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Polyurethanes (PUs) are unique polymers that can be tailored to suit certain applications and are increasingly used in many
industrial fields. Petrochemicals are still used as the main compound to synthesize PUs. Today, environmental concerns arise in
the research and technology innovations in developing PUs, especially from vegetable polyols which are having an upsurge.
These are driven by the uncertainty and fluctuations of petroleum crude oil price and availability. Jatropha has become a
promising substituent to palm oil so as to reduce the competition of food and nonfood in utilizing this natural resource. Apart
from that, jatropha will solve the problem related to the European banning of palm oil. Herein, we review the literature on the
synthesis of PUs using different vegetable oils and compare it with jatropha oil and its nanocomposites reinforced with cellulose
nanocrystals. Given the potential of vegetable oil PUs in many industrial applications, we expect that they will increase
commercial interest and scientific research to bring these materials to the market soon.

1. Introduction

For a century, mankind has exploited so many nonrenewable
resources, mainly petrochemicals. Today, most of the poly-
mer markets are petrochemical-based and have been exten-
sively converted in numerous ways, including household
raw materials for industry, generating energy, and intermedi-
ate and derivative products. This exploitation process uses a
vast amount of energy and leads to various effects on the
environment and ecosystems due to toxic substances. On
the another hand, issues related to fluctuation and depletion
supply of oil, which have pushed academicians as well as
industries to find suitable biobased polymers to be used
instead of petrochemical-based polymers to reduce the
dependency on petroleum oil. Biorenewable polymer derived
from biomass is the most possible substituent to the petro-

chemical polymer. Malaysia produces more than 160 million
tonnes of biomass yearly and expects to grow in the future,
and those biomasses include palm oil, timber waste, coconut
trunk fibers, rice husks, sugarcane waste, and municipal
waste [1]. Plant-based and agriculture-based biomasses are
the largest natural resources and abundantly available in
Malaysia [1]. In general, biorenewable polymers created from
biomass can be categorized into 3 main types: (1) polymers
directly synthesized from plant-based biomass, (2) polymers
synthesized from biobased monomers, and (3) polymer
products from naturally or genetically modified animals/or-
ganisms [2]. Malaysia is blessed with underutilized biomass
due to its unique tropical whether suitable for agriculture
activities. Thus, palm oil plantation is widely planted in
Malaysia and generates a substantial amount of waste every
year. This waste includes empty fruit bunches, mesocarp
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fibers, palm oil fronds, palm kernel shell, palm oil trunks, and
palm oil mill effluent. However, only 23% of palm oil biomass
is used as a source of energy for the boiler in a palm oil mill,
and the remaining 75% is underutilized and abandoned on
site [3]. This value shows a stable supply of plant-based bio-
mass which contains polysaccharides and lipids/oil to be uti-
lized and exploited for diversified products.

Cellulose is important to human civilization and has been
utilized in all kinds of practical applications for centuries.
With the discovery of cellulose, its structure, morphology,
and chemical composition were unknown. Improvements
have been made over time, mainly through the selection
and processing of its original sources and harvesting. The
molecular structure of cellulose did not bring any meaning
until its discovery at the beginning of the nineteenth century.
Cellulose consists of linear polysaccharides with repeating
units of disaccharides of D glucose. The D glucose is linked
with β-1,4 linkage and intramolecular or intermolecular
hydrogen bonding between the adjacent glucose units to
form a linear chain. In plants, the majority of cell walls con-
sist of lignin, cellulose, and hemicellulose, where they present
about 10-25%, 35-50%, and 20-25% of the dry weight of lig-
nocellulosic biomass, respectively [4]. Examples of lignocel-
lulosic biomass that contain high cellulose composition are
jute, hardwood, softwood, and pinecone biomass.

Today, the research trend has moved toward nanosized
fillers for biopolymer composites. The biopolymer composite
is widely used from low-cost household products to high-end
industrial production. As cellulose is one of the natural and
most abundant fibers, the cellulose fiber-reinforced polymer
composite has gained much attention from academicians as
well as industrialists. Cellulose-reinforced polymer com-
posite has advantages and relevant properties such as non-
abrasiveness, nontoxicity, biodegradability, low density,
combustibility, and less production course compared to
other synthetic polymers [4]. Despite its advantages, it has
some disadvantages like poor interfacial adhesion and high
water adsorption. Due to this, industrials are not interested
in the production of cellulose fiber-reinforced processes.
Even though this issue can be solved by chemical modifica-
tion of the cellulose fiber itself, but the recent trend of
research is now focused more on the extraction of nanocellu-
lose material from cellulosic fibers for the fabrication of
nanocellulose fiber biocomposite application. Review of the
extraction and production of nanoscale cellulose materials
has been made extensively in the last decade, but their appli-
cation as reinforcement fillers is a relatively new research
field. When compared with cellulose, the nanocellulose mate-
rial has a high surface ratio, is light weight, and is higher in
strength and stiffness.

A recent study conducted by Kim et al. shows that by
adding cellulose nanofibrils from 1-50wt% of waterborne
polyurethane, the thermal and mechanical properties of the
composite film improve significantly as the loading of cellu-
lose nanofibrils increases [5]. Same trends were also observed
in the work conducted by Zhang et al. and Kaushik et al. in
which 1-15% of CNF in the starch natural polymer was
incorporated [6, 7]. It is proven that, by all past studies con-
ducted, cellulose nanofibers can increase the mechanical

properties and are suitable to be used as reinforcement filler
for biopolymers.

In Malaysia, the agriculture sector contributes about 7.3%
(RM 99.5 billion) to Malaysia’s gross domestic product
(GDP) in 2018; meanwhile, palm oil was the major contribu-
tor to the GDP of the agriculture sector by as much as 37.9%.
This achievement is due to Malaysia having produced mil-
lions of tonnes of crude palm oil and palm kernel oil
throughout the year 2018. However, to utilize this availability
of natural resources, some issues arise as using edible oil to
serve nonfood products is not appropriate. The use of edible
oil as a feedstock will increase and create competition and
conflicts of interest in terms of demand and supply between
food and nonfood industries. This will affect the price growth
and insufficient supply of palm oil. Apart from that, there is
an issue arising about the banning of international trade of
palm oil by the European Union from commodity countries
such as Malaysia and Indonesia. This banning is aimed at
reducing tropical deforestation and forest degradation in
developing countries to limit global warming and preserve
biodiversity [8]. It is estimated that globally between 2001
and 2015, about 27% of all forest disturbance was commod-
ity-driven, and palm oil production is one of the examples
that are implicated in countries such as Indonesia andMalay-
sia [9, 10]. Realizing this, since 2017, Malaysia had moved to
the plantation of Jatropha curcas for nonedible oil produc-
tion purposely to serve nonfood product production and
avoid tropical deforestation and forest degradation.

Polyurethane (PU) is one of the possible products that
can be created from vegetables. PU is a green material, a
high-performance elastomer, and has been applied in a wide
range of engineering fields such as automotive, construction,
and electrical appliances [11]. PU has various properties and
can be tailor-made to suit each research application by select-
ing different monomers and chain extenders for synthesis or
by blending special reinforcement materials. Recently, many
studies reveal the use of vegetable oil especially jatropha oil
for the production of polyols and polyurethane, such as pro-
ducing jatropha oil-based polymer via epoxidation and ring-
opening [12], polyurethane as a wood adhesive [13], jatropha
oil-based polyurethane as nonaqueous solid polymer electro-
lyte [14], and jatropha oil-based waterborne polyurethane
dispersion [15]. Briefly, this paper will review and compare
a few chemical processes and their parameters to produce a
vegetable-based polyol as an intermediate for biobased poly-
urethane. As biobased polyurethane is weak in terms of
mechanical and thermal properties, we will review the poten-
tial of nanocellulose materials as reinforcement and highlight
its enhancement in terms of thermal and mechanical, and
lastly, we highlight the finding of numerous studies which
show promising nanocomposite film-reinforced cellulose
nanomaterials. Overall, the overview is illustrated in Figure 1.

2. Vegetable Oil-Based Polyurethane

Polyurethanes (PUs) are a unique class of polymers which
exhibit an excellent range of properties and applications in
elastomers, adhesives, sealants, and foams [16–18]. PU is
synthesized by the reaction between isocyanate and polyol.
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Sometimes, low molecular weight diols or amines are used to
increase the PU molecular weight. The specific application
requires a specific character of polymer. The structure of
the resulting polymers can be adjusted to manually selecting
and controlling appropriate reacting components. A variety
of polyols are widely available; meanwhile, only a few polyi-
socyanates are commercially available [19]. Figure 2 shows
some commonly used isocyanates for PU synthesis. Proper-
ties of the created PUs are highly dependent on the selection
of polyols. Vegetable oil-based polyols act as soft amorphous
segments that provide flexibility to the created PU, while
cyclic isocyanates act as hard segments providing mechanical
strength. These combinations of hard and soft segments give
an excellent combination of properties to the created PU,
including degradation, mechanical strength, elasticity, and
toughness [20]. Besides that, the selection of suitable vegeta-
ble oil as a soft segment of polyurethane gives a significant
impact to its properties. As of today, soybean oil is the
world’s largest vegetable oil used by industries for various
applications. As for Malaysia, it is still dependent on palm
oil. Jatropha oil is a promising candidate to replace palm oil
for polyurethane production in Malaysia. This is because its
chemical composition is much better than palm oil. The
chemical composition is summarized in Table 1.

2.1. Vegetable Oil-Based Polyol Prepared by Epoxidation/
Oxirane Ring-Opening and Their Resulting PUs. Of all com-
mon vegetable oils, castor oil naturally contains hydroxyl

groups which makes it the absolute choice to produce
PU. However, the resource of castor oil is only available
in the American region and is not suitable to be planted
in Malaysia. The most commercially used synthesis
method of vegetable-based polyols is by epoxidation and
the ring-opening method. Epoxidation and ring-opening
have become the main reaction route for the synthesis of
vegetable-based polyols because of its advantages in terms
of economic and safety, as the reaction can be performed
at a lower temperature which is between 25°C and 80°C.
On another hand, hydroformylation requires expensive
catalysts and needs to be conducted at high pressure and
temperature, 14-28MPa and 90-120°C, respectively. Mean-
while, ozonolysis produced polyols with a lower hydroxyl
number with a maximal functionality of 3. Here, the
recent advances related to epoxidation and the ring-
opening reaction of vegetable oil will be reviewed. Com-
parison between these methods is summarized in Table 2
and reviewed in detail in this section.

Several research groups have conducted a systematic
study on the kinetics of ring-opening reactions. Guo et al.
[23] reported that epoxidized palm oil was successfully
ring-opened by acetic acid without a catalyst and showed that
its activation energy was 40.28 kJ/mol. Zhang et al. showed a
comparable result of activation energy with Guo et al. [24] by
using the same ring opener but used soybean oil instead of
palm oil. On another hand, Zhang et al. [25] utilized the nat-
ural hydroxyl group located at the castor oil fatty acid chain
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Figure 1: Overall flowchart.
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as a ring opener for epoxidized soybean oil with the presence
of 1,8-diazabicycloundec-7-ene as a catalyst and showed that
the activation energy was 72.2 kJ/mol. Based on this finding,
it can be concluded that higher activation energy is due to the

steric effect of long carbon chains. As a solution for high acti-
vation energy, a suitable catalyst and reaction temperature
can be used to lower it down and thus achieve faster reaction
time.

Jatropha oil as a substituent for palm oil in
biobased polyurethane 

Synthesis of vegetable-based polyol intermediate
for biobased polyurethane 

Epoxidation & ring - opening Hydroformylation Ozonolysis/reduction Thiol-ene

Cellulose reinforced biobased
polyurethane

reinforced with 0.5 wt% 
(i)

(ii)
(iii)

Tensile strength : increase 40%
Glass transition : not affected with
cellulose loading

Young`s modulus : increase 104%

Cellulose reinforced conventional
polyurethane

reinforced with 0.7 wt% 
(i) Young`s modulus : increase 50%

(ii) Tensile strength : increase 25%
(iii) Glass transition : increase 7°c

Conventional PU shows comparable results
compared with biobased PU 

Figure 2: Chemical structure of commonly used isocyanates [24].

Table 1: Chemical composition comparison of fatty acid profile.

Fatty acid Jatropha oila Palm oila,b Coconut oilb Sunflower oilb Soybean oilb Pongamia oilb

Caprylic acid (C8 : 0) — — 8 — — —

Capric acid (C10 : 0) — — 8 — — —

Lauric acid (C12 : 0) — — — 48 0.5 — —

Myristic acid (C14 : 0) 0.38 3.5 — 16.0 0.2 0.1 —

Palmitic acid (C16 : 0) 16.0 39.5 40.3 8.5 4.8 11.0 9.8

Palmitoleic acid (16 : 1) 1-3.5 — — — 0.8 0.1 —

Stearic acid (C18 : 0) 6-7 3.5 3.1 2.5 5.7 4.0 6.2

Oleic acid (C18 : 1) 42-43.5 46 43.3 6.5 20.6 23.4 72.2

Linoleic acid (C18 : 2) 33-34.5 7.5 13.2 2.0 66.2 53.2 11.8

Linolenic acid (C18 : 3) 0.8 — — — 0.8 7.8 —
aTaken from Verma and Gaur [21]; btaken from Koh and Mohd Ghazi [22].

Table 2: Comparison of commonly used methods for vegetable oil-based polyols.

Epoxidation/ring-opening Ozonolysis/reduction Hydroformylation Thiol-ene

Number of steps 2 2 2 1

Functionality Secondary, tunable Terminal, 3 Primary, tunable Primary, tunable

OH value 70-320 228-260 150-200 223

MW Variable (>1000) 500-700a 900-1100a 1070-1440a

Viscosity High Low Medium Medium

Reaction temperature Variable (50-170) RT 120 Low or RT

Reaction time Long Medium — Short
aTaken from [31]. RT: room temperature; MW: molecular weight.
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Another type of ring opener that is widely used is water
and alcohol (mono-/polyhydroxy) and is widely catalyzed is
phosphoric acid, sulphuric acid, fluoroboric acid, and Lewis
acid [23, 26]. Using a different ring opener, which is metha-
nol glycol and 1,2-propanediol, Ni et al. [27] produced a soy-
bean oil-based polyol with OH number in the range of 148 to
240mg KOH/g. What makes the OH number important is
because it correlates with the crosslink density between isocy-
anate and polyol. PUs with glassy properties were usually cre-
ated from polyols with OH numbers above 170mg KOH/g
(high crosslink density) while PUs with OH numbers below
170mg KOH/g were rubbery (low crosslink density). In addi-
tion, as the OH number increases, the glass transition tem-
perature and mechanical properties increase [28]. Hazmi
et al. [12] successfully synthesized jatropha oil-based polyols
with OH numbers ranging from 171 to 179mg KOH/g by
using methanol as a ring opener. The authors used 50% con-
centrated hydrogen peroxide during the solvent-free epoxi-
dation process and determined that concentrated hydrogen
peroxide accelerated the epoxidation reaction, thus resulting
in the maximum value of oxirane oxygen content and mini-
mum side reaction. However, another study conducted by
Saalah et al. [15] which used 30% hydrogen peroxide and
methanol as the ring opener shows that concentrated hydro-
gen peroxide does not affect the OH number but affects only
the reaction time. The authors successfully synthesized jatro-
pha oil-based polyols with OH numbers varying from 138 to
217mg KOH/g with the minimum side reaction proven by
FTIR spectra. Zieleniewska et al. [29] used diethylene glycol
as a ring opener for epoxidized rapeseed oil, followed by
the synthesis of a porous polyurethane scaffold. The authors
concluded that this scaffold is a good potential candidate as a
substrate for bone tissue culture based on simulated body
fluid testing. A suitable candidate is due to bioactivity and
degradation behavior.

Apart from using chemical hydroxyl groups, water also
was used as a ring opener as it is a cheap, highly available,
and green nucleophilic reagent. Gaikwad et al. [30] reported
that epoxidation and ring-opening process can be done in a
single step by using a mixture of formic acid and hydrogen
peroxide, in which water acts as a ring opener. Meanwhile,
Kim et al. [5] synthesized palm oil-based polyols using tetra-
fluoroboric acid as a catalyst and water as a ring opener
through epoxidation and ring-opening process. The created
polyurethane exhibited a tensile strength of 6.05MPa, elon-
gation at break 62.05%, and a glass transition temperature
of 25°C. The mechanical and thermal properties of
vegetable-based polyol PUs synthesized via epoxidation and
different types of ring-opening are summarized in Table 3.
Hence, it is concluded that the properties of PU are influ-
enced by the formulation of the polyol hydroxyl number,
ring opener, and type of isocyanate.

In contrast, polyols prepared by ozonolysis/reduction
produce primary alcohol which is more reactive compared
to secondary alcohol produced by epoxidation and ring-
opening [32]. During hydrolysis, unsaturated carbon reacted
with ozone and unstable ozonide is formed. At this stage,
polyols can be produced in 3 simple steps. Unstable ozonide
leads to cleavage of the unsaturated carbon in the fatty acid

chains, followed by reduction to an aldehyde, and lastly to
alcohol [33–37]. In addition, the resulting PU from this ozo-
nolysis step is a rigid PU due to the hydroxyl group being
located at the end of the fatty acid chain [38]. Three different
models of ozonolysis from 3 different vegetable oils were suc-
cessfully developed by Husic et al. [39]. Those vegetable oils
were triolein oil, canola oil, and soybean oil. Based on that
model, the functionalities of these polyols were 3.0, 2.8, and
2.5, and the Tg of the resulting PU were 53°C, 36°C, and
22°C, respectively. Based on this, different and residual satu-
rated fatty acid PUs from canola and triolein polyol were
glassy as shown by its elongation at break which was 51%
and 25%, respectively. In contrast, the elongation of PU from
soybean is 176% indicating that it is a hard rubber. The func-
tionality of polyols prepared by epoxidation/ring-opening
can be tunable by varying the choice of vegetable oil with dif-
ferent epoxy content and ring-opening agent. Meanwhile,
polyols obtained by ozonolysis/reduction are limited to a
maximum of three hydroxyl groups per triglyceride [24].

Apart from ozonolysis/reduction, vegetable oil-based
polyols with primary alcohol can also be produced by hydro-
formylation of unsaturated carbon into aldehyde using syn-
gas in the presence of catalyst followed by reduction into
hydroxyls by hydrogenation [29]. Catalysts used are rhodium
with a conversion rate of about 95% but costly [40]. Based on
studies conducted by Petrović et al. [41], the authors pre-
pared crude alga oil-based polyol by hydroformylation with
rhodium as catalyst Rh(CO)2 and compared the results with
alga polyols prepared by ozonolysis and epoxidation. Epoxi-
dation produced polyols with brown color with a hydroxyl
value of around 150mg KOH/g. PU produced from this pro-
cess led to a red colored transparent sheet with Tg of -39

°C, a
good tensile strength of 6.8MPa, and 38% elongation at
break. Hydroformylation produced polyols with black color
with an OH value of 150mg KOH/g. A black film was pre-
pared with the properties of Tg of -36°C, tensile strength of
8.1MPa, and elongation at break of 28%. Polyol from ozono-
lysis is light colored but with a low hydroxyl value. This low
hydroxyl number indicated that this polyol made from ozo-
nolysis was not suitable for polyurethane application due to
the low unsaturation of algal oil.

Thiol-ene reaction provides direct conversion of vegeta-
ble oil to polyol with less side reaction, high yields, and high
conversion rate [42–44]. Thiol-ene reactions consist of 3
steps: (1) formation of free radicals by thermal initiation or
photoirradiation, (2) formation of thiyl radicals by transfer-
ring free radicals to the sulphur atom, and (3) anti-
Markovnikov addition of thiyl radicals to double bonds
[45]. Desroches et al. [46] studied the effect of radiation
intensity, thiol/double bond ratio, and the number of double
bonds per chain on the optimization of rapeseed oil polyols.
The glass transition and thermal stability were comparable
to those of a commercial polyol Desmophen 1150 (OH value:
165mg KOH/g). However, the drawback of this method is
the low reactivity of internal double bonds of vegetable oils,
which make the thiol-ene rate for vegetable oil-based polyol
limited. Tables 2 and 4 summarize the difference in each pro-
cess parameter and the mechanical and thermal properties of
biobased polyol produced from different vegetable oils.
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3. Cellulose as Versatile Fiber
Reinforcement for Polymer Composite

Today, most composites were reinforced with synthetic fibers
and have been applied in multiple applications such as aircraft
and automation industries. However, the biggest disadvantage
of synthetic fiber is its nonbiodegradability; the manufacturing
process releases carbon dioxide which brings impact on the
environment, and it always depends on nonrenewable
resources. Therefore, inorganic biofiller has attracted much
attention as it is renewable. Most documented works focused
on lignin and cellulose. Here, the recent advances related to
cellulose as a versatile reinforcement for polymer-based com-
posites will be reviewed.

Based on the work conducted by Pei et al. [52], polyur-
ethane/cellulose nanocrystal nanocomposites with ultrahigh
tensile strength were successfully synthesized. Polytetra-
methylene glycol was used as a polyol. A cellulose nanocrys-
tal was covalently bonded to a hard segment of polyurethane.
The authors concluded that this bonded cellulose with hard
segment polyurethane is important to stiffening and toughens
the thermoplastic polyurethane. In addition, with the addition
of only 1wt% cellulose nanocrystals, the authors obtained a
polyurethane nanocomposite with a tensile strength of
61.5MPa, strain-to-failure of 994.2%, and Young’s modulus
of 42.4MPa. Meanwhile, Kupka et al. [53] utilized cellulose
nanocrystals (CNCs) as nanofiller in a polyurethane matrix.
In this work, CNCs modified by grafting polyethylene glycol
(PEG) on the CNC surface (CNC-PEG) were used and com-
pared with CNCs in the native state. The authors concluded
that CNC-PEG composites showed an improved modulus
up to 50% and strength up to 25% compared to CNCs by
incorporating only 0.24 vol% of CNC-PEG. The matrix Tg

increased by up to 7°C with just 0.7 vol% of CNC-PEG,
indicating reduced polymer mobility close to CNC-PEG
surface arising from excellent CNC-PEG dispersion and
strong interfacial interactions. TEM showed excellent dis-
persion of CNC-PEG in the PU matrix compared to
CNC, presumably due to better interactions between the
matrix and the CNC-PEG surface. Interestingly, the cellu-

lose used by both Pei et al. [52] and Kupka et al. [53] was
from the acid hydrolysis of Whatman No. 1 cellulose filter
paper, and the same casting method was used. In brief,
CNC was extracted from cotton 20 g Whatman No. 1 cel-
lulose paper by acid hydrolysis, using 175ml of 64wt%
sulphuric acid for 1 hour at 45°C. Then, the suspension
was washed with deionized water, and the resultant pre-
cipitate was rinsed and dialyzed against water. The micro-
crystallites were further dispersed by ultrasonic treatment
to create cellulose crystals of colloidal dimension. The
detail parameters were described in the literature [52].

Khadivi et al. [54] studied the relationship of cellulose
and polyurethane nanocomposite toward microphase sepa-
ration. By adding CNCs, nanoparticles prevented the forma-
tion of hydrogen bonding between PU chains affected by the
presence of hydroxyl groups on the surface of CNCs. The
addition of CNCmade significant changes in the microphase
separation of PU such as the size of phases and morphology
and creates smaller droplets with irregular shapes. The
authors concluded that the addition of CNCs improved the
tensile modulus of nanocomposites compared to neat PU
due to the hard nature of CNCs and its reinforcement effect
in the matrix, increasing the crosslinking density due to the
reaction of hydroxyls on the surface of CNC with isocyanate
groups. Nanocellulose was fabricated using acid hydrolysis of
microcrystalline cellulose, and PEG was used as a polyol. Kim
et al. [5] studied the influence of cellulose nanofibrils on the
microstructures and physical properties of waterborne
polyurethane-based nanocomposite films. Based on the
authors work, the glass transition temperature of soft seg-
ments (Tg,SS) decreased slightly with increase of the CNF
content, whereas the Tg,HS values of WPU hard segments
increased significantly with the increment of the CNF con-
tent up to ∼7wt%, which is caused by the presence of specific
interactions between CNFs and WPU hard segments. For
thermal degradation, the degradation temperature of both
soft and hard segments increases as CNF increases. Interest-
ingly, the final residues of the nanocomposite films at 800°C
increased from 1wt% to 19wt% as CNF increases. However,
no mechanical property change was reported.

Table 3: Mechanical and thermal properties of vegetable-based polyol polyurethane synthesized via epoxidation and ring-opening.

Polyols PUs
Reference

Ring opener
Epoxidized
vegetable oil

OH number
(mg KOH/g)

DSC Tg (
°C)

Tensile strength
(MPa)

Elongation at
break (%)

Modulus
(MPa)

Alcohol

Methanol Jatropha oil 161-217 4 84.9 27.9 [15]

Methanol Jatropha oil 171-176 — — — — [12]

Methanol Jatropha oil — — 0.41 341 1.31 [2]

Glycol Soybean 195-240 60-75 11.1-116.9 32.8-36.4 — [47]

Acid

Lactic acid Soybean oil 309.6 9.6-20.4 9.3-27.1 74.1-110.7 4.4-12.7 [48]

Phthalic acid Palm oil 73-80 — — — — [49]

Acetic acid Soybean — 43 23.7 7.4 977 [49]

Amine
Propanolamine Soybean 317 29 9.3 140.8 — [50]

Diethyl amine Soybean 67.8 26 7.8 24.7 184.7 [51]
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In conclusion, the types of polyol for conventional-
based does not bring any significant effect toward the
properties of polyurethane; however, it eases the synthesis
process as its chemical structure is a straight line com-
pared to nonconventional based. What is important is
the hydroxyl number. High hydroxyl number will contrib-
ute to the high crosslink between isocyanate and polyol
which will result in its good mechanical properties. The
higher crosslink density in PUs made with polyols with
OH numbers above 170mg KOH/g resulted in glassy

properties, while PUs with lower crosslink densities with
hydroxyl numbers lower than 170mg KOH/g were rub-
bery [24]. Apart from that, it is proven that cellulose does
help to strengthen the mechanical properties of the nano-
composite film as per the above discussion. However, too
much CNC loading leads to agglomeration in the PU
matrix. The optimum loading for CNC is about 0.5wt%.
Based on the work conducted by Khadivi et al. [54],
0.5wt% showed microphase mixing in which CNC is well
dispersed and placed between HS-rich regions. Cellulose is

Table 4: Mechanical and thermal properties of biobased polyols produced from different vegetable oils. These polyols were then used to
synthesize PU.

Polyol

Isocyanate

Pu

ReferencesType of
reaction

Vegetable oil OH value
Glass transition
temperature
(Tg) (

°C)

Tensile
strength
(MPa)

Elongation
at break
(%)

Young’s
modulus
(MPa)

EPO & RO

Jatropha 138-217 IPDI NFa 1.8-4.0 85-325 1-28 [15]

Sunflower 402 HDI & IPDI 46-86 1.6-4.1 10.6-56.6 52.1-302.3 [55]

Soybean 309 HDI 9.6-24.9 9.3-27.1 74.1-110.7 NFa [48]

Soybean 61-97 MDI 65-75 11-32 101-310 NFa [56]

Soybean, castor, linseed,
canola, & grapeseed

109-173 IPDI 22.9-54.5 0.4-29.1 11-98 0.8-495 [57]

Soybean 158-283 MDI 22-62 3.4-39.7 15-35 32-351 [58]

Soybean NFa MDI 43-52 23.7-35.9 6.1-7.4 954-1284 [59]

Canola and sunflower 259-286 MDI 86-101 55-60 5.6-6.4 1.5-1.73 [60]

Soybean 148-237 TDI 83.6 6.3-38.1 14.5-19.6 NFa [28]

Soybean 124-183 IPDI 24-69 3.5-20.1
104.0-
232.7

5.6-303.7 [61]

Soybean, linseed, corn, and
peanut

139-163 IPDI -9 to 13 2.4-7.5 312-343 5.20-16.1 [62]

Soybean 99-460 IPDI 50-82 4.5-13.8 16-109 13-299 [63]

RO

Soybean 63-81 IPDI -23 to 26 4.6-12.4 8.4-46 NFa [63]

Soybean 160 IPDI 6.6-14.4 11.6 232.7 5.8 [25]

Soybean 317 HDI 24.36-28.69 2.74-27.76 140-168 NFa [50]

Soybean & linseed 353-434 MDI 23.7-52.3 19.7-35.1 9.5-90.4 NFa [25]

Soybean & linseed 150-215 IPDI 19.0-56.3 8.6-17.2 62-210 67.2-315 [64]

Palm 60-100 IPDI NFa 0.05-0.07 51-74 0.09-0.2 [65]

Thiol

Rapeseed 165-223 HDI & MDI 25 to -25 NFa NFa NFa [46]

Castor and soybean 203-278 MDI 100-150 13.07 NFa NFa [66]

Soybean 199 MDI 41 15.7 471 471 [67]

Soybean 119-198 MHI 12-17 8.1-16.8 605-800 605-800 [68]

Jojoba NFa HDI & MDI -18 to -43 NFa NF NF [69]

Castor 218-290
XDI, MDI,
& HDI

16-54 2.5-43.9 4-112 4-112 [70]

Castor NFa IPDI 18-41 6-24 45-401 45-401 [71]

Linseed, Olive, grapeseed,
castor, canola, & corn

190-305 IPDI 23-50 1-11 3-204 3-204 [72]

Olive, linseed, rice bran, &
grapeseed

190-305 IPDI 8.7-56.9 4.7-50.7 15-331 15-331 [73]

Abbreviations: IPDI: isophorone diisocyanate; XDI: m-xylylene diisocyanate; TDI: toluene diisocyanate; HDI: hexamethylene-1,6-diisocyanate; MDI:
methylene diphenyl diisocyanate; MHI: 4,4′-methylenebis (cyclohexyl isocyanate). aThe corresponding data was not reported by authors.
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used in a wide range of applications. Table 5 shows a
short review on cellulose nanocomposites in different
industries.

4. Cellulose as Versatile Fiber
Reinforcement for Biobased
Polyurethane Composite

Gao et al. [84] developed waterborne castor oil-based PU
nanocomposites with cellulose nanocrystals as reinforce-
ment. The resulting PU shows that the tensile strength and
Young’s modulus of the composites increased by 125% and
104%, respectively, with 1wt% nanocrystals. This is due to
their rigid nature and high aspect ratio (nanosize) and the
strong hydrogen bonding between the filler and the PU
matrix. Authors also highlighted that an increase in cellulose
content led to self-aggregation and a decrease in properties;
however, the incorporation of cellulose does not significantly
affect the Tg. Floros et al. [85] used cellulose with loading rate
of 0-2.5wt% to reinforce inside the oleic acid-based thermo-
plastic PU. Authors report that reinforcement of cellulose did
not affect Tg, crystallization behavior, and melting tempera-
ture. Authors stated that with 0.5wt%, cellulose loading
shows an increase in elongation at break and tensile strengths
of 50% and 40%, respectively. Apart from that, He et al. [86]
compare cellulose with dialdehyde cellulose at loading levels
of 0-25wt% as reinforcement for soybean oil-based thermo-
setting polyurethane composite via the casting method. The
authors concluded that oxidized cellulose shows better per-
formance than cellulose due to higher interfacial bonding
and small particle size. Saralegi et al. [87] reported that the
addition of 0.5wt% cellulose nanocrystals to castor oil-
based PU did not affect the shape fixity but improved the
shape recovery from 50 to 100% because of the hard phase
crystallinity of cellulose. Mosiewicki et al. [88] used micro-
/nanocellulose to reinforce rapeseed oil-based PU foam.
The incorporation of cellulose increased the mechanical
properties, water absorption, and rigidity of the resulting
foams.

When discussing about biobased materials, the toxicity
level of the materials is quite important to study. Based on
work conducted by Rezaei Hosseinabadi et al. [89], the
authors studied the cytotoxicity level between vegetable oil-
based (castor oil) and petroleum-based (polycaprolactone)
PU without reinforcement of the nanocellulose. Cytotoxicity
of the PU sample was performed by the MTT assay. MTT
assay was conducted in cultured L-929 cells on 3, 5, and 7
days. It is reported that cellular viability of polycaprolactone
(PCL) is higher compared to castor oil-based PU, and cyto-
toxicity of PCL-based PU was significantly lower compared
to castor oil-based PU. The authors explained that ester link-
ages in PCL-based PU are highly biocompatible with micro-
organisms. Apart from biocompatible properties, structure
crystallinity and hydrophilicity properties of the films con-
tributed to better cytotoxicity. These enhanced characteris-
tics result in better cell growth and adhesion. It is
supported by static contact angle where PCL-based PU
(5.67%) is more hydrophilic compared to castor oil-based

PU (0.76%). However, the authors explained that they were
very significantly different (p<0.05) between vegetable-
based and petroleum-based PUs in terms of cell viability
and cytotoxicity. In fact, it is reported that with the addition
of nanocellulose, the nanocomposite film obtained will have
a better cytotoxicity level. As reported by Khadivi et al.
[90], concentration of viable cells increases as reinforced
CNC loading increases on polydimethylsiloxane- (PDMS-)
based PU nanocomposite films. The CNC was incorporated
using the prepolymer method. The cytotoxicity studied from
the samples was determined by in vitro cell culturing via
seeding human fibroblast (FBS) cells on sample films. It is
noted that cell toxicity was inversely proportional to the con-
centration of viable cells. Based on the authors’work, cell via-
bility was increased from 50-60% to 90-100% as CNC
increases from 0.1 to 2wt%. In general, the authors explained
that sources of cytotoxicity of the polymer resulted from the
presence of impurities, polymer degradation, and interaction
of the polymer with intracellular processes as well as cell
membrane. Therefore, the authors concluded that moderate
cytotoxicity resulted from interaction with intracellular pro-
cesses or/and interactions of polymers with cell membranes
as all monomers completely reacted in the reaction synthesis
which lead to no molecule impurities, and no degradation of
the polymer happens at lower temperatures which is sup-
ported by FTIR and TGA analyses, respectively. On the other
hand, Xu et al. [91] studied about the influence of different
cotton cellulose nanofiber (c-CNF) loading and degree func-
tionalisation of amino-terminated polydimethylsiloxane
(H2N-PDMS-H2N) on the cytotoxicity level of polycarbonate
diol- (PCDL-) based PU nanocomposite films. 2 sets of sam-
ples were successfully prepared; (1) influence of c-CNF was
studied by using 0 and 5wt% CNF while the molecular
weight of H2N-PDMS-H2N was fixed at 1000 and (2) degree
of functionalisation was observed by using 2000 and 4000
molecular weights of H2N-PDMS-H2N while c-CNF loading
was fixed at 5wt%. Incorporation of c-CNF was prepared by
the prepolymer method. It is observed that on sample set (1),
cell viability increases as much as 3.7% when loading of c-
CNF increases from 0 to 5wt%. This finding shows good
agreement with work conducted by Khadivi et al. [90]. Next,
by increasing the molecular weight of H2N-PDMS-H2N from
1000 to 4000 with fixed 5wt% c-CNF, the finding shows
increase in cell viability value by as much as 23.1%. This is
due to H2N-PDMS-H2N which introduces excellent biocom-
patibility properties toward the polymer matrix which sup-
ports more cell adhesion and growth. Overall, there is very
small difference in terms of cell viability and cytotoxicity
between vegetable-based and petroleum-based PUs. Both
CNC and CNF help to increase cell viability and better cyto-
toxicity of nanocomposite films as loading of cellulose
increases, and lastly, cell viability and cytotoxicity can be fur-
ther improved by introducing biocompatible monomer
inside the polymer matrix of nanocomposites. An example
of monomer is H2N-PDMS-H2N. Therefore, it is supported
that both vegetable oil- and petroleum oil-based PU nano-
composite films can be utilized in medical and food packag-
ing applications as they achieved high cell viability by as
much as 90-100%.
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5. Conclusion

Vegetable oil is an excellent feedstock for biobased polymeric
materials. As for now, several technologies have been
developed to synthesize these valuable resources into poly-
mer composites, monomers, and polymers with properties
comparable to conventional polymers made from petro-
chemicals. The use of biorenewable feedstocks offers a
solution towards volatility in oil price and disruption in
oil supplies. For Malaysia, Jatropha oil offers protection
against the crisis over the ban issue of import of palm
oil into European countries. Jatropha oil shows promising
properties as its chemical composition is the same as soy-
bean oil which has been widely utilized in biopolyurethane
production. Most of the manufacturers have little initiative
to change to biobased plastic because the price of oil is
low for now. However, it is predicted by economists that
future economic and regulatory conditions will likely cause
the cost of fossils to rise. In some regions of the world
which lack petroleum reserves and access to refineries,
the utilization of vegetable oil for agricultural production
may open up to new economic development. A great chal-
lenge for vegetable oil-based polymers is in its property
gap compared to conventional petroleum-based polymers.
As highlighted in this review, a lot of research has been
conducted to narrow these property differences. Chemical
modification can contribute to the improvement in the
mechanical, chemical, and thermal properties. Further-
more, filler sizing could also play an important role. Nano-

filler is loaded into vegetable oil-based polymer matrices to
increase the performance and render new properties to
extend their application area. Some of these fillers can be
derived from renewable sources from agriculture or indus-
trial by-product which lead to stable and sustainable polymer
composites and can reduce the price of these materials. Even
though a lot of research has been made, several challenges
still exist. Those challenges include the controversy on poly-
mers made up of food-grade vegetable oil. This food-grade
vegetable oil has a problem in controlling its quality due to
the heterogeneous nature of vegetable oil. The composition
of vegetable oil varies between one another based on many
different growth factors, including geographical location,
environmental conditions, cultivar selection, and processing
techniques. As highlighted throughout this review, different
strategies have been developed to synthesize biobased polyols
from vegetable oil with one good goal of meeting the cost
and property requirements of the marketplace. The
mechanical and thermal properties of PU were the most
improved properties when reinforced with cellulose, which
are the two important criteria for the market to adopt.
However, the thermal and mechanical properties need con-
tinuous improvement. Tremendous research effort has been
made to match the performance of vegetable oil-based PU
with petroleum-based, as discussed in this review. Further
research and innovation are required to produce cost-
effective and high-quality vegetable oil-based PUs and
broaden their application since vegetable oil appears to be
a bright future. Novel PUs synthesized using biobased and
renewable materials with improved mechanical and thermal
properties are expected to fill the market shelf soon as
research efforts in this field are continuously increasing,
and Jatropha oil seems the most relevant of all vegetable
oils as reviewed.
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