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Abstract

Polymeric materials from renewable resources have attracted a lot of attention in recent years.
The development and utilization of vegetable oils for polymeric materials are currently in the
spotlight of the polymer and chemical industry, as they are the largest renewable platform due to
their universal wide availability, ingrained biodegradability, low cost, and excellent environmen-
tal aspects (i.e.,, low ecotoxicity and low toxicity toward humans). These excellent natural charac-
teristics are now being taken advantage of in research and development, with vegetable oil de-
rived polymers/polymeric materials/composites being used in numerous applications including
paints and coatings, adhesives, and nanocomposites. The aim of this review paper is to give a fun-
damental description of the various vegetable oil applications in polymer materials and its recent
developments. Particular emphasis will be placed on study and main application of triglyceride
based additive for polymer and to give the reader an insight into the main developments is dis-
cussed.
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1. Introduction

Vegetables or plant oils represent a renewable resource that can be used as reliable starting material to access
new products with a wide array of structural and functional variations. The ample availability and the relatively
low cost make plant oils an industrially attractive raw material for the plastics industry.

Already for a long time, plant oils and their derivatives have been used by polymer chemists due to their re-
newable nature, world wide availability at relatively low price, and their wide application possibilities. In recent
year, there has been a large amount of demand for plant oils as an alternative resource for the production of ad-
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ditive for various applications such as polymer, coating, adhesive and nanocomposite [1]-[5]. The necessity of
releasing the polymer industry from its dependence on depleting resources represents a major concern, pushing
the search for industrially applicable renewable alternatives. In this case, plant oils offer many advantages apart
from their renewability. Their worldwide availability and relatively low prices make them industrially attractive
and feasible, as daily demonstrated with industrial oleo chemistry. The largest sources of vegetable oils are an-
nual plants such as soybean, corn, linseed, cottonseed or peanuts. However, other sources are oil-bearing peren-
nials such as the palm, olive or coconut [6].

Naturally occurring plant oils and fatty acids derived mostly are considered to be the most important renewa-
ble feedstock processed in the chemical industry and in the preparation of bio-based functional polymers and
polymeric materials [7]-[10].

The main constituents of plant oils are triglycerides (see Figure 1(A)). 90% - 95% of the total weight of trig-
lycerides accounts for fatty acids and their content is characteristic of each plant oil (Figure 1(A)). The struc-
tures of some frequently studied fatty acids are depicted in Figure 1(B). Fatty acid percentage composition of
common plant oils is given in Table 1.

Vegetable oils with high viscosity indices, low volatility and a high flash point have been applied in a series of
applications as lubricants and additives in polymer, coatings and resins [7]. For example, epoxidized vegetable
oil not only improves the stability of the oil, but also provides adequate reactivity to form chemical linkages
with other polymer chains. For example, vernonia oil, in conjunction with other epoxidized plant oils, has been
used as a plasticizer and stabilizer to modify the properties of plastic resins or to act as a reactive modifier (di-
luent or toughener) in epoxy resins [11]-[14].

In general, today it is possible for researcher to chemically modify and transform the triglyceride into reactive
group via epoxidation, epoxidation & metathesis of double bond, acrylation of epoxies reaction with maleic an-
hydride or tran- sesterification. Because of functional epoxies group on the structure of epoxidized vegetable oil
and relatively high oxirane content of linseed and soybean oil, presently it is used in appropriate curing agents in
order to produce bio-based epoxies system with satisfactory properties [ 15]. Vegetable oils were commonly used as
poly(vinyl chloride) plasticizers, stabilizers, lubricants and starting materials to produce polyols, pre-polymers in
surface coating formulations and to synthesize of polyurethane foams [16]-[19]. Also, modified vegetable oils
could be used to improve the efficiency of the fabrication process of linoleum floor cloth, to modify other ther-
moset polymers and to synthesize new polymers that were appropriate for liquid molding [20]-[22].
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Figure 1. (A) General triglyceride structure; (B) Fatty acids commonly used in polymer chemistry: (a) oleic acid; (b) linole-
ic acid; (c) linolenic acid; (d) erucic acid; (e) ricinoleic acid; (f) vernolic acid; (g) 10-undecenoic acid.
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Table 1. Fatty acid percentage composition of common plant oils (x:y stands for chain carbon
atoms: number of unsaturation) [6].

14:0 14:1 16:0 16:1 17:0 17:1 18:0 18:1 18:2 18:3 20:0 20:1

Canola 0.1 0.0 4.1 0.3 0.1 0.0 1.8 609 210 88 0.7 1.0
Corn 0.1 0.0 109 02 0.1 0.0 20 254 596 12 0.4 0.0
Linseed 0.0 0.0 5.5 0.0 0.0 0.0 35 191 153 56.6 0.0 0.0
Olive 0.0 00 137 12 0.0 0.0 25 711 100 0.6 0.9 0.0
Palm 1.0 00 444 02 0.1 00 41 393 100 04 0.3 0.0
Soybean 0.1 0.0 110 0.1 0.0 00 40 234 532 78 0.3 0.0
Sunflower 0.0 0.0 6.1 0.0 0.0 0.0 39 426 464 1.0 0.0 0.0

High oleic 0.0 0.0 6.4 0.1 0.0 0.0 31 826 23 3.7 0.2 0.4

In addition, the largest proportion of vegetable oils, approximately 80%, was utilized for food, while the share
was taken up by the industrial sectors. Triglyceride oils have been utilized quite extensively to produce coatings,
inks, plasticizer and lubricants. Within the polymer field, the application of these oils as toughening agents was
also reported. Barrett ef al. worked to produce vegetable oil based interpenetrating polymer network (IPN) [23].
Also Querishi and his co-workers developed an IPN consisting of cross-linked polystyrene and an epoxidized
linseed oil elastomer [24].

Figure 2 shows the life cycle of polymers based on vegetable oils, according to which the biomass from
plant-derived resources is extracted in order to yield the vegetable oil. Subsequently, the oil is submitted to
chemical modification with the aim of enhancing its reactivity towards a given type of polymerization approach.
The polymers are then made available to the consumers, and once used, they become waste, which after degra-
dation and assimilation is reused as biomass and the cycle starts again.

Acrylated soybean oil has been used extensively in the area of surface coatings and is commercially manu-
factured in forms such as EBECRYL 860 (UCB Chemical Company). Epoxidized soybean oil and epoxidized
linseed oil are predominantly used as an alternative plasticizer and stabilizer in PVC in place of phthalates.

The world production of major oilseeds has increased in the last ten years from 331 to 457 million tonnes.
According to the United States Department of Agriculture, soybean oilseeds represent over half of the total pro-
duction of oilseeds and are mainly grown in Brazil, USA and Argentina, followed by rapeseed (grown in EU-27,
Canada and China), cottonseed (China and India) and sunflower oilseeds (Ukraine, EU-27 and Russia) [25].
Accordingly, the world production of major vegetable oils has risen from 95 million tonnes in 2002/2003 to 154
million tonnes in 2012/2013 at an average rate just over 5 million tonnes a year [25] as depicted in Table 2. Al-
though the majority of vegetable oils are primarily produced for food and feed purposes, minor vegetable oils
like castor and linseed oil are almost solely used for industrial applications [26] [27].

The palm and soybean oil are the most widespread oils, with an annual production of some 52 and 24 million
tonnes, respectively, followed by rapeseed and sunflower seed oil, with about 23 and 13 million tonnes, respec-
tively. Exports at 64 million tonnes are even more dominated by palm and soybean oil with 40 and 8.5 million
tonnes, respectively [25].

Research on development of vegetable oil based polymeric materials, including additives, biocomposites and
nanocomposites, has attracted increasing attention in recent years. In this review, our motivation is to provide a
perspective on how vegetable oil based materials are used as an additive for polymer in a great number of appli-
cations like polymeric additive, coating and composite application.

2. Various Widely Used Triglycerides for as an Additive for Polymer

Vegetable oils, from edible—non edible oil to drying oils, are a big source of polymeric material precursors that
can be modified to exhibit various types of functionalities. Large number of Research paper has already been
published reflecting the international efforts to use these natural products to produce novel polymers and poly-
mer precursors for increasing the number of its potential applications. Triglyceride molecules can be chemically
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Table 2. Major vegetable oils: World production, trade and consumption (million tonnes) [ 10].

2002/2003 2012/2013
Oils
Production Production Exports Consumption
Coconut 3.16 3.52 1.70 3.75
cottonseed 3.51 5.16 0.12 5.19
Olive 2.51 2.94 0.77 3.05
Palm 27.71 52.33 40.36 51.69
Soybean 30.57 42.69 8.50 43.57
Sunflower 8.12 13.13 5.80 13.24
Rapeseed 12.21 23.21 3.62 23.62
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Figure 2. Life cycle of polymeric material based on vegetable oils [11].

modified through hydrolysis or transesterification or by reacting/modifying unsaturations present in the fatty
acid chains. This last option leads to a large variety of functionalized molecules, with those containing epoxy or
hydroxyl groups being probably the most popular choice. The interested reader may access exhaustive reviews
on the chemical modification of vegetable oils for the production of polymeric materials [1]-[5].

Vegetable oils are triglycerides basically extracted from plants. Such oils have been part of human culture for
millennia. Edible vegetable oils are used in food, both in cooking and as supplements. Many oils, edible and
otherwise, are burned as fuel, such as in oil lamps and as a substitute for petroleum-based fuels. Some of the
many other uses include wood finishing, oil painting, and skin care.

The main constituents of plant oils are triglycerides which are the product of esterification of glycerol with
three fatty acids. Fatty acids account for 95% of the total weight of triglycerides and their content is characteris-
tic of each plant. These triglycerides contain several reactive sites, such as double bonds and ester groups, open-
ing up various possibilities to tailor and develop new structures. The term “vegetable 0il” can be narrowly de-
fined as referring only to substances that are liquid at room temperature, or broadly defined without regard to a
substance’s state of matter at a given temperature. For this reason, some of the entries on this list do not qualify
as vegetable oils according to all understandings of the term.

Although most plants contain some oil, only the oil from certain major oil crops complemented by a few
dozen minor oil crops is widely used and traded. These oils are one of several types of plant oils.

Vegetable oils can be classified in several ways, for example:
¢ By source: most, but not all vegetable oils are extracted from the fruits or seeds of plants, and the oils may be

classified by grouping oils from similar plants, such as “nut oils”.
e By use: as described above, oils from plants are used in cooking, for fuel, for cosmetics, for medical purpos-
es, and for other industrial purposes.

The vegetable oils are grouped below in common classes of use. Types of edible oil include olive oil, palm oil,
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soybean oil, canola oil (rapeseed oil), pumpkin seed oil, corn oil, sunflower oil, safflower oil, peanut oil, grape
seed oil, sesame oil, argan oil, rice bran oil and other vegetable oils, as well as animal-based oils like butter and
lard.

The annual global production of the major vegetable oils (from palm trees, soybeans, rapeseeds, cotton, sun-
flower, palm kernel, olives, and coconuts) amounted to 84.6 million tons (Mt) in 1999/2000 and increased to
137.3 Mt in 2009/2010 (an increase of 62%). The production of fatty acids is the highest volume oleochemical
process and accounts for about 52% of industrially used oils and fats. The world supply of fatty acids has almost
doubled from 2001 to 2008 [28].

The composition of the fatty acids contained in the oil (fatty acid spectrum) determines the further use of the
oils. Special attention must be given to coconut oil and palm kernel oil (lauric oils) because of their high share of
fatty acids with a short or medium chain length (mainly 12 and 14 carbon atoms: C12, C14). For example, these
are particularly suitable for further processing to surfactants for washing and cleansing agents as well as cos-
metics. Palm, soybean, rapeseed, and sunflower oil, as well as animal fats such as tallow, contain mainly long-
chain fatty acids (e.g., C18, saturated and unsaturated) and are used as raw materials for polymer applications
and lubricants (Figure 1) [3]-[5].

The past century has witnessed polymers progress from a laboratory curiosity to large volume applications.
The development and use of a wide variety of additives contributed to this. The use of relatively small quantity
of this additive improves the processability of the polymer as well as the performance of the end product. The
demand for plastic products increases constantly.

There are several applications of oleo chemicals in plastics. Typical applications for fatty esters are:

Lubricants (both internal and external) reduce friction in process equipments, Antistatic agents avoid the
building up of electric charges, Antifogging agents prevent formation of water droplets in film applications,
Plasticizers change the “brittleness” of a polymer and Stabilizer to improve the thermal stability of polymer.

By changing the following characteristics a wide variety of specifications of the end product can be attained:
Alcohol type (monoalcohol, polyol): e.g., butanol, ethylhexanol, pentaerythritol, etc.;
Fatty acid: e.g., oleic acid, stearic acid etc.;
Chain length;
Saturation;
Degree of esterification.
Oleochemistry is a tailor-made chemistry; demands of the customer can be translated into an ester that yields
the required performance.

3. Chemical and Physical Characteristics of Various Vegetable Oil

The two most immediately useful parameters for assessing the purity of vegetable oils are Saponification values
and iodine value (Shashidhara, 2010) [29]. Some typical values are listed in Table 3.

4. Modification of Vegetable Oil

Chemically modified plant oils have been used as additives in inks and coatings [36], as toughening agents in
poly (vinyl chloride) and epoxy resins [37], as the major components of a number of natural resins [5], compo-
sites [38], and pressure-sensitive adhesives [39].

Triglyceride molecules are formed by three fatty acid chains joined to glycerol by ester groups. The fatty ac-
ids involved contain a varied number of carbon-carbon double bonds, but unless these double bonds are conju-
gated, they are not reactive enough to produce viable materials by free radical or cationic polymerization. For
that reason, the isomerization of different plant oils containing non conjugated multiple unsaturations has been
reported as a first step for carrying out crosslinking by cationic polymerization, for example conjugated linseed
oil and low saturation soybean oil have been prepared using a rhodium-based catalysts [40]. On the other hand,
the naturally conjugated triene structure of the tung oil makes it well fitted to polymerize by cationic polymeri-
zation [41] [42] without any previous modification [43]. On the other hand, the modification of the double bonds
can incorporate functionalities like maleates, hydroxyl [44] [45] or epoxy [46] [47] groups making possible a
further reaction via ring opening or polycondensation polymerization. After this reaction step, the product can be
used without further modification in crosslinking reactions or it can be further modified through other chemical
steps broadening the variety of functional molecules to be obtained. For example, the epoxidized triglycerides
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Table 3. Physico-chemical properties of vegetable oils.

Soybean  Sunflower  Rapeseed Jojoba Jatropha Neem Castor Linseed oil
[11] [30] [31] [32] [31] [33] [34] [31] [35]
Properties & | )
1@ A Ay L
b und
l . y g:tqi
Kinematic Viscosity 32.93 40.05 45.60 24.90 47.48 68.03 230.6 33.1
@40°C (cSt) . . . . . . . .
Kinematic Viscosity
@ 100°C (cSt) 08.08 9.02 8.65 06.43 08.04 10.14 19.72
Viscosity Index 219 - 206 233 208 135 220
Saponofication Value
(mg-KOH-g") 189 - - 94.69 196.80 166 180 190
Acid value (mg KOH-g")  0.61 0.12 - 1.10 3.20 23.00 1.40 0.80
Iodine value (mg L/g Oil) 144 85 - 98.0 97 66.0 87 177
Flash point ("C) 240 - 252 - 240 - 250

can be reacted to attach vinyl functionalities. Acrylates have been incorporated by reaction of the epoxy groups
with acrylic acid, and as an example the acrylated epoxidized soybean oil (AESO) has been frequently reported
in the preparation of bio-based polymers and composites [48]. On the other hand, maleate half esters and esters
can be prepared by the reaction of hydroxylated triglycerides with maleic anhydride. Further on, these mono-
mers can be blended with reactive diluents and cured by free radical polymerization to obtain thermoset poly-
mers [49]. The stability of vegetable oils could be improved by chemical modification methods [50].

Various kinds of modification to manufacture Iubricant base fluids are [50]:

Modifications of the carboxyl group
o Esterification/transesterification.

Modifications of the fatty acid chain
e Seclective hydrogenation [51], Dimerization/oligomerisation, Formation of C-C and C-O bonds, Metathesis,

Oxidation [52] [53].

The chemical functionalization of vegetable oils can therefore be performed cither at 1) the ester groups of
triglycerides or 2) at any reactive functionality along the aliphatic chain of the fatty acids [54], as exemplified in
Figure 3.

5. Application of Modified Vegetable Oil Based Additive in Polymer
5.1. Stabilizers

The first experimental documentation on the chemistry of the stabilization of PVC by metallic soaps was re-
ported by Frye and Horst (1959) [55]. The major function of the stabilizers which have given satisfactory com-
mercial service has been to react with the hydrogen chloride split off from PVC on thermal processing ((Ander-
son and Mckenzie (1970)) [49]. Epoxidized vegetable oil compounds are well known as typical non-metallic
stabilizers for PVC. The primary stabilization effect of epoxy plasticizers is that it acts as acceptors for the libe-
rated hydrogen chloride. The importance of these epoxy compounds is due to their co-stabilizing effect in com-
bination with almost all stabilizer system, but especially in combination with metal carboxylate stabilizers. Fur-
thermore, these substances also have a lubricating section. Anderson and McKenzie (1970) have investigated the
combined effect of an epoxy compound and metal carboxylates in model reaction. The stabilizing effect of
epoxidized sunflower oil (ESO) on the thermal degradation of PVC in presence and absence of different metal
carboxylates combinations (Ca/Zn and Ba/Cd stearates) has been investigated by M.T. Benaniba and other [56].
Also the Performances of ESO were compared to those of epoxidized soya bean oil (ESBO) in the same condi-
tions and it has been found that stabilizing performances of ESO are better than those of ESBO. The effect of
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Figure 3. Routes for the preparation of valuable products from fats and oils [27].

ternary stabilizer system (Epoxidized sunflower oil (ESO), Zn and Ca stearates) on the stabilization of PVC
shows that the ternary system retards the development of discoloration and reduces the initial rate of dehy-
drochlorination [57].

Lerke et al. [58] investigated effects of gamma irradiation on pure PVC and PVC stabilized with epoxidized
soybean oil, and found that the concentration of conjugated polyene sequences of PVC stabilized with epox-
idized soybean oil was lower. Housell [59] investigated the coloration of PVC exposed to gamma radiation.
When PVC mixtures containing 5 and 10 phr ESO were exposed to gamma radiation, it seemed that coloration
had been decreased compared to control samples. Troitskii et al. [60] observed that the addition of polyols to
PVC mixtures containing ZnSt, and epoxy created a synergetic effect. The synergistic effect of ZnSt2 and ESO
on thermal stability of rigid and plasticized PVC processed with conventional methods such as solvent casting or
extrusion was also reported [61] [62]. Not only the ESO or ESBO but the effect of ERSO as a stabilizer also re-
ported and epoxidized rubber seed oil (ERSO) has been shown to retard the dehydrochlorination of PVC using
rate measurements obtained from a degradation tube [63]-[65].

The effect ESO also studied by Badra et al. (2008) a novel plasticizer of poly(vinyl chloride) (PVC) resins,
epoxidized sunflower oil (ESO), was synthesized, and its performance was evaluated. ESO was designed to act
as a coplasticizer and a heat stabilizer like ESBO. ESO is used as organic coplasticizer for plasticized PVC con-
taining Ca and Zn stearates as primary stabilizers and stearic acid as lubricant [66]. Commercial sunflower oil
was epoxidized and the stabilizing effect of epoxidized sunflower oil (ESO) was reported in combination with
the different metal and other heat stabilizer foe example [67].

5.2. Lubricant

Vegetable oil as a lubricant is preferred not only because they are renewable raw materials but also because they
are biodegradable and non-toxic (Randles and Wright, 1992; Battersby et al., 1998) [28] [68]-[70]. They also
acquire most of the properties required for Iubricants such as high index viscosity, low volatility and good lu-
bricity and are also good solvents for fluid additives. However, vegetable oils have poor oxidative and thermal
stability, which is due to the presence of unsaturation [71]. This unsaturation restricts their use as a good lubri-
cant. Several attempts have been made to improve their oxidative stability such as transesterification of trime-
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thylopropane and rapeseed oil methyl ester [72]; selective hydrogenation of polyunsaturated C=C bonds of fatty
acid chains [73] and conversion of C=C bonds to oxirane ring via epoxidation [74] [75]. Among these, epoxida-
tion received special attraction because it opened up a wide range of feasible reactions that can be carried out
under moderate reaction conditions due to the high reactivity and functionality of the oxirane ring [76]. For in-
stance, the epoxides can react with different nucleophiles to produce mono-alcohols, diols, alkoxyalcohols, hy-
droxyesters, N-hydroxyalkylamides, mercaptoalcohols, aminoalcohols, hydroxynitriles, etc. [77].

Adhvaryu and Erhan reported epoxidized soybean oil as a potential source for high temperature lubricants ap-
plications [11]. Gast et al. reported that the product obtained by ring-opening reaction of epoxidized fatty acid
esters followed by esterification of the resulting hydroxyl group shows good performance for lower temperature
lubricant applications [70]. Lathi and Mattiasson (2007) reported a novel process for the production of biode-
gradable lubricant-based stocks from epoxidized vegetable oil with a lower pour point via cationic ion-exchange
resins as catalysts. This involves two steps, first, ring-opening reactions by alcoholysis followed by esterification
of the resultant hydroxy group in the first step [78].

The triglyceride structure of vegetable oils provides qualities desirable in a lubricant. Long, polar fatty acid
chains provide high strength lubricant films. The strong intermolecular interactions are also resilient to changes
in temperature providing a more stable viscosity, or high viscosity coefficient. The entire base oil is also a poten-
tial source of fatty acids. The triglyceride structure is also the basis for the inherent disabilities of vegetable oils
as lubricants. Unsaturated double bonds in the fatty acids are active sites for many reactions, including oxidation,
lowering the oxidation stability of vegetable oils. Another concern is the susceptibility of the triglyceride ester to
hydrolysis. The similarities in all vegetable oil structures mean that only a narrow range of viscosities are avail-
able for their potential use as lubricants. Finally, the strong intermolecular interactions whilst providing a dura-
ble lubricant film also result in poor low-temperature properties [79].

Campanella ef al. (2010) studied two new synthetic routes to polyol-derived intermediates, proposed as an al-
ternative way for the production of lubricants from vegetable oils obtained from temperate climate crops (soy-
bean and sunflower seeds). The oils are first epoxidized, and then the oxirane ring is opened with either acetic
acid or a low chain aliphatic alcohol (methanol or ethanol). These routes are promising in that they demand short
reaction times and low reaction temperatures, while 99% conversion is achieved, with high selectivities. Consi-
dering only the viscosity of the products, they are all viable lubricant basestocks in which the intermediates can
be further esterified to obtain low-temperature lubricants [80].

Wu et al. (2000) reported the application of epoxidized rapeseed oil as a biodegradable lubricant. The epoxi-
dation treatment has no adverse effect on the biodegradability of the base stock. Epoxidized rapeseed oil has su-
perior oxidative stability compared to rapeseed oil based on the results of both oven tests and rotary oxygen
bomb tests. The epoxidized rapeseed oil has better friction-reducing and extreme pressure abilities according to
tribological investigations. Formation of a tribopolymerization film is proposed as explanation of the tribologi-
cal performance of epoxidized rapeseed oil [81].

Although many valuable polymeric materials derived from ESO have been reported, preparation of lubricants
from the ESO was not found. Gast et al. [77] prepared products with pour points ranging from —32°C to —51°C
by a ring-opening reaction of epoxidized fatty acid esters followed by esterification of the resulting hydroxy
groups. Herein, author reported the preparation of lubricant candidates from ESO and their pour points and
oxidative stabilities. The fluids were prepared from ESO by an acid-catalyzed ring-opening reaction using an
alcohol followed by esterification with an acid anhydride. Correlation between pour points and structural varia-
tion in the molecules was studied [82]. The development of soybean oil-based lubricants, the preparation of
synthetic lubricant base stocks from epoxidized soybean oil and Guerbet alcohols was also reported. The pour
point, viscosity, viscosity index, and oxidative stability in micr ooxidation test were evaluated to investigate the
effect of structural variation in the oil molecules [83].

5.3. Plasticizer

During the last decade, the worldwide production of plasticizers was around 5 million tons per year. These were
applied to around 60 polymers and more than 30 groups of products [84]. The use of plasticizers for plastic
products manufacture is well known. Its application to modify polymer characteristics began in the 1800s. In
these early days, manufacturers of celluloid or celluloid lacquers used natural camphor and castor oil for plasti-
cization purposes, but these were unsatisfactory for many end uses. Later, in 1912, triphenyl phosphate was
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tested to substitute camphor oil, representing the beginning of the ester plasticizers era. Phthalic acid esters
found applications as plasticizers for the first time in 1920 and continue to be the largest class of plasticizers in
the 21st century [85]. Di(2-ethylhexyl) phthalate (DEHP), also known as dioctyl phthalate (DOP), was intro-
duced in 1930 and has been the most widely used plasticizer since the 1930s. The great variety of plastic prod-
ucts and its numerous applications have led to the development of new and improved plasticizers in order to
meet product quality and specification requirements. Over the last half century, legislation and health safety is-
sues have led to the development of a wide range of currently-available commercial plasticizers. They include
some fatty acid esters, benzoates, tartrates and chlorinated hydrocarbons, esters of adipic, azelaic and sebacic
acid.

Nowadays, there is increasing interest in the use of natural-based plasticizers that are characterized by low
toxicity and low migration. This group includes epoxidized triglyceride vegetable oils from soybean oil, linseed
oil, castor-oil, sunflower oil, and fatty acid esters (FAEs) [86].

In 1951, the International Union of Pure and Applied Chemistry (IUPAC) developed a universally accepted
definition of a plasticizer as a substance or a material incorporated in a material (usually a plastic or an elasto-
mer) to increase its flexibility, workability, or extensibility [87]. Among plasticizers, esters of phthalic anhydride,
named phthalates, are the most used, sharing 80% of the plasticizer market. However, in the last 15 years phtha-
lates have been criticized because of their potential toxicity which includes asthma, neurotoxicity, endocrine
problems and cancer [88]. The use of natural and/or biodegradable plasticizers, with low toxicity and good
compatibility with several plastics, resins, rubber and elastomers in substitution of conventional plasticizers,
such as phthalates and other synthetic conventional plasticizers attracted the market along with the increasing
worldwide trend towards use of biopolymers [89].

Suarez Palacios et al. (2013) [90] here the operating conditions of the TisoV (glycerol tri-isovalerate) as a
phthalate-free plasticizer are evaluated as part of a methodology for product design starting with molecular con-
siderations, passing to the process design and ending in the acceptability of the product.

Epoxidized soybean oil (ESO) as a plastic additive has a relatively stable market of approximately 100,000
tonnes/year [91]. Epoxides oil function as both plasticizers and stabilizers in polyvinyl chloride (PVC) and other
halogenated resins. The high molecular weight and structure make these epoxides compatible in the various re-
sign systems and provide flexibility to the otherwise rigid plastics. These epoxides function as secondary plasti-
cizers when used in conjunction with phthalate based PVC plasticizers systems. Importantly these natural based
epoxides can be modified to function as primary plasticizers replacing phthalates. The stabilizer properties of
Epoxol epoxides are derived mainly from their acid scavenging properties. Boussoum et al. (2006) studied the
specific migration of additives from rigid and plasticised PVC stabilised with ESO in the presence of Zn and Ca
stearates by using various analytical methods such as the rate of the mass variation, the peroxide index determi-
nation, atomic absorption spectrometry and FTIR spectroscopy. FTIR investigation in PVC films after various
times of contact with food simulants allowed a semi-quantitative estimation of the migration of ESO, Zn stearate
and Ca stearate. All the results obtained with the various analytical methods used showed that the migration of
some additives present in the PVC formulation occurred in the food stimulants [92]. Karmalm (2009) describes
what happens to the material when ESBO is used as primary plasticizer in plastisol- and in suspension PVC
without any additional stabilizer. When 50 ph ESBO was added to 100 ph plastisol PVC and then aged in a oven
at 180°C for various lengths of time, the E-modulus increased with ageing time due the formation of a cross
linked network induced by a polymerization reaction of the epoxy groups in the ESBO. The network and the
PVC were analyzed by NMR which showed that reaction between PVC and ESBO had occurred, and that the
network consisted primarily of ESBO. The same experiment performed with suspension PVC instead of plasti-
sol PVC did not result in any crosslinking of the ESBO. The ring opening of the epoxy which starts the polyme-
rization of ESBO is most likely catalyzed by an additive used in the polymerization of plastisol PVC [93].

Emanuela Calo et al. (2011) studied the soft PVC was obtained by using a new plasticizer, based on cardanol,
a renewable resource characterized by chemical and physical properties very close to those of diethylhexyl
phthalate (DEHP). Cardanol acetate (CA) was obtained by solvent free esterification of cardanol, and used as
secondary plasticizer, by partial substitution of DEHP in soft PVC formulations. Ageing tests were performed in
order to study the stability of properties of the soft PVC formulations related to plasticizer diffusion. Tensile
properties and hardness changes were used to monitor the macroscopic effects of plasticizer diffusion. Soft PVC
obtained by partial substitution of DEHP by CA showed a significant modification of mechanical properties re-
lated to higher plasticizer evaporation during ageing tests. Migration tests confirmed that CA is characterized by
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a higher diffusivity in soft PVC compared to DEHP. da Silva et al. (2011) reported that, a natural plasticizer was
synthesized in the laboratory by esterification of rice fatty acids and polyols. The resulting product was added to
PVC and natural rubber latex films (5% w/w). Mechanical tests indicated that the addition of the natural plasti-
cizer resulted in an increase in the elongation at break and a consequent decrease in the tensile strength of the
films. The plasticizing effect induced by the natural plasticizer was also confirmed by a glass transition temper-
ature (Tg) shift towards lower temperatures in the plasticized films [94]. Also the preliminary analysis of the ap-
plicability of cardanol derivatives as renewable plasticizers for soft PVC was reported. Two different plasticizers
were studied, obtained by esterification of the cardanol hydroxyl group (cardanol acetate) and further epoxida-
tion of the side chain double bonds (epoxidated cardanol acetate) [95].

PVC traditional plasticizers based in phthalate have been substituted by epoxidized linseed oil (ELO). From
the industrial point of view, this substitution presents an interesting alternative because ELO is a natural product,
harmless, and biodegradable. The effects on the Characteristics of plasticized PVC in the migration phenomenon
have been analyzed [96]. Recently epoxidized palm oil (EPO) was utilized as a plasticizer for polylactic acid
(PLA) using chloroform as a solvent by solution casting process at six weight ratios of PLA/EPO, 95/05, 90/10,
80/20, 70/30, 60/40, and 50/50, respectively. The FTIR spectra indicate that there are some molecular interac-
tions by intra molecular hydrogen bond between PLA and EPO. All sets of PLA/EPO blends show high thermal
stability and significant improvement of mechanical properties compare to pure PLA. The highest elongation at
break (about 210%) was obtained when the ratio of PLA/EPO blend was 80/20. Morphological results of PLA/
EPO blends show that ESO was good miscible with PLA [97].

5.4. Composite

Composites based on environmentally degradable, eco-compatible synthetic and natural polymeric materials
have great potential as advanced environmentally acceptable alternatives to petroleum-based materials. This sec-
tion describes vegetable oil-based polymer composites. It deals with the importance, classification, materials and
methods, testing and analysis, performance and applications of vegetable oil-based polymer composites. Epox-
idized soybean oil-based natural composite exhibits strong viscoelastic solid properties similar to those of syn-
thetic rubber and can therefore replace them in many applications. Composite materials obtained by vinylation
of epoxidation of soybean oil-based resins and fiber by styrene or acrylic acid, are used in the roofs, floor and
walls of houses and low-rise commercial buildings. A resin made from soybean oil reinforced with glass fiber
produced a new product used in parts of the latest tractors produced by John Deere. The demand for sustainable
and renewable high performance, light weight materials are increasing exponentially.

Tsujimoto ef al. (2010) studied the synthesis and properties of green nanocomposites from epoxidized natural
oils and silane coupling agents [98]. Natural oil-based composites with good mechanical properties were pre-
pared from an acrylate-modified soybean oil and natural fibers (flax and hemp fibers) [39]. Excellent gas barrier
properties were found in laminated films of drying oil and Zein (corn) [99] [100]. Organic-inorganic composite
coatings were developed using plant oils and metal (Ti and Zn) oxides [101] [102].

Mosiewicki (2013) carried out review, which will concentrate on the use of vegetable oils as the base-mate-
rials for the production of polymer composites that incorporate inorganic and organic particles and fibers, both
synthetic and natural in origin, and sized from the macro to the micro and nanoscale [103].

The last two decades have witnessed an exponential growth in the interest for using bio-derived products,
which has been driven by the need for replacing petroleum based materials reducing the fuel consumption and,
equally important, for producing materials with lower environmental impact. Vegetable oils constitute a rich
source for many different polymers and polymer precursors and they are being considered for the production of
‘““greener’’ composites.

Hong and Wool (2005) reported a novel bio-based composite material, suitable for electronic as well as auto-
motive and aeronautical applications, was developed from soybean oils and keratin feather fibers (KF). This en-
vironmentally friendly, low-cost composite can be a substitute for petroleum-based composite materials. Keratin
fibers are a hollow, light, and tough material and are compatible with several soybean (S) resins, such as acry-
lated epoxidized soybean oil (AESQO) [104]. Just recently, research has been started to use oleo chemicals to
build up matrices for natural fiber reinforced plastics. The use of natural fibers, such as flax, hemp, sisal, and
yucca, is of increasing interest for various applications, among them the automotive industries, where the com-
posites could be used in door pockets, covers, instrument panels, and sound insulation [105].
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One of the key features in composite preparation consists of getting enough compatibility between the hy-
drophilic surface of the filler/fiber and the hydrophobic nature of plant-based resin. In this way the surface
treatment and functionalization of the reinforcing materials [106] and the use of more reactive and polar func-
tionalized triglyceride derivatives are two of the common approaches used in addressing these shortcomings.
[107]. Amine cured combinations of epoxidized soybean oil and conventional epoxy resins, acrylated soybean
oil alone or copolymerized with styrene and divinylbenzene, and more significantly polyurethane resins, pre-
pared from polyols derived mainly from castor oil, have been extensively used to prepare composite materials
with excellent mechanical properties and other useful target properties such as high impact resistance, good bar-
rier properties or low dielectric constant with low expansion coefficients [108].

Khot ef al. utilized an acrylated epoxidized soybean oil to produce glass fiber composites by resin transfer
molding [5]. Depending on the fiber content, Young’s moduli of 5.2 to 24.8 GPa were measured for the compo-
sites bearing 35 and 50 wt% of GF, respectively, and tensile strengths of 129 - 463 MPa, for the same samples.
Chandrashekhara et al. used an epoxidized soy oil based resin mixed with a commercial epoxy-amine system
formulated for use in pultrusion [109].

The plasticizing effect of the dangling chains was also observed in other type of resins, and thus, it was re-
ported by Husic et al. who prepared a soy-based polyol crosslinked with crude polymeric diphenyl methane di-
isocyanate (pMDI) and reinforced with up to 70 wt% of glass fiber fabric [110]. In this particular case, a short
molecule polyol was added to increase the rigidity of the composite. Tensile and flexural properties were com-
parable to the results measured for an analogous glass fiber composite prepared with synthetic commercial po-
lyurethane.

Henna et al. [111] used dicyclopentadiene (DCPD)-modified linseed oil cross-linked with DCDP as matrix for
glass fiber composites. Increasing DCDP concentration lead to higher rubbery modulus (dynamic-mechanical
measurements), since the network had fewer free dangling side-chains together with a lower molecular weight
between crosslinking points, thus, producing a more rigid material. Similar arguments were used to explain the
increase of Tg under those conditions. The incorporation of glass fibers did not change the position of the a tran-
sition as observed by the maximum of tand, but it reduced the height of the peak, since the material gained rigid-
ity. Regarding the tensile properties, a 74.6 times higher Young’s modulus was reported for the 60:40 (modified
0il-DCDP) composite containing 40 wt.% of glass fibers. Ray et al. investigated the behavior of a blend of an
epoxy resin and maleated castor oil co-reacted with an amine and filled with 10 wt% of fly ash [112].

Pfister and Larock presented an interesting comparison of the behavior of different cationically cured plant
oils used as matrices of agricultural fibers [113]. They considered composites prepared from corn, soybean, fish,
and linseed oils using up to 75 wt% of different natural fibers, corn stover, wheat straw, and switch-grass fibers.
The composites showed a largely increased rigidity with respect to the unfilled thermosets, but they were also
much more brittle. The Young’s moduli reported were in the range of 1.6 - 2.3 GPa and the tensile strengths
were between 5.5 and 11.3 MPa. One interesting observation was that higher degree of unsaturation of the natu-
ral oil lead to better thermal and mechanical properties of the composites, which can be linked to the higher cros-
slinking density that can be achieved in these materials. On the other hand, wheat straw fibers offered the best
performance composites.

5.5. Surfactants

The basic way in which surfactants act is determined by their structure. With their hydrophilic head and hydro-
phobic tail, surfactant molecules interpose themselves between water and water-insoluble substances [114].
Surfactants are generally classified as being anionic, cationic, nonionic, or amphoteric surfactants depending on
the type and charge of the hydrophilic groups [115]. Properties of surfactants are additionally governed by the
alkyl chain length of their hydrophobic part: wetting agents (C8-C10), detergents (C12-C16), emulsifiers and
softeners (C18-C22).

Many recently developed surfactants are an attempt to satisfy the modern consumer’s desire for products to be
“more natural”. Like most plant-based products, surfactants derived from renewable raw materials (RRMs) are
characterized by their positive impact on the environment, biodegradability, low or non-toxicity and innocuous-
ness for human health. Vegetable oils furnish fatty chains (acids, alcohols, amines, esters) with a carbon chain
length comprised between either 8 and 18 (saturated caprylic, capric, lauric, myristic, palmitic and stearic chains
from tropical coconut, palm or palm kernel oils) or 18 and 22 (unsaturated oleic, linoleic, and linolenic chains
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from European rapeseed and sunflower oils) [116].

The main secondary product of oleochemistry is glycerol (coproduct of triglyceride hydrolysis and methano-
lysis processes), with a growing contribution from industrial vegetable oils. Within this context, the use of gly-
cerol, as well as vegetable oils, as starting materials for the manufacture of surfactants represents a convenient
strategy for the development of surface-active products entirely derived from oleochemistry. (poly)glycerol es-
ter-type surfactants derived entirely from oleo chemicals that contribute to increase the value of the major sec-
ondary product of oleochemistry (i.e. glycerol). The basic manufacturing routes to important surfactants are laid
out in Figure 4.

The surfactant with the highest volume—apart from soap—is still the petrochemical-based alkyl benzene sul-
fonate; however, in recent years a continuous trend towards surfactants based on renewable resources has be-
come apparent.

Oleochemical surfactants will most likely be possible only by use of coconut, palm, and palm kernel oil be-
cause, according to the current state of the art, alcohols with short C-chains are required for the manufacture of
surfactants. Substantial technological progress would need to be made in order to be able to also use Furopean
vegetable oils for surfactant production. This is not impossible given the progress that has, for example, recently
been made in producing directly ethoxylated fatty acid methyl esters, indicating the applicability of oleochemi-
cal raw materials with longer carbon chains (C18), such as rapeseed oil and soya (soybean) oil (Hreczuch, 2001)
[117].

5.6. Paints, Coatings and Adhesives

Vegetable oils have been used as binders or additives in paints and coatings for many centuries, dating back to
the days of cave paintings. Although it is not certain whether linseed oil was used in paints in ancient Egypt, the
Van Eyck brothers (1388-1441) are said to be the first to use linseed oil as a binder [6]. Oils belonging to the li-
nolenic or conjugated acid groups, such as linseed, Tung and highly unsaturated winterized fish oil were of the
prime interest to coating formulators. The primary use of vegetable oil in coatings is as drying oil. Vegetable oil
derivatives as value added polymers/monomers have found enhanced applications as environment friendly
hyperbranched or waterborne coating materials that offer improved performance and reduction or elimination in
the use of volatile organic solvents [107].

Konwar et al. [118] prepared a polyester resin from seed oil of Mesua ferrea L. (also known as Ceylon iron-
wood, a hard wood tree from South Eastern Asia) reinforced with nanoclays in order to obtain a coating with
improved performance of hardness, mechanical properties, impact and also chemical resistance, as well as gloss.
Glycerolysis of the oil followed by reaction with anhydride and then, with a hydroxy-acid produced highly
branched molecules. The carbonyl containing polyester resin was then reacted with a poly(amido-amine)-epoxy
mixture in the presence of the nanoclay. Hydrogen bonding between the nanoplatelets and the resin occurred
through the amine as well as carbonyl moieties present in the matrix. The addition of only 2.5 wt% nanoclays
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Figure 4. Production of surfactants and examples of products.
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improved the tensile strength from 2.7 to 7.1 MPa, and also the elongation at break from 24% to 145%, while
the impact hardness improved about 19%. Chemical resistance to water and acids was improved with nanoclay
addition up to a concentration of 2.5 wt%, as well as thermal stability, gloss and hardness. The biodegradability
of the films was also investigated using the broth culture technique with bacterial strains, resulting in larger bac-
terial growth in the nanocomposite than in the unfilled films.

Silica nanoparticles have been considered to improve the performance of a coating prepared from castor oil
and an isocyanate alkyl triethoxy silane, further hydrolyzed to form an organic-inorganic hybrid coating [119].
Similarly, Sharmin et al. prepared a mixture of DGEBA epoxy and castor oil in a ratio of 70/30 by weight, and
10 wt% of prehydrolyzed TEOS [120]. After the reaction an organic—inorganic hybrid material was obtained,
that was used to prepare films by reaction with TDI. The biohybrid coating was transparent, flexible, glossy and
hard, showing to be scratch and impact resistant.

Epoxidized seed oils are used as reactive dilulents [121] and as toughening materials for commercial epoxy
resins [122] [123]. Recently, Crivello and Narayan [124] demonstrated that epoxidized oils can be photopoly-
merized and have been used as cationic Uvcurable coatings. The coatings that obtained possess good adhesion
and mechanical properties. However, epoxidized seed oils were associated with slow cure rate.

Among the triglyceride oils, linseed oil is commercially used as drying oil in paints and protective coatings
due to presence of large amount of a-linolenic acid compared to other vegetable oils, which has reactivity to-
wards oxygen in air. The a-linolenic acid content is around 51% - 55% [125].

Arunjunai Raj Mahendran et al. (2012) [126] reported that an acrylated epoxidized linseed oil (AELO) was
synthesized from epoxidized linseed oil through ring opening of the oxirane group using acrylic acid as ring
opening agent. The occurrence of the acrylate group and the ring opening of oxirane group was monitored using
FT-IR spectroscopy. The AELO was mixed with three different photoinitiators at two different concentrations.
Wood surfaces were coated with the mixtures, subsequently cured under UV light and the resulting surface
properties of the coated samples gloss, scratch resistance, solvent resistance, and coating adhesion were charac-
terized.

Basturk et al. (2013) [127] reported the Organic-inorganic hybrid coating based on methacrylated/ phosphory-
lated epoxidized soybean oil were obtained by combining photo polymerization and sol-gel process. A series of
novel methacrylated and phosphorylated epoxidized soybean oil/silica coating materials were prepared from te-
traethoxysilane (TEOS), and acrylated soybean oil via sol-gel technique. Acrylated epoxidized soybean oil
(AESO) is obtained by reacting epoxidized soybean oil (ESO) with methacrylic acid and vinyl phosphonic acid.
The characterization of AESO was performed by NMR and IR spectroscopy. In liquid form UV-curable, clear
hybrid coating materials were applied on polycarbonate substrates then cured UV-light. Finally their coating
performances were determined by the various tests methods hardness, gloss, cross-cut adhesion tests, stress-
strain test, gel content, contact angle. Thermogravimetric analysis (TGA) showed that the incorporation of sol-
gel precursor into the resin leads to an enhancement in the thermal stability and also flame retardancy properties
of the coated material.

Several inorganic precursors have been used to prepare organic/inorganic films with castor oil. Hybrid coat-
ings have been prepared from epoxidized castor oil and the silicon-rich precursors tetracthoxysilane (TEOS)
[128], glycidoxypropyltrimethoxysilane (GPTMS) [129] and the combination of aminopropyltriethoxysilane
(APTES) and TEOS [130], in all cases improving substantially the hardness, maintaining the high adhesion to
the surface and improving the corrosion protection. Hydroxylated castor oil (HCO) was also used to prepare hy-
brid coatings with the titania precursor titanium isopropoxide (TIP) [131] added in various proportions.

Bechi et al. (2013) examined the Two series of organic-inorganic hybrid films were prepared from epoxidized
castor oil (ECO) and the inorganic precursor titanium(I'V) isopropoxide (TIP), combined with silicon precursors,
either 3-aminopropyltriethoxysilane (APTES) or tetraethoxysilane (TEOS) with different organic to inorganic
proportions. New epoxidized castor-oil-based coating films were prepared with the combination of the sol-gel
precursors APTES/TIP and TEOS/TIP. Hardness is improved in TEOS containing films whilst stronger films are
obtained with the combination of a silicon-rich precursor with TIP [132].

Epoxidized seed oils are used extensively as an HCI scavenger for polyvinyl ether [133]. Epoxidized oils are
also used as inks, however, epoxidized seed oils have found only modest application in specialty coating sys-
tems [134].

Crivello and Narayan (1992) demonstrated that epoxidized oils can be photo-polymerized and have been used

as cationic UV curable coatings [124].
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5.7. Nanocomposites

Polymeric materials from renewable resources are significantly important from industrial and economic view
points. Inexpensive triglyceride plant oils have been used for the production of valuable resins. However, this oil
based polymeric materials do not show properties of rigidity and strength required for structural applications by
themselves; oils have been used as a toughening agent to produce interpenetrating networks. Recently, there has
been enormous interest in organic-inorganic nanocomposites because of their unexpected hybrid properties de-
rived from unique combinations of each component [135]. Concerning oil-based hybrid materials, composites
with good mechanical properties were prepared from acrylate-modified soybean oil and natural fibers (flax and
hemp fibers) [39]. Organic-inorganic hybrid coatings were developed using plant oils and metal (Ti and Zr) oxides.

Very recently, Scientist developed green nanocomposites consisting of abundant natural resources, plant oils,
and clay [136]. Curing of epoxidized plant oils in the presence of organophilic montmorillonite produced trigly-
ceride-clay nanocomposites with homogeneous structure, in which the silicate layers of the clay were interca-
lated and randomly distributed in the polymer matrix [137].

Tsujimoto et al. (2003) developed green nanocomposite coatings showing excellent film properties and good
biodegradability. The nanocomposite was prepared by an acid-catalyzed reaction of epoxidized plant oils and
GPTMS (3-glycidoxypropyltrimethoxysilane), in which both oxirane groups of the epoxidized plant oils and
GPTMS were copolymerized to produce an organic polymer matrix, and simultaneously forming a silica net-
work. The covalent linkage between the organic and inorganic polymers would control the nanocomposite
structure in nanoscales, leading to improvement of coating properties [137].

Liu et al. prepared networks from an epoxidized soybean oil (ESO) with nanoclay as reinforcement. While the
tensile properties were improved up to 8 wt% of clay addition, higher concentrations lead to properties reduction.
These results were explained by the immobilization (or partial immobilization) of the polymer chains due to the
presence of the silicate layers below 8 wt.% and the inevitable aggregation that took place at a concentration of
clay of 10 wt%. The dynamic mechanical analysis showed that these materials had glass transition temperatures
in the range of 11.8°C - 20.7°C (from 0 and 5 wt% clay, respectively).

Uyama et al. used an epoxidized soybean oil (ESO) cationically crosslinked at high temperature in the pres-
ence of organically modified montmorillonite (0 - 20 wt%) [136]. In this case, dynamic mechanical analysis
(DMA) showed that the rubbery storage modulus increased with the clay concentration, but also the Tg shifted
from —2°C to 4°C for samples bearing 0 wt% - 15 wt% of clay, respectively. This change was explained as the
result of the co-reaction of ESO with the modified clay, which together with the rigidity of the clay afforded
freestanding flexible films instead of a soft one without structural value.

From Zhang et al. (2013), novel bio-based nanocomposites were prepared by blending surface modified nat-
ural clay with epoxidized soybean oil (ESO) and cyanate ester resin (CE). A convenient method was employed
to modify the attapulgite (ATT) clay by adsorbing the poly(ethylene glycol) diglycidyl ether (PEGDE) onto the
clay surface, which was confirmed by the appearance of a new peak of infrared spectroscopy due to hydrogen
bonding and chelation. Scanning electron microscope (SEM) and transmission electron microscope (TEM) re-
sults showed that nano scaled ATT dispersed well in the blend of epoxidized soybean oil (ESO) before and after
curing. The thermal-physical and mechanical properties were evaluated by dynamic mechanical analysis (DMA),
TGA and tensile mechanical test. The nanocomposites showed higher glass transition temperature and modulus,
and the tensile strength of the nanocomposites was reinforced as compared to that of ESO/CE blends [138].

Mohanty et al. [139]-[141] investigated the epoxidized linseed oil based epoxy materials; Adekunle et al. [142]
and Mustata et al. [143] tested the performance of soybean oil composites, it is found that these renewable po-
lymers could serve as an alternative to the traditional petroleum-based polymers through innovative design, be-
cause these novel bio-based polymers could be more cost-effective and eco-friendly than the existing petroleum-
based polymers.

5.8. Special Application

Functional materials for special applications have also received much attention and thus several plant oil based-
composite coatings, adhesives, processing aid and shape memory materials have been developed.

Kuriakose and Varghese (2003) reported the use of RBO/ERBO as a processing aid for improving the proper-
ties of carbon black-filled NR-CR blends. The blends prepared in different blend ratios were evaluated for their
cure characteristics and physical properties. These properties were compared with those of control vulcanizates
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prepared using aromatic oil as the process aid [ 144].

A novel ESO-T-PR with excellent toughness and solder leaching resistance for paper CCI is synthesized and
the modification reaction mechanism is addressed. The initial modification of PR (phenolic resin) is etherifica-
tion of phenol hydroxyl catalyzed by tertiary amine. This process results in the grafting of ESC) with phenolic
resin and is beneficial to increasing the crosslinking density of ESO-T-PR. Then unreacted oxirane in modified
PR and some residue ESO are chemically linked with multi-amine to form longer flexible amine-curing EPO
epoxy chain, which is the most important component for improving the toughness of PR. Both etherification and
chain extension are necessary for preparing ESO-T-PR with good impact toughness and solder leaching resis-
tance [ 144].

Fu et al. (2010) studied that ESO was used to increase the waterproof property of PLA and to reduce the resi-
dual monomer content. Epoxy and hydroxyl groups in ESO can initiate DL-lactide ring-opening polymerization.
The main advantages of ESO and PLA are their abundance and environmental characteristics [145].

As a nontoxic and degradable plasticizer, ESO has been blended with PLA and other plastics to improve
properties such as melt rheology and tensile strength etc. [146]-[149].

Epoxidized soybean oil (ESO) was applied as an additive for wheat gluten (WG) to modify the properties of
the renewable and biodegradable natural polymer materials. Optimum intermolecular interactions and crosslinking
between ESO chains and the WG matrix were achieved under alkaline conditions. The WGESO materials were
heterogeneous on a scale of 20 - 30 nm, but the homogeneity was improved upon increasing the amount of gly-
cerol as a plasticizer in the materials. The combination of plasticization and crosslinking effects derived from
ESO resulted in good retention in mechanical strength for the plasticized WGESO materials as compared to
those without 10 wt% of mobile ESO additives. The hydrophobicity of the plasticized WG materials was also
enhanced significantly by using the ESO additives [150].

Rana et al. studied the behavior of a hyperbranched polyurethane prepared from castor oil, polycaprolactone
diol, butanediol and MDI [151]. The triglyceride contributed to the formation of a hyperbranched structure and
helped to improve the dispersion of the carbon nanotubes (CNTs). The segmented polyurethanes obtained were
semicrystalline with shape memory properties. The overall crystallinity increased with addition of 2 wt% CNT
or reducing the hard segments concentration, while the recovery of the original form was improved with in-
creasing concentrations of CNT and hard segments.

Cakmakli et al. (2004) This work refers initially to the polymerization of linseed oil via peroxide linkages
during the drying process in the air or under oxygen flow and then to the use of this polymeric peroxide in the
polymerization of vinyl monomers to obtain graft copolymers containing oily segments leading to biodegrada-
bility and biocompatibility [152].

Author reported a novel synthetic approach for the chemical modification of vegetable oils to improve their
thermo-oxidative and low-temperature stabilities. The chemical modification is carried out by epoxy ring open-
ing of the epoxidized soybean oil by organic amines. Separate studies are in progress to determine the physical
and performance properties of the products developed with optimized process. Scale-up process and cost calcu-
lations are outside the scope of this paper. These amine derivatives may serve the dual function of antioxidant
and antiwear specialty chemicals in automotive and industrial applications [153].

6. Conclusions

With the examples of recent product innovations from oleochemistry, the successful development of environ-
mentally compatible and powerful polymeric products in the sense of a sustainable development has been dem-
onstrated. The combination of various vegetable raw materials to form new products will also be a challenge for
research and development in the future, as is the development of additive for polymer or composite applications.

Use of Modified vegetable oil is a convenient way toward the goal of green chemistry, and is strongly rec-
ommended to use in polymer area. The examples cited above are impressive and provide a good insight into the
field of utilization of vegetable oil as polymeric material. In order to achieve further development in this field,
improved method and modification, which give rise to better properties and constitute a minimal hazard, should
be used instead of the petrochemical based material.
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