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Rubbers used in automotive and tire industries are typically plasticized with mineral

oils, which are derived from dwindling fossil sources. Furthermore, the use of certain

mineral oils that contain polycylic aromatic hydrocarbons have been restricted in

the European Union in the 21st century.

Bio-based and renewable oils are considered as possible alternatives for petroleum

plasticizers. An important class of bio-based oils are vegetable oils derived from

plants and seeds of industrial crops. In addition to being renewable and bio-based,

these vegetable oils have advantages of being well-known, their extraction methods

are established at industrial scale and global production volumes are signi�cant.

Vegetable oils are triglycerides, which are esters derived from glycerol and fatty acids,

and therefore give somewhat di�erent properties in rubbers compared to mineral

oils. Therefore, there has been signi�cant research in the past decades to �nd how

vegetable oils work as plasticizers, and what properties and advantages vegetable

oils give in rubbers compared to mineral oils.

In this thesis, the recent literature is reviewed regarding the bio-based plasticizers

and focus is mainly on the vegetable oils. The review revealed that vegetable oils

cause some common e�ects on properties of rubbers when compared to mineral oils.

However, it was also found crucial to consider each rubber formulation individually,

as vegetable oils have di�erence in details of chemical structure and rubbers are

complex mixtures of 5-15 chemicals. Despite the complexity of rubber formulation,

there has been some success of using alternative vegetable oils in commercial rubbers

like automotive tires, which indicates that the research to these alternative bio-based

oils have economical and environmental bene�ts.



II

PREFACE

I would like to express my gratitude to Mika Lahtinen and Riikka Lahtinen for their

excellent suggestions, support and especially patience during this thesis project.

4.12.2018

Tampere

Patrik Borenius



III

CONTENTS

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2. Oils and Plasticizers in Rubbers . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Mineral Oils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Rubbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Natural Rubber . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.2 Ethylene Propylene Diene Monomer Rubber . . . . . . . . . . . . 8

2.2.3 Styrene Butadiene Rubber . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Carbon Black and Silica . . . . . . . . . . . . . . . . . . . . . . . . . 9

3. Bio-based Oils and Plasticizers . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Castor Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.2 Cashew Nut Shell Liquid . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.3 Coconut Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.4 Linseed Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.5 Palm Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.6 Soybean Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.7 Sun�ower Oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.8 Other Vegetable Oils . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.9 E�ects of Vegetable Oils in Rubbers . . . . . . . . . . . . . . . . . . . 24

4. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

APPENDIX A. Structures of common fatty acids in vegetable oils . . . . . . . 35



1

LIST OF ABBREVIATIONS AND SYMBOLS

AO aromatic oil

BR butadiene rubber

CAO castor oil

CB carbon black

CBS N-cyclohexyl-2-benzothiazole sulfenamide

CNSL cashew nut shell liquid

CnO coconut oil

EPDM ethylene propylene diene monomer rubber

et al. and others

LO linseed oil

MES mild extract solvate

NR natural rubber

NO naphthenic oil

phr parts per hundred rubber

PaO palm oil

PO para�nic oil

SBR styrene butadiene rubber

SfO sun�ower oil

SO soybean oil

TDAE treated distillate aromatic extract

Tg glass transition temperature

tan δ loss factor

wt% weight percent



2

1. INTRODUCTION

World tire sales are predicted to be $258 − 267 billion per year in the 2019-2022

and this revenue is equal to 2.7 − 3.0 billion tires sold per year [1][2]. The global

consumption of raw materials (rubber, oil, additives, etc.) to manufacture tires is

also expected to increase, from 45.2 billion tons in the 2017 to 54.5 billion tons in

the 2022. [2]

To manufacture a one tire 26.6 l of oil is needed and from that amount, 19 l goes

directly to rubber manufacturing. A tire contains just under 1 kg of actual petroleum

plasticizer. [3] There is 13% oil as a plasticizer and 40% rubber in a typical passenger

car tire tread and the amount of plasticizer in a weatherstrip of a car is nearly equal

to the amount of actual rubber, 20% and 25%, respectively.

Mineral oils are used as additives in rubber compounds to modify the properties

of rubbers, such as low temperature performance, glass transition temperature and

hardness. Adding oils to rubbers also aid in manufacturing of the rubbers by de-

creasing the viscosity of the rubber mixture and therefore decreasing the energy

required to mix the rubber. However, a major drawback is that common mineral

oils used in rubbers as plasticizers are from nonrenewable sources and petroleum-

based, and it has been estimated that the oil prices are not decreasing in the long

term. [4][5] Furthermore, aromatic oils that have been used in tires as plasticizers

have had high content of polycyclic aromatic hydrocarbons, several of which are car-

cinogenic [6][7]. Therefore European Union has limited the use of aromatic oils that

have high content of certain polycyclic aromatic hydrocarbons in rubber products

[8].

For the aforementioned reasons, this thesis focus on reviewing what have been re-

searched and written about alternative plasticizers in rubber compounds. The focus

is on renewable and bio-based oils, especially on vegetable and plant oils. This the-

sis is limited to include butadiene rubber (BR), ethylene propylene diene monomer

rubber (EPDM), natural rubber (NR) and styrene butadiene rubber (SBR), as these

are the major rubbers used in tire and automotive industries. At the beginning of

the thesis, the rubbers and purpose of mineral oils in rubbers are discussed. After
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that, the bio-based oils that have been researched signi�cantly and have promise of

being used as plasticizers are introduced. These are castor, coconut, linseed, palm,

soybean and sun�ower oils and cashew nut shell liquid. Their modi�cation methods

and e�ects on rubbers compared to mineral oils are also discussed. Finally, there

is an attempt to consider the main di�erences in the properties of rubbers, when

mineral oils are replaced by vegetable oils.
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2. OILS AND PLASTICIZERS IN RUBBERS

Plasticizers are one of the major compounds of rubbers and used for multiple rea-

sons in rubber compounds. A one of the functions is to reduce the viscosity of the

rubber compound and therefore help processing of the rubber mixture and increase

extrusion rate. Plasticizers also a�ect the properties of cured rubber, such as max-

imum elongation, glass transition temperature Tg (◦C), modulus and hardness. [9]

Additionally, plasticizers should be compatible with other chemicals in the rubber

mixture, have minimal negative e�ects on the �nished product, work well in small

amounts and be reasonably priced [10][11]. Depending on the purpose and amount

of the oil in the rubber, the terms �processing aid�, �plasticizer� and �extender oil�

are used. The amount of plasticizer in rubber can be as high as 100 parts per hun-

dred rubber (phr)1, while the term �processing aid� is often used when the amount

of oil is smaller, for example 2− 10 phr. [12][13]

Plasticizers can be grouped to primary and secondary plasticizers, depending on

their interactions with rubbers. Primary plasticizers solubilize the rubbers. These

plasticizers reduce the viscosity of unvulcanized rubber by allowing Brownian motion

of the polymer chains. On the other hand, secondary plasticizers do not solubilize

rubber and their purpose is to act as lubricants between rubber chains and improve

formability without signi�cant e�ect on the viscosity of the rubber compound. [9][14]

It is important to note that for di�erent rubbers di�erent plasticizers can be primary

or secondary, and the line between them is not sharp. [9][15]

2.1 Mineral Oils

Plasticizers are generally classi�ed either as mineral oils, natural products or syn-

thetic plasticizers. Mineral oils are the main type of plasticizers used in rubber and

tire industry and the oils are obtained from crude oil by distillation and further

treaments, such as removal of sulfur from the oils. [9][10] Cheap price and compat-

ibility with many general rubbers are few of the reasons why minerals oils are used

1parts per hundred rubber is used to express amount of materials in rubber formulation and

most often in terms of weight. For example, 50 phr of oil means that 50 kg of oil is used for every

100 kg of rubber.



2.1. Mineral Oils 5

Table 2.1 Classi�cation of mineral oils into aromatic (AO), naphthenic (NO) and paraf-
�nic oil(PO). Table is based on [13].

Type of oil Polar Compounds Saturated compounds
max % %

Highly aromatic 25 min. 20
Aromatic 12 20.1 - 35
Naphthenic 6 35.1 - 65
Para�nic 1 max. 65

Paraffinic oil Naphthenic oil Aromatic oil

Figure 2.1 Schemes of chemical compounds in para�nic, naphthenic and aromatic oils.
Figure is based on [16].

extensively in the rubber industry [14].

Mineral oils are mixtures of hydrocarbons, variant in saturation, aromaticity, branch-

ing and molecular weight. Hydrocarbons of mineral oils have 15-50 carbon atoms

[16] and mineral oils are mostly non-polar, which make them suitable in rubbers

that are not highly polar either, such as NR, BR, SBR and EPDM [14]. Mineral oils

are often classi�ed either as aromatic oils (AO), naphthenic oils (NO) or para�nic

oils (PO), depending on the saturation and aromaticity of the hydrocarbons in the

oil (Figure 2.1). An example of the rough division of minerals oils into AO, NO

and PO can be made by standard ASTM D 2226 (Table 2.1) [16][17].

Para�nic oil (PO) is an oil mixture that contains mainly saturated hydrocarbons and

only few aromatic compounds. As a result of high content of saturated hydrocarbons,

POs are non-polar and work with non-polar and non-aromatic rubbers. While POs

are less e�ective plasticizers in many rubbers than AOs or NOs, POs are more

resistant to oxidation and aging, while also being less hazardous and toxic than

AOs. [13]

Naphthenic oils (NO) contain saturated cyclic alkanes and are intermediates be-

tween para�nic and aromatic oils in terms of polarity and amount of saturation.
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Naphthenic oils o�er properties of POs and AOs as plasticizers, such as good plas-

ticizing e�ect of AOs, while being less toxic, hazardous and prone to staining and

aging. [13]

Aromatic oils are the most polar compared to other mineral oils and contain the

least amount of saturated hydrocarbons. Highly aromatic oils, such as distillate aro-

matic extracts (DAEs), have been used extensively in the rubber industry. These

highly aromatic oils contain high amounts of aromatic structures and some poly-

cyclic aromatic hydrocarbons are classi�ed as carcinogenic. Therefore aromatic oils

have been extensively modi�ed to give more environmentally friendly plasticizers,

such as mild extract solvates (MES) or treated distillate aromatic extracts (TDAE).

These oils are modi�ed to have reduced amount of carcinogenic polycyclic aromatic

hydrocarbons and there are commerically available options. [16][17] Aromatic oils

are e�ective plasticizers, as they give good processability and are compatible with

rubbers like SBR, NR and BR. On the other hand, AOs are prone to causing stains,

having a bad odor and being not as resistant to oxidation as POs. [13]

The mineral oil plasticizer is chosen mainly based on the chemical nature of a rub-

ber, as oil must be compatible with the rubber. A simple guideline is that mineral

oils and rubbers of similar chemical structure work together. For example, aromatic

and slightly polar rubber like SBR is compatible with aromatic oils. Other fac-

tors a�ecting the choice of mineral oil is the used curing-system (vulcanization or

peroxide-cure) of the rubber and overall rubber formulation, such as type of �llers

and additives. The amount of plasticizer in the rubber is around 0− 60 phr, but in

some cases, such as EPDM rubbers, 100 phr of PO plasticizer is possible. [9][14]

2.2 Rubbers

Rubbers are mixtures that contain various organic and inorganic compounds. Rubber-

polymers themselves, �llers, accelerators, activators, coupling agents and curing

agents are only few of the compounds in the commercial rubbers. The term �rub-

ber� indicates that the rubber-polymers are crosslinked and the common methods

to obtain crosslinked rubber are vulcanization and peroxide-curing. [13]

In this thesis rubber polymers are limited to butadiene rubber (BR), natural rubber

(NR), ethylene propylene diene monomer rubber (EPDM) and styrene butadiene

rubber (SBR), as these are the major rubber-polymers used in the tire and automo-

tive industries and mineral oils are suitable plasticizers in all of them. Furthermore,

in this thesis plasticizer-rubber mixture is presented with notation plasticizer/rub-

ber, for example SO/SBR, which means soybean oil plasticizer in styrene-butadiene
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rubber. It is important to remember that the rubbers contain various other chem-

icals, while the chemicals are often similar in many types of rubbers. It is as-

sumed in this thesis that the rubbers are carbon black (CB)-�lled and sulfur-cured

(vulcanized), and possible exceptions like silica-�lled or peroxide-cured rubbers are

mentioned clearly.

2.2.1 Natural Rubber

Various trees and other species of temperate regions can produce white latex, from

which natural rubber (NR) can be manufactured. However, trees of Hevea brasilien-

sis (rubber tree) are the only important commercial source of white latex to produce

NR. Natural rubber was the �rst rubber to begin the rubber industry in the 1800

century and NR is the only commercially important non-synthetic rubber. [12][15]

Natural rubber is mainly cis-1,4-polyisoprene, with molecular weight (2 − 5) ×

105 gmol−1, but small amounts of non-polymer constituents, like proteins, fatty

acids, sugars and inorganic compounds are important for properties of NR. Natu-

ral rubbers are often cured with sulfur and NR vulcanizates show good mechanical

properties, such as tensile and tear strength, especially with CB-�ller. Natural rub-

ber has also adequate abrasion resistance, especially under mild abrasive conditions

and abrasion resistance of NR compounds can be improved by blending it with

small amounts of BR. Meanwhile, NR vulcanizates have alone a poor ozone and

heat resistance, but these properties can be improved by adjusting the vulcaniza-

tion chemicals and their amounts, and by use of antioxidants. Furthermore, NR is

often mixed with other rubbers, such as SBR or BR, to modify rubber properties

and reduce the cost. [12][13]

Aromatic oils are the most suitable option as a plasticizer with NR, as NR has some

degree of unsaturation. The amount of AO in NR formulation is about 10 phr, but

varies depending on the speci�c rubber formulation and application. Naphthenic

oils can be also used with NR, if staining is an issue when AO and NR are mixed.

[12][13] Para�nic oils are also possible plasticizer with NR in some rare speci�c

cases, further indicating that the choice of plasticizer depends for example on the

curing-system, other rubbers present and application of the natural rubber. Natural

rubbers are not commonly used in passenger car tire (treads), as SBR/BR-blends

have better wet-skid and abrasion resistance than NR. However, tire-applications in

which minimum heat generation (large tires of earth movers) is required NR is still

widely used. [12]
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2.2.2 Ethylene Propylene Diene Monomer Rubber

Ethylene propylene diene monomer rubbers (EPDM) are copolymers of ethene,

propene and di�erent type of dienes in various amounts. The unsaturation is in-

troduced to EPDM by the diene comonomer and industrially the most important

dienes are dicyclopentadiene, 2-ethylidene-5-norbornene and 1,4-hexadiene. Typical

EPDM rubbers contain 40− 80 wt% (weight percent) ethene and 4− 8 wt% diene.

[12][18]

EPDM rubbers are synthetic rubbers and have a good chemical and aging resistance.

Other good characteristics of EPDM are possible applications in ozone environments

and being highly extendable. [12][19] Problems of EPDM rubbers are the high

viscosity, which is a problem during manufacturing of the EPDM rubbers. Therefore,

plasticizers are introduced to decrease the viscosity and increase elasticity of the �nal

EPDM, and amounts of plasticizer can be as high as 100 phr. [18][19]

Para�nic oils are the most used plasticizers for EPDM rubbers because of com-

patibility with EPDM, while being reasonably priced. Para�nic oils are used as

plasticizers in peroxide-cured EPDM and in applications in which high tempera-

tures are present or the rubber is colored, as POs have low volatility and good

UV-light resistance. [12][19] The best compatibility with EPDM rubbers, heat and

chemical resistance is achieved with POs of high average molecular weight and vis-

cosity. Aromatic oils are not used in EPDM rubbers, as there is adverse e�ects on

�nal compound properties. Furthermore, AOs cannot be used if peroxide curing

system is used. [13]

2.2.3 Styrene Butadiene Rubber

Styrene butadiene rubber (SBR) is a general purpose synthetic rubber that has been

used as a replacement for NR, mainly because limited availability of NR. Styrene

butadiene rubber is a copolymer of butadiene and styrene, in which ratio of bu-

tadiene to styrene is approximately 75:25. The styrene content in SBR is around

23−40 wt%. Styrene butadiene rubber can be polymerized by emulsion or solution-

methods and in the tire tread rubbers solution-SBR is often used. [9][15]

Styrene butadiene rubber is an aromatic polymer and therefore aromatic oils are

often used as plasticizers in the SBR. [13][20] Para�nic oils are quite limited in

compatibility with SBR, while NOs are possible choice in speci�c cases and de-

pending on if SBR is mixed with other rubbers, such as NR or BR. The amount
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of plasticizer in SBR formulation is about 10 − 35 phr, but once again the speci�c

amount depends on exact formulation of the rubber. [12]

2.3 Carbon Black and Silica

Carbon black (CB), precipitated silica (silica) and calcium carbonate (CaCO3) are

few of the �llers in rubber products like tires. Carbon black and silica are reinforcing

rubber compounds and in tire treads they can increase traction while lowering rolling

resistance. [21]

Carbon black is black-colored �ller that is manufactured from feedstock oil or natu-

ral gas by decombustion [22]. Carbon blacks are 90− 99 % elemental carbon, with

surface functional groups like phenols, carboxyls and ketones. The important prop-

erty of CB as a �ller is the particle size and size-distribution and surface area of the

particles, as these a�ect dispersion and �nal properties of the rubber. Carbon black

of large particle size is easier to disperse in the rubber, but gives less reinforcement

than small particle size. However, if particle size of CB is too low, the dispersion of

CB is di�cult. [13] Depending on the manufacturing method and source of CB, the

particle size of CB is 20−350 nm. Carbon blacks can be also classi�ed depending on

the manufacturing method and particle size. For example, in the N330 CB the �rst

number indicates the relative particle size of CB, smaller number meaning smaller

average particle size. [9]

Silica is often used white-�ller in rubbers and it comes in many forms, such as precip-

itated or fumed silica. Silica is silicon dioxide, which has siloxane and silanol groups

on the surface and as a consequence, silica is a polar �ller and has various e�ects

on rubber processing. Silica can retard the vulcanization because high amounts of

oxygen in silica can react with rubber causing increase in viscosity of the rubber and

result in unworkable and dry rubbers. Various modi�cations can be done to silica

to improve it compatibility with rubbers and often for example silane is used as a

coupling agent between polar silica and quite non-polar general rubbers, like NR or

SBR. [13]

As CB- and silica-�llers are major part of rubbers besides the actual rubber-polymers,

the amount of �ller a�ects the use of plasticizer. Often increasing the �ller load-

ing requires some increase in plasticizer amount, as dispersion of the �ller is often

related to the amount and type of plasticizer.
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3. BIO-BASED OILS AND PLASTICIZERS

Many bio-based products can be used as plasticizers and some natural products that

have been used or tested as plasticizers in rubbers are vegetable oils. Vegetable oils

are mainly triglycerides, containing various fatty acids of di�erent chain lengths and

degrees of unsaturation. [9] The fatty acid composition of vegetable oils and some

properties of oils related to the compositions are presented in Table 3.1 and Table

3.2, respectively.

Vegetable oils have the advantage that they are produced in large amounts and the

extraction methods are well-established and well-known. Therefore for large scale

industries, like rubber industry, there is plenty of raw material available already.

Despite the established production of vegetable oils, the ones that are produced in

excess of 3Mt/a (million tons per year) are limited. Palm, palm kernel, soybean,

rapeseed and sun�ower oils are the main vegetable oils produced and consist of more

than 80% of the global 200Mt/a vegetable oil production. [23][24]

3.1 Castor Oil

Castor oil (CAO) is derived from seeds of Ricinus communis (castor plant) and the

seeds contain around 50wt% of CAO [26]. The main producer of CAO are India

(75%), China (12%) and Brazil (6%) [25][26][39]. The amount of CAO produced is

annually 0.6− 0.7 Mt, but the global production volume of CAO has lot of annual

variance, as the production is globally focused mainly in India and for example

local weather conditions have an e�ect on crop volumes [26][39]. There is relatively

little variation in the composition of castor oil recovered from seeds, despite lot of

variation in size, color and form of the trees and seeds [25].

Typical to most vegetable oils, castor oil is a triglyceride of various fatty acids and

the average fatty acid composition of CAO is presented in Table 3.1. However, the

main fatty acid of CAO is ricinoleic acid, which is 18 carbon fatty acid containing

one double bond, but also a hydroxy group. This hydroxy-functionality is rare

in vegetable oils and CAO is one of the few commercial vegetable oils, that has

hydroxy-functionality in such high amounts. Typical vegetable oils are saturated
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Table 3.1 General fatty acid composition of various vegetable oils in terms of wt%. The
number �C18:1:OH� means that the fatty acid contains 18 carbon atoms, one C=C double-
bond and -hydroxy substituent. CAO = castor oil, CnO = coconut oil, LO = linseed oil,
PaO = palm oil, SO = soybean oil, SfO = sun�ower oil.

CAO CnO LO PaO SO SfO
[25][26] [27][28] [29][30] [28][31] [3][30] [32]

Capric C10:0 - 6 - - - -
Lauric C12:0 - 49 - - - 1
Myristic C14:0 - 20 - 1 - -
Palmitic C16:0 1 8 5 44 10 5
Stearic C18:0 1 3 3 4 4 6

Saturated 2 86 8 49 14 12

Palmitoleic C16:1 - - - - - 1
Oleic C18:1 3 6 16 40 23 21
Linoleic C18:2 4 1 14 10 53 66
Linolenic C18:3 - - 60 - 8 1
Ricinoleic C18:1:OH 90 - - - - -

Table 3.2 Properties of vegetable oils related to the fatty acid composition. CAO = castor
oil, CNSL = cashew nut shell liquid, CnO = coconut oil, LO = linseed oil, PaO = palm
oil, SO = soybean oil, SfO = sun�ower oil

Speci�c Iodine Saponi�cation
gravity value value
at 25 ◦C (g I2/100 g) (mgKOH/g)

CAO [25][26][33][34] 0.96 82-88 174-186
CnO [27][35] 0.91-0.92 6-11 248-265
LO [29] 0.94 170-185 188-196
PaO [7] 0.91 53 190-209
SfO [7][35][36] 0.91-0.93 126-130 186-194
SO [7][14][37][38] 0.92 124-131 190-202

or unsaturated hydrocarbons without additional functional groups. The amount of

ricinoleic acid in CAO is 87− 90 wt% and the structure of typical CAO containing

three ricinoleic fatty acids is presented in Figure 3.1. [25] The presence of hydroxy

groups makes CAO a natural polyol, providing oxidative stability and possibility for

various chemical reactions like esteri�cation [39].

Castor oil has been compared to mineral oils mainly in NR, NR-BR, SBR and SBR-

BR, and the amount of CAO plasticizer has been 1−10 phr in all the studies. In the

NR compounds CAO has been compared to NO by Raju et al. and they found that

the optimal loading of CAO was 2−4 phr [41]. To make CAO more compatible with

NR, esteri�cation of the CAO with maleic anhydride have been done by Indrajati et

al. Maleated castor oils made with di�erent CAO-to-maleic anhydride ratios were
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Ricinoleic acid

Figure 3.1 Castor oil triglyceride consisting of three ricinoleic fatty acids. Figure is
based on [40].

compared to PO both in NR and EPDM, at loadings of 5 phr. In the comparison

to both NR an EPDM, the cure time and swelling in toluene slightly increased in

both rubbers when maleated CAO was used instead of PO. [42] Castor oil has been

also added into NR-BR blend and compared to PO. The amount of CAO was varied

between 1− 5 phr and CAO seemed to act as a coupling agent between NR and CB

and/or as a plasticizer depending on the amount of oil used. [33]

In addition to using CAO mainly in NR compounds, CAO has been also studied

in SBR and SBR-BR. In the case of SBR compounds, the comparison has been

done to AO and NO. Pechurai et al. researched CAO/SBR and compared it to

AO/SBR, while varying the oil amount (3 phr, 6 phr and 9 phr). The cure rate,

scorch time and abrasion mass loss of CAO/SBR decreased compared to PO/SBR.

An interesting note is that at all loadings of CAO, the hardness (Shore A) of the

CAO/SBR increased compared to PO/SBR, while the main common them is that

vegetable oils decrease the hardness of the rubber (see Section 3.9). [43]

Castor oil and many other vegetable oils have been studied in a low rolling resistance

tire tread compound by Ford Motor Company. The rubber compound studied by

Flanigan et al. included SBR (75 phr), BR (25 phr), CB (10 phr), silica (60 phr) and

11 other compounds and additives. The plasticizer studied was a mixture of 20 phr

AO and 10 phr CAO, and the comparison was done to pure AO and NO (30 phr).

They studied tire-performance properties of rubbers, such as loss factor (tan δ) values

at di�erent temperatures, in addition to the cure kinetics and physical properties of

the rubber. However, in the case of CAO the problem was incompatibility of CAO

with the SBR/BR, as CAO bloomed to the surface of the rubber. Thus, while some

properties of the rubber improved, such as scorch time increased for CAO/SBR-

BR, they concluded that CAO was unpre�ered plasticizer in SBR-BR because of

the incompatiblity. [30] To prevent blooming and incompatibility of CAO in SBR-

BR, it possible to modify CAO. As mentioned before, CAO has been modi�ed by

maleic anhydride to increase compatibility with various rubbers [42], indicating that



3.2. Cashew Nut Shell Liquid 13

e�cient addition of CAO as a plasticizer in rubbers requires care and/or chemical

modi�cation.

3.2 Cashew Nut Shell Liquid

Cashew nut shell liquid (CNSL) is a viscous red-dark brown liquid and it is usu-

ally a sideproduct during the isolation of the cashew nut (kernel) of cashew tree

(Anacardium occidentale) [44][45]. Cashew nut shell liquid comes from the pericarp

that surrounds the edible cashew nut. As CNSL is the sideproduct of the cashew

nut-industry, the production volume of CNSL is tied to the production volume of

cashew nuts. Around 25wt% of the cashew nut (including pericarp/shell) is CNSL

and approximately 1Mt of CNSL was produced globally in the 2013. The main pro-

ducers of cashew nut, and therefore CNSL, are Vietnam, India, Nigeria, Ivory coast

and Brazil, which all together account for 75% of the global production. [44][46]

Cashew nut shell liquid is not a typical vegetable oil with a triglyceride structure,

as it is a source of natural mixture of mono- and difunctional phenols (Figure 3.2).

In addition to the phenolic nature of CNSL, the alkyl sidechains located at meta-

positions relative to the hydroxy functional group are exclusively 15 carbon long with

various degrees of unsaturation. The main chemical compounds in natural CNSL

are anacardic acid, cardanol, cardol and 2-methylcardol. If CNSL is cold-solvent

extracted, it contains 60− 70wt% anacardic acid and only 5− 10wt% cardanol.

However, as CNSL is a side-product of the cashew nut-industry, the processing

method is tailored towards cashew nut isolation and not CNSL production. In the

industrial processing of cashew nut, high temperatures (180− 190 ◦C) are used, and

at these temperatures anacardic acid of the CNSL decarboxylates into cardanol. [44]

This �technical� CNSL1 contains little anacardic acid and 40− 60 wt% cardanol.

Cashew nut shell liquid derivatives have been used as plasticizers, antioxidants and

processing aids for various rubber compounds [45]. Almost all research on rubbers

is based on the CNSL with high cardanol content. The research of CNSL has

been mainly focused on NR compounds, sometimes mixed with EPDM or BR. The

amount of CNSL utilized in di�erent rubbers has been 1 − 15 phr and the typical

amount has been below 10 phr.

In rubbers which contain only NR, Menon et al. have studied CNSL extensively as

a plasticizer in amounts of 5− 15 phr, but they have not included any �llers in the

rubber compounds [47] [48]. Alexander et al. studied properties of pure cardanol in

1In this thesis abbreviation CNSL means �technical� CNSL with no anacardic acid and high

content of cardanol if not mentioned otherwise.
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CB-�lled NR and they obtained the pure cardanol from CNSL by vacuum distillation

[49]. Most recently, CNSL with high anacardic content and �technical� CNSL have

been compared in NR at loadings of 2 − 10 phr [50]. In many of the studies only

the e�ects of CNSL on NR have been studied and how the amount of CNSL a�ects

the properties of rubbers, while the control has been NR without any oil and there

is no comparison to natural rubbers containing mineral oils. In the few studies in

which control rubber with mineral oil has been used, the control has been AO/NR

[48][49].

In addition to the rubbers containing NR, CNSL has been also studied in NR-EPDM

and NR-BR. Arayapranee et al. compared CNSL to PO in un�lled NR-EPDM at

plasticizer loadings of 2 − 10 phr. Overall CNSL/NR-EPDM showed improved re-

sistance to heat and aging and improved mechanical properties like tensile strength

of the NR-EPDM. They argued that CNSL was able to work more e�ciently as a

coupling agent than PO between EPDM and NR, because CNSL has variety of func-

tional groups with di�erent polarities (phenols, aliphatic alcohols, aromatic struc-

tures and para�nic alkyl chains). [45] On the other hand, CNSL in CB-�lled NR-BR

has been researched only in very small amounts (1 phr). Modulus at 300% elonga-

tion, tensile and tear strengths increased for CNSL/NR-BR compared to PO/NR-BR

and it was also suspected that the di�erences were because CNSL had functional

groups of di�erent polarity. However, the argument was that improved coupling

action of CNSL was between rubber and CB-�ller, rather than between di�erent

rubbers (NR-BR), as CNSL contained polar phenol functional groups to interact
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with CB. [33]

Vegetable oils are often modi�ed for example by epoxidation or esteri�cation to im-

prove their properties and compatibility with rubbers. However, the only extensive

study of modi�ed CNSL has been by Menon et al. They have researched phospho-

rylated CNSL (Figure 3.2) and CNSL-formaldehyde resin and compared them to

unmodi�ed CNSL or AO in NR. [47][48][51] It is worth to note that they did not

include in their rubber mixtures �llers, such as CB or silica, but included all the

other typical components of vulcanized rubbers. Phosphorylated CNSL was man-

ufactured by phosphorylating CNSL with o-phosphoric acid at 175 ◦C for 4 hours.

[47][48] They have patented an improved phosphorylation method of CNSL [52].

3.3 Coconut Oil

Coconut oil (CnO) is obtained from the kernel of the coconut, which is a fruit of

the coconut palm (Cocos nucifera), and the global production of CnO was 3.44Mt

in the 2017 [23].

Characteristics of CnO are the high content of saturated fatty acids, which is in-

dicated by the low iodine value 6 − 11 g I2/100 g. In addition to the low degree of

unsaturation, CnO contains mainly shorter chain fatty acids like caprylic, capric and

lauric acid, which is indicated by the high saponi�cation value 248−265 mgKOH/g

(Table 3.2). The main fatty acid of CnO is lauric acid (C12:0) (Appendix A) and

the amount of it in coconut oil is about 49wt%. [27]

Coconut oil has been researched as a plasticizer and processing aid mainly in natural

rubbers with carbon black and silica �llers and the amount of CnO studied has been

2 − 10 phr in the NRs. In the NRs the comparison of properties of CnO/NR

has been done either to NO or AO plasticizer. [27][31] Coconut oil has been also

esteri�ed with aromatic benzyl alcohol to increase its compatibility with SBR, which

is an aromatic rubber. The comparison of esteri�ed CnO was done to AO, and the

amount of plasticizer was 20 phr. [28]

The main advantages of CnO/NR over NO/NR were increased thermal stability

measured by thermogravimetric analysis and better dispersion of �llers. The better

dispersion of �ller was better for both CB- and silica-�lled CnO/NR when compared

to control rubbers. [27][31] Raju et al. argued that the increased change in torque

during cure of CnO/NR compared to NO/NR was either because higher crosslink

density or improved �ller dispersion. As the crosslink densities of CnO/NR and

NO/NR were nearly identical, they concluded that CnO improved the dispersion
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of CB in the NR. Additionally, the higher tear and tensile strength of CnO/NR

indicated better dispersion of �llers. [27] In the silica-�lled CnO/NR, the improved

dispersion of �ller compared to NO/NR was because bio-based vegetable oil, like

coconut oil, consist of polar ester groups which can interact with silanol groups

on the surface of silica (Figure 3.3). The interactions of polar ester groups and

silanols can improve the silica dispersion in the NR. On the other hand, mineral oils

do not contain polar functional groups and therefore cannot break the �ller-�ller

intreactions of silica as e�ectively as CnO. [31]

The curing rate slightly increased in CnO/NR over NO/NR without a�ecting the

scorch times signi�cantly, as CnO contains free, saturated, fatty acids like lauric acid

and myristic acid. The saturated stearic acid is used as an activator with zinc oxide

in the rubber compounds, with purpose of increasing curing rate of vulcanization. It

is possible that the free shorter saturated fatty acids in CnO might also increase the

curing rate with zinc oxides. [27] However, in the silica-�lled CnO/NR no signi�cant

change in curing time or rate was found over NO/NR [31].

3.4 Linseed Oil

Linseed oil (LO) or �axseed oil is obtained from the seeds of �ax plant (Linum

usitatissium). The global production of LO is annually 0.7 Mt and the main pro-

ducers are China (28%), Belgium (17%) and United States (15%). [53] While LO

is a triglyceride like other vegetable oils, it is distinctive from many of the other

vegetable oils, as it contains 55 − 69 wt% of linolenic acid (C18:3) and is overall

highly unsaturated vegetable oil (Table 3.1) [29][54]. The high amount of linolenic

acid in LO is often why LO is used as an industrial drying oil, meaning that LO

polymerizes in the presence of oxygen and changes from viscous liquid into rigid



3.5. Palm Oil 17

non-brittle solid. [29]

Linseed oil has been researched in NR at amounts of 2−10 phr. Flanigan et al. have

compared LO to AO and NO in CB-silica-�lled SBR-BR [30] and SBR-NR [54], and

evaluated curing, physical and mechanical propeties. While the amount of studies

in which LO has been researched is small, and there is di�erence in studied rubbers,

the properties of rubbers that show similar behavior in all cases are decreased scorch

time and retention of tensile strength when rubber is aged when compared to control

rubbers. However, there are few other interesting points to be noted. First, the Shore

A hardness of LO/SBR-BR and LO/NR increased signi�cantly compared to AO and

NO control-rubbers. These increases in hardness are opposite to the common e�ect

of vegetable oils decreasing the hardness of general rubbers compared to mineral oils.

The high degree of unsaturation of LO, especially because linolenic acid (C18:3), can

cause crosslinking between fatty acids chains which can contribute to the hardness

of the rubber. [29][30] The second point is the decreased tan δ values of LO/SBR-

BR and LO/SBR-NR at 60 ◦C, which is often used as indication of lower rolling

resistance of the rubber. Flanigan et al. noted the advantage and promise of LO as

a plasticizer, as the results on the tire performance properties were promising (lower

rolling resistance, with little trade o� in traction), while the physical properties, like

hardness, could be optimized with proper amount of linseed oil, curatives and �llers

[30].

3.5 Palm Oil

Palm oil (PaO) is obtained from the fruits of oil palms. The fruits of the America,

African and maripa oil palms are the main commercial sources of PaO. Palm oil is

di�erent from palm kernel oil, which comes from the seed/kernel of the same tree.

All the palm oils are edible, but the main application area of PaO is as a feedstock

for biodiesel production, and therefore PaO is the most produced vegetable oil in

the world. The amount of PaO produced is around 66.9Mt/a, which corresponds to

33.5% of all vegetable oils produced. [23] The top producers of PaO are Indonesia

and Malaysia [38]. The price of PaO is around $650− 800/ton and the cost of PaO

which is used as a plasticizer in rubbers is in the lower end of the price-range [55].

The fatty acids of PaO are mainly palmitic acid (C16:0) and oleic acid (C18:1).

While about 40wt% of both fatty acids are present in typical palm oil, especially

the amount of oleic acid can vary in di�erent palm oils. [31] As an example of this

variation in the composition of PaO, Ismail et al. have done extensive research on

modi�ed and highly unsaturated PaO as a rubber activator in the late 1990s and
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early 2000. They used PaO that had over 80wt% oleic acid and 14wt% linoleic acid

(C18:2). [56]

Palm oil has been studied mainly in NR and SBR, while one study of using PaO has

been done with peroxide-cured EPDM. Palm oil has been used as a plasticizer in

CB-�lled AO/NR and silica-�lled NO/NR, while the amounts of PaO were 5 phr and

3− 9 phr, respectively. The increased changes in torque during cure and decreased

swelling in toluene indicated that the crosslink densities of PaO/NRs were higher

compared to AO/NR and NO/NR. In addition to the possibly increased crosslink

densities, both studies argued that some e�ects, such as decreased swelling of rubber

in toluene, might be because better dispersion of CB- and silica-�llers in the rubbers

when PaO was used. [31][57]

While PaO has been used without chemical modi�cations in rubbers, palm oil has

been modi�ed by epoxidation [58][59] or esteri�cation with benzyl alcohol [28].

Epoxidation of vegetable oil, like PaO, increases the oxidative stability of the oil,

as epoxidation replaces the oxidiation-prone double bonds with epoxide (oxirane)

functional groups. Furthermore, epoxidation increases the polarity of the vegetable

oil, making it more suitable in slightly more polar rubbers like SBR when compared

to NR. However, even in NR compounds the epoxidized PaO has been researched.

[7]

In the epoxidized PaO/SBR the main research question was how increasing epoxi-

dized PaO loading (30−45 phr) a�ects the rubber in un�lled and CB-�lled SBR, but

there was no comparison to SBR plasticized with mineral oil [58][59]. Boontawee

et al. studied esteri�ed PaO as an alternative for AO in SBR. The introduction of

aromatic structures to PaO through esteri�cation with benzyl alcohol improved the

dispersion of CB in SBR, but decreased scorch time and crosslink density. They

argued that this was because possibility of sulfur reacting with unsaturated double

bonds of PaO, without actually crosslinking the polymer network. [28]

Palm oil has also been studied in peroxide-cured EPDM. Decreased crosslink den-

sity was also found for peroxide-cured PaO/EPDM compared to PO/EPDM, when

the amount of plasticizer exceeded 30 phr. As the amount of PaO increased above

30 phr, it was argued that the PaO reacted with peroxide curing agent (dicumyl

peroxide) and decreased the crosslink density, which resulted in undesired mechani-

cal properties of the rubber, like decreased tensile strength. However, the decreased

crosslink density and associated failure in mechanical properties could be avoided

when the loading of peroxide curing agent increased from 2 phr to 5 phr. [55]
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3.6 Soybean Oil

Soybean oil (SO) is extracted from seeds of soybean (glycine max ) and SO is used as

a renewable and decently priced vegetable oil [60]. The price of SO is $630−800/ton

[61]. Soybean oil is the second most produced vegetable oil in the world (56Mt

annually), exceeded only by the production of palm oil. The largest producers of

SO are United States, Brazil and Argentina, which together account for 80% of the

global production. [23] The extensive interest in SO as a plasticizer is most likely

because it has promise in tire-rubbers [62].

While fatty acid composition of SO varies depending on processing methods, and

include various other fatty acids in small amounts, the main fatty acids in SO are

linoleic acid (C18:2) and oleic acid (C18:1). These two fatty acids account for

50 − 70 wt% of fatty acids of SO and therefore SO is quite unsaturated vegetable

oil and the high degree of unsaturation allows various chemical modi�cations of

SO. In the research of SO as a plasticizer, the modi�cations include esteri�cation

[28], norbornylization [3] and polymerization [14]. In addition to modi�ed SOs, also

unmodi�ed SO has been researched extensively as a plasticizer in rubbers. The

rubbers in which SO has been researched are NR, NR-SBR, SBR-BR, EPDM, and

even chloroprene rubber [63] and isobutylene isoprene rubber [21].

In rubber compounds containing only NR, SO has been studied in amounts of 5 −

15 phr. Dasgupta et al. have done extensive research of various vegetable oils,

including SO in NR, and compared the properties of SO/NR to AO/NR, NO/NR

and PO/NR control rubbers [64][65]. Furthermore, SO/NR has been compared

to AO/NR and found to be decent processing aid and co-activator in NR [57]. In

addition to the research of CB-�lled SO/NR, silica-�lled SO/NR has been compared

to NO/NR with plasticizer amounts of 5−15 phr [37]. Soybean oil causes increase in

swelling of NR in toluene compared to mineral oils and the increased swelling might

be because of decreased crosslink density of NR [57][65]. Often change in torque

during cure and swelling index are inversely related, and both give information

about crosslink density of the rubber. However, as has been discussed earlier, the

dispersion of �ller in the rubber also a�ects the swelling of the rubber [57]. In

addition to the increased swelling in all of the SO/NR rubbers, they all showed

decrease in abrasion resistance and tensile strength compared to reference rubbers

[57][65].

Soybean oil has also been researched in styrene butadiene rubbers (SBR, SBR-NR,

SBR-BR). Li et al. have studied extensively unmodi�ed SO and norbornylized SO

in CB-, silica- and CB-silica-�lled SBRs. In the norbornylized soybean oil the dou-
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Figure 3.4 Norbornylization of soybean oil fatty acids by dicyclopentadiene. Figure mod-
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ble bonds of the SO fatty acid chains are reacted into norbornyl groups (Figure

3.4). The norbornyl groups have more reactive double bonds, which make nor-

bornylized SO more reactive than unmodi�ed SO and can e�ect for example the

curing of the rubber. The norbornylization is done by adding SO, 4wt% butylated

hydroxytoluene and variant amount of dicyclopentadiene to obtain for example 5%

and 11% conversion of double bonds of SO. The reaction was run at 240 ◦C and

0.14− 0.21 MPa. [3]

In all the studies with unmodi�ed SO in SBR, the main di�erences were equal or

increased tensile strength, elongation at break, abrasion resistance and tan δ values

at 60 ◦C of SO/SBR compared to SBRs plasticized with mineral oils. Furthermore,

all SO/SBRs showed equal or decreased tan δ at 10 ◦C. [36][66] The higher tan δ val-

ues at 60 ◦C and 10 ◦C are used as laboratory indicators of higher rolling resistance

and increased wet traction, respectively, in tire tread rubbers [30][66]. When SO

and norbornylized SO have been used in SBR, they consume sulfur curing agents

and therefore it is advantageous to adjust the rubber compound accordingly. In

addition, when the degree of norbornylization in the norbornylized SO is increased,

more sulfur was consumed during curing. To obtain the best properties of SBR

the optimal degree of norbornylization of SOs were 5% and 11%, increasing the

amount of sulfur from 2 phr to 3 phr and amount of accelerator CBS (N-cyclohexyl-

2-benzothiazole sulfenamide) from 1.3 phr to 1.95 phr. With these changes in com-

pounding of norbornylized SO/SBR, the norbornylized SO/SBR with CB-, silica

and CB-silica-�llers showed equal tan δ values at 10 ◦C, decreased tan δ values at

60 ◦C and increased abrasion resistance compared to NO/SBR. [66]
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Besides pure SBR, soybean oil has been also studied as a plasticizer in SBR-NR

and SBR-BR. The unmodi�ed SO and SBR-blends have been researched mainly by

Flanigan et al. from Ford Motor Company. The rubber compounds they have used

are tailored towards use as tire treads, containing 15-16 di�erent chemicals. [30] [54]

In addition to Flanigan et al., Petrovic et al. have researched SO and polymerized

SO in CB-�lled SBR-NR [14]. In all of these studies, the comparisons have been

done to control-rubbers containing AO or NO, and the amount of plasticizer has

been 10− 60 phr. [18][30][54]

Soybean oil has some common e�ects on properties of SBR-BR and SBR-NR com-

pared to control samples containing AO or NO. All of the unmodi�ed SO/SBR-NR

and SO/SBR-BR compounds showed equal or decreased scorch time, modulus at

100− 300 % elongation and increased elongation at break compared to AO or NO.

[18][30][54] Petrovic et al. found that up to 40 phr SO had similar e�ect on proper-

ties of SBR-NR as NO. However, when amount of SO increased further there was

decrease in elongation at break and tensile strength of SBR-NR, which was contrary

to the SBR-NRs plasticized with NO or polymerized SO. They argued that SO in

excess of 40 phr is not completely compatible with SBR-NR or SO cannot disperse

CB-�ller adequately, as the amount of �ller is often increased when the plasticizer

amount is increased. When the plasticizer amount exceeded 40 phr, polymerized SO

gave more consistent results than SO on properties of SBR-NR. While polymerized

SO gave consistent results even in high amounts, it was suspected that polymerized

SO could react with sulfur and therefore decrease the available sulfur for crosslinking

of the rubber. However, at least when increasing the sulfur amount from 1.5 phr to

2.25 phr, there was loss of tensile strength and elongation at break, indicating that

no signi�cant changes in amount of sulfur are needed when substituting NO with

polymerized SO in NR-SBR. [14]

Flanigan et al. compared both physical and mehcanical properties of SO and AO

in SBR-NR and SBR-BR. Using SO gave decreased tan δ values at all temperatures

from −10 ◦C to 60 ◦C compared to AO. As tan δ values are often used as predictors

of tire tread performance, these results showed that SO is predicted to give lower

rolling resistance, with some losses in ice, wet and dry traction of tires. [30][54]

Soybean oil and polymerized SO have also been studied in EPDM. As is typical

for EPDM rubbers, quite high amounts of plasticizer has been used (5 − 70 phr),

and all comparisons have been done to PO/EPDM. Petrovic et al. studied SO and

polymerized SOs in EPDM and they used oil amount of 50 phr. Polymerization of

soybean oil was done by their patented method [67]. In addition to this, Wang et al.

researched peroxide-cured SO/EPDM and its physical and thermal properties [19]
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3.7 Sun�ower Oil

Sun�ower oil (SfO) is obtained from the seeds of the sun�ower (Helianthus annunus),

which is an annual plant that grows in many types of soils. There is up to 25−45 wt%

of oil in the sun�ower seeds. Sun�ower oil is one of the most produced vegetable

oil (annually 18.16Mt), behind palm, soybean and rapeseed oils [23]. While SfO is

suitable as food, it is also a major feedstock for biodiesel production in Europe [69].

Sun�ower oil has a high content of unsaturated fatty acids, such as oleic (C18:1)

and linoleic (C18:2) acids. There is variation in type of SfOs produced, depending

on if oleic or linoleic acid content is dominant. In the rubber research typical SfO

has 62wt% linoleic acid and 21wt% oleic acid. [32] Regardless of the exact details

of the fatty acid composition, SfO has high unsaturation content, which is indicated

by the iodine value of 126− 130 g I2/100 g [7][35].

Sun�ower oil has been researched as an alternative for aromatic oils in NR and

SBR. The amount of SfO has been 5 − 30 phr and all the rubbers have been CB-

�lled. Unmodi�ed SfO [57] and epoxidized SfO [7] have been studied in the NR

compounds, but only using SfO amount of 5 phr. The common features for unmodi-

�ed and epoxidized SfO/NR are increased curing time, compression set and rebound

resilience compared to AO/NR. On the other hand, completely opposite results were

found for scorch time, as SfO/NR showed longer and epoxidized SfO/NR reduced

scorch times compared to AO/NR. [7][57] Higher scorch time is indication of process

safety, as it indicates the time before premature vulcanization occurs in the rubber

[7]. In addition to the SfO/NR, in the tire-tread SBR compounds the amount of

SfO studied was 25 phr, which means that the oil has been used more as a plasticizer

than as a processing aid (0− 10 phr) [36].

3.8 Other Vegetable Oils

While cashew nut shell liquid (CNSL), soybean, castor and palm oil are the most

researched vegetable oils when considering the scope of this thesis (rubber types

and research done in the 21st century), there is various vegetable oils which have

been resarched in the late 20th century (for example rice bran oil) or researched in

few studies in the 21st century. Some other oils that have been researched in NR,

SBR, BR or EPDM rubbers are rubber seed oil [64][65][70], jatropha oil [43], tall oil

[30], tea seed oil [31] and orange oil, which contains mainly limonene compound [30].

Furthermore, all the vegetable oils discussed in detail in the previous sections are

produced in quantities of at least 0.5Mt per year; the most produced oils being palm
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and soybean oils, while the least produced are linseed and castor oils. In addition

to the global production volumes of vegetable oils, the variation in production by

region must be considered in each case if vegetable oils are used as commercial

alternative for mineral oils [30]. For example, palm oil is produced mainly in Asia,

while soybean production is focused in United States and Brazil, and this regional

variation in production can a�ect the cost of oil in di�erent parts of the world.

3.9 E�ects of Vegetable Oils in Rubbers

The e�ects on properties of rubbers when changing a mineral oil to an alternative

vegetable oil depends on various factors. The vegetable oils are overall quite similar

in structure (triglycerides) to each other, but there are di�erences because dominant

fatty acids are di�erent in each of the oil or the oil is not a triglyceride (for example

CNSL). The degree of unsaturation and chemical functional groups (see CNSL and

castor oil) are few of the properties of vegetable oils that a�ect how they work as

plasticizers. However, in this thesis most of the vegetable oils have similar overall

structure and viscosity, and rubbers considered are general purpose rubbers used in

similar applications and contain similar chemical compounds (same �llers and often

sulfur-cured). Therefore, some similar trends on properties of rubbers can be found

when vegetable oils are used as plasticizers and compared to mineral oils (Table

3.3). As an example of Table 3.3, the Shore A hardness of rubbers decreased when

vegetable oils were used instead of mineral oils. Number of comparison indicate the

number of individual rubber mixture, in which only the mineral oil and vegetable oil

was changed, while all the other chemicals were the same in the rubber formulation.

The studies that had opposite results (for example increased Shore A Hardness) are

also noted.

Thermal stability increased for all rubbers plasticized with vegetable oils compared

to mineral oils (16 individual comparisons, 0 opposite results). This is because

vegetable oils themselves have increased thermal stability when compared to mineral

oils. For example, �ash point of SO is 260−270 ◦C, while �ash point of NO is 170 ◦C

[3].

Decreased glass transition temperatures of rubbers containing vegetable oils might

be indication of the lower crosslink density compared to rubbers containing mineral

oils [71]. This argument is supported by the generally increased swelling of the rub-

bers in toluene when vegetable oils were used instead of mineral oils. The increased

swelling relates to the decreased crosslink density and/or worse dispersion of the

�ller, as one of the functions of plasticizer is to disperse the �ller. In addition to

trend of lower crosslink density and increased swelling, the vegetable oils seemed
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Table 3.3 The distinct di�erences on the properties of rubbers plasticized with vegetable
oils compared to mineral oils. �Compared to reference� means that the value of property of
rubber plasticized with vegetable oil �increased� or �decreased� compared to similar rubber
plasticized with mineral oil. The studies considered are discussed in previous Sections and
are found in bibliography.

Rubber Compared to Number of Studies with
property reference comparison opposite results

Shore A hardness decreased 41 [7][30][43]
Elongation at break increased 39 [29][30][33][41]
Swelling index increased 26 [57]
Thermal stability (TGA) increased 16 -
Compression set increased 16 [7][29]
Tg slightly decreased 14 -

to decrease hardness and increase compression set regardless of the exact details of

vegetable oil or rubber.
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4. CONCLUSIONS

The aim of this thesis was to review the literature of bio-based plasticizers, focusing

mainly on oils derived from natural sources. The scope of the review was limited

mainly by two points. First, the literature and research reviewed was limited to

those done in 2000-2017. Secondly, only few types of rubber were considered and

these rubbers were natural rubber (NR), styrene butadiene rubber (SBR), butadiene

rubber (BR) and ethylene propylene diene monomer rubber (EPDM). These rubbers

were chosen because they are all used in the automotive- and tire-industries, they

are quite similar in terms of chemistry, mixed with similar chemicals and they all

use as plasticizer mineral oils, such as para�nic, naphthenic and aromatic oils.

Discussed vegetable oils are mostly triglycerides with various functional groups and

therefore are slightly di�erent from conventional mineral oils in terms of viscosity,

chemical structures and other properties. Using vegetable oils cause some distinct

di�erences on the properties of rubbers, regardless of the vegetable oil used. For

example, hardness, thermal degradation and glass transition temperature of rub-

bers decreased when vegetable oils were used instead of mineral oils. On the other

hand, elongation at break, compression set and swelling in organic solvent (toluene)

increased across all the rubbers, when vegetable oils were compared mineral oils.

Despite few of these common e�ects vegetable oils have on the properties of rub-

bers, it is crucial to consider each combination of oil and rubber formulation as a

unique mixture. Vegetable oils have variant degrees of unsaturation, di�erent func-

tional groups, viscosity and molecular weights, while rubbers are also di�erent from

each other and mixed with di�erent chemicals, like �llers and curing agents. For

example, in many of the studies it was suspected that vegetable oils might cause

some interference with the vulcanization process and it was suspected that some

changes in the amount of sulfur-curing agents is needed if vegetable oil is used as a

replacement for mineral oil plasticizer.

While the research of vegetable and other bio-based oils in rubbers is complex,

variance in rubber formulations is vast and considerations about each vegetable oil

needs to be done carefully, because some of them are used as a food source or in other

major products like biodiesels, the history and recent news have shown that there is
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promise for bio-based oils in rubbers and in commercial products. Furthermore, the

health and environmental pressure of replacing some of the mineral oil plasticizers

and well-established large-scale production of many of the vegetable oils make them

an interesting and promising choice as plasticizers in rubbers.
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APPENDIX A. STRUCTURES OF COMMON

FATTY ACIDS IN VEGETABLE OILS
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