The high
viscosity makes the resin unsuitable for impregnation of the fiber. Bakare et al.
synthesized a star-LA-glycerol thermoset resin which showed a better processability with
a viscosity of 1.09 Pa s at room temperature and 0.04 Pa s at temperatures above 100
°C.(Bakare et al. 2014b) To achieve satisfactory composite manufacturing, the resin
viscosity must be below 0.5 Pa s.(Li, Wong, and Leach 2010) It is believed that changing
the architecture of the oligomers from linear to star-shaped reduces the viscosity of the
resins due to the coiling character and the smaller hydrodynamic volume of
polymers.(Corneillie and Smet 2015) (Chang et al. 2012b, Finne and Albertsson 2002,
Choi, Bae, and Kim 1998)
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Figure 4. 8. Viscosity of resins as a function of temperature. (●) represents n3 resin, (■)
represents n5 resin and (▲) shows n7resin.
Table 3 provides the flexural and tensile properties of the crosslinked resins.
These results suggest that the flexural strength was increased as the LA length chain
increased. These results do not concur with results reported by Chang et al., in which the
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mechanical properties deteriorated when the chain length of the oligomer
increased.(Chang et al. 2012b) The different results among these two studies occurred
due to the differences in the imposed steric hindrance associated with star-LA-xylitol
oligomers with lactide-PENTA oligomers. The imposed steric hindrance led to a lower
crosslinking density. The flexural strength increased 16% when the LA chain increased
from 3 to 5.
However, increasing the chain length slightly affected the ultimate stress of the
synthesized resins. Yield stress values for n3, n5 and n7 resins were 59.90, 74.98 and
88.91 MPa, respectively. It was observed that by increasing the chain length, the yield
stress values of resins increased. The tensile strength at break and the maximum
elongation were increased when the chain length increased. We conclude that by
increasing the chain length of LA, the flexural and tensile modulus are decreased, which
indicates the stiffness of the resin is decreased. However, the maximum elongation,
flexural strength and tensile strength at break have been increased.
Table 4. 3. Flexural and tensile properties for resins with different LA chain lengths.
n3 resin

n5 resin

n7 resin

Flexural Strength (MPa)

88.23 ± 3.25

102.05 ± 1.95

108.36 ± 3.16

Yield Stress (MPa)

59.90 ± 5.99

74.98 ± 20.06

88.91 ± 4.97

Modulus of Flexure (GPa)

4.07 ± 0.46

4.08 ± 0.15

3.31 ± 0.31

Max Strain %

2.78 ± 0.14

2.53 ± 0.10

4.60 ± 0.55

Tensile strength at break (MPa)

34.70 ± 1.7

47.13 ± 2.4

59.87 ± 8.4

Max elongation %

1.43 ± 0.09

4.70 ± 0.48

5.51 ± 2.18

Flexural properties

Tensile Properties
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Modulus of Tensile, E (GPa)

2.87 ± 0.46

2.62 ± 0.12

2.49 ± 0.04

4.6. Characterization of the composites
SEM micrographs of the cross-sections of n5-jute, (n5-PLA)-jute and PLA-jute
composites with 80 wt% fiber load are shown in Fig. 9. The micrographs of the fractured
surface of the PLA-jute composites are presented in Fig. 9a. Figure 9a1 shows the
individual fibers surrounded by the PLA (arrow F) and the fiber pull-out, which occurred
at the surface of the fractured composites. This indicates weak bonding between the
fibers and the matrix. The G and H arrows in Fig. 9a2 and 9a3 show that the fibers are
partially impregnated and there are gaps between fibers and the matrix, which indicates
poor adhesion between the fibers and the matrix. The micrographs of the (n5-PLA)-jute
composite are presented in Fig. 9b, which shows that a comparably high portion of the
fibers are still poorly impregnated.
This indicates that fiber content has been too much. However, there is no
evidence of fiber pull-out, which resulted because of comparably improved adhesion. The
better adhesion of the fibers and the matrix can also be seen in Fig. 9b2 and 9b3.
Evidence of this can be observed because the cracks are very narrow or not present
(arrows J and K). The improved adhesion of the fibers is a result of the initial
impregnation of the fibers with the n5 resin. The cracks occurred at the interface of the
PLA and the resin in the matrix. Figure 9b provides evidence that compared to the PLAjute composite, the adhesion between the fibers and the matrix is improved, however still
is not optimal. Figure 9c shows the electron micrographs of the surface of the n5 resinjute composites. Figure 9c1 shows the individual fibers surrounded by the resin (arrow
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L). In this figure, it is apparent that the fiber pull-out has not occurred at the surface of
the fractured composites, which indicates better adhesion of the fibers and the matrix
(arrows M and N). It can also be observed that cracks are very narrow or not present,
which provides evidence of a better adhesion between the fibers and the n5 resin.
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Figure 4. 9. SEM micrographs of the cross-sections of a) PLA-jute, b) (n5-PLA)-jute and
c) n5-jute composites with different magnifications. All composites were prepared with
80 wt% jute fiber load.
DMA was performed to characterize the viscoelastic properties of the composites
(Fig. 10). The elastic modulus for different composites were measured at 20 °C and were
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approximately 4290 ± 47 MPa, 5245 ± 32 MPa and 6101 ± 107 MPa for the PLA-jute,
(n5-PLA)-jute and n5-jute composites, respectively (see Fig. 10a). The glass transitions
temperatures were 105 ºC, 77 ºC and 55 ºC for n5-jute, n5-PLA-jute and PLA-jute
composites, respectively (see Fig. 10b). The higher tan δ peak value for the n5-jute
composite suggests comparably better mechanical properties for this composite.
Generally, higher Tg values are expected when the matrix is reinforced with fibers.
However, this depends on the adhesion of the fiber to the matrix.(Adekunle, Åkesson,
and Skrifvars 2010, Bakare, Åkesson, et al. 2015)
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4.7. CONCLUSION
In this study, biothermosets with different LA chain lengths were synthesized and
characterized. The results of this study showed that by increasing the chain length, the
bio-based content and the viscosity of resins increased. The resin with an LA chain length
of 5 showed a substantially higher Tg compared to other resins and to PLA. The higher
tan δ peak value for the resin with LA chain length of 5 suggests comparably better
mechanical properties for this resin. Relatively high bio-based content with good
thermomechanical, rheological properties and thermal stability are all advantages of the
n5 resin. The compatibility of this resin with natural fibers was also investigated. The
composites were prepared utilizing jute fibers as reinforcements with 80 wt% fiber
content.
The thermomechanical and morphological properties of the biocomposites were
then compared to jute-PLA composites and a hybrid composite made from the
impregnated jute fibers with n5 resin and PLA. These results showed that the n5-jute
composites had improved mechanical properties compared to conventional PLA-jute
composites and the hybrid resin-impregnated PLA composites. A future direction of this
study is to investigate, the mechanical properties of composites from this resin reinforced
with different natural fibers.
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Abstract
A set of novel bio-based star-shaped thermoset resins was synthesized via ringopening polymerization of lactide and employing different multi-hydroxyl core
molecules, including ethylene glycol, glycerol and erythritol. The branches were endfunctionalized with methacrylic anhydride. The effect of the core molecule on the melt
viscosity, the curing behaviour of the thermosets and also, the thermomechanical
properties of the cured resins were investigated. Resins were characterized by Fouriertransform infrared spectroscopy (FTIR), 13C NMR and 1H NMR to confirm the chemical
structure. Rheological analysis and differential scanning calorimetry (DSC) analysis were
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performed to obtain the melt viscosity and the curing behaviour of the studied star-shaped
resins. Thermomechanical properties of the cured resins were also measured by dynamic
mechanical analysis (DMA). The erythritol-based resin had superior thermomechanical
properties compared to the other resins and also, lower melt viscosity compared to the
glycerol-based resin. These are of desired characteristics for a resin, intended to be used
as a matrix for the structural composites. Thermomechanical properties of the cured
resins were also compared to a commercial unsaturated polyester resin and the
experimental results indicated that erythritol-based resin with 82% bio-based content has
superior thermomechanical properties, compared to the commercial polyester resin.
Results of this study indicated that although core molecule with higher number of
hydroxyl groups results in resins with better thermomechanical properties, number of
hydroxyl groups is not the only governing factor for average molecular weight and melt
viscosity of the un-cured S-LA resins.
Keywords: Star-shaped; Thermosets; Biomaterials; Resins; Mechanical properties
Abbreviations
DMA: Dynamic mechanical analysis
DSC: Differential scanning calorimetry
EF: End-functionalizing
EG: Ethylene glycol
ER: Erythritol
FTIR: Fourier-transform infrared spectroscopy
GL: Glycerol
IT: Itaconic acid
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LA: Lactic acid
MAA: Methacrylic acid
MAAH: Methacrylic anhydride
PENTA: Pentaerythritol
PLA: Poly lactic acid
PLGA: Poly lactic-co-glycolic acid
ROP: Ring opening polymerization
S-LA: Star-shaped lactic acid based resins
TGA: Thermogravimetric analysis
THMP: 1,1,1-tri(hydroxy methyl)propane

5.1. Introduction
Currently, composites are produced from petroleum-based materials and synthetic
fibres. Utilization of bio-based materials and natural fibres for composite production,
contributes to the production of a more environmentally friendly product(Mahalle et al.
2014, Huda et al. 2005). Lactic acid (LA), with versatile economical sources, is an
interesting renewable candidate for substitution of conventional petroleum-based
materials which is used for production of poly lactic acid (PLA) (Lunt 1998, Lim, Auras,
and Rubino 2008, Garlotta 2001b). PLA is a biodegradable thermoplastic with wide
range of applications, and can potentially be used for composite applications. However,
the PLA, being a thermoplastic resin, suffer from limitation in impregnation of the matrix
to natural fibres, which leads to a slow and costly process, and final composites with poor
mechanical strength (Olabisi and Adewale 2016, Rowell 2007). Thermosets bestow a
lower viscosity and the capability of tailoring for a certain functionality by altering the
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chemical structure or by changing the crosslinking density. These features have made
thermosets the main resin to be utilized in reinforced composite applications (Liang and
Chandrashekhara 2006, Pascault et al. 2002).
Two different methods exist for polymerization of LA to PLA, including direct
condensation of LA and polymerization through ring opening polymerization (ROP) of
lactide. In condensation polymerization method, LA monomers are directly condensed to
PLA and water is released during polymerization. Poly-condensation yields a low MW
polymer due to the reversible esterification mechanism, which results in poor mechanical
properties. To achieve a high molecular weight it is therefore necessary to effectively
remove the water formed in the condensation reaction, and also to use LA of high purity,
to ensure the stoichiometric balance (Drumright, Gruber, and Henton 2000). Presence of
the residual catalysts in the products is another drawback of this method (Hartmann
1998). In the lactide formation method or ROP, lactides are polymerized with the
assistance of a catalyst to yield a high MW PLA. As the lactide is used, no water is
formed in the reaction, which avoids the reversible transesterification reaction. The
important parameters in the ROP include but are not limited to the purity of the lactide,
catalysts type, reaction time and the employed temperature (Xiao, Wang, et al. 2012).
Although the ROP yields a high MW PLA, the process is costly and complicated, and the
MW of the produced PLA heavily depends on the type of the employed catalyst
(Esmaeili and Javanshir 2013). This method is found to be very sensitive to the presence
of the lactide impurities and therefore, a rigorous lactide purification step is required
which imposes substantial costs to the process (Hartmann 1998, Gu et al. 2008).
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Limitations of these methods encouraged researchers to investigate on alternative
synthesis routes to yield a higher MW PLA. It is known that the utilization of chain
extenders can increase the MW of the synthesized PLA. The role of the chain extender is
to attach low MW oligomers to each other and to form a higher MW polymer (Gu et al.
2008, Hartmann 1998). Another route has been to synthesise branched PLA, mainly for
the use as thermosets. Different techniques have been employed for inducing branching
points in the structure of PLA, including free-radical branching in the presence of
peroxides (Esmaeili et al. 2014, Jahandideh and Muthukumarappan 2017). The
crosslinkable branched-structure lowers the melt viscosity of the un-cured resin, which
enhances processability of the un-cured resin and in the same time increases MW of the
cured resin which in turn improves mechanical properties of the cured resin. In addition,
in the branch-structure, the better extended network bestows better thermomechanical
properties to the cured resin.
Different methods have been reported for production of branched polymers;
however, a few studies have been dedicated to star-shaped architecture (Tunca 2013,
Jahandideh and Muthukumarappan 2017, Jahandideh, Esmaeili, and Muthukumarappan
2017, Jahandideh and Muthukumarappan 2016a, Bakare et al. 2016, Esmaeili et al.
2015). The star-shaped lactic acid based resins (S-LA) are synthesized by condensation
of LA with the core molecule, followed by end-functionalization of the branches with an
end-functionalizing (EF) agent (Åkesson, Skrifvars, et al. 2010b). The aims of the EF
agent are to add unsaturated carbon-carbon bonds to the structure and to increases the
reactivity of the branches. Different EF agents have been employed in the star-shaped
structures, including methacrylic acid (MAA) (Åkesson et al. 2011b), methacrylic
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anhydride (MAAH) (Helminen, Korhonen, and Seppälä 2002, Liu, Madbouly, and
Kessler 2015, Sakai et al. 2013, Åkesson, Skrifvars, et al. 2010b, Bakare et al. 2014b,
Bakare, Åkesson, et al. 2015, Chang et al. 2012b, Bakare et al. 2016, Åkesson et al.
2011b) or itaconic acid (IT) (Åkesson et al. 2011b). Often, for curing purpose, a freeradical polymerization method is employed in which the curing starts by assistance of
radical initiators. Factors such as the employed polymerization method, the nature of the
core molecule, the length of the LA arm and the type of the EF agent result in different
properties in the produced S-LA systems.
Changing the architecture of the polymer will change the morphological and
physiomechanical properties for the polymer. Historically, the star-shaped polyesters
have been produced by the reaction of multifunctional compounds catalysed by tin(II)-2ethylhexanoate using an ROP method (Kim et al. 1993, Choi, Bae, and Kim 1998). So
far, different polyols have been utilized as the core molecule for the synthesis of the SLA. Poly lactic-co-glycolic acid (PLGA) is a copolymer of PLA and glycolic acid (with
two hydroxyl groups), with wide applications in drug delivery and tissue engineering
(Makadia and Siegel 2011). The MW of the PLGA, the ratio of the lactide to glycolide,
time of exposure to water and the surface shape are of factors affecting the physical
properties of the specimen (Houchin and Topp 2009). A tree-armed S-LA has been
synthesized from 1,1,1-tri(hydroxymethyl)propane (THMP) as the core molecule and LA
using tin(II)-2-ethylhexanoate, as the initiator (Biela et al. 2003, Kricheldorf, HachmannThiessen, and Schwarz 2004). The four-armed, high MW S-LA has also been synthesized
using pentaerythritol (PENTA) as the core molecule using the same initiator. The
intrinsic viscosity of the four-armed S-LA was found to be lower than that of linear PLA
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with the same MW, which confirms the lower viscosity of the star-shaped architecture
(Kim et al. 1993, Kim et al. 1992). Åkesson et al. also reported the synthesis of a fourarmed resin based on LA and itaconic acid resin with PENTA core molecules in which
the arms were end-functionalized by MAAH (Åkesson, Skrifvars, et al. 2010b).
In our research group’s previous work, a number of three-armed S-LA resins
using glycerol as the branching point and oligomer arms of 3, 7 and 10 repeating LA
units in each branch, had been synthesized and characterized using direct condensation
method for the synthesis of oligomers from glycerol and LA (Bakare et al. 2014b) in
order to investigate effect of chain length on viscosity of resin and thermomechanical
properties of the cured resins. S-LA resins utilizing core molecules with different number
of hydroxyl groups have been synthesized and characterized in separate studies but
considering that different LA chain length, polymerization methods and EF agents
utilized for preparation of these resins, effect of core molecule of properties of these
resins cannot be directly investigated. The purpose of this study is to synthesize and
characterize methacrylated branched PLA by the ROP and also to investigate the effect of
number of hydroxyl groups of the core molecule on the properties of the methacrylated
branched PLA, using ethylene glycol (EG), glycerol (GL) and erythritol (ER) with 2, 3
and 4 hydroxyl groups, respectively.

5.2. Materials and methods
5.2.1. Materials
L-actide (Puralact L polymer grade ≥99%, PURAC Biochem, Netherlands), glycerol
(99.5%; Scharlau, USA), erythritol (≥99%, Sigma Aldrich, USA), ethylene glycol
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(Puriss. p.a., ≥99.5%, Sigma Aldrich, USA) and methacrylic anhydride (94%; Alfa
Aesar, UK) were used as received as the primary reactants. Toluene (99.99%; Fisher
Scientific, USA) was used as solvent and tin(II)-2-ethylhexanoate (95%, Sigma Aldrich,
USA) was used as received as catalyst for the ROP. Hydroquinone (99%, Sigma Ardrich,
USA) was used as premature free radical initiation inhibitor during the EF reactions.
Benzoyl peroxide (moistened with 25% water, Merck Schuchardt, Germany) was used as
the free radical initiator for crosslinking of the synthesized resins. All reactions were
performed in an atmosphere of nitrogen. Polylite 440-M850 (Reichhold AS, USA) which
is a medium reactive orthophthalic polyester resin containing 43 ± 2 wt% styrene was
used as a reference when evaluating the synthesized resin properties. Methyl ethyl ketone
peroxide (33%, BHP Produkter AB, Sweden) was used as the initiator for curing of the
resins.
5.2.2. Synthesis
The synthesis was performed in two stages. In the first stage (the ring-opening reaction
stage), oligomers with two, three and four branches were synthesized by ROP reaction of
EG, GL and ER with lactide. Tin(II)-2-ethylhexanoate was used as the catalyst for the
ROP and the molar equivalent of 4 lactic acid monomers for each branch was assigned.
Average length of each branch was adjusted by setting stoichiometry of the core
molecule and the LA components. Four, six and eight moles of lactide was added to 1
mole of EG, GL and ER, respectively. In the second step, oligomers were endfunctionalized by reacting with MAAH. Ideal structures of the oligomers and the final
resins are shown in Fig. 1.
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5.2.2.1. Ring-opening reaction (ROP) of the lactide (first stage of the synthesis)
In the presence of 0.1 wt% tin(II)-2-ethylhexanoate, glycerol (0.1 mole) and
lactide (0.6 mole) were mixed with 50 g of toluene, in a three-neck round-bottom flask,
continually stirred with a magnetic stirrer. The round-bottom flask was placed in an oil
bath, under a nitrogen atmosphere, and was equipped with a condenser for toluene
recovery. The temperature was initially set to 150 ºC for 2 h, then increased to 170 ºC for
1 h and finally increased to 190 ºC for 1 h. The same procedure was used to prepare
oligomers with EG and ER polyols, in which 0.4 and 0.8 mole of lactide were added to
0.1 mole of EG and ER, respectively.
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Figure 5. 1. Reaction schemes for A1: the synthesis of star-shaped ethylene glycol based
resin, A2: end-functionalization of star-shaped ethylene glycol based resin with
methacrylic anhydride, B1: the synthesis of star-shaped glycerol based resin, B2: endfunctionalization of star-shaped glycerol based resin with methacrylic anhydride, C1: the
synthesis of star-shaped erythritol based resin, and C2: end-functionalization of starshaped erythritol based resin with methacrylic anhydride.
5.2.2.2. End-functionalization of the oligomers (second stage of the synthesis)
After the ROP step, the obtained hydroxyl-terminated oligomers were cooled to
105 ºC. Hydroquinone (0.1 wt%) was added for inhibiting the unwanted radical reactions
and to prevent premature crosslinking and gel formation. In the first hour of the reaction,
0.22, 0.33 and 0.44 mole of MAAH were added dropwise to the EG, GL and ER resins,
respectively. After 3 hours of reaction at 105 ºC, resins were cooled to 60-70 ºC, and the
residual toluene was evaporated using a rotary evaporator at 3-10 mbar vacuum.
5.2.3. Curing of the resins
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In this study, a free-radical polymerization method was employed for curing. The
reactions were started by the assistance of a radical initiator (benzoyl peroxide 2 wt%)
and continued by placing the mixture to a 160 °C pre-heated oven for 15 minutes. The
presence of the residual exotherms were investigated by DSC. Cured resins were further
analysed by DMA, TGA and FTIR.
5.2.4 Characterization
The chemical structure of the polymerized and the end-functionalized samples of
different resins were evaluated with a proton and carbon nuclear magnetic resonance (1H
NMR and 13C NMR) spectrometry (Bruker BioSpin GmbH, Germany) at 400 MHz and
45 °C. Sample’s concentration in 5 mm tubes was ~10 wt% in CDCl3.
The first stage resins, final resins and the cured ones were further characterized
using Fourier transform infrared (FTIR) spectroscopy, on a Nicolet 6700 spectrometer,
from Thermo Fisher Scientific, Massachusetts, USA in the range of 4000–600 cm−1. Each
spectrum was recorded after the sample was scanned 60 times.
The rheological properties of the uncured resins were analysed using Modular
Compact Rheometer, Physica MCR 500. A cone-plate configuration was used for all
measurements with truncated cone-plate configuration (1mm, 25 °C) and was ran in
rotational mode. Viscosities were measured in the temperature range from 25 to 105 °C,
with 10 °C intervals. The shear stress ranged from 0.5 to 500 Pa. The curing viscosity of
samples were also investigated by heating the sample to 200 °C, using the similar setup
and employing a 5 °C/min heating rate.
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Curing of the resins were also investigated using differential scanning calorimetry
technique on a TA Instrument Q 1000, supplied by Waters LLC, New Castle, USA.
Samples of the neat resin were mixed with 1 wt% initiator and were placed in the sealed
aluminium pans and heated from -20 to 200 °C at a heating rate of 10 °C /min in a
nitrogen atmosphere. The cured resins at 150 °C for 15 minutes were also investigated by
DSC to detect any possible residual exotherms.
Thermomechanical properties of the cured resins were analysed by dynamic
mechanical analysis (DMA Q800 from TA Instrument, supplied by Waters LLC, New
Castle, USA). Analysis was performed in the dual cantilever bending mode, with sample
dimension of ~ 35 mm × 2 mm × 8 mm. The temperature ranged from -20 to 150 °C with
a heating rate of 3 °C/min under a nitrogen atmosphere at frequency of 1 Hz and
amplitude of 15 µm.
Thermal stability of the cured resins was investigated by the thermogravimetric
analysis (TGA, Q500 from TA Instrument supplied by Waters LLC, New Castle, USA).
Sample of ~20 mg were heated from 30 to 600 °C at a heating rate of 10 °C/min in a
nitrogen purge stream.

5.3. Results and discussion
5.3.1. Nuclear Magnetic Resonance
The NMR is a technique frequently employed for verifying the chemical structure
as well as the LA chain length in the branches of S-LA resins. Shifts for different carbon
environments have been assigned based on the data presented in the literature and authors
previous reports (Jahandideh and Muthukumarappan 2016a, Bakare, Åkesson, et al.
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2015, Bakare et al. 2014b, Åkesson, Skrifvars, et al. 2010b, Park et al. 2003, Lin and
Zhang 2010, Choi, Bae, and Kim 1998, Helminen, Korhonen, and Seppälä 2002, Murillo,
Vallejo, and López 2011, Xiong et al. 2014, Abiko, Yano, and Iguchi 2012). Figure 2
presents the 13C NMR results with the assigned peaks presented in the Table 1. Figures
2A and 2B present the spectra of the star-shaped EG oligomer, and the end-functionalized
EG based resin. Figures 2C and 2D present the spectra of the star-shaped GL based
oligomer and the end-functionalized GL based resins, and Fig. 2E and Fig. 2F present the
spectra of the star-shaped ER based oligomer and the end-functionalized ER-based resins.
Carbon and proton atoms in different environments within the molecule for the ideal
structures of the synthesized polymerized and end-functionalized resins are presented in
Fig. 3A-F. In the carbonyl area (160-180 ppm), different signals were observed, including
a) main-chain carbonyls, b) LA carbonyl groups adjacent to the (–O–CH2) branches of
the core molecule, and c) carbonyls of the LA end-group for the unreacted LA. These
peaks were observed at ~169.5, ~169.8 and ~174-5 ppm, respectively (see Fig. 2A, Fig.
2C and Fig. 2E). The signals at ~168 ppm in the polymerized resins is ascribed to the
carbonyl group next to the core molecule (see Fig. 2A, Fig. 2C and Fig. 2E). In the
spectra of the end-functionalized resins, signals for the carbonyls of the LA, next to the
core molecule (or next to the end-capping agent) differ from that of the LA in chains. A
peak at 162.9 ppm in the end-functionalized resins of different samples can be attributed
to the carbonyl group of the MAAH in the structure (see Fig. 2B, Fig. 2D and Fig. 2F).
The peak at ~170 ppm in the end-functionalized samples can be assigned to the carbonyl
of MAA, released during the end-functionalized reactions.
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The chemical shifts for the carbon atoms adjacent to the oxygen atoms revealed in
the range of 60–75 ppm (Xiao, Mai, et al. 2012). The methine groups could be in the
structure of the core molecule, next to the reacted LA carbonyl group or adjacent to the
hydroxyl end-group. The CH groups of the core molecules (EG, GL and ER) and the CH
next to the reacted LA carbonyl group and an oxygen atom showed broad signals in range
of 68 ppm to 70 ppm (Fig. 2). The CH adjacent to the hydroxyl end-group, gives a signal
at ~66 ppm (not marked in the figure). No signal was detected around 63-64 ppm for the
CH2 groups of the probable unreacted EG, GL and ER molecules, suggesting that the
reaction of the core molecules and LA molecules were complete.
The LA methyl groups are detected in the 16–22 ppm range (Jahandideh and
Muthukumarappan 2016a). Hydroxyl functionalized end-group of methyl groups are just
present in the polymerized resins. The presence of a signal at ~21.3 ppm in the spectra of
the polymerized resins (which can be attributed to the methyl group of the terminal LA)
and the absence of this peak in the spectra of the end-functionalized resins, indicates that
the EF reactions were complete for all samples.
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Figure 5. 2. The 13C NMR spectra of the resins. A: star-shaped EG based oligomer, B:
the end-functionalized EG based resin, C: star-shaped GL based oligomer, D: the end-

157
functionalized GL based resin, E: star-shaped ER based oligomer, and F: the endfunctionalized ER based resin.
Signals for the CH3 groups of the methacrylates in the end-functionalized resins
were detected at a range of 17.6-17.8 ppm.
The C=C bonds of the methacrylated end-groups which are present in the endfunctionalized samples (see Fig. 2B, Fig. 2D and Fig. 2F), result in signals at ~127 and
~135 ppm. In addition, the presence of the spectrum for the C=C bonds of MAA in the
step-two resins (~129.0 ppm), confirms the successful end-functionalization which
resulted in release of the methacrylic acid.
Table 5. 1. Assignment of peaks from 1H and 13C NMR
Assignment

Chemical shifts
(ppm)

13

C NMR
─C=O main-chain

~169.5

─C=O terminal unreacted LA

~174-5

─C=O adjacent to the (–O–CH2) of core molecule

~169.8

─C=O next to the core molecule

~168

─C=O methacrylic anhydride end

~162.9

─C=O of methacrylic acid released

~170

─CH─ core molecule

~68-70

─CH─ adjacent to ─OH

~66

─CH3 of lactic acid (─(C=O))(-OH)

~16–22

─CH3 terminal LA

~21.3

CH2 = methacrylated end-groups (C─)

~127
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C=CH2 in end-functionalized samples

~135

CH2 = of methacrylic acid

~129.0

1

H NMR
CH3─ terminal LA

~1.44

CH3─ in the chain

~ 1.54

OH─ chains terminal

~ 3.5

–CH2– core molecule

~4.3

–CH in the chain

~5.1

CH3 at the end-functionalized

~1.9

C=C

~6

The 1H NMR technique was also employed for better characterization of the
produced resins. Figure 3 and Table 1 present the 1H NMR results with the assigned
carbon environments for the ideal structures of the star-shaped oligomers and the endfunctionalized resins. Figures 3A and 3B are the proton spectra of the star-shaped GL
based oligomers and the end-functionalized GL based resin. Figures 3C and 3D are the
proton spectra of the star-shaped EG based oligomer and the end-functionalized resins;
and Fig. 3E and Fig. 3F are the proton spectra of the star-shaped ER based oligomer and
the end-functionalized ER based resin. The peak at ~1.44 ppm can be attributed to the
methyl bond of the terminal LA in the chains of the polymerized resins with one
neighbouring hydrogen (see Fig. 3A, Fig. 3C and Fig. 3E). The next peak is revealed at ~
1.54 ppm in all poly-condensate samples; it can be attributed to the methyl groups in the
chain (same figure). The single weak peak at ~3.5ppm can be attributed to the terminal
hydroxyl group providing evidence of successful hydroxyl functionalizing of the
branches. The peaks at ~4.3 and ~5.1 ppm can be attributed to –CH2– of the core
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molecule and the methine group in the structure of the chains, respectively. The triplet
weak peak at ~7.2 ppm (marked as f in the Fig. 3) resulted from the chloroform-d solvent
(also seen at ~77.3 ppm in all 13C NMR spectra). The single peak at ~1.9 ppm can be
attributed to the terminal methyl group of the end-functionalized samples (see Fig. 3B,
Fig. 3D and Fig. 3F). The new chemical shift, revealed in the end-functionalized resins at
~6 ppm can be attributed to the C=C site. Moreover, the branch lengths of the star-shaped
resins were also estimated based on the method described in authors’ previous works
(Jahandideh, Esmaeili, and Muthukumarappan 2017, Bakare et al. 2016) as ethylene
glycol chain length: 3.88, glycerol resin chain length: 3.98 and erythritol resin chain
length: 3.30. Based on the acquired chain lengths, the molecular weights of the EG based
oligomer, GL based oligomer and the ER based oligomers are estimated as 752, 1158 and
1296 g/mole, respectively.

160
a'

a

b

b
e

d

d

e

e'
c' c'

e

d'

d'

d'

d'

e

c'

c
A

B

a
b

d

b
e

e

d

a'

c

d'
c'

f'

a'

a'

c'

e

d'

d'
d'

a'

a

b

b'
a'
b'

b

e d
f

f' d' c'
e'

c
C

D

a
b

d
d

e

b'

f' d'
e'

b

d

f

f'

a'

a'

a

b

b'

a'

a'

c

a'

b
e

b'
c'
e' e' c'

a

e
c

b

d'

b

f'

a'
d'

d'

a'

a'

a'
b'

f'
e'

e

d' c'

f

d c
F

E

Figure 5. 3. The 1H NMR spectra of the resins. A: star-shaped GL based oligomer, B: the
end-functionalized GL based resin, C: star-shaped EG based oligomer, D: the endfunctionalized EG based resin, E: star-shaped ER based oligomer, and F: the endfunctionalized ER based resin.
5.3.2. Fourier-transform infrared spectroscopy
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Chang et al. have compared the FTIR spectrum of the linear PLA with a star
shaped LA based oligomer and the end-functionalized resin. The appearance of the broad
absorption at 3508 cm-1 areas in the spectrum of the synthesized oligomer was an
evidence for the presence of hydroxyl end groups. The disappearance of the hydroxyl
peaks after EF reaction of the resin, indicates that the end-functionalization has been
successful and hydroxyl groups have been reacted with MAAH (Chang et al. 2012b).
Figures 4a-c present the FTIR results for the ER, GL and EG based resins,
respectively for the first-step resin, final uncured resin and the cured resin. The
absorptions at 3508 cm-1 indicate the presence of the free hydroxyl groups in the all firststep resins. These broad peaks are almost disappeared in the spectrum of the
methacrylated resins (second-step resin), which indicates successful functionalization.
After the end-functionalization reaction, four new absorptions at 1722 cm-1 (attributed to
C=O stretching vibrations for methacrylate (Chang et al. 2012b)), 1696 cm-1 (attributed to
the C=C stretching for H2C=CHOCOR), 1636 cm-1 (for C=C stretching (Bakare et al.
2014b)) and 814 cm-1 (attributed to =CH2 twisting vibration (Hisham et al. 2011))
appeared. All these absorption peaks were disappeared in the spectra of the cured resins.
It indicates that the curing was relatively complete, and even olefinic bonds of the excess
MAA were reacted and became a part of the network.
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Figure 5. 4. The FTIR results for the first-step resin, final uncured resin and the cured
resin for a) ER, b) GL, and c) the EG based resins.
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5.3.3. Constant stress rheometry
Rheological properties of resins are of importance and greatly affect the
processing conditions. The poor impregnation of the matrix to the reinforcement fibres is
a severe problem in composite manufacturing which makes the process to be slow and
also, reduces the mechanical strength of the product (Komkov, Tarasov, and Kuznetsov
2015). Low viscosity is desired for thermoset systems and is a crucial factor for several
processing methods, including vacuum infusion, spray and hand lay-up, filament
winding, and pultrusion (Åkesson, Skrifvars, et al. 2010b). The viscosity of resins were
measured using stress viscometery at temperatures of 25, 35, 45, 55, 65, 75, 85, 95 and
105 °C. Figure 5 presents the viscometery results of the three resins. Results show that at
room temperature, the GL resin has the highest viscosity followed by ER resin and the
EG resin showed the lowest viscosity.
The huge difference in viscosity between GL and ER can be due to that the
synthesis of the ER is not complete and does not follow the ideal structure, where all
hydroxyl groups of the core molecule have reacted with the LA and with the assigned
number of LA units. The ER has two primary and two secondary hydroxyl groups, while
GL has two primary and one secondary hydroxyl groups. It seems that ER is more
difficult to react completely concerning the last secondary OH. The average chain length
of the oligomers which were estimated using NMR data based on the method described in
the literature (Jahandideh, Esmaeili, and Muthukumarappan 2017, Bakare et al. 2014b),
showed that unlike the EG and GL based resins, the average chain length of the ER based
resin being 3.30, was lower than the ideal chain length expected for the resin (due to the
higher chemical hindrance in the ER based resins). It is an evidence of incomplete
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reaction of hydroxyl groups of the ER and the lactide molecules. Therefore, the unreacted
lactide molecules and/or subsequent unreacted MAAH, may be remained in the medium.
The presence of these free small components in the resin might be one of the reasons for
the comparably lower viscosity observed in the ER based resin. The other probable
reason for the lower viscosity of the ER based resin compared to the GL based, might be
explained based on the lower coiling character (Chang et al. 2012b, Finne and Albertsson
2002, Choi, Bae, and Kim 1998) of the ER based resin compared to that of GL based
resin. The ER based resin (with 4 arms) might present a smaller hydrodynamic volume
(Corneillie and Smet 2015) compared to GL based resin (with 3 arms).
Upon increasing the temperature, the viscosity of all resins substantially dropped
down. At temperatures above 75 °C, which are below the curing temperatures of resins,
the viscosity of all resins dropped below 0.2 Pa.s, which facilitates impregnation of fibres
for composite fabrication. Bakare et al. synthesized resins with similar structure to the
GL resin, with 3, 7 and 10 repeating lactic acid units in each branch. At room
temperature, authors reported viscosities of 1.09, 5 000 and 600 000 Pa.s for resins with
3, 7 and 10 LA units in the chain, respectively (Bakare et al. 2014b). In this study, the GL
resin which had 4 repeating lactic acid units on each branch, had a viscosity of 43.8 Pa.s.
Considering the dramatic effect of the chain length on the melt viscosity of star-shaped
resins, an increase from 1.05 to 43.8 Pa.s by increasing chain length from 3 to 4 is
logical. Åkesson et al. reported a viscosity of 7 000 Pa.s for a methacrylated crosslinkable
PLA resin with pentaerythritol (PENTA) as the core molecule, with approximately 5
lactic acid units on each branch.
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PENTA has four primary hydroxyl groups so all of them are of similar reactivity,
so it is likely that hydroxyl groups of the PENTA are fully reacted, and therefore a higher
MW and viscosity is achieved.
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Figure 5. 5. Viscometery results of the erythritol based (▲), the glycerol based (●), and
the ethylene glycol based (■) end-functionalized resins.
Figure 6 presents the complex viscosity of curing of resins, at a heating rate of 5
°C/min, from room temperature to 200 °C. Results show that at temperatures below 90
°C, in which curing has not been initiated yet, the GL and the EG resins show highest and
lowest viscosities, respectively. Upon increasing the temperature, the viscosity of the ER,
GL, and EG based resins started to rise rapidly at around 95, 105 and 85 °C, respectively.
The rapid change in the viscosity of these resins can be ascribed to the initiation of the
curing phenomenon. Considering the wide temperature interval before this rapid increase,
in which viscosity is low enough (0.1-0.3 Pa.s) for effective impregnation of the fibres
for composite fabrication, this does not affect the processability of these resins. The ER
and EG resins showed the highest and lowest complex viscosities after curing at higher
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temperatures. The complex viscosity of the resin after curing is an indicator of stiffness
of the solidified resin at the elevated temperature thus ER and EG resins are most and
least stiff resins among these resins at elevated temperature.

Figure 5. 6. The complex viscosity of curing of resins, at a heating rate of 5 °C/min, from
room temperature to 200 °C; a) Ethylene glycol based resin, b) glycerol based resin, and
c) erythritol based resin.
5.3.4. Differential scanning calorimetry
DSC is a technique frequently employed to investigate the curing and the
crosslinking reaction efficiency (Liang and Chandrashekhara 2006, Mohan, Ramesh
Kumar, and Velmurugan 2005, Bakare, Åkesson, et al. 2015). Figure 7 A) demonstrate
DSC data for curing behaviour of the resins. Onset of curing of the resins are 73.4, 89.6
and 84.1 °C for the EG, GL and ER based resins respectively which shows EG resin has
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the highest degree of reactivity compared to GL and ER based resins. Results also
showed EG based resin had a slightly higher exothermic heat evolved at 227.4 J/g than
the GL and ER based resins had exothermic heat evolved at 130.3 and 143.9 J/g,
respectively, and the heat flow for the EG based resin reaches to its maximum at 73.9 °C
which is considerably lower that of GL and ER based resins which are 114.9 and 118.5
°C respectively, as listed in table 2. These results can be justified by that by initiation of
the curing for ER and GL based resins, a 3D network structure is formed which limits
proximity of un reacted C=C bonds which in turn limits reactivity of the resins but
considering the linear structure of the EG based resin, the absence of a 3D network
structure, hence facile access of un reacted C=C bonds makes it more reactive compared
to ER and GL based resins.
The cured samples of all resins were investigated by DSC in order to detect
possible residual exotherms. Figure 7 B) shows the DSC curves for samples cured at 160
°C for 15 minutes. Absence of the residual exotherms in the DSC thermogram indicates
that curing condition was optimum for all resins. In a proceeding study, the curing
behaviour and the curing kinetics of these star-shaped resins will be investigated.
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Figure 5. 7. The residual DSC curves for different samples cured at 160 °C for 15
minutes.
Table 5. 2. DSC characterization of cured and uncured resins.
Resin type

Heat of
exotherm
for uncured
resin (J/g)

ER

143.9

GL
EG

Heat of
exotherm
for cured
resin (J/g)

Onset of
curing (°C)

Temperature
of maximum
heat flow

0

73.4

89.3

130.5

0

89.6

114.9

178.8

0

84.1

118.5

5.3.5. Dynamic mechanical analysis
The type of the employed testing methods depends on the expected application for
the product. The main desired application for these resins is to be used as a matrix for
structural composites, thus their mechanical and thermomechanical properties are of great
importance. Polylite 440-M850 as a commercial crude oil based thermosetting
unsaturated polyester resin (CPE) was also selected to be compared with the star-shaped
resins studied here. DMA is a common technique for characterizing the viscoelastic
properties of polymers, in which a sinusoidal stress is applied to the test specimen and the
resulting strain is measured. Properties such as storage modulus and lag phase (between
stress and strain) and glass transition temperature can be measured with this technique
(Menard 2008). DMA analysis was performed on all cured resins. Figures 8a and 8b
present storage modulus and tan δ for all resins, respectively; and Table 3 summarizes the
results. The peak of tan δ indicates glass transition of the polymer. Results show that the
EG and GL based resins have lower Tg, compared to the CPE, while the ER based resin
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has considerably higher Tg which makes it superior to the oil based resin for hightemperature applications.
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Figure 5. 8. The DMA curves for cured samples of different resins. a) storage modulus,
(b) tan δ
The storage modulus G’ measures the stored energy and represents the elastic
characteristic of a polymer. The storage modulus G’ is an indicator of the molecular
packing density of the specimen in the glassy state (Vergnaud and Bouzon 2012, Chang
et al. 2012b) and the higher G’, the better mechanical properties. The G’ is decreased at
elevated temperatures, as the polymer chain would be in the rubbery plateau region
(Bakare et al. 2016), and free movements of the polymer chains results in a lower G’. The
storage modulus at each temperature is an indicator of the stiffness of the polymer and
can be compared to the flexural elastic modulus of the polymer. Results show that up to
room temperature, the ER and GL based resins show considerably higher storage
modulus compared to the CPE. The ER based resin shows a higher storage modulus for
all the tested temperatures, which indicates that it is comparably superior to other resins
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investigated in this study. It is also observed that the GL based resin`s storage modulus
declines faster than that of the CPE upon increasing temperatures, and at temperatures
above 50 °C it drops below that of the CPE. The EG based resin possess the lowest
storage modulus between the studied resins at all temperatures.
Storage modulus of the neat thermoplastic PLA has been reported in range of 2.5
and 3 GPa at room temperature (Iwatake, Nogi, and Yano 2008, Jonoobi et al. 2010,
Suryanegara, Nakagaito, and Yano 2009, Baghaei, Skrifvars, Rissanen, et al. 2014,
Baghaei, Skrifvars, Salehi, et al. 2014, Baghaei, Skrifvars, and Berglin 2015, 2013) and
its glass transition temperature (based on tan δ) has been reported in range of 65-70 ºC
(Jonoobi et al. 2010, Baghaei, Skrifvars, Rissanen, et al. 2014, Baghaei, Skrifvars, Salehi,
et al. 2014, Baghaei, Skrifvars, and Berglin 2015, 2013). Åkesson et al. reported the
storage modulus of 1.6 GPa at room temperature and the glass transition temperature of
83 °C for the PENTA resin (Åkesson, Skrifvars, et al. 2010b). Bakare et al. reported
room temperature storage modulus of 4.3, 3.8 and 1.7 GPa for the GL resins with 3, 7 and
10 lactic acid units on each chain, respectively. The glass transitions of 97, 80 and 54 ºC
were also reported for the same set of resins with 3, 7 and 10 lactic acid units on each
chain, respectively (Bakare et al. 2014b). Table 3 summarizes the storage modulus of
resins synthesized in this study at room temperature and the glass transition temperatures.
Comparing the storage modulus of these studied resins with that of other reported resins
elsewhere, shows that an increase in the number of hydroxyl groups of the core molecule
in the branched structure of PLA, does not necessarily result in an increase in the stiffness
and the glass transition temperature.
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By considering the similarities between the structures of the GL based resins
synthesised in this study and the glycerol based resins reported by Bakare et al. (Bakare
et al. 2014b), and considering the reverse effect of the chain length on the storage
modulus and the glass transition temperature (reported by Bakare et al.), it was expected
to observe a storage modulus in range of 4.3 to 3.8 GPa and a glass transition temperature
between 97 and 80 ºC for the GL based resin in this study; however, both values were
slightly less than what was expected. One probable reason could be that the actual chain
length of the resins synthesized by ROP is higher than that of the resins synthesized by
direct condensation polymerization method, which consequently results in a less
crosslinking density. The other plausible reason could be that either the solvent extraction
was less efficient in this study (results in remaining toluene in the system) or the released
methacrylic acid had not been extracted completely in the other study (presence of MAA
in the resins).
Table 5. 3. The storage modulus and the glass transition temperatures of different resins
at 25 ºC
Resin type

Storage modulus at 25ºC

SD

(GPa)

tan δ

SD

(°C)

ER

3.567

0.032

94.00

0.54

GL

3.478

0.039

66.11

0.69

EG

2.517

0.015

60.22

2.25

CPE

2.935

0.048

84.37

1.27

5.3.6 Thermogravimetric analysis
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Thermal stability of all the cured resins were investigated using the TGA
technique by heating the samples from room temperature to 600 °C at 10°C/min heating
rate, under a nitrogen atmosphere. As the temperature increases, various components of
the sample decomposed, results in a continual weight loss. Commonly, in TGA, the
percentage of weight loss or the rate of weight loss is presented versus temperature
(Gabbott 2008). Figure 9 shows the TGA curves of the cured resins, and presents the
percentage of weight loss as a function of temperature and corresponding derivative
weight losses. Results show the onset of weight loss (5% weight loss) is 240, 260 and 265
°C for the EG, GL, and ER based resins, respectively. The ER-based resin leaves roughly
3 wt% char at 600 °C, while the EG and the GL-based resins leave ~1 wt% char at the
same temperature. It is believed that the degradation in thermoset systems starts with
decomposition of the crosslinked network, follows by the random scission of the linear
chains (Adekunle, Åkesson, and Skrifvars 2010) result in two main decomposition stages.
All three resins showed these two main decomposition stages at roughly same
temperatures in a nitrogen atmosphere.
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Figure 5. 9. TGA curves for the ER, GL and the EG based resins.

5.4. Conclusions
Bio-based thermoset resins with three different core molecules were synthesized
and characterized by the reaction of EG, GL and ER as the core molecule and lactide in
two synthesis stages. In the first stage, L-lactide was reacted with the core molecule by
ROP to obtain hydroxyl-group terminated oligomers with four repeating LA monomers
in each chain; in the second stage, the obtained oligomers were end-functionalized by
reacting with MAAH to obtain unsaturated LA polyester resins. This synthesis method is
straightforward and less energy intensive compared to the direct-condensation
polymerization method, which is a positive point for scale up for industrial production of
these resins. The EG and GL based resins had a bio-based content of 82%, and this value
for the EG-based resin was 74%. A commercial unsaturated crude oil based polyester
resin was also compared with the bio-based resins. The results of this study indicated that
the ER based resin has superior thermomechanical properties compared to other studied
resins; and also, it has a lower viscosity than the GL-based resin. These results indicate
although employing core molecules with higher number of hydroxyl group results in SLA resins with better thermomechanical properties hypothetically due to more branched
3D network of crosslinked resins, the number of hydroxyl groups of the core molecule is
not the only governing factor for the melt viscosity of the un-cured resin and factors such
as geometry of the core molecule and type of the hydroxyl group (primary/secondary
hydroxyl groups) play an important role in the molecular weight thus viscosity of S-LA
resins. The complex viscosity of the EG, GL and the ER-based resins drops to 0.1, 0.2,
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and 0.3 Pa.s at temperatures below the initiation of their curing, which is an advantage for
impregnation of the resin into fibres for the preparation of bio-based composites. A future
direction of this study is to investigate the curing kinetics of these star-shaped resins.
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Abstract
Three different type of thermoset glass fiber composites were produced using biobased thermoset resin synthesized from lactic acid and glycerol, its blend with styrene
and a commercial oil-based polyester resin. Fibers were impregnated by conventional
hand layup technique with 70% fiber load and cured using compression moulding in
room temperature and post-cured at elevated temperature. Composites were characterized
by dynamical mechanical thermal analysis (DMTA) and flexural and tensile tests. Ageing
behaviour of the composites was also studied in a climate chamber.
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Results showed that bio-based composites had roughly similar mechanical
properties in room temperature but thermomechanical properties in higher temperatures
were considerably superior compared to commercial polyester composites. Ageing test
results showed that bio-based resin composites deteriorate by ageing while commercial
polyester composites remain intact but co-polymerizing with styrene improves the ageing
behaviour of the bio-based resin and make it suitable for many applications.

6.1 Introduction
In the last decades industry`s interest have shifted from monolithic materials to
composites. Composites are engineered materials composed of two or more distinct
materials which demonstrate a combination of physical and chemical properties of each
constituent material. Polymer matrix composites offer a wide variety of mechanical
properties like light weight, high stiffness and mechanical strength which can be vital for
many industrial applications.
Glass fiber reinforced polymer composite has proven to have good mechanical
and has found many industrial applications since a long time. The growing environmental
concerns and change in regulations attracted researchers and producers to develop more
environmentally friendly “green” materials. Many studies have focused on replacing
synthetic fibers with natural fibers as reinforcements for composite materials due to their
light weight, low price, natural abundance, and their renewability (Mohanty et al. 2004,
Muralidhar, Giridev, and Raghunathan 2012, Dabade et al. 2006, Idicula, Joseph, and
Thomas 2010). Using natural fibers together with traditional thermosetting resins such as

177
epoxy and unsaturated polyester resins will create a composite that is partly made from
renewable resources.
Most commercial thermoset resins are prepared from petroleum resources.
Thermoset resins prepared from renewable resources are however under development.
Vegetable oil such as soybean oil and linseed oil have been used as starting material in
many studies (Mosiewicki, Aranguren, and Borrajo 2005, Lu and Wool 2006, Can, Wool,
and Kusefoglu 2006, Luo et al. 2013). Thermoset resins for composite applications have
also been developed from lactic acid (Åkesson, Skrifvars, et al. 2010a, Bakare et al. ,
Chang et al. 2012a). These resins have been reinforced with various reinforcements such
as flax fibers (Åkesson et al. 2009, Åkesson et al. 2011a), ramie fibers (Chen et al. 2014),
regenerated cellulose (Esmaeili et al. 2014) and with montmorillonite (Åkesson,
Skrifvars, Lv, et al. 2010) .
In a recent study, the group developed and synthesized another cross-linkable
resin consisting of the star-shaped oligomer with three arms (Bakare et al. 2014b). This
resin was synthesized in two steps. In the first step glycerol was reacted with lactic acid
and in the second step, the oligomers were end-functionalized with methacrylic
anhydride. By the introduction of methacrylate groups, this resin was capable of curing
by free radical polymerization.
One of the main draw backs of these lactic acid based resins and their natural
fiber composites is their low moisture resistance. It is well known that natural fibers are
hygroscopic and biodegradable. Natural fiber reinforced composites are therefore cannot
be used for outdoor applications. For this reason, it is relevant to study the reinforcement
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of bio-based thermoset resins with glass fibers. This topic is presently not well studied. In
this article, we have used the lactic acid-based resin mentioned above and reinforced it
with glass fibers in order to investigate its compatibility with glass fibers and to
investigate the resistance to hygroscopic ageing. Composites were prepared from the neat
resins as well as the resin co-polymerised styrene. Co-polymerising the resin with styrene
will reduce the renewable content of the resins but it could potentially improve the ageing
properties. Composites were also prepared from a commercial unsaturated polyester resin
for the comparison.

6.2. Experimental
6.2.1 Materials
Benzoyl peroxide (75%) -moist with water- was supplied by Merck, Germany as
a free radical cross-linking initiator for curing. Styrene (99%) supplied by Sigma-Aldrich,
USA was used as reactive diluent for modification of cross-linking density. As the
commercial oil based unsaturated polyester used in this study was premixed with free
radical accelerator, N, N-dimethylaniline (99%) Sigma-Aldrich, USA was used as an
accelerator for curing to be comparable to the commercial resin.
6.2.2 Composite preparation
The resin was synthesized as described in the groups former study (Bakare et al.
2014a). Fiberglass mats were cut in 21×21 cm size and were impregnated by ordinary
hand layup technique. The PLA resin was first mixed by 0.2 weight % N, Ndimethylaniline, and 2 weight % benzoyl peroxide and for styrene added composites 30
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weight % styrene was added to the resin as well. The commercial polyester resin which
was premixed with accelerator was mixed with 2 weight % of its supplied hardener.
Composites were cured for one hour under pressure at room temperature using a Rondol
press instrument and post cured under pressure in Rondol press at 150 °C for 5 minutes.
Then composites were moved to an oven and kept at elevated temperature (110 °C) for an
hour before cooling for further curing. Fiber loads were calculated based on the weight of
composites and the initial weight of fibers and kept in 70±1 % by adjusting initial
fiber/resin ratio and pressure of the Rondol press. This gave laminates with an average
thickness of 1.8±0.2 mm.

6.3 Characterization
All samples were cut by automated water jet cutting to obtain tensile, flexural,
Dynamical mechanical thermal analysis (DMTA) and Charpy impact test specimens.
DMTA was done in dual cantilever bending mode on a Q800 instrument (TA
Instruments, DE, USA). Test specimen dimensions were 35 mm length, 8 mm width, and
1.6-2 mm thickness. Temperature was set to increase from -20 to 150 ºC in a heating rate
of 3 ºC/min and amplitude of 15 µm and frequency of 1 Hz were used and at least 3
specimens were tested for each type of composites.
Un-notched edgewise Charpy impact tests were performed according to ISO 179
standard using a Zwick pendulum type impact testing instrument (Zwick GmbH and Co.
KG, Germany). Minimum of 10 tests were performed for each type of composite and the
mean value of the absorbed energy taken.
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To evaluate ageing properties of composites of different resins, flexural and
tensile properties of the composites were measured and compared for two groups of
identically similar composites specimens for each resin which first group was tested right
after preparation and the second group were exposed to simulated temperature induced
humid ageing and were tested after reconditioning for 24 hours in a desiccator. For
temperature induced humid ageing, flexural and tensile specimens were placed in a
climate chamber (HPP 108/749) supplied by Memmert GmbH, Germany at 50 ºC and
85% relative humidity for 800 hours.
The aged specimens were then tested by tensile and flexural testing to determine
how humidity affects mechanical properties of composites of each resin. To evaluate and
compare mechanical properties of composites before and after ageing, specimens were
characterized by three point bending flexural test according to ISO 14129 standard with
crosshead speed of 5 mm/min and holder distance of 64 mm and also by tensile test
according to EN ISO 527-4:1997 with dog-bone shaped specimens both using a H10KT
(Tinius Olsen, USA) instrument equipped with a 5 kN and 10 kN load cell accordingly. A
minimum of 6 specimens were tested for each type of composite in each group.
6.4. Results
DMTA provides good information about viscoelastic characteristics over a wide
range of temperature. The DMTA was performed on all composites. Figures 1 presents
storage modulus as a measure of stiffness for all three type of composites prepared in this
study (PLA resin, PLA-styrene co-polymer and commercial oil base polyester) at -20 ºC
to 150 ºC temperature interval. Figure 2 presents the Tan Delta for all composites at the
same temperature and DMTA results are summarized in table 1. Figure 1 shows that
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storage modulus of the commercial polyester composites at -20 ºC are slightly higher
than that of PLA composites, however, co-polymerizing with styrene increased the
stiffness of the PLA composite considerably. This figure also shows that by increasing
the temperature, the storage modulus of the commercial polyester decrease faster than
that of PLA composites in a way that at temperatures above 25 ºC it goes below that of
PLA-styrene composites and at temperatures above 45 ºC it goes below that of PLA
composites. At temperatures between 80 and 90 ºC, PLA and PLA-styrene composites
are roughly 2 and 3 times stiffer than commercial oil-based polyester composite.
Figure 2 shows Tan delta of the all three type of composites. The temperature at
maximum of Tan delta is often referred as an indicator of glass transition temperature
(Tg). Results indicate that peak of Tan delta which represents glass transition temperature
for PLA composites is above 110 ºC which is much higher than that of the commercial
polyester composite which is around 90 ºC. Also, the glass transition temperature of the
PLA composite further increases to above 135 ºC by co-polymerizing with styrene that is
quite high glass transition temperature for polyester composites and opens a range of new
applications for this recently developed resin.
Table 6. 1. DMTA data for the studied composites
PLA resin

PLA resin + 30%
styrene

Commercial polyester

Glass transition
temperature (ºC)

110.3

136.3

91.6

Storage modulus in
25 ºC (Gpa)

20.2

23.2

24.3
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The storage modulus of composites decreases dramatically by entering rubbery
plateau region due to the free movement of polymer chains (Bakare et al. 2014b). Results
in figure 1 show that although at lower temperatures storage modulus of commercial oil
based composite is higher than that of PLA based composite, at rubbery plateau region,
the storage modulus of PLA based composites is much higher. This may be due to the
higher crosslinking density of the PLA resin compared to that of commercial oil based
resin which limits free movements of the polymer chain (more restricted network).

Figure 6. 1. Storage modulus vs temperature for different composites.
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Figure 6. 2. Tan delta vs temperature for different composites in this study
Figure 3 compares flexural modulus of the composites before ageing for each type
of resins. Results show that all three types of composites have roughly similar stiffness
before ageing. Figure 4 also presents flexural strength of all composites which shows
PLA based composite has roughly 18% higher flexural strength compared to commercial
oil-based polyester composites and also co-polymerizing it with styrene further improve
flexural strength of the composite by around 15%. This increase in flexural strength is a
sign of good compatibility of successful co-polymerization of styrene and the PLA based
resin and their good compatibility. Erden et al. reported flexural modulus of 16.6 GPa
and flexural strength of 346 MPa for composited fabricated by woven glass fibre and
polyester resins (Erden et al. 2010). The flexural modulus of composites made with neat
PLA resin and woven glass fibre composite is above 20 GPa which indicates this resin is
capable of being used as a matrix for structural composites.
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Figure 6. 3. The flexural modulus of different composites before aging
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Figure 6. 4.The flexural strength of different composites before aging
Mechanical properties of all composites were also evaluated by tensile testing and
results are summarized in figures 5 and 6. As figure 5 shows, the tensile modulus as a
value of stiffness for all three type of composites were roughly the same before ageing
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(19.8 GPa for PLA composites, 20.7 GPa for PLA-styrene composites and 20 GPa for
commercial polyester resin composites). Observing similar stiffness for all three types of
composites is in good agreement with flexural results. Although stiffness of composites
with unidirectional or bidirectional, strong fibres greatly depends on characteristics of the
fibre. Results indicate that co-polymerizing the PLA resin with styrene slightly increases
the stiffness of the prepared composites and both composites made with neat and copolymerized PLA are slightly stiffer compared to commercial polyester resin composite.
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Figure 6. 5. The tensile modulus of different composites before aging

Figure 6 presents tensile max stress as an indicator of tensile strength for all
composites. Results show that the tensile max stress for PLA composites were about 330
MPa which is considerably higher compared to the composites made with commercial
polyester being 255 MPa. Results indicate that co-polymerization of the PLA based resin
with styrene slightly reduces its composite`s tensile strength 330 MPa to about 295 MPa.
Sathishkumar et al. reviewed a number of works reporting preparation of glass fibre
reinforced polyester composites (Sathishkumar, Satheeshkumar, and Naveen 2014). The
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tensile max stresses of composites prepared from woven glass fibre with polyester resins
were reported between 200 MPa and 396 MPa in various studies. Considering that choice
of glass fibres plays an important role in their tensile properties, still having relatively
high tensile max stress of 330 MPa for the neat PLA resin composites indicates this resin
incapable of being used as a matrix for structural composites for outdoor applications.
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Figure 6. 6. The tensile max stress of different composites before aging
Table 2 summarizes results of Charpy impact test for all samples. Results show
absorbed energies for commercial polyester resin composite was 97.1 kJ/m2, for PLA
resin composites was 119.6 kJ/m2 and PLA+ styrene co-polymer composites was 125.1
kJ/m2. A series of Scanning Electron Microscope (SEM) images were taken to observe
the internal cracks and internal structure of the fractured surfaces and interfacial
properties of the composites.
Table 6. 2. Impact analysis test data for different composites
Absorbed energy kJ/m2

SD
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PLA resin composites

119.6

23.4

PLA/Styrene copolymer composite

125.1

18.7

Commercial polyester composites

97.1

21.7

Figure 7 a. and 7 b. and 7 c. show SEM images of the fracture area for the
commercial polyester based composites, The PLA based composites and the PLA/styrene
Copolymer based composites respectively. Images show that the failure process for all
types of composites involved creation and growth of multiple cracks in the matrix, and
fibre pull out and fibre breakage of fibres perpendicular to the impact and multiple cracks
in fibre bundles parallel to the impact. During the impact of the specimen, the composite
matrix of the composite materials is disintegrated in the breaking point. Figure 7 show
fibres surface for all three type of composites are almost clean which indicates low fibre
matrix adhesion for all types of resins.
Similar failure processes for all composites and knowing that fibre volume and fibre
types were also similar for all composites, indicates that difference between absorbed
energies for different composites are due to different energies absorbed during fracture of
the resin matrixes thus the PLA resin absorbs considerably more energy during fracture
compared to the commercial polyester and the PLA-styrene co-polymer also absorbs
slightly more energy during fracture compared to neat PLA resin.
a)

b)
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c)

Figure 6. 7. SEM images of the fractured surfaces of the composites.

6.5. Ageing
Figure 8 shows tensile results for all composites after ageing. Results indicate the
tensile modulus of PLA composites reduced dramatically after ageing from around 20
GPa to around 13 GPa while it stayed almost intact for commercial polyester resin,
however, co-polymerizing with styrene considerably reduce the effect of weathering on
its stiffness to less than 20%.
Figure 9 presents tensile maximum strength for all composites. Results indicate that the
similar trend of reduction in tensile modulus after ageing applied for tensile strength as
well. Tensile strength of the PLA resin was reduced from 330 to 180 MPa after ageing
but although tensile strength of the PLA-styrene co-polymer composites being 295 MPa,
was lower than that of PLA resin composites, after ageing it lost only 10% of its strength
which shows adding 30% styrene the PLA resin dramatically improved its ageing
behaviour.
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Figure 6. 9. Tensile max stress of the composites before and after aging
Figure 10 compares elongation of composites before and after ageing. Increase in
elongation for all composites after ageing which is depicted in results suggests that
however specimens were reconditioned for 24 hours in a desiccator, remaining water
played the role of plasticizer for the composites and it can be seen that while tensile
modulus of commercial polyester resin has remained intact, both max stress and
elongation of the commercial polyester composite have increased. It can show improved
curing at prolonginged residence at an elevated temperature during ageing. Huge
fluctuation of elongation results might be due to non-uniform deterioration of the
composites.
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Figure 6. 10. Elongation percentage of the composites before and after aging
In the groups previous work (Esmaeili et al. 2015), ageing of bio-composites
fabricated using same PLA resin and viscose fibres were reported and ageing simulation
process in that study was identical to this work. In that study mechanical properties of
composites made with viscose fibers were deteriorated to a considerably higher extend more than 70% reduction in tensile modulus and tensile max stress after ageingcompared glass fibre composites in this study which indicates in that study degradation of
both viscose fibers and PLA resin matrix were responsible for deterioration of
mechanical properties of the composite and in order to fabricate bio-composites with
higher ageing weathering properties, modification, and protection of the fibers could be
considered.
These observations indicate that this resin could not be used for applications
which expose them to prolonged weathering but still ageing behavior of the resin at an
acceptable level for many outdoor applications especially for PLA resins which are copolymerized by styrene.
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6.6. Conclusion
In the first place, this study shows the recently developed resin is compatible with
glass fibers and is a suitable bio-based alternative for oil-based commercial polyester
resins for making mechanically strong and stiff glass fiber composites for many
applications and specially applications in temperature above 50 ºC and also is capable of
co-polymerizing with styrene which makes it suitable for high temperature environment
applications in up to 120 ºC.
Results of ageing experiments and comparing them to the results of ageing
experiments of viscose fiber composites in a previous study performed in the group,
indicates that however weathering has a profound influence on mechanical properties of
the composites with neat PLA resin matrix but deterioration in glass fiber composites are
considerably less than that of glass fiber composite which shows both fiber and matrix
were responsible for it in viscose fiber composites and treatment of bio-based fibers
might improve the ageing behaviour of the bio-composite and as shown in the previous
study, co-polymerizing the PLA resin with styrene, by adding styrene and eliminating the
effect of fibers in ageing (either by using more durable fibers like glass fibers or treating
bio-fibers,) bio-composites with acceptable weathering behaviour could be produced that
are suitable for many outdoor applications which are not exposed to harsh weathering
like interior or well-painted components in automotive industries.
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Abstract
The aim of this study was to model the curing kinetics of the star-shaped lactic
acid based thermosettings (star-La4.X). The star-La4.X resins were synthesized via
direct condensation polymerization of the xylitol with lactic acid, followed by the endfunctionalization by methacrylic anhydride. The curing behavior of the thermosetting was
modeled based on the experimental data of isothermal differential scanning calorimetry,
and the results were fitted to variety of phenomenological models, including nth-rate
model, autocatalytic model, and Kamal’s model. Using a nonlinear multiple regression
through the Levenverg–Marquardt algorithm, the kinetic parameters of different models
with different reaction orders were determined. By employing isoconversional
adjustment, the apparent activation energy evolutions were obtained. The predicted
models were then evaluated based on the experimental ramp differential scanning
calorimetric data, to check the ability of the model for accurate predicting of the
experimental data.
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The results showed that the nth-rate model and its modified version are not
capable of accurate predicting the experimental data. The results showed a good fit for
the autocatalytic model with reaction order of 2, however no better fits were found for the
autocatalytic models with reaction orders higher than 2. The Kamal’s model has also
been considered which showed a very good fit for the reaction order of 2. The higher
reaction orders of Kamal’s model have also been considered which were not capable of
predicting the experimental results and extreme deviations have been resulted by using
higher order reactions in Kamal’s model.
KEYWORDS: thermoset; biopolymer; star-shaped poly lactic acid; curing behavior;
phenomenological models

7.1 Introduction
Altering the architecture of a polymer from linear to star-shaped affects its
physiochemical properties (Alward et al. 1986). Recently, the star-shaped thermosetting
resins are gaining more attention. In brief, employing a star-shaped architecture for
thermosettings results in an extended network, better thermomechanical properties, and
lowers the viscosity, which in turn enhances processability of the product. The
advantages of employing star-shaped architecture in thermosetting resins have been
discussed elsewhere (Jahandideh, Esmaeili, and Muthukumarappan 2017, Jahandideh and
Muthukumarappan 2016a, 2017). The star-shaped architecture can be achieved via polycondensation of lactic acid with the core molecule, followed by the end-functionalization
of the branches. The aim of end-functionalization is to produce resins capable of efficient
crosslinking, by improving the reactivity of branches, generally by adding carbon-carbon
double bonds (Åkesson et al. 2011b, Helminen, Korhonen, and Seppälä 2002, Liu,
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Madbouly, and Kessler 2015, Sakai et al. 2013, Åkesson, Skrifvars, et al. 2010b, Bakare
et al. 2014b, Bakare, Åkesson, et al. 2015, Chang et al. 2012b, Bakare et al. 2016). The
end-functionalized thermosetting is then thermally cured, often by employing a free
radical polymerization method (Jamshidian et al. 2010, Esmaeili et al. 2015, Bakare et al.
2014b, Sakai et al. 2013), which results in an irreversible transformation of oligomers
into a cross-linked network (Vergnaud and Bouzon 2012).
Curing involves the irreversible transformation of low molecular weight
oligomers into a solid network. Thermal curing of thermosets consists of the heating
period stage and the curing reaction stage. During the heating period, the resin is heated
up to a temperature at which the curing reaction starts, while in the curing reaction stage,
the heat evolved from the overall curing mass at a constant temperature (Vergnaud and
Bouzon 2012). Often, in the star-shaped thermosets, curing reaction starts by the
assistance of a radical initiator. The tuning of curing parameters, including temperatures,
pressures, time, etc. (Liang and Chandrashekhara 2006) is of importance, especially in
thermosets, as it affects the properties of the final product and applying improper
conditions for curing, may result in higher exotherms, faster gelation and more shrinkage
due to excessive thermal zoning (Jahandideh and Muthukumarappan 2016a, Pereira and
d’Almeida 2016). Understanding of the cure process is substantially important, especially
for more complex systems such as industrial formulations, as a variety of additives are
interfering in the curing procedure, resulting in a more complex cure kinetics. These
factors indicate that an excellent control over curing process is required for production of
thermosets with desired properties (Yousefi, Lafleur, and Gauvin 1997, Nawab et al.
2013).
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7.2 Theoretical Background
The cure process can be evaluated based on two methods: a) monitoring the
changes in concentration of the reactive groups, and b) by monitoring the changes in the
physiomechanical properties of the sample (Yousefi, Lafleur, and Gauvin 1997). Cure
kinetics correlate heat release rate (HRR) with the temperature (or time) and the resultant
degree of cure (Liang and Chandrashekhara 2006). The analytical models of cure kinetics
have wide applications in numerical simulations of composite manufacturing processes.
Phenomenological –also called empirical- modeling approach is commonly employed for
the analytical expression of the cure kinetics based on an Arrhenius type equation in
which the approximated relationship of the curing parameters of the mathematical model
are compared with the experimental data (Liang and Chandrashekhara 2006).
Several phenomenological models are presented in the literature for modeling the
curing kinetics of the thermosetting resins; however, a few studies are performed for the
modeling the curing kinetics of the star-shaped lactic acid based thermosettings (Liang
and Chandrashekhara 2006, Chang et al. 2012b). The degree of cure, α, presents the
extent of the curing reaction, and it is proportional to the amount of heat released by bond
formation. The degree of cure is defined as:
𝐻

𝛼=𝐻

(7.1)

𝑢

where H is accumulative reaction heat up to time t, and Hu is the total heat released
during curing reaction. Hu is evaluated by
𝑡

𝑑𝑄

𝐻𝑢 = ∫0 𝑓𝑑 ( 𝑑𝑡 ) 𝑑𝑡
𝑑

(7.2)
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where tfd is the total reaction time, and (dQ/dt)d is the instantaneous heat flow during the
dynamic scanning. The curing rate, which is proportional to the rate of heat generation, is
defined as:
𝑑𝛼
𝑑𝑡

=

1
𝐻𝑢

𝑑𝐻

( 𝑑𝑡 )

(7.3)

Table 1 provides a summary of the suggested phenomenological models in the literature.
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Table 7. 1. Phenomenological models suggested for the curing kinetics of the
thermosetting systems.
Model

Equation

Parameters

Dependent parameters

Ref

𝐾0: Arrhenius frequency factor

nth- order rate

𝑑𝛼
= 𝐾(1 − 𝛼)𝑛
𝑑𝑡

K: reaction rate constant
𝐾 = 𝐾0 exp (−

∆𝐸𝐴
)
𝑅𝑇

∆𝐸𝐴 : activation energy
(Du et al. 2004)
R: universal gas constant
T: absolute temperature

K: reaction rate constant.
Autocatalytic

Kamal

𝑑𝛼
= 𝐾𝛼 𝑚 (1 − 𝛼)𝑛
𝑑𝑡

𝑑𝛼
= (𝐾1 + 𝐾2 𝛼 𝑚 )(1 − 𝛼)𝑛
𝑑𝑡

𝐾 = 𝐾0 exp (−

∆𝐸𝐴
)
𝑅𝑇

𝐾0: Arrhenius frequency factor
∆𝐸𝐴 : activation energy
R: universal gas constant

m, n: reaction orders defined
by experimental data.

T: absolute temperature

Ki: reaction constants.

𝐾𝑖0 : Arrhenius frequency
factors.

𝐾𝑖 = 𝐾𝑖0 exp (−

∆𝐸𝑖
),
𝑅𝑇

(𝑖 = 1,2)

∆𝐸𝑖 : activation energy

(Kamal and
Sourour 1973)

(Kamal 1974)

R: universal gas constant

m, n: reaction orders defined
by experimental data.

T: absolute temperature

Ki: reaction constants.

Modified
Kamal

𝑑𝛼
= (𝐾1 + 𝐾2 𝛼 𝑚 )(𝛼𝑚𝑎𝑥 − 𝛼)𝑛
𝑑𝑡

∆𝐸𝑖
𝐾𝑖 = 𝐾𝑖0 exp (−
),
𝑅𝑇
(𝑖 = 1,2)
m, n: reaction orders defined
by experimental data.

𝐾𝑖0 : Arrhenius frequency
factors.
∆𝐸𝑖 : activation energy
R: universal gas constant

(Liang and
Chandrashekhara
2006)

T: absolute temperature
𝛼𝑚𝑎𝑥 : maximum degree of
cure at a given temperature

K: reaction rate constant.

𝑚 (1

Cole

𝑛

𝑑𝛼
𝐾𝛼
− 𝛼)
=
𝑑𝑡 1 + 𝑒 𝐶(𝛼−(𝛼𝑐0 +𝛼𝐶𝑇𝑇))

𝐾 = 𝐾0 exp (−

∆𝐸𝐴
)
𝑅𝑇

𝐾0: Arrhenius frequency factor
∆𝐸𝐴 : activation energy

m, n: reaction orders defined
by experimental data.

R: universal gas constant

C: diffusion constant.

T: absolute temperature

𝛼𝑐0 : critical degree of cure
at T=0 K.

(Cole 1991)
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𝛼𝐶𝑇 : increase in critical resin
degree of cure with
temperature.

In the authors’ previous works, different star-shaped lactic acid based thermosets
were synthesized and characterized (Jahandideh, Esmaeili, and Muthukumarappan 2017,
Jahandideh and Muthukumarappan 2017) in which methacrylic anhydride was used for
the end-functionalization of the lactic acid based resins with xylitol core molecules. The
aim of this study was to model the curing kinetic of the star-shaped lactic acid based
thermosettings with 4 lactic acid monomers in branches (star-La4.X). In this study, the
star-La4.X thermosetting resins were synthesized via direct condensation polymerization
of the xylitol with lactic acid followed by the end-functionalization of the branches by
methacrylic anhydride. The curing behavior of the thermosetting was then modeled based
the experimental data of isothermal differential scanning calorimetry values, and the
results were fitted to the presented phenomenological models. The investigated models
included nth- order rate and modified nth- order rate, autocatalytic model, and Kamal’s
model. For each selected model, the parameters were acquired and the reaction orders
were calculated based on the isothermal curing data. The model was then evaluated based
on another set of experimental ramp differential scanning calorimetric data, to check the
ability of the model for predicting experimental data.

7.3 Experimental
Materials

L (+)-lactic acid (≥85%; Sigma-Aldrich), xylitol (≥99%; Sigma-Aldrich), toluene
(≥99.8%; Sigma-Aldrich) and methanesulfonic acid (≥99.0%; Sigma-Aldrich) were used
for poly-condensation reactions. Hydroquinone (≥99.5%; Sigma-Aldrich) and
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methacrylic anhydride (≥ 94%; Sigma-Aldrich) were used as inhibitor and endfunctionalization agents, respectively. Benzoyl peroxide (≥98%; Sigma-Aldrich) was
used as the free radical initiator for crosslinking.
Resin synthesis

The resin was synthesized by direct condensation reaction of lactic acid
monomers with xylitol core molecule, propagation of lactic acid chains, and further endfunctionalizing of the hydroxyl groups of branches by methacrylic anhydride which is
described in authors’ previous studies in detail (Jahandideh, Esmaeili, and
Muthukumarappan 2017, Jahandideh and Muthukumarappan 2016a). Toluene, containing
0.1 wt% of the catalyst, methanesulfonic acid, was used during condensationpolymerization step for efficient removal of water from the medium under nitrogen
atmosphere. The branches were end-functionalized with methacrylic anhydride in
presence of 1% hydroquinone; and the residual toluene and the released methacrylic acid
were removed.
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4

A
Step-one Resin

4

B
Step-one Resin

Step-two Resin

Figure 7. 1. Reaction scheme for A: synthesizing the poly-condensate (step-one) resins,
and B: synthesizing the end-functionalized (step-two) resins
Curing of Resin and DSC analysis
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The thermal curing was performed using an optimized free-radical polymerization
method, using benzoyl peroxide 1 wt%. The end-functionalized resin was mixed with 1
wt% initiator solution in toluene, at 50 °C, and thoroughly mixed. The mixture kept under
partial vacuum 10 mbar for two hours at room temperature. Approximately, 10 mg of
uncured samples were sealed in hermetic aluminum hermetic pans.
Calorimetric analyses were carried out by a DSC on a TA Instrument Q 100 (V9.9
Build 303, Water LLC, DE, USA) thermal analyzer and analyzed under nitrogen
atmosphere for 30 min at isotherms of 90 °C, 95 °C, 100 °C and 105 °C for isotherm
DSC curing analysis, and from 0 °C to 220 °C at a heating rate of 2, 10, 15, 20, 25, 30
and 35 °C. min-1. The ramp DSC curves were subsequently used for model verification
purposes.

7.4 Results and Discussions
Modeling procedure
In order to model the curing kinetics of the synthesized resin, first, the isotherm
DSC curing curves were fitted to a certain model, and the parameters of the best fitted
model were attained for every single isotherm curve. Figure 2 presents the experimental
data for isotherm curves of curing of the resin for 30 min at 90 °C, 95 °C, 100 °C and 105
°C. These isotherm curves were used for defining the parameters of the considered
model. The developed model was then plotted using the former parameters and the
considered heating rate versus the experimental DSC data of curing at different heating
rates. Figure 3 presents the exothermic heat reaction (thermograms) of the curing
reactions at different heating rates of 10 to 35 °C. min-1 from 0 to 220 °C.
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Figure 7. 2. The isotherm curves for curing of the resin for 30 min (90 °C, 95 °C, 100 °C
and 105 °C)
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Figure 7. 3. The exothermic DSC curves of the curing reactions at different heating rates
of 10 to 35 °C. min-1 from 0 to 220 °C.
nth- order rate model: The nth- order rate equation is the simplest phenomenological
model proposed for predicting the rate of the curing reaction in thermosets. The nth-order
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reaction predicts the maximum curing rate at the beginning of the curing phenomenon
and does not account for the autocatalytic effect (Du et al. 2004). The model is expressed
as:
𝑑𝛼
𝑑𝑡

= 𝐾(1 − 𝛼)𝑛

(7.4)

Where, 𝛼 is the degree of cure, n is the degree of reaction, and K is the reaction rate
constant and defined as:
𝐾 = 𝐾0 exp (−

∆𝐸𝐴
𝑅𝑇

)

(7.5)

𝐾0 : Arrhenius frequency factor
∆𝐸𝐴 : Activation energy (kJ/mol)
R: universal gas constant (J / mol. K)
T: absolute temperature (K)
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Figure 7. 4. The conversions versus curing time for samples cured at different isotherms
90-110 °C
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Using a nonlinear multiple regression through the Levenberg–Marquardt
algorithm (Moré 1978), the kinetic parameters of the nth-order rate model for n=2, 3 and
4 for the specified system were determined and summarized in Table 2. Employing
isoconversional adjustment, it is possible to determine apparent activation energy
evolution at different conversions. In addition, it is possible to check if a single activation
energy evolution is capable to describe the curing process. The conversions versus time
for different isotherms are depicted in Fig 4. The maximum degree of conversions after
20 minutes of curing versus temperatures were presented in the Fig 5.
1.1

Conversion (α)

1
0.9
0.8
0.7
0.6
85

95

105

115

Curing Isotherm (cured for 20 minutes)

Figure 7. 5. Maximum Conversions after 20 minutes of curing for different curing
isotherms
Table 7. 2. nth-rate model parameters for reaction orders of 2, 3 and 4.
Temperature (C)

90

95

100

105

110

5.5761e-004

0.0011

0.0013

0.0017

0.0052

n=2
K
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Arrhenius parameters

nth-Rate reaction n=2

∆E1 (kJ/mol) = 92.410

K0 = e22.969

𝑑𝛼
92.410
= (e22.969 × exp(−
) × (1 − 𝛼)2
𝑑𝑡
8.314 . (273.15 + 𝐻𝑅. 𝑡)

n=3
K

4.8141e-004

Arrhenius parameters

K0 = e24.708

nth-Rate reaction n=3

9.7667e-004

0.0012

0.0017

0.0049

∆E1 (kJ/mol) = 98.113

𝑑𝛼
98.113
= (e24.708 × exp(−
) × (1 − 𝛼)3
𝑑𝑡
8.314 . (273.15 + 𝐻𝑅. 𝑡)

n=4
K

4.2546e-004

Arrhenius parameters

K0 = e36.35

nth-Rate reaction n=4

8.8541e-004

0.0012

0.0017

0.0047

∆E1 (kJ/mol) = 103.426

𝑑𝛼
103.426
= (e36.35 × exp(−
) × (1 − 𝛼)4
𝑑𝑡
8.314 . (273.15 + 𝐻𝑅. 𝑡)

The Arrhenius equation can be written as:
ln(𝐾) = ln(𝐾0 ) −

∆𝐸𝐴
𝑅

1

(𝑇 )

(7.6)

By plotting ln (K) versus 1/T, the ln (K0) and ∆EA can be obtained – presented in
Fig 6. The K0 and ∆EA values are presented in Table 2.
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Figure 7. 6. ln(K) values vs 1/T (K-1), plotted to estimate the activation energy and
Arrhenius frequency factor for the nth-rate models of n=2,3 and 4.
The modeled equation for predicting the curing kinetic can be expressed as:
𝑑𝛼
𝑑𝑡

= (K0 × exp(−

∆𝐸

) × (1 − 𝛼)𝑛

𝑅 .(𝑇0+𝐻𝑅.𝑡)

(7.7)

Where, T0 is the initial temperature (K) and HR is the heating rate. The predicted models
are presented in Table 2.
Verifications and model checking
In order to check the validity of the models, new experimental curing curves were
plotted using different heating rates ranged from 2 to 30 °C.min-1 and compared with the
predicted models - presented in Fig 7. The results showed that the nth-rate model is not
capable of accurate predicting the experimental data. The experimental data versus
modeled data have also been plotted and presented in Fig 8.
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Figure 7. 7. Modeled data vs experimental data for curing with heat rate of 2 (A), 10 (B),
15 (C), 20 (D), 25 (E) and 30 (F) °C.min-1 for different reaction orders
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Figure 7. 8. Modeled data (dashed lines-nth-rate model, n=2) versus experimental data
(solid lines) for curing of the specified system at different heating rates ranged from 0 °C
to 220 °C.
In addition, the modified version of the nth-rate model was considered as:
𝑑𝛼
𝑑𝑡

= 𝐾(

𝛼𝑚𝑎𝑥 −𝛼 𝑥
) (1
𝛼𝑚𝑎𝑥

− 𝛼)𝑛

(7.8)

where, αmax was the maximum curing degree at the corresponding temperature. However,
no better fitting was obtained and the data is not presented here. The x value, the power
of the αmax term, for all temperatures found to be 2.2204e-014, which is the minimum
boundary of the function, indicating that the significance of the αmax term is negligible.
This means that the model has a better fit without this term and will be reduced to the
former general nth-rate model, which has been considered earlier.
Autocatalytic model: The second model which was considered was the autocatalytic
model. The autocatalytic models represent the autocatalytic effect of the curing reactions.
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This model considers a single rate constant for the reaction and the maximum reaction
rate is supposed to take place in the intermediate conversion stage.
The model is expressed as:
𝑑𝛼
𝑑𝑡

= 𝐾𝛼 𝑚 (1 − 𝛼)𝑛

(7.9)

Where, 𝛼 is the degree of cure, n and m are the empirical coefficients, and the
degree of reaction is expressed by n+m, and K is the reaction rate constant and defined by
the Arrhenius equation as explained earlier in Eqn. 1. Using a nonlinear multiple
regression through the Levenberg–Marquardt algorithm, the kinetic parameters of the
autocatalytic model for n=2, 3 and 4 for the specified system were determined and
summarized in Table 3. Employing isoconversional adjustment, it is possible to
determine apparent activation energy evolution at different conversions. In addition, it is
possible to check if a single activation energy evolution is capable to describe the curing
process. The modeled equation for predicting the curing kinetic can be expressed as:
𝑑𝛼
𝑑𝑡

∆𝐸

= (K0 . exp(− 𝑅 .(𝑇0+𝐻𝑅.𝑡)) . 𝛼 𝑚 . (1 − 𝛼)𝑛

(7.10)

Where, T0 is the initial temperature (K) and HR is the heating rate, and n+m is the order
of reaction. The predicted models are presented in Table 3.
Table 7. 3. Autocatalytic model parameters for reaction orders of 2, 3 and 4.
Temperature (C)

90

95

100

105

110

0.0045

0.0047

0.0047

0.0030

0.0259

Order of Reaction 2
K
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m

0.9931

0.6187

0.6036

0.3013

1.0311

n

1.0069

1.3813

1.3964

1.6987

0.9689

Arrhenius parameters

K0 = e28.344

nth-Rate reaction
n=2

∆E1 (kJ/mol) = 102.886

𝑑𝛼
102886
= (e28.344 × exp(−
) × 𝛼 0.8116 × (1 − 𝛼)1.1884
𝑑𝑡
8.314 . (273.15 + 𝐻𝑅. 𝑡)

Order of Reaction 3
K

0.0097

0.0101

0.0101

0.0056

0.0547

m

1.4716

1.0048

1.0121

0.5259

1.5464

n

1.5284

1.9952

1.9879

2.4741

1.4536

Arrhenius parameters

K0 = e28.727

nth-Rate reaction
n=3

∆E1 (kJ/mol) = 101.722

𝑑𝛼
101722
= (e28.727 × exp(−
) × 𝛼 1.2587 × (1 − 𝛼)1.7413
(273.15
𝑑𝑡
8.314 .
+ 𝐻𝑅. 𝑡)

Order of Reaction 4
K

0.0199

0.0210

0.0209

0.0104

0.1131

m

1.9331

1.4016

1.4201

0.7633

1.9985

n

2.0669

2.5984

2.5799

3.2367

2.0015

Arrhenius parameters

K0 = e29.539

∆E1 (kJ/mol) = 101.980
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nth-Rate reaction
n=4

𝑑𝛼
101980
= (e29.539 × exp(−
) × 𝛼 1.6883 × (1 − 𝛼)2.3117
𝑑𝑡
8.314 . (273.15 + 𝐻𝑅. 𝑡)

By plotting ln (K) values versus 1/T, the ln (K0) and ∆EA parameters of the model
can be obtained – presented in Fig 9. The K0 and ∆EA values are presented in Table 3.
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Figure 7. 9. ln(K) values vs 1/T (K-1) plotted to estimate the activation energy and
Arrhenius frequency factor for autocatalytic models with n+m=2,3 and 4.
Verifications and model checking of autocatalytic model
In order to check the validity of the autocatalytic model, new experimental curing
curves were plotted using different heating rates ranged from 2 to 30 °C.min-1 versus the
predicted models and presented in Fig 10. The results showed a good fit for the
autocatalytic model with reaction order of 2. No better fit was found for the autocatalytic
model with reaction orders higher than 2.
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Figure 7. 10. Modeled data vs experimental data for curing with heat rate of 2 (A), 10
(B), 15 (C), 20 (D), 25 (E) and 30 (F) °C.min-1 for different reaction orders
The experimental results for curing at different heating rates of 2, 10, 15, 20, 25
and 30 °C.min-1 versus predicted data based on the autocatalytic model with n+m of 2, 3
and 4 is presented in Fig 10, and the best fitted model for all the heating rates has been
presented in Fig 11. The results showed that the autocatalytic model is comparably
capable of predicting the experimental data, and shows a reaction order of 2.
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Figure 7. 11. Modeled data (dashed lines - autocatalytic model, n=2) versus
experimental data (solid lines) for curing of the specified system at different heating rates
ranged from 0 °C to 220 °C.
Kamal’s model: A more accurate model has been proposed by Kamal and Sourour which
considers two rate constants for the curing kinetics (known as Kamal’s model) (Kamal
1974, Kamal and Sourour 1973). However, more parameters in the model have made the
model to be more complicated. The limitation of Kamal’s model (as well as nth-rate
model and autocatalytic model) is that it is just valid when the kinetic of bond formation
is considered to be the only rate controlling step in the curing reactions. The model is
expressed as:
𝑑𝛼
𝑑𝑡

= (𝐾1 + 𝐾2 𝛼 𝑚 )(1 − 𝛼)𝑛

(7.11)

Where, 𝛼 is the degree of cure, n and m are the empirical coefficients and the
degree of reaction is expressed by n+m, and K1 and K2 are the reaction rate constants and
defined by the Arrhenius equation as explained earlier in Eqn. 1. Using a nonlinear
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multiple regression through the Levenberg–Marquardt algorithm, the kinetic parameters
of the Kamal’s model for n=2 for the specified system were determined and summarized
in Table 4. Employing isoconversional adjustment, it is possible to determine apparent
activation energy evolutions at different conversions. In addition, it is possible to check if
a double activation energy evolution is capable to describe the curing process. The
Kamal’s model equation for predicting the curing kinetic can be expressed as:

𝑑𝛼
𝑑𝑡

∆𝐸1

∆𝐸2

= ((K10 . exp(− 𝑅 .(𝑇0+𝐻𝑅.𝑡)) + (K20 . exp(− 𝑅 .(𝑇0+𝐻𝑅.𝑡)) . 𝛼 𝑚 ) . (1 − 𝛼)𝑛

(7.12)

Table 7. 4. Kamal’s model parameters for reaction orders of 2.
Temperature
90

95

100

105

110

(C)
Order of Reaction = 2
K1

2.2380e-014

2.2389e-014

7.4670e-006

2.1826e-007

0.0021

K2

0.0041

0.0045

0.0014

0.0028

0.0191

m

0.7783

0.5694

0.0070

0.2297

1.2297

n

1.2217

1.4306

1.993

1.7703

0.7703
∆E2 (kJ/mol)= 59.514

Arrhenius
K10 (1/s) = e11.19

K20 (1/s)= e 15.407

∆E1 (kJ/mol) = 142.629

parameters
𝑑𝛼
142629
59514
= (e11.19 × exp(−
) + (e15.407 × exp(−
) × 𝛼 0.763
𝑑𝑡
8.314. (273.15 + 𝐻𝑅. 𝑡)
8.314. (273.15 + 𝐻𝑅. 𝑡)
× (1 − 𝛼)1.237

217
By plotting ln (Ki) versus 1/T, the ln (K10), the ln (K20), ∆E1, and ∆E2 can be
obtained and have been presented in Fig 12. The Ki0 and ∆Ei values are presented in
Table 4.
The higher orders of Kamal’s model (m+n =3 and 4) have also been considered
and the results showed that Kamal’s model with higher reaction orders are not capable of
predicting the experimental results and extreme deviations have been resulted by using
higher order reactions in the Kamal’s model.

5
ln(K2) [♦] y = -10268x + 22.156
R² = 0.8879

ln(K1) [●] y = -40369x + 97.126
R² = 0.4112

ln(K)

0
0.0026 0.00262 0.00264 0.00266 0.00268 0.0027 0.00272 0.00274 0.00276 0.00278
-5

-10

-15

-20

1/T
Figure 7. 12. ln(Ki0) values vs 1/T (K-1) plotted to estimate the activation energy and
Arrhenius frequency factors for Kamal’s models for n+m=2.
Verifications and model checking
In order to check the validity of the Kamal’s model, the experimental curing
curves were plotted using different heating rates ranged from 2 to 30 °C.min-1 versus the
Kamal’s models prediction values which are presented in Fig 13 and the complete data
have been presented in Fig 14. The results showed a very good fit for the Kamal’s model
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with reaction order of 2. It should be stated again that no better fit was found for the
Kamal’s model with reaction orders higher than 2.
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Figure 7. 13. Modeled data based on Kamal’s model vs experimental data for curing with
heating rates of 2 (A), 10 (B), 15 (C), 20 (D), 25 (E) and 30 (F) °C.min-1 for reaction
order of m+n=2.
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Figure 7. 14. Modeled data (dashed lines-Kamal’s model, m+n=2) versus experimental
data (solid lines) for curing of the specified system at different heating rates (presented in
the Fig) ranged from 0 °C to 220 °C.

7.5 Conclusions
In the authors’ previous works, different methacrylated star-shaped lactic acid
based thermoset resins were synthesized and characterized with xylitol core molecules.
The aim of this study was to model the curing kinetic of this star-shaped lactic acid based
thermosettings with 4 lactic acid monomers in branches (star-La4.X). The star-La4.X
thermosetting resins were synthesized via direct condensation polymerization of the
xylitol with lactic acid followed by the end-functionalization of the branches by
methacrylic anhydride. The curing behavior of the thermosetting was then modeled based
the experimental data of isothermal differential scanning calorimetry values, and the
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results were fitted to variety of available phenomenological models, including nth-rate
model, autocatalytic model, and Kamal’s model. For each and every considered model,
the parameters were obtained based on the Arrhenius equation and the reaction orders
were calculated based on the isothermal curing data. Using a nonlinear multiple
regression through the Levenberg–Marquardt algorithm, the kinetic parameters of
different models with different reaction orders for the specified system were determined
and summarized in corresponding tables. By employing isoconversional adjustment, the
apparent activation energy evolution at different conversions were obtained. The
predicted model was then evaluated based on the experimental ramp differential scanning
calorimetric data to check the ability of the model for predicting experimental data.
The nth- order rate equation is the simplest phenomenological model, proposed
for predicting the rate of the curing reaction in thermosets. The nth-order reaction
predicts the maximum curing rate at the beginning of the curing phenomenon and does
not account for the autocatalytic effect. The results showed that the nth-rate model is not
capable of accurate predicting the experimental data. However, higher reaction orders of
3 and 4 in the model slightly improved the prediction capability of the model. In addition,
the modified version of the nth-rate model was considered with the maximum curing rate.
However, no better fitting was obtained.
The autocatalytic model represents the autocatalytic effect of the curing reactions,
and considers a single rate constant for the reaction in which the maximum reaction rate
is supposed to take place in the intermediate conversion stage. The results showed a good
fit for the autocatalytic model with reaction order of 2, and no better fit were found for
the autocatalytic models with reaction orders higher than 2. The results showed that the
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autocatalytic model is comparably capable of predicting the experimental data, and shows
a reaction order of 2.
A more accurate model, known as Kamal’s model, which considers two rate
constants for the curing kinetics, has also been considered. However, more parameters in
the model have made the model to be more complicated. The limitation of the presented
models is that they are just valid when the kinetic of bond formation is considered to be
the only rate controlling step in the curing reactions. However, the results showed a very
good fit for the Kamal’s model with reaction order of 2. The higher reaction order
Kamal’s model (of m+n =3 and 4) have also been considered and results showed that
Kamal’s model with higher order models are not capable of predicting the experimental
results and extreme deviations have been resulted by using higher order reactions in the
Kamal’s model.
The vitrification effect (transforming to a non-crystalline amorphous solid) can
also be considered in a modified version of the Kamal’s model in which the fractional
conversion has been considered to not exceed the degree of cure associated with
vitrification. In the Cole’s model, another controlling mechanism for the curing can also
be considered in expressing the curing kinetic equation. This diffusion constant term in
the equation, explicitly accounts for shifting from the kinetics to the diffusion control.
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Abstract
A star-shaped thermoset resin was synthesized by direct condensation reaction of
itaconic acid and glycerol. In order to decrease the viscosity of the resin, the carboxyl
groups of the oligomers were end-functionalized by ethanol. Chemical structures of the
resins were studied by H and 13C NMR and Fourier-transform infrared spectroscopy (FTIR). The curing process was optimized by studying the residual exotherms during the
curing process. Thermomechanical properties of the cured samples were studied by
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Differential Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA).
Thermogravimetric analyses (TGA) were also carried out on both treated and pure resins
to study the thermal stability of the cured samples. The viscosity of the pure and alcohol
treated resins were measured at different temperatures and different stress levels. Water
adsorption tests were also carried out to check the water absorption properties of treated
resin’s cured samples. The viscosity of the base-resin was 154.9 Pa s at room temperature
which dropped to 1.8 Pa s upon increasing the temperature to 70 °C. The viscosity of the
alcohol-treated resin was 0.35 Pa s at room temperature and 0.04 Pa s at 70 °C. The glass
temperature (Tg) of the alcohol-treated resin was 122 °C. Fully biobased content and
inexpensive raw materials, biodegradability, very good thermomechanical and
comparably very promising rheological properties and processability along with good
thermal stability are of advantages of the synthesized resin which makes the resin
comparable with other thermosetting systems as well as the commercial unsaturated
polyester resins.
Keywords: itaconic acid; synthesis; thermosets; crosslinking; star-shaped; thermal mechanical
properties

8.1. Introduction
Altering the architecture of a polymer affects its chemical, diffusional and
physical-mechanical properties (Alward et al. 1986). The star-shaped thermosetting
resins are a class of branched resins with a core molecule and reactive branches which are
gaining more and more attention day by day. Employing a star-shaped architecture results
in an increase in the MW of the oligomers, and also reduces the viscosity and enhances
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processability of the resin. The star-shaped resins offer an extended network which
subsequently results in better thermomechanical properties in the final thermosetting
product. In addition, the unsaturated reactive sites of the core molecule in the star-shaped
structure provide the unique opportunity for the addition of a distinct functionality, e.g.
flame retardancy, drug delivery, anti-microbial agents, etc.
To date, star-shaped thermosetting resins were synthesized employing different
methods and different core molecules including glycolic acid (Wang et al. 2000, Lan and
Jia 2006) ethylene glycol based compounds (Sawhney, Pathak, and Hubbell 1993,
Kricheldorf, Hachmann-Thiessen, and Schwarz 2004, Biela et al. 2003), butanediol
(Helminen, Korhonen, and Seppälä 2002), 1,6-hexanediol (Wang and Dong 2006),
glycerol (Bakare et al. 2014b, Esmaeili et al. 2015, Arvanitoyannis et al. 1995),
tri(hydroxymethyl)benzene (Perry and Shaver 2011), pentaerythritol (Åkesson, Skrifvars,
et al. 2010b, Bakare et al. 2016, Åkesson et al. 2011b, Kim et al. 1992), xylitol
(Jahandideh and Muthukumarappan 2016b, Teng et al. 2015), dipentaerythritol (Biela et
al. 2003, Kim and Kim 1999), hexa(hydroxymethyl)benzene (Perry and Shaver 2011) and
poly(3-ethyl-3-hydroxymethyloxetane) (Biela et al. 2003) for different applications of
biocomposites (Bakare et al. 2014b, Bakare, Åkesson, et al. 2015, Bakare et al. 2016,
Åkesson et al. 2011b), coating (Åkesson, Skrifvars, et al. 2010b), biomedical (Zeng et al.
2013, Kim, Kim, and Kim 2004), drug delivery (Park et al. 2003, Lin and Zhang 2010,
Lin, Zhang, and Wang 2012), tissue engineering (Sakai et al. 2013), smart packaging and
functionalized polymers (Finne and Albertsson 2002, Biela et al. 2005).
The star-shaped architecture can be achieved via two different methods: the armfirst, and the core-first methods. In the first-arm method, the linear arms prepared through
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a controlled polymerization and then, reacted with the multifunctional terminating agents;
while, in the core-first method the multifunctional core molecule reacts with the chain
monomers and the propagation of the arms continue through a controlled polymerization
pathway (Qiu and Bae 2006). However, the core-first method provides a better control
over the polymerization process. After the poly-condensation reactions, the branches are
get end-functionalized. The aim of the end-functionalization is to produce resins capable
of efficient crosslinking, by improving the reactivity of branches, generally by adding
carbon-carbon double bonds. Common end functionalizing agents presented in the
literature are methacrylic acid (Åkesson et al. 2011b) and methacrylic anhydride
(Helminen, Korhonen, and Seppälä 2002, Jahandideh and Muthukumarappan 2016b, Liu,
Madbouly, and Kessler 2015, Sakai et al. 2013, Åkesson, Skrifvars, et al. 2010b, Bakare
et al. 2014b, Bakare, Åkesson, et al. 2015, Chang et al. 2012b, Bakare et al. 2016,
Åkesson et al. 2011b). In order to avoid gelation and unwanted cross-linking during the
end-functionalization reactions, a stabilizer agent, e.g. hydroquinone, is often used. The
end-functionalized thermosets are then cured, often through a thermal curing method
which involves the irreversible transformation of oligomers into a cross-linked network.
The thermal curing starts with the heating period and continues with the curing reactions
in which the heat evolved from the reaction zone at a constant temperature (Vergnaud
and Bouzon 2012). Often, a free-radical polymerization method is used to initiate the
curing. Different initiators have been studied for the free radical polymerization including
benzoyl peroxide (Jamshidian et al. 2010, Esmaeili et al. 2015, Bakare et al. 2014b), 2,5bis(tert-butylperoxy)-2,5-dimethylhexane (Sakai et al. 2013), 2-butanone peroxide
(Helminen, Korhonen, and Seppälä 2002), cobalt naphthenate (Finne and Albertsson
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2002), tert-butyl peroxybenzoate (Åkesson, Skrifvars, et al. 2010b), N,N-dimethylaniline
(Bakare, Åkesson, et al. 2015) and tert-butyl peroxybenzoate (Chang et al. 2012b,
Åkesson et al. 2011b).
Developments in the emerging biobased thermosets are spectacular from a
technological point of view. However, there are still several disadvantages associated
with the current biobased thermosetting resins, e.g. low processability, environmental
issues, expensive sources and poor thermomechanical properties. Methacrylic anhydride
which is currently used for end-functionalization of resins, is a toxic and reactive liquid
which does not have a known renewable source. Itaconic acid or methylenesuccinic acid
is a non-toxic, readily biodegradable, fully sustainable chemical with an estimated annual
global production of more than 150,000 ton which is produced commercially (since 1955
(Otsu et al. 1992)) by the fermentation of carbohydrates using Aspergillus terreus (Ma et
al. 2013). Itaconic acid has been listed as one of the top 12 value-added chemicals by the
U.S. Department of Energy (Werpy et al. 2004) and has been extensively studied to
produce functional polymers (Bakare et al. 2014b, Lv et al. 2014, Avny, Saghian, and
Zilkha 1972). These properties candidate the itaconic acid as an interesting sustainable
industrial building block to replace the petrochemicals in chemical industries.
In the authors’ previous works, different star-shaped lactic acid based thermosets
resins were synthesized and characterized (Jahandideh and Muthukumarappan 2016a,
Bakare et al. 2014b, Esmaeili et al. 2015, Jahandideh, Esmaeili, and Muthukumarappan
2017) in which methacrylic anhydride was used for the end-functionalization of the resin.
The synthesized resins had a biobased content of up to 70-80 wt% and the viscosities
ranged from 1 to 80 Pa s at room temperature which was not suitable for industrial
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composite manufacturing. The aims of this study were to substitute the toxic
nonrenewable methacrylic anhydride with the itaconic acid, and to overcome the
viscosity barrier by end-functionalizing the resins with ethanol. In this study, the starshaped itaconic acid based thermosetting resins were synthesized via direct condensation
polymerization of the glycerol with the itaconic followed by the end-functionalization of
the branches by ethanol. The chemical structures of resins were determined by H and 13C
NMR as well as FT-IR technique. The viscosity of the resins were measured via
viscometry analysis. The curing process was optimized and the thermomechanical
properties of the cured resins were investigated using dynamic mechanical analysis
(DMA), differential scanning calorimetry (DSC) and the thermogravimetric analysis
(TGA).
8.2. Materials and Methods
8.2.1 Materials
Itaconic acid (≥99%; Sigma-Aldrich) and glycerol (≥95.5%; Fisher) were used as
the main reactants. Toluene (≥99.8%; Sigma-Aldrich) was used as the auxiliary solvent
and methanesulfonic acid (≥99.0%; Sigma-Aldrich) was used the polycondensation
catalysts. Ethanol (≥ 99.5%; Acros Organics) used for the end-functionalization of the
oligomers in the second step of the synthesis. Dried Benzoyl peroxide (≥75%; SigmaAldrich) was used as the free radical initiator for crosslinking. For titration, xylenes
(≥98.5%; Sigma-Aldrich), isopropyl alcohol (99.5%; Sigma-Aldrich), potassium
hydroxide (≥85%; Sigma-Aldrich) and phenolphthalein (1% in ethanol, Fluka) were
employed.
8.2.2 Synthesis synopsis
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The star-shaped itaconic acid based resin, star-Ita-Gly, was synthesized by direct
condensation reaction of itaconic acid and glycerol in the presence of methanesulfonic
acid as the catalyst. Glycerol molecules were employed as the core molecule and the
itaconic acid arms added consequently in a core-first synthesis fashion. The carboxyl-end
of the branches of the resulted star-Ita-Gly oligomers were further reacted with ethanol to
alter the terminal carboxyl groups to ethyl groups via another polycondensation reaction;
and so, the alcohol treated resins (Tstar-Ita-Gly) were resulted. The chemical reactions
and the idealized structures are presented in Fig 1.
a

3

+

R

b

+

3

R

Figure 8. 1. Reaction schemes for a) the synthesis of star-Ita-Gly resins, and b) endfunctionalization with ethanol to synthesis Tstar-Ita-Gly resins.
8.2.2.1 Synthesis of star-Ita-Gly: polycondensation of Itaconic acid and glycerol
The synthesis of star-Ita-Gly was carried out employing a direct condensation
polymerization technique in the presence of toluene as an auxiliary solvent for water
removal. The fine powdered itaconic acid (1.5 moles) was added to 0.5 mole of glycerol
and diluted in 80 g of toluene containing 0.15% wt of the catalyst methanesulfonic acid in
a three-neck, round-bottom flask, equipped with a magnetic stirrer in which one neck was
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connected to the azeotropic distillation apparatus and the other necks were used for
nitrogen flow and toluene reflux from and the azeotropic distillation apparatus and
connecting a thermometer. The released water from the condensation (1.5 mole) was
extracted progressively from the toluene and water-free toluene was refluxed to the
reactor continuously. The temperature inside the flask was set to 140 °C and reaction was
continued for 7 hours.

3 C5H6O4 + C3H8O3

-3H2O

C18H20O12

8.2.2.2 Synthesis the Tstar-Ita.Gly resin: End functionalization of the star-Ita.Gly
Oligomers
The star-Ita.Gly resin resulted from the condensation of itaconic and glycerol
would have reactive groups, but its high viscosity at room temperature made the effective
casting process to be impossible. On one hand, the high viscosity of the resulted resins at
the room temperature results in the improper mixing of the hardener and the resin, and on
the other hand, employing higher temperatures, results in faster curing and consequently
premature gelation of the samples. To overcome the viscosity problem, the branches were
further functionalized with ethanol. In this step, first the resulted resin was cooled to 100
°C and under a constant stirring rate and nitrogen purge flow, 1 mole of ethanol added.
The reactor was equipped with a condenser and after 30 min of reaction, the reactor was
cooled to 80 °C and 1 mole of ethanol (30% excess) was added dropwise at 80 °C for two
hours. In order to remove the excess ethanol, after the reaction completed, the condenser
disconnected and the temperature was increased to 120 °C for two more hours. The
medium was then transferred to a drop-shaped glass flask connected to a rotary
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evaporator under partial vacuum conditions (~10 mbar, 1 hour at 90°C) to remove the
residual ethanol and toluene. The chemical reactions and idealized structures are
presented in Fig 1.

C18H20O12 + 3 C2H6O

-3H2O

C24H32O12

8.2.3 Curing of the resins
In this study, a free-radical polymerization method was employed for curing of the star-

Ita.Gly and Tstar-Ita.Gly resins. The reactions were started by the assistance of a radical
initiator (2 wt% of benzoyl peroxide) and continued by placing the mixture to a 70 °C preheated
oven for 3 hours. The presence of the residual exotherms were investigated by DSC. The cured
resins were further analyzed by TGA and FTIR. The Tstar-Ita.Gly resin samples were further
analyzed by DMA.

8.2.4 Characterization
The progress of the condensation reaction of the itaconic acid and glycerol was
evaluated by titrating the residual carboxyl groups of the reactants during the star-Ita.Gly
resin synthesis based on ASTM D974-12. The conversion progress was determined by
titrating aliquot samples (1 g) taken hourly during the reaction. The samples were first
diluted with 20 mL of 1:1 v/v xylene/isopropyl alcohol solutions and then titrated with
0.5 M KOH in absolute ethanol with phenolphthalein 1% indicator.
The chemical structure of star-Ita.Gly and Tstar-Ita.Gly resins were evaluated with a
proton and carbon Nuclear Magnetic Resonance (H NMR and 13C NMR) spectrometry (Bruker
BioSpin GmbH, Germany) at 400 MHz and 45 °C. Sample concentration in 5 mm tubes was ~10
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wt% in CDCl3 and the internal standard was tetramethylsilane, TMS. The shifts were expressed in
ppm.

IR spectra of the star-Ita.Gly, Tstar-Ita.Gly and cured samples of the resins were
recorded at room temperature on Nicolete 6700 spectrometer, supplied by Thermo Fisher
Scientific, Massachusetts, USA, in the range of 4000–600 cm−1. Each spectrum was
recorded after the sample was scanned 60 times.
Calorimetric analyses were carried out by a DSC on a TA Instrument Q 100 (V9.9
Build 303- supplied by Water LLC, New Castle DE) thermal analyzer. Samples of
approximately 10 mg were sealed in aluminum hermetic pans and tested under a nitrogen
atmosphere. Uncured resin samples were analyzed from -20 °C to 220 °C at a heating
rate of 10 °C.min-1 in order to investigate the crosslinking reaction. Isothermal curing of
resins was also performed at 90 °C, 100 °C, 120 °C, 130 °C, 140 °C and 150 °C for 20
minutes and residual exotherms were analyzed from 25 °C to 200 °C at a heating rate of
10 °C.min-1.
Thermogravimetric analyses of the cured resins were carried out with a Q50 from
a TA Instrument supplied by Waters LLC. Samples with an approximate mass of 30 mg
were heated from 30 °C to 600 °C, at a heat rate of 10 °C.min-1 under a helium purge gas
stream of 20 mL.min-1.
Dynamic Mechanical Analysis was performed on cured samples of Tstar-Ita.Gly
resin cured at 70 °C (Q800 from TA Instruments, supplied by Waters LLC). The tests
were performed on samples with dimension of approximately 60 mm ×15 mm ×3 mm
from -20 °C to 180 °C in a dual cantilever bending mode with a heat rate of 10 °C.min-1;
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the frequency was 1 Hz, the amplitude was 15 µm and the tests were performed under a
nitrogen atmosphere.
The viscosity of the uncured resins were determined using a viscoanalyzer
rheometer (TA instrument, Sweden). All measurements were done with a truncated cone
plate configuration (Ø15 mm, 5.4 °C). Viscosities of uncured resins were measured in a
temperatures range of 30 °C to 120 °C in increments of 10 °C. Shear rate ranged from 1
to 200 s-1.
8.2.5 Water adsorption tests
The water adsorption tests were carried out on the cured Tstar-Ita.Gly samples
based on ASTM D 570–98 to determine the relative rate of absorption of water by the
cured samples when immersed. The dimension of test specimens were 60 mm × 60 mm ×
1 mm. The tests were perform in 3 modes: long-term immersion (23I), two-hour boiling
water immersion (BI) and immersion at 50 °C (50I). In 23I, the sample was immersed in
a distilled water bath at 23 ºC and the total water absorption versus time was recorded; in
the BI test, the water absorption was measured after 2 hours of immersion in a boiling
distilled water bath and in the 50I mode, water absorption was measured at 50 °C at
different time intervals. Tests were continued until the samples got substantially saturated
(achieved water absorption rates to be ≤ 1% or 5 mg between intervals).

8.3. Results and discussion
8.3.1Monitoring the progress of the polycondensation of itaconic acid and glycerol
Employing a proper retention-time is a crucial factor in polycondensation
reactions. While insufficient time results in unreacted reactants, the excessive retention
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time promotes the transesterification reactions (Jahandideh and Muthukumarappan
2016a, 2017). In this study, the progress of the condensation reaction of itaconic acid and
glycerol was evaluated by two methods: first, by determination of the Total Acid Number
(TAN) for residual acidic constituents (carboxyl groups) of the itaconic acid during the
polycondensation and second, by monitoring the formation of (─C─O─C─ stretch)
bonds between the hydroxyl groups of the core molecule and the carboxyl groups of the
itaconic acid which can be identified in the FTIR spectra of the polycondensation as a
signal at 1100-1200 cm-1 (Nouri, Dubois, and Lafleur 2015b, Lin, Zhang, and Wang
2012, Xiong et al. 2014). In the titration method, the quantity of carboxylic groups is
measured with an acid-base titration method (Murillo, Vallejo, and López 2011, Xiao,
Mai, et al. 2012).
The ASTM D974-12 defines the TAN as the quantity of KOH (in mg), required
for the titration of 1 g of the sample dissolved in a specified solvent system. The ratio of
the reacted to initial available carboxylic groups, indicates the degree of completion of
the condensation reaction (Knothe 2006). The conversions during the first 660 minutes of
the reaction were calculated based on the mL of consumed KOH in absolute ethanol by
the 1 g samples. Figure 2 shows that the reaction is started almost after 50 minutes. The
conversion reaction proceeds rapidly during the next 350 minutes. The reaction continues
until 420 minutes and after that the conversion rate did not change significantly due to the
progress of transesterification reactions. Based on the titration results, a 7 hours
condensation-reaction period was considered to be sufficient for the polycondensation of
itaconic acid and glycerol which results in a 97% conversion of the carboxylic groups.
Bakare et al. employed a similar acid-base titration method for the star-shaped LA-
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glycerol resins and reported a 95% conversion after 360 minutes (Bakare et al. 2014b).
Using a similar polymerization method Jahandideh et al. reported a conversion of 95%
for star-shaped xylitol-LA resins after 720 minutes (Jahandideh and Muthukumarappan
2016a). The differences between the conversion rates can be attributed to the differences
between the numbers of hydroxyl groups of the core molecules. Increasing in the number
of the hydroxyl groups of the core molecule in the star-shaped architecture is believed to
affect the conversion rates of the polycondensation (Jahandideh and Muthukumarappan
2017).
Figure 3 presents the FTIR spectra of the polycondensation samples, taken after 1,
3, 5 and 7 hours of reaction. The progressive appearance of a signal at 1100-1200 cm-1
can be attributed to the formation of bonds between the hydroxyl groups of the core
molecule and the carboxyl groups of the itaconic acid (─C─O─C─ stretching vibration)
(Nouri, Dubois, and Lafleur 2015b, Lin, Zhang, and Wang 2012, Xiong et al. 2014). The
signal between 1000 and 1100 cm-1 can also be attributed to the CO─ stretching vibration
(Nouri, Dubois, and Lafleur 2015b, Lin, Zhang, and Wang 2012, Xiong et al. 2014). In
addition, appearance of a weak signal at ~1800 cm-1 can be attributed to vinyl
hydrocarbon compounds (R-CH=CH2).
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Figure 8. 3. The FTIR spectra of the poly condensation reaction, samples taken after 1, 3,
5 and 7 hours.
8.3.2 H and 13C-NMR spectroscopic analysis
In order to further evaluation of the structures, the NMR techniques were
employed for identifying the structure of the star-Ita.Gly and Tstar-Ita.Gly resins. The
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NMR spectrum and the carbon environments for the ideal structures of resins are
presented in Fig. 4. The peaks were assigned based on the data presented in the literature
(Xiong et al. 2014, Murillo, Vallejo, and López 2011, Park et al. 2003, Choi, Bae, and
Kim 1998, Abiko, Yano, and Iguchi 2012, Helminen, Korhonen, and Seppälä 2002,
Åkesson, Skrifvars, et al. 2010b, Bakare et al. 2014b, Lin and Zhang 2010, Bakare,
Åkesson, et al. 2015, Ma et al. 2013, Barner‐Kowollik, Heuts, and Davis 2001). In the
star-Ita.Gly resins, two different types of carbonyl bonds are expected, including a) The
terminal carbonyls and, b) the carbonyl groups adjacent to the (–O–CH2) group of the
core molecule. In Fig. 4. A, the peaks at ~176, ~166 and ~171 ppm represent the
carbonyl carbons of a and e-e’ in the chemical structure of the star-Ita.Gly resin
(presented in the same figure). The esterification between carboxyl groups and the
hydroxyl groups of the core molecule usually results in a mixture of different oligomers
which affect the final-use of the cured resin (Ma et al. 2013).
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Figure 8. 4. The 13C NMR spectra of the resins and the carbon environments for the
ideal structures of resins. A: poly-condensation of itaconic acid and glycerol (starIta.Gly resin), B: end-functionalized Tstar-Ita.Gly resin.
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The multiple peaks at the e and e’ positions indicates that the core molecule has
reacted with both carbonyl ends of the itaconic acid during the polycondensation. The
appearance of the other multiple peaks for the unsaturated carbons at ~128-130 ppm
(which are attributed to CH2 =C) and the peaks at ~133-134 ppm (which are attributed to
the C=CH2(C=O)(CH2─)) also adequately indicates that the core molecule has reacted
with both carbonyl ends of the itaconic acid. The peaks marked by x in the Fig. 4.A can
be attributed to the methanol which was used for sample preparation. For the TstarIta.Gly resin, a peak at ~14 ppm can be seen in the spectra shown by a which can be
attributed to the terminal methylic group of the oligomers CH3─(CH2─). The absence of
the peak at ~176 ppm for the terminal carboxyl in the treated resin C=O(─OH)(
─C=CH2) (which was present in the spectra of the star-Ita.Gly resins) is another evidence
which indicates that the second polycondensation has also occurred. Other peaks at ~37
(d-d’), ~61(f) and ~69 (g) ppm were also identified accordingly and summarized in the
table 1.
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Table 8. 1. Assignment of peaks from H and 13C-NMR
Assignment

Chemical shifts (ppm)

13

C NMR

1

CH3─(CH2─)

~14

CH2 (─(C=O)(─C=C)

~37-38

─CH2─ core molecule & terminal

~61-62

─CH─ core molecule

~69

CH2 =C

~128-130

C=CH2(C=O)(CH2─)

~133-134

─C=O main-chain

~166-167

─C=O Terminal group

~170-171

C=O(─OH)( ─C=CH2)

~176

CH3─(CH2─)

~1.0

CH2 (─(C=O)(─C=C)

~2.1-2.2

─CH2─ in the chain

~ 3.3 & 3.6

─CH2─ in the core molecule

~4.2

CH─ (Core molecule)

~ 5.2

CH2=C

~5.7 & 6.2

–OH (Terminal)

~11.1

H NMR
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The 1H NMR was also employed for characterization of the star-Ita.Gly and
Tstar-Ita.Gly resins. The Fig. 5 and table 1 present the 1H NMR results with the assigned
proton environments for the ideal structures of the resins. Fig. 5.A and Fig. 5.B present
the proton spectra of the star-Ita.Gly resin, and Tstar-Ita.Gly resin, respectively. The
multiple peaks at 3.3 ppm and 3.6 ppm can be attributed to ─CH2─ in the chain and
marked with c” in the Fig 5.A. These peaks are also present in the spectra of the TstarIta.Gly resin (marked as d” in the Fig. 5.B). The characteristic peak of the star-Ita.Gly
resin spectrum would be the peak at ~11.1 ppm which can be attributed to the terminal
hydroxyl group of the oligomers.
As the hydroxyl groups of the star-Ita.Gly resin will be esterified in the second
polycondensation reaction, this peak is present in the spectrum of the Tstar-Ita.Gly resin.
The other characteristic peak which indicates that the reaction of the terminal carboxyls
of the oligomers of the star-Ita.Gly resin and the hydroxyl group of the ethanol has
occurred is the presence of a peak at ~1.0 ppm in the spectrum of the Tstar-Ita.Gly resin,
which can be attributed to the terminal methyl group, added to the end of the oligomers.
This peak is not present in the proton spectrum of the star-Ita.Gly resin and marked as a”
in the Fig. 5.B. Other peaks at ~2.2, 4.2, 5.2, 5.7 and ~6.2 ppm were also identified
accordingly and summarized in the table 1. The weak peak at ~7.2 ppm (marked as x and
x’ in the Fig. 5) resulted from the chloroform-d solvent (also seen at ~77.1-77.8 ppm in
the 13C NMR spectra).
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Figure 8. 5. The H NMR spectra of the resins and the hydrogen environments for the
ideal structures of a) step-one and b) step-two resins. A: poly-condensation of itaconic
acid and glycerol (star-Ita.Gly resin), B: end-functionalized Tstar-Ita.Gly resin.
8.3.3 FTIR spectroscopy analysis
Figure 6.A presents the FTIR spectra of the polycondensation and cured samples
of the star-Ita.Gly resin and Fig. 6.B presents the FTIR spectra of the polycondensation
and cured samples of the Tstar-Ita.Gly resin. The signal at 1100-1200 cm-1 can be
attributed to the (─C─O─C─ stretching vibration) which is presented in all spectra and is
an evidence of the formation of bonds between the hydroxyl groups of the core molecule
and the carboxyl groups of the itaconic acid (Nouri, Dubois, and Lafleur 2015b, Lin,
Zhang, and Wang 2012, Xiong et al. 2014). The peak for ─CH at ~2900 cm-1 (Xiao, Mai,
et al. 2012) can be found in all spectra. The presence and the absence of the C=C
characteristic signals at 1635 cm-1 (stretching C=C) (Bakare et al. 2014b) and 815 cm-1
(bending CH2) (Hisham et al. 2011) confirm that the unsaturated carbons are available in
polycondensation resins and the curing is occurred in the solid samples. The signal
between 1000 and 1100 cm-1 can also be attributed to the CO─ stretching vibration
(Nouri, Dubois, and Lafleur 2015b, Lin, Zhang, and Wang 2012, Xiong et al. 2014).
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Figure 8. 6. The FTIR spectra of the star-Ita.Gly resin (A.1) and the star-Ita.Gly cured
sample (A.2), and the Tstar-Ita.Gly resin (B.1) and the Tstar-Ita.Gly cured samples (B.2).
8.3.4 Differential Scanning Calorimetry
DSC is a thermoanalytical technique currently employed to study the curing of
thermoset resins by detecting the crosslinking, and the residual reaction heats and of the
cured samples (Liang and Chandrashekhara 2006, Mohan, Ramesh Kumar, and
Velmurugan 2005, Bakare, Ramamoorthy, et al. 2015). The peak exotherms in Fig 7.A
present the residual exotherms of the cured star-Ita.Gly resin from 50 °C to 200 °C for
samples cured at 70 °C for two hours and post cured at different temperatures of 80 °C,
90 °C, 100 °C, 110 °C, 120 °C and 130°C for 30 minutes. The presence of residual heats
in the curves, marked as a, b and c in Fig 7.A, shows that samples cured at temperatures
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below 110 °C did not cured completely. There is almost no reaction heat exists in the
exotherms of samples cured at temperatures above 130 °C which indicates that the curing
is complete, and so, in this study, the post curing conditions for curing was selected as 20
minutes at 120 °C.
Figure 7.B presents the exothermic heat reactions of the curing reaction of starIta.Gly (marked as a), and Tstar-Ita.Gly (marked as b) resins. Figure 7.B shows that the
star-Ita.Gly resin is cured between 70 °C and 150 °C, (revealing a sharp exothermic
peak), while the Tstar-Ita.Gly resin is cured between 60 °C and 140 °C.
For the star-Ita.Gly resin, the reaction heat was measured as 94.4 J.g-1, and the
peak temperature and the onset temperature were 132.8 °C and 104.3 °C, respectively.
For the Tstar-Ita.Gly resin, the reaction heat was measured as 117.7 J.g-1, and the peak
temperature and the onset temperature were 129.3 °C and 93.2 °C, respectively. For
comparison, in the star-shaped glycerol-lactic acid based resins, the curing temperatures
reported between 80 °C to 130 °C and the heat reaction was 227.4 J.g-1 (Bakare et al.
2014b), and for star-shaped xylitol-lactic acid based resins, the curing temperatures
reported between 100 °C to 140 °C and the heat reaction was 275.5 J.g-1 (Jahandideh and
Muthukumarappan 2016a).
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Figure 8. 7. A) The DSC curves for residual exotherms for samples cured for 20 minutes
at 80 °C (a), 90 °C (b), 100 °C (c), 110 °C (d), 120 °C (e) and 130 °C (f). B) The DSC
curves for the unreacted star-Ita.Gly resin (a) and the unreacted (b) and the cured resin
(c) at a heat rate of 10 °C.min-1 in the heat range of 30 to 180 °C.min-1
8.3.5 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was performed in order to investigate the
thermal stability of both cured resins by recording mass loss by heating samples from
room temperature to 600 °C at 10 °C.min-1 heating rate under a nitrogen atmosphere.
Typical weight loss and derivative thermograms for crosslinked star-Ita.Gly and TstarIta.Gly are shown in Fig 8. The star-Ita.Gly starts to decompose at 286 °C in a single
broad degradation stage with maximum rate at 380 °C, leaving ~10% solid residue at 450
°C. It can be seen that while star-Ita.Gly shows a single decomposition stage, the TstarIta.Gly has two major thermal decomposition stages starting at 180 °C with maximum
rates at 200 °C and 380 °C followed by a slow weight loss at 420-600 °C temperature
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range. Although onset of thermal decomposition of the Tstar-Ita.Gly occur at about 120
°C lower temperatures compared to the star-Ita.Gly, which implies it has considerably
lower thermal stability compared to the star-Ita.Gly, it leaves around 25% solid residue at
450 °C which is much higher than that of star-Ita.Gly. This relatively high char formation
makes Tstar-Ita.Gly a promising resin for development of flame retardant systems using
minimal additives.
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Figure 8. 8. TGA curves for the cured samples of the star-Ita.Gly (a-a’), and TstarIta.Gly (b-b’), solid-line presents Weight (%) and dashed-typed pattern shows Derivative
Weight (%.°C-1)
8.3.6 Dynamic Mechanical Thermal Analysis
DMA is often employed for analyzing the thermal-mechanical properties of the
crosslinked resin in which a sinusoidal stress is applied and the displacement is measured
and the storage modulus, loss of modulus and Tg are measured (Menard 2008). Figure 9
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presents the storage modulus G’ in the temperature range of -20 °C to 170 °C for the
crosslinked Tstar-Ita.Gly samples. The G’ value is related to the molecular packing
density in the glassy state (Vergnaud and Bouzon 2012, Chang et al. 2012b); therefore,
the higher G’, the better mechanical properties. The free movement of the polymer
chains in the rubbery plateau region (Bakare, Ramamoorthy, et al. 2015) decreases the G’
value in this temperature interval (between 48 °C and 120 °C).
In the authors’ previous study, a stepwise curing method employed for curing of
the methacrylated star-shaped lactic acid thermosets with xylitol core molecules which
induces gradual solidification and more relaxed state with less built in stresses
(Jahandideh and Muthukumarappan 2016a, Vergnaud and Bouzon 2012) and resulted in
superior G’ compared to the other curing methods. In this study, a similar curing
technique was applied. Figure 9 also presents the loss modulus G”, which is an indicator
of the dissipated energy in the temperature range of -20 °C to 170 °C for the crosslinked
Tstar-Ita.Gly samples. Often, smaller G” indicates superior mechanical properties and the
strong tendency for reversibility (Bakare, Ramamoorthy, et al. 2015). The DMA results
are summarized in Table 2.
The Tg of the crosslinked thermosets often presented based on the peak of tan δ in
DMA curves. Figure 10 shows the tan δ curve in the temperature range of -20 °C to 170
°C for the crosslinked Tstar-Ita.Gly samples. The tan δ peak was observed at 122 °C.
Generally, the higher tan δ peak values are desired and indicate better mechanical
properties.
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Figure 8. 9. Storage modulus and Loss modulus curves for the crosslinked Tstar-Ita.Gly
samples in the temperature range of -20 °C to 170 °C
For comparison, the Tg (based on the peak of tan δ) for the linear PLA is ~50 °C
(Oksman, Skrifvars, and Selin 2003), and for other similar star-shaped lactic acid based
resins with glycerol, PENTA, and xylitol core molecules were reported as 83 °C, 97 °C
and 98 °C, respectively (Bakare et al. 2014b, Jahandideh and Muthukumarappan 2016a,
Åkesson, Skrifvars, et al. 2010b). The Tstar-Ita.Gly thermosets suggest a substantial
higher Tg compared to the other thermoset systems which is also believed to get
improved more after applying the reinforcement fibers due to the adhesion of the fibers to
the matrix (Adekunle, Åkesson, and Skrifvars 2010, Bakare, Ramamoorthy, et al. 2015)
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Sample: S1
Size: 35.0000 x 13.5100 x 2.9700 mm
Method: Temperature Ramp

File: C:...\Desktop\Ita-DMA\Etholic\S1.001
Operator: GS
Run Date: 14-Mar-2017 12:47
Instrument: DMA Q800 V21.1 Build 51
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Figure 8. 10. Tan δ curve for the crosslinked Tstar-Ita.Gly samples in the temperature
range of -20 °C to 160 °C
8.3.7 Viscosity measurements
Inadequate and poor impregnation of a resin to fibers results in a slow composite
production process and has impact on the mechanical strength of the composites [12, 13].
Comparably lower viscosities of thermosets, results in better processability and
impregnation, which candidates thermosets desirable for composite applications. For a
satisfactory composite manufacturing, the viscosity of the resin is required to be below
0.5 Pa s (Li, Wong, and Leach 2010). Changing the structure of oligomers from linear
into a star-shaped architecture results in smaller hydrodynamic volume, which in turn
reduces the viscosity (Corneillie and Smet 2015, Chang et al. 2012b, Finne and
Albertsson 2002).
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In this study, the viscosity of star-Ita.Gly and Tstar-Ita.Gly resins were measured
based on stress viscometry technique at different temperature intervals (30 °C to 100 °C)
and the results are presented in Fig. 11. The star-Ita.Gly resin has a viscosity of 154.9 Pa
s which dropped to 1.8 Pa s upon increasing the temperature to 70 °C. This high viscosity
makes the resin unsuitable for composite manufacturing, even at elevated temperatures
(up to curing temperature of the thermoset). After treating the resin with ethanol and
shifting the carboxyl-ends to a methylene group, the viscosity was dropped substantially.
The Tstar-Ita.Gly resin showed a viscosity of 0.35 Pa s at room temperature which
dropped to 0.04 Pa s at 70 °C (see Fig. 11). This low viscosity, even at room temperature,
is substantially desirable for the fiber reinforcement composites manufacturing. The
reported viscosities for other star-shaped thermosetting systems are relatively higher than
the viscosity of this new synthesized resin.
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Figure 8. 11. Viscosities of the star-Ita.Gly resin (●) and the Tstar-Ita.Gly resin (▲) as a
function of the temperature.
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For comparison, at room temperature, the four armed, star-shaped resins of
pentaerythritol and LA has a viscosity of 7000 Pa s (Åkesson, Skrifvars, et al. 2010b), the
three armed, star-shaped resins of glycerol and LA has a viscosity of 1.09 Pa s (Bakare et
al. 2014b), and the five-armed star-shaped resins of xylitol and LA has a viscosity of 2.97
Pa s (Jahandideh and Muthukumarappan 2016b). The viscosity of the Tstar-Ita.Gly resin
is comparable with the viscosity of the commercial unsaturated polyester with a viscosity
of 0.3 at room temperature (Bakare et al. 2016).
8.3.8 Water adsorption tests
The water absorption rates of polymers is of interest, especially when the material
is supposed to exposure to relatively humid conditions. The moisture content affects
polymers’ properties such as electrical insulation resistance, dielectric losses, mechanical
strength, appearance, and dimensions. It is believed that the diffusion of water into
polymeric matrix is dependent to several factors, including a) the square root of
immersion time, b) the type of immersion, c) dimensions and shape of the specimen, and
d) the inherent properties of the polymer (Jahandideh and Muthukumarappan 2016a, Qiu
and Bae 2006, ASTM D570-98(2010)e1 2010). In this study, samples with water
adsorption rates of less than 1 % or 5 mg between intervals, were considered to be
substantially saturated.
Figure 12.A presents the percent of absorbed water versus immersing time for the
50I test. For the 23I test, the absorbed water was reported as a function of the square root
of immersion time- Fig. 12.B. The initial slope of the water-absorption versus time curve
is proportional to the diffusion constant of water in the matrix (Qiu and Bae 2006) and
calculated as 0.304 and 0.397 for 50I and 23I methods, respectively. The water saturation
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for the I23 method was 336 h and for 50I was 48 h. the percentage water adsorbed after
saturation I50 and I23 immersions were 8.51±0.33 and 10.49±0.25%, respectively. The
percentage of the saturated water adsorption by BI was recorded as 6.57±0.36 %. The
authors previously reported the diffusion constants of 0.252 after 504 h of immersion
with 14.02 ±0.35% water adsorption for 23I and the diffusion constants of 0.699 after
110 h of immersion with 8.08 ± 0.61% water adsorption, employing 50I for the S-LA
resins with xylitol core molecules (Jahandideh and Muthukumarappan 2016a).
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Figure 8. 12. A) Percent of absorbed water versus immersing time at 50°C, B) long-term
immersion procedure water adsorption; reported as a function of the square root of
immersion time for Tstar-Ita.Gly samples
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Table 8. 2, Thermal-Mechanical Characterization Results of the Resins
DSC

star-Ita.Gly resin

Tstar-Ita.Gly resin

Heat of exotherm for uncured resin (J.g-1)

94.4

117.7

Curing temperature interval

70 °C - 150 °C

60 °C - 140 °C

Heat of exotherm for cured resin (J.g-1) at 120 °C

0

0

Peak temperature

132.8 °C

129.3 °C

Onset temperature

104.3 °C

93.2 °C

DMA

Tstar-Ita.Gly resin
tan δ peak (Tg °C)

122 °C

Storage modulus (MPa) at 25°C

3109 ± 133

Loss modulus (MPa) at 25°C

162 ± 9

TGA

star-Ita.Gly resin

Tstar-Ita.Gly resin

Degradation temperature range

286 – 460 °C

180 – 460 °C

Maximum degradation (°C)

380 °C

380 °C

Solid residue at 450 °C

~10%

~25%

8.4 Conclusion
In this study, a star-shaped biobased thermoset resin was synthesized by polycondensation of itaconic acid and glycerol. In order to reduce the viscosity of the
synthesized resin, the branches were end-functionalization with ethanol. Chemical
structure of the base resin and the alcohol treated resins were confirmed employing H and
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13

C NMR and FTIR techniques. The resins were thermally cured via free-radical

polymerization using benzoyl peroxide. The residual exotherms of samples cured at 70
°C for 1 hour and different post curing temperatures for 20 min were investigated to
optimize the post curing process. Thermogravimetric analyses of the cured resins were
also carried out to study the thermal properties of the cured resins. The viscosity of the
base resin, and the alcohol treated resin were measured at temperatures in the range of 30
°C to 100 °C. The results showed that the base resin has a relatively high viscosity which
makes the resin unsuitable for any industrial biocomposite manufacturing. However, the
substitution of the carboxyl end groups of the branches with a methyl group substantially
reduced the viscosity of the star-shaped resins resulted in a viscosity of 0.35 Pa s at room
temperature and 0.04 Pa s at 70 °C which makes the resin very promising for industrial
manufacturing production.
The water adsorption properties of the cured samples of the treated star-shaped
resin were also investigated via standard water adsorption tests. DMA analysis of the
crosslinked thermoset resin showed a Tg, substantially higher than that of other starshaped systems as well as the thermoplast PLA, at 122 °C. Fully biobased and
inexpensive raw materials, biodegradability, good thermomechanical and comparably
very promising rheological properties along with good thermal stability are of advantages
of this novel star-shaped itaconic based resin which make the resin comparable with, and
superior in some aspects, than other star-shaped thermosetting systems as well as the
commercial unsaturated polyester resins.
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Abstract
Activated star-shaped itaconic acid based thermosetting resins were synthesized by direct
condensation reaction of itaconic acid and glycerol, followed by activation of the
oligomers, by methanol and allyl alcohol treatments. Chemical structures of the resins
were studied and confirmed by 1H-13C NMR and Fourier-transform infrared spectroscopy
(FT-IR). The curing and thermomechanical properties were studied by Differential
Scanning Calorimetry (DSC) technique and Dynamic Mechanical Analysis (DMA).
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Thermogravimetric analyses (TGA) and viscometry analysis were also carried out on
resins to study the rheological properties and thermal stability of the cured samples. The
methanol-treated resin showed a viscosity of 4.2 Pa.s at room temperature which dropped
to 0.25 Pa.s upon increasing the temperature to 70 °C; while, the allyl alcohol-treated
resin showed a lower viscosity of 1.8 Pa.s at room temperature, and 0.14 Pa.s at 70 °C.
The glass temperature (Tg) of the methanol-treated resin was 150 °C, substantially higher
than that of the allyl alcohol-treated resin (observed at 93 °C) and to date reported starshaped bio-thermosets. DMA results also showed very good mechanical properties for
the methanol-treated resin in terms of storage modulus, compared to the allyl alcohol
treated resin (61% higher G’ was obtained for the methanol-treated resin).
Biodegradability and inexpensive raw materials, good rheological properties along with
promising thermomechanical properties are of advantages of this novel resin, which make
the resin comparable with, and superior in some aspects, than other thermosetting
systems as well as the commercial unsaturated polyester resins.
Keywords: Itaconic Acid; Synthesis; Thermosets; Crosslinking; Star-Shaped; Thermal
Mechanical Properties
9.1. Introduction
From a technological point of view, recently, substantial developments have been
emerged in the field of biobased thermosetting. It is believed that the employment of a
star-shaped architecture for thermosetting resins results in an engineerable, processable
and more reactive resin, with comparably lower viscosity. The extended network,
provided by the star-shaped structure, also results in better thermomechanical properties
of the final product. Different authors employed different core molecules, including
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glycerol (Bakare et al. 2014b, Esmaeili et al. 2015, Arvanitoyannis et al. 1995),
tri(hydroxymethyl)benzene (Perry and Shaver 2011), erythritol and pentaerythritol
(Åkesson, Skrifvars, et al. 2010b, Bakare et al. 2016, Åkesson et al. 2011b, Kim et al.
1992), xylitol (Jahandideh and Muthukumarappan 2016b, Teng et al. 2015),
dipentaerythritol (Biela et al. 2003, Kim and Kim 1999), for synthesizing of the starshaped thermosetting resins. Two different methods have been suggested for achieving a
star-shaped structure: the arm-first method, in which the arms are prepared first, and then
reacted with a multifunctional core molecule, and the core-first method, in which the core
molecule reacts with the chain monomers first, and then the length of the arms increased
via a controlled polymerization pathway (Qiu and Bae 2006).
Often, the core-first method is preferred, as it provides a better control over the
polymerization. The oligomers’ branches are then end-functionalized by adding
unsaturated bonds to the branches. The most common reactive agent which has been used
for efficient end-functionalization is methacrylic anhydride (Helminen, Korhonen, and
Seppälä 2002, Jahandideh and Muthukumarappan 2016b, Liu, Madbouly, and Kessler
2015, Sakai et al. 2013, Åkesson, Skrifvars, et al. 2010b, Bakare et al. 2014b, Bakare,
Åkesson, et al. 2015, Chang et al. 2012b, Bakare et al. 2016, Åkesson et al. 2011b). The
thermosetting resins are then cured, via thermal curing methods and by assistance of a
free-radical polymerization method, which leads into an irreversible cross-linked network
(Vergnaud and Bouzon 2012). Benzoyl peroxide (Jamshidian et al. 2010, Esmaeili et al.
2015, Bakare et al. 2014b), 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (Sakai et al.
2013), 2-butanone peroxide (Helminen, Korhonen, and Seppälä 2002), cobalt
naphthenate (Finne and Albertsson 2002), tert-butyl peroxybenzoate (Åkesson, Skrifvars,
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et al. 2010b), N,N-dimethylaniline (Bakare, Åkesson, et al. 2015) and tert-butyl
peroxybenzoate (Chang et al. 2012b, Åkesson et al. 2011b) are of initiators, which have
been used for free-radical polymerization. Although currently synthesized star-shaped
thermosetting systems are interesting from different aspects, yet, there are still several
drawbacks exist which have to be highlighted. These limitations include low
processability of the resin, environmental issues, expensive sources and poor
thermomechanical properties.
In the authors’ previous work, the substitution of toxic-nonrenewable methacrylic
anhydride with itaconic acid was investigated and star-shaped itaconic acid based
thermosets were produced. The base-resin was synthesized by direct condensation
reaction of itaconic acid and glycerol. The resin was fully biobased and showed good
thermomechanical properties; however, the resin was not suitable for industrial
manufacturing purposes, due to its high viscosity, even at the elevated temperatures. In an
attempt to reduce the viscosity of the resin into satisfactory levels, the resin was treated
with ethanol, which led to transformation of carboxyl end-groups branches into methyl
ones. The treatment was successful and substantially reduced the viscosity of the resin,
from 194 Pa s (for the base resin) to 0.35 Pa s (for the treated resin), at room temperature.
The aim of this study is to alter the terminal methyl-group of the oligomer, with a more
reactive agent, to increase the cross-linking density and consequently, the
thermomechanical properties of the cured resins. In this study, the star-shaped itaconic
acid based thermosetting resins were synthesized via direct condensation polymerization
of the glycerol with the itaconic acid followed by the esterification of the branches by
methanol and allyl alcohol. Instead of ethanol which has been used in the former resin,
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methanol was suggested, as the expected hindrance of the terminal methyl-group is
supposed to be lower than that of the ethyl group.
Therefore, the access to the unsaturated bond of itaconic acid might be increased,
which in turn results in more efficient crosslinking and, consequently better
thermomechanical properties of the cured samples. The allyl alcohol, which has an
unsaturated C-C bond, was also considered to study the effect of the unsaturated carboncarbon bond density on the rheological and thermomechanical properties of the finished
product. Introducing the allyl group at the end of the itaconic acid branches will double
the unsaturated bond density, which results in plausible higher crosslinking density and
consequently better thermomechanical properties of the cured resins. The star-methyl
(and allyl) itaconic acid based resins were synthesized using the glycerol core molecule
and the chemical structures of resins were determined by H and 13C NMR as well as by
FT-IR technique. The viscosity of the resins were measured via viscometry analysis. The
thermomechanical properties of the cured resins were also investigated using dynamic
mechanical analysis (DMA), differential scanning calorimetry (DSC) and the
thermogravimetric analysis (TGA).
9.2. Materials and Methods
9.2.1 Materials
Itaconic acid (≥99%; Sigma-Aldrich) and glycerol (≥95.5%; Fisher) were used for
synthesis of the base resin. Toluene (≥99.8%; Sigma-Aldrich) and and methanesulfonic
acid (≥99.0%; Sigma-Aldrich) were used as the auxiliary solvent and catalysts,
respectively. Methanol (≥ 99.9%; Sigma-Aldrich) and allyl alcohol (≥ 99 %; Sigma-
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Aldrich) were used for the activation of the oligomers. Dried Benzoyl peroxide (≥75%;
Sigma-Aldrich) was used as the free radical initiator for curing.
9.2.2 Synthesis synopsis
The synthesis of the star-shaped itaconic acid based thermoset has been described
in the authors’ previous work. In summary, itaconic acid was reacted with glycerol, in the
presence of 0.15% w/w methanesulfonic acid, and toluene as an auxiliary solvent for
water removal. An azeotropic distillation apparatus was used for toluene reflux and the
reactions were occurred under nitrogen atmosphere at 140 °C for 7 hours. The results of
the previous study have shown that the star-shaped resin, resulted from the condensation
of itaconic and glycerol, is capable of crosslinking, but its high viscosity hindered the
improper mixing of the hardener and the resin, and consequently, makes the resin not
suitable for casting purposes. Previously, ethanol has been used for treating the resin
which resulted in a substantial reduction in the viscosity of the resin. In this study, the
oligomers’ branches were reacted with methanol and allyl alcohol.

3 C5H6O4 +

C3H8O3

-3H2O

C18H20O12

9.2.2.1 Synthesis of methanol-treated star-shaped itaconic acid based thermosets
The base-resin, resulted from the condensation of itaconic and glycerol, was
cooled to 90 °C, and under a constant stirring rate and nitrogen purge flow, 1 mole of
methanol per mole of itaconic acid was added to the reactor. Under condensation
condition and after 30 min of reaction, the reactants were cooled to 70 °C and 0.3 mole of
methanol per mole of itaconic acid (30% excess) was added dropwise. After two hours of
reaction, the excess methanol was removed by disconnecting the condenser and
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increasing the temperature to 110 °C for two more hours. The medium was then
transferred to a drop-shaped glass flask connected to a rotary evaporator and under partial
vacuum conditions (~10 mbar, 1 hour at 90°C) the residual methanol and toluene were
removed. The chemical reactions and idealized structures are presented in Fig 1.

C18H20O12 + 3 CH4O

-3H2O

C21H26O12

9.2.2.2 Synthesis of allyl-treated star-shaped itaconic acid based thermosets
In a similar way, the cooled base-resin (at 120 °C) was initially reacted with 1
mole of allyl alcohol per mole of itaconic acid used, and after 30 min of reaction, extra
30% mol/mol of allyl alcohol was added dropwise at 100 °C for two hours. The excess
allyl alcohol was removed in a similar way explained in the former section but at 130 °C.
The medium was then transferred to a drop-shaped glass flask connected to a rotary
evaporator, and under partial vacuum conditions (~10 mbar, 1 hour at 94°C) the residual
allyl alcohol and toluene were removed. The chemical reactions and idealized structures
are presented in Fig 1.

C18H20O12 + 3 C3H6O

3

-3H2O

C27H32O12

+

R

+

3

R
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3

R

Figure 9. 1. Reaction schemes for the synthesis of (a) star-shaped itaconic acid based
resin (base-resin), (b) methanol-treated and (c) allyl alcohol treated star-shaped Itaconic
acid based resins.
In this study, a free-radical polymerization method was employed for thermal
curing of the synthesized resins based on the method used in the previous study (2 wt% of
benzoyl peroxide used at 70 °C, for 3 hours and post curing for 20 mins at 140 °C).
9.2.3 Characterization
The chemical structure of methanol and allyl treated star-shaped resins were
evaluated via Nuclear Magnetic Resonance (H NMR and 13C NMR) spectrometry
technique (Bruker BioSpin GmbH, Germany) at 400 MHz. Sample concentration in 5 mm
tubes was ~10 wt% in CDCl3. The shifts were expressed in ppm. FTIR spectra of the
methanol and allyl treated resins and their corresponding cured samples were recorded at
room temperature on Nicolete 6700 spectrometer, supplied by Thermo Fisher Scientific,
Massachusetts, USA, in the range of 4000–400 cm−1. Each spectrum was recorded after the
sample was scanned 36 times. Calorimetric analyses were carried out, to investigate the
crosslinking reaction, by a DSC on a TA Instrument Q 100 (V9.9 Build 303- supplied by
Water LLC, New Castle DE) thermal analyzer. Samples of approximately 10 mg were
sealed in aluminum hermetic pans and tested under a nitrogen atmosphere. The mixtures of
the resin and the initiator were analyzed at temperatures in range of -20 °C to 220 °C at a
heating rate of 10 °C.min-1. Thermogravimetric analyses of the cured resins were carried
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out with a Q50 from a TA Instrument supplied by Waters LLC. Samples with an
approximate mass of 30 mg were heated from 30 °C to 600 °C, at a heating rate of 10
°C.min-1 under a nitrogen purge gas stream of 20 mL.min-1. Dynamic Mechanical Analysis
was performed using a Q800 from TA Instruments, supplied by Waters LLC from -20 °C
to 180 °C in a dual cantilever bending mode with a heat rate of 10 °C.min-1; the frequency
was 1 Hz, the amplitude was 15 µm and the tests were performed under a nitrogen
atmosphere. The viscosity of the uncured treated resins were determined using a
viscoanalyzer rheometer (TA instrument, Sweden). All measurements were done with a
truncated cone plate configuration (Ø15 mm, 5.4 °C) in a temperatures range of 30 °C to
120 °C, at a shear rate ranged between 1 to 200 s-1.
9.3. Results and discussion
9.3.1 1H and 13C-NMR spectroscopic analysis
The NMR technique was employed to evaluate the chemical structure of the
methanol-treated and allyl alcohol-treated resins. Figure 2 presents the 13C-NMR
spectrum of both resins and according ideal structures. The peaks were assigned
according to the previous data as well as the data presented in literature (Xiong et al.
2014, Murillo, Vallejo, and López 2011, Park et al. 2003, Choi, Bae, and Kim 1998,
Abiko, Yano, and Iguchi 2012, Helminen, Korhonen, and Seppälä 2002, Åkesson,
Skrifvars, et al. 2010b, Bakare et al. 2014b, Lin and Zhang 2010, Bakare, Åkesson, et al.
2015, Ma et al. 2013, Barner‐Kowollik, Heuts, and Davis 2001). The peaks at ~170-173
ppm were attributed to the different carbonyls of the treated resins (marked as d and f in
Fig 2.A for methanol-treated resin, and, as h” and d” for allyl alcohol-treated resin in
Fig. 2.B). The presence of multiple peaks at h”-d” carbonyl position (see Fig. 2.B),
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indicates that glycerol has probably reacted with both carbonyl ends of the itaconic acid.
This can be further confirmed by the presence of other multiple peaks between ~129-133
ppm for both methanol-treated (see Fig. 2.A- e position) and allyl alcohol-treated samples
(see Fig 2.B. g” position).
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Figure 9. 2. The 13C NMR spectra of the alcohol treated resins and the carbon
environments for the ideal structures. A: Methanol-treated itaconic acid based resin, B:
Allyl alcohol-treated itaconic acid based resin.
These multiple peaks can be attributed to the unsaturated carbon bonds of CH2 =C
and C=CH2(C=O)(CH2─). For the methanol-treated resin, a peak at ~50 ppm can be seen
in the spectra (marked by a in Fig.2.A), which can be attributed to the terminal methyl
group of the oligomers ─O─CH3. This peak is substituted with a peak at ~ 118 ppm in
the spectra of the allyl alcohol-treated resin, which is attributed to the unsaturated
terminal group of arms (marked as a” in the Fig. 2.B.). Other peaks at ~65 ppm (c”), ~69
ppm (h) and ~130-135 ppm (b” and f”) were also identified accordingly, and summarized
in the Table 1.
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Table 9. 1. Assignment of peaks from 1H and 13C-NMR
Assignment

Chemical shifts (ppm)

13

C NMR

1

CH2─(C=O)─(C=C)

~37

CH3─O─

~50

─CH2─ core molecule & terminal

~53

CH(=CH2)(─CH2─)

~66

─CH─ core molecule

~69

CH2= Terminal group

~118

CH2 =C(─CH2) (─CH=O)

~129-133

C=O(─O─)( ─C=CH2)

~171-173

H NMR
CH2 (─(C=O)(─C=C)

~3.1-3.3

CH3─O─

~3.5-3.6

─CH2─ in the core molecule

~4.1-4.3

CH2(C=)(–O–)

~4.5

CH─ (Core molecule)

~ 5.2

CH2=C (Terminal)

~5.1-5.3

CH2 =C(─CH2) (─CH=O)

~5.7

CH2=C in the chain

~ 5.6 & 6.2
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The 1H NMR was also employed for characterization of the methanol-treated and
allyl alcohol-treated resins. Figure 3 and Table 1 present the 1H NMR results with the
assigned proton environments for the ideal structures of the resins. Figure 3 presents the
1

H-NMR spectrum of alcohol treated resins and the according ideal structures. The

multiple peaks at ~3.1-3.3 ppm can be attributed to CH2 (─(C=O)(─C=C) and marked as
b and d” in Fig 3.A and 3.B, respectively. The peak at ~3.5-3.6 ppm can be attributed to
the terminal methyl group of the methanol-treated resin (marked as a in Fig 3.A).
However, the peak at ~4.1-4.3 can be attributed to the ─CH2─ groups in the core
molecule (marked as d and f” in Fig 3.A and Fig 3.B, respectively). The other
characteristic peak, which indicates that the unsaturated bonds are present in the allyl
alcohol-treated resin, is seen at ~5.2 ppm in the spectrum of the allyl alcohol-treated resin
and marked as a” in Fig 3.B. This peak is not present in the spectrum of the methanoltreated resin. Other peaks at ~4.5, ~ 5.2, ~5.7, ~ 5.6 and 6.2 ppm were also identified
accordingly, and summarized in the Table 1. The peak at ~8-9 ppm (marked as x and x’ in
Fig. 3) resulted from the chloroform-d solvent (also seen at ~75-80 ppm in the 13C NMR
spectra).
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Figure 9. 3. The H NMR spectra of the alcohol treated resins and the hydrogen
environments for the ideal structures. A: Methanol-treated itaconic acid based resin, B:
Allyl alcohol-treated itaconic acid based resin.
9.3.2 FTIR spectroscopy analysis
Figure 4.A presents the FTIR spectra of the methanol-treated resin (Fig. 4.A.1),
and the methanol-treated cured sample (Fig. 4.A.2). Figure 4.B presents the FTIR spectra
of the allyl alcohol-treated resin (Fig. 4.B.1), and the allyl alcohol-treated cured sample
(Fig. 4.B.2). The presence of a signal at 1100-1150 cm-1, in the spectra of both methanoltreated and allyl alcohol-treated samples, can be attributed to the (─C─O─C─ stretching
vibration) is an evidence of the reaction between the hydroxyl groups of the glycerol and
the carboxyl groups of the itaconic acid (Nouri, Dubois, and Lafleur 2015b, Lin, Zhang,
and Wang 2012, Xiong et al. 2014). The signal at ~1635 cm-1 can be attributed to the
stretching C=C (Bakare et al. 2014b), and the signal at ~815 cm-1 can be attributed to the
bending CH2 (Hisham et al. 2011) in the methanol-treated and allyl alcohol-treated resins.
The absence of these signals in the spectra of the cured samples is an evidence that the
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curing is occurred (Nouri, Dubois, and Lafleur 2015b, Lin, Zhang, and Wang 2012,
Xiong et al. 2014).
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Figure 9. 4. The FTIR spectra of (A.1) the Methanol-treated resin, (A.2) the Methanoltreated cured sample, (B.1) the Allyl alcohol-treated resin, and (B.2) the Allyl alcoholtreated cured sample.
9.3.3 Differential Scanning Calorimetry
DSC technique was employed to study the curing behavior, by detecting the
reaction heat of the crosslinking of methanol-treated and allyl alcohol-treated resins.
Figure 5 presents the exothermic heat reactions of the curing reaction of methanol-treated
(solid line) and the allyl alcohol-treated (dashed line) resins. It can be seen that the
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methanol-treated resin was cured between 65 °C and 150 °C, the reaction heat was
measured as 141.9 J/g, the peak temperature was 106.8 °C and the onset temperature was
71.1 °C. On the other hand, the allyl alcohol-treated resin was cured between 73 °C and
160 °C, the reaction heat was measured as 197.1 J/g, the peak temperature was 136.2 °C
and the onset temperature was 104.8 °C. The higher reaction heat of the curing of the
allyl alcohol-treated resin, compared to that of methanol-treated resin, might be explained
based on the higher density of double bonds in the allyl alcohol-treated resin. This can
also be observed as a shift in the exothermic peak of this resin. Previously, reaction heats
of 94.4 J.g-1, and 117.7 J.g-1, and the peak temperatures of 132.8 °C and 129.3 °C, were
reported for the star-Ita.Gly resin (The base-resin), and the ethanol-treated resin,
respectively. Comparably, higher reaction heats have been reported for the other starshaped lactic acid-based resins; for example, the heat of reaction of 227.4 J.g-1 has been
reported for the star-shaped resins with glycerol core molecules(Bakare et al. 2014b), and
the heat of reaction of 275.5 J.g-1 has been reported for the star-shaped lactic acid based
resins with xylitol core molecules (Jahandideh and Muthukumarappan 2016a).
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Figure 9. 5. The DSC curves for curing of the methanol-treated resin (solid line) and the
allyl alcohol-treated resin (dashed line) at a heat rate of 10 °C.min-1 in the heat range of
30 to 180 °C.min-1
9.3.4 Thermogravimetric analysis
The thermal stability of the cured methanol-treated and allyl alcohol-treated resins
was investigated using TGA. The percentage of mass loss versus temperature and
derivative thermograms were plotted from room temperature to 650 °C and presented in
Fig 6. The cured methanol-treated sample started to decompose at 248 °C and showed its
maximum rate at 412 °C and ~23% solid residue at 450 °C. However, the cured sample
of allyl alcohol-treated started to decompose at 243 °C, and showed two thermal
degradation stages below 450 °C, with maximum degradation rates at 337 °C and 430 °C.
The allyl alcohol-treated resin also leaves ~37% solid residue at 450 °C. The methanoltreated sample and allyl alcohol-treated sample also showed a slow weight loss at 509-
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671 °C and 501-661 °C temperature range, respectively. The recorded onset temperature
of the methanol-treated sample (317 °C) was higher than that of the allyl alcohol-treated
samples 276 °C, indicating better thermal stability for the methanol-treated resin. In the
authors’ previous work, it was shown that the thermal degradation of the base-resin and
the ethanol-treated resin started at 286 °C and 180 °C, respectively. However, the
maximum degradation rates of both resins were reported at 380 °C.
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Figure 9. 6. TGA curves for the cured samples of the methanol-treated (solid line), and
allyl alcohol-treated samples (dashed line).
9.3.5 Dynamic Mechanical Analysis
DMA was employed for analyzing the thermomechanical properties of the
methanol-treated and allyl alcohol-treated samples, and the storage modulus, loss of
modulus and Tg were measured. Figure 7 presents the storage modulus G’ of both resins,

272
in the temperature range of -20 °C to 170 °C, and the measured storage modulus of both
resins with standard deviations at 25°C are given in table 2. It is believed that a stepwise
curing method induces gradual solidification, and consequently results in more relaxed
state with less built in stresses (Jahandideh and Muthukumarappan 2016a, Vergnaud and
Bouzon 2012). The G’ is a measure of the molecular packing density in the glassy state
of the polymer (Vergnaud and Bouzon 2012, Chang et al. 2012b), and is proportional to
the mechanical properties of the tested sample. Figure 7 shows that the methanol-treated
sample has a higher storage modulus (~5170 ± 142 MPa at 25 °C) than allyl alcoholtreated resins (3192 ± 80 MPa at 25 °C), and consequently, better mechanical properties
are expected for this resin (in range of -20 °C up to 130 °C). In the authors’ previous
work, the storage modulus of 3109 ± 133 MPa was reported at 25°C for ethanol-treated
samples. The G’ value of methanol-treated sample was substantially higher than that of
other star-shaped itaconic acid based resins.
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Figure 9. 7. Storage modulus curves of the crosslinked methanol-treated and allyl
alcohol-treated samples in the temperature range of -20 °C to 170 °C
Figure 8 presents the loss modulus G” curves of the crosslinked methanol-treated
and allyl alcohol-treated samples, in the temperature range of -20 °C to 170 °C. G’ is an
indicator of the dissipated energy, and represents the viscous part of the sample.
Therefore, better mechanical properties and strong tendency for reversibility are expected
for samples with smaller G’ value (Bakare, Ramamoorthy, et al. 2015). In this study, the
G’ values were found to be relatively small and broad which is similar to the reported G’
values in the crosslinked S-LA thermosets (Jahandideh and Muthukumarappan 2016a).
The loss modulus results at 25 °C were presented in Table 2.
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Figure 9. 8. Loss modulus curves of the crosslinked methanol-treated and allyl alcoholtreated samples in the temperature range of -20 °C to 170 °C
Figure 9 presents tan δ curve for the crosslinked methanol-treated (solid line) and
allyl alcohol-treated (dashed line) samples in the temperature range of -20 °C to 170 °C.
The glass temperature (Tg) of thermosets can be presented based on the peak of tan δ
curves. The tan δ peak or the Tg of the allyl alcohol-treated sample was recorded at 93.5
°C, which is comparable to the other reported Tg values of the lactic acid-based
thermosets. However, substantially higher Tg value was observed for the methanoltreated resin at 150 °C. Previously, a Tg of 122 °C was recorded for ethanol-treated
itaconic acid based resins. Higher Tg values indicate better thermomechanical properties,
and are desired for biocomposite manufacturing. To the best of authors’ knowledge, the
reported Tg (based on the peak of tan δ) for the methanol-treated sample was substantially
higher than that of other biobased star-shaped thermosets, which has been reported in
range of 50 to 98 °C. (Oksman, Skrifvars, and Selin 2003, Bakare et al. 2014b,
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Jahandideh and Muthukumarappan 2016a, Åkesson, Skrifvars, et al. 2010b). The Tg
values are also believed to get more improved by applying the reinforcement fibers,
which happens due to the adhesion of the fibers to the matrix (Adekunle, Åkesson, and
Skrifvars 2010, Bakare, Ramamoorthy, et al. 2015)
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Figure 9. 9. Tan δ curve for the crosslinked methanol-treated (solid line) and allyl
alcohol-treated (dashed line) samples in the temperature range of -20 °C to 170 °C
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Table 9. 2. Thermal-Mechanical Characterization Results of the Resins
DSC

methanol-treated resin

allyl alcohol-treated resin

Heat of exotherm for uncured resin (J.g-1)

140.1

198.9

Curing temperature interval

65 °C - 151 °C

72 °C - 158 °C

Heat of exotherm for cured resin (J.g-1) at 140 °C

0

0

Peak temperature

106.8 °C

136.2 °C

Onset temperature

71.4 °C

104.7 °C

methanol-treated resin

allyl alcohol-treated resin

tan δ peak (Tg °C)

153.5

91

Storage modulus (MPa) at 25°C

5170 ± 142

3192 ± 80

Loss modulus (MPa) at 25°C

257 ± 11

210 ± 9

methanol-treated resin

allyl alcohol-treated resin

Degradation temperature range °C

248 – 460

243 – 450

Maximum degradation (°C)

412

337 & 430

Solid residue at 450 °C

~23%

~37%

DMA

TGA

9.3.6 Viscosity measurements
Lower viscosities are of interest for composite production processes. Compared to
thermoplasts, thermosets provide lower viscosities which make them suitable for
composite applications. In addition, there is evidence that changing the structure of
oligomers, from linear into a star-shaped one, results in a reduction in the viscosity by
reducing the hydrodynamic volume of the oligomers (Corneillie and Smet 2015, Chang et
al. 2012b, Finne and Albertsson 2002). It is believed that for a satisfactory composite
manufacturing, resins with viscosities below 0.5 Pa s (at the processing temperature) are
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required (Li, Wong, and Leach 2010). Figure 10 presents the viscosities of the methanoltreated resin and the allyl alcohol-treated resin as a function of the temperature at
temperature intervals of 30 to 100 °C. The methanol-treated resin has a viscosity of 4.2
Pa.s at room temperature which dropped to 0.25 Pa.s upon increasing the temperature to
70 °C. However, the allyl alcohol-treated resin showed a lower viscosity of 1.8 Pa.s at
room temperature, and 0.14 Pa.s at 70 °C. Overall, the viscosities of both resins at
elevated temperatures, or even at room temperature, are rather lower than the viscosities
reported for other star-shaped biobased thermosets, and satisfactory for manufacturing
purposes (Åkesson, Skrifvars, et al. 2010b, Jahandideh and Muthukumarappan 2016b).
However, in the previous study, the authors reported a viscosity of 0.35 Pa.s at room
temperature and 0.04 Pa s at 70 °C, for a star-shaped ethanol-treated itaconic acid-based
resin.
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Figure 9. 10. Viscosities of the methanol-treated resin (■) and the allyl alcohol-treated
resin (▲) as a function of the temperature.
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9.4. Conclusion
In the authors’ previous work, synthesis of a fully biobased star-shaped itaconic
acid-based thermosets via direct condensation reaction of itaconic acid and glycerol was
investigated. The base-resin had good thermomechanical properties, but also showed high
viscosity. The viscosity of the resin was substantially reduced by treating the base-resin
with ethanol, and dropped from 194 Pa.s (for the base-resin) into 0.35 Pa.s (for the
treated resin), at room temperature. Although the alcohol treatment was successful for
reducing the viscosity, it adversely affected the thermomechanical properties. The aim of
this study is to maintain the viscosity in satisfactory levels, while increasing the crosslinking density and improving the thermomechanical properties of the cured resins. In
this study, instead of ethanol-treatment, methanol-treatment was employed, to reduce the
hindrance associated to the terminal ethyl-group. The allyl alcohol was also employed to
study the effect of the crosslinking density on the thermomechanical properties of the
finished resin. Employing allyl alcohol treatment resulted in higher crosslinking density
and consequently better thermomechanical properties of the cured resins. Therefore, the
star-shaped itaconic acid base thermosetting resins were synthesized via direct
condensation polymerization of the glycerol with the itaconic acid as explained in the
authors’ previous work. The branches of the base-resin were then activated with
methanol and allyl alcohol. The results of this study showed that employing methanoltreatment resulted in the better thermomechanical properties, probably by increasing the
access to the unsaturated bonds of itaconic acids.
Chemical structures of the methanol and allyl alcohol treated resins were
confirmed employing H and 13C NMR and FTIR techniques. The resins’ curing behavior
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were investigated by DSC analysis, showed a complete curing after curing at 70 °C for 2
h and post curing at 120 °C for 20 min. The reaction heat of allyl alcohol treated-resin
was higher than that of methanol treated resin, due to the higher density of unsaturated
bonds. Thermogravimetric analyses of the cured resins showed that both resins were
comparably stable up to 240 °C. The viscometry analysis showed that the allyl-treated
resins has comparably lower viscosities than methanol-treated resins. Overall, the
viscosities of both resins at elevated temperatures, are rather lower than the viscosities
reported for other star-shaped biobased thermosets, and satisfactory for manufacturing
purposes. DMA analysis of the crosslinked methanol-treated resin showed a Tg of 150
°C, substantially higher than that of the other resin (at 93 °C), as well as to-date other
synthesized star-shaped systems. The storage modulus of the methanol-treated resin was
also substantially higher than that of the allyl alcohol-treated resin (compare the storage
modulus of methanol-treated cured samples (5170 ± 142 MPa) to the storage modulus of
allyl alcohol-treated cured samples at 25 °C (3192 ± 80 MPa). The results of this study
showed that by reactivating the branches of the star-shaped itaconic acid based resins
with methanol, the viscosity of the resin will be slightly increased, but the
thermomechanical properties will be substantially improved. However, increasing the
crosslinking density, by treating the resins with allyl alcohol necessarily does not
improve the mechanical properties. Biodegradable and inexpensive raw materials, good
rheological properties and promising thermomechanical properties are of advantages of
this novel star-shaped itaconic acid based resin, which make the resin comparable with,
and superior in some aspects, than other thermosetting systems.
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Chapter 10 - Summary and Conclusions
Increasing attentions toward sustainable development, economic and
environmental issues have led to many attempts toward replacing the petroleum based
materials with renewables. Versatile and economical renewable sources of lactic acid and
Itaconic acid make these corn based materials suitable sources for production of
bioplastics. It is believed that the employment of a star-shaped architecture for
thermosetting resins results in an engineerable, processable and more reactive resin, with
comparably lower viscosity. The extended network, provided by the star-shaped
structure, also results in better thermomechanical properties of the final product.
Different studies have been performed on synthesis of star-shaped thermosetting resins. It
is presumed that more hydroxyls of the core molecule provide a better extended network
of the final thermosets. In addition, unsaturated hydroxyl groups of the core molecule
may ultimately increase the hydrophilicity of the produced resin which makes the resin
more compatible with hydrophilic inexpensive natural fibers. The major goal of this
dissertation was to synthesize bioresins and biocomposites made from natural fibers and
novel star-shaped bioresins. The privilege of this state-of-the-art thermoset systems over
other systems is that this resin can be engineered for a certain functionality by changing
the chemical structure or altering the crosslinking density.
This dissertation was consisted of two different parts. In the first part (part A),
the synthesis and characterization of various star-shaped lactic acid based resins with
different core molecules were investigated. The employed core molecules included:
glycerin, pentaerythritol, ethylene glycol and xylitol. In the second part (part B), the star-
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shaped biobased thermoset resins were synthesized employing itaconic acid molecules
and glycerin core molecule.
The first objective of part A of this dissertation was to synthesize, characterize
and optimize the curing process of the novel star-shaped lactic acid based resins
employing xylitol core molecule. This biobased thermoset resin was successfully
synthesized by direct condensation reaction of lactic acid with xylitol followed by the
end-functionalization of the hydroxyl groups of branches by methacrylic anhydride, and
results were presented in chapter III of this dissertation. Inexpensive raw materials, high
biobased content, biodegradability, good thermomechanical and rheological properties,
good processability and good thermal stability were of advantages of the synthesized
resin which made the resin comparable with commercial unsaturated polyester resins.
The second and third objectives of part A were to evaluate the effect of lactic acid
chain lengths on thermomechanical properties of star-LA-xylitol resins and production of
jute reinforced biocomposites. An evaluation of the effect of chain length showed that the
resin with five LAs exhibited the most favorable thermomechanical properties. Also, the
resin’s glass transition temperature (103 °C) was substantially higher than that of the
thermoplast PLA (~55 °C). The resin had low viscosity at its processing temperature (80
°C). The compatibility of the resin with natural fibers was also investigated for
biocomposite manufacturing. Composites were produced from the n5-resin (resin with 5
lactic acid monomers in chains) (80 wt% fiber content) using jute fiber. The
thermomechanical and morphological properties of the biocomposites were compared
with jute-PLA composites and a hybrid composite made of the impregnated jute fibers
with n5 resin and PLA. SEM and DMA showed that the n5-jute composites had better
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mechanical properties than the other composites produced. The results have been
presented in chapter IV of this dissertation.
In chapter V, the synthesis and characterization of methacrylated star-shaped
poly(lactidc acid), employing core molecules with different hydroxyl groups was
presented. In this chapter, a set of novel bio-based star-shaped thermoset resins were
synthesized via ring-opening polymerization of lactide and employing different multihydroxyl core molecules, including ethylene glycol, glycerol and erythritol. The branches
were end-functionalized with methacrylic anhydride. The effect of the core molecule on
the melt viscosity, the curing behavior of the thermosets and also, the thermomechanical
properties of the cured resins were investigated. The erythritol-based resin showed
superior thermomechanical properties compared to the other resins, and also lower melt
viscosity compared to the glycerol-based resin. In addition, the experimental results
indicated that erythritol-based resin with 82% bio-based content has superior
thermomechanical properties, compared to the commercial polyester resin.
In chapter VI, glass fiber reinforced composites were prepared from lactic acid
based thermosetting resin, and their hygroscopic ageing properties were investigated. In
this study, three different type of thermoset glass fibre composites were produced and
characterized using star-shaped lactic acid based resin with glycerol core molecule (1), its
blend with styrene (2), and a commercial oil-based polyester resin (3). Results showed
that bio-based composites had roughly similar mechanical properties at room
temperature, but thermomechanical properties at higher temperatures were considerably
superior compared to that of commercial polyester composites. Ageing test results
showed that bio-based resin composites deteriorate by ageing, while commercial
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polyester composites remained intact; however, co-polymerizing with styrene improved
the ageing behaviour of the bio-based resin and made it suitable for many applications.
In chapter VII the curing kinetics of the star-shaped lactic acid based resin with
xylitol core molecule was investigated and modelled. For cure kinetics, the DSC was
used to measure the heat flow of dynamic and isothermal curing processes. Nonisothermal curing experiments were performed to study the curing kinetics of the
reactions. The curing process was then modeled by the change of various kinetic
parameters, reaction orders and evolutions of activated energy under the test reaction
conditions. Different models of curing have been investigated including nth-rate model,
autocatalytic model, modified autocatalytic model, Kamal’s model, and modified models
based on Kamal’s model. Different order of reactions were also considered for modelling
purpose. The results showed that the star-shaped resins’ curing can be expressed by
autocatalytic model with order 2. Also, a better fit was obtained using Kamal’s model
with order 2. However, other models were failed accurate predicting of the curing
behaviour of the resin.
In chapter IIX, (part B.1) another star-shaped thermoset resin was synthesized by
direct condensation reaction of itaconic acid and glycerol. The resin had high viscosity
which made it unsuitable for manufacturing purposes. In order to decrease the viscosity
of the resin, the carboxyl groups of the oligomers were end-functionalized by ethanol.
The viscosity of the base-resin was substantially higher than that of alcohol-treated resin
which was only 0.35 Pa s at room temperature and 0.04 Pa s at 70 °C. The glass
temperature (Tg) of the alcohol-treated resin was 122 °C. Fully biobased content and
inexpensive raw materials, biodegradability, very good thermomechanical and very
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promising rheological properties along with good thermal stability were of advantages of
the synthesized resin.
In chapter IX (part B.2), activated star-shaped itaconic acid based thermosetting
resins were synthesized by direct condensation reaction of itaconic acid and glycerol,
followed by activation of the oligomers, by methanol and allyl alcohol treatments. Instead
of ethanol, in this study, methanol and allyl alcohol were suggested to improve the
thermomechanical properties of the resin by increasing the cross-linking density of the
samples. The viscosity of both resins were slightly higher than the ethanol treated
itaconic acid based resin, but still lower than other reported biobased thermosets.
However, the glass temperature (Tg) of the methanol-treated resin was 150 °C,
substantially higher than that of the allyl alcohol-treated resin (observed at 93 °C) and to
date reported star-shaped bio-thermosets. DMA results also showed very good
mechanical properties for the methanol-treated resin in terms of storage modulus,
compared to that of allyl alcohol treated resin (61% higher G’ was obtained for the
methanol-treated resin). The results have shown that these resin are capable of competing
with or even surpassing fossil fuel based resins in terms of cost and eco-friendliness
aspect.
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Chapter 11-Recommendations for Further Study


Studying the Curing kinetics of the synthesized polyol resins-Ethylene Glycol
(EG), Glycerol (GL), Pentaerythritol (PE) and Xylitol (Xyl) based resins. The
details of synthesis have been explained in chapter 5.



Studying the curing kinetic and rheological modeling of Itaconic acid based
resins. The details of synthesis of Itaconic acid-based resins have been introduced
in chapters 8 and 9.



Composite preparation from the Itaconic acid based resins-Ethanol-Allyl and
Methanol treated resins and natural fibers i.e. flax, jute, hemp and cotton.



Employment of the itaconic acid based resin for 3D printing purposes-for
preparation of novel engineered composites.



Employing Lactic acid chains in the structure of the star-shaped itaconic acid
based resin-Synthesis studies and assessment of its thermomechanical properties.



Functionalization of Itaconic acid based resins for fire retardancy purposes, by
employing phosphorous groups.



Functionalization of Itaconic acid based resins for embedding antibacterial agents
in the structure for drug delivery purposes.



Technoeconomic feasibility studies of itaconic acid based resins and also
composite production.

 Conducting LCA studies for the itaconic acid based resin composites
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Appendix 1
Figure A1- 1 Effect of curing methods on distribution and propagation of bubbles and
cracks-100X
Figure A1- 2 Optimization of heating regimes on distribution and propagation of bubbles
and cracks-Explanations given in Chapter one
Figure A1- 3 Left: Reactor set up for polycondensation reactions-Right: Azeotropic
separation of water and toluene in the azeotropic distilation column.
Figure A1- 4 Polycondensation’s reactor with the condensated resin
Figure A1- 5 Gel problem happening during different stages of the experiments
Figure A1- 6. Casted samples of n3, n5 and n7 resin samples, prepared for DMA
analysis. Cutted samples of n5 resin.
Figure A1- 7. top: sputter gold machine, bottom: SEM machine used in microscopy of the
composites.
Figure A1- 8. SEM micrographs of the cross-sections of PLA-jute composite. More
explanation in chapter 3.
Figure A1- 9. SEM micrographs of the (n5-PLA)-jute composites. More explanation in
chapter 3.
Figure A1- 10. SEM micrographs of the cross-sections of n5-jute composite. More
explanation in chapter 3.
Figure A1- 11. Sample preparation for NMR studies. n3, n5 and n7 samples in CDCl3
from left to right
Figure A1- 12. Reactor and reactants of the itaconic acid based resin experiment. Itaconic
acid+Glycerol+Toluene and Catalyst

318
Figure A1- 13. Polycondensation’s reactor with the condensated resin, for Itaconic acid
based resin
Figure A1- 14. Polycondensated Star-Ita.Gly resin with high viscosity, unsutable for
processing. More explanation in chapter 8.
Figure A1- 15. Cured sample of Star-Ita.Gly resin. More explanation in chapter 8.
Figure A1- 16. Preparation of itaconic acid crystals inside the reactor, during the
production of Star-Ita.Gly resin
Figure A1- 17. Polycondensation’s resin (bottom) and the condensated resin after
vaccuum removal of extra solvent (top) for Itaconic acid based resin
Figure A1- 18. Successfully casted and cured optimized TStar-Ita.Gly resin. More
explanation in chapter 8.
Figure A1- 19. Polycondensate Star-Ita.Gly resin. Samples taken during the time-course
of polycondensation reaction.
Figure A1- 20. From left to right: Star-Ita.Gly resin-Base resin, Ethanol-treated StarIta.Gly resin, Methanol-treated Star-Ita.Gly resin, and Allyl alcohol treated Star-Ita.Gly
resin.
Figure A1- 21. Casted samples of star-shaped ethanol-treated itaconic acid based resin
samples, prepared for DMA analysis- The samples of Methanol-treated and allyl alcoholtreated samples were similar and are not presented here.
Figure A1- 22. DMA analysis set up for allyl alcohol treated samples. More explanation
in chapter 9.
Figure A1- 23. Temperature mesh set up configuration used in DMA analysis of the
activated itaconic acid based resins.
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Figure A1- 24. top: Casted samples of methanol-treated itaconic acid based resins after
the DMA analysis. bottom: Casted samples of allyl alcohol-treated itaconic acid based
resins after the DMA analysis.
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Figure A1- 1 Effect of curing methods on distribution and propagation of bubbles and
cracks-100X
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Figure A1- 2 Optimization of heating regimes on distribution and propagation of bubbles
and cracks-Explanations given in Chapter one
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Figure A1- 3 Left: Reactor set up for polycondensation reactions-Right: Azeotropic
separation of water and toluene in the azeotropic distilation column.

Figure A1- 4 Polycondensation’s reactor with the condensated resin
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Figure A1- 5 Gel problem happening during different stages of the experiments
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Figure A1- 6. Casted samples of n3, n5 and n7 resin samples, prepared for DMA
analysis. Cutted samples of n5 resin.
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Figure A1- 7. top: sputter gold machine, bottom: SEM machine used in microscopy of the
composites.
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Figure A1- 8. SEM micrographs of the cross-sections of PLA-jute composite. More
explanation in chapter 3.
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Figure A1- 9. SEM micrographs of the (n5-PLA)-jute composites. More explanation in
chapter 3.
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Figure A1- 10. SEM micrographs of the cross-sections of n5-jute composite. More
explanation in chapter 3.
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Figure A1- 11. Sample preparation for NMR studies. n3, n5 and n7 samples in CDCl3
from left to right

Figure A1- 12. Reactor and reactants of the itaconic acid based resin experiment.
Itaconic acid+Glycerol+Toluene and Catalyst
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Figure A1- 13. Polycondensation’s reactor with the condensated resin, for Itaconic acid
based resin

Figure A1- 14. Polycondensated Star-Ita.Gly resin with high viscosity, unsutable for
processing. More explanation in chapter 8.
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Figure A1- 15. Cured sample of Star-Ita.Gly resin. More explanation in chapter 8.

335

Figure A1- 16. Preparation of itaconic acid crystals inside the reactor, during the
production of Star-Ita.Gly resin
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Figure A1- 17. Polycondensation’s resin (bottom) and the condensated resin after
vaccuum removal of extra solvent (top) for Itaconic acid based resin
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Figure A1- 18. Successfully casted and cured optimized TStar-Ita.Gly resin. More
explanation in chapter 8.

Figure A1- 19. Polycondensate Star-Ita.Gly resin. Samples taken during the time-course
of polycondensation reaction.
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Figure A1- 20. From left to right: Star-Ita.Gly resin-Base resin, Ethanol-treated StarIta.Gly resin, Methanol-treated Star-Ita.Gly resin, and Allyl alcohol treated Star-Ita.Gly
resin.

Figure A1- 21. Casted samples of star-shaped ethanol-treated itaconic acid based resin
samples, prepared for DMA analysis- The samples of Methanol-treated and allyl alcoholtreated samples were similar and are not presented here.
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Figure A1- 22. DMA analysis set up for allyl alcohol treated samples. More explanation
in chapter 9.

Figure A1- 23. Temperature mesh set up configuration used in DMA analysis of the
activated itaconic acid based resins.
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Figure A1- 24. top: Casted samples of methanol-treated itaconic acid based resins after
the DMA analysis. bottom: Casted samples of allyl alcohol-treated itaconic acid based
resins after the DMA analysis.
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Appendix 2
1. Synthesis of PLLAs with ethylene glycol core molecule.
2. Synthesis of PLLAs with glycolic acid core molecule.
3. Synthesis of PLLAs with 1,4-butanediol core molecule.
4. Synthesis of PLLAs with diethylene glycol core molecule.
5. Synthesis of PLLAs with 1,6-hexanediol core molecule.
6. Synthesis of S-LA with glycerol core molecule.
7. Synthesis of S-LA with 1,1,1-tri(hydroxymethyl)propane core molecule.
8. Synthesis of S-LA with 1,3,5-benzenetrimethanol core molecule.
9. Synthesis of S-LA with pentaerythritol (PENTA) core molecule.
10. Synthesis of S-LA with di(trimethylolpropane) core molecule.
11. Synthesis of S-LA with xylitol core molecules with five hydroxyl groups using
LA
12. Synthesis of S-LA with xylitol core molecules with five hydroxyl groups using
lactide
13. Synthesis of S-LA with dipentaerythritol core molecule.
14. Synthesis of S-LA with hexa(hydroxymethyl)benzene
15. Synthesis of S-LA with poly(3-ethyl-3-hydroxymethyloxetane) core molecule.
16. End functionalization agents:1: methacrylic anhydride (MAAH),2: methacrylic
acid (MAA), 3: itaconic acid (IT) and 4: 2-Butene-1,4-diol
17. 1: PLA esterification promotion functionalization, 2: End functionalized LA
oligomers capable of free radical crosslinking.
18. Reaction scheme for the step-one resins of xylitol and lactic acid n=3, 5 and 7.
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19. Reaction scheme for the step-two (functionalized) resins of xylitol and lactic acid
n=3, 5 and 7.
20. Polycondensation (step 1) and end-functionalized (step 2) resins with MAAH: 1)
step 1, ethylene glycol based resin, 2) step 2, ethylene glycol based resin, 3) step
1, glycerol based resin, 4) step 2, glycerol based resin, 5) step 1, erythritol based.
21. Reaction schemes for the synthesis of star-Ita-Gly resins.
22. Reaction schemes for end-functionalization with ethanol to synthesis Tstar-ItaGly resins.
23. Reaction schemes for the synthesis of methanol-treated star-shaped Itaconic acid
based resins.
24. Reaction schemes for the synthesis of allyl alcohol treated star-shaped Itaconic
acid based resins.

343

H2O

1

+

H2O

2

+

H2O

3

+

4

+

H2O

H2O

5

+

H2O

6

+

H2O

7

+

8

+

9

+

H2O

H2O

H2O

10

+

344

11

12

H2O

+

H2O

+

H2O

+

13

H2O

14

+

H2O

+

15

16
1

2

4

3

17

1

2

345

18

Step-one Resin

Lactic acid

Xylitol

19

Step-one Resin

Step-two Resin

Methacrylic anhydride

1

Methacrylic acid

2

O

O

O

O
O

O

O
O

4

O

4

O

4

O

O

4

3

20

4

O
O

O

O

O

O
O

O

O

O
O

4

O

O
O

O

4
O

5
6

21 3

+

R

22

+

3

R

4

346

23

+

3

R

24

+

3

R

