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Abstract

The necessity of using petrochemicals for the development of polymers has been deteriorating
because of the depletion in fossil fuels and environmental concerns such as the effect of
greenhouse gases, global warming, and increasing population. Research has shown a shift from
petroleum-based fuels to plant oil-based fuels in order to shift to renewable resources. Natural
oils such as castor oil have shown competitive physical and chemical properties as compared
to fossil fuels. The use of natural oils has gained a lot of research interest due to the fact that
they are renewable, affordable, and environmentally friendly. Bio-oils are versatile because they
have various derivatives and can be used in different grades based on the application in various
industries such as agriculture, food, paper, and electronics. Bio-binders have been considered
as the most promising materials for the different applications. In this review, the processes of
chemical modifications of castor oil are discussed.
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Introduction

The world that we are living in today has shown various areas of concern such as the
effect of greenhouse gases, global warming, increasing population, and depletion of
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natural resources. As a result, scientists and engineers are looking for alternative ways to
implement the use of renewable resources with required traits for applications in various
industries' such as paints, cosmetics, coats, and lubricants.? These industries use differ-
ent types of natural oils such as castor oil, olive oil, soybean oil, and linseed oil. Most
technologies are concentrating on the use of castor oil because it is a cost-effective
renewable resource; therefore, this then allows for research in the application of vegeta-
ble oils for the production of polymers that contain good chemical and physical proper-
ties for different applications.? The use of bio-based polymers and renewable resources
was part of the first technology of polymers that were used; however, the use of fossil
fuels gained more popularity due to the application of synthetic polymers. The growth in
population, however, has led to the high demand of synthetic polymers and, as a result,
the depletion of fossil fuels which leads to the return to biofuels as a source of renewable
resources.*

Most polymers such as polyurethane, epoxy, polyesteramide, and polyetheramide are
produced from natural oils. Research has shown that these polymers are considered to be
biodegradable, less volatile, non-toxic, and easy to modify, and the oils can be obtained
in large quantities. These polymers are used for different applications such as binders and
in different industries such as the automotive industry,’ civil engineering,%’ and the coat-
ing industry.®

Castor oil overview

The castor oil industry

Previously, agricultural raw materials such as vegetable oils were mainly used for food
purposes; however, their need for applications in non-food industries has increased.’ Due
to the high demand of renewable resources, especially from the Third World countries
such as the United States of America, India, and Brazil; India has been found to be the
biggest contributor to this industry and the trend has been seen to increase over the years.
From 2003 to 2013 (Figure 1), the castor oil market all over the world has shown that it
will grow to over 1.8 billion dollars by 2020.1°

The use of biofuels has shown growth over the past two decades and hence has been
of interest in the current research and new technology development. Currently, there is
an increase in the bio-based economy as an alternative to the fossil fuel-based economy.
Biofuels are used because they are renewable, cheap, and environmentally friendly and
they come in two phases, that is, liquid and gas.!! The price of crude oil also increased
significantly in the past decade, that is, from US$150 to US$1000, hence increasing the
demand to replace crude oil with vegetable oils such as castor oil. Annual production of
castor oil is 271 million tons'? and obtained in a pale color in the market and contains the
properties that are outlined in Table 1.

Table 1 shows the amounts of oil yields (tons/ha/year) and castor seeds give the low-
est yield of oil as compared to the other seeds,'>!* though castor seeds are the highest
each year and with a high oil content.!> This is because of the difficulties involved in
harvesting castor seeds, for example, it is easier to harvest Jatropha seeds as compared to
castor seeds because they are less poisonous while harvesting.!



Chauke et al. 201

&00

700

600
s _
2 3 s00
£ s ; # Bazil
E S w0 '1 u China
=8 | = India
= t Otiers
&% | } " World

o bl ol oL oI G o GBLA L d LN
2002-03 200405 2006-07 2008-09 2010-11 2012-13
Year

Figure 1. Production and percentage share of castor oil by major producing countries
(1000tons) during 2002-2013.'°

Table I. Production and Oil Content Statistics of Non-Edible Oil Seeds.5'3.14

Non-edible oil seeds Oil content (%) Seed estimate (106 Qil yield (Tonnes/ Ha/
Tonnes/year year)

Castor 45-50 0.25 0.45-1.00

Jatropha 20-60 0.20 1.90-3.00

Karanja 25-50 0.06 2.00-4.00

Mahau 3540 0.20 1.00—4.00

Neem 20-30 0.10 2.00-3.00

Table 2. Physio-Chemical Properties of Non-Edible Oils.>!3.!6

Vegetable oils Density (Kg/m3) Kinematic Oxidation Cloud Point  Flash Point (°C)
Viscosity Stability (°C)
((40°C), mm?s) (110°C, h)
Castor 899-955 15.25 1.1 -134 260
Jatropha 880-940 4.8 2.3 2.7 135-225
Karanja 920-936.5 4.8 6 9 150
Mahau 850-960 3.98 - - 208-232
Neem 884-918.5 5.21 7.1 14.4 42

Table 2 shows the physio-chemical properties of comparative non-edible vegetable oils
that are applied in the lubricant industry.>'¢ The densities of the oils are relatively similar,
with castor oil having a density of 899kg/m3. However, castor oil can be different from the
other oils based on viscosity, oxidation stability, cloud point, and flash point. Castor oil has
the highest viscosity of 15.25 (40°C, mm?s2), meaning that it is thicker than the other oils
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Table 3. General properties of bio-oil.2223

Properties Bio-oil

Ultimate analysis (W/W %) Castor shell Repseed
Carbon 745 52.25
Hydrogen 10.76 8.06

Nitrogen 2.56 391

Oxygen 11.78 35.78

H/C molar ratio 1.76 1.85

O/C molar ratio 0.12 0.51

Calorific value M)/kg 35.01 28.36

Empirical formula CH, 700.15No 03 CH, g500.51No 06

and therefore making it more stable at harsh temperatures.!” Castor oil has the lowest oxida-
tive stability (1.1 at 110°C, h), and the lower oxidative stability is obtained due to double
bonds and hydroxyl functional groups that are present because they are likely to be broken
into single bonds, therefore resulting in the formation of volatiles. The low oxidative stability
is also due to the high fatty acid content; the more acidic the oil is, the more it is prone to
oxidation.'® Castor oil also has a very low cloud point, meaning that there is no presence of
solidified waxes that thickens the oil and clog filters, pumps, and/or injectors in processing
plants. The low cloud point also makes the castor oil suitable to be used in very cold environ-
ments for applications such as biodiesel.!® And the highest flash point of castor oil means that
the oil is not prone to ignition (less flammable) as compared to the others,? therefore, being
safer to handle or transport at temperatures below 260°C.

The vegetable oil plants in Table 2 can be grown and established in marginal and semi-
marginal land under varied agro-climatic conditions. Therefore, edible oilseed usage for
fuel and lubricant needs may not be able to meet the domestic requirements of the ever-
increasing population unless more tropical environments get involved in the agriculture of
farming vegetable oils. As an alternative, non-edible vegetable oil can prove to be worth-
while due to the depletion of fossil fuels and increasing populations.>2!

Bio-oils are obtained from both plants and animals, such as vegetables, plants (algae),
and fish (Table 3). Plant oils, which are of interest to us, are considered to be lipids which
contain both hydrophilic and lipophilic functional groups. The oil is a mixture of differ-
ent triacylglycerols (or triglycerides).*

The various applications have led to the new emerging markets that are looking at
biopolymers such as polyurethanes and polyethylene.?*

The other reason for increasing interest in biofuels is that lignin-containing byprod-
ucts are obtained in biofuel production plants, therefore leading to various applications
as well.!! The plant history and the chemistry of castor oil enable the research into bio-
binders and polymers to vary for different applications.

The origin of castor oil

Castor oil is derived from the seeds of a castor plant, also known as Ricinus communis,
which forms part of the Euphorbiaceae family. The castor seeds usually contain up to 50%
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Figure 2. Composition of castor oil fatty acid.'®

of the castor oil.'? The castor plant is non-determinant, the seed grows at a different rate,
hence resulting in harvesting challenges, and the fact that the plant grows in rather diffi-
cult environments do not help because it also contributes to harvesting challenges. The
other challenge is that the seed produces lipids with toxic ricin that can be considered to
be an allergen, therefore making conventional harvesting a challenge and poisonous to
harvesters. However, the composition of fatty acids in castor oil makes it worthwhile to
harvest.?

The chemistry of castor oil

Castor oils contain both a hydroxyl group and an olefinic link.2® The ricinoleic acid
forms approximately 90% (Figure 2) of the total fatty acid content in castor 0il?* and the
rest accounts for 10%. The ricinoleic structure contains most of the chemical and physi-
cal properties of castor oil as shown in Figure 2.!1° The hydroxyl group enhances the
physical and chemical properties of castor oil. The physical properties are higher viscos-
ity and higher solubility in most solvents.?” The chemistry of castor oils allows the modi-
fication of its different functional groups such as the hydroxyl group, vinyl group, and
the ester group.

Castor oil does not show any drying properties; however, it is still of interest in coat-
ing industries because it is stable.?8 It is available commercially in the form of natural
hydroxylated triglycerides. The hydroxyl group that is contained in triglycerides has a
significant impact on the physical properties such as high viscosity, stability, and misci-
bility in polar solvents. Castor oil can be used as a viscosity modifier in polymeric mate-
rials. The structure of castor oil such as the trifunctional nature contributes to the
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Table 4. Fatty acid composition of some typical vegetable oils against those of castor oil 3!-33

Vegetable  Fatty acid composition (% w/w)

ol Palmitic Stearic C18:0 Oleic C18:1 Ricinoleic Linoleic Linolenic Arachidic
Clé6:0 Cl8:l Cl8:2 Cl8:3 C20:0
variety
Corn 6.5-11.67 1.4-1.85 25.16-25.2 0.00 60.6-65.6 0.1-0.48 0.1-0.24
Canola 3.49 0.85 64.4 0.00 22.30 8.23 0.00
Soybean 11.3-11.75 3.15-3.6 23.26-249 0.00 53.0-55.53 6.16.31 0.00-0.3
Sunflower 6.08-6.2 3.26-3.7 16.93-25.2 0.00 63.1-73.73 0.00-0.2 0.00-0.3
Castor 0.70 0.90 2.80 90.20 4.40 0.20 0.00

toughness of the oil and the long fatting acid chain to its flexibility for modification. The
structural features of castor oil are high solubility, small hydrodynamic diameter, and
lower melting point.2° Most research on castor oil focuses on the hydroxyl group as dis-
cussed by Mutlu and Meier.® The well-defined composition of castor oil in terms of
ricinoleic acid makes the processing much easier because the target is the largest compo-
nent, whereas, with the other oils, they have two or more major components, for exam-
ple, the soybean has oleic (23.26%) and linoleic (55.53%) acids, which makes it difficult
to separate (Table 4). The other advantage of using castor oil is the fact that it is non-
edible and therefore does not compete with food security.

Castor oil-based chemical processes

The unique properties of castor oil can be manipulated from different chemical reactions
by exploiting the different functional groups such as the ester linkage, hydroxyl group,
and the vinyl group. These functional groups can be modified through processes such as
transesterification, epoxidation, dehydration, pyrolysis, hydrogenation, ozonolysis, sul-
fation, and hydrolysis.?* The chemical modifications of castor oil are clearly illustrated
below (Figure 3). From the versatile list of processes to follow, the process should be
energy efficient, green, and less labor intensive. This is because the aspects of health,
safety, and environment need to be taken into account.

Hydrogenation

The process of hydrogenation involves the introduction of a hydrogen atom to the unsat-
urated fatty acid in the presence of a catalyst (e.g. nickel or palladium; Figure 4). The
hydrogen converts the ricinoleic acid into a saturated 12-hydroxystearic acid that is
semi-solid. The semi-solid material (wax-like) is highly used in the industry for polymer
materials.!0 Catalytic transfer hydrogenation (CHT) is another route for the hydrogena-
tion of castor oil. The advantage with CHT is that it can be used at ambient temperatures
and pressures in organic solvents, therefore leading to less energy consumption. The
CHT does not require distinct reactors and the solvent used can also be used as a hydro-
gen donor in the presence of a catalyst. The temperatures that are often used for
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Figure 3. Routes for the synthesis of various products from vegetable oils.35-37

hydrogenation range from 115°C to 180°C; temperatures are low due to the presence of
the catalyst, and therefore less energy is required in the process.?

Hydrogenated castor oil is insoluble in water and organic solvents at ambient tem-
perature; however, it is soluble at high temperatures and therefore highly recommended
for industries. Hydrogenated castor oil has enhanced thermal and oxidative stability.!?
Hydrogenated castor oil also has a longer shelf life and it is odorless and tasteless.

The hydrogenated castor oil and its derivatives are used for plasticizers of nitrile rub-
bers because of optimum tensile strength, elongation at break, and the resistance of rub-
ber to swelling due to other oils (e.g. motor oil) that it can interact with. In lubricant,
paint, cosmetic, and miscellaneous industries, hydrogenated castor oil is used.>

Pyrolysis

Pyrolysis is a highly recommended thermal method that is used for the conversion of
biomass in the absence of oxygen into solid (char), liquid, or gaseous phases.*’ The
pyrolysis of castor oil splits the molecule to produce undecylenic acid and heptaldehyde.
In the presence of air, the biomass will undergo combustion and give off carbon dioxide
(CO,) as a product. The process is conducted at high temperatures ranging from 345°C
to 752°C, and the pyrolysis bio-oil is obtained*! (Figure 5). The review of pyrolysis of
various oils has been reported.*! The presence or absence of a catalyst determines if the
product will have a higher or lower molecular weight (i.e. more like diesel or gasoline).
The pyrolysis of vegetable oils in the presence of a catalyst is much more common than
direct thermal cracking and the main catalysts can be grouped into the following types:
(a) molecular sieve catalysts, (b) activated alumina catalysts, (c) transition metal cata-
lysts, and (d) sodium carbonate.*!
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Figure 4. Hydrogenation of castor oil.

Limonene

Pyrolysis of castor oil usually takes place at 350°C for approximately 30 min in the
pressure range of 1.47—-1.96 MPa.*!

The castor oil can be converted into petrochemical feedstock (biodiesel) using ther-
mal energy through a process called thermal cracking.*!*> However, an increase in tem-
perature results in a decrease in density as indicated in Table 5.43 This process is energy
intensive due to extremely high temperatures, and therefore this might affect the cost of
production. This is also a multi-step process that will require a large processing plant,
hence very capital intensive to the commission.

Fast pyrolysis produces up to 80 wt% liquid on dry feed. The remaining 20 wt% is
from gaseous products consisting of aerosols, true vapors, non-condensable gases, and
solid char.** The bio-oil from pyrolysis is dark brown in color.* Some of the major dis-
advantages of using the bio-oil as the diesel fuel are its low higher heating value (HHV)
which is approximately 40% less than that of the fuel oil, high viscosity, and substantial
amount of solid content.*3

Hydrolysis

The hydrolysis of castor oil is usually conducted through the addition of sodium
hydroxide (80%) at approximately 250°C—360°C and results in the formation of glyc-
erol and ricinoleic acid that can be further converted into sebacic acid and capryl alco-
hol (Figure 6). Sebacic acid is used as a monomer for the synthesis of nylon when
reacted with hexamethylenediamine. The alcohol is often used as the solvent, dehydra-
tor, floatation agent, and anti-bubbling agent.*® The positive outcome of this process is
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Table 5. Effect of temperature on density when using pyrolysis.

Sample Temperature (°C) Density (g/mL)
| 350 0.84

2 400 0.832

3 450 0.82

that it is a green process because water is used in the process, and hence it is a more
environmentally friendly alternative.

Dehydration

In this process, ricinoleic acid, which is a major component of the castor oil, is reacted
with an acid, such as sulfuric acid or phosphoric acid, which acts as a catalyst, to remove
the hydroxyl group and introduce a vinyl group (Figure 7). This process is performed at
approximately 250°C under vacuum.*’ The removal of the hydroxyl group requires less
energy due to the boiling point of water (100°C), and, at any temperature above the boil-
ing point, already there should be a certain level of water removed.

Castor oil has only one double bond in each fatty acid chain and so it is classified as
non-drying oil. However, it can be dehydrated to give semi-drying or drying oil which is
used extensively in paints and varnishes. Being a polyhydroxy compound, its hydroxyl
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functionality can be reduced through dehydration or increased by inter-esterification
with a polyhydric alcohol.!?

Dehydrated castor oil is of significance because coatings that incorporate castor oil
alone will never achieve complete cure through oxidative cross-linking as do coatings
that contain oil with conjugated double bonds in their fatty acid components. The dehy-
drated castor oil is often used as a lubricant.*®
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Ozonolysis

Ozonolysis is one of the methods used for the synthesis of polyols from bio-oils that are
derived from plants (Figure 8). In this process, ozone is used as a strong oxidizing agent
to cleave and oxidize alkenes that are then reduced to alcohols by a strong reducing agent
such as sodium borohydride (NaBH,).* Ozonolysis is the only oxidative cleavage method
that is currently used in industries because it is a clean reaction carried out at low tem-
peratures (25°C—45°C) without catalyst and the decomposition occurs at 60°C—100°C.4°

Ozonolysis of vegetable oils yields aldehyde functionalities that by posterior reduc-
tion yields a polyol with almost three hydroxyl groups per molecule, however not for
saturated fatty acids in the oil. This ozonolysis procedure has been successfully applied
to soybean oil, castor oil, canola oil, and triolein; these oils resulted in polyurethanes
with improved mechanical properties and higher glass transition temperature compared
to the polyurethanes produced from epoxidation.’® The downside of this process is the
fact that oxygen is highly reactive; therefore, this can result in many side reactions that
can form multiple byproducts if the process does not take place in strictly controlled
environments. However, the use of a catalyst means that less energy will be required
(Figure 8).

Epoxidation

Epoxidation reactions are usually conducted using a peracid (peroxy acid), either pre-
formed or formed in situ, by reacting a carboxylic acid (usually acetic acid) as an oxygen
carrier with hydrogen peroxide (H,0,) as an oxygen donor. Formic acid is preferred
compared to acetic acid as the oxygen carrier due to its high reactivity and no need to use
a catalyst in the formation of performic acid.’'? Different kinds of catalysts such as
enzymes, Ti(IV)-grafted silica catalysts, acid catalysts, tungsten-based catalyst, transi-
tion metal complexes, and ion exchange resin are used for epoxidation.’* The products
obtained from epoxidation are known as oxirane compounds or epoxides. Epoxidation of
vegetable oils is a commercially important reaction because the epoxides obtained from
vegetable oils and from their alkyl esters have their applications in such materials as
plasticizers and polymer stabilizers. Moreover, the epoxides can be used as intermediates
in the production of a variety of derivatives because of high reactivity of the strained
epoxide ring.>? Epoxidized castor oil is also applied in high-temperature lubricants, pol-
yurethane dispersions, paints, coatings and adhesives, nanocomposites, surfactants,
hydraulic oils, and biodiesel.>* Figure 9 illustrates the epoxidation reaction. The process
is versatile because it can use multiple catalysts that are both biological and inorganic.
The presence of the catalyst makes the process less energy intensive.

Transesterification

The process involves reacting an alcohol with an ester that is present in the castor oil.
This process is performed in the presence of a catalyst that can be either an acid or a base
though often acid catalysts are used (e.g. hydrochloric acid, sulfuric acid, etc.). This
process is reversible and, to avoid this, excess alcohol is used to shift the reaction to
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completion. The products formed in this process are glycerol and biodiesel (methyl
ricinoleate).!043.55

The transesterification of castor oil can be achieved in the presence of a catalyst (e.g.
KOH; Figure 10).5° Deshpande et al.*? varied the methanol ratio, reaction time, and con-
centration of the catalyst in their process; the concentration of the catalyst resulted in
increased kinematic viscosity and specific gravity, however with decreasing acid value
and Sap value, whereas Chakrabarti and Ahmad?! also varied the same parameters as
Deshpande et al. and obtained the same outcome.

Sulfation

Sulfated castor oil, also known as Turkey Red Oil due to the sulfur reddish color, is one
of the first chemical derivatives of castor oil. Sulfated castor oil is developed through the
addition of concentrated sulfuric acid at the same rate to castor oil for a few hours with
constant cooling and agitation at 25°C-30°C. After completion of the reaction, the prod-
uct is neutralized using a base solution or an amine. This process uses room temperature
and this is because of the application of a very strong acid that does not require high
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temperatures to react. The acid might need to be diluted in most instances to ensure that
the process is not extremely hazardous (Figure 11).

Bio-binders

The composition of plant oils such as castor oil allows for the development of bio-binders.
Bio-binders also known as biopolymers are the compounds acquired from natural
resources such as plants and contain monomers that are linked by covalent bonds to form
polymeric chains. The castor oil-based biopolymers are usually in the form of polyure-
thanes, polyamides, polyethers, and polyesters.!?

Bio-binders are used as the glue in simple terms for different materials. Bio-binders
are different based on their melt flow indices, impact properties, hardness, vapor trans-
mission characteristics, coefficient of friction, and decomposition. There are other engi-
neering properties that are also of significance in bio-binders such as tensile strength,
tensile modulus, flexural strength, flexural modulus, and density.5” The ability of bio-
binders to absorb water is also an important parameter, especially during the synthesis of
the binder because water is a green solvent and is cheaper. Bio-binders are used in mul-
tiple industries for different applications such as drug delivery system, wound healing,
food containers and agricultural films, waste bags, soil retention sheeting, filtration,
hygiene and protective clothing,®” paper industry, wood-to-wood bonding,*® and
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automotive industries.>® Castor oil-based bio-binders have been reported to have been
applied in launch vehicles and missile propellants® and also in the development of
asphalt bio-binders for pavements in civil engineering.%'-%2 The properties are outlined
below, which allow for the application of bio-binders in different industries.

Properties of bio-binders

The materials that are made from different composites are used for various applications
and density is considered one of the most important properties as it determines where the
binder will be applicable. Bio-binders are often classified according to their mechanical
properties as illustrated in Table 6. The densities of the bio-binders that are available in
the market normally range from 0.25 to 1.26 g/cm3.63 The bio-binders that have low den-
sities are mostly preferred in various industries because of various reasons such as energy
efficiency, ease of handling, and relatively low costs.>’

The tensile strength of bio-binders is also one of the properties considered in the
industry. The tensile strength of different biopolymers ranges between 5.9 and 72 MPa.%
Tensile modulus is another important mechanical property of bio-binders because it is
the measure of the stiffness of the polymer. The market-related tensile modulus of the
bio-binders ranges between 0.4 and 7.7 GPa.>’

Elongation is another property of bio-binders that determines the amount of deforma-
tion that happens to the polymer when subjected to stress. The lowest elongation
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Figure 1 1. Sulfation of castor oil.
Table 6. Types of bio-binders and their mechanical properties.>’
Types of bio-binders Density Tensile Tensile Elongation

(glem?3) strength (MPa)  modulus (MPa) (%)

PLA 1.26 5.9-72 1.08-3.61 2.1-30.7
Polyhydroxybutyrate (PHB) .2-1.5 2440 35-77 1.56-6
Poly-3-hydroxybutyrate (P-3-Hb)  1.28 40 35 0.4-6
Poly-3-hydroxybutyrate-co-3- 0.22-0.25 2340 35 1.6-20
hydroxyvalerate (P-3-Hb-Hv)
Poly-4-hydroxybutyrate (P-4-Hb)  1.22 104 0 1000
Polycaprolactone (PCL) .13 16-23 04 >700

PLA: polylactic acid.

percentage reported is 1.0% and the highest was found to be 3.0%.°” Research has shown
that there is considerable variation in densities and elongation of different bio-binders
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and therefore there is a need to develop different synthetic methods for the development
of new binders that will be considered for new technologies as research advances.

Conclusion

From the processes listed above, a process that uses less energy and does not result in
many side reactions will be ideal. Castor oil is of benefit because it does not compete
with edible oils and hence threatening food security. The various products that are
obtained from castor oil have proved that the properties contained in the castor oil are
worth exploring for various applications for the replacement of fossil fuel. These prod-
ucts are applicable in various industries such as agriculture, cosmetics, pharmaceuticals,
and coatings with the starting material being castor oil. There is a limited amount of
research reported with castor oil as a starting material for bio-binders to be applied in
composite materials, especially in the automotive industry, and this opens a gap and an
opportunity for advanced research in this field.
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