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ABSTRACT 

Epoxidized vegetable oil (EVO) is one of the largest industrial applications of 

vegetable oils (VOs) and is widely used as a plasticizer and as a synthetic intermediate 

for polyol or unsaturated polyester.  However, the utility of EVO as monomer for high 

performance epoxy thermoset polymer is limited by its reactivity and by the resulting 

physical properties.  Herein, VO-based epoxy monomers, i.e., glycidyl esters of 

epoxidized fatty acids derived from soybean oil (EGS) or linseed oil (EGL), have been 

synthesized and were benchmarked against commercial available diglycidyl ether of 

bisphenol A (DGEBA) and also epoxidized soybean oil (ESO) controls.  EGS and EGL 

possessed higher oxirane content, more reactivity and lower viscosity than ESO or 

epoxidized linseed oil (ELO), provided better compatibility with DGEBA as a reactive 

diluent, and yielded thermally and mechanically stronger polymers than polymers 

obtained using ESO.  Glass transition temperatures (Tg) of the VO-based epoxy thermoset 

polymers were mostly a function of monomer oxirane content with some added structural 

influences of epoxy reactivity, and presence of a pendant chain.  Organo-modified 

montmorillonite clay (OMMT) and long glass fiber reinforced composites (FRC) were 

efficiently manufactured using anhydride cured EGS as matrices.  The OMMT 

nanocomposites showed higher mechanical and thermal strength than the neat polymers 

but were also dependent on the dispersion techniques and the clay concentration.  

Surprisingly, the neat EGS-anhydride matrix FRC showed comparable properties, such as 

flexural and impact strengths and slightly lower Tg, versus DGEBA based counterparts.  

These high performance monomers, polymers, and composites have potential to replace 

petroleum-based epoxy as value-added products from VOs compared to EVOs. 
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SECTION 

 

1. PREFACE 

The use of naturally occurring polymeric materials such as cotton, wool, silk, 

starch, and leather has existed throughout the history of human civilization.  In fact, early 

synthetic polymers such as nitrocellulose or vulcanized natural rubber were also derived 

from natural polymeric materials.  Since the invention of Bakelite, a completely synthetic 

polymer, the 20
th

 century witnessed exponential growth of synthetic polymers that was 

accompanied with a booming petrochemical industry.  In the last two decades, the 

development of bio-based polymers, i.e., polymers derived from renewable feedstocks 

such as starch, cellulose, lignin, lipids, and proteins, has found renewed interest in the 

polymer industry.
1-3

  This trend has been driven by the growing societal concerns about 

sustainability, depletion of fossil raw materials, and a perceived negative environmental 

impact of petroleum-based polymers. 

Vegetable oils (VOs) are an attractive natural resource for the synthesis of bio-

based polymers because of their low and stable cost, ready availability in large quantity, 

and potential biodegradability.
4-6

  The world total production of VOs was more than 150 

million tons in 2012 (Figure 1.1).  Palm oil is the single largest oil production volume 

followed by soybean, rapeseed and sunflower oil, respectfully.  Soybean is the second 

largest crop plant in U.S. behind corn and U.S. was second in production to Brazil in 

soybean production.  The U.S. production of soybean oilseed and soybean oil in 2012 

were 82 million tons and 8.6 million tons, respectively.
7
  VOs are primarily used in food 



 

 

2 

and feed applications, whereas only about 20% are used as industrial feedstocks for 

biofuels, coatings, paints, lubricants, plasticizers, surfactants, etc.
8
 

 

Figure 1.1. The global total vegetable oil production and that of four major oilseed crops 

since the year 2000 
9
 

 

Vegetable oils predominantly consist of triglyceride, the glycerol esters of fatty 

acids.  Fatty acids are achieved as one of the hydrolysis products of triglycerides with 

five major types of fatty acids of chain lengths ranging from 16 to 18 carbons with 0 to 3 

double bonds: palmitic, stearic, oleic, linoleic and linolenic acids.  The structures of these 

triglyceride and fatty acids are shown in Figure 1.2.  The amounts of the different fatty 

acids varies within different VOs and even within the same plant oil that is dependent on 



 

 

3 

the plant species and, seasonally, on the growing conditions.  The fatty acid composition 

and degree of unsaturation for some common VOs are summarized in Table 1.1. 

 

 

Figure 1.2. Structures of triglyceride and five most important fatty acids 

 

The industrial exploitation of VOs is mostly based on the chemical modification 

of the carboxyl and/or unsaturation carbon groups present in fatty acids.
10-12

  One of the 

most important parameters affecting the physical and chemical properties of fatty acid 

and VO is the number of double bonds, or the degree of unsaturation, which is measured 

by the iodine value (I.V.).  Based on the iodine values, VOs can be divided into three 



 

 

4 

types: drying oils (I.V. > 130, such as linseed oil); semi-drying oils (100 < I.V. < 130, 

such as soybean oil) and non-drying oils (I.V. < 100, such as palm oil).
13

  For a 

thermosetting polymers application, VOs with higher I.V. are desirable, which means 

more functional groups that facilitate more highly crosslinked structures for better 

thermal and mechanical strengths.  One must bear in mind that saturated chains 

possessing no double bonds show no reactivity for polymerization except through the 

ester carboxyl. 

 

Table 1.1 Typical properties and fatty acid compositions of common vegetable oils
14-18

 

VO 

Saturated Unsaturated 

Double Bonds
a 

Iodine Value
b 

palmitic stearic oleic linoleic linolenic 

Canola 4 2 61 21 9 3.9 110-126 

Cottonseed 22 3 19 54 1 3.9 90-119 

Corn 11 2 25 60 1 4.5 102-130 

Linseed 5 4 22 17 52 6.6 168-204 

Olive 14 3 71 10 1 2.8 75-94 

Palm 44 4 39 10 - 1.8 44-58 

Peanut 11 2 48 32 - 3.4 80-106 

Soybean 11 4 23 53 8 4.6 117-143 

Sunflower 6 4 42 47 1 4.7 110-143 

* Note: percentages may not add to 100% due to rounding and/or presence of 

other minor fatty acid contents, which are not listed; 
a
 Average number of double bonds 

per triglyceride; 
b
 I.V. = grams of iodine consumed by 100 g of oil samples 

 

Vegetable oils and their derivatives have been exploited in many ways to 

synthesize various polymeric materials,
13, 19-23

 such as oxypolymerized oils, polyesters, 



 

 

5 

polyamides, epoxies and polyurethanes (Figure 1.3).  Although VOs possess double 

bonds, the radical initiated polymerization of common, non-conjugated VOs have 

received little attention due to the low reactivity of the internal double bonds and to the 

chain transfer processes that occur at their adjacent, allylic positions in fatty acid 

chains.
21

   

VOs, however, especially highly unsaturated drying oils, can react with 

atmospheric oxygen to form a crosslinked structures through radical combination and 

radical addition mechanisms.
24

  These polymeric materials found application in air 

oxidative drying paints, varnishes and other coating processes that date back to the days 

of cave paintings (ca. 30,000 yr ago).
25

  Viscous liquid polymers of “bodied oil” or “air 

blown oils” are oligomers of oils that have been prepared from simply thermally heating 

of soybean oils with or without air-blowing, respectively.  Such processes also result in 

the formation of numerous oxidation products such as alcohols, carboxylic acids, 

aldehydes and ketones.
26

  

Polyester alkyd (i.e., alcohol-acid) resins are historically among the oldest 

polymers derived from VOs and have been widely used in a variety of commercial 

coating applications.  They are prepared by the transesterification of polyols with 

polyacids/anhydride and VOs/fatty acids.  After initial esterification, the viscosity is 

further increased by heating to a high temperature through further esterification and 

crosslinking reactions.  Depending on the oil percentage present in the mixture, the 

resulting alkyd resin can be classified as oil-free (0%), short oil (<45%), medium oil (45-

55%) or long oil (>55%) alkyd.
27
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Figure 1.3. General routes for synthesis of VO-based polymers 

 

The internal double bonds of VOs are rich in electrons thus are susceptible to 

cationic polymerization.  Using BF3∙Et2O as initiation catalyst, cationic polymerization of 

VOs has been conducted by Larock and co-workers.
18, 21, 28

  To further improve the 

thermal and mechanical performance and reduce heterogeneity, copolymerization with 

vinyl monomers such as styrene, divinyl benzene is necessary, and has resulted in 

polymers ranging from soft rubbers to hard plastics, depending on the comonomer 

ratios.
29

  

Instead of directly polymerizing neat VOs, monomers can be synthesized through 

chemical transformation or functionalization of VOs before polymerization.  Several 

types of triglyceride functionalization can be obtained at active sites, i.e., double bond 

and/or ester groups.  The epoxidation of double bonds using peroxy acids to prepare 

epoxidized vegetable oils (EVO), such as epoxidized soybean oil (ESO) or epoxidized 
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linseed oil (ELO), is one of the most industrially important functionalizations of VOs 

because the highly reactive epoxy groups can be utilized as monomer or be readily 

transformed into other polymerizable functionalities.  For instance, polyols for 

polyurethane can be prepared by a ring opening reaction of epoxy groups to form 

alcohols.
19, 30-32

  Acrylated epoxidized soybean oil (AESO) is another important 

functionalization of EVO through an epoxy ring opening with acrylic acid.  The AESO 

can be blended with other reactive diluent comonomers such as styrene and then cured by 

a free radical or cationic initiated polymerization.  The formed thermoset has found 

application as sheet molding compound with mechanical properties comparable to 

commercially available unsaturated polyester and vinyl ester resins.
14, 33-35

 

Direct polymerization of EVOs to prepare epoxy thermoset polymers has been 

conducted since 1950s; however, EVO has received only limited success so far as an 

epoxy monomer because of the low reactivity of internal epoxy with common, 

nucleophilic curing agents, such as polyamines and anhydrides.  Moreover, the inherently 

aliphatic nature and residual, saturated fatty acid component in VO feedstocks lead to less 

tightly crosslinking structures and polymeric materials that lack the necessary rigidity and 

strengths required for structural applications.  EVO are, therefore, mostly used as 

secondary plasticizers or stabilizers for poly(vinyl chloride) or as reactive diluents for oil-

base coatings with lower strength requirement.  
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2. OBJECTIVE OF THIS RESEARCH 

Traditional EVO materials have been shown not only to have potential advantages 

but also distinct disadvantages toward high performance epoxy thermoset materials.  I 

hypothesize that the properties and performance of EVO monomers are a function of the 

EVO chemical structure, oxirane content and residual unsaturation.  The main objective 

of the work is to develop new VO-base epoxy monomers, polymers and composites 

materials with improved properties.  The following studies were planned to attain the 

objective:  

1. Synthesize VO-based epoxy monomers using glycidation and double bond 

epoxidation chemistry to produce monomers of controlled reactivity, oxirane content 

and chemical structure including residual saturation, and characterize these 

monomers using standard techniques.   

2. Investigate the curing and thermal mechanical behaviors of the VO-based epoxy 

monomers with various curing agents such as anhydrides, polyamines and cationic 

catalysts.  The structure-property relationship of VO-based epoxy thermosets will be 

especially emphasized. 

3. Blend the VO-based epoxy monomers with commercial available epoxy resins such 

as diglycidyl ether of bisphenol-A (DGEBA), to improve polymers thermal and 

mechanical properties.  Study the effect of structure of aromatic DGEBA and its 

concentration on the curing characteristics, thermal and mechanical performance. 

4. Manufacture of VO-based epoxy composites using nano-reinforcements or long 

fiber-reinforcements to further improve performance of VO-based polymers and 

potentially for a high strength structural applications. 
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ABSTRACT 

Polymers based on vegetable oil (VO) have the potential to replace or augment 

the traditional, petroleum-based polymers.  Epoxidized vegetable oils (EVO) are one 

form of epoxy monomer that are derived from raw VO.  They are widely used as 

plasticizers and intermediates for polyols of bio-based polyurethane or unsaturated 

polyesters.  A comprehensive review covers epoxy thermoset polymers prepared from 

EVO and analogous, fatty acid derived epoxy monomers resins.  The scope, performance, 

and limitations with respect to utilization of such materials in various applications are 

highlighted.  The utility of EVO monomers is enabled or limited by their reactivity and 

by the physical properties of their resulting polymers.  The effects of the chemical 

structures of VO-based epoxy, various catalysts, and comonomers on the properties of 

thermoset polymers are especially emphasized. 
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1. INTRODUCTION 

Epoxy resin is compound or pre-polymer normally containing more than 

equivalent of oxirane per mole of compound.  Oxirane, also known as epoxy, is highly 

reactive due to the strained ring and polar bond structure and can afford a large variety of 

chemical reactions.  Epoxy resins can react with themselves, through anionic or cationic 

homopolymerization, or with a variety curing agents, often called hardeners or 

crosslinkers.  Common curing agents include polyamines, anhydrides, or phenols.  An 

enormous numbers of epoxy formulations fitting various applications are possible 

through a down-selection of the epoxy resin, curing agent, additive(s) and curing 

conditions.  The cured epoxy resins exhibit excellent thermal and mechanical strength, 

outstanding chemical resistance, high adhesive strength and low shrinkage.  Since the 

first commercial debut in about the 1940s, epoxy resins have become one of the most 

important monomers for synthesizing thermoset polymers and are widely used in 

coatings, adhesives and composites.
1
   

Epoxy resins can be roughly divided into three classes: aliphatic, cycloaliphatic 

and aromatic.  By far, the diglycidyl ether of bisphenol A (DGEBA) structure, which is 

made from the condensation reaction of bisphenol A (BPA) and epichlorohydrin (EPCH), 

is the most common, commercially available epoxy resin.  EPCH is traditionally 

produced from propylene in a multi-step process.  Glycerol, which is an effluent 

byproduct from the biodiesel industry, can also be used to produce EPCH and has been 

recently commercialized (Figure 1).
2
  Since BPA is classified as an endocrine disruptor, 

which may lead to negative impact on human health, several countries have banned BPA 

using in infant bottles and considerable research has been focused on using compounds 
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derived from wood/lignin,
3-6

 rosin,
7-12

 tannins,
13, 14

 sugar,
15, 16

 cardanol,
17

 or itaconic 

acid
18, 19

 to replace BPA and, at the same time, to contribute toward sustainable 

development in the polymer industry as bio-based thermoset polymers.  However, some 

of these epoxies still have unresolved issues such as limited production, low purity, 

complex structure and lack of structural control, hydrophilicity, brittleness, and/or 

unknown toxicity.  The efficient and economical synthesis of a bio-based epoxy is a 

challenge and still strongly dependent on future developments.
20 

 

 

Scheme 1. Synthesis of epichlorohydrin and DGEBA epoxy resin. 
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2. EPOXIDIZED VEGETABLE OILS 

Apart from renewability, availability and relatively low and stable prices, 

vegetable oils (VOs) such as soybean or linseed oil, of diverse chemical structure and 

high synthetic potential, could be attractive and feasible resources in the synthesis of bio-

based chemicals.
21, 22

  VOs are major agricultural commodities with total production 

about 159 million tons in 2012.  While their production was continuously increasing in 

recent years,
23

 only a small portion of VOs are used as oleochemicals for surfactants, 

lubricants, coatings, paints and biodiesel.  The industrial exploitation of VOs is mostly 

based on chemical modification of the carboxyl and carbon double bonds presented in 

triglyceride, i.e., glycerol ester of fatty acid. 

There are five dominating types of free fatty acids that range in length from 14 to 

18 carbon atoms of 0 to 3 double bonds within the chain.  The common unsaturated fatty 

acids are oleic, linoleic and linolenic acids that containing one (C18:1), two (C18:2) or 

three (C18:3) double bonds, respectively.  The common saturated fatty acids are palmitic 

acid (C16:0) and stearic acid (C18:0).  One must bear in mind that saturated fatty acids 

show no reactivity except through a telechelic carbonyl.  Highly unsaturated fatty acids 

are desirable for thermoset polymer application since double bonds provide opportunity 

for property development through highly crosslinked structures, hence better thermal and 

mechanical strength. 

Epoxidized vegetable oils (EVO) are a frequently studied polymer precursor in 

recent years.
22

  Vernonia oil is a naturally occurring EVO that is obtained from the seeds 

of a plant native to Africa, Vernonia galamensis.  The seeds contain up to 40 wt.% oil by 

weight, with typical fatty acid distributions averaging 6% oleic acid, 12% linoleic acid, 
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and 80% vernolic acid (Scheme 2).
24

  Possessing low viscosity, vernonia oil has been 

used as reactive diluent in epoxy coating formulations
25

 or in cationically cured blends 

with commercial epoxy.
26 

 

 

Scheme 2. Structure of venolic acid in Vernonia oil. 

 

Epoxidized soybean oil (ESO) and epoxidized linseed oil (ELO) are currently the 

only bio-renewable epoxies that reach industrial scale production.  World annual 

production of EVOs is greater than 200,000 tons.
27

  EVO can be prepared by the 

epoxidation of the double bond of fatty acids using peracids and such processes have 

been utilized since the 1940s.
28, 29

  Performic acid or peracetic acid are commonly 

employed by the industry and are formed in situ from hydrogen peroxide and the 

corresponding acid in the presence of strong acid catalyst such as sulfuric acid (Scheme 

3).
30

  However, strong acids also catalyze the ring-opening reaction of the desired 

product, oxirane.  In order to improve epoxidation selectivity and reduce side reactions, 

an acidic ion exchange resin,
31

 heterogeneous transition metal catalyst
32

 or enzyme
33, 34

 

have been used as a peracid catalyst for epoxidation of VOs.  The latter has proved to be 

very effective for the epoxidation of VOs with extremely high yields and less side 

reaction.  The epoxy content of VOs depends on the epoxidation methodology and origin 
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of the VO, i.e., the extent of epoxidation and starting iodine value.  The oxirane oxygen 

concentrations of ESO and ELO are approximately 7% and 9%, respectively. 

 

 

Scheme 3. Epoxidation of VOs or their fatty acid derivatives. 

 

EVOs are industrially applied in polyvinyl chloride (PVC) plastics as a secondary 

plasticizer and scavenger for hydrochloric acid liberated during heat treatment of PVC.  

EVO offers promise as an inexpensive, renewable material (about $1500/ton in 2013) for 

many epoxy applications because EVOs share many of the characteristics of conventional 

petroleum-based epoxies.  The epoxy group of EVO is versatile as a reactive intermediate 

to provide other functionalities suitable for polymer synthesis, e.g., polyols for 

polyurethanes,
35

 maleinized and/or acrylated VO as sheet molding compounds.
36

  Such 

processes have been well established and are also commercialized.  These applications, 

however, fall outside the scope of this review where only direct use of fatty acid-derived 

epoxy as monomers for preparing epoxy thermoset polymers is considered.   

Despite their promise and versatility, EVO are not able to compete with 

analogous petroleum-based epoxy polymers in many structural applications.  Direct use 

of EVO as an epoxy resin
37, 38

 dates to the 1950s, but have since shown limited success.  
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EVOs lack a stiff, aromatic or cycloaliphatic structure which confers greater strength as 

found in other commercial epoxy thermoset polymers.  Their internal, secondary carbon 

oxiranyl groups possess relatively much lower reactivity to common polyamine or 

anhydride curing agents. 

In what could be regarded as a stalled field, strongly revitalization has occurred in 

recent years.  Firstly, a “green chemistry” emphasis, also called “sustainable chemistry”, 

has entered the field of polymer industry.  For instance, the reputed RSC publishing 

journal Green Chemistry, which focuses on research of alternative/sustainable 

technologies, debuted in 1999.  The utilization of natural, renewable products is 

considered one of the most important approaches to conduct green chemistry.  Use of an 

EVO not only takes advantage of the synthetic potential of nature but can also reduce our 

environmental footprint through a reduction in consumption of non-renewable resources 

such as petroleum.   

Secondly, the application of the EVOs has been actively widened.  Various 

thermoset polymers have been synthesized from EVOs through properly choosing curing 

agents or curing conditions, through new formulation approaches in composites, coatings 

and toughening agents are being continuously developed, as will be detailed in later 

sections.  Lastly, but most important, new epoxy monomers derived from VOs have been 

successfully synthesized that show more promise than common EVOs in terms of 

reactivity and thermal and mechanical strength.  The new monomers are a strong step 

towards advanced applications, such as structural composites, made possible through 

improved structure, reactivity and proper choice of formulation conditions.  Properties 

are the avenue by which to provide the opportunity for bio-based epoxy resins to replace 
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or supplement petroleum-based counterparts.  Without sufficient properties, there can be 

no commercial opportunity. 

3. VEGETABLE OIL DERIVED EPOXY MONOMERS 

Commercial EVOs, as the major epoxy resins derived from VOs, have inherent 

problems that derive from their chemical structure, flexibility and hindered reactivity.  

Most thermoset polymers derived from EVO have very low glass transition temperature 

(Tg) and are mainly of a rubbery state, which inevitably limits their application.  As a 

result, it has been of interest to synthesize VO-derived epoxies of enhanced 

polymerization rate and stiffer polymer backbone. 

Functionalized oils have been prepared from linseed oils and 1,3-butadiene, 

cyclopentadiene or dicyclopentadiene through Diels-Alder reaction (Scheme 4).  

Epoxynorbornane linseed oils (ENLOs) were prepared using hydrogen peroxide under 

catalyst.
39, 40

  The produced cycloaliphatic structure is expected to improve polymer 

tensile strength, toughness and Tg and well suited for cationic polymerization.  However, 

the double bond conversion of linseed oil had to be limited, e.g., < 30%, otherwise only 

high viscosity liquids or soft solids were obtained.  Reactive diluents were required to 

reduce the viscosity of the formulation, accelerate the rate of cationic polymerization, and 

increase their final conversions.
41 
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Scheme 4. Synthesis of ENLO which is derived from linseed oil and cyclopentadiene. 

 

Epoxidized sucrose esters of fatty acids (ESEFAs), highly functional epoxy 

compounds with reasonably well-defined structures, have been synthesized by Webster 

and coworkers (Scheme 5).
42, 43

  Anhydride cured ESEFAs showed better thermal and 

mechanical strength than those of EVO.  ESEFAs still possess internal epoxy groups, 

which are less reactive with common anhydride and amine curing agents than a terminal 

epoxy analogous to DGEBA, internal epoxy groups are better used for cationic cured 

coating applications.
44

  A drawback to the ESEFA approach is the relatively large 

viscosity increase compared to EVO that hampers some applications.   
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Scheme 5. Molecular structure of ESEFA. 

 

Polyepoxides were derived from poly (vinyl ether of soybean oil fatty acid esters) 

(poly-VESFA) through transesterification of soybean oil with ethylene glycol vinyl ether 

(Scheme 6).  The poly-VESFA has an increased number of fatty branches per molecule 

than native soybean oil thus the epoxidized poly-VESFA showed faster curing kinetics 

and improved Tg than ESO due to the higher number of epoxy groups per molecule.
45

  

The much higher viscosity, a reduced molecular mobility associated with a polymeric 

structure as compared with EVO, and presence of only internal epoxy limits epoxidized 

poly-VESFA toward coating applications.
46 

 

Scheme 6. Synthesis of epoxidized poly-VESFA. 
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Unlike the internal oxirane of monomers such as EVO, terminal epoxies such as 

glycidyl show improved reactivities during nucleophilic curing reactions.  For instance, 

the terminal epoxy of epoxidized triglyceride esters of undecylenic acid (Scheme 7) have 

been synthesized and successfully used in the epoxy-amine or epoxy-anhydride curing.
47, 

48
  The prepared coating compounds also exhibited UV stability due to the predominance 

of aliphatic structures.
49

  The epoxidation rate of the terminal electron-deficient alkenes 

in undecylenic acid by peracids is much lower than the internal double of natural fatty 

acids.
50-52

 

Undecylenic acid is produced by pyrolytic cracking of castor oil under pressure.  

The non-natural fatty acid then must be reacted with glycerol to reform triglyceride ester 

and to increase crosslink density.  The maximum 3 oxirane per epoxidized triglyceride 

ester of undecylenic acid molecule is still lower than that of ESO with about 4.5 oxirane 

per triglyceride.  Cured thermosets polymers offer little advantage over the similar but 

more readily available ESO or ELO counterparts with the exception of minimized 

pendant alkyl chain content.   

 

Scheme 7. Synthesis of epoxidized triglyceride ester of undecylenic acid. 

 

Terminal epoxies of glycidyl esters synthesized from dimer or trimer fatty acids 

have been commercially available for some time.
53-55

  Recently, both dicarboxylic acid 

and a tricarboxylic acid were synthesized by Huang et al.
56

 using Diels-Alder addition 



 

 

22 

onto tung oil (eleostearic) fatty acid with acrylic acid and fumaric acid, respectively.  The 

corresponding diglycidyl or triglycidyl esters were prepared using base and EPCH 

(Scheme 8).  Both epoxies showed higher reactivities and improved performance 

compared to ESO.  The triglycidyl ester version displayed comparable strength, modulus 

and Tg to a DGEBA control.  

 

Scheme 8. Synthesis of triglycidyl esters derived from tung fatty acid and fumaric acid. 

 

Using readily available soybean oil or its free fatty acids, a fatty glycidyl ester 

epoxy was synthesized by Wang and Schuman.
57

  Versatility of transesterification and 

epoxidation reactions (Scheme 9) provide several routes toward synthesize the glycidyl 

esters of epoxidized fatty acids (EGS).  EGS merits include higher oxirane content and 

lower viscosity than commercial ESO, ELO or DGEBA.  A structure-property 

relationship study measured the effects of oxirane content and presence of saturated fatty 

acids on polymer properties.  EGS had unreactive saturated fatty acid components 

removed.  Upon curing cationically, neat EGS polymer displayed Tg well above room 

temperature.  Yet much higher Tg, e.g., greater than 100 °C, and improved mechanical 
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properties compared to other bio-based systems were obtained through selection of 

curing agents and catalysts. 

 

 

Scheme 9. Synthesis of glycidyl esters of epoxidized fatty acid (EGS, EGL). 

 

4. CURING REACTIONS OF EPOXIDIZED VEGETABLE OILS 

The polymeric materials of EVO are crosslinked networks of three dimensional 

structure through use of curing agents.  There are two types of curing agents, catalytic 

and co-reactive.  The catalytic curing agents initiate polymerization of the EVOs 

themselves, i.e., through homopolymerization, whereas the co-reactive curing agent 

behaves as a comonomer for EVO.  The curing process is bond formation through a 

combination of step-growth and/or chain-growth mechanisms.  Due to the polarity of C-

O bonds, the electron deficient carbon of oxirane constitutes an active site for 

nucleophilic reactions while the electron rich oxygen atom can afford an electrophilic 
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reaction site.  The rate of curing is dependent on temperature, curing agent and thus 

mechanism, as well as the type and number of epoxy groups present in the chemical 

structure. 

Despite a large volume of literature on the reactivity of EVO that can be in 

conflict, there is a consistency in its general conclusions: due to the sterically hindered 

and electron donating alkyl substituents, the rate of reaction of EVO with nucleophilic 

curing agents is lower compared to glycidyl (terminal) epoxy, while the rate is higher 

with electrophilic curing agents.  For instance, EVOs react especially sluggishly with 

common polyamine curing agents.
48, 58

  It is not/or uncommon for some EVOs to show 

no or reduced degree of curing due to the low reactivity and/or low oxirane content.  In 

many ways, the curing behaviors of EVOs are analogous to the commercial 

cycloaliphatic epoxies rather than the DGEBA.  Polyacids and their derivative 

anhydrides, plus the cationic catalysts, are commonly used curing agents for EVOs.   

4.1. ADDITION WITH POLYAMINES 

Polyamines are very frequently used curing agents for epoxy resins.  The overall 

reaction rate of amines with epoxy resin is influenced by structure and electronic 

properties of the amine.  The nucleophilic reactivity of amines generally follows the 

order: aliphatic > cycloaliphatic > aromatic.  Where the EVO molecules have long, 

flexible, and aliphatic structure, cycloaliphatic or aromatic amines can compensate for 

this shortcoming through their rigid structures.  Cyclic curing agents favor applications 

with high thermal and mechanical strength requirements
59-61

 but require higher curing 

temperature and longer reaction time.
62
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The main reaction of polyamines with epoxy is through a step-growth 

polymerization mechanism without formation of byproducts (Scheme 10).  A primary 

amine with two active hydrogens can consume two epoxy groups while a secondary 

amine will only consume one.  A tertiary amine group, which has no active hydrogen, is 

not bond forming with epoxy but instead behaves as a catalyst to accelerate epoxy-amine 

reactions.  Thus, curing with polyamines is an auto catalytic process.  However, 

polyamines are less efficient curing agents for EVO because of a lower reactivity of 

internal epoxy as mentioned above.  Accelerator or high temperature is required to cure 

EVO even for nucleophilic aliphatic amine, which can cure DGEBA at room or low 

temperature.  In addition, esters groups will react with primary amine and form alcohols 

and amides, i.e., via ester-aminolysis reaction.
63

  Epoxy monomers may be also attacked 

by the hydroxyl group of the reaction product especially under high temperature, a source 

of uncertainty during formulation. 

 

 

Scheme 10.  Mechanism of primary amine cure of an epoxy resin: (a) through a primary 

amine; (b) through a secondary amine; (c) through hydroxyl group generated from 

reactions a and b; and (d) ester-aminolysis reaction. 
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Autocatalytic curing behaviors were observed by Manthey et al.
64, 65

 in curing 

epoxidized hemp oil (EHO) with triethylenetetramine (TETA) and/or isophorone diamine 

(IPD), the addition of IPD was found to increase the curing rate of the EHO with TETA.  

A modified Kamal autocatalytic model indicated a decrease of reaction order with 

increase in temperature and a negative activation energy (Ea) was also observed.  The 

authors believed this was due to an unidentified competitive reaction at higher 

temperature.  Two different mechanisms, depending on the temperature for the 

epoxidized methyl oleate (EMO) and aniline system, were postulated by del Río et al.
66

  

The mechanism was autocatalytic at lower temperatures and non-autocatalytic at higher 

temperatures which favored an ester aminolysis reaction and lead to thermoset polymers 

of poor quality.   

The Reaction mechanism of EVO with polyamines has been determined by 

Fourier transform infrared spectroscopy and nuclear magnetic resonance.  Wang et al.
67

 

found only one of two adjacent epoxy groups in the same fatty acid chain takes part in the 

ring-opening reaction due to the steric hindrance.  While internal epoxies have higher 

reactivity with primary amines than ester groups, partially crosslinked ESO structures 

were broken by aminolysis reactions.  Secondary amines are unreactive with ester groups.  

Miao et al.
68

 also found that some ESO epoxy groups showed low reactivity especially 

after partially curing with isopropanol amine.  Lu
69

 found the secondary amine of bis (4-

aminocyclohexyl) methane (PACM) was left unreacted in the cured ESO network, which 

lead to lower crosslink density and the extent of aminolysis side reaction was decreased 

by lower amine concentrations. 
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The fact that hydroxyl compounds, water, alcohol, phenol, acid, etc., can 

accelerate the reaction between epoxides and amine compounds is widely recognized in 

commercial epoxy formulations.  Hydroxyl groups catalyze the reaction through the 

formation of a trimolecular complex, which facilitates nucleophilic attack of the amino 

group.
70

  Interestingly, these strategies are less applied toward EVO-amine curing 

systems.  In contrast, Lewis acids have been used to catalyze EVO-amine reactions. 

Harry-O'kuru
71

 found the ring opening of internal epoxy in EVO with 

dibutylamine under anhydrous ZnCl2 catalysis was facile and the reaction proceeded 

smoothly at moderate temperatures with only trace amounts of amide by-product.  

Stannous octoate also can significantly reduce the onset and peak exothermic temperature 

of ELO curing with 4,4
’
-methylenedianiline.

48
  BF3-amine has been used to accelerate 

reaction of ESO with cycloaliphatic and aliphatic amines.
69, 72

  The chemistry of the 

Lewis acid catalyzed cure process is rather complex, both step-growth and chain growth 

mechanisms are operative.  Besides the amine curing reaction, homopolymerization of 

epoxides and ester aminolysis may also take place depending on curing agents and curing 

conditions. 

4.2. ADDITION WITH ANHYDRIDES 

Anhydride reagents are the principal curing agents for EVO due to their improved 

reactivity with internal epoxy.  The reaction of anhydrides with epoxy groups is complex 

and several competing reactions take place at the same time.
73

  However, without 

accelerator the reaction is both slow and incomplete.  Anhydride is first initiated by 

hydroxyl (Scheme 11a) and the newly formed carboxyl group reacts with an epoxy group 

to form a hydroxyl diester (Scheme 11b).  The hydroxyl diester can react with anhydride 
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to generate another carboxyl group for reaction propagation (Scheme 11c).  The 

hydroxyl-epoxy reaction existed especially at high temperature (Scheme 11d).  If directly 

using polyacids as a curing agent, the initial mechanistic steps are not necessary as the 

reaction can be initiated by the protonation of epoxy groups followed by attack of 

carboxylic acid in a stepwise manner.  At high temperature the esterification between 

carboxylic acid and hydroxyl groups will occur (Scheme 11e) and generated water can 

hydrolyze the epoxy groups (Scheme 11f).
74

  Under alkaline catalysis such as with 

tertiary amine or imidazole, the carboxylate ion, which is generated by deprotonation of 

the acid at the beginning of the reaction, will act as a nucleophile in the epoxy ring-

opening reaction. While etherification and condensation esterification reactions require 

the presence of unreacted epoxide or carboxyl groups, the former reaction is faster and 

the latter generally requires higher temperature.
75

 

Unlike epoxy-acid curing, Lewis base-catalyzed epoxy-anhydride reactions 

proceed much faster through a chain-growth manner including initiation, propagation, 

and termination or chain transfer steps.
76

  The initiation mechanism with tertiary amines 

or imidazoles is not well understood and appears complex.  The suggested curing 

mechanism
1
 follows: Base accelerators catalyze curing reactions by the generation of 

carboxyl anions with anhydride (Scheme 11g).  The carboxylate ion then acts as a 

nucleophile in the ring-opening of the epoxide, resulting in an alkoxide (Scheme 11h).  

The alkoxide anion in turn ring-opens an anhydride group to generate a carboxylate anion 

(Scheme 11i).
77

  Continuation of these alternating steps results in a polyester.  

Etherification between epoxy and alkoxide anion is less likely.
78

 



 

 

29 

 

Scheme 11. Proposed reaction mechanisms of anhydride with epoxy. 

 

Boquillon and Fringant
79

 modeled the cure kinetics of an ELO-tetrahydropthalic 

anhydride system catalyzed with 2-methylimidazole using differential scanning 

calorimetry (DSC) and an nth-order rate equation.  The curing reaction of their system 

followed first-order kinetics at extents of cure above 0.7.  Liang and Chandrashekhara
80

 

studied the catalyzed soya epoxy-anhydride curing system where the curing showed 
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autocatalytic behavior.  The overall reaction order was approximately 2 based on the 

Kamal’s autocatalytic model using the DSC and rheology results.  Using the same model, 

Tan et al.
81

 studied a methylhexahydrophthalic anhydride cured ESO system in the 

presence of 2-ethyl-4-methylimidazole (EMI) catalyst.  The EMI content and curing 

temperature showed significant influences on reaction rate constant and reaction order.  

The overall reaction order ranged from 1.5-3.0 and the Ea were decreased with increase in 

EMI catalyst concentration. 

Kinetic analysis of a similar 1-methyl imidazole catalyzed ELO-methyl nadic 

anhydride system by iso-conversion methods found that Ea increased at the beginning of 

the curing and decreased as crosslinking proceeded.
82

  The increased Ea might be due to 

the slow initiation mechanism by catalyst and the decrease in Ea by gelation and 

vitrification or autocatalysis.  The curing kinetics of EMO and epoxidized biodiesel of 

sunflower and linseed oils origin with cis-1,2-cyclohexanedicarboxylic anhydride 

catalyzed by triethylamine was investigated by Nicolau et al.
83

  Their results indicated Ea 

was related to the oxirane content and to locations of the oxirane in the fatty acid 

structure.  The oxirane at (C9–C10), which is closed to ester group, showed higher Ea 

than those of oxirane at positions C12–C13 or C15–C16.  The difference may be due to 

steric hindrance. 

4.3. CATIONIC POLYMERIZATION 

Catalytic ring opening of EVO by Lewis acids is well known
84

 and improves 

reactivity compared to either polyamines or anhydrides alone.  Boron trihalides, super 

acids, have been widely used for cationic cure of EVO.  Due to high reactivity and 

concomitant difficulty in handling, these catalysts are generally added as latent 
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complexes, which are inert under normal conditions, such as ambient temperature, but 

release active species upon external stimulation, such as with heating or photoirradiation.  

A boron trifluoride ethylamine complex (BF3∙NH2C2H5) is used extensively in 

commercial epoxy formulations.  Catalytic polymerization of ESO by boron trifluoride 

diethyl etherate (BF3·OEt2) and superacid of fluoroantimonic acid hexahydrate 

(HSbF6·6H2O) has been well developed by Liu et al.
85-88

  The biodegradable polymers 

prepared by this method find application in personal care/health care upon further 

chemical functionalization.   

Due to the various advantages, such as lack of oxygen inhibition and “dark” 

reaction post-polymerization (occurring after ceasing photo irradiation), photo-induced 

cationic curing of epoxy resins is a rapidly growing method for the application of 

coatings, inks and adhesives.
89

  The newly developed photo-initiated systems by Tehfe et 

al.
90

 showed high efficiency even when induced in air via solar irradiation.  

Photosensitive onium salts, such as aryliodonium or triarylsulfonium salts of group VA 

elements, are promising photoinitiators in curing EVO.
91

  The photolysis of onium salts 

produces a mixed radical-cation species upon UV irradiation.  The superacid species will 

activate epoxy as oxonium ion, which is attacked by other epoxies and propagates as a 

chain-growth mechanism (Scheme 12).  

 

Scheme 12. Proposed mechanism for photoinitiated cationic polymerization of epoxy.  
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Crivello
26

 reported the curing rate of strong acids derived from photo-initiator 

followed the order: HSbF6 > HAsF6 > HPFB, since with lower nucleophilicity of the 

counter anion SbF6
-
 the tendency for chain termination is minimized.

92
  The rate of the 

cationic photopolymerization of EVO could be enhanced by the addition of hydroxyl 

groups or presence of moisture (humidity), which can reduce the Ea and shift the curing 

toward an activated monomer mechanism due to the higher nucleophilicity of a hydroxyl 

compared to an epoxide (Scheme 13).
93

  Ortiz
94

 reported that alcohol or water promotes a 

more rapid transfer of protonated oxonium species to monomer to speed up the entire 

propagation process.  Due to the presence of both epoxy and hydroxyl groups, epoxidized 

castor oil (ECO) has been shown to have better reactivity than ELO or ESO when using 

diaryliodonium salt photoinitiators.
95

  However, too much hydroxyl groups or water can 

also act as a chain transfer agent thus retarding the chain growth process and leading to 

softer polymer structures.
96, 97

 

 

 

 

Scheme 13. Proposed acceleration mechanism of hydroxyl to cationic polymerization of 

epoxy. 

 

Park et al.
98-100

 used N-benzylpyrazinium hexafluoroantimonate (BPH) and N-

benzylquinoxalinium hexafluoroantimonate (BQH) as thermally latent catalysts to cure 
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ESO and ECO.  The BQH showed comparable curing activity for ECO at slightly lower 

temperature than that of BPH.  Compared to ESO, ECO polymerization initiated at lower 

temperature when using the BPH catalyst.  The authors also proposed that an observed 

variation in thermal and physical properties of resulting polymers was due to activities of 

the catalysts.   

ENLOs showed higher curing rates than ELO during UV-initiated cationic 

polymerization, but were still slower than polymerization of cycloaliphatic epoxide, 3,4-

epoxycyclohexylmethyl-3,4 epoxycyclohexane carboxylate.  The lower reactivity of 

ENLOs compared to cycloaliphatic epoxide was attributed to a greater steric hindrance 

present in the epoxybornyl groups and to a higher viscosity.
40

  During cationic 

photopolymerization, the relative reactivity of the oxiranes was found to be not as 

important as viscosity of the reacting system.  The polymerization rate was observed to 

be diffusion controlled where adding diluents such as divinyl ethers can markedly 

accelerated the curing rate and overall conversion rate of epoxy.
41

 

4.4. MISCELLANEOUS CURING AGENTS 

Epoxy can also be polymerized in anionic fashion for precise control of molecular 

weight and polydispersity as well as chain functionality.
101

  Tertiary amines, imidazoles, 

and ammonium salts, are commonly used anionic catalysts for epoxy resin 

homopolymerization although their induced curing mechanisms are very complex and not 

universally accepted.
102

  Boonkerd et al.
103

 successfully synthesized a bio-based 

elastomer using post-living anionic polymerization of poly(butadienyl)lithium and ESO; 

however, the strongly nucleophilic anions preferentially cleaved ester groups rather than 

inducing ring-opening of epoxy.  Due to a higher oxirane content, ESO is more reactive 
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than EMO for anionic epoxy ring-opening polymerization.  While a pyridine-initiated 

epoxy reaction between ESO and 4-methylpyridine and poly(4-vinylpyridine) has been 

reported by Öztürk and Küsefoğlu,
104

 no homopolymerization of the epoxy groups as 

initiated by pyridine was observed.  Instead, pyridine addition followed by rearrangement 

to a pyridone derivative was observed. 

Del Rio et al.
105

 used coordination catalysts to polymerize EMO.  Two main 

polymerization mechanisms, cationic and the ionic-coordinative, were observed with the 

former being predominant.  Yielded polymers were a mixture of cyclic and linear 

structures with different end groups depending on the initiator used but a higher 

molecular weight was obtained than with conventional cationic catalysts.  

Transesterification side reactions lead to the formation of branched structures containing 

ester groups in the main chain. The prepared polymers could be used as polyether polyols 

for polyurethane applications. 

Dicyandiamide (DICY) is one of the most popular curing agents for DGEBA.  

Zhao et al.
106

 reported rapid cures of either neat ESO or ESO-DGEBA blends using 

DICY at 190 °C or 160 °C, respectively.  Carbonyldiimidazole was used as an 

accelerator.  The optimum stoichiometric molar ratio of epoxy : DICY was found to be 3 

: 1.  The first two epoxy units reacted with the amine groups of DICY to produce 

secondary alcohol and secondary amine.  The produced secondary amine will not attack 

another internal epoxy and the remaining epoxy unit was linked to the DICY nitrile 

group. 
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5. POLYMER STRUCTURE AND PROPERTY 

A good understanding of structure–property relationships is critical when 

designing VO based epoxy thermosets for various applications.
57

  However, elucidating a 

VO based thermoset polymer structure is quite difficult due to the heterogeneous content 

of monomers and of the cured polymers.  For instance, the fatty acid composition of VO 

varies not only from plant to plant but also within oils of the same plant.  Unreacted 

monomers, dangling chains, and intra-crosslinking are common for VO-based thermoset 

polymers.
107-110

  The structure and distance between the crosslinked positions, in terms of 

crosslink density, are an important characteristic when describing the structure of 

thermoset polymers.  Dynamic mechanical analysis has been widely used to calculate 

crosslink density based on the rubber network elasticity theory.  The Tg, which is unique 

for each epoxy system, also reflects crosslink density where it is generally observed that 

an increased crosslink density increases Tg.  That cured VO resins range from soft 

rubbers to hard plastics mainly depends on not only the chemistries and structures of 

epoxy monomer but also the curing agent.  Other factors include polymerization 

conditions, monomer ratios, and catalyst, e.g., as described in previous examples. 

5.1. EPOXY RESINS 

For VO-based epoxy monomers, the types of epoxy structure and oxirane content 

greatly influence the thermoset polymer thermal and physical properties.
99, 111

  A terminal 

epoxy and/or high oxirane content can lead to rapid gelation and high crosslink density.
42, 

48
  EVOs of low oxirane values either are not reactive or impart waxy properties of poor 

strength to the polymer system.
37

  The effect of oxirane content of ESO on the 

mechanical properties of anhydride cured polymers were investigated by Tanrattanakul 
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and Saithai.
112

  The mechanical properties such as tensile modulus, strength or toughness, 

and tear strength of the ESO thermoset polymers are controlled by the crosslink density 

and chain flexibility.  Fully epoxidized ESO monomers of the highest oxirane content had 

cured polymers with the lowest elongation at break but higher storage modulus, thermal 

stability and Tg than less epoxidized, lower oxirane content counterparts.  Due to a rich 

linolenic content, ELO possesses the highest oxirane content among common EVOs.  

Thus cured ELO thermosets generally haven shown higher crosslink densities, Tgs, and 

moduli.
113

 

A series of epoxy resins with different structures, oxirane contents and contents of 

saturated fatty acid were synthesized by Wang and Schuman
57

 in order to examine 

structure-property relationships.  Both anhydride cured ESO and ELO showed broader Tg 

regions that indicate a broader distribution of chain environments and more 

heterogeneous polymer structures due to less reactivity of internal oxirane and presence 

of saturated fatty acids.  The Tgs of either methylhexahydrophthalic anhydride (MHHPA) 

or BF3-amine cationically cured thermoset polymers were observed to increase fairly 

linearly with oxirane value (Scheme 14).  Linseed oil based epoxies, such as ELO and 

EGL, had much higher Tg compared to their respectively ESO or EGS counterparts of 

lower oxirane content.  Removal of saturated components greatly increased the Tg.  A 30 

and 20 °C increase in polymer Tg was observed for MHHPA cured EGS and EGL 

compared to EGS-S and EGL-S, respectively.  Such trends were also observed in 

crosslink density measurements as a significant increase of crosslink density upon 

removal of the saturated components.  Due to the loss of glycerol as a crosslink site and 

liberated saturated fatty acid esters, the addition of an unreactive function group to ester 
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end, e.g., an allyl (EAS) or methyl group (EMS), generated even lower Tg and polymer 

crosslink density though the oxirane values are similar to those of ESO.  The results 

reiterate the reported, very low Tg of an epoxidized biodiesel polymer.
114 

 

Scheme 14. Measured Tg as a function of oxirane content [-P: partially epoxidized; -S: 

monomer where saturated fatty ester content was not removed.]  NOTE: vertical “error 

bars” are indicating a breadth of the glass transition and polymer heterogeneity.
57

 

 

5.2. CURING AGENTS 

The influence of the curing agent is just as critical to the final properties of 

thermoset polymers as the epoxy resin component.  Since curing agent will become part 

of the crosslinked network structure, special attention should be paid to structure and 

stoichiometry.  Lu
69

 found that aromatic polyamines were unable to react with ESO.  

Polymer produced by aliphatic TETA was rubbery with a Tg of 15 °C.  Cycloaliphatic 
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polyamines, such as PACM, reacting with the same ESO monomer enhance the Tg to 58 

°C, where the highest flexural strength was achieved at a ESO/PACM molar ratio of 

0.53:1.  Juangvanich
72

 also found that the reaction of diaminodiphenyl sulfone or 4,4’-

methylenedianiline with ESO did not occur even at high temperatures.  Aromatic amine, 

e.g., p-phenylenediamine, reacted to a smaller extent compared to that of curing with a 

more nucleophilic aliphatic amine.  An imperfect network was formed when using p-

phenylenediamine as a curing agent due to the intramolecular crosslinking. 

Anhydride is one of the most important curing agents for EVO.  Gerbase et al.
115

 

investigated the mechanical and thermal behavior of ESO cured with various anhydrides 

in the presence of tertiary amine accelerators.  Thermosets showed higher Tg, storage 

modulus, and crosslink densities when the system was cured with the more rigid phthalic, 

hexahydrophthalic, or maleic anhydrides than more flexible dodecenylsuccinic or 

succinic anhydrides.  Similar results were also reported by Rösch.
116

  Due to the effects 

of steric factors and the rigidity of the formed diester segment, ELO cured by phthalic 

anhydride and methyl-endomethylenetetrahydrophthalic anhydride in the presence of 2-

methylimidazole showed lower crosslinking densities than those cured with cis-1,2,3,6-

tetrahydrophthalic anhydride.
79

 

In addition to the structure of anhydride, a variation in stoichiometric ratios of 

epoxy/anhydride was also found to have significant effect on the resulting of network 

structure and performance of thermosets.  From the epoxy-anhydride polyesterification 

curing mechanism,
117-119

 the maximum crosslinking degree, storage modulus, and Tg may 

be achieved at a stoichiometric ratio R=1.0.  However, in practical formulation, less than 

stoichiometric ratios are commonly used to achieve balanced properties and also account 
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for competitive reactions such as epoxy homopolymerization.  The reaction of ELO with 

cis-1,2,3,6-tetrahydrophthalic catalyzed by imidazole indicated complete conversion at 

the stoichiometric ratio of R=0.8.  The increase in anhydride to R=0.8 caused an increase 

in Tg and stiffness but at a sacrifice of chain mobility.  The Tg was reduced for R>1 due to 

reduced crosslink density.
79

 

5.3. CATALYSTS 

Due to the low reactivity of EVO during nucleophilic curing reactions, a choice of 

catalyst and its amount are critically important that strongly influence crosslink density, 

network morphology/structure, and ultimate performance.
77, 120

  Lewis acid catalysts are 

commonly used for the EVO-amine curing reaction, e.g., stannous octoate catalyst in an 

ELO and 4,4’-methylenedianiline curing system.
48

  The onset and peak temperature of 

the reaction exotherm were significantly reduced while the polymer Tg was increased 

more than 20 °C.  Tertiary amine, imidazole, and quaternary ammonium salts are 

commonly used catalysts for polyacids or anhydride curing of EVO.  

The use of imidazoles has advantages compared with tertiary amines in improving 

the Tg,
121

 which may due to a reaction of imidazole with the epoxy.
122

  Supanchaiyamat et 

al.
75

 reported that the mechanical and thermal properties of diacid cured ELO films were 

significantly influenced by the type of amine catalyst selected.  Both 1-methylimidazole 

and 4-dimethylaminopyridine (DMAP) can significantly enhance the mechanical 

properties of the resulting films.  For DMAP, etherification may occur due to good 

nucleophilicity.  The curing speed is highly sensitive to the catalyst amount, where the 

optimum DMAP catalyst concentration was 1 wt.% of total ELO and crosslinkers.  

Further increase of the DMAP concentration decreased the Young’s modulus.   
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In 2-ethyl-4-methyl imidazole (EMI) catalyzed ESO-MHHPA curing system, Tan 

and Chow
123

 found the rate of polyesterification, the degree of conversion, Tg, storage 

modulus and crosslink density were improved at higher EMI concentrations.  However, a 

continued increase in the catalyst concentration lead to rapid gelling but reduced 

conversion due to hindered monomers/oligomers diffusion.
79

  Tan and Chow
124

 also 

compared the type and concentration of catalysts on the fracture mechanics of MHHPA 

cured ESO thermoset polymers.  The improvement in fracture toughness with catalyst 

concentration was due to an increase of degree of cure, while extreme crosslink densities 

lead to catastrophic brittle fracture and low fracture toughness.  For EMI catalyst, fracture 

toughness increased with an increase in concentration of EMI whereas a reduction of 

fracture toughness was observed when using tetraethylammonium bromide as catalyst 

and its concentration exceeded 0.5 wt.%. 

6. POLYMER BLENDS OF EPOXIDIZED VEGETABLE OILS 

As mentioned above, an EVO can be polymerized with a variety of curing agents.  

The cured thermoset polymers, however, generally show low thermal/mechanical 

performance and crosslinking density due to their flexible structure and lower reactivity 

compared to DGEBA and cycloaliphatic epoxy.  Commercially available epoxies such as 

DGEBA and cycloaliphatic epoxies possess stiffer structures thus EVOs can be blended 

with these petroleum-based epoxy monomers to mutually improve mechanical and 

thermal properties.  EVOs generally have lower viscosity, so EVOs or their derivatives 

can be used as reactive diluents for DGEBA resins, which are relatively high viscosity 

liquids or solids, to decrease overall cost and improve the processability.  Due to a less 
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homogeneous structure, ESO is less efficient in reducing the viscosity of epoxy resin 

compared to many petroleum-based reactive diluents.   

Strictly speaking, EVOs are not always “reactive.”  There can be an especially 

large difference in the reactivities of EVO and DGEBA and heterogeneous structures, 

such as phase inversion, may form and inevitably lead to a significant decrease in 

performance of cured polymer.  Therefore, few to no reports of high concentration (> 50 

wt.%) in DGEBA exist because low oxirane content and an unreactive saturated 

component in EVO both lead to a lower crosslink density upon cure and the saturated 

fatty chains affect miscibility between EVO and the DGEBA.  Compositions with low 

EVO diluent content mostly preserve the undiluted polymer thermal and mechanical 

properties, e.g., of neat petroleum-based epoxy polymer.  The blends can, though 

improve impact strength of the pure epoxy polymer, which may be brittle (e.g., see 

Section 6.3).  

6.1. STRUCTURE AND MORPHOLOGY 

Epoxy monomer blends that contained EVO have produced heterogeneous 

structures such as phase separation or semi-miscibility
125

 due to different reactivity of the 

epoxies as a function of the concentration of monomers and curing conditions.  In 

addition, the initial miscibility/compatibility between epoxy monomers also plays an 

important role toward the formation of heterogeneous structures.  The Flory-Huggins 

equation combined with Hilderbrand solubility parameters was used to assess the 

compatibility of DGEBA with ESO and EGS.
57

  Compared to ESO, the solubility 

parameter of EGS monomer was more similar to that of DGEBA compared to ESO, EGS 

monomer of lower molecular weight and higher reactivity produced EGS-DGEBA blends 
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with improved homogeneity and mechanical strength compared to analogous ESO-

DGEBA systems.   

ESO less efficiently dissolves into and plasticizes, the rigid DGEBA matrix but still 

becomes part of the crosslinked structure at low concentration.  At higher ESO 

concentrations e.g., > 70 wt.%, a faster gelation of DGEBA occurring at low degree of 

conversions of ESO can lead to a phase separation or defect structures.  Transparent 

ESO-DGEBA blends can still be produced by catalyst selection or choice of curing 

condition (Scheme 15).  A transparent morphology does not necessarily indicate 

homogeneity.   

 

 

Scheme 15. Physical appearance of MHHPA cured EGS/ESO-DGEBA polymers and 

uncured monomer blends: (a) EGS-DGEBA (90:10); (b) ESO-DGEBA(90:10) precured 

at 145°C for 10 min; (c) ESO-DGEBA (90:10) without procuring; and (d) pure ESO 

inducted for 12 hrs. 
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Transparent ESO-DGEBA blends cured by methyltetrahydrophthalic anhydride 

were prepared by Altuna.
126

  Despite optical clarity,  phase separations at 40 wt.% and 60 

wt.% ESO concentration were observed by SEM or through a change in intensity of the 

transmitted light.  The phenomenon was ascribed to a match of refractive index between 

the dispersed ESO phase and the continuous phase.  In a similar system but with methyl 

nadic anhydride as curing agent, Chen et al.
127

 observed phase separated structures at 

only a 20 wt.% ESO concentration by SEM.  The two-phase structure was explained a 

result of different reaction rates of ESO and DGEBA under the applied curing conditions.  

Transparent ESO-DGEBA blends of single glass transition were observed by Karger-

Kocsis et al.
128

  Atom force microscope inspection of the plasma etched samples clearly 

indicated a two-phase structure of dispersed domain size of about 100 nm, i.e., smaller in 

size than the wavelength of visible light. 

Due to the even lower reactivity of EVO with amine curing agents than anhydrides, 

compared to that of DGEBA, an EVO component in EVO-DGEBA blends is either not 

reactive or proceeds via different reaction mechanisms.  Therefore, heterogeneous 

structures such as phase separation are more common than in anhydride polymerizations 

but are still related to the EVO structure, concentration, and reaction process and 

conditions.  Using epoxidized crambe oil as epoxy monomer and 4,4’-

diaminodiphenylmethane amine curing agent, Raghavachar et al.
129

 found the epoxidized 

crambe oil was only partially compatible with the DGEBA and formed a two-phased 

structure after direct mixing and curing.  ESO of molecular weight lower than epoxidized 

crambe oil is more compatible with DGEBA. 
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Using TETA as curing agent, a plasticizing effect was observed when directly 

mixing ESO into DGEBA and polymerized.  Phase separation could be induced by two-

stage mixing where ESO was first reacted with TETA to form pre-polymers.
130

  Similar 

research was also conducted by Sarwono et al.
131

 in epoxidized palm oil (EPO)-DGEBA 

system crosslinked by xylylenediamine. Directly mixing 10 wt.% EPO into DGEBA or 

EPO pre-polymers reacted with amine less than 2 hrs showed opacity, i.e., phase 

separation.  More transparent blends were obtained by synthesizing EPO pre-polymers, 

reacting longer than 2 hrs at 120 °C.  Frischinger and Dirlikov
132

 prepared liquid rubber 

pre-polymer of EVO with amine as rubbery particles of 15 to 30 wt.%, randomly 

distributed in a rigid DGEBA matrix.  Phase inversion was observed at higher, 

intermediate rubber contents of 30 to 35 wt.%.  However, homogeneous morphologies 

were also observed at either lower or higher rubber contents, i.e., > 70 wt.%.  Authors 

concluded that the particle size and concentration of phase inversion depended on the 

miscibility between the rubbery and DGEBA phases that was regulated by the nature of 

the EVO pre-polymer. 

6.2. THERMAL AND MECHANICAL PROPERTIES 

Although a polymer blend is a simple idea, in combining the advantages of EVO 

and petroleum-based epoxies a combination is not always successful.  As with earlier 

discussions, lower reactivity and oxirane content generally shift the onset and peak 

reaction temperature higher.  At the same time, a decrease of reaction heat or an increase 

in Ea has been observed.
128

  Unreactive EVO monomers and/or an inherently flexible 

structure plasticize the rigid epoxy matrix such as DGEBA.
133

  At high EVO 

concentration, the polymerization may occur in two stages to form heterogeneous 
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structures.  EVO components can not only reduce the crosslink density but also can 

behave as a weak point or flaw under application of load where fracture is prematurely 

initiated by stress concentration at structural weak points.  Adding EVO into petroleum-

based epoxies has been frequently observed to decrease mechanical strength, Tg, thermal 

stability, and chemical resistance.
134

 

The concentration of EVO in polymer blends, cost, and acceptable property loss are 

important considerations during epoxy formulation.  To retain optimum properties, the 

concentration of ESO was limited.  An addition of < 40 wt% ESO into DGEBA produced 

storage modulus and Tg compared to neat DGEBA polymers, but with a 38 % increase in 

impact strength and without loss of transparency.
126

  An abrupt decrease in Tg and 

flexural strength/modulus at high ESO concentrations, e.g., > 50 wt%, were observed by 

Wang and Schuman.
57

  The properties appear predominately controlled by the ESO part, 

i.e., to form heterogeneous structure of less synergy between ESO and DGEBA.  A non-

linear transition of properties and lack of synergy between epoxy monomers was 

observed in anhydride cured ESO-DGEBA system.  The Gordon-Taylor equation was 

applied to account for the Tg-composition relationship of this system.  The interaction 

between ESO and DGEBA was only of medium strength.
135

   

The optimum EVO concentration was also related to the structure of EVO, 

especially oxirane content.  Heat distortion temperature (HDT) and tensile strength of 

EVO-DGEBA polymer blends were almost identical for either ESO or epoxidized lard oil 

up to 20 wt.% level.  Since the oxirane content of ESO was much higher, at higher EVO 

concentrations the HDTs and strength of the epoxidized lard oil blends decreased more 

rapidly than the ESO.
38
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EPO is richer in saturated fatty acids and thus possesses lower oxirane content 

and more plasticizing effect than those of ESO.  EPO-DEGBA blends showed 

significantly reduced Tg with an increase of EPO concentration.  Polymer blends also 

showed higher coefficients of thermal expansion and tan δ due to increased free volume 

and chain flexibility in the crosslinked networks.
136

  To retain thermal and mechanical 

performance a low EPO concentration, ≤ 10 wt.%, is necessary.
131

 

ELO shows the highest oxirane contents among common EVOs.  Miyagawa et 

al.
137

 observed that crosslink densities, Tgs, and storage moduli of MHHPA cured 

diglycidyl ether of bisphenol F (DGEBF) systems remained relatively constant or were 

only very slightly decreased at up to 70 wt.% ELO loading and then started increasing 

again upon further increase in the ELO content.  This abnormal phenomenon was 

ascribed to higher oxirane content of ELO such that more curing agent was required for 

proper formulation.  In addition, ELO is rich in linolenic acid content that facilitates 

dense crosslinked structures.  Thus, it was found possible to replace petroleum-based 

epoxy with ELO while still maintaining high performance.   

However, amine cured ELO-DGEBF systems show a completely different 

trend.
138

  The crosslink densities, Tgs, and storage moduli of blends decreased 

continuously with an increase of ELO concentration.  The reduction of storage modulus 

was especially significant and Tg was but close to room temperature for ELO 

concentrations of greater than 20 wt.%.  The trend is due to the much lower reactivity of 

ELO with amine curing agent and unreacted ELO can plasticize the rigid DGEBF matrix.  

A decrease of reaction exotherm, thermal stability and mechanical strength of isophorone 

diamine cured DGEBA with increase in epoxidized rapeseed oils or ESO concentration 
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was also reported by Czub
139, 140

 where polymer blends of high EVO contents were 

highly flexible and properties were dominated by the EVO content. 

Though cationic crosslinking of EVO generally shows higher reactivity than 

curing with amine or anhydride, it results in rubbery polymers since all the networks are 

composed of flexible fatty acid components.  The addition of stiffer petroleum-based 

epoxies, cycloaliphatic or DGEBA can increase the EVO hardness and modulus.
141, 142

  

Adding EVO into DGEBA as a diluent not only reduces the viscosity but can shift 

polymerization temperature lower since the cationic reactivity of EVO is higher than that 

of DGEBA.  Decker et al.
91

 found that the addition of 20 wt.% ESO accelerated the 

photoinitiated cationic curing process of DGEBA and formed a relatively tight polymer 

network of better chemical resistance.  Park
100

 found polymerization of ECO-DGEBA 

blends initiated using BPH as catalyst had maximum onset decomposition temperature at 

10 wt.% ECO content due to an optimum network structure.  However, further increases 

in the EVO content still lead to decreased Tg, thermal stability, and crosslink density and 

increased coefficient of thermal expansion.
143

 

6.3. EPOXIDIZED VEGETABLE OIL AS TOUGHENING AGENT 

Epoxy thermoset polymers may suffer low toughness or brittleness due to stiff 

structures with high crosslink densities.  Various methods, include the addition of a either 

rigid or soft secondary phase, the chemical modification with a flexible backbone, or a 

lowering of the crosslink density of the polymer, have been attempted to improve epoxy 

toughness.
144

  The addition of rubbery compounds to form phase-separated inclusions has 

been proved to be one of the most effective methods for toughening epoxy to avoid major 

deterioration of thermal and mechanical properties.  The toughening mechanism is 
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generally thought due to increased shear yielding of the rubber phases at low strain rate 

and cavitation at high strain rates.
145

 

EVOs ability to form heterogeneous phases with petroleum-based epoxies has 

been found beneficial as reactive toughening agents in epoxy or other engineering 

plastics.
146, 147

  As mentioned above, for EVO-DGEBA polymer blends the mechanical 

and physical properties of an EVO toughened epoxy are closely related to the network 

structure in terms of the EVO compositions, phase morphology, crosslink density and the 

chains flexibility.  Most polymerized EVO are of rubbery state but also depend on the 

curing system.  A crosslinked EVO structure can efficiently absorb, transform and 

dissipate fracture energy through deformation of molecular networks analogous to 

common rubbery compounds.  Researchers have shown that EVO polymers possessed 

better toughness than those of stiff, neat epoxies and that the incorporation of EVOs into 

epoxy can improve impact strength.
135, 139, 140, 148, 149

   

Shabeer et al.
150

 found the fracture toughness of anhydride cured DGEBA 

polymer was greatly improved more than 200% with substitution of 75 wt.% DGEBA 

with epoxidized allyl soyate (EAS).  Increase in fracture toughness of the blend was 

attributed to lesser degree of crosslinking.  A ductile fracture behavior at the high 

concentration of EAS resin was observed.  However, improvement was also associated 

with greatly reduced storage modulus, Tg and crosslink density, e.g., the Tg of 75 wt.% 

EAS blend was only 40.5 °C compared to a 90 °C of neat DGEBA polymer.  Anhydride 

cured ELO-DGEBF showed single phased structure and no apparent improvement in 

toughness up to 50 wt.% ELO.  A further increase in ELO content even resulted in a 

decrease of fracture toughness and Izod impact strength
137

 while a 30 wt.% ESO showed 
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improvement in toughness due to phase separation of rubbery ESO particles within the 

rigid DGEBF matrix.
151

 

Tan and Chow
152

 indicated the plasticizing effect of EPO, which is rich in 

saturated components, improved the fracture toughness of DGEBA by enhancing 

flexibility through cavities occupied by unreacted EPO that increase resistance to 

deformation, crack initiation and propagation.  The crosslink density and water 

absorption capability of the EPO-DGEBA polymer decreased with increase in the loading 

of EPO but other thermal and mechanical properties were not disclosed.  Under thermally 

latent catalysis, Jin and Park
153

 showed the Izod impact strength of a 60 wt.% ESO blend 

was 58% higher than the neat DGEBA but the flexural strength was also reduced more 

than 40%.   

Amine polymerized ESO with 4,4
’
-tetradiglycidy diaminodiphenol methane 

resulted in a two-phased structure due to the incompatibility between epoxy monomers.  

The critical stress intensity factor was improved by 54 % at 10 wt.% ESO content.  The 

flexural strength was also increased but thermal stability, crosslink density and Tg of the 

blends were slightly decreased with addition of ESO due to the incomplete curing 

reaction of ESO in the blend system.
154

  An amine cured ELO-DGEBF showed improved 

Izod impact than neat DGEBF although no clear phase separation was observed, the 

crosslink densities and storage moduli of polymer blends were decreased, the Tg dropped 

almost 50 % for only 30 wt.% ELO, this probably due to the plasticizing effects of less 

reactive ELO.
138

 

When directly mixing EVO into epoxy resulted in a single phased structure, the 

improvement in toughness was less impressive and was commonly associated with 
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decreased crosslink density, Tg, modulus of elasticity, and yield stress.
155

  On the other 

hand, introduction of EVO liquid rubber pre-polymers into the epoxy resin has obvious 

advantages toward preparation of two-phase thermoset polymer over directly 

incorporating ESO monomer.
130

  Through proper choice of curing profile, a two-phased 

structure can be formed.  The impact strength of DGEBA can be markedly improved at a 

relatively low concentration of EVO with marginal sacrifice of thermal and mechanical 

properties. 

Two-phase thermoset polymer that consisted randomly distributed small ESO 

rubbery particles (0.1-5 μm) in a rigid epoxy matrix were prepared by Frischinger and 

Dirlikov.
156

  The liquid rubber pre-polymers were prepared from a stoichiometric mixture 

of ESO and 4,4’-diaminodiphenylmethane amine.  The diamine molecules at the interface 

can react with epoxy groups of both DGEBA and EVO thus forming a strong interfacial 

bond between the two phases where no ejection or disbonding of rubbery particles was 

observed under shear deformation.  These EVO rubber toughened epoxy showed slightly 

lower Tg and Young's modulus but remarkably improved toughness comparable to 

commercial, carboxyl-terminated butadiene-acrylonitrile rubber toughening agents. 

Ratna
130

 compared the effects of direct mixing (single stage) versus pre-polymer 

mixing (two stage) on amine cured DGEBA-ESO thermoset polymer morphology and 

resulting thermal, flexural and impact properties.  A two stage mixing showed milder 

decreases in Tg and flexural and tensile strength than single stage mixing, in which high 

ESO concentrations usually lead to drastic reductions in these resulting properties.  

Network polymers made by a single stage process showed only a modestly increased 

impact energy as a consequence of nearer single-phase morphology.  A significant 
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increase in impact energy was obtained for modified networks made by the two stage 

process at 20 wt.% ESO of phase separated morphology.
157

 

7. EPOXIDIZED VEGETABLE OIL PAINTS AND COATINGS 

Due to versatility, excellent adhesion to a wide range of substrates, and corrosion 

and chemical resistance, epoxy resins are widely used in coating applications.
78

  EVOs 

have promise as alternatives or supplements to petroleum-based epoxies for a 

combination of attributes: low viscosity, low cost, and epoxy functionality.  Use of EVOs 

in coatings not only provides the sustainable chemical content but also offers a way to 

reduce volatile organic compounds and, as just discussed, improve flexibility or 

toughness of epoxy coatings.
158-161

  However, the challenge for neat EVO polymer 

coatings is to improve their mediocre mechanical and thermal performance, especially of 

polymer moduli and Tgs, which to date have prevented further market penetration.  

Copolymerization with petroleum-based monomers of rigid structure and/or an 

application of inorganic compounds to form blended or nanocomposites coatings, 

respectively, are frequently applied strategies to enhance EVO coating properties.
46, 92, 162, 

163
 

With similar reactivity towards cationic polymerization and stiffer structure, 

cycloaliphatic epoxy such as 3,4-epoxycyclohexylmethyl-3,4-epoxyhexane carboxylate is 

commonly used as comonomer with EVOs in coating applications.  High-solids, 

cationically cured coatings based on cycloaliphatic epoxy resin, ESO and polyols were 

prepared by Raghavachar et al.
158

 that had useful film properties as general-purpose 

coatings.  A blend with 10 wt.% ESO gave a coating with similar performance as the 

cycloaliphatic epoxy control.  With further increases in the ESO content, the hardness of 
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the coatings was decreased but was regulated by the structure of epoxy and polyol or 

adjustment in the epoxy/polylol ratio. 

Coatings derived from epoxidized Mesua ferrea L. seed oil and DGEBA were 

prepared by Das and Karak.
160

  The results indicate that the EVO not only reduced the 

viscosity of the DGEBA but also enhanced performance of the polymer.  The 

performance of 50 wt.% epoxidized seed oil was further enhanced by formation of a 

nanocomposite using organically modified nanoclay. From 2.5 wt.% to 5 wt.% clay 

improved the alkali resistance of the prepared coating. 

Ultraviolet (UV) initiated cationic polymerization of EVOs has been the subject 

of intensive research due to the convenience of curing at room temperature and fast 

curing rate.
39, 89, 91, 95

  Bio-based coatings prepared by Thames and Yu
164

 exhibited 

excellent adhesion, impact resistance, UV stability, gloss retention, and corrosion 

resistance properties.  Vernonia oil or ESO that were blended with cycloaliphatic epoxy 

were used as epoxy resin and cationically UV initiated.  The incorporation level of EVOs 

was formulated by their compatibility with other coating ingredients.  Although both 

EVOs were compatible with cycloaliphatic epoxy at high concentrations the EVO epoxy 

blends were only partial compatible and formed hazy formulations with polyols or UV 

initiators.  The pencil hardness and tensile strength of coating films decreased but the 

gloss retention was increased.  Optimum properties in hardness, gloss and gloss retention 

were obtained at a 10 wt.% of EVO in the coatings.   

Clear coatings containing ESO and cycloaliphatic epoxy resin were formulated by 

Gu et al.
165

 using onium tetrakis (pentafluorophenyl) gallate catalyst. The gallate catalyst 

showed better solubility and reactivity towards the nonpolar monomer than common UV 
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initiation catalysts diaryliodonium or triarylsulfonium salts.  Up to 50-60 wt.% ESO 

could be added to formulations without compromising the mechanical properties of the 

cured coatings.   

Despite a current lack of optimum thermal and physical strength for commercial 

coating applications, high EVO based or pure EVO content coatings would be desirable 

for their high bio-renewable content.  Goals for EVO development include improvement 

of Tg, hardness, moduli and strength.  Inorganic-organic hybrids films have been 

synthesized from EVO and titania or silicon based or combined precursors.
166-171

  These 

hybrid films generally showed improved properties, such as hardness, adhesion, chemical 

resistance, tensile strength and Tg, but strongly depended on the type and concentration of 

inorganic contents.  Overloading the inorganic component lead to decreased fracture 

toughness and elongation at break.  A sharp transition from ductile to brittle material 

when loading with inorganic precursors has been observed.
171

 

8. COMPOSITES FROM EPOXIDIZED VEGETABLE OILS 

Considerable attention has been focused on the development of VO-based 

composites due to their sustainable characteristics, greatly improved stiffness, modulus 

and strength.
172-175

  A composite approach greatly expands the potential application of 

VO-based polymeric materials, where some have been successfully commercialized and 

have behaved well as promising alternatives to petroleum-based materials in transport 

and construction applications
176

.  Recent development is more toward high performance 

bio-based materials and “green” composites for value-added and structural 

applications.
177-179

  Based on the reinforcement type, EVO-based composites can be 

grossly divided into fiber reinforced polymer composites (FRP) and nanocomposites.  
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The fibers either natural or synthetic, can be continuous or chopped (short strand) of 

macroscopic scale.  The particle size and surface area per volume of nanocomposites 

provides reinforcement at the nanoscopic level.   

8.1. FIBER REINFORCED COMPOSITES  

The mechanical strength of a FRP is dependent primarily upon the properties of 

the continuous phase reinforcement, while the matrix phase supports and binds the 

reinforcement together and distributes stress to the reinforcement.  When designing a 

composite for a structural application, the polymer matrix must be strong enough to 

efficiently transfer stress amongst the reinforcement without initiation of cracks, i.e., of 

sufficiently high crosslink density and of Tg higher than the temperature of its intended 

work environment.  Since most pure EVO polymers generally show lower crosslink 

density and Tg, even below room temperature, polymer blends of EVO with DGEBA 

have been frequently applied as polymer matrices for FRC. 

Some research has shown that EVO were best limited as minor component in 

blends, i.e., < 30 wt.% because the solely EVO component could not provide the 

mechanical and thermal properties desired for an FRC.
61, 180

  Pure EVO or high EVO 

content (e.g., > 50 wt.%) based polymer matrices for high performance composites 

applications are rare and more suited for non-structural applications.
181-184

   

Glass fibers are one of the most widely used reinforcement materials in epoxy 

composites because of their availability, low cost, high modulus and excellent adhesion 

to the matrix resin.  Espinoza-Perez et al.
61

 manufactured glass fiber reinforced 

composites using a hand lay-up method.  PACM cured EVO-commercial epoxy blend 

was used as matrix.  The 30 wt.% EVO blended composite thermal and mechanical 
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performance was slightly lower than the composites without EVO but were comparable 

with those of the anhydride cured ones. 

EAS, ESO and EMS have been applied in bio-composite manufacturing using 

pultrusion processing but these epoxies were limited to being a minor component in 

blends, e.g., ≤ 30 wt.% of the epoxy blend.
185, 186

  Greater mechanical properties were 

demonstrated for EAS than those of ESO or EMS due to an improved oxirane content 

and better reactivity.  A further increase of EAS replacement content, up to 50 wt.%, was 

also attempted.  While the Tg of the composite was decreased from 78 °C to 52 °C, the 

impact strength was improved.
187

  The pulling force of pultrusion manufacturing was 

significantly reduced due to good lubricity provided by the oily bio-based component 

which apparently came from the saturated and unreactive component of EAS. 

Using anhydride cured pure EGS, a blend of EGS-DGEBA, or a pure DGEBA as 

polymer matrix, glass fiber reinforced composites were fabricated from the matrices via 

vacuum assisted resin transfer molding.
188

  The EGS-based composite showed 

mechanical properties comparable to that of the DGEBA counterparts in terms of flexural 

strength/modulus and impact strength.  Only a slightly reduced Tg and thermal stability 

were observed.  This high performance bio-based composite has good potential to replace 

petroleum-based epoxy resin as a value-added product form VOs. 

Cellulosic fibers such as flax, hemp, or jute are also promising reinforcements for 

polymers composites due to their availability, high specific strength, low cost and the 

environmental friendliness
189

.  VO-based polymer composites reinforced by cellulose are 

often called as “green” composites, since both matrix resins and reinforcements are from 

bio-renewable resources.
178

  However, these composites tend to have lower mechanical 
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strength than similar composites reinforced with glass fibers.  Due to the hydrophilic 

character of cellulosic fibers, surface modification of was required to improve the 

adhesion or compatibility between cellulose and polymer matrices.
190, 191

   

Hemp fiber reinforced ELO composites were manufactured by Boquillon
192

 using 

a hot pressing method.  DMA results indicated the storage modulus at rubbery region 

increased from 17 MPa for the neat resin to 850 MPa for 65 vol.% fiber content 

composites; however, a reduced composite Tg at high fiber content was also observed.  

The adsorption of anhydride hardener on the hemp fiber surface leads to an off-

stoichiometric reaction between epoxy and anhydride.  Reduction of Tg was also 

observed in flax fiber reinforcement of ELO composites by Fejos et al.
193

 that was 

ascribed to a chemical reaction between the hydroxyl groups of fibers and anhydride 

hardener.   

Flax fiber reinforced composites were manufactured by Liu et al.
194

 using a 

compression molding method.  The polymer matrix was an amine cured ESO and 1,1,1-

tris(p-hydroxyphenyl) ethane triglycidyl ether blend (THPE-GE).  The flexural and 

tensile modulus increase with fiber content but decreased at higher fiber loadings due to 

the increased fiber-fiber interactions and dispersion problems.  So the optimum fiber 

content was about 10 wt.%.  A high percentage of THPE-GE in the blend was essential to 

achieve high thermal and mechanical strength composites.  Longer fiber composites had 

better mechanical properties than shorter fibers.   

Manthey et al.
180

 manufactured jute fiber reinforced bio-composites in which 

amine cured EVO and DGEBA blends were used as matrix.  The epoxidized hemp oil 

(EHO) composites displayed marginally higher mechanical strength than those of their 
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ESO counterparts and both composites mechanical performance decreased with increased 

ESO or EHO loading.  A significant reduction in strength occurred above 30 wt.% 

bioresin concentration. 

8.2. NANOCOMPOSITES 

Polymer nanocomposites have attracted interest over past few years for their 

ability to generate improved thermal and mechanical strength, light weight and optical 

transparency at relatively low particle concentrations, e.g., ≤5 wt.%.
195

  Various 

nanomaterials including nanoclay,
196, 197

 carbon nanotubes,
198

 silica,
199

 polyhedral 

oligomeric silsesquioxane
200

 and alumina
201

 have been used in EVO based polymer 

nanocomposites.  Among these, organo modified montmorillonite clay platelets (OMMT) 

are inexpensive but highly efficient reinforcement fillers for polymer nanocomposites.  

With extremely large surface area and high aspect ratio of nanoclay platelets, strong 

interfacial interactions between polymer and nanoclay play a key role in confinement of 

polymer chain mobility under stress.  Polymer properties can be substantially 

improved.
202, 203

  Therefore, the major challenge encountered during the preparation of 

polymer clay nanocomposites is proper dispersion of the clay into the polymer matrix on 

a nanometric scale to achieve exfoliated, intercalated or mixtures of these structures. 

Wang and Schuman
204

 reported nanocomposite morphologies and thermal and 

mechanical strength as a function of clay concentration and dispersion technique.  

Mechanical shear mixing method led to an intercalated structure of undisrupted tactoids.  

High speed shear mixing combined with ultrasonication reduced the platelet tactoids 

toward much smaller scale and exfoliation, which in turn provided better properties 

compared to a shear mixing method alone.  Compared to neat polymer, only 1 wt.% of 
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clay dispersed by ultrasonication improved the nanocomposite tensile strength and 

modulus by 22% and 13%, respectively.  In other words, tensile modulus could be 

increased up to 34% by 6 wt.% clay without any sacrifice of strength.  The Tg was also 

increased by 4-6 °C depending on the OMMT concentration.   

Tan et al.
63

 studied anhydride cured ESO nanocomposites.  OMMT from 1-5 

wt.% concentration was dispersed into ESO by ultrasonication.  The surface modifier of 

OMMT and imidazole co-catalyze the epoxy-anhydride curing reaction and, with an 

exfoliated structure, the tensile strength of nanocomposite was increased with an increase 

in OMMT loading up to 4 wt.%.  Tensile modulus, Tg and thermal stability of the ESO 

were also increased after adding OMMT but the fracture toughness and elongation at 

break were reduced due to improved stiffness and crosslink density.  In a similar 

anhydride cured ESO-clay nanocomposite system, Tanrattanakul and Saithai
112

 indicated 

that exfoliation was prone to occur only at low OMMT content and higher clay 

concentrations lead to intercalated structures with aggregations. 

Miyagawa et al.
205, 206

 reported nanocomposites of anhydride cured blend of 

DGEBF and ELO.  Clay nanoplatelets were almost completely exfoliated and 

homogeneously dispersed in the epoxy network after ultrasonication dispersion.  The 

resulting nanocomposites showed higher storage modulus than the neat polymer to offset 

a reduced storage modulus caused by replacement of DGEBF by ELO.  However, the 

Izod impact strength did not change after adding clay while the heat distortional 

temperature and Tg were lower due to the plasticizing effect of modifier of OMMT.  The 

nanocomposite was used as matrix for carbon fiber reinforced polymer composite,
207

 

results indicated that the interlaminar shear strength of composite was improved after 
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adding 5 wt.% intercalated clay but the exfoliated clay nanoplatelets were less effective 

in preventing the crack propagation. 

More significant improvements in strength have been observed for EVO based 

nanocomposites of low Tg.  Nanocomposite tensile strength and modulus were increased 

more than 300% for 8 wt.% OMMT has been reported by Liu et al.
208

  The TETA was 

used as a curing agent for ESO, and the OMMT was dispersed in ESO by ultrasonication 

to form an intercalated structure.  The Tg was increased from 11.8 °C of neat polymer to 

20.7 °C with 5 wt.% clay.  Higher OMMT concentrations lead to a properties reduction 

due to clay aggregation.   

Shabeer et al.
209

 synthesized nanocomposites using EAS and anhydride.  Two 

types of dispersion technique, pneumatic and ultrasonication, were carried out to disperse 

the OMMT into EAS.  The nanoclay was readily exfoliated into the resin due to a clay 

interaction and reaction with the anhydride.  Tensile testing showed that the OMMT 

improved the tensile modulus and strength by 625% and 340%, respectively.  These 

significant improvements in strength were explained by a strong interaction of epoxy 

with the clay platelets and the much higher modulus for clay platelets than flexible 

polymer chains.  However, the Tg of the polymer, which was below room temperature, 

was further decreased with increased clay loadings and are best suited for non-structural 

applications. 

SUMMARY 

The current major commercial application of EVO is as a stabilizer and 

plasticizer.  EVO has already shown versatility as an epoxy monomer material resource 

and a variety of epoxy thermoset polymers ranging from flexible rubbers to rigid plastics 
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have been synthesized from different EVOs by a number of different polymerization 

methods.  Some of the thermoset polymers have possessed comparable properties to 

petroleum-based counterparts and have shown promise as replacements or supplements to 

commercially available epoxy monomer materials.   

However, inherently less reactive internal epoxy groups and flexible carbon chain 

structures in EVO has prevented their applications as high performance thermoset 

polymers for structural applications.  A remaining opportunity is a supplement for 

petroleum-based commercial epoxy monomers as matrix materials for coatings, 

composites or as nanocomposites.  The future trend in this area has been increasing the 

percentage of bio-based content but to optimize overall performance through structure-

property studies.  Developing new, VO-derived epoxy monomers with higher reactivity 

and oxirane functionality provides opportunity to expand EVO as green materials.  As 

novel VO-based epoxy resins, EGS have shown improved properties than other EVO 

structures but only when saturated content is reduced.  They are at an experimental stage 

toward commercialization. 

The versatility of epoxy formulation is not only dependent on the epoxy monomer 

alone but also on a combined effect of the curing agent, comonomer and polymerization 

conditions.  Effective EVO curing systems of short polymerization time and lower curing 

temperature are highly desired.  EVO will be of continued interest with regard to 

environmental and renewable/sustainable efforts through industrial application but only if 

the material meets customer performance requirements in reactivity, compatibility, 

polymer mechanical, thermal, and environmental stability properties with minimal or no 

tradeoffs and at a competitive cost.  The review has summarized the issues of reactivity, 
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compatibility, and properties as a function of EVO chemical structure.  The continuing 

challenge is to create new cost-effective EVO derived structures that improve upon 

existing performance levels. 
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ABSTRACT 

Glycidyl esters of epoxidized fatty acids derived from soybean oil (EGS) and 

linseed oil (EGL) have been synthesized to have higher oxirane content, more reactivity 

and lower viscosity than epoxidized soybean oil (ESO) or epoxidized linseed oil (ELO).  

The EGS and ESO, for comparison, were used neat and in blends with diglycidyl ether of 

bisphenol A (DGEBA).  Thermosetting resins were fabricated with the epoxy monomers 

and either BF3 catalyst or anhydride.  The curing behaviors, glass transition 

temperatures, crosslink densities and mechanical properties were tested.  The results 

indicated that polymer glass transition temperatures were mostly a function of oxirane 

content with additional influence of glycidyl versus internal oxirane reactivity, pendant 

chain content, and chemical structure and presence of saturated components.  EGS 

provided better compatibility with DGEBA, improved intermolecular crosslinking and 

glass transition temperature, and yielded mechanically stronger polymerized materials 

than materials obtained using ESO.  Other benefits of the EGS resin blend systems were 

significantly reduced viscosities compared to either DGEBA or ESO-blended DGEBA 

counterparts.  Therefore, EGS that is derived from renewable sources has improved 
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potential for fabrication of structural and structurally complex epoxy composites, e.g., by 

vacuum-assisted resin transfer molding. 

KEYWORDS  

thermosetting resins, mechanical properties, thermal properties, biopolymers, epoxy 

1. INTRODUCTION 

Since petroleum resources are ultimately limited, polymers based on vegetable 

oils are of great interest because they are renewable and could significantly contribute to 

a more sustainable development [1, 2].  Vegetable oils such as linseed and tung oil are 

drying oils, which can self-crosslink under atmospheric oxygen, have long been used in 

the coating industry [3].  Semi-drying oils like soybean oil are of plentiful supply and 

therefore of relatively low cost, have also attracted great interest for the preparation of 

polymers or resins [4].  In recent years, with the rising cost of fossil raw materials and 

environmental issues, polymers derived from soybean oil have demonstrated strong 

cost/performance competitiveness in many market applications [5].  However, the ability 

to obtain structures of sufficient mechanical or thermal properties has remained a 

challenge.  

For instance, direct radical or cationic polymerization of vegetable oils is 

structurally difficult due to the non-conjugated, internal double bonds and only viscous 

liquid polymers with low molecular weight are formed [6].  On the other hand, polymers 

ranging from soft rubbers to hard plastics have been prepared by the cationic 

copolymerization of soybean oil blended with divinylbenzene (DVB).  Styrene was added 

to reduce the heterogeneity of the crosslinked structures caused by incompatibility 
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between monomers and the modulus of polymer was dependent on the styrene and, 

particularly, the DVB content [7].  

Epoxidation of vegetable oils using peracids, such as epoxidized soybean oil 

(ESO) and epoxidized linseed oil (ELO), is one of the most important and useful 

exploitations of double bonds since epoxides are reactive intermediates that are also 

readily converted to other functional groups through ring-opening reactions.  Sheet 

molding compound (SMC) resins have been made from epoxidized soybean oil modified 

with unsaturated functional groups like acrylic acid or maleic anhydride where styrene 

was employed as a comonomer to reduce the viscosity of the resin [8, 9].  The SMC was 

obtained via common radical polymerization fashion.  Allyl alcohol ring-opened ESO has 

been copolymerized with maleic anhydride (MA) to prepare thermosets by esterification 

and free radical polymerization.  The resulting glass transition temperatures (Tg) and 

mechanical strengths were dependent on the loading of MA [10].  Soy based polyols 

derived from ESO have also been widely used to produce polyurethanes that are 

comparable in many aspects with polyurethanes obtained from petrochemical polyols 

[11].   

ESO can be crosslinked into thermosetting polymers by various curing agents 

[12].  However, due to lower oxirane content and sluggish reactivity of the internal 

oxirane, the cured ESO polymers normally have low crosslinking density.  Poorer 

thermal and mechanical properties result from both partially unreacted ESO and saturated 

fatty acid (FA) chains that reduce reactivity and self-plasticize.  Most ESO industrial uses 

are thus limited to nonstructural, additive applications such as plasticizers or stabilizers 

for poly (vinyl chloride) [13], oil-base coatings [14] with low strength requirements [15].  
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Though the mechanical strength of cured ESO can be improved with the addition of 

nano-reinforcements [16], or fiber reinforcement [17], an inherently low Tg inevitably 

limits practical applications because Tg for a polymer must be appropriately higher than 

the temperature of its intended work environment to serve as a useful plastic [18].  When 

used as a matrix material in composites, the resin state is desired to be rigid/glassy, i.e., 

below its Tg, to effectively transfer energy to fibers [19].  

ESO has a moderate viscosity so ESO or their derivatives can be used as reactive 

diluents for the partial replacement of diglycidyl ether of bisphenol A (DGEBA) resins, 

which are relatively high viscosity liquids or solids, to decrease the overall cost and 

improve the processability [20–22].  Generally, the mechanical strengths and thermal 

properties of ESO blended resins are not comparable to those of pure DGEBA epoxy 

resins, while their toughness can be better due to the introduction of a two phase structure 

[23–26].  However, due to the inhomogeneous structure, ESO is not as efficient in 

reducing the viscosity of epoxy resin compared to most petroleum based reactive 

diluents.  A further increase in the ESO concentration inevitably leads to a significant 

decrease in performance of cured resin.  There are few reports of high ESO replacement 

[20] because low oxirane content and the unreactive saturated component of ESO both 

lead to a low crosslink density upon cure and a poor miscibility exists between ESO and 

the DGEBA.  There is an especially large difference in the reactivity of the internal 

oxirane in ESO and terminal oxirane in DGEBA and, as we will show, heterogeneous 

structures form during the curing reaction that leads to a phase separated materials of 

poorer mechanical /thermal performance. 
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More reactive terminal epoxy derived from chlorinated ESO has been reported 

and used as a matrix with DGEBA for glass fiber composites [27].  The 

dehydrochlorination under alkaline conditions will hydrolyze ester groups of 

triglycerides, even at room temperature.  A triglyceride with terminal epoxy has been 

synthesized from 10-undecenoic acid and successfully used in epoxy-amine curing [28, 

29], whereas 10-undecylenic acid, a derivative of castor oil, has only one terminal double 

bond so the epoxidized triglyceride ester of 10-undecylenic acid has a lower oxirane 

content compared to ESO.  Large scale production also seems impractical [30].  Only 

those oils of poly-unsaturated FA content, especially soybean or linseed oils, that can 

produce dense oxirane functional resins are capable to produce satisfactory properties 

[12, 31–33].  Epoxidized vegetable oils (EVO) of low oxirane values either are not 

reactive or impart waxy, non-curing properties to the resin system. 

Vegetable oils contain several actives sites amenable to chemical modification. 

The double bonds in FA chains and the ester groups in the glyceryl part are the most 

important. These active sites can be used to introduce reactive groups.  ESO and 

aforementioned derivatives are most focused on the modification of FA chain.  On the 

ester side, epoxidized methyl oleate [34], epoxidized methyl soyate, epoxidized allyl 

soyate [35], epoxidized sunflower oil biodiesel [36] and linseed oil epoxidized methyl 

esters [37] have been shown to have lower viscosity and more reactive compared to their 

ESO or ELO counterparts. 

A caveat in the addition of functional groups, such as unreactive methyl or 

reactive allyl through transesterification, is a potential decrease of crosslinking density 

and final properties of cured resins upon breaking the oligomeric triglyceride structure.  
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FA chain ends at the ester become pendant after transesterification and are dependent on 

crosslinking to build molecular weight.  Esters of saturated FAs may only behave as 

plasticizers [38].  Novel epoxy compounds such as epoxidized sucrose esters of fatty 

acids have been synthesized and crosslinked to prepare polyester thermosets [30, 39].  

High modulus polymer was achieved due to the well-defined compact macromolecular 

structures and high oxirane functionality.  Some applications may be hampered by their 

high viscosities.  

Modified ELO synthesized through Diels–Alder reaction of dicyclopentadiene 

[40] or 1,3-butadiene [41] with linseed oil have been reported.  The modified ELO resins 

still possessed internal oxirane and thus are more suitable for cationic cure. End users still 

seek economical bio-based epoxies that are competitive with petroleum-based epoxies 

[30]. 

Vegetable oils generally have variable levels of saturated FA content, for 

example, soybean oil normally has about 15% saturated FAs (~ 4.0 % stearic and ~ 11% 

palmitic) that varies with plant variety, growing regions, and weather.  Saturated FAs 

have no functional groups within the FA chain that then act as dangling chains, low in 

reactivity, to plasticize the final polymer.  The saturated chains are detrimental to the 

final properties of polymers [42, 43].  To improve reactivity and to increase hydroxyl 

number of soy based polyols, regionally selective enzymatic hydrolysis has been 

attempted to liberate saturated FAs, which were then removed by alkaline washing [44].  

Total removal of saturated components is difficult and is also accompanied by partial 

hydrolysis of unsaturated FA esters.  Conversion of oil triglyceride into free fatty acid 

(FFA) or FA derivatives allows separation of unsaturated and saturated components on 
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the basis of solubility through crystallization.  The degree of unsaturation of FFA 

considerably changes the melting point and thus separation of mixtures of saturated and 

unsaturated FFAs can be readily achieved by proper choice of organic solvents and 

temperatures [45]. 

In this research, EGS were synthesized and examined.  The goals were to remove 

and assess the role of the plasticizing effect of saturated components, to increase and 

assess the role of the oxirane content, and to minimize viscosity toward developing either 

a capable reactive diluent for commercial epoxy or a new commercial epoxy resin of its 

own right.  The study gave us the opportunity to study how saturated component, oxirane 

type and oxirane content translate into curing, thermal and mechanical properties.  We 

hypothesized that EGS as the ester of a terminal oxirane group (glycidyl), which is then 

readily accessible to nucleophilic attack, should further enable reactivity compared with 

the currently standard, commercial ESO and consequently reduce the molecular size and 

facilitate removal of the saturated FA components.  We thus proposed to increase oxirane 

content.  The goals and resin design were intended to provide a dense, intermolecular 

crosslinking structure and yield a more consistent thermosetting resin material with 

improved properties. 

2. EXPERIMENTAL 

2.1. MATERIALS 

Refined, food grade soybean oil ( reat Value™, Wal-Mart, Bentonville, AR, 

USA) was purchased. Linseed oil was purchased from Archer Daniels Midland Company 

(Red Wing, MN, USA). The major FA distributions [46] reported for soybean oil and 

linseed oil are listed in Table 1.  ESO was obtained from Union Carbide Corporation 
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(Danbury, CT, USA). ELO was obtained from Arkema, Inc. (Philadelphia, PA, USA).  

Acetone, allyl alcohol, epichlorohydrin (EPCH), methylene chloride, methanol, meta-

chloroperoxybenzoic acid (MCPBA), potassium hydroxide, sodium carbonate, sodium 

bicarbonate, sodium hydroxide, sodium sulfite, and anhydrous sodium sulfate were 

purchased from Fisher Scientific (St. Louis, MO, USA).  Cetyltrimethylammonium 

bromide (CTAB), boron trifluoride mono -ethyl amine complex (BF3-MEA), 2-ethyl-4-

methyl - imidazole (EMI), hydrochloric acid and 4-methyl- 1,2-cyclohexanedicarboxylic 

anhydride (MHHPA) were purchased from Aldrich (St. Louis, MO, USA).  Commercial 

DGEBA was supplied by Momentive (Deer Park, TX, USA) with trade name EPON™ 

Resin 828.  Mold release agent Chemlease® 41-90 EZ was purchased from Chem-Trend, 

Inc. (Howell, MI, USA) 

Table 1. Fatty acids profile in vegetable oils 

Fatty Acid 

(x:y) 

Palmitic 

(14:0) 

Stearic 

(18:0) 

Oleic 

(18:1) 

Linoleic 

(18:2) 

Linolenic 

(18:3) 

Soybean Oil 

(%) 
11 4 23 53 8 

Linseed Oil 

(%) 
5 4 19 15 57 

Legend (x:y): x, number of carbon atoms; y, number of double bonds.  Fatty acid 

contents do not add to 100% due to presence of minor fatty acid content. 

 

2.2. CHEMICAL CHARACTERIZATION 

Infrared spectra (IR) were measured with a Nicolet Nexus 470 E.S.P. 

spectrophotometer (Waltham, MA, USA). 1H NMR spectra were obtained on a Varian 

INOVA 400 MHz spectrometer (Palo Alto, CA, USA) using d6-DMSO as solvent. Iodine 
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value was assessed using ASTM Method D5554-95.  Oxirane oxygen value was 

measured using AOCS Method Cd 9-57. 

2.3. SOAP AND FREE FATTY ACID PREPARATION 

Free fatty acids were made via acid neutralization of soap.  Vegetable oil and 

water mixture (800 g, 50:50) was reacted with sodium hydroxide solution (200 g, 30 

wt%) at 60°C for 4 hr to generate soap and then acidified with sulfuric acid (270 g, 30 

wt%) to pH<2.  The lower aqueous layer including sodium sulfate and glycerin was 

separated, washing the top FFA layer using 60 °C water.  Finally the liquid organic FFA 

layer (339 g) was dried using anhydrous sodium sulfate.  The iodine value of the soybean 

FFA was 133.   

Freshly prepared FFA was dissolved in acetone based on the weight ratio of 1:6 

and then purged with nitrogen gas, cooled to –20 °C for overnight.  The formed crystals 

were removed by vacuum filtration.  The procedure could be repeated several times until 

no further crystals were generated.  For these studies, four times filtration were 

performed resulting in an iodine value for refined unsaturated soybean FFA of 150.   

To a FFA/acetone solution (500 g) of weight ratio of 1:10, 110% of stoichiometric 

sodium hydroxide solution (18 mL, 10 M) based on amount of FFA (average molecular 

weight treated as 278 g/mol) was added dropwise.  The neutralization reaction was 

continued for 4 hr under nitrogen gas to prevent air oxidation of the soap.  The soap 

powder was readily filtered by vacuum filtration and then dried at 110 °C for 1.5 hr. 

2.4. GLYCIDYL ESTERS OF EPOXIDIZED FATTY ACIDS PREPARATION 

Dry soap (302 g) and EPCH (925 g) were heated to reflux.  Phase transfer catalyst 

CTAB (7.3 g) at 2 equivalent-% per equivalent soap was then added.  Reflux was 
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continued for 30 min, cooled and centrifuged, the clear solution was decanted to a flask.  

Excess EPCH was removed using in vacuo rotary evaporation.  Oxirane oxygen value of 

prepared glycidyl ester was 4.4% (theoretical value of 4.7% for glycidyl oleate). 

Glycidyl ester (341 g) and sodium carbonate (64 g) were mixed with methylene 

chloride (200 ml).  MCPBA (367 g, 75 wt%) dissolved in methylene chloride at 0.1 g/ml 

concentration was added dropwise at a reaction temperature below 15 °C and then 

reacted for 4 hr to complete epoxidation.  The reaction mixture was washed with 10 wt% 

sodium sulfite (200 g) and then by 10 wt% aqueous sodium bicarbonate (150 g).  

Methylene chloride was removed by in vacuo rotary evaporation and the product EGS 

(345 g) was dried over anhydrous sodium sulfate.  Linseed oil based glycidyl esters of 

epoxidized fatty acids (EGL) were also prepared based on the above mentioned 

procedure.  For EGSS/ EGL-S, saturated FFAs were not removed and remain in 

EGS/EGL.  For EGS-P/EGL-P, FAs were partially epoxidized.  Soybean oil based 

epoxidized methyl ester (EMS) and epoxidized allyl ester (EAS) were formed by 

standard alkaline transesterification with the corresponding alcohols and then epoxidized 

by MCPBA, e.g., potassium hydroxide (2.2 g) was first crushed and dissolved in allyl 

alcohol (260 g), then poured into soybean oil (220 g).  Mixtures were heated under reflux 

condition for 4 hrs.  Workup included potassium hydroxide discharged by the addition of 

concentrated hydrochloric acid (3.9 g, 37 wt%), removal of the excess allyl alcohol using 

in vacuo rotary evaporation, washing of the allyl esters of soybean oil four times with 

distilled water to remove glycerin, salt, and any residual allyl alcohol, and then drying 

with anhydrous sodium sulfate and filtration to remove the sodium sulfate.  The method 
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for epoxidation of allyl esters of soybean oil by MCPBA is the above-mentioned method 

for epoxidation of glycidyl esters. 

2.5. THERMAL CHARACTERIZATION 

2.5.1. Curing reactions 

The weight ratios of EGS/ESO to DGEBA resin blend chosen for the present 

work were 0:100 (pure DGEBA), 10:90, 30:70, 50:50, 70:30; 90:10 and 100:0 (pure 

EGS/ESO).  A stoichiometric ratio r = 1.0 of epoxy/anhydride was used for all samples 

and 1 wt% (based on epoxy part) of EMI were added to the blend.  After mixing by a 

PowerGen 1000 homogenizer (Fisher Scientific, St. Louis, MO, USA) for 10 min, the 

mixture was degassed under vacuum for 30 min, then poured into a mold treated with 

mold release agent.  Curing was performed at 145 °C for 15 hr for all blends except ESO-

DGEBA (90:10) and pure ESO blend, which were inducted for 12 hr at room 

temperature, remixed, poured into the mold and cured at 125 °C for 15 hr.  ESO required 

more stringent curing conditions due to the low reactivity and phase separation exhibited 

by ESO.  Postcure for all samples was performed at 175 °C for 1 hr.   

Two to three milligrams of mixture was hermetically sealed in an aluminum pan 

and cured on a model Q2000 differential scanning calorimetry (DSC) machine (TA 

Instruments, New Castle, DE, USA) by scanning temperature at a heating rate of 

10°C/min from 40–250 °C to study the cure behavior of each formulation.   

Neat epoxy monomers were also cationically cured.  A 3 wt% (based on epoxy) 

of BF3-MEA was mixed with monomer and cured at 150 °C for 3 hr followed by 185 °C 

for 1 hr. 
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2.5.2. Glass transition and degradation temperatures 

DSC was used to determine the glass transition of cured resin.  Samples were first 

preheated at 20 °C/min to 180°C to remove any previous thermal history, and then 

quenched to –40 °C.  Heat flow was measured over a temperature range scanned from –

40 to 180 °C at a heating rate of 20 °C/min.  Universal Analysis 2000 software (TA 

Instruments, New Castle, DE, USA) was used to analyze the curve, inflection 

temperature (Ti) was reported as the glass transition temperature.  

A model Q50 thermogravimetric analysis instrument (TGA, TA Instruments, New 

Castle, DE, USA) was used to determine the thermal degradation onset temperature of 

cured resin.  Measurement was performed while scanning temperature from 30 to 750 °C 

at a heating rate of 10 °C/min under an ambient air flow environment. 

2.6. SWELLING TEST 

Approximately 0.2 g of the cured resins with a cubic shape (8 mm x 8 mm x 3 

mm) were placed in toluene solvent until equilibrium was attained.  To accelerate the 

swelling, samples were placed into a 45 °C oven to attain a constant weight, then 

equilibrated at room temperature for one week.  The swollen samples were removed from 

the solvents, quickly blotted dry with paper towel, and weighed.  The equilibrium 

swelling ratio [47] of the cured resin was calculated based on Equation (1): 

 

 

(1) 

where Q is the equilibrium swelling ratio of the polymeric network, υ2 is the volume 

fraction of polymer at equilibrium swelling, m0 is the mass of the polymeric network 
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before swelling, ms is the mass of the polymeric network at equilibrium swelling, and ρsol 

and ρpoly are the densities of the solvent and polymeric network, respectively. 

2.7. MECHANICAL TESTS 

Tensile strengths and moduli were measured on a model 4469 Universal testing 

machine (Instron, Norwood, MA, USA) according to ASTM D638.  All the tensile tests 

were performed at a crosshead speed of 10 mm/min.  At least five specimens were tested 

for each different resin system.  The flexural strengths and moduli were determined 

according to the ASTM method D790.  The span was 50.8 mm, the crosshead speed was 

set at 12.7 mm/min. 

2.8. PHYSICAL PROPERTIES 

Viscosity was tested on a model LVDV-III+ Ultra Rheometer (Brookfield, 

Middleboro, MA, USA) at 25°C.  Liquid density was determined using the pycnometer 

method.  Specific gravity of solid samples was measured by immersion in water using a 

model XP 204S balance (Mettler-Toledo, Columbus, OH, USA) with density 

measurement kits. 

3. RESULTS AND DISCUSSION 

3.1. PREPARATION OF GLYCIDYL ESTERS OF EPOXIDIZED FATTY 

ACIDS  

Figure 1 shows the synthetic route to EGS, generalized for oleic acid showing the 

process for a soybean triglyceride.  Preparation of mixed FFAs from triglyceride is 

straightforward and well-developed.  Methods of low temperature crystallization to 

remove the unsaturated FFAs are also well documented [48].  Most unsaturated FFAs are 

soluble in most organic solvents at temperature above 0 °C while the saturated FFAs, 
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which have higher melting points than unsaturated FFAs, are prone to form 

crystals/precipitates at low temperature in solvents like acetone or methanol.  Although 

trace amounts of saturated FFAs remain unavoidably in the unsaturated FFAs after low 

temperature crystallization [49], further removal of saturated FA components was 

achieved after synthesis of glycidyl ester or EGS because glycidyl esters, or the 

epoxidized glycidyl esters, of unsaturated FAs are each liquid at room temperature and 

much lower in melting point than glycidyl esters of saturated FAs.  The unsaturated esters 

are poorer solvents for saturated carbon chains, which are then more easily precipitated at 

room temperature.  Although no FFA component analyses, like chromatography, were 

performed in this research, we believe the saturated components were minimized after 

three precipitations.   

 

 

Figure 1. Synthetic route to EGS. (Vegetable oil and FAs are shown as simplified 

structures containing only oleic acid though they also contain other FAs. See Table 1) 
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Acetone was used as a low boiling, recoverable solvent to prepare soap.  A slight 

excess of NaOH and higher concentration was preferable when preparing soap from FFA 

because unsaturated FFAs were prone to dissolve in acetone rather than react with base.  

Unsaturated FFA soaps are more soluble in water [50].  Carefully dried and finely 

powdered soaps resulted in greater yields of glycidyl esters of FAs [51].  

A low solubility of soap in EPCH suggested that a phase transfer catalyst would 

be useful to accelerate the reaction.  With CTAB catalyst, the consumption of soap was 

completed within half an hour under reflux condition.  Glycidyl esters can also be 

prepared directly from FFA in EPCH medium but the yield and purity were lower than 

obtained by the soap process [50].  The epoxidation of glycidyl ester was carried out 

using MCPBA or in situ generated performic acid.  The former was more efficient.  Due 

to the low solubility of MCPBA in methylene chloride, large amounts of recoverable 

solvent was required for the epoxidation.   

Figure 2 shows the FT-IR spectra of mixed FFA, soybean oil, glycidyl esters and 

EGS.  The band at 3008 cm
–1

 was attributed to the C–H stretching of =CH in unsaturated 

FAs, such as oleic acid, linoleic acid or linolenic acid.  New bands at 910 and 852 cm
–1

 

were observed in the spectrum of glycidyl esters with the disappearance of the absorption 

at 937 cm
–1

 in the mixed-FFA spectrum that showed presence of glycidyl group.  The 

conversion of double bonds to epoxy was confirmed by the disappearance of the 3008 

cm
–1

 band observed in glycidyl esters and the concurrent appearance of absorption at 752 

cm
–1

 in EGS.  

Figure 3 shows the 1H NMR spectra of mixed-FFA, glycidyl ester and EGS, 

where linoleic acid is shown as a generalized compound for structural assignments.  The 
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spectra showed no evidence of side reactions in preparing glycidyl esters using the soap 

process, nearly quantitative conversion of double bonds to epoxy groups, and no oxirane 

ring opening during the epoxidation of glycidyl esters to EGS using MCPBA, i.e., 

showed complete conversion but a lack of side reactions.  

General properties of EGS product compared to ESO and DGEBA is shown in 

Table 2. 

Table 2. General physical properties of epoxy resins 

Epoxy 

Resin 

Oxirane oxygen  

(g/100g sample) 

EEW 

(g/equivalent) 

Viscosity at 25 
o
C 

(mPa∙s) 

Density 

(g/ml) 

EGS 10.1 158 70 1.03 

ESO 6.9 232 430 0.98 

EGL 12.0 134 85 1.04 

ELO 9.3 171 800 1.03 

DGEBA 8.6 186 13000 1.16 

 

 

Figure 2. IR spectra (a): mixed-FFA (b): soybean oil (c): glycidyl esters (d): EGS 
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Figure 3. 1H NMR spectrum and structural assignments of a) FFA mixture; b) glycidyl 

ester of FFA mixture; and c) EGS monomer (see text for structural assignment details) 

 

3.2. CURING REACTION 

Differential scanning calorimetry was applied to study the curing behavior of the 

blended epoxy resins (Figure 4).  The exothermic peaks were characteristic of the epoxy 

and anhydride curing reaction [52, 53].  Integration of the peaks allows the determination 
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of the enthalpy of curing reaction (ΔH), cure onset temperature (To) and peak exothermic 

(Tp).   

 

Figure 4. Dynamic thermograms of DGEBA-EGS/ESO-MHHPA systems 
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From Figure 4, the pure DGEBA and ESO reactions with MHHPA show single 

exothermic reaction peak at 152 °C and 216 °C, respectively.  The higher predominance 

of the Tp value of ESO means a slower reaction rate, which was also confirmed by a 

lower ΔH value.  A lower oxirane content of ESO and the internal oxiranes versus 

glycidyl functional groups react more sluggishly with MHHPA curing agent.  

The addition of ESO to DGEBA leads to a shifting of Tp and To to higher 

values.With a decrease of ΔH value, two partially convoluted peaks were clearly 

observed that became pronounced for 50 wt% ESO or higher ESO concentrations, which 

suggested that there was decreasing ESO miscibility in the DGEBA.  Immiscibility 

would lead to an inhomogeneous cure of the epoxy resin.  Group reactivity also affects 

the polymerization reactions.  ESO has internal, hindered oxiranes whereas DGEBA has 

glycidyl groups of less steric hindrance and greater reactivity than the internal oxirane.  

The prepared EGS resin showed quite different and interesting curing behavior.  

The neat EGS showed two convoluted peaks, analogous to the blend of DGEBA and 

ESO, which is believed to be due to the inherently different reactivity of glycidyl and 

internal oxirane groups.  The Tp and To values of EGS were more than 40 °C lower than 

ESO, which indicated EGS was much more reactive than ESO.  Increased addition of 

EGS to DGEBA also lead to shifting of Tp to higher values but the To remained nearly 

constant.  Only a 16°C increase of Tp was observed for 90 wt% EGS concentration 

compared to pure DGEBA while it was 54 °C for a 90 wt% ESO concentration.  

The ΔH’s [J/g] also followed a similar trend.  The higher oxirane content of EGS 

and EGS blends, which bear glycidyl groups like pure DGEBA, would appear to 

facilitate a more homogenous three dimensional polymer structure upon curing compared 
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to ESO blends.  Also of interest, a lower concentration of EGS/ESO, e.g., 30 wt% EGS or 

below, or 10 wt% ESO, had little effect on the ΔH or Tp values compared to pure 

DGEBA cure, which may be related to homogeneity and compatibility with the DGEBA. 

3.3. COMPATIBILITY  

The DGEBA-ESO system generally has a heterogeneous structure [52] and, not 

surprisingly, a nonuniform crosslinked structure will lead to a poorer mechanical 

performance compared to a more homogeneous structure.  Cured aromatic DGEBA 

polymers are much more rigid compared to cured aliphatic ESO, which behave as weak 

points or flaws when applying load.  Fracture is initiated by the stress concentration at 

weak points.  For instance, the mechanical properties of soybean oil/DVB plastics are 

significantly improved after increasing the uniformity of the crosslinked structure [7].  A 

heterogeneous polymer structure is mainly due to the reactivity differences between 

internal and terminal oxirane.  Moreover, the miscibility/compatibility between the 

monomer-monomer and monomer-polymer structures should also play an important role 

during the formation of crosslinked structure.  Solubility parameter is one method to 

assess the compatibility of epoxy resin with an additive or modifier [54].  To form a 

homogeneous structure, the monomers and copolymers should have similar solubility 

parameters in accordance with the general rule that chemical and structural similarity 

favors solubility, i.e., ‘like dissolves like’.  Direct determination of polymer solubility 

parameters from heat of vaporization data is not possible because of their non-volatility 

[55]. 

Thus, Hildebrand solubility parameters were calculated based on the group 

contribution method [56].  The group contribution equation is given by Equation (2): 
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(2) 

where δ is the calculated solubility parameter, ΣiFi is the molar attraction constant 

summation over discreet i structural group present in the compound and ρ and M are the 

density and molar mass of the compound, respectively.  For polymers, ΣiFi is the sum of 

all the molar attraction constants in the repeat unit, ρ is the density of the polymer, and M 

is the molar mass of the repeat unit.  For copolymers or polymer blends, following 

Equation (3) was used: 

 
(3) 

where xi is mole fraction of component i, Vi is component i molar volume, and δi is 

component i solubility parameter.  In this study, the solubility parameter of each resin 

was calculated based on Hoy or van Krevelen model [56].  All compounds structures are 

listed in Figure 5.  For EGS, a total 2.3 epoxy groups were used for the calculation, which 

was calculated from titrated oxirane content.  Calculated δ values are listed in Table 3. 

 

Table 3. Calculated solubility parameters of monomer and cured matrix 

δ (MPa)
1/2 

EGS DGEBA ESO MHHPA 
DGEBA-

MHHPA 

EGS-

MHHPA 

ESO-

MHHPA 

δ (van 

Krevelen) 
17.8 20.5 17.5 18.2 19.4 18.0 17.8 

δ (Hoy)*
 19.5 

(18.6) 

21.9 

(21.1) 

19.0 

(18.4) 
20.9 21.0 19.4 19.7 

* Values in brackets are calculated based on linear ether functional group instead of 

cyclic oxirane. 
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Figure 5. Compounds structure used for solubility parameters calculation 

 

From Table 3, DGEBA, MHHPA and EGS have larger solubility parameters 

while ESO has the lowest solubility parameter in the blend system.  Calculated values of 

DGEBA are close to the lower limits of the experimental values [13], which are often 

more reliable than upper-limit ones [57].  There are some differences in the calculated 

values using Hoy versus van Krevelen models because epoxy group and ether group have 

different values in Hoy’s model.  Epoxy groups should convert to ether/ester after curing 

reaction, so values based only on ether groups instead of epoxy were also listed in Table 

3.  There is a considerable difference in the values of MHHPA due to the large difference 

between the group contributions of the anhydride group quoted by Hoy and by van 

Krevelen.  Only van Krevelen values were used for the further calculation because there 
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is evidence showing experimental values matched well with van Krevelen calculated 

values in the DGEBA-anhydride system [58]. 

It has been reported that ESO [59] or pre-polymerized ESO [60] is only partially 

miscible, i.e., has phase separation, with the epoxy resins.  The thermodynamic condition 

for polymer compatibility is that free energy change of mixing (ΔGmix) should be small or 

negative, based on Flory-Huggins equation combined and Hildebrand solubility 

parameters [61].  ΔGmix can be expressed by Equation (4): 

 
(4) 

where ϕn is the phase volume fraction, V is volume of lattice, ρi is the density of 

component i, Mi is the molecular weight of component i, R is gas constant and T is 

absolute temperature.  The first term of the right side in Equation 4 are related to the 

enthalpy of mixing (ΔHmix) and the second term is assigned to the entropy of mixing (-

TΔSmix).  Since ϕ1 and ϕ2 are fractions, for a fixed DGEBA-EGS/ESO composition, 

ΔGmix at constant temperature depends only on Δδi and ρi/Mi, which are determined by 

the chemical nature and molecular weight of the EGS/ESO/DGEBA, respectively.  

Proximity of δi between DGEBA and EGS/ESO and a low molecular weight EGS/ESO 

favors the mixing process.  It is not then surprising that EGS of higher solubility 

parameter and lower molecular weight favors better compatibility with DGEBA than 

ESO. 

We have noticed turbid blends indicating phase separation were formed only for 

high contents of DGEBA replacement by ESO (90 and 100 wt%, Figure 6b, 6c and 6d), 

especially when using EMI as accelerator.  While using tertiary amine a more transparent 
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solution was formed but tertiary amine generally lead to lower Tg compared to using 

imidazole as accelerator [53].  These blends were prone to form cracked samples after 

curing and spots with dark brown or yellow colors were also observed (Figure 6b and 6c).  

We ascribed these to phase separation and internal stress due to incompatibility and low 

reactivity of ESO in these curing systems.  The terminal oxirane of DGEBA is more 

reactive than the internal oxirane of ESO so gelation always occurs first in the DGEBA 

phase.  At low ESO concentration, ESO is firstly dissolved and plasticizes the rigid 

DGEBA matrix but is finally cured by anhydride and becomes part of the crosslinked 

structure as two phase thermoset polymer.  At high curing temperatures, the ΔGmix is 

marginally negative and ESO is better compatible with DGEBA but slower to react.  

With the advancement of curing reaction the molecular weight of crosslinked DGEBA 

and ESO will increase, which will result in a decrease of ΔSmix.  At a certain stage ΔGmix 

becomes positive and crosslinked ESO phase separates, which should be analogous to a 

phase separation of rubber in epoxy resin [62]. 

At higher ESO concentrations, due to a faster gelation rate of the glycidyl-

DGEBA network occurring at low degree of conversions of ESO, internal stress can 

result after vitrification but which can be avoided by proper cure temperature profile [63].  

Such internal stress and incompatibility can easily lead to crack initiation or defect 

structure as observed in Figure 6c.  Prolonged induction via heated mixing of the ESO 

blend and carefully choosing the curing conditions led to more transparent polymers and 

uncracked samples that were used for further testing.  

For EGS blends, due to the terminal oxirane as in DGEBA, EGS may remain part 

of the DGEBA matrix during curing where a more homogeneous crosslinked structure is 
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formed.  An increase in oxirane value in EGS also boosts compatibility with the DGEBA 

system and may yield cured products with improved properties. 

 

Figure 6. Physical appearances of MHHPA cured EGS/ESODGEBA polymers and 

uncured monomers blends (a): EGS-DGEBA (90:10); (b): ESO-DGEBA (90:10) 

precured at 145°C for 10 min; (c): ESODGEBA (90:10) without procuring; (d): Pure 

ESO inducted for 12 hrs 

 

3.4. CROSSLINK DENSITY 

Crosslink density is one of the most important factors determining the properties 

of cured thermoset resins and is typically reported as an average molecular weight (Mc) 

between crosslinks.  The crosslink density increases as Mc decreases.  Several methods 

are available for measuring the crosslink density of a thermoset.  A common method is to 

measure the elastic modulus of the thermoset in the rubbery plateau region using dynamic 

mechanical analysis (DMA).  Solvent swelling measurements are also used to determine 
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the crosslink density of epoxy resin [47, 64, 65].  Good agreement between Mc values 

from the swelling measurements based on the stoichiometry considerations has been 

reported [66].  A structure based on a stoichiometric curing condition was assumed 

because the dominant reaction in the present epoxy-anhydride-imidazole system is 

esterification while etherification of epoxy groups is much slower [67].  The Mc of the 

cured resin was calculated from equilibrium solvent swelling data based on the Flory–

Rehner equation [47] (Equation (5)): 

 

(5) 

where υ is the strand density, υ2 is the volume fraction of polymer at equilibrium swelling 

as measured by swelling test (Equation (1)), V1 is the molar volume of the solvent, and χ 

is the polymer-solvent interaction parameter, which is related to the solubility parameters 

via Equation (6): 

 
 

(6) 

where R is the gas constant, T is the absolute temperature, V1 is the molar volume of the 

solvent, and δ1 and δ2 are the solubility parameters of solvent and polymer, respectively.  

δ2 was calculated by Equation (3), and where for toluene δ1 =18.3 MPa
1/2

.  The calculated 

and experimental results are listed in Table 4.  

In ESO or EGS, the epoxy crosslink sites in the FA chains are located at the 9
th

 

and 10
th

 carbons in the oleic acid and could be also at the 12
nd

 and 13
th

 carbons in linoleic 

acid, which leave the rest of the chain up through 18
th

 carbon as an ineffective chain end 

in the crosslinked polymer (Figure 7).  Furthermore, the presence of saturated palmitic or 
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stearic acids in ESO triglyceride structure also behave like pendant chain [42], so the 

inactive parts, e.g., pendant chains and saturated FAs, in ESO and EGS constitute 34.8 

and 18% of total mass, respectively.  These maybe subtracted from the dry and swollen 

sample weights to obtain a corrected Mc
*
, because end-linked networks were assumed 

during swelling test, in fact pendant chains are not contributed to the total crosslink 

densities [38].  Mc and corrected Mc
*
 values are listed in Table 4.  

Table 4. Swelling properties of cured epoxy resins in toluene  

MHHPA cured 

Samples 

δ 

(MPa)
1/2

 

ρpoly 

(g/ml) 

Q 

Swelling 

ratio 

χ 
Mc 

(g/mol) 

Mc
*
 

(g/mol) 

Pure DGEBA 19.4 1.18 1.49 0.388 257 257 

EGS-DGEBA 

(10:90) 
19.2 1.17 1.50 0.375 253 256 

EGS-DGEBA 

(30:70) 
18.9 1.16 1.54 0.356 268 278 

EGS-DGEBA 

(50:50) 
18.6 1.16 1.57 0.345 281 299 

EGS-DGEBA 

(70:30) 
18.4 1.15 1.61 0.340 304 330 

EGS-DGEBA 

(100:0) 
18.0 1.12 1.66 0.344 332 376 

       

ESO-DGEBA 

(10:90) 
19.3 1.17 1.51 0.375 261 267 

ESO-DGEBA 

(30:70) 
19.0 1.15 1.55 0.355 273 293 

ESO-DGEBA 

(50:50) 
18.6 1.14 1.58 0.343 285 324 

ESO-DGEBA 

(70:30) 
18.3 1.12 1.64 0.340 314 382 

ESO-DGEBA 

(100:0) 
17.8 1.09 1.84 0.350 464 640 
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Figure 7. Schematic representation of pendant chain in ESO structure [epoxy moieties in 

ESO/EGS and methane moiety in glycerol part of ESO are the crosslink sites] 

 

From Table 4, the ρ values of both EGS and ESO systems decrease with the 

increase of EGS/ESO content that can be attributed to the addition of a large soft/flexible 

vegetable oil component to decrease the rigid, compact structure of DGEBA polymer.  

Increase in EGS/ESO content also leads to a higher swelling ratio Q, which could 

indicate not only lower crosslinking density but also a higher solubility of the network in 

the toluene solvent that is supported by a decreased χ value.  Mc and Mc
*
 values of 

MHHPA cured neat DGEBA [68] and neat ESO [31] are similar to reported DMA test 

results.  Pure EGS, which has similar oxirane content as ELO, also is close to a reported 

DMA test result for polymerized ELO [53].  Calculated values based on the van Krevelen 

model are also comparable to DMA tests.  

In general, an increase in ESO or EGS content decreased crosslink density 

compared to a neat anhydride cured DGEBA.  This result is due to the inherently flexible 

structure of fatty acid chain and thereby prone to form a less compact crosslinked 
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structure compared to the stiffer aromatic repeat unit of DGEBA.  A decrease in crosslink 

density was also reported by others [20].  

Crosslink density is also related to the oxirane value.  EGS has higher oxirane 

value than ESO so all EGS blends had higher crosslink densities compared to ESO blends 

at the same concentration level.  Crosslinking density increasing with oxirane value has 

also been observed within various EVOs of different oxirane content [69] or for the same 

vegetable oil with different oxirane content [16].  Surprisingly, 10 wt% EGS 

concentration had a similar crosslink density as pure DGEBA, which is in part probably 

due to a higher functionality of EGS compared to pure DGEBA.  More anhydride needed 

to cure the blend would lead to higher crosslink densities.  With increases in the EGS 

content in blends, a lower crosslink density was observed though the crosslink density 

had minimal change even at 50 wt% concentration.  ELO has similar epoxy content as 

EGS and has been reported to maintain nearly constant crosslink density of the 

anhydride-cured epoxy at up to 70 wt% concentration [70].  For ESO with much lower 

oxirane value compared to DGEBA or EGS, the crosslink density of ESO blends 

decreased with increased ESO concentration that is especially noticeable after Mc 

correction for pendant chains.  The saturated component in ESO thus plays a significant 

role in reducing the crosslink density.  Though crosslink density has been reported to not 

be changed by the replacement of DGEBA by ESO using mechanical analysis of the 

rubbery plateau [52], an artificially larger modulus can result for the inherently 

heterogeneous DGEBA–ESO–anhydride network due to a broadened glass transition 

temperature range.  As heterogeneity will broaden the modulus signal in the rubbery 
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region, a shear storage modulus value near the glass transition in the rubbery region can 

be artificially increased resulting in an inflated value for the calculated crosslink density 

3.5. THERMAL PROPERTIES  

The glass transition temperature (Tg) is considered a fundamental polymer 

characteristic related to polymer properties and processing.  In general, polymers with 

high crosslink density have higher Tg; however, the composition in the polymer within 

the crosslinked structure also plays an important role in the Tg behavior.  DSC and DMA 

are widely used to characterize Tg.  For most thermosetting plastics, the DMA 

measurement based on the tan δ peak at a frequency of 1 Hz generally occurs at a 

temperature as much as 15–20 °C above Tg as measured by dilatometry or DSC [16, 26] 

but inflection temperature typically correlate better with DMA tan δ than a midpoint 

value.  

The trend of cured epoxy resin blends (polymers) Tg as measured by DSC is 

shown in Figure 8.  The MHHPA cured pure EGS had higher Tg (88°C) which was nearly 

40°C higher than ESO-MHHPA.  Pure DGEBA-MHHPA polymers which is aromatic 

and had the highest Tg measured (152 °C).  Aliphatic amine [12, 71], or boron trifluoride 

diethyl etherate [72, 73], cured ESO polymers had low Tg, usually less than 0 °C.  While 

aromatic amine [29], cycloaliphatic amine [74], thermally latent initiator [75], or 

anhydride [76] cured EVO polymers generally have higher Tg, it is still rare to observe 

cured ESO polymers [31, 77] with Tg above 60 °C.  

Addition of ESO or EGS led to a decrease of Tg.  For small EGS/ESO 

concentration, e.g., below 30 wt%, the Tg values of ESO-DGEBA or EGS-DGEBA 

systems were quite similar to each other and slightly decreased compared to pure 
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DGEBA-MHHPA, which indicated the Tg behavior was mainly determined by the 

crosslink density as measured in the swelling test where only slight increases of Mc or 

Mc
*
 were observed.  However, the aromatic DGEBA versus aliphatic EGS structure also 

plays a role because 10 wt% EGS concentration appears to have a slightly higher 

crosslink density but still a lower Tg.  It has been reported that aromatic phthalic 

anhydride cured EVO had higher Tg but lower crosslink density [31, 53].  

 

 

Figure 8. Plots of a) the glass transition region of ESO/EGS-MHHPA neat polymer 

showing the differences in breadth of the transition; b) the measured inflection point glass 

transition temperatures of cured epoxy monomer(s) as a function of ESO/EGS-DGEBA 

blend composition (Lines only to aid visualization of trend) 

 

For further increases in the concentration of EGS/ ESO, the Tg values decreased 

more rapidly, especially for the ESO system.  The inherent, long aliphatic chain structure 

of ESO, sluggish reactivity of internal oxirane, and lower oxirane content preclude 

polymer as densely crosslinked as those of EGS or DGEBA.  Unreactive saturated 

components like stearic acid and palmitic acid pendant chains enhance the flexibility and 

degree of freedom for movements of the molecular chains in the epoxy network.  These 
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factors decrease the polymer Tg.  Further depressed Tg was also reported for an 

epoxidized palm oil system, which had lower oxirane content than ESO [26].  

At low ESO concentrations (≤ 50 wt%) a linear, decreasing Tg trend was 

observed, however, neat ESO or higher ESO concentrations (≥50 wt%) thermosetting 

polymers showed broad transitions from the glassy to the rubbery state.  The blends’ Tg 

seems predominately controlled by the ESO part.  Similar behavior was also found in 

ELO replacement of diglycidyl ether of bisphenol F resin [78].  The plasticizing effect of 

saturated FAs and/or the different reactivity of ESO and DGEBA leads to a broad 

distribution of chain segment mobilities [79] and indicate a heterogeneous polymer 

network [80].  Broad Tg range behavior was not found in the EGSDGEBA systems.  Also 

a nearly linear transition of Tg with increase of EGS was observed, which indicated good 

synergy and homogeneity of the crosslink structure formation between EGS and 

DGEBA. 

Researchers [16, 69] have noted the influence of EVO monomer oxirane value on 

polymer Tg.  We present trends in relationship between Tg and EVO structure with and 

without saturated components.  Several epoxy resins made from vegetable oils were 

synthesized and polymerized by MHHPA with EMI as catalyst and/or cationically 

polymerized with BF3-MEA initiation.  The obtained plot of polymer Tg as a function of 

oxirane oxygen value is presented in Figure 9.  

The glass transition temperatures of anhydride cured copolymers are higher than 

those of the neat of cationically cured monomers due to the anhydride structural stiffness 

elevating the copolymer Tg.  The Tg are observed to increase fairly linearly with oxirane 

value.  Higher oxirane values are expected to lead to higher crosslink densities upon 
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curing.  A similar Tg for anhydride cured ELO and EGS was observed though ELO has a 

slightly lower oxirane value.  The ELO structure is partially crosslinked, i.e., glycerol 

crosslinks the three FFAs, and would have a slightly higher oxirane value if converted to 

the glycidyl structure like EGS.  Linseed oil is also richer in linolenic acid content that 

may facilitate a dense crosslinked structure.   

 

Figure 9. Polymer glass transition temperatures as a function of monomer oxirane 

contents through cationic homopolymerization and MHHPA copolymerization.  [Note: 

straight lines are to indicate trend; vertical bars indicate the breadth of glass transition 

region equal to the difference between onset  temperature and endset temperature as 

determined in DSC]. 

 

EGS and EGL have much higher Tg compared to their respectively ESO or ELO 

counterparts.  A Tg value of 124°C was measured for EGL, which appears unprecedented 

for a vegetable oil based thermoset polymer.  The Tg increases in EGS-S/ EGS-P and 
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EGL-S/EGL-P are mainly due to the addition of the reactive glycidyl group compared to 

ESO and ELO.  Removal of the saturated components greatly increases the Tg.  A 30 and 

20 °C increase in polymer Tg was observed for MHHPA cured EGS and EGL compared 

to EGS-S and EGL-S, respectively.  Such trends are observed in the Mc calculations as a 

significant increase of crosslink density upon exclusion of the saturated components. 

Adding an unreactive function group, e.g., allyl (EAS) or methyl groups (EMS), 

generates a lower Tg though the oxirane values are similar to that of ESO.  Since the allyl 

group in EAS is partially epoxidized, EAS has even slightly higher oxirane value than 

ESO.  The Tg’s are greatly decreased compared to ESO because, unlike ESO that is 

partially crosslinked through glycerol, transesterification engenders all the fatty acid 

carbons except carbons in the epoxy groups into pendant chains.  In addition, the 

liberated saturated FFA esters behave as plasticizers in the matrix to increase the chain 

segment mobility and decrease crosslink density.  Monofunctional epoxidized methyl 

oleate and epoxidized oleic acid have lower oxirane content compared to EMS and were 

difficult to polymerize by our current curing conditions though polymer Tg of –14 to –50 

°C have been reported [36, 81].   

Broader Tg regions (onset-endset ranges are provided in Figure 9 using bars; 

NOTE: the vertical bars are not ‘error’ bars or deviations but indicate the measured 

temperature range breadth of the glass transition) indicate a broader distribution of chain 

environments and heterogeneous structures were observed in anhydride cured ELO and 

ESO.  We ascribe the less homogenous polymer structures to a low reactivity of internal 

oxirane in ELO or ESO instead of saturated components because even EGS-S and EGL-S 

with saturated FFAs show relatively sharp glass transition ranges.  Indeed, internal epoxy 
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is more reactive in cationic polymerization where all epoxies show a similar transition 

breadth when initiated by BF3-MEA.  EMS of all internal oxirane structure and saturated 

FFA also show a narrow glass transition region, which could be due to greater reactivity 

of the small molecules during curing compared to large oligomers of ESO or ELO [37]. 

Figure 10 presents the TGA weigh loss as a function of temperature curves for the 

polymerized epoxy resin.  Since the ESO-DGEBA blend had a similar thermal stability as 

the EGS-DGEBA blend, only the latter is shown here.  TGA results indicated all cured 

EGS-DGEBA resins appear thermally stable to temperatures at least 300 °C. 

 

Figure 10. TGA of MHHPA cured EGS-DGEBA blends compared to pure EGS and pure 

DGEBA 
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Replacements of DGEBA by EGS led to an earlier onset of degradation.  All 

epoxies presented two stage degradation behavior.  The first stage of decomposition from 

300 to 450 °C is believed to be due to decomposition of unreacted MHHPA, dehydration 

of hydroxyl groups, and the pyrolysis of the crosslinked epoxy resin network.  The 

second stage loss from ~ 450 to 600 °C was considered to be the complete decomposition 

of the smaller fragments like cyclized or aromatic degradation byproducts as indicated by 

the decrease of char residue when EGS component was increased.   

3.6. MECHANICAL PERFORMANCE 

Flexural and tensile properties of the polymerized resin systems as a function of 

ESO/EGS content were determined.  The results are shown in Figures 11 and 12.  

Smaller concentrations of EGS led to only minor changes in strength or modulus 

compared to neat DGEBA.  An improvement in flexural modulus was observed for 10 

wt% EGS.  Similar results, showing improved modulus at low replacement 

concentrations, have also been reported for an amine cured, soy-based epoxy resin system 

[35].  These data correlate with minor changes of Mc calculated at low concentrations of 

EGS/ESO in DGEBA system blends.   

However, the modulus and strength values of the blends systematically decreased 

with further increases in ESO/EGS concentration.  These phenomena are readily 

explained by a decrease of stiffer, bulky aromatic group content and a decreased 

crosslinking density of the cured blends.  All the EGS-DGEBA blends showed higher 

strength and modulus than the ESO-DGEBA blends of comparable concentration, which 

is supported by smaller Mc or Mc
*
 of EGS compared to ESO.  The flexural stress and 

modulus of EGS-DGEBA exhibited a gradual decrease until 50 wt% followed by a more 
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abrupt change.  For ESO-D EBA, large materials property losses occurred at ≥30 wt%.  

The study of ref [35] studied compositions only up to 30 wt% soy epoxy resin.  Similarly, 

the tensile strength of EGS-DGEBA had only minor changes up to 70 wt% concentration 

whereas a continuous decrease in strength was observed for ESO-DGEBA blends.  As 

observed in Figures 4 and 6, EGS was observed to be more reactive and compatible with 

DGEBA and a higher content of EGS was achieved with greater homogeneity than 

comparable ESO blends and greater mechanical strengths. 

 

 

Figure 11. Tensile and flexural strengths of MHHPA and EGS/ESO-DGEBA blend 

copolymerization products 
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Figure 12. Tensile and flexural moduli of MHHPA and EGS/ ESO-DGEBA blends 

copolymerization products 

 

3.7. VISCOSITY REDUCING ABILITY 

Reactive diluents are used for reducing and controlling the viscosity of epoxy 

resins to improve wetting and handling characteristics because in the liquid- molding 

technologies like resin transfer molding or pultrusion, the viscosity and resin flow are 

critical to achieving a quality laminate [82].  Recent trends toward lower volatile organic 

compounds (VOC), higher solids epoxy formulations have also resulted in increased 

utilization of reactive diluents [83].  It was found that EGS had inherently lower viscosity 

than ESO.  EGS has an extra glycidyl group and lower molecular weight compared to 

ESO, which is a triglyceride and has oligomeric behavior.  The viscosity reducing 

abilities of EGS and ESO were compared at different concentrations of replacement of 
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the DGEBA resin, which had a relatively high viscosity of 13000 mPa·s (see Figure 13).  

ESO and EGS have different miscibility with DGEBA resin; however, EGS exhibited a 

much better viscosity reducing efficiency than ESO.  A 30 wt% concentration of EGS 

reduced the DGEBA resin viscosity to value below 1000 mPa·s, which is indispensable 

for many applications.  At least 50 wt% of ESO was needed to reduce DGEBA resin to 

1000 mPa·s viscosity. 

 

Figure 13. Viscosity of DGEBA blended with various EGS or ESO concentrations 

 

4. CONCLUSIONS 

Bio-based epoxy resins, glycidyl ester of epoxidized fatty acids, were produced 

from soybean or linseed oils with a reduced saturated FFA fraction content.  The products 

were characterized and showed high oxirane contents that were more reactive than ESO 
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or ELO, which was shown to directly impact polymer homogeneity and glass transition 

temperature.  Epoxy monomers from other vegetable oil sources such as canola, palm, 

corn, etc., could be fabricated in similar fashion and have similar properties and curing 

behaviors providing that saturated fatty ester chains are similarly removed.   

The vegetable oil based epoxy resins displayed glass transitions that appear to be 

mostly a function of oxirane content but with additional influences of glycidyl versus 

internal oxirane reactivity, pendant chain content, and chemical structure and presence of 

saturated components.  Generally, higher oxirane contents (epoxy functionality) lead to 

higher glass transition temperatures whereas reduced epoxy functionality, non-glycidyl 

FFA esters, and greater pendant chain contents lead to lower glass transition 

temperatures.  In blends with DGEBA, monomers with only less reactive internal epoxies 

led to a more heterogeneous polymer structure compared to monomers possessing the 

more reactive glycidyl group and improved polymer homogeneity, in cure and structure.  

The inherent, long chain aliphatic structure of these thermoset monomers limits polymer 

glass transition temperatures compared to commercial, aromatic based epoxy monomers 

(DGEBA) but our data provide a clear trend and role of oxirane content. 

The EGS blends with DGEBA were cured by MHHPA and their thermosetting 

polymer Tg’s measured in comparison to control ESO blends with D EBA, which were 

polymerized in similar fashion.  The EGS polymers displayed improved Tg’s and 

mechanical properties compared to their ESO counterparts and, in addition to an 

inherently low viscosity and efficient viscosity reduction, should therefore be more 

attractive as a reactive diluent.  For instance, EGS derived from renewable sources could 

further enable defect-free fabrication of complex, shaped epoxy composites for structural 
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composite applications.  Our data show ESO produced less homogeneous polymers when 

blended with DGEBA epoxy that resulted in thermal cure, thermal property, and 

mechanically inferior materials compared to the more compatible EGS epoxy resin and 

blends.  The compatibility and superior properties arise from the removal of saturated 

pendant chains, addition of the glycidyl structure, and larger internal oxirane content 

inherent of EGS. 
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ABSTRACT 

Epoxy-clay nanocomposites derived from renewable soybean oils and organo 

modified montmorillonite clay were efficiently prepared.  Better efficiency was achieved 

through new, low viscosity, glycidyl esters of epoxidized fatty acids (EGS) as epoxy 

monomer and 4-methyl-1,2-cyclohexanedicarboxylic anhydride as comonomer.  Tensile 

testing showed that 1 wt.-% of clay improved nanocomposite strength and modulus by 22 

% and 13 %, respectively.  Tensile modulus was increased 34 % by nanocomposite clay 

without sacrifice of strength.  Three types of dispersion technique, mechanical stirring, 

high speed shearing, and ultrasonication, were carried out to disperse the clay directly 

into epoxy or anhydride portion of the thermoset system without added solvent.  

Dispersion of the clay particles into monomer was assessed by means of solubility 

parameters, optical and scanning electron microscopies and further confirmed by small 

angle X-ray scattering and transmission electron microscopy.  Sonication dispersion of 

clay into epoxy portion was needed to optimize dispersion and exfoliation of clay and 
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higher mechanical and thermal strength of the nanocomposites.  The nanocomposites' 

morphologies were a mix of intercalated and exfoliated structures, dependent on the 

dispersion technique.  The optimum tensile strength and glass transition temperatures of 

the nanocomposites were a function of clay concentration and dispersion morphology.   

Keywords: soybean oil; epoxy; clay; nanocomposites; miscibility; morphology; structure 

property 

1. INTRODUCTION 

Epoxy nanocomposites have attracted interest over past few years for their ability 

to generate improved properties with relatively small concentrations (e.g., ≤5 wt.-%) of 

fillers.
1
  Organo modified montmorillonite clay platelets (OMMT), due to unique layered 

structure, easy processing, availability, etc., are inexpensive reinforcement fillers for 

epoxies.  Once finely dispersed, strong interfacial interactions exist between polymer and 

nanoclay particles and play a key role in the confinement of polymer chain mobility 

under stress, and polymer properties like mechanical,
2
 thermal,

3
 gas barrier resistance,

4
 

low water absorption properties
5
 have been substantially improved.   

To obtain well dispersed polymer-clay nanocomposites, three techniques, i.e., in 

situ polymerization, melt intercalation and solution dispersion are well known.  

Industrially preferred melt intercalation is not applicable to thermosetting based polymers 

like epoxies.  Due to the high viscosity of common diglycidyl ether of bisphenol A-based 

epoxy (DGEBA), solution dispersion is an effective way of dispersing clay into epoxy 

resins with a high degree of exfoliation.
6
  Epoxy monomers readily penetrate into the clay 

galleries, which had been expanded and preoccupied by solvents like acetone.  While 
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large amounts of solvent are required during dispersion and then removed to prevent 

bubbles trapping in the cured samples, because solvent residue can impact the chemistry 

and performance of the final nanocomposite.
7
  In addition, solution dispersion may also 

present environmental and health issues.
8
  Slurry compounding is another approach to 

prepare exfoliated epoxy nanocomposites.
2
  Pristine clay was first swollen in water and 

then transformed into an acetone/ethanol slurry, several steps were involved to remove 

the water and solvent, otherwise the properties of the resultant composites were more 

likely to be low.
9
  The slurry compounding is also a time consuming and non-

environmentally benign process.  As stated above, developing a highly efficient and 

environmentally friendly process like solventless is still desirable for the industrial 

application of epoxy clay nanocomposites.
10

 

Polymer nanocomposites have made a significant contribution to the human 

society due to their extraordinary properties.  In recent years, there is continued interest in 

polymers derived from bio-renewable sources like vegetable oils, which are readily 

available, renewable, biodegradable and can contribute to a more sustainable polymer 

industry.  While most vegetable oil based polymers are not able to compete with 

analogous petroleum-based polymers in many structural applications due to inherently 

low stiffness and strength,
11-13

 functionalization, copolymerization with petroleum based 

monomers, and addition of nano-reinforcement or fiber reinforcement have been applied 

to improve polymers thermal and/ or mechanical properties.
14-22

  Various thermosets 

ranged from flexible rubbers to hard plastics have been synthesized from vegetable oils 

by Larock and coworkers,
23-25

 in general, modified or unmodified vegetable oils were 

copolymerized with styrene, dibinylbenzene or dicyclopentadiene by free radical,
26
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cationic,
20

 or ring-opening metathesis.
27

  Monomers derived from vegetable oil, acrylic 

acid and/ or maleic anhydride were also prepared and facilitated copolymerized with 

styrene.
28, 29

  The resulting thermosets showed glass transition temperatures (Tg) even 

higher than 100 °C depend on the monomers ratio and resin compositions.
30

  To further 

improve structural performance, fibers and nano clay reinforcements have been added to 

above mentioned polymers.  The fiber reinforced composites showed improved 

mechanical properties depend on types of fibers, fiber contents, resin systems and 

interfacial adhesion.
29, 31-34

  The prepared clay nanocomposites generally showed a mix of 

intercalated and exfoliated structure depend on the clay concentrations
35

 and properties of 

monomers.
36

  These nanocomposites generally showed improved thermal stability, 

mechanical properties especially the modulus and barrier performance, decreased Tg were 

sometimes observed.
37, 38

 

Epoxidized vegetable oil (EVO) such as epoxidized soybean oil (ESO) or 

epoxidized linseed oil (ELO), is one of the largest industrial utilizations of vegetable 

oils,
39

 directly using EVO as epoxy monomer, however, was hampered from relatively 

low Tg and the mechanical properties of flexible matter.  EVO can be blended with 

commercial epoxy like DGEBA but generally limited as a minor component (e.g. <30 

wt.-%),
40

 otherwise the resulting polymers or composites performance will mostly be 

poor due to the plasticizing effect, low reactivity and dangling chains of EVOs at high 

content replacement.
11, 41-44

  Exfoliated clay nanocomposites have been fabricated from 

anhydride cured ELO/diglycidyl ether of bisphenol F blends, and counterbalanced the 

reduced storage modulus due to the addition of ELO, but large quantity of solvent was 

required for clay dispersion.
45

  Clay nanocomposites have also been made from pure 
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vegetable oil based epoxies and showed improved mechanical strengths.
46-48

  However, 

an inherently low Tg, even below room temperature, inevitably limits practical 

applications.  High strength, higher Tg bio-based epoxy resin systems are of interest to 

improve mechanical and thermal polymer and composite properties.
15, 21, 49

 

Bio-based epoxy resins of glycidyl ester of epoxidized fatty acids (EGS) derived 

from soybean oils have been synthesized and examined.
40

  EGS merits include a higher 

epoxy content and lower viscosity than commercial ESO, ELO or DGEBA.  Upon curing 

cationically, neat polymer displays Tg’s above room temperature.  Much higher Tg’s and 

improved mechanical properties compared to other bio-based systems were obtained 

through selection of curing agents. 

Low resin viscosity of EGS and similar fatty chain structure to clay modifiers 

enabled dispersion clay via a solvent free and non-heating process, so fabrication of 

epoxy clay nanocomposites becomes more efficient and environmentally friendly.  The 

incorporation of bio-based epoxy polymers with relatively low cost clay platelets was 

also a useful combination toward environmentally friendly and affordable 

nanocomposites of improved thermal and mechanical properties.  In this research, the 

bio-based epoxy nanocomposites containing different concentrations of clay were 

prepared.  Dispersion methods and clay content effects on the Tg’s, thermal stability and 

mechanical strength are observed. 

2. EXPERIMENTAL 

2.1. MATERIALS 

Refined soybean oil with brand name Great Value
TM

 was purchased from a local 

grocery store.  2-ethyl-4-methylimidazole (EMI) and 4-methyl-1,2-
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cyclohexanedicarboxylic anhydride (MHHPA) were purchased from Aldrich (St. Louis, 

MO).  OMMT with brand name Cloisite
®
 30B was purchased from Southern Clay 

Products Inc. (Gonzales, TX).  The clay surface modifier is bis-(2-hydroxyethyl) methyl-

hydrogenated tallow alkylammonium cation (90 meq/100 g of clay).  Mold release agent 

Chemlease
®
 41-90 EZ was purchased from Chem-Trend, Inc. (Howell, MI).  

2.2. PREPARATION OF BIO-BASED EPOXY-CLAY NANOCOMPOSITES 

A detailed synthetic procedure of EGS was previously reported
40

 and the 

chemical structure is shown in Figure 2.  The abbreviated general procedure is as follows: 

Dry sodium soap derived from free fatty acids of soybean oil was reacted with 

epichlorohydrin under reflux condition with cetyltriethylammonium bromide as a phase 

transfer catalyst.  The prepared glycidyl esters of fatty acids were epoxidized by meta-

chloroperoxybenzoic acid dissolved in methylene chloride and then washed by sodium 

sulfite and sodium bicarbonate solution sequentially.  Finally, methylene chloride was 

removed by in vacuo rotary evaporation.  The prepared EGS have an average oxirane 

oxygen value of 10.1 % and viscosity of 70 mPa∙s at 25 °C. 

The process of making nanocomposites is shown in Scheme 1.  Two clay 

dispersion methods, high speed kinetic shear mixing (shearing) and shearing plus 

sonication (sonication) were compared.  A typical nanocomposites fabrication procedure 

follows: OMMT dried at 60 °C under vacuum for 24 hr were stirred into EGS in 

proportions of 0, 0.5, 1, 2, 4 or 6 wt.-% concentration.  The blend was sheared at 20,000 

rpm for 10 min using a kinetic shear homogenizer (Fisher Scientific PowerGen 1000).  

Ultrasound treatment (Sonics&Materials Inc.) was performed at 900 W for 10 min using.  

Next, a stoichiometric amount (epoxy/anhydride mole ratio, r = 1.0) of MHHPA and 1 
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wt.-% (based on EGS) of EMI were added into the blend.  After mixing at 300 rpm for 5 

min, the blend was degassed in a vacuum oven to remove entrapped air and then poured 

into a mold, which had been previously sprayed with mold release agent and dried.  

Curing was performed in a convection oven (Lindberg/Blue MO1440A-1) in three stages: 

Precured at 80 °C for 30 min, cured at 110 °C for 2 hr, and post cured for 1 hr at 140 °C. 

 

Scheme 1. Procedures for preparation of epoxy clay nanocomposites. 

 

2.3. MECHANICAL CHARACTERIZATION 

Tensile tests were performed on an Instron 4469 universal testing machine 

according to the ASTM D638.  Tensile modulus and tensile strength values were 
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evaluated.  All the tensile tests were performed at a crosshead speed of 10 mm/min.  At 

least five specimens were tested for each different resin system. 

2.4. DISPERSION CHARACTERIZATION 

The dispersion state of clay in EGS or MHHPA monomer was observed using 

Olympus CX31RBSFA optical microscope with Nikon digital camera DXM1200, a drop 

of each mixture was spread between the slide and cover slip.  

The fracture surfaces of nanocomposites were examined using a Hitachi S-4700 

field emission scanning electron microscopy (SEM) with 5 kV accelerating voltage.  

Sample surfaces were sputtered with a gold coating to improve charge dissipation.   

The degree of clay exfoliation in nanocomposites was investigated by small angle 

X-ray scattering (SAXS).  Tests were carried out on a PiXcel detector with Cu-Kα 

radiation.  The scanning range was from 0 to 8°, the step size was 0.01°, and the scan rate 

was 0.01° every three seconds. 

The exfoliated/intercalated structure of nanocomposites was observed with 

transmission electron microscopy (TEM).  Sections of approximately 70 nm were 

obtained using room temperature ultramicrotomy.  The diamond knife angle was set at 

4°.  A JEOL 1400 TEM with lanthanum hexaboride filament at 120 kV accelerating 

voltage was used to collect bright-field images of the thin sections of the nanocomposites. 

2.5. THERMAL CHARACTERIZATION 

Curing behaviors of the neat epoxy and epoxy-clay blends were studied by 

dynamic scanning calorimetry (DSC) (Q2000, TA Instruments).  Mixture weighing 2 to 3 

mg was hermetically sealed in an aluminum pan and was scanned at a heating rate of 10 

°C/min from 25 to 300 °C. 
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DSC was also used to determine the Tg of cured resin.  Measurement was carried 

out over a temperature range from -30 to 150 C at a heating rate of 20 °C/min.  Samples 

were first heated to 170 C to remove thermal history and then rapidly cooled to -30 C.  

Universal Analysis 2000 software by TA Instruments was used to analyze the heat flow 

as a function of temperature.  Inflection temperature (Ti) was reported as the Tg. 

Thermal stability and kinetics of thermal degradation of cured neat epoxy and 

nanocomposites were determined by thermogravimetric analysis (TGA) (Q50, TA 

Instruments).  Measurement was performed from 25 to 800 C at a heating rate of 5, 10, 

15, 20, 25 C/min under an ambient air flow environment. 

3. RESULTS AND DISCUSSION 

3.1. MECHANICAL PERFORMANCE 

The effect of the clay contents on tensile properties of the EGS-OMMT 

nanocomposites is presented in Figure 1.  Tensile modulus of the nanocomposites was 

highly dependent upon the OMMT concentrations and was improved with increased clay 

concentration.  This is due to the high modulus of clay platelet.  Initially, modulus was 

improved by 10 % for only 0.5 wt.-% clay incorporation.  At higher concentrations, the 

rate of modulus increase became less, e.g., there is only 13 % increase of modulus for 1 

wt.-% OMMT by sonication, this can be attributed to the presence of unexfoliated 

aggregates in the structure under higher clay concentrations.
50

  Modulus was also related 

to the method of clay dispersion, nanocomposites by sonication had slightly higher 

moduli than those by shear mixing.  Better dispersions by sonication increased interfacial 



 

 

128 

contact area between the clay particles and epoxy matrix, thus providing a better coupling 

and a more efficient restriction of epoxy chain mobility under load.   

 

Figure 1. Tensile strength and moduli of polymer and nanocomposites as a function of 

the clay content. 
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Tensile strength was also related to the clay dispersion method.  For shear mixed 

composites, no significant change in strength compared to neat polymer was observed at 

low clay concentrations followed by an abrupt decrease for 6 wt.-% OMMT composites.  

Sonication dispersed EGS-OMMT nanocomposites lead to improved tensile strength, an 

increase of 22 % in tensile strength was observed for only 1 wt.-% OMMT content.  The 

nanocomposite strength at 6 wt.-% OMMT concentration, is still closed to that of neat 

polymer but with 34 % improvement in modulus, such phenomenon is quite unlike the 

DGEBA based clay nanocomposites, which were often shown reduced tensile strength 

than their pristine polymers.
1, 51

  Very few studies showed an 25 % increase of tensile 

strength but with much higher 5 wt.-% OMMT content,
52

 and similarly a 20.9 % 

improvement at 3 wt.-% of OMMT.
53

  Interestingly, some vegetable oil based epoxy clay 

nanocomposites have been reported with improved tensile strength,
18, 47, 48

 however, all of 

them were in rubbery states possessed much lower mechanical and thermal strength than 

those of EGS.  So adding trace amount of OMMT not only improved the mechanical 

strength of EGS, but also potentially render mechanical properties of EGS 

nanocomposites closing or being comparable to DGEBA based polymers.
40

 

Overall, exfoliated structures lead to improved modulus and strength, while the 

intercalated structures lead to decreased tensile strength.  With sonication, exfoliation and 

intercalation structures probably coexisted at higher clay concentration, thus resulting in 

reduced mechanical strength.  Because the interfacial interaction between OMMT and 

matrix was reduced at high clay concentration and crack fracture could initiate in clay 

galleries.
2
  Decreased tensile strength has also been attributed to the presence of 

aggregation of clay particles which is due to the inefficient dispersion or clay 
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concentrations above the percolation threshold.  Aggregation not only reduces the 

interfacial interactions between clay and polymer but also generate macrocracks.
54

  Large 

aggregates and intercalated structures were co-existed in shear mixed composites, so 

there is less interfacial interaction between OMMT and matrix compared to the 

sonication dispersed composites, as will be observed by SEM and TEM tests. 

3.2. ESTIMATION OF WETTING AND DISPERSION EFFICIENCY 

Clay dispersion is a complex process and influenced by many factors, including 

process methods, curing agents,
55

 and the property of clay or clay modifier.
56

  The 

interaction between clay/modifier, monomers, and solvents is one of key factors to obtain 

stable suspensions and final intercalated/exfoliated structure.
57

  The solubility parameter 

(δ) approach has been used to interpret intercalation/exfoliation and to predicate 

nanocomposite morphology.
8, 36, 58

  To form homogeneous dispersions, epoxy should 

have a similar solubility parameter as the clay surface modifier, in accordance with the 

general rule that structural similarity favors solubility.  The group contribution method 

has been developed to calculate solubility parameters,
59

 

 

where δ is the solubility parameter,  are the molar attraction constants summed over 

the groups present in the compound or repeat unit for polymers, and ρ and M are the 

density and molecular mass of the compound, respectively.  For refinement, solubility 

parameter components can be further distinguished into dispersive (δd), polar (δp) and 

hydrogen bond interactions (δh), 
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The solubility parameters of monomers, solvent and clay modifier were calculated 

based on Hoftyzer-Van Krevelen’s group contribution method.
59

  The chemical structures 

are listed in Figure 2.  For EGS, a total of 2.1 epoxy groups were used for the calculation, 

which matches on the titrated average oxirane oxygen value.  For comparison, the 

solubility parameters of acetone and styrene are also provided in Table 1.   

 

 

Figure 2. Material chemical structures used for solubility parameters calculation. 

 

From Table 1, DGEBA and acetone have very similar solubility parameters to the 

OMMT, so the DGEBA based epoxies are compatible with the OMMT,
6
 and should 

readily penetrate into the OMMT galleries with or without the facilitation of acetone.  It 

has also been observed that higher solubility parameter of the polymer raises the basal 
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spacing of the clay
8
 and the δp and δh (combined as δa =(δp

2
 + δh

2
)
1/2

) strongly affect the 

basal space expansion, which facilitates formation of an exfoliated structure.
60

  DGEBA 

has the highest δ value, especially higher δa value, are prong to form exfoliated 

structures,
56

 while for styrene both δ and δa values are much lower than those of OMMT, 

so only a smaller d spacing of the clay was achieved,
8
 and intercalated structures were 

usually formed.
61, 62 

 

Table 1. Calculated solubility parameters of monomer, clay modifier and solvent 

Solubility Parameter 
(MPa1/2) 

OMMT EGS MHHPA DGEBA Acetone Styrene 

δ 20.0 19.8 21.0 21.6 19.4 18.3 

δd 16.8 15.7 17.4 16 15.4 18.2 

δp 2.7 2.8 8.7 11.2 10.5 1.0 

δh 10.6 11.8 7.9 9.1 5.2 0 

δv=(δd
2 + δp

2)1/2 17.0 16.0 19.5 19.5 18.6 18.3 

δa=(δp
2 + δh

2)1/2 10.9 12.1 11.7 14.4 11.7 1.0 

 

Monomer structure, characterized by flexibility or diffusion rate, can also 

influence the exfoliation.
63

  The MHHPA is a low viscosity liquid with a high diffusion 

rate, can readily penetrate into the clay galleries and expand the basal spacing, and even 

disrupt the layered structure due to reactions with the organo modifier.
47

  Flexible 

aliphatic amines are prone to form exfoliation compared to rigid cycloaliphatic 

diamines.
64

  Similarly, vegetable oil based anhydrides with flexible fatty chains are also 

prone to form exfoliated clay nanocomposites.
55
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The EGS have long fatty chains and resemble the modifier structure of Cloisite
®
 

30B and hence the calculated solubility parameter of EGS is quite close to the value of 

OMMT, as shown in Table 1.  EGS as DGEBA was thus expected to be compatible with 

the OMMT.  Plus, EGS also has very low viscosity as MHHPA, so EGS should readily 

infiltrate into clay galleries even without the facilitation of solvent or sonication, and 

disrupt the nanoparticle aggregates to form exfoliated/intercalated structures upon shear 

mixing. 

3.3. QUALITATIVE OBSERVATION OF DISPERSION METHODOLOGY 

RESULTS 

Epoxy resins are mostly two part systems of an epoxy monomer and a curing 

agent.  Dispersions can be produced in one of those phases.  Since the calculated 

solubility parameters of MHHPA is also similar to the value of OMMT, the dispersibility 

of OMMT in epoxy or MHHPA was separately compared under optical microscopy and 

direct observation as shown in Figure 3.  Surprisingly, OMMT did not form a 

homogeneous dispersion in MHHPA using either sonication or high shear mixing 

method, and only black precipitates were observed (Figure 3a), which is unlike the 

original pale yellow color of OMMT or the phase separated blend (Figure 3b).  It seems 

that the modifier structure in OMMT was disrupted and some pristine clay particles were 

precipitated from the MHHPA. 

The δh is a critical factor determining whether the OMMT particles remain 

suspended in a liquid since neither strong nor poor hydrogen-bonding groups suspend 

clay well.
60

  A low δh value of MHHPA was observed, similarly, OMMT was also 

precipitated in acetone with even lower δh value.  Besides that the hydroxyl group in 
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OMMT modifier or quaternary ammonium itself will react with MHHPA and form 

carboxylic acid which is even more polar than anhydride or hydroxyl group alone, e.g,. 

de-exfoliation and aggregation of OMMT in organic solvent has been observed upon the 

addition of polar amine curing agent.
65

  Hence, appropriate mixing sequence should be 

selected in order to achieve better dispersion of OMMT and higher performance of the 

nanocomposite,
66

 and only low speed shear mixing (magnetic stirring) was utilized to 

mix MHHPA into EGS-OMMT blends to avoid reaggregation of well dispersed platelets. 

 

Figure 3. Optical microscopy imaging of the dispersion state of 4 wt% OMMT in 

monomers upon: (a) sonication in MHHPA, (b) low shear magnetic stirring in EGS, (c) 

mechanical high shear mixing in EGS, and (d) sonication in EGS. 
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Low shear mixing in EGS failed to break down the clay particles, large size of 

clay aggregations and precipitation were observed (Figure 3b).  Better dispersion and 

more stable blend was achieved by high shear mixing method, OMMT agglomerations in 

size of about 5 μm were observed (Figure 3c), while most particles size were below 2 

μm.  Blend treated by sonication showed the best dispersion of OMMT and no apparent 

aggregations were observed (Figure 3d).  Good dispersion was also observed by a stable 

and semi-transparent blend even after 30 days. 

The physical appearances of cured blends are shown in Figure 4.  Sonication 

mixing (Figure 4a) produced smaller particles sizes and showed better dispersion of clay 

in the composite and therefore greater transparency.  Shear mixing (Figure 4c) produced 

slightly more transparency than anhydride mixing, which showed heterogeneous 

dispersion (Figure 4b).  Although intercalation is expected to occur independently of the 

size of the clay agglomerations as a wetting phenomenon, which is separated from 

shearing,
65

 clay agglomerations that remain during or after crosslinking, are expected to 

affect properties like transparency, reaction enthalpy, and ultimate mechanical properties. 
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Figure 4. Physical appearance of cured polymers of 2 wt% concentration OMMT as a 

function of dispersion methodology: (a) sonication in EGS, (b) sonication in MHHPA, 

and (c) high speed mechanical shear in EGS. 

 

3.4. FRACTURE SURFACE MORPHOLOGY 

Fracture surfaces of the neat EGS and nanocomposites systems were observed by 

SEM.  Figure 5a indicated neat polymer fracture surface is mostly smooth and the crack 

propagated in a planar manner, while the nanocomposites show considerably rougher 

surfaces and influence of clay particles (Figure 5b-5f), which imply that the path of the 

crack tip is distorted by clay platelets and crack propagation may become more difficult 

or more readily nucleated.  The clay nanocomposites also showed different morphologies 
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depend on the concentrations of clay and the dispersion methods.  In Figures 6b and 6e, 

much better dispersions were observed for composites utilizing the sonication method at 

same clay concentration compared to shear mixing ones (Figures 5c and 5f).  

 

 

Figure 5. SEM graphs of the fracture surface: (a) neat epoxy, (b) 1 wt% OMMT 

sonication, (c) 1 wt% OMMT mechanical shear mixing, (d) 1 wt% OMMT sonication in 

MHHPA, (e) 4 wt% OMMT sonication, and (f ) 4 wt% OMMT mechanical shear mixing. 
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Figure 5e reveals a coarser and flaky fracture surface where clay appears to be in 

a continuous phase.  A weak gel structure accompanied with significantly increased blend 

viscosity was observed during sonication mixing of 4 wt.-% or higher concentrations of 

OMMT into EGS, thus the 6 wt.-% OMMT concentration is nearing or above the 

percolation value and forming percolation-typed structure where existed interactions of 

clay-clay and clay-monomer.
57

 

The nanoclay platelets are intended to interlock with the epoxy networks through 

the modifiers reaction with monomers.  Inspection of the phase morphology supports 

interfacial adhesion (Figure 5b), while disbonding or macrocracks are clearly observed at 

the interfacial region of clay aggregates, especially for anhydride dispersed samples 

(Figure 5d), which further confirmed the poorest dispersion with clearly aggregations.  

Dispersion heterogeneity, such as clay aggregation, should result in localized stress 

concentration and crack initiation when the sample is subjected to load.
2
  Not 

surprisingly, thermal and mechanical results from the anhydride mixing samples were 

mostly lower compared to shear and sonication mixed ones, which showed improved 

dispersion and provided optimal interaction between the polymer matrix and clay 

platelets, thus better resistance of crack propagation. 

3.5. INTER PARTICLE SPACING  

Figure 6 presents the SAXS spectra of OMMT and polymer nanocomposites of 

different clay concentrations.  OMMT showed a characteristic peak at 2θ = 4.7°, which 

corresponds to the basal spacing of 18.5 Å according to Bragg's law.  No apparent peaks 

were detected for 1 and 2 wt.-% clay composites in the range of 2θ from 0.3° to 8°, so the 

d spacing should be at least larger than 58.9 nm, possibly indicating clay is well 
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intercalated, being either exfoliated or highly intercalated.  Greater background scattering 

with broadening of shoulder peaks were observed for 4 and 6 wt.-% clay contents for 2θ 

< 2°, indicating a broader distribution of the d spacing ( > 4.4 nm) or a diversity of 

structures like intercalated and exfoliated coexist.  

 

Figure 6. SAXS of nanocomposites with different OMMT contents and dispersion 

methodology. 
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Although SAXS can determine wider spacing of the clay interlayer compared to 

wide-angle X-ray diffraction, less can be inferred about the spatial distribution of the 

silicate layers or structural non-homogeneity in nanocomposites.  To further confirm the 

structure of nanocomposites, TEM experiments were performed and images are shown in 

Figure 7.  

 

Figure 7. TEM of nanocomposites (a) 1 wt% OMMT sonication, (b) 4 wt% OMMT 

sonication, (c) 1 wt% OMMT mechanical shear mixing, and (d) 4 wt% OMMT 

mechanical shear mixing. 
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Sonication method showed a more homogeneous dispersion of nanoparticles 

compared to shear mixing.  Both 1 wt.-% and 4 wt.-% OMMT nanocomposites by 

sonication showed exfoliated structures and the presence of tactoid particles (Figure 7a 

and 7b).  At higher magnification, the tactoids were revealed to be either partially 

exfoliated or highly intercalated with stacked clay platelets. 

Shear mixing of 1 wt.-% OMMT lead to an inhomogeneous dispersion, although 

some dissociated clay layers were present , large and undisrupted clay aggregates 

were also existed (Figure 7c), such specimen appears as macro clay composite 

rather than nanocomposite; however, a higher magnification revealed that substantial 

expansion of the gallery with intercalation occurred, which is also accorded to the SAXS 

results. 

EGS monomer, of flexible molecular structure, low viscosity and similar 

solubility parameter as OMMT, readily diffused into the galleries even without the 

facilitation of solvent or sonication.  Much better clay dispersion was observed for 4 wt.-

% OMMT by shear mixing (Figure 7d).  Due to the thixotropic effect of OMMT, 

increased clay content and viscosity lead to better disruption of clay aggregates 

presumably to greater shear stress.  Where shear mixing retains intercalated tactoids with 

many stacks of clay layers of average 4 nm basal spacing, is also supported by the SAXS 

study.  Compared to shear mixing, sonication provided much higher shear strength to 

help monomers diffuse into galleries, and lead to a better expansion of galleries than 

shear mixing and chemical ability of the monomer alone, thus nanocomposites by 

sonication generally provided improved thermal and mechanical properties. 
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3.6. REACTION EXOTHERM STUDIES 

DSC was applied to study the curing behavior of the blended epoxy resins.  The 

exothermic peak onsets were characteristic of epoxy curing reactions.
67

  Integration of 

reaction exotherm allowed the determination of the enthalpy of curing reaction (ΔH).  

Onset curing temperature (Ti) and peak exotherm (Tp) were also determined (Figure 8).   

 

 

Figure 8. Dynamic thermograms of EGS-MHHPA blends with (a) no catalyst; (b) 1 wt% 

EMI; (c) 1 wt% OMMT; (d) 1 wt% OMMT and 1 wt% EMI. 

 

The EGS and anhydride reaction without catalyst is sluggish and incomplete, 

which was indicated by higher Tp value and much lower ΔH value (Figure 8a).  The first 
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exotherm peak is ascribed to a polyaddition between epoxy ring and anhydride.  The 

second exotherm peak at 270 °C is assigned to the side reactions such as etherification 

and/or homopolymerization.  Base accelerators like imidazole greatly reduce Tp and Ti 

values and enable much higher ΔH values (Figure 8b), and the etherification of epoxy 

becomes less likely.
67

 

The clay surface modifier quaternary amine salt behaving as an accelerator to the 

epoxy curing reaction is well known.
68

  Compared to the EMI catalyzed system (Figure 

4b), relatively minor changes in Ti, Tp and shape of DSC curve were observed for an 

OMMT catalyzed system (Figure 8c) or an EMI-OMMT co-catalyzed system (Figure 

8d), which indicated a similar curing energetics for EMI and OMMT catalyzed epoxy-

anhydride curing reactions.  The surface modifier of Cloisite
®
 30B has two hydroxyl 

groups which can also react with anhydride and enable a strongly bonded interface.
47, 53

  

Lower ΔH values were observed in OMMT only catalyzed curing reactions compared to 

EMI catalyzed.  This may due to the low concentration or inhomogeneous dispersion of 

OMMT in monomers.  In order to enable complete reaction, EMI was added into all 

EGS-OMMT blends.  DSC results are listed in Table 2. 

From Table 2, there is slightly decrease in ΔH values varied with OMMT 

concentrations for both dispersion methods and Ti and Tp values are quite close to the neat 

resin system.  Clay additions leading to lower values of ΔH due to the 

homopolymerization of epoxy by OMMT have been reported,
69

 because the reaction 

between hydroxyl groups in modifier with monomer can reduce the functionality of 

monomers and subsequently render a lower ΔH value.
47 
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Table 2. DSC results of curing EGS-MHHPA-OMMT systems  

wt.-% of 

OMMT 

Dispersion 

Methods 
Ti (°C) Tp (°C) ΔH (J/g) Tg (°C) 

0 - 117.6±1.3 157.2±0.9 313.9±2.4 86.0±1.8 

0.5 Shearing 118.8±1.8 155.5±1.0 301.3±4.8 83.1±1.5 

1 Shearing 118.1±1.8 155.0±0.8 289.8±4.2 82.8±0.9 

2 Shearing 119.0±2.0 155.2±0.7 283.2±5.0 84.1±2.8 

4 Shearing 115.3±1.5 156.0±0.6 296.0±7.1 83.5±1.3 

6 Shearing 114.8±2.7 153.8±1.3 283.2±8.9 83.4±1.3 

      

0.5 Sonication 121.0±0.9 157.5±1.2 308.6±6.9 92.1±0.6 

1 Sonication 115.9±1.1 156.7±0.2 306.0±7.0 91.5±1.6 

2 Sonication 117.2±1.2 159.4±0.5 303.6±5.3 90.5±0.5 

4 Sonication 117.0±1.8 158.4±0.6 306.2±5.9 90.0±0.2 

6 Sonication 115.3±3.0 159.1±0.7 305.8±5.8 90.3±0.3 

 

Shear mixing possessed lower ΔH values indicated inhomogeneous clay 

dispersion will prevent curing reaction.  The presence of clay aggregations may impede 

chain diffusing during gelation process and lead to a lower extent of cure.  Sonication 

dispersion method led to much better dispersions and perhaps a higher concentration of 

catalyst or improved interactions between monomers and modifiers, thus ΔH values were 

slightly improved.  

3.7. GLASS TRANSITION TEMPERATURE OF THE MATRIX 

Effect of clay content on glass transition temperature was evaluated by DSC and 

results are listed in Table 2.  The neat polymer showed a Tg of 86 °C.  A decrease in Tg 

occurred for all composites produced by high shear mixing where the reduction was more 

significant at low clay concentrations.  Poor clay dispersion appeared to reduce polymer 

reaction enthalpy and cure extent as observed in DSC study.  Clay aggregation may act as 
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a barrier during curing and prevent a highly cross-linked structure, where smaller d-

spacing may preclude migration of monomers and oligomers within the layers.  

Decreased Tg has also been found in other intercalated clay composites.
50

 

On the other hand, exfoliation of clay into the epoxy matrix by sonication 

increased Tg.  An increase of 6 °C was observed for only 0.5 wt.-% OMMT, then 

followed a slightly reduced Tg at higher OMMT contents, which implied that OMMT at 

relatively low content had better dispersion and more restriction to motion of epoxy 

networks versus the more intercalated structure at relatively higher clay concentrations.  

Reduced Tg may also be due to the plasticizing effect for a higher fraction of surface 

modifiers. 

3.8. STABILITY AND KINETIC OF THERMAL DEGRADATION 

The thermal degradation of the nanocomposites was studied by TGA.  From 

Figure 9, two degradation processes under air atmosphere were observed for all samples 

of onset temperature at 320 °C and 450 °C.  Degradation occurred in the temperature 

region from 320 to 450 °C was assigned as decomposition of the crosslinked polymer 

network.  Weight loss above 450 °C is mainly a degradation of organic char residue.  At 

temperatures above the second degradation stage, samples residue reflected inorganic 

content of the nanocomposites.  The thermal parameters which characterize the effect of 

clay concentration and dispersion method on the thermal stability of nanocomposites are 

shown in Table 3. 
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Figure 9. TGA thermograms of nanocomposites with various clay contents and 

thermograms of neat EGS polymer as a function of heating rate (inset). 

 

From Table 3, the nanocomposites exhibited slightly higher temperatures at onset, 

10 % and 50 % weight loss in the first degradation process.  Similarly, clay prevented the 

degradation of the char layer in the second degradation process as the onset degradation 

temperatures were substantially increased.  Thus, clays components have a significant 

effect on nanocomposites thermal stability.  The improved thermal stabilities may be 

attributed to the formation of low permeable silicates which can reduce the oxygen 

uptake, the subsequently formed clay char residues layers during combustion may also 

reduce the heat transfer between the flame and nanocomposite.  However, neither 

increase clay concentration nor the type of dispersion method, had any significant effect 

upon the current degradation process. 
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Table 3. Thermal stability of nanocomposites 

Sample 

(wt.% of 

OMMT) 

Dispersion 

Method 

Onset of 1st 

degradation 

(°C) 

T @ 10 % 

degradation 

(°C) 

T @ 50 % 

degradation 

(°C) 

Onset of 2nd 

degradation 

(°C) 

0 - 304.1 309.7 376.1 439.6 

0.5 Shearing 310.1 321.6 386.1 458.8 

1 Shearing 311.3 322.3 382.5 455.9 

2 Shearing 311.8 322.3 383.7 456.3 

4 Shearing 308.0 319.3 379.4 461.1 

6 Shearing 310.6 322.3 377.4 458.6 

      

0.5 Sonication 310.6 317.8 383.2 460.5 

1 Sonication 315.6 324.6 384.0 469.8 

2 Sonication 312.4 320.0 384.2 452.9 

4 Sonication 312.6 317.8 379.4 458.5 

6 Sonication 314.7 321.6 379.8 465.0 

* Mean values of three measurement 

 

The thermal degradation activation energy (Ea) of many polymers varies with the 

process conditions.
70

  To further characterize the degradation process, a non-isothermal 

decomposition kinetics analysis based TGA results was performed and the Ea was 

calculated using the Flynn-Wall-Ozawa’s method,  

 

α is the degree of conversion defined as the ratio of actual weight loss to total weight loss 

in TGA; g(α) is the integral function of extent of conversion α; β is the hearing rate; A 

represents the pre-exponential factor; R is gas constant; T is absolute temperature.  

Temperature at 5 % weight loss in TGA thermograms was chosen to characterize the 

thermal stability, which can avoid the high temperature variations at beginning of thermal 
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decomposition.
71

  The Ea could be obtained from the slope of logβ against 1/T at a fixed 5 

% conversion but under various heating rates, see Figure 9 and 10.   

 

Figure 10.  Flynn-Wall-Ozawa plots of logβ vs. 1000/T at 5 % conversion 

 

Figure 10 presents plots of log β versus 1/T, surprisingly, not all plots displayed 

excellent linearity, two degradation mechanisms dependent on the rate of degradation 

was clearly observed for both neat EGS and shearing mixed sample, while sonication 

method showed a more uniform degradation process this phenomenon may due to the 

structures variations between two dispersion methods, the sonication provided better clay 

dispersion, as observed in optical and TEM study, thus formed a more homogeneous clay 

nanocomposite structure withstand thermal degradation uniformly.  On the other hand, 

the heterogeneous structure due to shear mixing cannot change the thermal degradation 
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mechanism of EGS,  Both activation energies at slow degradation rate (5 to 15 °C/min) 

and high degradation rate (15 to 25 °C/min) were calculated and indicated as Ea1 and Ea2, 

respectively, and values are listed in Table 4, for sonication dispersed samples, only Ea1 

were listed, because plots show much better linearity under whole degradation rates.  

Table 4. Activation energies and correlation coefficient obtained using Flynn-Wall-

Ozawa method 

Samples 

Ea1 

(kJ mol
-1

) 

Ea2  

(kJ mol
-1

)
 

R1
2 

R2
2 

Neat EGS 76.5 45.1 0.966 0.954 

2 wt.-% Shearing 252.6 34.8 0.803 0.997 

6 wt.-% Shearing 189.5 45.8 0.985 0.849 

2 wt.-%  Sonication 84.6 - 0.996 - 

6 wt.-%  Sonication 90.6 - 0.890 - 

 

From Table 4, it was found sonication method shows higher activation energy 

than EGS, thus presented better and uniform thermal stability under whole degradation 

process, also higher OMMT concentration increases the activation energy thus improve 

the thermal stability, which is also confirmed that higher OMMT concentrations by 

sonication still proved a good homogeneous structure.  Much higher Ea1 were found for 

shear mixing method at low degradation rate, while Ea2 at faster degradation rate showed 

only a comparable or worse thermal stability than neat EGS, unlike the sonication 

method, increase the OMMT concentration leads to decrease Ea1, again this may be due 

to the increased heterogeneous.  At low degradation rates, the heterogeneous structure 

like clay aggregation may has more time to form thermal resistance structure, while at 
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high degradation rate conditions, some weak parts due to the reduced crosslink densities, 

dangling chains, debonding or macrocracks may degrade more rapidly than the rest of 

bulk structure.  On the contrary, the sonication method lead to more homogeneous 

structure and less defects or week parts, thus better and uniform resistance under whole 

degradation rates. 

4. CONCLUSION 

This work presents a systematic study on the effect of different dispersion 

methods on the thermal and mechanical properties of bio-based epoxy clay 

nanocomposites.  Exfoliated nanocomposites by sonication showed improved mechanical 

and thermal properties than those of intercalated nanocomposites by shear mixing.  Under 

optimum condition (1 wt.-% OMMT and sonication), the tensile strength, modulus of 

nanocomposite improved by 22 %, 13 %, respectively.  Further increase clay 

concentration to 6 wt.-%, the modulus was increased by 34 % and without sacrifice the 

strength.  The Tg was also increased by 4~6 °C for all clay concentrations.  The solubility 

parameters of EGS and organic modifier are quite close and correlated with 

miscible/compatible composites as supported by optical microscopy, SEM and TEM 

testing, while the incompatibility was also observed between anhydride and OMMT.  The 

formation of nanostructures was confirmed by SAXS and TEM as a mixture of 

intercalated and exfoliated structures.  Shear mixing led to intercalated structures but with 

undisrupted tactoids.  Sonication provides more energy and caused further clay platelets 

separation, better dispersion and was more prone to form an exfoliated structure.  There 

were slight increases in thermal degradation stability after adding clay, and thermal 

degradation mechanisms and thermal stabilities were independent on the dispersion 
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methods.  Dispersion of clay particles to the scale of individual platelets would be 

improbably using solely a shear mixing method.  However, high speed shear mixing 

combined with sonication can reduce platelets tactoids to much smaller scale, which 

provided better properties compared to high shear mixing method alone.  The clay 

nanocomposites derived from renewable resources, showed improved properties 

compared to neat polymer.  Clay nano reinforcement may improve the capability of the 

renewable raw material as an alternative to petrochemical polymers. 
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ABSTRACT 

High performance bio-based composites were manufactured that showed 

mechanical properties comparable to that of the petroleum based counterparts.  Pure 

glycidyl esters of epoxidized fatty acids derived from soybean oil (EGS), blends of 

diglycidyl ether of bisphenol A (DGEBA) with EGS, and pure DGEBA were 

copolymerized with anhydride to yield polymer matrix.  Glass fiber reinforced 

composites were fabricated from the matrices via vacuum assisted resin transfer molding 

(VARTM).  The results indicated that EGS is curing compatible with DGEBA and form 

single phased structure.  EGS significantly reduced viscosity of DGEBA and facilitated 

fabrication of composites through VARTM at room temperature.  Mechanical tests 

showed that EGS composites possessed comparable properties such as flexure and impact 

strength compared to DGEBA based counterparts.  The glass transition temperature, 

flexural strength and modulus of EGS composite were as high as 114 °C, 474 MPa and 

22.5 GPa, respectively.  This high performance bio-based composite has potential to 

replace petroleum-based epoxy resin as value-added product form vegetable oils. 
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1. INTRODUCTION 

Recently, due to global concern about sustainable development, availability of 

fossil-organic raw materials and high oil prices, synthesizing polymers from renewable 

sources such as vegetable oils (VOs), cellulose, starch and lignin, have regained interest 

for polymer industry
1-3

.  Apart from renewability and relatively low prices, VOs such as 

soybean oils are attractive resources in the synthesis of bio-renewable polymers due to 

potential to create a diverse set of chemical structures
4-6

.  Most VO-based chemical 

structures are not able to compete with analogous petroleum-based polymers in many 

structural applications due to inherently low stiffness and strength, e.g., of long chain 

fatty acid molecules.  Functionalization and copolymerization with petroleum based 

monomers have been applied to improve polymers thermal and/ or mechanical 

properties
7-9

.  Polymers ranging from flexible rubbers to hard plastics have been 

synthesized using either common VOs or conjugated VOs combined with petroleum 

based monomers
10-12

.  Polymers derived from acrylated and/ or maleated VOs
13-15

 and 

soy polyols of polyurethane
16, 17

 have also been widely exploited.   

To further improve polymer mechanical properties, high modulus synthetic or 

natural fibers have been added to above mentioned VO-based polymers, resulting in fiber 

reinforced composites (FRC) of generally improved mechanical properties compared to 

the neat polymers
18-21

.  Bio-based composites typically require supplementation with 

petroleum-based materials to optimize performance.  While some composites have shown 

high renewable content, they were more suitable for nonstructural applications
22

.  A clear 

trend toward high performance bio-based materials and “green” composites development 

for value-added applications exists
23-25

. 
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Epoxy resin, such as diglycidyl ether of bisphenol A (DGEBA), is one of the most 

widely used matrix materials in FRC.  DGEBA is formed from bisphenol A (BPA) and 

epichlorohydrin (EPCH).  EPCH is traditionally produced using propylene as raw 

material.  Recent research and commercialization has produced EPCH from glycerol, 

which is a byproduct of the biodiesel industry
26

.  EPCH can then be obtained as a 

renewable resource. 

Due to concerns for the effect of BPA on health, there have been various attempts 

toward replacement of BPA with renewable materials derived from wood/lignin 
27, 28

, 

rosin 
29-32

, isosorbide
33, 34

, cadanol
35

, itaconic acid
36, 37

, etc.  However, these BPA 

alternatives have inherent problems, such as limited production, low purity, structural 

complexity, hydrophilicity, and/or unknown toxicity.  Efficient and economical synthesis 

of bio-renewable epoxy is still strongly dependent on the future development in biomass 

refineries
38

. 

Epoxidized vegetable oils (EVO), such as epoxidized soybean oil (ESO) or 

epoxidized linseed oil (ELO), are one of the largest industrial utilizations of VOs with 

production of about 200,000 tons/year
39

.  EVO are mainly used as plasticizers and 

stabilizers for poly(vinyl chloride).  Directly using EVO for synthesis of epoxy 

thermosetting polymers has been attempted but resulted in limit successes because the 

internal oxiranes react sluggishly with common anhydrides and polyamine curing agents.  

The long aliphatic chains also cause incompatibility with other common epoxy 

components
40

.  While Cationic polymerization of EVO using latent initiator
41

, UV 

initiator
42

, or strong acid
43, 44

 showed improved reactivity, the resulting thermosetting 

polymers are mostly rubber and of low glass transition temperature (Tg). 
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To improve thermal and mechanical performance, EVO can be blended with 

aromatic epoxy, e.g., DGEBA, and the polymer blend can be applied as a matrix material 

for FRC.  Some research has shown that EVO were best when limited as minor 

component in blends, i.e., < 30 wt% 
45-47

, because the solely EVO component could not 

provide the mechanical and thermal properties desired for an FRC.  Higher 

concentrations plasticize the polymer matrix, phase separate, and form weak structures 

due to the lower reactivity and dangling chains of EVOs
40, 48

.  Pure EVO or high EVO 

content (e.g. > 50 wt%) based polymer matrices for high performance composites 

applications are rare.  Novel vegetable oil-based epoxy resins, epoxidized allyl soyate 

(EAS) have been applied in bio-composite applications but the EAS was also limited as 

minor component in blends 
48-50

. 

Recently, new bio-based epoxy resins based on glycidyl esters of epoxidized fatty 

acids (EGS) structures that are obtained directly from VO have been synthesized and 

evaluated
40

.  EGS merits include higher oxirane content, improved compatibility, and 

much lower viscosity than ESO, ELO or DGEBA.  Cured EGS thermosetting monomer 

and whose blends display improved thermal and mechanical properties than ESO.  The 

tensile/flexural strength and moduli are about 30~40% lower than those of DGEBA based 

control samples even with the addition of high modulus clay nanoparticles
51

. 

To further investigate the advantages and limitations of EGS based polymers, 

FRCs were fabricated using oriented glass fiber reinforcement via a vacuum assisted 

resin transfer molding (VARTM) process, which is of low cost tooling and well suited for 

manufacturing complex shaped composites.  The thermal and mechanical performance of 

the bio-based matrix material in FRC was benchmarked against a DEGBA control.  We 
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sought the FRC with high contents of renewable epoxy resins but of high-performance 

will be a potential value-added application of VOs. 

2. EXPERIMENTAL PART 

2.1. MATERIALS 

Food grade, refined soybean oil was purchased from a local grocery store.  

Acetone, chloroform, hydrogen peroxide (H2O2, 35 wt%), sulfuric acid, sodium 

hydroxide pellets and glacial acetic acid (AcOH) were purchased from Fisher Scientific 

(St. Louis, MO, USA).  Amberlite
®
 IR120 H ion exchange resin (IER), epichlorohydrin 

(EPCH), 2-ethyl-4-methylimidazole (EMI) and cetyltrimethylammonium bromide 

(CTAB) were purchased from Aldrich (St. Louis, MO, USA).  4-methyl-1,2-

cyclohexanedicarboxylic anhydride (MHHPA) were purchased from Dixie Chemical 

(Pasadena, TX, USA).  DGEBA was purchased from Momentive (Deer Park, TX, USA) 

with trade name EPON
TM

 Resin 828.  Bi-directional (0°/90°) E-glass woven roving fabric 

was supplied by Owens Corning (Toledo, OH, USA).  Mold release agent Chemlease
®
 

41-90 EZ was purchased from Chem-Trend, Inc. (Howell, MI, USA).  Porous peel ply, 

resin distribution medium, vacuum bag sheet and tack tape were purchased from Airtech 

International (Huntington Beach, CA, USA). 

2.2. PREPARATION OF BIO-BASED EPOXY MATRICES 

A detailed synthetic procedure of EGS is previously reported 
40

.  A slightly 

modified one more suitable for large-scale production is reported here: Highly 

unsaturated free fatty acids (FFA) from soybean oil (1000 g, 5.7 mol double bonds), 

chloroform (1000 g), IER (200 g, 20 wt% of FFA) and AcOH (171 g) were charged to a 

5L three-mouth flask equipped with an electric stirrer and a PTFE blade (125 mm in 
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diameter).  The molar ratio of double bonds : H2O2 : AcOH was set at 1 : 1.5 : 0.5.  After 

raising the temperature to 65 °C, aqueous H2O2 (830.6 g) was added dropwise and 

completed within 0.5 hr.  The reaction was stirred at 1200 rpm for 5 hrs at 70 °C.  After 

filtration of IER, the entire mixture was transferred into a separatory funnel and was 

washed several times with water to complete remove the AcOH and H2O2, chloroform 

was stripped off using reduced pressure. 

The prepared epoxidized FFA (980 g) were mixed with acetone at weight ratio of 

1:10, NaOH (357 ml, 10N) was added dropwise.  After complete addition of NaOH, 

stirring was continued for 1 hr and the epoxidized soap was readily filtered by vacuum 

filtration.  The soap powder was dried at 110 °C for 1.5 hrs.  

Epoxidized soap powder (950 g) and EPCH (2850 g) at weight ratio of 1:3 was 

heated to reflux.  The CTAB (21.2 g) was then added based on 2 mol% ratio to 

epoxidized soap (average molecular weight was treated as 326 g/mol).  Reflux was 

continued for 30 min, cooled and centrifuged.  The resulting clear solution was decanted 

to a flask.  Excess EPCH was removed by rotary evaporator at reduced pressure.  Oxirane 

concentration of prepared EGS was 9.5% oxygen by mass measured according to ASTM 

D1652-04.  A viscosity of 130 cP at 23°C was measured by Brookfield LVDV-III 

Rheometer (Middleboro, MA, USA).  

The resin formulations were prepared by directly mixing the EGS into base 

DGEBA resin at the following weight ratios of DGEBA:EGS: 100:0 (pure DGEBA), 

50:50 (50% EGS), 0:100 (pure EGS).  Curing agent MHHPA was added at a 

stoichiometric ratio of epoxy to anhydride.  Plus 1 phr to epoxy resin of EMI catalyst was 

also added.  The blend was mixed by an electric stirrer and degassed under vacuum (~40 
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Torr) for 30 min before resin infusion.  The EGS reduced viscosity compared to DGEBA.  

The viscosities of pure DGEBA, 50% EGS and EGS formulations at 23 °C were 1400 cP, 

368 cP and 135 cP, respectively. 

2.3. COMPOSITE MANUFACTURING 

E-glass fiber reinforced composites were manufactured at the Composite 

Manufacturing Laboratory of Missouri S&T using a VARTM process, where resin blends 

were infused through the glass reinforcements with the assistance of atmospheric 

pressure.  The schematic of a typical VARTM setup is shown in Fig. 1. 

 

 

Figure 1. Schematic representation of the single bag VARTM process 

 

The aluminum mold was thoroughly polished (600 grit) to remove scratches, 

cleaned and sprayed with three coats of mold release agent according to label directions.  

Six layers of glass fiber woven sheet were cut to the dimensions (20 cm x 20 cm) and laid 

on the mold with fiber orientation (0°, 90°).  A layer of distribution medium was placed 

between fibers and peel ply cover to speed up the infusion process.  The resin inlet and 

vacuum lines were positioned and then the preform covered with vacuum bag film which 

was sealed around its perimeter with tack tape.   
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The packaging was checked for leak under vacuum, then the degassed resin was 

slowly infused through the inlet till the part was fully infused.  The inlet and vacuum 

lines were closed.  Both pure EGS and 50% EGS blends were infused at room 

temperature, for DGEBA blends, the infusion had to be conducted at 50 °C to reduce the 

blend viscosity below 1000 cP.  The curing cycle in a convection oven was 80 °C for 1 

hr, 120 °C 2 hrs and 140 °C for 1 hr.  Samples required for flexure and low velocity 

impact tests were cut from the cured composites using a diamond abrasive blade. 

2.4. CHARACTERIZATION OF THE CURING BEHAVIOR 

A Q2000 differential scanning calorimeter (DSC) by TA instruments (New 

Castle, DE, USA) was used to evaluate the resin curing profile by scanning temperature 

at a heating rate of 10 °C/min from 50 to 280 °C.  Samples (2 to 3 mg) were placed in 

aluminum hermetic cells with an empty cell used as a reference.  Tg of cured samples was 

also determined by DSC: Samples were first preheated to 180 °C and quenched to -30 °C 

to remove any previous thermal history.  Heat flow was recorded over a temperature 

range scanned from -30 °C to 180 °C at a heating rate 20 °C/min.  The onset cure 

temperature (Ti), peak exothermic (Tp), enthalpy of curing reaction (ΔH), and inflection 

point Tg were obtained from heat flow data by TA Instruments Universal Analysis 2000 

software.  

Completion of the reaction was monitored by Thermo Nicolet Nexus 470 E.S.P. 

(Waltham, MA, USA) Fourier transform infrared (FTIR) spectrometer.  Spectra were 

collected over the range of 3800-550 cm
−1

 at a resolution of 4 cm
−1

 and 32 scans.  Peak 

identities were determined with OMNIC 7.0 software (Thermo Scientific, Madison, WI). 
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2.5. MECHANICAL TESTING OF COMPOSITES 

Flexure strength measurements of composite coupons and neat polymer flexure 

tests were performed on an Instron 4204 universal testing machine (Norwood, MA, USA) 

in accordance with ASTM D790.  Six specimens of 152 mm × 12.7 mm × 3.0 mm size 

parallel to a fiber direction were tested for flexural properties at a crosshead speed of 5 

mm/min and a support span of 96 mm.  Flexural stress and strain were calculated from 

force versus strain data. 

An Instron Model 9250 Impact Testing Machine with impulse control and data 

system was used to conduct low velocity impact tests on the FRCs.  The impactor had 

mass of 6.48 Kg and diameter of 0.5 in.  The composite samples were cut to dimensions 

of 76 mm × 76 mm × 3.0 mm parallel to a fiber direction.  The fixture had an opening of 

45 mm × 45 mm.  Six specimens were tested for each resin formulation at two energy 

levels, 2J and 15 J.  After specimen was clamped in the fixture, the impactor was raised 

to the desired drop height corresponding to the energy of impact then dropped onto the 

clamped specimen.  As the impactor made contact with the specimen, the impulse control 

data acquisition system was triggered to start data acquisition. 

Since fiber content affects FRC mechanical response and properties, volume 

content of fiber reinforcements was measured by polymer matrix pyrolysis using a muffle 

furnace in accordance with ASTM D3171-11. 

2.6. DYNAMIC MECHANICAL ANALYSIS 

The dynamic mechanical properties (DMA) of neat polymers and composites 

were determined using a TA Instruments dynamic mechanical analyzer DMAQ800 (New 

Castle, DE, USA), operating in 3-point bending mode.  Specimen dimensions for both 
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neat resins and composites were 60 mm × 12.7 mm × 3 mm.  Measurements were 

performed over the temperature range of 25°C to 220°C at a heating rate of 5°C/min, 1 

Hz, and amplitude 18 μm.  The data were analyzed by the Universal Analysis 2000 

software. 

2.7. FRACTURE SURFACE ANALYSIS  

Scanning electron microscopy (SEM) was performed using a FEI Helios 

NanoLab
TM

 600 FIB/FESE instrument (Hillsboro, OR, USA) to investigate the failure 

interface between fiber and matrix of fracture samples.  Samples were fractured 

flexurally and sputter coated with Au.  SEM micrographs were obtained with accelerating 

voltage of 5.0 kV. 

2.8. THERMAL ANALYSIS 

Thermal decomposition behavior of composites was examined using a model Q50 

thermogravimetric analysis (TGA) instrument by TA Instruments (New Castle, DE, 

USA).  A 20-30 mg mass of sample was heated from 25 °C to 700 °C at a heating rate of 

10 °C/min under an ambient air flow environment. 

3. RESULTS AND DISCUSSION 

3.1. MECHANICAL PROPERTIES 

Although mechanical properties of glass fibers reinforced composites are 

dominated by the fiber portion, which possesses much higher strength and modulus than 

the matrix polymers, the matrix must be strong enough, i.e., of high crosslink density, and 

provide good adhesion to fibers to adequately transfer the load to fibers.  Inherently 

flexible matrices require copolymerization or blending with stiffer monomers to increase 
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crosslink densities and performance of VO-based polymer matrixes.
22, 52

  Monomers such 

as ESO that have low reactivity or have pendant dangling chains, which will become 

more prominently affect performance.  A combination of plasticizing effect, reduced 

crosslink density of polymer matrixes, and poor fiber-matrix interfacial adhesion result in 

poor performance of FRCs.
46-48 

Mechanical properties of composites and neat polymers are listed in Table 1.  The 

flexural strength and modulus of neat EGS polymers are 46% and 31% lower than values 

of neat DGEBA, respectively.  All composites, especially the EGS, significantly 

increased mechanical strength and modulus compared to neat polymers. 

 

Table 1. Mechanical properties of composites and neat polymers 

Composites 

Sample 

Flexural strength 

(MPa) 

Flexural Modulus 

(MPa) 

Fiber volume 

fraction (%) 

DGEBA 
512.7±20.5 

(138.1±4.7) 

23276±1213 

(2980±85.7) 

55.3±0.3 

50% EGS 
513.5±15.7 

(121.9±4.0) 

23295±1271 

(2829.1±50.7) 

55.6±0.5 

EGS 
474.5±27.9 

(75.0±6.0) 

22481±1215 

(2067±73.0) 

52.6±0.2 

*Values in bracket are results of neat polymers 

 

Flexural strength and modulus of both DGEBA and 50% EGS are nearly identical 

as they were of similar fiber volume fractions.  Flexural strength and modulus of the EGS 

composite were 474.5 MPa and 22.5GPa, respectively, slightly reduced due to a reduced 

fiber volume.  Results in Table 1 also indicated that performance of the FRC was 

maintained even at high concentrations of bio-renewable content.  EGS based matrix 
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materials appear to maintain high crosslink density, which is reflected in its relatively 

high polymer Tg
40

 compared to other bio-based resins provide good adhesion to the 

reinforcing fibers as we show in following sections. 

3.2. IMPACT PROPERTIES 

FRCs generally exhibit much higher toughness than that of neat polymers, and the 

energy absorbing capability is strongly dependent on the tensile strain capacity of the 

resin and the interfacial strength between fiber and resin.  Thus the impact response of 

FRC is a complex phenomenon involving crack initiation and growth in the resin matrix, 

matrix fiber delamination, fiber breakage, and fiber pullout.
53

  In this study, low velocity 

impact was used to compare the effect of resin formulations on impact resistance of the 

FRCs.   

Figure 2 shows the measured displacements, loads, and energies as a function of 

time.  The load vs. time curve (Fig. 2a) provides information on threshold and peak 

forces, contact duration, and delamination and fiber fracture in the sample.  The initial, 

ascending portion of the curve gives the bending stiffness history (modulus) information 

of the composite under impact loading.  The later, descending portion of the curve gives 

the information about rebound of the impactor and destructive displacement of the 

composite.   

Similar ascending and descending phenomenon are found in the displacement vs. 

time curve (Fig. 2b).  Fig. 2c shows the energy absorbed by the composite specimens.  

These curves can be divided into three phases, the first phase of the curve indicates the 

transfer of energy from the impactor to the specimen.  The second part of the curve 

shows the transfer of energy from the specimen to the impactor.  The final phase (flat 
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region) is a measure of the energy absorbed by the specimen.  Interestingly, all 

composites show similar impact behavior, peak load, maximum displacement, and 

absorbed energy as summarized in Table 2. 

 

Figure 2. Low velocity impact test results (a) Variation of load vs. time (b) Variation of 

displacement vs. time (c) Varation of impact energy vs. time 
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Table 2. Low velocity impact test results 

Sample 
Maximum 

Deflection(2J) 

Maximum 

Deflection(15J) 

Maximum 

Load(2J) 

Maximum 

Load(15J) 

Energy 

absorbed 

(2J) 

Energy 

absorbed 

(15J) 

DGEBA 1.99±0.15 4.80±0.17 2027.7±67.5 6560.8±59.7 0.85±0.05 8.6±0.3 

50% 

EGS 
1.82±0.11 4.73±0.06 2047.0±67.2 6574.3±17.2 0.91±0.07 8.8±0.2 

EGS 1.70±0.05 4.66±0.19 2187.6±52.7 6580.3±7.2 0.72±0.03 8.6±0.1 

 

DGEBA composites showed slightly higher displacement when compared to the 

EGS composites at 2 J impact level, which may be due to better energy absorptivity of 

neat EGS compared to DGEBA.  Composites tested at 15 J impact level suggest that the 

maximum displacements were identical within the manufacturing and testing error.  

Similarly, maximum loads absorbed by DGEBA composite and EGS composite at both 2 

J and 15 J impact levels were comparable within error.  Table 2 clearly indicates that the 

energies absorbed by all composites were similar at higher energy impact (15 J) where 

the energy absorbed was mainly controlled by the fiber reinforcement.   

At low impact levels (2 J), the neat polymers may play a larger role.  A more 

flexible EGS could improve impact resistance of the composites; however, a slightly 

reduced energy absorption was observed for EGS composite at 2 J that may be explained 

by lower matrix strength or by a slightly lower fiber volume fraction.  For instance, the 

latter argument is supported by a higher energy absorption observed in 50% EGS sample 

that is of high fiber volume fraction similar to DGEBA. 

3.3. CHARACTERIZATION OF THE CURING BEHAVIOR 

The DSC spectra results of the Epoxy-MHHPA-EMI systems are listed in Table 

3.  Reduced Tg values were measured upon replacement of DGEBA by EGS.  Since the 
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epoxy content of EGS is higher than that of ESO or more saturated FFA epoxies, which 

behave as dangling chains or plasticizers, the crosslink densities and Tg of EGS polymers 

are higher than those of ESO. 

Table 3. DSC results of curing EGS/DGEBA-MHHPA-EMI matrix systems 

Sample Ti (°C) Tp (°C) ΔH (J/g) Tg (°C) 

ESO 182.5 215.8 247.0 44.4 

EGS 141.8 167.6 310.1 89.1 

50% EGS 137.0 158.9 333.6 125.0 

DGEBA 133.7 151.6 352.4 152.6 

 

The polymerization of both DGEBA and ESO show single exothermic peaks, 

while predominantly higher Tp and Ti values of ESO compared to DGEBA means a much 

slower reaction rate.  Lower reactivity also evidenced by a lower ΔH value.  ESO, of 

lower oxirane content and solely internal oxirane, reacts sluggishly with MHHPA and the 

polymer matrix is plasticized by saturated, unreactive ESO chains.  Unlike either ESO or 

DGEBA, pure EGS showed two convoluted exotherms, which is believed to be originate 

from inherently different reactivity of terminal glycidyl versus internal oxirane groups.   

Both Tp and Ti values of EGS are near those of DGEBA and much lower than 

those of ESO.  The blending of EGS into DGEBA lead to shifting of Tp to slightly higher 

values but there were only minor change in Ti and ΔH values.  A single exothermic peak 

was still observed.  Thus, EGS was much more reactive than ESO and was cure-

compatible with DGEBA.   
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Evidence of cure-compatibility and improved completion of cure were observed 

by FTIR by the observation of characteristic peaks at 1862 cm
-1

 (anhydride), 915 cm
-1

 

(glycidyl ether), 910 cm
-1

 (glycidyl ester) and 820 cm
-1

 (internal epoxy) after during a 

cure event (Fig. 3).  All peaks disappeared in a 50% EGS sample after 40 min curing at 

120 °C (Fig. 3c), replaced by newly formed peaks at 914 cm
-1

 and 901 cm
-1

 that may 

related to formation of ether groups due to the polyetherification of epoxy.  These 

observations are in agreement with the common epoxy-anhydride curing mechanism as 

affected by reactivity of the epoxy, molar ratio between epoxy and anhydride, and the 

presence, type, and concentration of catalyst.
54

  EMI is an efficient catalyst for vegetable 

oil based epoxy-anhydride curing reaction through zwitterion formation with epoxy and 

subsequent generation of a carboxyl anion with anhydride.  Continuation of these 

alternating steps results in a polyester.
55, 56

  The lower reactive internal oxirane and 

hydroxyl groups in the epoxy may still lead some polyetherification, however, the 

terminal epoxies (glycidyl ester) in EGS provide a similar reactivity with glycidyl ether 

of DGEBA, thus, curing EGS and DGEBA will secure an efficient and homogeneous 

network formation.  
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Figure 3. FT-IR spectra of (a) DGEBA; (b) EGS; (c) 50 % EGS cured at 120 °C for 40 

min; (d) uncured and liquid 50% EGS blended. 

 

3.4. MORPHOLOGY AND STRUCTURE 

The fracture surfaces of neat polymers and composite systems were observed by 

SEM.  The fracture surfaces of both DGEBA (Fig. 4a) and EGS (Fig.4c) are mostly 

smooth, the crack propagating in a planar manner.  The 50% EGS (Fig. 4b) showed a 

slightly rougher surface with more prominent ridges, which implied that the path of the 

crack tip was distorted where the crack propagation may be either more difficult or more 

readily nucleated.  The result suggests a more heterogeneous structure exists for 50% 

EGS than the pure DGEBA or EGS samples.  However, no phase separation and sample 

transparency were observed that confirm that EGS and DGEBA were cure-compatible.   
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Figure 4. Fracture surface of neat polymer samples (a): DGEBA; (b): 50% EGS; (c): EGS 

 

SEM was also used to exam fracture surfaces of FRCs after flexural strength 

testing.  Fiber pullout is not noticeable for 50% EGS (Fig. 5a) where good adhesion 

between glass fibers and epoxy matrix is shown.  A few noticeable cracks between fiber 

and the epoxy matrix were observed.  Fractures of matrix resins between glass fiber 

layers (Fig. 5b) were also observed. Interlaminar fracture instead of fiber pullout failure 

also supported good adhesion between the epoxy and fibers, i.e., adhesion strength 

greater than matrix strength.  

 

 

Figure 5. Fracture surface of 50% EGS composite observed under SEM (a): Interface 

between fibers and matrix; (b): Breakage of matrix resins between fiber layers 
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3.5. DYNAMIC MECHANICAL ANALYSIS 

Figure 6 shows the DMA spectra as a function of temperature for the neat 

polymers and FRCs.  The modulus of the neat polymers depended on polymer crosslink 

density and stiffness, while the composites exhibited a dramatic increase in storage 

modulus over the entire temperature range.  Due to their high modulus and their strong 

interaction with the polymer matrices, glass fibers increase the ability to sustain load 

through local reinforcement of the polymer matrix to increase the modulus of composites. 

 

 

Figure 6. Dynamic mechanical spectra as a function of temperature 

 

A rapid decrease of storage modulus is observed near the matrix glass transition 

range dependant on the content of neat polymers.  Above the Tg, the modulus reaches a 

rubbery plateau region.  The modulus decrease at the Tg corresponds to an energy 

dissipation shown in the tan δ curve.  The temperature at the peak of the tan δ curve is 

commonly used to define matrix Tg.   
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Tan δ peaks of composites show reduced height than those of neat polymers (Fig. 

7).  This is because the incorporated glass fibers restrict the mobility of the polymer and 

impart elastic stiffness.
57

  A broadening of the tan δ peak coincided with increasing EGS 

content.  These changes can be attributed to the heterogeneity of a vegetable oil based 

structure leading to a wider distribution of molecular weight segments between 

crosslinks.
58

  Upon adding EGS to DGEBA, the matrix tan δ (Tg) in the neat polymers 

and composites was reduced.  The Tg of the EGS composite is 114 °C, which appears 

unprecedented for a soybean oil based FRC.   

 

 

Figure 7. Comparison of tan δ of neat polymers and composites  

 

The glass fibers significantly shift the peaks of loss modulus and tan δ.  An 

increase of 25 °C in the max tan δ was observed for EGS composite compared to the neat 

polymer while there was less than a 5 °C increase for DGEBA, which implies that the 

EGS showed better interaction through adhesive coupling with fibers.  Improved 
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interfacial adhesion may come from the much lower viscosity of EGS resins for 

improved wet-out versus DGEBA during infusion.
49

  Some VO-based FRCs with 

insufficient wetting
19

 or loose network structure
20

 have shown decreased max tan δ 

temperatures of than the neat polymers. 

3.6. THERMAL STABILITY 

The TGA curves of the composites are shown in Figure 8.  It can be observed that 

all composites displayed two, single-step degradation processes with the initial 

decomposition temperature onset at approximately 300 °C.  The first stage of 

decomposition from 300 to 450°C is believed to be due to pyrolysis of the crosslinked 

epoxy resin network.  The second stage loss from ~ 450 to 600 °C was considered to be 

the complete decomposition of the smaller fragments, such as cyclized or aromatic 

degradation byproducts.  Replacements of DGEBA by EGS led to a slightly lower 

temperature onset of degradation due to aliphatic structure of EGS. 

 

Figure 8. Thermogravimetric analysis of EGS/DGEBA composites 



 

 

176 

4. CONCLUSION 

In this work, the potential of using soybean oil based epoxy resins as polymer 

matrix of to manufacture FRC is benchmarked against a common, conventional 

petroleum-based epoxy resin.  A new, soybean oil based EGS monomer was 

characterized by improved reactivity, oxirane content and low viscosity that complements 

petroleum-based DGEBA.  EGS is soluble and cure compatible with DGEBA but has 

significantly reduced viscosity compared to common DGEBA resins.  Pure EGS, 

DGEBA, and their blends were used as base resins for VARTM processing with glass 

fibers to obtain FRC.  Mechanical characterization of these composites revealed that the 

flexural strength, modulus, and impact properties of EGS based epoxy are comparable to 

DGEBA FRC.  The EGS performance in FRC of good fiber-matrix interactions and high 

crosslinking densities are evidenced by interfacial failure surface, and DMA data.  Glass 

transition and thermal stability of EGS are slightly lower than those of DGEBA due to 

the aliphatic nature of a vegetable oil monomer. 

The fabricated bio-based epoxy/glass fiber composites possessed significantly 

improved mechanical properties compared to neat polymers.  Economic and 

environmental advantages of EGS resins only become attractive alternatives to petroleum 

based material given high mechanical performance that can lead to a value–added 

product from vegetable oils.  The resulting composites display excellent room 

temperature infusibility, high strength, high Tg, and compatibility with other resin 

materials.  The bio-based FRC appear to have applicability to a wide variety of structural 

application areas, such as agricultural equipment, civil engineering, and the automotive 

and construction industries. 
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SECTION 

 

 

4. CONCLUSION 

 

This dissertation has discussed the synthesis, characterization and application of a 

new VO-based epoxy monomer structure, the glycidyl esters of epoxidized fatty acids.  

The thermosets prepared by cationic and co-reactive polymerization were observed to 

display a wide range of thermal and mechanical properties from soft and flexible rubbers 

to hard and rigid plastics.  Increasing the epoxy functionality and reducing the amount of 

saturated components were keys to achieving high thermal and mechanical strengths.  As 

added benefits to addition of the telechelic glycidyl functionality to the ester were a 

facilitated removal of saturated fatty acids, better resin-glass fiber/clay platelet 

interactions, and improved thermal and mechanical performance compared to materials 

made from traditional EVO.  Nanoclay and glass fiber reinforced EGS composites 

showed significantly improved performances, even comparable to an industrial standard, 

commercial DGEBA epoxy composite control sample. 

In PAPER I., recent advances in epoxy thermoset polymers prepared from EVO 

and analogous, fatty acid derived epoxy monomers resins were reviewed.  The scope, 

performance, and limitations with respect to the utilization of such materials in various 

applications are highlighted.  The EVO has found various commercial applications.  

However, inherently less reactive internal epoxy groups and flexible carbon chain 

structures in EVO has prevented their applications as high performance thermoset 
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polymers for structural applications.  A remaining opportunity for EVO application is as 

a supplement for petroleum-based commercial epoxy monomers in matrix materials for 

coatings, composites or as nanocomposites.  The development of a new, VO-derived 

epoxy monomers with higher reactivity, higher oxirane functionality, and higher polymer 

performance would provide new opportunities to apply and expand EVO application as 

‘green,’ environmentally friendly and sustainably produced, materials.   

In PAPER II., EGS, EGL and analogous epoxy monomers were synthesized to 

control oxirane content, reactivity, and viscosity as a structure-property study in 

comparison to ESO and ELO benchmark materials.  The EGS and ESO, for comparison, 

were used as neat monomer and in comonomer blends with DGEBA.  Thermosetting 

polymers were fabricated from the epoxy monomer/monomer blends using either BF3 

catalyzed cationic polymerization or by anhydride reagent condensation.  The curing 

behaviors and resulting glass transition temperatures, crosslink densities and mechanical 

properties were measured.   

The results indicated Tg was a function of oxirane content with some added 

influence of glycidyl versus internal oxirane reactivity, pendant chain, chemical structure 

and presence of saturated components.  The measured Tg of EGL polymer was as high as 

124 °C, which is unprecedented for a VO-based epoxy.  Although the Tg and mechanical 

strength of EGS polymers were still lower than the DGEBA control samples, EGS 

provided better compatibility with DGEBA as a comonomer compared to ESO/ELO, 

providing improved intermolecular crosslinking and polymer glass transition 

temperatures, and yielded mechanically superior polymer materials than obtained using 

ESO/ELO.  
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In PAPER III., epoxy-clay nanocomposites derived from EGS and OMMT were 

more efficiently dispersed in EGS monomer due to a lower viscosity of EGS and 

improved solvent interaction with OMMT compared to ESO.  Three types of dispersion 

technique, mechanical stirring, high speed shearing, and ultrasonication, were carried out 

to disperse the clay directly into epoxy or anhydride portion of the thermoset system 

without added solvent.  Sonication dispersion of clay into epoxy portion was needed to 

optimize dispersion quality and achieve exfoliation of clay and optimal mechanical and 

thermal strength of the resulting nanocomposites.  The nanocomposites' morphologies 

were a mix of intercalated and exfoliated structures, dependent on the dispersion 

technique.   

Tensile testing showed that 1 wt.-% of clay improved nanocomposite strength and 

modulus by 22 % and 13 %, respectively.  Importantly, the EGS polymer tensile modulus 

could be increased 34 % upon a well-dispersed addition of nanocomposite clay without 

sacrifice of strength.  The EGS clay nanocomposite properties were more comparable to 

the values of a neat DGEBA polymer benchmark control than the neat EGS polymer and 

were superior to those of an ESO composite control.  

In PAPER IV., high performance bio-based matrix composites were 

manufactured that showed mechanical properties comparable to those obtained with 

petroleum based benchmark matrix composites.  Pure EGS, blends of DGEBA with EGS, 

and pure DGEBA were copolymerized with anhydride to yield polymer matrices.  

Continuous, long glass fiber (0, 90) reinforced composites were fabricated utilizing liquid 

monomer matrices via VARTM processing and subsequent polymerization.  The results 

indicated that EGS was chemically compatible with DGEBA and formed single phased 
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polymer structures.  As a reactive diluent, the chemically compatible EGS significantly 

reduced the viscosity of DGEBA and thus facilitated fabrication of composites through 

VARTM at room temperature.  Mechanical testing showed that EGS composites 

possessed comparable mechanical properties, such as flexural and impact strengths, 

compared to DGEBA based counterparts.  The Tg, flexural strength and modulus of the 

EGS composites were as high as 114 °C, 474 MPa and 22.5 GPa, respectively.   

The advantages of vegetable oil raw materials provide for continued interest as 

renewable feedstock materials.  Epoxidized vegetable oils are currently commercial 

materials whose wider application is performance limited.  Higher performance 

monomers based on the EGS or similar monomer structures derived from other types of 

VOs, especially those with fatty acids of greater initial degree of unsaturation, have an 

improved potential to replace petroleum-based epoxy resin as value-added products from 

VOs.   

This research work applied the EGS monomer structures in nanocomposite and 

long fiber composite applications as anhydride polymerized materials to produce a now-

demonstrated capability for structural application.  Future research could expand to 

include other polymerization mechanisms, monomers, and crosslinking reagents with 

applications in surface coatings, as reactive diluents, and composites’ polymer matrices.  

The continuing challenge is to develop a cost-effective manufacturing process at pilot 

scale, and potentially full scale, commercial production. 
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