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 List of Abbreviations 

ADMET: Acyclic diene metathesis 
AFM: Atomic Force Microscopie 
AIBN: Azobisisobutyronitrile … 
AL: Angelica lactone… 
5-ALA: 5-aminolevulinic acid 
Aq.: Aqueous 
ATRP: Atom-transfer radical polymerization 
BAMF: 2,5-bisaminomethylfurfural 
BHMF: 2,5-bis(hydroxymethyl)furfural 
bisCC: bis cyclic carbonates 
BPA: Bisphenol-A 
BTX: Benzene, toluene, xylene 
CALB: Candida antartica lipase B 
Cat.: Catalyst 
CMF: 5-chloromethylfurfural  
CRP: Controlled radical polymerization 
CTA: Chain transfer agent 
DA: Diels-Alder 
DBTDL: Dibutyl tin dilaurate 
DGEBA: Diglycidyl ether of bisphenol-A 
DMA: Dynamic Mechanical Analysis 
DMC: Dimethyl carbonate 
DMF: Dimethylformamide 
DMPA: 4-(Dimethylamino)pyridine  
DPA: Diphenolic acid 
DFF: 2,5-Diformylfuran 
Ð: Polydispersity 
EDA: Ethylene diamine 
FAME: Fatty acid methyl ester 
FDA: Food and Drug Administration  
FDCA: 2,5-Furandicarboxylic Acid 
FF: Furfural 

GBL: -butyrolactone … 

GVL: -valerolactone … 
HDI: hexamethylene diisocyanate… 
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HDPE: High density polyethylene 
HDT: Heat distortion temperature 
HMF: 2,5-Hydroxymethylfurfural 
HPB: Hyperbranched polymer 
HBPE: Hyperbranched polyester 
IA: Itaconic Acid 
IPDA: Isophorone diamine 
IPDI: Isophorone diisocyanate… 
LA: Levulinic Acid 
LA: lactide or lactic acid 
LAB: Lactic Acid bacterias 
LCA: Life cycle analysis 
LDPE: Low density polyethylene 
MA: Methyl acrylate 
mcl-PHA: Medium chain length poly(hydroxyalkanoate) 
MEK: Methyl ethyl ketone 
MGVL: α-methylene-γ-valerolactone  
MDI: 4,4'-Diisocyanate de diphénylméthane  
MMA: Methyl methacrylate 
Mn: Number average molar mass 
MTT: (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 
Mw:  Mass average molar mass 
NIPU: Non-isocyanate polyurethane 
NMR: Nuclear Magnetic resonance 
P3HB: Poly(3-hydroxybutyrate) 
P3HHx: Poly(3-hydroxyhexanoate) 
P3HO: Poly(3-hydroxyoctanoate) 
P4HB: Poly(4-hydroxybutyrate) 
PA: Polyamide 
PAHB: Poly(alkylenehydroxybenzoate) 
PBF: Poly(butylene furanoate) 
PDLA: Poly(D-lactic acid) 
PDLLA: Poly(D,L-lactic acid) 
PBS: poly(butylene succinate) 
PBT: poly(butylene terephtalate) 
PCL: Poly(ε-caprolactone) 
PE: Poly(ethylene) 
PE: AUSSI UTILISE POUR LES POLYESTERS (p16) 
PEA: Poly(ester amide) 
PEF: Poly(ethylene furanoate) 
PEG: Poly(ethylene glycol) 
PEO: Poly(ethylene oxide) 
PET: Poly(ethylene terephthalate) 
Ph: Phenyl 
PHA: Poly(hydroxyalkanoate) 
PHU: Poly(hydroxy)urethane 
PHV: poly(β-hydroxybutyrate) 
PIC: Poly(ethylene carbonate) 
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PIT: Poly(isosorbide terephthalate) 
PLA: Poly(lactic acid) 
PLimC: Poly(limonene carbonate) 
PLLA: Poly(L-lactic acid) 
PMMA: Poly(methylmetacrylate) 
POM: Polyoxometalate 
PP: Polypropylene 
PRic: Poly(ricinoleic acid) 
PS: Polystyrene 
PTMO: Poly(tetramethylene oxide) 
PU: Polyurethane 
PVA: Poly(vinyl alcohol) 
PVAc: Poly(vinyl acetate) 
PVC: Poly(vinyl chloride) 
RAFT: Reversible addition−fragmentation chain-transfer  
rDA: retro Diels-Alder 
ROcP: Ring-opening copolymerization 
ROhP: Ring-opening homopolymerization 
ROMP: Ring-opening metathesis polymerization 
ROP: Ring-opening polymerization 
RT: Room Temperature 
SA: Succinic Acid 
scl-PHA: Short chain length poly(hydroxyalkanoate) 
SPAEK: Sulfonated poly(arylene ether ketone) 
TBD: Triazabicyclodecene 
TEMPO: (2,2,6,6-Tétraméthylpipéridin-1-yl)oxy 
TDI: Toluene diisocyanate 
Tdx%: Degradation temperature (when x% of the product is degraded) 
Tg: glass transition temperature 
THF: Tetrahydrofuran 
Tm: melting temperature 
TPU: Thermoplastic polyurethane 
Tβ: β-transition temperature 
UPE: Unsaturated Polyester 
USAXS: Ultra Small Angle X-ray Scattering 
UV: Ultraviolet 
wt%: Weight percent 
5CC: 5-membered cyclic carbonate 
6CC: 6-membered cyclic carbonate 
 

	

I. General Introduction 

Synthetic polymers are of major interest in the chemical industry, with a world production superior to 
350Mt in 2016.  They find applications in all the branches of industry, from packaging films to the state-
of-the-art materials for sports and leisure activities, construction and aerospace industry or medical 
applications. Half of the amount of molecules produced by the petrochemical industry thus finds itself 
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incorporated in the elaboration of polymer materials. With a production of 160Mt / year, ethylene can be 
considered as the major example of petroleum-based monomers. Green Chemistry introduced in 1998 by 
Anastase et al. (refer to Chapter 1 of this book), aims at providing solutions to reduce environmental 
impacts of our society. More precisely, this pursue of a more sustainable chemistry consists in using a 
source of renewable carbon to both reduce the dependence on fossil resources and thus stabilize 
greenhouse gas emissions (in particular CO2) at the end of life. The use of renewable resources is of 
major interest in the elaboration of bio-sourced polymers. By using them, it is possible to mimick the 
fossil-based polymers -drop-in structures such as biopolyethylene- or to design new chemical structures, 
such as poly(lactic acid), PLA. Nowadays, the vegetal-based chemistry (renewable resources) mobilizes 
less than 0.5 % of arable land in the world. 

Some reminders of the definitions of the terms biomass, biopolymer, biodegradable polymer, bio-sourced 
polymer, bioplastic, biorefinery may be necessary: 

 Biomass: material of biological origin (elaborated by alive bodies) with the exception of the 
materials of geological or fossil formation. 
 Biopolymer: polymer developed by alive bodies, extracted from the biomass. Examples: 
polysaccharides, proteins, bacterial polymers. 
 Biodegradable polymer: polymer the main degradation mechanism of which can be biotic, by 
enzymatic way. Under the action of micro-organisms and in the presence of oxygen (aerobic conditions), 
the organic compound decomposes totally within few months into carbon dioxide, water and mineral 
salts, with the appearance of a new biomass; in the absence of oxygen (anaerobic conditions), the organic 
compound decomposes totally within few months into carbon dioxide, methane, mineral salts and 
creation of a new biomass. 
 Bio-sourced (or bio-based) polymer: synthetic polymer partially (generally > 20 %) or totally 
obtained from by-products stemming from the biomass. The bio-sourced character of a polymer can be 
determined in particular from its content in C14, according to the standard ASTM D6866. For the 
materials of totally fossil origin, the content in C14 is null.  
 Bioplastic: term of popularization which indicates a 'biobased plastic' (restricted definition) 
and/or biodegradable (wider definition).  
 Biorefinery: by analogy with a classic refinery, which works from fossil resources, a bio-refinery 
handles biomasses to produce, according to the cases, energy, fuels, materials, chemical and polymer 
products and/or animal and human feed. 

Today, two biopolymers account for a significant part of the world polymer consumption: the 1,4-cis 
polyisoprene (natural rubber, approximately 12Mt/year) - precursor of elastomers - and the cellulose 
stemming from wood pulps (regenerated cellulose, ethers and esters of cellulose, for a total about 
5Mt/year). As for bio-sourced polymers, the latter reaches approximately 1 % of the global production of 
polymer materials, but their production knows a considerable development and corresponds to the 
category of polymers the dynamics of which is the most important, both in terms of production and 
innovation (Figure 1). 
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Figure 1. Trend and Capacity of production of ‘Bioplastics’ in Ktons (from 2015 to 2021). 2 distinct classes: the 
non-biodegradable bio-sourced polymers such as bio-polyethylene, BioPE, bio-poly(ethylene terephtalate), BioPET, 
various bio-based polyamides, PA …(in orange), and the biodegradable bio-based polymers such as the ones based 
on starch, the polylactide, PLA, … (in green). Source: European Bioplastics, Nova-Institute (2016) 

 

The current development of biosourced polymers is first motivated by the search for performances and for 
new features. Indeed, in a global approach, which has to take into account the price of these new 
renewable resources, the bio-sourced feature is not enough for the industrial development of these new 
polymers. Besides, the reduction of impacts, in particular via the use of less toxic monomers and 
catalysts, is a driving force to the development of the renewable resources. The increase of the legislative 
arsenal - with in particular the regulation REACH - aims indeed at reducing the exposure to dangerous 
substances of the industry and end-users employees. In the polymers’ field, Green Chemistry can be an 
answer to these challenges, by proposing less dangerous and possibly biosourced monomers (and 
catalysts). In every case, the danger of a substance does not come from its composition in renewable 
carbon but from its chemical structure and the qualifier " biosourced " or "natural" does not mean without 
any danger! Identical substances will bring the same properties and the same dangers. The only advantage 
- in the short term - is to possess industrial facilities of transformation and existing application sectors. 
The regulations however consider all the new molecules – may they be biosourced - on an equal basis, 
and the industrialists have to study their effects on the Man and the Environment before their launch on 
the market, which is very expensive and limits the development of new products. 

Today, the development of bio-sourced polymers is in particular based on the valorization of two main 
types of resources at the industrial level: oleaginous plants and polysaccharides, in connection with the 
corresponding agricultural productions.1 Indeed, numerous development projects and some already 
marketed products concern the valuation of vegetable oil and glycerin for the elaboration of precursors of 
polymers such as polyamides, polyurethanes, polyesters and polyethers with world actors as Arkema, 
Oleon (Avril), Evonik, Elevance, HunsTman in Europe and US Biobased in the USA. Also, the starchy 
and saccharide-based resources are under industrial development for the elaboration of polyols, 
polyesters, solvents, etc. with group world-leaders as Roquette, Tereos, Solvay, NatureWork. The United 
States developed very early (before 2004) a strategy targeted with a strategic vision of the DoE 
(DeparTment of Energy) for the industrial development of 12 synthons (building blocks), strategic for the 
American economy (see Figure 2). 
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Brazil made the industrial choice around the valuation of resources targeted as the sugar cane with, in 
particular, the production of biosourced polyethylene (Braskem company) by polymerization of ethylene 
stemming from the dehydration of the ethanol obtained by fermentation. It is in particular this bioethylene 
which is used to develop bio-poly(ethylene terephtalate), bioPET. Other actors are interested in the 
valuation of extractable compounds stemming from biomass, such as terpenes for applications as 
adhesives notably. Finally, numerous research efforts are dedicated today to the valuation of lignin 
stemming from various plentiful ligno-cellulosic resources - in particular by deconstruction of this one - 
to propose aromatic synthons of interest. 

 

Figure 2. List of the twelve strategic ‘building blocks’ targeted by the US DeparTment of Energy (DoE)  

 

II. Polymers from ligno-cellulosic resources 
 

A. Furan-based polymers 

The use of furans in polymer chemistry has attracted a tremendous attention in the last decades. This 
growing interest can be attributed to several parameters, such as the relatively easy access to sugar 
sources as well as political incentives depending on each country. Directly accessible from carbohydrate 
resources, furan derivatives are widely available and can thus be considered as serious candidates for the 
synthesis of commodity and/or advanced value-added products. However, the apparent easy access to 
sugar sources must not prevent the fact care has to be devoted not to enter in competition with the food 
industry. As such, the selective depolymerization of sugar-originating biopolymers such as cellulose, 
hemicelluloses, high-fructose corn syrups (among others) has become a potential solution to yield 
interesting platform molecules. 
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Due to the extremely high amount of available literature in the field, it seems almost impossible to 
perform a thorough review of all the results. It is however worth mentioning the work of Gandini and 
Naceur Belgacem2 who extensively reviewed a wide scope of monomers and polymers which can 
originate from furan-derivatives. It is strongly encouraged to refer to this work, should complementary 
information be needed. 
 

1.  Monomers from Furan 

As described before, furan-based monomers can be accessed through the depolymerization of sugar-
originating biopolymers. 5-Hydroxymethylfurfural (HMF) and furfural (FF) are the main platform 
molecules that can be synthesized from sugar-sources. Acidic dehydration of cellulose yields HMF 
whereas hemicelluloses yield FF (Figure 3).3–5 From them, an almost unlimited number of interesting 
monomers can be accessed, depending on the employed synthetic pathway. 
 

 

Figure 3. Possible derivatives from the furfural platform 

 
Describing the different pathways from cellulosic resources to FF and HMF is out of the scope of this 
chapter, but extensive information can be found in the previous cited reviews. However, an important 
aspect of the production of HMF, still slowing down its industrial implementation, has to be mentioned. 
The acidic dehydration process in aqueous phase usually requires harsh to very harsh conditions (such as 
high temperatures and high-to-very-high acidic concentrations). While reacting, cellulose and 
hemicelluloses are breaking up to yield glucose, fructose and xylose moieties, which can rearrange in 
acidic conditions to produce so-called humins (or humic matter), a high-carbon-content brown material, 
that has – to our knowledge – no existing valorization process (except burning). In the case of HMF, it 
was found that this reaction was favored within the aqueous phase, which is not desirable. The use of 
biphasic reaction condition with the addition of an in situ extracting immiscible organic solvent during the 
reaction exhibited superior results in terms of decreased amounts of humins. Recent discoveries6,7 showed 
that using a chlorine source (HCl) favored the formation of 5-chloromethylfurfural (CMF) as opposed to 
HMF. Let alone leaving a very reactive methyl chlorine moiety in place of the hydroxyl group, this 
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molecule possesses the advantage of having a very poor solubility in water so that, when using an 
aqueous-organic biphasic system, in situ extraction could occur right after formation of CMF in the 
aqueous phase. The molecule is thus protected from the very acidic aqueous phase and less humic matter 
is formed. Depending on both the sugar source and the utilized process (batch vs flow chemistry), high 
yields could be reached, leaving a lot of room for improvement towards process economics and further 
chemical reactivity. However, very few examples of CMF conversion8–10 are encountered in the literature. 
This is why only HMF derivatives will be addressed in the following sections. 
 

i. 2,5-Furandicarboxylic acid (FDCA) 

The formation of 2,5-Furandicarboxylic acid (FDCA) relies on the oxidation of HMF to yield its diacid 
derivative.5 The rate, as well as the selectivity of the reaction, obviously is catalyst-dependant and the 
number of possible processes is very high. The homogeneous catalytic oxidation of HMF with O2 is 
performed thanks to the Amoco Mid-Century process, in which a mixture of Co/Mn/Br salts is utilized in 
acetic acid. Depending on both the use of co-catalysts and the process conditions, up to 90% yield of 
FDCA could be obtained, even if the majority of the obtained yields were reported to be around 60%. 
However, the acidic conditions are a limitation to this reaction since it favors the degradation of the native 
HMF (to humins for instance). This is a reason why other pathways, involving noble metals in addition to 
an external base, were investigated. As far as noble metals are concerned, Pt, Au, Pd are the most studied 
catalysts. They all gave the best yields when utilized with an external base in water, which is an 
improvement as it prevents from the degradation of HMF (>90% yield). Supported, meaning 
heterogeneous, catalysis was also proven to be suitable for such a process, which is an improvement in 
terms of recyclability. As a matter of comparison, supported-Au was demonstrated to give better yields as 
opposed to Pt and Pd-supported catalysts. Another advantage of such a process is its versatility, because a 
lot of freedom is left to the operators with the choice of the base or the combination of catalysts. 
However, it is to be noted that the obtained FDCA is never pure, but its (Na2/K2/Mg-)salt version 
(depending on the utilized base). This salt formation is the limiting step towards industrialization since it 
requires complicated purification steps to form and isolate pure FDCA from water. A potential solution is 
to perform this reaction in Methanol, yielding the methyl-ester form of FDCA. Interestingly, this 
protocole can also be transferred to furfural (FF) in the production of the corresponding methylester (FF-
MeEster, see Figure 3). Finally, little amount of literature described the use of supported base metals for 
the production of FDCA. Fe and Co-based catalysts were mostly investigated. Yields up to 90% could be 
obtained depending on the process conditions and the used oxidant. Other alternatives, such as the use of 
ionic liquids have also been reported.11 

ii. Aldehyde- and aminomethyl-derivatives of HMF and FF 

The selective oxidation of HMF to yield 2,5-Diformylfuran (DFF, Figure 3) has also been reported. One 
of the advantages of making DFF as opposed to FDCA is the higher solubility of DFF in organic solvents. 
As such, some examples of forming DFF directly from cellulosic resources 1 pot-1 step process can be 
encountered. In a similar fashion with CMF, this proceeds through the aqueous formation of HMF 
followed by the in situ extraction into the organic solvent, in which the oxidation step can be performed.  
In order to oxidize HMF to DFF, specific metal catalysts have been investigated. Ru-supported catalysts 
gave good selectivity towards DFF and yield both higher than 95%. Vanadium-based catalysts were also 
utilized even if they demonstrated lower yields (<85%). Finally, Mn- and Cu- based catalysts, in 
combination with TEMPO as the oxidizing component, have also been highlighted as potential solutions 
in the oxidation of HMF to DFF. 
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Starting from DFF, it is then possible to form the diamine form of HMF: 2,5-Bis(aminomethyl)furan 
(BAMF, Figure 3). A possible process, described in a patent12 involves a 2-step process: a first step in 
which DFF reacts with hydroxylamine H2NOH.HCl to form the bis-oxime derivative of HMF, followed 
by a reduction step via Ni catalyzed reaction of H2 onto the bis-oxime to yield BAMF. Other process 
involving supported Ni, Cu and Ru catalyst have been described for the production of BAMF from DFF. 
In a first step, DFF is reacted with ammonia in a gas phase to from the corresponding bis-imine 
compound. This compound is then hydrogenated with the help of the aforementioned catalysts to yield 
BAMF with high conversions and selectivities.13 

iii. 2,5-Bis(hydroxymethyl)furan (BHMF) and Furfuryl alcohol (FF-OH) 

In a similar fashion to oxidation process, the reduction of HMF and FF can yield a large number of 
products depending on the reaction conditions. As such, if a selective reduction of the aldehyde moiety 
can yield BHMF and FF-OH from HMF and FF respectively, it is worth keeping in mind that the 
reduction of the furan ring and its successive ring-opening are still doable if too harsh reaction conditions 
are encountered.  
Ru-based catalysts exhibited a good selectivity towards BHMF.14 However, it is to be noted that a lot of 
other metal catalysts can be suitable for the reaction when adapted reaction conditions are employed. Sn-, 
Cu-, Pt- Pd- and Au-based catalysts were proven to be efficient.15–19 Interestingly, an Ir-based catalyst was 
highlighted as a promising candidate for the hydrogenation reaction of HMF and FF into BHMF and FF-
OH.20 
Finally, the Cannizzaro reaction was also proven to be a potential route towards the alcohol-derivatives of 
both HMF and FF. It consists in making a base, such as NaOH, react the aldehyde moiety of the furfural 
compounds. A good selectivity in water at 0°C, with a maximum yield of 86%, was reported.21 

2. Furan-based Polymers  

i. Polyesters  

Among the accessible classes of furan-based polymers originating from step-growth polycondensation, 
polyesters certainly are the most studied. When analyzing the different derivatives that can be obtained 
from the 5-HMF platform, the presence of diols and diacids justifies why a lot of studies have been 
performed on the synthesis of various polyesters. 
 
FDCA has particularly attracted a lot of attention as a bio-based alternative to terephtalic acid. This 
aromatic diacid, classified by the DoE as one of the 12 top value-added chemicals originating from 
biomass (see Figure 2), has been earmarked for its ability as substitute of terephtalic acid. Since 1951 and 
the publication of the first patent claiming the preparation of a polyester from FDCA and ethylene 
glycol,22 several pathways have been investigated towards the synthesis of polyesters by reacting FDCA 
(or its dimethyl-ester derivative) with diols -glycols in particular- (Figure 4). While the first pathway 
consists in a direct polycondensation, the second is based on a transesterification process. The choice of 
the diol has obviously an influence on the resulting properties of the polyesters so-formed, in terms of 
dimensions and thermomechanical properties.23–33 
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Figure 4. Synthesis of polyesters from 2,5-furan dicarboxylic acid (FDCA) 

It is worth noting that transesterification reaction is usually performed in the presence of a catalyst 
following a procedure close to the one of PET synthesis. Lewis catalysts (such as Sb2O3, Ca(OAc)2, 
Zn(OAc)2 ot Titanium(IV) alkoxides) have proven their efficiency.5  
 
Poly(ethylenefuranoate) (PEF) and poly(butylenefuranoate) (PBF) are particular targets of interests. Both 
are indeed 100% bio-based polyesters that have already been implemented at an industrial scale 
(Aventium, Coca-Cola).34,35 Burgess at al. demonstrated that PEF exhibited superior properties to its 
petrochemical analogue (PET) notably in terms of gas permeability.36–38 
It is interesting to mention that from a historical point of view, industrials showed a huge interest in HMF 
and FDCA for their ability to be converted into bio-sourced terephthalic acid for the production of bio-
sourced PET. The corresponding processes have been extensively described in a review co-authored by 
five different companies.39 Two main pathways emerge from their description, both of them relying on a 
reaction of HMF or FDCA with ethylene through a Diels-Alder reaction (Figure 5). 
 

 
Figure 5. Synthesis of bio-based terephthalic acid from 5-hydroxymethyl furfural and 2,5-furan dicarboxylic acid 

The first pathway relies on the reduction of HFM to Dimethyl furfural and has been the first to be studied. 
Numerous research teams optimized the process, which led Lin et al. to study, in 2013, its techno-
economic aspects.40 The authors concluded that the production cost would be about 2.5 times the recent 
price of petroleum-derived p-xylene (in 2014), with around 80% of the cost originating from the needed 
raw materials such as HMF, hydrogen and ethylene. The second pathway relies on the use of FDCA. As a 
matter of comparison, this process takes advantage of the high oxygen amount contained in FDCA to 
yield terephthalic acid. This allows avoiding the reduction step observed in the first pathway and thus 
decreases the number of steps required to form the final product. Both processes have a theoretical weight 
yield of 61%. To our knowledge, it is today unfortunately impossible to compare the techno-economic 
aspects of this process as opposed to the first pathway. 
 
Achieving the formation of polyesters can also be possible when starting with the diol-derivative of 5-
HMF. 2,5-bis(hydroxymethyl)furan (BHMF) can thus be reacted with diacids to yield the corresponding 
polyester (Figure 6). 
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Figure 6. Synthesis of polyesters from 2,5-bis(hydroxymethyl)furan (BHMF) 

Yoshie et al. thus demonstrated in a series of papers the possibility to perform the polycondensation 
reaction of BHMF with succinic acid (n=2) under basic conditions.41–44 Very interestingly, self-healing 
capability was observed with the resulting polyester upon addition of bismaleimide cross-linker; more 
details will be provided in paragraph 2.2.5.  
 
Using lipases through an enzymatic catalytic process, Loos et al. also described the esterification process 
of BHMF with a series of diacids of various chain lengths as described in Figure 6.45 Relatively low 
molecular weights ranging from 1600 to 2400 g.mol-1 were obtained. 
 
Finally, it is worth mentioning the possibility to form bio-sourced furan-derived polyesters originating 
from dimer forms of furan-carboxylic acids. This 2-step process first requires an oxidation of Furfural 
(FF). As described previously, extensive work has been undertaken in order to find an industrially 
attractive way of oxidizing HMF to 2,5-FDCA, the most promising results of which being in methanol 
over gold catalyst.46,47 FF can be also oxidized in a very similar fashion.48–51 The obtained product can 
thus be dimerized with the help of a carbonyl compound (aldehyde or ketone) through a condensation 
step in concentrated H2SO4 at 0°C, (see Figure 7). 

 
Figure 7. Synthesis of diacid (diester) compounds originating from a dimerization process of furfural 

Good yields of 80-84% were obtained when formaldehyde (R1, R2 = H) and acetaldehyde (R1=CH3, 
R2=H) were used. Stronger reaction conditions, namely a temperature of 60°C, were necessary to achieve 
the formation of a dimer with acetone (R1=CH3, R2=CH3) and a moderate yield of 65% was obtained.52,53 
Such dimers are particularly interesting as they can be used as bio-sourced bis-aromatic monomers, 
providing specific mechanical properties to the final polyesters (Figure 8). 

 
Figure 8. Synthesis of polyesters from furfural-dimer-based diesters 

 
Khrouf et al. used the potentially bio-sourced ethylene glycol, 1,3-propanediol and 1,4-butanediol as co-
monomers in the transesterification reaction with the furan dimers.54 Melt polymerization can be 
employed if desired due to the very high stability of the monomers. It is also interesting to mention that 
the diacyl chloride form of the dimers can also be advantageously utilized.55 Finally, such dimers have 
more recently been employed in the synthesis of copolymers such as block copoly(esters) with PET.56 
 

ii. Polyurethanes & Polyureas 
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Due to a very broad scope of applications, the polyurethane industry nowadays has a great interest in 
substituting current petroleum-based polymers with bio-sourced products in order to address a growing 
sustainability issue. Traditionally, polyurethanes originate from the polycondensation reaction between a 
diol and a diisocyanate. Even if the use of diisocyanates (needing toxic phosgene) can be questionable 
from a bio-sourced mindset, it is worth mentioning that a profitable process today relies on the use of 
diisocyanate at an industrial scale. This is why isocyanate-dependant routes will be presented in this 
section. Given the fact that polyureas can be formed in a very similar fashion as opposed to 
polyurethanes, their formation will also be discussed thereafter.  
 
When considering the panel of platform molecules accessible through the dehydration process of 
cellulosic resources, it is easy to notice that 2,5-bis(hydroxymethyl)furan (BHMF) can be used straightly 
by means of reaction with diisocyanate to form the corresponding polyurethane products. (Figure 9) 

 
Figure 9. Synthesis of polyurethanes from 2,5-bis(hydroxymethyl)furan (BHMF) 

 
The Quaker Oats Co. thus patented in 1982 and 1984 the use of BHMF in order to form polyurethane 
foams. BHMF, methylated-BHMF, BHMF homopolymer or BHFM-Propylene oxide copolymer could be 
reacted with a wide scope of polyisocyanate compounds (Papi® supplied by Dow®) to yield foams 
exhibiting interesting flame-retardency ability.57–59  
Finally, and following the similar pathways than those observed for polyesters, FF can be dimerized and 
transformed to get a diisocyanate, that can further be reacted with polyols to yield polyurethanes, (Figure 
10). 

 
Figure 10. Synthesis of polyurethanes and polyureas from furfurylamine dimers and derivatives 

By converting the furfuryl amine dimer into their diisocyanate counterparts, Cawse et al. synthesized 
polyurethane materials. The resulting polymers exhibited similar properties when compared to the bis(4-
isocyanatophenyl)methane (MDI)-based petroleum analogues. The authors thus displayed a bio-sourced 
alternative for the synthesis of industrially relevant polymeric materials.60–62 Attempts were also 
performed by the team of Gandini for the synthesis of 100%-furanic compounds.63,64 The isocyanate-
derivated dimer of FF was thus reacted with various furan-based diols for making final polymers with 
tunable properties. 
It is finally worth mentioning that furfurylamine dimer can also be converted into various polymers. Its 
reaction with diisocyanates yields for instance polyureas, but many other kinds of polymeric materials can 
be designed thanks to the versatility of the monomer. 
 

iii. Polyamides 
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Regarding the synthesis of bio-sourced polyamides from furanic resources (Figure 11), quite scare 
examples have been highlighted in the scientific literature. Bis(aminomethyl)furan (BAMF) thus emerges 
as one of the most logical compound to utilize.  
 

 
Figure 11. Polyamide synthesis from BAMF 

Gandini et al successfully copolymerized BAMF in the presence of 2,5-bis(carboxyl chloride)furan.65 
However, polyamides with low molecular weights were obtained. Moreover, the yield was found not to 
exceed 60%. This was attributed to side reactions occurring onto the CH2-groups attached to the furan 
ring. A patent application from Rhodia also claims the preparation of polyamides from BAMF.66 In the 
process, a stoichiometric mixture of BAMF is performed in the presence of a diacid to yield the 
corresponding carboxylic ammonium salt. Polyamides are finally obtained thanks to a melt 
polymerization process. 
 

iv. Poly(imines / Schiff Bases) & Polyvinyls 

As for polyamides, quite few examples of furan-based poly(imine) and poly(vinylene)s are encountered 
in the literature. Most of them describe the use of 2,5-diformylfuran (DFF) as a precursor (Figure 12).5,67 

 
Figure 12. Synthesis of poly(imines) [pathway I] and poly(vinylene)s [pathway II] from 2,5-Diformylfuran 

(DFF) 

As far as the formation of poly(imine)s is concerned, several diamines – namely 1,4-phenylenediamine, 
1,6-diaminohexane, 2,5-bis(aminomethyl)furan (BAMF)68 and hydrazine69 were used to investigate the 
structure-properties relationship. In the case of the three first diamines, low molecular weight, soluble 
polyimines were obtained (Mn were in the range of 1500-2500 g.mol-1). It is however to be noted that 
interesting thermal stability and optical properties were observed, in particular when 1,4-
phenylenediamine was utilized as a co-monomer. Such results were mostly attributed to the conjugation 
of the resulting polymer. 
A more detailed study was conducted with hydrazine (Figure 13) with interesting properties such as a 
good thermal stability (decomposition started at 270°C without any sign of melting) and a conductivity of 
10-5 to 10-4 S.cm-1 after doping. However, the obtained molecular weight was of similar fashion as 
opposed to the other diamines (Mn was of 2000 g.mol-1). Those encouraging – but not satisfactory – 
results led to further attempts in order to increase the final molecular weights as well as foster the 
processability of such polymerization processes.  
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Figure 13. High molecular weight furanic Poly(Schiff bases) by block-copolymerization with soft segments 

The introduction of soft segments in the polymer backbone was thus performed (Figure 13).69 The 
addition of Jeffamine (Mn = 600 g.mol-1) in a 2-step process thus successfully yielded a plastic-like 
soluble multiblock co-polymer with a molecular weight close to 20000 g.mol-1. 
 
As far as the formation of poly(vinylene)s is concerned, reductive homocoupling reactions of DFF did 
unfortunately not yield polymers of interesting chain-length; the formed polymers were too insoluble to 
undergo further reaction. A solution was proposed by using the Horner-Wadsworth-Emmons Wittig 
coupling of phosphonate esters with aldehydes (Figure 13, Pathway II). Thanks to a wise selection of 
bifunctional aromatic phosphonate linkers, it was possible to form more soluble polymers with increased 
molecular weights along with interesting electronic properties thanks to the conjugation.70–72  
 

v. A reversible polymerization via a Diels-Alder process 

In a context in which the concepts of sustainability, durability and recyclability are emerging, it seems 
important to mention the growing use of the Diels-Alder reaction (DA) for the formation of thermally 
reversible macromolecular architectures. Such a system has gained increased attention due to the 
possibility to form re-crosslinkable, re-mendable, re-shapable and finally recyclable polymers. 
The thermoreversible furan/maleimide system in particular perfectly applies to lignocellulosic-based 
polymers DA processes (Figure 14). 

 
Figure 14. Equilibrium between the Diels-Alder reaction (DA) and retro Diels-Alder reaction (rDA) of 1/ 

furan- and maleimide- based monomers and of 2/ bis-furan- and bis-maleimide- based monomers 

The furan/maleimide relies on the equilibrium between the DA reaction, occurring at a reaction 
temperature around 60°C and its reverse retro-DA reaction (rDA), occurring at the temperature around 
110°C. Both the temperature gap between the two reactions as well as the relatively low temperature 
range in which both events occur made them popular among the polymer community since it allows 
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synthesizing thermally responsive and recyclable polymers without degradation. This allows for instance 
for the design of materials capable of self-healing. 
 
Several pathways to incorporate the furan moieties have been presented in the scientific literature: the 
incorporation of the furan moiety in the inner-backbone of the polymer chain, the modification of an 
existing monomer/polymer prior to polymerization via a DA reaction or the formation of a DA reaction-
based monomer prior to polymerization via another pathway (Figure 15). 
 

 
Figure 15. Several chemical pathways using the furan/maleimide DA system upon polymerization 

Yoshie et al. studied the effect of incorporating the furan moiety in the inner backbone of polyesters prior 
to cross-linking via a DA process with a bis-maleimide-derived compound.42,43 The polyesters were 
synthesized by reacting together BHMF with succinic acid before cross-linking. Several bis-maleimides 
were tested and it was discovered that mendability was achievable, even with furyl telechelic 
prepolymers.73  
 
The team of Gandini used thiol-ene chemistry on vegetable oil-derived compounds in order to attach 2-
furylmethanethiol (obtained from FF) and thus a bio-sourced reactive diene for further DA/rDA process. 
Several strategies for making AA-type or AB-type monomers, targeting linear polymers, were 
investigated. The effect of increasing the functionality of the starting materials (A3-type, AB2/A2B-type 
monomers, see Figure 16), then yielding branched polymers, was also studied to yield in fine a broad 
spectrum of polymers with various molecular weights and thermal properties.74,75 
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Figure 16. Different furan- and/or maleimide-based monomers with different functionalities as proposed by 

Gandini et al.74,75 

Finally, it is worth mentioning the possibility to form a diol by means of reacting bis-maleimide with two 
equivalents of FF-OH (Figure 15). This monomer can thus be polymerized into a lot of polymers 
depending on the utilized copolymer (PUs and polyesters were reported).76 Very interestingly, the authors 
reported the possibility to play with the DA/rDA equilibrium in order to form original and quite 
controlled polymer hybrids, thanks to a simple heating-then-cooling process. When PUs and polyesters 
were blended together and heated to allow for the rDA to proceed, the polymer chains were sliced and 
then recombined each other upon cooling to form PU-Polyester hybrids thanks to the DA reaction. Let 
alone the easy process at stake (successive temperature ramps), the full potential of such a process lies in 
the possibility to control the polymer sequence thanks to the kinetics of the rDA/Da processes. Varying 
the heating and/or cooling times made possible the control of the extent of 
depolymerization/repolymerization so that the scope of achievable products (and properties) becomes 
very large. 

 

B. Levulinic Acid-based polymers 

1. Accessible monomers from Levulinic Acid 

Levulinic acid (LA) and levulinic acid-derived monomers are other kinds of very promising reagents. LA 
is earmarked by the DoE (see Figure 2) as one of the top value-added chemicals originating from 
biomass.  

As described in Figure 17, levulinic acid can be obtained through the de-hydration process in acidic 
medium of HMF and FF. Once formed, it is then possible to convert this platform molecule into different 
other derivatives. Such derivatives have been extensively described by Isikgor and Becer77 but we will 
only focus on specific monomers in the course of this chapter. 
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Figure 17. Possible derivatives from the levulinic acid platform and their use thereafter 

It is interesting to notice that a large scale production of levulinic acid from lignocellulosic biomass has 
already been achieved. Maine BioProducts with its “Biofine Process” or Aventium’s YXY technology 
claim to possess a large scale process for the production of levulinic acid. While the first is based on the 
catalyzed dehydration of lignocellulosic feedstocks into LA in a two-stage process78–81, the second 
company has developed a process to convert carbohydrates into high purity methyl levulinate. It is 
however to be noted that the cost-competitiveness of those production lines still has to be improved if a 
complete replacement of petroleum-based monomers is desired. Indeed, according to Becer, the current 
prices of LA remain between 5 and 8$ / kg.77 This price has to be decreased below 1$ / kg to envision a 
cost-competitive process in which LA would play a key role in the replacement of fossil-based 
monomers. This constitutes one of the main challenges for researchers nowadays. 

As exemplified in Figure 17, LA can be converted into various monomers, which correspond to diverse 
final applications. LA can be esterified then converted into levulinic ketal upon reaction with a diol 
(generally originating from vegetable oils). This process has been developed and led to an industrially 
viable process at Segetis.78 The corresponding products can be used for the production of polyurethanes 
and plasticizers.82 

Amino-derivatives of LA can also be of high interest, in particular when it comes to their use in 
photomedicine.83 However, if the synthesis of 5-aminolevulinic acid (5-ALA) is possible at the laboratory 
scale by means of bromination agents, it remains a challenge to form 5-ALA at an industrial scale, 
because a safer and cheaper pathway has to be found to allow for a viable industrial process.77,84 

2-butanone (methyl ethyl ketone – MEK) is accessible via a catalyzed decarboxylation step of LA. 
Among others, MEK is known for its use as a common industrial solvent.85 

4-hydroxypentanoic acid can be obtained by means of a reduction reaction with hydrogen. This monomer 
is part of the hydroxyalkanoates family and can yield after polymerization the corresponding 
polyhydroxyalkanoate (PHAs). The reader willing further details about this kind of polymers is welcomed 
to refer to section 5. 
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Three other monomers: α-angelica lactone (AL), α-methylene-γ-valerolactone (MGVL) – also known as 
γ-methyl-α-methylene-γ-butyrolactone and finally diphenolic acid (DPA), are particular targets from this 
platform and their polymerization will specifically be addressed in the next paragraphs. The latter are the 
most studied LA-derived monomers in the literature. 

γ-valerolactone (GVL) can be obtained in high yields through a catalyzed hydrogenation process. 
Ruthenium-based catalysts were found to be the most suitable for this reaction.86,87 Unfortunately, the 
difficulty to find cheap catalysts or to recover the expensive ones prevents the implementation of GVL as 
a commodity chemical. GVL can thus be converted into MGVL. In 2004, Manzer et al. demonstrated that 
GVL could be reacted with formaldehyde yielding MGVL. This monomer has attracted interest due to its 
ability to substitute the common fossil-based methacrylate monomers. Two main processes were 
described: a continuous-gas-phase process using supported catalysts88 and a two-step cascade process 
requiring supercritical or near-supercritical CO2 as a solvent, the second process yield 90% of MGVL.89 

Angelica lactones (AL) are dehydration products of LA in presence of acidic catalyst. Acetic anhydride or 
phosphoric acid were found to be suitable for this purpose.90,91 Finally, diphenolic acid (DPA) can easily 
be obtained thanks to the reaction of one mole of LA with two moles of phenol at 100°C under acidic 
conditions.84,92 Another pathway, using ionic liquids was also reported in 2013.93 

2.  Polymers from Levulinic acid platform 

Different polymerization processes emerge from the LA platform. The structures of AL and GVL (and 
their derivatives) provide them versatility in the way of reacting: either by ring-opening polymerization 
(ROP) or by reaction of alkene moieties contained in or attached to the ring. Finally, DPA is a very 
particular monomer of interest due to its structure, very close to the chemical structure of bisphenol-A 
(BPA). This similarity made scientists think it could be a promising candidate for a bio-sourced 
replacement of BPA. 
 

i. Ring Opening Polymerizations 

GVL has been studied in processes involving ring-opening as exemplified in Figure 18.  
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Figure 18. Possible derivatives from the γ-valerolactone platform and their use thereafter  

 
GVL is a very stable 5-membered ring. This explains why to our knowledge, ring opening 
homopolymerization (ROhP) of GVL has not been described. This can be compared to its 6-membered 
ring counterpart, δ-valerolactone, which has been successfully reacted through ROhP. It is often desired 
to pay careful attention to literature data as confusion might exist between these two monomers.  
 
Ring Opening Copolymerization (ROcP) of GVL was thus performed in view of forming potentially 
biodegradable bio-sourced polymers. For instance, the copolymerization of GVL with diglycidyl ether of 
bisphenol-A (DGEBA) yields semi-bio-sourced thermosets.94 Copolymers of GVL and β-butyrolactone 
were also synthesized through a catalytic process.95 
 
ROcP is a very interesting solution to force the opening of GVL. This process is however challenging and 
it prevents as a consequence the amount of available literature in the field. For this reason, researchers 
investigated other possible pathways to take advantage of this platform molecule. Quite an extensive 
work has thus been conducted in searching for suitable ways of ring-open GVL prior to polymerization. 
By opening the ring, the thermo-dynamical stability of the obtained intermediates – such as gamma-
hydroxyamines, 1,4-pentanediol, 1,4-pentanenoïc acid and methyl pentenoate – is reduced and allows for 
further chemical modifications such as polymerization. Without trying to be exhaustive in the amount of 
presented examples, herein will be presented several occurrences of interest in the literature (Figure 18). 
 
Thanks to an aminolysis process, GVL can ring-open to form γ-hydroxyamides. This process has been 
earmarked for its versatility to yield monomers that can be employed to produce relatively high molecular 
weight polymers, especially polyurethanes. Novel monomers can indeed be formed in high yields, in 
particular when non-sterically hindered amines were utilized in the ring-opening process.96 When amino-
alcohol is used (for instance 1,2-aminoethanol), polyurethane could be formed by reaction with a 
diisocyanate. 
 
By hydrogenation process thanks to a copper-based catalyst, GVL can yield 1,4-pentanediol.97 There is 
unfortunately scarce information about any polycondensation process of this monomer. The synthesis of 
poly(ortho ester)s has though been investigated in view of application in the pharmaceutical field.98 
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GVL can also be ring-opened with the help of a transesterification process. Lange et al. published in 2007 
a transesterification process of GVL with a yield of 95% in which methanol is fed in a catalyzed reactive 
distillation process.99 Based on the different boiling points between GVL (207°C) and methylpentanoate 
(127°C), the latest is progressively isolated through successive distillation processes to yield a product as 
pure as possible. 
 
Among the accessible monomers from levulinic acid, α-Angelica Lactone (AL) can also be ring-opened. 
As described for GVL, the small ring strain energy of this 5-membered ring monomer inhibits its ROP. 
This is the reason why the successful homopolymerization of AL to the corresponding polyester is 
noteworthy to mention (Figure 19). 

 
Figure 19. Ring-Opening homopolymerization of α-angelica lactone 

Lewis acid needs to be used to induce the ROP of AL. Several examples can be found in the Literature, 
such as sodium isopropylate.100 Polyester molecular weights were measured around 20 kg.mol-1 after 
reaction at 60-65°C for 40-60 min. It is also interesting to mention that 20 to 32% of the C=C double 
bonds reacted during the ROP process. It is assumed that they got involved in a radical reaction process, 
which could account for this disappearance. Stannous octoate was employed in toluene at 130°C for 30h 
for the ROP of AL, yielding a corresponding polyester with a Mn of 29 kg.mol-1.101   
However, the presence of the double bond makes the final polyesters quite unstable, especially when 
exposed to daylight. The latter can also decompose in acidic or basic conditions. Thus, post-
functionalization of the AL-homopolymer via the chemical modification of the C=C bond seems highly 
desirable if up-scaling of such processes are envisioned. 
 

ii. Polymerization through reactive alkene moieties 

Some LA derivatives contain reactive double bonds that can be reacted to yield original polymers. 
Among them, α-methylene-γ-valerolactone (MGVL) has attracted a lot of interest as it could be a 
potential bio-sourced candidate for the replacement of methyl methacrylate (MMA). As described in 
Figure 20, MGVL can be synthesized through the reaction of GVL with formaldehyde. Due to the 
difficult handling of formaldehyde in the gas phase, it was found that dissolving GVL in formalin (37% 
aqueous formaldehyde) in the presence of Barium-based catalysts supported on Silica could be a suitable 
solution for the production of MGVL.88 

 
Figure 20. Radical homopolymerization of MGVL as a potential bio-sourced replacement for PMMA 
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Early work focused on the polymerization of MGVL in free-radical emulsion process, radical, anionic 
and group-transfer polymerizations. However, those mostly led to incomplete conversion of MGVL.102 
Chen’s group published a series of papers tackling radical polymerization of MGVL using catalysts and 
provided extensive solutions through the use of frustrated Lewis pairs. In particular, alane-based 
frustrated Lewis pairs were found to be particularly suitable to promote the radical polymerization of 
MGVL.103–110 Fast processes could thus be developed with polymerization in the range of 10 minutes at 
room temperature. PolyMGVL molecular weights up to 500 kg.mol-1 could be reached when adapting the 
reaction conditions. As far as thermal properties are concerned, polyMGVL exemplified enhanced 
properties as opposed to PMMA with a glass transition temperature of 225°C (120°C higher than PMMA) 
and with similar degradation temperatures. Resistance to heat, solvent and scratch could also be 
observed.111 This is attributed to the presence of the ring, providing more rigidity. However, it is to be 
noted that the obtained polymers were atactic and amorphous. Today, major challenges rely in finding 
both an economically attractive catalytic parthway to form polyMGVL as well as mastering the control of 
the tacticity of the final product to fully understand its influence on the resulting mechanical properties. 
 

iii. Diphenolic Acid-based Polymers 

Main examples of polycarbonates are based on the reaction of ester forms of Diphenolic Acid (DPA). 
DPA has attracted a lot of attention due to its similar structure with bisphenol A (BPA) making it a 
potential bio-sourced alternative to the petroleum-based monomer. As described in Figure 21, DPA is 
produced when reacting LA with two moles of phenol, thus forming a tri-functional compound containing 
two alcohol and one carboxylic acid moieties. Following the example of BPA, DPA was reacted to form 
polycarbonates. This however requires the acid group to be protected to avoid branching upon reaction. 
 

 
Figure 21. Formation of DPA-based polycarbonates 

Polycarbonates formed with ester-DPA and phosgene were described in the literature. The final 
polycarbonate can be formed thanks to several chemical pathways. For instance, interfacial 
polymerization, using phosgene in gas phase and ester-DPA in a pyridine solution, or the use of phase-
transfer catalysts gave interesting results. Polymers containing the ester form of DPA noteworthy 
exhibited similar molecular weight (around 140 kg/mol) and dispersity as opposed to their BPA-
containing counterparts. As far as physical properties are concerned, ester-DPA-containing polymers have 
lower glass transition temperatures than BPA-containing polycarbonates (108°C versus 150°C). Ester-
DPA-based products were also soluble in organic solvent. It is finally interesting to mention that if the 
ester function is hydrolyzed, a dramatic change of the glass transition temperature can be observed as it 
increases up to 148°C. This behavior was attributed to the formation of hydrogen bonds, inhibiting 
flexibility of the global system.112–114 
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DPA can also be used to form membranes. Zhou and Kim produced for instance sulfonated poly(arylene 
ether ketone) (SPAEK) using this monomer in the formulation. The pendant carboxylic acid groups were 
then used as crosslinkers to form crosslinked SPAEK membranes that exhibited promising properties 
when compared to the industrial Nafion® 117.115 

Gross and co-workers have also reported the formation of bio-based thermosets through the synthesis of 
DPA-derived bis epoxy monomers, and their subsequent curing (Figure 22).116,117 By means of ester-
protection of the acid moiety with short alkyl-chains, the addition of glycerol-devired epichlorohydrin 
under alkaline conditions formed diglycidyl ethers of diphenolate esters. Tuning of the monomer 
viscosity could be observed by varying the chain length of the alkyl chain of the ester moieties. Bio-based 
isophorone diamine was used to cure the so-formed bis epoxy monomers. Thermal and mechanical 
properties exhibited similar valued as opposed to “classical” DGEBA-derived thermosets, thus making 
DPA-based resins promising alternatives for petroleum-based epoxy-systems. 

 
Figure 22. Synthesis of diphenolate ester-based glycicyl ethers  

Hyperbranched polymers (HPBs) nowadays are gaining growing attention due to both their specific 
properties and their ability to be quite easily transferable at an industrial scale. The synthesis of HPB-
polymers requires multifunctional monomers (at least tri-functional). This can allow for one-pot syntheses 
via intermolecular reactions. The obtained polymers, because of their highly branched architecture, 
usually have interesting physic-chemical properties, lying in between those of linear polymers and 
dendrimers. DPA contains a carboxylic acid moiety as well as two phenol units. It thus raises as an 
interesting and promising candidate for the production of HPB polyesters through AB2-type 
intermolecular polyesterification (Figure 23).  

 
Figure 23. DPA-based hyperbranched polyesters 

DPA-based HPB have been synthesized thanks to a melt condensation process, under reduced pressure 
with the help of catalysts. It is to be noted that a good control of the reaction temperature is needed 
(temperature ramps are used). Mw values ranging from 47 to 128 kg.mol-1 were obtained. No cyclization 
was observed during the reaction. The obtained polyesters were amorphous, with a Tg around 100°C and 
a degree of branching close to 49%.118,119 Properties of the DPA-based HPB polyesters can also be tuned 
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by means of copolymerization. As an example, Serra’s team published in 2012 a DPA-Polyethylene 
glycol (PEG)-based triblock HPB copolymer, with a degree of branching of 50%, Mn values of 10 
kg.mol-1 and self-assembly properties in solution of acetone. The same group used those compounds as 
chemical modifiers for photo- and thermal-curing of epoxy resins.120 
 

C. Isohexide-based polymers 

Multiple mono-saccharide-based monomers can be used in the preparation of polymers having sugar units 
incorporated into the main chain. These monomers named alditols, HOCH2-(CH2OH)n-CH2OH, aldonic 
acid, HOCH2-(CH2OH)n-COOH or aldaric acid, HOOC-(CH2OH)n-COOH (Figure 24) were reported for 
the synthesis of polyesters, polyamides, polycarbonates and polyurethanes as recently reviewed by Galbis 
et al.121 

 

Figure 24. Examples of hexose-based monomers  

Herein we will mainly focus on isosorbide (A, Figure 24) and derivatives also called isohexides and 
polymers thereof. Isosorbide and its stereoisomers, isomannide and isoidide (Figure 25) are thermally 
stable. The first two are currently commercially available and isoidide can be obtained from isosorbide.122 
By chemical modification of these diols, isohexide-based dicarboxylic acid,123 diamine124 and 
diisocyanate125 can be produced. The most important feature of these monomers is linked to their rigidity, 
chirality and non-toxicity. However, the latter exhibits relatively low reactivity due to the nature of 
secondary alcohol moiety.  

Among isohexide derivatives, isosorbide is the most studied monomer. It does not possess any symmetry 
contrary to isomannide and isoidide and its two alcohols do not possess the same reactivity.126 Indeed the 
hydroxyl in C3 position exhibits an endo configuration generating a weak hydrogen interaction with the 
intracatenar oxygen of the connected ring (isomannide alcohols are in this configuration, too) while the 
configuration of the hydroxyl in C6 position is exo and thus more accessible (isoidide alcohols have also 
such a configuration), see Figure 26.  
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Isosorbide can be obtained by double dehydratation of D-sorbitol or directly from starch or more recently 
from cellulose (Figure 25).127 Isomannide is synthesized in similar conditions from another highly 
available sugar, i.e. D-mannitol. Isoidide, which possesses the most reactive alcohol functions, can be 
produced from L-idose but the latter rarely exists in Nature and thus remains nowadays an expensive 
monomer. Routes need to be developed to isomerize sugar to L-idose in order to decrease its prize. 

 
Figure 25. Molecular structures of isosorbide, 

isomannide and isoidide 

 
Figure 26. 3D molecular 

structure of isosorbide 
 

The most representative polymers synthesized from these 3 monomers are polyesters, polycarbonates, 
polyethers and polyurethanes. They generally exhibit high Tg, good thermomechanical resistance, have 
specific optical properties and can be biodegradable. Another important industrial application of 
isohexides is their use as diesters as substitutes to phthalate plasticizers.128 

Isohexide-based aliphatic polyester can be obtained by molten polymerization using various diesters or 
their corresponding diacylchlorides (Figure 27). As a general trend, polyesters with a methylene sequence  
higher than 6 are semi-crystalline except for isomannide-based polyesters that remain amorphous.129 
Moreover, isoidide-based polyesters exhibit higher melting temperature due to the symmetry of isoidide. 
As an example, polyesters from sebacic acid possess a Tg of 0°C for all three isohexides and a melting 
temperature of 60°C and 130°C for isosorbide and isoidide, respectively.130 Accordingly, the enzymatic 
degradation of polyesters based on isohexides and sebacic acid decreases in the order isosorbide > 
isomannide > isoidide.131 

 

Figure 27. Synthesis of polyesters based on diacyl chloride and isosorbide 

Isohexides can also be copolymerized with aromatic diacids. Poly(isosorbide terephthalate) (PIT), (Figure 
28), exihibits a Tg of 200°C and its degradation temperature is over 360°C; however limited polyester 
molecular weights are obtained due to the low reactivity of isosorbide. In the case of isoidide, a Tg of 
210°C and a melting temperature of 260°C are obtained while, in the case of isomannide, only very low 
molecular weights are obtained.132  
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Figure 28. Chemical structures of isosorbide-based terephthalic acid-centered triads, PIT 

One should note that PIT possesses 3 different stereo-sequences since the 2 hydroxyl functions are not 
equivalent and there is still a lack of report investigating the impact of the microstructure on PIT 
properties. Indeed, stereoregular PIT could exhibit even higher Tg and this polymer could compete with 
other high Tg thermoplastics such as poly(ether imide) for instance. Incorporation of isosorbide in a PET 
backbone (leading to PEIT) can increase the Tg of the polymer up to +120°C.133 PEIT and PIT are now 
allowed for food packaging and have the advantage to allow hot-filling contrary to standard PET. FDCA 
can also be copolymerized with isohexide leading to polyesters with Tg of 194, 191 and 196°C for 
isosorbide, isomanide and isoidide, respectively.134 

Another important class of polymers obtained from isohexides is the one of polycarbonates (Figure 29) as 
substitute to poly(carbonate of bisphenol-A). Poly(isosorbide carbonate), PIC, can be obtained by 
polycondensation of isosorbide with various phosgene analogs leading to a highly transparent polymer 
with a Tg around 170°C.135  

 

Figure 29. Poly(isosorbide carbonate), PIC 

Similarly, copolycarbonates can be obtained, from 1/1 isosorbide/bis-phenol-A mixture. The polymers so-
formed have been reported with a Tg of 135°C and 160°C, for the random and alternate copolymers, 
respectively.136 The insertion of isosorbide in a bisphenol-A polycarbonate is now commercially available 
as Durabio®. 
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Figure 30. General structure of polyurethanes based on isosorbide as diol 

As far as polyurethanes are concerned, isohexides can be used as hard segment diol. Isosorbide has been 
polymerized with various diisocyanates leading to polymers with Tg of 110°C, 135°C and 190°C for 
HDI, TDI and MDI, respectively (Figure 30).122 Isoidide gives similar Tg while isomannide leads to 
polyurethanes with a 20 to 50°C lower Tg. Using diamino analog of isosorbide, fully isohexide-based 
polyurethanes can be synthesized.137 Low PU molecular weights were obtained (around 3000 g/mol) and 
Tg were in the range of 120°C to 135°C depending of the isohexide used. 

 

D. Synthons and/or polymers originating from biotechnological 
routes 

1. Lactic Acid-based polymers (PLA) 

Poly(lactic acid), PLA, represents one of the most mature bioplastic as evidenced by its significant 
production and commercialization.138 PLA is a linear aliphatic polyester derived from lactic acid (2-
hydroxypropionic acid), a chiral organic hydroxyacid that exists in two different forms. Indeed, 
depending on the stereochemistry of the tertiary carbon of lactic acid molecule, the levogyre (L-lactic 
acid) and the dextrogyre (D-lactic acid) isomers are accessible. Lactic acid can be obtained by chemical 
synthesis or fermentation. Chemical synthesis of lactic acid is mainly based on the hydrolysis of 
lactonitrile by strong acids (Figure 31). Other routes are however suitable such as base-catalyzed 
degradation of sugars, oxidation of propylene glycol, reaction of acetaldehyde, carbon monoxide, and 
water at elevated temperatures and pressures, hydrolysis of chloropropionic acid and nitric acid oxidation 
of propylene. Main drawbacks of the chemical routes include the lack of cost effectiveness and the non-
stereoselectivity.139 Indeed lactic acid produced by the petrochemical route exists as a 50/50 optically 
inactive mixture of L- and D- forms.  Due to the above mentioned reasons and environmental concerns, 
the fermentative pathway to lactic acid has gained widespread interest and is now industrially developed 
by most of lactic acid producers.140  

Indeed, the biotechnological production of lactic acid offers various advantages over the chemical 
pathway like low cost of substrates, low production temperature and low energy consumption. It is also 
noticeable that, depending on the micro-organism used in the biotransformation, L- or D- isomers are 
preferentially formed (Figure 31).141 Lactic acid bacterias (LAB) can be classified into two groups: 
homofermentative and heterofermentative. While the homofermentative LAB convert glucose almost 
exclusively into lactic acid, the heterofermentative LAB catabolize glucose into ethanol and CO2 as well 
as lactic acid. Only the homofermentative LAB are available for the commercial production of lactic 
acid.139 The carbon substrates used for microbial production of lactic acid include various sugars, either 
pure (e.g glucose and sucrose) or impure (e.g starch). Thus, a large variety of raw materials can be used 
such as molasses, sugar cane, bagasse and starchy materials from potato, tapioca, wheat, barley, corn 
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etc.139,142,143 Starchy materials like sugarcane bagasse, cornstarch, corn cob, wheat bran are the most 
economical substrates for the production of competitive lactic acid. 

By using such starchy substrates, several steps are needed to produce lactic acid. In conventional 
biotechnological processes, a pretreaTment step for gelatinization and liquefaction of the biomass is 
required, which involves the use of high temperatures in the range 90-130°C. Then, enzymatic 
saccharification to glucose is carried out followed by subsequent conversion of glucose into lactic acid by 
fermentation. However, the conversion of starch or cellulose to sugar consumes energy during 
liquefaction or saccharification and increases the cost of production. In addition, sugar concentration in 
the hydrolyzate highly affects fermentation as bacterial cells cease to produce lactic acid when the sugar 
concentration is high.144 To overcome these limitations, direct fermentation processes were developed. 
The direct conversion of complex starchy or cellulosic substrates to lactic acid includes three different 
routes. In the first one, the lactic acid producing fungi can directly convert starch to lactic acid with the 
help of enzymes. In another pathway, amylolytic lactic acid bacteria allows direct fermentation of the 
substrate.144 The last possibility is to simultaneously treat the carbohydrate substrate with degrading 
enzymes and lactic acid producing bacteria. These solutions then offer the controlled release of sugar in 
the optimum growth temperature. Glucose inhibition on the enzyme is therefore minimized.  

Due to considerable improvements, almost all the produced lactic acid is manufactured through 
fermentation routes. Thus current global production is between 300,000-400,000 tons per year with the 
United States being the largest regional market for lactic acid, accounting for a significant share of the 
worldwide market. Western Europe and Asia-Pacific make up the other major lactic acid producers and 
consumers on a global scale. The major manufacturers of fermentative lactic acid include Natureworks 
LLC (USA), Purac (Netherlands), Galactic (Belgium), Cargill (USA) and several Chinese companies. 

 

Figure 31. Production of Lactic acid from petro-chemical resources or renewable resources (starch) 

i. Synthesis of PLA 

Two main routes are generally referred to convert lactic acid to PLA (Figure 32). Direct polymerization 
by polycondensation leads to poly(lactic acid) while the indirect route via lactide (LA), a cyclic dimer of 
lactic acid, leads to poly(lactide). Both products are referred to as PLA.145 Owing to the fact that lactic 
acid bears both a hydroxyl and a carboxylic acid function, polycondensation is inevitably the most direct 
route to PLA. However, molecular weights obtained by this pathway are not high enough to consider 
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various applications of the resulting polymer. The low reactivity of the secondary hydroxyl function of 
lactic acid, combined with the need to efficiently removed water to shift the equilibrium toward the 
formation of the polymer constitute the main drawbacks of this pathway. 

Polycondensation route 

It is however possible to obtain higher molecular weights using different reaction conditions or via chain 
extension of pre-polymers. Indeed, a first strategy involves the polymerization of lactic acid in 
appropriate solvent that allows for azeotropic distillation of the condensate.146,147 Generally reaction time 
is in the range 30-40 h at 130°C making this process unsuitable for low cost PLA production. Moreover 
high concentration of catalyst is needed to have access to high molar mass PLA, which facilitates 
degradation and hydrolysis during processing. 

Another approach to synthesize high molecular weight PLA is based on the polycondensation of lactic 
acid in the presence of difunctional monomers (e.g. diacids or diols) ending up in telechelic prepolymers. 
These resulting terminal functional groups of the prepolymers can then be reacted by using chain 
extenders such as diisocyanate,148 bis(amino-ether).149 However, increase in both cost and complexity of 
the multi-step process, as well as possible unreacted chain-extending agents, which alter the properties of 
the final material, are the main drawbacks limiting the industrial use of this method. 

An alternative route consists in the melt/solid polycondensation of L-lactic acid. In this process, a 
polycondensate with a low molecular weight of around 20 kg.mol-1 is first prepared by ordinary melt 
polycondensation. Crystallization of the obtained poly(L-lactic acid) (PLLA) is then carried out by heat-
treaTment at around 105°C followed by heating at temperatures above Tg, yet below Tm of PLLA. Thus 
polymerization is performed in the amorphous phase, where all the reactive end groups reside, allowing 
the synthesis of high molar mass PLA in the range 100-500 kg.mol-1.150  

The advantages of solid-state polymerization include low operating temperatures, which control over side 
reactions as well as thermal, hydrolytic, oxidative degradations along with reduced coloration and 
degradation of the polymer. Moreover, there is practically no environmental pollution, because no solvent 
is required. 

PLA synthesis by Ring-Opening Polymerization (ROP) of lactide 

The most common way to obtain high molar mass PLA is through ring-opening polymerization (ROP) of 
lactide, Figure 32. The first step consists in the formation of the lactide, a cyclic dimer of lactic acid, by 
oligomerization of L-lactic acid, D-lactic acid or mixtures permitted by removal of the water condensate 
followed by subsequent catalytic depolymerization through internal “back-bitting” transesterification. 
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Figure 32. Routes to high molecular weight PLA 

Depending on the feed ratio of L-lactic acid and D-lactic acid, three stereoforms of lactide can be 
obtained: L-lactide (L-LA), D-lactide (D-LA) and meso-lactide (D,L-LA). The key point is the separation 
between each stereoisomer by vacuum distillation in order to control the final PLA structure. In a second 
step, the purified lactide is converted to high molecular weight poly(lactide) by catalytic ROP.  

Polymerization through lactide formation is the current method used by most of PLA producers such as 
Natureworks, Purac, etc. The ROP of lactones is an attractive method to synthesize aliphatic polyesters 
because it enables living polymerizations to be conducted and therefore provides a route to control the 
physical and chemical properties of the polymers. The driving force of this polymerization method is the 
relief of ring strain. The polymerization mechanism involved in ROP can be anionic, cationic, 
coordination-insertion or an activated monomer mechanism depending on the initiating system used.151 A 
large range of catalytic species have been used to mediate ROP of lactide, including metal-based 
complexes, enzymes and small molecule organic catalysts.152–157  

A large range of simple metal salts and coordination compounds have been reported as catalysts for the 
ROP of lactide (Figure 33). The catalysts mainly used consist of metal powders, Lewis acids, Lewis 
bases, organometallic compounds and different salts of metals. Particularly metallic compounds such as 
alkylmetals and metal halides, oxides and carboxylates are very effective. Among them, Tin(II) octanoate 
presents several advantages that made it a suitable catalyst for industrial production of PLA by ROP.158 It 
is soluble in organic solvents and molten lactide, is stable on storage, allows for polymerization up to 
180°C and it has been approved by the food and drug administration (FDA). 
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Figure 33. Coordination/insertion polymerization of lactide by metal-based catalysts 

The applications of polyesters, and more particularly PLA, in packaging and biomedical applications have 
motivated efforts to develop metal-free organic catalysts in order to suppress the traces of metal in the 
final polymeric materials. The development of organic catalysts for the ROP of lactide has resulted in 
very high levels of polymerization control.152,159 Moreover, organic catalysts allow polymerization of 
lactide under milder conditions as evidenced by low temperature and reaction times needed. Organic 
catalysts are postulated to operate via one of the three mechanisms: monomer-activated, pseudo-anionic 
(chain-end activated or general base catalysis) or cooperative dual activation.  

The particularity and potential of PLAs reside in the various stereochemical microstructures enabled by 
the presence of two stereocenters per lactide monomer (Figure 34). The ROP of enantiopure L- or D-
lactide results in the isolation of isotactic PLA in which all stereocenters are identical. However, ROP of 
either rac-lactide (racemic mixture of L- and D-lactide) or meso-lacitide (lactide possessing both L- and 
D-stereocenter) leads to an atactic PLA if the utilized catalyst lacks stereospecificity. Some reviews 
summarize the different catalytic systems used to synthesize stereoregular PLAs.154,160 Two types of 
stereospecific catalysts can be distinguished. First, catalysts that display a syndio preference will result in 
the synthesis of heterotactic PLA -the latter will display doubly alternating stereocenters (i.e. -
LLDDLLDD-) from rac-lactide by alternating insertion of monomers of opposite stereochemistry or 
syndiotactic PLA (alternating L- and D- stereocenters i.e. –LDLDLD-) from meso-lactide. Second, 
catalysts that display an iso preference (i.e., a preference to ring-open at the same stereocenter as the one 
of the propagating polymer chain end) will result in the synthesis of heteroatactic PLA from meso-lactide 
but will mediate the synthesis of stereoblock PLAs from rac-lactide. 

Special emphasis was made on isotactic PLLA due to its interesting mechanical and thermal properties 
provided by semi-crystallinity. Isotactic PLLA was preferred over isotactic PDLA due to the higher 
availability of L-LA from biomass in comparison to D-LA. 
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Figure 34. Stereochemistry of PLA materials 

ii. PLA properties and compostability 

Structure, thermal and physical properties 

Due to the three forms of lactide monomers, various natures of PLA can be achieved. High purity L- and 
D-LA form stereoregular isotactic poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) respectively. Both 
are semi-crystalline polymers with a melting point of 207°C and a glass transition temperature in the 
range 55-60°C.161,162 However typical melting points are in the range 170-180°C due to small and 
imperfect crystallites, slight racemization and impurities. The meso-lactide or a racemic mixture of L- and 
D-LA, on the other hand form atactic poly(D,L-lactide) (PDLLA) which is completely amorphous and 
shows a Tg in the range 50-60°C. 
Another family of polylactides includes stereocomplex-type polylactides (sc-PLA) consisting of both 
enantiomeric PLLA and PDLA. In 1987, Ikada and co-workers discovered that a mixture of enantiomeric 
PLLA and PDLA forms stereocomplex (or racemic) crystals with a melting temperature at around 
240°C.163 Stereocomplex-type polylactides were first generated from solution and later from melt 
mixtures.164,165 Various factors affect the stereocomplexation such as the molar mass of PLLA and PDLA, 
the optical purity of the homopolymers and the process of formation.  
For amorphous PLA, the glass transition temperature (Tg) is one of the most important parameters since 
dramatic changes in polymer chain mobility take place around this temperature. Various physical 
properties are reached depending on the temperature. Below the β-relaxation temperature (240 K), Tβ, 
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PLA is completely brittle. Between Tβ and Tg, the amorphous PLA undergoes physical aging and can 
show brittle or ductile fracture. Above Tg, amorphous PLA is rubbery and becomes viscous in the range 
110-150°C. Finally, amorphous PLA decomposes between 215 and 285°C. 
For semi-crystalline PLA, physical properties are also highly dependent on the processing conditions. 
Indeed, the processing conditions will dictate the degree of crystallinity while the stereochemistry will 
govern the melting point of the polymer. Below Tg, semi-crystalline PLA is a brittle material while, 
above Tg, it is tough and undergoes a ductile fracture.  

Crystallization behavior and crystallographic properties 

Isotactic PLA can crystallize in α-, β-, or γ-forms depending on the processing conditions.166–169 The most 
common and stable, which can be developed from the melt or solution under normal conditions, is the α-
form with a 103 helical chain conformation where two chains are interacting in an orthorhombic (or 
pseudo-orthorhombic) unit cell.  

PLLA is a slow-crystallizing material with fastest rates of crystallization observed in the temperature 
range of 110-130°C, which yields spherulitic crystalline morphology. However, it is difficult to make use 
of the semi-crystalline character of PLLA because the high speed of mass production (e.g. in injection 
moulding) implies quenching, leading to amorphous structures. One particularity of quenched amorphous 
PLA is to crystallize upon reheat. This phenomenon is allowed by the enhanced mobility of PLLA chains 
observed above Tg. This enhanced mobility allows reorganization and better packing of the chains, which 
leads to crystallization. However, similarly to the crystallization upon cooling, the cold-crystallization 
upon heating highly depends on the heating rate. The crystallinity can be either an advantage or a 
drawback depending on the targeted application. For instance, high crystallinity will not be optimal for 
packaging solutions due to lack of optical clarity while, in contrast, increased crystallinity will be 
desirable for injection moulded articles for which good thermal stability is important (related to the 
increase of heat distortion temperature (HDT) with crystallinity). The lack of crystallinity due to fast 
cooling in industrial PLLA articles can be overcome by several techniques. Post-process heating 
treaTment higher than the Tg and below the Tm can be carried out leading to improved flexural elasticity, 
Izod impact strength, and heat resistance.170  

Physical and Mechanical properties  

The specific gravity of amorphous PLA has been reported as 1.248 g.cm-3 and for crystalline PLLA as 
1.290 g.cm-3 which is lower than PET (1.34 g.cm-3) but higher than many of other conventional 
thermoplastics which have a specific gravity in the range 0.8 to 1.1 g.cm-3 (e.g. PP, PS, LDPE).171 The 
optical properties of PLLA are highly dependent to additives and fabrication effects. Indeed, a low degree 
of crystallinity will induce transparency while highly crystalline PLLA has poor optical properties, even if 
transparency can be preserved by reducing the crystallite size. 

Similarly to the thermal properties, mechanical properties of PLA can be tuned to a large extent 
depending on the molecular weight, the stereochemical composition and the thermal history of the 
polymer.170 Semi-crystalline PLA is generally preferred to the amorphous counterpart when higher 
mechanical properties are desired. Perego and coll. demonstrated that the modulus of elasticity is almost 
20% higher for PLLA than for PDLLA for samples having molar masses in the range 35 000-55 000 
g.mol-1.170 In addition, the same authors showed that the impact strength was also strongly influenced by 
the crystallinity. Annealing PLLA increases impact strength due to crosslinking effects on the crystalline 
domains.9 Furthermore, high molecular weight PLA is generally needed to have access to suitable 
mechanical properties.  
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Heat deflection is also a key parameter that needs to be underlined as one of the main drawbacks of 
PLLA. Poly(98% L-LA) looses 50% of its elastic modulus and storage modulus at 80°C and 87% of the 
storage modulus at 100°C. Above the glass transition, non-annealed PLLA has not sufficient film strength 
to target a wide range of applications. This lack of film strength at temperature above the Tg can be 
overcome by increasing the crystallinity of the material.  

Rheological properties and Processing 

Melt processing of PLLA materials is essential for the conversion into industrial products. Extrusion is 
the most important technique for continuously melt processing of PLLA. Extrusion is generally linked to 
a subsequent processing step such as thermoforming, injection molding, fiber drawing, film blowing or 
extrusion coating. From these, injection molding is the most widely used converting process for PLLA 
articles. The different processing technologies for PLLA were reviewed by Rubino and coworkers.147 The 
processing of PLLA is a crucial step in the formation of valuable PLLA in order to keep the structural, 
thermal and mechanical properties of the starting polymer. Indeed, PLLA has a narrow processing 
window due to its tendency to undergo thermal degradation in the molten state through many mechanisms 
(hydrolysis, zipper-like depolymerization, oxidative main-chain scission, intermolecular 
transesterification and intramolecular transesterifications).172  

Environmental degradation of PLA 

PLLA represents a promising polymer due to its compostable behavior (Figure 35). PLLA degradation 
occurs in two stages. First, high molecular weight PLLA is subject to non-enzymatic chain scission of the 
ester functions by hydrolysis. Second, low molecular weight PLLA is transformed to lactic acid and 
shorter oligomers that are naturally metabolized by microorganisms to yield CO2 and water. 

Various factors have an influence on the biodegradation rate. Indeed, exposure conditions can be 
distinguished from the polymer characteristics. Concerning exposure conditions, moisture, acidity, 
temperature, aerobic or anaerobic conditions and enzyme specificity are the most influent factors. Other 
parameters have to be taken into account; i.e. the polymer microstructure that will dictate the chain 
flexibility and thus the accessibility of the ester functions to water, the crystallinity, the molecular weight, 
the residual lactic acid concentration and the size and shape of the polymer (surface area). More details 
about the influence of all these factors on the biodegradation rate can be found elsewhere.171,173–175 
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Figure 35. PLA life cycle. 

Compostability and recyclability of PLLA imply an environmental friendly lifecycle, and the industrial 
are targeting a neutral carbon footprint. Indeed, PLLA presents a cradle-to-cradle lifecycle where 
products are produced from sustainable and natural resources. In this type of lifecycle, the polymer is 
used, re-used and recycled as much as possible. At their end-of-life, when the products do not satisfy their 
functional requirements anymore, these products are transformed back into feedstock for a new product 
lifecycle (Figure 35). 

iii. Summary of PLA development and remaining challenges  

PLLA is a very promising and versatile compostable polymer. One issue that restricts the development of 
PLLA in a wide range of applications seems to be its price (around 2€/kg). However, this trend could be 
reversed in the next years due to improvement of biotechnological processes. Nevertheless, there are a 
number of areas in which PLA-based materials drawbacks still need to be overcome to consider efficient 
and feasible substitution of existing thermoplastics. For instance, in packaging applications where high 
barrier protection is essential for the conservation of food, efficient solutions need to be found as barrier 
properties of PLLA are not in par with those of PET or PP. Examples of current investigations deal with 
the addition of nanoparticles such as nanoclays.176 Another drawback that needs to be significantly 
improved is the enhancement of PLLA crystallization rate. Numerous solutions were already found; 
however, finding a highly efficient solution fitting with the high-speed mass production is still a 
challenge. The compostable character of PLLA represents an important advantage in environmental 
applications; nevertheless, aging studies related to the specific conditions of use still need to be conducted 
in a more precise way in order to anticipate the biodegradation rate. Another area that needs to be studied 
and improved is the energy and raw materials consumption of PLLA production and its impact on the 
environment. Related to this, Vink and coworkers published an interesting work presenting the life cycle 
assessment (LCA) of NatureWorks PLA.140 In particular, it was mentioned that Cargill Dow’s objectives 
are to decrease the fossil energy use from 54MJ/kg PLA down to about 7MJ/kg PLA and to decrease the 
greenhouse gases emission from +1.8 down to -1.7 kg CO2 equivalents/kg PLA. Finally, the inherent 
brittleness of PLLA is a major bottleneck for its use in applications where toughness and impact 
resistance are critical. 

 

2. Succinic acid-based polymers  

Succinic acid (SA) is an important chemical building block available from biochemical transformation of 
biorefinery sugars that can also be obtained by chemical transformation from bio-based molecules such as 
maleic acid and furfural, Figure 36.177,178 Bio-succinic acid and diesters thereof can be produced through 
fermentation using a wide range of bacterial strains including Actinobacillus succigogenes, 
Anaerobiospirillum succiniciproducens, Propprionibacterium succiniciproducens, Mannheimia 
succiniciproducens.179 Glucose and glycerol are the main carbon sources used but more recent 
developments using lignocellulosic biorefinery streams (e.g. wood hydroxylate) as carbon source are 
investigated. The strain efficiency is also CO2-dependent. Indeed, increasing CO2 concentration usually 
results in higher SA yields and reduces by-product concentration (lactate, ethanol). 
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Figure 36. Conversion of biomass into succinic acid (SA) 

 
Using Anaerobiospirillum succiniciproducens as the fermentative organism and a three-stage continuous 
cell recycle bioreactor, optimized processes producing 10.4 g.L-1.h-1 and a final concentration of 83 g.L-1, 
equivalent to 1.35 mol succinic acid per mol of sugar, have been reported.180 Currently, four major 
commercial producers are active (BioAmber, Myriant, Succinity GmbH and Reverdia) using high grades 
glucose sources with a production price quasi equal to fossil-based SA, i.e. around 0.5 $/kg. 
Succinic acid offers strong potential as a chemical platform for polymer synthesis (see Figure 37).5 
Succinate esters are precursors for known petrochemical products such as 1,4-butanediol, 1,4-diamino-

butane, tetrahydrofuran, -butyrolactone (GBL) or various pyrrolidinone derivatives (vinyl 
pyrrolidinone). 

 

Figure 37. Derivatization of succinic acid into platform molecules and polymers thereof  

From SA platform, various semi-crystalline polyesters (PEs) and polyamides (PA) can be produced. In 
particular, the copolycondensation of succinic acid with 1,4-butanediol and 1,4-diamino-butane has been 
reported.181  

The so-formed aliphatic polyesters either based on succinic acid (PEs-n,4) or 1,4-butane diol (PEs-4,n) 
exhibit melting points ranging from -24°C to 113°C. PEs-4,4, or poly(butylene succinate) (PBS) and PEs-
2,4 are already commercialized due to their polyethylene-like behaviors combined with a good bio-
degradability.5 Moreover, copolyesters have also been investigated using two sets of diacids and or diols 
to tune their mechanical properties and degradability.182–184 In particular, copolyesters of ethylene glycol 
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and 1-4-butanediol together with succinic and adipic acids are commercialized.185 It should be noted that 
high molecular weight polyesters are usually obtained in a two-step procedure starting first by the 
synthesis of a low molecular weight telechelic polyester diol followed by a chain extension using a 
diisocyanate (usually hexamethylene diisocyanate).186 In the case of 1,4-butanediol as a diol, 
poly(butylene terephtalate) (PBT) represents also a polymer of interest with its properties close to PET 
(Tg = 60°C and Tm=223°C) with a good processability especially for fiber industry. 
 
As far as polyamides are concerned, aliphatic polyamides either based on succinic acid (PA-n,4) or on 
1,4-butanediamine (PA-4,n) exhibit high melting point (Tm>200°C). PA-2,4187 and PA-4,2188 exhibit 
excellent mechanical properties similar to natural silk and could be used as fibers. PA-4,6 and PA-4,10 
are actually commercialized as high performance polyamides for automotive industry.181  
 
Biodegradable polyesters based on succinic platform have attracted industrial attention as 
environmentally degradable thermoplastics. However, their thermal and mechanical properties are not 
optimal for some applications. The properties of such polyesters can be improved by the introduction of 
amide groups into the main chain.189 Different biodegradable poly(ester amide)s, PEAs, were 
commercialized. The synthesis is based on the amide-ester inter-exchange reaction that takes place when 
a polyester and a polyamide are heated together at a temperature close to 270°C. PEAs based on PA-6 and 
PE-4,10 or PA-6,10 and PE-4,10 are the most investigated.190 
 
Finally, other polymers can be obtained from the succinic platform. Poly(4-hydroxybutyrate), P4HB, and 
poly(tetramethylene oxide), PTMO, can be obtained from γ-butyrolactone191 and THF, respectively. 
Another and more efficient route to P4HB is the fermentation process (see poly(hydroxyalcanoate)s, 
section 4). Indeed, in the case of ROP of GBL, molecular weights are limited due to the low reactivity of 
the 5-member ring lactone. On the contrary, PTMO raised a lot of interest and more specifically as di-
hydroxy-telechelic PTMO, which is widely used as polyol in the course of thermoplastic elastomers. 

 

3. Itaconic acid-based polymers  

Similarly to succinic acid, itaconic acid (IA) has raised considerable interest in the last decade. Its 
chemical structure composed of two carboxylic acid moieties and a double bond, makes IA a promising 
precursor for a large platform of chemicals (Figure 38) that are structural isomers of levulinic acid-based 
derivatives: for instance, 3-methyl-THF can be obtained from IA in comparison to LA-based 2-methyl-
THF, same for δ-valerolactone in comparison to γ-valerolactone.5,77 The reduction of the acidic functions 
of IA leads to 2-methyl-1,4-butanediol, which is an interesting diol towards the synthesis of polyesters 
and polyurethanes.192 Finally, the decarboxylation of itaconic acid to methyl methacrylate is of a huge 
interest for the industry.193  
Nowaday IA can industrially be produced with a yield of 80 g.L-1 via the fermentation of carbohydrates 
with fungi. However, the productivity remains at a low level, 1 g.L-1h-1.194 
 
IA is extremely attractive to polymer chemists for the production of a wide range of polymers by 
providing two orthogonal reactivities via its two carboxylic acid functions and its activated carbon double 
bond. Namely, IA can either react via step-growth polymerization (usually radical polymerization) or 
chain growth polymerization (polyesterification). 



40 
 

 

Figure 38. Main platform molecules from itaconic acid 

i. Chain-growth polymerization of Itaconic acid derivatives 

Due to IA similarity to acrylic acid and methacrylic acid, IA and the corresponding esters such as 
dimethyl itaconate, dibutyl itaconate and others have been intensively investigated as alternative 
(co)monomers in the production of poly(alkyl(meth)acrylate)s. The polymerization of itaconic acid and 
its diester derivatives has been reported since the 1970s via radical and anionic polymerization to produce 
relatively high molecular weight polymers. Their copolymerization with vinylic monomers was 
investigated in industry for long.195 Polymers of the dialkyl itaconates are similar in hardness to polymers 
of the corresponding alkyl methacrylates. As an example, poly(di-n-butyl itaconate) exhibits a Tg of 25°C 
compared to 29°C for poly(n-butyl methacrylate). Homopolymer of itaconic acid is commercially 
available as an equivalent compound of polyacrylic acid.194 
Furthermore, itaconamide and itaconimide were also polymerized via anionic and radical routes. 
Poly(itaconimide) exhibits excellent thermal properties due to its cyclic structure (Tg > 220°C).196  

All these itaconate derivatives can also be synthesized by controlled radical polymerization.197 This 
allows producing bio-based acrylic thermoplastic elastomers. Triblock copolymers have been prepared by 
the sequential block copolymerization of itaconate and itaconimide, in that order, from di-functional 
RAFT agent, which produces chains with inner soft poly(itaconate) and outer hard poly(itaconimide) 
segments (Figure 39). The obtained triblock copolymers exhibit the characteristic properties of 
thermoplastic elastomers along with the microphase-separated morphology observed by AFM.198 

 

Figure 39. Itaconic-based triblock copolymer as acrylic thermoplastic elastomer 
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ii. Step-growth polymerization of Itaconic acid derivatives  

Polycondensation of itaconic acid received less attention in comparison to the chain-growth 
polymerization.199 The so-formed polymers are unsaturated polyesters, UPEs, with a wide range of 
applications thanks to their ability to undergo various post-polymerisation and/or cross-linking reactions 
(Figure 40). The latter can be utilized in high-gloss coatings, insulating materials, drug delivery systems 
and biomedical applications. A wide variety of diols have been incorporated into the polyester alongside 
the itaconate moiety such as: 1,4-butanediol, ethylene glycol, trimethylolpropane or isosorbide. 
Moreover, itaconic acid can be copolymerized with other di-acids (e.g., succinic, maleic or fumaric acids) 
allowing the tuning of the physico-chemical properties. The molecular weights of the obtained polyesters 
are usually relatively low. The synthesis of higher molecular weight by polycondensation has indeed been 
hampered by the tendency of the itaconate double bond to act itself as a cross-linker, presumably via 
Ordelt reaction. Radical inhibitors are often needed to enable efficient formation of even the smallest 
oligomers.200 Moreover, isomerization of the double bond usually takes place leading to ill-defined 
polyesters. 

 

Figure 40. Side-reaction occuring during itaconate-based polyester synthesis 

Polyesters based on itaconic acid are frequently modified through its exo double bond. Because of its 
conjugation with the adjacent carbonyl moiety, the vinyl group acts as a Michael acceptor and allows for 
post-polymerisation functionalisation and hence property tuning of the itaconate-based polyesters. These 
polyesters can be subjected to Micheal additions with several sulfur- and nitrogen-based nucleophiles 
including protected amino acids such as proline and cysteine, for biological applications.201 Interestingly, 
modification by primary amines leads to self-immolated polymers at temperature higher than 37°C via 
lactam formation. This thermally induced degradation of polyesters exhibits high potential for biomedical 
applications (Figure 41). 

 

Figure 41. Self-immolated mechanism of itaconate-based polyester 

Another usually employed strategy for itaconate-based polyester is its cross-linking via UV-curing 
leading to polyester thermosets. As an example, copolyesters of succinic acid, itaconic acid and 
butanediol can be crosslinked, leading to thermoset with Tgs ranging from 0°C to 100°C.202 
Finally, it is noteworthy to mention that itaconic acid can be derivatized by epichlorydrin yielding  epoxy 
resins202 or by Diels-Alder reaction with cyclopentadiene for ROMP of norbornene derivative.203 
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4. Poly(hydroxyalkanoate)s (PHAs)   

In contrast to main polymers, which are polymerized through standard routes starting from bio-based 
monomers, poly(hydroxyalkanoate)s, PHAs, are biogenic polyesters (Figure 42). PHAs can be naturally 
produced by bacteria to levels as high as 90% of the cell dry, in general cultivated on agricultural 
feedstock. Structurally, these polyesters are classified on the basis of the number of carbon atoms that 
ranges from 3 to 14 and the type of monomer units, producing homopolymers or heteropolymers. PHAs 
with 3–5 carbon atoms are considered as short chain length PHAs (scl-PHAs). Examples of this class 
include poly(3-hydroxybutyrate), P(3HB) and poly(4-hydroxybutyrate), P(4HB). Medium chain length 
PHAs (mcl-PHAs), contain 6-14 carbon atoms. Examples include homopolymers poly(3-
hydroxyhexanoate), P(3HHx), poly(3-hydroxyoctanoate), P(3HO) and copolymers such as P(3HHx-co-
3HO).204 

 

Figure 42. Synthesis and structures of main poly(hydroxyalcanoate)s, PHAs  
 

Depending on the bacterial species and growth conditions, it is possible to produce homopolymers, 
random and block copolymers of PHA. As a general feature, PHAs exhibit Tgs from -40°C to 4°C and 
melting temperatures in between 50 to 180°C.205 Hence PHAs characteristics range from elatomers to 
polypropylene mimics.  
Poly(3-hydroxybutyrate), P3HB, discovered in bacteria by Lemoingne in 1923, is the most widespread 
and best characterized PHA. Indeed, P3HB is accumulated by a wide range of Gram-positive and 
negative organisms under conditions of nutrient limitation.205 P3HB can be produced with final 
concentration over 200g/L with PHB% over 75% and productivity over 3g.L-1.h-1. Such biologically 
produced P3HB is a brittle semi-crystalline (elongation at break < 5%, Tm =180°C) isotactic stereo-
regular polyester with 100% of R configuration. P3HB molecular weights differ with respect to the 
organism, conditions of growth and method of extraction and can vary from about 50 kg/mol to over one 
million g/mol.. This inherent brittleness of P3HB limits its most widespread practical application, such as 
packaging. Two approaches have been pursued to improve P3HB mechanical properties. One approach is 
the microbial synthesis of copolymers containing other units such as 3-hydroxyvalerate or 4-
hydroxybutyrate along the polymer chain. In such a  case, the physical and thermal properties of the 
PHAs can be regulated by varying the copolymer composition. The second approach is the blending of 
P3HB with other polymers, including non-biodegradable polymers (PVAc, PMMA), biodegradable 
polymers (PVA, PEO), bio-sourced polymers (PCL, PLA, polysaccharides). 
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PHAs are completely biodegradable and compostable in different environments including marine water. 
They are water-insoluble and relatively resistant to hydrolytic degradation. They possess good UV 
resistance but poor resistance to acids and bases. They are non-toxic, biocompatible and hence suitable 
for medical applications, the reasons of which throve considerable commercial interest. The formulation 
of PHAs, with tailored additives and blends improved greatly their mechanical properties as well as their 
processability. These advances will improve the capacity of PHAs to penetrate markets. Nevertheless, 
limitations still persist such as their elevated cost (7 €/kg). In addition, the extraction of PHAs from the 
culture media still represents an issue and new processes have to be developed for an efficient and 
economical large-scale production of PHAs. 
 

E. Bio-aromatic polymers 

The main resource for the synthesis of bio-based aromatic monomers is Lignin. Lignin represents 20-25% 
of wood in weight with a world production from pulp industry reaching 50 million tons/year. Nowadays, 
the main valorization of lignin is its conversion into energy. It is worth mentioning that such feedstock is 
not in competition with food industry, in contrast to some other renewable resources. 
Lignin is a complex biopolymer composed of three different cinnamyl alcohols (Figure 43), named as p-
coumaryl alcohol (a), coniferyl alcohol (b) and sinapyl alcohol (c), these three substrates differing by the 
number of methoxy groups linked to the phenol moiety.  

 
Figure 43. Monolignol monomers: (a) p-coumaryl alcohol, (b) coniferyl alcohol and (c) sinapyl alcohol 

The cinnamyl alcohols ratios (also called monolignols) in lignin vary from the plant species. Accordingly, 
the nature of the linkages in between each monolignol species varies as well (Figure 44). The most 
common linkage presents in lignin is the β-O-4 (aryl-ether) linkage that counts for about 50%. Such 
linkage is usually a main target in the industrial processes aiming at the pulp delignification. The other 
linkages β-5, β-1, β-β, 5-5, and 4-O-5, are generally much more difficult to cleave. 
 

 
Figure 44. Main structural units between monolignols observed in lignin, (a) β-O-4, (b) β-O-5, (c) β-β, (d) β-1, (e) 

5-5, (f) 4-O-5, (g) β-5 

Knowing these main features, it is worth mentioning how difficult it is to precisely determine the various 
lignin structures. However, a hypothetical structure of lignin is generally considered as indicated in 
Figure 45.  
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Several processes have been industrially developed to remove lignin from the lignocellulosic biomass, 
which can be divided into two categories depending on the presence of sulfur in the raw material. Lignin, 
isolated from sulfite and kraft processes contains sulphur. The main producers are Borregaard Lignotech, 
Rayonier and Westvaco. Lignin, which is isolated with soda or organosolv processes, does not contain 
sulphur atom in its structure. The major producers are Greenvalue, CIMV and Lignol Innovations. The 
process of isolation induces some chemical modifications of the native lignin that strongly affects the 
lignin structure and thus renders its structural elucidation more difficult. 

 

Figure 45. Hypothetical structure of Lignin 

 

1. Lignin as a macromononer 

A first attempt to valorize lignin as polymer precursor is to employ it as a macromonomer.206 The main 
reported results concern the synthesis of polymeric materials through polyaddition and polycondensation 
reactions. Two important issues with respect to lignin have to be mentioned. The first one concerns the 
processability of lignin. Indeed, lignin is obtained as a solid, with an estimated molecular weight around 
10kg/mol., and cannot be liquefied. The second issue is finally the rather low reactivity of lignin due to 
some steric hindrance. 

 
i. Polyurethanes 

Thanks to the presence of phenolic and aliphatic hydroxyl groups, lignin was used as a polyol for the 
synthesis of polyurethanes. Due to its rigid structure, the lignin-based polyurethanes are stiff materials. 
However, to compensate its poor processability, lignin was reacted with soft aliphatic diisocyanates. 
Similarly and in order to enhance the reactivity of lignin as a polyol and to ease its processability, some 
studies reported its derivatization with poly(ethylene glycol) or poly(propylene glycol).206–208 In such a 
case, the lignin structure is diluted within the final polyurethane network. As a main target of the PU 
industry, the synthesis of flexible and rigid foams from lignin-based polyol is a challenge that was 
reported but still requires strong improvements.209  



45 
 

 
ii. Polyepoxide networks 

Polyepoxide networks are an important class of materials used in coatings, adhesives, composites and 
electronic materials. The direct use of lignin as macromolecular structure in polyepoxide networks was 
limited for a long time to the use in blends and as ring-opening reagents.210–213 In other routes, lignin 
hydroxyl functions were converted to acidic ones via esterification with succinic anhydride, increasing 
the reactivity towards epoxides.214 The interest of using lignin as epoxide substrate increased and various 
approaches with lignin-based epoxy thermosetting polymers were reported. A main approach consists in 
derivatizing lignin with epichlrohydrin to graft epoxy moiety onto lignin structure (Figure 46).215 
Generally the epoxidized lignin is mixed with other polyepoxides and then cured with various hardeners. 
The authors observed that the higher the lignin content, the higher the cross-linking density, resulting in a 
higher glass transition temperature, lower swelling ratio and increased stiffness in comparison to a 
reference network not embedding lignin structure. 

 
Figure 46. Glycidylation of organo-solv lignin with epichlorohydrin  

 
iii. Phenolic thermosets 

Phenolic thermosets represent an important class of polymeric materials (adhesives) mainly based on two 
monomers, i.e. phenol and formaldehyde. Both monomers, notably formaldehyde, should be replaced 
because of health and environmental concerns. Indeed, lignin appeared as a good candidate as phenol 
precursor. Some studies reported the incorporation of lignin in phenol-formaldehyde thermosets.216,217 
Again, only a fraction of lignin was used in addition to phenol due to the lack of processability of lignin 
and to its uncomparable lower reactivity with respect to phenol. As a general trend, the higher the lignin 
content in the thermoset, the higher the thermal stability. 
With respect to this polymer family, one important challenge remains the increase of phenolic functions 
on the lignin substrate. With this aim, the demethylation of methoxy groups from monolignol units 
appeared to be an efficient strategy to consider.218–220  
 

2. Depolymerization of lignin 

As already discussed, lignin is the major source of aromatic compounds from biomass. A big challenge is 
thus to selectively and efficiently depolymerize lignin into well-defined, processable and low molecular 
weight aromatics. Amongst such substrates, vanillin and ferulic acid appeared to be substrates of interest 
for the further synthesis of (semi)aromatic polymers (Figure 47).  
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Figure 47. Targeted molecules obtained by depolymerization of lignin under oxidative or reductive conditions  

 
i. Reductive cleavage of lignin  

The depolymerization of lignin can be performed through reductive or oxidative catalyses. In the 
reductive process, lignin is treated at high temperature under pressurized H2 in the presence of transition 
metal catalysts. This process is a two-step-procedure in which the first step is the ether bond (β-O-4, α-O-
4) cleavage and the second step, a hydrodeoxygenation of the formed molecules. The main transition 
metal catalysts used for the reductive depolymerization of lignin are platinum, ruthenium, rhodium, and 
palladium.221,222 A lot of studies focused on the reductive depolymerization of lignin models for the 
production of benzene, toluene and xylene (BTX products), Figure 48. To our knowledge, this method is 
not mature enough to be effective on crude lignin and required some improvements in terms of catalytic 
efficiencies and processes.  
 

 
Figure 48. Model reaction of reductive cleavage of bisaromatic compounds towards the formation of BTXs 
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With respect to polymer synthesis, a big challenge, is obviously the access through this reductive process 
to xylene, intermediate used for the synthesis of terephthalic acid and thus bio-poly(ethylene terephtalate), 
bio-PET, as already represented in Figure 5.  

 
ii. Oxidative cleavage of lignin 

Another strategy is the lignin depolymerization under oxidative conditions. Contrary to the reductive 
route, the oxidative cleavages of C-C and C-O bonds lead to high value functional molecules, such as 
ferulic acid or vanillin (Figure 47).223 Interestingly, ferulic acid exhibits anti-oxidant, anti-ageing, anti-
diabetic and anticancer properties while vanillin is widely used as aroma in agro-industry.  
Since twenty years, a huge variety of oxidative process, oxidants and catalysts were tested. As for the 
reductive route, the main studies were reported on model molecules and not directly on lignin. 
The main catalysts reported for the oxidative cleavage of lignin are organo-metalic complexes.223,224 
Polyoxometalates (POM) have also been studied as oxidative catalysts for lignin depolymerization. These 
metal-oxygen clusters are considered as green catalysts.225 Zhao et al. performed oxidations of lignin 
under pressurized oxygen in a methanol/water mixture in the presence of POM, that lead to the 
production of acids with yields ranging from 12 to 65%.226 Following a biomimetic approach, 
metalloporphyrin catalysts were also employed as analogues of peroxidases, enzymes produced by fungi 
capable of depolymerizing lignin. The latter catalysts are less expensive and more versatile than their 
enzymatic analogues.227 Another method which employs a TEMPO derivative in a formic acid aqueous 
solution containing sodium formate and allowing the oxidation of lignin at 110°C during 24h was also 
reported. Low molecular weight aromatic compounds were obtained in good yields (60%) through this 
process.228 
 
Nowadays, Borregaard is the only industry producing functionalized aromatic molecules from lignin and 
in particular vanillin. Thanks to an oxidative process performed on lignosulfonates in the presence of 
copper sulfate in alkaline conditions and under pressurized oxygen, 1500 tons of vanillin are produced 
each year with 7% yield. 

 

3. Lignin-based thermosets and thermoplastics  

Most of the polymers produced from lignin derivatives deal with vanillin, ferulic acid or guaiacol 
compounds. Due to the high amount of available literature in the field, it is impossible to perform a 
thorough review of all the results. It is however worth mentioning the review of Cramail and coll. on the 
wide scope of monomers and polymers which can originate from lignin-derivatives.229 It is encouraged to 
refer to this work, should complementary information be needed. 
 

 
i. Vinyl ester and cyano ester thermosets 

Vinyl ester resins are thermoset polymers containing acrylate or methacrylate functions. The latter are 
used in coatings and composites materials. Wool et al. reported in 2012 a fully vinyl ester thermoset 
obtained from methacrylated vanillin derived monomer.230 
Cyanate esters are aromatic molecules in which the phenol group is replaced by a cyanide (NCO) 
function. In the curing process, the trimerization of the cyanide group into triazine occurs either at high 
temperature or at low temperature in the presence of metal catalysts. Two studies reported the synthesis of 
cyanate ester thermosets from vanillin.231 The so-formed vanillin-based thermosets exhibited similar 
properties than commercial cyanate ester thermosets. 
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ii. Epoxy thermosets 

As already discussed, the main molecule employed for the synthesis of industrial epoxy thermoset is the 
bisphenol-A, BPA. However, due to the toxicity of this compound, a lot of studies reported in this field 
aim at preparing bio-based epoxy thermosets avoiding the use of BPA. Caillol and co-workers described 
the synthesis of epoxy thermosets from bisepoxide of vanillin, vanillyl alcohol and vanillic acid.232–234 
These two last components are commercial compounds and can be easily obtained by reduction or 
oxidation of vanillin. These bisepoxides obtained by glycidylation reaction with epichlorohydrin could 
react with isophorone diamine to produce epoxy thermosets (Figure 49).  
In order to mimic the DGEBA-based resins, the authors have also synthesized bisepoxide oligomers of 
vanillin (Figure 49). By playing on the bisepoxide oligomer chain length, the cross-linking of the 
polyepoxide network could be adjusted to target particular Tg.  

 

 
 

Figure 49. Synthesis of bisepoxides by chemical modification of vanillin 

 
iii. Polyesters 

Direct polymerization methods  
The first example of polymerization of vanillic acid was described in the 50s. Indeed, vanillic acid was 
converted to carboxylate by etherifying the phenolic moiety with ethylene dihalides (Figure 50, a). 
Subsequently, the carboxylate was esterified with ethylene glycol and condensed to linear semi-cristalline 
polyester exhibiting Tg of 80 °C and Tm of 210 °C.235 Later, in the 80s, other strategies were developed 
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to synthesize vanillic and syringic acid-based polymers.236 In a second synthetic pathway, the phenolic 
moiety of vanillic acid was reacted with ethylene oxide, yielding an AB synthon able to self-
polycondensate (Figure 50, b). Viscometry molecular weights indicate that the first synthetic pathway (a) 
provides polyesters exhibiting higher molecular weight, around 50 000 g/mol both for vanillic acid and 
syringic acid in comparison to polyesters produced from the second method (b), 30 000 g/mol and 
12 000 g/mol, respectively. The polyesters prepared through pathway (a) showed Tg of 69 °C and Tm of 
212 °C in the case of vanillic acid and Tg of 58 °C and Tm of 172 °C for syringic acid. From the second 
method (b), the so-formed polyesters showed Tg of 55 °C and Tm of 254 °C in the case of vanillic acid 
and Tg of 45 °C and Tm of 73 °C for syringic acid. Interestingly, the polymer produced from vanillic acid 
exhibits thermal properties very close to PET’s  (Tm = 265 °C, Tg = 67 °C). 

 
Figure 50. Polyesters from vanillic acid (R = H) and syringic acid (R = OCH3) 

As fas as vanillic acid is concerned, a lot of studies were reported on thermotropic polyesters. 
Thermotropic polymers exhibit liquid crystal behavior in their molten form. The thermotropic polyesters 
described in the literature exhibit high mechanical strength, chemical resistance at elevated temperature 
and good flame retardancy due to the presence of aromatic rings and high order in their structures. 
Poly(vanillic acid) was firstly synthesized by Kricheldorf and co-workers from two different routes.237 
Based on these studies, various other polymers were synthesized by copolymerization of vanillic acid 
with different comonomers. Vanillic acid compared to other monomers like terephtalic acid or bisphenol-
A brings to the terpolymers, faster polycondensation rate, higher molecular weights and lower melting 
temperatures. These vanillic acid-based thermotropic polymers attracted attention for biomedical 
applications thanks to their good thermomechanical properties and processability. Indeed, the synthesis of 
bioresorbable polyesters from vanillic acid and p-hydroxybenzoic acid was recently reported.238  
 
In the current context of “green” chemistry, 100% biobased polyesters were synthesized from vanillin, 
ferulic acid and vegetable oil derivatives. Meier and coll. produced polyesters from ferulic acid by 
polycondensation (Figure 51).239 The carboxylic moiety of ferulic acid was first esterified with methanol 
and the resulting hydrogenated methyl ferulate was then reacted with 2 equivalents of ethyl carbonate, 
yielding an AB monomer, which was polymerized in the presence of TBD as a catalyst; the polymer so-
formed exhibits a molecular weight of 5400 g/mol and a semi-crystalline feature with a Tg of -27 °C and 
a Tm of 25 °C. Amorphous polyesters were also synthesized by copolymerization with fatty methylester  
derivatives. 
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The polycondensation of vanillin and fatty acid derivatives was also investigated (Figure 51).240 The 
aldehyde moiety of vanillin was converted into alcohol and etherification of the phenol moiety was 
performed with an undecenoic acid derivative. The thiol-ene addition of methylthioglycolate on the 
unsaturation leads to an AB monomer able to undergo homopolymerization. The polymer so-formed is 
semi-crystalline with a Tg of -13 °C and a Tm of 77 °C. Polymers with a higher crystallinity were also 
synthesized by copolymerization with fatty acid derived esters. 

Figure 51. Synthesis of ferulic acid- and vanillin-based polyesters by polycondensation in a sustainable way. 

Miller and coworkers reported the synthesis of bio-renewable poly(ethylene terephthalate) mimics, 
derived from lignin-derived substrates (Figure 52).241 The reaction of vanillin and acetic anhydride leads 
to both Perkin reaction and acetylation of the phenolic group. The resulting compound was hydrogenated 
and the generated acetyldihydroferulic acid was homopolymerized. ZnAc2 proved to be the most efficient 
catalyst. The polyester so-formed exhibits a molecular weight of 17 800 g/mol, Tm of 234 °C, Tg of 
73 °C and a 50% thermal decomposition temperature (Td50%) at 462 °C. Such values are similar to the 
corresponding values of PET (Tm = 265 °C, Tg = 67 °C, Td50% = 470 °C).  

The same group also synthesized poly(alkylenehydroxybenzoate)s (PAHBs) from vanillin, 4-
hydroxybenzoic acid and syringic acid (Figure 52) in order to target semi-aromatic polyesters with a wide 
range of thermo-mechanical properties.242 These aromatic aldehydes were oxidized into corresponding 
carboxylic acids and the phenol moiety was derivatized with 2-chloroethanol or 3-chloropropan-1-ol. The 
resulting hydroxy acid monomers (AB), were homopolymerized, in the presence of antimony oxide as 
catalyst. The thermo-mechanical properties of the so-formed polyesters are varying with respect to the 
aromatic unit substitution. Indeed, the substitution on the aromatic ring increases the free volume of the 
polymer chains, which decreases the Tg. In addition, the length of the aliphatic segment between the 
aromatic units has also an impact on the thermal properties. In this series of polymers, the glass transition 
temperature was tuned between 50 and 70 °C and the melting temperature between 170 and 239 °C. 
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Figure 52. Synthesis of poly(alkylenehydroxybenzoate)s from lignin derivatives 

Synthesis and polymerization of symmetrical difunctional monomers 
An alternative access toward difunctional monomer from vanillin or lignin derivatives is based on the 
coupling of phenolic substrates. This coupling could occur either on the phenol yielding dicarbonyl, or on 
the carbonyl yielding bisphenol.243–245 These building blocks were further used for polyester synthesis. 
In order to produce difunctional symmetrical monomers, Grelier and coll. have investigated the enzymatic 
coupling, with the help of laccase from Trametes Versicolor, of several phenolic compounds potentially 
derived from lignin (Figure 53).246  

 
Figure 53. Synthesis of methylated divanillyl diol and methylated dimethyl divanillate from vanillin 

 

The chemical modification of these building blocks enabled the synthesis of symmetrical monomers for 
the design of renewable (semi)aromatic polyesters (Figure 54).247 The methylation of the phenol prevents 
the phenol moiety to be involved in the polycondensation. The reactivity of methylated divanillyl diol and 
methylated dimethyl divanillate towards polycondensation was investigated on the copolymerization with 
dimethyl sebacate and 1,10-decanediol. Polyester molecular weights of 65 000 g/mol were reached for 
methylated divanillyl diol and of 20 000 g/mol for methylated dimethyl divanillate. Considering this 
difference in reactivity, a series of polyesters were synthesized by transesterification of methylated 
divanillyl diol with several diesters of aromatic, aliphatic or cyclo-aliphatic structures (Figure 54). The 
polyesters displayed a Tg ranging from -5 to 139 °C, influenced by the structure of the co-monomer and 5 
wt% loss temperature above 300 °C. 
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Figure 54. Structures of polyesters synthesized from methylated divanillyl diol and various diesters  

Synthesis and polymerization of bis-unsaturated esters 
Other polymerization techniques were employed to produce polyesters from lignin derivatives (Figure 
55). Notably, Meier and coll. prepared bis-unsaturated esters from ferulic acid and vanillin, which were 
polymerized via ADMET or thiol-ene methodologies.240,248 The polymers synthesized via thiol-ene 
polyaddition were found semi-crystalline whereas the ones synthesized by ADMET were amorphous. 
Allais and coll. also modified bisphenols derived from ferulic acid to obtained bis-unsaturated esters by 
etherification with various bromo-alkenes in order to perform ADMET polymerization.249 Amorphous 
polymers were obtained with low Tgs, from -21.6 to 18.2 °C and 5 wt.% loss temperatures between 291 
and 333 °C. Our group also reported the synthesis of a bisunsaturated diester and its polymerization by 
ADMET methodology.250 The latter was obtained from methylated dimethylvanillate dimer and 
undecenol. ADMET polymerization was performed in Polarclean solvent which was selected for its 
high boiling point, its compatibility with Grubbs catalyst and its sustainability.251  
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Figure 55. Synthesis of ferulic acid- and vanillin-based polyesters by ADMET polymerization and thiol-ene 

addition 

iv. Polyacetals 

Dialdehydes are also important monomers for the synthesis of polyacetals, a class of biodegradable 
polymers as acetal linkages are sensitive to hydrolysis. Miller and coll. synthesized cyclic and polycyclic 
polyacetal ethers from 4-hydroxybenzaldehyde, vanillin and syringaldehyde (Figure 56).252 The 
dialdehydes were prepared by reaction of lignin derivatives with 1,2-dibromoethane using sodium 
hydroxide and potassium iodide in water. Polycondensation of the dialdehydes with tetraol yields cyclic 
polyacetal ethers in the case of di-trimethylolpropane and spirocyclic acetal in the case of pentaerythritol 
(Figure 56). Molecular weights ranging between 10 600 and 22 200 g/mol were reached. Polymers from 
4-hydroxybenzaldehyde are semi-crystalline, whereas polymers synthesized from vanillin and 
syringaldehyde are amorphous due to the presence of methoxy groups. Spirocyclic polyacetals exhibit 
higher Tg than the cyclic equivalent ones (for vanillin: 129 °C versus 80 °C). As already reported, 
syringaldehyde-based polymers show higher glass transition than vanillin-based ones (152 °C for the 
spirocyclic one against 98 °C for the cyclic equivalent). All the polymers present high 5 wt% degradation 
temperature, between 307 and 349 °C. 

 
Figure 56. Synthetic pathway of polyacetals from lignin derivatives 
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v. Polycarbonates 

Polycarbonates are a class of materials between the commodity and the engineering plastics. The latter 
are synthesized by transesterification of bisphenols and phosgene or carbonates. Harvey and coll. 
synthesized polycarbonates by transesterification reaction between bisphenol from vanillin and 
diphenylcarbonate but low molecular weights were obtained.253 Biocompatible and biodegradable 
poly(carbonate-amide)s were also synthesized from ferulic acid and tyrosine.254 

 

vi. Radical Polymerization 

Lignin derivatives were also modified into acrylamide and acrylate derivatives and polymerized by 
radical polymerization. Thermoplastic polymers with lignin derivatives as side chain groups were 
obtained (Figure 57). Roger and coworkers synthesized the acrylamide derivative from guaiacol and 
vanillin.255 The first pathway involves the Friedel-Crafts alkylation reaction of N-
hydroxymethylacrylamide with guaiacol. The second approach is based on vanillin and requires a three-
step reaction: the oxime is prepared, reduced and the resulting amine reacts with acryloyl chloride. The 
obtained acrylamide was polymerized by free radical polymerization employing AIBN as an initiator. 
Despite a screening of the conditions, polymers with relatively low molecular weights, below 
11 000 g/mol were obtained; branched structures and broad molar mass distributions were observed at 
high conversion. These observations can be attributed to the phenoxy radicals known to inhibit radical 
polymerization by acting as scavenger. 

 
Figure 57. Synthesis of thermoplastic polymers by radical polymerization of lignin derived acrylamides 

Controlled radical polymerization was also used to synthesize homopolymer and block copolymers from 
vanillin-derived acrylate.256 An acrylate derivative was synthesized from vanillin by esterification of the 
phenolic group with methacrylic anhydride (Figure 58). The latter was polymerized by reversible 
addition-fragmentation chain transfer (RAFT) yielding a polymer with a molecular weight of 
17 000 g/mol and a dispersity of 1.34. The latter polymer was employed as macro-chain transfer agent 
(CTA) for the polymerization of lauryl methacrylate, a fatty acid derivative, yielding a block copolymer 
with a molecular weight of 56 000 g/mol and a dispersity of 1.50. The vanillin homopolymer exhibits a 
Tg of 120 °C and a degradation temperature over 300 °C, similar to the values of polystyrene. The block 
copolymer chains self-assemble in body-entered-cubic nanospheres. Other morphologies could be 
reached by increasing the volume fraction of vanillin. 
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Figure 58. Synthesis of thermoplastic polymers by radical polymerization of lignin derived acrylates 

 
 

III. Polymers from vegetable oils 

 

A. Introduction 

Vegetable oils represent one of the most promising bio-resources for the synthesis of bio-based polymers. 
This biomass has gained attention in the past few years as the oil structures enable chemical 
transformation and access to new and innovative properties for some applications. Indeed, vegetable oils 
are a combination, via ester bonds, between glycerol and three fatty acids with variable carbon contents 
and functionalities depending on the plant species and the growing conditions (Figure 59).257 Therefore, 
the nature of fatty acids present on triglycerides differentiates one vegetable oil from another. Still, one of 
the problematic encountered by vegetable oil-based polymers is the variable composition in triglycerides 
within a same kind of crop, preventing the access to materials with reproducible properties. 

On the one hand, refined oil containing triglycerides can be valorized as monomers for thermosets or 
hyperbranched polymers, taking advantage of their plurifunctionality and their inherent biodegradability. 
Triglycerides can be polymerized as produced thanks to the naturally occurring functional groups present 
on fatty acids (esters, alcohol, insaturations, epoxide moieties) or after chemical modifications. On the 
other hand, glycerol and fatty acids can be extracted from the triglycerides and chemically transformed in 
several intermediates to prepare hyperbranched or linear thermoplastic polymers. The use of purified fatty 
acid derivatives enables the preparation of well-defined thermoplastic polymers with controlled structure-
properties relationship. The different strategies adopted to prepare vegetable oil-based polymers will be 
detailed focusing mainly on renewable thermoplastic polymers. 
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Figure 59. Vegetable oils as a renewable resource for polymer industry 

 

B. Triglyceride-based polymers 

Some vegetable oils comprising castor oil or vernonia oil contain reactive functional groups such as 
hydroxyl or epoxide moieties that can be readily exploited for polymerization. However, the low content 
of available functions conferred to the final materials limited applications and weakened 
thermomechanical properties.258,259 As mentioned above, triglycerides can be chemically modified to 
increase and diversify functional groups, leading to many well-known synthetic routes to prepare 
vegetable oil-based polymers.260–262 In most cases, triglycerides are copolymerized with rigid 
comonomers with the aim of improving material performances. Two main families, comprising 
polyurethanes and polyepoxide thermosets, will be discussed by the next section. Again, the presented 
content is not exhaustive and aims at refer the major recent innovations in this field. 

1. Polyurethanes (Polyols) from triglycerides 

Polyurethanes are classically prepared from polyols and polyisocyanates and cover a large range of 
applications in adhesives, elastomers, coatings and foams.261,263–265 Interestingly, only a few vegetable oil-
based polyisocyanates266 have been described in the literature in comparison with the wide range of 
reported renewable polyols.266,267 In most cases, triglycerides and more specifically long aliphatic chains, 
play the role of soft amorphous segments, conferring to PU a high flexibility. The comonomer is often 
chosen as hard segment in order to balance the composition and to tune the material thermo-mechanical 
properties.268 
First studies involving vegetable oil-based PUs were carried out on castor oil which presents hydroxyl 
moieties at the natural state and which is a non-food grade feedstock.266 Besides, a large number of 
studies reported the possibilities to functionalize triglycerides for PU precursor synthesis.  
 
Figure 60 highlights the five main routes to polyols engaging chemical modifications of triglycerides. The 
epoxidation of the available double bonds, followed by the ring opening of the epoxides is one of the 
most described pathways in the literature (Figure 60-(1)).260,269–271 The double bonds are epoxidized using 
hydrogen peroxide and the produced oxirane groups are reacted with a nucleophilic ring-opening agent 
with or without catalyst to give the final polyol. Kessler et al.267 reviewed the recent advances involving 
the ring opening reaction. Many nucleophiles such as acetic acid, amines methanol, glycol, 1,2-
propanediol, 1,3-propanediol, diethylene glycol, poly(ethylene glycol) and even water have been used to 
ring-open oxiranes.268,271–276 Such a reaction is generally catalyzed with Lewis acids or inorganic acids 
like phosphoric or sulfuric ones. 272,277 Vegetable oil-based polyurethanes prepared from this route 
exhibited properties ranged from soft elastic to hard materials. Some very interesting features such as 
specific optical properties, biocompatibility, antibacterial feature or shape memory could be also 
obtained.278–282 
 
Vegetable oil-based polyols can also be synthesized from the transesterification/transamidation reaction -
between ester functions of triglycerides and alcohols/amines (Figure 60-(2)).283–288 Glycerol is often used 
as transesterification agent to prepare such polyols.289 Besides, the number of hydroxyl groups present on 
the polyol can be increased by reacting castor oil, rich in natural hydroxyl moieties, with one 
transesterification agent. This strategy can circumvent the presence of unreactive aliphatic chains, 
enabling to obtain PU with strengthen thermo-mechanical properties.290 The PU so-formed exhibit a large 
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palette of properties with respect to the oil, the transesterification/amidation agents and the diisocyantes 
used.267  
 
The third route consists in the hydroformylation of double bonds in aldehydes using CO/H2 gas under 
catalysis (mostly cobalt or rhodium based catalysts) that are subsequently hydrogenated under H2 (Figure 
60-(3)).291 This last step leads to the formation of primary hydroxyl groups known to be more reactive 
towards polyaddition with diisocyanates. Commercially available polyols were synthesized by Dow 
Chemical Co. and BASF 292 following the hydroformylation/reduction strategy on fatty acid methyl esters 
(Renuva TM polyol) and castor oil (Lupranol Balance 35) respectively. However, one study showed that 
this route displayed a main drawback as the PU films prepared were black.293  
The ozonolysis of the double bounds followed by a reduction step into aldehyde, further reduced into 
hydroxyl functions has been investigated by several research groups in order to prepare more reactive 
polyols with primary hydroxyl moieties (Figure 60-(4)). Besides, ozonolysis leads to fatty acid chain 
cleavage and hydroxyl formation at the chain end, resulting in more rigid PUs when copolymerized with 
diisocyanate.294 It is noteworthy to mention that this route limits the number of hydroxyl groups to three 
and consequently decreases the crosslinking density. 
A last method to produce polyols from vegetable oils is the use of thiol-ene click chemistry on double 
bonds (Figure 60-(5)). Indeed, this route involves a mild synthesis displaying high reaction rate, high 
atom economy, high yields and low reaction times. The reaction of thiols such as 2-mercaptoethanol on 
vegetable oil insaturations have already been reported by several research groups to prepare polyols.295–301 
This strategy enables the simple access to other chemicals such as vegetable oil-based polyamines by 
reacting cysteamine on double bonds for instance.302,303 Using thiol-ene addition, another strategy has 
been developed and involves the preparation of mercaptanized vegetable oils, enabling a further reaction 
with an unsaturated compound.297,304 

 

Figure 60. Strategies to prepare polyols from triglycerides 
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It is noteworthy to mention than in the context of sustainable chemistry, the synthesis of non-isocyanate 
thermoset polyurethanes from vegetable oils has been investigated. Many works reported the preparation 
of poly(cyclic carbonate)s via the epoxidation of triglyceride carbon-carbon double bonds, followed by a 
carbonation under pressurized CO2 before being polymerized with polyamines.305 This synthetic strategy 
will be further discussed. 
 

2. Polyepoxide networks from triglycerides 

The scope of this chapter is limited to epoxidized vegetable oils precursors that can be cross-linked with 
several hardeners such as amines, acids and anhydrides to prepare epoxy networks. However, the 
synthesis of vegetable oil-based polyamines and their use in epoxy network syntheses is not included in 
this scope. 
Commercially available epoxy resins are commonly prepared from bisphenol-A and epichlorohydrin 
whose the use is more and more restricted due to their inherent toxicity.306 Significant efforts have been 
made in the last decade to substitute classical epoxy precursors by vegetable oil-based ones. The latter can 
naturally contain oxirane moieties as it is the case of vernonia oil, or can be epoxidized following several 
methodologies. 
The first route, probably the most employed, consists in the double bounds epoxidation with hydrogen 
peroxide as oxidative agent. This chemistry is sensitive to the double bound configuration and can lead to 
side reactions with subsequent low epoxide content.306 Nonetheless, many studies have described the 
epoxidation of castor, soybean, grapeseed, canola or linoleic oils via this methodology.307–310 Other routes 
using peroxides and involving metal catalysts (rhenium, oxomolybdenum…)311,312 and enzymes (ex: 
Novozym® 435)313 were also investigated to increase yields and selectivity. One of the main producers of 
epoxidized vegetable oils is the company Arkema who has developed the production of epoxidized 
soybean oil (Figure 61) under the name VIKOFLEX®.314 Also, it is important to note that epoxidized 
vegetable oils are used as additives or plasticizers in paints, coatings or PVC.315  

 

Figure 61.  Epoxidized soybean oil structure 

Some research groups performed the self-polymerization of epoxidized soybean or castor oils using 
specific thermally latent catalysts such as N-benzylpyrazinium hexafluoroantimonate or BF3.OEt2.316,317  
Nonetheless, these epoxy precursors are generally copolymerized with different crosslinking agents. For 
instance, amines, acids and anhydrides have been used as hardener to prepare vegetable oil-based epoxy 
resins.  
Stemmelen et al. described the polymerization of a linear bio-based diamine from grapeseed oil fatty acid 
and polyamines from the same oil with epoxidized linseed oil. The fully vegetable oil-based epoxy resins 
exhibited good mechanical properties but lowered chemical resistance due to the poor crosslinking 
density, correlated to the low monomer reactivities.318,319 
In order to tune the epoxy network properties, epoxidized vegetable oil are commonly mixed with 
commercial and petroleum-based epoxy precursors. Several papers reported the impact of the epoxidized 
vegetable oil content in the epoxy resin formulation, containing also bisphenol-A derivative, on the 
network properties. These studies demonstrated that by increasing the amount of triglyceride-based 
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epoxides, flexibility and elongation at break increased but chemical resistance, crosslinking density as 
well as thermo-mechanical properties were lowered.320–322 
Various bio-based diacids were employed as crosslinking agent in the formulations. A blend of 
epoxidized soybean oil and diglycidyl ether of bisphenol A was cured using the fatty acid-based sebacic 
acid that exhibited higher efficiency than classical amine hardeners.323 Also, another group conducted the 
reaction between epoxidized soybean oil and the bifunctional citric acid in order to provide fully bio-
based epoxy networks.324 Moreover, Mathary et al. used the diacid belonging to the Priplast® range 
developed by CRODA as crosslinking agent for epoxidized linseed oil. The resulting epoxy networks 
obtained under a base-catalyzed process displayed both good water resistance and thermal stability.325  
Finally, other studies investigated the crosslinking of several epoxidized vegetable oils with anhydrides 
such as phthalic anhydride,326 maleic anhydride,327 methyl hexahydrophthalic anhydride,328 methyl 
tetrahydrophthalic anhydride329 and methyl nadic anhydride.330 One interesting study highlighted the 
possibilities of tuning epoxy network properties by curing an epoxidized cottonseed oil with the 
appropriate blend of methyl nadic anhydride and dodecenyl succinic anhydride, which bring respectively 
rigidity and flexibility.331 
 

3. Other triglycerides-based polymers 

The high density of functionalities imparted by triglycerides enables a plethora of polymerization 
processes and subsequent materials. Some of them require prior triglyceride modification. Figure 62 
summarizes some interesting polymerization routes to access cross-linked vegetable oil-based polymers.   
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Figure 62. Triglyceride-based monomers for thermoset polymers 

At the industrial scale, oxypolymerization has been largely used to modify vegetable oils into ‘drying 
oils’.332–335 Indeed, after an exposure to air and oxygen, C=C double bonds composing oils (linseed, tung 
or soybean) generate radicals and can be oxidized to form peroxides that can cross-link oils by radicals 
recombinaison. These modified oils have been widely used as free-radical macroinitiator, as linoleum 
floor covers or as binders in oil paints and varnishes thanks to their high viscosity.336–340 
 
Besides, the majority of triglycerides are composed of unsaturated and unconjugated fatty acids with 
limited double bound reactivity, limiting the access to effective free radical polymerizations. One 
exception is made for tung oil, mainly composed of α-eleostearic acid, which comprises a naturally-
occurring conjugated triene (Figure 63). This readily polymerizable oil has already been copolymerized 
with styrene and divinylbenzene341,342 following a thermally-initiated free radical process.  
 

 

Figure 63.  Hypothetical tung oil structure (~85% α-eleostearic acid) 
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In order to obtain more reactive conjugated monomers, other vegetable oils were first isomerized343  
before being copolymerized with various comonomers.344,345 For instance, Larock and co-workers 
synthesized bio-based thermosets from the free-radical copolymerization of conjugated linseed oil with 
acrylonitrile and divinylbenzene.344,345  
Another strategy involving the ring-opening of epoxidized vegetable oils by acrylic acid346–349, maleic 
anhydride350 and other (meth)acrylated compounds351 has been widely reported in order to introduce more 
reactive double bonds onto triglycerides. Recently, Zhang et al. proposed a new route to access acrylated 
soybean oil from raw triglycerides in a one-step procedure using BF3.Et2O as catalyst, avoiding the 
oxirane ring-opening step.352 Generally, the reported (meth)acrylated oils are (co)polymerized following a 
free radical polymerization initiated by heat, UV or chemical initiators. Some of these polymers were 
described to be good candidates for pressure sensitive adhesives353–355 or even for electronic materials.351 
It is noteworthy to mention that acrylated epoxidized soybean oils have been extensively used in surface 
coatings and have already been commercialized by UCB Chemicals Company (Ebercryl 860).350,356  
Nonetheless, vegetable oils with less reactive carbon-carbon double bound have been copolymerized with 
styrene without prior modifications, in order to blend bio-based content with styrenic materials to 
subsequently improve the initial mechanical properties.314 
 
Taking advantage of the high nucleophilicity of carbon-carbon double bounds present on triglycerides, 
cationic (co)polymerizations of vegetable oils have been carried out using generally protic or Lewis acids 
as initiators. Thus, different oils have been copolymerized via a cationic mechanism with divinylbenzene 
and styrene.357–362  Soybean oil was also copolymerized with dicyclopentadiene to form partly bio-based 
thermosets.363,364 Also, cationic polymerization of soybean oil in supercritical CO2 has been undertaken 
using BF3.Et2O as catalyst.365 The obtained liquid soy polymer was found to be a good candidate for 
medical lubricants. Using the same catalyst, tung oil was found to be highly reactive towards cationic 
polymerization thanks to its double bond conjugation.366 Additionally, epoxidized vegetable oils can be 
cationically polymerized using ‘latent initiators’ such as benzylpyrazinium salts under heating or photo-
irradiation.316,367–371 
 
Milder chemistries such as metathesis reaction, azide-alkyne Huisgen cyclo-addition or Diels-Alder 
reactions have been applied to triglycerides with the aim to prepare polymeric materials.  
Larock’s group investigated the acyclic diene metathesis (ADMET) of various vegetable oils using the 
first generation of Grubbs catalyst, taking advantage of the double bonds abundancy in triglycerides.372 
Further studies were conducted on the particular case of metathesized soybean oils.373,374 Besides, 
vegetable oils can be modified before being polymerized via metathesis techniques. Indeed, rubbery 
thermosests could be obtained by processing the ring-opening metathesis polymerization (ROMP) of a 
norbornene-functionalized castor oil with cyclooctene.375 Also, a commercially available mixture of 
norbornenyl-functionalized linseed oil and cyclopentadiene oligomer crosslinkers sold under the name 
Dilulin (Figure 64) has been polymerized by ROMP with dicyclopentadiene376 or polycyclic norbornene-
based monomers.376 

  

Figure 64. Blend composition of Dilulin 
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Furthermore, Petrovic’s group carried out the syntheses of azide-functionalized triglycerides and 
subsequently performed the ‘click’ coupling (also called Huisgen cyclo-addition) with dialkyne or 
polyalkynes comprising alkynated oils.377,378  
Lastly, an interesting polymerization, through irreversible Diels-Alder coupling, has to be mentionned. 
Thermosets were obtained by click coupling between tung oil conjugated double bounds and aliphatic or 
aromatic bismaleimides.379,380 Contrarily to the furan-maleimide Diels-Alder reaction, the coupling was 
irreversible even when high temperatures were applied.  
Despite the high functionality density imparted by the triglycerides, the polymerization of such chemicals 
results in lowered material properties. Indeed, due to the variable structure of triglycerides in a same oil 
sample, the relationship between structures and properties is difficult to make and the reproducibility is 
almost impossible to target. Therefore, building blocks-composing triglycerides, i.e. fatty acids and 
glycerol have been respectively used as monomers for well-defined polymer syntheses. 

 

C. Glycerol-based polymers 

The glycerol production has been widely increased in the past few years due to the development of fatty 
acid methyl esters production. Indeed, this compound of interest is produced in large quantity from the 
triglyceride transesterification, and used as fuel additive (biodiesel). Therefore, an extensive effort has 
been done in the academic and industrial research in order to valorize the glycerol, which is the by-
product of this reaction. Additionally, glycerol is a cheap and available intermediate that can be 
derivatized into numerous chemicals thanks to its multifunctional character. The Figure 65 sums up the 
most prevalent chemicals obtained from glycerol transformations. For instance, the etherification, 
chlorination and hydrogenolysis of glycerol are respectively leading to oligo/polyglycerols, 
epichlorohydrin and 1,3-propanediol.381 The main advantage of these intermediates is their 
biocompatibility suitable for biomedical applications.382 
 

 

Figure 65. Most common molecules obtained from glycerol chemical transformations 

The syntheses of glycerol derivatives will not be detailed in this part. Special attention will be paid to the 
most relevant polymers obtained from glycerol or derivatives.   

 

1. Polyglycerol (including hyperbranched polyethers) 

Glycol ethers such as ethylene glycol are commonly produced from fossil resources and are used mainly 
for their coalescence properties in inks, paints or solvent.383 Due to their toxicity and CMR character, 
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industrials tend to substitute these additives by oligo- and polyglycerols, preferentially derived from 
renewable resources. By varying the degree of branching or the degree of polymerization, a wide palette 
of oligo- and polyglycerols with tunable properties is available. For instance, some of these polymers 
have already been employed as plasticizers, surfactants, lubricants or in cosmetic and pharmaceutical 
industries.384–394 
Lemaire and co-workers reported the different approaches to polyglycerol. They highlighted industrial 
routes such as the reaction between epichlorohydrin and allylic alcohol in 5 steps or the anionic 
polymerization of glycidol.395 However, these routes represent a limitation in terms of atom economy and 
toxicity. Therefore, new eco-friendly etherification processes leading to polyglycerol and starting from 
raw glycerol or glycerol derivatives have emerged.  
 
Glycerol can be self-polymerized following two different mechanisms producing linear or hyperbranched 
oligo- or polyglycerol. These two polymerizations involve respectively the primary hydroxyl functions 
and both primary and secondary one, depending on the catalysts employed.396 When the etherification 
occurs between primary hydroxyl groups, linear polyglycerols are produced as depicted in Figure 66-(A), 
whereas hyperbranched polyglycerol schematized in Figure 66-(B) can be obtained through the 
etherification of both primary and secondary hydroxyl groups. Many acidic or basic, homogeneous or 
heterogeneous catalysts have been tested. As reported by Martin et al.,396 the catalyst efficiency was 
closely linked to their nature and structure. Regarding the linear polymerization of glycerol, one of the 
most profitable catalysts remains potassium carbonate that can be well solubilized in glycerol at high 
temperature, improving the etherification conversion.397 

 

 

Figure 66. Homopolymerization of glycerol leading to (A) linear or (B) hyperbranched polyglycerols 

The main limitations of glycerol etherification remain high temperatures, high energetic costs and basic 
conditions employed during syntheses.382 To tackle this issue, milder routes have been investigated to 
access polyethers. The preparation of polyglycerols from glycerol carbonate, itself derived from glycerol 
has also been carried out under microwave irradiation, enabling the in situ formation of glycidol by 
decarboxylation.398 Another interesting monomer derived from the hydrogenolysis of glycerol is ethylene 
glycol that can be polymerized to obtain the widely used poly(ethylene glycol).381 
Going further, a plethora of linear polyethers from functionalized glycidyl ethers derived from glycerol 
has been investigated and displayed an excellent biocompatibility.382 Besides, mono-, oligo- and 
polyglycerols can be modified by transesterification with fatty acid ethyl esters in order to target 
applications such as cosmetic and food additives, detergents or lubricants.399–401  
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2. Hyperbranched polyesters (HPBEs) 

Additionally to the hyperbranched polyethers synthesized from glycerol, other types of glycerol-based 
hyperbranched polyesters (HBPEs) have been designed to introduce the biodegradability feature. Two 
main strategies have been investigated to access glycerol-based HBPEs via either the copolymerization of 
glycerol with diacids (or diesters) or the self polycondensation of a glycerol-based ABn-type monomer. 
The first route consisting in the copolymerization of glycerol with a comonomer has been widely 
described in the literature. Many bio-based hyperbranched copolyesters has been prepared using classical 
catalyst or enzymes such as the lipase Candida Antarctica (CALB), to process the polycondensation 
between glycerol and various renewable diacids such as succinic, adipic, citric acids or even anhydrides. 
Wyatt and Strahan402 synthesized hyperbranched polyesters from the polycondenstaion between glycerol 
and various diacids of different chain lengths (succinic, glutaric and azelaic acids) with dibutyltin oxide 
as transesterification catalyst. The degree of branching and the diacid structure were correlated and 
showed that the shortest glutaric acid led to the highest degree of branching (85.6%) in comparison with 
the long-chain azelaic diacid (13.9%).  
Another study described the copolymerization between glycerol, 1,8-octanediol and adipic acid at 70°C, 
under vacuum, using CALB as catalyst (Figure 67). The regioselectivity of the enzyme permitted the 
preparation of linear copolyesters when reaction time was limited (18h). Nonetheless, as the latter was 
extended to 42h, hyperbranched copolyesters resulting from the reaction of secondary hydroxyl groups 
with acid moieties were obtained.403 This work highlighted the importance of condition reactions on the 
copolyester final architecture.  

 

 

Figure 67. Enzymatic copolymerization of glycerol, adipic acid and 1,8-octanediol.404 

In the same category, polyglycerol sebaçate prepared from the polycondensation between ricinoleic-based 
sebacic acid and glycerol has gained academic research interest. Indeed, this material is biocompatible 
and bioresorbable, enabling potential applications in the biomedical field.405  
Besides, citric acid is a low cost and trifunctional monomer conferring anti-microbial and biodegradable 
properties when polymerized. The preparation of glycerol- and citric acid-based hyperbranched polyesters 
was carried out using an effective and catalyst-free A3 + B3 melt polycondensation (Figure 68).406 The 
authors studied the influence of the glycerol stoichiometry on the degree of branching and the 
biodegradability and proved the high potential of such systems for drug delivery. Tisserat et al. described 
the same synthesis using microwave irradiation.407 Thanks to their biocompatible characters, those bio-
based hyperbranched polymers could be potential candidates for tissue engineering applications 
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Figure 68. Hyperbranched polyester from glycerol and citric acid 

Another interesting example is the bulk preparation of hydrosoluble HBPEs from glycerol and maleic 
anhydride.408,409 Improved water solubility was observed when pentaerytritol was added as a core 
molecule in the system. The HBPEs was then reacted with acrylic ester to form acrylic ester latex film 
with improved mechanical properties and minimized water adsorption. In another study, maleic anhydride 
was also copolymerized with glycerol and succinic acid for the preparation of HBPEs as poly(lactic acid) 
reinforcement.  
 
The synthesis of HBPEs has also been carried out via the self-polycondensation of an ABn-type 
monomer. Meier’s and Li’s groups both prepared the fatty acid- and glycerol-based AB2-type monomer 
depicted in Figure 69-(A) by reacting 1-thioglycerol and methyl 10-undecenoate via a thiol-ene addition. 
The first group prepared HBPEs with and without glycerol as core molecule, at 120°C using TBD as 
catalyst. Molecular weights were ranging between 3500 and 4400 g.mol-1 (Ɖ=1.9-2.8). Higher HBPEs 
molecular weights (Mn=11400-60400 g.mol-1, Ɖ=5.2-25.3) were obtained by the second group using 
metallic catalysts such as Ti(OBu)4 or Zn(OAc)2 and working at 160-170°C. 
Parzuchowski et al. reported the synthesis of another AB2-type monomer (Figure 69-(B)) for the 
preparation of HBPEs that can be easily degraded by hydrolysis or alcoholysis, making them good 
candidates for recyclable materials.408 

 

 

Figure 69. AB2-type glycerol based monomers from (A) Meier’s and (B) Li’s groups. 

 

3. Glycerol-based linear polyesters 

The examples of linear glycerol-based polyesters are very limited. One of the only specimens comes from 
the copolymerization between a diacid and 1,3-propanediol that is readily obtained from the selective 
hydrogenolysis of glycerol, using specific metallic catalysts.381 At the industrial scale, this synthon of 
interest is copolymerized with terephtalic acid to produce a bio-based polyester patented under the brand 
SORONA® from Dupont or CORTERRA® from Shell.410 
Besides, few papers reported the synthesis of linear poly(hydroxyester)s from the multifunctional glycerol 
and a diacid (or diester). Their main objective was to adjust the reaction conditions (stoichiometry, 
catalysts, temperature) in order to limit side reactions such as branching or crosslinking. For instance, 
Gross and coll.411 demonstrated that linear poly(hydroxyester)s with very low degree of branching could 
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be synthesized from glycerol and oleic diacid by employing the immobilized Candida antarctica lipase B 
as transesterification catalyst. Using the same enzyme, Kobayashi and coll. described two epoxidized 
aliphatic polyesters from the reaction between glycerol, fatty acids and divinyl sebaçate.412,413 The 
epoxidation was carried out using hydrogen peroxide before or after copolymerization depending on the 
strategy adopted. The linear polyesters were then thermally cured to obtain biodegradable polyepoxide 
networks. 

 

4. Glycerol-based polyurethanes 

Regarding the classical polyurethane chemistry, all the glycerol-based polyols including 1,3-propanediol, 
polyglycidol or glycerol it-self can be copolymerized with polyisocyanates to obtain many varieties of 
polyurethanes with tunable properties depending on the polyol structure. The numerous examples 
reported in the literature show a real attraction for the renewable and low-cost glycerol. Some recent 
studies report the preparation of such polyurethanes. For instance, Li et al. prepared a crude glycerol-
based polyols by reacting glycerol at 150°C under vacuum for 5h without catalyst.414 The subsequent 
foaming in presence of methylene diisocyanate, surfactant and water was performed and the resulting 
foams demonstrated improved cell morphologies thanks to the presence of residual fatty acid derivatives 
present in crude glycerol. Another research group substituted petroleum-based polyols by polyglycerol in 
their rigid polyurethane foam formulation and demonstrated the improved mechanical properties of the 
renewable materials.415 Besides, Hu et al. used crude glycerol based-polyols to prepare water-bone 
polyurethane dispersions.416 Glycerol can also be used as source of polyol in foam formulations.417  
 
In the context of sustainable chemistry, reducing reagent toxicity and using bio-based chemicals have 
been two major challenges for the chemistry of the last decades. To feed the needs in the polyurethane 
chemistry domain, research about non-phosgene and non-isocyanate polyurethanes (NIPU) has been 
stepped up. The most promising route is the polyaddition between poly(cyclic carbonate)s and 
polyamines leading to poly(hydroxyurethane) formation (Figure 70). As reviewed by Maisonneuve et al., 
bio-based cyclic carbonates can be prepared from epichlorohydrin, glycerol carbonate or either 
diglycerol, making glycerol an attractive synthon.418  
 

 

Figure 70. Synthesis of (A) classical polyurethanes and (B) poly(hydroxyurethane)s 

 

5. Glycerol-based polyepoxide networks 
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The great majority of epoxy monomers are produced from the reaction between epichlorohydrin and 
hydroxylated compounds.419 The reaction is generally conducted in aqueous solution of sodium 
hydroxide, using epichlorohydrin in excess. As already discussed, the most popular remains the 
diglycidyl ether of bisphenol-A (DGEBA). Petroleum-based epichlorohydrin is usually produced from the 
chlorohydrination of allyl chloride.420 Solvay patented the synthesis of bio-based epichlorohydrin from 
glycerol (Figure 71) under the brand EPICEROL®, which is produced at a level of 100 kt per year.421 
Therefore, the bio-based weight content of DGEBA reached 25% when the bisphenol-A glycidation was 
carried out with glycerol-based epichlorohydrin. The recent review released by Auvergne and co-
workers419 summarized the different epoxy monomers from biomass, including the ones synthesized from 
epichlorohydrin. 
 

 

Figure 71. Glycerol chlorination to prepare bio-based epichlorohydrin (EPICEROL technology). 

One of the first glycerol-based polyepoxide network was prepared by Barua et al. by reacting bisphenol-
A, glycerol and epichlorohydrin in aqueous basic solution.422 Besides, poly(epoxide) prepolymers, 
particularly aliphatic glycidyl ether ones, can be obtained from glycerol and are commonly produced at 
the industrial scale. For instance, the synthesis of epoxy precursors (Figure 72) from epichlorohydrin and 
glycerol has been patented by Dow Chemicals.  The authors have developed the range POLYPOX® 
glycidyl ethers used in epoxy formulations as reactive diluent.423,424  

 

Figure 72. Glycerol-based poly(glycidyl ether)s. 

 

D. Fatty acid-based thermoplastic polymers 

Vegetable oils have been extensively used as intermediates for bio-based thermoset preparation, using 
raw oils or functionalized triglyceride monomers. However, as mentioned previously, the major problem 
encountered by this strategy is the heterogeneity of oil composition due to the random distribution of fatty 
acids within the triglyceride structure. Consequently, the correlation between the monomer structures and 
the polymer properties is hardly feasible. In light of this, fatty acids and their derivatives appears as the 
most promising building blocks for the synthesis of well-defined thermoplastic polymers with targeted 
and controlled properties. Indeed, fatty acids are available in a high-purity grade, enabling their use as 
monomers after chemical transformations. The latter are mainly conducted on the carbon-carbon double 
bonds along the fatty acid aliphatic chain and include oxidation, hydrogenation, hydroformylation, 
hydrovinylation, thiol-ene coupling, metathesis reaction, etc. Monomers, generally bifunctional, are thus 
designed to target a certain class of polymers with specific properties. Moreover, innovative properties 
can be conferred to vegetable oil-based polymers thanks to the structural difference existing between fatty 
acid- and petroleum-sourced chemicals.  
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In the following parts, the preparation of the most preponderant fatty acid-based thermoplastic polymers 
comprising polyamides, polyurethanes, polyesters and polycarbonates will be developed. A special 
attention will be given to commercially available materials and to emergent and high-potential polymers.  
 

1. Polyamides 

Thermoplastic polyamides (PA) represent a class of high performance materials required in many sectors 
involving automotive, electrical or textile industries. Indeed, due to the presence of amide linkages, 
polyamides exhibit unique properties such as high melting points, high impact and tensile strengths, 
electrical insulation, chemical, heat, and abrasion resistances. PA are commonly synthesized following 
three routes which are (1) the polycondensation of dicarboxylic acids and diamines, (2) the self-
polycondensation of amino acids and (3) the ring-opening polymerization (ROP) of lactams (Figure 73). 
At the industrial scale, most aliphatic polyamides are prepared by melt-phase polycondensation and reach 
average molecular weight around 10000 g.mol-1. 425,426 
 
 

 
 

Figure 73. Different routes towards polyamide syntheses. 

Depending on the polymerization route employed, AABB- or AB-type polyamides are obtained resulting 
in different nomenclatures written respectively PA-x,y and PA-x where x and y represent the number of 
carbons between two nitrogen atoms.427,428 For instance, PA-6,6 (Nylon-66) and PA-6 (Polycaprolactam, 
Perlon) count for 85-90% of the commercialized petroleum-sourced polyamides and are respectively 
synthesized by DuPont from the polycondensation of adipic acid and hexanediamine and by IG Farben 

from the ROP of -caprolactam. With regard to polyamide syntheses, it is noteworthy to mention that 
AABB-type polymerization is much more challenging than AB-type polyamide preparation. Indeed, 
according to the Carothers’s law, the stoichiometry deviation between diacids and diamines can lead to 
low molecular weights and weakened polyamide properties. Therefore, these polycondensations are 
generally performed following a ‘nylon salt solution’429 which consists in transforming the two monomers 
in their corresponding salts in order to target the exact stoichiometry before polymerizing them at 
elevated temperatures. 
 
The huge potential of vegetable oils for the synthesis of bio-based polyamides comes from the available 
long carbon chains enabling the preparation of aliphatic diamines, diesters (or diacids) and amino esters. 
One of the most important sources of vegetable oil-based polyamides is the castor oil (Figure 74). On the 
one hand, ricinoleic acid can be extracted from the hydrolysis of triglyceride from castor oil. A 
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subsequent pyrolysis gives access to the C11 undecenoic acid, which is an excellent building block for 
AB-type polyamide preparation. This synthon can be chemically modified via a bromination step and a 
treaTment with ammonia in 11-aminoundecanoic acid. For instance, the AB-type PA-11 commercialized 
by Arkema under the trade name Rilsan® 430–432 has been produced by the self-polycondensation of 11-
aminoundecanoic acid for more than 50 years. This famous fully bio-based polyamide is more resilient 
and thermally resistant than PA-6 and PA-6,6 and is produced at the scale of about 21000 tons per year 
for high performance applications (catheters, automotive fuel lines, …). On the other hand, alkali fission 
of ricinoleic acid with NaOH or KOH can produce sebacic acid, which has been extensively used as 
monomer for AABB-type polyamide preparation. For instance, various fatty acid-based polyamides have 
been synthesized from sebacic acid by different companies such as Rhodia (Technyl® eXten, PA-6,10), 
BASF (Ultramid® Balance, PA-6,10), Evonik (VESTAMID® Terra, fully or potentially bio-based PA-
10,10 and PA-10,12) 433 and DSM (EcopaXX®, PA-4,10).434 Due to the lack of commercial bio-based 
diamines, it is much more difficult to produce fully bio-based AABB-type polyamides than AB-type one. 
Nonetheless, sebacic acid can be either transformed in the corresponding diamine to reach fully bio-based 
polyamides as it is the case of PA-10,10 from Evonik.435 

 

 

 
Figure 74. Castor oil as a platform for polyamide synthesis 

As far as material properties are concerned, polyamides coming from castor oil have been used as matrix 
to reinforce glass, carbon, flax and cellulosic short fibers.436,437 The resulting composites displayed 
improved tensile strength, elongation at break and modulus of elasticity.  
Depending on the synthesis and on the targeted application, polyamides can display various molecular 
weights. For example, PA-6,6 exhibits molecular weights ranging in between 25000 and 110000 g.mol-1 
438 contrarily to some fully bio-based polyamides that could only reach molecular weights up to 14700 
g.mol-1.439 More generally, melting temperatures and modulus increase with the density of amide 
linkages. For instance, PA-6 and PA-11 display respective melting temperatures of 218 and 183°C 
demonstrating that PA-6 requires higher thermal energy to break the more prominent H-bonding between 
amide functions. Mecking and coll.181 published a complete review reporting the specific properties of 
long aliphatic polyamides. This review is a reference with respect to the structure-properties relationship 
analysis for long aliphatic polymers. 
 
In spite of the enthusiasm for ricinoleic acid and its derivatives, other fatty acids have been derivatized 
and employed as building blocks for polyamide preparation. Several reactions such as enzymatic 
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oxygenation, metathesis or thiol-ene coupling were applied to fatty acids to access polymerizable building 
blocks.   
Regarding first the design of bifunctional monomers, several research groups were interested in erucic 
acid obtained from the crambeseed oil in order to prepare PA-x,13 (Figure 75). Indeed, the brassylic acid 
(a C13 diacid) can be synthesized from the erucic acid cleavage and also derivatized in 1,13-tridecane 
diamine using specific conditions.440,441 PA-13,13 has been prepared from the polycondensation of both 
diamine and diacid from brassylic acid, resulting in polyamide with Tg of 50°C and Tm of 174°C.442 In 
this line, PA-13,6 has been synthesized from 1,13-tridecane diamine and adipic acid 443 and displayed 
similar Tg but a higher melting temperature of 206°C than PA-13,13. This feature was explained by 
crystallite reorganization in this material.444 More generally, the brassylic-based polyamides exhibited 
lower water uptake than PA-11 or PA-6,10. 

 

Figure 75. Synthesis of C13 dimers from erucic acid 

Besides, a naturally occurring unsaturated C18 building block coming from the enzymatic oxygenation of 
oleic acid (using Cytrochrom P450 monooxygenase enzymes) 445 and called Z-octadec-9-enedioic (Figure 
76) has been copolymerized with several aliphatic and cyclo-aliphatic diamines.446 The molecular weights 
of the resulting polyamides were close to 18000 g.mol-1 and displayed lower Tg and Tm than their 
corresponding saturated polyamides.447,448 

 

 
Figure 76. Z-octadec-9-enedioc acid from oleic acid. 

Mecking and coll.449 reported the synthesis of linear saturated monomers containing 19 or 23 carbons on 
their aliphatic chains from respectively methyl oleate and methyl erucate following an isomerizing 
alkoxycarbonylation and a subsequent hydrolysis. Long aliphatic α,ω-diamines can be synthesized via a 
four-step reaction including diol and diazide intermediates further reduced in the corresponding diamines 
(Figure 77). Interestingly, Walther et al.450 also prepared the C19 diamine from the corresponding diol 
with an excess of ammonia at 140°C for 48h. Both diacids and diamines coming from methyl oleate and 
methyl erucate were polymerized to access novel long-chain PAs with molecular weights around 10000 
g.mol-1. As expected, higher melting temperatures were observed for PA-11,23 and PA-12,23 than for 
PA-23,19 and PA-23,23.435   
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Figure 77. Diacids and diamines from methyl erucate and methyl oleate. 

Furthermore, the preparation of unsaturated PA-x,20 have been carried out following two strategies. First, 
the monomer resulting from the self-metathesis of 10-undecenoic acid was polymerized with various 
diamines using TBD as catalyst (Figure 78). The second strategy involved the ADMET of the bis-
unsaturated diamide obtained via the dimerization of methyl 10-undecenoate under TBD catalysis.439,446 
Both routes conducted to unsaturated aliphatic PA-x,20 with molecular weights in the range 5300-14700 
g.mol-1 and Tm comprised in between 180 and 226°C. Considering the presence of unsaturation within 
these PAs, ranges of application are restricted as the exposition to UV or air accelerates the material 
aging.  

 

 
Figure 78. Preparation of fatty acid-based PA-x,20 via polycondensation or metathesis.  

Interesting dimers originate from the dimerization between oleic and linoleic acids, well-known as 
Priplast® range commercialized by CRODA, were employed as comonomer for polyamide 
preparation.451,452 The long alkyl pendant chain imparted by this dimer conferred flexibility and lowered 
crystallinity to the resulting material in comparison with conventional polyamides, making them good 
candidates for printing inks and varnishes.453 Other C36-dimer fatty acids were synthesized by Meier and 
coworkers 454 via the thiol-ene coupling of methyl oleate with ethane-1,2-dithiol under UV irradiation 
using DMPA as initiator. Copolyamides were prepared by polycondensation of hexamethylenediamine, 
dimethyl adipate and the dimer fatty acid and displayed lower water uptake than PA-6,6 due to the long 
alkyl chain conferring hydrophobicity.  
 
With respect to the synthesis of AB-type monomers, interesting strategies and chemical transformations 
have been applied to fatty acids to design new PA-x polyamides. For instance, Meier and coll.455 
performed the thiol-ene coupling of cysteamine hydrochloride with methyl undecenoate, methyl erucate 
and methyl oleate unsaturations to design AB-type monomers for sustainable polyamides (Figure 79). Tm 
values were tuned according to the monomer polymerized. Indeed, PA obtained from methyl 

HO

O

6
HO

O

6
OH

O
6

H2N R NH2

N
H

O

6RN
H

O

6

H2N R NH2

TBD, bulk

TBD, bulk

ADMET Polycondensation

N
H

O

6RN
H

O

6 n

Metathesis

Unsaturated PA-x,20



72 
 

undecenoate-based monomer displayed a Tm of 138 °C whereas the dangling chains of the methyl 
erucate-based one conferred to the final polyamide a Tm of 43°C.  

 

 
Figure 79. Thiol-ene reaction with cysteamine hydrochloride and fatty acid methyl esters to obtain AB self-

condensable monomers. 

 

Amino-esters were also prepared by cross-metathesis of either acrylonitrile and fatty acid methyl esters 
(10-undecenoate, dimethyl octadec-9-ene-1,18-dioate and methyl ricinoleate) or 10-undecenenitrile with 
methyl acrylate. Both nitrile derivatives were reduced in their corresponding amine resulting in AB self-
condensable monomers for polyamide synthesis.456,457 
Functionalization of methyl oleate and methyl erucate unsaturations via bromination, further reaction with 
NaN3 and subsequent hydrogenation was also carried out by Winckler and co-workers.458 PAs resulting 
from their self-polycondensation exhibited molecular weights in the range 6500-7900 g.mol-1 and Tm in 
between 40 and 89 °C. A similar strategy involving oxofunctionalization of fatty acid methyl ester 
unsaturations was lately engaged by the same research group.459  
Another atypical example of AB-type monomer is ω-amino lauric acid obtained from palm kernel oil via 
a biotechnological route with the aim to prepare PA-12 by self-polycondensation. This new route could 
enable the replacement of the petroleum-based Vestamid® L (Evonik, PA-12).  
 
Only one example of fatty acid-based PA produced via ROP has been reported in the literature.460 Indeed, 
the multi-step synthesis involved to obtain a polymerizable lactam is not viable at the industrial scale. 
Contrarily, terpenes and glucose were mentioned in a recent review429 to be good candidates for the 
preparation of sustainable lactams.  
 

2. Polyurethanes  

Linear thermoplastic polyurethanes (TPUs) are commonly used because of their excellent properties, such 
as good transparency, tunable stiffness, good wear resistance, excellent biocompatibility, etc. These 
properties are obtained thanks to the alternating of soft and hard segments in the structure of the polymer. 
Soft segments are usually flexible low Tg polyether or polyester chains with molecular weight between 
1000 and 4000 g.mol-1 and can be easily obtained from fatty acid derivatives. Hard domains are usually 
crystalline with high melting points. The polyether polyols represent 75% of the petrochemical polyols 
used for PUs. Only one exemple of TPUs from polyether diol was reported from vegetable oil 
derivatives.461 This polyether diol containing ester pendant groups was obtained by the acid-catalyzed 
ring-opening polymerization of epoxidized methyl oleate and partial reduction with lithium aluminum 
hydride (LiAlH4) (Figure 80). Polyols with various hydroxyl functionality degrees were obtained 
depending on the conversion of the reduction step. The TPU prepared from this polyether diol and MDI 
presented a low Tg of -15°C and an interesting degradation temperature at 5% weight loss of 307°C. 



73 
 

 

Figure 80. Polyether diol containing ester pendant groups obtained by the acid-catalyzed ring-opening 
polymerization of epoxidized methyl oleate and a partial reduction with lithium aluminum hydride.  

The synthesis of diols containing ester group have been much more widely explored due to the initial 
presence of ester or acid function in vegetable oil derivatives. Polyester diols, diols containing ester 
and/or amide linkages, dimer diols, linear saturated or unsaturated diols and diols containing thioether 
linkages are referenced using fatty acids or fatty acid methyl esters as starting materials.462–468 Few 
research groups have prepared low Tg polyester diols from vegetable oil derivatives to use them in 
segmented thermoplastic elastomer polyurethanes (TPUs). Petrovic and coll. have used a poly(ricinoleic 
acid) diol as soft segment to prepare a series of TPUs by reacting MDI and 1,4-butanediol with various 
soft segment weight concentrations ranging from 40% to 70% (Figure 81). Such TPUs displayed a 
microphase separation and two glass transition temperatures at around -50°C and 100°C. The same group 
has studied the morphology of these TPUs by DMA, AFM and USAXS.463 A co-continuous morphology 
with domains around 15 nm was obtained in the case of the TPUs with 50% of soft segment weight 
concentrations. However, in the case of TPUs with 70 wt% of soft segment, dispersed hard domains were 
observed in the soft matrix. The biodegradation of these TPUs has been investigated by respirometry.467 
These TPUs with poly(ricinoleic acid) (PRic) as soft segments have been found to exhibit faster 
degradation rates than the corresponding petrochemical poly(ester urethane)s, even if this rate is relatively 
slow (about 11% carbon after 30 days). The authors observed that TPUs with a co-continuous 
morphology demonstrated a slightly slower biodegradation than those with dispersed hard domains in the 
soft phase. 

 

Figure 81. Thermoplastic elastomer polyurethane prepared from poly(ricinoleic acid).  

An alternative to synthesize TPUs with a fatty acid based diol as soft segment, is to use the CRODA 
polyester diol synthesized by transesterification between dimerized fatty acids (obtained by Diels-Alder 
reaction) and an excess of linear diol.469,470 By selecting the appropriate hard segment concentration, 
different thermo-mechanical properties were achieved and could fulfill some industrial requirements in 
diverse fields.  

In order to obtain well-defined monomers, several research groups have synthesized accurate bis-
unsaturated compounds with one or two ester functions from methyl oleate and methyl undecenoate or 
from the corresponding acid derivatives.471–474 Afterwards, the hydroxyl moieties were introduced on the 
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double bonds by thiol-ene reaction or epoxy ring-opening (Figure 82). By using the thiol-ene reaction 
method, asymmetric ester diols have been prepared from oleic and undecylenic acids by esterification 
with allyl alcohol and thiol-ene reaction with 2-mercaptoethanol. Polymerizations with MDI in the 
presence of tin (II) 2-ethylhexanoate as catalyst, led to TPUs with molecular weights from 50 to 70 
kg.mol-1 and dispersity in the range 1.6-1.9. Amorphous (Tg=8°C to 20°C) to semi-crystalline PUs 
(Tm=124°C) were obtained depending on the fatty derivative used. These TPUs revealed both good 
thermal and mechanical properties as well as no cytotoxic response thanks to MTT test, which make them 
possible candidates for biomedical purposes. 

 

Figure 82. Range of diols (PU precursors) that can be obtained from methyl undecenoate, methyl oleate and methyl 
ricinoleate by transesterification, amidation, thiol-ene reaction and epoxidation/ring-opening of the epoxide  

Cramail and coll. also prepared sugar-based fatty ester polyols by selective transesterification of 
epoxidized methyl or ethyl oleate with unprotected methyl α-D-glucopyranoside and sucrose respectively, 
followed by hydrolysis of the epoxide moiety.475 The polyols were then used in polyurethanes with IPDI 
in the presence of dibutyl tin dilaurate (DBTDL) as a catalyst. The authors noticed that the reactivity of 
the hydroxyl functions attached to the sugar and to the fatty ester chain moieties respectively could be 
discriminated with respect to the solvent used, enabling the synthesis of either linear or cross-linked PUs. 

Vegetable oil based poly- or di-isocyanates have effectively been studied in a much less extent perhaps as 
a consequence of the inherent aliphatic structure of the isocyanate that could be prepared. Indeed, the 
most industrially used diisocyanates are aromatic namely MDI and TDI due to a higher reactivity required 
to produce foams. Thus, the use of aliphatic diisocyanates is limited to coatings in which the absence of 
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unsaturation is profitable. In industry, isocyanates are synthesized from primary amines by phosgenation. 
As primary amines are not easily introduced into vegetable oils, other strategies have been developed on 
vegetable oils and their derivatives. For instance, isocyanates can be synthesized by taking the advantage 
of the Curtius, Hoffman and Lossen rearrangements, which involve nitrene intermediates. Narine and 
coll. used the Curtius rearrangement to prepare oleic acid-based linear diisocyanates, both saturated and 
unsaturated.476,477 Two linear diacids were first synthesized then converted to acyl azides by the reaction 
with sodium azide and, upon heating, had decomposed to isocyanates. Cramail and coll. also reported the 
synthesis of fatty acid based diisocyanates using the Curtius rearrangement through acyl hydrazide fatty 
acid based derivatives without the use of harmful sodium azide (Figure 83).478 Diesters were first 
synthesized and then reacted with hydrazine hydrate to form diacyl hydrazides in quantitative yields. 
Afterwards, these diacyl hydrazides were converted into diacyl azide then into diisocyanate via the 
Curtius rearrangement. A series of partially and fully vegetable oil based TPUs were synthesized and a 
large range of thermo-mechanical properties were achieved. Relatively good thermal behaviors were 
observed with decomposition temperatures at 5% weight loss from 230°C to 280°C. For some 
polyurethanes, a close resemblance to HDPE was obtained in terms of solubility and thermal transitions 
with melting points close to 145°C.  

 

Figure 83. Fatty acid-based diisocyanates using hydrazine hydrate.  

There are few examples in the literature of fatty acid-based polyurethanes obtained by transurethanization 
polycondensation. The monomers, bis-alkylcarbamates and bis-hydroxyalkylcarbamates, can be obtained 
from dimethylcarbonate or ethylene carbonate. Fatty acids can also be modified by other means to get 
methylcarbamate functionalities.  

Narayan and coll. synthesized a bis-hydroxycarbamate using a dimerized fatty acid by transamidation of 
ethylene diamine on the carboxylic acid functions and further reaction with ethylene carbonate (Figure 
84). The polymerization strategy is a self-polymerization of the bis-hydroxycarbamate. The polymers 
obtained at 150°C under reduced pressure exhibited a 𝑀  of 7.7 kg.mol-1 and 𝑀  of 14 kg.mol-1, a Tg of -
10°C and a Tm of 73°C.  

 

Figure 84. Fatty acid based bis-hydroxycarbamate  

Burel and coll. synthesized various bio-based PUs from bio-based diols and bis-methylcarbamates.479 The 
bis-methylcarbamates were synthesized from bio-based diamines and DMC in the presence of TBD. The 
bis-methylcarbamates produced are presented Figure 85; the latter are derived from a fatty acid dimer and 
ricinoleic acid. The PUs were then synthesized by polycondensation with diols with TBD or K2CO3 as 
catalyst. Tg of the so-formed PUs are ranging from -38 to -19°C. Most PUs are amorphous due to the 
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presence of dangling chains brought by the fatty acid derivatives, but some present a fusion temperature 
around 61-64°C. 

 

Figure 85. Monomers derived from fatty acids for the synthesis of PUs 

The Lossen rearrangement is usually used to transform hydroxamic acids into isocyanates. Meier and 
coll. introduced a modified method to get the corresponding carbamates with a catalytic amount of an 
organic base such as TBD in the presence of methanol.480,481 Fatty acid methyl esters were easily turned 
into hydroxamic acids using hydroxylamine hydrochloride and potassium hydroxide. Bis-
methylcarbamates and fatty carbamates were synthesized using this method (Figure 86). 

 

Figure 86. Catalytic Lossen rearrangement towards fatty acid-based carbamates 

The polymerization of such bis-methylcarbamate with bio-based aliphatic diols was performed in bulk 
with catalytic amount of TBD under reduced pressure by increasing the temperature from 120°C to 
160°C. The PUs obtained were crystalline with melting temperatures ranging from 120 to 145°C. The 
molecular weights were comprised between 𝑀 =7.1 and 24.6 kg.mol-1 with dispersities of 1.2 to 2.1.  

AB-type synthons were synthesized by Cramail and coll. (Figure 87). The hydroxyl function is naturally 
occurring in the alkyl chain of ricinoleic acid or it was brought by thiol-ene addition on the double bond 
of oleic acid and derivatives. The methylcarbamate functionality was brought by transforming the 
carboxylic acid into acyl azide moiety. The acyl azide was then reacted with methanol to form the 
methylcarbamate.482,483 Self-polymerizations were performed in the presence of Ti(OBu)4 as catalyst at 
130°C under N2 aTmosphere for 4h and then under reduced pressure for 2h. PUs obtained had low 
molecular weights with 𝑀  from 2.1 to 6.9 kg.mol-1. Tgs were ranging from -44 to -18°C. A second glass 
transition temperature was visible at around 25 to 32°C for PUs synthesized from thiol-ene modified 
synthons, which indicated a phase-separated morphology.  
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Figure 87. Fatty acids-based AB-type synthons  

Among non-isocyanate and non-phosgene routes to PUs, the approach involving the reaction of cyclic 
carbonate and amine functions is one of the most studied. The main route is the polyaddition of bis-5-
membered cyclic carbonates and diamines leading to the formation of linear PHUs with primary or 
secondary alcohols, as already illustrated in Figure 70.  
As far as vegetable oils are concerned, the 5-membered cyclic carbonate monomers have been mainly 
synthesized from glycerol carbonate or by epoxidation followed by carbonation of the fatty acid chain 
unsaturations. 

The first example relating the synthesis of thermoplastic PHUs from fatty acid derivatives was reported 
by Boyer et al.484 The fatty acid-based bis 5-membered cyclic carbonates were synthesized by a three-step 
process composed of (1) a transesterification of fatty acid methyl esters, (2) an epoxidation of the double 
bonds and (3) a carbonation of the resulting epoxides. The solubility of the fatty acid or triglyceride-based 
mono-, bis- and poly-epoxides in supercritical CO2 has been studied.485 Two bis 5-membered cyclic 
carbonates, prepared from methyl oleate and methyl undecenoate respectively, were polymerized with 
ethane-1,2-diamine (EDA) and isophorone diamine (IPDA) to form PHUs containing hydroxyl moieties 
(Figure 88).484 The PHUs exhibited molecular weights up to 13 500 g.mol-1 𝑀  and relatively low Tgs 
ranging from -25°C to -13°C. Nevertheless, an amidation side reaction occurred between EDA and the 
ester linkages of the diester bis-cyclic carbonates, giving amide groups which can partly explain the low 
molecular weights obtained. 

 

Figure 88. Cyclic carbonates and poly(hydroxyurethane)s from fatty acid or fatty acid methyl ester.  

We further reported the synthesis of several fatty acid based bisCC using the epoxidation/carbonation 
strategy.486 Two fatty acid chains were first dimerized by amidation or transesterification reactions with 
butane-1,4-diamine, piperazine, N,N'-dimethylpropane-1,3-diamine, N,N’-dihexyldecane-1,10-diamine 
and 1,3-propanediol. The produced aliphatic bis-unsaturated substrates were epoxidized and carbonated 
following the procedure indicated in Figure 89. The polymerization of these dimers presenting different 
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central blocks with various diamines (such as Jeffamine, isophorone diamine or diaminobutane) led to 
PHUs exhibiting a broad range of Tg values from -29°C to 55°C. 

 

Figure 89. Strategy for the synthesis of 5-membered bis-cyclic carbonates from fatty acid derivatives.  

In order to increase the reactivity of 5CC towards aminolysis, an alternative route consists in inserting a 
heteroatom nearby the cyclic carbonate to improve/activate its reactivity.487–496 Activated 5-membered 
cyclic carbonates were prepared from glycerol, thioglycerol and fatty acid derivatives (Figure 90). Ester, 

ether and sulfur moieties were introduced in  position to the cyclic carbonate, in order to enhance its 
reactivity towards amines.497,498 1H NMR kinetic investigation of the aminolysis of these cyclic carbonates 
demonstrated a higher reactivity compared to the one of alkyl substituted cyclic carbonates. In the case of 
ester-activated carbonates, a reactivity similar to the one of 6-membered ring cyclic carbonate was 
observed. Moreover, these carbonates exhibited amidation side-reactions with amines that could be 
however prevented by decreasing the temperature to room temperature. Poly(hydroxyurethane)s (PHUs) 
were then synthesized from these activated 5-membered ring cyclic carbonates at 70°C in DMF and 
exhibited molecular weights up to 13 700 g.mol-1 with Tg  in the range -26 to -10°C.   
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Figure 90. Strategy for the synthesis of ‘activated’ 5-membered bis-cyclic carbonates from fatty acid derivatives 

Another strategy developed by Maisonneuve et al.499 focused on the design of more strained and reactive 
6-membered cyclic carbonates. The latter were synthesized from methyl undecenoate by malonization, 
reduction and carbonation of the resulting diol. The mono-cyclic carbonate obtained was dimerized either 
by thiol-ene or metathesis reactions (Figure 91). The synthesized bifunctional 6-membered cyclic 
carbonates were effectively used as building blocks for thermoplastic isocyanate-free PHUs in 
combination with dodecane-1,12-diamine as comonomer. Molecular weights up to 23 000 g.mol-1 
(Ɖ=1.7) were obtained after only one day in DMF at 50°C. 
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Figure 91. Procedure for bis 6-membered cyclic carbonate synthesis from methyl undecenoate.  

As a conclusion of this part, activated 5-CCs and 6-CCs have a comparable reactivity with respect to 
aminolysis. However, 5-CCs seem to be more relevant in terms of synthesis at the industrial scale. Hence, 
fatty acid derivatives represent a platform of bio-based building blocks for poly(hydroxyurethane) 
synthesis. Caillol and coll.500 highlighted the large possibilities offered by this platform for both linear 
and cross-linked polymers. The abundance of reactive hydroxyl functionalities present along the PHU 
backbone could enable further curing process and post-functionalization.496  

3. Polyesters 

As already discussed, polyesters (PEs) combine unique properties such as film forming ability, potential 
biodegradability and biocompatibility.501 Indeed, under specific conditions, PEs are prone to be degraded 
via reactions onto ester linkages, known to be hydrolysable. Depending on the monomers and on the 
polymerization methods, a wide range of applications is covered. Indeed, polyesters can be employed in 
fibers, rubbers, plasticizers, surface coatings, or resins,502,503 demonstrating the high potential and 
versatility of such materials. Polyesters are commonly prepared from the polycondensation by 
esterification between diols and diacids, or by transesterification between diols and diesters, resulting in 
the production of water or methanol as by product (Figure 92-(1)). However, the transesterification 
pathways require high temperature and catalysts 426,504 for the preparation of high molecular weight PEs. 
Another strategy is to employ ‘activated’ monomers such as acid chlorides or anhydrides to circumvent 
this issue. As A2-B2-type polymerization requires an accurate stoichiometry (1:1) between both 
monomers, another strategy considering the polycondensation of ω-hydroxy acids (AB-type monomers) 
has been considered. Ring opening polymerization of lactones and ADMET polymerization of ester-
containing dienes were also developed for the preparation of polyesters (Figure 92-(2) and (3)).  
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Figure 92. Different routes towards polyesters preparation 

Many reviews reported the possibilities offered to prepare bio-based polyesters from sugars, fatty acids or 
terpenes from which carboxylic acids are easily obtained.404,192,505,506 Due to the extensive number of 
studies covering the subject, the scope of this sub-chapter will only focus on the most relevant pure fatty 
acid-based polyesters and their relative properties. 
 
Fatty acids represent a promising feedstock for polyester synthesis as they provide ester, acid and 
sometimes hydroxyl functions. Additionally, fatty acids lead to linear aliphatic polyesters known to be 
degradable in a reasonable time scale, making them good candidates for drug delivery systems.507 Fatty 
acid based-polyesters can also mimic polyethylene while presenting original features such as 
biodegradability and polarity.  
Again, ricinoleic acid derived from castor oil is an interesting starting material for the synthesis of AB- 
and A2-type monomers for renewable polyesters as reported by Kunduru et al.508 (Figure 93) This review 
highlights the biocompatibility of such starting materials making them suitable for biomedical 
applications. The carboxylic acid and the naturally occurring hydroxyl function present on ricinoleic acid 
enable its self-polycondensation to yield poly(ricinoleate) also named PRic. Enzymatic 
polytransesterification of ricinoleic acid has been carried out using several lipases and enabled to yield 
polyesters with molecular weights comprised between 2000 and 100000 g.mol-1.509 The dangling fatty 
acid chains conferred particular properties to the resulting polyesters as a Tg of -75°C was obtained for 
the highest molecular weight polyester. Extreme temperature above 200°C and tributyltin catalysts could 
also permit to prepare PRic.510 Ricinoleic acid can also be copolymerized with polyols in order to increase 
molecular weights and to expand the PRic range.511 Taking advantage of the unsaturations within PRics, 
the latter could be cross-linked/vulcanized to yield thermosetting elastomers.509,512  

10-hydroxydecanoic acid as well as sebacic acid can be obtained from alkali fusion leading to 
polymerizable molecule through an AB-type or an A2-B2-type process. These two molecules can also be 
reduced in their corresponding diol to yield another interesting A2 monomer.513 Regarding sebacic acid, 
this castor oil-based monomer has already been incorporated in copolyesters applied as biodegradable 
delivery systems for biomedical applications.514,515 In a more original way, 9-hydroxynonanoic acid can 
be obtained from ozonolysis, reduction, transesterification and catalysis with Ti(iOPr)4 516 and 
subsequently self-polymerized to yield a high molecular weight polymer (62000 g.mol-1) with higher Tg, 

Tm and thermal stability than poly(-caprolactone), PCL.  
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Figure 93. Castor oil as a platform for bio-based polyesters  

Regarding other fatty acid-based condensable monomers, some of them were prepared from more original 
techniques. As an example, Cramail and coll.517 published the synthesis of hyperbranched polyesters from 
catalyzed self-polycondensation of ABn-type monomer prepared from the ring-opening of epoxidized 
fatty acid methyl esters in acidic conditions (Figure 94). The prepared materials exhibited molecular 
weights in the range 3000-10000 g.mol-1 with dispersities comprised between 2 and 15.   
Another example describes the biochemical conversion of unsaturated fatty acids into α,ω-dicarboxylic 
acids by enzymatic oxidation of terminal methyl groups into a carboxylic function using Candida 
tropicalis.518 The unsaturated polyesters prepared via an enzymatic polycondensation of the prepared 
monomers with α,ω-diols displayed molecular weights in the range 25000-57000 g.mol-1 with relatively 
low Tm (23-40°C). Notably, these materials can also be post-functionalized or cross-linked through 
unsaturations within the backbone.  
Besides, an original method to produce A2-type monomers was investigated few years ago by Mecking’s 
group 506 and consisted in the isomerizing carbonylation of unsaturated fatty acids with carbon monoxide 
using specific Pd catalysis. Dicarboxylic acids and diols containing 19 and 23 carbons were thus prepared 
and polymerized to achieve long aliphatic semi-crystalline polyesters with high Tm values between 86 
and 100°C. 

 
Figure 94. ABn-type monomer synthesis towards hyperbranched polyesters 

Furthermore, ADMET and thiol-ene click chemistry have been extensively investigated for the design of 
AB-type, A2-type and AB2-type monomers as well as polymerization techniques. For instance, the group 
of Meier 519 carried out the preparation of different original fatty acid-based monomers from methyl 
castor oil derivatives (10-undecenoate, 10-undecenol) and 1,4-butanedithiol, methylthioglycolate, 
thioglycerol or mercaptoethanol via thiol-ene reactions (Figure 95). Depending on the thiol substrate 
used, AB-, A2-, or AB2-type monomers were prepared by bringing either ester or hydroxyl functions. 
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After polycondensation, the resulting polymers displayed melting points in the range 50-71 °C and 
thermal stability up to 300°C. 
Following a similar strategy, Lebarbé et al.520 synthesized symmetric and asymmetric fatty acid-based 
diols by associating transamidation (or transesterification) reactions and thiol-ene coupling of 
mercaptoethanol with fatty acid unsaturations (Figure 95). The original condensable monomers were 
polymerized with a diester synthesized from the self-metathesis of methyl 10-undecenoate. The resulting 
poly(ester-amide)s showed melting temperatures up to 127°C due to the presence of amide linkages. 
 

 

 
Figure 95. Monomer synthesis via thiol-ene click recactions. 

 
Metathesis reactions were also used as a tool for the synthesis of dimers for polyester preparation. The 
self-metathesis of unsaturated fatty acid derivatives followed by other chemical modifications 
(hydrogenation, reduction of acid/ester functions into hydroxyl moieties) was conducted.521,522 For 
instance, fatty diacids were synthesized by self-metathesis of respectively 10-undecenoic acid and erucic 
acid, followed by hydrogenation. The resulting dicarboxylic acids were polymerized with their 
corresponding diols (obtained after reduction) to yield PE-20,20 and PE-26,26. Besides, linear long 
aliphatic chain polyesters have been largely provided by ADMET polymerization251,521,523–525 of ester-
containing α,ω-dienes, themselves prepared from fatty acids (Figure 96). Most of these studies conducted 
the hydrogenation of the resulting unsaturated polyesters with the aim of mimicking polyethylene 
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structure.526 Moreover, Mecking and coll.521 demonstrated the strong impact of unsaturations within the 
polyesters that tends to decrease crystallinity and consequent melting temperature, justifying such 
hydrogenation process after polymerization. 

 
Figure 96. ADMET polymerization of fatty acid-based α,ω-dienes and possible hydrogenation towards saturated 

polyesters. 

 

The group of Meier527 published a comparative study of the polymerization of fatty acid-based dienes 
containing ester functions via thiol-ene and ADMET processes. The authors demonstrated that thiol-ene 
click reaction was leading to higher molecular weight polyesters (11850 g.mol-1) in comparison with 
ADMET polymerization  (9000 g.mol-1) and proved the potential degradability of the synthesized 
polyesters in enzymatic and acidic conditions.  Noteworthy, possible isomerization of the unsaturations 
during ADMET polymerization could create heterogeneities in the polyester structure decreasing its 
thermo-mechanical properties. Hopefully, the use of the first generation Grubbs catalyst and 1,4-
benzoquinone would limit this side reaction.528,529 Regarding thiol-ene coupling polymerizations, one of 
the major drawbacks is the presence of sulfur atoms in the resulting polymer backbone, leading to more 
flexible materials and to lower melting points. 
 
The last common route to obtain polyesters is the ring opening polymerization of lactones that circumvent 
the stoichiometry issue encountered with AB-type polycondensation. Fatty acid-based macrolactones are 
less reactive than smaller size lactones and result in low molecular weight polyesters with high 
dispersities (around 1.4-1.5) after ROP. Additionally, these monomers are less readily available in 
comparison with the carboxylic acids from the same feedstock. Still, ω-pentadecalactone and ethylene 
brassylate are both macrolactones naturally derived from Angelica archangelica L. root oil 530 and musc 
531 respectively (Figure 97). As very few macrolactones are naturally occurring, other studies aimed at 
synthesizing fatty acid-based macrolactones using enzymatic or organic catalysts.532,533 For instance, 
ricinoleic acid was self-transesterified using dicyclohexylcarbodimide and (dimethylamino)pyridine as 
catalysts in order to produce the corresponding lactone (ricinoleic lactone, Figure 97).532 Regarding ω-
pentadecalactone, numerous studies 534–539 reported the investigations on ROP catalysis of such bio-based 
compounds. The best results were achieved with Lipase Novozym 345 that displayed an extensive 
catalytic activity to ring-open this macrolactone, resulting in polyesters with molecular weight up to 
470000 g.mol-1 534–536 and high elongation at break around 100-200%. Moreover, the biocompatibility and 
the non-toxicity of poly(pentadecalactone) was confirmed by Heise and coll.540 The group of Mecerreyes 
531 carried out an organocatalyst screening and demonstrated that TBD was able to efficiently catalyze the 
ROP of ethylene brassylate. Semi-crystalline aliphatic polyesters with molecular weight up to 13000 

g.mol-1 and with slightly higher Tm and Tg than poly(-caprolactone) ones were achieved.  
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Figure 97. Examples of vegetable oil-based macro(di)lactones. 

 

4. Polycarbonates 

Aliphatic polycarbonates are very useful in a wide range of applications thanks to their biocompatibility, 
biodegradability and low toxicity. Only few examples of fatty acid-based polycarbonates have been 
reported.  
The groups of Meier 541 and Cramail542 developed a fatty acid-based carbonate-containing monomer from 
the transesterification between dimethyl carbonate and 10-undecenol. The resulting aliphatic diene was 
polymerized via ADMET polymerization and displayed molecular weights ranging in between 9500 and 
50800 g.mol-1, depending on the reaction conditions chosen by both research teams.  
Another strategy consisting in the copolymerization of dimethyl carbonate and bio-based diol was 
investigated. Miller and Vanderhenst 543 carried out the reaction between dimethyl carbonate (or ethyl 
chloroformate) and 1,10-decanediol (sebacic acid derivative), in order to prepare an α,ω-bis-carbonate. Its 
catalyzed self-polycondensation led to polycarbonates with molecular weights in the range 8000-50000 
g.mol-1. In the same study, the direct copolymerization of diol with dimethyl carbonate was realized and 
yielded polycarbonates with similar molar masses.  
An original multi-step procedure involving (i) transcarbonation, (ii) epoxidation of the unsaturation and 
(iii) epoxide ring-opening (Figure 98) was developed by Cramail’s group 542 to design AB-type 
monomers from ricinoleic and oleic acids. The latter were subsequently polymerized under titanium 
tetrabutoxide catalysis leading to polycarbonates with molecular weights up to 14000 g.mol-1 and low Tg 
down to -60°C due to the aliphatic chain plasticizer effect.  
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Figure 98. Multi-step synthesis of AB-type self-condensable monomer towards oleyl alcohol-based polycarbonate.  

 

More recently, Zhang et al.544 carried out the selective copolymerization of CO2 with epoxy methyl 10-
undecenoate in the presence of a zinc-cobalt complex (Figure 99). Fatty acid-based polycarbonates were 
thus formed after epoxide ring-opening and displayed relatively low Tg due to internal plasticization 
imparted by aliphatic dangling chains and low molecular weight (2000 g.mol-1). Consequently, the 
hydroxyl-terminated aliphatic polycarbonates were used to initiate ROP of L-lactide leading to an 
interesting biodegradable triblock PLLA-PC-PLLA. 

 

 
Figure 99. Copolymerization of epoxy methyl 10-undecenoate with CO2 

 

IV. Polymers from terpenic resources 

 

A. Introduction 
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Terpenes, terpenoids and rosin are compounds that are mainly synthesized from plants. They all have in 
common one or more isoprene unit (2-methyl-1,4-butadiene) in their chemical structure.545 Although 
terpenes are mainly hydrocarbon components, terpenoids have additional constituents, for example, 
oxygen, containing functional groups such as carbonyl. Terpenes have been industrially important for 
years, particularly in the fine chemical and fragrance industries546 because they are abundant and 
inexpensive.  Some of them even exhibit important pharmacological functions for the treaTment of many 
diseases, including cancer.547,548 In addition to these applications, terpenes are also widely used in 
polymer chemistry as starting materials. Here, some innovative polymeric materials based on terpene 
derivatives will be presented.  

B. Terpenes 

The most common terpenes can be isolated directly from pine trees and conifers. Indeed, the volatile 
fraction of resin, turpentine, is composed of a mixture of terpenes yielding directly α- and β-pinene and 
rosin. Turpentine is by far the main source of terpenes with a yearly terpenes production of 350 000 
tons549.  Other important terpenes as limonene or carvone can be produced by isomerization of α- or β-
pinene550,551 (Figure 100). 

 

Figure 100. Various Terpenes derived from pinenes by isomerization 

Thereby, only new polymers derived from α-pinene, β-pinene, limonene and 2 linear terpenes (myrcene 
and citronellol) will be considered due to the low cost and the easy isolation of such starting materials. 

1. α-pinene-based polymers 

Pinenes are the most abundant and easily isolated terpenes. Obtained by the steam-distillation of sap from 
pine or conifer trees, pinenes can undergo a multitude of chemical reactions to produce valuable 

monomeric compounds. Structurally, -pinene is a bicyclic monoterpene hydrocarbon consisting of four- 
and six-membered rings with an internal trisubstituted carbon–carbon double bond in the six-membered 
ring (Figure 100). However, it is noteworthy that the majority of pinene polymerizations involve the use 
of β-pinene and not α-pinene due to the lack of highly reactive terminal double bond in the α-pinene 
structure. Consequently, only oligomers of α-pinene can be obtained by direct cationic polymerization. 

O
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The ring-opening metathesis polymerization (ROMP) could be a mean to access renewable materials 
from α-pinene. However, its highly congested trisubstituted olefin avoids initiation and propagation 
steps.552 Nevertheless, Thomson and coll.553 investigated a novel method affording the ROMP of 
apopinene, an α-pinene derivative. The authors have shown, for the first time, that apopinene can act as a 
monomer for pinene-derived ROMP processes to yield polymers with molecular weight up to 15 600 
gꞏmol−1. 

The group of Kamigaito554 has also presented an innovative way to valorize α-pinene into pinocarvone by 
chemical photo-oxidation under visible-light irradiation. Pinocarvone, which bears a reactive exo 
methylene group, can be quantitatively polymerized in a selective ring-opening radical process to afford 
novel bio-based polyketone (Figure 101).  

 

 

Figure 101. Structures of α-pinene and pinocarvone and polymer thereof 

An alternative way to create new renewable polymers from α-pinene is described by Stockman and 
Howdle.555 Among other terpenes, the authors transformed α-pinene into an acrylic and methacrylic 
monomer via a one-pot catalytic approach. The monomer was then polymerized into useful materials 
including polymer coatings.   

2. β-pinene-based polymers 

As previously mentioned, β-pinene is a readily suitable monomer for cationic polymerization. The 
mechanism is well understood, as well as the side reactions lowering the degree of polymerization. 
Indeed, the cationic polymerization of β-pinene employed a Lewis acid as a catalyst. These 
polymerizations resulted in only low molecular weight polymers (Mn≤ 4000 g.mol–1) which can be further 
modified to produce epoxy networks and polyols.556 However, numerous studies have been done to 
increase the molecular weight of poly(β-pinene). Among them, Kukhta et al.557 produced relatively high 
molecular weight poly(β-pinene) (Mn = 9000 − 14 000 g.mol−1), with a Tg in the range 82–91 °C using a 
complex co-initiator system comprising water, aluminum chloride and diphenyl ether at 20°C (Figure 
102). 
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Figure 102. Proposed mechanism for β-pinene polymerization using H2O/AlCl3 •OPh2 initiating system 

One classical method to valorize β-pinene is its copolymerization with other monomers. Various 
structures were tested to afford new interesting copolymers presenting a large range of properties. The 
copolymerization of β-pinene with methyl acrylate (MA) was investigated by Wang et al.558 The 
feasibility of β-pinene and MA was demonstrated for the first time despite the significant difference 
between their reactivity ratios. The authors showed that the addition of a Lewis acid, Et2AlCl, to the 
AIBN-initiated copolymerization enhanced the incorporation of β-pinene (up to 45 mol.%) but decreased 
the polymer molecular weight. 
 

3. Limonene-based polymers 

Another interesting terpene is limonene. As shown in Figure 100, limonene can be obtained from the 
isomerization of pinene, but this chiral molecule is also naturally produced by plants. The (R)- enantiomer 
consists of 90–96% of citrus peel oil and its worldwide production exceeds 70 000 tons per year. 
Although the main use for limonene is in flavor and fragrance industry, its polymeric potential gains 
interest in academic research. For instance, Meier and coll. described the synthesis of new limonene-
based polyesters559, polyamides560 and polyurethanes560 via thiol-ene additions. For the synthesis of 
polyesters, ester or alcohol functionalized thiols were added regioselectively to limonene to yield 
monofunctional, difunctional or heterodifunctional monomers, which are interesting renewable building 
blocks. On the other hand, cysteamine hydrochloride was used to produce amine-functionalized 
monomers for polyamide or polyurethane syntheses. Thus, limonene-based polymers were prepared with 
mixing above-mentioned monomers with ester or alcohol functionalized fatty acids.   

Limonene-based polycarbonates can be also obtained from limonene oxide. The epoxide is commercially 
available as a mixture of the trans and cis diastereomers. Its abundance, low cost, and structural similarity 
to cyclohexene oxide make (R)-limonene oxide an excellent choice as a biorenewable epoxide monomer 
for copolymerization with CO2. The group of Coates561 described the alternating copolymerization of 
limonene oxide and CO2 catalyzed by a β-diiminate zinc molecule to give a new biodegradable 
polycarbonate, proceeding with highly selective incorporation of the trans diastereomer under mild 
conditions (Figure 103).  

 

Figure 103. Copolymerization of limonene oxide and CO2 to produce polycarbonate 
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Based on this study, Greiner’ group562 managed to increase significantly the polycarbonate molecular 
weight from 25 kg.mol-1 to more than 100 kg.mol-1 with synthesizing the limonene oxide with very high 
content (>85%) of trans-isomer and by masking hydroxyl functions in monomer impurities. Greiner also 
demonstrated that the bio-based poly(limonene carbonate) (PLimC) is a powerful platform to create 
numerous new functional materials.563 Different chemical transformations of the PLimC led to dramatic 
changes of its properties. For instance, a rubbery material was synthesized from the thermoplastic PLimC. 
Polymers with an antibacterial activity, increased hydrophilicity or even water solubility were also 
prepared from PLimC. The heat processability can be also improved after full hydrogenation of the 
polymer.  

Finally, Mülhaupt564 reported a new route to linear and thermoset terpene-based non-isocyanate 
poly(hydroxyurethane)s, (NIPUs) derived from limonene dicarbonate.  
 

4. Linear terpenes-based polymers 

As shown in Figure 100, various monoterpenes are derived from the isomerization of pinene. One of 
these isomers, myrcene, has gained interest in recent years. Hillmyer et al.565 prepared high-molecular 
weight poly(3-methylenecyclopentene) using a combination of ring-closing metathesis and cationic 
polymerization with zinc chloride (Figure 104). This system afforded polymers with narrow molecular 
weight distributions. Furthermore, the molecular weight values could be tuned by changing the feed 
molar ratios of monomer to initiator, indicating that the polymerization proceeds in a controlled manner.  

 

Figure 104. Ring-closing metathesis of myrcene followed by cationic polymerization of 3-
methylenecyclopentene565 

Another linear terpene, the citronellol, a major component of geranium and rose oils, can be directly 
oxidized into citronellic acid. This acid can be dimerized via an isomerizing alkoxycarbonylation 
reaction.566 The reactive primary carboxy group formed allows the preparation of novel high molecular 
weight polyesters. 

 

C. Terpenoids 

A second class of terpenes, referred to as terpenoids, possess functional groups that can be converted to a 
cyclic ester. Carvone and menthol are two common terpenoids (Figure 105) that have been successfully 
derivatized and further polymerized by ROP.  

 

Figure 105.  Two common terpenoids: carvone and menthol 
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Carvone is a natural product found in both Mentha spicata (spearmint) and Carum carvi (caraway) oils. 
The world production is estimated around 10 000 tons annually. Carvone is mainly used as a flavor in 
food and beverages, as well as in toothpaste. After hydrogenation, carvone leads to dihydrocarvone and 
carvomenthone, two ketones that can be derivatized into lactones (dihydrocarvide and carvomenthide 
respectively) by Baeyer–Villiger oxidation. These lactones were polymerized using the catalyst/initiating 
system diethyl zinc/benzyl alcohol to yield aliphatic polyesters with low Tgs and a good control of the 
polymer molecular weights567 (Figure 106).  

 

Figure 106. Baeyer-Villiger oxidation and ROP of carvone-derived monomers 

The same group oxidized dihydrocarvone to an epoxylactone on a multigram scale.568 The resulting 
epoxylactone was used as a multifunctional monomer and as a cross-linker in ring-opening 
polymerizations leading to oligomers. However, copolymerizations of ε-caprolactone and the 
epoxylactone gave flexible cross-linked materials with shape memory properties. Associating the fact that 
these materials are biodegradable and biocompatible, they are valuable candidates for biomedical 
applications. 
 

On the other hand, menthol is found in Mentha arvenis and Mentha piperita (peppermint) oils. Its primary 
uses are in the flavoring industry, as well as in various medicinal applications. Menthone is readily 
converted to a lactone monomer, menthide, by the Baeyer-Villiger oxidation. The resulting monomer can 
undergo ROP with a zinc alkoxide catalyst.569 The polymerization can take place at room temperature due 
to the high activity of the catalyst and the polymer molecular weight can be controlled by adjusting the 
monomer to catalyst ratio. The same group also worked on the synthesis of new ABA triblock 
copolymers prepared using the renewable monomers menthide and lactide by sequential ring-opening 
polymerizations.570,571 The authors demonstrated that the properties of the new biorenewable 
thermoplastic elastomers can be systematically modulated by changing the stereochemistry of the 
polylactide end blocks. The triblock copolymers can also act as pressure-sensitive adhesive when they are 
combined with renewable tackifier.572 

 

D. Rosin 

Rosin is a general term that designates three types of rosin types. Gum rosin is the most common type of 
rosin extracted from pine resin. The production of rosin is more than 1 million ton per year. Gum rosin is 
mainly composed of abietic-type and primaric-type acids as illustrated in Figure 107 while the 
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predominant rosin acid is abietic acid. Rosin acids can be converted to a wide range of derivatives from 
esters and maleic anhydride adducts to hydrogenated acids. These low cost natural products have been 
used in anti-fouling, adhesive and ink applications. 

 
 

Figure 107. Most common acids in gum rosin 

Several groups have developed main chain rosin-based derived polymers obtained by step-growth 
polymerization. The nature of the monomer can be tuned, often involving a Diels–Alder reaction between 
levopimaric acid and a dienophile such as acrylic acid, maleic anhydride and maleimide. The resulting 
monomers can react with other comonomers such as diol, diacid, diamine, etc. affording the synthesis of 
polyesters, polyamides, polyamideimides and polyester polyols. 

Atta et al.573 described the formation of polyamide and polyamideimide using respectively a diacid 
functionalized levopimaric acid and an acid-anhydride functionalized levopimaric acid. The same group 
prepared rosin-based unsaturated polyesters574 using the same diacid functionalized levopimaric acid, 
ethylene glycol, maleic anhydride and adipic acid as the starting materials. The final unsaturated 
polymers were able to undergo curing in the presence of styrene to yield a cross-linked polymer with a Tg 
of 117 °C potentially used in the field of steel coating. 

Mustata group reported the synthesis of various polymers that can be obtained from this platform like 
water soluble poly(amide-imide)s575 and polyamides576,577, polyhydroxyimides578 and polyesters.579 Kim et 
al.580 have carried out studies on the formation of photoactive polyamide-imide. The polymer was made 
by the condensation of a maleopimaric adduct with azo-dye type diamines. Fabricated polymer films are 
very smooth, tough, adhesive to the substrate and optically clear.  

As above mentioned, main-chain rosin-based polymers can be prepared by different step-growth 
polymerization methods. However, due to steric hindrance, monomer impurities and stoichiometric 
control, only low molecular weight polymers could be obtained. In order to access to higher molecular 
weights, an alternative strategy can be applied. Instead of targeting main-chain rosin-based polymers, 
different research group investigated the synthesis of side chain rosin-based polymers by radical 
polymerization. Thus, a platform of rosin-derived vinylic, allylic or acrylic monomers were developed, to 
be polymerized by radical polymerization.   

Free radical polymerization was firstly used to obtain side chain rosin-based polymers. Only low 
molecular weight polymers were obtained with vinyl monomers because of the steric hindrance. To 
reduce the steric hindrance, allylic and acrylic monomers were synthesized. Only the latter showed 
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promising results thanks to the higher reactivity of the double bond.581,582,583,584 In order to obtain well-
defined polymers, controlled radical polymerization (CRP) was used thereafter. This route allows the 
control of polymers molecular weight and polymer architectures. RAFT (Reversible Addition-
Fragmentation chain Transfer) polymerization and ATRP (Atom-Transfer Radical-Polymerization) are 
two of the most widely used CRP methods. The group of Tang585–588 prepared side chain rosin-based 
polymers using both methods. For instance, the authors synthesized cationic rosin-containing 
methacrylate polymers with controlled molar mass, potentially used as antimicrobial agents588 (Figure 
108). 

 

Figure 108. Cationic methacrylic polymers with natural rosin as pendant group 

The major inconvenience of using controlled radio polymerization methods is the need to purify the raw 
rosin to obtain a well-defined resin acid. To avoid the purification step, Tang and co-workers589,590 
combined ROP and click chemistry to prepare graft copolymers using raw rosin materials. The rosin 
properties have been successfully imparted to the initial polymers. 

Last but not least, rosin has been widely used as curing agents to replace some of petroleum-derived ones. 
To do so, rosin has been derivatized to contain anhydrides, carboxyl or epoxy groups required for curing. 
The aromatic and cycloaliphatic structure of rosin acids affords the creation of rigid curing agents. 
Carlotti and co-workers591 worked on the synthesis rosin acid oligomers as precursor for epoxy resins. 
Zhang and co-workers592–595 also developed new rosin-derived rigid curing agents opening new 
opportunities in the field of thermosets.  

 

V. General conclusion 
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At present the development of synthons (building-blocks) stemming from the biomass is rapidly 
expanding, both in the academic community and industry. The production of biosourced polymers is a 
real challenge in the coming years to reduce the environmental impacts. If numerous ways are ongoing, 
some products are already commercial: from vegetable oils, as PA-11 produced by Arkema or functional 
intermediaries by Elevance and from sugar derivatives such as lactic acid, produced by Natureworks, or 
isosorbide, produced by Roquette, to mention but a few. 

However, beyond the scientific questions connected to the treaTment of the biomass, some challenges 
remain with respect to the development of the renewable resources for a sustainable chemistry.  

First of all, it becomes now obvious that the mimetic way (molecules equivalent to those stemming from 
the petrochemistry) is not necessarily the most interesting. Indeed, most of the manufacturers choose 
original biosourced polymers while targeting new properties and functionalities. The only presence of 
renewable carbon is valuable only for very specific applications and does not justify systematically the 
biosourcing. Especially as the mimetic way leads to intermediaries that possess exactly the same issues as 
their fossil counterparts, without solving the questions of reduction of exposure levels in the dangerous 
compounds, for instance. On the other hand, the huge potential of the structures and the functionalities 
stemming from renewable resources allows to overtake certain compromises of properties, what is very 
sought by an innovative industry. Another major challenge consists in justifying the reduction of impact 
realized by the use of renewable resources. The life cycle analysis (LCA) takes here all its sense, in 
particular with regard to water footprint recently integrated (ISO 14046). The LCA enables to integrate, 
well upstream, the impacts connected to the production and to the collection of the renewable resources 
(inputs, transfers in fields, etc.). It emerges from these LCA that the use of renewable resources is not 
systematically a synonym of impact reduction. Indeed, the fossil polymers benefit from processes of 
polymerization (and monomer synthesis) optimized for more than 60 years and present the most reduced 
possible impacts. Actually, the synthesis of a kilogram of polypropylene, PP, presents at present less 
impact than the one of a kilogram of PLA. There are thus very wide margins of evolution for the 
improvement of the production processes of bio-sourced polymers. That is why the use of renewable 
resources has to proceed in particular of attentive choices concerning the level of crop productions, the 
choice and the volumes of biomass which can generate important environmental differences of impacts.  

Therefore, the interest of bio-refineries takes all its sense to value at the most a given resource by 
integrating in particular the notion of valuation of the co-products and so to reduce the impacts and the 
costs. Some companies initially created at the heart of food-processing sectors as starch industry, certain 
stationeries, or distilleries are already organized in bio-refineries and value at the most their raw 
materials. The deployment of bio-refineries integrated in the territory, the judicious choice of their 
locations in agricultural basins and the optimization of their processes - by following the model of 
refineries - will guarantee the success of a large valuation of the renewable resources. This organization 
will permit to mutualize the costs, to make competitive the proposed intermediaries and to position with 
regard to hypothetical conflicts with the food use. 

Also, the development of the valuation of the renewable resources - rich in atoms of oxygen in 
comparison to the fossil resources, generates a change of paradigm by positioning the catalytic reduction 
processes at the heart of the processing, which is based, in the case of fossil resources, essentially on the 
catalytic oxidation. 

Finally, the choice of the resources and of the biosourced polymers must be also dictated by the variations 
of access to the oil resources. The development of the shale gas in the USA reduces the interest of the 
biosourced ethylene, but strengthens the needs for new bioresources, which can bring intermediaries with 
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more than 4 carbon atoms, aromatic molecules and derivatives bearing long fatty chains. Furthermore, the 
use of renewable resources - globally rather available - allows to free from the business with oil-
producing countries which exercise a cartelization of their production and thus permits to stabilize 
strategic supplies while favoring a long-lasting and sustainable agriculture, also by limiting the drift from 
the land and by regaining control grounds. 

In conclusion, the development of polymers from renewable resources is inevitable and expects a colossal 
potential both for the academic research and the chemical industry in the coming years. All the world 
leader companies already launched into this competition by integrating chemistry and biotechnologies 
processes. This new research thematic is present from now in most of the laboratories and the 
conferences, justified by the Green Chemistry and by the current global environmental challenges. 
Besides, the challenges put by the production of monomers and biosourced polymers permit 
interdisciplinary crossings of interest with the experts of the biomass or the bioprocesses, which also take 
all their sense in a synergic approach of the biomass valuation. Finally, exceeding the hackneyed image of 
predation of the fossil resources, this chemistry based on the renewable resources can maybe give back to 
the chemistry all its sense of harmonious coexistence with the earth, foundation of its etymology: from 
the Egyptian kemet, the science and the knowledge of the earth for a sustainable future! 
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