
Chapter 10
Green Processes for Lignin Conversion

Fanny Monteil-Rivera

Abstract Lignin is a complex heterogeneous aromatic polymer consisting of up
to 30 % of plant material. Its aromatic structure suggests that it is a possible
renewable source for aromatic chemicals. However, the natural complexity and
high stability of lignin makes its depolymerization a highly challenging task. Many
efforts have been directed toward a better understanding of the structure and
composition of lignin in order to design more efficient and greener deconstruction
paths. This chapter aims at providing an overview of key advances in the field of
lignin depolymerization, with special emphasis on chemical catalysis, ionic liquids,
and biocatalysis. The various technologies are discussed and critically evaluated in
terms of potential for further industrial implementation. Research gaps that still
need to be addressed and the most promising approaches are highlighted.

Keywords Lignin structure and properties � Lignin depolymerization � Chemical
catalysis � Ionic liquids � Biocatalysis

10.1 Introduction

Together with cellulose and hemicellulose, lignin is an important component of
plant material constituting up to 30 % of the weight and 40 % of the fuel value of
biomass [1]. Lignin is a complex three-dimensional amorphous polymer consisting
of phenylpropanoid units of various types, which makes it the widest natural source
of bio-based aromatic chemicals.

Despite this singularly attractive chemical property, only few commercial
examples of lignin application exist besides its use as energy source [2]. Most of the
lignin markets are limited to low value products, e.g., dispersing, binding, or sta-
bilizing agents. Efforts have also been done to develop higher value applications of
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lignin in its macromolecular form, which includes using lignin in thermoplastics,
phenolic and epoxy resins, polyurethane foams, or carbon fibers. These polymeric
applications have been well summarized in several reviews and chapters [3, 4] and
are not discussed herein.

In this chapter we focus on the production of value-added low molecular weight
chemicals from lignin. Except for the production of vanillin and DMSO from lignin
sulfonate by Borregaard in Norway [5, 6], most commercial lignin depolymeriza-
tion routes are still in their infancy. Several reasons explain the limited commercial
maturity of these reactions. Among them are: (i) the recalcitrance of lignin toward
both chemical and biochemical attacks [7] and, (ii) the complexity of the reaction
media produced which imply high separation costs. Today, the valorization of
lignin into biochemicals represents a real challenge in terms of both sustainability
and environmental protection [5, 8, 9]. The need to develop high-volume produc-
tion of aromatics from lignin is an urgent matter considering the depletion of fossil
resources. To be advantageous against the currently available production of
petroleum-based aromatics, the new processes have to be efficient, economical, and
environmentally friendly. The present chapter aims at summarizing new promising
green approaches for the depolymerization of lignin.

10.2 Lignin Structure and Properties

Lignin is biosynthesized in plants by free-radical polymerization from three phe-
nolic monomers, namely p-coumaryl alcohol, coniferyl alcohol, or sinapyl alcohol
which correspond to the p-hydroxyphenyl (H), guaiacyl (G), or syringyl (S) units of
lignin, respectively (Fig. 10.1). The proportion of each unit varies with the type of
biomass, the part of the plant, the growing conditions, the geographical growing
area, the extraction process, and even sometimes with the analytical methods used
for characterization. Despite these heterogeneities, general trends have been drawn
for various families of lignin. Softwood lignin consists almost exclusively of G
units, while hardwood lignin contains a mixture of S and G units, and grass lignin
contains minor amounts of H units in addition to G and S units [1]. The additional
methoxyl groups on the aromatic rings of hardwood and grass lignins prevent
formation of resistant 5-5′ (aryl aryl) linkages, and thus cause hardwood and grass
lignins to form more linear and less condensed structures compared to softwood.

The phenylpropanoid units of lignin are bound together by ether bonds or C–C
bonds which play a major role in determining the reactivity of lignin. In native
lignin, ether bonds represent two thirds of the linkages or more, while the rest
corresponds to C–C bonds [10]. A generic schematic representation of lignin is
provided in Fig. 10.2 that includes the major functional groups and linkages known
to arise in softwood, hardwood, or grass lignins. Major linkages occurring between
the structural units of lignin are β-O-4 (β-aryl ether), 5-5′ (aryl aryl), β-5
(phenylcoumaran), α-O-4 (α-aryl ether), and 4-O-5 (diaryl ether) (Table 10.1), with
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the β-O-4 linkage being, by far, the most abundant. Other linkages, such as α-O-γ
(aliphatic ether), β–β (resinol), and β-1 (spirodienone) can also be found in lignin
[10–12]. The most abundant and “easy” to break β-O-4 linkage has attracted the
most attention in attempts to depolymerize lignin.
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The chemical structure of grass lignins is much less understood than that of
wood lignins, likely due to their more complex structural features, their wider
variability from species to species, and their more recent entry in the world of
biorefineries as byproduct of cellulosic ethanol production [15–17]. Nevertheless, it
has been recurrently observed that lignin in non-woody plants is naturally acety-
lated, coumarylated, and/or p-hydroxybenzoylated. Grass lignins are acylated by p-
coumaric acid at the γ-position of lignin side chains, usually on the S units [15, 18].
Ferulic acid can also be present in smaller amounts with linkage occurring through
either ether or ester bonds [19]. The content of ester groups in grass lignin is
strongly affected by the pulping conditions, with acid or alkaline reagents acting as
hydrolysis promoters.

Analyses of lignin chemical structure including its monolignol ratio, inter-unit
linkages and functional groups have advanced considerably over the two last
decades owing to the substantial progress of NMR technology. In particular,
two-dimensional (2D) NMR correlation experiments, such as heteronuclear single
quantum coherence (HSQC) spectroscopy, have contributed enormously to the
elucidation of lignin subunits and lignin carbohydrate complexes [20, 21]. 2D
NMR, however, has its limitations since it is not quantitative and it can lead to
various overlapping signals. A complementary, more quantitative, approach was
developed by Argyropoulos and his team, which consists of derivatizing all OH
groups of lignin with an appropriate phosphorous reagent and analyzing quantita-
tively the phosphorylated lignin by 31P NMR [18, 22]. Since the pioneering work of
Argyropoulos, quantitative 31P NMR has been widely used to quantify the aliphatic,
phenolic, and carboxylic OH groups of numerous wood and grass lignins
(Table 10.2). Knowledge of the content of various G, S, or H groups in lignin is a
predeterminant of the type of target chemicals that can be obtained by depoly-
merization of a specific lignin.

While the original distribution of phenolic groups in lignin is mainly governed
by the biomass, the absolute content of aliphatic, carboxylic, and in lesser extent

Table 10.1 Frequency of inter-unit linkages in different native lignins (number of linkage per 100
phenylpropanoid units, ppu) [11–14]

Linkage type (# in Fig. 10.2) Dimer structure Linkages/100 ppu

Softwood Hardwood

β-O-4 (1) Phenylpropane β-aryl ether 43–50 47–65

5-5′ (2) Biphenyl and dibenzodioxocin 18–25 2–12

β-5/α-O-4 (3) Phenyl coumaran 9–12 4–6

α-O-4 (4) Phenylpropane α-aryl ether 6–8 4–8

4-O-5′(5) Diaryl ether 4–8 6–9

β-1 (6) 1,2-Diaryl propane 3–10 1–7

β–β (7) β-β-Linked structures, resinol 2–4 3–12

Spirodienone (8) – 2 3–5

Dibenzodioxocin (9) Diaryl propane diether 5–7 1–2
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phenolic OH groups is largely dependent on the process applied for its isolation.
A full description of the production process, properties, and applications of various
commercial lignins, including sulfite, kraft, soda, or organosolv lignin has been
provided by Lora [2] and reader are referred to the preceding chapter of this book as
well. Milled wood lignin obtained by milling in water/dioxane is the lignin that is
the closest to native lignin [30]. It is generally rich in aliphatic OHs and poorer in
phenolic and carboxylic OHs. Heated alkaline or acid processes such as soda and
kraft processes or organosolv processes, respectively, induce a decrease in aliphatic
OH groups, and an increase in either carboxylic or phenolic OH groups.

In summary, with its unique structure and chemical properties, lignin represents
the only viable renewable source for the production of aromatic compounds.
However, its high complexity and variability imply that lignin needs to be well
characterized in order to target the desired chemicals from an appropriate source. In
addition, lignin heterogeneity also implies that transformation processes need to be
selective enough to limit the cost of product purification.

Table 10.2 Hydroxyl group contents (mmol g−1) of various lignins as determined by 31P NMR

Lignin typea Aliphatic
OH

Phenolic OH COOH References

C5-substituted Syringyl Guaiacyl p-Hydroxy
phenyl

Softwood,
MWL

4.13–4.57 0.08–0.50 – 0.57–1.18 0.03–0.12 0.02–0.22 [21]

Softwood,
EMAL

n.d. 0.41–0.63 – 0.79–1.06 0.10–0.16 0.11–0.19 [21]

Softwood,
EAL

4.92 0.30 – 0.72 0.06 0.09 [21]

Softwood,
OSL

4.70 1.80 – 1.20 0.10 n.d. [10]

Softwood,
Kraft

2.34–2.41 1.37–1.91 – 1.95–1.96 0.20–0.26 0.32–0.39 [23, 24]

Hardwood,
MWL

4.05–5.72 0.13–0.29 0.16–0.23 0.19–0.37 0.03–0.20 0.06–0.14 [21]

Hardwood,
EMAL

n.d. n.d. 0.62 0.35 0.02 0.15 [21]

Hardwood,
OSL

1.10 1.18 1.63 0.80 0.13 0.23 [23]

Non-wood,
MWL

2.83–5.54 0.18–0.35 0.09–0.22 0.38–0.46 0.10–0.64 0.07–0.33 [10]

Non-wood,
EMAL

n.d. 0.18 0.21 0.57 0.30 n.d. [25]

Non-wood,
OSL

1.19–2.95 0.11–0.49 0.39–1.53 0.79–1.20 0.02–0.94 0.01–0.33 [17, 26]

Non-wood,
Soda

2.12–3.1 0.03–0.52 0.24–0.82 0.35–0.79 0.07–0.55 0.07–0.97 [27–29]

aMWL milled wood lignin, EMAL enzymatic mild acidolysis lignin, EAL enzymatic acidolysis lignin, OSL organosolv
lignin
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10.3 Chemical Catalysis for Depolymerization of Lignin

Lignin can be depolymerized using technologies including pyrolysis [31–33],
homogenous acid/base-catalysis [12, 34–41], and thermal hydrogenolysis [32, 42,
43]. However due to harsh conditions used and a lack of selectivity, most of these
techniques give rise to a large number of monomeric products in addition to sub-
stantial amounts of unwanted side products such as char and light gases. Such a
broad product array requires dedicated separation efforts and a wide variety of
catalytic reforming in order to upgrade all the products into useful chemicals.
Chemical catalysis has thus been regarded as a key technology to tackle, in a more
efficient and selective way, the chemical and biological resistance of lignin. Many
catalytic pathways have been reported to depolymerise lignin or its model com-
pounds, e.g., β-ether dimers and oligomers, under oxidative or reducing conditions,
and several comprehensive reviews are available on the subject [7, 10, 11, 44].

10.3.1 Reductive Lignin Depolymerization

Most studies reported on reductive depolymerization of lignin have been focused on
the production and upgrading of bio-oils and fuels [11] that fall beyond the scope of
this chapter. Non-catalyzed thermochemical conversion of lignin into monomeric
phenols has also been well documented, as reviewed by Roy and coworkers [42]
and more recently by Pandey and Kim [32]. In this section, we focus on the
production of phenols or arenes from lignin using catalytic reductive reactions as
opposed to pure thermal processes.

Catalytic reduction of lignin or its model compounds normally occurs at temper-
atures within the range 100–400 °C and gives rise to aromatic compounds, such as
phenols, benzene, toluene, xylene, and even alkanes if hydrogen upgrading is
involved [10]. Reactions of a substrate with hydrogen, from H2 or from a hydrogen
donor, can be of three main types: hydrogenation, i.e., saturation of C=O, C=C, or
C≡C bonds; hydrogenolysis, i.e., cleavage of carbon–carbon or carbon–heteroatom
bonds; or hydrodeoxygenation, i.e., removal of oxygen from oxygenated substrates.
Hydrogenation generally occurs simultaneously with hydrogenolysis or
hydrodeoxygenation, and is largely dependent on the catalyst system and reaction
conditions. Since ether bonds constitute the most frequent linkages in lignin, many
examples of lignin hydrogenolysis can also be considered as hydrodeoxygenation
reactions. Table 10.3 gathers reported examples of hydrogenation and hydrodeoxy-
genation (or hydrogenolysis) applied to real lignins or whole biomass.

The first attempts to reductively depolymerize lignin have been conducted in the
1930s. Since then, many studies have been reported that consist of pressurized
molecular hydrogen and a monometallic or bimetallic catalyst either in a solubilized
or supported form (Table 10.3). The use of catalysts enhances hydrodeoxygenation
by suppressing the formation of char and increasing the yield of oil [32]. Nickel
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(especially nickel-molybdenum) catalysts have been the most studied catalysts in
lignin hydrotreatment. High partial hydrogen pressure (>1 MPa) and high tem-
perature (often >300 °C) have both been shown to favor higher lignin conversion
rates [51]. However, although conversion rates higher than 60 % have been
repeatedly reported in lignin hydrotreatment (Table 10.3) the actual yields of
individual phenols or arenes present in the resulting oils rarely exceed few tens of
mg per g of lignin (<1 wt% of lignin). In addition, in most of these studies the
stability and reusability of the catalyst have not been well documented.

A patent by Engel and Steigleder claimed that hydrocracking of Kraft lignin
gave rise to high yields of phenols and cresols using a supported Ni-tungsten
catalyst [47]. Nevertheless, the individual yields of phenolics were not provided,
and the reaction was carried out in phenol, which constitutes a major environmental
barrier to the industrial development of this process.

The use of fossil-fuel derived H2 for deoxygenation of lignin affects the carbon
footprint of the processes. Finding greener sources of H2 could therefore contribute
to reducing the negative environmental impact of lignin depolymerization. Tetralin
has been used as a source of hydrogen in various hydrocracking processes but it is
not renewable and it is often associated with phenol or cresol used as solvent [66].
A renewable source of hydrogen that has recently attracted growing attention for
depolymerization of lignin into phenolics is formic acid, obtainable from cellulose.
This first non-catalyzed method involves the treatment of lignin in a high pressure
reactor using formic acid as active H2 donor and alcohol as solvent [67, 68]. Upon
heating at 300 °C, formic acid decomposes into CO2 and H2, and the latter com-
bines with oxygen from the methoxyl groups of lignin to form water, thus reducing
the number of possible phenolic products. While promising, the method still
requires optimization in terms of yields, product isolation, and solvent recovery.
A second approach combines the use of formic acid with that of catalysts [7, 60, 62,
63]. Ni-based catalyst with formic acid was found to provide optimum depoly-
merization results as compared to noble metals including Rh, Ru, Pd, and Pt. The
use of aluminium-substituted mesoporus material (Al-SBA-15) as support was
advantageous due to its good (hydro) thermal stability, large surface area, and high
acidity which, like for formic acid, helps quenching aromatic radicals. Importantly,
Ni-catalysts supported on Al-SBA-15 were shown to be fairly stable and reusable
under the investigated reaction conditions [62, 63]. Formic acid thus appears as a
promising H2 replacement for the reductive depolymerization of lignin. In spite of
these positive results, the separation of a complex product mixture and the uti-
lization of an expensive formic acid reagent are key issues to be addressed in order
to bring this technology to industrial applications [7].

An alternative solution to the complex downstream processing of mixtures of
high boiling phenols is to proceed to the reduction of the resulting phenols into
arenes or diarenes, expected to be more volatile and hence more easily valorizable
using conventional refinery processes. Recently, Rinaldi and his group managed to
deconstruct organosolv lignin by combining transfer hydrogenation (using iso-
propanol), hydrogenolysis with a Raney-Nickel catalyst, and an acidic beta-zeolite
[69]. The proposed approach was conducted at relatively mild temperatures (150–
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240 °C) and preliminary results indicated the cleavage of ether linkages,
demethoxylation of phenol units, and dehydroxylation of phenol intermediates
resulting in 40 % conversion of lignin into oil mainly composed of arenes and
alkanes. Jongerius et al. [70] also applied a two-step approach consisting of
(i) lignin depolymerization over a 1 % Pt/Al2O3 catalyst at 225 °C in alkaline
ethanol–water, and (ii) subsequent hydrodeoxygenation of the lignin-oil obtained
using CoMo/Al2O3 and Mo2/Carbon nanofiber at 300 °C. Although encouraging,
these complex two-step processes still require an increase of yields and selectivity
before they could move to industrial scale.

In view of the difficulty to convert polymeric lignin into simple phenols in high
yield, researchers have started to investigate the possible deconstruction of lignin
directly from the lignocellulose matrix [64, 65, 71]. In a remarkable study, Song
et al. designed a Ni-based magnetically separable catalyst able to depolymerise
native birch wood lignin into monomeric phenols [64]. The proposed methodology
conducted in methanol, ethanol, or ethylene glycol, at moderate temperatures (200 °
C), and under argon (active H species were provided by the alcohol), achieved
conversions of ca. 50 % and lignin was selectively cleaved into propylguaiacol and
propylsyringol at >90 %. This is one of the first methodologies that allow con-
verting lignin selectively, in green solvent, under relatively mild conditions, and
with a catalyst that can be recovered and reused. Parsell et al. also reported a system
applicable to whole lignocellulosics, i.e., a Zn/Pd/C catalyst that convert lignin in
intact hardwood biomass directly into dihydroeugenol and 2,6-dimethoxy-4-propyl
phenol, leaving behind the carbohydrates as a solid residue [65]. Interestingly, the
system worked better for intact lignocellulose than for organosolv lignin and the
leftover carbohydrate residue was easily hydrolysable by cellulases. Finally, Van
den Bosch et al. reported a biorefinery process where a Ru/C catalyst was able to
yield carbohydrate pulp and lignin oil (50 % of phenolic monomers, mainly
4-n-propylguaiacol and 4-n-propylsyringol) from hardwood with a nearly complete
retention of cellulose in the pulp [72]. These “lignin-first” strategies demonstrate
that deconstruction of lignin directly from the lignocellulosic matrix could be done
more selectively and efficiently than from the isolated lignin. The new “lignin-first”
approach could possibly constitute the basis of new industrial developments for
lignin depolymerization.

10.3.2 Oxidative Lignin Depolymerization

In comparison to reductive depolymerization, oxidation of lignin-like material
occurs at milder temperatures (20–200 °C) and gives rise to polyfunctionalized
aromatic chemicals including aldehydes, ketones, and acids. Oxygen, air, hydrogen
peroxide, or peracids are oxidative agents that have been most investigated for this
purpose; nitrobenzene has also been used but mainly for analytical purposes.
Catalysts used for lignin oxidation comprise organometallics, metal oxides,
metal-free organics, acid/base, or metal salts [10].
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Among the reported oxidation methods, many use simple lignin model com-
pounds that lack key lignin structural features and properties; only few have been
devoted to lignin itself. Oxidative processes applied to actual lignin are summarized
in Table 10.4. When targeting aromatic fine chemicals, hydrogen peroxide is
normally avoided to prevent ring opening and retain the aromatic features of
products. Oxygen is almost always used as oxidative agent due to its abundance,
low cost, and environmental friendliness. It is often coupled with alkaline condi-
tions that are used to enhance lignin dissolution and to favor oxidation reactions of
ether bonds at the Cα and Cβ positions, C–C bond cleavage in the side chains,
quinone methide formation, and/or nucleophilic addition of hydroxide ion on
quinone methide [34].

Vanillin (or syringaldehyde) is generally obtained as the major product of oxi-
dation, depending on the lignin origin, but at individual yield that rarely exceeds
10 wt% (Table 10.4). Vanillate (syringate) or acetovanillone (acetosyringone) are
also formed in significant amount. At higher pH, the formation of aldehydes is
favored versus that of acids [86]. Compounds, such as guaiacol and syringol,
lactones, dimers, or organic acids are also formed although their miniscule amounts
are usually not provided in the literature.

The main drawback of oxidative processes resides in the production of radicals
that lead to partial re-polymerization and multiple reaction pathways associated to
low selectivity [84]. Industrially, the only aromatic chemical that has ever been
produced by oxidation of lignin is vanillin. Until the 1980s, vanillin was produced
via alkaline oxidation of lignosulfonates, the byproduct resulting from sulfite
pulping processes [5, 87]. However, with 160 kg of caustic liquids generated for
each kg of vanillin produced, these processes raised environmental concerns and
were largely abandoned in North America by the late 80’s. Today, Borregaard is the
only company that produces vanillin from Norway spruce lignosulfonates.
Although yields around 8 % have been reported in the literature for alkaline oxi-
dation of lignin [78], Borregaard claimed a vanillin yield of 1 % [6], thus leaving
plenty of room for the development of more efficient green processes that are more
selective, economically viable, and bypass potentially harmful byproducts.

Kraft processes are currently the most widely used pulping processes in the
world. Developing a depolymerization process that works well for Kraft lignin
could thus be the key to success. New oxidation processes of Kraft lignin involving
the use of polyoxometalates as reversible oxidants in combination with radical
scavengers to prevent lignin fragments from repolymerizing have been reported
[74, 75]. These new approaches that take place in alcohols and do not involve high
concentrations of alkali processes are very promising in terms of environmental
footprint. Another process was recently reported by Stahl and his group that
allowed fairly high yields of syringyl compounds and their guaiacyl analogues,
using a two-step process. This consists of (i) chemoselective aerobic organocat-
alytic oxidation of secondarybenzylic alcohols of lignin, and (ii) mild depolymer-
ization of oxidized lignin in aqueous formic acid [84, 85] (Table 10.4). The
metal-free process worked effectively for native hardwood (aspen) lignin. If
applicable to Kraft lignins, and more specifically to the more condensed softwood
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Kraft lignins, it could open the door to a highly effective and selective system for
the production of guaiacyl diketone and vanillin.

Oxidative depolymerization of lignin so far leads mainly to vanillin or
syringaldehyde, along with many other phenolic compounds and organic acids.
None of the metal-catalyzed lignin oxidation processes have been scaled up to an
industrial level due in part to high amounts of alkali needed, low yields and
selectivities, complex, and costly downstream treatments, as well as catalyst poi-
soning and reusability issues. Current processes lead to complex mixtures, which
are economically and technically hard to fractionate into pure compounds [88].
Developing new non-alkaline chemical processes for oxidative lignin depolymer-
ization as well as new technologies for vanillin/syringaldehyde isolation from the
reaction medium therefore appears to be prerequisites to a successful industrial
scale up of chemical production of vanillin or syringaldehyde from lignin.
Alternatively, a way to make the new processes economically viable is to
co-produce, along with vanillin, lignin fragments that are usable as macromonomers
for the production of bio-based polymers. Such an approach was reported by
Borges da Silva et al. where vanillin was co-produced with a polymer that is
suitable for the production of polyurethane foams [86].

10.3.3 Summary

Although many homogeneous and heterogeneous catalysts have been investigated
at the laboratory scale for lignin depolymerization, the industrial implementation of
these catalysts is still hampered by the associated harsh conditions, low yields, and
reusability issues. The usual products of lignin being either alcohols or aromatic
compounds, solid catalysts remain very susceptible to surface saturation and
deactivation by the coordinating products. New approaches aimed at depolymer-
izing lignin directly from lignocellulosic biomass appear to work under milder and
greener conditions and might just be the way to go.

10.4 Photocatalysis

Photocatalysis has been used as a clean oxidative technology leading to the total
mineralization of various organic pollutants including phenols and other aromatics
[89, 90]. In particular, photocatalysis was proven to permit decolourization of paper
mill effluents by completely degrading lignins and phenols into CO2 [91–98].
Titanium dioxide (TiO2) is generally considered to be the best photocatalyst for this
reaction due to its high photosensitizing power, chemical stability, and commercial
availability. In some cases, the photocatalytic activity of TiO2 can be enhanced by
doping it with a noble metal such as platinum [95] or nonmetal ions such as sulfur
or boron [99], or by adding ferrous iron in the medium [100]. Efforts have also been
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made to improve the separation of catalyst from the medium by immobilizing TiO2

on a support, such as sepiolite [97], carbon fibers [94], glass plates [99], or (CeO2,
La2O3, or C) nanotubes [101]. Zinc oxide (ZnO) is another semiconductor material
that was tested for lignin depolymerization and that appeared to be an even better
photocatalyst than TiO2 for degradation of Kraft wheat straw lignin [102].

Since most of these photocatalytic systems were developed to decolorize pulping
effluents, emphasis was usually put on the ability of the catalyst to decrease the
color or chemical oxygen demand (COD) in the solution. Various parameters (pH,
load of catalyst, temperature) effects were investigated but little effort was dedicated
to the identification of lignin products. Ksibi et al. first identified phenolics by gas
chromatography–mass spectrometry (GC-MS) when photodegrading soluble alfalfa
lignin using a TiO2/UV photocatalytic technique under aerobic conditions [93].
When replacing air with H2O2, Kamwilaisak and Wright confirmed the formation
of organic acids, namely acetic acid, malonic acid, and succinic acid, as main
products of lignin TiO2-catalyzed photodegradation [103]. The photodegradation of
phenolic compounds by TiO2 was suggested to occur via (i) �OH radical attack on
the phenyl rings producing catechol, resorcinol, and hydroquinone; (ii) phenyl ring
opening to give malonic acid; (iii) degradation of malonic acid (and lignin side
chains) to short-chain organic acids, such as maleic, oxalic, acetic, and formic acids;
and (iv) release of CO2 by decarboxylation of formic acid. Interestingly, under
certain conditions, succinic, and malonic acids were produced in significant
amounts and photocatalysis appeared as a potential process to produce organic
acids from lignin. The challenge for this reaction was to get a highly active pho-
tocatalyst that does not favor complete degradation of products into CO2. Keeping
this in mind, Tonucci et al. designed a mild photocatalytic TiO2 system working
under aerobic conditions, that showed low carbon consumption, good preservation
of aromatic rings, and that greatly reduced mineralization [104]. The system was
tested with lignosulfonates only. However, it would be interesting to see whether
positive results can also be obtained with water-insoluble lignin.

10.5 Electrocatalysis

Electrochemical oxidation has also been considered as a potential alternative in
lignin oxidative degradation. Various anodes ranging from simple ones (e.g., Pb, Ni
[105, 106]) to more complex ones (Ti/Sb-SnO2, Ti/PbO2, Ti/Ta2O5-IrO2, Ti/SnO2-
IrO2, Ti/RuO2-IrO2, and Ti/TiO2-IrO2) [107–109] have been used or designed for
the purpose. Among the various IrO2-based electrodes tested, Ti/RuO2-IrO2 elec-
trode exhibited the highest activity and stability [107]. Depending on the systems
and the advancement of reaction, vanillin/vanillic acid or organic acids were
identified as the main products. Vanillin and other low molecular weight phenolic
intermediates can undergo condensation by phenolic dimerization or condensation
of quinonic radicals [110]. Quinonic radicals can be decarbonylated and lead to
cyclopentadienes; quinones can undergo ring opening to form various dicarboxylic
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acids that further evolve to simpler diacids, such as maleic or oxalic acid [110]. The
production of phenolic compounds thus requires limiting secondary reactions. It can
be enhanced by stopping the reaction at the early stage of the reaction [106] or by
conducting continuous extraction to avoid further decomposition reactions of the
primary intermediate products [111].

Although electrochemical oxidation is a potentially promising technology for
lignin oxidation/modification, the high cost and the electrode fouling caused by
condensation of intermediate products limit its application [107]. Electrocatalysts
with high activity, long lifetime, and low cost have thus been the focus of the
newest research for lignin electrooxidation [107]. Nevertheless, the yields of the
products are still too low to make the overall process economically viable [10].

Various synergistic approaches aiming at improving the yield of depolymer-
ization have been explored. An electrochemical approach combining anode oxi-
dation and electrogenerated H2O2 oxidation has been recently developed for
converting lignin into aromatic chemicals [109]. Using GC-MS for the analysis of
reaction products, the authors confirmed that C–C and C–O–C bonds were cleaved
synergistically by direct anodic oxidation and indirect H2O2 oxidation, and the
macromolecules were gradually depolymerized into monomers and dimers. In
another synergistic example, a combination of photoelectrocatalysis using a Ta2O5-
IrO2 thin film as electrocatalyst, and TiO2 nanotube arrays as photocatalyst pro-
vided ca. 92 % lignin oxidation as compared to 66 % using a single electrochemical
approach under similar conditions [112]. Finally, the electro-oxidative cleavage of
alkali lignin was successfully conducted in a protic ionic liquid (IL), namely tri-
ethylammonium methanesulfonate, using a highly active Ru0.25V0.05Ti0.7Ox anode
[113]. Vanadium was identified as a crucial element in the electrode due to its
ability to promote single electron transfer. The protic IL, with its ability for proton
transfer from the acid to the base, provided a suitable medium for dissolution of
lignin, ensured electrolysis at higher potentials and promoted the oxidative lignin
cleavage mechanism. Interestingly, the product distribution was strongly affected
by the applied potential. That higher potentials resulted in the formation of mole-
cules of smaller molecular weights suggested the possibility of tuning the system
(electrode and IL) toward specific selected products.

10.6 Ionic Liquids

Ionic liquids (ILs) are salts composed of large organic cations and inorganic or
organic anions that exist as liquids at a relatively low temperature (<100 °C) [114,
115]. ILs tend to have good thermal and electrochemical stability, very low
volatility, implying ease of recycling with virtually no VOCs (volatile organic
compounds) release, and nonflammability, implying low or no risk of explosion
[116–118]. The vast number of possible ion combinations in ILs results in a wide
range of physical properties to choose from when selecting an IL for use as solvent
or catalyst. The greener properties of ILs compared to conventional solvents
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associated with the extensive diversity of tunable properties made ILs the center of
interest over the last few decades. Although most commercial developments
involving ILs have been dedicated to petroleum-based reagents [119], new tech-
nologies are emerging where ILs are applied to pretreat, fractionate, or convert
lignocellulosic materials.

10.6.1 Dissolution of Lignocellulosic Biomass in ILs

The transformation of lignocellulosic feedstocks has always been challenging due
to their low solubility in almost any solvent [116]. Manufacturing of cellulose and
its derivatives are normally conducted in environmentally undesirable media con-
sisting of polar organic solvents mixed with charged compounds, e.g., dimethyl
sulfoxide/tetrabutylammonium fluoride (DMSO/TBAF) or LiCl/dimethylacetamide
(LiCl/DMAc) [116]. With their unique chemical inertness and solvation properties
[120], ILs thus offer a promising greener alternative for the processing of biomass.

Interest in ILs for biomass dissolution started with the contribution of Rogers’
group who found that 1-butyl-3-methylimidazolium chloride, [BMIM][Cl], could
dissolve cellulose at concentrations as high as 25 % and who then demonstrated
that whole wood could be fully solubilized in 1-ethyl-3-methylimidazolium acetate,
[EMIM][OAc] [121, 122]. A high number of studies reporting the processing of
biomass in ILs then followed this pioneering work, with most studies being focused
on cellulose dissolution and processing.

The easy solubilization of polysaccharides in ILs has been exploited for the
development of pretreatment technologies aimed at increasing the enzymatic
hydrolysis of cellulose [116, 118, 123, 124]. Indeed, it appears that cellulose
obtained after reconstitution from IL solutions is less crystalline and therefore more
accessible to cellulase than the original material [123].

Several reviews are now available on the combination of ILs with cellulose and
lignocellulosic material that covered the dissolution mechanisms, the effect of ions
on solubility, the constituent regeneration or reconstitution, and the use of ILs in
pretreatment before cellulose hydrolysis [116–118, 125–129].

10.6.2 Dissolution of Lignin in ILs

Compared to the wide efforts dedicated to the understanding of dissolution of
polysaccharides in ILs, much less is known about the potential of ILs to dissolve
lignin. Several studies investigated the dissolution of whole biomass in ILs fol-
lowed by the addition of antisolvent, e.g.,water or water/acetone, to precipitate
cellulose-rich or lignin-rich fractions [122, 124, 130–132]. Solvents such as
[BMIM][Cl] and 1-allyl-3-methylimidazolium chloride, [AMIM][Cl], gave the best
results for both hardwood and softwood [123, 133]. [EMIM][OAc] also led to
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excellent results with complete dissolution of hardwood at 90 °C [122, 133] or
softwood at >150 °C [131]. Significantly more rapid dissolution of biomass and
more effective lignin removal were observed with increasing temperature, but
higher temperatures were found to degrade the ILs and therefore decrease their
recyclability [124, 131, 134].

Another approach makes use of ILs to allow dissolution of lignin while leaving
behind the undissolved polysaccharide material. Excellent lignin extraction yields
(>93 %) were achieved by Tan et al. using the aromatic alkylbenzenesulfonate
(ABS) anion with BMIM cation [135]. Unfortunately, few drawbacks arose when
using [BMIM][ABS] that include: (i) the relatively high extraction temperatures
(190 °C), (ii) the necessity to pretreat the biomass with steam, (iii) a considerable
loss of carbohydrate, and (iv) difficulties to recover the IL. Inspired by the initial
results of Tan et al. [135], Pinkert et al. studied the dissolution of lignin using
imidazolium acesulfamate ILs [136]. The authors’s choice was driven by three
reasons: (i) the low cost and nontoxicity of potassium acesulfamate ([K][ace] is
used as sugar substitute), (ii) previous studies suggested that large and bulky IL
anions with delocalized charge do not dissolve cellulose, and (iii) the aromatic
character of acesulfamate should allow a good interaction with lignin. Applying
imidazolium [ace] to lignin dissolution from wood led to a lignin extraction yield of
43 % under gentle extraction conditions (T = 100 °C, t = 2 h), a steadiness of
cellulose crystallinity, and a constancy of extraction yields over multiple sequential
recycling of the IL (up to 6 runs). However, before any commercial plan could be
realized for using [ace] IL to extract lignins from biomass some technical issues
such as the sensitivity of the system to water present in biomass and the need to
increase the recycling runs above 100 times, need to be addressed.

ILs were also used to dissolve isolated lignins. Different cations and anions
screened for this purpose are summarized in Table 10.5. The role of cation consists
in generating interactions between the IL and the biopolymer, whereas anion is
primarily responsible for the initial disruption of the inter- and intramolecular
hydrogen bonding that exist in the biopolymer. Imidazolium-based cations
appeared to be efficient for the dissolution of lignin. Kilpelainen et al. suggested
that π–π interactions exist between the imidazolium-based cations and the aromatic
compounds of lignin [141], a hypothesis that was confirmed by the increased
dissolution of softwood lignin when an allyl group replaced the butyl group of
[BMIM][Cl] [123]. When dissolving softwood lignin with the cation [BMIM]+ and
various anions, the solubility varies with the anions following the order: [OTf]− *
[OMs]− * [MeSO4]

− > > [OAc]− > [HCOO]− > [Cl]− * [Br]−> > [BF4]
− *

[PF6]
−, suggesting that the strongly hydrogen-bonding anions such as [OTf]− or

[OMs]− are efficient solvents for lignin, while the large non-coordinating anions,
such as [BF4]

− and [PF6]
− are inefficient [118, 137, 138]. Chloride anion was used

recently in combination with alkyl-diazabicyclo[5.4.0]undec-7-enium [DBUCn]
cation to dissolve softwood Kraft lignin but compared to imidazolium, these poorly
unsaturated cations exhibited a modest dissolution power [140].
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Table 10.5 Dissolution of isolated lignin in ILs

Ionic liquid Lignin type Solubility Conditions Reference

[AMIM][Cl] Softwood Kraft
lignin

>300 g/kg 90 °C, 24 h [123]

[BMIM][Br] Softwood Kraft
lignin

17.5 g/L 75 °C [137]

[BMIM][Br]/H2O Alcell lignin 225 g/kg 60 °C [138]

[BMIM][BF4] Softwood Kraft
lignin

40 g/kg 90 °C, 24 h [123]

[BMIM][BF4]/
H2O

Alcell lignin 20 g/kg 60 °C [138]

[BMIM][Cl] Softwood Kraft
lignin

13.9 g/L 75 °C [137]

Alkali lignin 88 g/kg 80–90 °C,
20 min

[139]

Softwood Kraft
lignin

>100 g/kg 90 °C, 24 h [123]

Softwood Kraft
lignin

100 g/kg 90 °C, 24 h [124]

[BMIM][OTf] Softwood Kraft
lignin

>500 g/kg 90 °C, 24 h [123]

[BMIM][OMs]/
H2O

Alcell lignin 475 g/kg 60 °C [138]

[BMIM][MeSO4] Softwood Kraft
lignin

312 g/L 50 °C [137]

[BMIM][OAc]/
H2O

Alcell lignin 450 g/kg 60 °C [138]

[BMIM][OTf] Softwood Kraft
lignin

>500 g/kg 90 °C, 24 h [123]

[BMIM][PF6] Softwood Kraft
lignin

1 g/kg 90 °C, 24 h [123]

[BMMIM][BF4] Softwood Kraft
lignin

14.5 g/L 70–100 °C [137]

[DMEA][HCOO] Softwood Kraft
lignin

280 g/kg 90 °C, 24 h [124]

[DMEA][OAc] Softwood Kraft
lignin

190 g/kg 90 °C, 24 h [124]

[CMIM][Br] Alkali lignin 95 g/kg 80–90 C, 20 min [139]

[EMIM][OAc] Softwood Kraft
lignin

>300 g/kg 90 °C, 24 h [123]

Softwood Kraft
lignin

300 g/kg 90 °C, 24 h [124]

[EMIM][OAc]/
H2O

Alcell lignin 300 g/kg 60 °C [138]

[HMIM][OAc]/
H2O

Alcell lignin 400 g/kg 60 °C [138]

(continued)
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Recently, it was demonstrated that adding an appropriate amount of water to ILs
(optimum ratio IL/H2O = 70/30) facilitated lignin dissolution, likely due to the
increased mobility and diffusion constant of ions in the presence of water [138]. The
addition of water promoted release of more ions from the IL stack, thus increasing
the interaction probability between lignin and ILs.

10.6.3 Conversion of Lignin in ILs

A number of studies reporting the modification of lignin during IL biomass
deconstruction have been published and recently reviewed by Brandt et al. [132].
Tan et al. reported that lignin extracted with [EMIM][ABS] had a lower molecular
weight and a narrower polydispersity than one obtained by aqueous auto-catalyzed
pretreatment [135]. Similarly, Kim et al. compared the characteristics of a lignin
extracted from poplar wood using [EMIM][OAc] with the properties of milled
wood lignin extracted from the same biomass and concluded that IL extraction led
to a less polydisperse lignin of smaller molecular weight [130]. George et al.
studied the impact of a range of ILs on several commercial lignins and demon-
strated an intense effect of anion on the fragmentation mechanism and degree of
depolymerization, while the cation did not play any significant role [142]. ILs
containing alkyl sulfate anions appeared to have the greatest ability to fragment
lignin and shorten polymer length. The order of molecular weight reduction was
sulfate > lactate > acetate > chloride > phosphate. The anion was believed to
undergo nucleophilic attack on the β-O-4 lignin linkages, thus reducing the average
molecular weight of lignin.

Table 10.5 (continued)

Ionic liquid Lignin type Solubility Conditions Reference

[HMIM][OTf] Softwood Kraft
lignin

275 g/L 70 °C [137]

[PrMIM][Br] Alkali lignin 62 g/kg 80–90 °C,
20 min

[139]

[DBUC4][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 9 h [140]

[DBUC6][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 11 h [140]

[DBUC8][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 13 h [140]

[AMIM]+, 1-allyl-3-methylimidazolium; [BMIM]+, 1-butyl-3-methylimidazolium; [BMMIM]+,
1-butyl-2,3-dimethylimidazolium; [CMIM]+, 1-cyano-3-methylimidazolium; [DMEA]+, N,
N-dimethylethanolammonium; [EMIM]+, 1-ethyl-3-methylimidazolium; [HMIM]+,
1-hexyl-3-methylimidazolium; [PrMIM]+, 1-Propyl-3-methylimidazolium; [HCOO]−, formate;
[OAc]−, acetate; [OMs]−, mesylate, CH3SO3

−; [OTf]−, trifluoromethylsulfonate CF3SO3
−
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Besides the observations on lignin chemical properties after IL treatment, ILs
were also used as solvent for chemical transformation of lignin. Main research
efforts addressing the conversion of lignin in ILs have been dedicated to either its
acidolytic cleavage or catalytic oxidation. Moreover, most of the reported studies
involved homogeneous or heterogeneous catalysis [118].

ILs can be used for lignin acidolytic depolymerization due to their ability to act
as both an acidic catalyst and a solvent [7, 143]. For instance, 1-H-3-
methylimidazolium chloride was shown to promote acidolytic cleavage of β-O-4
linkages in lignin over relatively mild temperatures (110–150 °C) [144]. The
reaction was proposed to occur via protonation (or coordination) of the ether
linkages, followed by attack of water (or any other nucleophile present in the
system), similarly to the reactions taking place in conventional solvents.

ILs can also be used as solvent for the oxidative depolymerization of lignin, as
reviewed recently [9]. A few good examples that use ILs as solvents for the pro-
duction of aromatic chemicals from lignin are listed in Table 6 of Ref. [9]. Most of
the oxidative reactions in ILs were applied to either organosolv or alkali lignin and
were conducted using ILs based on phosphate or sulfonate anions due to (i) their
stability against oxidation and, (ii) their ability to dissolve lignin. The oxidation of
organosolv lignin in ILs in the presence of transition metals and molecular oxygen
or air has been demonstrated by Stärk et al. [145], Weckhuysen and his team [146,
147], and Liu et al. [148]. Under optimal conditions, 66.3 % of the lignin could be
converted into several monomeric units using Mn(NO3)2 in 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate [EMIM][CF3SO3] [145]. The pre-
dominant product was either dimethoxy-1,4-benzoquinone or syringaldehyde,
depending upon the conditions applied. Interestingly, the potential antitumor agent,
dimethoxy-1,4-benzoquinone, could be isolated in 11.5 wt% overall yield using a
simple extraction/crystallization process [145]. Similarly, Alcell and soda lignins
were oxidized under mild conditions (0.5 MPa O2, 80 °C) using CoCl2�6H2O and
NaOH in 1-ethyl-3-methylimidazolium diethylphosphate [EMIM][Et2PO4]. The
catalyst rapidly oxidized benzyl and other alcohol functionalities in lignin, but left
phenolic functionality, and 5-5′, β-O-4 and phenylcoumaran linkages intact [146].
In situ ATR-FT-IR, Raman and UV-Vis spectroscopy allowed demonstrating that
the reaction proceeded via the coordination of alcohol-containing substrates to
cobalt, followed by formation of a Co-superoxo species [147]. Finally, in another
very interesting study, under optimal conditions (2.5 MPa O2, 1.5 h, 175 °C), up to
100 % of the lignin could be converted into several monomeric units using CuSO4

in dimethyl phosphate-based ILs [148]. Using [MMIM][Me2PO4], a total yield of
29.7 % aldehydes (vanillin, syringaldehyde, p-hydroxybenzaldehyde) was
obtained, which was significantly higher than the yields usually obtained in aqueous
NaOH systems (see Table 10.4 for oxidation yields in aqueous systems). In contrast
to the previous studies which did not address the recycling of IL, Liu et al. con-
firmed that the products and IL phase were easily separated by solvent extraction,
allowing the recycling and reuse of the IL-CuSO4 phase up to six times without loss
of efficiency [148].
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10.6.4 Summary

Recent studies involving lignin and ILs demonstrate that ILs can be used (i) to
extract selectively lignin from lignocellulosic biomass, and (ii) to oxidatively
depolymerise lignin more selectively than in aqueous media. The possible control
of selectivity by changing the experimental conditions (IL nature, reaction tem-
perature, catalyst loading, extracting solvent, etc.) opens the door to new ILs-based
processes for the production of value-added chemicals from lignin [9]. Although the
conversion and depolymerization of lignin can be achieved in ILs, and even con-
trolled by changing the structure of the IL or conditions, bulk separation of the
products from ILs remains a formidable challenge that needs to be overcome [118].

10.7 Biocatalysis

The high selectivity and efficiency of enzymatic catalysts, the mild operating
conditions required, the broad range of substrates, and the ability of some enzymes
to react under adverse conditions (e.g., high temperatures, extreme pH values) are
all advantageous properties when considering the application of biocatalysis for
industrial processes [149]. Given the lack of selectivity observed when subjecting
lignin to chemical treatments, one could see biocatalysis as a suitable means to
depolymerise lignin in a selective, cleaner, and more environmental friendly way.
However to date, no biocatalytic system has been shown to be efficient enough to
access aromatics or non-aromatics from lignin in yields that could be
commercialized.

In a desire to combine both an easier access of enzymes to cellulose for biofuel
production and the valorization of lignin into value-added chemicals, there has been
recently a renewed interest in the microbial breakdown of lignin [150]. While
microbial degradation of lignin had been widely studied in white-rot and brown-rot
fungi [151–154], emphasis has recently been placed on lignin-degrading bacteria
which offer more opportunities for protein expression and genetic manipulation
[155–159]. The present section is focused on recent progress in ligninolytic green
biotechnology—either as microbes or enzymes—for the production of aromatic and
non-aromatic chemicals.

10.7.1 Microbial Lignin Degradation

Lignin was reported to be biodegraded only under aerobic conditions [151]. The
initial steps of lignin biodegradation consist in introducing new functional groups
into its macromolecular structure by oxidative enzymes, which render lignin more
susceptible towards its subsequent degradation by other enzymes [149]. Studies on
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the microbial degradation of lignin have focused primarily on white-rot and
brown-rot fungi, with Phanerochaete chrysosporium being by far the most studied
of all white-rot fungi [151, 152, 160]. White-rot fungi are much more active
lignin-degrader than brown-rot fungi. Although white-rot fungi (basidiomycetes) do
not use lignin as a carbon source for their growth, they have developed nonspecific
methods for the degradation of lignin [161]. The initial depolymerization of lignin
is thought to be promoted by extracellular oxidative enzymes (oxidoreductases)
whereas subsequent transformation of smaller molecular weight lignin fragments is
assumed to occur intracellularly [154]. The extracellular enzymes involved in lignin
depolymerization are lignin peroxidases (LiP), manganese peroxidases (MnP),
versatile peroxidases (VP) and phenol oxidases, also known as laccases.

Despite the extensive study of fungal lignin degradation since the mid-1980s,
there is still no commercial biocatalytic process for lignin depolymerization, in part
due to the practical challenges of fungal protein expression and fungal genetic
manipulation [157]. In the last decade, efforts have thus been focused toward the
breakdown of lignin by bacteria as indicated by the recent outbreak of reports on
the subject [157, 159]. Various bacterial strains identified to have activity for lignin
breakdown have been isolated from soils [158, 162–164] or from guts of termites
[165, 166]. Most of these strains fall within three classes: actinomycetes,
α-proteobacteria, and γ-proteobacteria [157]. Their activity is often less than that of
white-rot fungus P. chrysosporium, but comparable to other lignin-degrading fungi
[153]. Although the metabolic pathway of lignin-degrading bacteria is much less
understood than that of white-rot and brown-rot fungi, there are indications that
bacteria use similar types of extracellular enzymes found in fungi, i.e., peroxidases
and laccases [157]. The next section provides more details on the enzymatic
pathways involved in lignin degradation and transformation.

10.7.2 Enzymatic Pathways

10.7.2.1 Lignin Peroxidases (LiP)

LiP were the first lignolytic enzymes to be isolated from P. chrysosporium in the
mid 80’s. LiP are characterized by their high redox potential (*1.2 V), low pH
optima and molecular mass varying from 37 to 50 kDa for different white-rot
fungus strains [161]. Relatively non-specific to their substrates, LiP have been
known to oxidize phenolic and non-phenolic aromatic substrates by abstracting one
electron via a mechanism involving cation radicals. Its catalytic cycle is similar to
other peroxidase enzymes, in which the resting state of the enzyme contains ferric
heme, which reacts with H2O2 to form a compound I oxo-ferryl intermediate
(two-electron oxidized form), and subsequently a compound II intermediate
(one-electron oxidized form). Veratryl alcohol (VA), produced by ligninolytic
fungi, has been proposed to act as a redox mediator, or electron shuttle. LiP differ
from other peroxidases by the fact that the heme environment provides high redox
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potential to the oxo-ferryl complex, which allows oxidation of unusually high
potential sites, such as aromatic rings [150, 159]. LiP oxidize the substrates in
multistep electron transfers by forming intermediate radicals such as phenoxy
radicals and VA radical cations. Phenoxy radicals can undergo nonenzymatic
reactions such as repolymerization on the lignin polymer and/or Cα–Cβ breakdown,
yielding p-quinones [161]. LiP are active on a wide range of aromatic compounds,
such as VA, methoxybenzenes, and nonphenolic β-O-4 linked arylglycerol β-aryl
ethers with a redox potential up to 1.4 V in the presence of H2O2 [167].

The main drawback in using purified LiP for oxidative depolymerization of
lignin is the repolymerization reaction that occurs when the small phenolic products
are not removed or consumed [168, 169]. The preference of LiP for phenolic lignin
units favors the coupling of phenoxy radicals and increases the propensity to
polymerize rather than depolymerise lignin samples under in vitro conditions [167].
A second drawback comes from the difficulties associated with the fast decay of
H2O2, indispensable for LiP (and MnP) catalysis, and the inactivation of LiP (and
MnP) for certain amounts of H2O2 [170].

10.7.2.2 Manganese Peroxidase (MnP)

MnP is a heme-containing glycoprotein of *40–60 kDa, optimum pH of 4–7, and
temperature of 40–60 °C, which was also first discovered in P. chrysosporium. It is
produced and secreted by almost all basidiomycetes, including white-rot and var-
ious soil colonizing fungi [167]. Like LiP, MnP requires H2O2 as an oxidant, but in
contrast to LiP, it also requires the presence of Mn2+ and chelators (organic acids)
such as oxalate or malate. MnP catalyses the oxidation of Mn2+ to Mn3+, which in
turn can oxidize a large number of phenolic substrates. Complexed Mn3+ is widely
accepted as a diffusible oxidant, able to oxidize secondary substrates at a distance
away from the active site of MnP [150]. The Mn3+-chelate complex oxidizes
phenolic compounds (such as 2,6-dimethoxyphenol, guaiacol, 4-methoxyphenol
and phenolic lignin residues), but is inactive on VA or nonphenolic substrates
[167]. It is also small enough to diffuse into lignin or analogous structures, which
are not necessarily available to the enzymes [161].

The drawbacks associated to the broader usage of LiP, i.e., repolymerization and
inconvenient use of H2O2 apply to MnP.

10.7.2.3 Versatile Peroxidases (VP)

VP are glycoproteins which act in a bifunctional way by sharing typical features of
the MnP and LiP fungal peroxidase families. Like MnP they oxidize Mn (II), and
similar to LiP they oxidize both phenolic and non-phenolic aromatic compounds,
including VA, methoxybenzenes, and lignin model compounds [167].
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10.7.2.4 Laccases

Laccases (or benzenediol:oxygen oxidoreductase) are glycosylated blue
multi-copper oxidoreductases, produced by many fungi, bacteria, plants, and insect.
A comprehensive review on the ability of laccases to breakdown lignin is available
elsewhere [171].

In plant, laccases are thought to participate in lignin biosynthesis, while in fungi,
they are suspected to contribute to lignin depolymerization, though this last role is
still unclear and controversial [150]. Laccases subtract one electron from phenolic–
OH groups thus forming phenoxy radicals, which undergo polymerization via
radical coupling. As a consequence, the polymerizing or depolymerizing effect of
laccase treatment on native or technical lignin is ambiguous [171].

Laccase contains four copper ions of three different types: one type 1 (T1)
copper, which gives laccase its characteristic blue color; one type 2 (T2) and two
type 3 (T3) copper ions forming a trinuclear cluster. T1 is the site where substrate
oxidation takes place, whereas O2 reduction occurs at the trinuclear cluster site
[171].

Laccase alone is not able to break down nonphenolic units of lignin [171].
Indeed, laccases have low redox potentials (0.5–0.8 V) that restrict their action to
the oxidation of the phenolic lignin fragments [167]. The restriction of laccase
action to phenolic subunits can, however, be overcome by use of a small molecular
weight mediator that acts as electron shuttle [172]. Mediators are believed to
expand the reach of laccase thanks to their comparatively smaller size that helps
them diffuse into the plant cell wall or polymeric structures. In addition, they also
broaden the range of oxidizable substrates including non-phenolic units by having
higher redox potential than laccase. Natural compounds such as 4-hydroxybenzylic
alcohol, p-cinnamic acid, sinapic acid, or syringaldehyde can act as laccase
mediators. Synthetic compounds such as 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1-hydroxybenzotriazole (HBT),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), or violuric acid can also be
co-added with laccases to increase the activity of the latter [171].

In contrast to ligninolytic enzymes LiP, MnP, and VP, phenol oxidases such as
laccases use O2 as the final electron acceptor rather than H2O2, which could be a
great advantage for industrial applications. The main drawbacks, however, in using
laccases for oxidative transformation of lignin are the non-fully elucidated action
mode of laccases on lignin, especially the ability of laccase to polymerise and
depolymerise lignin, and the low extracellular production of laccases in basid-
iomycete fungi.

10.7.2.5 Other Enzymes

The above ligninolytic enzymes are characterized by their technically unresolved
lack of specificity and their high predisposition to provoke the repolymerization of
previously released monolignols [173]. Bacterial enzymes may be superior to their

10 Green Processes for Lignin Conversion 287



fungal counterparts with regard to specificity, thermostability, halotolerance, and
mediator dependency [161]. New types of enzymes are therefore being investigated
to favor depolymerization of lignin into monomers. Various β-O-4 aryl ether
cleaving enzymes or enzyme systems have been isolated from microbes including
fungus 2BW-1 [174] and bacteria Sphingobium paucimobilis SYK-6 and
Novosphingobium sp. [173, 175–178], and biochemically characterized. Biphenyl
bond cleavage enzyme systems involving demethylation on one ring, followed by
dioxygenase-catalyzed ring opening of the resulting catechol, and C–C hydrolase at
the benzylic ketone site have also been reported [150]. A tetrahydrofolate-
dependent O-demethylase gene was also isolated from S. paucimobilis SYK-6 and
found to convert syringate into 3-O-methylgallate [179]. A review recently pub-
lished by Bugg and Rahmanpour describes recent developments in the under-
standing of bacterial enzymes for lignin breakdown [180]. The enzymes covered in
this review include dye-decolorizing peroxidases (DyP), bacterial laccases, and
beta-etherase enzymes. While the knowledge of microbial lignin degradation
pathways is still incomplete, the use of pathway engineering methods to construct
genetically modified microbes to convert lignin to renewable chemicals (e.g.,
vanillin, adipic acid) via fermentation seems a possible way to go [180].

10.7.3 Small Chemicals Obtained from Lignin Using
Biocatalysis

Oxidative breakdown of spruce wood lignin by P. chrysosporium was found to lead
to 28 low molecular weight products, 10 of which were aromatic carboxylic acids
obtained by Cα–Cβ cleavage, and 13 others were acyclic 2,4-hexadiene-1,6-dioic
acids (e.g., muconic acid) resulting from oxidative ring cleavage [181]. Many
similar phenolic compounds have been detected when treating lignin with bacterial
lignin degraders such as S. paucimobilis or Bacillus sp. [150, 157]. However, the
natural microbial systems tend to produce the aromatic chemicals as intermediates
which are further degraded into smaller molecules, and even down to CO2 in the
case of P. chrysosporium.

Recently, with the aim to produce vanillin in larger amounts and higher selec-
tivity compared to chemical catalysis, a targeted pathway engineering strategy was
applied to Rhodococcus jostii strain RHA1 [182]. When grown on minimal medium
containing 2.5 % wheat straw lignocellulose and 0.05 % glucose, the strain in
which the vanillin dehydrogenase gene had been deleted was found to accumulate
vanillin with yields of up to 96 mg/L after 144 h, together with smaller amounts of
ferulic acid and 4-hydroxybenzaldehyde. This pioneering work established that
vanillin could be produced from lignin using a predictive gene deletion and
demonstrated that lignin breakdown pathways could in principle be engineered for
the production of aromatics.
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Pathway engineering has also been used in Pseudomonas putida KT2440 to
accumulate cis,cis-muconic acid from degradation of aromatic ring, via blockage of
the protocatechuate cleavage pathway, and rerouting via catechol cleavage [183].
Using an alkaline pretreated liquor, muconic acid was obtained at a yield of 0.7 g/L
after 24 h and subsequently reduced into adipic acid by Pd/C hydrogenation [183].
Interestingly, muconic acid could be obtained at high purity (>97 %) after a
two-step purification. Given these two recent examples, metabolic engineering and
synthetic biology seem to offer a tangible way for obtaining reasonable yields of
chemicals from lignin via the reconstructed catabolic pathways.

10.7.4 Scale-up of Enzyme Production

Despite the potential industrial use of fungal peroxidases, the actual application of
these enzymes in industrial processes is hampered by (i) the limited availability of
the proteins in the natural hosts, and (ii) their rather low stability [170]. Efforts have
been made to produce LiP and MnP recombinant proteins, using either homologous
or heterologous host systems but those led to limited success [170]. Given the lack
of efficient microbial expression systems for peroxidases, a significant number of
studies have been carried out to express laccases genes in various fungal hosts. In
spite of the active secretion of recombinant laccase in several heterologous systems,
the levels of recombinant laccase were too low for industrial purposes [184]. The
lack of efficient microbial expression systems together with the large amount of
enzymes requirement constitute a serious bottleneck in the industrial application of
fungal enzymes.

Until recently, the enzymology of bacterial lignin degradation was not well
understood [180]. However, genome sequences of few lignin degraders, e.g., R.
jostii RHA1 and P. putida KT2440, have recently become available. A better
understanding of the metabolic pathway and their gene regulation should facilitate
the goals of synthetic biology to address the bottlenecks encountered with fungal
enzymes and hence engineer new routes for large scale production of lignin-derived
chemicals from renewable feedstocks.

10.7.5 Summary

A wide variety of lignin-degrading fungi and bacteria have been identified, among
which the white-rot fungi are the most active and the only ones that can completely
break down lignin to CO2 and H2O. Aromatic carboxylic acids and aldehydes
obtained by Cα–Cβ cleavage as well as acyclic 2,4-hexadiene-1,6-dioic acids
resulting from ring cleavage are the products that have been the most often
observed, usually as intermediates. The main extracellular enzymes participating in
lignin degradation are the LiP, MnP, and laccases. Attempts to produce these

10 Green Processes for Lignin Conversion 289



enzymes using either homologous or heterologous host systems led to limited
success. Efforts are currently centered on the elucidation of the enzymology of
bacterial lignin breakdown. Metabolic engineering has been successfully applied
recently to lignin degraders, allowing the production of chemicals like vanillin or
muconic acid from lignin at concentration of 0.096 and 0.7 g/L, respectively. These
promising results are encouraging signs for a great future for the biological
depolymerization of lignin.

10.8 Computational Approaches

At first sight, the natural structural complexity of lignin seems rather incompatible
with first-principles, computational approaches, which are limited with regard to the
size and complexity of molecules they can be used for. Significant computational
effort has been dedicated to understanding lignin model compounds reactivity. Few
research groups have used β-O-4 lignin models to investigate homolytic bond
dissociation energies [185–188], kinetic parameters [189, 190], and free-energy
pathways occurring under various reaction conditions [191–193]. However, com-
putational modeling of the heterogeneous lignin using the information gathered
with only dimers would not have been representative.

In a recent computational screening approach, Kulik and coworkers have
developed a chemical discovery technique to identify the chemically relevant
putative fragments in eight of the known polymeric linkages of lignin [194]. From
the identified cleavage pathways and resulting fragments the authors concluded that
(i) ether bonds cleave readily in lignin polymers; (ii) biphenyl linkages are more
recalcitrant; (iii) spirodienone linkages can fragment into many possible products
with a high frequency of cleavage; and (iv) breaking an “easy” to break ether bond
could also result in the spontaneous cleavage of harder to break biphenyl-like bonds
[194]. While the two first observations had been previously made by others, the
latter two were newly revealed by this theoretical approach. After the pioneering
work conducted by Kulik’s team with lignin oligomers consisting of up to six
monomers, one hopes to see environmentally friendly theoretical approaches
unraveling more mysteries of lignin in the near future.

10.9 Conclusions and Future Outlook

Currently, all aromatic chemicals are produced from petroleum-based sources.
Lignin is a complex heterogeneous aromatic polymer consisting of up to 30 % of
plant material. Its aromatic structure suggests that it is a possible renewable source
for aromatic chemicals. However, the natural complexity and high stability of lignin
makes its depolymerization a highly challenging task. Despite a strong renewed
interest for lignin depolymerization over the last decade, a very limited number of
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lignin reactions, e.g., production of vanillin from lignosulfonates, have been actu-
ally scaled up and commercialized.

On a general point of view, the majority of efforts dedicated to lignin conversion
have been done using simple model compounds that lack key lignin structural
features and properties. Efforts are therefore necessary to confirm the applicability
of promising processes to actual lignins which themselves offer another level of
challenge by being largely a heterogenous and poorly soluble material.

This chapter presents recent advances and challenges to be addressed in the field
of lignin depolymerization, with emphasis on chemical catalysis, ILs, or microbial
and enzymatic approaches.

Although many homogeneous and heterogeneous catalysts have been investi-
gated at the laboratory scale for lignin depolymerization, the industrial imple-
mentation of these catalysts was hampered by the harsh conditions, low selectivity,
low yields, and issues with the reusability of catalysts. Efforts have still to be done
to (i) increase the activity and selectivity of chemical catalysts; (ii) increase the
tolerance of catalysts to impurities, especially sulfur or water; (iii) increase the
separability and reusability of catalysts; and (iv) develop new technologies able to
isolate phenolic compounds efficiently and economically. The promising results
(50 % depolymerization, >90 % selectivity) recently obtained using reductive
catalyzed depolymerization of lignin directly from lignocellulosic biomass opened
the door to a new approach for lignin depolymerization, i.e., the “lignin-first”
processes. By involving milder and greener conditions than the depolymerization of
isolated lignin, this new approach gives rise to more environmentally friendly
reactions that are more selective and therefore less costly in product recovery.
Though all “lignin-first” experiments have been conducted at the lab-scale so far,
they are encouraging to demonstrate the technology on a larger scale, and more
efforts should be pursued towards the scale-up of “lignin-first” biorefinery pro-
cesses. Under oxidative conditions, continuous separation of products is an effec-
tive way to increase the reaction yields by limiting radical condensation of products.
Dedicating more effort to the engineering needs of the oxidative depolymerization
of lignin should allow producing aromatic aldehyde and acids in higher yields and
higher purity.

ILs are seen as another new green option for lignin conversion. Indeed, the use
of ILs is becoming more and more accepted in the chemical industry and recent
studies involving lignin and ILs demonstrate that ILs can be applied (i) to extract
selectively lignin from lignocellulosic biomass and (ii) to oxidatively depolymerise
lignin more selectively than in aqueous media. Despite the tremendous progress
done in the last few years on lignin depolymerization in ILs, bulk separation of the
products from ILs remains a major challenge that researchers should continue
dedicating their efforts to.

Finally, lignin can also be deconstructed biologically. Regardless of the strong
activity of fungal peroxidases for lignin depolymerization, the actual application of
these enzymes in industrial processes is yet to take place. Efforts are now being
pursued to elucidate the enzymology of bacterial lignin breakdown, and metabolic
engineering is underway to construct genetically modified microbes that can
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convert lignin into renewable chemicals. The recent case studies of vanillin pro-
duction (0.096 g/L) from lignin or muconic acid (0.7 g/L) from an alkaline pre-
treated liquor blaze the trail for a potentially great future for the biological
depolymerization of lignins.
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