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Future generations of polymers must not only originate from renewable feedstocks but also deliver tai-

lored functionality and be conceived with intrinsic recyclability or environmentally benign end-of-life

pathways. Muconic acid (MA), sourcing from abundant lignocellulosic biomass or industrial side streams

through state-of-the-art microbial fermentation or chemo-catalytic routes, possesses a distinctive mole-

cular architecture—comprising a conjugated diene alongside two carboxylic acid groups—that renders it

a highly adaptable precursor for a broad spectrum of value-added monomers and polymeric materials.

MA has a tremendous potential to serve as a renewable building block for conventional polymer families,

as well as to enable entirely new green material architectures. While, the journey from sustainable MA pro-

duction to the realization of commercially viable green materials entails systematic research across the

entire value chain—from environmentally benign synthesis and efficient polymerization methodologies,

to the properties and applications of the resulting polymers. In this review, the structure, sources,

polymerization strategies of MA are described, its applications are assessed, and prospects for the devel-

opment of advanced MA-based polymers materials are discussed.

Green foundation
1. Muconic acid, sourced from abundant lignocellulosic biomass and industrial side streams through state-of-the-art microbial fermentation or chemo-cata-
lytic routes, is garnering increasing recognition as a renewable building block for both established polymer families and novel, high-performance material
architectures.
2. The journey from sustainable muconic acid production to the realization of commercially viable, circular materials entails navigating complex scientific
and technological challenges. Hence, the review advances green chemistry by connecting the sustainable production of muconic acid to its polymerization
into advanced materials.
3. By showcasing the potential of malonic acid as a renewable feedstock for polymer materials, the insights from this review highlight opportunities to meat
advanced emerging demand by gene editing, metabolic engineering, and precise control of polymer structure.

1. Introduction

Petroleum polymers are extensively utilized in industrial and
civilian applications owing to their robust performance and
versatility. However, their synthesis process relies primarily on
non-renewable fossil resources, and their waste products are
not easily degraded, which greatly restricts the development of
sustainable strategies. The widespread use of these materials

not only accelerates the depletion of petroleum reserves but
also introduces persistent pollutants into ecosystems.
Furthermore, the polymer manufacturing process emits green-
house gases and toxic byproducts, exacerbating climate change
and environmental degradation.1–4 In this context, the pro-
duction of bio-based polymers using renewable biomass
resources to liberate ourselves from our dependence on pet-
roleum and move ever closer to bio-based materials finds wide-
spread support as a common vision among materials scientists
around the world. This vision is of great relevance for fossil
resource consumption, environmental pollution reduction,
and the circular economy.5–9

Muconic acid (MA) stands as a remarkable compound,
which has evolved from an ancient research object into a
pivotal bio-based platform compound with significant modern
value. In 1909, the German chemist M. Jaffé first reported
muconic acid as a urinary metabolite in rabbits and dogs after
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benzene administration.10 Following more than a century of
dedicated research, it can now be produced at scale via tailored
chemical routes and engineered biological pathways. Chemical
conversion methods utilize petroleum-based aromatic com-
pounds as feedstock and rely on metal catalysts for oxidative
cracking. This approach not only faces limitations imposed by
fossil resources but also suffers from drawbacks such as
difficult product purification and severe pollution. In contrast,
the biotechnological fermentation method utilizes renewable
resources such as glucose, lignin derivatives, and industrial
waste. By engineering metabolic pathways in bacteria like
Escherichia coli or fungi like Bacillus thuringiensis, this
approach offers significant advantages, including environ-
mental friendliness, resource renewability, and high product
purity.11–14

The intrinsic value of MA, irrespective of its origin via
natural discovery or artificial synthesis through chemical and
biological pathways, is fundamentally rooted in its distinctive
molecular architecture: a straight-chain dicarboxylic acid fea-
turing a conjugated diene system. This specific structure
endows it with exceptional utility as a versatile platform chemi-
cal, serving as a key precursor for the synthesis of high-value
bulk commodities, most notably adipic acid—a critical
monomer in nylon production.15–17 MA can be used to
perform polycondensation with carboxyl groups to create poly-
esters, polyamides through carboxyl condensation
polymerization,18–23 but also can be used for addition polymer-
ization through double bonds,24–28 or coordination polymeriz-
ation with metal cations.29–34 In addition, muconate derivative
also has potential for topological polymerization.24,35–37

Consistent with the “bioprivileged molecules” paradigm, MA
has been highlighted as a representative biomass-derived
intermediate that can be diversified into both drop-in replace-
ments and novel molecules with enhanced end-use
performance.8,38 At present, the main use of MA is to hydro-
genate it to obtain adipic acid (precursor of nylon-6,6) and ter-
ephthalic acid (precursor of PET) through Diels–Alder
addition.15–17,39–41 These multi-stage conversion processes
consume extra energy and provide no atom-economy advan-
tage. Therefore, strategies to directly utilize MA are currently
being developed.

The inherent structural tunability of MA serves as the foun-
dation for engineering polymers with diverse functional pro-
perties and broad application potential. This versatility is
exemplified through distinct polymerization pathways: poly-
condensation reactions generate unsaturated polymers featur-
ing reactive conjugated backbones, which are amenable to
post-polymerization modification;18,20,22,23 addition (or topolo-
gical) polymerization yields highly stereoregular
architectures;24,35–37,42–64 and coordination polymerization
facilitates the construction of three-dimensional metal–
organic frameworks (MOFs) with promising utility in catalysis,
sensing, and energy technologies.29–31 Recent years have wit-
nessed substantial progress in the field, marked by optimized
biosynthesis of MA, innovative design of its functional deriva-
tives, and the development of advanced polymerization tech-

niques. These collective efforts have significantly accelerated
the integration of MA-based materials into high-performance
polymers, functional MOFs, and next-generation energy
materials. Nonetheless, the translation of this potential into
widespread commercial reality is constrained by persistent
challenges, including high production costs, intricate syn-
thesis processes, and limited yields, which represent critical
bottlenecks demanding innovative solutions.

This review presents a chemistry-centred perspective on the
evolving landscape of MA-based polymers, with the aim of sys-
tematically deciphering the intricate interplay between mole-
cular structure, synthetic methodology, material property, and
ultimate function. We commence by establishing a robust
chemical foundation, encompassing the stereochemistry, elec-
tronic properties, and reactivity profiles of key MA isomers and
their strategically designed derivatives. A critical evaluation of
their production—contrasting precision chemical synthesis
with metabolic pathway engineering—sets the stage for sub-
sequent discussions on polymerizability. The core of this review
mechanistically unpacks the major polymerization including
polycondensation, addition polymerization, and coordination
polymerization. This structure-centric analysis naturally tran-
sitions to a survey of emergent applications, where specific
chemical features of MA-derived polymers are connected to
their performance in the domains of structural, environmental,
energy, electronic, and other materials. Ultimately, we provide a
forward-looking analysis that identifies persistent chemical and
engineering challenges—such as monomer purity, catalytic
efficiency, and scalability of complex syntheses—and proposes
targeted research directions to overcome them (Fig. 1). By
framing MA not merely as a monomer but as a versatile chemi-
cal platform, this review is intended to inspire innovative syn-
thetic strategies and foster the rational design of the next gene-
ration of sustainable, high-performance polymeric materials.

2. Muconic acid: an overview
2.1 Muconic acid structures and derivatives

The presence of conjugated double bonds in MA gives rise to
distinct isomers with significantly divergent physicochemical
properties. In addition, MA has a high melting point and low
solubility in usual solvents; thus, it is not easily used directly
for polymer synthesis and usually converted into other
materials, such as diesters or ammonium salts, and then poly-
merized (Fig. 2). Thus, it is important to know the properties
of MA and its derivatives to use them for polymer synthesis.

2.1.1 Muconic acid isomers. Muconic acid exists as three
stereoisomers: cis,cis-muconic acid (ccMA), cis,trans-muconic
acid (ctMA), and trans,trans-muconic acid (ttMA). Their differ-
ences originate from the spatial configuration of the pair of
conjugated double bonds. Different double bond geometries
lead to variations in physical properties, synthesis routes, and
application potential.

cis,cis-Muconic acid (ccMA) is one of the three MA isomers,
first identified in its ester form in 1923 via debromination of
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dimethyl 3,4-dibromoadipate with pyridine.65 In ccMA, both
double bonds are in the cis configuration, meaning the func-
tional groups (carboxyl and the other CvC bond) on each side
of the double bond are on the same side, resulting in a rela-
tively closed overall structure. It has a melting point of approxi-
mately 195 °C,66 a pKa of 3.57,67 low water solubility (∼1 g
L−1),68 and moderate solubility in organic solvents (e.g.,
∼0.168 mol mol−1 in ethanol).66 It readily undergoes lactoniza-
tion, especially under acidic conditions, forming muconolac-
tone.69 ccMA is the primary product obtained from biological
fermentation. Its main current application is hydrogenation to
adipic acid, the precursor for nylon-6,6, with very high conver-
sion rates.15–17,39,41,70 ccMA also typically serves as the precur-
sor for the other isomers, convertible via isomerization
reactions.71–74

The cis,cis and cis,trans isomers of muconic acid show sig-
nificant similarity. After the identification of the cis,cis isomer,
the existence of the cis,trans isomer remained unrecognized.75

Following extensive research on MA synthesis, Elvidge et al.
successfully provided the first definitive identification of the
ctMA isomer. In ctMA, one double bond is cis and the other is
trans. It has a melting point of ∼190 °C,76 a pKa of 2.9, solubi-
lity in water(∼5.2 g L−1),77 and solubility in organic solvents is
higher than ccMA, making purification easier.11 Under acidic
conditions, it can further isomerize to ttMA or undergo lacto-
nization. It is primarily generated by spontaneous isomeriza-
tion of ccMA under acidic conditions; for example, at pH 5.1,
ccMA can convert to 85% ctMA.78 In microbial fermentation
broths, in situ isomerization can be induced by pH adjust-
ment, simplifying the separation process.79,80

trans,trans-Muconic acid (ttMA) has both double bonds in
the trans configuration, resulting in a linear overall structure,
and is the thermodynamically most stable isomer. It has a

high melting point of ∼301 °C,81 a pKa of 3.4, very low water
solubility (<0.1 g L−1), and low solubility in organic solvents.11

It does not readily undergo lactonization and exhibits high
chemical stability. The high melting point and low solubility
of ttMA, distinct from the other two isomers, stem from the
rigid trans double bond configuration enabling tighter mole-
cular packing in the crystal lattice, stronger intermolecular
forces (e.g., van der Waals, hydrogen bonding), and thus a
more stable crystal structure requiring higher energy to
disrupt.82 It cannot be synthesized directly by microorganisms
and must be obtained via chemical conversion or isomeriza-
tion. MA possesses a pair of conjugated double bonds, grant-
ing it potential for Diels–Alder (DA) reactions.83 However, the
steric effects of the cis,cis and cis,trans isomers hinder their
participation in DA reactions. Consequently, ttMA is widely
used for DA additions, with its primary application focused on
the production of terephthalic acid.41

Additionally, there is trans-β-hydromuconic acid (HA),
which can be obtained from renewable resources via electro-
catalytic hydrogenation after glucose fermentation. HA con-
tains only one double bond. Well-defined polyesters can be
prepared via polycondensation without isomerization or CvC
bond saturation, owing to the highly stable non-conjugated
CvC bond in HA.19,68

2.1.2 Muconic acid derivatives. The carboxylic acid groups
in MA are strongly electron-withdrawing, reducing the electron
density of the double bonds. This makes direct free radical
polymerization difficult, as the carboxyl groups diminish the
monomer’s reactivity towards radical intermediates, hindering
radical propagation. Additionally, in acidic media, the carboxyl
groups can protonate, and the ionized form experiences sig-
nificant electrostatic repulsion with radicals, leading to a
marked decrease in chain propagation rates. Therefore, for

Fig. 1 Synthesis of MA and polymerization pathways and applications of MA-based polymers.
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polymerization involving the double bonds, MA is often deriva-
tized via esterification to form corresponding muconate esters
(e.g., alkyl esters, benzyl esters, alkoxybenzyl esters) or con-
verted to ammonium salts.

The unique crystal properties of MA derivatives grant them
potential for topochemical polymerization, which offers extre-
mely high stereoselectivity but is highly sensitive to molecular
structure.45 In 1999, Matsumoto et al. reported that X-ray ana-
lysis of diethyl (Z,Z)-muconate (EMU) crystals revealed mole-
cules arranged in a columnar stack, with the diene parts
stacked face-to-face, and the distance between double bonds
(∼3.79 Å) falling within the range required for topochemical

polymerization. This stacking was not reliant on hydrogen
bonding but achieved stable arrangement through dipole
interactions of the ester groups, molecular geometric sym-
metry, and van der Waals forces.36 In the crystal structure of
EMU, molecules form regular columnar arrays through the
steric and electronic effects of the ester groups. Although
lacking the 2D hydrogen-bonding network of ammonium
salts, this specific packing mode still maintains crystal order,
meeting the strict requirements of topochemical polymeriz-
ation for molecular alignment (e.g., double bond orientation,
spacing). Besides esters, primary ammonium carboxylates
serve as supramolecular synthons capable of forming robust

Fig. 2 The physical properties and characteristics of the three isomers of MA and their derivatives.
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hydrogen-bonding networks. Their preparation is straight-
forward, and they are widely used in studies of chiral reco-
gnition and selective reactions in the crystalline state. Thus,
MA is also converted to ammonium salt forms to search for
monomers capable of topochemical polymerization.
Alkylammonium (Z,Z)-muconates can polymerize in the crys-
talline state upon light irradiation. Furthermore, the cycle of
ammonium-acid conversion can yield similar polymer crystals
while maintaining the layered structure and crystal habit.45

Moreover, polymers derived from MA possess intrinsically
weakened C–C single bonds. The C–C bond lengths in these
polymers are significantly longer than those in conventional
polymers. Increased bond length reduces orbital overlap
between carbon atoms, directly weakening bond energy. This
characteristic enables direct, selective depolymerization of MA-
based polymers at elevated temperatures without requiring
additional reactants or catalysts.25,28,84

2.2 Sources of muconic acid

There are two major sources of MA: chemical conversion and
biological fermentation (Fig. 3). The chemical method is an
old strategy to synthesize MA. Its basic idea is to oxidatively
cleave the aromatic rings of fossil-based feedstocks (e.g.,
phenol and catechol) in the presence of heavy-metal catalysts.
The advantages of chemical conversion are well-established,
mature technology, and a fast reaction process. When the feed-
stock is a simple compound such as catechol, MA can be syn-
thesized directly via a one-pot oxidation reaction, with a short
reaction path. However, heavy metal catalysts used in the
chemical method, greenhouse gases generated by chemical
reaction, and toxic byproducts also cause serious environ-

mental pollution. As for the chemical method, the risk of
fossil resource depletion exists for the selection of petroleum-
based feedstocks. Meanwhile, there are many by-products and
mixed isomers in the products, and separation and purifi-
cation will increase costs. It is also challenging to recycle
expensive heavy metal catalysts.

The main advantages of biotechnological fermentation
come from the fact that it is an environmentally friendly
technology, mild reaction conditions lead to fewer pollutants,
and there are abundant and renewable biomass resources or
waste materials available for selection, which are in line with
the development of sustainable environment. In addition, the
products are highly pure and can be directly obtain ccMA
without a separation process. However, the metabolic pathway
of some microorganisms shows low flux, and further meta-
bolic engineering strategy (knockout of competing pathway,
overexpression of rate-limiting enzyme) should be used to
improve the conversion yield. Moreover, some target substrates
(vanillin, catechol) are toxic to microorganisms, and screening
of a tolerant strain or optimization of feeding strategy (fed-
batch feeding) should be used to deal with them. These pro-
cesses can only synthesize ccMA, if ctMA and ttMA are needed,
chemical isomerization process will be used to increase the
process complexity.

2.2.1 Chemical synthesis. The chemical synthesis of MA
primarily targets ttMA and ccMA (Fig. 4). The mainstream syn-
thesis uses catechol as the primary starting material, with
some attempts using phenol (due to its accessibility and
theoretical advantages, despite high direct oxidation
difficulty). Reaction systems are complex, employing various
oxidants including hydrogen peroxide (H2O2), peroxy acids

Fig. 3 The chemical synthesis route and biological fermentation route of MA: processes and key characteristics.
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Fig. 4 Representative chemical syntheses of MA across different eras.85–92 (i) Classic organic synthesis. (ii) Metal-catalyzed oxidation. Reprinted
with permission from Pandell, J. Org. Chem., 1976, 41, 3992–3996. Copyright © 1976, American Chemical Society. Tsuji et al., Tetrahedron, 1978,
34, 641–644. Copyright © 1978 Published by Elsevier Ltd. (iii) Peroxide oxidation. Reprinted with permission from Rocha et al., J. Mol. Catal. Chem.,
2002, 187, 95–104. Copyright © 2002 Elsevier Science. Coupé et al., Green Chem., 2020, 22, 6204–6211. Copyright © 2013 The Royal Society of
Chemistry. (iv) Ozone oxidation. Reprinted with permission from Katayama et al., Molecules, 2025, 30, 201. Licensed under CC BY 4.0. (v) Green cat-
alysis. Reprinted with permission from Hočevar et al., Angew. Chem. Int. Ed., 2020, 60, 1244–1253. Copyright © 2020 Wiley-VCH GmbH.
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(peracetic acid, performic acid, etc.), ozone (O3), and molecular
oxygen (O2). Catalysts, predominantly metal-based (iron salts,
copper salts, Fe complexes, metal phosphates, diselenide com-
pounds), are required, with some reactions needing ligands
(e.g., tris(2-pyridylmethyl)amine) or solvent assistance (e.g.,
pyridine, dichloromethane, methanol, formic acid). From a
green chemistry perspective, most chemical conversion
methods have significant drawbacks, such as multi-step reac-
tions, use of toxic/hard-to-handle solvents (pyridine, dichloro-
methane), difficult separation and recovery of catalysts (homo-
geneous catalysts), and environmental toxicity and safety
hazards. The combination of difficult-to-obtain feedstocks,
harsh reaction conditions, and complex downstream proces-
sing hinders large-scale industrial production.

As early as 1946, Guha et al. first reported a two-step syn-
thesis: reaction of adipic acid with thionyl chloride to form
diethyl α,δ-dibromoadipate, followed by reaction with potass-
ium hydroxide, methanol, and concentrated hydrochloric acid
to produce MA, noting the existence of three stereoisomers.85

In 1976, Pandell et al. introduced metal catalysts, developing a
“biomimetic oxidation” pathway using phenol or catechol as
feedstocks. Phenol is first hydroxylated to catechol and hydro-
quinone (rate-determining step, metal-independent); catechol,
as a key intermediate, forms a metal–catechol complex with
Fe/Cu, which is then rapidly oxidized to ccMA, albeit with a
maximum yield of only 40%.86 Tsuji and Takayanagi altered
the reaction system and product type, using catechol/phenol in
pyridine–alcohol mixed solvents with different oxidation
systems (O2/CuCl, KOH/CuCl2, KO2/CuCl2) to synthesize ccMA
monoesters, addressing the issue of catechol polymerization.87

McKague et al. used various substituted catechols (containing
alkyl, chloro, and dimeric groups) as feedstocks, synthesizing
a series of substituted MAs via peracetic acid oxidation,
expanding product structural diversity and enabling the prepa-
ration of multi-substituted and polymeric MAs.88 In 2002,
Rocha et al. introduced metal(IV) phosphates (e.g., zirconium
phosphate, tin phosphate, titanium phosphate) as catalysts for
the selective synthesis of MA from phenol in an H2O2-acetic
acid system, developing a novel catalytic system beyond tra-
ditional metal salts.89,93 Van Ornum et al. first demonstrated
the high efficiency of ozonolysis for oxidative cleavage of
double bonds in a pharmaceutical synthesis context, providing
process references for the oxidative cleavage of MA precursors
(e.g., catechol, alkylphenols).94 Kooti and Jorfi developed a
green NiO2/CH3COOH oxidation system, verifying its efficient
oxidation capability for substrates like aromatic alcohols, thio-
phenols, and amines, offering catalyst design insights for the
phenol to quinone to MA oxidation step in MA synthesis.95

Giurg et al. achieved the regioselective synthesis of 2- and
3-substituted muconolactones from alkylphenols, providing a
new feedstock route (alkylphenols) and catalytic system (disele-
nide/H2O2) for MA (obtainable via lactone hydrolysis).81

Subsequently, researchers have delved into green chemical
synthesis routes for MA. Brigita Hočevar et al. developed a Re-
based heterogeneous catalytic system under hydrogen-free con-
ditions, using renewable galactaric acid as feedstock, carbon-

supported Re catalyst (Re/C, activity enhanced after pretreat-
ment), with Pd/C as a co-catalyst to promote the hydrogenation
step; methanol served as the solvent, enabling in situ esterifica-
tion to protect carboxyl groups from lactonization. At 120 °C
under 0.5 MPa, N2 atmosphere, muconate was hydrogenated
to dimethyl adipate (yield 60.5%), with total dehydroxylation
products (including muconate) yield reaching 63.6%; metha-
nol acted as an endogenous hydrogen source, eliminating the
need for external H2 and avoiding corrosive reagents.91 Coupé
et al. developed an α-ZrP supported Cu(II) heterogeneous cata-
lyst. At 30 °C, using formic acid/hydrogen peroxide (molar
ratio 5 : 1) to generate performic acid in situ, phenol conversion
reached 66% with ccMA selectivity of 60% (yield 40%). In a
scaled-up experiment with 10 g phenol, ccMA yield was 39%,
and the catalyst maintained 50% selectivity after 5 cycles,
achieving one-step synthesis of phenol to catechol to MA, sim-
plifying the reaction process and enhancing industrial poten-
tial.90 Kohtaro Katayama et al. addressed the low yield issue in
traditional ozone-based synthesis of MA by developing an
ozone oxidation system in the presence of base. Adding three
molar equivalents of NaOH allowed the generated ccMA to pre-
cipitate as a sodium salt and be removed from the reaction
system, preventing its decomposition by excess ozone into
byproducts such as glyoxalic acid and oxalic acid. Using iso-
propanol as the solvent and conducting the reaction at −40 °C,
achieving a 56% ccMA yield in a single step. This method elim-
inates toxic reagents, simplifies operation, and significantly
improves yield compared to conventional ozone synthesis,
aligning with industrial green production requirements.92

2.2.2 Biological fermentation. Given the numerous draw-
backs of chemical conversion methods, biological fermenta-
tion has emerged as a research hotspot in recent years. It pri-
marily utilizes three types of renewable resources: glucose,
lignin and its derivatives (e.g., vanillin, p-coumaric acid, and
other aromatic compounds), and other waste streams (e.g.,
hydrolysis products of polyethylene terephthalate (PET),
methane, industrial wastewater). Commonly used microorgan-
isms include Escherichia coli (E. coli), Corynebacterium glutami-
cum (C. glutamicum), Pseudomonas putida (P. putida), and
Saccharomyces cerevisiae.

Glucose is currently one of the most widely used feedstocks
for MA biosynthesis because it is the preferred carbon source
for most microorganisms (e.g., E. coli, C. glutamicum, yeast),
eliminating the need for complex carbon utilization pathway
engineering. For instance, industrial strains like E. coli96 and
C. glutamicum97,98 naturally possess efficient glucose transport
systems (e.g., PTS system) and metabolic enzymes, reducing
the difficulty of strain modification. Furthermore, glucose can
be extracted at low cost from renewable biomass like starch,
sucrose, and cellulose (e.g., corn, sugarcane, straw), with a
mature global supply chain and stable prices.99 Among these,
obtaining glucose from lignocellulosic biomass (such as straw)
requires effective pretreatment to overcome its inherent resis-
tance to degradation, thereby releasing fermentable sugars.100

Microorganisms can rapidly convert glucose into central meta-
bolic intermediates – phosphoenolpyruvate (PEP) and ery-

Green Chemistry Tutorial Review

This journal is © The Royal Society of Chemistry 2026 Green Chem., 2026, 28, 5167–5192 | 5173

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

7/
20

26
 1

:2
6:

00
 A

M
. 

View Article Online

https://doi.org/10.1039/d6gc00103c


throse-4-phosphate (E4P) – via glycolysis and the pentose phos-
phate pathway (PPP). These two compounds are direct precur-
sors for 3-dehydroshikimate (DHS), a key intermediate in the
MA synthesis pathway (via the shikimate pathway).101–103

The core pathway for MA synthesis from glucose (shikimate
pathway branch) has been deeply elucidated and is readily
tunable, currently yielding the highest titers. Key pathway:

glucose → PEP/E4P → 3-deoxy-D-arabino-heptulosonic acid
7-phosphate (DAHP) → DHS → protocatechuic acid (PCA) →
catechol (CAT) → ccMA (Fig. 5).105–111 By knocking out genes
of competing pathways (e.g., tyrR, ptsG for aromatic amino acid
synthesis), overexpressing key enzymes (e.g., DHS dehydratase
aroZ, PCA decarboxylase aroY, catechol 1,2-dioxygenase
catA),112,113 and relieving feedback inhibition (e.g., using feed-

Fig. 5 Biosynthetic pathways used to produce MA from carbohydrates.104 Adapted from Ling et al., Nat. Commun. 2022, 13, 4925, licensed under
CC BY 4.0.
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back-resistant DAHP synthase aroG^FBR), carbon flux diver-
sion towards MA can be significantly enhanced.
Corynebacterium glutamicum utilizing glucose achieved a ccMA
titer of 88.2 g L−1 (5-L fed-batch fermentation),98 and
Escherichia coli reached 64.5 g L−1,114 representing the highest
levels among all feedstocks.

Besides glucose, lignin is another major feedstock for MA
biofermentation. Lignin is the second most abundant natural
polymer on earth (total reservoir estimated ∼300 billion
tons)115,116,152 and a major byproduct of agricultural waste

(straw, bagasse) and biorefining (cellulosic ethanol
production).117–119 Its status as an “industrial waste” means it
doesn’t compete with food crops (like corn and sugarcane for
glucose) and helps address environmental issues associated
with waste accumulation, aligning with the circular economy
concept of green synthesis. Lignin is composed of aromatic
units like syringyl, guaiacyl, and p-hydroxyphenyl, which can
be catalytically degraded into aromatic monomers120,121

(guaiacol,122 vanillin,117 p-coumaric acid,123,124 ferulic acid,125

hydroquinone,70 etc.) (Fig. 6). These monomers are just key

Fig. 6 Biosynthetic pathways used to produce MA from lignin.
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precursors for MA synthesis – most aromatic monomers can
be converted to catechol (CAT) via 1–3 enzymatic steps, and
CAT requires only one enzymatic step (catalyzed by catechol
1,2-dioxygenase, catA) to generate ccMA with a theoretical
molar yield of 100%.126 The conversion of catechol → ccMA
requires only catA catalysis. C. glutamicum strain using this
substrate achieved a ccMA titer of 85 g L−1.97 p-Coumaric acid,
via the 4-hydroxybenzoate (4HB) → protocatechuic acid (PCA)
→ CAT pathway, allowed P. putida KT2440-CJ242 to produce
49.7 g L−1 ccMA.127

Compared to glucose (a C6 sugar requiring reconstruction
into aromatic precursors via the shikimate pathway) or xylose
(metabolized via the Dahms pathway), lignin derivatives (C6
aromatic monomers) enter aromatic metabolic pathways
directly without complex carbon chain rearrangement, offering
higher carbon utilization efficiency. Strains like Pseudomonas
putida,70 Corynebacterium glutamicum,106 and Amycolatopsis
sp.122 naturally possess the β-ketoadipate pathway (the core
pathway for aromatic compound degradation) and can directly
utilize lignin derivatives (e.g., catechol, vanillic acid) to
produce ccMA. Simple genetic modifications can block further
MA metabolism, enabling product accumulation. However,
phenolic and aldehyde compounds in lignin hydrolysates can
be toxic to microbes.70 Strategies like adaptive laboratory evol-
ution (ALE), genome reduction (e.g., P. putida EM42), or heter-
ologous expression of tolerance genes can significantly
enhance strain tolerance.128,129 Direct use of unpurified lignin
hydrolysates currently results in very low titers (∼1.8 g L−1),
limiting industrial application.97

Additionally, other carbon sources like xylose, PET, glycerol,
and methane can also be converted to MA130–133 (Fig. 5 and 7).
Xylose, a major component of hemicellulose found abundantly
in agricultural waste (corn stover, bagasse) and forestry resi-
dues (sawdust), is a non-food biomass.134 A key feature is its
co-utilization with glucose (from cellulose),135–137 addressing
the carbon catabolite repression (CCR) issue in biomass hydro-
lysates – by modifying carbon catabolite repression genes, sim-
ultaneous consumption of both sugars can be achieved,
enhancing overall biomass carbon utilization.104,138 P. putida
KT2440, through xylA/xylB overexpression + PPP gene (tal, tkt )
optimization + ALE, produced 33.7 g L−1 ccMA from xylose
(500 mL fed-batch fermentation).104

Polyethylene terephthalate (PET), one of the most common
plastics, causes environmental pollution and resource waste
after disposal. Existing PET recycling technologies (physical/
chemical methods) face issues like low efficiency, high cost, or
complex processes. Liu et al. metabolically engineered
P. putida to secrete PET hydrolase extracellularly, degrading
PET to Terephthalic acid (TPA), which was then converted to
PCA via the tph gene cluster for entry into the MA synthesis
pathway. This approach needs to resolve the temperature dis-
crepancy between leaf-branch compost cutinase hydrolysis and
strain growth.130 Subsequently, Kim et al. used microwave-
assisted hydrolysis to depolymerize PET into TPA, followed by
its precipitation and separation. Using E. coli as the chassis
and the same pathway, they achieved an MA yield of 85.4%.

Further optimization is needed for methyl donor supply in
vanillic acid synthesis and byproduct (catechol) accumulation
in pyrogallol synthesis.131

Methane (CH4) is the second most important greenhouse
gas and also a low-cost, non-food carbon source. Henard et al.
engineered methanotrophic bacteria to express three key
enzymes via an inducible tetracycline (tet ) promoter, utilizing
the shikimate pathway intermediate (dehydroshikimate, DHS)
to synthesize MA, achieving a yield of 2.8 ± 0.04 mg MA per g
CH4. This pioneering work demonstrated the first biological
conversion of methane to MA, offering a new route for valoriz-
ing greenhouse gas (methane) and green MA production.
However, two major challenges need addressing: first, the shi-
kimate metabolic network in methanotrophs is not fully eluci-
dated, requiring further genomic functional exploration;
second, optimizing gas mass transfer efficiency and balancing
strain growth with production rate necessitate future fermenta-
tion process and strain engineering improvements.132

Glycerol, a byproduct of biodiesel production, is a cheap,
renewable carbon source, and its conversion into high-value
chemicals holds significant scientific and commercial value.
Traditional MA synthesis pathways from glycerol (e.g., via DHS
or anthranilic acid) suffer from requirements for expensive pre-
cursors and low efficiency of rate-limiting steps. Lin et al.
engineered a phenylalanine-overproducing E. coli ATCC31884,
constructing and optimizing a pathway in three steps: building
a high-shikimate producing strain, converting shikimate to sal-
icylic acid, and converting salicylic acid to MA. The modularly
optimized strain (LS-8) achieved an MA titer of 1.5 g L−1 in
shake flasks within 48 h.139 Zhang et al. addressed issues in tra-
ditional single-strain MA production, such as high metabolic
burden, intermediate accumulation (e.g., DHS), and low yield, by
designing a two-strain co-culture system with division of labor:
an upstream strain producing DHS and a downstream strain
converting DHS to MA.133 Wang et al. identified that traditional
microbial MA production often relies on plasmids and inducers,
leading to high metabolic burden and genetic instability. They
chromosomally integrated the endogenous ubiquinone synthesis
pathway with the PCA degradation pathway in Pseudomonas
chlororaphis HT66, eliminating plasmid dependency.140

3. Polymerization strategies for
muconic acid

The presence of both dicarboxylic acid functional groups and
conjugated double bonds in MA provides its potential for
polymer formation. Current research on MA-based polymers pri-
marily focuses on three directions: i. utilizing the dicarboxylic
acid groups for polycondensation with various diols or dia-
mines to form unsaturated polyesters, polyamides, etc., ii. utiliz-
ing the conjugated double bonds for addition polymerization to
form structures similar to polybutadiene, or for copolymeriza-
tion with other vinyl monomers. iii. utilizing carboxyl groups to
coordinate with various metal ions and nitrogen-containing
ligands, forming coordination polymers (Fig. 8 and 9).
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3.1 Polycondensation

The key feature of polycondensation via the dicarboxylic acid
groups of MA is the retention of the conjugated double bonds
within the polymer backbone. This preserves the potential for
post-polymerization modification, such as crosslinking with
reactive diluents or introducing other functional groups to
alter polymer properties and expand functionality.142

Rorrer et al. were among the first to directly use ccMA for
the synthesis of unsaturated polyesters (UPEs), copolymerizing
it with succinic acid and various aliphatic diols (ethylene
glycol, propylene glycol, 1,4-butanediol, 1,6-hexanediol). They
compared differences between using dimethyl cis,cis-muconate
and ccMA directly. The low molecular weight copolymers were
compounded with styrene and impregnated into glass fibers to

prepare composites. MA incorporation increased the glass
transition temperature (Tg, indicating enhanced rigidity) of the
UPEs but decreased the melting temperature (Tm) and degra-
dation temperature. Dimethyl muconate copolymerization
achieved stoichiometric incorporation, forming random copo-
lymers, whereas direct MA copolymerization resulted in “gradi-
ent copolymers” (exhibiting two Tgs). PBS-MA/styrene glass
fiber composites showed shear modulus exceeding 30 GPa
(comparable to commercial FRP), Tg up to 90 °C, and good
thermal stability (degradation temperature ∼400 °C). By
varying MA loading and copolymerization method (acid/ester),
the molecular structure of the UPE (gradient/random) could
be tuned, thereby customizing composite properties.20

Subsequently, they expanded the substrate to ttMA and
replaced styrene with methacrylic acid or a mixture of

Fig. 7 Biosynthetic pathways used to produce MA from other carbon sources.
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methacrylic acid and cinnamic acid as reactive diluents, creat-
ing a fully bio-based unsaturated polyester system for FRP.
This was compared with traditional petroleum-based UPE
systems using maleic anhydride, fumaric acid, and styrene.
Results showed that at equivalent olefin monomer loading,
FRPs based on ttMA exhibited the highest shear modulus,
storage modulus, and Tg, and the lowest loss modulus. When
using methacrylic acid–cinnamic acid mixture as the diluent,
FRP performance matched that of the styrene system while
avoiding styrene’s toxicity. Furthermore, ttMA, with only 1/3
the monomer loading (number of double bonds only 2/3 that
of maleic anhydride), achieved storage modulus and Tg com-
parable to maleic anhydride-based systems, with superior loss
modulus performance. This demonstrates that MA can directly
serve as a renewable UPE monomer, its glass fiber composites
meeting performance standards, offering a green alternative
path for commercial unsaturated polyesters while expanding
the functional application scenarios for biomass-based
monomers.18

Existing UPE synthesis often suffers from double bond iso-
merization/saturation, making it difficult to obtain high mole-
cular weight products. Yu et al. addressed this by using fully

bio-based HA and fumaric acid (FA) as monomers, with stan-
nous octoate as a catalyst and 4-methoxyphenol as a radical
inhibitor, performing melt polycondensation with 1,4-butane-
diol to prepare high molecular weight unsaturated copolyesters
(PBHBF). While the conjugated double bonds in MA enhance
molecular thermodynamic stability, they also increase the
chemical reactivity of the double bonds. In HA, the double
bond and carboxyl group are separated by two methylene
groups, forming an isolated double bond (no conjugation).
This structure results in a uniform electron cloud distribution
around the double bond: it lacks high electron density and
does not suffer from excessive electron delocalization due to
conjugation, making it one of the most “chemically inert”
double bond structures in polymerization. PBHBF exhibited
tensile strength (29.6–42.6 MPa) and elongation at break
(180%–847%) superior to linear low-density polyethylene
(LLDPE) and most saturated aliphatic polyesters (e.g., PBS,
PBAT). PBH4BF60, in particular, showed an elongation at
break of 847%, combining rigidity and toughness.19 Naves
et al. copolymerized renewable sugar-derived isosorbide and
isomannide (known for high rigidity and thermal stability)
with diethyl adipate and diethyl trans-β-hydromuconate, using

Fig. 8 Three types of MA-based polymers and their polymerization mechanisms, monomers, and key characteristics.
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Fig. 9 Synthesis processes of different MA-based polymers.18,19,22,23,25,30,141 (i) Polycondensation. Reprinted with permission from Rorrer et al.,
Green Chem., 2017, 19, 2812–2825. Copyright © 2017 The Royal Society of Chemistry. Yu et al., ACS Sustain. Chem. Eng., 2019, 7, 6859–6869.
Copyright © 2019 American Chemical Society. Carter et al., RSC Sustain., 2024, 2, 2968–2978. Copyright © 2024 The Royal Society of Chemistry.
Carter et al., J. Am. Chem. Soc., 2022, 144, 9548–9553. Copyright © 2022 American Chemical Society. (ii) Addition polymerization. Reprinted with
permission from Dardé et al., Angew. Chem. Int. Ed., 2024, 63, e202411249. Copyright © 2024 Wiley-VCH GmbH. Hu et al., Nat. Chem. Eng., 2025,
2, 130–141. Copyright © 2025, under exclusive licence to Springer Nature America, Inc. (iii) Coordination polymerization. Reprinted with permission
from Bhunia et al., New J. Chem., 2021, 45, 13941–13948. Copyright © 2021 The Royal Society of Chemistry.
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CALB as catalyst and azeotropic removal of ethanol in cyclo-
hexane-toluene mixed solvent.143

Besides using more stable MA monomers, Maniar et al.
employed enzyme-catalyzed polymerization (immobilized
Candida Antarctica Lipase B, CALB) to develop a green, mild
synthesis route for MA-based unsaturated polyesters. This
approach avoids double-bond side reactions caused by tra-
ditional metal catalysts and harsh conditions, offering a
greener alternative. They copolymerized dimethyl esters of the
three MA isomers and dimethyl trans-β-hydromuconate with
aliphatic diols of varying chain lengths (1,4-butanediol to 1,12-
dodecanediol). Results indicated enzymatic selectivity: CALB
showed higher catalytic activity towards the more open-struc-
tured cis,trans-muconate ester compared to the closed-struc-
ture cis,cis-isomer. Polymers based on ctMUC reached mole-
cular weights up to 21 200 g mol−1, while those based on
ccMUC only reached 2210–2900 g mol−1. ttMUC, due to its
rigid double bonds and high steric hindrance, yielded low
molecular weight polymers (max 3100 g mol−1). TBHM, with
its flexible isolated double bond, achieved high molecular
weights (up to 21 900 g mol−1). They also explored competitive
copolymerization between saturated (dimethyl adipate) and
unsaturated monomers, finding CALB had higher affinity for
TBHM with its isolated double bond. In copolymerization, the
saturated monomer polymerizes preferentially, requiring
adjustment of monomer ratios to balance molecular
weight.144,145

The conjugated double bonds in MA grant it potential for
Diels–Alder (DA) cycloaddition reactions. Prerana Carter et al.
utilized ttMA or its dimethyl ester (dmttM) as starting
materials, reacting them with different dienophiles (ethylene,
1-octene, 1-tetradecene, allylbenzene) via DA reaction to syn-
thesize a series of cyclic diacid monomers. These monomers
incorporated long alkyl chains (enhancing hydrophobicity) or
aromatic groups (improving flame retardancy). These diacids
were then copolymerized with hexamethylenediamine and
adipic acid to prepare performance-enhanced nylon 66 copoly-
mers, enabling performance customization on demand rather
than simple replacement. The copolymers had slightly lower
molecular weights and melting points compared to pure nylon
66. Although crystallinity decreased, it did not significantly
impair mechanical properties, and the storage modulus was
even higher than that of pure nylon 66. Copolymers containing
long alkyl chains showed 40%–70% reduction in water absorp-
tion compared to pure nylon 66, with contact angle increasing
from 75° to 87°, while retaining the crystal structure and glass
transition temperature of nylon 66. Copolymers containing
aromatic groups exhibited a char yield of 6.1% at 500 °C, dou-
bling that of pure nylon 66 (2.9%), and the thermal degra-
dation temperature increased by 7 °C.23 Also addressing the
flammability of nylon 66, Carter et al. noted that traditional
additive flame retardants (e.g., DOPO) can improve flame resis-
tance but often lead to reduced mechanical properties and
potential leaching over time. They therefore used the MA
derivative trans-3-hexenedioic acid (t3HDA) as a starting
material, covalently grafting the flame retardant DOPO onto

the monomer molecule via phospha-Michael addition, and
then copolymerizing it with nylon 66 to create “intrinsically
flame-retardant” copolymers, overcoming the drawbacks of
additive flame retardants. Dimethyl t3HDA was isomerized
under basic catalysis to generate the more reactive dimethyl
trans-2-hexenedioate (dmt2HD), which then underwent
phospha-Michael addition with 9,10-dihydro-9-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) to graft DOPO. They com-
pared two methods of DOPO incorporation: physical blending
(PA66-5B/10B, DOPO content 5/10 wt%) and covalent copoly-
merization (PA66-5F/10F, DOPO content 5/10 wt%). PA66-10F
showed a lower fire growth capacity (FGC) of 302.6 J g−1 K−1

compared to PA66-10B (327.5 J g−1 K−1), with a more signifi-
cant reduction in total heat release (THR). PA66-5F exhibited
higher tensile strength than both pure nylon 66 and PA66-5B.
Processing difficulties (Tm close to degradation temperature)
made PA66-10F relatively brittle, but its Tg was significantly
higher than that of PA66-10B.22

3.2 Addition polymerization

Polymerization via the double bonds involves prior esterifica-
tion or amination of MA, followed by free radical polymeriz-
ation. However, direct free radical polymerization of MA
derivatives typically yields atactic polymers. Therefore, topo-
chemical polymerization and organocatalytic group transfer
polymerization have been extensively studied to obtain stereo-
regular polymuconates (or ammonium salts). Primary polymer-
ization methods include: (1) Solid-state (topochemical)
polymerization: relies on ordered molecular packing (e.g.,
columnar arrangement) in monomer crystals, achieving
polymerization through minimal molecular motion, yielding
products with high stereoregularity. (2) Bulk polymerization:
initiated in the molten state (solvent-free), suitable for some
muconate esters. (3) Solution polymerization: conducted in
solvent (e.g., anisole). Initiation systems primarily include:
photopolymerization (UV light, sunlight, scattered light), radi-
ation polymerization (γ-radiation, X-ray radiation), and
initiators (e.g., DTBPO).

In 1977, Bando et al. first performed free radical polymeriz-
ation on MA and its derivatives. Since MA has poor solubility
in most organic solvents, only slightly dissolving in DMSO and
pyridine, they used DMSO as solvent and azobisisobutyroni-
trile (AIBN) as initiator, achieving yields of 6%–36%.
Polymerization of ethyl muconate (EMU) in benzene solvent
yielded 9.7%; using an anionic catalyst (n-butyllithium)
increased the yield to 34.5%, while cationic catalysts showed
no activity. They also studied copolymerization behavior with
styrene and acrylonitrile.26 Later, in 1996, Matsumoto et al.
synthesized dialkyl muconates of the three configurations (cc,
ct, tt). When using di-tert-butyl peroxide as initiator for bulk
polymerization at 120 °C, all monomers (regardless of con-
figuration) generated high molecular weight polymers
(number-average molecular weight, Mn = (1–4) × 105 g mol−1)
with yields of 25%–79% over 3–4 hours. The cyclohexyl ester,
benefiting from the large steric hindrance of the ester group
and high system viscosity which suppressed chain termination
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reactions, gave the highest yield (78.9%) and molecular weight
(Mn = 4.09 × 105 g mol−1). Solution polymerization (e.g., in
p-xylene or DMF), due to low monomer concentration and
solvent chain transfer, only produced low molecular weight
polymers (Mn = (0.7–1.5) × 104 g mol−1).24 In 2019, Quintens
et al. synthesized a series of trans,trans-dialkyl muconates to
enhance monomer and polymer solubility, avoiding inter-
ference with polymerization kinetics. By optimizing tempera-
ture (120 °C), initiator (di-tert-butyl peroxide, DTBPO), solvent
(anisole, green and recyclable), and monomer concentration
(2 mol L−1), they achieved efficient polymerization of dialkyl
muconates, obtaining polymers with molecular weights
exceeding 104 g mol−1. The polymerization was relatively slow
(48 hours), and high monomer purity was crucial for forming
high molecular weight products, requiring additional purifi-
cation steps like liquid–liquid extraction and basic alumina fil-
tration. They also pioneered the use of RAFT for controlled
polymerization of muconates, using a conventional trithiocar-
bonate (CPD-TTC) as the regulating agent, achieving precise
molecular weight control in the range of 2–20 × 103 g mol−1

with low dispersity (Đ = 1.2–1.4), laying the groundwork for
developing high-value-added materials.27

Muconate esters in the crystalline state can undergo topo-
chemical polymerization upon light irradiation. Matsumoto
et al. discovered in 1996 that diethyl (Z,Z)-muconate crystals
undergo topochemical polymerization upon UV irradiation,
generating ultra-high molecular weight, highly stereoregular
triactic polymers (trans-1,4-meso-disyndiotactic or isotactic
structure). The crystals bent during polymerization and
formed fibrous structures; other isomers (e.g., (E,E)-, (E,Z)-)
lacked this reactivity. They later expanded the substrate to
dibenzylammonium (Z,Z)-muconate, which polymerized under
UV or sunlight, yielding crystalline polymers insoluble in
water, organic solvents, and acids/bases. These could be hydro-
lyzed with HCl to poly(muconic acid) (PMA), which could then
be reacted with amines to regenerate ammonium salt poly-
mers. The photoreactivity of dibenzylammonium (Z,Z)-muco-
nate is controlled by the crystal lattice: columnar stacking
leads to topochemical polymerization, while layered structures
cause isomerization. The 2D hydrogen-bonding network
formed between primary ammonium cations and carboxylate
anions is key to constructing different stacking structures.24

Relying on photoinitiation (UV) faces issues like uneven
irradiation (surface reaction) and potential need for photosen-
sitizers. γ-Rays, with their strong penetrating power, enable
uniform initiation within the crystal. Polymerization yield is
affected by crystal size, temperature, and radiation dose, with
high doses causing polymer degradation.43 In 2000, Odani and
Matsumoto explored the possibility of topochemical polymer-
ization for (E,E)-MA derivatives. The naphthyl group in the
1-naphthylmethylammonium salt formed a columnar struc-
ture via π-stacking interactions favorable for topochemical
polymerization. They found that regardless of monomer con-
figuration ((Z,Z) or (E,E)), as long as suitable molecular
packing (e.g., translational columnar stacking) is formed, topo-
chemical polymerization can generate stereoregular polymers

with a meso-diisotactic-trans-2,5 structure. Topochemical
polymerization allows precise control over polymer tacticity
and molecular weight. The resulting layered crystals of poly-
muconate derivatives exhibit efficient and reversible intercala-
tion capability for alkylamines, with intercalation behavior
tunable by amine structure and solvent polarity. Functional
group modulation is possible via hydrolysis-intercalation reac-
tions, enabling the design of functional organic solids (e.g., for
molecular recognition, separation materials).37 Previous
studies confirmed the importance of π-orbital overlap in muco-
nate ester polymerization. Thus, tuning molecular stacking via
weak interactions to optimize π-orbital overlap became a viable
strategy. A halogen substitution strategy was introduced, utiliz-
ing halogen–halogen and CH/π weak interactions as supramo-
lecular synthons in crystal engineering to control the mole-
cular stacking structure of muconate derivatives.35 Addressing
the earlier reliance on light, X-ray, or γ-ray initiation, which
involves operational complexity (radiation source), safety con-
cerns, and high cost, they explored radiation-source-free topo-
chemical polymerization of 4-chlorobenzyl (Z,Z)-muconate. To
tackle issues associated with traditional synthesis using
organic solvents (methanol, chloroform), such as environ-
mental pollution, cost, and inability to intercalate poorly
soluble amines, a solvent-free process was developed.
Mechanical grinding achieved a four-step sequence:
“monomer synthesis (yield 92%–94%) → polymerization (yield
76%–87% for dodecylammonium salt) → PMA conversion
(250 °C vacuum pyrolysis for 2 h) → intercalation (91% conver-
sion with tert-butylamine)”.49,50 However, precise control over
polymer chain orientation remained challenging, limiting
applications in high-performance materials (e.g., oriented
fibers, electronic devices). Utilizing the lattice matching of in-
organic crystal substrates enables chain orientation control.
Polarized UV light can selectively initiate polymerization of
muconate ester crystals aligned in specific directions on KCl
substrates, yielding polymer films with uniaxial orientation.
The polymerized films exhibited a cross-grid structure, and
polymer fibers could make right-angle turns at grain bound-
aries while maintaining crystalline continuity.63

Group transfer polymerization (GTP), a controlled polymer-
ization method, has been widely applied to monomers like
methacrylates. In 1988, W. R. Hertler studied the GTP of
various unsaturated esters, including diethyl muconate,
achieving high stereoselectivity for all-1,4-addition and lower
dispersity, and proposed a mechanistic hypothesis.146 Thomas
Dardé et al. subsequently conducted more in-depth studies.
Using trans,trans-diethyl muconate (DEM) as an example, they
achieved 100% conversion within 1 minute, significantly faster
than traditional RAFT polymerization. By adjusting the
monomer/initiator ratio, polymer molecular weight (Mn) could
be controlled, with dispersity (Đ) mostly between 1.30–1.72.
They successfully demonstrated chain extension of homopoly-
mers and synthesized all-muconate-based block copolymers.
The reaction required no purification of intermediates and
could be completed within 3 minutes. Changing the alkyl side
chain structure significantly tuned the polymer’s Tg. Various
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post-polymerization modifications (PPM) were possible: hydro-
lysis of the ester groups yielded water-soluble PMA with the
double bond structure intact; reaction of PDtBuM with
m-chloroperoxybenzoic acid (mCPBA) converted the double
bonds to epoxy groups, increasing Tg from 9.3 °C to 29.2 °C,
significantly enhancing rigidity. Leveraging the CvC double
bonds in the backbone, rapid degradation via ozonolysis was
achieved, degrading high molecular weight polymers to low
molecular weight oligomers within minutes, ultimately produ-
cing dicarboxylic acid diesters. These degradation products
could serve as Gemini surfactants (with low critical micelle
concentration) for preparing vesicle structures, with potential
applications in pharmaceuticals and cosmetics, enabling
“upcycling”.141

To develop scalable, bio-sourced, and depolymerizable poly-
dienes, the key lies in molecular design to intrinsically weaken
carbon–carbon (C–C) bonds, enabling closed-loop recycling
while balancing performance and economics.28 Letian Dou
et al. started from ttMA, synthesizing six muconate ester
monomers with different ester substituents via esterification.
They employed free radical polymerization using di-tert-butyl
peroxide (DTBP) as initiator and anisole as solvent at 120 °C
for 48 hours. Using ME-B and ME-Me as models, they prepared
a series of copolymers (e.g., PolyME-Me3B7) by varying
monomer feed ratios. Gel permeation chromatography (GPC)
data showed ME-B homopolymer had the highest molecular
weight (Mw = 469 kDa, Đ = 1.53). Copolymer molecular weight
increased with ME-B content. ME-Et exhibited an elongation at
break of 2170%, while ME-Cb and ME-2F showed only ∼2%
elongation (rigid). ME-B (462%) combined elasticity and
strength. As ME-B content increased, copolymers transitioned
from rigid (e.g., PolyME-Me7B3, elongation at break 2.02%) to
elastic (e.g., PolyME-Me1B9, elongation at break 220%), match-
ing the performance range of commercial polymers like PS
and PET. PolyME-Me3B7 showed no significant changes in
appearance, mass, or mechanical properties under harsh con-
ditions, including acid, base, UV (350 nm), and heating at
60 °C. Upon heating to 258 °C, cleavage occurred at the intrin-
sically weakened C–C bonds. Monomer recovery rates for
ME-Me, ME-Et, etc., exceeded 65%, with byproducts mainly
being Diels–Alder adducts (∼20%), achieving a complete
monomer to polymer to monomer cycle. NMR spectra of recov-
ered monomers closely matched those of fresh monomers,
and polymer performance showed no degradation after re-
cycling.25 Subsequently, they developed a solvent-free, catalyst-
free polymerization strategy initiated by UV light
(315–400 nm), achieving Mn up to 1210 kDa, dispersity of 1.5,
and >99.5% 1,4-addition structure (compared to ∼2% defects
in traditional free radical polymerization). Concurrently, they
demonstrated one-pot synthesis of ABA triblock copolymers
(tensile strength 3.5 MPa, elongation at break 615%) and ABS-
like plastics (Tg = 83 °C, tensile strength 52 MPa).
Polymuconates depolymerized to monomers at 250 °C (recov-
ery yield 80%–92%); the triblock copolymer yielded 86%
monomer recovery, and the ABS-like material yielded 10%
muconate, 42% styrene, and 75% acrylonitrile recovery. This

work addresses issues in traditional polydiene synthesis
(solvent/catalyst dependence, difficult recycling) and topo-
chemical polymerization (structural regularity but difficulty in
preparing complex architectures like block copolymers and
poor processability).84

3.3 Coordination polymerization

The core advantage of MA for coordination polymerization lies
in its combination of two carboxyl groups (–COOH) and a con-
jugated diene system (CvC–CvC), which synergistically meet
the key requirements. The carboxyl groups, under basic con-
ditions (e.g., NaOH, triethylamine) or metal ion induction,
readily deprotonate to form the divalent muconate dianion
(muc2−). Through the oxygen atoms of the carboxylate groups
(–O−), it forms stable coordination bonds with metal ions (Ag+,
Zn2+, Cu2+, Ni2+, etc.), enabling monodentate/bidentate coordi-
nation modes: e.g., bidentate chelation with Zn2+ (Zn–O bond
length 1.93–1.96 Å) or monodentate bridging with Ag+ (Ag–O
bond length 2.66–2.80 Å). It can also act as a bridging ligand
to extend dimensionality: by connecting adjacent metal ions
through its two carboxylate groups, it can construct 1D chains
(e.g., Ni2+-muc chain), 2D layers (e.g., Cu2+-muc square grid),
or 3D networks (e.g., Ag+-muc sandwich structures with auxili-
ary ligands), serving as the core skeleton for building high-
dimensional structures in coordination polymers. Although
the conjugated double bonds do not directly participate in
metal coordination, they can expand ligand diversity through
in situ chemical reactions, indirectly enhancing coordination
capability. For example, reaction with amines (ethylenedia-
mine, piperazine) via double Michael addition generates new
ligands containing heterocycles (e.g., piperazine-2,3-diacetate),
which contain both N and O coordination sites and can form
more stable chelates with ions like Ni2+. The conjugated
system of the double bond can also form π–π stacking inter-
actions with the aromatic rings of auxiliary ligands (such as
bipyridine and benzimidazole), further stabilizing the 2D
interlayer structure and preventing collapse of the higher-
dimensional framework.

The molecular structure of MA combines a rigid conjugated
backbone with rotatable carboxyl arms. This equilibrium
enables adaptation to diverse metal ions and reaction con-
ditions, facilitating the formation of various topological struc-
tures. The rigid conjugated backbone ensures linearity and
geometric stability, preventing excessive distortion during
coordination. For instance, when constructing a 2D square
lattice, the conjugated backbone of vicinal conjugated acids
functions as the edges. The flexible carboxyl arms allow the
oxygen atom to adjust its coordination angle based on the
metal ion’s coordination number (e.g., Ag+’s 2-coordination,
Zn2+’s 4-coordination), accommodating different metal coordi-
nation geometries (e.g., Zn2+’s tetrahedral, Cu2+’s octahedral).

Common methods for coordination polymerization include
hydrothermal/solvothermal synthesis (105–160 °C), ultra-
sound-assisted methods (160 W, 40 kHz), or room-temperature
layering techniques. MA/muconate is soluble in water or water-
methanol mixtures, eliminating the need for toxic organic sol-
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vents (e.g., DMF, DMSO). The polarity of the carboxylate
groups promotes uniform mixing with metal salts (e.g., AgNO3,
Zn(OAc)2), reducing phase separation and improving polymer-
ization homogeneity. The process often requires no high temp-
erature/pressure or special catalysts; coordination polymeriz-
ation can be achieved simply by adjusting pH (e.g., adding
NaOH for deprotonation) and temperature. For example, using
ultrasound for 15 minutes followed by room-temperature
standing for 5 days achieved an 81% yield.

4. Applications of MA-based
polymers

MA-based polymers demonstrate diverse application potential
across structural engineering, environmental remediation,
catalytic reactions, and energy electronics due to the reactivity
of their dicarboxyl groups and conjugated double bonds,
coupled with the sustainability of their sources. Capable of
forming various functional structures such as polyesters, poly-
amides, MOFs, and metal–organic nanocomposites, they offer
pathways for replacing fossil-based materials and developing
specialty functional materials.

4.1 Structural materials

Structural materials represent one of the core application areas
for MA-based polymers. Leveraging the highly efficient poly-
condensation reactions of MA carboxyl groups, post-polymeriz-
ation functionalization modifications, and the unique reactiv-
ity of conjugated double bonds, these materials can be tailored
to deliver customized properties such as flame retardancy,
hydrophobicity, and recyclability. Simultaneously, they main-
tain excellent mechanical strength, thermal stability, and pro-
cessability, making them widely applicable in scenarios
including engineering plastics, composite materials, and
adhesives.

MA undergoes a Diels–Alder cycloaddition reaction to form
cyclic dicarboxylic acid derivatives such as cyclohexene dicar-
boxylic acid, which copolymerizes with hexamethylene
diamine and adipic acid to produce modified polyamide
(Fig. 10a). Compared to traditional nylon 6,6, these show up to
70% reduced water absorption, doubled char yield, while
retaining key mechanical properties. They are suitable for
applications requiring high hydrophobicity and flame retar-
dancy, such as automotive and electronic packaging, poten-
tially replacing petroleum-based nylons.23 The double bond
structure of MA allows its direct incorporation into polyester
synthesis. For example, copolymerization with butanediol and
fumaric acid yielded poly(butanediol muconate-co-butanediol
fumarate) with molecular weights exceeding 80 kg mol−1 and
excellent thermomechanical properties, with tensile strength
comparable to polyethylene. This material can be used in glass
fiber-reinforced composites (e.g., FRP panels) with a shear
modulus exceeding 30 GPa, applicable in construction and
aerospace (Fig. 10b).18,20 Using the phospha-Michael addition
reaction of the MA derivative trans-3-hexenedioic acid (t3HDA),

the flame retardant DOPO was covalently grafted onto the
nylon-66 backbone, creating intrinsically flame-retardant copo-
lymers. Compared to nylon with physically blended DOPO,
these copolymers exhibited a 20% increase in crystallinity,
superior thermal stability, a lower fire growth capacity (FGC)
index, and better mechanical properties like tensile strength.
They are applicable in engineering plastics for the automotive
and electronics sectors, requiring flame retardancy
(Fig. 10a).22 Wei et al. copolymerized ccMA with various diol
diesters, preparing a series of MA-based polyester adhesives.
DCP-initiated radical crosslinking formed a dense three-
dimensional network, achieving exceptional solvent resistance.
After 24 hour immersion in various organic solvents, bond
strengths ranged from 0.97 to 4.31 MPa, and after 3 hour
immersion in 60 °C water, bond strength remained at 1.09
MPa (Fig. 10c). This work demonstrates the feasibility of utiliz-
ing MA as a functional copolymerizable monomer to construct
high-performance, crosslinkable polyester adhesives, providing
a sustainable and effective strategy for developing high-per-
formance adhesives with strong bonding and solvent dura-
bility.147 Chemically recyclable poly(muconate esters) (polyME)
synthesized via free radical polymerization, these polymers
contain weak C–C bonds in the backbone, enabling efficient
depolymerization to monomers (83% recovery) at 258 °C, rea-
lizing chemical recycling. Their mechanical properties are
tunable (Young’s modulus 0.009–1.52 GPa), spanning from
brittle to elastomeric ranges. Processable via 3D printing,
injection molding, and other techniques, it holds promise as a
replacement for fossil-based plastics such as polystyrene (PS)
and polymethyl methacrylate (PMMA) (Fig. 10d). Technical-
economic analysis indicates that production costs can be
reduced to $1.59 kg−1 when utilizing recycled monomers, with
environmental impacts lower than traditional rubber, aligning
with circular economy requirements.25

4.2 Environmental materials

Environmental materials focus on the unique physical and
chemical properties of MA-based CPs and metal–organic com-
posite particles. Leveraging their fluorescence recognition,
photosensitive response, and photocatalytic activity, these
materials play a role in environmental remediation scenarios
such as heavy metal ion detection, organic wastewater treat-
ment, and organic dye degradation. They exhibit high selecti-
vity, high sensitivity, and environmental adaptability.

Copper ions (Cu2+) are essential trace elements in the
human body, but excess amounts can cause diseases like
Wilson’s disease and Alzheimer’s, necessitating the develop-
ment of highly sensitive and selective materials for Cu2+ detec-
tion in aqueous media. Biological detection also requires good
biocompatibility, which often limits the application of existing
CPs due to toxicity or solubility issues. CPs formed from MA
derivatives with ions like Zn2+ can exhibit strong fluorescence
and selectively recognize Cu2+ in aqueous solution. For
instance, 1D coordination polymers CP1 and CP2 showed
highly selective fluorescence quenching towards Cu2+ in
aqueous media, with a detection limit (LOD) as low as 0.06 μM
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Fig. 10 Applications of MA-based polymers.18,20,22,23,25,33,147 (a) Flame-retardant/hydrophobic nylon-6,6. Reprinted with permission from Carter
et al., RSC Sustain., 2024, 2, 2968–2978. Copyright © 2024 The Royal Society of Chemistry. Carter et al., J. Am. Chem. Soc., 2022, 144, 9548–9553.
Copyright © 2022 American Chemical Society. Nandi et al., J. Mol. Struct., 2023, 1293, 136291. Copyright © 2023 Elsevier Science. (b) Fully bio-
based unsaturated polyester composite. Reprinted with permission from Rorrer et al., Green Chem., 2017, 19, 2812–2825. Copyright © 2017 The
Royal Society of Chemistry. Rorrer et al., ACS Sustain. Chem. Eng., 2016, 4, 6867–6876. Copyright © 2016 American Chemical Society. (c) Closely-
loop depolymerizable polydienes. Solvent-resistant adhesive. Reprinted with permission from Wei et al., ACS Sustain. Chem. Eng., 2025, 13,
19136–19144. Copyright © 2025 American Chemical Society. (d) Reprinted with permission from Hu et al., Nat. Chem. Eng., 2025, 2, 130–141.
Copyright © 2025, under exclusive licence to Springer Nature America, Inc. (e) Photocatalytic organic dye degradation materials. Reprinted with per-
mission from Bhunia et al., New J. Chem., 2021, 45, 13941–13948. Copyright © 2021 The Royal Society of Chemistry.
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for CP2, far below WHO and EPA drinking water standards.
This makes them suitable for ultratrace Cu2+ detection in food,
beverages, and biological systems. Furthermore, these CPs can
be endocytosed by HepG2 cells, enabling visualization of intra-
cellular Cu2+ via fluorescence imaging, and showed good bio-
compatibility at 100 μM concentration (validated by MTT
assay), laying the foundation for heavy metal monitoring
within biological organisms.30

Organic dyes (e.g., methylene blue, MB) are major pollu-
tants in industrial wastewater. Photocatalytic degradation is a
green treatment technology, but the efficiency and stability of
existing zinc-based CPs need improvement. Three zinc-based
CPs were synthesized via cooperative coordination of bis(benzi-
midazole) derivatives (L1/L2) with MA. Structure 1 was a 2D
network, 2 a 2D network (forming a 3D supramolecular struc-
ture via interlayer hydrogen bonds), and 3 a 1D chain (forming
a 3D structure via hydrogen bonds and aromatic stacking).
Under UV light, they exhibited over 90% degradation efficiency
for MB, through the synergistic oxidative action of hydroxyl
radicals and holes, suitable for organic wastewater treatment.31

Nandi et al. synthesized a 3D silver-based CP via an ultrasonic
method, featuring a sandwich structure with alternating Ag-
bpp cationic chains and 2D water-muconate anionic layers.
Under UV light, it achieved 98.06% degradation efficiency for
MB (220 min), with a reaction rate constant of 0.0179 min−1

(Fig. 10e).33

4.3 Energy and electronic materials

Energy and electronic materials utilize MA to produce proton
exchange membranes and solid polymer electrolytes. These
materials exhibit excellent proton conductivity, lithium ion
migration and possess thermal stability and mechanical
strength. They provide a bio-based alternative for new energy
devices such as fuel cells and lithium-ion batteries, driving
green transformation in the energy sector.

Addressing the dependency of commercial polymers on pet-
roleum-based monomers, Carlos Corona-García et al. syn-
thesized two types of sulfonated polyamides (MUFABA/
MUFASA) with controllable sulfonation degrees via polycon-
densation of MA with fluorinated diamines and sulfonated dia-
mines by adjusting feed ratios. Proton conductivity increased
with a higher sulfonation degree. Water uptake (Wu) and ion
exchange capacity (IEC) increased with sulfonation degree.
MUFASA34 (70.6% sulfonation) achieved a Wu of 36.93% (due
to the disulfonate groups in DASDA) and a significantly higher
IEC (2.81 meq per g) compared to MUFABA34, inducing phase-
separated morphology. Its proton conductivity (σp) reached
9.895 mS cm−1, close to other renewable sulfonated polymers.
Owing to their renewable origin and good electrochemical per-
formance, these materials show promise for replacing tra-
ditional perfluorosulfonic acid membranes (e.g., Nafion) in
proton exchange membrane fuel cells (PEMFCs).21 T. Itoh
et al. blended lithium polymuconate salt with poly(ethylene
oxide) (PEO) or poly(ethylene oxide-co-propylene oxide) (P(EO/
PO)), adding boron trifluoride diethyl etherate (BF3·OEt2) as a
promoter, to prepare solid electrolyte membranes via solution

casting. Due to the large volume and restricted migration of
the polyanion, the lithium ion transference number of these
electrolytes reached 0.45–0.88, significantly higher than tra-
ditional PEO-LiN(CF3SO2)2 electrolytes (0.1–0.14). Similar high
lithium ion mobility strategies have also been successfully
applied in other renewable material systems, such as cellulose
derivatives.148 The electrochemical stability window was
4.13–4.36 V, and the thermal decomposition temperature
exceeded 188 °C. The crystalline polyanion lithium salt acts as
a filler, resulting in electrolyte tensile strengths of 6.47–15.54
MPa, markedly higher than traditional electrolytes (0.20–3.55
MPa). These are suitable for high-safety lithium-ion
batteries.149

4.4 Other materials

Beyond the aforementioned applications, MA-based polymers
also find utility in fields such as catalysis and sensing. By regu-
lating the metal coordination state within the material, they
offer novel material options for scenarios like photodetector
diodes and catalytic reaction carriers, thereby further expand-
ing the application boundaries of MA-based materials.

A 1D nickel coordination polymer synthesized via in situ
double Michael addition reaction exhibited good stability. It
can not only serve as a foundation for novel polymer structures
but also be pyrolyzed to prepare carbon-based composite
materials loaded with metal nanoparticles like Ni, ZnO, and
CoO. NiMucoEtDiPy (using EtDiPy linker) exhibited the largest
specific surface area (47.4 m2 g−1) and pore volume (0.332 cm3

g−1), significantly higher than CoMuco without a bridging
ligand (9.1 m2 g−1, 0.052 cm3 g−1), providing efficient precur-
sors for catalysis and adsorption.34

In coordination polymers, the structure of water clusters
(e.g., cyclic, chain-like) confined within the pores can signifi-
cantly influence material properties (e.g., adsorption, cataly-
sis), but research on water clusters in muconate-based CPs was
previously limited. Simultaneously, the application of CPs in
optoelectronics (e.g., Schottky diodes) is still exploratory,
requiring the development of muconate CPs with both well-
defined structures and excellent photosensitive properties. An
Al/CP/FTO device based on a muconate CP with aluminum
showed a rectification ratio of 3.668 in the dark, increasing to
5.506 under illumination; specific detectivity reached the 109

Jones range, with a photosensitivity of 1.65, consistent with
Schottky diode characteristics.29

5. Conclusions and future
perspectives

MA, a highly promising bio-based monomer derived from
renewable resources, holds significant potential for advancing
sustainable polymer materials due to its distinctive molecular
structure. MA exists in three isomeric forms, each with unique
structural features, properties, and polymerization capabilities,
dictated by the configuration of its conjugated double bonds.
Additionally, MA can be readily functionalized into esters and
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ammonium salts, broadening its versatility for tailored appli-
cations. Currently, MA is produced via two primary routes:
chemical conversion and biological fermentation. Compared
to conventional chemical methods, biological fermentation
offers notable advantages, including environmentally friendly,
flexible feedstock utilization, and higher product purity. MA-
based polymers can be synthesized through diverse polymeriz-
ation strategies, including polycondensation via dicarboxylic
acid groups, addition polymerization across conjugated double
bonds, and coordination polymerization with metal ions. Such
approaches enable the production of a wide range of func-
tional materials, such as unsaturated polyester, polyamides,
and coordination polymers. These materials exhibit outstand-
ing performance across structural, environmental, energy, and
electronic applications—examples include heavy metal detec-
tion, optical sensing, flame retardant modification, proton
conduction. Beyond renewable sourcing, achieving true
materials circularity requires end-of-life strategies that enable
repair, reprocessing, and/or closed-loop recycling without
sacrificing performance. Dynamic covalent chemistry provides
a general framework to couple sustainable feedstocks with
intrinsic recyclability by integrating reversible bond-exchange
motifs into polymer backbones or networks. For MA-derived
polymers, the conjugated diene and dicarboxylate functional-
ities offer versatile handles to introduce such dynamic motifs
and thus design circular polymer systems.150,151 Collectively,
MA-based polymers provide a compelling pathway toward
replacing petroleum-derived polymers and promoting sustain-
able development.

Currently, the advancement of MA-based polymers faces
several interconnected challenges that hinder their widespread
adoption. Although the biotechnological routes, such as
microbial fermentation, provide an environmentally friendly
alternative, their efficiency is constrained by low metabolic
flux and limited yields. Furthermore, issues of microbial tox-
icity toward key substrates such as vanillin and catechol
remain unresolved. This necessitates the development of more
tolerant microbial strains and optimized feedstocks. From a
synthesis standpoint, biorefinery approaches currently yield
only the ccMA isomer, while the ttMA variant requires
additional chemical isomerization—a process that introduces
complexity. The inherent physicochemical properties of MA
and its isomers, such as their high melting points and poor
solubility in common organic solvents, further complicate
direct polymerization. Although chemical derivatization can
enhance monomer solubility and processability, it often
involves extra synthetic steps, thereby reducing overall atom
economy. Moreover, specialized techniques such as topological
polymerization require precise and stringent conditions that
are difficult to up for industrial production. In terms of
material performance, many MA-based polymers still lag
behind conventional petroleum-derived counterparts in
mechanical robustness and thermal stability. Coordination
polymers derived from MA also face challenges related to long-
term stability and cost-effective production. Moreover, the
current number of published life cycle assessment case

studies on polymer systems derived from MA remains relatively
limited, highlighting the need to establish a unified bench-
mark assessment system for comparison with petroleum-
based conventional products. Collectively, these limitations
impede the transition of MA-based polymers from laboratory
curiosities to commercially viable materials.

To address these barriers and propel the field forward, the
following strategic directions are proposed: (i) Advancement of
biosynthetic platforms: leverage synthetic biology tools, includ-
ing gene editing and metabolic pathway engineering, to
enhance microbial tolerance and increase fermentation titers.
Concurrently, explore novel and sustainable feedstocks—such
as industrial biowastes—to develop efficient conversion path-
ways, thereby reducing production costs and accelerating
industrial scalability. (ii) Innovation in monomer and polymer
design: develop novel derivative strategies to improve
monomer solubility and reactivity without significantly
increasing synthetic complexity. Optimize polymerization tech-
niques—including topological and bulk polymerization—to
achieve high stereoregularity and controlled architectures.
Integrate computational and AI-assisted methods for precise
molecular design and to tailor polymer properties for specific
applications. (iii) Expansion into high-performance appli-
cations: exploit the tunable functionality and inherent degrad-
ability of MA-based polymers to engineer advanced materials
for high-value sectors. By tailoring their chemical and physical
properties, these sustainable polymers can replace petroleum-
based counterparts in specialized applications such as bio-
medical devices, high-barrier packaging, and functional coat-
ings. (iv) Fostering cross-disciplinary collaboration: accelerat-
ing progress in this field will require sustained and structured
collaboration across disciplines—including microbiology,
chemistry, materials science, and chemical engineering. Such
integrative efforts are essential to generate disruptive ideas
and achieve breakthrough innovations that can overcome exist-
ing technical bottlenecks and unlock new application land-
scapes. Together, these approaches form a cohesive roadmap
toward realizing the full potential of MA-based polymers as
sustainable, high-performance materials of the future.
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