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Abstract: This paper provides an overview of the recent progress in research and development deal-
ing with polymers derived from plant oils. It highlights the widening interest in novel approaches
to the synthesis, characterization and properties of these materials from renewable resources and
emphasizes their growing impact in sustainable macromolecular science and technology. The mon-
omers used include unmodified triglycerides, their fatty acids or the corresponding esters, and
chemically modified triglycerides and fatty acid esters. Comonomers include styrene, divinylben-
zene, acrylics, furan derivatives, epoxides, etc. The synthetic pathways adopted for the preparation
of these materials are very varied, going from traditional free radical and cationic polymerizations
to polycondensation reactions, as well as metatheses and Diels—Alder syntheses. In addition to this
general appraisal, the specific topic of the use of tung oil as a source of original polymers, copoly-
mers and nanocomposites is discussed in greater details in terms of mechanisms, structures, prop-
erties and possible applications.

Keywords: polymers from renewable resources; vegetable oils; triglycerides; fatty acids; copoly-
merization; tung oil

1. Introduction

The presence of polymers in all sectors of today’s society is irreversible and has gen-
erated debates about the harmful consequences that they cause to the environment, such
as greenhouse gas emissions and the production of incalculable amounts of waste. In this
context, efforts have been directed, in both academic and industrial sectors, to the devel-
opment of alternative renewable materials [1,2], with priority to those that have also po-
tential to be recovered after use. The application of biological platforms for the synthesis
of macromolecular materials is a very promising strategy, as it opens the way for the pro-
duction of original polymers with reduced environmental impact. The development of
new technologies for the production of macromolecular materials from renewable re-
sources is now boosted by widespread discussions on how polymers should advance in
a sustainable society based on a circular economy, considering environmental aspects at
the same time as promoting an efficient conversion of resources and a correct and reduced
disposal of wastes [3].

Monomers prepared from vegetable biomass can produce versatile polymers, and
many of them are based on consolidated technologies or on those under advanced devel-
opment, which is the case of biobased ethylene, ethylene glycol and terephthalic acid [4].
Vegetable oils and their derivatives are protagonists for the development of polymers
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from biomass [5-12]. Indeed, an exponential behavior is observed when both the number
of scientific publications using the keywords “polymers” and “vegetable oils” and their
corresponding citations are plotted as a function of time considering only the last two
decades (Figures 1 and 2), which is a convincing demonstration that the subject is far from
being fully exploited.
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Figure 1. Number of yearly publications on polymers from vegetable oils [13].
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Figure 2. Number of yearly citations on polymers from vegetable oils [13].

To pursue novel polymers from vegetable oils, different approaches are possible, in-
cluding, not exhaustively, the breakdown of triglycerides by transesterification processes
and the chemical modification of the fatty acids’ double bonds by means of metathesis,
epoxidation and click reactions. The various possibilities in this regard lead to the produc-
tion of polymeric materials with interesting properties and promising applications, such
as thermosets, linear polyesters, polyurethanes, polyamides, and their blends and compo-
sites, among others.

This monograph aims to present an up-to-date overview of some important research
strategies on the preparation of polymers from plant oils following a recent book on the
topic [5], with a particular focus on novel synthetic approaches, as well as on original
properties of the ensuing materials. First, the discussion focuses on the use of unmodified
triglycerides as monomers, leading, on the one hand, to highly branched or crosslinked
soft materials, or, on the other hand, to highly branched or crosslinked materials of higher
Tg via their association with comonomers including styrene, divinylbenzene, acrylics, fu-
ran derivatives, etc. Then, attention is directed to the polymerization of fatty acids and the
corresponding esters, and of other molecular structures derived from them. Finally, the
specific use of tung oil and its main fatty acid as a source of original polymers, copolymers
and nanocomposites is discussed in greater details in terms of mechanisms, structures,
properties and possible applications.
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2. Vegetable Oils: A Unique Source of Chemicals and Monomers

Mostly extracted from the seeds of some species of annual plants, vegetable oils are
viscous liquids at room temperature, always made up of a mixture of triglycerides bearing
one or two predominant fatty acids. Their precise composition varies depending on the
source from which the oil was extracted and edaphoclimatic factors. Linseed oil, for ex-
ample, consists mainly of linoleic acid and linolenic acid, while in castor oil and tung oil,
the most abundant fatty acids are, respectively, ricinoleic acid and a-eleoestearic acid (Fig-
ure 3) [5,14]. According to the United States Department of Agriculture [15], the total pro-
duction of major oilseeds around the world in 2019/2020 exceeded 577 Mt, with almost
60% consisting of soybean.

The main characteristics that determine the physicochemical properties of these oils
are the stereochemistry of the double bonds, the degree of unsaturation and the length of
the fatty acid chains. The average degree of unsaturation, measured by the iodine value
(i.e., the amount of iodine (mg) that reacts with the double bonds of 100 g of a given oil),
is particularly relevant in the present context, since the double bonds are the promoters of
most of the functionalization, crosslinking and polymerization reactions. Iodine values of
some common fatty acids and their triglycerides are given in Table 1.
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Figure 3. Molecular structure of a generic triglyceride and common unsaturated fatty acids pre-
sent in the composition of vegetable oils.

Table 1. Iodine values of some unsaturated fatty acids and their triglycerides [5].

Iodine Val
Fatty Acid (Number of Carbon Atoms) odine Value

Acid Triglyceride

Palmitoleic (C16) 99.8 95
Oleic (C18) 89.9 86
Linoleic (C18) 181 173.2
Linolenic (C18) and a-eleostearic (C18) 273.5 261.6
Ricinoleic (C18) 85.1 81.6
Licanic (C18) 261 258.6

The large number of naturally available oils and the wide array of possible chemical
modifications that can be performed are therefore the key that allow researchers to con-
tinuously achieve a myriad of fascinating molecular structures based on triglycerides. In
fact, oils and fats of vegetable and animal origin make up the greatest proportion of the
consumption of renewable raw materials in the chemical industry [16]. The chemical mod-
ification of vegetable oils by means of oxidation, olefin metathesis, pericyclic reactions,
radical additions, as well as transition-metal catalyzed and Diels—Alder syntheses to aro-
matic compounds are some of the many tools available to prepare chemicals of industrial
interest that are not available from the fossil platform [17].
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Considering the generic structure of a triglyceride incorporating C=C unsaturations,
the sites susceptible of undergoing reactions or chemical modifications are shown in Fig-
ure 4. More specific oils incorporating other functional groups such as hydroxyls or
oxiranes offer additional sources of chemical exploitation. In industrial processing, vege-
table oils are converted to glycerol plus fatty acids, methyl esters and fatty alcohols, and
subsequent chemical modification steps are often conducted in order to obtain the specific
chemicals of interest. Among these commodities, one finds, non-exhaustively, soaps, sur-
factants, emollients, pesticide formulations and lubricants [18]. Recently, “biodiesel”
(fatty acid methyl esters, FAMEs) has emerged as a viable alternative in terms of renewa-
ble fuel, as produced from the basic-catalyzed transesterification of vegetable oils with
methanol or ethanol.

0 allylic carbons

methylene sites next
to ester groups

O: unsaturated bonds

ester groups

Figure 4. Four main reactive sites of unsaturated triglycerides.

This broad range of possibilities is also convenient to convert plant oils into a large
variety of monomers and polymers. As a matter of fact, one can define some crude vege-
table oils as natural oligomers, and film coatings based exclusively on unsaturated triglyc-
erides have been used by man in different contexts. This is the case of tung oil, extracted
from the seeds of Vernicia fordii nuts, which has a millennial history of exploitation in
China as a siccative coating for waterproofing, varnishing, paints, lacquers and inks,
thanks to the highly unsaturated structure of its main triglyceride, made up of a-eleos-
tearic fatty-acid motifs incorporating three conjugated double bonds (Figure 3). The mech-
anism of this “drying” process is based on the reaction of unsaturated moieties with at-
mospheric oxygen. In a first step, the C=C double bonds activate the C-H bonds of allylic
carbons, upon which the oxygen molecule inserts itself to form a hydroperoxide molecule.
The ensuing so-called oxido-polymerization reaction passes through the formation of rad-
ical intermediates, finally reaching a tridimensional network [5].

Since this first empirical exploitation, the strategy of converting plant oils into poly-
meric materials has vastly evolved, starting with linoleum, developed in the second half
of the 19th century. Synthetic polymers based on vegetable oils have already been com-
mercialized in large scale since the 1950s, with a nylon-11 based on castor oil (Arkema’s
Rilsan®) as the main example. From then on, different synthetic routes, controlled pro-
cesses and sophisticated catalysts are periodically reported, and today, vegetable oil-
based polymeric materials with tunable properties can be designed according to the in-
tended application. Among the possible approaches, one can emphasize the preparation
of (i) highly branched and crosslinked materials, resulting from polymerization reactions
of polyfunctional triglycerides, and (ii) linear materials, obtained by the breakdown of
triglycerides into the corresponding fatty acids, which are often chemically modified to
be converted into suitable bifunctional monomers. The most relevant contributions re-
lated to both strategies are briefly discussed below.

3. Branched and Crosslinked Polymers Based on Pristine or Chemically Modified
Tryglicerides

The direct polymerization of polyfunctional vegetable oils into thermosets is a possi-
bility that avoids preliminary synthetic steps and therefore represents a more sustainable
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approach towards polymeric materials [19]. The 1,2-disubstituted C=C unsaturation of
common fatty acids often reacts slowly in the presence of free radical and cationic initia-
tors, and this strategy demands an association with a more reactive comonomer such as
styrene and divinylbenzene [5]. A recent and very promising approach is based on the
fact that sulfur can act as a monomer to initiate polymerization when heated to its molten
state with unsaturated hydrocarbons. From this reaction emerged a new class of macro-
molecular materials called sulfur-based polymers, which are mostly prepared from fossil-
based vinyl monomers. Unsaturated vegetable oils may serve as green and effective alter-
natives in this context, and the ensuing bio-based polymers (Figure 5) were synthesized
and exhibited good potential for applications as cathode material in batteries such as Li—
S batteries, as adsorbents for the removal of mercury and hydrocarbons from polluted
water, and as support for smart controlled-release of fertilizers [20].

R

Figure 5. Schematic representation of a polymerization reaction between a triglyceride made up of
oleic acid and elemental sulfur [20,21].

Despite the viability of directly polymerizing crude plant oils, a preliminary treat-
ment for converting triglycerides into more reactive monomers is often convenient [5].
More recent contributions include a one-step acrylation procedure applied to palm oil,
olive oil, peanut oil, rapeseed oil, corn oil, canola oil, and grapeseed oil, with the products
separately mixed with polyurethane acrylate, trimethylolpropane triacrylate, and a pho-
toinitiator to prepare ultraviolet-curable films [22]. Epoxidation is another suitable pre-
liminary reaction for the insertion of acrylic moieties into the triglyceride backbone, which
was the route adopted to prepare acrylated linseed oil and, in a further step, aza-Michael
polymers using priamine 1071, amine-terminated poly(propyleneoxide)s (jeffamines) and
meta-xylylenediamine as crosslinkers [23]. In another vein, castor oil was submitted to a
two-step procedure of maleinization and methacrylation (using, respectively, maleic an-
hydride and glycidyl methacrylate) to synthesize a highly unsaturated monomer to be
further homopolymerized and copolymerized in association with styrene [24]. The final
materials were submitted to accelerated weathering tests in order to estimate their long-
term performance under environmental conditions. Besides acting as a direct crosslinking
agent for crude triglycerides, sulfur can also be useful for the synthesis of plant oil-based
reactive monomers, since the thiol-ene click reaction may be applied as a versatile tool to
yield high conversions under mild conditions. Diethyl allyl phosphonate A was inserted
via the thiol-ene reaction into a commercial mercaptenized castor oil, and the ensuing pol-
yol was used for the preparation of rigid polyurethanes with different weight percentages
of phosphorus and with promising flame retardancy properties, ensuring fire safety for
constructional and household applications [25].

In fact, the preparation of polyurethanes from vegetable oils is a subject that deserves
attention, since its first report in the literature in the early 1990s [26], related to the prepa-
ration of polyurethane foams by mixing waste oil and polypropylene glycol with diphe-
nylmethane diisocyanate, opened the way to hundreds of other publications belonging to
the same field. Interesting and thorough monographs tackling the most relevant advances
were recently published, calling upon aspects of synthesis, mechanical and thermal prop-
erties of polyurethanes from seed oil-based polyols [27], opportunities and challenges of
bio-based polyurethanes with flame retardancy [28], as well as plant oil-based waterborne
polyurethanes [8], viz. ionic and non-ionic polyurethane dispersions prepared in aqueous
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media. The materials are therefore evolving to more complex systems with specific appli-
cations, which is notably the case of the synthesis of vegetable oil-based polyurethanes for
tissue engineering [29]. In this study, the thermosets exhibited good cytocompatibility and
efficient antimicrobial activity against various microbial strains, and were considered suit-
able for wound dressing applications. The environmental concern of the whole process is
also a major challenge regarding polyurethanes, and research has also focused on prepar-
ing VO-based non-volatile polyisocyanates, thus combining safety and renewable re-
sources [5]. An additional green connotation was also added to vegetable oil-thermosets
by associating monomers prepared from high oleic soybean oil and lignin. Azide-func-
tionalized soybean oil polymers were prepared and submitted to click crosslinking with
alkyne-modified lignin via metal-free thermal azide-alkyne cycloaddition reaction, lead-
ing to the preparation of elastomers consisting in a network of long flexible polymer
chains [30]. The three-dimensional character of the final materials in this particular study
was given by the polyfunctional nature of lignin, as the triglyceride itself was converted,
in a first step, to its corresponding fatty esters by transesterification with 2-(methyla-
mino)ethanol. Considering the utilization of vegetable oils as platform for the design of
original macromolecular materials, hydrolysis and transesterification reactions are, how-
ever, more frequently conducted for the preparation of thermoplastic materials, as dis-
cussed below.

4. Linear Polymers Based on Fatty Acids or Their Ensuing Derivatives

The concept of producing linear polycondensates from plant oils has changed dras-
tically in the past 70 years. The discreet example of Rilsan® has evolved into the utilization
of vegetable oils as main components of sophisticated materials based on synthetic pro-
cesses for the design of polymers with very specific applications [5]. The market for poly-
olefins is increasing yearly, which motivates the search for novel sources of monomers
and polymers with original properties as emphasized by very recent research. Lomege
and coworkers recently presented a very complete review covering the possible routes to
convert fatty-acid based monomers into polymers via radical polymerization [12]. This
monograph brings to light many examples of polyolefins that can be easily prepared from
vegetable oils, with the most diverse type of pendant groups along the polymer chain.
Another recent contribution is related to the preparation of ABA triblock copolyolefins
from lauryl acrylate and triacetic acid lactone, leading to materials that are suitable for
high-performance pressure-sensitive adhesives [31]. Isomerizing copolymerization was
used to copolymerize high-oleic plant oils or fatty acid methyl esters with ethylene in a
one-pot reaction [32]. The polyolefins were isolated with Mn values higher than 30 kDa,
comprising more than 20 weight percent of plant oils. A very interesting strategy recently
reported the synthesis of 8-heptadecadiene from oleic acid, and its subsequent polymeri-
zation produced isotatic and atatic polyolefins (Figure 6). The unsaturated pendant
groups allowed to conduct a further step of post-polymerization crosslinking [33], as well
as post-polymerization chemical modifications, such as bromination, epoxidation and
cross-metathesis [34].

The catalytic conversion of unsaturated fatty acids by isomerizing carbonylation or
olefin metathesis yields (ultra)long-chain AB-type monomers bearing terminal dicar-
boxyl, diol or diamine groups [35]. These vegetable oil-based monomers can be polymer-
ized to polyesters, polycarbonates and other (ultra)long-chain polycondensates, corre-
sponding to polyethylene-like materials with an additional non-persistent nature. In fact,
the synthesis of novel linear polyesters based on the vegetable oil platform is of great in-
terest, with many promising contributions available in the literature. The castor oil-de-
rived undecenol was submitted to catalytic functionalization/polymerization, yielding an
aliphatic polyester in a single-step procedure under mild conditions [36]. Unsaturated
polyesters were prepared through cross-metathesis of oleic acid and oleic alcohol [37], and
elastomeric copolyesters were synthesized from fatty acid diol monomers obtained from
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the reaction of stearic, oleic, linoleic acid and 7-hydroxy-4-methyl coumarin with diethan-
olamine [38]. Polyesters prepared from microalgae oil lipids have also been described [39].

HO

oleic acid

|

~
rﬁrﬂﬂ a

8-heptadecadiene isotatic polyolefin or atatic polyolefin

Figure 6. Schematic representation of the conversion of oleic acid into polyolefins [33].

Less frequent, but also of great interest, is the design of polyamides and polycar-
bonates from vegetable oils. A series of polyamide 11 copolymers was synthesized via
melt polycondensation from 11-aminoundecanoic acid, hexamethylene diamine, and a di-
mer acid obtained from unsaturated fatty acids through an acid-catalyzed Diels—Alder
reaction [40]. The thermal and mechanical properties could be tuned by increasing the
amount of dimer acid incorporated into the polyamide, as it increased the chain irregu-
larity and therefore reduced the hydrogen bonding strength of the amide groups. A very
interesting approach for the synthesis of polycarbonates was reported by Cramail’s group,
based on the controlled polymerization of a fatty acid-based cyclic carbonate bearing an
unsaturation. The linear polymer was grafted with thio-cinnamate, a photo-sensitive moi-
ety that allowed the material to form crosslinks when irradiated with a UV light at 365
nm, and to return to its linear form when the wavelength was reduced to 254 nm [41]. The
preparation of polycarbonates is particularly advantageous when carbon dioxide is used
as raw material, and this strategy was reviewed considering also the utilization of other
biobased feedstocks, such as plant oils, glycerol and fatty acids [42]. This is particularly
promising in terms of green chemistry and sustainable development.

5. The Case of Tung Oil: An Old Ally for Original Materials

In the last decades, due to its low price, large availability, and peculiar chemical
structure, the large exploitation of tung oil in different contexts can be considered a strong
indication of its high potential to act as a rich source of molecules for the production of
energy and materials. As a non-edible vegetable oil, it may be easily incorporated to the
biodiesel industry without impacting the food and feed supply chain, leading to fatty acid
methyl esters that met the ASTM quality standards of kinematic viscosity at 40 °C, density
at 25 °C, cloud point and pour point [43]. The use of tung oil for the synthesis of polymers
is, however, much more promising in terms of the possibilities to develop smart functional
materials that can be useful for a wide domain of applications.

The most classic attribution of tung oil, referring to centuries ago when men first
coated wooden objects to improve their properties and to waterproof ships, is still an ob-
ject of study. Researchers closely assessed the benefits of incorporating tung oil for the
treatment of wood, which led to materials of improved dimensional stability, moisture
absorption, thermal stability and morphological characteristic, which encouraged its im-
plementation in buildings, furniture, and landscape architecture to broadly expand the
application of wood products [44]. In this and other related cases, the ease with which
tung oil is converted to a surface-dry film is given by its prompt susceptibility to the rad-
icalar oxydopolymerization reaction, a process that cannot be avoided in the presence of
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oxygen. In fact, due to the possible formation of stable conjugated radical intermediates,
tung oil can be homo- and copolymerized, in a strategy that was first described in the late
1960s and again in the early 1980s [45]. The most recent contributions consider a prior
chemical modification of tung oil with acrylic and methacrylic moieties, leading to mate-
rials of superior thermal and mechanical properties, readily cured by UV light [46,47]. A
more original strategy called upon the copolymerization reaction of crude tung oil and
furfuryl methacrylate under inert atmosphere, initiated by benzoyl peroxide, and the final
networks were obtained in a second step based on the Diels—Alder click reaction between
pendant furan moieties and residual conjugated double bonds of tung oil, which was per-
formed under high pressure and high temperature [48].

The cationic homo- and copolymerization of tung oil is sporadically explored in the
literature, in a strategy that was first reported by Larock’s group in 2000 [45] and followed
by a series of related works aiming to convert tung oil into three-dimensional networks,
mostly using boron trifluoride diethyl etherate as initiator as well as other comonomers
such as styrene, divinylbenzene, methyl a-eleostearate, terpenes and poly(caprolactone)
[2,5]. In all cases, no detailed mechanisms for the processes were put forward and most
studies were carried out in an atmospheric environment and called upon the use of high
temperatures for the final setting phase, so that, inevitably, free radicals also intervened
in the network formation. Given the lack of information on the cationic polymerization
mechanism of tung oil, an investigation on this process was conducted using trifluoroa-
cetic acid (TFA) as initiator, room temperature and inert atmosphere, and although some
insight could be gathered from the tung oil polymerization, the rapid formation of cross-
linked materials hindered a deeper understanding of the mechanistic and structural is-
sues. The methyl ester of a-eleostearic acid was therefore selected to mimic tung oil in this
context because its cationic polymerization proceeded without leading to crosslinked
products, thus allowing its progress to be followed in a homogeneous medium, notably
by NMR spectroscopy [49]. The idea evolved into a more complex system, based on the
cationic copolymerization of furfuryl alcohol with tung oil, in order to combine the high
intrinsic flexibility of the crosslinked tung oil polymers with the stiffness of the furfuryl
alcohol resin, leading to fully biobased crosslinked materials with a tunable glass transi-
tion temperature [50]. Three approaches were investigated, also using TFA as initiator,
viz. (i) combining crude tung oil and furfuryl alcohol, (ii) combining methyl a-eleostearate
and furfuryl alcohol, and (iii) polymerizing furfuryl a-eleostearate as a single monomer
from which a furfuryl/triene interpenetrating network could be generated (Figure 7). The
polymerization reactions with varying TFA concentrations were followed by NMR spec-
troscopy, and it was possible to get valuable information on mechanistic aspects and prod-
uct properties.

(0]
A
OO (0]
T ~ =
(0] o (0]
OJ\/\/\/\/W\/\/
tung oil (major triglyceride) methyl a-eleostearate
(o]
D~ Do =NINF
(0] (0]
furfuryl alcohol furfuryl a-eleostearate

Figure 7. Monomers used for the preparation of tung oil/furfuryl alcohol networks [50].
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Step-growth polymerization is also possible for the design of original tung oil-based
polymers [5], and in this case, the prompt reactivity of the three conjugated double bonds
of a-eleostearic acid towards dienophiles in Diels—Alder click reactions are often explored
to achieve this goal. Tung oil was submitted to two different reactions, viz. (i) the direct
polymerization with bismaleimides for the synthesis of networks, and (ii) the bulk reac-
tion with excess of furfurylamine, leading to the formation of an AB monomer containing
a furan ring and the three conjugated double bonds of a-eleostearic acid, to be further
polymerized with bismaleimides [51] (Figure 8). More recently, the Diels—Alder reaction
of tung oil with 4-maleimidophenol was conducted for the synthesis of polyols and, in a
further step, of polyurethane elastomers [52]. Eleostearic diethanolamide was synthesized
from tung oil and diethanolamine, and then reacted with hydroxymethylmaleimide to
give a triol, which was mixed with castor oil and isophorone diisocyanate for the synthesis
of polyurethanes [53].

The important number of investigations to convert tung oil into original macromo-
lecular materials bodes well for the expectation of seeing it applied in a large scale in the
near future, not only for the protection of wood products, but also to serve as platform for
more sophisticated materials.

—~ ~

Figure 8. Schematic representation of the use of tung oil to produce Diels-Alder-based polymers [51].

6. Conclusions

The exploitation of vegetable oils has evolved radically during the last decades, and
modern processes are now available to convert them into energy and materials. The latter
strategy is particularly impressive, with promising ongoing research and development
initiatives, indicating that this widely available renewable resource can now provide the
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basic building blocks of original and sophisticated macromolecular materials. The current
scenario is expected to expand further, with plant oil-based polymers appearing more fre-
quently as sources of commercial products capable of replacing important counterparts
prepared from the fossil platform.
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