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SUMMARY

Lignin is an abundant polyaromatic polymer with a wide range of potential future uses. However, the
conversion of lignin into valuable products comes at a cost, and medium- to high-value applications are
thus appropriate. Two examples of these are polymers (e.g., as fibers, plasticizers, or additives) and
flow batteries (e.g., as redox species). Both of these areas would benefit from lignin-derived mole-
cules with potentially low molecular weight and high (electro)chemical functionality. A promising route
to obtain these molecules is oxidative lignin depolymerization, as it enables the formation of targeted
compounds with multiple functionalities. An application with high potential in the production of plas-
tics is the synthesis of new sustainable polymers. Employing organic molecules, such as quinones
and heterocycles, would constitute an important step toward the sustainability of aqueous flow bat-
teries, and lignin and its derivatives are emerging as redox species, mainly due to their low cost and
renewability.

INTRODUCTION

Lignin is a renewable biopolymer and one of the three main components of wood. Currently, the annual global production of lignin from the

pulp and paper industry is estimated to be 50–70 million tons.1,2 The primary source of lignin is black liquor, which is generated as a by-prod-

uct in the pulp and paper industry. The black liquor contains about 30–45 wt % lignin and is usually burned for energy recovery.3 However,

lignin can be extracted and used in various value-added applications, for instance, as a sustainable resource for various chemicals, as chemical

building blocks and polymers, or as an electrode or separator in various types of battery.4,5

Plastics have been associated with serious environmental problems such as pollution of the oceans, the generation of microplastics,

and health problems associated with the toxicity of additives or monomers. Many of these issues are closely connected to the use

of fossil resources as starting materials for polymer production. Lignin has been identified as a potential bio-based carbon source

for polymer production as it does not compete with food production, and is readily available at a low cost. Lignin can be used directly

as a polymer, and for more information on this topic, the reader is referred to recent reviews on the use of lignin in composites/

blends,6,7 bio-based fillers/plasticizer for plastics,8 and stimuli-responsive materials,9 and in antimicrobial and agricultural applica-

tions.10 However, this perspective article focuses on the use of depolymerized lignin as a starting material for the synthesis of bio-based

polymers.

Nonetheless, lignin has electrochemical properties, potentially making it a sustainable material for electrochemical devices. Lignin

can be used as a redox species for batteries, the best example being the redox flow battery (RFB). The most commonly used redox

species for RFBs are metal-based and extraction requires costly mining processes. In addition, some metals, such as vanadium,

are scarce (and are included on the list of critical materials), toxic, and very expensive.11 Although organic redox species such as qui-

nones have been introduced in recent years as a cost-effective and abundant alternative, their large-scale production is costly and

challenging.12,13 Starting materials derived from petroleum or coal, such as aromatic hydrocarbons, are chemically modified and

transformed into quinones through steps such as oxidation, condensation, and cyclization. Therefore, using lignin as a redox species

would be a significant step toward the production of sustainable electrolytes for RFBs, as it is a bio-based, renewable, and low-cost

material.
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Figure 1. An overview of thermochemical technologies for lignin transformation

The typical temperature ranges for the different technologies can be seen on the abscissa.14,16.
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LIGNIN TRANSFORMATION

In this article, lignin transformation means the conversion of the lignin macromolecule into low-molecular-weight compounds. This can be

achieved by thermochemical or biological means. Thermochemical transformation can be classified as acid- or base-catalyzed depolymer-

ization (hydrothermal treatment), chemical oxidation (oxidative depolymerization), hydroprocessing, liquid-phase reforming, pyrolysis, and

gasification (Figure 1).14,15

Acid-catalyzed depolymerization is performed at 0�C to 200�C,while base-catalyzed depolymerization takes place at 100�C to 300�C. Both
these kinds of depolymerization cause the linkages between the lignin units to be broken, yielding shorter segments, including monomeric

phenols. Chemical oxidation is performed at temperatures ranging from 0�C to 250�C, and favors the production of aromatic alcohols, alde-

hydes, and acids. Hydroprocessing involves thermal reduction in the presence of a hydrogen source at temperatures ranging from 100�C to

350�C. This technique is used to produce phenols, benzene, toluene, xylene, and also alkane fuels, from lignin. Liquid-phase reforming, which

is typically performed at 250�C to 400�C, is used to produce hydrogen and other light gases from lignin. The pyrolysis of lignin is typically

carried out at 450�C to 700�C, and produces a liquid product known as bio-oil. Gasification is the process used to produce synthesis gas

(CO and H2) from a range of lignin feedstocks. The lignin-degrading activity of certain bacteria and fungi has also been explored in attempts

to develop biological methods of breaking down lignin with high selectivity for specific molecules.17,18

This perspective article focuses on oxidative depolymerization, during which, lignin is converted into polyfunctional aromatic compounds

in the presence of an oxidizing agent. Oxidation includes the cleavage of the aryl ether bonds, carbon–carbon bonds, aromatic rings, and

other linkages within the lignin molecule. The resulting products are phenolic aldehydes and acids, as well as aliphatic carboxylic acids,

such as vanillin, syringaldehyde, 4-hydroxybenzaldehyde, and muconic acid.14 The most common oxidizing agents are molecular oxygen

(O2), hydrogen peroxide (H2O2), nitrobenzene, and metal oxides. The reactions can take place in alkaline, acidic, or pH-neutral media, em-

ploying homogeneous or heterogeneous catalysts.16 Catalysts are mainly used during oxidative depolymerization to reduce the energy con-

sumption, reaction time, temperature, and pressure. Catalysts also improve the monomer yields and the selectivity of the reaction.

Historically, vanillin production has been the focus of oxidative depolymerization research.19,20 However, researchers are now exploring

other ways of valorizing lignin as society is shifting from a petroleum-based toward a more sustainable bio-based economy. Recent studies

and reviews have concentrated on the electrochemical applications of lignin, such as supercapacitors and electrodes.21–23 Oxidative depo-

lymerization has been shown to transform lignin into different quinone-like structures,24 which are key compounds for the electrochemical

reactions that take place within a battery.22

Oxidation ofmonolignols has been suggested byMilczarek as amethod of electrode preparation.25 It has been shown that it is possible to

oxidize the syringyl (S) and guaiacyl (G) monolignols to quinone-like structures as they carrymethoxy structures. Lignin-derived quinone struc-

tures have been shown to have potential in redox-flow battery applications.26 Most studies presented in the literature concern the conversion

of lignin model compounds into benzoquinones. For example, Biannic and Bozell obtained methoxybenzoquinone and 2,6-dimethoxyben-

zoquinone (DMBQ) as primary products after base-catalyzed oxidation of monomeric and dimeric lignin model compounds.27 However, the

possibility of using real lignin feedstocks has also been investigated. For example, Subbotina et al. demonstrated an oxidation reaction that

produced DMBQ from high-molecular-weight lignin at a yield of 18%.28 They proposed cleavage of the carbon–carbon bonds, which is often

difficult during oxidative depolymerization.

LIGNIN-BASED PLASTICS

Lignin is an abundant renewable source of aromatic structures and has therefore been used to prepare aromatic monomers and polymers.

Aromatic structures are often used in polymers to improve their rigidity, which also improves the thermal and mechanical properties of the
2 iScience 27, 109418, April 19, 2024



Table 1. Vanillin-based monomers used in polymer synthesis

No. Monomers and their derivatives Polymer Propertiesa
Potential

application Reference

Polyols

1 Polycarbonate

Epoxy

Polycarbonate:

Tg = 99�C–106�C

T5 = 336�C–372�C

Epoxy:

Tg (E00) = 100�C–123�C

Tg (Tand) = 107�C–132�C

E’ = 2.29–3.02 GPa

T5 = 337�C–363�C

Lower estrogen activity

than BPA

Direct

replacement

for BPA,

adhesives

Koelewijn and

Hernandez

et al. 30,31

2 Polyester Tg = 42�C–142�C

Td = 272�C–342�C

Fiber Wu et al. 32

3 Epoxy

Polyester

Recyclability

Epoxy:

Tg = 74�C–119�C

E’ = 1.15 GPa (neat) –

7.6 GPa (reinforced

with CNF)

Epoxy2:

T5 = 278�C

Tg = 164�C

Tensile modulus =

3131 MPa

Tensile strength =

85 MPa

Polyester:

Tg = 20�C–64�C

T5 = 320�C–345�C

E’ (20�C) = 756–

1991 MPa

Fiber

Polyesters:

textile, food

packaging

Mankar, Koike,

Mankar, and

Subbotina

et al. 33–36

4 Poly(vanillin)

oxalate

Biodegradable,

biocompatible

Medical

devices,

drug

delivery

Kwon et al. 37

(Continued on next page)
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Table 1. Continued

No. Monomers and their derivatives Polymer Propertiesa
Potential

application Reference

5 Polyesters

Epoxies

Polyurethanes

Polyesters:

Tg = -5–139�C

E’ = 0.1–8.1 GPa

T5 = 270�C–347�C

Potential phenolic

functionality

Epoxies:

Tg = 138�C–198�C

Ta = 155�C–200�C

E’ = 1.7–2.4 GPa

T5 = 275�C–336�C

Potential flame

retardancy

Polyurethanes:

T5 = 330�C–342�C

Young’s modulus =

8.0–9.7 MPa

Polyesters:

Epoxies:

potential

bio-based

alternative

for DGEBA

(bisphenol

A diglycidyl

ether)

Llevot,

Savonnet

and Gang

et al38–40

6 Epoxies Tg = 132�C, 97�C

Ta = 154�C, 106�C

E’ (30 C) = 1.2, 1.5 GPa

Td = 338�C, 361�C

CY = 20%, 19%

To replace

BPA-based

epoxies

Fache et al. 41

Dicarboxylic acids/diesters

7

7a: R = H, n = 2

7b: R = CH3, n = 4

Polyesters 7a:

Tg = 55�C–69�C

Tm = 212�C–260�C

7b:

Tg = �4.4�C–13�C

Tm = 70.1�C

T5 = 360�C–390�C

E’ = 493–581 MPa

Tensile strength =

5.0–7.0 MPa

Strain at break =

12.7–43.7%

Young’s modulus =

66.2–99.7 MPa

Fibers Lange and

Pang et al. 42,43

(Continued on next page)
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Table 1. Continued

No. Monomers and their derivatives Polymer Propertiesa
Potential

application Reference

8 Polyesters Tg = �10.3 to �12.7�C

Tm = 24.5, 48.5�C

T5 = 335�C–339�C

E’ = 283 MPa

Tensile strength =

4.1 MPa

Strain at break =

22.8%

Young’s modulus =

50 MPa

Biodegradable

polyesters

Pang et al. 43

9

R = (CH2)nCH3; n = 0,1,2 & 3

Polyesters Tg = 19�C–89�C

T5 = 340�C–390�C

Tensile strength =

0.34–15.8 MPa

Elongation at break =

55–1880%

Young’s modulus =

0.13–1 MPa

Packaging Enomoto et al. 44

Hydroxy acids/acetylated hydroxyl acids

10 Polyesters Tg = 73�C

Tm = 234�C

Comparable

characteristics

to PET

Textiles Mialon et al. 45

11

n = 0, 2, 3, 6, & -CH(CH3)CH2-

Polyesters Comparable

characteristics

to commercial

polyesters

such as PET,

PBT depending

on aliphatic

spacers (n)

Textiles Mialon, Zamboulis

and Gioia et al. 46–48

aTg = glass transition temperature (measured by differential scanning calorimetry), Tg(E
00) = glass transition temperature (measured from the loss modulus curve

by dynamic mechanical analysis), Tg(Tand) = glass transition temperature (measured from the Tand curve by dynamic mechanical analysis), Tm =melting temper-

ature, T5 = decomposition temperature at 5% mass loss, Td = temperature at the maximum degradation rate, Ta = alpha transition temperature, E’ = storage

modulus, E’’ = loss modulus, CY = char yield.
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material. Furthermore, due to the relatively high oxygen content in lignin, much research has been directed toward the synthesis of mono-

mers and polymers with high contents of aromatic structures and oxygen, e.g., polyesters, polycarbonates, and epoxies. Vanillin is the only

lignin-derived molecule that has reached industrial commercialization to date. Vanillic acid is another promising molecule that can be

derived from oxidative lignin depolymerization with potential for commercialization, and efforts are still underway to enable economical

routes for its production.29 Hence, this perspective article focuses mainly on vanillin-based monomers and polymers via three common

types of monomer: polyols, dicarboxylic acids (including derived diesters), and hydroxy acids (including acetylated hydroxy acids) as shown

in Table 1.
iScience 27, 109418, April 19, 2024 5



Scheme 1. Overview of the synthesis and depolymerization of bio-based polyesters from a bicyclic lignin-derived diol

(MBC,4,40-methylenebiscyclohexanol; FDCA,2,5-furandicarboxylic acid; TPA, terephthalic acid;AA,adipic acid; JF-1,perhydrofluorene; JF-2,dicyclohexylmethane).

Reproduced from ref. 32, under the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Polyols

Polyols are building blocks commonly used to produce a wide variety of plastics such as polyesters, polyurethanes, polycarbonates, and

epoxy resins. The chemical structure of polyols plays an essential role in the properties of the resulting polymer. Structurally rigid polyols

are often designed to produce polymers with high glass transition temperatures and goodmechanical properties. Lignin is especially suitable

as a starting material for the production of rigid aromatic polyol monomers due to its high aromatic content, as well as its relatively high ox-

ygen content. Since vanillin contains a phenolic hydroxyl group, significant efforts have been made to convert vanillin into different bisphe-

nolic structures, often with the intention of replacing the commercially available monomer bisphenol A (BPA). About 8 million tons BPA is

currently produced per year, and is used primarily in polycarbonates and epoxy resins.49 However, since BPA has been identified as an endo-

crine disruptor, many non-toxic bio-based alternatives have been developed.

Bisguaiacol (1a), synthesized from vanillyl alcohol and guaiacol, is structurally similar to BPA, and it has attracted significant attention as a

potential replacement.30,31 Interestingly, the endocrine effect of 1a and the activity toward the estrogen receptors is significantly lower than

that of BPA.30,50 However, a more comprehensive analysis of 1a is required to confirm that it does not interact with other hormonal receptors.

1a has been used to prepare polycarbonates with slightly lower glass transition temperatures and thermal stability than the commonly pro-

duced BPA-based polycarbonates.30 1a has also been epoxidized (1b) and used to prepare epoxy resins, which also had slightly lower glass

transition temperatures and thermal stability than BPA-based materials.31 Recently, 1a was hydrogenated and de-methoxylated using Raney

nickel to prepare a cyclic diol (2) for the synthesis of polyesters with a wide range of glass transition temperatures (42�C–142�C) for potential
fiber applications (Scheme 1).32

Another widely studied vanillin-based bisphenol is 3a, which can be made from bio-based pentaerythritol and vanillin.33,51,52 One aspect

that makes this molecule particularly interesting is its rigid spirocyclic acetal structure, which can be selectively hydrolyzed when exposed to

acidic conditions. This feature has been used as a strategy for facilitating the chemical recycling of polymers such as epoxy resins and poly-

esters (Scheme 2).35,36 Apart from its advantageous material properties, recyclability and end-of-life should be given greater consideration

when designing novel bio-based monomers/polymers.53 Modification of 3a with ethylene carbonate produces the rigid primary diol (3c),

which has been used for polyester synthesis.33 This diol has a remarkably low carbon footprint, smaller than that of BPA and bio-based pro-

pane diol. Furthermore, a series of polyesters from 3c with enhanced Tg has been prepared by bulk polycondensation. However, the spiro-

cyclic structure exhibited relatively low thermal stability during high-temperature polycondensation, indicating that the polymerization

parameters may require optimization.

Another acetal structure (4) has also been prepared by reacting vanillin with 2-(hydroxymethyl)-2-methylpropane1,3-diol.37 This monomer

was reacted with oxalyl chloride to prepare acid-sensitive polyesters. These polymers are hydrolyzed at physiological pH, releasing vanillin,

which acts as an antioxidant and reduces oxidative stress and inflammation.

Two vanillin molecules can also be coupled directly to yield bis-vanillin.40,54 Bis-vanillin has been studied extensively and can be reduced

to primary alcohols (5a) (which can be used for polyester synthesis after methoxylating the phenol), converted into epoxies (5b), or used as a

chain extender for polyurethane synthesis (5c).38–40 The possibility of using unreacted phenols or aldehydes for post-polymerization modi-

fication of the polymer is particularly interesting for these types of structure, as it could be used to endow the polymer with desirable

properties.
6 iScience 27, 109418, April 19, 2024
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Scheme 2. Synthesis and chemical recycling of vanillin-based polyesters with spirocyclic acetals

(A) Polymer synthesis and (B) chemical recycling of copolyesters with spirocyclic acetal structures.

(NPG, neopentyl glycol; DMT, dimethyl terephthalate; pTSA$H2O, p-toluenesulfonic acid monohydrate; DCM, dichloromethane; IPA, isopropanol; RT, room

temperature; PNT, poly(neopentyl terephthalate)). PNVT is a copolyester of the vanillin-based monomer V, NPG, and DMT. Reproduced from ref. 35, under

the terms of the Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).
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Methoxyhydroquinone and othermonoaromatic diols (6a-b) could be used to prepare diglycidyl ethers for bio-based epoxies.41 The glass

transition temperature of the obtained epoxy polymers ranged from 97�C to 132�C, depending on the precursor (methoxyhydroquinone or

vanillyl alcohol).41 These resins exhibited a relatively high char yield due to the high content of aromatic carbon in their chemical structure,

which may indicate flame-retardant properties.

Dicarboxylic acids

Dicarboxylic acids (including their derivatives, such as dicarboxylate esters) constitute an important group of monomers that can be used to

produce polyesters and polyamides. The most common dicarboxylic acid on the market is fossil-based terephthalic acid (TPA), an aromatic

building block with an estimatedmarket volume of 82 million metric tons in 2021, which is expected to increase to more than 100 million tons

by 2028.55 Dicarboxylic acids such as TPA can be esterified with methanol to yield their corresponding methyl esters (e.g., dimethyl tere-

phthalate [DMT]), which can be used to prepare the same type of polymers, but are generally more convenient to work with due to their lower

melting temperatures. Nevertheless, TPA is still preferred by industry due to its lower cost. Since TPA is exclusively produced from fossil re-

sources in industry, extensive research efforts have been devoted to finding suitable alternative bio-based dicarboxylic acids (or diesters). In

the early 1980s, a diacid (7a) was synthesizedby bridging the phenolic groups of two vanillic acidmoleculeswith ethylene glycol.42 7awas then

polymerized with ethylene glycol to obtain semicrystalline polyesters with Tg � 55�C–69�C and Tm >200�C. These polymers may be suitable

for fiber applications due to their high crystallinity. More recently, a similar diester monomer, 7b,was reported and used in polycondensation

with long-chain fatty diols to produce amorphous or semicrystalline polyesters with relatively low Tg (and low Tm if there is crystallinity).43

Another diester monomer (8) with one aromatic and one aliphatic ester bond was made from methyl vanillate.43 Polyesters produced using

this monomer had relatively low melting points and may be suitable for biodegradable packaging or fiber applications.

Another interesting example is methylated dimethyl divanillate (9), which is a diester monomer suitable for polyester synthesis.44 This

monomer can be prepared by dimerization of vanillic acid, a potential product from oxidative lignin depolymerization or vanillin oxidation.56

The polyesters synthesized from this monomer (9) were completely amorphous with excellent thermal stability and tunable Tg ranging from

19�C to 89�C.44 These polymers were successfully cast into films, indicating that they might be suitable for packaging applications.

Hydroxy acids

Lignin-derived monoaromatic building blocks with various functional groups (e.g., aldehyde, phenolic alcohol, carboxylic acids, and carbox-

ylate esters) can be used to fabricate various AB-type monomers (e.g., with one OH and one COOH group, or their derivatives). These
iScience 27, 109418, April 19, 2024 7
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Figure 2. Schematic of a redox flow battery using redox species of A/A+ and B/B+ on the negative and positive sides, respectively
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monomers can be self-polymerized to prepare polyesters that can, to some extent, mimic the structures and properties of polyethylene tere-

phthalate (PET) and polybutylene terephthalate (PBT).57 One of the main advantages of AB monomers is that the requirement for stoichio-

metric balance in conventional step-growth polymerization is in principle fulfilled, which may facilitate the synthesis of high-molecular-weight

polymers. However, due to the possibility of side reactions of the functional groups, stoichiometric imbalance could still be a problem.

Furthermore, the cost of unsymmetrical ABmonomers may be higher than that of symmetrical AABBmonomers (e.g., TPA, DMT, etc.), which

could also present a challenge in upscaling investigations.

An interesting AB monomer (10) has been reported by reacting dihydroferulic acid with acetic anhydride.45 This monomer self-polymer-

ized to yield a polyester called poly(dihydroferulic acid), which could be a potential bio-based alternative to PET, with Tg = 73�C and Tm =

234�C. The reactivity of the phenolic hydroxyl group is increased by an acetylation reaction of the hydroxy group which takes place in tandem

with the Perkin reactions of the aldehyde group. Interestingly, dihydroferulic acid can be prepared from ferulic acid, which can be directly

derived from lignin.58

Another strategy for utilizing monoaromatics from lignin depolymerization is to improve the reactivity of phenols by alkylation to yield

more reactive alcohol, for example, by reaction with halide alkanols to introduce more nucleophilic primary alcohol. For instance, several

AB-type hydroxy acids have been synthesized from vanillic acid, syringic acid, and 4-hydroxy benzoic acid using this method (11).46 The poly-

esters prepared from thesemonomers showed comparable properties to those of PET and PBT. Another PET-analogous polyester, poly(eth-

ylene vanillate) (PEV), was prepared from a vanillic-acid-based monomer, which also exhibited comparable thermal properties to PET (Tg =

80�C, and Tm= 251�C–261�C).47 The elasticmodulus of PEVwas found to be 1506N/mm2 and the indentation hardness 178N/mm2, which are

in the same range as those of amorphous and annealed PET and polypropylene.

In principle, the use of AB-type monomers in copolymerization with other AB-type monomers (e.g., caprolactone, lactide, etc.) will allow

fine-tuning of the properties of the resulting polymers, as has been occasionally reported.48,59

LIGNIN-BASED ELECTROLYTES FOR FLOW BATTERIES

Due to the non-renewable nature of fossil fuels and the environmental issues associated with their use, finding environmentally friendly

energy sources is a necessity. Renewable energy sources such as solar and wind power are the best alternatives to fossil fuels, but they

suffer from discontinuity and intermittence. Advanced energy storage technology is needed to overcome these problems. Among the

available alternatives, the RFB is an excellent candidate. A competitive advantage that distinguishes RFBs from other batteries is the

independent scale of power and energy. The latter makes RFBs suitable for long-duration energy storage applications on the medium

to large scale (kWh to MWh). Also, unlike lithium-ion batteries, the electrodes do not experience failures such as phase transformations

or changes in morphology. Furthermore, RFBs are generally not damaged by overcharging or high depth of discharge.

An RFB system converts chemical energy into electrical energy, and generally employs metal-based redox species dissolved in liquids,

which are stored in tanks and then pumped through an electrochemical cell at charge and discharge (Figure 2). Various chemistries can

be used for RFBs, and several systems have so far been scaled up from lab- or pilot-scale to commercial scale, such as all-vanadium and

zinc-bromine RFBs. These systems, particularly all-vanadium RFBs, meet sustainability criteria mainly due to their long lifespan and the pos-

sibility of using electrolytes indefinitely. However, vanadium is scarce and on the list of critical materials. The sustainability of RFBs thus needs

to be improved.

Oneof theparameters that contributes significantly to the sustainability of RFBs is theelectrolyte.Althoughall-vanadiumRFBs are classified

as sustainable, the capital costs ($400–800 kWh�1) are far from the target cost for electrochemical energy storage devices ($150 kWh�1),60
8 iScience 27, 109418, April 19, 2024



Figure 3. Characteristics of ideal redox species
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mainly due to the high cost of vanadium pentoxide.61 The sustainable redox species (A/A+, B/B+) used in RFB electrolytes should ideally have

the characteristics presented in Figure 3.

Organic redox species have recently attracted attention in an attempt to reduce capital costs and develop green RFB systems. The quinone

family is a goodexample of suitable organic redox species, with an average cost of $5/kg, which is one-sixthof the price of vanadium ($30/kg), the

most commonmetal-based redox species.26,62 It should bementioned here that there are potential low-costmetal-based redox species such as

iron; however, the complexity of the electrochemical reaction and sensitivity to slight changes in pH constitute problems in the upscaling of iron-

iron RFBs. Moreover, organic redox species are naturally abundant and can be extracted from various natural sources,63 and their electrochem-

ical properties and solubility can be tuned by the pH of the electrolyte and by introducing functional groups into the chemical structure.26

Various organic redox species have been developed for RFB systems, such as quinones, anthraquinones, heterocycles, and (2,2,6,6-tetra-

methylpiperidin-1-yl)oxyl (TEMPO) derivatives. The redox species can be used on the positive or negative side based on their standard redox

potential. For instance, a total organicRFBbasedonanthraquinone-2-sulfonateon thenegative sideand1,2-benzoquinone-3,5-disulfonic acid

on the positive side demonstrated high coulombic efficiency.64 Wang et al. paired 2,2,6,6-tetramethyl piperidine-1-oxyl (positive side) with

methyl viologen (negative side) at neutral pH.65 The system showed a cell potential as high as an all-vanadium system, and a stable discharge

capacity over more than 100 cycles.66

Aziz et al. have reported a stable aqueous semi-organic RFB using acidic solutions of 9,10-anthraquinone-2,7-disulfonic acid and Br2/Br
�

redox species.67,68 The system exhibited stable performance with a coulombic efficiency of >99% and capacity retention of 99.84%. In another

study, the cell potential was increased from 0.9 V to 1.3 V using a pH differential system.69 An alkaline semi-organic RFB with a cell potential of

1.2 V has also been studied using 2,6-dihydroxyanthraquinone and ferrocyanide–ferricyanide as redox species.70 The system exhibited 100

stable cycles with a maximum power density of 0.7 W/cm2.

Lignin-based electrolytes are also promising candidates for RFBs that fulfill the requirements for sustainability. The two main lignin ex-

tracts, kraft lignin and lignosulfonates, meet most of the ideal redox species requirements for RFBs shown in Figure 3. They are both abun-

dant, at an extremely low cost (kraft lignin, $380/MT and lignosulfonates, $340/MT),1 and are soluble in aqueous solution.71

Due to the high content of phenol groups in their chemical structure, kraft lignin and lignosulfonates have excellent potential to quinone/

hydroquinone redox reactions.72,73 More precisely, the three main monolignols in the lignin structure, namely p-coumaryl, coniferyl, and si-

napyl alcohols, contain at least one hydroxybenzene group.71Mukhopadhyay et al. reported the electrochemical reactionmechanism of ultra-

filtered lignosulfonate electrolytes in acidic media.74 Cyclic voltammetry tests were performed to investigate the electrochemical behavior of

the electrolyte, and it was found that electrochemical reversibility is highly dependent on the electrode material and scan rate. The best

reversibility was achieved on carbon paper at a scan rate of 60 mV/s and a standard potential of �770 mV vs. SHE (standard hydrogen elec-

trode). The electrochemical reversibility to the redox reaction of quinone and hydroquinone is correlated (Scheme 3).

A semi-organic RFB was tested by pairing acidic lignosulfonate electrolytes on the negative side with a bromine solution on the positive

side. The RFBwas tested at amaximum current density of 20mA cm�2 at a cell resistance of 15U cm2. It should bementioned that the electro-

chemical reaction mechanism and reversibility of lignosulfonates can be influenced by the pulping liquor concentration, filtration, and the pH

of the electrolyte.71 However, in the case of electrochemical irreversibility, it is still feasible to obtain quinones or benzoquinones by oxidative

depolymerization of lignosulfonates. For example, Areskogh and Henriksson treated commercial-grade lignosulfonates with Fe (II) acetate

and H2O2 under acidic and alkaline conditions.75 The results showed that when no Fe (II) acetate was used, more phenolic hydroxyls were
iScience 27, 109418, April 19, 2024 9
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formed compared to carboxylic acid, probably through the action of cationic and anionic oxidation species of H2
+OOH and �OOH in acidic

and alkaline media, respectively.

In a similar study on alkaline Fenton chemistry, Hocking and Crow reported the depolymerization of the lignin model compound, p-hy-

droxyacetophenone, using H2O2.
76 They found that the oxidation of p-hydroxyacetophenone had the highest rate when 0.3 M sodium car-

bonate or sodium hydroxide solution was used. Hydroquinone monoacetate and the peracetate ion were generated and consumed during

oxidation. The final products following the Baeyer-Villiger type rearrangement were hydroquinone and acetate ion. Furthermore, it was found

that o-hydroxyacetophenone was depolymerized via the same mechanism, whereas m-hydroxyacetophenone did not react with the H2O2.

Another lignin model compound, vanillin, has been oxidized to 2-methoxyhydroquinone at high yields of 75.8% under an ambient atmo-

sphere using H2O2 under alkaline conditions.77 The 2-methoxyhydroquinone showed a solubility of 140 g L�1 in 0.5 M H3PO4. In addition,

excellent reversibility was achieved in cyclic voltammetry tests with a standard potential of�515 mV vs. SHE. The RFB system was developed

using p-benzoquinone and 2-methoxyhydroquinone on the negative and positive sides, respectively. Cycling tests were conducted over 250

cycles with an average coulombic efficiency of 98%.

CONCLUSIONS AND OUTLOOK

Lignin is an important bio-based carbon source in the development of innovative new materials and technology. In the area of plastics pro-

duction, lignin shows particularly good potential as a startingmaterial for new aromatic polymers. So far, many interesting academic advances

have beenmade in the development of lignin-based polymers. However, commercialization of lignin-basedplastics has not yet been realized.

The main challenges include the difficulty in obtaining pure monomers from the complex lignin structure, as well as the relatively high cost of

the lignin-based building blocks (compared to the fossil-based counterparts). While the former challenge will require continued exploration

through various biotechnological or chemical engineering approaches, the latter challenge underlines the importance of developing lignin-

based polymers with enhanced properties that can outcompete the lower-cost fossil-based plastics in conventional applications, or could be

suitable for various niche concepts. Finally, the end-of-life aspects of any lignin-based polymer should be considered from the beginning of

the molecular design or synthetic approach in order to ensure the recyclability and biodegradability of the new polymer. This is an important

societal and industrial requirement, not only for lignin-based plastics, but also for any new plastics in general.

Oxidative depolymerization has been shown to be able to produce quinone-like structures from the lignin macromolecule. However, the

viability of these products has not been tested with regard to their use in redox-flow battery applications. Aqueous flow batteries are a prom-

ising technology for future energy storage, mainly due to their greater potential for higher capacity and energy efficiency than non-aqueous

RFBs. Employing lignin and its model compounds as redox species constitutes a considerable step toward the sustainability of aqueous flow

batteries. The lignin molecule is rich in phenols, and provides an excellent starting point for various quinone-like structures. However, the

method of treatment remains the main challenge. Depolymerization should be controlled and selective to produce as many monomers

and aromatic species as possible, rather than cleaving the carbon–carbon and carbon–oxygen bonds. On the other hand, the electro(chem-

ical) stability of organic redox species during the charge/discharge of RFBs has long been a problem. Oxidation of reduced species under

ambient atmospheric conditions or disproportionation of radicals leads to self-discharge and significant capacity loss. Lignin and its model

compounds are also prone to the aforementioned mechanisms, and further research is required to overcome such challenges.
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