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in radical polymerization of bio-
based monomers in aqueous dispersed media†

Elena Rigo,abc Vincent Ladmiral, a Sylvain Caillol a and Patrick Lacroix-
Desmazes *a

This review describes the recent research and development progress in the radical polymerization of bio-

basedmonomers in aqueous dispersedmedia. The previous review on this subject was published in 2019 by

S. Molina-Gutiérrez and coworkers (Green Chem., 2019, 21, 36). This topic is constantly evolving and

improving because of the need for greener solutions to replace petroleum-derived monomers and more

sustainable procedures to generate aqueous dispersions of polymers. For these reasons, we chose not

only to update the previous review, but also to emphasize opportunities and constraints and to present

considerations about green chemistry to outline the revolution that is arising.
Sustainability spotlight

Today, the latex market is mostly dominated by synthetic polymers produced from fossil resources. In the last decade, the problems of climate change,
biodiversity loss and pollution associated with the use of fossil resources have raised questions in society. The use of water as a medium of polymerization to
produce aqueous polymeric dispersions decreases the use of organic solvents, but still the monomers are petro-sourced. In order to further reduce the envi-
ronmental impact of polymeric dispersions, a transition towards a bio-based, low carbon footprint chemistry is desirable and chemical producers are looking for
greener alternatives. This review describes the recent research and development advancements in the radical polymerization of bio-based monomers in aqueous
dispersed media. The monomers for this purpose derive from a vast amount of biomass feedstock that includes vegetable oils and lipids, terpenes, lignin
derivatives, carbohydrates and proteins. Beyond the UN Sustainable Development Goals SDG12 (responsible consumption and production), this area of research
also promotes industrial innovation (SDG9.4, SDG9.5).
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Introduction

The rst latexes were described during the IIIrd century B.C. by
Theophrastus, an ancient Greek botanist.1 Latexes exist in their
natural form in natural rubber extracted from the rubber tree
(Hevea brasiliensis), and consist of an aqueous dispersion of
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polyisoprene particles stabilized by protein surfactants. During
World War II, emulsion polymerization processes were
improved to produce synthetic latexes because of the insuffi-
cient supply of natural rubber. Today, synthetic latex materials
have entered into our everyday life, they surround us and we use
them to create many materials such as gloves, swim caps, tires,
rubber bands, balloons, sporting equipment, and coatings like
paints and adhesives, among others.2

Currently, the latex market is mostly dominated by synthetic
polymers produced from fossil resources. In the last decade, the
problem of fossil fuel depletion and the environmental concerns
associated with the use of fossil resources have raised questions
in society. In order to contribute to reaching the Paris Agreement
long-term temperature goals,3 a transition towards a bio-based,
low carbon footprint, and more sustainable chemistry is desir-
able and chemical producers are looking for greener alternatives.
This change in mentality is opening a window of opportunities
for bio-based polymers derived from natural raw materials.4 The
monomers for this purpose derive from a vast amount of
biomass feedstock that includes vegetable oils and lipids,
terpenes, lignin derivatives, carbohydrates and proteins.5 The
biomass raw materials can be treated by thermal,6 catalytic,7

pyrolysis,8 liquefaction9 and electrochemical10 routes to extract
and valorize biosourced building blocks.

For the moment, high bio-based content latexes are rarely
employed for the implementation of new industrial applica-
tions, because of the limited availability of the bio-based
monomers, their cost11 and sometimes their competition with
the food industry.12 In their recent review,13 Calvo-Flores and
Martin-Martinez described the achievements and challenges to
reach a fully bio-based economy starting from bio-based mate-
rials. Indeed, the functions found in bio-sourced monomers are
oen not adapted to radical polymerization. In addition, when
additional double bonds are present, they can easily lead to
undesirable crosslinking. Thus, functionalization of bio-based
platform molecules with groups able to react by radical poly-
merization is the main approach to prepare bio-based
Sylvain Caillol is Research
Director at CNRS. He graduated
as engineer from the National
Graduate School of Chemistry of
Montpellier in 1998. He received
his PhD degree in 2001 from the
University of Bordeaux. Subse-
quently, he joined the company
Rhodia where he headed the
Polymer Department in the
Research Center of Paris. In
2007, he joined the CNRS at the
Institute Charles Gerhardt of the

University of Montpellier where he started a new research topic
dedicated to green chemistry and biobased polymers. He won the
Green Materials Prize in 2018 and 2020 and he entered the list of
the world's top scientists (Stanford) in 2021.

© 2023 The Author(s). Published by the Royal Society of Chemistry
monomers. The nal aim is to produce bio-basedmaterials with
equal or improved performance in applications in comparison
with the current 100% petroleum-based materials. Two
different routes have been employed to replace petroleum
derivatives: (1) the drop-in approach consisting in the synthesis
of strictly identical structures to petro-based monomers from
biomass (e.g. bio-based styrene or acrylic acid14,15), and (2) the
synthesis of novel monomer structures. In this review, a focus
on this latter approach and the current development of new bio-
based monomers and their improved properties in comparison
with their traditional petroleum equivalents are presented.

This review describes the recent research and development
advancements in the radical polymerization of bio-based
monomers in aqueous dispersed media. The previous review
on this topic was published in 2019 by S. Molina-Gutiérrez and
coworkers.16 Another review published in 2020 by Leiza and
coworkers summarizes the most relevant monomers, surfac-
tants, crosslinkers, chain transfer agents and nanollers only for
the production of waterborne polymeric dispersions for coating
and adhesive applications.17 From 2019 to 2022, several new
ideas have emerged and progress has been made in this eld.
This review outlines the improvements and limitations of this
eld with a special insight into adherence to green chemistry
principles.18 For this purpose and to enrich the discussion, the
calculations of some green metrics such as atom economy (%
AE), E-factor, C-efficiency, reaction mass efficiency (% RME) and
the % of renewable carbon atoms have been added for the most
relevant reactions and when deemed necessary (the details of the
calculations are given in the ESI†). Indeed, the development of
new bio-based monomers is oen not synonymous with a more
sustainable process because the steps used to extract, purify and
synthesize them are more time-consuming and more energy
intensive. Therefore, these green metrics can cast some light on
the transition from petroleum-based radical polymerizations in
aqueous dispersed media to their bio-based counterparts. In
particular, atom economy measures the conversion efficiency of
a chemical process in terms of the atoms actually incorporated
Patrick Lacroix-Desmazes grad-
uated in 1992 from the National
Graduate School of Chemistry in
Montpellier. He obtained his
PhD degree in 1996 from the
University of Lyon. Aer working
at BP Chemicals in 1997, he
joined CNRS in Montpellier and
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Director in 2009. He is the head
of the polymer department at the
Institute Charles Gerhardt of
Montpellier. His research inter-

ests cover reversible-deactivation radical polymerizations, the
synthesis of polymer colloids and hybrid materials in aqueous
media, and the synthesis and use of polymers in supercritical
carbon dioxide, as well as green chemistry and circular economy.
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into the desired products, assuming a yield of 100%.19 It is
dened as the molecular weight of the desired product divided
by the sum of the molecular weights of all the reactants used in
the stoichiometric equation, expressed as a percentage. The
higher the % AE is, the more sustainable the reaction is, because
less reactants end up as waste products. E-factor measures the
amount of waste produced in a process. It is dened as the mass
ratio of waste to desired product (expressed in kg of waste per kg
of product). It takes into account waste byproducts, leover
reactants, solvent losses and spent catalysts (also supported).
Hence, a higher E-factor means more waste and consequently,
greater negative environmental impact.20 The lower the E-factor
is, the more sustainable the process is. Carbon efficiency (C-
efficiency) quanties the number of carbon atoms in the start-
ing materials that ends up in the desired product. It is expressed
in % based on the total mass of carbon in the reactants; the
higher the C-efficiency, the better.21 Reaction mass efficiency (%
RME) measures the efficiency with which the reactant mass ends
up in the desired product.22 It is dened as the mass of isolated
product divided by the total mass of the reactants and is
expressed in %; the higher the % RME, the better. Biobased
carbon is the calculation of the amount of renewable carbon (%
renewable C) in the nal monomer; the higher the % of renew-
able C, the better. Note that in our metrics calculation, the
acrylate andmethacrylate groups are not considered as bio-based
because their production from biomass is not yet mature/
available at the industrial scale.

Radical polymerizations in dispersed aqueous media mainly
include emulsion, miniemulsion, microemulsion, dispersion
and suspension polymerizations.2,23,24 They can be considered
as greener processes because water is used as solvent, thus
reducing the volatile organic compounds (VOCs) content.25 In
industry, emulsion and suspension polymerizations are the two
main employed processes. Emulsion polymerization typically
produces sub-micrometer polymer particles called latex,26

which is colloidally stable and directly suitable for applications
(e.g. acrylic paints). In contrast, suspension polymerization
typically produces beads on the millimeter scale,27,28 mostly
used as intermediates for the formation of solid polymers which
are then processed (e.g. into polyvinyl chloride pipes). Emulsion
polymerization differs from suspension polymerization because
water-soluble surfactants are used to emulsify the monomers.
Steric stabilizers are used in suspension polymerization to
prevent the coagulation of the polymer beads. In emulsion
polymerization,26 latex particles are generated through
a process called the nucleation stage (interval 1), starting from
the decomposition of water-soluble radical initiators in the
aqueous phase. These radicals react with the fraction of
monomers in water (the monomers used in emulsion poly-
merization are usually hydrophobic with nonetheless a non-
negligible solubility in water; e.g. styrene concentration in
water at 50 °C is 4.3 mmol L−1), resulting in oligomeric radicals.
These oligomeric radicals become hydrophobic beyond a few
units and either enter preformed surfactant micelles swollen
with monomer (micellar nucleation) or aggregate to form nuclei
that swell with monomer (homogeneous nucleation), that will
in turn become particles (nucleation). Droplet nucleation is
790 | RSC Sustainability, 2023, 1, 788–813
usually negligible in conventional emulsion polymerization,
especially in the presence of micelles, given the much higher
total surface area produced by a high concentration of micelles
(typically 1018 to 1021 L−1 and around 10 nm in diameter)
compared to a lower concentration of large droplets (typically
around 1010 to 1012 L−1 and around 10 mm in diameter). When
the number of particles increases, so does their capture of
oligomers, and at a certain point, all the oligomeric radicals are
captured; this is the end of the nucleation period. The next stage
is the particle growth in the presence of monomer droplets
(interval 2), which act as a reservoir of monomer to supply
monomers to the growing latex particles. Themonomers diffuse
from the monomer droplets to the growing latex particles that
are usually the main locus of polymerization. The diffusion rate
of the monomer through the aqueous phase is faster than the
polymerization rate in the particles (except for monomers
exhibiting very low water solubility), i.e. the particles are swollen
by monomers and the swelling concentration is determined by
the thermodynamic equilibrium (Morton equation). For
instance, the saturation concentration of styrene in particles at
50 °C is 5.5 mol L−1 for particles of 94 nm diameter (unswollen
particle size). Thus, during interval 2, the monomer concen-
tration in the growing latex particles where polymerization
takes place is mostly constant, which in turn leads to a roughly
constant rate of polymerization. Aer complete consumption of
the monomer reservoir (monomer droplets), particle growth
takes place in the absence of monomer droplets (interval 3).
During interval 3, the remaining monomer in the latex particles
is consumed, thus the monomer concentration in the latex
particles decreases, which in turn decreases the rate of poly-
merization. A gel effect can however arise during interval 3
(especially for acrylates) due to a higher viscosity within the
latex particles. This leads to a lower diffusion and a decrease in
the diffusion-controlled rate of termination, thus causing
autoacceleration of the polymerization. In seeded emulsion
polymerization, as latex particles are already present at the
beginning of the polymerization, nucleation (interval 1) does
not occur, unless a high concentration of surfactant is used,
favoring micellar nucleation (secondary nucleation, leading to
a multimodal particle size distribution). Batch emulsion poly-
merization refers to a process where all reactants are introduced
at the beginning of the polymerization. In industry, semi-batch
emulsion polymerization is oen used, where a fraction of the
reactants is introduced at the beginning of the reaction (seed
stage during which nucleation is completed) and the remaining
fraction is added over the course of the reaction. Starved-feed
semi-batch emulsion polymerization refers to a process where
the monomers are introduced at a rate lower than the rate of
polymerization, i.e. the instantaneous monomer conversion is
high (typically higher than 90%), avoiding a composition dri
during the course of the copolymerization with monomers of
different reactivity ratios (for instance styrene M1 is consumed
faster in batch copolymerization with acrylates M2 since reac-
tivity ratios r1 > r2). These conditions also lead to a monomer
concentration in the monomer-swollen latex particles that is
lower than the saturation concentration (i.e. reaction in interval
3). Semi-batch emulsion polymerization also allows control of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the nucleation step, followed by growth of the latex particles,
while maintaining good colloidal stability of the latex particles
(feed of monomers and surfactants) in order to reach high
solids content (typically higher than 40% nal solids content for
industrial latexes) without major copolymer composition dri.
In contrast, polymer beads are formed by polymerization within
the monomer droplets in suspension polymerization (oil-
soluble radical initiators). In the last four years, the majority
of published articles have used emulsion and miniemulsion
polymerization processes to form aqueous bio-based polymeric
dispersions. Miniemulsion is a variant of emulsion polymeri-
zation26,29,30 where small (sub-micrometer, typically less than
300 nm in diameter) monomer droplets are formed through
high energy input (e.g. ultrasound, high pressure homogenizer)
and the polymerization takes place within the sub-micrometer
monomer droplets (usually initiated by oil-soluble radical
initiators although water-soluble radical initiators can also be
used and droplet nucleation operates thanks to the small size of
the monomer droplets), leading to a stable latex. A co-stabilizer
(e.g. a hydrophobe such as hexadecane) is used to avoid Ostwald
ripening; it retards the monomer diffusion from the smaller
droplets to the larger ones to improve the stability of the min-
iemulsion. Notably, miniemulsion polymerization is well suited
for very hydrophobic monomers (such as lauryl methacrylate
exhibiting water solubility of 4.71 × 10−5 mmol L−1 at 35 °C),
for which the micellar or homogeneous nucleation step in the
water phase, typical of conventional emulsion polymerization,
is not efficient.

This review is organized into ve chapters, one for each
category of biomass feedstock (vegetable oils and lipids,
terpenes, lignin derivatives, carbohydrates, and proteins)
(Fig. 1). Sometimes, categories overlap because they all possess
unique characteristics that are useful to achieve the highest
components bio-content (e.g. copolymerization of vegetable oil
monomers with lignin derivative-based monomers).
Vegetable-oil- and lipid-based
polymers

In this section, attention is directed to the recent progress made
in the polymerization of fatty acids and their corresponding
Fig. 1 Categories of biomass feedstock considered in this review and
illustrative examples of some corresponding bio-based monomers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
esters, as well as lipids, and of all the other molecular structures
derived from them.

Vegetable oils and lipids present several advantages over
conventional petro-based raw materials: they are an abundant,
low-cost, biodegradable (under certain conditions), hydro-
phobic, biocompatible and low-toxicity renewable
feedstock.31–33 Efforts have been made to transform these
natural resources into novel bio-sourced platform molecules
and monomers and they mostly derived from the food waste
industry.13 The chemical structure of plant-oil-based monomers
contains both a polar ester moiety and a hydrophobic chain
(C15–C17) oen including double bonds, opening the door to
many possibilities to perform reactions. Vegetable oils and
lipids can nd application in the production of polymeric
materials with interesting properties and promising uses,
including thermosets and latex materials (for coatings and
paints), among others. Many characteristics can change the
physicochemical properties of these oils such as the stereo-
chemistry of the double bonds, the degree of unsaturation and
the length of the fatty acid chains34,35 and can affect the ther-
mochemical, physical and mechanical properties of the nal
bio-based polymers.36 In addition, the length of the fatty acid
chain inuences the hydrophobicity of the bio-based mono-
mers, which is an important parameter in radical polymeriza-
tion in aqueous dispersed media (e.g. ab initio emulsion
polymerization of very hydrophobic monomers is usually
problematic). Interestingly, the crosslinking density can be
controlled through the unsaturation degree of the fatty acid
chains (crosslinking can operate during polymerization or aer
polymerization to increase the gel content and the glass tran-
sition temperature, Tg).
Fatty acids and their derivatives

To increase the reactivity of vegetable oils under radical poly-
merization conditions, modications and functionalizations
are performed on one of the several reactive sites, which include
the double bond, the allylic carbons, the ester group, and the
carbon alpha to the carbonyl group (Fig. 2). In particular, the
internal double bonds present in the lipophilic segment oen
cause problems upon radical polymerization because of their
low reactivity and their tendency to crosslink. Hence, the
introduction of more reactive groups is needed in the vegetable
oil chain.34

Over the last four years, the most used approaches to func-
tionalize oils have been the modication of the ester group and/
or the double bonds of the fatty chain.

Substitution process on the ester group. One example of
substitution starting from the breakdown of the ester group is
described by Tang and coworkers:37 they described the synthesis
of a bio-based methacrylic monomer, soybean methacrylate
(SBMA) (Fig. 3),38 in a highly efficient (yield >95%) and scalable
two-step process from propane-1,2,3-triyl trioleate, also called
high oleic soybean oil, via the formation of a soybean fatty
hydroxyl amide. Considering the green metrics (Table 1),38 the
reaction follows a relatively sustainable process. The total
number of renewable atoms of carbon is high (84%) because the
RSC Sustainability, 2023, 1, 788–813 | 791
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Fig. 2 Four main active sites of triglycerides.

Fig. 3 Synthesis of soybean methacrylate (SBMA) from oleic soybean
oil.

Table 1 Green metrics calculation for the synthesis of soybean
methacrylate (SBMA) from oleic soybean oil

Green metrics

% AE 71
E-factor (kg waste/kg product) 0.49
% C-efficiency 77
% RME 69
% Renewable C 84
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ethanolamine can be considered as bio-based as it derives from
the fermentation of L-serine.39 In contrast, % RME (69%) and %
AE (71%) are moderate and at the end of the reaction, the
mixture is stirred at 60 °C for 4 h to achieve complete conversion
of the amidation reaction, which decreases the global energy
efficiency.

Through solution radical polymerization in toluene, a bio-
based homopolymer (PSBMA) with so properties was
792 | RSC Sustainability, 2023, 1, 788–813
produced (Tg =−6 °C).38 Thus, SBMA could be a good bio-based
resource to replace low Tg units in current acrylic materials.
Indeed, the authors reported successful semi-batch emulsion
copolymerization of SBMA with various comonomers such as
methyl methacrylate, styrene and butyl acrylate (up to 50 wt%
SBMA), allowing for good tunability of thermal and mechanical
properties in the prepared latexes.37 The authors also empha-
sized the presence of the alkene functional groups, present in
the unsaturated fatty side chain of SBMA (without the need for
further functionalization). These double bonds were used for
post-polymerization auto-oxidative crosslinking of the dried
lms at 125 °C to obtain bio-based polymers (thermosets) with
promising properties for ultra-strong, ultra-tough, and high Tg
(>80 °C) coating applications.

Another approach to substitute the structure of ester groups is
transesterication. This approach has been used by Voronov and
coworkers,40 in a one-step transesterication process to synthe-
size a vinyl monomer (HOSBM) from high oleic soybean oil
(Fig. 4).41 The calculation of the green metrics (Table 2)40 for this
reaction shows that the chemical process suffers mainly from the
use of a large amount of solvent (tetrahydrofuran, THF, 150 mL)
and a large excess of acrylamide (5.9 : 1 ratio of hydroxyethyl
acrylamide : triglyceride). Although not discussed by the authors,
the substitution of THF by Me-THF, a biosourced solvent, could
make the process more environmentally sustainable.

For the rst time, the authors combined the soness and
exibility of HOSBM with the strength of cardanol-based
Fig. 4 Synthesis of HOSBM by transesterification reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Green metrics for the synthesis of HOSBM by trans-
esterification reaction

Green metrics

% AE 73
E-factor (kg waste/kg product) 1.2
% C-efficiency 95
% RME 68
% Renewable C 87

Fig. 5 Synthesis of 2-octyl acrylate (OA) from castor oil.

Fig. 6 Abstractable hydrogen atoms of (a) 2-octyl acrylate and (b) 2-
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fragments in different monomer ratios to form a fully renewable
plant-based cross-linked lm from a latex produced by mini-
emulsion polymerization. Depending on the HOSBM/cardanol
monomer ratio, the thermal transition of the latex polymers
varied (increasing the HOSBM content, the Tg value increased
from −35 to 10 °C) and the mechanical properties of the cross-
linked lms changed via auto-oxidation at 135 °C (increasing
the cardanol monomer content, the amount of unsaturation
increased, which resulted in the increase of the cross-linking
and of the Tg of the cured lms, from 5 to 53 °C and the
Young's modulus from 0.9 MPa to 2.3 MPa).

Voronov and his coworkers applied miniemulsion polymer-
ization to copolymerize HOSBM with a wide range of guaiacol
and eugenol derivatives to prepare bio-based aromatic latexes
using 10 to 75 wt% guaiacol/eugenol derivatives and 25–90 wt%
HOSBM. They obtained polymers with molar masses varying
from 25 000 to 650 000 g mol−1 depending on the HOSBM/
aromatic derivatives ratios and they demonstrated that the
incorporation of aromatic fragments (guaiacol/eugenol)
enhanced the rigidity of the lm, whereas the vegetable-oil-
based units (HOSBM) contributed to soening the polymeric
material.42

Hydrolysis on the ester group. The ester group can also be
subjected to hydrolysis. An example is the hydrolysis of the ester
group in castor oil to obtain ricinoleic acid, which in turn, via
cracking at elevated temperatures, produces 2-octanol. The
latter can react by esterication with acrylic acid to form 2-octyl
acrylate (Fig. 5).43 The side product of the cracking reaction,
sebacic acid, is an important diacid employed in the polyamide
industry44 and glycerol can be valorized for other applica-
tions.45,46 Nevertheless, these cracking/hydrolysis reactions were
performed at high temperature (250–270 °C) and under pres-
sure and with 2 molar excess of alkali solutions used to extract
the nal molecules. The calculation of green metrics was not
possible due to the lack of information about the hydrolysis
reaction.

The seeded emulsion homopolymerization of 2-octyl acrylate
(OA) was studied by Barquero and coworkers.47 In particular,
they investigated the possibility of using OA as a substitute for
petrol-based 2-ethylhexyl acrylate (2-EHA). They found that both
monomers achieved high instantaneous conversions by seeded
emulsion polymerization and that there was no difference in
the evolution of latex particle size over time. However, they
found that OA formed more gel (nal value of 75%) than 2-EHA
(up to 58%). The higher gel content in the case of OA was
ascribed to intermolecular chain transfer involving the proton
© 2023 The Author(s). Published by the Royal Society of Chemistry
on the tertiary carbon next to the oxygen atom (Fig. 6a), followed
by termination by combination. Similarly, the seeded emulsion
homopolymerization of 2-octyl methacrylate was studied and
compared with its petroleum equivalent 2-ethylhexyl methac-
rylate. In this case, no gel formation was observed due to the
termination by disproportionation. However, intermolecular H-
abstraction on the tertiary carbon still occurred (Fig. 6b),
leading to long chain branching.

In another paper,48 Leiza and coworkers described the
copolymerization of 2-octyl acrylate (OA) with piperonyl meth-
acrylate (PIPEMA) (Fig. 7a), a bio-based monomer synthesized
via methacrylation of piperonyl alcohol (derived from black
pepper). The starved-feed seeded semi-batch emulsion copoly-
merization of OA/PIPEMA/MAA 84/15/1 (weight composition)
with nal solids content of 50 wt% (copolymer seed latex, 2-octyl
acrylate/isobornyl acrylate/acrylic acid in a weight ratio of 88/10/
2, with 20 wt% solid content) yields a pressure-sensitive adhe-
sive (PSA) with UV-tunable shear resistance and adhesive
properties. This was possible because piperonyl methacrylate
octyl methacrylate biobased homopolymers.

RSC Sustainability, 2023, 1, 788–813 | 793
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Fig. 7 Copolymerization reactions involving 2-octyl acrylate.
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has two different functional groups: a methacrylate group able
to polymerize via free radical polymerization, and a 1,3-benzo-
dioxole moiety, capable of reacting upon UV light irradiation for
post-curing (crosslinking) the nal PSA (Fig. 8). High (71 wt%)
bio-based monomer content was achieved.

In order to improve the properties of their bio-based
formulation, they decided to add a low content (1 wt%) of iso-
sorbide methacrylate (ISOMA), a bicyclic chemical compound
derived from glucose (Fig. 7b).49 They found that the presence of
the hydroxyl groups of ISOMA enhanced PSA extensibility and
Fig. 8 1,3-Benzodioxole photoreaction and formation of a cross-
linked PSA.

794 | RSC Sustainability, 2023, 1, 788–813
cohesiveness and promoted the removability in water of the PSA
tape. This is an interesting feature to take into consideration to
avoid harsh conditions (e.g. basic conditions at 85 °C), which
increase the economic cost and damage the environment
during the washing processes of reusable glass bottles. The tape
was completely removed aer 40 min of immersion at room
temperature and in 10 min at 65 °C.50 An overview of the current
strategies and methods developed to create sustainable PSAs
was reported by Asua and coworkers in a recent review.51 2-Octyl
acrylate was also copolymerized by seeded semi-batch emulsion
polymerization with isobornyl methacrylate (IBOMA), another
biosourced monomer extracted from pine resin, to produce
a bio-based (bio-based contents up to 72%) latex for PSA
applications.52 Recently, Leiza and coworkers (Fig. 7c)53 used
batch miniemulsion copolymerization of 2-octyl acrylate and
isobornyl methacrylate using a phosphate polymerizable
surfactant (Sipomer PAM200) to form a novel hybrid CeO2 bio-
based (up to 70 wt%) acrylic binder for waterborne coatings.
The phosphate groups were able to react with the metal surface,
forming a layer at the substrate/coating interface achieving
a better corrosion resistance. In addition, CeO2 nanoparticles
were homogeneously distributed in the polymer lms and acted
as corrosion inhibitors. The copolymerization between OA and
IBOMA was also performed and involved methacrylated casein
(bovine milk protein), an emulsier capable of being radically
polymerized by batch emulsion polymerization (surfmer), and
non-bio-based methyl methacrylate (MMA) (Fig. 7d).54 Leiza and
coworkers explained that without MMA the polymerization did
not occur, because OA and IBOMA are poorly soluble in water.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Hence, small amounts (3–4% wbm “weight fraction based on
monomers”) of a more water-soluble monomer such as MMA
promoted the emulsion polymerization, avoiding the more
complicated miniemulsion polymerization process used in
their previous work, resulting in latex with high bio-based
content (75 wt%). The lm formed from this latex showed
promising properties in terms of mechanical performance and
resistance to solvents as well as biodegradability in organic
compost of the casein part of the material. This last property is
required to respect the environmental regulations for biode-
gradable materials. Thus, this lm could be a good starting
point for the improvement of bio-based latex coatings.

OA and IBOMA, in combination with a mixture (called ISO-
MAraw) of isosorbide methacrylate (ISOMA) and isosorbide
dimethacrylate (DISOMA), were the bio-based monomers
employed together with MAA (bringing carboxylic acid functions)
to synthesize some ASRs (alkali soluble resins) by emulsion
polymerization (Fig. 9). Aer neutralization with a shot of
ammonia, these ASRs (amphiphilic polymers) were used as elec-
trosteric stabilizers for polymer dispersions to create pressure-
sensitive adhesives. PSAs were synthesized by semi-batch emul-
sion copolymerization of OA, IBOMA and ISOMA as monomers,
and 2-ethylhexyl thio-glycolate as chain transfer agent to achieve
bio-based content up to 71 wt% (Fig. 7e).55 ISOMA and DISOMA
are bicyclic monomers obtained from glucose and their synthesis
is described in the carbohydrates section (vide infra).50 The DIS-
OMA led to pendant double bonds onto the ASR, thereby allowing
the radical graing of the ASR onto the polymer latex particles to
create performant PSA tape. The utilization of ISOMA, with
pendant hydroxyl groups, provided hydrogen-bonding interac-
tions in the PSA formulation, which were key to the clean and fast
(around 20 min) removal of the adhesive tape from a glass
substrate in alkali solutions.

The high hydrophobicity of some bio-based monomers can
hinder the straightforward incorporation of such monomers in
waterborne dispersions. Llorente and coworkers56 illustrated
these difficulties in the case of the copolymerization of OA and
IBOMA. They proposed a stability map for OA/IBOMA copoly-
mers with Dowfax 2A1 as surfactant with different monomers
ratios and solids content and highlighted the conditions where
stable dispersions were achieved. Their scheme showed the
formation of stable dispersions when the solids content was
lower than 55 wt% and the presence of IBOMA in the formu-
lation was lower than 50% wbm.
Fig. 9 Alkali soluble resins (ASRs) used as electrosteric stabilizers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Thiol–ene reaction. Another interesting site that can be used
to functionalize vegetable oils is the unsaturation. In the
previous review by Molina-Gutiérrez et al.,16 the unsaturations
in fatty acid had been reported in oxidative coupling reactions
to prepare alkyd resins for binders and paintings or for epoxi-
dation to prepare acrylate methyl oleate (AMO).57–59 However, in
the past four years, these carbon–carbon double bonds have
been used in thiol–ene polymerization to encapsulate nano-
particles. This process is aimed at applications in biomedicine
due to its rapid reaction rate under mild conditions without the
formation of byproducts. The main vegetable oil derivative used
as double-bond provider was 1,3-propylene diundec-10-enoate,
synthesized by esterication of the castor oil derivative 10-
undecenoic acid and 1,3-propanediol, a glycerol derivative, as
described by Cardoso and coworkers.60 In particular, the thiol–
ene miniemulsion polymerization initiated by AIBN was per-
formed with castor oil-based a,u-diene monomers (1,3-
propylene diundec-10-enoate and dianhydroglucityl diundec-
10-enoate) and thiols to encapsulate superparamagnetic iron
oxide nanoparticles used for cancer treatment by hyper-
thermia.61,62 This type of polymerization was also used with 1,3-
propylene diundec-10-enoate and thiols, containing two (linear)
or four (branched) reactive thiol groups, to encapsulate zinc
phthalocyanine nanoparticles used for photodynamic therapy,
a promising novel therapeutic method for the treatment of
tumors.63 The same thiol–ene miniemulsion polymerization
method was also utilized to synthesize nanoparticles with
a faster degradation rate used as Pd nanocarriers for drug
delivery64 (Fig. 10).

All the described thiol–ene polymerizations were performed
under aqueous miniemulsion polymerization conditions,
which are not currently amenable to industrial setups due to the
cost and the needed specic instrumentation.

Epoxidation reaction on unsaturated double bonds. Unsa-
turations can also undergo epoxidation. Wang and coworkers
polymerized via radical miniemulsion polymerization (conver-
sion of 99%) a plant-oil derivative. In order to have varied
degrees of unsaturation, sapium sebiferum oil, palm oil and
seed oil were used as starting bio-based monomers.65 The plant-
oil monomers were synthesized via green and efficient amida-
tion, esterication and epoxidation techniques. The monomers
were copolymerized with vinyl acetate to prepare a vegetable-oil-
based epoxy-bearing polymethacrylate waterborne latex
endowed with good adhesion, water resistance and tensile
strength properties. Furthermore, for the rst time, they suc-
ceeded in synthesizing a recyclable waterborne epoxy resin.
Indeed, inspired by their previous work66 and Leibler's vitri-
mers,67 they used citric acid as cross-linking agent to generate
a dynamic network containing b-hydroxyl ester groups capable
of curing and reprocessing at 160 °C in 3 h without using any
catalyst (Fig. 11).
Lipid miniemulsion polymerization: the example of cardanol

An interesting bio-based aromatic building block from lipids is
cardanol. Cardanol is a by-product derived from cashew nut
shell liquid, which is directly extracted from the shell of the
RSC Sustainability, 2023, 1, 788–813 | 795
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Fig. 10 Miniemulsion polymerization by thiol–ene chemistry.

Fig. 11 Synthesis of recyclable epoxy resin from palm oil. In blue are
the groups capable of curing via transesterification.

Fig. 12 Chemical structure of cardanol and phosphonated cardanol
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cashew nut. It is a phenolic compound bearing an unsaturated
hydrophobic alkyl chain (Fig. 12). Its functionalization to
prepare cardanol-based monomers was already reported by
Molina-Gutiérrez and her coworkers in their previous review,16

and its potential to form bio-based latexes by emulsion copo-
lymerization with MMA was already described.68 Later, hydrox-
ylated cardanol methacrylate was copolymerized with MMA by
radical miniemulsion polymerization.69 In the last four years,
cardanol methacrylate was functionalized with phosphonic acid
on the alkyl side chain by Li and coworkers70 to improve the
adhesion properties of the coatings thereof (Fig. 12). This
phosphorus-cardanol monomer was copolymerized with MMA
796 | RSC Sustainability, 2023, 1, 788–813
(50/50 weight ratio) under aqueous miniemulsion conditions to
prepare latex and lms possessing 1B adhesion onto steel
plates.

As outlined, some progress has been made in the eld of
vegetable-oil and lipid-based monomers and their polymeriza-
tion. However, as shown by the green metrics, synthesis opti-
mization is key to the industrial scale development of these new
bio-based monomers. In addition, because of the high hydro-
phobicity of the long aliphatic chains, they most oen need to
be polymerized by miniemulsion polymerization, which is an
expensive and non-scalable process. Furthermore, as a conse-
quence of the low reactivity of the internal double bonds, the oil
and lipid derivatives should be modied with some petroleum-
derived functional groups (e.g. acrylate and methacrylate) that
require more expenditure and time. Finally, the internal double
bonds can lead to undesirable or ill-controlled cross-linking
either during the polymerization or during the processing of
the material.
Terpene-based polymers

The wide family of terpenes (consisting of compounds with the
formula (C5H8)n) present in leaves, fruits, and owers of
different plants can be another great resource for bio-based
monomers.71 In the past few decades, terpenes have been
methacrylate.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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used as avors and fragrances, and in medical formulations.
However, today they are considered the best renewable solution
to replace isoprene or other unsaturated hydrocarbon mono-
mers derived from petroleum.72 Terpenes are found in nature in
large quantities and their production is simple, consequently
their price is comparable to that of their petroleum-based
counterparts.

Terpenes, like non-biosourced diene monomers (such as
butadiene or isoprene), are predominantly polymerized via
emulsion processes, rather than homogeneous processes (bulk
or solution), to avoid low polymerization rates and low molar
masses.

Polyterpenes can be synthesized via radical (thermal or redox
initiated) (conventional or controlled), anionic, cationic or
coordination polymerization and they can replace fossil-based
conjugated diene monomers in elastomer applications.73 The
presence of conjugated double bonds in their structures allows
them to be polymerized and cross-linked using reactions that
are already known and used in industry.

In the last four years, the most studied terpene has been
myrcene, the primary component of essential oils derived from
bay, cannabis, and hops.72 Like farnesene, another terpene
isolated from the oil of perilla, myrcene has been investigated as
a biosourced diene and compared to butadiene and isoprene.
Myrcene and farnesene are less toxic than butadiene, hence
their use in cosmetic and fragrance formulations.74–76 They are
also less volatile than butadiene and isoprene. Therefore, they
can be polymerized at atmospheric pressure, through a simpler
process avoiding the use of expensive pressurized reactors, thus
minimizing energy consumption. For all these reasons, the
Fig. 13 b-Myrcene (mini)emulsion polymerization reactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
study of terpenes and their utilization has always caught the
interest of researchers. The rst studies about polymerization of
b-myrcene dates back to 1948, and much progress has been
made in the study of terpenes since then. Recently, Kalita et al.
reported for the rst time the preparation of a triblock copol-
ymer poly(styrene)-b-poly(b-myrcene)-b-poly(styrene) (SMS) by
reversible addition–fragmentation chain-transfer (RAFT) poly-
merization with the use of DBTTC (S,S-dibenzyl trithiocar-
bonate) as chain transfer agent (CTA) with the aim to create
a thermoplastic elastomer. They achieved a good rate of poly-
merization (unlike previous studies77) where poly(b-myrcene)
acted as the low Tg block and polystyrene (PS) as the high Tg
block (Fig. 13a).78 Styrene was polymerized rst by solution
RAFT polymerization in toluene. Then, miniemulsion poly-
merization of myrcene was performed in the presence of 4,4′-
azobis(4-cyanovaleric acid) as radical initiator, starting from the
pre-formed PS macro-RAFT agent (dioxane and sonication were
used to prepare the aqueous miniemulsion in the presence of
sodium dodecyl sulfate (SDS) as surfactant). The authors found
that the best formulation had a styrene content of 20–30 wt%
and they showed that the material behaved as a thermoplastic
elastomer with an ultimate tensile strength of ∼3.5 MPa (at
625% strain). The scraps of this triblock copolymer were also
successfully recycled and reused, indicating the sustainability
of this material. The authors proposed that these triblock
copolymers could be modied via different “ene” reactions via
its pendant vinyl function to design the material for different
specialty applications.

The miniemulsion homopolymerization of myrcene and
copolymerization between b-myrcene and styrene was also
RSC Sustainability, 2023, 1, 788–813 | 797
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reported by Save and her coworkers (Fig. 13b).79 Interestingly,
the utilization of amphiphilic macromolecular bio-based
stabilizers for the synthesis of terpene-based waterborne latex
was reported. Two bio-based amphiphilic copolymers were
synthesized. The rst one was synthesized by the esterication
between a hydrophilic backbone constituted by poly(acrylic
acid) (PAA) and a hydrophobic part composed of tetrahy-
drogeraniol (THG). Both are bio-sourced because the produc-
tion of AA by fermentation from 3-hydroxypropionic acid is
widely described on the laboratory scale80 and THG is a natural
terpenoid. The second copolymer was made by the amidation
reaction between a hydrophilic polysaccharide, carbox-
ymethylpullulan (CMP) produced from pullulan, a natural
polysaccharide derived from starch81 and a hydrophobic part
composed of a dihydromyrcenol (DHM) terpenoid amino-
derivative. The newly synthesized amphiphilic copolymers
were employed as stabilizers in the miniemulsion (co)poly-
merization of b-myrcene and styrene. The monomer conversion
was lower in the presence of myrcene with a maximum of 72%
conversion for the copolymers with styrene. The synthesized
latex particles had a diameter between 171 nm and 306 nm and
a Tg of −60 °C for poly(myrcene) and Tg of −14 °C for poly(-
styrene-co-myrcene) (43 mol% of myrcene in the copolymer).
The crosslinked latex particles (e.g. gel content of 77% for
poly(styrene-co-myrcene), probably arising from branching
reactions due to the presence of unsaturated groups) stabilized
with the bio-based amphiphilic copolymers were then tested as
Pickering emulsion stabilizers. With all latex particles, stable
emulsions were obtained for at least one year. With PS and
poly(styrene-co-myrcene) particles stabilized with copolymers
with a low degree of substitution in hydrophobic terpene, W/O
emulsions were formed whereas O/W emulsions were formed
with poly(myrcene) particles (at a weight fraction of dodecane
and water of 50/50 w/w).

Sald́ıvar-Guerra and his coworkers (Fig. 13c)82 have devel-
oped the RAFT copolymerization of b-myrcene and glycidyl
methacrylate (GMA) using CDSPA (4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid) as
chain transfer agent and potassium persulfate as radical
initiator, under aqueous emulsion polymerization conditions
and using semi-continuous addition of the monomers to
prepare a bio-based elastomer (monomer conversion in the
range of 74–92%). They determined the reactivity ratios of the
monomers, and studied the effect of the b-myrcene concen-
tration over the molar mass of the copolymer, as well as the
microstructure of the copolymers (predominance of 1,4-cis)
(polymerizations in bulk and in toluene solution with
a monomer conversion lower than 20%). Gel content studies,
on lms prepared by casting from the latex, showed that the
copolymer lms immersed in THF for 48 h did not dissolve, as
a result of the cross-linking of the polymer. Gel content of 17–
78% increased with increasing GMA content (0–21%) in the
feed. The cross-linking of the polymer had already been
demonstrated in previous work.83

It is preferable to perform the synthesis of poly(terpenes) at
room temperature, because their microstructures, in particular
the double bonds, are strongly affected by the temperature of
798 | RSC Sustainability, 2023, 1, 788–813
polymerization. Bhowmick and coworkers have shown that the
free radical emulsion polymerization of b-myrcene initiated by
ammonium persulfate at 70 °C reached up to 96% polymer yield
in 20 h but it led to the formation of a mixture of 1,4-cis, 1,4-
trans, 1,2-vinyl and 3,4 structures,84 whereas the redox-initiated
emulsion polymerization at lower temperature led mainly to 1,4
addition products. With that in mind, the same team investi-
gated not only the redox homopolymerization of b-myrcene but
also the homopolymerization of b-ocimene and b-farnesene and
the effect of reaction time and redox systems on the monomer
conversion and the polymer molar mass.85 Poly(b-myrcene)
showed the best results. Thus, they used redox-initiated (tert-
butyl hydroperoxide TBHP as oxidant and sodium formalde-
hyde sulfoxylate SFS as reducing agent, in the presence of Fe-
EDTA as catalyst) aqueous emulsion polymerization at room
temperature (25 °C) (Fig. 13d). They produced a high molar
mass (Mn = 1.68 × 105 g mol−1) poly(b-myrcene) rubber (Tg =
−70 °C) containing predominantly (90%) 1,4-cis/trans linkages
(and 10% 3,4-structures determined by 2D 1H NMR), with
however a maximum polymer yield of only 65%. Importantly,
these polymers suffer from chain scission during the polymer-
ization, decreasing the nal molecular weight. In contrast, b-
ocimene yielded low polymer yield (15–20%) and only oligomers
(Mn ∼ 1.5 kg mol−1). Exact information related to the micro-
structures could not be determined. Finally, b-farnesene also
yielded low polymer yield (20–24%) and low molar mass poly-
mers (Mn ∼ 3.2 kg mol−1) (because of the sterically crowded
diene group, which is not very suitable for radical propagation)
with microstructure dominated mainly by 1,4-cis and 1,4-trans
linkages.

Biosourced farnesene was also studied in copolymerization
with isobornyl methacrylate (IBOMA). IBOMA is produced by
the reaction between camphene and methacrylic acid
(camphene is derived from the isomerization of terpenes, such
as alpha-pinene, derived from pinesap) (Fig. 14). IBOMA is
a very versatile monomer. In the previous section, it was used as
comonomer to prepare waterborne latex coating.53,54 Luk and
Maŕıc86 synthesized poly(farnesene) homopolymer by nitroxide-
mediated polymerization (NMP) in a miniemulsion using D7
(Dispolreg 007) or NHS-BB (succinimidyl-modied BlocBuilder)
as alkoxyamine initiators. However, the nal farnesene
conversion was limited (30–40%), large particles were obtained
(300–400 nm diameter size) in spite of the large amount of used
Dowfax 8390 surfactant (15 wt% relative to monomer), the
experimental Mn for Mn,target = 30 000 g mol−1 was signicantly
higher than the theoretical Mn and the dispersity Đ was most
oen larger than 2. Finally, the poly(farnesene) was isolated,
dissolved in toluene and used as macroalkoxyamine in the
solution copolymerization of an IBOMA/farnesene mixture
(10 mol% farnesene relative to IBOMA as NHS-BB requires
a small amount of this comonomer to control the polymeriza-
tion of a methacrylate). Thus, a diblock copolymer poly(-
farnesene)-b-poly(iBOMA-co-farnesene) was produced by
solution block copolymerization, with a modest increase in
molar mass from 38 900 to 44 300 g mol−1 while Đ increased
from 1.83 to 2.24 (Fig. 14a). Based on these results, the authors
proposed that farnesene and IBOMA might be good biosourced
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Synthesis of IBOMA from camphene and the use of IBOMA in nitroxide-mediated (miniemulsion) polymerizations.

Fig. 15 Acrylate and methacrylate derivatives of tetrahydrogeraniol,
citronellol, menthol and isoborneol.
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alternatives to butadiene and styrene to make materials similar
to SBS thermoplastic elastomer; however further studies have to
be carried out in order to reach this goal.

Maric and his coworkers87 also applied the NMP technique in
an aqueous miniemulsion to the copolymerization of IBOMA and
methacrylic ester 13.0 (C13MA), a partially biosourced monomer
produced from plant-oil (Fig. 14b). Poly(IBOMA) has a high glass
transition temperature (Tg = 111–200 °C) and C13MA was incor-
porated to decrease the Tg (Tg,PC13MA = −46 °C). They succeeded
in making statistical and block copolymers with tunable Tg (from
−44 to 123 °C) using an oil-soluble alkoxyamine initiator (Dis-
polreg 007) without any controlling comonomers, reaching
conversion up to 92%. The same monomers (IBOMA and C13MA)
were copolymerized by miniemulsion with the incorporation of
a cross-linker derived from the esterication of a glycerol mono-
methacrylate (GMMA) and 4-vinylphenylboronic acid (VPBA).88

The new hydrophobic crosslinker was able to react in nitroxide-
mediated miniemulsion copolymerization (dimer content from
5 to 15 mol% in the initial feed) to provide cross-linked polymers
with a high reprocessing capability in a simple recycling process
(80 °C for 45 min) thanks to the boronic ester dynamic covalent
bonds (Fig. 14c).

Terpenes and terpenoids may also nd application in
pressure-sensitive adhesives. Terpenoids are molecules derived
from the 5-carbon compound isoprene, sometimes cyclic and
with functional groups usually containing oxygen. Du Prez and
coworkers89 copolymerized, via a semi-batch aqueous emulsion
process, the (meth)acrylate derivatives of four common terpe-
noids (tetrahydrogeraniol, citronellol, menthol and isoborneol)
(Fig. 15) with methyl methacrylate and acrylic acid to prepare
a bio-based PSA with excellent properties in terms of tack, peel
strength and shear resistance. Tetrahydrogeranyl acrylate was
© 2023 The Author(s). Published by the Royal Society of Chemistry
used as an alternative to 2-ethyl hexyl acrylate to prepare a low
Tg bio-based polymer (Tg,(poly,tetrahydrogeranyl acrylate) = −73 °C),
while isobornyl and menthyl methacrylates were used as alter-
natives to methyl methacrylate to prepare high Tg bio-sourced
polymers (Tg,(poly,isobornyl methacrylate) = 155 °C and Tg,(poly,-
menthyl methacrylate) = 105 °C). Citronellyl (meth)acrylate, con-
taining allylic hydrogens in the long alkyl chain, was employed
as a partially bio-based crosslinker.

Terpenes could become a great resource for future polymer
materials, not only because they are abundant andmay be seen
as cheaper and safer analogs of isoprene and butadiene, but
also because they are easier to handle at atmospheric pressure
and room temperature. Furthermore, it is possible to control
the microstructure of the resulting polymers via tuning the
polymerization conditions such as the polymerization
temperature. As described above, the combination of terpene
derivatives with other monomers (bio-based or not) can lead to
polymers featuring a large range of Tg and thus amenable to
RSC Sustainability, 2023, 1, 788–813 | 799
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various applications. Nevertheless, as indicated above,
terpenes suffer from low monomer conversion and low molar
masses as well as a dependence of the microstructure on the
polymerization temperature, which limit their industrial
development.
Lignin derivative-based polymers

In contrast to the previously described biomass categories,
lignin is an aromatic-rich polymer. It is one of the three main
components of lignocellulosic biomass (the other two being
cellulose and hemicellulose, which are two carbohydrate poly-
mers). Lignin is one of the most abundant raw materials on
Earth.90 Lignocellulose is the non-edible portion of plants;
therefore, the use of lignin for the production of platform
monomers is not in competition with food supply. For this
reason, its depolymerization process has been deeply studied.91

However, to the best of our knowledge, up to now the only
industrially available aromatic monomer obtained from lignin
is vanillin.13,92

In the last four years, research in the eld of emulsion
polymerization focused on various lignin-derived monomers
such as eugenol and 3-allyl-5-vinylveratrole (Fig. 16). These
compounds are good starting points for the synthesis of bio-
based polymers and latexes.

Lignin-derived aromatic monomers, due to their structural
similarities to styrene (Fig. 16), which is one of the most widely
used fossil-oil derived monomers yet potentially carcinogenic,
are becoming attractive alternatives. However, lignin derivatives
have greater potential and versatility than the simple styrene
molecule. Indeed, they possess an additional reactive site, the
phenol function, that can be easily derivatized to obtain a large
range of reactive molecules and prepare materials with distinct
characteristics such as Tg, lm forming properties, or gel
content for a large range of applications. Conversely, phenol
groups are radical inhibitors and as such are not suitable for
radical polymerization. Hence, their modication is necessary
prior to performing emulsion radical polymerization. This may
limit their industrial applications.
Eugenol derivatives

In laboratories, one of the most studied lignin-derived mono-
mers is eugenol, a molecule that can be obtained from several
Fig. 16 Chemical structures of aromatic bio-based monomers and
styrene.

800 | RSC Sustainability, 2023, 1, 788–813
plants including clove buds, cinnamon bark, tulsi leaves,
turmeric, pepper, ginger, oregano, and thyme. In the previous
section, we have already described the potential of eugenol
derivatives42 in emulsion copolymerization with vinyl mono-
mers from high oleic soybean oil. Molina-Gutiérrez et al.93,94

designed a platform of bio-based monomers derived from
eugenol, isoeugenol (an isomer of eugenol), and dihy-
droeugenol (the hydrogenated form of eugenol). In particular,
they functionalized the phenol group with ethoxy(meth)acrylate
functions to prepare readily polymerizable monomers.93

According to green metrics (Table 3),93 the reaction performed
to functionalize the eugenol was not as green as expected. In
fact, the rst step was performed at 150–180 °C and the second
one used dichloromethane (DCM), a toxic solvent that worsened
the nal sustainability. However, they proposed another
synthetic pathway, where ethyl acetate was used as a “greener”
solvent.

For the rst time, they succeeded in the aqueous emulsion
polymerization of bio-based methacrylate monomers derived
from eugenol.95 In particular, they gradually substituted methyl
methacrylate with ethoxy dihydroeugenyl methacrylate (because
it does not possess any pendent double bonds that could engage
in undesirable reactions) in the semi-batch emulsion copoly-
merization of butyl acrylate, methyl methacrylate and meth-
acrylic acid (BA, MMA, MAA).96 They prepared a latex with a high
total solids content of 50 wt% with particle diameter of 173 nm,
containing 12% wbm of a lignin-bio-based monomer, with a Tg
of −31 °C and a gel content of 69%. The adhesive properties of
the polymers were tested and the peel and tack forces were
shown to be superior to those measured for a commercial
product, demonstrating that these bio-based latexes could be
suitable for applications as PSA.

3-Allyl-5-vinylveratrole

In a similar way, Voronov and coworkers conceived a promising
platform based on 3-allyl-5-vinylveratrole (AVV), a monomer
derived from vanillin.97 First, they performed AVV homo-
polymerization in toluene solution and conrmed by 1H NMR
spectroscopy that the allylic unsaturation was retained during
homopolymerization and could thus be utilized post-
polymerization to form a cross-linked network. Then, they
copolymerized AVV and a vegetable-oil-based acrylic monomer
(HOSBM) using a batch miniemulsion polymerization process
(solids content about 30%) to prepare fully bio-based latexes
(84–86% monomer conversion). They studied the viscoelastic
behavior of the resulting polymeric materials, aer oxidative
curing of the lms at 135 °C, to demonstrate that it could be
Table 3 Green metrics for eugenol functionalization

Green metrics

% AE 34
E-factor (kg waste/kg product) 4.54
% C-efficiency 49
% RME 25
% Renewable C 63

© 2023 The Author(s). Published by the Royal Society of Chemistry
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modulated by the monomer ratios of high Tg (AVV) and low Tg
(HOSBM) constituents. Thus, they obtained latex lms with Tg
ranging between 44 and 80 °C (increasing with AVV concen-
tration in the feed), however showing a high gel content (84–
88%) in all cases.

The synthesis of these lignin-derived platform monomers
has opened the door to their homopolymerization and the
development of new molecules with a variety of properties and
potential applications in materials. However, several
constraints remain to be overcome. Firstly, the industrial
availability of the bio-based building blocks obtained by the
depolymerization of lignin has to be improved. Secondly, many
of these building blocks do not possess functional groups
adequate for radical polymerization, thus they need to be
chemically modied. In addition, molecules like eugenol
possess functional groups such as the allyl group, which are
prone to undergo secondary reactions (e.g. degradative chain
transfer) under radical polymerization conditions. These side
reactions need to be studied and controlled to reach the desir-
able properties for the nal materials. Despite these limitations,
lignin-based molecules constitute a very promising platform to
prepare new bio-based monomers suitable for radical poly-
merizations in aqueous media. Furthermore, lignin is the most
abundant biomass to afford bio-based aromatic monomers.

Carbohydrate-based polymers

Carbohydrates represent one of the most abundant classes of
renewable raw materials and they are the starting point for
preparing several bio-based platform molecules.98 In particular,
from corn, it is industrially possible to extract polysaccharide
chains and to easily produce platform bio-based molecules
(sugars) by fermentation or other chemical processes. Carbo-
hydrates distinguish themselves from the bio-based building
blocks reported in the previous sections by their higher oxygen
content, and thus higher hydrophilic character and water-
solubility. Vegetable oils, terpenes and lignin derivatives are
most oen employed in radical polymerizations in aqueous
dispersed media as hydrophobic monomers, whereas carbohy-
drates are mainly hydrophilic species. In this section, we will try
to summarize the recent attempts at using carbohydrates as
water-soluble or water-insoluble components in radical poly-
merization, in addition to their use as hydrophilic components.
The radical polymerization of carbohydrate derivatives in
aqueous dispersed media is actually more varied and compli-
cated to describe than that of hydrophobic bio-based building
blocks. Carbohydrates might be used to form the surface of the
polymer particles (water-soluble monomers, surfmers and steric
stabilizers as well as water-insoluble Pickering stabilizers) or the
core of the polymer particles (hydrophobic monomers, seed). In
2015, Smeets et al.99 described the use of carbohydrates as
surfactants, initiators, transfer agents and (macro)monomers
for the synthesis of carbohydrate-functionalized hybrid latex
particles. In this review, we have decided to report some rele-
vant examples, not only when carbohydrates are used as water-
soluble (macro)monomers, amphiphilic (surface-active) or
hydrophobic monomers, as indicated in the title of the review
© 2023 The Author(s). Published by the Royal Society of Chemistry
(“Recent advances in radical polymerization of bio-based
monomers in aqueous dispersed media”), but we have also
considered off-topic examples which are important to under-
stand the versatility and the complexity of using carbohydrate
derivatives in emulsion polymerization. For this reason, the use
of carbohydrates as other water-soluble steric stabilizers (mac-
rotransfer agents or macroinitiators, depending on their reac-
tive site), Pickering stabilizers, and as water-insoluble seeds is
also mentioned. Two different approaches are employed to use
carbohydrates in radical polymerization in aqueous dispersed
media as illustrated in Fig. 17. The rst one consists in using
low molecular weight carbohydrates (sugars) such as mono-
saccharides, disaccharides or polyols. These sugars can be
derivatized to form bio-based monomers with a hydrophilic,
surface-active or hydrophobic character. The second approach
involves the use of carbohydrates in the form of oligosaccha-
rides or polysaccharides, which can either be water-soluble or
water-insoluble. When the polysaccharide is water-soluble, it
can be functionalized with reactive groups to convert it into
a reactive steric stabilizer, which can participate in radical
polymerization as macromonomer, macrotransfer agent or
macroinitiator. In the other case, like starch and cellulose, the
polysaccharide is water-insoluble; thus, it can be used as
a Pickering stabilizer or as a seed in radical polymerization in
aqueous dispersed media.
Monomers from sugars (glycomonomer)

Hydrophilic monomers. The utilization of isosorbide meth-
acrylate mixture (ISOMAraw) and isosorbide monomethacrylate
(ISOMA), hydrophilic bicyclic chemical compounds obtained
from glucose, was previously reported49,50,55 (Fig. 7b and e and
9). Badia and coworkers showed that the addition of a small
amount (1 wt%) of ISOMA as specialty monomers in a seeded
semi-batch aqueous emulsion polymerization formulation (OA/
IBOA/AA seed composition where IBOA is isobornyl acrylate;
OA, IBOMA and other functional monomers such as ISOMA
make up the composition of the feed) improved the remov-
ability in water of the PSA tape from reusable glass bottles.
However, the synthesis of ISOMAraw and its purication to
obtain ISOMA were not environmentally suitable as shown by
the green metrics calculation (Table 4).50 Not surprisingly, the
utilization of a hazardous solvent such as CH2Cl2 worsened the
E-factor (14.3 kg of waste per kg of desired product).

Amphiphilic or hydrophobic monomers. One example of
amphiphilic monomers is Ecomer®, an alkyl polyglucoside
maleic acid ester functional comonomer possessing a radical
polymerizable double bond, commercialized by Ecosynthetix
(Fig. 18). Badia and coworkers were able to copolymerize Eco-
mer® (15% wbm) with 2-octyl acrylate and isobornyl methac-
rylate (two bio-based monomers as described in the previous
sections) via a starved-feed seeded semi-batch emulsion poly-
merization in the presence of Dowfax 2A1 (1% wmb) as
surfactant, to prepare a waterborne coating.100

The principal monosaccharide used as platform molecule is
glucose. It is one of the most important and most used starting
points for the preparation of bio-based monomers such as
RSC Sustainability, 2023, 1, 788–813 | 801
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Fig. 17 Different strategies to use carbohydrates in radical polymerizations in aqueous dispersed media.

Table 4 Green metrics calculation for ISOMAraw synthesis

Green metrics

% AE 94
E-factor (kg waste/kg product) 14.3
% C-efficiency 51
% RME 53
% Renewable C 55
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acrylates (acrylic acid, methacrylic acid, itaconic acid, methy-
lene lactones) as well as derivatives (e.g. esters) of cinnamic
acid, fumaric acid, muconic acid and crotonic acid.101 The
aqueous radical emulsion polymerization of some hydrophobic
itaconic acid derivatives has been studied in the past four years
to develop new types of innovative bio-based materials (Fig. 19),
for a wide range of applications such as PSA materials and
silica-lled bio-based elastomers. Itaconic acid (IA) is
a commercially available dicarboxylic acid obtained by the
fermentation of glucose using specic lamentous fungi. Its
production is currently estimated to be on a 40 000 tons per year
scale by fungal fermentation,101 hence it is not in competition
with the food industry. Vega-Rios and coworkers performed
emulsion copolymerization between di-n-butyl itaconate (DBI),
a bio-based monomer derived from the esterication of IA and
1-butanol (Fig. 19a), and lauryl methacrylate (LMA), a coconut
oil derivative, in order to develop PSA.102 IA was identied as the
donor of dicarboxylic acid functional groups (1 wt%) while DBI
and LMA were employed as low Tg monomers. For the rst time,
they synthesized a fully bio-based PSA (25% solids content) and
802 | RSC Sustainability, 2023, 1, 788–813
they studied the effect of themonomer weight ratio (DBI : LMA :
IA was varied from 99 : 0 : 1 to 0 : 99 : 1) of the synthesized
copolymers on the viscoelastic properties and Tg. The copol-
ymer lms with more than 50 wt% DBI showed suitable prop-
erties for PSA materials. However, although the authors
observed some gel content (68% gel content for 99 wt% LMA
content), they did not use any cross-linking agent and therefore
the formulation might be improved to create a good PSA
material.

Another alkyl derivative of IA, diethyl itaconate (Fig. 19b),
was studied and polymerized by Lei and coworkers.103 They
designed a new sustainable and environmentally friendly route
for producing high-performance silica-lled bio-based elasto-
mers from diethyl itaconate, butyl acrylate, and glycidyl meth-
acrylate via emulsion polymerization. Glycidyl methacrylate was
introduced in the polymer chains to incorporate epoxy groups
for crosslinking with silica nanoparticles. The silica/
poly(diethyl itaconate-co-butylacrylate-co-glycidyl methacrylate)
bio-based composite presented an outstanding heat oil resis-
tance in comparison with a petroleum-derived silica/
poly(acrylate) composite. This article describes an interesting
bio-based alternative for the production of elastomer materials
using emulsion polymerization as an environmentally friendly
process.

Itaconic acid was also esteried to form three asymmetrical
diesters and one ester amide.104 The itaconate-diesters carried
on one side an octyl or cetyl group and on the other side
a poly(ethylene glycol) (PEG350), glycerol or peruorodecane
segment. The ester amide-itaconate was formed by an octyl
group on one side and by dopamine on the other side (Fig. 19c).
The functionalized itaconates were amphiphilic and they were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Ecomer® macromonomer structure.
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tested as surfmers for the preparation of polystyrene by emul-
sion polymerization. It was shown by the authors that all the
surfmers introduced in the feed were covalently linked to the
polystyrene chains and showed good capacity to sterically
stabilize polystyrene latexes of 150 nm diameter. The drawback
emphasized by the authors was the large mole fraction (15–
20 mol%) of surfmer required to form a stable latex.

Oligosaccharides or polysaccharides

Other studies have been done for the rst time on poly-
saccharides for the development of bio-based latexes. The
polysaccharides could be water-soluble or water-insoluble.

Water-soluble polysaccharides. Water-soluble poly-
saccharides can react as macromonomers, macroinitiators or
Fig. 19 Diesters and ester amide from biosourced itaconic acid.

© 2023 The Author(s). Published by the Royal Society of Chemistry
macrotransfer agents to form bio-based steric stabilizers
around a hydrophobic core in latex synthesis. These macro-
agents are mostly derived from starch, a polysaccharide
produced by plants. Starch is the second most abundant
biomass material in nature. Its use in emulsion polymerization
was thoroughly described by Cunningham and coworkers in
their recent work.105 Several modication methods such as
cross-linking, hydrophobization, cationic/anionic charging and
functionalization were performed on starch to introduce func-
tional groups in order to modify its behavior in water (Fig. 20).

To the best of our knowledge, no example of the use of
polysaccharides as macromonomers has been reported in the
last four years in radical polymerization in dispersed media.
However, some examples of macroinitiators have been
described. Wu et al. reported the use of hydrolyzed starch
(Fig. 20a) as macroinitiator for the synthesis of latex.106 In
particular, initiation was triggered by a redox mechanism using
CeIV+ ions. The radical formed on the hydrolyzed starch was
able to react with BA or MMA units via seeded surfactant-free
emulsion polymerization to form block and gra copolymers
capable of stabilizing latex particles. The synthesized bio-based
latex was tested as binder for paper coating and showed equal
properties in comparison with its non-bio-based analogues.

Several examples of polysaccharides used as macrotransfer
agents were reported in the last four years. Bou and
coworkers107 reported the use of dextrin, a water-soluble low-
molar mass polysaccharide produced by the partial acid
hydrolysis of native starch, and composed of D-glucosyl units.
RSC Sustainability, 2023, 1, 788–813 | 803
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Fig. 20 Different forms of modified starch used in radical polymerization in dispersed aqueous media.
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Simple adsorption of dextrins is not sufficient to sterically
stabilize polymer latexes synthesized by emulsion polymeriza-
tion of acrylic monomers. In fact, the true steric stabilizer is the
amphiphilic copolymer dextrin-gra-poly(acrylates) (Fig. 20b)
synthesized in situ during the surfactant-free emulsion poly-
merization initiated by H2O2/ascorbic acid redox initiator. The
chemical graing of dextrins took place via the H-radical
transfer from the produced HO* radicals onto the dextrin
units, followed by propagation of the vinylic monomer (butyl
methacrylate, BMA, and MMA were successfully tested). Potas-
sium persulfate was also tested as initiator (with various
monomers such as butyl methacrylate, styrene, butyl acrylate,
and vinyl acetate, as well as for the copolymerization of ethyl-
hexylacrylate and butyl methacrylate) but it resulted in less
efficient graing to dextrin, less efficient steric stabilization and
bigger latex particle size. To go further, they introduced borax as
cross-linker into the dextrin-stabilized latex (Fig. 20c). Upon
water removal (lm formation), the reaction between borax and
the hydroxyl groups of dextrin generated a cross-linked
network. Interestingly, the addition of borax led to an
increase of the cohesive strength of the pressure sensitive
adhesive (PSA). An enhancement of the peel strength (about
40%) was noted for the PSA latex prepared in the presence of
dextrins, compared to a PSA latex produced by emulsion poly-
merization in the presence of an anionic surfactant. Finally, the
peel strength was even substantially enhanced by more than
100% in the presence of a small amount of borax (about
0.5 wt%).

Ferji and coworkers described the synthesis of a core–shell
latex using a dextran derivative as polymeric stabilizer.108

Dextran (a polysaccharide synthesized from starch by bacteria)
was modied in order to prepare a trithiocarbonate macro-
RAFT agent which can act both as initiator under UV-
804 | RSC Sustainability, 2023, 1, 788–813
irradiation (365 nm) and reversible chain transfer agent
(Fig. 20d). Then, this macro-RAFT agent was involved in the
photo RAFT-polymerization-induced self-assembly (photo-PISA)
in an aqueous dispersion of 2-hydroxypropyl methacrylate
(HPMA), in the absence of external initiator, to form a latex
composed of diblock copolymer dextran-b-PHPMA. The nal
stable nanoparticles presented a spherical morphology. The
sphere size increased with the degree of polymerization of
PHPMA and varied from 16 to 238 nm.

Oliviera et al. decided to employ cationic starch (CS) derived
polymer as hydrophilic macrotransfer agent to stabilize coating
binders and as sizing agents (Fig. 20e).109 Cationic starch can be
produced by reacting the free hydroxyl groups present in native
starch with molecules containing tertiary or quaternary
ammonium groups such as 2,3-epoxypropyl trimethyl ammo-
nium chloride.110 They polymerized BA and MMA by surfactant-
free emulsion polymerization initiated by a hydrogen peroxide
and ferrous sulfate redox system at 85 °C, using cationic starch
as graing agent with different starch contents (from 7 to
20 wt%). Importantly, to obtain a stable latex, it was necessary to
enzymatically hydrolyze the starch with a-amylase prior to the
start of the polymerization in order to convert starch into
oligosaccharides through the cleavage of glycosidic bonds. The
authors showed that the increase of cationic starch content in
the formulation did not inuence the overall monomer
conversion (>98%), but it decreased the graing efficiency
(proportion of gra copolymer poly(CS)-gra-poly(BA-co-MMA)
recovered aer Soxhlet extraction using chloroform as solvent),
and also decreased the hydrodynamic diameter of the latex
particles (from 201 to 111 nm). Notably, the latexes were colored
(brown) in the presence of the modied starch. The authors
concluded that the optimal cationic starch concentrations in
terms of particle size, water resistance and colloidal stability
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Cellulose nanocrystals (CNC) modified with brominated
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were in the range between 7 and 10 wt%. The latex lms were
not cytotoxic aer 24 h, but they were cytotoxic aer 96 h of
incubation. Cytotoxicity was ascribed to the a-amylase enzyme
present in the lms. In another study, they studied the thermal
and mechanical properties of the CS-BA-MMA lms.111 They
showed that higher graing percentage (obtained at low CS
content in the formulation) improved the thermal stability of
the lms. The addition of CS to the formulation increased the
tensile, elastic modulus and hardness properties of the latex
lm, but the elongation at break worsened. They concluded that
a compromise between the thermal and mechanical properties
of the lms could be obtained at around 7–10 wt% CS.

Water-insoluble polysaccharides. When the polysaccharide
is water-insoluble but dispersible in water, it can serve as
Pickering stabilizer or it can be used as a bio-based seed.

Polysaccharides as Pickering stabilizers. The use of natural
organic particles as stabilizers for the formation and polymer-
ization of Pickering emulsions has been recently reviewed by
Héroguez and coworkers112 and a focus on the use of cellulose,
starch and chitin as Pickering stabilizers has been summarized
in Cunningham and coworkers' recent review.113 The utilization
of biosourced glucose-based stabilizers could bring emulsion
polymerization even more in line with the green chemistry
principles. It avoids the use of traditional synthetic surfactants
that can cause environmental pollution resulting from the
leaching out of the surfactants when the latex is used as
a binder for architectural coatings or tissue irritation in
biomedical applications. For that reason, Bou and coworkers
used 8 wt% (with respect to monomer content) starch nano-
crystals (SNC) as Pickering stabilizers for ethylhexylacrylate and
butylmethacrylate emulsion copolymerization initiated by
H2O2/citric acid redox initiating system at 50 °C.114 In order to
increase the stabilization efficiency and solids content (up to
30 wt% in the case of PBMA homopolymer), vinyltriethoxysilane
(VTES) functions were graed onto SNC (Fig. 20f) to obtain
reactive nanocrystals in radical polymerization (graing
through). The resulting pressure sensitive adhesive property
was increased (improvement in peel strength and energy
adhesion of the PSAs) and commercial applications as PSA
might be envisaged.

Cunningham and coworkers used a modied form of starch
as Pickering stabilizer in the emulsion polymerization of
styrene and MMA using ammonium persulfate as water-soluble
initiator and di(ethylene glycol) ethyl ether acrylate (DEGEEA) as
functional comonomer, and in miniemulsion polymerization of
styrene, MMA and BMA using Vazo-52 as oil-soluble radical azo-
initiator. Starch modication was performed with styrene oxide
to tune its hydrophilic/hydrophobic character (Fig. 20g).115 The
results showed that the new Pickering stabilizer was able to
perform well only in the case of styrene miniemulsion poly-
merization (8% wbm of stabilizer) (monomer conversion >
80%), but was unsuitable for the miniemulsion polymerization
of methacrylate monomers where coalescence of the latex
particles occurred during the polymerization. PMMA stable
latexes were obtained by emulsion polymerization (80%
monomer conversion) using 8% wbm of Pickering stabilizer,
© 2023 The Author(s). Published by the Royal Society of Chemistry
where additional stabilization was likely provided by the water-
soluble persulfate initiator.

A more challenging work was described by Schmitt and
coworkers.116 They reported a Pickering double oil-in-water-in-
oil emulsion using cellulose nanocrystals (CNC) modied with
brominated functions (Fig. 21). Through the brominated func-
tion, they were able to tune the hydrophobicity of CNC. For
example, when CNC-Br20% was used, the CNC reacted as Pick-
ering hydrophilic stabilizers (direct emulsion, i.e. oil-in-water).
Conversely, when CNC-Br90% was used, the CNC could be
employed as Pickering hydrophobic stabilizer (inverse emul-
sion). They thus could prepare a double emulsion polymeriza-
tion stabilized by CNC partially composed of biosourced
components. They used water, isopropyl myristate (derived
from vegetable-based myristic acid) as oil phase, hydroxyl oli-
goethylene glycol methacrylate as monomer and tetraethylene
glycol diacrylate as cross-linker in the aqueous phase and
brominated CNC as Pickering stabilizer. They showed that the
nal object presented promising encapsulation properties for
both hydrophilic and hydrophobic dyes.

Polysaccharides as a seed. Some examples of synthesis of
starch core/shell latexes were performed in these last four years
using polysaccharides as a seed.

Dubé and coworkers incorporated functionalized starch
nanoparticles (SNP) inside an acrylic polymer.117 They rst
cross-linked starch molecules with sodium trimetaphosphate (a
non-toxic cross-linker) (Fig. 20h). Then, they functionalized the
cross-linked starch with a water-soluble bio-based macro-
monomer containing glucose (able to anchor to SNP surfaces
via the trimetaphosphate group). The resulting modied SNP
were polymerized via a semi-batch emulsion polymerization
(17 wt% SNP relative to total polymer weight and 42 wt% solids
content) with BA, MMA and AA. Butyl vinyl ether was added as
comonomer prone to copolymerize rather than homopoly-
merize to act as a bridge between SNP and hydrophobic acry-
lates. The tack, peel strength and shear strength were evaluated
to conrm the adhesive properties of the lms. The TEM images
were used to conrm the core–shell structure of the nal latex.
In their following article, the authors reported the increase of
SNP content in the same semi-batch emulsion formulation
(45 wt% SNP and 55 wt% solid content were achieved), although
these results were obtained at the expense of adhesive proper-
ties and led to an increase of latex viscosity and particle size.118

Dubé and coworkers also worked on cellulose nanocrystals
(CNC).119 CNC are highly water-insoluble and their dispersion in
functions.
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water is highly sensitive to the ionic strength of the aqueous
phase; hence, their use in emulsion polymerization was limited.
In their work, Dubé et al. demonstrated that the use of an
atypical emulsion polymerization, which limited the ionic
strength, allowed the incorporation of CNC in a colloidally
stable nanoparticle. Indeed, they developed a semi-batch
emulsion polymerization method where MMA and BA were
used as monomers, AIBN as neutral initiator (dissolved in the
monomers because it is oil-soluble) and Triton X-405 as neutral
surfactant during the rst stage of polymerization. The nega-
tively charged sodium dodecyl sulphate (SDS) surfactant and
potassium persulfate (KPS) initiator were only used for the
second stage of the semi-batch polymerization (feeding). By this
method and a precise addition feed of the different components
(including the CNC dispersion), they maintained a low ionic
strength in the aqueous medium and produced a stable latex
with a solids content of 35 wt%. However, droplet nucleation
occurred, estimated at 13% of total monomer weight, leading to
the accumulation of a polymer gel on the impeller.

As outlined in this section, carbohydrates are an important
source of sugar-based components (monomers/surfmers) and
polysaccharide-based components (water-soluble steric stabi-
lizers, Pickering stabilizers, water-dispersible seeds) that can be
used in radical polymerization in aqueous dispersed media.
However, their use for industrial applications presents several
drawbacks. First, because of the polar character of carbohy-
drates, they are more easily introduced at the surface of the
polymer particles, and thus the bio-content is oen limited to
values below 20 wt%, unless special efforts are made to decrease
their hydrophilicity in order to incorporate them in the core of
the polymer particles. However, these additional efforts might
be a barrier for industrial scale-up. Second, due to their polar
character and specic structure, carbohydrates may affect
important properties such as the latex viscosity, the color of the
lms and the water sensitivity of the lms. In conclusion, the
incorporation of carbohydrates at high content in aqueous
Fig. 22 Different strategies to use proteins in radical polymerizations in

806 | RSC Sustainability, 2023, 1, 788–813
dispersions is not easy andmay not be desirable, as it may badly
affect the performance of the materials in some coating
applications.

Protein-based polymers

The last option to replace petroleum-based polymers is
proteins. Proteins are an attractive option because of their
purity, biodegradability, low toxicity, high availability and low
price.120 The utilization of proteins in radical polymerization in
aqueous dispersed media has been examined in the last four
years in emulsion and miniemulsion processes to create wood
and paper adhesives, waterborne wood coatings and food
packaging. In order to integrate proteins into aqueous disper-
sions prepared by radical polymerization, various strategies are
usually employed, leading to the so-called hybrid-protein
latexes. As in the carbohydrates section, the nature of the
protein can inuence its way of incorporation and the appli-
cations of the resulting latex. When the protein is water-soluble,
it can react as macrotransfer agent, macroinitiator or macro-
monomer as well as (macro)surfmer in case of amphiphilic
properties (Fig. 22). In contrast, when the protein is water-
insoluble, it can be involved as surface Pickering stabilizer or
as a seed to form core–shell particles. Because of the diversity
and versatility of proteins, as in the carbohydrates section,
reporting in this tutorial review the examples where proteins are
not only used as (macro)monomer or (macro)surfmer but also
as (macro)transfer agent, (macro)initiator, bio-based Pickering
stabilizer or bio-based seed, even though the latter are not
encompassed in the title of the review, is relevant. The hydro-
philic or hydrophobic character of the protein depends on the
side groups of its constituent amino acids, such as carboxylic
acid, amide, hydroxyl, amine, thiol, alkyl or aryl side groups.
Furthermore, the functional groups of some proteins (e.g.
amines) can be protable to introduce somemoieties capable of
reacting in radical polymerization (e.g. methacrylation with
aqueous dispersed media.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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glycidyl methacrylate).121,122 Recent progress in the use of hybrid
protein/synthetic polymer nanoparticles for the production of
ecofriendly alternatives for industrial applications such as
paints, coatings, lms and adhesives has been described by
Gugliotta and coworkers in a review article.123
Zein

Zein is a hydrophobic protein obtained as byproduct from corn
processing during the production of bioethanol and corn-
meal.124,125 It is a positively charged protein126 composed of non-
polar amino acids such as leucine, alanine and proline
(hydrophobic alkyl lateral groups).127 Its utilization in seeded
emulsion polymerization has been described, in particular its
power to impart hydrophobicity and compensate for the
hydrophilicity of other proteins such as casein used as a seed122

(more details in the Casein section) or polysaccharides such as
starch used as a seed (in combination with casein used as bio-
macro-emulsier) (more details in the Casein section below).128
Casein

Gugliotta and coworkers focused their research on casein,
a protein derived from bovine milk with good biocompatibility,
high purity, biodegradability, easy availability and with a high
Tg (180 °C). They functionalized native casein with methacrylate
functions to prepare a macromonomer. The methacrylated
casein was copolymerized with methyl methacrylate (MMA) and
ethyl acrylate (EA) by surfactant-free emulsion polymerization
to create a hybrid casein-acrylate latex for adhesive applica-
tions.121 They did not detail the quantitative composition of the
monomer mixture in the emulsion polymerization process.
However, the acrylate part (MMA and EA) was in the core and
the casein was located around it as steric stabilizer. In the
above-mentioned article, Gugliotta and coworkers studied the
variation of the content of native casein and methacrylated-
casein (from 5 to 30% wbm) and they showed that it inu-
enced the polymerization rate and the nal monomer conver-
sion. The increase of native casein concentration favored the
polymerization rate and led to higher nal monomer conver-
sion. In addition, the latex synthesized with native casein pre-
sented a lower graing degree with the acrylate core whereas the
utilization of methacrylated-casein improved the degree of
graing (less free casein) leading to a reduced latex viscosity.
Fig. 23 Schematic description of the formation of a cross-linked film fro
acid.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The adhesive removal from a glass substrate was also tested in
alkaline solution and the latexes synthesized with
methacrylated-casein showed better removal capacity compared
to those synthesized with native casein.

The methacrylated-casein was also employed in surfactant-
free emulsion polymerization for the preparation of water-
borne latexes composed of a core of acrylate polymer (BA and
MMA) and a shell of methacrylated casein. Tannic acid (TA) was
added as a cross-linking agent to the resulting latex prior to lm
formation for 5 days at room temperature, leading to cross-
linked lms129 (Fig. 23). TA is a natural polyphenolic molecule
extracted from plants.130 Cross-linking during the lm forma-
tion occurred by reaction of tannic acid with the amino groups
of casein. The resulting waterborne cross-linked lm showed
improved water resistance and higher decomposition temper-
ature, tensile stress and elastic modulus compared to the non-
crosslinked lm. The lm showed excellent UV-blocking
behavior, which can be interesting for the development of UV-
blocking coatings to prevent photo-degradation of some
organic materials. Nevertheless, the biodegradation rate of the
tannic acid-crosslinked lm was shown to be slower compared
to that of the non-crosslinked lm.

The main drawback in the utilization of casein is its high
hydrophilicity, imparting low water resistance to the lms. For
this reason, in another study, Gugliotta and coworkers added
hydrophobic zein to mitigate the high hydrophilic character of
casein (methacrylated or not) in their latex formulation.122 They
prepared waterborne hybrid nanoparticles, by emulsier-free
miniemulsion polymerization of butyl acrylate, methyl meth-
acrylate, or octadecyl acrylate, containing both proteins (at the
surface) and acrylate (in the core) that showed enhanced
mechanical properties and good soil biodegradation (only the
casein part of the composite latex was degraded). The contact
angle experiments with water showed that the incorporation of
zein in the hybrid particles increased the lm surface hydro-
phobicity compared to the zein-free hybrid casein/synthetic
polymer lm. In order to demonstrate that the miniemulsion
polymerization was an adequate process for zein incorporation,
they physically mixed the acrylate latex with both proteins;
however, in this case the resulting polymer lm presented
phase separation due to the incompatibility of the components.

Another example of the use of modied-casein was described
by Ronco and coworkers128 where casein was used as a surfmer
m latex particles sterically stabilized by casein in the presence of tannic
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to stabilize seeded emulsion polymerization. Ronco and
coworkers, using the procedure developed by Huang and
coworkers,126 modied hydrophilic starch with hydrophobic
zein protein by ionic complexation. The new starch/zein bio-
particles were hydrophobic and their introduction in the core
(seed) of an acrylic polymer (BA/MMA: 80/20 mass ratio) was
possible by batch and semi-batch seeded emulsion polymeri-
zation. The utilization of modied-casein as surfmer permitted
the latex to be stabilized and the nal latex bio-content to be
increased. The hybrid particles exhibited a multilobular
morphology, composed of a core of starch/zein bio-particle
aggregates surrounded by many lobules of the acrylic
copolymer.

Despite the provided modications, such as the addition of
tannic acid as cross-linker or the use of zein as a water repelling
protein, the water resistance of hybrid casein/synthetic polymer
lms still needs deeper evaluations for applications in coatings.

In the above articles, the bio-content of the hybrid protein/
synthetic polymer latex was limited to the protein fraction. To
increase the bio-content of the latex particles, Leiza and
coworkers combined hydrophilic casein (native or methacry-
lated) with hydrophobic 2-octyl acrylate and IBOMA as bio-
based monomers.54 Thus, they copolymerized OA and IBOMA
by emulsion polymerization in batch or semi-batch, in the
presence of casein, as described previously (Fig. 7d). Notably,
they reported that the addition of about 5% wbm of petro-
sourced MMA, with sufficient solubility in water, was neces-
sary to reach high monomer conversion. This is due to the
complication of the nucleation step when very hydrophobic
monomers such as OA or IBOMA are used in emulsion
polymerization.

Soy

Soy protein is a byproduct isolated from the soybean oil
industry. Its utilization is gaining increasing importance
because it is a renewable, biodegradable and an inexpensive
byproduct of the agricultural industry.131 Similar to casein, soy
protein presents poor water resistance and low bonding
strength. To overcome these disadvantages, it was used as
a hydrophilic component in emulsion formulations. For
example, Chen and coworkers investigated the potential of soy
protein as macromonomer to develop a formaldehyde-free
adhesive capable of curing at ambient temperature.132 First,
they functionalized soy protein with N-methylolacrylamide and
Fig. 24 Schematic description of the functionalization of soy protein an

808 | RSC Sustainability, 2023, 1, 788–813
copolymerized the resulting protein monomer with styrene by
aqueous emulsion polymerization (Fig. 24). At the end of poly-
merization and aer freeze-drying, 8 wt% (based on soy mass)
methylene diisocyanate was added to the polymer as cross-
linker to form a soy-based cured-adhesive at room tempera-
ture. The resulting material showed high shear strength (1.04
MPa) and high water resistance.

Chuangying and coworkers improved a waterborne wood
coating with a modied soy-protein.133 First, they modied the
soy protein cutting the disulde bonds with sodium meta-
bisulte under alkaline conditions at 85 °C in order to break the
secondary and quaternary structure of the protein. In this way,
they increased the availability of the amino and hydroxyl groups
for transfer reactions. Then, they added the modied soy-
protein to a terpolymer latex (methyl methacrylate, butyl acry-
late and 2-(methacryloyloxy)ethyl acetoacetate), previously
synthesized by emulsion polymerization, composing the base of
the waterborne wood coating. According to the authors, the
amino and hydroxyl groups of the modied soy-protein reacted
with the oxidant and radical initiator (ammonium persulfate) to
form radicals which reacted with the residual monomers of the
latex, leading to a latex graed with soy protein. The resulting
polyacrylic-soy lm exhibited a Tg of 35 °C and desirable elastic
modulus (46.9 MPa), tensile strength (4.7 MPa) and elongation
at break (187%). In particular, the resulting waterborne coating
showed improved pencil hardness (3H) in comparison with the
reference coating (HB).

Collagen

Another studied protein is collagen, the most abundant
protein found in animals' connective tissues.134 Minari and
coworkers investigated the redox surfactant-free emulsion
copolymerization of acrylic acid and butyl acrylate (BA/AA: 70/
30) in the presence of different concentrations of hydrolyzed
collagen (from 15 to 50% wbm).135 The amine groups available
on hydrolyzed collagen were able to be activated by the radical
initiator (hydrogen peroxide). Thus, the hydrolyzed collagen
acted as a macroinitiator for the polymerization of the acrylic
monomers. The resulting latex nanoparticles, formed by an
acrylic core stabilized by graed hydrolyzed collagen, pre-
sented excellent lm formation capability. The authors also
tried to neutralize the carboxylic acid groups of the acrylic
acid units in order to obtain a more hydrophilic material, and
they found that neutralized lms exhibited higher
d its use in emulsion polymerization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison between % renewable carbons for the main monomers. The bio-based portion is colored in green

Family Monomers
% Renewable
C

Lipids and oils

SBMA 84

HOSBM 87

2-Octyl acrylate 73

Methacrylated cardanol 78

Terpenes

b-Myrcene 100

IBOMA 71

Lignin Methacrylated eugenol 63

Carbohydrates

Itaconate derivatives 100

ISOMA 60
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deformability and better adhesion properties than the non-
neutralized ones.

During these last four years, progress has been made in the
use of native or modied proteins in polymerization in aqueous
dispersed media. The diversity of the hydrophilic character of
proteins has permitted the development of their utilization in
several ways such as hydrophilic co(macro)monomers, macro-
transfer agents, amphiphilic (macro)surfmers or hydrophobic
modiers (zein). However, as in the case of casein, because of
the excessive hydrophilicity of proteins, the resulting materials
oen suffer from a low water resistance and corrosion resis-
tance136,137 as a consequence of the presence of pendant
hydrophilic groups on the protein backbone that decrease the
product's nal quality. Furthermore, the utilization of some
proteins such as casein and soy is in competition with the food
industry. Interestingly, native proteins are biodegradable;
© 2023 The Author(s). Published by the Royal Society of Chemistry
however, their modication oen decreases their biodegrada-
tion capability. Finally, the bio-content introduced into latexes
by proteins is usually low (typically less than 20 wt% of the latex
particles), and thus their combination with other categories of
hydrophobic bio-based monomers is highly desirable to reach
high bio-content.
Conclusions

The progress made in radical polymerization of bio-based
monomers in aqueous dispersed media in the last four years
has been summarized. The eld of bio-based emulsion poly-
merization is catching the attention of more and more
researchers. The variety and the diversity of the ve bio-based
resource categories offer many opportunities to obtain a large
range of reactive molecules and prepare materials with distinct
RSC Sustainability, 2023, 1, 788–813 | 809
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characteristics such as Tg, lm forming properties, chemical
and mechanical properties or gel content, among others, for
a large range of applications. The nal aim is to produce
sustainable bio-based materials with equal or improved
performance in comparison to the current 100% petroleum-
based materials. For that reason, when appropriate, the green
metrics were calculated in the review. They give the reader an
idea of the environmental impact of the process and they will
help to nd the more sustainable process and greener mono-
mers. In the following table, we have tried to summarize the
ratio of renewable carbons (considering that acrylate and
methacrylate groups are not bio-based) of the most relevant
reported monomers (Table 5).

As explained in the review, the addition of radical polymer-
izable functions such as acrylate and methacrylate groups is
necessary because the majority of bio-based platformmolecules
does not possess suitable radical polymerizable groups.

As shown in Table 5, the % of renewable C is quite high
(>55%), reaching 100% for some molecules (such as b-myrcene,
which is directly used in emulsion polymerization, or itaconate
derivatives, if we consider that ethanol138 and butanol139 can be
derived from biomass). The lowest renewable C contents are
achieved by eugenol methacrylate and pure ISOMA if we
consider that the methacrylate moiety is not bio-based. It is
complicated to compare the ve categories using only their % of
renewable C.

Each category presents advantages and drawbacks. For
example, proteins and carbohydrates are highly hydrophilic,
they oen impart detrimental properties to the resulting lms
such as low water resistance. On the other hand, vegetable-oil
derivatives and lipids are very hydrophobic, and can oen
only be polymerized usingminiemulsion polymerization, which
is not easy to scale-up at the industrial level. For those very
hydrophobic vegetable oils and lipids, non-aqueous polymeri-
zation processes would be probably more adapted (or aqueous
suspension polymerization, if well-suited for the targeted
application). Terpene derivatives show some drawbacks as well,
for example the difficulty to reach highmonomer conversion. In
addition, their microstructures, in particular the double bonds
(e.g. 1,4-cis or 1,4-trans linkages, 1,2- or 3,4-structures), are
strongly affected by the temperature of polymerization. From
our point of view, the most promising category is the lignin
family. The wide variety of phenol derivatives gives rise to
interesting new properties and potential applications. Never-
theless, the large-scale commercial availability of lignin-based
synthons remains scarce (today the only phenolic monomer
produced on a large scale is vanillin) and this might slow down
the industrial development of alternative lignin-based aqueous
dispersions.

The transition to fully bio-based synthetic latexes is starting.
As described above, in recent years, latexes including both
petrol-based and bio-based monomers have been prepared,
progressively increasing the bio-content of the latex. Ultimately,
the goal would be to reach a total substitution of petro-based
monomers by sustainable bio-based monomers (with low
impact in different environmental categories such as carbon
footprint, ecotoxicity, water use and considering an efficient
810 | RSC Sustainability, 2023, 1, 788–813
end-of-life management) while ideally reaching better perfor-
mance or even new properties leading to new applications and
markets. The progressive substitution of the petro-sourced
monomers by the bio-based ones seems to be a good solution
also because of the currently higher cost and low commercial
availability of bio-based monomers in comparison to their
petroleum counterparts. The challenges ahead will be to nd
truly sustainable feedstocks and green synthesis paths to form
bio-based platform molecules at an economically attractive
cost.

Public and industrial interest in these bio-based materials is
increasing. Hence, the future of bio-based polymers is
undoubtedly promising. The partial replacement of monomers
derived from petrochemical sources could increase the
sustainability of the polymeric aqueous dispersions, making the
derived products more eco-friendly. However, the other
components of the formulation such as the initiators, surfac-
tants, and transfer agents have to be taken into account in the
pursuit of greener aqueous polymeric dispersions (although
they have lower impact due to their lower concentrations in
aqueous polymeric formulations). It must be emphasized that,
as indicated in a recent review regarding recent advances in
polymer colloids including a section on biobased lower carbon
footprint latexes, the transition from petro-sourced polymers to
biobased alternatives has been slower than predicted from an
industrial point of view.140 Therefore, more effort is still
required for research on renewable materials available on
a large scale. Finally, in some cases depending on the applica-
tions (e.g. applications for which recycling is not an option as
long as there are no specic collection schemes in place, such as
in cosmetics), the objective will be not only to create a fully
biobased material but also a material endowed with controlled
on-demand degradability, biocompatibility and non-toxicity.141
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Chem. Eng., 2020, 56, 139.

18 P. T. Anastas and J. B. Zimmerman, IEEE Eng. Manag. Rev.,
2007, 35, 16.

19 S. Fadlallah, P. Sinha Roy, G. Garnier, K. Saito and F. Allais,
Green Chem., 2021, 23, 1495.

20 R. A. Sheldon, Chem. Soc. Rev., 2012, 41, 1437.
21 J. Mart́ınez, J. F. Cortés and R. Miranda, Processes, 2022, 10,

1274.
22 J. Andraos, Org. Process Res. Dev., 2005, 9, 149.
23 J. Barton and I. Capek, Radical Polymerization in Disperse

systems, Ellis Horwood Series in Polymer Chemistry, 1994.
24 P. A. Lovell andM. S. El-Aasser, Emulsion Polymerization and

Emulsion Polymers, Wiley, 2006.
25 P. Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301.
26 P. A. Lovell and F. J. Schork, Biomacromolecules, 2020, 21,

4396.
27 B. Brooks, Chem. Eng. Technol., 2010, 33, 1737.
28 M. C. C. Pinto, J. G. F. Santos, F. Machado and J. C. Pinto, in

Encyclopedia of Polymer Science and Technology, John Wiley
& Sons, 2013, pp. 600–630.

29 J. M. Asua, Prog. Polym. Sci., 2002, 27, 1283.
30 J. M. Asua, Prog. Polym. Sci., 2014, 39, 1797.
© 2023 The Author(s). Published by the Royal Society of Chemistry
31 Y. Xia and R. C. Larock, Green Chem., 2010, 12, 1893.
32 C. Zhang, T. F. Garrison, S. A. Madbouly and M. R. Kessler,

Prog. Polym. Sci., 2017, 71, 91.
33 Qurat-ul-Ain, K. M. Zia, F. Zia, M. Ali, S. Rehman and

M. Zuber, Int. J. Biol. Macromol., 2016, 93, 1057.
34 A. Gandini and T. M. Lacerda, Proceedings, 2021, 69, 26.
35 A. Kohut, S. Voronov, Z. Demchuk, V. Kirianchuk,

K. Kingsley, O. Shevchuk, S. Caillol and A. Voronov,
Molecules, 2020, 25, 2990.

36 A. Kohut, S. Voronov, Z. Demchuk, V. Kirianchuk,
K. Kingsley, O. Shevchuk and A. Voronov, ACS Symp. Ser.,
2020, 1372, 27.

37 M. E. Lamm, P. Li, S. Hankinson, T. Zhu and C. Tang,
Polymer, 2019, 174, 170.

38 L. Yuan, Z. Wang, N. M. Trenor and C. Tang,
Macromolecules, 2015, 48, 1320.

39 M. Foti, R. Médici and H. J. Ruijssenaars, J. Biotechnol.,
2013, 167, 344.

40 Z. Demchuk, W. S. J. Li, H. Eshete, S. Caillol and A. Voronov,
ACS Sustainable Chem. Eng., 2019, 7, 9613.

41 A. Kohut, Z. Demchuk, K. Kingsley, S. Voronov and
A. Voronov, Eur. Polym. J., 2018, 108, 322.

42 Z. Demchuk, A.-S. Mora, S. Choudhary, S. Caillol,
A. Voronov and A. Voronov Biobased, Ind. Crops Prod.,
2021, 162, 113237.

43 R. B. N. Prasad and B. V. S. K. Rao, Chemical Derivatization of
Castor Oil and Their Industrial Utilization, Elsevier Inc.,
2017.

44 E. B. Mubofu, Sustainable Chem. Processes, 2016, 4, 11.
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M. A. Dubé, Eur. Polym. J., 2018, 106, 128.

118 Y. Zhang, M. F. Cunningham, N. M. B. Smeets and
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