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Elastomers, a category of polymers characterized by high elasticity and viscoelasticity, possess the ability to revert
to their initial form after undergoing stretching or deformation and are known for their outstanding resistance to

abrasion, tearing, and impact.
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| 1. Introduction

According to PlasticsEurope AISBL®, the global plastics production data in 2021 was 390.7 Mt, and in 2022, it was
400.3 Mt; where Africa produced 9%, Europe 14%, America 21%, and Asia 56%, with China being the country with
the highest plastic production, with about 32%. These include conventional plastics and thermoplastics such as
PET, PE, PP, PVC, PS, and PU, as well as some thermoset plastics 2. The production and consumption of

conventional plastics and polymers show an increase year after year.

Elastomers, a category of polymers characterized by high elasticity and viscoelasticity, possess the ability to revert
to their initial form after undergoing stretching or deformation and are known for their outstanding resistance to
abrasion, tearing, and impact. Elastomers find applicability across various industries, including automotive,
aerospace, construction, electronics, healthcare, and biomedicine BBl There are two types of elastomers:
thermoplastic elastomers (TPEs) (e.g., thermoplastic polyester elastomers, thermoplastic polyether elastomers,
thermoplastic polyurethane elastomer, thermoplastic polyamide elastomers) and thermosets (e.g., vulcanized
natural or industrial rubber, epoxidized natural rubber, cross-linked polyester elastomers, cross-linked polyurethane
elastomers). Thermoset elastomers predominate in production and consumption. The elastomer industry
encompasses three primary kinds: rubber, plastic, and gel. Rubber elastomers, crafted from natural or synthetic
polymers, are renowned for their remarkable elasticity and durability. In contrast, plastic elastomers or TPE
represent a fusion of rubber and plastic, delivering a harmonious combination of flexibility and rigidity [=I4],
Currently, polymers, including elastomers, are non-recyclable and come from non-renewable sources 2. Due to
this, the synthesis of elastomers from natural and renewable resources has attracted the attention of researchers
and industries.
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By the definition provided by the International Union of Pure and Applied Chemistry (IUPAC), the term “bio-based”
refers to “materials that are either entirely or partially composed of biological products originating from biomass.
This encompasses materials derived from plant, animal, marine, or forestry sources” B In environmental terms,
bio-based polymers possess the capacity to mitigate greenhouse gas (GHG) emissions, particularly carbon dioxide
(CO,). This reduction occurs because, during the synthesis process using natural resources as raw materials,
plants absorb atmospheric CO, for their growth. As a result, bio-based polymers contribute to a net reduction in

atmospheric CO, levels [,

A bio-based polymer originates from natural and/or renewable sources, typically derived from biomass, and is
recognized for its environmentally friendly characteristics. It exhibits a shorter environmental decomposition time,
influenced by both abiotic and biotic factors . This polymer or elastomer may consist partially or entirely of bio-
based components, such as a mixture, composite, copolymer, graft, additive, or by employing natural monomers in
the synthesis (biopolymer). A higher percentage of bio-based content indicates a more sustainable material, often

associated with biodegradable and compostable behavior !,

2. Bio-Based Elastomers from Natural and Industrial
Rubbers

Synthetic elastomers used in tires are derived mainly from petrochemicals, which are not sustainable. Recently,
renewable resources have been used to produce several bio-based elastomers. For example, itaconic acid is a
renewable resource from fermentations produced by microorganisms, especially Aspergillus terreus; it is used as a
bio-based building block. Lei et al. have manufactured silica/poly(di-n-butyl itaconate-co-butadiene) (20-80%
butadiene) nanocomposite-based green tires that are prepared by redox-initiated copolymerization of di-n-butyl

itaconate and butadiene. These bio-based elastomers have excellent wet skid and low roll resistances, respectively
[101,

It is essential to say that not all bio-based polymers are biodegradable (capability of being degraded by biological
activity); for example, bio-based plastics such as the bio-polyethylene (Bio-PE) and Bio-poly(ethylene
terephthalate) (Bio-PET) that use bioethanol from sugarcane (by the fermentation of glucose) [BILUIA2] starch-
based crops produced by wet-mill processing as raw material 13141 the chemical modification of natural rubbers
(NR) that have been modified to improve their properties and application, as well as the epoxidized NR under

strain-induced crystallization (SIC) 131, are all non-biodegradable polymers.

In particular, natural rubber (NR) is a polymer composed of isoprene units linked to form double bonds with a cis
configuration (99.9%, cis-1,4-polyisoprene) when extracted from the latex of the Hevea brasiliensis trees and
Parthenium argentatum woody shrub L8IILZII8]: trans configuration extracted from the latex of the Palaquium gutta
trees (trans-1,4-polyisoprene) 19 and cis/trans isomer mixtures extracted from the latex of the Manilkara zapota
trees (171811201 NR (99.9%, cis-1,4-polyisoprene) is widely employed in the fabrication of tires, construction
industries, and biomedical applications. NR possesses unique properties due to its low modulus and high elasticity

and can rapidly recover its original state upon release of external stress 18,

https://encyclopedia.pub/entry/53849 2/16



Bio-Based Polyurethane Elastomers | Encyclopedia.pub

Based on reprocessability, bio-based NR can introduce bio-based chemically crosslinked thermoplastics. The bio-
based chemically crosslinked/cross-linkable elastomers (CCEs) from NR and synthetic elastomers derived from
bio-based monomers have been reported. CCEs possess better resilience and higher operating temperatures due
to covalent three-dimensional (3D) networks 2122231241 Several dicarboxylic acids are used as green

crosslinkers to react with ENR (Figure 1).
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Figure 1. Crosslinked epoxidized natural rubber (ENR) with dicarboxylic acid.

Srirachya et al. investigated a crosslinking agent for ENR. They demonstrated that it was possible to crosslink ENR
with maleic anhydride thermally; no additional catalysts were needed [21. Riyajan et al. studied the influence on the
physical properties, including the swelling behavior, tensile strength, and thermal stability of the vulcanization of
ENR latex using a terephthalic acid crosslinker. It was observed that the ENR crosslinked with terephthalic acid
depolymerized in natural soil compared to natural rubber vulcanized with sulfur 22, Pire et al. crosslinked the
epoxidized NR by dodecanedioic acid with 1,2-dimethylimidazole. The authors explain that 1,2-Dimethylimidazole
accelerates crosslinking, and imidazolium dicarboxylate species are formed to reach the less substituted side of
the epoxy site 231241 Generally, the ENR crosslinked with dicarboxylic acids improves mechanical properties
compared to those vulcanized by sulfur because carbon—oxygen crosslinks possess higher bond energies than

sulfur ones 23],

Bio-Based Elastomers with Essential Oils

Citric fruits (Rutaceae family) are the most commonly cultivated and consumed fruits worldwide. According to the
Food and Agriculture Organization of the United Nations (FAO), global overall citrus fruit production in 2020 was
around 158.49 million metric tons 28, The major citrus-producing countries include China, Brazil, and the United
States of America. Approximately 40-60% of the fruit is discarded as waste upon consumption. In general, the

industrial production of citrus fruits generates 110-120 million tons of citrus waste yearly, such as peels (flavedo
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and albedo), seeds, and pomace 2728129 |t js possible to extract limonoids, essential oils, phenols, flavonoids,
carotenoids, and cellulose from these wastes. Significantly, essential oils can be obtained from the peels and
seeds of citrus fruit waste, and they are considered potent bio-resource materials for various uses in the food and
non-food sectors. Also, these substances are considered plant-based natural products consisting of volatile and
aromatic compounds present at low concentrations. Essential oils are compounds made up of isoprene units
attached to 10-carbon and 15-carbon structures known as monoterpenoids and sesquiterpenoids, respectively.

These compounds are typically found in the oil sacs of citrus peels and cuticles, as shown in Figure 2 [29],

Flavedo
(essential oils,
phenols, flavonoids,
carotenoids)

Seeds
(essential oils,
limonoids)

Figure 2. Essential oils in the citrus peels and cuticle of the citrus fruit.

Essential oils or citrus oils have the characteristics of being low in toxicity, inexpensive, and can be obtained by
several extraction techniques such as steam distillation and solvent extraction BYEl, They are mainly used in the
pharmaceutical industry to obtain active ingredients, the cosmetics industry in perfume production, food for
flavoring preparation, and the chemical industry in packaging materials production, among others. In the bio-based

elastomers elaboration, essential oils have significantly modified natural rubber and some industrial elastomers.

Terpenes have emerged as viable candidates to serve as monomers in bio-based elastomer production. The most
common type of bio-based elastomers from terpene is 3-Myrcene, which is extracted by hops, bay, and thyme oils
or can be obtained by pyrolysis from B-pinene 22, B-Myrcene has two conjugated double bonds in its structure and
can be polymerized similarly to its isoprene via anionic, free-radical, coordination, and cationic reactions. These
polymerization reactions can have several possibilities for 1,2-; 3,4-; and 1,4-cis or trans myrcene isomerization to
obtain elastomers with similar mechanical and thermal properties to NR (Hevea brasiliensis, Palaquium gutta, and
Manilkara zapota trees). In 1960, Marvel studied the polymerization of myrcene by Ziegler-type catalysts
(triisobutylaluminum, TiCl,, and vanadium trichloride) with a predominantly 1,4 arrangement of the diene unit in the

polymer chain, with conversions of 80% of the polymyrcene 31,
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It has been reported the stereoselective polymerization of 3-myrcene and [3-ocimene and their copolymerization
with styrene using homogeneous titanium catalysts activated by MAO (methylaluminoxane) showing different
stereoselectivity, for example, 1,4-trans-poly myrcene (92%) and its copolymerization with styrene using
dichloro{1,4-dithiabutanediyl-2,2"-bis(4,6-di-tert-butyl-phenyl)}titanium complex, and 1,4-cis-poly myrcene (92%) in
the presence of Ti(n5-CsHs)-(nN2-2,2'-methylene bis(6-tert-butyl-4-methylphenoxo))Cl complexes were obtained.
Also, these catalysts were used in the B-ocimene polymerization. Other terpenes are ocimene (which can be
produced from the thermal cracking of B-pinene) and farnesene (which can be found in nature like a- and (-
isomers); however, farnesene can be obtained through the fermentation of sugar feedstocks 24, When using the
last catalysts with ocimene and a high temperature (70 °C), the 1,4-trans polymer (70%) is formed, while at a lower

temperature, an isotactic poly-1,2-ocimene (>99%) was obtained 3],

On the other hand, Lamparelli et al. have reported that the soluble heterocomplexes consisting of sodium hydride
in combination with trialkylaluminium derivatives have been used as anionic initiating in the polymerization of

myrcene and its copolymerization with styrene and isoprene (8157,

It is well known that NR and industrial elastomers such as polybutadiene (PB) and poly(styrene-butadiene-styrene)
(SBS) are materials used in the production of tires, adhesives, and rubber bands, among others. The properties of
elastomers are amorphous polymers found above their glass transition (Tg), which explains their deformability.
Authors have demonstrated that modified elastomers such as NR are proposed to expand the application 8. |t
has been reported that d-limonene, (-pinene terpenes, some menthol, 3-citronellol, and citral terpenoids, mainly
extracted from turpentine, lemon, mandarin, orange, mint, citronella oils, citral, and other terpenes, contain in their

structure carbon—carbon double bonds, and they are used in the natural rubber modification via metathesis
reactions [3249][41]142]

Some reports have shown that d-limonene, considered the most abundant component in mandarin (74%), lemon
(87%), and orange (97%) essential oils, is used as a chain transfer agent (CTA) in the cross-metathesis reaction of
NR in the presence of ruthenium carbene-alkylidene and vinylidene complex catalysts (Figure 3). These two
classes of catalysts tolerate a wide range of functional groups (e.g., amino, carboxyl, acetoxy, ester, hydroxy,

fluorine, and chlorine), and they are active with more sterically hindered substrates such as natural rubber 43144]
(43],
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Figure 3. Synthesis of bio-based NR with d-limonene via cross-metathesis.

NR modification with limonene and mandarin oils via cross-metathesis allows the synthesis of mono-terminated or

terpene-terminated oligomers (Table 1) with low molecular weight around M,, x 102 g x mol™! and yields of 80%
when the catalyst Grubbs-2 is used (entries 1 and 3). In contrast, with Grubbs-1 and vinylidene-Il and -l catalysts

(491 the molecular weights of terpene-terminated oligomers are around M,, x 10* g x mol~! with yields ranging from

70-96% (entries 2, 7, and 8).

Table 1. Examples of terpene-terminated oligomers (bio-based elastomers) obtained by cross-metathesis reaction

of NR and SBS with d-limonene and essential oils using Ru-carbene complexes.

Molecular
b Yield Weight
Entry Elastomer CTA Catalyst [NR] Teomp. ¢ M, 9 e Ref.
%o (M epey
NMR)
a - -
1 Natural rubber . d Grubbs 11 50 80 792 779
limonene 2
2 Mar;?la”” Gr“fbs' 11 100 74 16,836 17,554
[39]
3 11 50 80 836 811
4 Mandarin  Grubbs- o, oy 95 3184 4745
oil 2
5 101 50 92 5675 7281
6 Mar;?la”” | 11 80 95 9488 9800 [4U
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Molecular
b Yield Weight
Entry Elastomer CTA Catalyst [NR] Teomp. ¢ M, 9 e Ref.
%o (M epey
NMR)
Mandarin [40]
7 ol I 1:1 80 95 10,941 10,398
8 Mar;?la”” 1 11 80 96 10,693 10,700
d- [41]
9 . | 1:1 80 96 289 295
limonene
19 Poly(styrene-co-butadiene) g | 11 8 92 297 307 hesi
(SBS, 30% styrene) 9 : \etathesis
3 -1
I
Grubbs- _ " g J x mo
11 [41] Orange 1 11 50 93 285 325 s NR/CTA

molar ratio (entries 3-5). A similar approach, bio-based NR, was obtained using lemon, orange, and B-pinene
terpene as CTAs [B4Q4LIE6] This easily accessible class of Ru complexes showed high thermal stability

%m@wﬁﬂi@@ﬁg Betiig) e Mok el@Segmolar ratio [C=C]/catalyst = 250, reaction time = 24 h. b Molar
ratio of NR to CTA; chain transfer agent (essential oil). ¢ Isolated yield of products. 4 Mn determined by H-NMR

éhdqriinad sinaliesid)avheskayie thait tolsubstinredentemedaietindNR: dduhgruenepishease piidfivalbligdresictbrl=C
homab treav erag edigub3titutdecuinsalvaiing wetbecalstpalytiutadigeie panchezttien poiatkaongnagisy diEPO) thehstésio
hiotreniee weidietswveshylcatoulatet! e NG . which makes difficult the coordination between the M=C complex and
C=C double bond of isoprene 47 For example, this has been confirmed by experimental studies in the cross-
metathesis of SBS synthetic elastomer using d-limonene and orange oil as CTA. The SBS-terpene elastomer
modification in the presence of ruthenium-vinylidene catalysts (I) and Grubbs-1 to several molar ratios

[rubber])/[CTA] was accomplished.

| 3. Bio-Based Polyurethane Elastomers

The global production of polyurethane (PU) remains between 5.3 and 5.5% compared to conventional plastics such
as PET, PE, PP, PVC, and PS W py has gained much attention due to its excellent thermal, mechanical, and
chemical properties, diversity in material types, and their applications. There are different types of polyurethanes,
including thermoplastic polyurethanes (TPUs), thermostable polyurethanes, and elastomeric polyurethanes
(EPUs). The most common thermostable polyurethanes are foams, widely used as thermal insulators; among the
most common EPUs are those used as adhesives, high-performance sealants, shoe soles, paints, textile fibers,
gaskets, and in the construction, furniture, medical, and automotive industries. The characteristic properties of
elastomeric PU include high resistance to wear and abrasion, good cushioning capacity, good flexibility at low

temperatures, high resistance to fats, oils, oxygen, and ozone, excellent elastic recovery, transparency, and
adhesion 28425051

PU is synthesized by a polycondensation reaction between a diisocyanate and polyol or macrodiol with an average

molecular weight in the range from 600 to 4000 g/mol, using a short-chain diol or chain extender with molecular
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weights in the range of 62 to 400 g/mol to increase the chain’s molecular weight and define the material’s rigidity.
The polyol forms the soft and flexible segments and provides an elastomeric matrix responsible for most of the
elastic properties of EPU. The diisocyanate, polyol, and diol are used at different molar ratios, and the reaction

mixture will define the soft and hard segments, the type of PU, its properties, and its applications [4252](53](54]

These three components or raw materials for the production of PU are derived from oil resources. Currently, PU is
a non-recyclable polymer that comes from non-renewable sources. It can also be a thermoplastic PU, which makes
it a complex material to recycle and reuse; moreover, there is no adequate waste management. It takes hundreds
to thousands of years to decompose or biodegrade, contributing to plastic waste accumulation, nano and
microplastic formation, and environmental pollution 3256l Due to this, the synthesis of PU from natural and
renewable resources has attracted the attention of researchers and industries to form different types of bio-based
PU BUBABEEISI precisely for this study, bio-based EPU shares elastic properties like rubbers and thermoplastic
polyurethane; these properties are provided mainly by the polyol from natural resources, making it ideal for

different applications.

Different diols and polyols have been used to synthesize bio-based EPUs derived from algae, plants, animals,
crustaceans, grains, cereals, and fruits. Some diols and polyols are mannitol, sorbitol, xylitol, glycerol, cardol, 1,3-
propanediol, 1,4-butanediol, and 1,6-hexanediol bio-based (Figure 4). Many polyols have been obtained and
modified from lignin, chitin, chitosan, and cellulose (aromatic polyol) [BQBLIE2]E3][64][65](66] Some diols can be
converted into polyols by a polycondensation reaction; for example, polyhexanediol (bio-based polyol) has been
obtained from 1,6-hexanediol (62,

|
ALGAE PLANTS ANIMALS

GRAINS AND
MICLOALGAE CEREALS FRUITS
Mannitol Xylitol Lignin-polyol Glycerol Maltitol Erythritol
Sorbitol p-Coumaryl alcohol Propanediol Lactitol 1,3-Propanediol Isomaltol
Lignin-polyol 1,4-Butanediol Chitin-polyol 1,4-Butanediol Cardol
1,6-Hexanediol Chitosan-polyol 1,6-Hexanediol Cardanol
1,4-Cyclohexane- Vanillin-polyol

AN dimethanol OH
OH OH OH
HO. e,
/@/\A " "0H : HO\/'\/\OH
HO 1,4-Butanediol (Bio-based)

OH
p-Coumaryl alcohol Erythritol

L2 P N P é
OH OH OH
/ 1,6-Hexanediol (Bio-based) Mannitol
Cellulose  Aromatic-polyol
HO e OH
OH Polvconde'nsation Poly(hexanediol) n
HO’ reaction

Bio-based polyol

Figure 4. Synthesis of bio-based diols and polyols from natural and renewable resources used to synthesize

polyurethanes.
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Various polyols have been synthesized from industrial and natural rubbers, which have elastomeric properties
because they come from rubbers, such as excellent elastic recovery, low transition temperature (Tg), and flexibility
at low temperatures, which will be transmitted to the polyurethane. Polyols from polybutadiene (PB), polybutadiene
rubber (BR), or SBS copolymer have been synthesized. BR has repeating butadiene units, which can be trans or
cis-1,4-polybutadiene and are modified with another compound or reagent with hydroxyl (-OH)-terminated groups,
which are called “hydroxy-terminated polybutadiene” (HTPB), hydroxy telechelic polybutadiene or polyols; these
have been obtained by different methods such as oxidation or oxidolysis B8l anionic polymerization 2, via
copolymerization 9, via nickel catalyst /Y], and by olefin metathesis 273l Other polyols have been obtained from
natural rubber (NR), NR comes from the rubber tree, or from its synthetic form, polyisoprene rubber (IR), which has
repeating isoprene units and can be trans or cis-1,4-polyisoprene (8. In the same way, NR is modified with another
compound with -OH groups, which are called “hydroxy-terminated polyisoprene” (HTPI or HTNR) or polyols; these
have been obtained by different methods such as epoxidation 2473 anjonic polymerization 28, and by olefin
metathesis [42],

Of the mentioned methods, obtaining polyols by olefin metathesis reaction has shown that both natural and
industrial rubbers can be modified or degraded under mild conditions, at low temperatures and atmospheric
pressure, in solvent-free conditions, or allowing the use of green solvents, and using fatty alcohol, terpenes, diols,
or essential oils with OH groups from natural resources such as chain transfer agent CTA for the synthesis and
production of bio-based elastomeric polyurethanes (Figure 5). This is a new and promising synthesis route to

produce bio-based polyols for applications in engineering polymers and elastomeric materials.

) R R
| \__ Metathesis reaction > Homww,:{:\—):=mmm OH Polyol
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- “n
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Bio-based polyurethane elastomer
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Figure 5. Synthesis of bio-based polyurethane elastomer from polyols obtained by industrial or natural rubbers

degradation (providing the elastomeric part) and essential oils or fatty alcohols derived from natural resources. R is

for rubber repetitive unit (R = H for PB, BR; R = CHj for PI, IR, NR). R; is for vegetable oil, unsatured diol, fatty

alcohol, or terpene (e.g., 9-decen-1-ol, 10-undecen-1-ol, castor oil (Ricinus communis), citronellol, geraniol,

myrcenol, eugenol). R, is for aromatic or aliphatic structures for diisocyanates (e.g., MDI, TDI, IPDI, HDI). Rj is for

C,—Cg chain extender length (e.g., ethanediol, propanediol, butanediol, hexanediol).
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