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Abstract

The increasing interest of academic and industrial sectors in the use of bio-based materials mirrors the overwhelming needAQ2
for replacing, as much as possible, petroleum derived chemicals, reducing the negative environmental impact derived from
their usage. Vegetable oils fulfill this goal extremely well, because of their worldwide availability, large volume production at
comparatively low prices and versatility of the modifications and reactions in which they can participate to produce a large
variety of different monomers and polymer precursors. Further reactions of these chemicals can lead to very different types
of final materials with varied applications. It is because of this remarkable versatility that many review articles have appeared
during the last few years; many of them have dealt with the various routes for vegetable oil modification and options for polymer
synthesis, whilst others were dedicated to the analysis of the properties of the derived materials, generally focusing on structural
properties. In this review, we focus on the capabilities of vegetable oils to be modified and/or reacted to obtain materials with
functional properties suitable for use in coatings, conductive or insulating materials, biomedical, shape memory, self-healing
and thermoreversible materials as well as other special functional applications.
© 2015 Society of Chemical Industry
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INTRODUCTION
Plant oils have found very different and diverse uses in history,AQ3
not just as food ingredients but also as industrial chemicals such
as paint solvents, varnishes and lubricants or polymer modifiers.
However, it has been during the last few years that they have
received renewed and growing attention from the areas of energy
and new materials. Since it became obvious that there was a need
to find alternatives for replacing or reducing the consumption
of petroleum, due to its non-renewable nature and dwindling
reserves, the use of vegetable oils in the production of biofuel
has increasingly gained importance. The final disposal of products
formulated with synthetic polymeric materials is also a big concern
that contributes to widening the use of bioresources beyond the
narrow range to which they were confined during the second half
of the last century. It became equally apparent that plant oils could
contribute to replacing petroleum as a source for polymers aimed
at different applications. Because of their special characteristics,
not only replacements of fuel based polymers can be envisioned,
but also novel materials with particular properties.

Vegetable oils consist of triglyceride molecules, esters of glyc-
erol and fatty acids, whose structure (chain length, content and
amount of unsaturation and the presence of other chemical
groups) depends on the plant source. Because of the variety of
potentially reactive groups present in their structure they can be
chemically modified giving a response to the need for different
types of bio-based reactants. As a result, the number of publi-
cations focusing on polymers based on plant/vegetable oils has
seen an increasingly fast growth since the 1990s. In these past two
decades, important contributions have been made by different
research groups around the world to the synthesis of polymer pre-
cursors and resins from plant oils, and several review papers and

books gather these advances.1 – 10 The work has covered the syn-
thesis of bio-based polyurethanes, crosslinked polymers, plant oil
based composites, as well as monomers and additives for different
formulations. Although a review on vegetable oil based polymeric
composites has recently been published,11 there are not many
papers that condense the latest advances in the use of vegetable
oils for the formulation of materials with functional applications. A
literature search shows that the most frequent approach has been
the study of the structural bulk properties of these materials, but
other properties have also attracted the interest of researchers. In
particular (as could be expected from the old tradition of using
oils in paints and varnishes), coating and thin film applications
have been considered, in which hardness, glossiness and scratch-
ing resistance are properties of paramount importance. However,
other functional properties have been examined depending on
the envisioned purpose, from insulators and foams to biomedical
applications.

Considering the above, this work is focused on reviewing the use
of plant oils for the production of materials for non-structural and
functional applications such as coatings, adhesives, electrically
insulating or conductive materials, biomedical applications, smart
or responsive polymers and other specialty formulations.
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PLANT OILS AND ROUTES OF CHEMICAL
MODIFICATION
Much work has been realized during the last two decades to pro-
duce monomers, polymer precursors and resins from vegetable
oils. The triglyceride molecules are triesters of glycerol and fatty
acids with chain lengths of ca 14–20 C atoms, but most frequently
18 C atoms. These chains can be saturated or contain 1–3 unsatu-
rations, conjugated or not. Besides, some naturally occurring fatty
acid chains contain special chemical groups, such as hydroxyl or
epoxy groups. Because of their different chemical structures, rel-
atively low cost and geographical availability around the world,
plant oils constitute very versatile resources for the formulation of
novel polymeric materials.

Vegetable oils can be chemically modified through epoxidation
to be further reacted with anhydrides or isocyanates, or they can
be cationically polymerized or modified using olefin metathesis,
thiol-ene addition etc.1,3,5,8,12 Probably, epoxidation is the most
frequent modification (including cases where the oxirane ring
is opened to synthesize biopolyols), but also ozonolysis (of the
original oil, the constituent fatty acids or other derived molecules)
is applied to obtain chains with end chemical groups (such as
primary hydroxyls) by cleavage of the original chain.13

FUNCTIONAL PROPERTIES AND
APPLICATIONS
Coatings
The use of vegetable oils in the synthesis of protective or decora-
tive coatings offers a wide range of possibilities through the tai-
loring of plant oils and their derivatives to suit requirements for
different applications. A recent publication14 has focused on this
specific purpose. As in the case of structural materials based on
plant oils, functional materials are also frequently polyurethane

(PU) or epoxy based formulations, and this is particularly true in
the case of coatings. Besides, combinations with other polymers
or addition of nanoparticles have been considered in order to
improve the quality of the coatings. For example, Lu and Larock15

prepared a hybrid coating through the emulsion polymerization
of combined latexes of a soybean-based waterborne polyurethane
(WBPU) and methyl methacrylate/butyl acrylate copolymer. The
combination of the two polymers dispersible in water allowed the
development of extended interactions between the copolymers,
such as grafting of acrylics onto the WBPU and interpenetration
of the two polymers, leading to improved thermal and mechanical
properties. Thus, the Young’s modulus, tensile strength and elon-
gation at break of the PU film were 154 MPa, 8.8 MPa and 200%,
respectively. On the other hand, although the hybrid latex film
(75 wt% acrylic) showed values of 537 MPa and 16.9 MPa for the
first two properties, the content of the bio-PU was much reduced
in this formulation. Regarding the elongation at break, it showed a
maximum of 365% at 50 wt% acrylic content, which may be desir-
able depending on the envisioned application.

Chaudharia et al.16 also worked with PU coatings but incorpo-
rating nanoparticles of titanium dioxide. The PU was based on a
polyetherimide based on neem seed oil (a non-edible oil with large AQ4
production in India and used mainly in medicinal applications) and
bisphenol A, which were reacted with MDI (4,4’-diphenylmethane
diisocyanate). The nanocomposite coatings contained 0–4 wt%
of vinyltriethoxysilane modified nanoparticles. Drying time, an
important property for coating applications, was observed to
diminish as the content of modified TiO2 increased from 0 to
3 wt%, but it increased again at 4 wt% of the oxide. As in the
previous example, all the coatings were flexible, and additionally
they showed good resistance toward acids, alkalis and xylene. In
the present case, although gloss increased with the content of
TiO2, other properties (such as impact resistance and hardness)
improved only up to a nanoparticle concentration of 2–3 wt%,
decreasing at higher contents. This observation was explained by
the increased difficulty of dispersing the nanoparticles at high con-
centrations, a usual problem in nanocomposites.

As mentioned above, another frequent modification is epoxida-
tion, and several products are commercially available. Tsujimoto
et al.17 used epoxidized soybean (ESO) and linseed oils (ELO)
together with two silanes (3-glycidoxypropyltrimethoxysilane
(GPTMS) and 2-(3,4-epoxycyclohexyl)- ethyltrimethoxysilane
(ECTMS)). The preparation resulted in nanostructured coatings
that presented domains rich in organics and inorganics (silica),
the latter produced by condensation of the silanes that acted AQ5
as reinforcements in these formulations. A comparison of the
properties of the sets of films prepared from the two oils is a
good example of the effects of the oil chemical structure on the
final product properties. Thus, the polymers prepared with ELO
resulted in harder coatings, in perfect agreement with the higher
oxirane content of the ELO with respect to ESO, which led to a
higher degree of crosslinking of the network based on ELO and
consequently a higher glass transition temperature T g of the
nanocomposite film. As expected, the generated inorganic phase
led to improved mechanical properties (Young’s modulus 210 MPa
for the unmodified ESO coating, and 620 MPa and 830 MPa for the
samples containing 20 wt% of GPTMS and ECTMS, respectively).
Gloss and hardness were also much improved: a gloss value of ca
100 measured at 60 ∘C compared to the tacky unfilled coating, and AQ6
a hardness value of 27 N mm−2 for the 20 wt% ECTMS-ESO sample
compared to only 9 N mm−2 for the unmodified ESO coating.
Because of the nanosize of the organic and inorganic domains,
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and the good dispersion obtained through covalent interfacial
bonding, the films were highly transparent (at least up to 20 wt%
silane) as determined using UV− visible spectroscopy.

Coatings are generally applied to fulfill a protective function
with respect to the supporting material; in some cases, specific
functions are also incorporated. On this line of thought, Lu et al.18

utilized a soybean oil to improve the barrier properties of a hygro-AQ7
scopic packaging material made from nanofibrillar cellulose. To
achieve this goal, they produced base films from mixtures of the
nanocellulose and beeswax latex (10 wt% on a dry basis), and
added a coating made of an epoxidized soybean oil (AESO) andAQ8
3-aminopropyltriethoxysilane. Films of 10 g m−2 were coated to
achieve different thicknesses (corresponding to 1, 3 and 5 g m−2).
The application of the barrier material resulted in the reduction of
water vapor transmission from 5088 g m−2 in 24 h (38 ∘C, 90% RH)
to 188 g m−2 (equal conditions) for a coating weight of 5 g m−2.
Because of the combination of additives selected, the nanocom-
posite films became very hydrophobic (the contact angle changed
from 67.3∘ to 106.5∘ respectively for the microfibrillated cellulose
film and the film containing beeswax with the thickest coating). As
the base material was a cellulosic film, it had high flexibility, and
additionally the coating contributed to improving thermal stabil-
ity and transparency. This last observation has also been reported
in other work−when a polymer is added to fill any possible poros-
ity of a nanocellulose film, with a consequent reduction of light
scattering.

The dielectric properties of these materials were studied by
other authors who worked on PU coatings for insulation.19 Hyper-
branched PUs were synthesized from castor oil or the monoglyc-
erides of castor oil by reaction with toluene diisocyanate and
incorporation of butanediol and polycaprolactone as diols.19 The
coating made from castor oil was better suited as a dielectric mate-
rial than the coating synthesized from the monoglyceride, pre-
senting a higher dielectric constant. On the other hand, the PU
made from the monoglyceride had slightly better mechanical and
scratch properties and higher gloss than the PU obtained from
the castor oil, which is related to the different structure of the
resulting PU networks. However, chemical resistance in distilled
water and in aqueous solutions of HCl (5 v/v%), NaOH (10 w/v%)
and NaCl (10 w/v%) was high and quite similar for the two types
of PUs. Also, a study on the dielectric properties and insulation
potential of a bio-PU was reported by Petrović et al.13 They used
ozonolyzed bio-polyols (soybean and canola oils) to formulate PUs
with a wide range of final properties (from those of a rigid plastic to
hard rubber-like behavior) governed by the density of crosslinking
and the content of dangling chains.

Certainly, corrosion protection is a much esteemed function of
coating films. For example, Alam and Alandis20 used potentio-
dynamic polarization tests in different corrosive media to inves-
tigate the corrosion resistance of a coating deposited on mild
steel and prepared from a polyetherimide resin based on an
amide from corn oil and catechol, further reacted with isophorone
diisocyanate.20 Different weight percentages of isocyanate were
used, and it was found that the highest hardness was reached at
35 wt% of isocyanate; higher concentrations in the formulation
reduced the property, which was explained by the excess of iso-
cyanate leading to secondary reactions. The good flexibility of the
films was related to the alkyl chains of the oil, a characteristic also
present in previous examples and that can be traced to the dan-
gling chains present in networks based on vegetable oil polymers.
In most cases, reactive groups are located in the middle of the
fatty acid chains (as a result of the modification of the original

(a)

(b)

Figure 1. (a) SEM pictures of the produced films: NFC corresponds to the AQ9
cellulose film, NFX to the film produced with the added beeswax and
NFX-CO to the NFX films with the vegetable oil coating. (b) UV− visible
transmission spectra of the films. Adapted from reference 18. Reproduced
with permission.

unsaturation of the triglyceride), and a short dangling chain results
when these groups react. On the other hand, polar groups in the
PU structure led to good adhesion to the metal. In addition to good
scratch hardness and impact resistance, the material showed a cor-
rosion rate of 1.377× 10−2 mm year−1 in HCl solution (3.5 wt%) and
2.359 × 10−3 mm year−1 in NaCl solution (5 wt%), conferring good
protection thanks to the crosslinked structure of the coating. TGA
showed that the coatings could be safely used up to at least 250 ∘C.

Adhesives
Plant oils have been used as raw materials for synthesizing a wide
variety of polymers that found application as adhesives, with PU
being one of the most frequently used, especially when wood
is the substrate. As is well known, the hydroxyl groups in the
wood can react with the isocyanate component of the PU formu-
lation, contributing to the excellent substrate−polymer bonding
observed in these materials. One example of a PU adhesive sys-
tem for wood bonding produced from potato starch/natural oil
based polyester polyol and toluene 2,4-diisocyanate was reported
by Desai and co-workers.21 They found that the shear strength of
the vegetable oil based PU adhesive was higher than that of com-
mercially available adhesives for wood joints with an optimum
NCO/OH ratio of 1.3. These PU adhesives presented good resis-
tance to cold and hot water, although with moderate resistance to
acids and weak resistance to alkali. It was also reported that, as the
hydroxyl value of the polyol increased, bond strength increased
due to formation of a more highly crosslinked structure, an obser-
vation that was confirmed by Somani et al.22 who produced a PU
adhesive by reacting a castor oil derivative and several glycols
(ethylene glycol, diethylene glycol and triethylene glycol) with iso-
cyanate adducts. These authors also used an NCO/OH ratio of 1.3
and reported that adhesives made from castor oil based polyol
with shorter glycol segments gave adhesives with shear strength
higher than that found for the commercially available wood adhe-
sives used for comparison.

A more recent work with adhesives based on PUs was reported
by Kong et al.23 They synthesized a bio-based poly(ether ester)
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Figure 2. Images illustrating the characteristics of the ESO derived films. From reference 24. Reproduced with permission.

polyol from canola oil containing primary and secondary func-
tional groups via epoxidation of canola oil and further reaction by
ring-opening with 1,3-propanediol, for the subsequent prepara-
tion of PU adhesives. The authors reported similar adhesive prop-
erties of the bio-based system compared to those of commercial
adhesives in terms of lap shear strength and overall chemical resis-
tance to cold water, acid and alkali. The general observation from
the previous work is that high NCO/OH ratios lead to high per-
formance. This effect is related to the fact that free isocyanate
can react with the wood improving the wood adhesive properties,
because of the higher crosslinking density that leads to a higher
rigidity and strength of the adhesive bonds.

Some plant oil systems have been effective in the preparation
of pressure-sensitive adhesives. Kollbe Ahn et al.24 used fast curing
formulations based on ESO and from a mixture of ESO with
dihydroxyl soybean oil (DSO), in both cases polymerized with
the addition of H3PO4 to form a network with phosphoric ester
and ether crosslinkages. The films had a low thermal expansion
coefficient, which was 14.08 ppm K−1 for the ESO derived material,
compared with that of glass (8.5 ppm K−1) and that of flexible
plastics (approximately 50 ppm K−1). The modulus of the polymer
was too low to produce self-standing films, so it was characterized
as a coating on a substrate instead. On the other hand, it had
excellent transparency, comparable to that of glass (even better
than glass at a wavelength of about 300 nm) (Fig. 2). DSO was
added to the formulation as tackifier and the adhesion to a glass
substrate was tested, resulting in an adhesive with slightly higher
peel strength than some commercial adhesives for reusable sticky
note papers, at least during 10 stick-and-peel repetitions.

The preparation and characterization of urethane acrylate
pressure-sensitive adhesives based on palm oil were discussed by

Mahmood and co-workers.25 The molecular structure of the diiso-
cyanate compounds and hydroxyl acrylate monomers tended to
determine the molecular weight and hence viscosities of the final
products made from the urethane acrylate prepolymers, but had
no direct effects on the properties of the UV curable coatings and
adhesives. Comparatively, competitive adhesives from epoxidized
camelina oil (a highly unsaturated oil) were also used in UV curing
formulations.26

The performances of adhesives prepared from palm oil and from
jatropha oil have been compared in the work of Aung et al.27

Jatropha oil based adhesive (PU made from a polyol prepared
by hydroxylation and alcoholysis or epoxidation) exhibited better
shear strength adhesion to solid wood and plywood compared to
palm oil based adhesives as well as overall resistance to chemicals
(response to hot water, acid and alkali). The differences were
explained by the higher content of unsaturations of the jatropha
oil and the presence of natural gums.

Thermal insulation
One important market for vegetable oil derived materials is
foamed polymers and composites, including foams for thermal
insulation mostly prepared from PU and epoxy formulations.

As an example of epoxy formulations applied to the construction
industry, an epoxidized tall oil (40–50 wt%) was utilized in a
mixture with different proportions of clay, fly ash and rice husk
ash.28 The authors found that the different composites prepared
from these raw materials had relatively low thermal conductivity,
varying from 0.537 to 0.256 W m−1 K−1, with increasing values
as the amount of clay increased in the composite material and
decreasing as the concentrations of the epoxidized oil and the
flash ash increased. It is important for the application to notice
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that the reported values are in the same range as (in some cases
lower than) the thermal conductivity of conventional cement
block with perlite (0.427 W m−1 K−1). The prepared material can be
a replacement for standard plaster and it can be sawed, drilled or
milled, with the advantage of a lower density and for some samples
much lower thermal conductivity.

On a different approach, low conductivity foams based on veg-
etable oils have been considered by different authors.29 – 34 For
example, two different polyester polyols were prepared from cas-
tor oil by alcoholysis of the oil with glycerol or pentaerythri-
tol and further esterification with phthalic anhydride.30 PU rigid
foams were further produced by crosslinking with a polyaryl poly-
methylene isocyanate. The properties of the bio-based foams
were comparable to foams prepared from commercial polyesters:
densities in the range 37–38.5 kg m−3, thermal conductivities of
0.021− 0.023 W m−1 K−1, compression strengths (10% compres-
sion strength in the parallel direction relative to the foaming rise)
of 173–199 kPa and similar dimensional stability compared to
commercial formulations. Besides, the thermal stability was better
for the bio-based foam, and was further improved with the addi-
tion of a flame retardant (ammonium polyphosphate, APP). Char-
acterization by cone calorimetry showed a significant decrease of
the heat release rate, total heat release and mass loss for the sam-
ples with added APP. Additionally, the improvements were more
noticeable for the two bio-derived polyester polyols due to the
presence of the phthalic rings.

Foamed PU composite materials with similar low densities
(apparent density ca 40 kg m−3) were prepared with a rapeseed oil
based polyol by addition of a low percentage of vegetable fibers.31

The replacement of 30% of a petrochemical polyol by rapeseed
oil based polyol led to more and smaller cells, with a consequent
increase in the apparent density and thermal conductivity of the
foams. One interesting result of this work is the confirmation of
the relation between compression strength and apparent den-
sity of the foams. Addition of fibers above 5 wt% led to a lower
apparent density; similarly longer fibers (1.2− 2 mm instead of
0.5 mm) added in the composites at a fixed concentration resulted
in foams of lower relative density. The short fibers could accom-
modate better in the cell strouts than long fibers, causing lessAQ10
damage and distortion of the foam structure and consequently
leading to higher compressive strength.31

Rapeseed oil based rigid foams of high apparent density
(ca 300 kg m−3) were prepared by the same group.32 In this case,
after epoxidation and ring opening, a further step of esterification
with triethanolamine was performed that led to different hydroxyl
contents and different reactivity. As in the case of low density
foams, the compression strength was improved with the addition
of 5 wt% fibers (flax in this work). In particular, the authors found
that the use of vegetable oils led to reduced hydrophilicity of the
materials.32

Transesterification with triethanolamine has also been used to
prepare rigid PU foams from castor oil filled with wood flour.33 It is
interesting to mention the results of the TGA. When comparing the
experimental derivative signal and a prediction calculated from
the curves of the PU and the wood flour, large differences were
observed that were related to the strong interactions that were
developed in these systems. Thus, a char value higher than the cal-
culated value was one of the consequences of these interactions.33

Also a higher than predicted char value was determined by TGA of
a tung oil (TO) based rigid PU foam filled with rice husk ash hav-
ing a high silica content34 that also contributed to the inorganic
residue.

Smart polymers
Shape memory polymers
Among the functional properties of polymers, some are related to
the behavior of smart materials that have autonomous responses
to ambient changes. In particular, materials that show shape
memory behavior have a sensitive response (change of shape)
to external stimuli such as temperature, pH, humidity, light and
electricity. Among the shape memory materials, thermorespon-
sive polymers have gained enormous attention because of their
good processability, low cost and high recovery ability at rela-
tively low temperature.35 – 38 They are capable of fixing a tran-
sient shape and recovering their original dimensions when heated
above a switching temperature, T switch. For shape memory poly-
mers this temperature is usually the glass transition temperature
T g or the melting temperature T m of one of the phases in multi-
phase polymers, and it is higher than the application temperature.
The permanent shape is fixed in the material through chemical or
physical crosslinks that are stable in the conditions of application.39

These materials, responsive to changes in environmental condi-
tions, have found use in actuators, smart fabrics, heat shrinkage
tubes for electronic packaging, and biomedical devices.

One of the first reports on shape memory polymers using veg-
etable oils is due to Li and Larock.40 This work presented the
development of shape memory polymers using cationic copoly-
merization of regular soybean oil (SOY), low saturation soybean
oil and/or conjugated low saturation soybean oil with styrene (St)
and divinylbenzene (DVB), initiated by boron trifluoride diethyl
etherate or related modified initiators. The type of soybean oil
employed affected the shape memory properties of the result-
ing polymers. The reactivity toward cationic polymerization was
shown to increase with the concentration of double bonds and
particularly with the concentration of conjugated double bonds.
For SOY concentrations exceeding 50%, the resulting polymer had
a low T g and behaved like a regular elastomer.41 Introducing DVB in
the formulation, the degree of crosslinking was increased and con-
sequently the T g values of the resulting polymers. This also had an
effect on other properties of the materials: the deformability was
reduced, the ability of the polymers to fix temporal deformations
was enhanced (from 23% to 100% at room temperature) and com-
plete shape recovery was obtained for all the specimens. Similar
results were reported by Meiorin et al.42 on cationically polymer-
ized TO with partial replacement of St by DVB. As in the previous
case, the T g of the samples increased, which was related to the
more rigid crosslinking structure generated by this comonomer.
This allowed T switch to be changed from 25 ∘C to 40 ∘C.42

TO is naturally suited to be cationically polymerized because it
is formed by a high percentage of 𝛼-eleostearic acid (80%− 85%) AQ11
that has three conjugated unsaturations per chain, readily reac-
tive under the proper temperature and catalysis conditions. Hard
elastomers prepared from this oil and St presented shape mem-
ory behavior with high capabilities of fixing the temporary shape
and recovering the initial one, and also displayed high damping
quality.43 The properties of the copolymers can be related to the
degree of crosslinking, the length of St homopolymer sequences
and the mobility of the dangling chains in the crosslinked network.
These materials can exhibit shape memory behavior in a low tem-
perature range. Figure 3 shows the shape recovery of a bar shaped
sample containing 70:30 wt% of TO and St and initially deformed
at a temperature above T g to adopt a curly temporary shape. The
series of images shows the recuperation of the deformed sample
after being immersed in hot water (40 ∘C) to recover the original
bar shape after 40 s.
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(a) (b) (c)

Figure 3. Shape recovery of a TO/St sample initially deformed at a temperature above Tg to adopt a curly shape. Temporary shape before heating and
recovery (a), and after 20 s (b) and 40 s (c) in hot water. From reference 43. Reproduced with permission.

The partial replacement of St by DVB did not have disadvanta-
geous effects on the good damping properties of the copolymers
with 50 wt% TO and different ratios of St or DVB; however, the
shape memory properties were only obtained with low DVB con-
tents (up to 10 wt%).42 The thermal mechanical cyclic tests showed
that the recovery force increased with the crosslinking density
(higher DVB content), as well as the fixity ratio, while the recovery
ratio decreased with the DVB content in the copolymer.

Although not frequently mentioned, these materials suffer
chemical aging because vegetable oil can be oxidized in con-
tact with air. The reactions that are responsible for rancidity in
vegetable oils occur when unsaturations are present, which may
be the case if unreacted double bonds remain after the network
formation. Meiorin et al.44 have evaluated the changes with time
of the properties of the TO copolymers mentioned above. The
action of atmospheric oxygen produced chemical changes in
these polymers, affecting their glass transition temperature and
consequently increasing the switch temperature for the shape
memory behavior. These authors have reported and compared the
shape memory properties of recently prepared and aged (2 years
after preparation) samples of TO/St copolymers. The change in
glass transition temperature of the copolymers with time (aging)
allowed T switch to be increased from 25 to 40 ∘C with St contents of
50–70 wt%. Aged samples with 50–60 wt% St could be cyclically
stretched at 40% strain (at 40 ∘C), showing high fixity and recovery
values (100% for the 60 wt% St sample). Higher elongations could
also be reached with fixity ratios higher than 99.4% and recovery
ratios higher than 84.4% in all cases.

The replacement of St by a vegetable oil derived monomer
(methyl ester of TO obtained by transesterification of the oil
with methanol) in the cationic polymerization with TO was
also investigated.45 All the materials obtained presented good
mechanical damping capacity, but addition of DVB (10 wt%) was
necessary to obtain shape memory behavior at low T switch (25 ∘C).

Other polymerizations are also possible and have been used.
A bio-based polymeric material from ESO and poly(L-lactic acid)
(PLLA) has also been reported to show shape memory behavior.45

PolyESO/PLLAs were synthesized by acid-catalyzed curing of ESO
in the presence of PLLA. PLLA was scarcely reacted with ESO
during the reaction and was dispersed in the ESO based poly-
mer network. A sample polyESO/PLLA (50/50 wt%) was shown to
maintain a temporary shape at 20 ∘C, with a T switch of 80 ∘C and
complete recovery of the original shape. At a higher tempera-
ture (T > T g(PLLA)), the polyESO/PLLA is easily deformed because
both the ESO polymer and PLLA are in a rubbery state. After the
subsequent cooling (20 ∘C), PLLA becomes glassy, and the tem-
porary shape is fixed with the internal stress of the ESO based
polymer network. Upon reheating above T switch, the PLLA chains
regain mobility and the sample recovers the original shape by
action of the entropic elasticity of the ESO based polymer network.

The addition of the PLLA is required to achieve good shape mem-
ory properties (recovery was higher than 90% in all cases), since
the ESO homopolymer is too brittle to be conveniently deformed.
Moreover, strain fixity decreased as the PLLA content decreased
because of the increase in inner stresses of the ESO network.
Repeated cycling was possible, and recovery was observed even
after five cycles.

Polymers are mostly used in modified formulations or in the
form of composites in order to tailor the material properties, and
in more recent times different nanofillers have been incorporated
into the polymer matrices with this objective. Saralegi et al.47 have
investigated the effect of the addition of cellulose nanocrystals
on segmented thermoplastic PU shape memory properties. Par-
ticularly interesting is the fact that these PU composites were
synthesized by adding cellulose nanocrystals in the first step of
polymerization (thus being able to react at the same time as the
other OH components of the reactive mixture) and that a castor oil
based diol and a cornsugar based chain extender were used. The
bionanocomposites presented two main transitions− the melting
events of the soft and hard phases, responsible for shape fixity and
shape recovery, respectively. The neat PU presented poor shape
memory properties, with low recovery ratios (ca 50%), but the
addition of cellulose nanocrystals led to an increase of the hard
phase crystallinity; thus more physical network points took part in
molding the permanent shape and a significant improvement was
observed in the shape recovery (ca 100% for the second cycle) with
T switch = 60 ∘C. In all cases, the capacity of the soft segments to act
as switching segments was retained for several cycles.

Self-healing and recyclable thermoreversible materials
Among the smart materials, self-healing materials have gained
much attention in the last few years because of their structurally
incorporated aptitude to mend damage caused by mechanical
usage over time. The formation of microcracks during service in
structural materials is a critical problem in polymers and compos-
ites. The development and coalescence of microcracks can lead to
catastrophic failure of the materials, reducing their lifetimes.48 A
material that intrinsically corrects damage caused by normal usage
can reduce the costs of industrial processes, because of the longer
part lifetime, the reduction of inefficiency caused by degradation
and the reduction of costs incurred by material failure.

In this area of work,49 ‘green’ self-healable polymer networks
have been obtained by the reaction of an initial emulsion of an
aqueous solution of citric acid in ESO, using the protons derived by
the citric acid dissociation in water as a catalyst of the epoxy–acid
reaction. The initial system was an emulsion, but it became a
homogeneous and transparent polymer network after curing. The
reaction was initiated by the protonation of epoxy groups followed
by the attack of carboxylate groups (epoxy–acid reaction) or water
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molecules (hydrolysis of epoxy groups). Residual COOH groups
underwent esterification reactions with OH groups at high tem-
peratures. The transesterification reactions of hydroxyester groups
at high temperatures are the reactions responsible for stress relax-
ation and self-healing in the material without the addition of any
extrinsic catalyst. These reactions could also enable the recycling
of parts by milling followed by compression molding at 160 ∘C.

Mendability and thermoreversible polymerization for recycling
have also been the focus of a series of papers based on veg-
etable oils and/or derived monomers bearing furan moieties.50 – 55

Some of these polymers can also be used as coatings/adhesives
that can be removed by heating the polymer. Furan heterocy-
cles were attached through thiol-ene click chemistry and subse-
quent Diels−Alder polycondensation of the furan moiety with
complementary maleimide moieties at a temperature ca 65 ∘C. Lin-
ear, branched and crosslinked polymers were produced by the
adequate selection of modified plant oils, or derived monomers
and comonomers. The authors showed that links formed from
these furan moieties are thermoreversible, recovering the starting
monomers or other monomeric structures (depending on the ini-
tial formulation) through a retro Diels−Alder reaction when they
are heated above ca 100 ∘C. The acid derivative of the pyrolysis of
castor oil (10-undecenoic acid) was used as the basic raw mate-
rial to attach the furan moiety in the work of Vilela et al.51 – 53 A TO
was directly used to produce a Diels−Alder adduct by reaction
with bismaleimides (the vegetable oil functioning as a diene).55

However, the thermoreversibility was not observed in this mate-
rial, although it was observed when the Diels−Alder reaction was
performed on a derived precursor obtained from the aminolysis
of the oil with excess furfuryl amine. The Diels−Alder suscepti-
ble sites are the furan moiety and the unsaturations of the fatty
acid amide formed. The authors give a step forward by using bis-
maleimides with different structures in an attempt to tailor the
flexibility of the final material (the highest rigidity related to the use
of an aromatic bismaleimide). Not all the formulations presented
thermoreversibility but only those with retro Diels−Alder involv-
ing the furan moiety.AQ12

Magnetic properties
As already mentioned, the incorporation of small percentages of
nanoparticles can change the material properties, depending on
the nanoparticle characteristics and allowing the development of
new applications.

Specifically, magnetite particles (Fe3O4) incorporated into poly-
mers could potentially induce a response in the material on the
application of magnetic fields. This would allow new respon-
sive mechanisms to be generated to activate particular behaviors
in these polymers. In particular, under an alternating magnetic
field, the particles could produce heat, triggering the response
of shape memory polymers, or incorporate magnetic properties
to an originally diamagnetic polymeric matrix, widening the field
of applications. Although several papers related to shape mem-
ory polymers and magnetic nanoparticles have been published
recently,56 the use of bio-based polymers for this type of mate-
rial offers environmental advantages, although this is still a scien-
tific and technological challenge. This was the motivation behind
the addition of magnetite nanoparticles (MNPs) (1 and 9 wt%) to
a TO/St copolymer (50/50 wt%).57 MNPs were synthesized by the
method of alkaline coprecipitation, followed by coating with oleic
acid in order to make their surfaces hydrophobic and improve
their compatibility with the polymeric matrix. To characterize the
static magnetic properties, isothermal magnetization curves as

well as zero-field cooling/field cooling measurements were per-
formed and the results showed that both nanocomposites pre-
sented superparamagnetic behavior. From the results of the 1 wt%
sample, a very narrow distribution in size of these nanoparticles (in
the composite) was inferred, as well as absence of particle–particle
agglomeration and inter-particle interactions in the nanocompos-
ites. The results obtained for the 9 wt% MNP sample indicated
an increase in dipolar interactions between nearby nanoparticles.
The sample with 1 wt% MNP presented shape memory properties
denoting a response governed exclusively by the polymer matrix.

Electrical properties
The development of more environmentally friendly base materi-
als is also growing in the production of electronic devices such
as printed circuit boards (PCBs). High electrical resistance, low
dielectric constant and low dielectric loss are desirable proper-
ties for PCB applications.58 While there are many different types
of base materials for PCBs, they all contain resin systems, as
well as reinforcements and additives/modifiers. Dimensional sta-
bility at different temperatures is important to maintain good
adhesion between copper lines and the supporting composite.
Although different systems and material combinations have been
reported,59 – 62 most commercial PCBs consist of glass fiber cloth
reinforced epoxy composites because of the good combination of
mechanical and electrical properties.

An unusual combination was proposed by Zhan and Wool,63

who have worked on the development of greener composite
materials for PCBs using soybean oil resins, chicken feathers
and E-glass fibers that could potentially replace the traditional
E-glass/epoxy composites. The phthalated acrylated soybean oil
(PAESO) was prepared from AESO. The flame retardancy of the
PCB was achieved by halogen-free melamine polyphosphate
and diethylphosphinic salt. The volume and surface resistivity
of the composites were in the range required for PCB insulation
materials.64 The dielectric relaxation of the composites was con-
trolled by the polymer. At high frequencies, the rotational motion
of the molecules had a delay behind the electric field,65 which led
to a decrease of the dielectric constant as the frequency increased.
The addition of flame retardants incorporated higher polarity and
the dielectric constant comparatively increased. However, the
dielectric losses were very close to 0.02, which is a typical value for
commercial PCB materials.64 Although the evaluation of various
properties of the bio-based PCBs showed comparable values to
traditional materials, some of the properties, like peel strength,
still needed to be improved in order to use these biocomposites
as alternative materials for PCBs.66 Figure 4(a) shows a PCB made
from chicken feather fibers and soybean oil resins. The circuits on
the board are trans-impedance amplifiers for an eight-channel
photodiode array. Figure 4(b) shows a bio-based PCB mounted
with electronic components and used for a telephone.

On the other hand, a polymer material complexed with salt may
show ionic conductivity, giving the opportunity for the develop-
ment of solid-state electrochemical devices for energy storage
such as rechargeable batteries, photoelectrochemical cells, super-
capacitor and electrochromic windows.67 A photoelectrochemical
solar cell is an electrochemical device that can generate electri-
cal and electrochemical energy upon absorption of light by one or
more of the electrodes. It is generally composed of a photoactive
semiconductor electrode (either n- or p-type) and a metal counter-
electrode, which are immersed in suitable redox electrolytes.68,69

Bio-based PUs have also been used to develop a photoelectro-
chemical cell as solid polymer electrolyte with lithium iodide (LiI)
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(a) (b)

Figure 4. Bio-based printed circuit boards. (a) A printed circuit board made from feather fibers and soybean oil resin. The circuits on the board are
trans-impedance amplifiers for an eight-channel photodiode array. (b) A bio-based printed circuit board mounted with electronic components and used
in a telephone. From reference 63. Reproduced with permission.

as the conducting material.70 In the initial stage, the PU prepoly-
mer was prepared via a prepolymerization technique by reacting
palm kernel oil based monoester-OH (PKO-p) and 2,4’-methylene
diphenyl diisocyanate (2,4’-MDI). The PU electrolyte film was then
prepared by inclusion of varying amounts of LiI via a solution
casting technique. The formation of urethane linkages and the
chemical interaction/complexation between segmented PU and
lithium ions from the salt were confirmed by the attenuated total
reflectance Fourier transform IR technique and TGA. The ionic con-
ductivity increased with the addition of 25 wt% LiI, resulting in
a high conductivity (7.6 × 10−4 S cm−1) while reducing the crys-
tallinity of the PU, as revealed by XRD. A dye-sensitized solar cell
made from this composite showed a photovoltaic effect (electric-
ity was generated under incident light), which is promising for the
development of photoelectrochemical cells from bio-based poly-
mer/electrolyte.

Conductive polymers have also been combined with vegetable
oils to obtain functional materials with different electrical conduc-
tivities in the range of antistatic materials. An interpenetrated poly-
mer network (IPN) (50/50) of poly(methyl methacrylate) (PMMA)
and a castor oil based PU was filled with polyaniline (PANI) to take
advantage of the electrical conductivity of the PANI, while improv-
ing the film forming capability and the homogeneity of the result-
ing composite films and their mechanical properties.71 A toluene
diisocyanate castor oil prepolymer was mixed sequentially with
MMA, an initiator and different amounts of PANI. Finally, the cat-
alyst and the crosslinker were added and the mixture was poured
and heated for the polymerization reaction to proceed. Mechan-
ical properties improved with respect to the neat IPN (PU/PMMA)
when the content of PANI was above 2.5 wt%, which was explained
by the reinforcing effect of PANI, including the formation of
H-bonds between NH in PANI and NHCOO in the PU/PMMA IPN.
On the other hand, at concentrations above 12.5 wt% the material
became brittle. Although PU/PMMA was not an electrical conduc-
tor (10−14 S cm−1), a rapid growth of the property was observed
above 2.5 wt% PANI, and antistatic properties were reached for the
sample with 7.5 wt% PANI (1.36 × 10−7 S cm−1).

Biodegradable and biomedical polymers
The applicability of biodegradable polymers as biomaterials pro-
vides a thrust in developing new biocompatible polymers for var-
ious applications. Their usage in the biomedical field has gained
importance because of their degradation in physiological con-
ditions inside the human body.72 As temporary implants, it is

expected that they stay intact until the healing process is com-
plete and subsequently that they degrade and are excreted from
the body as waste products.73 Vegetable oil derived material can
also be produced in the form of drug carriers as in anticancer drug
delivery systems.74 The applicability of the polymer depends on its
mechanical, physical and surface properties, with biodegradation
playing a crucial role in determining the application of the poly-
mers for a specific function inside the human body.

Biodegradable aliphatic polyesters are the most frequently cho-
sen materials for in vivo applications due to their degradability and
biocompatibility.75 – 77 When placed in aqueous medium, the easily
cleavable ester bonds of the polymer hydrolyze, generating short
chain oligomers and/or monomers. However, the biodegradation
process of aliphatic polyesters such as polylactic acid, poly(glycolic
acid), poly(lactic-co-glycolic acid) and polycaprolactone may last
from months to years.75,78

Comparatively short periods of biodegradation were reported
for castor oil based polyesters synthesized by a catalyst free melt
condensation reaction between two different diacids and castor
oil with D-mannitol.79 The polymer was a soft material with a
hydrophilic surface whose in vitro degradation in phosphate buffer
saline solution at physiological conditions required 21 days for
completion. Interestingly, the rate of degradation could be tuned
by varying the synthesis conditions.

Other chemical structures have been investigated, some of them
used in the formulation of composites and with biodegradable
characteristics. In particular, vegetable oil based biodegradable
advanced materials with hyperbranched architecture have drawn
tremendous attraction in recent years. Das et al.80 carried out the
synthesis of sunflower oil modified hyperbranched polyurethane
(HBPU) and linear polyurethane (LPU) by using toluene diiso-
cyanate, poly(𝜀-caprolactone), butanediol and monoglyceride of
oil. Pentaerythritol (a multifunctional monomer) was incorporated
in the formulation of the HBPU and, as a result of the different
chemical structure, advantageous results were reported for this
system. Most final properties were found to be higher for HBPU
than LPU: scratch hardness (4.7 kg versus 4.3 kg), tensile strength
(23.18 MPa versus 18.9 MPa), elongation at break (750% versus
700%), and also higher thermal stability (onset of degradation at
250 ∘C versus 239 ∘C) and biodegradability (broth culture using
Pseudomonas aeruginosa and Bacillus subtilis strains).

Specifically in the biomedical field, in recent years vast
progress has been made in the development of tissue and organ
substitutes.81 – 84 As already indicated for general implants, when
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Figure 5. Scaffold formation processes. From reference 89. Reproduced with permission.

the natural regeneration of damaged tissues is not viable85 a pos-
sible solution is to install an artificial scaffold in the damaged area
to facilitate the regeneration process.86 Scaffolds help to ensure
the agglomeration of cells into tissues, affecting their shape
and mobility whilst also providing mechanical support.83,87,88

After fulfilling its purpose, the implant should undergo gradual
degradation to be replaced by natural tissue without negatively
impacting the human body.87

Porous PU-urea substrates have been used to fulfill the require-
ments of a scaffold for bone tissue cultures using rapeseed oil
based and poly(𝜀-caprolactone) diols in various weight ratios.89

AQ13
The materials were produced using hexamethylene diisocyanate,
distilled water as a chain extender and sodium chloride parti-
cles as porogens. PU synthesis was performed using a prepoly-
mer method in mass. The scaffold formation process is shown in
Fig. 5.The capability of varying porosity by changing the com-
positions of the reaction mixtures and the results of studies of
bioactivity and degradation in simulated body fluid supported
their potential use as substrates for bone tissue cultures.

The role of PUs in biomedical applications is particularly impor-
tant; Bakhshi et al.90 have prepared PUs from soybean oil derived
polyols containing different bio-active groups. Polyols (obtained
from ESO through reaction with sodium azide and further cycload-
dition with alkynes or reaction with methyl iodide) were used in
the formulation of PUs, using isophorone diisocyanate in tetrahy-
drofuran. Free standing films and aluminium coatings were pre-
pared to investigate the properties of the materials obtained. The
intended application of the polymers was their use as coatings
for biomedical implants and devices, and for that reason hard-
ness, adhesion strength as well as biocidal properties and bio-
compatibility were investigated. Polyols containing triazole groups
led to high hardness, but with relatively low adhesion strength
and hydrophilicity, a property that is necessary for interacting with
cells. Mouse fibroblast cells in contact with the PUs showed good
viability (60%− 110%, quantified through the optical density of
the sample compared with positive and negative control samples),
while films containing quaternary amine salts showed moderate
biocidal action. The addition of polyethylene glycol (PEG) as an
additional source of hydroxyls in the PU formulation resulted in

improved hydrophilicity and biocidal action of the films, but with
reduced cytocompatibility.

PU prepolymers (based on castor oils and PEG) were reacted
with amines through terminal epoxy groups for use in biomedical
implants and tissue engineering.91 Again, the aim was to obtain
tunable biodegradation for which the ratio of castor oil or PEG
in the final formulation allowed the hydrolytic degradation rate
and mechanical properties of these materials to be controlled. The
authors also reported non-toxic behavior and good cytocompati-
bility with fibroblast cells.

As has been considered in other applications, nanofillers/fibers
have been added to different bio-based polymers. To maintain
the biodegradable character of the polymer component while
improving the mechanical properties, Gao et al.92 introduced cel-
lulose nanocrystals (CNCs) from Eucalyptus globulus in a biocom-
patible WBPU based on castor oil/PEG. The CNCs were obtained
by the usual sulfuric acid method. The nanocomposites showed
significant improvement in tensile strength and Young’s modulus
(5.43 to 12.22 MPa and 1.16 to 4.83 MPa, respectively). As has been
reported by other authors,93 CNCs favored the hard segment− soft
segment microphase separation of the WBPU, which in this case
led to shifts of the soft segment glass transition temperature (T g,s)
and the hard segment melting temperature (T m,h) towards higher
temperatures.

Zinc oxide (ZnO) nanoparticles have also been used as rein-
forcements in nanocomposites based on an ESO and the bioac-
tivity and antimicrobial activity against food-borne pathogens
of the derived materials were investigated.94 – 96 Fourier trans-
form IR spectroscopy revealed the existence of strong ESO− ZnO
hydrogen-bonding interactions. The studies also showed that the
nanoparticles acted as mass transport barriers, reducing water
absorption and gas permeability and leading to higher thermal
stability. Significant improvements in the mechanical properties
were also attained due to ZnO reinforcement, with only a small
reduction of the material stiffness and strength after exposure to
several cycles of steam sterilization or to simulated body fluid at
body temperature. Extraordinary reductions in the coefficient of
friction and wear rate were detected under both dry and simulated
body fluid conditions, confirming the potential of the reinforcing

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

Polym Int 2015; 0: 0 © 2015 Society of Chemical Industry wileyonlinelibrary.com/journal/pi



10

www.soci.org M A Mosiewicki, M I Aranguren

nanoparticles for also improving the tribological performance of
the oil-based polymer. The nanocomposites displayed antimicro-
bial action against human pathogenic bacteria with and with-
out UV illumination, which increased progressively with the ZnO
content.95,96

FINAL COMMENTS
In general, the direct use of triglycerides or modified triglycerides
produces polymer networks with heterogeneous molecular struc-
ture resulting from the reactivity and location of the reactive
groups in the molecule. Because of this characteristic and the pres-
ence of dangling chains, the glass− rubber transition covers a
wide range of temperatures. If the reactivity is low, the reactions
are slow or incomplete. When this is the case, the aging of the
samples due to the action of oxygen in the surrounding air must
be investigated, and this is particularly important in thin films and
coatings.

Because of this drawback, many modifications or derived
monomers have been proposed to obtain primary or end-chain
chemical groups, as well as combinations with other polymers
(blends, copolymers, IPNs) or reinforcement with microparticles,
nanoparticles and fibers in order to achieve better hardness and
modulus, reduced tackiness or higher gloss and transparency.

Many different examples have been presented of more specific,
functional and non-traditional applications of polymers derived
from plant oils, from smart to biomedical materials. The low elec-
trical conductivity of most polymers is also a characteristic of veg-
etable oil based polymers, but this property has been widely varied
by tuning the formulation of the final material by combination with
other insulating components or, in contrast, electrical conductors.
Mendability, self-healing and thermoreversibility and recyclability
are also new added functionalities that offer great potential for
extended uses and greener applications.

Biodegradability or biocompatibility depend on the overall for-
mulation, but plant oils have been shown to be an excellent start-
ing point to regulate this property while balancing other require-
ments such as mechanical properties.

The use of vegetable oils is therefore a versatile tool that offers
the possibility of tailoring the right chemical or polymer according
to the specific need and allowing us to benefit from its availabil-
ity, capability of forming films/coatings or self-standing parts, ver-
satility to vehiculize different functional agents and possibility of
affecting or being affected by biological agents.
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